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Abstract

In order to understand the non-isothermal melting kinetics in the ice slurry, a differential scanning calorimetry (DSC) was used. Experimental
results were compared to those obtained by a numerical simulation in which a general enthalpy method was applied. In this work the ice slurry
studied consists of ice particles uniformly dispersed within a water—antifreeze liquid mixture. The effects of the heating rate and the initial antifreeze
mass fraction are discussed. It has been found that the temperature gradients inside the sample of the solution become important if either heating

rate increases or initial antifreeze mass fraction decreases.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Nowadays, considerable work for the development on the
ice—liquid mixtures (or ice slurries) is under way in many coun-
tries[1]. Theice slurry studied consists of ice particles uniformly
dispersed within a water-antifreeze liquid mixture. The main
benefit of using ice slurry is the latent heat of ice or enthalpy
difference at melting [2,3]. Ice slurries have several times higher
heat transport capability than single-phase fluids. Due to this and
its more complex behaviour, ice slurry is sometimes referred to
as advanced secondary fluid.

Because of its good thermophysical and technological char-
acteristics, ethanol-water solution is one of the most studied
mixture. In the literature [4-7] there is a great information on
the diphasic properties.

For design and performance evaluation of a thermal storage
system using ice slurry, it is necessary to understand the behavior
of the ice slurry during the phase change process.

The issue of heat transfer during melting of ice in ice slurries
has been a subject for several papers. Their review is given in
Refs. [8,2]. In these works, special attention has been paid to the
determination of the values of heat transfer coefficients.

The aim of the present contribution is to investigate, exper-
imentally and numerically, the kinetics of the melting of ice
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slurry in the small container by using the differential scanning
calorimetry (DSC). The influences of both initial antifreeze mass
fraction and heating rate were investigated.

2. Binary phase diagram

The phase diagram of the aqueous binary solution of ethanol
[9] is presented in Fig. 1.

In our application, the eutectic point and over-eutectic part
are not of interest, because the ice slurry is available in the tem-
peratures range from just below 0 to —20°C.

The ice mass fraction is calculated from the melting tem-
perature 7 of the binary mixture solution, which is a func-
tion of the ethanol mass fraction W, in the residual liquid
solution:

T =T(Wa) @)

Once the initial mass fraction of ethanol in the binary mixture
solution before freezing W, ; and the temperature are known, the
equilibrium ice mass fraction is calculated with:

Wa,i

Wie(T) =1 — Wa(T)

@)

in which W,(T) is found from the liquidus curve, the inverse of
Eg. (D).
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Nomenclature

AA  area(m?)

c specific heat capacity (J kg~ K—1)
h heat transfer coefficient (W m—2 K1)
H massic enthalpy (Jkg™?1)

Lt Latent heat of ice (Jkg™1)

t time (s)

At time step (s)

T temperature (°C)

Tpeak  peak maximum temperature (°C)
1% volume (m3)

w mass fraction

Greek symbols

B heating rate (°C min—1)

A thermal conductivity (Wm~1 K—1)
0 density (kg m~3)

1) volume fraction of ice

@ specific heat flow rate (W kg—1)
Subscripts

a antifreeze

i initial

ic ice

I liquid

mix mixture

nb neighbor nodes of P

P node point P

plt plate

ref reference

w water

Superscripts

m iteration level

old previous time step value

3. Differential scanning calorimetry (DSC)

The principle of the power-compensation used in the DSC is
that the temperatures of the sample and reference are controlled
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Fig. 1. Phase diagram of the aqueous binary solution of ethanol.

independently using separate, identical furnaces (Fig. 2). Even
in case of thermal event for the sample, the temperatures of the
plates containing the sample and the reference are maintained
identical. The thermogram is @ the difference of power required
to maintain this equality:

P = (Q)sample - ((b)ref (3)

As indicated in Refs. [10,11], the power exchanged at the ref-
erence plate is practically constant and equal to (®)ref = Bcret,
where cref is the specific heat of the reference cell and g is the
heating rate. So to simplify the model we will omit the second
term from the calculation of @.

The DSC experiments were conducted by placing approxi-
mately 11 mg of the solution (water—ethanol) in the aluminum
DSC cell. The sample was cooled at 2 °C/min until ice formed in
the solution, typically at —30°C (observed as a sharp exother-
mic peak on the DSC thermogram). The sample was then re-
equilibred at this temperature (—30 °C) for 3—-5 min. Isothermal
equilibrium at the phase change temperature will permit the ice
crystals to be in equilibrium with the solution. The sample was
then heated at various scan rates g from —30to +10 °C, to obtain
the thermograms.
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Fig. 2. Scheme of the calorimeter head.
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Fig. 3. Experiment cell and scheme for the model.

Recent studies in our laboratory [12] and elsewhere [13]
have demonstrated that at the crystallization (supercooling
breakdown) there is the constitution of small dendrites of ice
and the mixture formed has the structure of slurries described
in Section 1 and object of our research.

4. Physical model and basic equations

In Fig. 3 we have drawn the actual cell and the simpli-
fied scheme used in our model. The binary mixture solution
(ice/water—ethanol) fillsacylindrical cell of height Zg = 1.1 mm
and radius R = 2.125mm.

The following assumptions are used in the design of the nu-
merical simulation model:

e The ice consists of pure water.

e The diphasic medium is considered as a slurry ice whose
properties are given by combining properties of the liquid
solution and those of pure ice.

e The ice particles are supposed uniformly dispersed in the
sample. Each ice particle is locally in equilibrium with the
close solution.

e Because of the small dimensions of the sample, the convection
effects due to density change at the phase change interface
are neglected.

Under the foregoing assumptions, the partial differential equa-
tion governing the energy is:
3loH] =V.-(AVT) 4)
ot
To account for the latent heat effect in the phase change, oc-
curring over a finite range of temperatures, the general enthalpy
method of Swaminathan and Voller [14-16] is adopted.
The total enthalpy poH for the unit volume is given by the
weighted sum of sensible enthalpies of the solid and liquid
phases and the latent heat effect:

pH = (1 — Wic)pi1H) + Wicpic Hic (5)

where pjc and p are the ice and liquid volume densities, Hj; and
H, are the ice and liquid mass enthalpy and Wic is the ice mass
fraction.

The enthalpy of ice and water-antifreeze liquid mixture
can be evaluated from a heat balance performed on the ice
slurry mixture neglecting the enthalpy of dilution of the mix-

ture [17] and using as reference the enthalpy of the liquid at
0°C (Hi,r=0-c = 0kJ/kg). Thus, the massic enthalpy of ice can
be calculated as:

T
Hio = —Li+ /0 cie(6) 0 (6)

The massic enthalpy of the liquid phase H; depends on the
ethanol concentration and on the temperature:

H = Wa/oTca(G)dO—l- 1—Wwa)

x / ! cw(6) d6 + AmixHi(Wa) (7
0

where cic, ca and ¢y are the ice, antifreeze and water mass heat
capacity, L the melting heat of ice and Anix Hj(W,) is the heat
of mixing of the two substances.

In our model, we have supposed that the heat of mixing linked
to the molecular interactions between water and ethanol in liquid
phase is negligible [18,19].

In order to determine the conductivity of the ice slurry we
have selected the Maxwell relation [20], because it provides
satisfactory results in our model:

IZM + Aic — 2¢0(A — Aic) (®)
201+ dic — @M1 — Aic)
where A and Xjc are the thermal conductivities of solution and

ice [21,7] and ¢ is the volume fraction of ice in the slurry given
by the following expression:

o= Wic— ©)

Pic

The substitution of Egs. (5)-(7) into Eq. (4) leads to the
temperature-source based on the energy equation used in this
work:

[pcT] IWic
=V .-(AVT icL
Y ( ) + picLt o
where
pc = (1 — Wic)picl + Wiepiccic (11)

and ¢ is the water—ethanol mass heat capacity [7,6].

(10)

Initial and boundary conditions

At r = 0 the temperature of the binary mixture solution is
known. The ethanol mass fraction W, can be determined from
the liquidus curve and the equilibrium ice mass fraction is cal-
culated from Eq. (2).

Due to the higher thermal conductivity of the cell metal, it is
assumed that the envelope of the sample is at the plates temper-
ature Tpy¢ and is programmed to be a linear function:

To = pt+ To (12)

We take into account the heat fluxes between the envelope and
the sample and we consider two different heat exchange coef-
ficients (Fig. 3): k1 the heat transfer between the solution and
the air in the top of the cell and &, the heat transfer between the
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solution and both lateral and bottom surface areas of the cell.
So:

_x <Z>2=Z = h1(T.=z — Tpit) (13)
- @f)r:;e = ho(T=r — Tpi) =
Y (Z)z_o = ho(T:=0 — Tpi) (1)

A slip boundary condition is imposed on the symmetry axis:

() .= o

Because the assumption of the high conductivity of the metallic
cells, we also consider that the flux @ which attains the plate is
the sum of the thermal fluxes through each walls:

z=Z
o= —/ ho(Tr=g — Tpit) AA,=g
z=0

r=R
- / ha(T,—0 — Tpit) AA;—
r=0

r=R
— / hi(T.=z — Toit) AA,—7 (7
r

5. Numerical procedure

The finite difference equations are obtained upon integrating
Eq. (9) over each of the control volumes as shown in bold in
Fig. 4 designed as P. Because of the very small dimensions of
the control volume, the ice slurry temperature is assumed to be
homogeneous in it and in local equilibrium.

The resulting finite difference scheme at the time 7 + Atz has
the form:

pcpVp
apTp = XnpanhTnp + piT}gld
At
Ve
— Pic AHE ((Wic)P - (Wic)gld) (18)

%

o dr

Fig. 4. Control volume.

where
Znbanb Tno = awTw + aeTe + anTn + asTs (19)
27 A
ay = ZEWIWAL (20)
Ar
2TAErEAZ
_ 21
ag ~ (21)
G2 — 2
an = TANCE — riy) (22)
Az
2 2
_ wAs(rg — ry) 23)
Az
ppcp Vp
ap = —_— +aw+ae+an+as (24)
Ve = n(r — rgy) Az (25)

Vp is a volume associated with the Pth node point, the subscripts
P, “nb (E, W, N, S)” and “old” refer to the Pth node point, the
neighboring node points, and the old time value respectively.

The Eq. (18) require a special treatment. In fact the unknowns
are only the temperatures 7p because the mass fractions of ice
Wic are themselves function of the temperatures according to
Eg. (2) But these equations are non-linear and the calculation of
all temperatures Tp by an implicit method is impossible.

The principle of the resolution procedure according [15] is,
knowing the results at time ¢ (old), the determination of the
temperature at time ¢ + At is given after an iteration. For the
mth iteration we use a fictitious temperatures 75" and we impose
a fictitious mass fractions Wj;. At the next iteration we can
calculate the new temperature value 7" *1 by the equation:

Vi
ppCP PTF?Id
At
Vp ,
—pic AHL- (Wi ™h)p — (Wie)g?) (26)
But at each outer iteration (:m + 1) the solid fraction can be up-

dated from the values at the previous outer iteration () through
the formula:

apT™ = Sppan TR +

dWic
dar

where the term dWjc/dT is evaluated by deriving Eq. (2) at 7":

dW|c _ & dWa
dr ~ \ w2 ) dT

and dW,/dT is the derivation of the liquidus.

Substitution of Eq. (27) into equation Eq. (26) leads to the
iterative equation:

{ dWic VP} pm+t

(T3 — 18 27)

(Wt = (Wde +

(28)

ap + pic ar Arl P

_ m+1 , PPCPVP ol
= Enbaannb +Tt )

Vp
+ pic AH - (Wil = (Wi + T3 (29)
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We stop the iterations when || 77+ — 7™ || < ¢ and we attribute
atr + At the values of 7+1 and the mass fraction W{é’“. Typ-
ically ¢ = 10> was used.

6. Results and discussion
6.1. Thermal analysis

Thermal analyses were carried out using a PYRIS DIA-
MOND DSC of Perkin-Elmer. For the numerical calculation,
we have applied the procedure described in the previous
section. The values of physical characteristics required in
the different equations have been taken in the literature
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Fig. 5. Theoretical and experimental thermogram (8= 10°Cmin~1, W,;
=0.1).
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[4,7], except the coefficients of heat exchange (k1 and h»)
that have been determined by simulation from exploratory
experiments.

A comparison between the experimental thermogram and the
calculated one is shown in Fig. 5. The fit between both ther-
mograms is good: the rounded form of the top of the peak is
reproduced and its width is the same. The observed one-peak
thermogram is a clear indication of the progressive melting of
the binary mixture solution.

Figs. 6 and 7 present the temperatures at different point in
the sample and the corresponding mass fraction of ice versus
temperature imposed on the sample Ty Fig. 7 also includes the
corresponding mass fraction of ethanol versus Tp;. Temperature
differences can be observed as a function of the radius. These
differences can reach 3 °C at certain points. We can note that the
temperature differences inside the sample is due to the heat con-

10

E Wai = 0.10 y ©
9 / \
- —=—— Model /
sk Experiment [ d
5 [
7 :— B Sriaas [} =2°C/min ."f
6 S_ | JE— ﬁ =5°C/min c ‘
o E Crmmmme- ﬁ=10 C/min . \
E 5 d------- B =15°C/min | \
& SECETEEERS [ =20°C/min // ‘
o= 4 b
o 7
3 4
g s
2 n )
oF
Oil!llll\\l\lll\l\l\ltlll\ILlLlLil!lll
-3 25 20 -15  -10 -5 0 5 10
Ten (°C)

Fig. 8. Effect of the heating rate on the shape of thermograms.
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Fig. 9. Effect of the heating rate on the peak temperature.

duction within the binary mixture. The melting process finishes
when the ethanol mass fraction reaches the initial mass fraction
of the ethanol and we observe that in all cases this event occurs
after the time of the maximum of the peak.

6.2. Effects of heating rate on the shape of thermograms

Fig. 8 shows the thermograms obtained by the model and
DSC versus the heating rate 8. The peak temperatures range
becomes broader and it shifts to greater temperatures with in-
creasing heating rate.

Tpeak represents the value of the temperature of the plate
when the energy exchange is maximum. The comparison of
Figs. 5 and 7 shows that the maximum of the peak at Tpeak does
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Fig. 10. Influence of the heating rate on the temperature in the centre of the
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Fig. 11. Influence of the initial antifreeze mass fraction on the shape of thermo-
grams.

not represent the end of the phase change, particularly at the
center of the cell. The difference is obviously due to the overall
thermal resistance (both between the sample and the DSC plate
form and inside the sample) and is enlarged when the heating
rate B increases as it is described in Fig. 9.

Fig. 10 shows that the temperature difference inside the sam-
ple becomes more important as the heating rate increases.

6.3. Effects of the initial mass fraction of the ethanol on the
shape of thermograms

From both experiments and numerical analysis, we present
the heat flow @ for each initial mass fraction of the ethanol in
the binary mixture solution at a fixed heating rate, as one can
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Fig. 12. Influence of the initial antifreeze mass fraction on the temperature in
the center of the sample.
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see in Fig. 11. In these plots we find that the peak temperature
decreases with increasing initial mass fraction of ethanol since
the equilibrium temperature decreases (Fig. 1).

From Fig. 12 we can observe that the temperature difference
between the plate and the center of the sample becomes more
important as the initial mass fraction of ethanol decreases be-
cause the power involved in the transformation is more important
enhancing the heat transfers.

7. Conclusion

In this study, we have presented a two-dimensional model
simulating a non-isothermal melting of the binary mixture so-
lution (ice/water—ethanol). The good agreement between exper-
imental and calculated thermograms has permitted a validation
of the model and deduce some inaccessible values, such as the
distribution of the temperature and the evolution of the ice mass
fraction and the ethanol mass fraction versus the temperature
imposed on the sample. The application of this model to the dif-
ferential scanning calorimetry has permitted the understanding
of the heat transfers inside the investigated samples.
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