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ABSTRACT

The heat exchange coefficient of ice slurry is higher than that of the mono-phase fluid. Conversely
the ice crystals presence increases pressure losses that are growing with the ice concentration.

We defined two parameters considering entropy variation that provide the possibility to compare
the ice slurries to the mono-phase solutions. The first is the ratio between AS and the heat
exchanged. The second is the ratio between AS and the maximum entropy variation when the
exchanged heat in the heat exchanger is transferred at the constant inlet temperature of the two
streams. Those two parameters show the ice slurry is better than the liquid solution.

INTRODUCTION

Recently several different kinds of secondary fluids have been studied, as consequence of the
indirect refrigeration systems development. In particular two-phase solutions, known as ice slurries,
composed by water and an addictive (usually ethylene glycol or ethanol) and very small ice crystals,
are very interesting.

The presence of ice in this solution allows transferring more cooling energy per unit of mass than a
usual liquid solution. Then lower flow rate, and lower pumping power and pipe diameters are
needed.

It is possible to design the plant keeping near constant temperature in the heat exchanger, obtaining
better heat exchange conditions and smaller heat exchangers using ice slurries.

Many researchers demonstrate that the heat exchange coefficient of an ice slurry, because of the
presence of ice crystals, is higher than that one of the mono-phase fluid and can be even higher than
heat transfer coefficients of evaporation and/or condensation of some refrigerants (Paul, 1994).
Instead of this positive aspects, the presence of ice crystal implies an increase of pressure losses as
showed by the correlations obtained from experimental data (Snoek et al., 1995, Liu et al., 1997,
Bel and Lallemand, 1999)

The values obtained by those correlations clearly show that pressure losses of the ice slurry increase
when growing the addictive concentration or the ice concentration.

1 INTRODUCTION OF A THERMODYNAMIC PARAMETER

Struggling effects, a better heat exchange and higher pressure losses, require evaluation criteria to
choose which fluid have to be used. This work provides a parameter to consider both these
phenomena and to compare the ice slurries and other mono-phase solutions.

Referring to an infinitesimal length of a heat exchanger, the entropy generation rate of the two
streams is given by:

dS =m,ds, +m_ds, (1)

where the heat transfer to the environment is disregarded and 71, and r, are the mass flow rates.
Expressing the local entropy variation as:

ds=c,dT|T —(ov/oT),dp )



integral expression of each stream is:
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Considering only one stream of the exchanger, the entropy variation per unit of exchanged heat, the
proposed thermodynamic parameter, is:
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where B, the fluid volumetric expansion coefficient, and the density p are assumed constant along
the considered length.

2 PARAMETER EVALUATION OF AN ICE SLURRY

The ice slurry entropy variation is given by two terms, eq.(3), the first function of temperatures
(AS), the second of pressure losses (ASp)

in

L T,
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Where ¢, is evaluated as Q/(#i1(To-Tin)). The ice slurry pressure losses Ap can be roughly
calculated using the same relations of a liquid solution (Grazzini and Ferraro, 1999, Cavallini and
Fornasieri, 2000).
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Figure 1 - Pressure losses given by different relations for ice slurries with 20 % ethylene glycol.



Figure 1 shows the pressure losses for ice slurry containing 20 % ethylene glycol, versus the ice
concentration. The considered relations are the Blasius equation, one by Melinder (1997) for liquid
solutions, and those experimental by Snoek et al. (1995) and by Liu et al. (1997).

When the flow rate is evaluated as:
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with ¢, inlet value for multiphase fluid, then eq. (4) becomes:

(T
¢, In| = +£-Ap
AS "A\T) p

Q B L/ .AXS +cp(T0 _Zn)

(8)

This equation shows that the ice slurry inlet temperature reduction increases the AS/Q quantity, for
a fixed inlet Xs. Ice slurries with the same ice fraction, and exchanging the same thermal power,
show smaller AS/Q when their inlet temperature is bigger.

The volumetric expansion coefficient B (10#+10 order of magnitude) and Ap values imply that the
contribution of AS; to the total entropy variation is very small in comparison with AS;. A good
evaluation of AS for ice slurry, according to the variation of his characteristics, can be obtained
considering only AS; contribution. In particular we can evaluate, what happens decreasing the inlet
temperature Tin, with constant average difference ATm between temperatures of the two fluids inside
the heat exchanger. As a consequence eq. (8) is simplified:
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Figure 2 - AS/Q from eq.(9), and Re for the ice slurry (Resi) and for the liquid (Reiiq) versus AT
for an ice slurry with inlet Xs = 0,15 (Q =50 kW).



Figure 2 shows AS/Q, for a thermal power of 50 kW, as function of the difference AT between inlet
and outlet temperatures in the heat exchanger, when the inlet ice fraction is Xs=0.15, function of T.
At a fixed ethanol concentration Cg, and considering eq. (7), the Ti, decrease implies, not only a
rise in AT, but also in the ice fraction Xs. Then the AS/Q function is different. Resiy and Reyiq are
evaluated changing kinematic viscosity.

Figures 3a and 3b show the presence of a minimum for AS/Q, with the solution in laminar or
turbulent regime according with the increase of the exchanged thermal power Q.
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Figure 3 - AS/Q, Re for ice slurry (Resw) and liquid phase (Reiiq) versus AT for an ice slurry with
Csiu =15 %; ((a): Q =50 kW; (b): Q =100 kW).

The heat transfer coefficient of ice slurries can be calculated by the correlations given by
Christensen and Kaufteld (1997):

Nu,, =Nu, .(1 +0.103-X, —2.003-Re, 1200730 0339 (Reu/10000) )Xs >5% (10)

s

Nu,, = Nu, Xs<5% (11)

Using thermal conductivity of the ice slurry Asw, the heat transfer coefficient is:



— shu }“slu (12)
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The Agu 1s obtained considering the ice slurry a combination of a pure solid phase, the ice, and a
liquid phase, the binary solution. Thermal conductivity Am of the solution liquid phase is obtained
by the Filipov equation (Bel et al., 1995, Cavallini and Fornasieri, 2000):

/1,”=g1/11+g2/12—0,72'g1g2'(/12—11) (13)

with A2 > A1 , where respectively gi, g2, A1, A2 are the mass fraction and thermal conductivity the
two solution components. The two-phase properties are considered by :

K=1+38Y,+35° Y, @ (14)
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oot B 3B avd) g el A g A (15)
4 16-(2a+3) a+2 A A

Aq, calculated as Am from eq.(13), is used in eq.s (14-15) to obtain Aqu value, that gives o
throughout eq. (12).

3 COMPARISON BETWEEN AN ICE SLURRY AND A LIQUID SOLUTION

Herein the comparison between ice slurry and a liquid solution considering a tubular heat exchanger
having n pipes, with inside diameter D; and thickness s is shown. The warmer fluid with constant
temperature Ta and fixed heat transfer coefficient o (Table 1) are the conditions assumed.

At given ATy , average temperature difference between warm and cool fluid, the exchanged heat is
obtained by :

Q:UA-ATm:UATA_T"";’TA_TO (16)
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neglecting thermal resistance of the pipes wall. A fourth equation can be obtained also searching
minimum pressure losses or the increase of the entropy.

Figure 4 shows the comparison between an ice slurry with inlet mass ice fraction Xs = 0.2 and a
liquid solution containing 20 % ethanol. This comparison considers an inlet-outlet ice slurry
temperature difference of 0.5 °C and then the pipes length L and AS/Q for the two-phase solution
can be obtained. The same heat exchanger, with defined dimensions, is used to evaluate a liquid
solution substituting related thermophysic parameters in the equations (16-18).

Ice slurry has to be preferred to a monophase solution because figure 4 shows values of the ratio

(AS/ Q)Hq / (AS/ Q)Slu bigger than one.

The discontinuities in the graph are due to the boundary conditions change and in particular to the
pipe diameter changes (table 1) at 150 and 230 kW .



Antifreeze Ethanol
Antifreeze percentage in the liquid solution 20 %
Mass ice fraction (Xs) 0.2
Average temperature difference (AT) 15K
Hot fluid temperature (Tx) 283 K
0,020 m (50 kW <Q < 150 kW)
Inside pipe diameter (D;) 0,025 m (150 kW <Q <230 kW)
0,030 m (230 kW < Q <290 kW)
Pipe number (n) 3
Pipe thickness (s) 0,002 m
Ole 3000 W/(m?* K)

Table 1 - Common values used in figures 4 and 5.
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Figure 4 - (AS/ Q)liq / (a5/0),;, versus Q for an ice slurry ( Xs = 0,2) and a mono-phase solution with

20 %ethanol. Temperature difference of 0,5 °C is assumed for the ice slurry.

The ratio AS/Q have the dimension of a temperature. It is possible to consider a dimensionless ratio
AS/ASq introducing (Grazzini and Gori, 1988):

AS,=0- (i —ij (20)

This is the entropy variation that could be obtained by direct heat transfer between inlet streams at
constant temperature.

Figure 5 shows the comparison between the fluids studied using this new parameter. The ice slurry
is always to be preferred.
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Figure 5 - ((AS/AS q)iig/(AS/AS q)stu) versus Q for an ice slurry ( Xs = 0,2) and a mono-phase
solution with ethanol 20 %. Temperature difference of 0,5 °C is assumed for the ice slurry.

4 DISCUSSION

The proposed parameter can consider all the effects due to ice in the solution, the entropy
production due to pressure losses and temperature differences. The above examples show the
superiority of the ice slurries against the mono-phase solutions. The results are in agreement with
those of Cavallini and Fornasieri (2000) that consider a parameter based mainly on pressure losses.
As secondary fluid ice slurry is an heat carrier, so the influence of heat exchange can not be avoided
when we have to choose between different fluid. Figures 4 and 5 could be obtained as ratio between
the entropy generation of the two streams. The parameter we propose could be also useful to
compare more than two fluids and to optimise heat exchangers (Grazzini and Gori, 1988) and
related plants.

NOMENCLATURE

A heat exchanger surface (m?)
C antifreeze concentration ( %) Greek symbols
Cp specific heat (Jkg' K1 o heat transfer coefficient (WK 'm™?)
D pipe diameter (m) B volumetric expansion coefficient (K’l)
L pipe length (m) A heat conductivity (WK’lm’1 )
Ly heat of fusion (J kg N density (kg / m3)
m mass flow rate (kg st
p pressure (Pa) Subscripts
Q heat power (W) e external
Re Reynolds number fl liquid phase
S entropy (J K i internal
T temperature (K) in inlet
U global heat transfer coefficient 0 outlet

(WK 'm?) m mean

. 3 S ice

v specific Vc?lume (m / kg) slu ice slurry
X mass fraction
Y volume fraction
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UN PARAMETRE THERMODYNAMIQUE POUR CHOISIR UN FLUIDE REFRIGERATEUR
SECONDAIRE

RESUME : Le coefficient d’échange thermique est plus grand pour un coulis de glace que pour un
fluide monophasique. D’abord la présence de cristaux de glace donne des chutes de pression plus
grandes quand la concentration de la glace augmente. Nous avons défini deux parameétres qui
considérent la variation d’entropie et qui donnent la possibilité de confronter les coulis de glace et
les solutions monophasiques. Le premier est le rapport entre AS et la chaleur échangée; le second
est le rapport entre AS et la variation maximum obtenue les deux courants de fluide restant a la
méme température. Les deux parametres montrent que le coulis est préférable a la solution liquide.



