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Thermodynamic Nonequilibrium in Ice-Slurry Systems
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Compared with classical secondary refrigerant loops that continuously supply cold energy, ice-slurry systems rely
on the use of storage tanks designed to store and supply the cold energy on demand; thus cutting off cooling peak
demands. To reliably operate an ice-slurry cooling system, it is very important to know the ice-loading fraction within
the ice-slurry storage tank and in the slurry transmission piping. In this paper we compare two ways to measure the
local ice fraction inside the storage tank. The first method is based on a direct measure of the ice-slurry temperature,
and the second one applies the differential scanning calorimetry technique.

Nomenclature
a = antifreeze
i = initial
ic = ice
m = mass, kg
T = temperature, K
T, = extrapolated peak onset temperature, K
Tena extrapolated end temperature, K
T, = initial peak temperature, K
T; = end peak temperature, K
Toex = peak maximum temperature, K
Ty = ;I)(late temperature of differential scanning calorimetry,
w mass fraction, kg/kg
B = heating rate, K - min~!

I. Introduction

ECENTLY, ice slurries composed of small ice crystals, water,

and an additive (usually ethylene glycol or ethanol) have been
studied as a result of the development of indirect-refrigeration
systems [1-8]. Ice slurry offers the potential of significantly reducing
the energy consumption and emission of greenhouse gases that are
caused by air-conditioning installations. The advantages of ice
slurries over chilled-water storage and distribution systems include
the ability to provide a much higher heat transfer density (due to
latent ice), which can lead to much lower flow rates and pumping
power, when compared with chilled-water or other single-phase
secondary distribution systems.

To reliably operate an ice-slurry cooling system, it is very
important to know the ice-loading fraction found in the ice-slurry
storage tank and in the slurry transmission piping. As ice slurry
consists of a solid and a liquid phase, itis difficult to measure ice mass
fraction for a desired accuracy. For ice slurry, there is often a density
difference between the two phases, which contributes to the
difficulties in measuring ice mass fraction. Several measurement
approaches [9-11] based on the difference between conductivity (or
specific volume) of water and ice have been investigated and
developed. Stamatiou et al. [12] and Ayel et al. [13] have presented
some experimental methods that measure the ice-fraction
distribution measurements in horizontal pipes or channels, as well
asin vertical ducts. In one method, an ice-slurry sample was removed
by a sampling probe that was passed through a custom-made online
calorimeter unit. It was instrumented and properly calibrated to
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determine the local ice fraction. An interesting method has been
developed by Ayel et al. [13] that measures the antifreeze mass
fraction in an aqueous solution by applying supercooling
phenomenon. Their method is based on the analysis of the
temperature evolution of a small sample of ice slurry during cooling.
They exploit the sudden temperature increase that occurs with the
appearance of the first crystals. This method is only valid if the
antifreeze mass fraction is low.

The storage of ice slurry in tanks is complicated because under
certain little-understood conditions, the ice particles progressively
grow together, or agglomerate, over time. This makes pumping the
slurry out of the tank very difficult, if not impossible. A few reports
have been published about the measurement of temperatures and
local ice mass fraction of the ice slurry in a storage tank. Bel et al. [14]
have examined the temperature distributions in the storage tank.
They showed heavy stratification with another distribution of ice
concentrations. In several of the works, it is assumed that the liquid
and solid phases are in thermodynamic equilibrium. Simultaneous
measurements of the mixture temperature distributions and the ice-
concentration fields during melting have shown that the thermal
equilibrium between the carrier fluid and the ice particles is not
always obtained [15,16].

No reliable procedure has yet been developed to measure the ice
mass fraction within the storage tank. A method for measuring the
presence and progression of ice-particle agglomeration in a storage
tank is needed. It is also noteworthy that during the discharge period,
the binary mixture melts nonisothermally. The natural convection in
the liquid region is double-diffusive in nature (as a consequence of
concentration and temperature gradients prevailing in the melting
domain) [17,18]. As melting proceeds, the solute is rejected from the
crystal particles found in the liquid region. On a local scale, the solute
is redistributed by diffusion transport. However, on a macroscopic
scale, thermosolutal convection currents carry the expelled solute
further away from the site of rejection. This interaction between the
melting process and a thermosolutal convection can influence the
thermal equilibrium between the solid and liquid phases in the
storage tank.

The purpose of the program described in this paper is to develop a
method to measure the ice mass fraction at different points inside the
storage tank. The information being developed will facilitate the use
of the ice storage tank. A comparison between concentrations is
determined by using differential scanning calorimetry (DSC). A
direct measure of the mixture’s temperature is also presented and
discussed.

II.

Figure 1 presents the equilibrium-phase diagram [21] for a water—
ethanol solution, which has an eutectic temperature and
concentration of Tp = —118°C and W;=0.935. In our
application, the eutectic point and overeutectic part are not of
interest.

Binary-Phase Diagram
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Fig. 1 Phase diagram of the aqueous binary solution of ethanol.

Applying the equilibrium thermodynamic assumption, the ice
mass fraction can be evaluated from the mixture’s temperature 7,
which is a function of the ethanol mass fraction W, in the residual
liquid solution:

T = T(W,) (1)

Once the initial mass fraction of ethanol in the binary-mixture
solution before freezing W,; and the mixture’s temperature 7' are
known, the equilibrium ice mass fraction can easily be calculated
from the following equation:

Wa‘i
W,(T) @

Wic(T) =1-

where W, (T) is found from the liquidus curve, the inverse of Eq. (1).

Figure 2 shows the thermodynamic relationship existing between
the temperature, initial solute concentration, and ice mass fraction for
an ethanol-water mixture. Upon close examination of this figure and
according to Fournaison et al. [19] and Guilpart et al. [20], it can be
concluded that the determination of the ice concentration from the
direct measurement of the temperature would yield great
uncertainties in the ice mass-fraction values, especially at low
ethanol concentrations. The initial solute concentration also has a
major impact on the ice-fraction uncertainty.

III. Experiment
A. Experimental Apparatus of the Ice-Slurry System

A schematic diagram of the experimental apparatus is shown in
Fig. 3. The apparatus incorporates three components of a secondary
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Fig. 2 Ice concentration versus temperature and solute concentration
for ethanol-water mixtures.
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Fig. 3 Schematic diagram of experimental apparatus.

cooling cycle (production, storage, and transport). The conventional
scraped-type exchanger generates fine ice crystals with diameters of
about 0.1 mm. Ice-slurry storage is basically an open insulated
system tank with about a 130-liter capacity with a variable-speed
agitator. Ice slurry is transported into the heat exchanger by means of
pumping. The main components of the measurement cycle are a
volumetric pump and a Rosemound Elite 200 mass flowmeter, which
measures the mass flow rate and the density of the binary mixture.

Experiments were performed by producing ice slurry in a storage
tank containing an aqueous solution of W,,; = 0.10 by weightin an
ethanol-in-water solution using a 7 kW refrigerating-capacity
scraped-surface ice-slurry generator.

B. Ice-Filtration Method

Initially, ice slurry was produced by using the generator and was
stored in the storage tank. As the generator continued to produce ice
particles, the ice fraction in the storage tank increased. Once the
percentage of ice fraction in the storage tank reached a desired value
(above 25%), the slurry-generation system was shut down. About
5 min later, ice-slurry temperature in the storage tank was measured
by using DSC analysis or the thermocouple probe.

The mixture samples were taken and directly filtered through a
filter in the storage tank (Fig. 4). The size of the filter pores was
selected to separate the solution into small ice particles. The filter
component was also equipped with a thermocouple to measure the
sample temperature (Fig. 5). This temperature was compared with
the equilibrium temperature obtained from the DSC analysis of the
solution that was passed through the filter.

Given the rapid evaporation of ethanol when exposed to room
temperature, all samples were quickly conditioned in tight bottles
and transported to a climate chamber to be kept for further
processing.

C. Differential Scanning Calorimeter

Thermal analyses of the samples were carried out using the PYRIS
Diamond DSC by PerkinElmer. The principle of power
compensation used in DSC is widely detailed in [21-23]. It should
be remembered that when using a DSC, the calibrations of the
temperature and of the heat are very important. Calibration is
accomplished by running standard material (usually indium) and
comparing the experimental melting point and the enthalpy of
transition (or latent heat) with standard values. Two screws in the
instrument, one for adjusting temperature readings and the other for
adjusting enthalpy readings, were turned until the temperature and
enthalpy values were reproducible within the desired tolerance of the
standard values. This calibration is important to accurately collect the
equilibrium temperature data required for this study.

Because the technique used to predict the ice mass fraction of the
sample is based on the DSC analysis, it is useful to list some known
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characteristics of the DSC curve. Usually, the characteristic
temperatures taken from DSC measurements are the initial peak
temperature T, the extrapolated peak onset temperature 7., the
extrapolated end temperature T, , the maximum peak temperature
T\ and the end peak temperature T, [24,25]. All of these are shown
in Fig. 6. The use of these temperatures is recommended for both the
melting and freezing peak characteristics. The extrapolated peak
onset temperature is defined as the intersection between the tangent
to the maximum rising slope of the peak and extrapolated sample
baseline. T, represents the value of the plate temperature when the
energy exchange is maximum, and T4 corresponds to the end of the
progressive melting within the sample.

The DSC experiments were conducted by placing each sample in
the aluminum DSC cell of a height of Z, = 1.1 mm and a radius of
R = 2.125 mm. The sample was cooled at various rates 8 (between 1
and 20°C/ min) until ice formed in the solution. This was typically at
—50°C (observed as a sharp exothermic peak in the DSC
thermogram) and it was maintained at this temperature for 3—5 min.
The sample was then heated at various scan rates ( from —50 to
10°C) to obtain the thermograms.

In our previous work [1], we presented a DSC study and a
theoretical model of the nonisothermal melting of ice slurry in a small

2.5

O We)

0.5

‘rjlllvlv\l\lv\lvvvllvvvl

Temperature (°C)
Fig. 6 DSC curve.

container. The influences of both the initial antifreeze mass and the
heating rate were investigated. We proposed a DSC technique to
detect the solid-liquid equilibrium temperature of the initial mixture
before freezing.

For various heating rates, we have shown that all points on the
thermograms (for which the abscissa are T,,4) form a straight line
Ly, This cuts the axis of abscissas to T}, (temperature of the DSC
plate) (Fig. 7). This temperature corresponds exactly to the
equilibrium temperature of the initial mixture 7.

The same result is obtained for Tp,. We have found that for
different heating rates, all points for which the abscissa is T}, are
aligned. The line Ly, formed by these points also cuts the axis of
abscissas to Ty

These observations can be explained by the fact that the more the
heating rate decreases and comes near to zero, the more the gradients
of temperature within the sample become negligible [1]. For lower
heating rates (8 — 0), the end point of the phase transformation
practically corresponds to the maximum peak. So the intersection of
the two lines Ly, and LTpcuk given on the axis of the abscissa
indicates the limit of the thermograms (when 8 = 0) and it coincides
with the equilibrium temperature of the initial mixture for W, ;.

By means of the characteristic temperatures of the DSC curves, we
can determine the equilibrium temperature of the removed sample.
Once the equilibrium temperature of the removed sample and the
initial mass fraction of ethanol are known, ethanol mass fraction and
ice mass fraction w., psc can be evaluated by using both the solid—
liquid equilibrium-curve relationship (Fig. 1) and Eq. (2).

This technique of analysis was validated in previous works [1,25]
by applying it to two binary mixtures: ice/water—ethanol and ice/
water—-NH,CL. We have found that the results obtained using this
technique coincide perfectly with the data provided by current
research.

D. Experimental Uncertainty

Uncertainty estimates for the measurements are based on a
propagation-of-error analysis. The principle measurement in the
present study is ice mass fraction. However, possible sources of
inaccuracy are linked to the measurement of the ice-slurry variables:
W,i, W,(T), and T. The uncertainty of W,; measurements is
evaluated as follows [26,27]:

W, = —— e 3)

ma,i + Myater

AW _ mwaterAma,i + ma.iAmwater
S, (mg s+ M)
a,l a,l water

)
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Fig. 7 Determination of equilibrium temperature for various initial antifreeze mass fraction.

where Am,; and Am,,,, (respectively, 0.02 and 0.01 g) are the
resolution of the water and antifreeze weighing devices, respectively.
One can assume thermodynamic equilibrium W, (T), because it is
given by the freezing curve [28]. Using Eq. (4) for the error
calculation of each antifreeze concentration shows that the error
related to W,(T) never exceeds 1.5% and becomes negligible for
W, over 0.15.

Using Eq. (2), the uncertainty of the W, measurement is evaluated
as follows:

AWIC(T) _ AWzl,i
W) Wy,

AW, (T)

W,(T) ©)

According to Fournaison et al. [19], for the lowest antifreeze
concentrations, the most significant source of error is the evaluation
of the initial antifreeze concentration W, ;. At a higher antifreeze
mass fraction, the error in the measurement of ice-slurry temperature
is dominant.

We note that the maximum random uncertainties of the
temperature determined directly by using thermocouple and by DSC
analysis are, respectively, 0.1 and 0.2%. The latter uncertainties were
established from the bench-scale calibration tests [24]. To estimate
the repeatability of the experiment, some of the cases were repeated
under the same operating conditions. The difference was found to be
less than 2%. The error in the location of the thermocouples in the
storage tank was determined from in situ calibrations to be about
0.50 mm.

IV. Experimental Results
A. Melting Process Inside the Storage Tank
To describe the heat transfer during the melting process of ice
slurry, various thermocouples have been placed at different positions
within the storage tank (Fig. 4). To eliminate the effect of the mixer,
the storage tank is studied without a mechanical agitator.

Figure 8 illustrates the variation of the temperatures during the
melting process in the tank. As can be seen, the melting process is
displaced from the wall surface to the center and from the bottom to
the upper parts of the tank. If no mixing is applied, the ice slurry in the
tank undergoes full stratification. This is due to the buoyancy of the
ice particles. This stratification causes a nonuniform ice-
concentration profile within the tank. Therefore, the temperature in
the upper region is lower than that in the lower region.

In a mechanically agitated tank, ice particles can be damaged by
collision with the stirrer blade. This collision subdivides the parent
crystal into a number of smaller pieces with a wide spectrum of sizes
[29]. In a perfectly agitated storage tank the ice-slurry temperature
remains relatively constant. The solid-liquid equilibrium-curve
relationship and the mixture’s temperature can be used to evaluate
the ice content within the mixture [20].

Temperature (°C)
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Fig. 8 Evolution of the temperatures in the tank as a function of time.
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As melting continues, the volume of'ice particles decreases and the
remaining ice particles float to the upper surface to form a packed bed
(see Fig. 8). The exchange between the floating packed bed and the
solution located in the lower part of the storage tank is carried out
both by conduction and convection.

Because there are more water molecules in the upper region than in
the lower one, there is obviously a transfer of ethanol molecules from
the lower to the upper part of tank. This is a result of random
molecular motions.

B. Ice Mass-Fraction Measurements

Just after the shutdown of the slurry-generation system (after
about 5 min), the storage tank was studied in two situations: with
mechanical agitation and without it. The ice-slurry temperature
profile was obtained by using a syringe inserted at different positions
inside the tank (see Fig. 4).

Figures 9 and 10 present the ethanol mass fraction obtained from
the two temperatures: the equilibrium temperature (calculated from
the DSC analysis) and the mixture temperature (measured by the
thermocouple). In this work, we present only the ice-slurry
temperatures at r = 12 cm.

The dashed line represents the solid—liquid equilibrium-curve
relationship, where z is the distance from the bottom of the tank. The
results indicate that the ethanol concentrations determined by DSC
analysis w, psc are lower than those obtained by the direct measure
of temperature w, 7. The difference between w,r and w,psc is
especially noticeable in the bottom part of the tank and chiefly when
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the mechanical agitator is not applied. We can also note that the
thermodynamic equilibrium does not occur at any point in the
accumulation tank. As discussed earlier, the kinetics of the ice
melting and the molecular diffusion are the most important
phenomena that influence the measurement of the ethanol
concentration. In fact, during the melting process, the heat that is
transferred from the solution to the ice particles can be divided into
two types. One is the melting latent heat (which causes fusion on the
surface) and the other is heat conduction from the surface into the ice
(which raises the internal temperature). This process causes a
nonthermal equilibrium between the solution and the melting solid
particles. On the other hand, the molecular diffusion of the water
(which is derived from the melting particles) in the surrounding
solution is slower, because the ethanol concentrations w,,  obtained
from the direct measure of temperature are lower than those
determined by DCS. The clear nonlinearity in the graphs between the
points z = 15 and 25 cm can be ascribed to the random molecular
motions inside the tank.

Figures 9 and 10 also indicate that the temperature measured by
the thermocouple does not correspond to the equilibrium
temperature, as a thermal equilibrium between the solution and the
ice particles is not always obtained during melting.

To compare the ice concentrations w;. r obtained from the direct
measure of the mixture temperature and those determined by the
DSC technique wj. psc, we have calculated the relative error at
different positions of the tank:

error = | ice,DSC 1ce,T| (6)

Wice DSC

Figures 11 and 12 illustrate the relative error versus the height of the
storage tank. They clearly show the basic difference between w¢, psc
and w;, 7. The results also indicate that the relative error is very high
in the lower part of the storage tank. This can be explained by the fact
that in the lower region, the ice-fraction measurement is influenced
by various phenomena such as the suspension of ice particles, the
melting process, and molecular diffusion.

Because the melting process occurs continuously in the top region
of the tank, the mixture temperature remains relatively constant. This
temperature depends mainly on the initial ethanol concentration and
the ice mass fraction. Because the relative error is lower in the upper
region of the storage tank, the ethanol mass fraction can be evaluated
from the DSC technique.

The direct measure of the mixture temperature to predict the ice
mass fraction is only highly accurate when the storage tank is
perfectly stirred. Without mechanical agitation, it is impossible to use
a temperature-measurement device to determine the ice concen-
tration in the storage tank. The ice-slurry segregation phenomenon,
which is due to ice-buoyancy effects in the storage tank, would cause
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a variation in the solute concentration of the residual liquid. This
would adversely affect the temperature measurement and,
consequently, ice-fraction accuracy.

The suspension of ice particles, the melting process, and the
molecular diffusion have a significant effect on ice-concentration
measurement. These phenomena should be considered when the
probe is used to measure the concentration of the solids.

V. Conclusions

An experimental technique has been developed to measure the
local ice mass fraction within ice-slurry systems. It has been found
that the thermodynamic equilibrium does not occur at any point in the
accumulation tank during the melting process.

The direct measurement of the ice fraction is very difficult to
conduct because of the instability of the slurry. Indeed, it is
susceptible to melt and to sediment during experimentation. It would
be interesting to carry out this study for storage tanks of different
sizes. Experimental work and theoretical calculations will be
important to investigate natural convection and molecular diffusion
inside the storage tank during the melting process.
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