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ABSTRACT  
 

This paper makes a comparative analysis of 
the thermophysical properties of ice slurry with 
conventional single-phase secondary fluids used in 
thermal storage cooling systems. The ice slurry is a 
two-phase fluid consisting of water, antifreeze and 
ice crystals. It is a new technology that has shown 
great energy potential. In addition to transporting 
energy as a heat transfer fluid, it has thermal 
storage properties due to the presence of ice, 
storing coolness by latent heat of fusion. The 
single-phase fluids analyzed are water-NaCl and 
water-propylene glycol solutions, which also 
operate as carrier fluids in ice slurry. The presence 
of ice changes the thermophysical properties of 
aqueous solutions and a number of these 

properties were determined: density, thermal 
conductivity and dynamic viscosity. Data were 
obtained by software simulation. The results show 
that the presence of 10% by weight of ice provides 
a significant increase in thermal conductivity and 
dynamic viscosity, without causing changes in 
density. The rheological behavior of ice slurries, 
associated with its high viscosity, requires higher 
pumping power; however, this was not significant 
because higher thermal conductivity allows a lower 
mass flow rate without the use of larger pumps. 
Thus, the ice slurry ensures its high potential as a 
secondary fluid in thermal storage cooling systems, 
proving to be more efficient than single-phase 
secondary fluids. 
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INTRODUCTION 

The refrigerant fluids used in refrigeration and air conditioning processes are an 
environmental and economic concern, mainly in large systems with high thermal loads. In the 
latter case, in addition to the non-feasibility of the project, owing to the high costs of such a 
large system (PRUZAESKY, 2008), the use of vast amounts of refrigerant fluid and possible 
leakages could cause environmental damage (EGOLF, 2004). An effective alternative is to use 
an indirect expansion refrigeration system with thermal storage, which contributes to more 
efficient refrigeration in more compact systems. This results in economy, operational 
flexibility and a significant reduction in the amount of refrigerant fluid. The thermal storage 
process enables cold generation and storage at night. Moreover, there are no thermal loads, 
energy costs are lower and the primary refrigeration system is more efficient. The stored 
coolness is used during the day, mainly at times of high thermal load and peak energy demand 
(ASHRAE, 2008). 

A refrigeration system with thermal storage uses thermal fluid to transport coolness 
from the thermal storage tank to the refrigeration site, and the selection of this fluid is 
extremely important for the thermal efficiency of the process. It is known that the thermal 
and transport properties of water would qualify it as a thermal fluid, except for the fact that 
most industrial refrigeration processes work at temperatures well below its melting point. 
Thus, the addition of a soluble antifreeze agent produces a homogeneous solution capable of 
solidifying at temperatures below the melting point of purified water, forming a secondary 
fluid. 

Adding antifreeze to water reduces the thermophysical properties of the solution 
compared to purified water, leading to losses of thermal conductivity and specific heat 
(ASHRAE, 2009; MELINDER, 2007). These losses result in lower thermal inertia in the fluid, in 
addition to a reduction in heat transfer capacity and thermal energy storage.  

One of the alternatives for cold storage is the production of ice in tanks. Its high 
thermal energy density and elevated heat of fusion make ice an effective material for storing 
thermal energy, reducing storage volume by a factor of 2 to 10 times (MARTINEZ, 2005). 
Another solution is the use of phase change materials (PCMs) encapsulated in thermal storage 
tanks, which store coolness through latent heat of fusion (GUZMAN, 2004). However, both ice 
and encapsulated PCMs are restricted in tanks and are not pumped, requiring a secondary 
fluid to transport coolness from the thermal storage tank to the refrigeration medium. 

The idea of using latent heat of fusion as a thermal accumulator and transporting it to 
transfer energy is only possible through phase change secondary fluids, that is, two-phase 
fluids. The justification for using phase change secondary fluids is to “take advantage of the 
difference in enthalpy of vaporization or fusion” (MARTINEZ, 2005, p. 28). Two fluids provide 
these conditions: CO2 and ice slurry.   

CO2 is an atoxic, nonflammable gas used as primary and secondary refrigerant fluid. Its 
application is restricted due to its low viscosity, low mass flow rate and high operating 
pressures (KRUSE, 2000). The main application of CO2 is in transcritical refrigeration cycles.  
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Ice slurry is a suspension of ice crystals dispersed in a carrier fluid composed of water 
and antifreeze. The mass concentration of ice depends on the technology used in slurry 
production, normally ranging from 2% to 10%, or higher (ASHRAE, 2008). According Egolf and 
Kaunffeld (2005), thermophysical properties of ice slurry are a function of the geometry and 
granulometry of the crystals, with mean diameter of less than 1 mm (Figure 1). 

 

 

Fig. 1 – A microphotograph with fifteen particles is shown. The dimension of the picture is 1061 µm x 
762 µm (EGOLF, KAUNFFELD, 2005) 

 

The main advantage of ice slurry is its high cooling capacity, resulting in a reduction in 
thermal storage tank size, mass flow rate in the heat exchangers and pipe diameter 
(MELINDER, 2007). Given that it is a relatively new phenomenon, there are a number of 
studies analyzing its characteristics. The aim of this study was to assess the thermophysical 
properties of ice slurry for commercial applications in refrigeration processes with thermal 
storage, compared to conventional single-phase fluids. 

 

METHODOLOGY 

The thermophysical property data of the secondary fluids were obtained using SecCool 
(figure 2), freeware software designed by the Department of Mechanical Engineering at the 
University of Denmark in 2007. This software contains a library with the thermophysical 
properties of secondary fluids based mainly on the experimental parameters of ASHRAE 
(American Society of Heating, Refrigeration and Air-Conditioning Engineers) and Ake 
Melinder, a researcher in the Department of Energy Technology at the Royal Institute of 
Technology of Sweden, from his works of postgraduate (Melinder, 2007).  

The SecCool works from correlations of experimental values of each database. A 
statistical analysis is performed by the software, determining the polynomial equation that 
governs the behavior of the solution. The thermophysical properties are calculated from input 
data: temperature, concentration of antifreeze (single-phase fluids) or ice concentration (ice 
slurry). The output data are density, thermal conductivity and dynamic viscosity. 
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The ice slurries (two-phase fluid) were compared with conventional single-phase fluids, 
quantifying the percentage difference between their properties. The single-phase secondary 
fluids analyzed were water-NaCl solutions (sodium chloride) and water-propylene glycol, at 
mass solute of 20% and 35% respectively. The ice slurries studied were the previously 
mentioned single-phase solutions with 10% by weight of ice added. 

 

 

Fig. 2 – SecCool’s Screen 

 

The following thermophysical properties were examined in the sample: density 
(thermodynamic property), thermal conductivity and dynamic viscosity (transport properties). 
These properties refer to the amount of fluid in the tank, its heat transfer capacity and 
outflow resistance. Analysis temperature of the properties for all the samples is -16,5 °C, 
corresponding to the temperature at which the ice slurry tends to solidify for the value cited 
as a function of additive concentration. This analysis temperature lies within the values used 
in cold storage systems, about -17 °C or 0 °F (DOSSAT, HORAN, 2002). 

Sodium chloride and propylene glycol were chosen as antifreeze agents for the wide 
commercial application of these products. Despite being corrosive, sodium chloride is 
commonly used as an additive owing to its good antifreeze properties. Purified propylene 
glycol (1,2-propanediol) is a nontoxic glycol alcohol with a melting point at -59 °C and low 
vapor pressure (DOW CHEMICAL, 2011), which favors its application as an antifreeze agent, in 
addition to being an alternative to ethylene glycol, a toxic glycol alcohol (FINK, 2003). 
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Using these data, we constructed tables and graphs to determine and explore the 
interference of ice in single-phase fluids. 

 

RESULTS AND DISCUSSION 

The numerical values of the thermophysical properties of the fluids analyzed, obtained 
in the SecCool (2007), are shown in table 1. 

 

Table 1. Thermophysical properties of the single-phase fluids and ice slurries 

Sample 

Thermophysical Properties 

Density 

(kg/m³) 

Thermal Conductivity 
(W/m.°C) 

Dynamic Viscosity 

 (cP) 

Water-NaCl 1163,1 0,5217 4,97 

Ice Slurry-NaCl 1132,5 0,6330 7,13 

Water-Prop. glycol 10424 0,3959 26,74 

Ice slurry-Prop. glycol 1027,9 0,4851 34,44 

   Source: SECCOOL, 2007 

 

Table 2 demonstrates the percent difference between the thermophysical properties 
of ice slurries and single-phase fluids, where they are grouped according to type of carrier 
fluid, that is, the additive used as antifreeze agent. 

 

Table 2. Percent difference between ice slurry and conventional fluids 

Relation 
Thermophysical Properties 

Density (%) Thermal Conductivity (%) Dynamic Viscosity (%) 

Ice slurry/Water-NaCl -2,63 21,33 43,69 

Ice slurry / Water-
Prop. glycol 

-1,39 22,53 28,80 

 

Each property was analyzed separately as a function of the antifreeze solute used in 
the solution. 
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Density 

Density is defined as the weight per unit volume of a material. It is desirable that 
secondary fluids have the highest density possible, since, in addition to reducing the size of 
thermal storage tanks, exhibits more efficient heat transfer properties, in terms of thermal 
diffusivity. 

Single-phase fluids have higher density than water because the solutes are denser. 
Figure 3 gives a graphic illustration of the density values of single-phase and two-phase 
solutions. 

 

 

Fig. 3 – Density of single-phase and two-phase solutions 

 

The presence of ice in single-phase fluids, even at microscopic size and in small 
amounts, alters the density of the solution. This occurs because ice has a density of 917 kg/m³ 
at 0 °C (BEJAN, KRAUS, 2003), that is, less dense than purified water, 999,9 kg/m³ at 1 °C 
(SECCOOL, 2007). Tables 1 and 2 show that the density of ice slurries is lower than that of 
single-phase fluids. However, the addition of 10% ice by weight did not significantly alter the 
values: the density of two-phase solutions was reduced by 2,63% for the water-NaCl-ice 
solution and by 1,39% for water-propylene glycol-ice. 

Thus, as there were no significant alterations in density with the addition of ice, the 
size of thermal storage tanks did not change with the same amount of fluid mass.  

 

Thermal Conductivity  

Density (kg/m³) 
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Thermal conductivity is a transport property characteristic of each substance, which 
indicates the rate at which a given material can transport energy under conditions determined 
by geometry and temperature. The heat transfer mechanism in a solid is well defined and 
occurs through vibrations in its crystalline structure. In the case of metals, it is complemented 
by the movement of free electrons present in the network, while thermal exchange in liquid 
substances is similar to that of gases, that is, through molecular collisions and molecular 
diffusion (BEJAN, KRAUS, 2003). 

In this study we analyzed single-phase and two-phase secondary fluids, in which the 
mechanisms involved in heat transmission are different. For single-phase fluids, transmission 
occurs through sensible heat exchange until the melting or boiling point of a liquid is reached. 
In ice slurry there are simultaneous sensible and latent heat exchanges in the fluid, 
characterizing a heat transfer in a multiphase system, that is, with a liquid phase (water-
antifreeze) and a solid phase (ice). 

The energy flux through the ice crystals are due by the mechanisms of convection and 
absorption of latent heat of fusion, which both are functions of the mass flow of crystals 
(NATERER, 2003). Thus, the total heat flux in the ice slurry is only determined when there is 
phase change under flow. However, in this paper, only the thermal conductivity of these 
secondary coolants (single-phase and two-phase) without phase change is analyzed, 
disregarding the convective currents. 

Ice slurry has a thermal conductivity higher than the single-phase fluids. This increase 
is due to the presence of ice crystals in solution. For comparative purpose, the thermal 
conductivity of ice at 0 °C is 2,25 W/m.°C (BEJAN, KRAUS, 2003), and thermal conductivity of 
purified water at 1 °C is 0,5642 W/m.°C (SECCOOL, 2007); a difference of 75%.  

The water-NaCl and water-propylene glycol single-phase fluids have thermal 
conductivity of 0,5217 W/m.°C (SECCOOL, 2007) and 0,3959 W/m.°C (SECCOOL, 2007), 
respectively; while ice slurry-NaCl and ice slurry-prop. glycol have 0,6330 W/m.°C (SECCOOL, 
2007) and 0,4851 W/m.°C (SECCOOL, 2007), respectively; at -16,5 °C for all fluids.  This shows 
why the addition of ice to single-phase fluids significantly increased thermal conductivity, by 
21,33% and 22,53% for water-NaCl-ice and water-propylene glycol-ice, respectively. Figure 4 
gives a graphic illustration of thermal conductivity values obtained for single-phase and two-
phase fluids. 

Another important factor for the increased thermal conductivity of ice slurries is the 
greater thermal exchange area of ice crystals. Single-phase solution conductivity is related to 
the fine ice particles dispersed in the carrier fluid and is a function of their respective size 
(TICONA, 2007).  

Therefore, the thermal conductivity of ice slurry is associated to the crystals, since 
latent heat of fusion and the larger heat exchange area are determining factors for enhanced 
heat transmission efficiency compared to conventional single-phase fluids. 
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Fig. 4 – Thermal conductivity of single-phase and two-phase fluids 

 

Dynamic Viscosity 

Dynamic viscosity is a transport property related to the internal outflow resistance of a 
fluid, caused by cohesive forces present between fluid molecules. Thus, as was described in 
the thermal conductivity section, ice slurry is analyzed as a multiphase system, exhibiting 
different behavior from that of single-phase fluids submitted to outflow. 

Unlike single-phase fluids, multiphase fluids require higher outflow velocities, mainly 
to sustain the solid particles in suspension. The outflow of a single-phase fluid is 
homogeneous for all the velocities applied, in contrast to multiphase fluids that behave 
heterogeneously, exhibiting the rheological properties of non-Newtonian fluids (CROWE, 
2006). 

Ice slurry is a non-Newtonian fluid and is treated rheologically as a stable viscoplastic 
fluid (NIEZGODA-ZELASKO, ZELASKO, 2009). Single-phase systems behave like a Newtonian 
fluid, with constant dynamic viscosity for a given pressure and temperature. Multiphase 
systems do not exhibit constant dynamic viscosity, that is, there is no constant relationship 
between shear stress and shear rate. Moreover, they consider temperature and pressure to 
determine the viscosity of multiphase fluids (CHHABRA, RICHARDSON, 2008).  

In this analysis, it is considered that the pressure conditions are the same for all the 
fluids. The dynamic viscosity of ice slurries is analyzed considering that slurries behave like a 
Newtonian fluid. Tables 1 and 2 show that ice slurry viscosity is higher than in single-phase 
fluids, that is, 43,69% for the water-NaCl fluid and 28,80% for the water-propylene glycol ice 
solution. Figure 5 illustrates the dynamic viscosities of the secondary fluids studied. 
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Fig. 5 – Dynamic viscosity of the secondary fluids analyzed 

 

These increases are considerable, mainly for the slurry that uses sodium chloride as 
antifreeze agent. The high increases in slurry viscosities are related to the granulometry and 
geometry of the ice crystals and their interactions with antifreeze additives. Despite being 
microscopic crystals, they have a direct influence on viscosity and pumping difficulty. 

Therefore, it can be confirmed that for the same outflow conditions of single-phase 
and two-phase fluids, ice slurries need greater pumping power than single-phase fluids. This 
can be explained by the high viscosity contained in slurries concomitant with greater outflow 
velocities. 

 

CONCLUSIONS 

After comparative analysis of the conventional single-phase secondary fluids and ice 
slurries, it was concluded that their thermophysical properties show different characteristics 
for a more efficient use in heat transfer processes. 

The density of ice slurries is slightly lower than in single-phase fluids because ice is less 
dense than water. The reduction is not significant and there are no interferences in thermal 
efficiency or in the constructive characteristics of storage tanks used in the refrigeration 
process. 

The presence of ice as a phase change material in two-phase fluids promotes an 
accumulation of thermal energy through latent heat of fusion, which ensures larger thermal 
conductivity compared to single-phase fluids. Microscopic crystals offer a greater heat 
exchange area, further increasing their power to transfer energy.  

Dynamic Viscosity (cP) 
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Since it is a two-phase fluid, ice slurry exhibits peculiar outflow characteristics, in 
contrast to single-phase fluids, which are Newtonian, mainly because they display much 
higher and variable viscosity, given the temperature and pressure conditions. The rheological 
phenomena of the slurry are justified by the presence of ice, which alters all the outflow 
conditions, requiring greater flows.    

From the energetic viewpoint, ice slurry is superior to single-phase fluids. Considering 
the same conditions for the same refrigeration effects, the mass flow of the slurry is lower, 
resulting in lower pumping power and smaller pipe diameter. Its thermal storage effect is 
greater, which leads to a more rational and efficient use of energy with smaller amounts of 
fluid in smaller tanks. Even though it needs greater outflow velocities and exhibits higher 
viscosity, the refrigeration system does not require high power pumps, mainly due to lower 
fluid flow.  

The simulation of the thermophysical properties of single-phase and two-phase fluids 
provides an overview of how ice slurry is superior to conventional fluids. The isolated data of 
thermophysical properties characterize the fluid and only show a preview of their behavior in 
energy thermal storage. The interaction of thermophysical properties is who sets the real 
behavior of each fluid in cool thermal storage, and it will can only be measured by performing 
experiments that attempt to represent the effects of the properties in the accumulation of 
thermal energy. 
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