Multifunctional Thermal Fluids for Refrigeration and Air Conditioning

Peter W. Egolf, O. Sari, A. Kitanovski

University of Applied Sciences of Western Switzerland

CH-1401 Yverdon-les-Bains, Switzerland

E-mail: peter.egolf@eivd.ch
ABSTRACT

Multifunctional (thermal) fluids and suspensions, also named “intelligent fluids”, yield new classes of fluids with improved (thermal) properties. These fluids can be designed to opti​mally fulfill particular objectives. In refrigeration and air conditioning this can be an en​hanced thermal conductivity of a fluid, a higher heat transfer characteristics, a higher ther​mal energy storage capacity, a temperature stabilization, less pressure drop, etc. The use of phase change material (PCM) in a disper​sed phase in a continous carrier fluid leads - by its phase change and latent heat - to very high energy densities, wherby the pumpability of the fluid still remains. Such substances are named “phase change slur​ries (PCS)”.  Ice slurry is the best-known PCS, but restricted to temperatures below zero degree Celsius. To over​come this restriction, at present, other types of PCS are developed, e.g. micro-​en​cap​sula​ted PCS, clath rates, shape-stabilized paraffins, etc. Nanofluids, e.g. fluids with disper​sed me​tal​lic particles on a nanoscale, show also enhanced heat transport properties. An advantage is that the small particles - as a re​sult of Brown’s motion - do not lead to a stratification, which is in​duced by the buoyancy force.

1. MULTIFUNCTIONAL MATERIALS

It has become very fashionable to speak of multifunctionality of materials and systems. But this is essentially nothing new. The main objective of a car is a safe transportation of persons and goods. But if it also guarantees a good comfort during the transport by an integrated air con​di​tion​ing system, e.g. with refriger​ation, two functions are simultaneously guaranteed. Therefore, it is an object with several functions: a multifunctional object. Or if a transparent insulation guaran​tees a high standard in day​light​ing of a solar house (high visible light transmission) and on the other hand pro​tects its interior from thermal heat losses, by supressing thermal long-wave radia​tion (green house effect), then also two important functions are realized. If multifunctionality is studied on a lo​wer level of solid, liquid or  gaseous materials, it is more dif​fi​cult to be realized. The most impressive multifunctional suspension is a biological fluid, namely the blood in living creat​ures. Some of its numerous functions are listed in Ref. [1], e.g. it transports oxy​gen from the lung and nutrients from the intestines to the cells, furthermore carbon dioxide and other products to the secrete organs (lung, kidney), etc. How poor are in comparison the fluids applied in technical systems! But now large research activities to develop new multi​func​tio​nal fluids are initiated. In this article the new domain of thermal multifunctional fluids and suspensions for applicat​ions in the refrigeration and air condition​ing domain are dis​cussed.  

2. MULTIFUNCTIONAL THERMAL FLUIDS

A review paper on multifunctional thermal fluids was published by Inaba [2]. These fluids are produced by mixing an ideal thermal fluid, which is named the continuous phase, and some ad​di​ti​ves, mostly solid particles with different properties, as a dispersed phase. 
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Figure 1. Some thermodynamic functions of thermal multifunctional fluids are presented. A PCS can fulfill five or more functions simultaneously (e.g. see bold circles).

Figure 1 shows numerous functions of multifunctional thermal fluids. Such figures can be the basis for a development of a new material, fluid or system. Especially interesting are such sche​matic figures when they combine physical or chemical properties of different scientific domains, e.g. combinations of mechanics, electromagnetism, thermodynamics, optics, etc. Li​quids with electric or magnetic properties already exist, with physical properties (order para​meter) that can be altered by changing an external electric or magnetic field (stress parameter). 


3. SENSIBLE THERMAL FLUIDS AND NANOFLUIDS

3.1 Fluids with a flow drag reduction

Flow drag reduction fluids are known and applied for decades. Therefore, this chapter shall only be a brief reminder. By mixing macromolecules into a fluid, turbulent kinetic energy is absorbed by the rotational and vibrational modes of the molecules in the fluid. The absorption of energy decreases the turbulence intensities and, there​fore, also the pressure drop in flows through tubes. Gas bubbles may be injected close to surfaces for the same reason.

3.2 Fluids with an enhancement of the heat transfer 

A mixing of particles with a high thermal capacity into a fluid keeps the temperature low/high compared to the surface temperature. This enhances the heat transfer rate. If the thermal conductivity of the particles is also high, this also has a positive effect on the overall thermal conductivity of the fluid.

As recently nanotechnology was developed, an innovative idea occurred: fluids with nanosize particles. Now they are produced and experimentally tested. The ultra-fine particles, immersed into the fluids, are of metallic or non-met​allic nature. Usually the volume fractions of nano​particles is less than 5-10 % [3]. With small fractions of nanoparticles, substiantial enhancements of heat conduction and heat transfer rates were observed, without the disadvantages occurring in other more conventional suspensions and PCS, like clogging, erosion, sedimentation and an in​crease in pressure drop [4]. The heat transfer enhancement is a function of the shape of particles, the size of the particles, the con​centration of the particles in the carrier fluid, and the thermal pro​per​ties of the particle ma​terial. Recent measurements have shown that the thermal conductivity in​creases with decreasing grain size [5]. Such behaviour cannot be explained by the existing theo​ries. Possible new explanations are needed. Fractal theories are expected to give adequate de​scriptions for the clustering of nanoparticles [6]. It is expected that one day these fluids will estab​lish well in thermal engineering.

4. PHASE CHANGE SLURRIES

Phase change slurries are fluids with dispersed particles, which show a phase change at the melting temperature of the dispersed phase. If the fluids are mixtures, very often a temperature glide occurs, which is seen in the enthalpy density function h(T). Then h alters continuously as a function of the temperature T. The energy to build up a crystal of a solid in a freezing process is stored in the material and when the material - in the opposite process - is melted, this amount of thermal energy (named latent heat) is released again. In a water/ice transition the stored energy is high, namely 332 kJ/kg. Because the concentration of ice particles in technical applications usually is less than fifty percent, the enthalpy density can reach 170 kJ/kg. Other substances have slightly smaller enthalpy densities, but they are still of high technical interest. To this latent heat, a smaller fraction of sensible heat may be added. The energy storage of phase change materials and slurries can be two to ten times higher compared with the conventional storage technology using water, depending on the material applied and the operation temperature range of the en​gi​neer​ing system.






Figure 2. An overview of phase change slurries (PCS). This graphic was designed on the basis of an article by Inaba [2]. 

4.1 Dry ice / carbon dioxide slurry

Inaba reports on an interesting diphasic fluid system for low temperature refrigeration, namely carbon dio​xide with a dry ice content [7]. The liquid carbon dioxide operates as a boiling se​con​dary refrigerant. It can be cooled for example by an ammonia system.

4.2 Ice slurry

Already numerous publications and review articles exist on ice slurries. The working party on ice slurries of the International Institute of Refrigeration has organized five workshops and public​shed a proceedings each. The entire work will be summarized in a Special Issue of the Inter​na​tional J. of Refrigeration [8] and in a IIR Hand​book on Ice Slurries [9]. Characteristic for ice slurries is that the particles disappear in the melting process and have to be created again by a special ice generator. In storage tanks the particles show large buoyancy forces, which leads to a high stratification of the ice at the top of the tank, which has a lower density than water (see Figure 3). Therefore, usually a mixing element, or another special equipment, is necessary to create homogeneous ice particle fields, which guarantee a safe operation of a system without the occurrence of clogging in the tubes. The simplicity of freezing water with an environmentally friendly additive (alcohol, salts, etc.) and obtaining very high enthalpy densities makes the application of ice slurries a promising technology for the future [10]. In this reference the advantages and disadvantages of ice slurry systems - compared with conventional direct refrigeration systems or secondary refrigeration systems using brines - are listed.


Figure 3. Two photographs (2384m x 1603 m) taken at different times at a low level in a storage tank (from Ref. [11]). The photo on the left shows a domain full of ice particles, immediately after a mixing process was stopped (homogeneous ice particle field), and the photo on the right presents the same domain after nine minutes have past over. Here the particles have rised to some higher levels. Only a single cluster of three con​nec​ted particles in a wa​ter/additive surrounding has re​mained.

4.3 Clathrate slurry

Clathrates or hydrate slurries are a crystalline compound substance of water (host molecules) and a low-boiling temperature gas (guests molecules) in a special molecular structure at a certain temperature and pressure [2]. The particle size is of the order of 5–50 m. By heating the clathrate can be separated into water and the gas phase. This is a chemical reaction with a high reaction enthalpy. Therefore, it is not absolutely correct to list the clathrates in this chapter on PCS.

4.4 Microemulsion slurry

Water and liquid paraffin are immiscible. If an emulsifier, which is composed by a hydrophilic head group and a hydrophobic tail, is injected into water, the paraffin is finely dispersed. Only small amounts of emulsifier are necessary for this process. The quantity of emulsifier/surfactant determines the size of the paraffin particles. Different problems have to be solved by choosing the best additives, namely a protection against (see e.g. Ref. [12]) :

· Coagulation

· Coalescence

· Ostwald ripening.

The process of a growth of larger particles on the expense of smaller ones has to be avoided. This process, which is also observed in ice slurries, leads to an undesired alteration of some physical properties, e.g. shear stress (viscosity), thermal conductivity, etc. Usually the density, the ent​halpy density and the specific heat are not influenced by such growth effects.

4.5 Shape-stabilized PCM slurry

When some plastic material, e.g. polyethylene are used as a stabilizing structure for the PCM, the slurry is named shape-stabilized PCM slurry. It is necessary that the PCM is immiscible in the carrier fluid and in its liquid state does not leave the stabilizing structure, yielding an open con​tainer. Also gels and aerogels are used for this purpose. The heat transfer is higher, compared with microencapsulated PCM (see chapter 4.6), because no additional plastic layer between carrier fluid and PCM yields an additional resistance for the heat flux. In some cases the poly​ethy​lene combs are irregular, e.g. of dendritic nature.

4.6 Microencapsulated PCM slurry

The microencapsulation techniques were well developed, mainly by the pharmaceutical indu​stries, because they were used to produce pills, copy papers, composites, powders, coatings, foams, fibers. Furthermore, they were applied in apparels for a heat capacity enhancement [13]. A newer ap​pli​ca​tion are plastic microcapsules, containing a PCM, floating in a carrier fluid for thermal energy transportation (see for example Ref. [14]). The encapsulation has high advant​ages, e.g. the PCM is completely encapsulated and, therefore, shows a higher thermal cycling resistance. Important is that the capsules are sufficiently resistant to the shear stresses occurring in the pumps. The smaller the capsules are, the higher is the resistance toward destruction.

4.7 Polyethylene pellets 

This technique is rather rare. But solid-solid transitions - of e.g. of pentaelythrytohol pellets [2] - have the advantage that no encapsulation is necessary, because of their permant solid state.

5. OVERVIEW

Each of the briefly described PCS has its own technology of production and its special domains of application. An overview with advantages, disadvantages and the fields of application of the briefly discussed PCS is shown in Table 1.

	Suspension
	Advantage
	Disadvantage
	Application

	Diphasic carbon dioxide


	Environmentally friendly
	
	Low temperature refrigeration

	Ice slurry
	Environmentally friendly


	Ice generators ex​pen​sive, mixing in the storage tanks leads to additional energy demand
	Refrigeration 

Process technique

Chemical industry

Plastic extrusion, etc.

	Clathrate slurry


	High enthalpy density
	Guest molecules are freone gases, but new developments with propane, butane, etc. are possible
	Air conditioning

Solar thermal engineering

	Microemulsion 

slurry
	With good surfactants no sedimentation
	Time behaviour by alteration of particle size distribution
	Air conditioning

Solar thermal applications

	Shape-stabilized PCM slurry


	High heat transfer rate 
	Destruction of plastic structures 
	Air conditioning

Hot water supply

Solar engineering

	Microencapsulated PCM slurries


	Large range of melting temperatures

High thermal cycling 

resistance
	Destruction of capsules possible

Sedimentation Creation of skin layers

in open systems
	Air conditioning

Solar thermal heating

Cooling of electronic devices

	Polyethylene pellets
	Stable, because of solid-solid phase transition

High energy density
	Not yet very well investigated
	High temperature applications, approximatively at 200 °C

	Nanoparticle PCM slurry


	No particle stratification
	Eventually small clustering effect
	In development

Models still unclear

(QM or macroscopic?)


Table 1. Overview of the most promising fluids for future thermal energy transpor​tat​ion applications with a low energy demand for the pumping. Some results were taken from [2].

CONCLUSIONS


Large research activities in Japan, the United States and at present also in Europe are directed on the development of multifunctional and “intelligent” fluids. These developments lead to highly improved fluids compared to the conventional substances. At present ice slurries and diphasic carbon dioxide are the most promising fluids for refrigeration. For air conditioning and solar thermal engineering the microencapsulated PCM show a promising potential. The free choice of a melt​ing temperature up to the temperature were the plastic capsules are destructed gives the possibility to optimally adjust a fluid to its technical application. Numerical simulations will be needed to determine the optimal mass flux, melting temperature, and enthalpy density of the PCS. Numerous advantages of nanofluids (no clogging, no stationary bed in a flow through a tube, no erosion, low pressure drop, etc.) lead to the question, if it would be possible to create PCS with particle sizes close to nanoscale or even of nanosize. This is not so evident, because melting/freezing is a macro​scopic thermodynamic process. 
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