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ABSTRACT
The paper investigates the performance improvement provided by a phase change material associated with the evaporator in a domestic refrigerator. The heat release and storage rate of encapsulated ice, used as the thermal energy storage material, has been investigated numerically. The mathematical model for phase change is based on the enthalpy method and the governing equations were discretized on a fixed grid using the finite difference method.

The influence of PCM thickness (2, 3 and 4 × 10-3 m slabs), ambient temperature (20°C, 25°C, 30°C and 43°C) and evaporating temperature (-15°C and -10°C) have been investigated. The results showed that the melting and freezing time increased proportionally with PCM thickness. The refrigerator autonomy was reduced by 47% when the ambient temperature was increased from 20°C to 43°C and the freezing time increased by 27% when the evaporating temperature was reduced from -10°C to -15°C. Overall, the model provides a useful tool for evaluating the design and operation of a thermal storage refrigerator.
1. INTRODUCTION
Domestic refrigerators are among the most energy demanding appliances in a household due to their continuous operation. In the UK, cold appliances are responsible for 17% of average domestic electricity use (DEFRA, 2008). In order to reduce greenhouse gas emissions most governments have adopted mandatory energy standards and energy labelling programs to encourage manufacturers to produce more energy efficient appliances.

The energy consumption of refrigerators is affected by several factors, such as the ambient temperature, product loading and number of door openings, thermostat setting position and refrigerant migration during the compressor off-cycle. The effect of ambient temperature can be minimized by fitting vacuum insulated panels (VIPs) into the cabinet walls. VIPs offer twice the level of insulation of polyurethane foam and result in an increased refrigerator storage volume. The main reasons preventing the widespread use of this technology are related to reliability over lifespan and high manufacturing and disposal costs (MTP, 2007). Refrigerator energy losses resulting from refrigerant charge displacement e.g. due to off-cycle migration and on-cycle redistribution were estimated to be 11% (Björk and Palm, 2006). This energy loss can be prevented by fitting a liquid line solenoid valve to stop refrigerant migration from the condenser to the evaporator during the compressor off-cycle.

The compressor is the single largest energy user in a refrigerator, responsible for more than 80% of the total energy consumed by the appliance (Jähnig et al., 2000). Compressor manufacturers have developed variable speed compressors that adjust the refrigeration capacity in relation to the load by controlling the motor speed resulting in energy savings of up to 40% (Bansal, 2003). However this technology is still very expensive limiting its use in a market that is particularly sensitive to price. 
The use of phase change materials (PCMs) to accumulate thermal energy in domestic refrigerators is a new solution to improve the energy efficiency of these appliances.  The cooling capacity stored in the PCM can be used to stabilize the temperature in the compartment, by reducing the effects of peak loads and cooling losses during periods when the door is open. Azzouz et al. (2009) have previously tested a domestic refrigerator with 5 and 10 × 10-3 m (i.e. 5 and 10 mm) ice slabs in contact with the evaporator. Their results showed that the refrigerator autonomy increased from 5 to 9 hours depending on the thermal load. It was observed that the 10 mm slab was never completely frozen, probably due to the low thermal conductivity of the PCM and low cooling capacity of the 5 × 10-6 m3 (i.e. 5 cm3) swept volume compressor employed.
The next section of the current paper demonstrates that for current single speed compressors, efficiency decreases with the compressor size. Therefore, to achieve high efficiency, large compressors should be employed. The advantage of using larger compressors is that they have higher cooling capacities, which can be stored as thermal (cooling) energy in the PCM and then slowly released to the refrigerator compartment increasing the appliance autonomy.

The remainder of the paper describes an investigation of the heat release and storage rate of encapsulated ice, used as the thermal energy storage material in the refrigerator. The mathematical model for the phase change presented is based on the enthalpy method and the governing equations were discretized on a fixed grid using the finite difference method.  The influence of PCM thicknesses (2, 3 and 4 mm slabs), ambient temperature (20°C, 25°C, 30°C and 43°C) and evaporating temperature (-15°C and -10°C) have been investigated. Overall, the model demonstrates the influence of PCM thickness, ambient temperature and evaporating temperature on the refrigerator autonomy. Knowledge of the effects of these factors is a valuable aid to the design and operation of a thermal storage refrigerator.
2. COMPRESSOR EFFICIENCY
In the design of energy efficient domestic refrigerators it is important to incorporate both novel, energy efficient solutions, i.e. PCMs, as well as to combine them in the most efficient way with other components. This section looks into the performance of single speed compressors, which are a key component influencing refrigerator efficiency.

Compressor manufacturer datasheets provide information on compressor performance under ASHRAE conditions, i.e. condensing temperature of 55°C, ambient, liquid and suction gas temperatures of 32°C. However, compressor performance under these conditions may not reflect how well compressors will perform under more realistic conditions e.g. the ambient conditions found in domestic refrigeration. The yearly average room temperature is well below 32.2°C and the suction temperature during typical operation of a refrigerator is normally lower than 32.2°C. At lower ambient temperature the compressor COP is higher as the pressure ratio decreases due to a lower condensing temperature (providing the same evaporating temperature is maintained).
Compressor performance can be evaluated by its isentropic efficiency, which compares the compressor energy consumption with the energy necessary for an ideal (reversible and adiabatic) compression process. The isentropic efficiency varies between 0 and 1. An analysis of the compressor performance for different displacements (i.e. compressor sizes) was carried out to evaluate isentropic efficiencies under typical refrigerator operating conditions. The RS+3 compressor unit selection tool program developed by Danfoss (2009) was used to obtain performance data for each compressor displacement for the desired operating conditions, i.e. condensing temperature of 35°C, ambient temperature of 25°C, evaporator superheat of 1K and compressor suction temperature of 15°C, assuming a suction line heat exchanger (SLHE) efficiency of 65%. The CoolPack software, version 1.46 (2001) was then used to calculate the compressor isentropic efficiency for each compressor size at a range of evaporating temperatures. The input data used in the program (cooling capacity, power consumption and COP) were obtained from the RS+3 program. A more detailed description of this analysis can be found in Marques et al. (2010). The isentropic efficiency and cooling capacity for several compressor displacements is shown in Figure 1 and 2 respectively.
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Figure 1: Isentropic efficiency for different 

 Figure 2: Cooling capacity for different 

                 compressor displacements



     compressor displacements

As can be seen in Figure 1, in general larger compressors are more efficient, since the isentropic efficiency increased from 0.4 to 0.6, as the displacement increased from 4 to 8 cm3. The 8 cm3 compressor was the most efficient size for typical fridge storage conditions. Figure 2 shows that the cooling capacity increases with compressor displacement. However, applying a large compressor displacement will only be more efficient if its cooling capacity is effectively used in cooling the refrigerator compartment. A PCM associated with the evaporator provides the means to store thermal cooling energy, increasing the length of the compressor off-cycle, and a higher compressor cooling capacity will result in an increased rate of heat transfer to the PCM, reducing the length of the compressor on-cycle.
3. PCM HEAT RELEASE AND STORAGE RATE

The melting and solidification processes in PCMs are transient in nature as the temperature within the material varies with time and position. During the phase change process the solid/liquid interface moves depending on the speed at which the latent heat is absorbed or lost at the boundary. As a result the position of the boundary is not know and has to be determined as part of the solution (Verma et al., 2006). 
3.1 Mathematical formulation

The encapsulated ice is in thermal contact with the evaporator surface and both components are positioned in the refrigerator roof. A schematic of the PCM configuration is presented in Figure 3.
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Figure 3: Schematic of PCM configuration
The side walls of the container are insulated, therefore heat transfer in one dimension (i.e. y axis direction) only, may be assumed. The upper wall of the capsule is cooled by the evaporator and the bottom wall of the PCM enclosure is subjected to natural convection from the refrigerated compartment. 

The following assumptions were considered to simplify the mathematical model:

· The thermophysical properties of the PCM (e.g. thermal conductivity and specific heat) were constant and different for each phase

· The latent heat was constant and released or absorbed at a fixed phase change temperature
· The density remained constant in the liquid and solid phases
· The convection in the melted regions was neglected 

(  
Subcooling effects were assumed to be non-existent
· The PCM container was very thin and had a negligible effect on the rate of heat transfer between the refrigerated compartment and the PCM
Since conduction is the only heat transfer mechanism considered inside the PCM, the differential equations for conservation of energy in the solid and liquid phases may be described by equations 1 and 2 respectively,
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        for 0 < y < s(t), t>0                                        (1)
and
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          for s(t) <y <B, t>0                                        (2)
Where T is temperature, t is time, α is the thermal diffusivity and s is the interface location in y direction. The subscripts sol and liq refer to the solid and liquid phases respectively. 

The energy balance at the interface is obtained from equation 3.
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           at y=s(t),   t>0         

      (3) 
Where ρ is density, λ is the latent heat released during solidification and absorbed during melting and k is the thermal conductivity. 
Initially, the PCM is solid and all at melting temperature (0°C) during the melting process and liquid at the refrigerator compartment temperature (5°C) during the freezing process.


T(y, 0) = TPCM,i         for 0<y<B, t=0               
                 (4)

The boundary condition at the bottom surface of the PCM is described by equation 5.     
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      at y=0, t>0                                             (5)

Where, Qfridge is the total heat gain to the refrigerator compartment calculated in a previous study (Marques et al., 2010) for an under-counter refrigerator with external dimensions of 1.22×0.56×0.55 m.
At the upper surface of the PCM the boundary conditions is given by equation 6.
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      at  y=B, t>0                                                           (6)

Where, Qevaporator is the cooling capacity of the 8 x 10-6 m3 (8 cm3) compressor. (The 8 cm3 compressor was identified in the previous section as the most efficient for the fridge storage conditions assumed and specified evaporating and condensing temperatures. The evaporator temperature was assumed to be 0°C during the melting process and at -15°C or at -10°C during the freezing process.

3.2 Numerical solution

The governing differential equations 1 to 3 (together with the initial conditions and boundary conditions shown in equations 4 to 6) have been solved numerically using the explicit finite difference method. To model the phase change, the enthalpy method was employed (Alexiades and Solomon, 1993). The advantage of this method is that it eliminates the necessity to trace the solid liquid interface. The energy equations 1 and 2 are written in terms of total enthalpy instead of temperature. To approximate the problem with finite differences the PCM (dimensions 0.44×0.43×0.002 m) is subdivided into a number of equal size layers and the explicit scheme is applied (Eq. 7).

HPi+1 = HPi + {[Δt[image: image19.png]
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 AL(Tp-TS)]}                                      (7)
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At the boundaries, either Δt × Qfridge or Δt × Qevaporator replace one of the terms in equation 7. The thermal conductivity is defined in function of the enthalpy values: ksol for H< (mLλ)/2 and kliq for H≥ (mLλ)/2. The temperature is then obtained from the enthalpy values using one of the three relationships shown below, as appropriate.
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T=        Tmel

       for 0≤H≤mLλ

                            (8)
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In order to ensure convergence the time step and layer thickness were selected to comply with the following criteria: (Δt/Δy2) < (ρcp/2k). 
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The effect of thickness, ambient temperature and evaporating temperature on the PCM freezing and melting time are presented in this section. The boundary conditions used to calculate the PCM charge and discharge times are illustrated in Table 1.

    Table 1: Boundary conditions used during the freezing and melting processes
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The higher ambient temperature considered in the model corresponds to the maximum temperature for which the appliance is intended to be used according to the ISO15502 (2002).
4.1 Effect of PCM thickness

The total storage capacity for a number of PCM thicknesses is presented in Table 2. 
Table 2: Storage capacity of different PCM thicknesses
[image: image29.emf]PCM thickness (mm) 4 3 2

PCM mass (kg) 0.69 0.52 0.35

Storage capacity (kJ) 231 174 116


For the analysis of the PCM charge and discharge rate with different thicknesses, a refrigerator heat load of 23.04W was assumed, which corresponded to an ambient temperature of 25°C. The compressor was off during the melting process but on with a cooling capacity of 262W during the freezing process, which corresponded to an evaporating temperature of -10°C. The influence of thickness on the PCM melting and freezing time is shown in Figures 4 and 5 respectively.
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Figure 4: Effect of thickness on the PCM

Figure 5: Effect of thickness on the PCM


                  melting time




                 freezing time

From Figure 4 it can be seen that the melting time increased from 108 minutes (i.e. 6480 s) to 217 minutes (i.e. 13020 s) as the PCM thickness increased from 2 mm to 4 mm. The freezing time was 22 minutes for the 2 mm slab and 34 minutes for the 4 mm slab.
4.2 Effect of ambient temperature
The effect of ambient temperature on the PCM charge and discharge rate was evaluated for a 2 mm PCM slab. The fridge heat load and cooling capacity for a range of ambient temperatures (used in the calculations) are listed in Table 2. Figures 6 and 7 demonstrate the influence ambient temperature on the PCM melting and freezing times respectively.

[image: image32.png]Discharging time (minutes)

160

140

120

100

80

60

40

20

0 02 0.6 1 14 18 2
Melting front location (mm)



   [image: image33.png]Charging time (minutes)

w
by

w
=1

I3
S

)
=3

&

o

Tambient
~-20°C
-25°C
“#30°C
==43°C

Qevaporator

02 04

0.6 0.8 1 12 14
Freezing front location (mm)

16

18






Figure 6: Effect of ambient temperature on the    
Figure 7: Effect of ambient temperature on

                 PCM melting time



                 the PCM freezing time

The melting time decreased from 137 minutes to 65 minutes when the ambient temperature increased from 20°C to 43°C (for a 2 mm slab), which corresponds to a refrigerator autonomy reduction of 47%. As can be seen in Figure 7 the freezing time increases with ambient temperature, and consequently it takes an additional 11 minutes to freeze the PCM at an ambient temperature of 43°C than at 20°C.

Table 3 illustrates the freezing and melting times predicted for a 2 mm PCM slab at 25°C ambient and evaporating at -10°C.
Table 3: Freezing and melting times for a 2mm PCM slab
[image: image34.emf]Layer Thickness 
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Melting Time 

(min)

0.4 5 22 111

0.2 10 22 108

0.133 15 23 108


The time steps used in the numerical method to calculate the melting and freezing times were lower than 0.065s and 0.020s respectively.

4.3 Effect of evaporating temperature
The influence of evaporating temperature on the PCM freezing time was estimated using the cooling capacity of the 8 cm3 compressor at -10°C (262W) and -15°C (213W) for an ambient temperature of 25°C. The analysis was performed using a 2 mm PCM slab. The impact of evaporating temperature on the PCM freezing time is illustrated in Figure 8.
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Figure 8: Effect of evaporating temperature on the PCM freezing time

The freezing time increased by 6 minutes as a result of reducing the evaporating temperature from -10°C to -15°C. This result was to be expected, since the compressor COP increases linearly with evaporating temperature.
5. CONCLUSION

The compressor performance analysis demonstrated that larger displacement compressors are more efficient. An effective way to exploit this higher performance is to accumulate the excess cooling capacity in a PCM. A further advantage of a larger compressor is that the increased cooling capacity enables more rapid freezing of the PCM. This will permit the compressor off-cycle time to be increased, thereby saving energy. 
The PCM heat release and storage model showed that the melting and freezing time increases proportionally with PCM thickness. Employing thin PCM slabs (< 5 mm) ensures that the net volume of the compartment is not reduced substantially, while reasonable length compressor run times (i.e. on-cycle times) can be obtained. The refrigerator autonomy was strongly affected by the refrigerator heat load and compressor cooling capacity. An increase in ambient temperature from 20°C to 43°C resulted in a 47% reduction in autonomy. The freezing time was found to increase by 27% when the evaporating temperature was reduced from -10°C to -15°C.
Future research will involve the development of a computational fluid dynamics model to simulate the airflow and temperature within the refrigerator cavity, with a PCM incorporated, and investigate the most effective position to place the PCM/evaporator assembly. The numerical model developed will also be validated experimentally.
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NOMENCLATURE
A
    m2

Area




Greek symbols


B
    m

PCM thickness


α        m2s-1
    Thermal diffusivity

cp
    Jkg-1K-1
Specific heat



λ        Jkg-1
     Latent heat of fusion

H
    J

Enthalpy change


ρ        kgm-3
     Density

k
    Wm-1K-1
Thermal conductivity


Subscripts
mL
    kg

Mass of layer



liq            Liquid
PCM
Phase Change Material

mel          Melting point
Qevaporator W

Cooling capacity


N             Node point at north of point P
Qfridge
    W

Refrigerator heat gain


P              Point P
T
    K

Temperature



PCM,i      PCM initial temperature
t
    s

Time




S
     Node point at south of point P
Δt
    s

Time step



sol
     Solid
Δy
    m

 Layer thickness


Superscripts








i
     Iteration


REFERENCES

1. Alexiades, V., Solomon, A. D. (1993). Mathematical modelling of melting and freezing processes, Hemisphere Publishing, Washington, 336p.

2. Azzouz, K., Leducq, D., Gobin, D. (2009). Enhancing the performance of household refrigerators with latent heat storage: an experimental investigation, International Journal of Refrigeration, 32: 1634-1644.
3. Bansal, P. K. (2003). Developing new test procedures for domestic refrigerators: harmonisation issues and future R&D needs - a review, International Journal of Refrigeration 26(7): 735-748.
4. Björk, E., Palm, B. (2006). Refrigerant mass charge distribution in a domestic refrigerator, Part I: Transient conditions, Applied Thermal Engineering 26(8-9): 829-837.
5. Coolpack Software (2001). Denmark Technical University, Department of Mechanical Engineering, Available: http://www.et.web.mek.dtu.dk/Coolpack/UK/download.html [Last accessed 03 November 2008].
6. Danfoss (2009). RS+3 Compressor and Condensing unit selection tool, Available: http://www.danfoss.com/BusinessAreas/RefrigerationAndAirConditioning/Product+Selection+Tools+Details/RSplus3.htm [Last accessed 15 December 2008].
7. DEFRA (2008). Act on CO2 Calculator: Data, Methodology and Assumptions Paper, Available:www.defra.gov.uk/environment/climatechange/uk/individual/actonco2 [Last accessed 16 May 2010].
8. ISO 15502:2002 (2002). Household refrigerating appliances – Characteristics and test methods.
9. Jähnig, D. I., Reindl, D. T., Klein, S. A. (2000). A semi-empirical method for representing domestic refrigerator/freezer compressor calorimeter test data, ASHRAE Transactions, 106.

10. Market Transformation Programme (2007). IBNC16: Innovation Briefing Note: Vacuum insulated panels for refrigerated appliances. Available: http://www.mtprog.com/spm/download/document/id/667. [Last accessed 20 June 2008].

11. Marques, C., Evans, J. A., Davies, G., Maidment, G., Wood, I. (2010). Novel design and performance of domestic refrigerators, Proc. Ist IIR Conference on Sustainability and the Cold Chain, Cambridge, UK. 
12. Verma, P., Varum, Singal, S. K. (2008). Review of mathematical modeling on latent heat thermal energy storage systems using phase-change material, Renewable and Sustainable Energy Reviews, 12: 999-1031.
9th IIR Conference on Phase-Change-Materials and Slurries for Refrigeration and Air Conditioning, Sofia (Bulgaria)


