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ABSTRACT 
 

This work analyzes in a light comercial freezer the influence on the performance of varying the operating 

conditions, refrigerant charge and the system configuration. This analysis was conducted employing a 

simulation software (IMST-ART), based on a semi-empirical approach that assumes  steady-state conditions, 

for the simulation of refrigerant vapor compression systems. The simulated vapor compression system uses 

propane as working fluid. The system consists of a single speed hermetic compressor, finned tube heat 

exchangers and a  non-adiabatic capillary tube. The paper briefly describes the model used for the 

simulations. In particular, there is a description of the sub-models of the compressor, heat exchangers and the 

expansion device. The validation of the model was performed with experimental data obtained by testing the 

freezer. 

The purpose of the simulations is to identify the amount of refrigerant which minimizes energy consumption 

under varying operating conditions. It was also assessed the benefits of a system with variable charge against 

a fixed charge one. Results show that a system with a fixed charge, which uses the optimum charge for an 

specific ambient condition, can get a similar perfomance to a variable charge system when ambient 

conditions change.  

 

1. INTRODUCTION 
 

In recent years, the growing interest on the issues concerning to the environment conservation and energy 

resources is pushing a lot of researchers to identify technology solutions focused on reducing energy 

consumption and pollutant emissions. 

 

In this context, the refrigeration industry is also committed to find innovative and challenging solutions for 

the refrigeration field. Cecchinato and Corradi (2011) pointed out that the refrigerators and freezers were 

affecting negatively world energy consumption. They also described accurately the most recent 

developments in the refrigeration field until that moment. Recently, Melo and Da Silva (2010) presented a 

paper about the current technological challenges in the design of household refrigerators, giving a global 

overview about topics such as latest technologies, development on compressors and heat exchangers, 

research about components matching and thermal energy losses. 

 

Traditionally, the design of high efficiency refrigeration systems is mainly based on the careful selection of 

the best components on the market and the evaluation the most efficient control and management of the 

facility. To this end, experimental campaigns are always necessary to obtain knowledge and data for 

determine the performance of the unit for different operating conditions. This is a very expensive and time-

consuming task due to the high cost of laboratory. 

 

The use of simulation tools is increasing due to its costs reduction by reducing considerably the number of 

experimental tests. The two main modeling approaches are numerical analysis via CFD package and semi-

empirical models. The use of commercial CFD packages can provide a very detailed description of the 

refrigerator operation, but they have the disadvantage of requiring large computational cost for calculation.  

Semi-empirical models are simple but can provide a good ratio between accuracy and computational cost for 

simulation of vapor compression systems, thus they are strongly recommended for such systems 
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Regarding the time dimension, the semi-empirical models can be classified in three different approaches: 

transient (Melo et al., 2008, Tagliafico et al., 2012), steady-state (Gonçalves et al., 2009, Hermes et al., 

2009) and quasi-steady (Borges et al., 2011, Martínez-Ballester et al., 2012a). Transient approach is the most 

accurate since it reproduces the phenomena really as it is, but large calculation time is required 

compromising also the robustness of the model due to the complex phenomena modeled. Steady-state 

approach (Gonçalves et al., 2009, Hermes et al., 2009) simplifies the problem to analyze the refrigerant loop 

working in steady conditions. This simplification reduces greatly the computational cost besides increase the 

robustness of the model. Boeng and Melo (2012) estimated, with predictions of the refrigerant loop 

performance, the energy consumption of a household refrigerator assuming steady conditions. 

 

An interesting compromise between accuracy and computational cost could be a quasi steady-state approach 

(Borges et al., 2011; Martínez-Ballester et al., 2012a), i.e. when the air temperature changes, the refrigerant 

loop immediately reach steady conditions. Martinez-Ballester et al. (2012b) concluded that these kinds of 

approaches cannot predict correctly the air temperature evolution over the time for an On-Off system. They 

pointed out as main reason the impact of the transient phenomena, which turns out to be very important in 

this kind of systems. However, Martinez-Ballester et al. (2012b) showed that a quasi-steady approach for the 

refrigerant loop predicts correctly its performance if the experimental air temperature at evaporator inlet is 

used instead of the calculated one with the model. Results of Martinez-Ballester et al. (2012b) showed that 

the variation of refrigerant loop performance, once quasi-steady conditions are reached, is negligible. 

Hermes et al. (2012) proposed to estimate consumption of household refrigerators based on the steady state 

performance obtained for standard rating conditions. This methodology provides very good results in 

systems that transient phenomena have negligible effect. 

 

Authors, such as Mauro-De Rossi (2009), Bjorn and Palm (2012), Boeng and Melo (2012) analyzed  

experimentally the performance of household refrigerators and freezers for different working conditions and 

by modifying different components of the refrigerant loop. 

 

In this work, the authors present a numerical analysis of a commercial freezer by using a steady-state model, 

the commercial software IMST-ART. The work presents studies on the trend of important refrigerant 

performance parameters when the charge amount is modified for different environmental temperature. 

 

2. EXPERIMENTAL SET-UP 
 

2.1 Experimental test bench description 

The tests were conducted in a light commercial freezer based on a vapor compression cooling system. The 

experimental system set-up is accurately depicted in Figure 1 and Figure 2.  

 

 

 
Figure 1. Picture of the cabinet in the climatic 

chamber 

Figure 2. System layout: position of thermoresistance, 

piezoresistive transducers and  NTC sensors 
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Table 1. Definition for the components and operating conditions of baseline system  

 

Heat Exchangers Evaporator Condenser 

Type Fins&Tube Tubeless 

Model - STVF 124 

Company SEST LUVE 

Number of circuits 1 1 

Number of rows 6 1 

Number of tubes for rows 8 5 

Inside tube diameter (mm) 7.5 - 

Outside tube Diameter (mm) 9 - 

Longitudinal Tube spacing (mm) 13.5 - 

Transverse tube spacing (mm) 16 - 

Fin spacing (mm) 4.2 - 

Fin thickness (mm) 0.13 - 

Finned length (mm) 185 - 

Heat exchange surface (m2) 2.102 1.25 

Internal volume (dm3) 0.52 0.3 

Tube material Copper  Copper 

Fin material Aluminum Aluminum 

Fan nominal flow rate (m3/h) 200 650 

Fan power (W) 80 45 

Compressor   

Type Reciprocating 

Model  NPY14LAa 

Company ACC 

Displacement (cm3) 14.32 

Nominal speed (rpm) 2900 

Expansion device  

Type Regenerative capillary 

Diameter (mm) 0.76 

Total length (mm) 147 

Regenerative length (mm) 45-105-120 

Nominal conditions  

Ambient temperature (°C) 25 

Cabinet temperature (°C) -22 

Ambient relative humidity (%) 50 

Cabinet relative humidity (%) 90 

 

It consists of the following components: a single-speed 14.32 cm3 reciprocating-hermetic compressor; the 

evaporator is a fin-and-tube heat exchangers, while the condenser is a tubeless heat exchanger model STVF 

124 furnished by LU-VE. The capillary tube is brazed with the suction line forming a lateral counter-flow 

heat exchanger. The application of this capillary tube reduces sweating in suction line and slugging of the 

compressor in addition to an improvement on efficiency. The refrigerant employed is propane (R290). The 

specific data of components is described in Table 1. 

The air temperature in the cabinet is controlled by the electronics which switches the compressor on or off to 

keep the temperature equal to the setting point with a certain hysteresis. An axial fan supplies a constant cold 

air flow rate into the freezer. 

 

As depicted in figure 2, pressure and temperature measurements along the circuit are performed by means of 

piezoresistive transducers (P1 and P2) and of thermoresistances PT100 model (1-10), respectively. Ambient 

temperature and relative air humidity are monitored by means of a NTC sensor (A1-A4) and a hygrometer. 

The power is measured by means of a wattmeter installed in the cycle. The experimental apparatus is 

equipped with a system for data acquisition and processing. 
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In order to obtain useful data to validate correctly the mathematical model used in the simulations studies, 

experiments were carried out with modifications in some components definition and working conditions. 

Table 2 shows the definition of those parameters modified with regard to the baseline system (Table 1) for 

each test besides measurements of the most relevant parameters. The total capillary tube length remained 

constant for all the tests. The cabinet was always empty and doors closed over all the tests. 

 

Table 2. Experimental parameters 

 

The model used in the simulation studies assumes steady-state regime, so that these conditions have to be 

reached in the test in order to use the measurements to validate the model. To get steady conditions, the 

system starts-up with ambient air inside cabinets and works with the electronics was switched off and closed 

doors. In this way, the system cools down the air until heat gain equalizes the cooling capacity. Therefore, 

the compressor is running continuously and steady state hypothesis is verified. 

  

2.2 Data reduction 

The previous experimental tests have permitted to evaluate the temperature and pressure of some points of 

the refrigerant loop and the real power consumption of the system. Processing these data, inserting them in 

the mass conservation equation and in the energy balances, it was possible to determine all operative 

parameters of refrigeration system including cooling capacity and COP. All these parameters, as later shown, 

have been used to the model validation. 

 

The mass flow rate was estimated by using manufacturer data of the compressor. This data allows obtaining 

the volumetric efficiency of compressor as a function of the pressure ratio. Therefore, the mass flowrate is 

estimated as follows, 

 

v
nVV        (1) 

5
Vm        (2) 

 

Where the volumetric flow rate (V ) is equal to the product of compressor displacement (V), number of 

revolution per minute (n) and compressor volumetric efficiency ( v
). The mass flow rate is calculated 

considering the compressor suction density ( 5
). 

The capacity is defined using the energy balance on the evaporator (figure 2) as follows, 

 

 hhmQ 24  
     (3) 

 
However, for a capillary tube heat exchanger with the suction line, the enthalpy at evaporator inlet cannot be 

calculated with temperature and pressure, neither assuming same enthalpy as condenser outlet, so next 

equation is used instead of (3), 

 hhmQ 45  
     (4) 

 

 

 

 

 

Experiment 
Charge 

[g] 

Diabatic length 

[cm] 

Tamb 

[°C] 

W 

[W] 

Tevap 

[°C] 

Tcond 

[°C] 

Tcabinet 

[°C] 

Test 1 95 120 30 340,4 -33,1 38,4 -25,7 

Test 2 95 105 32 341,0 -32,4 39,3 -22,1 

Test 3 95 80 32 352,7 -31,8 39,7 -23,4 

Test 4 95 45 32 351,9 -31,1 40,0 -24,2 

Test 5 85 120 32 343,0 -31,6 40,1 -21,0 
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Each enthalpy value is estimated using REFPROP (NIST, 2012) as function of experimental temperature and 

pressure values. The COP is obtained with the following equation: 

 

W

Q
COP




       (5) 

 
 

3. MODEL DESCRIPTION 
 

The simulation study has been performed by means of IMST-ART software (Corberán at al., 2002, IMST, 

2010). A short description of the main characteristics of the model in what matters the present paper is given 

in this section. For a full description of its characteristics and capabilities the reader is referred to www.imst-

art.com. 

 

The global model of the whole system is divided in sub-models: compressor, heat exchangers, expansion 

device, accessories, and piping. Each sub-model involves a series of non-linear equations and in the case of 

the heat exchangers, a system of ODEs, which is discretized with a finite volume technique. Then, the sub-

models are coupled to form a global model of the system. The global set of equations forms a complex 

system of non-linear equations, which is solved globally by a Newton-like solver.  

 

3.1 Compressor 

IMST-ART models the compressor performance as function of the volumetric efficiency, the compressor 

efficiency and the fraction of power input which is lost to the environment from the outer shell of the 

compressor. The volumetric and compressor efficiencies were obtained from catalogue data as a function of 

the pressure ratio. 

 

Of special importance for a simulation and optimization tool of refrigerators is the estimation of the amount 

of refrigerant dissolved in the lubricant oil. The software includes built-in correlations with the refrigerant 

into oil solubility for some typical combination of refrigerant and oil, which allow the estimation of the 

amount of refrigerant dissolved in the oil. The solubility curves of refrigerant in oil have been extracted from 

ASHRAE Handbook (2006) and Henderson’s work (1994).  
 

3.2 Expansion device 

In case of household refrigerators or commercial freezers, expansion device widely used is a capillary tube 

that forms a counter-flow heat exchanger with the suction line. The model for the capillary tube to suction 

line heat exchanger (CT/SL HX), first uses an empirical correlation specific for this kind of capillary tubes 

(ASHRAE Handbook, 2006) to obtain the refrigerant mass flow rate along the CT/SL HX. Once the mass 

flow rate is known the heat transfer problem is solved by using a moving boundary model. Each phase-

region is calculated using a –NTU based lumped approach, where average heat transfer coefficients are be 

evaluated for each region. 

 

3.3 Heat exchangers 

The model of heat exchangers is the most important sub-model of the whole system in order to get accurate 

results, and it is the most complicated one. Heat exchangers are modeled applying a segment-by-segment 

approach. The numerical method employed for the heat exchangers solution is called SEWTLE (Semi 

Explicit method for Wall Temperature Linked Equations). Basically, this method is based on an iterative 

solution procedure, which consists in an iterative series of explicit calculation steps. For further description, 

see Corberán’s work (2001).  

 

Regarding refrigerant side, in the case of the evaporator or condenser a 2-phase flow with phase change 

occurs. The separated two-phase flow model is assumed. Correlations from literature are employed for the 

evaporation and condensation heat transfer and friction coefficients. In the system analyzed, the evaporator is 

a finned tube heat exchanger while the condenser is a tubeless heat exchanger. The condenser has been 

http://www.imst-art.com/
http://www.imst-art.com/
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modeled as a finned tube heat exchanger with identical circuitry and fin geometry but using a diameter 

hydraulically equivalent to the actual duct. 

 

Regarding the air side, the evaporator either dehumidification or frost can be present. For these studies, either 

ice layer or ice growth was not taken into account. The approach followed to treat the dehumidification 

process is the one proposed by Threlkeld (1970). The fan curve for each heat exchanger was used in the 

model. 

 

In both heat exchangers model the governing equations are those stated for the mass, energy and momentum 

conservation. 

4. MODEL VALIDATION 
 

First of all, the data required by the model was defined in IMST-ART for the baseline system (Table 1) from 

catalogues data or drawings: compressor curves, fan curves, geometric data of capillary tube, heat 

exchangers and pipes, after definition of components introducing the operating conditions is necessary know 

the refrigerant charge, the air temperature and the humidity at the inlet of both evaporator and condenser. 

 

The air temperature at condenser inlet is assumed to be the same as the surrounding air. The inlet 

temperature and humidity at evaporator could be considered as the temperature of air inside cabinet which is 

constant for the experimental tests analyzed. For each experimental test (Table 2), the corresponding 

modified parameters were updated in the model. 

 

In order to validate the predictions of the model, it was chosen as the most suitable comparison parameters: 

the cooling capacity, power consumption, condensation and evaporation temperature. The first two 

parameters describe the overall behavior of refrigerator system, while the others show the goodness of the 

heat exchangers sub-models. 

 

  
Figure 3a. 

 

Figure 3b. 

  
Figure 3c. Figure 3d. 

 

Figure 3(a), (b), (c) and (d) show the results of the model after a global adjustment work. Figure 3(a) and 

3(b) show how both experimental cooling capacity and power consumption are predicted IMST-ART within 

a ±10% error band. Figure 3(c) and 3(d) show that the experimental evaporation and condensation 
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temperature are predicted with an error band of ±3 K. The error in condenser is larger than for evaporator, it 

could be due to the hydraulic analogy applied in the tubeless heat exchanger. 

 

5. SIMULATION RESULTS 
 

The simulations will focus in evaluating the effect of the refrigerant charge in this kind of systems and the 

efficiency penalization of not using the optimal value for different conditions. This study was conducted for 

the baseline system (Table 1). 

The system analyzed, in normal operation, would work cycling because of the electronics action. Thus, the 

cabinet temperature varies over the time within the hysteresis band. The studies will be done assuming 

steady regime so that just one temperature will be used. The air temperature chosen corresponds to the 

setting point. Martinez-Ballester et al. (2012b) showed that once quasi-steady state is reached, the 

performance variation due to this temperature change is negligible. In fact, this idea can be observed in 

Figure 4 that shows the baseline system running in real conditions. 

 

The freezer operation studied in the present work corresponds to any “on period” of a serial of “on-off 

periods”. This assumption is quite realistic for systems with forced convection heat exchangers, where 

transient phenomena is minimized. This fact can be also observed from Figure 4. In this regime, the 

parameter referred to as duty-cycle ratio assumes a lot of importance. It is defined as: 

 

Q

Q

tt
t

evap

load

offon

on





.








      (6) 

 

 

 

 
Figure 4. Compressor power consumptions 

 

Indeed, as suggest Boeng and Melo (2012), knowing the duty-cycle ratio, the energy consumption can be 

calculated as follow: 

WCE        (7) 

    

5.1 Analysis of the effect of refrigerant charge in performance 

An interesting design parameter of these kinds of systems is the refrigerant charge. This section studies its 

effect in the system performance but not only attending to efficiency parameters but also to important 

operating variables. Compressor suction temperature is not a relevant parameter from an efficiency point of 

view but is a very important factor for preventing quality issues like sweating when its temperature is below 

dew point. 
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Figure 5(a), (b), (c) and (d) show the results of this analysis, where the effect of varying the refrigerant 

charge in the baseline system (Table 1) has been assessed for different ambient temperature. Each plot also 

shows the point corresponding to the optimal charge that maximizes the COP. 

 

Figure 5(a) shows that the impact of refrigerant charge on the COP is up to 10%. A system undercharged 

looks to be less affected by the charge. It can be also observed that the larger the ambient temperature, the 

lower the optimal refrigerant charge. The variation in the optimal charge within the range of the ambient 

temperature studied is about 40 grams. 

 

The trend of the cooling capacity shown in Figure 5(b) is rather the same regardless the ambient temperature. 

What is interesting to note is the drastic reduction in the capacity for an undercharged system. A priori, the 

only requirement that there is for the cooling capacity is that has to be larger than the heat gain in the cabinet, 

which can be evaluated knowing the external temperature and the parameter UA [W/K]. A variation in the 

cooling capacity will affect directly to the duty-cycle ratio (Equation 5). This factor has important influence 

in the energy consumption of this kind of system, but unfortunately it cannot be evaluated with a steady state 

model since it affects directly to the transient phenomena. However, in global terms, the shorter the duty-

cycle ratio the larger the energy losses are due to transient phenomena. The power input, depicted in Figure 

5(c), increases as the refrigerant charge is increased. 

 

Figure 5(d) shows that the compressor suction temperature decreases strongly when the refrigerant charge 

exceeds a certain value, which depends on the ambient temperature. It is interesting to notice that the optimal 

charge is in the safety region, on the left of the strong decrease of the suction temperature. 

 

5.2 Performance evaluation and comparison of a system with charge control 
This section analyzes the benefits of a system that could work always with the optimum refrigerant charge 

when the ambient conditions change (system A). This is just a concept of system to illustrate the maximum 

benefits of using the optimum refrigerant charge. Such a system would need to save or input charge into the 

system, when ambient temperature changes, with e.g. a liquid receiver. To perform the study, the system A is 

going to be compared with a system with a fixed charge (system B). The system B will be charged with the 

  
Figure 5a. 

 

Figure 5b. 

  
Figure 5c. Figure 5d. 
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optimum charge corresponding to the baseline conditions (Table 1). Both system A and B use the same 

components as described in Table 1. 

 

Figure 6(a) and 6(b) show the results, where the corresponding optimal charge for each ambient temperature 

can be observed in the right axis. The relationship between the optimum refrigerant charge and the ambient 

temperature is rather linear. Figure 6(a) shows that the improvement when ambient temperature is equal to 

the baseline temperature is zero, because both systems have the same charge. However, for other ambient 

temperatures, the improvement is very small. What really means this fact is that using a system with the 

optimum charge for an intermediate temperature is enough to work effectively over the ambient temperature 

variation. If it would not be like this if used an optimum charge for an extreme temperature or a non-

optimum charge for any temperature; which would have penalization up to 10%, as explained above. 

 

The analysis for the cooling capacity shown in Figure 6(b) is slightly different. Now, the difference in 

performance is larger for extreme temperatures. This difference in cooling capacity would report a difference 

in the duty-cycle ratio, which affects the energy consumption, due to transient phenomena, as exposed in 

previous section. 

 

CONCLUSIONS 
 

The paper proposes a steady model for simulation of a light commercial freezer. An experimental validation 

of the model has been carried out showing prediction errors within ±10% for capacity and power 

consumption. 

The model has been used to study the influence of the refrigerant charge for this kind of systems resulting in 

the following conclusion: 

 A different optimum charge, which maximizes the COP, exists for each ambient 

temperature. The penalisation in the COP, when the optimum charge is not used, resulted to 

be up to 10%. 

 In the analyzed system, using the optimum charge does not affect negatively to other 

operating parameters, not only related to energy consumption. 

 Using a system with a variable charge control is not clearly justified if compared with a 

fixed charge system that uses the optimum charge for a specific ambient condition 
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