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ABSTRACT  
 

This research involves the development of a computational tool for the design of a vapor-compression liquid-cooled 

chiller unit. It is suitable for the analysis of the unit design. The calculation tool was developed as a steady-state 

model with the following boundary conditions: compressor design and displacement, expansion valve nominal 

capacity, inlet temperatures and flow rates of the two secondary heat transfer fluids in the evaporator and condenser. 

The tool is designed to provide a better analysis of the thermodynamic process of compression refrigeration systems 

than using estimated condensing and evaporating temperatures for process analysis. The mathematical model is able 

to compare the application of different refrigerants and components of the refrigeration system. The model was 

developed as a numerical tool using the Engineering Equation Solver (EES), which includes a detailed model of the 

compression process and energy balance of the compressor, a model of the expansion valve to predict valve 

opening, and full correlations of heat transfer and pressure losses in all heat exchangers of the refrigeration cycle. 

The simulation model is validated with specific steady state experimental tests performed on a propane refrigeration 

machine. The case study is conducted to analyze the effects of refrigerant charge, subcooling level, and expansion 

valve openings on the performance of the propane unit. 
 

1. INTRODUCTION 
 

The European Regulation on Certain Fluorinated Greenhouse Gases 517/2014 (EU) has had a significant impact on 

scientific research in recent years. This regulation leads to the retrofit or conversion of refrigerators and heat pumps 

to alternative refrigerants, which generally have a low impact on the atmosphere, leading to the increasing use of 

natural refrigerants as a base. Of this group, propane refrigerant (R290) is one of the best current options for 

residential and commercial refrigerators and freezers in the refrigeration sector, and also for chillers and heat pumps 

in the air conditioning sector. This refrigerant is highly flammable. For this reason, directives 2009/125/ EC 

(Ecodesign and Energy Labelling Directive) and 2006/42/ EC (Machinery Directive) control the amount of 

flammable refrigerant in the refrigeration circuit during the design of the equipment. This opens the possibility that 

the research on the optimal refrigerant charge and the selection of components is applicable and useful for the design 

of the equipment. R290, with its very good thermodynamic properties and very low global warming potential 

(GWP=3), is becoming increasingly common in new refrigeration equipment. In the design of propane refrigeration 

units, the liquid receiver is often omitted or indirectly not allowed because of the limited refrigerant charge. 

Therefore, in the design of refrigeration units, the selection of components, the operating frequency of the 

compressor and the opening of the expansion valve (or the length and diameter of the capillary tube) must correlate 

with the optimal refrigerant charge to obtain good working conditions. The example of the propane chiller is used to 

present this methodology for the design of propane chillers, which is also the objective of this article. 
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2. MATHEMATICAL MODEL 
 

A mathematical model is developed for each component - the component models. Based on the component models, 

the calculation model for the thermodynamic simulation of the propane unit, in this case the chiller, is unified. 

Simulated components: semi-hermetic reciprocating compressor; electronic or thermostatic expansion valve; BPHE 

evaporator; BPHE condenser; BPHE liquid-vapour heat exchanger. All mathematical models take into account 

specific data and dimensions of the components with the aim of predicting the actual operating conditions of the 

chiller. Heat transfer between the environment and the heat exchangers is neglected; pressure losses in the 

refrigerant lines between the main components are neglected. The simulation tool was programmed with the 

Engineering Equation Solver (EES).  
 

2.1 Compressor 
Mathematical mode of semi-hermetic reciprocating compressor was separated in two parts: 

• The calculation of the refrigerant mass flow (main correlations presented in the Table 1); 

• Energy balance of compressor. 

The calculation of the refrigerant mass flow is based on the effective displacement of the compressor. It is necessary 

to determine the cylinder displacement of the compressor, the number of revolutions per minute and the volumetric 

efficiency of the compressor (η1, η2, η3, η4): 

  ef piston rot vol ref ef 1
V V N m V =   → =   (1) 

The volumetric efficiency of a compressor indicates by how much the effective displacement of the compressor is 

less than the theoretical volumetric flow rate of the compressor, calculated according to the following equation: 

 vol 1 2 3 4    =     (2) 

This calculation includes: the influence of clearance volume η1, the pressure drop of the refrigerant between the 

compressor inlet and the cylinder η2, the heating of the refrigerant from the compressor inlet to the inlet of the 

cylinder η3 and the refrigerant leakage η4. 
 

Table 1: Correlations for modeling the compression process 
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The factor PF (pocket factor), which defines the design characteristics of the suction valve is between a value of 1.5 

and 2 (Bauer, 1988). Refrigerant leakage is considered negligible in this analysis, therefore η4=1. 

The energy balance of the semi-hermetic reciprocating compressor, shown in the next figure, is programmed with 

the following equations: 

    ( )el ref amb2 1
W m h h Q=  − +  (3) 

 SC loss DC ambQ Q Q Q= + −  (4) 

 ( )ref,in meh meh ref cyl,inlet cyl,outlet loss,SV loss,DVref
W W m h h W W=  =  − + +  (5) 

Heat transfer rate caused by electrical (el) and mechanical (mech) losses of the compressor: 

 ( )loss el mech el1Q W = −    (6) 

Heat transfer rate to compressor’s surroundings: 

 ( ) ( )amb el meh el,amb ,amb
1 0.9

Q Q
Q W   = −   → =  (7) 

The mechanical losses for this family of compressors can be assumed between 5% and 10% (Scarpa ,2012).  

The electrical efficiency ηel for semi-hermetic reciprocating compressors is defined according to the model of Scarpa 

(2012), which considers the relationship between the power of the electric motor and the actual electrical power 

(required to operate the compressor), as well as the frequency of the electric motor. The relationship between the 

actual electric power and the frequency of the electric motor are modeled according to Scarpa (2012) what can be 

applied to typical electric motors of this group of compressors. The indicated efficiency of a semi-hermetic 

reciprocating compressor is defined according to Hengel (2016), which is generally applicable to reciprocating 

compressors. The relationships between the electrical efficiency, the indicated efficiency and the total efficiency for 

the simulation of a semi-hermetic reciprocating compressor are shown in the next figure and with the following 

equation:  

 ov in el mech   =    (8) 

 
 

 

 

Figure 1: Energy balance and efficiencies of the semi-hermetic reciprocating compressor   

 

2.2 Electronic expansion valve 
The mathematical model of the electronic expansion valve (EEV) was developed to be used for various vapour 

compression applications and cooling capacities. The EEV increases or decreases its orifice area to allow a 

refrigerant mass flow that provides the best use of the evaporator heat exchange area required to maintain the 

required refrigerant superheat.  
The models of all parts of the refrigeration unit use the refrigerant mass flow rate defined by the compressor model 

that must converge through the expansion valve, resulting in the required flow area and percentage of expansion 

valve opening required, which provides information on the required valve capacity and valve opening. Based on 

this, dimensionless correlations were developed to calculate the valve opening as a function of the ratio between the 

actual flow area AEV and the maximum flow area AEV,max., of the valve. The dimensionless correlations are shown in 

the diagram of next figure for different operating frequencies of the compressor or different refrigerant mass flow 

rates. The same correlations may be used for EEV and standard mechanical expansion valves (EV). 
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Figure 2: Correlation of EV opening in the function of the ratio of required and maximal flow area 

 

To calculate the mass flow through the expansion valve, we need to calculate the flow factor CEV, the flow area AEV, 

the expansion factor YEV, the density of the liquid phase of the refrigerant ρ[3] at the inlet of the expansion valve, and 

the pressure difference that the valve must relieve ΔpEV: 

  ( )ref EV EV EV EV4
2m C A Y p=       (10) 

The expansion factor YEV includes the change in refrigerant density flowing from the valve inlet to the inlet in the 

area of reduced pressure, related to the change in flow area as well as the pressure drop across the valve (Table 2). 

The expansion factor is influenced by the ratio between the diameters of the needle and the valve opening, the ratio 

of the pressure drops, the ratio of the specific heat capacities and the flow characteristics.  
 

Table 2: Correlations for expansion factor calculation (American National Standards Institute, 2007) 
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xEV pressure differential ratio of expansion valve  

xT pressure differential ratio for heat influence of fluid (in this case R290) 
 

Calculation of the flow factor is based on Buckingham π-theorem W. Li (2013). Flow factor CEV is in the function of 

subcooling temperature and valve opening.  

 32

EV 1 1 2

ee
C e  =    (11) 

where π1 defines the valve opening, and π2 presents relation between superheat degree and critical temperature of 

refrigerant as follows: 

 2 sub ref,critical  =   (12) 

The geometry input data of EV is based on the research papers of W. Li (2013), Y. Qifang (2007) and Z. Chuan 

(2006), while empirical coefficients for calculating the flow factor were determined experimentally in the named 

researches. 

The idea of the described approach in modelling the EEV or standard EV is to allow the application of the model to 

the different refrigeration units with similar expansion valves and different performances. Mathematical model of 

EV defines the openings (area ratios). By reducing refrigerant mass flow rate, the maximum area ratio can actually 

be achieved and the valve never needs to be 100% open, by increasing refrigerant mass flow rate, the valve achieves 

100% opening while the maximum area ratio is not possible – this possibility is the aim of the EV model. 
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2.3 Plate heat exchangers 
The process of evaporation heat transfer is observed in two parts: heat transfer in the boiling zone and heat transfer 

in the superheated zone. Heat transfer correlations from well-known authors are used and tested. For the 

condensation process, the refrigerant side surface temperature of the condenser was always lower than the dew point 

temperature of the refrigerant. Therefore, only two zones (condensation and liquid subcooling) are considered in the 

analysis. LVHE has single-phase flows. The heat transfer correlations are shown in the next table. Energy balances 

in the BPHE are described in author’s previous works (Janković and Sieres 2016) 
 

Table 3: Heat transfer correlations for BPHE 

Evaporation heat transfer correlations in the BPHE; Amalfi (2016) 
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One phase heat transfer inside BPHE, Thonon (1995) and Longo (2015) 
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The pressure drop (Δpt) is calculated for all BPHE from the pressure drops due to influence of friction (Δpf), 

momentum (Δpa), gravity (Δpg) and pressure drops in manifolds and ports (Δpc). The pressure drop equations 

(including the correlations from Table 4) for the 2-phase and 1-phase heat exchangers are as follows: 

 2ph,t 2ph,f 2ph,c 2ph,a 2ph,gp p p p p =  +  +  +   (13) 

 1ph,t 1ph,f 1ph,c 1ph,gp p p p =  +  +   (14) 
 

Table 4: Pressure drop correlations for BPHE 
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2.4 Calculation of optimal refrigerant charge 
The mathematical model described previously can be extended to include a simplified calculation of the refrigerant 

charge and obtain optimal working conditions for the propane system (in this case, the chiller). The mathematical 

model of refrigerant charge was developed based on Vjacheslav (2001). 
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To include the complete refrigerant mass charge M (kg) in this model, the refrigerant mass in each component and 

phase of the refrigeration system must be calculated: 

 mass,R290 comp pipe,suction line pipe,high pressure pipe,liquid LVHX,liquid LVHX,vapour evap condM M M M M M M M M= + + + + + + +  (15) 

The total amount of mass within refrigeration system can be approximated by (Vjacheslav, 2001): 

 ( ) ( )mass,R290 evap cond 2ph sup 2ph subevap cond
M M M M M M M= + = + + + ; (16) 

For a system without a liquid receiver, increasing the refrigerant mass leads to refrigerant accumulation in the 

condenser and, consequently, higher values of the degree of subcooling. If the refrigerant charge changes so does the 

surface area of the condenser used for the subcooling process. If it is assumed that all additional subcooled 

refrigerant charge will be accumulated in the condenser, then: 

 
hyd,cond

mass,R290 cond,R290 cond,L
4

d
M A  =   ; (17) 

An increase in the refrigerant mass by ∆Mmass,R290 produces an increase of Tcond,∆ of the condensation temperature. 

The relationship between refrigerant charge and condensation temperature changes are calculated from the following 

equation (Vjacheslav, 2001): 
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3. TESTED PROPANE UNIT – MODEL VALIDATION 
 

The model has been implemented and validated to simulate the performance of a propane chiller. Figure 3 shows a 

schematic representation of the chiller and a typical working cycle on a p-h diagram.  
 

 

Figure 3: Schematic of tested propane chiller and main points (log p, h – diagram) 
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internal liquid - vapor BPHE has a plate width of 119 mm, a plate height of 234 mm, a channel width (distance 

between plates) of 2 mm, and a plate thickness of 0.2 mm. The number of effective plates is 6, with 3 channels for 

liquid refrigerant and 4 channels for vapor refrigerant. EEV has a nominal power of 12.4 kW for the refrigerant 

R407C, 13.7 kW for R410A, and 9.1 kW for R134a, with a condensing temperature of 38°C and an evaporating 

temperature of 4°C and subcooling of 1°C. At the above boundary conditions, the nominal cooling capacity of EEV 

is 12 kW for R290 refrigerant. EEV is controlled by a separate microprocessor (driver) programmed so that under all 

operating conditions the degree of superheat at the evaporator outlet is 6°C. Measuring equipment is presented in the 

next table. 
 

Table 5: Measuring and controlling equipment of propane chiller 
 

Measured value Measuring equipment Measuring area Accuracy/Characteristic 

Water temperatures  NTC sensor  Od -40°C do +105°C 
R=27.3 kΩ @=0°C  

R=12.1 kΩ @=20°C  

Temperature of R290 at evaporator 

outlet (ϑ[6]) 
NTC sensor  Od -50°C do +105°C 

±0.3 °C @ 25°C 
±1 °C @ 80°C 

±1.2 °C @ -20°C 

Temperature of R290 on controlling 
points (ϑ[1], ϑ[2], ϑ[3], ϑ[4]) 

Resistor - digital 
thermometer 

Od -50°C do +110°C ±1°C with ±0.1°C of reading 

Low pressure – evaporating pressure  Pressure transmitter Od -1 bar do 12.8 bar  ±1.2% of all measuring range 

High pressure – condensation pressure  Pressure transmitter  Od 0 bar do 34.5 bar  ±1.2% of all measuring range 

Compressor frequency  Frequency regulator Od 30 Hz do 65 Hz  
3ph; 15.4 A and 7.5 kW output 
power and current 

Unit running EEV’s microcontroller and DDC controller for unit regulation 
 

3.1 Test procedure and model validation 
The water temperature at the evaporator inlet is the reference temperature of the cooling circuit, which is SET 

POINT of the chiller. The test was performed for a defined operating point "SET POINT", defined according to the 

water return temperature at the evaporator inlet of 14 °C, with a control range of ± 2 ° C. During the test, water was 

used to cool the condenser and as a heat source for the evaporator. 
 

Table 6: Operating conditions during tests of the chiller 

Variables Minimum Maximum 

Compressor operating frequency, Hz 33 60 

Water temperature at the evaporator inlet ("SET POINT"), °C 12.5 14.6 

Volume flow of water through the evaporator, m3/h 2.542 3.84 

Water temperature at the condenser inlet, °C 34.7 39.8 

Volume flow of water through the condenser, m3/h 3.059 10.88 

EEV openness, % 47 97 
 

Measurements were collected for 10 steady-state chiller operating cases for different compressor operating 

frequencies. The real boundary conditions from the experimental tests were used as input data for the chiller 

operation simulation, which are listed in the table above, and called the boundary conditions. 

The experimental compressor drive capacities are within 10% of the deviation from the results of the computer 

simulation of the reciprocating compressor model. The heat fluxes at the evaporator and condenser and the liquid 

cooler cooling factor are within ± 10% of the deviations at most, both can be seen in the following graphs. 

EEV is programmed to maintain a superheat of 6°C, thus changing the valve opening as a function of the operating 

capacity of the compressor that generates the refrigerant mass flow. Satisfactory results within ± 10% deviation are 

obtained for different operating frequencies of the compressor compared to the simulation results of the EEV model. 
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Figure 4: Results of mathematical model validation 

 

4. SIMULATION RESULTS – REFRIGERANT CHARGE OPTIMIZATION 

 

In this study, by using the simulation tool, the refrigerant charge is varied from 900 g to 1100 g for fixed compressor 

frequencies of 35 Hz, 50 Hz and 65 Hz, in one case; and in another frequencies are varied from 30 Hz up to 70 Hz 

for fixed refrigerant charge values of 900 g, 928 g and 956 g. The results are shown in Figure 5. 
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Figure 5: Simulation results 

 

Results show that for a given compressor frequency value, the EER first increases with increasing values of the 

refrigerant charge up to a maximum value and then starts to decrease. For the three frequency values analyzed, the 

optimum charge was similar and around 960 g. Also, as the refrigerant charge increases so does the subcooling at 

the condenser outlet. The subcooling degree for the optimum charge was always between 6 and 7 °C. 
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For a given refrigerant charge value, it was observed that when the compressor frequency increases the EER first 

increases but then starts to decrease. The optimum frequency was around 50 Hz for the cases analyzed in this paper. 

As expected, the model predicts an increase of the EEV opening when increasing the compressor frequency. Also, 

when increasing the refrigerant charge, the condenser pressure increases and so does the pressure difference through 

the EEV, so the EEV opening should decrease as predicted by the model.  
 

5. CONCLUSIONS 
 

It can be said that the refrigerant charge is the crucial point in the design of a propane system (without liquid 

receiver) to obtain good working conditions. Model of the compressor and expansion valve helps to optimize the 

heat exchangers design or selection and also the system design. The following main conclusions are done with 

simulation in this work: 

• best refrigerant charge for analyzed propane refrigeration unit system is 956 g; 

• optimal subcooling degree is around 6.6°C; 

• optimal working frequency is the 50 Hz - highest EER's; 

• for optimal refrigerant charge of 956 g the EER's has the highest values; 

• for optimal refrigerant charge of 956 g (highest amount of refrigerant) the EEV openings are the lowest; 

• for optimal refrigerant charge of 956 g and optimal subcooling degrees (around 6,6°C) the discharge 

compressor temperatures are the lowest. 
 

NOMENCLATURE 
 

*All subscript numbers in angle brackets (e.g. [1]) in mathematical model follows same numbers at Figure 3.  

*In the nomenclature are included only main variables, rest of variables are covered in the paper. 

A surface m2 

cp Specific heat capacity  J·kg-1·K-1 

d diameter m 

h Specific enthalpy J·kg-1 

ṁ mass flow rate  kg·s-1 

M Mass kg 

Ṁ Mass flux kg·s-1·m-2 

n Polytropic exponent - 

Ṅrot Number of rotations per time s-1 

N Number - 

p Pressure Pa 

Q̇ Heat flux W 

T Temperature K 

Tcond,∆ is calculated condensation temperature influenced by increased refrigerant mass in the circuit  

V Volume m3 

V0 Clearance volume  - 

ε0 Clearance factor - 

V̇ Volume flow rate m3·s-1 

Ẇ Power W 

x Quantity kg·kg-1 

ρ Density (middle value with line on the top) kg·m-3 

εQ̇,ok Heat transfer factor to the ambient - 
  Efficiency - 

α Heat transfer coefficient W·m-2·K-1 

λ Heat conductivity W·m-1·K-1 

ϑ Temperature °C 

Δ Difference or loss J·kg-1 

 

Subscript   

amb ambient    cyl cylender 

ef effective    cond condenser/condensation 

evap evaporator/evaporation  rot rotation 
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ref refrigerant   in indicated   

vol volumetric   hyd hydraulic 

sup superheat   sub subcooling 
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