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ABSTRACT 
In the present work, the modeling and simulation of multi cycle vapour compression system is carried out with three different 

refrigerant pairs. The single stage vapor compression refrigeration system is limited to an evaporator temperature of -40oC and 

the electrical dependency of system is 98.1 kW. There is a scope to reduce the electrical dependency and increase the coefficient 

of performance of the system by using the refrigerant pairs in multi cycle vapour compression refrigeration system. The 

refrigerant pairs used to simulate the multi cycle vapor compression refrigeration system are, R22 – R404a, R134a – R404a and 

R410a – R404a. The results show that the electrical dependency is reduced to 58% and coefficient of performance (COP) is 

increased by 70%. The results show that the coefficient of performance and electrical dependency is less in R134a – R404a 

compared to other 2 pairs studied. 
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INTRODUCTION1 
 

REFRIGERATION has a wide range of applications and among the conventional ways to achieve 
refrigeration effect, electrical energy is the major powering source for the system. Since, the source of electrical 
energies are depleting, it is required for the refrigerators to move towards renewable sources of energy to power 
them. Recently, however, the international scientific consensus is that global warming is caused by human 
energy related activity, and various man made substances are defined on the basis of global warming potential.  

In today’s refrigeration and air-conditioning industries, numerical simulation has been widely used for the 
design and optimization of advanced products, cost saving and to shorten development cycles of a new products 
are a strong driving force to the development of simulation models. Modeling strategies of the components and 
the system solution techniques vary quite significantly among applications because models are developed with a 
purpose and are aimed to address specific problems. The objective of this paper is to present an overview of the 
methodologies and development of refrigeration system components modeling and mathematical simulations in 
multi cycle vapor compression system.  

The schematic diagram and T-s diagram of the cascade refrigeration system is shown figure 1 and 2 
respectively,  
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in which low pressure and temperature LTS refrigerant vapor in superheated form at state 5 enters into 
compressor where it compressed to high pressure and temperature at state 6. It is then condensed and sub cooled 
in cascade condenser from state 6 to state 7 by transferring heat to HTS refrigerant.  

 
Fig. 1: Schematic diagram of multi-cycle VCR system 

 
Fig. 2: T-s diagram of multi-cycle VCR system 

 
LTS refrigerant is further expanded in expansion device from state 7 to 8. HTS refrigerant in a superheated 

form at state 1 compressed to high pressure and high temperature vapor at state 2. It is further condensed and 
sub-cooled to state 3 in water cooled condenser. HTS refrigerant is further expanded in expansion device from 
state 3 to 4. It is then evaporated to state 1 in cascade condenser by extracting heat from LTS refrigerant. Design 
of cascade system is carried out for evaporator temperature (Te) of -30 oC, condenser temperature (Tc) of 40 oC, 
cooling capacity of 20TR, superheating of 10 oC and sub cooling of 3 oC for both HTS and LTS, compressor 
efficiency of 70% for HTS and 70% for LTS. 

A lot of literature is available on natural refrigerants and cascaded systems, the cascading of vapor 
compression and adsorption attracts the researchers. This method of refrigeration, under proper investigations 
may decrease the overall cost of the refrigeration system and will increase the dependency of manual control 
over the system. Parekh et. al. numerically simulated the cascade refrigeration system at various evaporating and 
condensing temperatures by thermal design of condenser (HTS), cascade condenser and evaporator (LTS) of 
cascade refrigeration system using two HFC refrigerant pairs R404A-R508B and R410A-R23.  Capacity and 
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efficiency of any refrigerating system diminish rapidly as the difference between the evaporating and condensing 
temperature is increased by a reduction in the evaporator temperature [1]. 

Neerajupadhyay et. al analysed vapor compression refrigeration system using diffuser and sub cooling to 
improve the coefficient of performance of system. The coefficient of performance is improved by reducing 
compressor work and increasing the refrigerating effect. The COP was enhanced from 2.65 to 3.38 in the case 
when conventional VCR system was used with diffuser [2]. Some developing simulation techniques, including 
implicit regression and explicit calculation method for refrigerant thermodynamic properties, model-based 
intelligent simulation methodology and graph-theory based simulation method, are presented by Guo-liang Ding 
et.al. A practical simulation method must be stable, rapid and accurate. The requirements on stability, rapidness 
and accuracy may conflict with each other, and then a compromise has to be made according to the specific 
simulation objective. For different simulation purpose, the suitable model and algorithm may be different [3]. 

Dabas et. al studied the behavior of performance parameters of a simple vapor compression refrigeration 
system working under transient conditions occurred during cooling of a fixed mass of brine from initial room 
temperature to sub-zero refrigeration temperature. Shorter capillary tube ensures higher COP initially but which 
deteriorates at a faster rate in lower temperature range[4]. 

Hongtao et. al. simulated the vapor compression systems to predict the interactive effects of component 
performance, size on the system design and its operational characteristics. The capability to predict these effects 
can enhance the ability of engineers to make wise decision in the design process and thereby shortening the 
design cycle[5]. 

Marcelo conducted a steady-state numerical solution of vapor compression refrigeration units. Based on 
undivided mathematical TTWdels and appropriate input parameters, equilibrium conditions are numerically 
searched for all components. Stable parameters are iteratively obtained after imposing that the refrigerant mass 
flow rate is converged, calculated in both the compressor and the capillary tube. Explicit equations for 
refrigerant properties are used. Alternative refrigerants are also considered [6]. 

Antonio depicted a thermodynamic analysis of a cascade refrigeration system using as refrigerant carbon 
dioxide in low-temperature circuit and ammonia in high-temperature circuit. The operating parameters 
considered includes condensing, evaporating, superheating and sub cooling temperatures in the ammonia (R717) 
high-temperature circuit and in the carbon dioxide (R744) low-temperature circuit. It was shown that a carbon 
dioxide-ammonia cascade refrigeration system is an interesting alternative to R404A two-stage refrigeration 
system for low evaporating temperatures (–30°C,–50°C) in commercial refrigeration for energy, security and 
environmental reasons [7]. 

Lovelin et. al. investigated the performance of vapor compression system retrofitted with zeotropic 
refrigerant R404a used for cooling liquids with five different configurations of capillaries of diameters 0.033”, 
0.036”, 0.044”, 0.050” and 0.30” (2 Way). The refrigerant R404a is an alternate refrigerant to CFCs and HCFCs 
as they are ozone friendly and have less Global Warming Potential (GWP) than R12 and R134a [8]. Priyanka 
Sakare illustrated  the design of cold storage structure for thousands tons potatoes. This paper deals with 
different aspects of design of cold storage and includes all standard refrigeration principles and heat load factors 
which are normally considered in a cold storage design. This design is hypothetically intended to serve as a 
guide for future fabrication and erection [9]. 
 
Theoretical Analysis of Multi Cycle VCR system: 

The literature review shows that there is no commercial usage of refrigerant pairs considered in both of the 
compression section of the cascade vapor compression refrigeration cycle. The present study addresses this 
point. The analysis of the cycle will be done using different refrigerants in High Temperature Vapor 
Compression Section (HTS) and R404a in the Low Temperature Vapor Compression Section (LTS) of the 
cascaded vapor compression refrigeration cycle. The performance of the cascade cycle is analyzed by varying 
evaporator temperatures of the vapor compression section, varying temperature differences at the cascade heat 
exchanger, and varying condenser temperatures.  

The analysis of cycle was performed using the following calculations and assumptions; 
• The system is in steady state 
• Sub-cooling and superheating are assumed to be 3 oC and 10 oC respectively. 
• All the pressure losses in the system (heat exchangers and the pipelines) are neglected. 
• At the entry of compressor, the vapor is saturated. 
 

Low vapor compression section of cascade cycle: 
Obviously there are two main ways of minimizing the compressor work. First of all the compression process 

must be as close to isentropic process and another way to use inter-cooling between two stages of compression 
[10-13]. Well-designed compressors have isentropic efficiency of about 0.75 to 0.85.   For cascade cycle, 
reciprocating compressors are used in one stage compression with isentropic and electric efficiency of about 
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0.80 and 0.90. Compressor exit enthalpy and power are decided using isentropic and electrical efficiency by 
following equations. 

For compressor 1 
m1 = m2                                           (1) 
h2 = h2’ + Cp .( ΔT )                                      (2) 
s2 = s2’ + Cpln( T2/T2’ )     (s1=s2)                                (3) 
Wcomp1 = m1. (h2-h1)/ηe                                     (4) 

For condenser 1 
m2 = m3                                           (5) 
Qcond1 = m3. (h2-h3)                                      (6) 

For evaporator 1 
m3 = m4                                           (7) 
Qevap1 = m1. (h1-h4)                                      (8) 

The coefficient of performance for the vapor compression section of the cascade refrigeration cycle is 
calculated as 
COPvapor-comp = Qevap1/Wcomp1                                     (9) 

 
High vapor compression section of cascade cycle 
For Compressor 2 

m5 = m6                                               (10) 

h6 = h6’ + Cp ( ΔT )                                                (11) 
s6 = s6’ + Cpln( T6/T6’ )     (s5=s6)                                    (12) 
Wcomp2 = m̊5. (h6-h5)/ηe                                            (13) 

For Condenser 2 
m6 = m7                                                  (14) 
Qcond2 = m7. (h6-h7)                                               (15) 

For Evaporator 2 
m7 = m8                                               (16) 

Qevap2 = m5. (h5-h8)                                             (17) 
The coefficient of performance for the vapor compression section of the cascade refrigeration cycle is 

calculated as 
COPvapor-comp = Qevap2/Wcomp2                                (18) 

The coefficient of performance for the entire cascade cycle is defined as 
COPcyclegen = Qevap1/(Wcomp1 + Wcomp2)                                (19) 
 
The base case of compression cascade refrigeration cycle: 

In this section, using different refrigerants in high temperature vapor compression section and using R404a 
as refrigerant in the low temperature vapor compression section of the cycle has been theoretically analyzed to 
make effective cooling at lower temperature, and a sample application has been done. The cooling of the system 
has been assumed as 20 TR (Tons of Refrigerants) for base case. In all analysis the effectiveness of the solution 
heat exchanger is assumed to be 100%. The thermodynamic properties at different points of refrigeration cycle 
has been calculated and summarized in table 5.4.1 for evaporator and condenser temperatures T1 = 253K and 
T7= 310K respectively. 

The various properties for different refrigerant pairs were taken at two different conditions wherein one of 
the properties was kept constant and the variation in refrigerants and their respective changes in other properties 
will be determined by mathematical calculations. The two conditions taken for obtaining maximum COP of the 
system were same saturated temperature difference and same saturated pressure ratio of high and low 
temperature cycles which is tabulated in table 1. 
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Table 1: Thermal capacity and performance of system components of the vapor compression cascade refrigeration cycle. 

At same 

temp. 

difference

At same 

pressure 

ratio

Refrigerant R22-R404a R134a-R404a R410a-R404a R22-R404a R134a-R404a R410a-R404a R404a R404a

REH (Kj/kg) 170.61 153.85 170.22 154.21 135.52 146.12 100.268 79.168

mH (kg/s) 0.496 0.55 0.497 0.54 0.65 0.579 0.702 0.89

WcH (Kw) 22.02 21.15 23.5 29.99 32.05 35.02 98.103 134.09

QR H (Kw) 100.04 99.67 101.05 104.193 110.526 109.12 139.06 163.54

REL (Kj/kg) 146.318 146.318 146.318 146.318 146.318 146.318 - -

mL (kg/s) 0.481 0.481 0.481 0.481 0.481 0.481 - -

WcL (Kw) 20.33 20.33 20.33 20.33 20.33 20.33 - -

QR L (Kw) 84.61 84.61 84.61 84.61 84.61 84.61 - -

COP carnot H 6.825 6.825 6.825 5.25 5.25 5.25 3.47 2.96

COP carnot L 6.075 6.075 6.075 6.075 6.075 6.075 - -

COP vap.comp. H 3.84 3.93 3.59 2.79 2.74 2.42 0.717 0.52

COP vap.comp. L 3.46 3.46 3.46 3.46 3.46 3.46 - -

COP cycle gen. 2.37 2.41 2.25 2.002 1.92 1.82 - -

Cascade vapour compresssion system Single cycle vapour 

At same Temp. difference At same pressure ratio

 
 
The classic vapor compression refrigeration cycle running on R404a is analyzed under same conditions. 

Then a comparison is being done on these cycles and components have been shown in table 1. 
 

Table 2: Thermodynamic properties of different refrigerants at different states in the system. 

1 253 3.002 357.9 1.6608 0.481

2 303 9.3 387.5 1.6608 0.481

3 280 9.3 211.5 1.04 0.481

4 243 3.002 211.5 0.846 0.481

5 283 6.81 416.7 1.793 0.496

6 340 10.47 447.9 1.793 0.496

7 310 10.47 246.1 1.1547 0.496

8 273 6.81 246.1 1 0.496

5 283 4.153 259.43 0.9638 0.55

6 340 11.44 286.82 0.9638 0.55

7 310 11.44 105.58 0.3853 0.55

8 273 4.153 105.58 0.2044 0.55

5 283 10.82 433.9 1.8557 0.497

6 340 58.26 467 1.8557 0.497

7 310 58.26 263.68 1.2121 0.497

8 273 10.82 263.68 1 0.497

Mass flow rate 

of Refrigerant 

(kg/s)

R404a

R22

R134a

R410a

Refrigerant State
Temperature  

(K)

Pressure 

(bar)

Enthalpy 

(kJ/kg)

Entropy 

(kJ/kg-K)

 
 
From the table 2 it is evident that the mass flow rate of R134a is maximum when compared to other 

refrigerants considered. Similarly the saturation pressure of R410a, the enthalpy of R410a and the entropy of 
R410a respectively is maximum when compared to the other considered refrigerants. 
 

RESULTS AND DISCUSSION 
 
The analysis has been done for the vapor compression cascade refrigeration cycle with different evaporator 

temperatures of high temperature section, different temperature differences at the cascade heat exchanger, and 
different compressor and condenser temperatures. The analysis of vapor compression system has been done 
theoretically for different evaporator temperatures (T5) and (T1), with following conditions: T1=243 K, T3=280 
K for low temperature cycle and T7=310 K, T5=273 K for high temperature section and cooling load as base 
case. 

 
The effect of evaporator temperatures on COP: 
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Fig. 3: Variation of COP with Te (1) 

 
Fig. 4: Variation of COP with Te (2) 

 
Figures 3 and 4 reveal that, when the evaporator temperatures decrease, the coefficient of performance of 

vapor compression section for both operating temperatures reduces by considerable amount. R134a has better 
performance compared to other refrigerants in high temperature section. 
 
The effect of temperature difference of cascade heat exchanger on compressor work: 

 
Fig. 5: Variation of Wc with dT (1) 
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Fig. 6: Variation of Wc with dT (2) 

 
The temperature differences (dT) of cascade heat exchanger is calculated as the temperature difference 

between condenser temperature of low temperature vapor compression section of cascade cycle i.e. fixed to be 
T3= 283 K and evaporator temperature of high temperature vapor compression of cascade cycle, i.e. taken as 
T5= 273, 275, 277, 279, 281, 283 and 285 K.  

It is clear from figures 5 and 6 when dT increases, the energy which must be given to the high temperature 
section increases. It seen that refrigerant type used in low temperature vapor compression section has negligible 
effect, but the refrigerant used in high temperature vapor compression section has an effect on heat needed in the 
compressor. Also using R134a always needs less power input than using other refrigerants with this temperature 
differences level in both conditions mentioned above. When considering the same temperature difference it is 
found that R134a has the minimum electrical dependency. 

 
The effect of temperature difference of cascade heat exchanger on COP: 

Again the same operating conditions are used i.e. T1= 243 K, T3=280 K for low temperature cycle and 
T7=310 K, T5=273 K for high temperature section and cooling load as base case. The temperature differences 
(dT) of cascade heat exchanger is taken as temperature difference between condenser temperature of low 
temperature vapor compression section of cascade cycle.   

 
Fig. 7: Variation of COP with dT (1) 
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Fig. 8: Variation of COP with dT (2) 

 
From figures 7 and 8 it is clear that when dT increases, the coefficient of performance for high temperature 

section with negligible effect of low temperature section fluid reduces. This reduction becomes more evident 
when using R410a than R134a. 
 
The effect of temperature difference of cascade heat exchanger on COPcyclegen: 

Figures 9 and 10 shows the effect of temperature difference of cascade heat exchanger on COPcyclegen. It is 
evident from figures 9 and 10 that as dT increases at same dTsat, R134a has maximum COPcyclegen and similarly at 
same Psat ratio also R134a has maximum COP. 

 
Fig. 9: Variation of COP with dT (1) 

 

 
Fig. 10: Variation of COP with dT (2) 
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The effect of different condenser temperature on compressor work and COP: 
Figures 11 and 12 shows that, when T7 increases the energy which must be given to the high temperature 

cycle is increased. Using R134a and R410a always need less power input than using R22 with this temperature 
differences level. 

 
Fig. 11: Variation of WC with T7 (1) 

 
When T7 increases, the general coefficient of performance for the vapour compression cascade system and 

coefficient of performance for high temperature section reduces as shown in figures 13 and 14. This reduction 
becomes more evident when using R410a than other two refrigerants. 

 
Fig. 12: Variation of WC with T7 (2) 

 
Fig. 13: Variations of COP vs T7 
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Fig. 14: Variation of COPcyclegen with T7 
 
Conclusion: 

Thermodynamics analysis of the vapor compression cascading refrigeration system was done. The vapor 
compression cascade refrigeration system and classical vapor compression system are compared for same 
applications at the same conditions and cooling capacity, 55-57% less electrical energy is consumed in cascade 
systems which depend upon the refrigerants such as R22-R404a, R134a-R404a and R410a-R404a. The 
compressor work of the high temperature and low temperature cycle is 40.35 kW and 44 kW respectively. The 
power consumptions in classical vapor compression system at same operating conditions is 98.13 kW. 

The coefficient of performance obtained is 2.41 in R134a-R404a as working fluids, which has 70% better 
than classical vapor compression system with R404a. The general coefficient of performance obtained is 2.2 in 
R410a-R404a as working fluids, 2.3 in R22-R404a which has 66% and 68% respectively better than classical 
vapor compression system with R404a. COP using R134a-R404a, R22-R404a and R410a-R404a, in high 
temperature section increases by increasing the evaporator temperature and cascade condenser temperatures, but 
it decreases by increasing the condensing temperature. Cascade cycles that use R134a refrigerant in high 
temperature section could yield highest coefficient of performance comparatively with R410a and R22 for all 
cases. With this type of cascade system, it is possible to operate refrigeration systems by consuming less 
electrical energy. 
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