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Abstract - A single stage refrigeration system is in-efficient
while operating at temperatures below -300C. Hence for low
temperatures a cascade refrigeration system is used. The
present work consists of experimental and simulation studies
of a R134a-R404a cascade refrigeration system. Experiments
are carried out on a developed system to obtain its
performance by varying evaporating temperature with an
heater input load. Further mathematical modelling of system
is done and system is simulated and validated with
experimental results. Parametric study is done, at various
temperatures, by varying the UA values of heat exchanger. It
is observed that the performance of the cascade condenser, a
shell and coil type, has significant impact on the system. The
performance of the system is evaluated by at various heat
transfer areas of the cascade condenser. The system of is then
simulated by replacing the shell and coil type heat exchanger
with a plate heat exchanger. It is observed that the system
shows much better performance with use of Plate Heat
Exchanger.
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I. INTRODUCTION

Low-temperature refrigeration systems are typically
required in the temperature range from -30 0C to -100 0C
for applications in food, pharmaceutical, chemical, and
other industries, e.g., blast freezing, cold storages,
liquefaction of gases such as natural gas, etc. At such low
temperatures, the capacity and 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.
Also, single-stage compression systems with reciprocating
compressors are generally not feasible due to high
pressure ratios. A high pressure ratio implies high
discharge and oil temperatures and low volumetric
efficiencies and, hence, low COP values. To achieve low
temperatures multistage system or cascade system can be
used. The cascade system possesses some of the thermal
advantages of two-stage, single-refrigerant systems in that
it approximates the flash gas removal process and also
permits each compressor to take a share of the total
pressure ratio between the low-temperature evaporator and
the condenser.[3]

Cascade refrigeration systems are series of single-stage
refrigeration units are used that are thermally coupled
through cascade condenser, which consists of evaporator
of higher temperature unit and condenser of lower
temperature unit, as shown in Fig.1 for a two-circuit
cascade unit. Each circuit has a different refrigerant

suitable for that temperature, the lower temperature units
progressively using lower boiling point refrigerants.

Fig.1 Schematic diagram of cascade system

Fig.2 T-S diagram of cascade system

Although many cascade systems have been in use
successfully, limited information is available in the open
literature. Bansal and Jain [7] carried out the
thermodynamic performance of cascade systems with
R744 (carbon dioxide) as a low-temperature refrigerant
and different refrigerants such as R717, R290, R1270 and
R404a as high temperature refrigerants to evaluate the
optimum cascade condensing temperature. The studies
indicated R717 (ammonia) has gives best optimum COP at
lowest mass flow ratio. Also it has lowest optimum
operating temperatures and pressures for maximum COP.
Bansal and Getu[5] carried out thermodynamic analysis of
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R717-R744 cascade refrigeration system to optimize the
evaporating temperature of R717 and mass flow ratio to
obtain maximum COP taking into consideration the effect
of superheat and subcooling. With multilinear regression,
mathematical equations for maximum COP, optimum
evaporating and condensing temperatures of the R717
cycle, and an optimum mass flow ratio, in terms of
subcooling, superheating, evaporating temperature,
condensing temperature and temperature difference in
cascade condenser of the system, were developed. Alberto
Dapazo et. al.[6] developed a prototype of a R717-R744
cascade refrigeration system. Several tests were performed
at different R744 evaporating temperature. An optimum
experimental value of R744 condensing temperature was
determined. The influence of various operating parameters
on the performance of the system was discussed.

Parekh and Tailor[2] carried out thermodynamic
analysis of cascade refrigeration system using R507a as
high temperature refrigerant and R23 as low temperature
refrigerant to optimize the design and operating
parameters of the system to optimize design and operating
parameters such as condensing, evaporating, subcooling
and superheating temperatures, temperature difference in
the cascade heat exchanger. Parekh et. al.[1] carried out
thermal design of condenser, cascade condenser and
evaporator of cascade refrigeration system using two HFC
refrigerant pairs R404A-R508B and R410A-R23. The
effect of change in evaporator temperature on low side and
condenser temperature on high side on heat transfer areas
of the high temperature condenser, cascade condenser and
low temperature evaporator. It is observed that R410a-R23
system requires lesser heat transfer area than R404A-
R508B.

In present work experimental and simulation analysis of
R134a-R404a cascade refrigeration system is carried out.
The system achieved at lowest temperature of -43.5 0C.
The performance of the system for different heat transfer
areas is carried out. The system is further simulated with
use of Plate Heat Exchanger.

II. EXPERIMENTAL ANALYSIS

An experimental set-up of an R-134a/R404a cascade
refrigeration system is developed. It consists of two
hermetically sealed compressors, an air-cooled condenser,
a calorimeter. The cascade condenser is a Shell and Coil
type of heat exchanger, consisting of High temperature
cycle evaporator coil and low temperature cycle condenser
coil dipped in a MEG solution. The calorimeter consists of
evaporator coil transferring heat to a MEG solution in a
container. An electric heater is dipped in the solution to
provide the balance for the refrigeration capacity.

Temperature sensors are provided to measure the
temperatures at inlet and outlet of the evaporator,
condenser and compressor in HT and LT cycle. Pressure
gauges are provided to the measure the pressures of the
condenser side and evaporator side.

Fig.3 Schematic of Experimental for CRS

III. MATHEMATICAL MODELLING

The mathematical modelling of R134a-R404a CRS is
carried out.

The following assumptions are made for:
1. System is in Steady State.
2. The heat transfer co-efficient remains constant.
3. No heat losses in piping.
4. No Pressure drop.

1. Refrigeration Compressors
The power requirements and refrigerating capacity are

functions of evaporating and condensing temperatures.
From the catalog data for a given compressor, as shown in
fig. these types of compressors are modeled by using
curve fitting the data from performance characteristics.[8,9]

The mathematical equations that represent the
performance data is,
P=a1+a2.Te+a3.Te

2+a4.Te
2.Tc+a5.Te

2.Tc
2+a6.Te.Tc

2+a7.Tc
2+a8

.Tc.Te +a9.Tc (1)
and
Qe=b1+b2.Te+b3.Te

2+b4.Te
2.Tc+b5.Te

2.Tc
2+b6.Te.Tc

2+b7.Tc
2+

b8.Tc.Te+b9.Tc (2)
Thus we have two equations for power of two

compressors and two equations for refrigeration capacity,
in higher and lower cycle.
2. Air-Cooled Condenser

The mathematical model for air-cooled condenser is
obtained by energy balance in condenser.[8]
Qc=ma.Cpa.(1-e-(UAc/ma.Cpa)).(Tc-Ta) (3)
3. Cascade Condenser Balance

In cascade condenser the heat rejected by condenser in
lower cycle and the heat input in from atmosphere in
cascade condenser solution is taken by the evaporator.
Qec=Qcc+Qcch

UAec.(Tsol-Tec)=UAcc.(Tcc-Tsol)+UAcch.(Ta-Tsol) (4)
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Qcc=Pl+Qe (5)
Qec=f(Tc,Tec)
4. Calorimeter Balance

In the calorimeter, at steady state, the refrigerating
capacity is balanced by the heater input and the heat input
from the surrounding. The calorimeter balance is
mathematically represented by below equations:
Qe=UAe.(Ts-Te) (6)
Qe=Qin+Qch (7)
Qch=UAch.(Ta-Ts) (8)
5. Energy Balance

The refrigeration capacity of the HT cycle is equal to the
heat rejected in LT cycle. Thus the total heat rejected is
the sum of the HT cycle Power and HT cycle refrigeration
capacity.
Qc=Ph+Qec (9)

Thus we 11 equations and 11 unknowns (Ph, Pl, Qec, Qe,
Qc, Tc, Tec, Tcc, Te, Tsol, Ts). These equations are solved by
Newton-Raphson Method for UAc = 250.1 W/m2K, UAec =
56.21 W/m2K, UAcc = 113.23 W/m2K, UAe = 24.19
W/m2K, ma = 0.1176 kg/s, Cpa = 1005 kJ/kg.K, Ta=34 0C.

The experimental results are compared with simulated
results. A maximum deviation of 10% is obtained.

IV. RESULTS AND DISCUSSIONS

1. Performance of System for Temperature
Variations

The system is simulated at various operating conditions.
The heator load is taken as 100 W. The ambient
temperature is 34 0C. The effect of variation of UA values
of the heat exhanger to get the effect of the respective
temperatures on the performance of the system is
predicted.

Fig.4 shows the effect on the performance of the system
at respective condensing temperature, with variation of
UA value from 75 W/m2 to 455 W/m2, for ma=0.4176
kg/s. With change in HT condenser temperature from 58
0C to 39 0C, the COP of the system increases from 0.33 to
0.44 and power input decreases from 1.06 kW to 0.84 kW.
There is not much effect on refrigeration capacity.

Fig.5 and Fig.6 show the effect on the performance of
the system with variations in UA values HT evaporator, 43
W/m2 to 317 W/m2, and LT condenser, 29 W/m2 to 75
W/m2, at the respective values of temperatures. With
change in HT evaporator temperature from -3 0C to -10 0C,
the COP of the system increases from 0.24 to 0.48. And
with change in LT condensing temperature from 20 0C to
3 0C, the COP increases from 0.35 to 0.57. Also power
required decreases significantly from 1.31 kW to 0.79 kW
for change in HT evaporating temperature and 1.01 kW to
0.69 kW. The effect on refrigeration capacity is
insignificant.

Fig.4 The effect on performance of system at different H-T Cycle
Condensing Temperature

Fig.5 The effect on performance of system at different H-T Cycle
Evaporator Temperature

Fig.6 The effect on performance of system at different L-T
Cycle Condenser Temperature

Fig.7 shows the effect on the performance of the system
with variations UA value from 18 W/m2 to 256 W/m2 of
evaporator at respective evaporating temperature. For a
change in evaporator temperature from -40 0C to -35 0C,
the COP of the system decreases from 0.46 to 0.36, while
the power input and refrigeration capacity  increases from
0.77 kW to 1.14 kW and 0.33 kW to 0.4 kW respectively.

The performance of CRS is much related to
performance of the cascade condenser. With lower the
temperature difference in the cascade condenser, the
overall performance of the system increases.
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Fig.7 The effect on performance of system at different L-T
Cycle Evaporator Temperature

2. Effect on performance of the system with variation
in Cascade Condenser Heat-Transfer Area

Fig.8 The effect on performance of system on variation of
H-T Cycle Evaporator Heat Transfer Area

Fig.9 The effect on performance of system on variation of
L-T Cycle Condenser Heat Transfer Area

The performance cascade condenser determines to a
much extent performance of a CRS. The effect of heat-
transfer area on the performance of the system is
determined. It is observed in Fig.8 that with increase in
HT evaporator heat transfer area from 0.16 to 1.2, the COP
of system increases from 0.24 to 0.72 and power input

decreases from 1.3 kW to 0.58 kW. While with increase of
LT condenser heat transfer area from 0.26 to 0.69, the
COP increases 0.23 to 0.575 from and power input
decreases from 1.38 kW to 0.68 kW.

The effect on refrigeration capacity is small since the
evaporating temperature is lower on all sides and hence
refrigeration capacity is lower as mass flow rate is on
lower side.

V. USE OF PLATE HEAT EXCHANGER AS

CASCADE CONDENSER

The performance of the system can be increased with
increasing the performance of the cascade condenser. The
actual system is simulated by replacing the shell and coil
type condenser with brazed plate heat exchanger.
Cascade Condenser Balance

The solution in shell and coil type is eliminated and
direct heat transfer takes place between the LT condenser
and HT evaporator in the cascade condenser. Assuming
negligible heat loss the condenser can be modelled as
below.
Qec=Qcc

Qec=f(Tc,Tec)=UAec.(Tcc-Tec) (4)
Qcc=Pl+Qe=UAcc.(Tcc-Tsol) (5)

Thus now we have 10 equations with 10 unknowns
to be solved.

Fig.9 The effect on performance of system on variation
of PHE Heat Transfer Area

The system is simulated varying of the heat transfer area
of the cascade condenser. The heat transfer co-efficient
value for HT evaporator (R134a) is Uec = 2324 W/m2 K
and LT condenser (R404a), Ucc = 1628 W/m2 K. The heat
transferarea is varied from 0.025 m2 to 0.5 m2. The COP of
the system increases from 0.32 to 0.79 and power
decreases 1.52 kW to 0.75 kW for varying area from 0.025
to 0.2, and futher COP and  Power reach to 0.89 and 0.68
kW respectively, for increasing area further. Thus
significant amount of reduction is area is observed for the
cascade condenser and also the performance of the system
increased.

VI. CONCLUSIONS
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The simulation of an R134a-R404a cascade refrigeration
system is carried out. The effect of variation of UA value
of the different heat exchangers on the performance of
R134a-R404a cascade refrigeration system is studied at
the respective condensing or evaporating temperatures.
The COP of the system increases with increase in LT
evaporator temperature while decreases with increase in
HT evaporator temperature. While the COP of the system
decreases with increase in condenser temperature for both
HT and LT cycle. The performance of the cascade
condenser by varying the heat transfer area is studied. The
COP of the system increases with increase in both the heat
transfer areas, of HT evaporator and LT condenser. The
use of plate heat exchanger as cascade condenser increases
the performance of the system considerably, with much
lesser heat transfer area. However it also increases the cost
of the system.

NOMENCLATURE

A Heat Transfer Area (m2)
COP Coefficient of performance
Cp Specific Heat (kJ/kg.K)
HT High Temperature
LT Low Temperature
m Mass Flow Rate (kg/s)
P Power (W)
Q Rate of Heat Transfer (W)
Qe Refrigerating Effect (W)
T Temperature (0C)
U Heat Transfer Co-Efficient (W/m2.K)
UA product of Heat Transfer Co-Efficient and Heat

Transfer Area (W/K)
Subscript
a Air
c Condenser
cc LT Cascade Condenser
ch Calorimeter
cch Cascade Condenser
e LT Evaporator
ec HT Evaporator
h High Side
l Low Side
sol Cascade Condenser Solution
s Calorimeter Solution
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