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Abstract

In present work, a sub-cooling auxiliary system is integrated with vapour compression
refrigeration system to predict the performance characteristics and energy saving of the
system. An experimental investigation was performed to determine the performance
parameters at various operating conditions using two types of refrigerants, R-134a and
zeotropic mixed refrigerant R-404A. Investigating the results has showed that, the
enhancement in performance of the refrigeration system with sub-cooling circuit
compared with that for system without sub-cooling for R-134a was about 5% increase in
RE, 14% optimization in COP and 2.8% energy saving for different thermal loads applied
on the evaporator. While for R-404A, the increase in RE was 4%, the optimization in
COP was about 13% and 3.7% energy saving. There is a significant improvement in the
performance of the system with R-404A compared with that for R-134a at the same
operating conditions.
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Nomenclature:
Cp  Specific heat at constant pressure (kJ/kg.°C)
Specific enthalpy (kJ/kg)
Refrigerant mass flow rate (kg/ s)
Pressure (kPa)
Rate of heat transfer (kW)
Temperature (°C)
Work of compressor (kW)
Heat exchanger effectiveness
ubscripts
air
condenser
ev  evaporator
in entering
m main cycle

o §—|Q.'U§.:T

o o W

r refrigerant
S sub-cooling
w water

Abbreviations

COP Coefficient of performance

MSC Mechanical sub-cooling circuit
RE Refrigeration effect (kJ/kg)

VCR Vapour compression refrigeration

INTRODUCTION

he large amount of the electrical energy generated in the world, is consumed by

vapor-compression refrigeration and air-conditioning systems used in large

buildings, supermarkets, cold storage, etc. In a super market, refrigeration systems
consume a large amount of energy in maintaining chilled and frozen food, meanwhile,
heating, ventilating, and air-conditioning system is used to assure thermal comfort for
occupants and suitable climatic conditions for refrigerated cases [1]. The large
temperature differences between the condenser and the evaporator imply greater
compressor-power consumption and less refrigeration effect per unit of refrigerant. This
may cause the compressor of the refrigeration or an air-conditioning system to operate for
prolonged periods under extreme weather conditions in order to meet the desired
refrigeration and cooling demand, which may be harmful to the system, and require a
large amount of the generated electrical power.[2],[3]
Energy consumed by refrigeration systems used in large building and supermarkets can
be saved by using one or more methods of performance enhancement for refrigeration
systems such as using, sub-cooling , heat exchangers, mixed refrigerants, etc.. An
integrated mechanical sub-cooling loop has been incorporated to vapor compression
refrigeration system with different refrigerants in current work to improve the system
performance and reduce the electrical energy consumption. Performance of the vapor
compression refrigeration system can be improved and the energy can be saved by
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improving the efficiency of system individual components, compressors, condensers,
fans, etc... Advances in component technology, such as the electronic controllable
expansion valves and variable speed control of compressors and fans, makes it possible to
implement more advanced control schemes that achieve a better performance and
furthermore a better energy efficiency [4]. Performance enhancement methods for VCR
system, such as using sub-cooling cycle is used as well to improve the performance and
reduce the overall power consumption of the refrigeration systems.

Many research works have considered the method of using sub-cooling cycles to improve
the refrigeration system efficiency, Bilal and Zubair [2], [3] investigated the efficiency of
the vapor compression refrigeration system with integrated and dedicated mechanical
sub-cooling cycles using a set of refrigerants, and they found that, the second law
efficiency of the cycle increased by an average of 21%, and the COP and refrigeration
effect of the system was improved. Ming-Jer [5] investigated the enhancement of thermal
performance for an air conditioning system utilizing a cold storage unit as a subcooler.
Two operation modes, subcooled mode with energy storage and non-subcooled mode
without energy storage were tested, the results showed that, the cooling capacity and COP
for subcooled mode are greater in range 14% - 16% comparing with non-subcooled
mode. Torrella [6] presented an experimental evaluation for two-stage vapor compression
facility with direct liquid injection and two-stage with sub-cooler using the refrigerant
R404A. The analysis of the results showed that, The configuration yielding the best
results was the two-stage compression cycle with sub-cooler, since the cooling capacity
and COP values for this configuration were the highest from an energy point of view.
Laeun [7] investigated the effects of the sub-cooling heat exchanger (SCHX) on the
performance of the multi-split variable refrigerant flow (VRF) system with long pipe in a
field test during the cooling season. It was found that VRF system with SCHX improved
the cooling performance factor (CPF) about 8.5% under similar outdoor temperature
profiles, as compared to the baseline without SCHX. Khan [8] developed thermodynamic
models of the dedicated mechanical sub-cooling systems to simulate the actual
performance of the system, particularly with respect to the sub-cooler saturation
temperature in addition to the heat exchanger areas. It is demonstrated that the
performance of the overall cycle is improved over the corresponding simple cycle and
this improvement is found to be related to the refrigerant saturation temperature of the
sub-cooler.

In the present study, it is focused on using of integrated sub-cooling auxiliary system as
one of the methods used for performance enhancement of VCR system. A set of
experimental tests are conducted on test rig developed in the present work to investigate
the performance parameters of the VCR system with and without sub-cooling using
pure refrigerant R-134a and zeotropic refrigerant R-404A.

Cycle Description and Analysis

The performance of a simple vapor compression refrigeration system can be significantly
improved by further cooling the liquid refrigerant, leaving the condenser coil. This sub
cooling of the liquid refrigerant can be accomplished by adding a mechanical sub-cooling
loop in a conventional vapor compression cycle. The sub cooling system can be either a
dedicated mechanical-sub cooling system or an integrated mechanical-sub cooling system
[9].In a dedicated mechanical-sub cooling system there are two condensers, one for the
main cycle and one for the sub cooler cycle, whereas for an integrated mechanical-sub
cooling system there is only one condenser serving both the main cycle and the sub
cooler cycle as shown in figures(1) and (2) [10],[11].
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Figure(2) Vapor compression refrigeration system with mechanical sub-
cooling cycle.

Sub cooling of the refrigerant at the exit of the condenser in a vapor compression
refrigeration system allows the refrigerant to enter the main cycle evaporator with a lower
quality and thus allows the refrigerant to absorb more heat in the evaporator, thereby
improving the coefficient of performance (COP) of the system. The work input to the
main cycle compressor can be determined by: [2][12]

Wn=mp (hz—hl) (1)
The work input to the sub-cooling circuit compressor can be expressed by:
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Wy =mg (i1 = hag) .. (2
The heat transfer rate at the condenser can be calculated using the following equation:
chm(hg—h4) (3)
Where: m-mmy +mg . (4
The heat transfer rate in the evaporator can be calculated by:

Qev =y (h7 = hg) . (9)

At sub-cooler heat exchanger, the rate of heat transfer between the refrigerant flowing
through the sub-cooling circuit and the refrigerant coming from the condenser can be
expressed as [2]:

Qs =¢ Qmax = 1m Cpr € (T4 —TB) .. (6)

Where

: Cpy represents the specific heat of the refrigerant that was calculated as the average of
the values at state 4 and state 5.

Considering the energy balance on the sub-cooler heat exchanger, the following equation
can be written:

Mm (h4—h5):m5 (hg—hg) (7)

The COP of the refrigeration system can be expressed as:

cop= —%er . ®)
Wmtwg

The refrigeration effect RE of the system can be determined by:
RE:(h7—h6) (9)

The thermal loads of air and water placed in the freezing compartment of the refrigeration
system are named as, base line load, load | and load Il which are listed in Table (1) and
calculated as follow:

The thermal load Q,, in (kJ) of the water placed in the freezing compartment of the
refrigeration system was calculated by:

Qw =My Cpw (ATw) ... (10)
Where:

myy= mass of water placed in the freezing compartment.

ATw = the difference in temperatures of water at the beginning and end of the system

operation period.
Base line load represents the thermal load of the evaporator when the freezing
compartment is empty (contains only air) and can be expressed as:

Qa =My Cpa (aTa) .. (11)
Where:

Mg = mass of air occupied in the freezing compartment.

AT a = the difference in temperatures of air at the beginning and end of the system
operation period.
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Loads I and Il represent the total thermal load (Q) of the air and different quantities of
water placed in the freezing compartment of the system which are expressed by:

Q=Qa+ Qw ... (12)

Table (1) Thermal loads applied in the freezing compartment.
Thermal load in the freezing compartment Q (kJ)

Base line load | Air (at 50 °C ) 165
Load I Air (at 35 °C) and water (49 kg at 35 °C) 8949
Load 11 Air (at 50 °C) and water (49 kg at 50 °C) 12279

Experimental Method

Vapor compression refrigeration system of 3 ton capacity with integrated mechanical sub-
cooling auxiliary system is built in current work with the possibility of conducting a set
of experiments to investigate the performance of the system and electrical energy
consumption in two cases, first case without sub-cooling cycle and the second with sub-
cooling cycle integrated in the system. The experimental test rig consists of, one scroll
compressor of model (ZR36K1-PFJ-501) with power 2700W for main refrigeration
system, one reciprocating compressor model (E1120CZA AC) with power 264W for sub-
cooling auxiliary system, one air cooled condenser, one evaporator, one sub-cooler heat
exchanger  (shell and tube), two thermostatic expansion valves, flowmeters, freezing
compartment with dimension of (1.6m*0.9m*1.9m), oil separators, accumulators,
pressure gauges and other accessories of the refrigeration system as shown in figure(3).
The test refrigeration system is at first air evacuated and checked for leakage and then
charged with a single refrigerant R-134a, the sub-cooling cycle is turned off and the main
cycle is turned on in the test system, the system is then operated without thermal load in
the freezing chamber for 15 min. to ensure proper operation. The readings are taken every
5 min. at different measuring points for test system including, many sets of, temperature
readings, suction and discharge pressures, refrigerant mass flow rate and electrical power
consumed during test period. Three values of thermal loads are applied in the freezing
chamber and the readings of measuring points at test system are taken. Both sub-cooling
cycle and main cycle are turned on in the test system, and the above steps are repeated.
The test refrigeration system is then charged with the refrigerant R-404A and the same
steps for R-134a are repeated.
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Figure (3) Experimental test rig.

Results and Discussion

The performance parameters of the refrigeration system with and without sub-cooling
cycle are investigated in this section for refrigerant R-134a and zeotropic mixed
refrigerant R-404A at different operating conditions and three thermal loads applied in
the freezing compartment of the test rig system, base line load(165 kJ), load | (8949kJ)
and load 11 (12279 kJ) as illustrated in Table (1). Numerical and experimental results are
evaluated depending on many cycle parameters such as, temperature, pressure, mass flow
rate and power consumed by compressors measured at different reading points in the test
rig of refrigeration system. The variation of COP with operating time for the system with
sub cooling and refrigerant R-134a is shown in Figure 4. It can be observed in this figure
that, the higher value of COP was for load Il compared with other thermal loads due to
the fact that the increase in the thermal load applied in the freezing compartment will
results in a higher value for the refrigeration effect relative to the work of compressors
which in turn leads to increase the value of COP based on the definition of coefficient of
performance. Figure 5 shows the variation of the evaporator inlet temperature with
operating time for the system with sub cooling and refrigerant R-134a. It can be seen
from this figure that, the evaporator inlet temperature decreases progressively with time
where the lower value was for less load (base line load) due to the effect of thermal loads
in the freezing compartment which reflects a normal behavior of system operation with
sub-cooling effect. Through 60 minutes of system operation, the evaporator inlet
temperature at loads, base line, | and 1l approached approximately -14 °C , -7 °C , and -4
°C  respectively. The improvement in performance of refrigeration system with
mechanical sub-cooling cycle MSC compared with that for the system without MSC in
function of COP and RE variations with time is shown in Figures 6 and 7 for R-134a and
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in Figures 8 and 9 for R-404A. The optimization in COP value for system with MSC is
about 14% and 12% at base load and load Il respectively for R-134a and about 13% and
11% for R-404A as a result of sub-cooling which enhance the refrigeration effect relative
to the specified work of compressors for the refrigeration system.

There is a significant improvement in RE of the system with MSC during operation
period in range of 5% for R-134a and 4% for R-404A, this increase in RE reflects the
advantage of using mechanical sub-cooling to increase the refrigeration effect by
extending cooling area in the p-h diagram (as shown in Figure 1) which is occurs when
the refrigerant sub-cooled under the saturation liquid line. The effect of refrigerant type
on system performance can be indicated in the Figures 10, 11, 12 and 13 which show the
variations of freezing room temperature, COP, pressure ratio and discharge temperature
with time for the system with and without sub-cooling cycle at load Il for refrigerants R-
134a and R-404A. The comparison between the refrigerants shows a significant
improvement in system performance with R-404A relative to R-134a. This result displays
the advantage of using zeotropic mixed refrigerant such as R-404A due to its preferable
thermo-physical and thermodynamic properties instead of refrigerant R-134a for
improving the performance and energy saving of refrigeration system with sub-cooling
cycle.

The enhancement in refrigeration system performance due to the sub-cooling effect
using R-404A as a zeotropic mixture is resulted from the effect of glide temperature
which is slightly higher than that for R-134a. Glide temperature represents the difference
between the boiling temperatures for components of mixed refrigerant which is
approximately zero for R-134a [13]. Figure 14 shows the work variation with time of the
main and sub-cooling compressors of the refrigeration system at load (1) for refrigerants
R-134a and R-404A. It can be seen from this figure that, the work of compressors for the
system with R-134a is relatively higher than that for R-404A and can be noticed as well
that, the variations in main compressor work is higher compared with sub compressor
work for both refrigerants. The work for both compressors is slightly increases with time
during first 35 min of operation due to the effect of thermal load applied on refrigeration
system and then decreases within the rest time as a result of sub-cooling effect. The
amount of energy saving of the refrigeration system with sub-cooling can be observed in
the Figure (15) which indicates the variations of electrical power consumption with time
for the system when operated with and without sub-cooling cycle at load Il and
refrigerants R-134a and R404A. It can be seen from the figure that, the power
consumption of the system with MSC is less than that for system without MSC during
system test period except for the first 25 minutes of operation which is required to
maintain a steady operation for the system due to the effect of the thermal load in the
freezing compartment which is relatively high at beginning of operation .The percentage
decrease in power consumption for system when using sub-cooling is at average of 2.8%
and 3.7% for the system with refrigerants R-134a and R-404A respectively. It is also
observed from the figure that, the value of power consumption for system with sub-
cooling is less than that for system without sub-cooling during most test period of system
operation. This reduction in power consumption reflects the amount of energy saving
particularly when the system is used for refrigerating relatively large spaces such as in the
supermarkets for long period.

CONCLUSIONS:

It can be concluded that, integrating mechanical sub-cooling cycle in the refrigeration
system is considered a feasible technique for energy saving and performance
enhancement of the refrigeration system specifically when used in commercial
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applications such as in supermarkets and refrigerating relatively large spaces. The
enhancement in performance of the refrigeration system with mechanical sub-cooling
compared with that for system without sub-cooling for R134a was about 5% in
refrigeration effect and 14% in COP while for R-404A, the enhancement was in the range
of 4% and 13% respectively. The energy saving of the refrigeration system with
mechanical sub-cooling circuit in function of actual power consumption compared with
that for system without sub-cooling was at average of 2.8% and 3.7% for R-134a and R-
404A respectively.

=0 Load(ll)
B Load(l)
== Base load

5
cop *
3
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Figure (4) Coefficient of performance as a function of time for the system with sub-
cooling at different loads for the refrigerant R-134a.
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Figure (5) Evaporator inlet temperature as a function of time for the system with
sub-cooling at different loads for the refrigerant R-134a
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Figure (6) Coefficient of performance as a function of time for the system with and
without MSC at different loads and refrigerant R-134a.
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Figure (7) Refrigeration effect as a function of time for the system with and without
MSC at different loads and refrigerant R-134a.
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Figure (8) Coefficient of performance as a function of time for the system with and
without MSC at different loads and refrigerant R-404A.
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Figure (9) Refrigeration effect as a function of time for the system with and

without MSC at different loads and refrigerant R-404A
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Figure (10) Variation of freezing room temperature with a time for the system with
MSC and without MSC at load (1) for refrigerants R-134aand R-404A
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Figure (11) Coefficient of performance as a function of time for the system with and
without MSC at load (1) for refrigerants R-134a and R-404A
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Figure (12) Variation of compression ratio with a time for the system with and without
MSC at load (I1) for refrigerants R-134a and R-404A
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Figure (13) Variation of discharge temperature with a time for the system with and
without MSC at load (1) for refrigerants R-134a and R-404A.
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Figure (14) Work variation with time of the main compressor and sub-cooling
compressor of the refrigeration system at load (I1) for refrigerants
R-134a and R-404A.
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Figure (15) Actual power consumption in (kW.h) as a function of time for the
refrigeration system with and without MSC at load (11) for refrigerants R-134a and
R-404A
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