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This study aimed to analyze the difference in operation of the vapor compression refrigeration
(VCR) system with vortex tube cooling. By using varied loads, experiments were conducted on
the evaporator section of a vapor compression refrigeration system. In an attempt to improve the
use of subcooling for the refrigeration, the effect of subcooling of refrigerant by vortex tube cooling
was likewise examined. The test conditions included various loads (25%, 50%, 75% and 100%) and
cold mass fractions (25%, 50% and 75%). This research described coefficient of performance
(COP) as one of the significant parameters, in addition to heat rejection and refrigerating effect.
The ideal efficiency appeared to be with the cold mass fraction of 25% and load of 100%, as
identified by the results. Consequently, the COP could be enhanced by 5.16% along with an
approximately 4.36% decline in average power use. Improved guidelines for vapor compression
refrigeration systems to enhance the operation of the system are an expected benefit of this study.

Keywords: Coefficient of performance; subcooling; vortex tube.

Nomenclature q:Heat transfer (kJ/kg)
N :Inlet nozzle number
COP : Coefficient of performance P: Pressure (bar)
d: Cold-end orifice diameter (mm) AP : Pressure difference (bar)
h: Enthalpy (kJ/kg) T': Temperature (K)
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AT : Temperature difference (K)
D :Vortex tube diameter (mm)
L:Vortex tube length (mm)
w: Work required (kJ/kg)

Subscripts

c¢: Cold air/condenser
comp : Compressor
cond : Condenser
evap : Evaporator
h:Hot air
i : Inlet
IHE : Internal heat exchanger
o: Outlet
sat : Saturated
sub : Subcooled

1. Introduction

In terms of refrigeration, the operation of a vapor
compression refrigeration (VCR) system can be en-
hanced using subcooling. Sometimes, this is done
using a vortex tube, which is a small powered device
used in cooling systems! discovered by Ranque, a
French physicist, in 1933 (Ref. 2) and improved by
the French Engineer Hilsch in 1947.2 The device
(shown in Fig. 1) is a basic one and comprises no
moving parts. Using high-speed air compression,
when high-pressure air flows through the nozzle
hole in contact with the vortex tube surface, it cre-
ates hot and cold air simultaneously. A strong vor-
tex inside the pipe and the splitting of hot and cold
air apart are the result. The air is cooled in the
center compared to the entrance, while the air
around the pipe wall is hotter than the air at the
entrance. Due to cold and hot air being separated,
the cool air in the middle will flow through the hole
facing the flow control valve, while hot air around
the pipe wall will move within the valve to manage
the flow.* 6

Inlet air
i ¥ Hot air
K q
Cold air Control valve
Hot air
Fig. 1. Schematic of the counter-flow vortex tube with flow

direction.®

2nd Reading

The temperature separation in the vortex tube
can be impacted by various factors, including
geometrical controls and thermophysical features.
Vortex tube length, vortex tube diameter, the di-
ameter of the orifice, number and shape of the
nozzles and the shape of the hot air outlet are the
geometrical qualities. Air pressure at the inlet and
gas type are the thermophysical properties. The
effects of orifice nozzle number and the inlet pressure
on the heating and cooling operations when air and
oxygen are used as fluids were previously detailed by
Kirmaci.” The temperature gradient is lowered with
more orifice nozzles, as found by an experimental
study. A helical swirl flow generator was created by
Markal et al.® The effect of valve angle on the op-
eration varies based on the value of L/D and it is
found that valve angle has a weak effect on system
performance. Different numbers of nozzles (N = 1-4)
and inlet pressures (P; =2-3 bar) were used by
Eiamsa-ard® for testing. An increase in mnozzle
number and supply pressure causes increased vortex
intensity and energy separation in the tube, as
shown by the results.

To moderate losses due to expansion and increase
the coefficient of performance (COP) of the vapor
compression refrigeration system,'® subcooling of
liquids before the isenthalpic expansion device can
help. Including internal heat exchangers,'!''? con-
denser subcooling!® evaporative condensers'* and
thermoelectric peltier cooling module.'®

Subcooling prior to the expansion process with an
internal heat exchanger is shown in Fig. 2. Due to
the enthalpy in the evaporator entrance decreasing
and increasing in specific compression work, the
internal heat exchanger will boost the refrigerating
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Fig. 2. Similarities concerning the theoretical cycles, with and

without an internal heat exchanger, in the P—h diagram.'?
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Fig. 3. Similarities concerning the theoretical cycles, with and

without condenser subcooling, in the P-h diagram.'?

effect because of the increased enthalpy of the su-
perheated vapor at the compressor entrance.'6-20
Condenser subcooling can boost the COP due to
the reduction of the temperature at the outlet of the
condenser (by AT, ) and the impact of adding
specific work due to compression and because of the

enhancement in condensing pressure (by AP, ¢),
as shown in Fig. 3.12

One way to increase subcooling directly is by re-
ducing the condensing pressure. Accordingly, the
improvement of performance for the vapor com-
pression refrigeration system by using cold air from
the vortex tube is studied in this paper.

2. Methodology

Figure 4 illustrates the vapor compression refriger-
ation system using vortex tube cooling. First, the
shutter valve is opened and an air flow meter is used
to gauge the amount of compressed air. Afterwards,
the air pressure is regulated by a pressure regulator
before it goes into the vortex tube control. The
compacted air that is discharged from the vortex
tube is partitioned into different portions. The cool
air portion moves through the wind current meter
for quantification, at that point, into the heat ex-
changer to exchange heat from the refrigerant of the
refrigeration framework, and finally, is released into
the atmosphere. Conversely, hot air goes from the
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Fig. 4. Representation of the vapor compression refrigeration system using vortex tube cooling.
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vortex tube into the valve for regulation, after which
it is expelled back into the atmosphere.

2.1. Exzperimental setup

The experimental setup comprises a hermetically
sealed reciprocating compressor, air-cooled con-
denser, receiver, drier, thermostatic expansion valve
and the evaporator that is made of copper pipe with
diameter and length of the tube being 9.5 mm (3/
8inch) and 7 m, respectively, which is installed in a
hot water tank (30 x 30 x 30 cm®). The vortex tube
and concentric heat exchanger are installed at the
outlet of the compressor in the VCR system with a
cooling capacity of 3000 BTU/h as shown in Fig. 5.

The heat loads will use a tubular heater (1.0 kW)
as a heat source for the VCR system. This hot water
will be used instead of the cooling load for the sys-
tem. The heat loads can be controlled by adjusting
the output voltage (0-250V) through a variable-
voltage transformer (TDGc2-1kVA) to control the
heat loads at 25%, 50%, 75% and 100% as required.

For assessing high and low pressures, includ-
ing the subcooled and superheated temperatures,
digital manifold gauges (HVAC-Bluetooth model
Testo-550) were used. The experimental uncertain-
ties of measurement are as follows: pressure (low-
side) £0.3 bar, temperature (subcooled)+ 0.5°C,
pressure (high-side) £0.3 bar and temperature
(superheated) +0.5°C. The compressor was oper-
ated by a clamp-on power logger model PW3360-21.
Active power is +0.3% rdg.

Concentric tube

Vortex tube
heat exchanger

Digital manifold
gauges HVAC -
Bluetooth

Fig. 5. Test setup of vapor compression refrigeration system
using cold air from vortex tube cooling.

2nd Reading

Turning on the refrigerator to assess various heat
loads at 25%, 50%, 75% and 100% was the initial
step in the experiment, after which the compressed
air was released at a pressure of 2.0 bar using the
flow meter. To manage the mass ratio of cold air to
compressed air at the inlet (cold mass ratio), also
called the cold mass fraction, the hot air control
valve was varied at the vortex tube at 25%, 50% and
75%. Subsequently, the data was recorded every
minute for 60 min for pressure, temperature, electric
power, etc. Afterwards, identifying the heat rejec-
tion, refrigerating effect and coefficient of perfor-
mance is done by calculating and comparing the
results, such as by using electrical power in the
system for refrigeration before enhancement.

2.2. Vortex tube

Cold mass fraction is defined as the ratio of cold air
exit to the air entry mass flow rate. This is an im-
portant variable used to identify the performance of
vortex tubes.

The counter-flow vortex tube has the following:
length of a hot tube (L;) is 4.5D and length of a cold
tube (L) is 2.0D. Based on previous works,?! 27 we
have considered D as the inner diameter of the tube
(12mm). As can be seen in Fig. 6, the cold-end or-
ifice diameter (d) is 6 mm, while the nozzle inlet is a
six-way spray.

The operating pressure is 2 bar and the volume
flow rate is 0.00125m*/s (75 L/min). The cold mass
fraction of 25% has the maximum temperature re-
duction of 20°C, followed by the cold mass fraction
of 50%, where the temperature reduction to 13°C,
and finally, the cold mass fraction of 75%, where the
temperature reduction is 8°C.

2.3. Concentric tube heat exchanger

The vortex tube was planned to employ cold air to
cool the discharge refrigerant pipe using a concentric

Compressed air entry

¢ Control valve
d D _v Hot air exit
Cold air exit 7
—
>l e o
L L, Hot air exit
Fig. 6. Counter-flow vortex tube.
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v
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Fig. 7. Concentric tube heat exchanger.

tube heat exchanger.?®3% As can be seen in Fig. 7,
the inner tube is 10 mm in diameter and 200-mm
long, while the outer annulus is 20 mm.

2.4. Calculations using certain equations

Equations (1)—(4) are used to test the coefficient of
performance for the vapor compression refrigeration
system with vortex tube cooling.

Equation (1) can be used to compute heat
rejection:

hcond.,i) . (1)

Equation (2) can be used to estimate the refriger-
ating effect:

Gcond = (hcond,o -

(2)

Equation (3) can be used to estimate the work
required:

Qevap = (hevap,o - hovap,i)'

(3)

Equation (4) can be used to assess the coefficient of
performance:

¢ = 0 i)
Weomp (h’comp 0 hcomp z)

Cop = T

Weomp

(4)

3. Results and Discussion

This study details an operating refrigerator unit
using the vapor compression refrigeration system
and vortex tube cooling to improve the cooling of
refrigerant at a high temperature by concentric tube
heat exchangers before it enters the condenser. Heat
rejection, refrigerating effect, work required and
coefficient of performance for the refrigeration sys-
tem can be resolved by gauging pressure, tempera-
ture and power use. In contrast, optimal conditions

are demonstrated by the results from a refrigerator
before and after the update with modified loads
(25%, 50%, 75% and 100%) and separate cold mass
fractions (25%, 50% and 75%).

3.1. Comparison of heat rejection for the
vapor compression refrigeration
system

Figure 8 shows the relationships between heat
rejections at different loads (25%, 50%, 75% and
100%) and different cold mass fractions (25%, 50%
and 75%). Equation (1) can be used to acquire these
values. Heat rejection at 25% load is the highest,
followed by those at 50%, 75% and 100% loads, as
shown by the results.

Heat rejection at the load of 25% [Fig. 8(a)] had
the highest value, followed by those at loads of 50%
[Fig. 8(b)], 75% [Fig. 8(c)] and 100% [Fig. 8(d)], as
shown by the results. It seems apparent that the
increasing trend will have similar features, meaning
the cold mass fraction of 25% has the highest value,
followed by those of 50% and 75%, respectively. The
cold mass fraction of 25% has the maximum heat
rejection of 241.02 kJ /kg, followed by the cold mass
fraction of 50%. Figure 8(a) shows that the heat
rejection rose to 240.31kJ /kg for a cold mass frac-
tion of 75%, whereas the heat rejection rose to
240.19 kJ /kg for conventional systems. Further, the
cold mass fraction of 25% has the highest heat re-
jection of 231.97kJ /kg, for a load of 100% [as shown
in Fig. 8(d)|, followed by the cold mass fraction of
50%, where the heat rejection rose to 231.94 kJ /kg,
and then the cold mass fraction of 75%, for which
the heat rejection rose to 231.02kJ/kg compared
with conventional systems. This aids in the reduc-
tion of heat rejection in the condenser.

3.2. FEwaluation of refrigerating effect by
the vapor compression refrigeration
system

Equation (2) can be used to determine the refriger-
ating effects (as shown in Fig. 9) against diverse
loads (25%, 50%, 75% and 100%) and various cold
mass fractions (25%, 50% and 75%).

The refrigerating effect at 25% load shows the
maximum value, followed by those at 50%, 75% and
100% loads, respectively, as revealed by the results.
In comparison to conventional systems, it seems
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Similarities between heat rejections for the VCR system using vortex tube cooling: (a) Load of 25%, (b) load of 50%, (c) load

and (d) load of 100%.
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obvious that the cold mass fraction of 25% [shown in
Fig. 9(a)| possesses the highest refrigerating effect of
2.31%. With the refrigerating effect increased by
1.14%, the cold mass fraction of 50% follows. Lastly,
the effect for cold mass fraction of 75% increased only
slightly by 0.05%. Further, for the load of 100% [shown
in Fig. 9(d)], the cold mass fraction of 25% has the
greatest refrigerating effect of 3.05% compared to
conventional systems, with the cold mass fraction of
50% following, in which the refrigerating effect rose by
2.73%, and the cold mass fraction of 75% being the
last, where the heat rejection boosted up by 1.09%.
The trend of increasing refrigerating effect is obviously
the same as for heat rejection. The cold mass fraction of
25% has the maximum value, subsequently followed
by those of 50% and 75%, respectively. It seems ap-
parent that the heat rejection of the system surges,
causing an elevated refrigerating effect.

3.3. Similarities between the coefficients
of performance for the vapor com-
pression refrigeration system

As can be seen in Fig. 10, the efficiency coefficient
is determined using Eq. (4), for different loads
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Similarities between the COPs of the VCR system with vortex tube cooling: (a) Load of 25%, (b) load of 50%, (c) load of

(25%, 50%, 75% and 100%) and separate cold mass
fractions (25%, 50% and 75%). Compared to con-
ventional vapor compression systems, the vapor
compression refrigeration system using vortex
cooling appears to have a higher coefficient of
performance.

As shown in the results in Fig. 10(d), the best
COP was achieved with a cold mass fraction of 25%,
which was 5.16% higher than that for conventional
systems, followed by that for a cold mass fraction of
50%, with a boost of 4.22%. Lastly, the COP for a
cold mass fraction of 75% rose only slightly by
0.93%. It is apparent that the performance will have
similar features. The highest value was for the cold
mass fraction of 25%, followed by those of 50% and
75%, respectively. Thus, it is observable that the
refrigerating effect of system is amplified, causing
enhanced coefficient of performance.

3.4. Power consumption comparison for
the vapor compression refrigeration
system

Figure 11 shows the power consumptions for the
vapor compression refrigeration system, at different

2050018-7
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(c) load of 75% and (d) load of 100%.

loads (25%, 50%, 75% and 100%) and distinctive
cold mass fractions (25%, 50% and 75%). Compared
to a conventional system, the vortex system obvi-
ously has lower energy consumption.

Figure 11 illustrates a comparison of power con-
sumption at various loads for the vapor compression
refrigeration system with vortex tube cooling.
Compared to a conventional system, the vortex
system uses less energy. The cold mass fraction of
25% has the least power consumption when com-
pared at various loads (25%, 50%, 75% and 100%),
which reduced by 4.36% compared to conventional
systems. The cold mass fraction of 50% was the
next, at which power use was lowered by 3.23%.
Lastly, there is only 1.45% reduction for the case of
cold mass fraction of 75%. It is apparent that the
heat is relocated prior to going into the condenser.
Accordingly, the working pressure (high pressure) of
the condenser is reduced, causing less compression
work.

Enhanced heat rejection is possible using this
system. Some of the heat is removed in the heat
exchanger before going into the condenser. The
air from the vortex tube moving inside the heat

2nd Reading
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Divergence between power consumptions with vortex tube cooling in the VCR system: (a) Load of 25%, (b) load of 50%,

exchanger is cooler than the temperature of the
immediate surroundings. The refrigerant at the
condenser outlet has a lower temperature as well.
More refrigerant moves through the expansion valve
because it is subcooled. Consequently, there is an
enhanced refrigerating effect of the system, causing
better coefficient of performance.

4. Conclusions

For performance enhancement in a vapor compres-
sion refrigeration system, this experimental investi-
gation concentrates on the use of a vortex tube.
Following are the significant experimental findings
of this study:

(1) The highest value for heat rejection is at 25%
load, followed by those at 50%, 75% and 100%
loads, respectively. Heat rejection is enhanced
by the system. When compared to a conven-
tional vapor compression refrigeration system,
the vapor compression refrigeration system
using vortex tube cooling enables better heat
rejection.
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(2) The highest refrigeration effect is at 25% cold
mass fraction, followed by those at cold mass
fractions of 50% and 75%, respectively. In
comparison with the vapor compression refrig-
eration system using vortex tube cooling, a
conventional vapor compression refrigeration
system’s refrigeration effect is lower.

(3) The highest efficiency with a coefficient of per-
formance of 2.24 is possible when using the
vapor compression refrigeration system with
vortex tube cooling at 25% cold mass fraction
and 100% load.

(4) Compared to conventional systems, power
consumption at 25% cold mass fraction is the
lowest, followed by those at cold mass fractions
of 50% and 75%.
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