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hydrocarbon MC22 and MC134 on the hight temperature circuit, and R404A and R502
using on low temperature circuit. Condenser heat exchanger using a type of exchanger
plate. Resulting from this research, obtained that result the MC22/R404A, MC22/R502
and MC134/R404A refrigerant pair can reach a temperature of 220 K. The
MC22/R404A refrigerant pair has god performance, COP, total loss exergy, and exergy
efficiency is better than MC22/R502, and MC134/R04A refrigerant pairs.
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1. Introduction

Storage space requirements at low temperature less than -40°C, in biomedicine, agriculture, and
fish products cannot use a single refrigeration system, because a single refrigeration system only
stable at minimum temperature of -40°C [1]. The cascade refrigeration system (CRS), consisting of
two system that work independently consisting of a high temperature circuit (HTC), and low
temperature circuit (LTC) which is connected the condenser heat exchanger to solve this problem [2].
Global warming issues and restrictions on use CFC and HFC refrigerant, many studies use
hydrocarbon refrigerant as its working fluid [3].

Refrigerant as a working fluid can be chosen must have characteristic a large latent heat, pressure
must not too high so that the compressor power is low, non-tonic, non-flammable, non-corrosive,
environmentally friendly, and low cost [4, 5]. The problem is hydrocarbon refrigerant has flammable
[6, 7]. Guidelines that can be used to select the refrigerant pair in the CRS are refrigeration on the
HTC should use refrigerant that have high COP, and on the LTC side which has low COP, low pressure
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[8]. Refrigerant which is usually used in the HTC is Ammonia (NH3), and in LTC is carbon dioxide,
where the cooling in the evaporator between -80°C to -40°C in review papers by several authors [9]-
[13]. The maximum COP if CRS is influenced by increase in evaporation temperature and decrease in
the condenser temperature [14]

In general, same refrigerant use to hight temperature is R22, R32 [15] and refrigerant used for
HTC are R152a, R290, R507A, R12, R22, R717, R290, R404, R404A, R717, R744, whit refrigerant for
LTC are R23, R744, R170/R744, R290, R170/R744. The parameters observed were COP, cooling
capacity, energy, efficiency exergy and thermo economic [16-17]. Research and development CRS for
low temperature usually uses carbon dioxide and ammonia (R744) [17]

Refrigerant currently used to achieve low temperature require vacuum pressure and mixture
refrigerant, but there are also difficulties [11]. To get low temperature, be required high pressure
compressor in each series in the CRS, so that costs will be expensive [18]. Therefore, to develop a low
temperature cold storage, then development a low temperature cold storage with CRS and
hydrocarbon refrigerant. Refrigerant hydrocarbon used in this research is MC22 (Propane) and
MC134 on HTC, and R404A dan R502 on LTC. The parameter observed were temperature
evaporation, COP cascade, the effect of decrease temperature cascade, total loss of exergy, mass
ratio, and exergy efficiency.

2. Methodology

Model the circuit of CRS the used in this study was developed based on the results of research
development by Alhamid [18] as shown in Figure 1.

Based on the p-H diagram in Figure 2, CRS thermodynamic analysis is based on assumptions
development by Lui [19], Sarkar [20], and Anand [21] that is :

I.  The compression process takes place adiabatic, but not isentropic, isentropic efficiency
compressor of 0,75 for both LTC and HTC.
II.  The conditioning of the refrigerant out the cascade heat exchanger for the HTC cycle
under conditions saturated vapor, and the refrigerant out the cascade heat exchanger for
LTC cycle under conditions saturated liquid.
Ill.  Heat transfer in heat exchanger take place is isobaric (constant pressure)
IV.  Heat exchanger with the environment is ignored for all component except the condenser
V. Refrigerant expansion in expansion valve isenthalpic
VI.  Changes in potential energy and kinetic energy are ignored.

All thermodynamic properties obtained from experimental study results were obtained from
software Coolpack_1.5, then the thermodynamic analysis uses the help of Microsoft Excel software.
The data needed in thermodynamic analysis is obtained from measuring devices installed at point
such as in Figure 1, while the cooling load uses the lamp load at a load of 40 watts. Length of time for
observations made in each case is one hour. In various low temperature much research uses the pair
R747 and R717, but if using ammonia refrigerant must be replace the pipes in the evaporator and
condenser. This is due, usually in the refrigeration system of pipes that are used using copper pipe
material because it has a large heat transfer coefficient. While the copper pipe will react with
ammonia. Therefore, the refrigerant pair used in the research is the refrigerant pairs used are
Musicool MC22 (propane), MC134 on HTC, and R404A, R502 on LTC.

Thermodynamic analysis used in the CRS is energy balance approach [22], and exergy analysis
approach [23, 24] as shown in Table 1.
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Fig. 1. Cascade refrigeration system Fig. 2. p-h diagram for CRS
Table 1
Heat balance equation for each component [14, 23-24]
component Mass balance Exergy balance Exergy balance
HTC
Compressor ms=mg=my W= %(h6 — hs) Xemn = MyT,(Se—Ss)
Condenser meg =m; = my Qy =my(he — hy) Xenw = Qu — myTo(S6—S7)
EXpanSion m7 = m8 = mH h7 = h’8 XEDH = mHTO(S7_SS)
device
Cascade heat Mg = M5 = My Qcas =My (hs — hg) Xene = To{my(s;—sg)+ my(s;—s3)}
exchanger ms =m, =my Qcas =my(hy — h3)
LTC
Compressor my =m, =m, wy, = %(hz —hy) Xemp = mpT,(s5—51)
Condenser mp; =mz =my Qp=my(hy — h3) Xene = Qu —myTo(s5—53)
EXpanSion m3 = m4 = mL h3 = h4 XEDL = mLTO(S3_S4_)
device
Evaporator my=m; =my QL =my(hy — hy)

A
Xe =T, s =50 = 75 g7

In the mathematical model heat transfer equations in the table above, soma studies assume
isentropic efficiency compressor n=0,70 [10], n=0,874-0,0135.Rp [14], n=1-0,04RC [22], and 1=1,0
[24]. In this study it is assumed, the isentropic efficiency compressor is n=0,85. If power on

compressor LTC is P; watt, the amount of mass on LTC m, can be calculated from the energy balance
[22].

P =1 (hy = hy (1)

Form heat and mass balance on CRS, ratio mass defined by,
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Qcas = my(hs — hg) = my(h, — h3), (2)

my _ ha—hs (3)

my,  hs—hg

Coefficient of performance (COP) form CRS defined by [22]

Q
COP.4s = WH+LWL (4)

Total energy loss system is the sum of all exergy of each component. So the total exergy loss CRS
is calculated by defined [14],

Xtotal = ZXL' (5)

While the efficiency exergy CRS is defines as the ratio of the minimum work required to all total
actual work that is [14],

_WHAWL—Xtotal
MerRs ==y, (6)
3. Results and Analysis

3.1 Effect of Evaporator and Condenser Temperatures on CRS Performance

The effect of evaporation and condenser temperatures on CRS performance in terms of COP, total
loss exergy Eq. (3), exergy efficiency Eq. (5) and mass ratio Eq. (3), given by the following Figure 3 to
8.

3.1.1 Effect evaporator temperature on COP cascade

The effect of evaporator temperature on the COP cascade which will be discussed is given in
Figure 3, the following.

Based on Figure 3, evaporator temperature that can be achieved 220 K, if the evaporator
temperature raises, the COP rises. This condition is caused by the higher temperature of the
evaporator or lower temperature evaporation, pressure in the evaporator gets lower to vacuum. The
impact on the temperature very low requires W; a high compressor pressure on LTC [9]. The impact
if the temperature in evaporator rises the compressor work on LTC lower, the consequence COP
cascade will rise. This statement is relevant to the research [14,23-25], From Figure 1, maximum COP
MC22-R404A is 1,01. CRS with refrigerant pair MC22/R404A have better COPs than refrigerant pairs
MC22-R502 and MC134-R404A.
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Fig. 3. Effect temperature evaporator on COP cascade
3.1.2 Effect temperature condenser on COP cascade
Figure 4 below shows the effect of condenser temperature on COP at condenser temperature

from 300 K to 330 K. The temperature of the condenser is measured from the condenser exit
temperature on the HTC.
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Fig. 4. Effect temperature condenser on COP cascade

Based on Figure 4, if the temperature condenser HTC rise from 300 K to 330 K, the COP cascade
will go down. The phenomenon, if the condenser temperature rises or temperature out compressor
HTC rises, if takes a large compressor work HTC, the impact of COP cascade will be decreases. The
lowest cascade COP of 0,35 is indicated by MC134-R404A. The condition of COP cascade reduction is
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relevant to the results of study [22, 23, 26] if the HTC condenser temperature rises, the COP cascade
drops. The relationship between COP and condenser temperature is not linier.

3.1.3 Effect temperature evaporator and condenser on exergy

Figure 5 Show that the effect of evaporator temperature on total exergy loss, which show the
relationship of energy loss is needed if the evaporator temperature reaches 220 K. Evaporator
temperature observed at 220 Kto 270 K. The relationship between evaporator temperature and total
exergy loss is not linier.
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Fig. 5. Effect of evaporator temperature on total exergy
loss

From Figure 5, it shows if the evaporator temperature goes up increase from 200 K to 270 K, the
total exergy loss or total energy loss decreases. While the lowest amount of energy loss is MC22-
R404A, the highest total exergy loss is MC134-R404A which is 11.75 kW, when evaporator
temperature 220 K. The results of this phenomenon are relevant to results research [19, 21-22].

Figure 6, it shows that effect evaporator temperature on exergy efficiency, where the relationship
is not linier. If the LTC evaporator temperature increase, the exergy efficiency will increase and will
drop again. This mean that the greatest loss of exergy ratio if evaporator temperature between 220
K to 270 K. The lowest exergy efficiency at MC134/R404A is around 0,2743 or 27,43 %. The highest
exergy efficiency at MC22/R404A is around 0,521 or 52,1 %. This is in accordance with the conditions
in Figure 5, if the total heat loss is large, then the exergy efficiency will decrease. The results of this
phenomenon are relevant to results research review papers by several author [20-22] that is if the
evaporator temperature increase, the exergy efficiency will increase, and the relationship is not linier.
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Fig. 6. Effect of evaporator temperature on efficiency exergy

The opposite of Figure 6, in Figure 7 shows that if condenser temperature increase, the exergy
efficiency will decrease. The condenser temperature observed at a 300 K to 330 K. The exergy
efficiency decreases because if the evaporator temperature rises, and total exergy also rises, the
impact exergy efficiency will decrease. The MC22/R404A refrigerant pair has an exergy efficiency
greater than other refrigerant pairs. The relationship between condenser temperature and exergy
efficiency is not linier, will reach a minimum value under certain conditions. The results of this
research are relevant to the results of study can be seen in review papers by several authors [19, 20,

22], that is, if the condenser temperature rises, the exergy efficiency will decrease.
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efficiency

In Figure 8, shows the effect of evaporator temperature on mass ratio HTC and LTC, where my /m;,
has a linier trend that is inversely related to increase of evaporator temperature, the mass ratio
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my /m;, decrease. At a temperature 200 K, mass ratio my /m; MC22-R404A is higher than the others,
meaning that to reach this temperature required an amount of R404A refrigerant is greater than
MC22. On the other hand, COP cascade and evaporator temperature have non-linier relationship.
This indicated that the COP cascade is related to mass ratio my/m;optimum. The lowest mass ratio
is MC134-R404A compared to MC22-R404A and MC22/R502. This result is relevant to study review
papers [8, 20]
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Fig. 8. Effect of evaporator temperature on mass ratio
3.2 Effect AT cascade On COP and Exergy Efficiency

In refrigeration systems, exergy analysis is not only used for cascade systems. This method is also
used for the air heater system and liquid suction heat exchanger [15-27]. In this case, in several
previous studies the performance the cascade heat exchanger was reviewed from the effect of
cascade temperature on COP and exergy efficiency, where in principle AT cascade is the difference
between the temperature in the heat exchanger between the LTC and HTC temperature, which is
measured form AT=Tg —T; = Ts — T,. AT observed at 0°C to 30°C.

In Figure 9, shows that effect ATcascade on COP cascade at temperature 0°C to 30°C, under
operating conditions the evaporator temperature is 220 K to 270 K. From Figure 9. If ATcascade
increase, then the COP cascade will go down. The lowest COP cascade is MC134/R404A, and COP
cascade MC22-R404A is greater than MC22-R502 and MC134/R404A. Relationship of COP cascade
and AT cascade is not linier. COP cascade maximum if AT = 0. The phenomenon of decrease COP
cascade due to the decrease AT cascade this is identical to the increase condenser temperature, this
meaning that increase AT cascade resulting in increased the compressor work. These results are
identical to the results of the research can be seen in review papers by several authors [22, 24-26].
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Fig. 9. Effect AT cascade on COP cascade

In Figure 10, shows that effect AT cascade temperature on exergy efficiency, where if AT cascade
increase than exergy efficiency decrease. The lowest exergy efficiency is on MC134/R404A, which
mean that it is increasing AT cascade temperature and exergy efficiency will decrease, meaning that
using MC134/R404A refrigerant required large energy or high compressor work. This low exergy
efficiency is due to large total exergy loss, due to the difference in LTC and HTC temperature in large
heat exchanger. This can be interpreted that the greater temperature difference between LTC and
HTC in heat exchanger, the HTC and LTC compressor work will be even greater, and the amount of
heat expended by evaporator into the environment is also large.

4. Conclusion
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Fig. 10. Effect AT cascade on exergy efficiency

In this research, a low temperature refrigeration storage system with a cascade refrigeration
system was developed using a pair of refrigerants from MC22/R404A, MC22/R502 or MC134/R404A.
From the results of the above analysis it can be concluded that the MC22/R404A refrigerant has
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better performance, COP, and exergy efficiency compared to MC22/R502 or MC134/R404A.
Hydrocarbon refrigerant MC22 used in the cascade refrigeration system still needs to be continued,
it is recommended for use on HTC on CRS, and R404A refrigerant for LTC on CRS. From the
experimental results, it was found that the evaporator temperature of the refrigerant pair reached
220 K, the development of the cascade refrigeration system still needs to be continued, to get an
even lower storage temperature
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