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OZET

Doktora Tezi

SOGUTUCU AKISKAN CIFTLERI iCIN KADEMELI BiR SOGUTMA
SISTEMININ TERMODINAMIK PERFORMANSININ DENEYSEL
OLARAK INCELENMESI

Adel Mohmed A KRAIM

Karabiik Universite
Lisansiistii Programlar Enstitiisii

Enerji Sistemleri Miihendisligi Bolimii

Tez Damiymani:
Dr. Ogr. Uyesi Safak ATAS.
Subat 2023, 110 sayfa

Bu tez sayesinde, diisik basing c¢evriminde (LPC) R32 sogutucu akiskani
kullanilmasinin, yeni olusturulan karigim gazina (%90R32+%10R600a) gore kiiresel
1sinma potansiyeline (GWP) daha biiyilikk zarar verme potansiyeli oldugu
kanitlanmistir. R407C sogutucu akigkani kullanilan yiiksek basing ¢evrimi (HPC) bir
1s1 esanjori (HEX) ile iki sogutma devresini birbirine baglayan mini bir kademeli
sogutma sistemi (MCRS) kullanilmistir. Ayrica bu arastirma ile GWP’nin miimkiin
olan en diisiik degerde tutmak igin bir karigim kullanilarak istenilen en iyi sicaklik (T)
(-32°C) degeri elde edilmistir. Ayrica yeni karisgim ile (-32.18°C) ve R32 ile (-32.46°C)
degerlerine deneyler sonugunda ulasilmistir. Her iki ¢evrim igin asir1 kizdirma (Sh)
degeri, evaporator (Evap) ve kondenser (Cond) basinci (P), kompresorlerin (Comp),

HEX‘nin, Cond ve Evap iin her birinin giris ve ¢ikisinin T degeri 6l¢iilmistiir. Bu



sayede, MCRS de enerji tiikketimi degeri, sogutma odas1 T disiisii ile karsilastirilmis
ve iyi bir sonug¢ elde edilmistir. Giig girisi ve performans katsayis1 (COP) faktorii
hesaplandi. HEX'nin (T3) LPC'sinin T ¢ikisi, sogutma odasindaki T, degeri T ile
eslestirilir. Sonug olarak, MCRS'de ayn1 deneysel kosullar altinda yeni karigimin ve
R32 akiskani kullanilan g¢evrimleri COPycrs min sirasiyla 1.63 ve 1.78 olmasi
nedeniyle yeni karisimin R32'nin sonuglarina ¢ok yakin oldugu kanitlanmistir. Yeni
karisimin kullanilmasi sayesinde GWP degeri R32'den 63 daha diisiiktiir. Kullanilan
sistem modelini simiile etmek i¢in Refprop yazilimi kullanilmistir. R600a ve R32
gazlarinin her ikisininde yanici olmasindan dolayr yanici olmayan alternatifler

aranmasi Onerilmektedir.

Anahtar Kelimeler: Mini Kaskad Sogutma Cevrimi, Kiiresel Isinma Potansiyeli,
R32, R600a.
Bilim Kodu : 92808



ABSTRACT

Ph. D. Thesis

AN EXPERIMENTAL OF THERMODYNAMIC PERFORMANCE OF A
CASCADE REFRIGERATION SYSTEM FOR REFRIGERANT COUPLES
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Karabiik University
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The Department of Energy Systems Engineering

Thesis Advisor:
Assist. Prof. Dr. Safak ATAS
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Through this thesis, it was proved that in the low-pressure cycle (LPC) when using
R32 the greatest potential for damage to global warming potential (GWP) of the new
mixture (90%R32+10%R600a). A mini cascade refrigeration system (MCRS) was
used based on two refrigeration circuits connected by a heat exchanger (HEX) using
the high-pressure cycle (HPC) with R407C. Furthermore, through this research, the
best temperature (T) was (-32°C) by obtained by using a mixture at the lowest possible
value of GWP events. Moreover, results were taken from the experiment with the new
mixture at (-32.18°C) and with R32 at (-32.46°C). Superheat (Sh) and the pressure (P)
of the evaporator (Evap) and the condenser (Cond) for both and, the T of the inlet and
outlet of each of the compressors (Comp), the HEX, the Cond, and the Evap have been
taken. Therefore, the energy consumption has been compared with the cooling

chamber T drop and has a good result using MCRS. The power input and coefficient

Vi



of performance (COP) factor were calculated. The outlet T of the LPC of the HEX (T3)
is matched by the T in the refrigerating chamber (T,). Consequently, it was proved that
the new mixture under the same experimental conditions in MCRS is very close to the
results of R32 as R32 and COPycgs 1S 1.63 and 1.78 for the new mixture. Therefore,
the new mixture has a lower GWP of 63 than R32. Software Refprop was used to
simulate the system model used. Therefore, from this, recommend looking for non-
flammable alternatives to gases or mixtures because both R600a and R32 are

flammable.
Keywords : Mini Cascade Refrigeration System, Kiirese Isinma Potansiyeli, R32,

R600a.
Science Code: 91408
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SYMBOLS
W:  :Work by the Compressor
T : Temperature
P : Pressure
°C : Degrees Celsius
°K : Degrees kelvin
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X . Exergy
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1% - Volumetric flow
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3/h : Cubic meters/ hour
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Nis . Isentropic efficiency
C0O, : Carbon dioxide
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PART 1

INTRODUCTION

Refrigeration and cooling systems are an important part of our lives. Cooling
technologies, which are frequently needed for the high quality of life and food
preservation, emerged in the mid 19th century while living spaces were being built. It
plays a very important role in both domestic and commercial and industrial use.
Refrigeration and cooling systems have played an important role in our lives since
then. Cooling systems; It is widely used in areas, food preservation, production areas
of various sizes, storage, commercial workplaces, and chemical and pharmaceutical
industries. Therefore, it is very important to develop CM, increase their efficiency, be
suitable for human health and be environmentally friendly. Today, many cooling
applications are used. However, heat pump cooling systems are The coolest type of
cooling nowadays. Appliances such as refrigerators and air conditioners that we often

use in our daily life are the most common examples of heat pump systems.

Because a region or country has a hot climate, there is a need for cooling or lowering
its T. CM; It is widely used in food storage, production, and storage of various sizes,
commercial workplaces, and chemical and pharmaceutical industries. Therefore, the
COP of CM should be increased, they should be made suitable for the atmosphere and
people to be healthy, and the GWP and ODP values of the refrigerants used should be
low values. Refrigeration devices are called CM. Main CM is known as vapor

compression, absorption, and multistage CM.

In some areas such as the pharmaceutical-chemical industry, health, and laboratory
applications, cooling at very low T may be required. Single-stage heat pumps (vapor
compression refrigeration cycles) have difficulty in meeting adequate efficiency in
LPC, as well as their costs and energy consumption, remain high. As it is clearly seen

in the literature, CRS is more efficient system for low T cooling than single-stage heat



pumps. The energy consumed and the Comp outlet T in CRS (two-stage) cooling
systems used in very low T cooling areas are lower than in single-stage systems.

Absorption cooling applications can also cool at very low T when used gradually.
However, this type of CM used today is not suitable for use in all areas, as they are

large-scale and more complex CM.

Today, the most widely used cooling system in cooling applications is vapor
compression CM. These systems depend on Comp, Cond, EEV, and Evap
respectively. Heat drawn from a higher T environment is thrown into a low T
environment. In order for this process to take place, external work is given while the
refrigerant is circulating in the CM. During this process, the refrigerant undergoes a
number of processes and changes phase. Some CM require very low T. CRS come to

the fore in order to perform cooling at desired low T.

Experimental setup is designed and produced. In the experimental setup, computer-
connected T and P measuring devices and EEVs were used to measure and record the
experimental data. In this thesis, the CRS in which R32-R600a refrigerant and its
mixtures are used in the low-pressure cycle (LPC) and R407C refrigerant in the high-
pressure cycle (HPC) will be examined experimentally. Heat exchanger (HEX) be a
link between the two sessions. The data obtained as a result of MCRS will be given in

the sixth chapter of this research.



PART 2

HISTORY OF COOLING AND LITERATURE

2.1. COOLING APPLICATIONS FROM PAST TO PRESENT

In this chapter; The first cooling methods, the first alternative cooling studies, the first
chemical cooling applications and the first mechanical cooling (CM) applications in
history have been trying to be summarized. It is aimed to explain the importance of
refrigeration in human history and to introduce the firsts in vapor compression
refrigeration cycles based on the thesis topic. Various cooling applications have been
needed since the beginning of human history. The cooling needs, which it has seen
basically to preserve foods for a long time without spoiling and to lower T room [1].
Although the exact dates cannot be reached in the first cooling applications, we see
various examples in ancient civilizations. As an example, the Insuyu cave located in
Burdur, Turkey, from the geography of Mesopotamia, can be shown in 333 BC. In
archaeological studies, the city's BC, the cave was used for cold storage of food in
Sagalassos, the ancient city of Pisidia. The cave, which is 900 m above sea level, has
large and small sections, is 597 m long, and has a T of 13°C in all seasons of the year
[2]. Many examples such as Karabiik Bulak-Mencilis Cave, and Gaziantep Kaleoglu
Cave show us that natural methods have been used from ancient times to cool food in
Anatolia, the cradle of civilizations. The common features of the caves used for food
storage are that they are at the same T in all seasons of the year, due to the effect of

being in a karstic structure [3].

In Ottoman history, we see that the snow and ice trade was carried out, where in the
last periods of winter, snow was collected, compacted with molds, buried in deep
wells, and stored. During storage, thermal insulation would have been provided by
utilizing the low heat transmission coefficient of straw and soil. In case of need, the

ice floes extracted from the wells during the summer were used for cooling purposes,



especially for food [4]. When it comes to the 16th century, the first examples of
chemical cooling methods are seen. It has been found that when chemicals such as
sodium nitrate is mixed in water, the water t drops. The first known creator of the
steam p refrigeration cycle was Oliver Evans (1755-1819). O. Evans found that when
the vacuum is made from a container filled with water, the boiling point decreases and
the water cools slightly. He described in his drawings that a reciprocating vacuum
pump or a compression cylinder must generate heat in a Cond to produce this effect
[5]. The first known example of mechanical cooling was applied in 1756 by William
Cullen, a professor at the College of Physicians and Physicians at the University of
Scotland Glasgow. He reduced the P and T of Diethyl ether in a non-air-permeable
tank using a manual vacuum pump. As a result of this experiment, it was succeeded in
producing a very small amount of ice. It has produced commercial-grade samples for
meat products and the brewing industry. The first use of refrigerators in residences
took place in America in 1911. The basic cooling methods, which are based on the
principle of discharging the heat from the space (or mass), are used much more

effectively today [6].

The refrigerant couples used in CRS are on the rise in recent research. The sterilization
and blood storage industries, for example, need low T of less than -30°C, and in many
cases, these industries need small spaces that can meet MCRS. The LPC and the HPC
are connected to a HEX to form CRS. The HEX represents the Cond for the LPC and
the Evap to the HPC, while the main Evap is to the LPC and the main Cond to the
HPC. By CRS performance CPO and flow rate m were calculated using R744/R717
according to A. Messineo [7]. It is recommended to use EES to calculate the
simulations of CM. The main attraction of R744 natural refrigerant blends is that it has
lower GWP, ODP, and flammability than safety cooler. It considers the possibility of
using CO2 blends in applications below -56°C [8]. According to reference [9], CRS
must be improved to reduce cost and increase COP, and this comes by calculating the
analysis of the condition of the refrigerant and the stages of its transformation from

liquid to gas and vice versa.

Y. Zhang et al. (2022) In this thesis worked with containing R1270 with carbon
dioxide. A CRS working with two reciprocating Comp was produced. The results show



R1270 as a good alternative in the HPC to replace NH3 and R290 [10]. Moreover,
Refrigerants can be classified into A3 highly flammable, A2 medium flammable, and
Al low flammable at 101 kPa and 21°C. The mixtures have a similar flammability and
toxicity rating as R407C class Al, R32 class A2, and R600a class A3 [11]. Sun et al.
(2019) article, R41, and R23 refrigerants were used in the LPC, while refrigerants R32
and R290 were used in the HPC [12]. Likewise, Roy and Mandal Compare the Exergy
analysis of CRS R404A in HPC and R41 in LPC [13]. Mofrad et al. (2020)
thermodynamic simulation and analysis for CRC are examined. The optimization
results concluded that heat recovery CRS increases the COP by 7.6% and the exergy
efficiency by 12.5 [14]. Also, according to Y. Ust and A. S. Karakurt, the R23/R717
refrigerants proved to be better [15].

Moreover, MCRS should be user-friendly refrigerants for the environment.

Correspondingly, a system secures all working conditions in following as below:

¢ Increased demand in the refrigeration industry.
e Low energy consumption compared to a single Comp unit.

e CRS can be manufactured in different sizes.

Bhamidipati et al. (2020) In this study, aimed aims to investigate the use of R32 as a
possible substitute for R134a. R134a has a higher GWP than R32 [16].

It is also compulsory to mature both freezing rotations to rise the competence of the
MCRS. Recently, the science of two-phase refrigeration has received significantly
devotion. A mixture composed of R32/R600a where the pressure deviation was 13%
and 0.0089 respectively [17]. Bingming et al. (2009) carried out the work in this article
Analyze the COP of CRS by using NH3/CO2. The effects of the T difference in the
cascade HEX of the LPC on the COP were investigated. Use cascade cooling for better
COP for T below -40°C [18]. Furthermore, The HPC and LPC cycles form the MCRS
and are connected by a HEX. R32 can be used in LPC because its vapor point is from
0 to -70°C and R407C can be used in HPC because its vapor point is from 0 to -60°C.
Both cycles are subject to entropy analysis of the expansion process. Using
R23/R404A proved to be less effective than R23/R404A in terms of COP.



Furthermore, according to [19], the heat gained from the Comp is subtracted by the
Cond of each of the two cycles.

2.2. LITERATURE RESEARCH

Khalilzadeh et al. (2019) designed a system based on that the Cond squandering heat
get from the CRS is used in an Organic Rankine cycle with the reinforcement of solar
collectors, and the generated electrical energy is reused in the CRS. The CRS used has
a cooling capacity of 100 kW at -55°C and has an electricity consumption of 3253.44
kwWh/day. In addition, the overall energy efficiency of the designed CRS was
calculated as 84.53%, and the total exergy efficiency was calculated as 37.05%. In
this way, the electrical energy that the CRS cycle will receive from the network has
decreased by 82.57%. As extend the COP of the CRS increased from 4.23 to 5.74 [20].

Singh et al. (2021). COP, exergy efficiency, and system cost ratios were compared to
determine the best alternative refrigerant pair. It was concluded that COP and exergy
competence achieved was 1.917% and 39.14%, respectively. Analysis of R717/R290
is the best in terms of thermodynamics and economy [21]. R134a is the first gas that
does not affect ODP. The COP and flow rate of the mixture with a weight ratio of
(70/5/25) consisting of (R32/R600a/R290) less global warming potential than R134a
at 33°C condensation and -5°C evaporation. Using a refrigerator, an alternative to
R134a was searched for in a practical experiment conducted by [8]. Choosing R32 is
the recommended choice as it is the least environmentally destructive. It is also rated
R32 as having a low GWP [22].

Llopis et al. (2016) experimentally investigated and analyzed the effects of the internal
HEX used in the LPC of a CRS with a two-stage HEX. COP was equivalent 3.7 by
experiments. In addition, it has been observed that it reduces the amount of heat in
HPC in the HEX 4.4% to 5.2% [23]. Massachetto et al. (2019) By a CRS, six types of
refrigerants were tested. By using pure gases, the percentage was raised to 32% from
18% for the COP [24]. When the oil mixes with the coolant, the P increases by 22%.
Test R32 for ignition effect at a mixing rate m at 200 g/min tested by Liang et al., as

announced by [25]. Wang et al. (2020) the overexploitation control method in order to



achieve precise T setting values in a CRS. The over-cooling control get the desired T
with a deviation of 0.8%, and it was determined that the system COP by 10.6%.
Extreme seeking control provides instant controls by quickly detecting system

parameters with dynamic algorithm software [26].

Lopez-Belchi et al. (2017) R32 was suggested as an alternative to R410A refrigerant.
Using a small channel condensate and refrigerant exchanger, a theoretical and practical
research was carried out. Therefore, prove that the energy efficiency of the system is
increased by using R32 and the environmental impact is reduced [27]. In a practical
experiment using the CO2/R32 mixture (20/80 %) by mass, the energy consumption
was 12%, which has a lower global warming potential compared to R410A gas, which
produces it with an energy consumption of 16%, according to the reference [28].
Massuchetto et al. (2019) used in a CRS. Thermodynamic performance comparisons
of R744/R1270, R744/R717, and R744/RE170 fluid pairs were made. R744/RE170
liquid couple reached the highest COP value with a value of 2.34. The experiments

were carried out in a cycle, it had a capacity of 100 kilowatts [29].

Sun et al. (2016) An alternative to R23 refrigerant gas has been proposed with a gas
better than it with environmental specifications using R41. The study was
comprehensive to LPC and HPC with vital cooling agents for both from evaporation
to condensation of the refrigerant medium. The COP was better and the input power
was lower when using the R41 compared to the same experience of the R23. Record
(g) energy consumed, (X) energy loss, (COP), and Comp input power. The CRS that
was used suggested theoretically that the R41 is better than the R23. The result was
42.98% when using the R23/R404A, while the result was 44.38% with R41/R404A
for maximum energy. The highest COP is achieved when the degree of condensation

is as low as possible [30].

However, Environmental problems have become a major factor in determining the
quality of carbon mixtures and the possibility of using them or not. The oils used to
lubricate the Comp in the refrigeration cycle are of great importance because of the
possibility of interaction with the refrigerant gas, so the refrigerant oil used with

R410A was changed with new oil that is compatible with the alternative gas R32, and



it is less energy consuming and less capable of causing global warming, so R32 is a
good alternative to gas R410A (2014) [31]. Wang et al. (2020) carried out A low T
equal to -80°C was reached by using an additional LPC of HEX in a laboratory
experiment. It has been proven that the decrease in T is faster than the decrease in COP

and cooling capacity [32].

Tan et al. (2015) in this study; Suggest a lower T cooling cycle by using an ejector
cooling with CRS. -30°C is the T reaches as the lowest possible T in this experiment
[33]. The best experimental rate and the lowest energy consumption with the lowest
gas charge by weight were when using R600a/R290 mixture (54.8/45.2%) by mass as
an alternative to R134A gas. Mohanraj et al. (2009) [34] Prove that the mixture used
reaches a lower T in the Evap, 1% is the mixing ratio of the oil with the refrigerant
when using POE oil. Sun et al. (2016). Using a successive refrigeration cycle with a
practical experiment R23/R404A compared to the refrigerant pair R41/R404A by a
thermodynamic analysis method. As a result of the experiment, it was noted that a
mixture could be used instead of pure R41 gas due to its high flammability [35].
Kilicarslan et al. (2010) In this study, the irreversibility analysis was done with a
computer code that optimizes energy using 12 different refrigerant pairs, among which
was R404A and R290. This research adopts that it replaces R507/R23 with the
proposed couple R404A/R23 the COP of a system decreases as the T of the Cond
increases [36]. conducted with R600a and a mixture of R600 with R290 at a ratio of
(40/60%) by mass to replace HFC-134A as stated in [37].

Dalkili¢ (2012) made COP comparisons of various refrigerants in a CRS with his
experimental analysis. In the study; A comparison of R12, R22, and R502 refrigerants
and alternatives such as R134a, R152A, R404A, R407C, R290, R600a, R717, and
mixed refrigerants consisting of R134a, R152A, R600a, R290 is presented. In mixed
fluids, it was stated that the azeotropic R152A/R134a (86/14%) and R600a/R134a
(18/82%) both by weight mixtures reached higher COP values than the non-azeotropic
R290 / R600 (55/45%) mixtures. It was confirmed that R600a was used in refrigerant
mixtures that were used during the experiment, and the mixture charge quantities were
less than other gases. In the comparisons made; Reaches the highest COP value when

using R717 refrigerants in the HPC and R152a refrigerants in the LPC. As a result of



the analysis, it was stated that R152a and R717 fluids reached higher COP values and
these fluids required less charge amount [38].

Sun et al. (2019) In this article, the Comp operating conditions, as well as COP of
CO2/R32 mixtures. In this study, they observed that the CO2/R32 mixtures
significantly reduced the cooling treatments [39]. According to Rui et al. (2016)
confirmed the value for which the Evap is designed to be wet can be converted to the
drying value of the Evap if large quantities are used as the load for the Evap inside the
cold rooms. Atalay (2019) developed a refrigeration simulation for real cooling cycles,
it is stated that the results are quite compatible with each other and can be used easily
and effectively in the application areas. With the developed simulation models, CRS
analyses of R290/R290, R600/R600, and R290/R600 fluid couples were performed. In
the comparison of refrigerants, it was determined that the R290 fluid gave a higher
COP value. The data obtained as a result of the simulation were compared with the
internationally valid REFPROP 9.0 program and it was observed that the results
obtained from both programs were compatible with each other. However, it was
observed that higher COP values were obtained in the simulation using R600
refrigerant in both cycles [41].

Kochenburger et al. (2015) The CRS using mixed refrigerant in this study offers a
possible for the HPC from 55 to 70 K. Oxygen is used in the HPC and a mixture of
nitrogen and neon is used in the LPC [42]. Furthermore, the components of the mixture
have an effect on the system used according to the proportion of each component in
the mixture, and the effect is clear about condensation, evaporation, and performance
coefficient. The results of the experiment mentioned the relationship between COP
and P [43]. Cimsit (2018) theoretically made thermodynamic analyzes of NH3/H20
fluid couple in a CRS [44]. Pico et al. (2020) conducted a study was conducted to
reduce increased GWP, the system is running R410A replaced by R32. By selecting

two different temperatures the POE oil was tested [45].

In the same way, Shaik and Babu (2017) R22 was suggested to be replaced with a
mixture of 10 refrigerants in different proportions consisting of two main gases, R290

with R1270. 50 is the condensing T and -30 to 10 is the evaporation T using the least



amount of refrigerant possible [46]. Rupesh et al. (2015) in their experimental study;
Thermodynamic analyzes of a CRS using R134a/R23 fluid couples were carried out.
COPy 4 Tor R134a/R23 by 0.8 [47]. He et al. (2016) this research proposes ingredients
for the mixture R32/R290. Using an R22 air conditioner, a mixture was tested to be
replaced by the mixture composed of R32 68% with R290 32%. R410A has a higher
heat transfer coefficient than the mixture. The study presented an improved design of
the refrigeration unit through the results obtained for the mixture [48]. The result of
the research is that the cooling factors for the added cooling cycle are very important
factors for obtaining good results for the system, such as Sc and Sh of a study
conducted by [49]. Yin et al. (2016) developed a control-supervision mechanism to
excess the energy of CRS. In the light of the data obtained, it has been stated that the
developed control unit provides 5.8% less energy consumption than a standard CRS.
In the HPC, a mathematical model using a PI controller has been developed to

optimally meet the demands between cooling demands and Sh degrees [50].

Yao et al. (2017) In this study, the application of R32 refrigerant identical COP for
R410A was investigated. DEAFAHU through R32 can sustain performance and
operate safely at 90°C. There is a clear trend towards replacing R410A and R32 [51].
Therefore, use a mixture of R600a added to R290 as an alternative to R134a for a heat
pump. R134A was considered a natural alternative to R290. To provide adequate flow
they recommended the use of a larger compressor with the R600a. With the possibility
of using a compressor with the same specifications and refrigerant oil for both R600a
and R134A gases [52]. Campbell et al. (2007) designed and manufactured a system
and conducted various experiments on this system examine the cop of the single
rotation using R744 (CO) fluid. They compared the benefits and practical results of
using natural fluids such as CO2 (R744) in commercial cooling devices. As a result of
their studies, they determined that the 25-kW CRS (R404A/R744) releases up to 1274
tons of COz less in 10 years compared to conventional single-stage systems with the
same capacity. They observed that using the R404A/R744 CRS saves energy and
significantly reduces CO2 emissions compared to conventional systems [53]. Ma et al.
(2014) In this study, they investigated a CO2/NH3 CRS using a falling film Evap-Cond
by way of a HEX. When using CO> and NHs, it is possible to benefit from this study
in the field of design [54].
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Similarly, Oktaviani [55] has employed the mixture of R134a as well as R32 which
was applied under an absorption cooling experiment at T ranging from (25°C to 75°C)
on activated carbon powder. Ceylan (2002) studied CRS operating at low T. It also
formulated methods to be used in determining the materials used in multistage
refrigeration cycles [56]. Sanz-Kock et al. (2014) In this study, Used CRS with R134A
and COz. All system cooling factors are taken into account to calculate COP. The
highest degree of Cond is 50°C; the highest degree of Evap is -30°C, the lowest degree
of Cond is 30°C, and the lowest degree of Evap is -40°C [57]. Consequently, when
applying the mixture R32 / R290, Pipe connections and Comp capacity must be
checked when using the mixture as declared in [58]. In his study, Menlik (2005)
designed and manufactured a two-stage cooling system and conducted efficiency-
performance experiments. The COP of the system at this operation was calculated as
1.05. A brazed plate was chosen for the HEX, which is considered the most sensitive
element in the CRS. the Evap T is -88°C which 2°C lower than the designed T value
and -75°C ambient T in 5 hours [59]. Sholahudin & Giannetti (2016), it is investigated
a CRS by means of a mix of C3Hg in HPC and a CoHe/CO> in LPC. The result was
more positive than expected in terms of economics and thermodynamics [60].

Using a refrigeration cycle that uses CO2 and R404A proves that the Comp has the
greatest value in system energy loss. The more energy loses, the lower the COP [61].
Bayrakge1 et al. (2010) made energy analyzes of one-stage and double-stage (CRS) with
R744 refrigerant at identical cooling loads and compared their costs. When they
compared the annual energy consumption of single and two-stage systems, it was
revealed that the energy cost of the one-stage refrigeration cycle is upper than the CRS.
In their studies, they determined that the CRS had higher COP values [62]. Sahin
(2020) analyzed different refrigerants using the EES (Engineering Equation Solver)
program in his CRS study. Exergy and COP efficiencies were compared for each
refrigerant when operated with different parameters. ODP values are the same, GWP
values are different [63]. Bouaziz (2014). R32 with a mass fraction of approximately
0.22 amounts to 150 GWP [64]. Zubair (1998) determined in their studies that a two-
stage vapor compression system would be more appropriate in order to eliminate the
extreme P differences between low and high P of single-stage systems operating at low

T. With this simulation based on thermodynamic analysis, they showed that the COP
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value of the CRS would be higher than one-stage. In their study, they made
thermodynamic analyzes of single-stage and CRS refrigeration cycles operating at
identical loads [65]. In his study, Yilmaz (2018) CRS using R744/R717 refrigerant. It
has been observed that the NH3-CO> mixture has a higher cop in CRS in LPC [66].
When using R32 by increasing the mass fraction, the system T of condensation and
evaporation increases [67]. Kiligarslan (2004) aimed to increase the low COP
efficiency due to the large difference in low and high pressure at high condensation
and low evaporation T in a system using a single-stage R134a refrigerant [68]. Elitok
(2017) experimentally investigated the CRS in his study. R134A in the HPC and
R404A in LPC. It observed that while T, were changed from -27°C to -17°C, Cond T
varied from 47°C to 57°C [69]. Zhou et al. (2017) It is presented a study to analyze
the transformation of the refrigerant medium from a gas to a liquid and vice versa for
a single gas or a mixture. R134a Replace with refrigerant mixtures of R290, R600a
and R32. It is recommend using REFPROP software [70].

Kaynakl1 and Yamankaradeniz (2003) According to the COP factor of an absorption
cooling system through the HEX. They used NH3 and NH3/H20 as refrigerants in the
absorption cooling system [71]. Giiney (2014) made the exergy of energy and energy
analysis for R744/R134A in the CRS in his study. COP of the general CRS was 1.14.
The environmental and thermophysical properties of the refrigerants used were
examined, and measurements were taken from certain points on the system used [72].
The COP of the mixture was better in this search [73]. Kizilkan (2004) In his
theoretical work, Kizilkan made thermodynamic and thermoseconomic analyzes of
Evap, Cond, Sh, and Sc values in a cooling system. In the investigations, Evap, Cond,
superheat and Sc T values are considered variable parameters of the system. In the
last stage of the study, the thermoeconomic optimization method was applied to the
entire cooling system [74]. In the Kaya (2014) study, the most commonly used R32,
and HC, R290, and R600a, refrigerants. It has been observed that refrigerant mixtures
have an important role in the determination of environmentally friendly. The
mentioned refrigerant mixtures were analyzed according to their thermodynamic and
economic properties [75]. Kilicarslan and Hosoz (2010) They used five types of

refrigerant compounds with R23 refrigerant by computer code. The cooling load is 100
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watts, evaporating and condensing degrees -40°C degrees Celsius -27°C degrees,
respectively, with Sh at 7°C [76].

Ozkaymak (2008) By means of a refrigeration compression system, an extensive
analysis of all components of the system was carried out economically and
thermodynamically. COP improvement of the system by using three different types of
coolant depending (R502, R12, and R22) on the second and first law of
thermodynamics for all system elements. The T of the water entering and exiting the
cooling vessel was determined at 15°C and 20°C, and for the Cond, the water exit T
was 25°C, and at the entrance of the Cond was 20°C [77]. Kedersiz (2014) used Four
pairs were proposed that rise to be among the best cooling fluids in terms of their
suitability for the environment. The best proposals of this study were R407C-R507A
as the best COP rate. The Evap operates between -40°C and -30°C, and the Cond
operates between 60°C and 50°C, with a capacity of 10,000 watts in CRS. [78].
Moreover, the study included R507 was suggested as an alternative to R404a. Kalla et
al., (2017) have performed reached the result of changing the refrigerant oil suitable
for working with R407C when using it as an alternative to R22 in a theoretical study
[79].

Ozkaymak et al. (2010) studied thermoeconomic optimization using alternative
refrigerants by a Comp system. The calculations, they calculated the ideal surface areas
for the Evap and Cond in HEX according for given in a range of degrees. R22, R410A,
and R407C refrigerants, calculations were made by taking the Cond 35 °C to +55 °C,
and Evap -10°C to +10°C. By analyzing the law, they optimized the system in terms
of thermoeconomic. In this study, thermoeconomic optimization of Cond and Evap

have been carried out [80].

In the study of Akalan (2013), Use ammonia in CRS features and isotherms with CO2.
Under the same conditions, ammonia was better than NH3/CO2 in the study result
[81]. It was announced by [82] that the enthalpy and entropy charts with P can be
calculated with great accuracy for both the inertia of the mixture and the quality of its
COP. Additionally, with a practical and theoretical study, replace R22 with a mixture
of two gases, R32 by 30% and R134a by 70%, using an air conditioner. Uysal (2018),
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his experimental work, conducted experiments to determine the appropriate Sh value
to be used in cold storage applications. As a result, he stated that the ideal Sh value
for Comp life and energy efficiency is 8°C. The warehouse T set value was determined
as -10°C and used R404a refrigerant. In these experiments, he measured COP, Comp
surface T, energy consumption, and Comp on-off numbers. It was used an EEV and
cold room control unit to control Sh values in the experimental setup, it was designed
and manufactured [83]. In the study of Ismaeel (2012), The study confirmed that the
ambient T affected the cooling system by 2.36% of the annual total cost using CRS
[84]. In the same way, Chen and Yu (2008) Air conditioner R32 has been used
extensively in recent times, so a suitable oil must be developed for it, as the usual oils

mix with it, which reduces the viscosity of the oil [85].

Ozkaya et al. (2009) Different refrigerants of domestic refrigerators, it found that
R404A and R407C fluids are more efficient in high-pressure systems. According to
the results obtained from the experiments, they determined that R134a refrigerant is
more suitable for domestic use than R404A and R407C refrigerants. They conducted
separate experiments and calculated the COP, using R134a, R404A, and R407C
refrigerants, without making any changes in the system elements, in household type
coolers that generally use R134a and R22 refrigerants [86]. Carbon dioxide, T, P,
cooling COP, capacity, etc. The main Cond varies between 32.67 kW and 8.12 kW,
and the required Comp power varies between 9.45 kW and 3.89 kW. Cooling effect
coefficient for whole CRS is between 1.693 and 0.853, and efficiency for whole system
Is between 0.375 and 0.189. The results show that the upper stage evaporation T from
-15°C to -45°C, the cooling capacity varies between 20.54 kW and 3.74 kW [87].
Besides, prove that the oil used with R410A can be used with R32 [88]. Qi et al. (2010)
worked on the development T of Sh control in commercial air conditioning systems, a
controller has been developed to increase the cooling efficiency by simultaneously
changing the added heat degree. It was spotted ideal the added heat degree must be
actively changed for maximum efficiency due to the speed change of the variable flow
Comp [89]. Karatz (2010) researched the applications of CO> systems in his study.
CO: is one of the famous gases for this research, with both its thermodynamic

properties and environmentally friendly rates [90].
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Additionally, for lower T with a heat pump load, use a mixture of R32 at 20 percent
with R1234yf at 80 percent. The heating rate increased by 13%, the COP increased by
16%, the cooling capacity increased by 16%, and the heating capacity increased by
20%. Xu et al. (2017) have mentioned that when the Evap T rises, this leads to an
increase in the T of the Comp intake line, which was calculated to be equal to 110
degrees Celsius [91].

Usta et al. (2006) by CRS study, performed performance tests using the R404A/R508B
refrigerant couple. As a result of their studies, they stated that the most critical part of
CRS is the cascade HEX. They used R404A fluids in the HPC and R508B fluids in the
LPC. They showed the results of their experiments at different ambient T in graphs
[92].

Arcaklioglu (2002) it was used by mixing in different proportions as double, triple,
and quadruple. As a result, R290/R600a (56/44) with a 0.4% COP increase instead of
R32/R134A (35.2/64.8) by weight [93]. Prove the low global warming potential of gas
R32 and elaborate extensively on the advantages and disadvantages of this gas.
Moreover, this gas has flammability, but it is better than most refrigerants consisting
of hydrofluorocarbons, which have a high potential for global warming events. As they
mentioned, one of the advantages of this gas is that it reduces both the operating energy
of heating and cooling and by adhering to safety rules in the charging and unloading
operations, dealing with the gas is safe even when it is used with other gases as a
mixture [94]. Prove that mixtures of refrigerant gases can reduce the GWP, even if one
of the mixture's components has GWP, depending on the proportion of those gases in
the mix as declared by [95]. In developed countries, R404A was replaced by a mixture
of R455A with R454C, as the COP value increased to 15 percent from what it was in
the past. as informed in [96].

The refrigerant oil must be changed when replacing R22 refrigerant with mixtures
containing R32 compound. The humidity is high for modern types of POE oils that are
stable by chemical interaction with the coolant after developing these oils from older
types of PAG as reported in [97]. The results of the research are summarized that in

order to reach the best possible outcome for the refrigeration system, the search for
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alternatives to the refrigerant medium must be continued, except if it is pure gas or a
mixture consisting of several gases, in order to reduce the toxicity of the gas or mixture
in addition to the environmental risks described in [98]. The system recorded the
lowest energy consumption using two alternative gases for R404A. Both alternatives,
R453A and R442A, had good results and were better than the old results with R404A
at three fixed T for both the Cond and the Evap [99]. Hydrocarbon gases are shipped
in a higher quantity inside the refrigeration system compared to R32 gas, which is 73
percent less than the internationally permissible limit for the potential for global
warming, as it is widely used in Europe and America, and it is a good alternative to
R410A. The laboratories, laboratories, and factories of developed countries, such as
Japan, confirmed the replacement of the R22 refrigerant gas with a mixture or a pure
gas from the R32 refrigerant by adding gas to the mixture or more to form the mixture
[100].

Declared 750 as the maximum global warming potential value for any refrigerant
according to the laws in force in the European Union, and it was also approved to work
as an alternative to R410A gas for systems 3000 grams of refrigerant and
recommended the use of R32 [101]. Confirmed use of an alternative mixture of R744
20% with R32 refrigerant 80% to replace R410A as declared by [102]. Adopt a
maximum of 150 to the GWP of any gas or mixture that acts as a refrigerant by 2022

within the European Union as reported in [103].

For MCRS in our search there is not enough scientific and practical research to refer
to refrigeration media unless it is composed of one gas or a mixture of several gases.
Most researchers, companies, and laboratories in the fields of refrigeration and air
conditioning are striving hard to find new refrigeration media that are better than the
ones that exist now, except if they are pure gas or a mixture to reduce GWP, as is
evident through the latest research papers recently published on this topic. Gas or
mixture less likely to cause global warming was the target of our current research. A
sealed reciprocating Comp was used to reach an Ejection line of P, for the refrigerant
consisting of R600a by 10 percent and R32 by 90 percent. The Cond expels the heat
gained from the system Qy and subtracts it from the outside air at condensation T. In
HPC, Tg represents the entry T to HEX in the HPC, while LPC, which is the LPC,
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takes a measurement of the outlet of the HEX T3, and the difference between the two
degrees AT has a significant impact on the system according to the laws of

thermodynamics. The cooler Tg, the better the COP of the MCRS.

Table 2.1. Some results published in CRS of LPC and HPC

Refrigerant couples Information Studies
LPC HPC
R23 R12, R22, Cond T of HEX in CRS
R744 R404A Cond T of HEX in CRS
R744 R290 Cond T of HEX in CRS
R744 R717 Cond T of HEX in CRS
R32 R407C Cond T of HEX in CRS, cost, size
R32/R600a R407C Cond T of HEX in CRS, cost, size
(90/10 by
mass%o)

Cooling pairs used during this research are show in the last two experiences.
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PART 3

THEORETICAL BASICS OF COOLING AND COOLING SYSTEMS

3.1. INTRODUCTION TO THE DEFINITION OF COOLING

Refrigeration technology is constantly evolving and has become an integral part of life
in today's environment. In refrigeration cycles, Moisture and heat are taken from the
cooling space to the surroundings. Cooling is the transfer of warmth from one place to
another and keeping the temperature in that place at a temperature below the ambient

temperature.

3.2. COOLING METHODS

In this chapter; vapor compression cooling system, absorption cooling system, two-
stage cooling system, and cascade cooling system will be briefly explained; Cascade
cooling systems will be discussed in detail in the fourth chapter. Different cooling
systems are used depending on the reasons. Commonly used cooling systems can be
listed as follows: VVapor compression cooling system, absorption cooling system, two-
stage cooling system, and CRS. The most common refrigeration cycle to use is the
compression cycle, which the medium used for refrigeration alternately Evap and
Cond and is Comp while in the vapor phase. Today, the material to be cooled, its

amount, cooling place, desired T value, etc.
3.3. ABSORPTION COOLING CYCLE
The absorption circuit consists of the refrigerant separator, which performs the work
of the Comp in the compression cycle, and the rest of the cycle parts are similar. An

absorption chiller varies from other chillers and does not have a Comp. The cooling

load is met by an Evap. Instead, it uses heat to generate cooling. Lithium Bromide is
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more common. Conventional coolers are not used with absorption circuits in

refrigeration. There is a pump to circulate the water in the cycle.

The water evaporates in the Evap as a result of its low P after leaving the expansion
valve, and in the Cond the vapor is condensed into liquid after the heating process in
the separating vessel to Sh the water from the salt.

3.4. STEAM COMPRESSED COOLING CYCLES

There are some differences in the materials that make up the cycle according to their
purpose of use and shape, their basic principles are the same. It is used extensively in
many areas such as food storage, industry, air conditioning, and laboratory
environments. According to the Il of thermodynamics, the transfer of heat from hot to
cold space. Therefore, another name for vapor compression refrigeration cycles is
"Heat Pump"”. Although vapor compression refrigeration cycles actually work with
the same principle, they enable us to transfer heat from a low-temperature place to a
high-temperature environment by taking advantage of the phase changes of the
refrigerants. We can classify vapor compression refrigeration cycles under four main
headings according to P-h, T-s diagrams, and designs. These; Single-stage vapor

compression cycles, Double-stage vapor compression cycles [95].

3.4.1. Single-Stage VVapor Compression Cooling Cycles

It needs equipment when it wants to transfer heat from a cold place to a hotter place,
according to what was stipulated in Law 2. The cycle shown in Figure 3.1 is the most
basic form of the cycle pressure. A simple cycle pressure is displayed from Figure 3.1.
Four components are the incorporating parts. Evap, Compr, Conde, expansion element

are those components that must be present in all circuits.
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Figure 3.1. Simple single-stage diagram [121].

3.4.2. Two-Stage Cooling Systems

In compression, as the T gets too high when coming out of the Comp, the lubricating
oil might burn and all parts of the Comp may wear out easily and become unusable in
a short time. In compression, the T limit in the fumigation device changes between (-
15°C) and (-25°C). Generally, it is desirable that the T that can be reached not greater
than (100). For the desired lower T, CRS is preferred.

3.4.3. Cascade Cooling Cycle

CRSs are systems designed to obtain very low-slung evaporation T by combining two
vapor compression refrigeration systems for cooling. CRS be a good choice when
some specialized industrial applications, food storage, or special laboratory work
require refrigeration at very low T. This may cause the Cond P to rise above the
refrigerant critical point P, approach the solidification T of the refrigerant as a result
of the Evap P being too low, or cause the Comp efficiency to drop too low and similar
problems. In order to prevent this, CRS using two or more vapor compression cycles
are made in applications where low T are required. Since heat is drawn from the
environment during evaporation, the cooling process takes place [95]. The hot and
high-pressure fluid coming from the Comp condenses by dissipating an external
environment. It evaporates by taking heat at low P in the Evap, comes to the Cond

after being conditioned with high P in the Comp. The liquid and high-pressure fluid
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coming from the Cond is passed through a very small and narrow opening in the
expansion element and evaporates with the effect of the P difference.

3.5. ELEMENTS, WHICH USE IN NORMAL HEAT PUMP CYCLES

(1) Sight glass: It is positioned between the expansion element and the Evap [98]. It is
used to check whether there is moisture or liquid fluid in the fluid passing through the
expansion element. (2) Dryer filter: It is positioned between the Cond and the
expansion element. It is used to filter the water vapor and solid particles that may be
in the refrigerant. (3) Oil separator: Since the amount of separated oil may be high in
large-capacity systems, the oil is sent back to the Comp via a By-Pass line. In case the
Comp oil is mixed with the refrigerant and transported, it ensures the separation of the
oil from the fluid from the refrigerant. (4) Receiver: It is a liquid tank of the refrigerant
reservoir. It is used to store the excess fluid that has become liquid in the Cond. (5)
Accumulator (gas separator): It is a liquid separator from the vapor. It prevents the

liquid fluid coming from the Evap from damaging the Comp.

3.6. IDEAL VAPOR COMPRESSION COOLING CYCLE

The important elements for forming the idea of compression circuits are an evaporation
device, a P device, a condensing device, and an expansion device. It is not possible to
have a real physical cycle without losses in P and T. In all components of a real
refrigeration circuit, there is a decrease or increase in both T and P, and this includes

pipes and other components.
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Figure 3.2. (P h) and (T S) diagrams [122].

At point (1), the lowest P in the system is equal to the evaporation P. At (2) the greatest
P is equal to the condensation P. At point (3) it is a liquid with condensation P. At (4)
it is saturated vapor at low Evap P, as shown in the figure 3.3.

3.7. WORKING PRINCIPLE AND THERMODYNAMIC INVESTIGATION

The refrigerant is at a T below the ambient T where it is located, and the refrigerant
leaves the Evap as a satiate. The refrigerant in the high-pressure Cond condenses, and
then throttles to a certain P as wet steam. The cycle is completed by condensing the

refrigerant vapor in the Cond coming from the Comp.

3.8. PHASES OF THE CYCLE AS IN FIGURE 3.2

e 1 TO 2; The refrigerant gas is drawn at low P at (1) by the Comp, which raises
its P to the condensing at (2).

e 2TO 3; The hot gas at (2) turns into a liquid at (3) by the Cond.

e 3 TO 4; First throttling of the fluid (3) in the expansion element, then its
expansion and P drop in (4).

e 4 TO 1; Heat is withdrawn by the refrigerant gas as a result of its p drop at (4)

and its exit from the evap at (1).
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Figure 3.4. Ideal (P h) diagram [123].

P-h in Figure 3.3, it understand vapor compression refrigeration cycles is (pressure-
enthalpy). The formulas are taken from the work titled “Thermodynamics with an
Engineering Approach” by Yunus Ali Cengel and Michael Boles [95]. It can obtain

the following formulations of calculations;
o Evap capacity by unit [kW];
Qg = mg (hy — hy) (3.1)
Qe = Qc — Weom (32)
e Refrigerant mass flow rate by unit [kg/s];

QF Qc _ Wcom (3.3)

(hi—hy)  (ha—h3)  (hy—hy)

th =
e Cond capacity: The heat released from the Cond by unit [Kw];

Qc =g (h; — h3) (3.4)
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Qc = Q1 + Weom (3.5)

Reversible adiabatic compression work, Comp work, system work by unit [Kw];

Wi_3 =Weon =g (hy — hy) (3.6)

Basically, The heating or cooling performance in a cooling cycle is determined by the

heating-cooling COP.

e Calculation COP without a unit of measure;

Cooling load achieved (3.7)

COP =
Work consumed on the compressor

Coefficient of Heating Effect of Comp work W, & Heat gained from an Evap Qg
& Heat lost by a Cond Q¢ ;

cop. =2 MM (3.8)
C 7w hy — hy

Coefficient of Cooling Capacity;

copy =26 =zl (3.9)

Wecom hz —hy
3.9. REAL VAPOR COMPRESSION REFRIGERATION CYCLE

The ideal cycle differs from the real cycle in P and heat losses. The two main sources
of irreversibility are; friction coefficient and undesirable interchange with the external
environment outside the Cond-Evap. These are mostly due to the irreversibility of the
elements that make up the cycle.

The system should be designed has some heat vapor at the compressor. However, this

condition cannot be fully fulfilled in practice because it is almost impossible to
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precisely control the phase state of the fluid. Ideal cycle, the fluid leaving the gas enters
the Comp as a saturated vapor. The purpose here is to prevent the fluid from going to
the Comp [95].
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Figure 3.5. Real (T S) diagram [124].

During actual compression process, entropy of cooling medium may increase (1-2
process) or decrease (1-2' process), whichever is dominant. In the ideal cycle, it is
isentropic. the compression process is internally reversible and adiabatic. In real
compression, however, there is flow friction and heat transfer that affect entropy. It is
sometimes more desirable for the compression to occur according to a 1-2' process

rather than isentropic.

It is desired that the fluid be completely liquid before entering the expansion element.
In the real cycle, there are P losses between the Comp outlet and the expansion element
due to friction and T differences. Since the saturated liquid state is difficult to realize
in practice, the exit state from the condenser is usually compressed liquid. In the ideal
cycle, the outlet P fro condenser and the outlet P from Comp is the same in the

saturated liquid state.

The most accurate results can be obtained with the values measured in the actual
application of the cycle [95]. Therefore, calculated with ideal cycle formulas, tables,

and graphs; Cycle values such as system efficiency, COP, Evap-Cond T, heat load,
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and ideal Sh T differ in practice. Due to these factors occurring in practice in Figure
3.4.

3.10. CASCADE VAPOR COMPRESSION COOLING CYCLES

A simple CRS diagram is given in Figure 3.5. For this, in CRS, at least two flow, tube
type, or plate type HEX must be used. Heat transfer between the two cycles is provided
by a HEX. Because the thermodynamic properties and Comp of the fluids used in the
low P environment and high P circuit are different. Fluids should never mix with each
other. CRS used at low T are formed by the hybrid operation of two different

refrigeration cycles.

/I\ Q Reduced

High-P Work
7 Condenser E I6 ? T A

Heat Exch,

A —— 5
' : W,

Expansion % /]\ Q

Ev;;gl::(or +l 1 —> e > S

Ma Increased Refrigeration

Figure 3.6. Cascade vapor compression refrigeration cycle diagram [125].

In CRS, cooling can be done at low T by working together with two cooling cycles at
standard capacity and cost. On the other hand, larger Comp and more expensive
materials must be used to cool at extremely low T of a one-stage cycle. In addition for
its high cost, efficiency of cooling at very low T with single-stage systems will be
lower and energy consumption will be higher. The most important factors in the use

of CRS are cost and energy efficiency.
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it enables two different systems to operate in an alternately and CRS manner [59]. In
this way, the HEX works as an Evapr in the HPC, while it Cond in the LPC. One of

the important and critical components of CRS is the HEX.

3.10.1. Working Principle of Cascade Vapor Compression Cycles

The HEX acts as an Evap in HPC and as a Cond in LPC. CRS is given in Figure 3.5.
The connection of the LPC and HPC takes place with a HEX. Since the fluids do not
mix with each other in the HEX, the gases in HPC and LPC do not have to be the same.
Therefore, fluids with the best-desired properties can be used in each cycle. The
process for LPC as; 1-2 with the Comp where the refrigerant gas is drawn from the
Evap and compressed to the Cond The process 2-3 takes place in the Cond, where the
hot gas coming from the Comp is condensed and converted into liquid in the HEX.
The process is 3-4 expansion valve, which converts high P liquid into low P steam.

And in the same way for the HPC.

PA 13

Figure 3.7. Cascade (P h) and (T S) diagrams.

3.10.2. Cascade Cycle Theoretical Calculations

¢ Ratio of CRS refrigerant flow rates:

mypc (hy — h3) =mypc (hs — hg) (3.10)
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mypc _ hy—h3 (311)

mppc hs — hg

e The efficiency coefficient of the CRS [95]. Wher W, s the total workload of
the systeme for two Comp.

WCOM.S = WCOM.LPC + WCOM.HPC (312)

cop =% —_ hipe (s = ha) (3.13)
Wcoms  typc (he — hs) + mppc (hy — hy)

copP = o =G (3.14)
Wcom.Lpc + Wcecom.HPC Wcom.s

3.11. SUPERHEAT

The process is called "Superheat™ Sh, the evaporation is called "hot gas". Under normal
atmospheric conditions, the water (H20) evaporates by boiling at 100°C, but if it can
absorb some more heat before it evaporates, the steam temperature will be above
100°C; this steam is called Sh steam.

subcooling
o /24 Condenser 3 2
=
=
Pressure %
2] =
L
5 Evaporator
superheat
Enthalpsw (H)

Figure 3.8. Demonstration of Superheat application on the (p h) diagram [126].
Sh values are very important for the system efficiency, as the Comp life, and

determining the maximum capacity. Although the ideal Sh values differ from each
other according to the cycle used, they vary between 3°C and 15°C [92]. It is not
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desirable to always have high Sh values, as in Figure 3.7, the heat of the refrigerant

increases due to Sh.

Thermostatic Expansion Valve (TEV), Automatic Expansion Valve (AEV), or
Electronic Expansion Valve (EEV) is used to control the fluid passing through the
Evap. The expansion element is of great importance here. Active Sh control cannot be
provided in expansion elements such as capillary pipes that cannot be adjusted [101].

The degree of Sh is controlled by the flow of fluid passing through the Evap.

]
Diaphragm P
Capillary tube —» + i
— 1 T r_, Refrigerant out to evaporator
Ps Pe rant o
Valve )
+—
Ny \—T— —> Evaporator
Strainer]
Refrigerant ﬁj Valve
in from condenser ‘ﬁt —
5 <
Thermal bulb  [A] Spring l
Adjusting screw

‘—
Refrigerant out to compressor

Figure 3.9. Working principle of the thermostatic EV [127].

As seen in Figure 3.8, it is a mechanical system and operates according to a
predetermined constant Sh degree [104]. The thermostatic expansion valve regulates
the fluid flow according to the Evap inlet-outlet T difference. In the automatic
expansion valve, It is not a preferred expansion element because it cannot respond to
T and load changes [107], the fluid flow is adjusted with the adjusting screw as in

Figure 3.9.
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Figure 3.10. Automatic EV Working Principle [128].

Although there are different types of valves, the basic working principles are the same.
An example electronic valve of Figure 3.10. It is considered to be the expansion
elements that give the most correct reaction. The degree of Sh is instantly detected by
the T difference corresponding to the measured T and the P value. A T sensor and a P
sensor are located at the Evap outlet. Sh control is done by automatically adjusting the
expansion valve opening. In electronic expansion valves, changes in Sh values can

also be made [104], this way, faster and more accurate measurements are taken.

Stepper
motor
Needle
valve
Liquid
oy refrigerant
=1 inlet

Gas refrigerant
outlet

Figure 3.11. Electronic EV and section view [129].
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3.12. REFRIGERANTS AND MIXTURES

Especially for vapor compression cycles, refrigerants, which are used as intermediate
products in the transfer of heat from one environment to another in a refrigeration
cycle, generally provide heat exchange by converting from liquid to vapor (refrigerant
Evap circuit) and from vapor to liquid (refrigerant Cond circuit). Due to factors such
as efficiency, thermodynamic properties, environmental factors, and human health, the
search for alternative refrigerants has always continued [5]. Ether was used as the
refrigerant in the first vapor compression cycle produced by J. Perkins in 1834, then
in the following years, CO2 and NHz3 gases started to be used. Today, even if there are
fluids that provide these features, the search for alternative fluids continues fast to

increase their performance values.

The basic properties sought for refrigerants are given in the following items; Especially
for vapor compression cycles; Refrigerants, which are used as intermediate products
in the transfer of heat from one environment to another in a refrigeration cycle,
generally provide heat exchange by converting from liquid to vapor (refrigerant Evap
circuit) and from vapor to liquid (refrigerant Cond circuit). The refrigerants used in
this study were R32, and R600a in LPC and R407C in HPC. In order for refrigerants
to fulfill their cooling function, they must have some physical and chemical properties.
Various gases have been used in cooling systems until now. Some features of the
cooler are more important depending on the operating condition and conditions, and
in this case, other features can be ignored. The features required by the chiller vary
depending on the application and operating conditions. The refrigerant cannot be
reused in the cooling process and is discharged into the environment over time; It has
caused the pollution of the natural environment, the increase of the greenhouse effect
in the atmosphere, and the destruction of the ozone layer, which prevents harmful rays
from the sun. These negative developments have initiated studies and research on new

alternative refrigerants. The basic properties of refrigerants are as follows:

Its chemical structure should not deteriorate during the cycle. It should not be toxic. It
should be environmentally friendly and harmless [92]. The fluid preferences in the

refrigeration cycles used may differ from each other, where refrigerant selection is a
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very important issue in a designed refrigeration cycle for gave the desired refrigerant
properties. The main reasons for this can be as; Desired critical T values in the cycle
(Condensation-evaporation) & Working P values & Usage areas (Home, Commercial
or Industrial) & Cooling capacity & The size of the cycle & Environmental effects &
Effects on human health & Safety and Cost. Refrigerants; When we consider the
capacity, coefficient of cooling performance (COP), and performance factors, we see
that gases such as R12 and R22 are quite efficient and have been used extensively in
the industry for many years. However, such highly efficient and stable refrigerants

cause serious environmental problems due to their chemical structure [112].

3.12.1. Environmental Effects of Refrigerants

The first used artificial refrigerants cannot be used for a long time in the process and
are thrown into the environment; where causing environmental pollution, greenhouse
effect, and depletion of the ozone layer. However, it also brought with them various
environmental effects. After the Second World War, the use of artificial refrigerants
became widespread. The ozone layer, also known as the Ozonosphere; is 30 km from
the earth's surface. It is a gaseous layer that prevents ultraviolet rays from the Sun from
reaching the earth and harming nature [38]. It is located above the atmosphere between
the atmosphere and the stratosphere. The basis of the destruction of the ozone layer is
the stability of Halon, CFC, and HCFC group gases, which makes them
disadvantageous in their use. A free chlorine atom reacts with 100,000 ozone
molecules and transforms it into an oxygen atom [112]. Figure 3.11 shows the
reactions of ozone molecules and chlorine ions. 05 (0zone) molecules that make up
the ozone layer react with chlorine ions and turn into O, (oxygen) molecules. Since
these gases are extremely difficult to decompose, they remain in the atmosphere for

many years until they pass into the atmosphere.

It is these free chlorine ions that convert ozone molecules into oxygen molecules [81].
Because CFCs are extremely difficult to decompose. With the presence of intense
ultraviolet solar radiation, the molecules are fragmented and as a result of this
fragmentation, chlorine ions are released, at the root of the ozone depletion problem
lies the inherent 'stability’ property of the CFC. As a result of a study, the use of CFCs
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in aerosol sprays was banned in the USA in 1978 [96], in 1974, M.J.Molina and
F.S.Rowland conducted a study stating that the CFC has the ability to catalytically
decompose ozone under high-frequency ultraviolet light and will erode the ozone layer

by 7% in 60 years as in the Figure 3.12. below.

Cl + 0, l0+0,

Figure 3.13. Reaction of chlorine molecules with ozone gas [130].

As a result of the increase in the greenhouse gas effect gases in the atmosphere, the T
in the earth increases and leads to GWP [38]. Some of the reflected rays are trapped
by gases with the greenhouse effect such as carbon dioxide, methane, and water vapor,
causing the world to warm up. The world's warming occurs with the sun rays reflected
from the Earth rather than the sun rays falling on it. On the other hand, the greenhouse
effect is the T effect that occurs as a result of the sun's rays reflecting off the earth and
not returning to space. The agreement was signed under the leadership of UNEP
(United Nations Environment Program), for advisory purposes, the first attempt to
maintain the ozone layer was the “Vienna Convention” signed in 1985. In 1987, among
them; The “Montreal Protocol” was signed with the participation of 43 countries,
including Turkey the USA, the USSR, European Union Countries, and Japan,
according to this protocol, it was decided to completely abolish the use of gas that
causes ozone destruction by 2000. In 1997, the "Kyoto Protocol” against greenhouse
gas emissions was signed in Kyoto, Japan, with the participation of 161 countries
[112]. However, the USA, which produces the highest greenhouse gas emissions,
rejected the "Kyoto Agreement™ accepted by all developed and developing countries
because it contradicted its economic interests, unfortunately, this event remains current
even in 2020.
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3.12.2. Ozone Destruction Potential (ODP)

Although Chlorofluorocarbon (CFC) is a substance with high ODP values, Hydro
chlorofluorocarbon (HCFC) have ozone depletion potential, but since this rate is very
low, they are allowed to be used until 2030, provided that they are under control. The
ozone depletion potential of a substance, which expresses the risk of damaging the
ozone layer, is expressed with reference to the R11 molecule, which is considered
ODP1 [99]. All refrigerants containing Chlorine (Cl) and Bromine (Br), which cause

ozone layer destruction, cause ozone destruction at varying rates.

3.12.3. Global Warming Potential (GWP)

The GWP is calculated with reference to carbon dioxide (CO2), which is 1 GWP [99],
wherein addition to ozone destruction, another harmful effect is the greenhouse effect.
This value, which is defined as the Global Heating Effect, is also an important factor
in the selection of the cooler. It is an indicator of the impact of greenhouse gas and

planetary warming.

3.13. CLASSIFICATION OF REFRIGERANTS

Classification of refrigerants according to their chemical properties and their basic

properties are presented in the following.

e Pure Refrigerants: It is under two main headings organic and inorganic.

1) Inorganic Refrigerants: Refrigerants such as water vapor (H20), carbon dioxide

(COy2), sulfur dioxide (SO2), and ammonia (NHz) are in this group of inorganic gases.

2) Organic Refrigerants:

a) Halon gases are the gases that cause the most ozone destruction. An example of
this group is Halon1301 (R13bl) gas. Bromofluorocarbons (Halon) gases

consisting of bromine, fluorine, and carbon atoms.
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b) Chlorofluorocarbons (CFC): These are gases consisting of chlorine, fluorine,

and carbon atoms, they are also known as Freon. CFCs, which have been used
since 1930, started to be produced as an alternative to toxic refrigerants. They
are quite safe as they are non-toxic and non-flammable. However, due to the
chlorine atom in their structure, ozone destruction is the most common gas after
holons. Examples of this group are the gases R11, and R12, the application
flexibility, performance, and cheapness, and they have been widely used in a
short time. Since their chemical structures are quite stable, they do not enter into
chemical reactions much.

Hydrofluorocarbons (HCFC): Refrigerant gases consisting of hydrogen,
fluorine, chlorine, and carbon atoms. It does not have as much chemical inertness
as CFCs. R22 and R123 gases can be given as an example of this group.
However, although their ozone destruction is low, they have a very high
greenhouse effect. Therefore, since most HCFCs decompose before reaching the

ozone layer, their ozone layer destruction is lower.

d) Hydrofluorocarbons (HFC): They have a lower greenhouse gas effect than

HCFCs. Examples of this group are R134a, R23, R143, and R152a gases. These
are gases consisting of hydrogen, fluorine, and carbon atoms. Since they do not
contain chlorine atoms in their structure, they do not cause any damage to the

ozone layer.

B) MIXED REFRIGERANTS

With these mixtures, it is aimed to reduce the negative properties of the refrigerants

and bring the desired effect to the fore. They are refrigerants that are formed as a result

of mixing pure refrigerants with different combinations and ratios. There are many

types of refrigerants with mixed gases. Some of them are experimental and some of

them are successful in the commercial field. Many types of refrigerants have existed

since the use of the first vapor compression cycle. Basically, we can classify them

under two main headings.

1) Zeotropic mixtures: Gases of this type do not have a fixed boiling and
condensing temperature. R401A (53% R22, 13% R152a, 34% R124) gas can be

35



given as an example of this type of mixture. Other than the systems developed
based on these features, usage areas are not very common. The saturated liquid
and saturated vapor phases of the gases forming these mixtures differ from each
other in thermodynamic equilibrium. Such mixtures show temperature shifts
during phase change.

2) Azeotropic mixtures: Gases such as R404A and R407C can be given as examples
of this type of gas [112]. Such mixtures behave like a single fluid during phase
change. Its components are in thermodynamic equilibrium in the saturated liquid
and saturated vapor phases. For this reason, the most environmentally friendly
and most widely used refrigerants are included in this class. In addition, these
mixtures have the beneficial properties of their pure components and have their

own thermodynamic equilibrium conditions.

REFRIGERANT
]

1 1
SINGLE COMPONENT MIXTURE

| NATURAL
(WATER. AMMONIA) ZEOTROPIC
| HC m AZEOTROPIC
(ISO-BUTANE)
TG00
(E12; R113)
icre | @O
(R134a) -

Figure 3.14. Hierarchical classification of refrigerants [131].

Some refrigerants, that have achieved commercial success, and have had and continue

to be in widespread use are given below:
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e R717: Also known as Ammonia (NH3). It is a colorless and foul-smelling gas.
It has been used in various fields since ancient Egypt. It has been used as a
refrigerant since 1878. It does not burn easily, but it burns when certain
conditions are met and can cause violent explosions by mixing with air. A small
amount of adjustment and control is difficult. Not suitable for small cooling
loads. Therefore, it is widely used in absorption cooling machines due to its easy
separation from water when heated. It dissolves easily in water and when it
melts, its freezing point is lowered.

e R744: (CO2) Since it is abundant in nature, its cost is very low. It has been used
as a refrigerant since 1870. Refrigeration cycles using CO2 have always been
open to improvement, as they do not have ozone destruction, have a very low
greenhouse effect, are not toxic-explosive-combustible, and are cost-effective.
However, due to the low coefficient of cooling effect and high operating
pressures, it has left its place to halocarbon refrigerants over time.

e R11: Itisinthe CFC group, it is non-flammable and odorless [116]. Production
has been stopped due to ozone destruction. (CCI3F) It is a low-pressure chiller
and is generally used in large capacity industrial water cooling units.

e R12: Itis in the CFC group. It has a low operating cost and high efficiency. It
has started to be used as an alternative to ammonia and carbon dioxide, but its
use and production have been stopped due to its high destruction of the ozone
layer [110]. It is heavier than air, colorless, and odorless. Since it can be easily
mixed with oil, there is no obligation to use an oil separator in the system.
However, (CFCI2) was the most widely used refrigerant in the industry.

e R125: HFC group is a refrigerant. (CF3CHF2). There is no ozone layer
destruction. However, the greenhouse gas effect is quite high [116]. It is not
flammable and non-toxic. It has been accepted as an alternative for R502 and
R22 gases.

e R134a: Itisan HFC group refrigerant. It is suitable for domestic and commercial
use. It is one of the most widely used refrigerants today. (CF2CH2F) It is the
closest refrigerant to R12.

o R404A: Itis widely used in the home, commercial and industrial areas. There is

no ozone destruction [116].
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3.14. REFRIGERANTS WERE USED IN THE EXPERIMENT SYSTEM

R600a: It is suitable for air conditioning industries and is called C4H1o. It is also used
in most refrigeration systems, due to its purity, which reaches 99.5%. It has a small

global warming potential of zero to deplete the ozone layer.

Maz<ron Mo,

REFRIGERANT  Tirdicyn,ny

R-600a

|
- ISOBUTANE

' _ CASAD?5-225

Figure 3.15. R600a was used in MCRS [132].

R32: HFC group is a refrigerant. It has been produced with the studies carried out that
can be used alone and without loss of efficiency compared to its successors [110]. It
does not have ozone destruction and the greenhouse effect is quite low, R32 has only
about 1/3 the GWP of R410A. R32 is a gas whose chemical name is called
“difluoromethane”.  Currently, R410A is the most widely used refrigerant in

developed countries.

Figure 3.16. R32 was used in MCRS [133].
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R407C: There is no ozone destruction, Different concentrations are also sold
according to the manufacturers. It consists of R32, R125, and R134a, which is
considered an alternative to R502. R407C is mainly used in commercial and residential
air conditioning systems and has very similar properties to R22. R407C It was used as

an alternative to R22 in new refrigerant equipment.

Figure 3.17. R407C refrigerant was used in MCRS [134].

Table 3.1. Physical and thermodynamic properties of substances used as refrigerants
in the search [104, 107, 111].

Refrigerant R407C R32 R600a R32/R600a
(90/10%0)
ODP 0 0 0 0
GWP 1774 675 3 583
Molecular weight 86 52 58,13 52,6
(kg/mol)
Boiling point (1 bar -44 -52 -11,7 -47.9
°C)
Critical Heat (°C) 86 78 135 84.33
Critical P (bar) 46 54 3,65 52.06
Alternative to Gas R22 R410A
Chemical Composition R32 23%, R125 CH2F2 C4H10 R32/R600a
25%, R134a 52% (90/10%)
Safety level Al A2 A3
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PART 4
MATERIAL AND METHOD
4.1. CASCADE COOLING CYCLE

With the population increase, the cooling requirements increase dramatically and on a
large scale, especially with regard to systems that operate at very low T, as in the field
of medicine and laboratories, especially if they have an operating cost that is not of
high value. T below -30°C require large Comp if one refrigeration cycle is used, so the
use of Comp consisting of two cycles has spread to reach the required degree at the
lowest costs. In addition to that, the use of CRS assemblies has become in all types of
industries, as it reaches the degrees required to work in different sizes to suit the
required work at normal condensing T. With this, the demand for these products
increased in the field of medicine and food marketing. Where the CRS consists of two
cycles a HPC and a LPC. In the selection of refrigerant gas, along with refrigerant
properties. In CRS, Performance is greatly affected by the type of compound used in
the cooling cycle separately. The HEX is an Evap for (R407C) in first stage HPC and
the Cond of the second stage LPC (R32, R600a). Two-stage refrigeration cycles using
R32, R600a, and R407C as refrigerants are shown.

The energy consumed in the two-stage CRS (R407C/ R32+R600a) is given in Figure

4.1 above. QE as equation below.

QEvap 2 (41)

QComp 1 + QComp 2 + QEvap Fan + QCond Fan2

QE

4.2. CASCADE WORKING PRINCIPLE

In CRS, 2 independent cooling cycles are combined, although the HEX, titled the
Evap-Cond, where it is condensed for LPC, throws the heat to the fluid in HPC. The
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Cond of HPC is cooled to the ambient air, similar to conventional vapor compression
units. Thus, the Evap-Cond works as an Evap for HPC and a Cond for LPC at a some
P, and T. In each cycle of CRS, a diverse compound is used which is most suitable for
the wanted. In request to balance for 2 circuits, the heat dissipated by the lower stage
has to be absorbed by the higher stage. The cooling low P is attained in the Evap of
LPC.

The coefficient of CRS at COP, is defined as the ratio of the cooling result generated
in the Evap to the total work input of 2 Comp. If the kinetic and potential energies are
neglected and the HEX is well insulated, the heat given by the LPC fluid in the HEX
will be equal to the heat engrossed by HPC fluid. The assembly of the 2 loops in CRS
is made by means of HEX that acts as HPC Evap and LPC Cond.

4.3. DESCRIPTION OF (P H) AND (T S) DIAGRAMS

The highest simulation values were determined for low condensation 15°C and high
condensation 45°C while for low evaporation -50°C and high evaporation 5°C. The P-
h for CRS in Figure 4.1. which LPC of R32. Here, R407C is used in HPC. CRS using
R407C / R32 refrigerant couple is given.

Condenser QH

—<—

7 6 P ‘
HPC
¢ XExpansion Valve Compressor :
Q! J‘»
L 6
8 5 /
= -y
3 2 ;
LPC A 1
X Expansion Valve Compressor Quif

=Y

Evaporator QL

Figure 4.1. P-h diagram.
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Under low P from point 4 to point 1 evaporation process, 3 to 4 expansion process, 3
to 2 densification process and 4 to 1 compression process. While R407C is used in the
1st stage, R32 is used in the 2nd stage. For the 1st stage; (5-6) compression in the
Comp, (6-7) condensation, (7-8) EEV, and (8-5) evaporation. CRS be made up of two

cycles.

4.4. THERMODYNAMIC CALCULATIONS

The calculations made are shown step by step below. Since the CRS works with two
different fluids, first the thermodynamic properties of the refrigerant R407C were
calculated. Comp, Cond, and Evap capacities are calculated on the (Refprop) program.
While conducting the thermodynamic analysis of the R407C/R32 MCRS, as

following:

Cond T is taken as 45°C, the Evap ability is accepted in place of 1000 W, and the Evap
T was taken as -50°C. While performing these analyses, P losses between system
elements, heat transfer from the Comp, EEV, and pipelines to the surrounding
environment, and changes in internal energy during the flow of the refrigerant have
been neglected, and it has been assumed that the MCRS elements operate according to

the steady regime.

4.5. EXPERIMENT SETUP AND MATERIAL

In this section, the cycle elements that make up the experimental setup and their
properties are shown. The cycle which is given in Figure 4.1, and the views of the
manufactured experimental are given in Figures 4.1, and Figure 4.2. It is aimed to
make the experimental setup more controlled by using auxiliary conversion elements
and electronic expansion valves, which were previously described in Section 3.1.1. In
this study, a MCRS using R32/R407C, and 90%R32+10%600a/R407C refrigerant
pairs were studied. The leakage test of the experimental of MCRS, low P lines, and
insulation of the room where the cooling will take place, and the refrigerant were
transferred to the MCRS. Figure 4.1, shows MCRS and its components, Figure 4.3.
displays the experimental and the place to be cooled.

42



Figure 4.2. Top view of the MCRS.

The experimental setup and cycle elements are shown in Figure 4.2 are given in Tables
4.1and 4.2.

43



Table 4.1. Empirical control and intervention equipment.

I LPC refrigerant service connection

1 LPC EEV

1 HPC EEV

v HPC refrigerant service connection
\Y LPC cold room Sh control unit
VI HPC cold room Sh control unit

Table 4.2. Cycle elements used in the experimental setup.

Low Pressure Cycle (LPC) High Pressure Cycle (HPC)
1 R32 Comp 13,14 R407C Comp and accumulator
2 EGV P sensor 15 Cond
3 EGV T sensor 16 Liquid tank
4 Plate HEX (Cond) 17 Dryer filter
5 Liquid tank 18 Sight glass
6 Dryer filter 19 High P manometer
7 Sight glass 20 EEV of HPC
8 High P manometer 21 Plate HEX (Evap)
9 EEV of LPC 22 EGV T sensor
10 Cooling cabinet 23 EGV P sensor
11 Accumulator (liquid trap) 24 Low P manometer
12 Low P manometer
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Figure 4.3. View of the cold room.
4.5.1. HPC Elements
Since the Comp used in the HPC is a self-accumulator, an extra accumulator is not

used in the HPC. The image and label technical features of the HPC compressor are

shown in Figure 4.4, and Table 4.3, has also been given.

Figure 4.4. HPC R407C Comp.
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Table 4.3. HPC Comp specifications.

Marca - Model Panasonic Matsushita - 4PS164
Comp Type Rotary Comp (Constant peed)
Comp Power 15h,
Electrical Supply 50 Hz and 220 V
Cooler liquid R407C
Suction Line 0.25”
Compression Line 3/8”

Figure 4.5. HPC Cond.

The appearance and label technical features of the air-cooled Cond used in the MCRS
are in Figure 4.5, and Table 4.4.

Table 4.4. HPC Cond specifications.

Brand - Model Karyer - KT 1/2 HP DAV
Cond Type Electric Fan Hood Condenser
Surface area 1,9 m?
Material Aluminum blades with Copper tubes
Fan Motor 65 W and 220 V
Fan Flow 500 m*h
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The appearance of the liquid tank used and the technical specifications of the label are
given in Figure 4.6 and Table 4.5.

Figure 4.6. Liquid tank.

Table 4.5. Liquid tank features.

Brand - Model Erdem Cooling — ESSLR 01 Vertical
Reservoir Capacity 1.2L
Connection Diameter 0.5”
Maximum Working P 32 bar

$'aLn
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Figure 4.7. Dryer filter.

The appearance of the drier filter used in the cycle is shown in Figure 4.7, and the label
technical features are shown in Table 4.6.
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Table 4.6. Drayer filter features.

Brand - Model Erdem Cooling — ESSD
Filtration 20 micron
Connection Diameter 0.5”
Maximum Working P 45 bar

The view of the sight glass positioned before the entrance of the expansion element is

given in Figure 4.8, and the features of the label in Table 4.7.

Figure 4.8. Sight glass.

Table 4.7. Sight glass features.

Brand - Model SANHUA / SYJ-A00060
Connection Diameter 3/8”
Maximum Working P 45 bar

The appearance and label properties of analog manometers used for control purposes
in the P gauge are given in Figure 4.9, and Table 4.8.

Figure 4.9. Low and high P manometers.
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Table 4.8. Low and high P manometer features.

Low P Manometer High P Manometer
Brand Refco Refco
Operating P -1/36 bar -1/54 bar

EEV are used in both cycles and their specifications are given in Section 4.4.1. MCRS
plate HEX acts as the Evapo of HPC. (Section 4.1.2)

4.5.2. MCRS HEAT EXCHANGER PLATE (HEX)

Although it is not possible to make a precise capacity calculation for the HEX used in
MCRS, the most appropriate capacity selection can be determined experimentally.
This is because the enthalpy of the refrigerant in both systems is not constant. Since
heat transfer is desired between 2 different gases used in MCRS, the Ekin Industrial /
Mit MB-01 brand plate HEX was used.

Figure 4.10. HEX Before and After thermal insulation.

Since high P differences will occur in HEX used in MCRS, a HEX with high P
resistance was used instead of standard plate HEX as in Figure 4.10. The features of
the HEX used in MCRS are given in Table 4.9. The refrigerant media flows between
many channels sequentially between the parallel plates inside HEX to accumulate the
largest area for HEX between the two circuits. Liquids and gases pass after entering
through the openings in the corners of HEX and exit from another opening
corresponding to it. HEX is in constant contact with the cold medium on the one hand

and in constant contact with the hot medium on the other hand [102].
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Table 4.9. Technical characteristics of the plate HEX of MCRS.

Brand - Model Ekin Industrial / Myth MB-01
Number of Plates 28
Surface area (n-2)*0,012 m2 = 0,312 m?
(n: number of plates)
Material (plate) AISI 316L
Solder Copper
Max. Operating P 45 bar
Stream Type cross flow
Channel Pattern H
Dimensions 192*76*73 mm

Since the amount of fluid passing through the HEX will be relatively less than in water
MCRS, a high turbulent and cross-pass (H pattern) HEX has been chosen. In this way,
it is aimed that the fluid can transfer more heat in the HEX without bypassing it. (H)
type plates can increase P loss due to the high turbulence they create. However, it is
aimed to increase the amount of heat transfer with turbulence in low flow systems.
Since the P loss of low flow system is less than high flow system, turbulence formation

is more preferred [118].
4.6. LOW PRESSURE CYCLE ELEMENTS
The images and technical specifications of the LPC elements given in Table 4.1 are

given in the figures and tables below. The appearance and label specifications of the
LPC Comp isin Figure 4.11, and Table 4.10.

50



Figure 4.11. Low T (R404A) circuit Comp.

Table 4.10. LPC Comp specifications.

Brand - Model Embraco Aspera -NEK 2134 GK
Comp Type Hermatik
Comp Power 05h,
Electrical Supply 220V, 50 Hz
Cooler liquid R32, R600a
Suction Line 0.25”
Compression Line 0.25”

HEX plate performs the Cond function of the LPC. Technical information on the HEX

is given in Section 4.1.2.

Used in the HPC; The liquid tank, dryer filter, sight glass, electronic EEV, and
manometers were also used in the LPC in accordance with the R404A fluid.
Information about the auxiliary elements used in the cycle was previously discussed

in section 4.1.1, has also been given.

51



Table 4.11. MCRS cooling cabinet technical specifications.

Cabinet Type Industrial type stainless steel cooling cabinet
Cabinet interior volume 320 It
Cabinet Dimensions 70*74*70 cm
Evap Type Fan blown drip pan
Evap Surface Area 1.25 m?
Evap Material Copper tubes with aluminum strips attached
inside a stainless steel frame
Fan Motor 20 Watt -220 Volt AC
Fan Flow 100 m3/h

Figure 4.12. LPC fluid trap (accumulator).

The appearance of the accumulator positioned between the LPC refrigerator and its
Comp is given in Figure 4.12, and the information of 1t are given in Table 4.12.
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Table 4.12. LPC fluid trap (accumulator) technical specifications.

Brand - Model Gokceler Cooling / LTAG 6-28
Tank Capacity 1.2 1t

Connection Diameter 28 mm

Maximum Working P 38 bar

4.7. THEORETICAL CALCULATIONS OF THE EXPERIMENT CYCLE
AND APPLICATION OF EXPEIMENTS

Pairs consisting of R32/R407C and 90%R32+10%R600a/R407C refrigerants or
mixtures, respectively, were used in the MCRS. In this investigation; In CRS, R407C
refrigerant is used in the HPC, and 90%R32+10%R600a refrigerants are used in LPC.
As a result for the studies, the amount of gas to be mixed and experimental studies

were started, respectively.

For the analysis, the “Collpack 1.49” version, which has the MCRS cycle analysis
feature, was used. The input parameters used in the program are given in Table 4.13.
Before the experimental setup was designed, theoretical analyzes of the MCRS were
made. The EES program was used for these analyses. Refprop is an excel-based

analysis program.

Table 4.13. Values are entered into the Refprop program for calculations.

Parameters Values
QR404a,Evap. 1’0 kW
WR404a,Komp. 0’426 kKW
LPC R32 evaporation T -50 °C
LPC R32 condensing T 15°C
LPC Comp isentropic efficiency 0,8
LPCShT 4°C
LPCScT 4°C
HPC R407c evaporation T 5°C
HPC R407c condensing T 45 °C
HPC Comp isentropic efficiency 0,8
HPCShT 4°C
HPC ScT 4°C

53



The equations used by the program in the thermodynamic analysis of the MCRS are
given below;

Temperature (T)

Specific entropy (s)

Figure 4.13. T-s diagram [124].
In the exergy and entropy calculations, the ambient (ambient) T ( T, ) was accepted as
25°C (298 K), ( Tr) the place to be cooled, (T¢ynq) Cond surface and ( Tgyqp ) Evap
surface T. Using the mass and energy conservation for a CRS, in next equations:
rh1 = rhz = I’h3 = rh4_ = II'lA (41)

rhs = I‘h6 = Ii17 = mg = IhB (42)

e Comp capacities;

Weomp,r3z = Mraz < (hy — hy) (4.3)
Weomprao7c = MRaoze % (he — hs) (4.4)
hs = h, (4.5)
h; =hg (4.6)

e Cond capacity calculation;
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Qconp,r32 = MR3z % (hy — h3) 4.7)

Qconp,ra07¢c = Mpag7c X (hg — h7) (4.8)

e Evap capacity calculation;

Qpvap,r32 = Mg3z X (hy — hy) (4.9)

QEvap,rao7c = Mgag7e X (hs — hg ) (4.10)

e Cooling coefficient of efficiency;

COPgs, = 2EVAPR32 (4.11)
R32 Wcomp,R32

— YQEvaAPRa07c -

COPR407C Wcomp,Ra07¢ ( )

e Plate HEX calculation;

M3 =1, (4.13)
Mg = g (4.14)
rig % (hz — hy) =1hs % (hs — hg) (4.15)
my % QL =my % Qy (4.16)

CORP is the efficiency of CRS, and Q5 is the amount of enthalpy taken up by the Evap
from the refrigerant compartment in LPC, W, and W,y the energy consumed by the

Comp HPC and LPC, respectively.

Qg (4.17)

COP = ———
Wea + Wep
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System Second Law Efficiency:

Wizentropik = QE (( TO /TB ) - 1) (4-18)
Winpur = Wka + Wiks (4.19)
N = Wizentropik/ WinpuT (4.20)

4.8. MANUFACTURING OF THE MCRS

On the left side of the platform, the voltage converters from 220 to 24 are located,
which are necessary to operate the EEV control device, switches on and off the two
cycles of high and low P, along with switches for operating the control devices, as seen
in Figure 4.22. The only refrigeration compartment room is located under the
installation table, and its parts are still located on the table . A wheeled workbench was
used during manufacturing in order to carry the designed MCRS easily.

Figure 4.14. The experimental setup.

In the MCRS with copper piping, loop element fixings were made before welding.
Then, all welding processes in the MCRS setup were completed using oxy-acetylene
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welding and silver-copper solders. For leak test, manometers and service manifold P
values on the assembly were checked and foam test was applied to all welding points.
Leak tests were performed before gas filling to the MCRS with welded connections
(Figure 4.23). After the P tests, the cycles were pulled to +1 bar P with a vacuum pump,
and the MCRS was cleaned as much as possible by making a vacuum at this P for
another 30 minutes. For the leak test, both cycles were first increased to 15 bar P and
kept under P for a minimum of 1 day. After successfully passing these tests, the cycles
were kept in a vacuum of -1 bar for at least 1 day, gradually refrigerant charges were

made and an ideal gas charge was tried to be achieved.

Figure 4.15. Vacuum test and gas charge to the MCRS.

4.9. MEASUREMENT AND RECORDING OF MCRS DATA

The measurements taken were transferred to excel format and arranged and their
graphics were created. T measurements were taken from multiple points with the
Thermocouple-Data logger. While EEV equipment acts as a control mechanism, it also
makes MCRS measurements. An electronic meter was used for electrical

measurements. Various equipment was used to measure the MCRS data.
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4.9.1. EEV and Control Unit

EEV is controlled by Emerson's EC2 unit. Emerson's EC2 control unit is used in
conjunction and the EX2 valve is powered by a 24V AC. These valves can provide
very precise T control. In the MCRS; Pulse width modulated EEV with replaceable
orifices for two EX2 cold rooms are applied. Once Emerson's EC2 controller is set up
and running, it is only necessary to plug in the Ethernet cable and type the default IP
address into the web browser. It will automatically display the watch page. There is
also the function of storing the data on a PC for later graphical visualization. MCRS
in both cycles of the MCRS as in Figure 4.24.

Figure 4.16. EEV.

Table 4.14. EEV features.

Brand - Model Alco Controls / EX2-100
electricity supply 120V, 50-60 Hz
Pipe inlet-outlet diameters 387 -1
Electrical Supply 220V, 50-60 Hz
Highest P 40 bar
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The cooling medium incoming the EEV at high T and P then from it comes out low T

and P values.

In EEV, one end consisting of copper pipe is mounted on the line at the Evap outlet,
and the T is requested to be sensed, and thus the amount of refrigerant that will enter
the Evap is adjusted by inside the EEV in the MCRS. EEV adjust the flow rate to the
Evap according to the T of the fluid at the outlet of the Evap. Comp; The low P absorbs
this evaporated refrigerant with slightly Sh vapor at low T then compresses it into a
minor volume, causing it to become steam. It is clear to look at MCRS; It can see that
its main elements are Evap, Comp, Cond, and EEV. Evap; It collects all the unwanted
heat from the environment and transfers it to the cooler, this results in evaporation and

boiling of the refrigerant.

EEV is therefore often found in senior MCRS, and a MCRS that require precise
control. Also, the same valve can be used for different refrigerants after
reprogramming. EEV is controlled by fever or compression devices. The use of EEV
is increasing day by day and today the technology is developing gradually and has
developed to meet the demands of the desired products. However, the cost of EEV is
much advanced than a simple EEV valve. A T sensor is connected to the Evap outlet
pipe to measure T. After the sensor measuring the P of the refrigerant is connected to
the same line. Sh is the difference between the equivalent T of the measured P relative
to the cooler and the measured T of the cooler. EEV control is performed by bringing
the Sh value to the desired value. In command to rise the proficiency of the request or
the chilling system, avoid unnecessary refrigerant charges, protect the life of the
Comp, and make optimum use of the Evap, the desired Sh value is selected according
to the characteristics of the MCRS. Sh is a value calculated using 2 sensors attached

to the Evap outlet.
The device with the brand code Emerson EC2-352 given in Figure 4.25, also has to

defrost, Comp control, and fan control features. A cold room control device was used
in each cycle for the control of Sh values and the EEV in the MCRS.
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EMERSON.

Figure 4.17. Ports of Emerson EC2 controller.

The connection points are shown above as numbered in Figure 4.16, are given in Table
4.15. below;

Table 4.15. Emerson EC2 Controller Ports [108].

1 Suction Line P Sensor 6 EX2 EEV

2 Evap Outlet T Sensor 7 Comp Contact

3 Room T Sensor 8 Evap Fan Contact

4 Blowing T Sensor 9 Defrost Heater Contact

5 Defrost T Sensor 10 Computer Connection (RJ45)

This device can be used directly by plugging it into the computer and inputting TCP/IP.
The device with the brand code Emerson EC2-352 shown in Figure 5.14 is available
in the communication protocol to ensure that all EC2 devices authenticate with TCP/IP
Ethernet and ensure the integrity of the data when sending or receiving data to the

other party.

For the measured T and P values, the control circuit EEV directs the ON/OFF control.
The EEV is an electronically controlled solenoid valve. ON/OFF control is used when
working as the EEV. When the Comp is on, the EEV opens within 6 seconds, and
when the Comp is off, it works as a solenoid valve. This type of valve works in all
kinds of different conditions, such as filling or emptying the cooling compartment. The
opening and closing time of the valve can be controlled, which determines its capacity.

EEV components:

e Suction line P sensor.

e EEV.

60



e Comp start-stop contact connection.
e Cold room ambient T sensor.

e Evap fan.

e Evap blowing T sensor.

o Defrost heater contact connection.

e Evap defrost T sensor.

o Computer RJ45 network connection [120].

4.10. OBTAINING THE DATA OF THE EXPERIMENTS

In this study; while obtaining the MCRS data, various measuring devices and computer
software were used. K, J type thermocouple and Ordel brand UDL200-05/20 Data
Logger were used for T measurements from certain points of the MCRS.

DAL108 software was used, which enables configuration via computer and saving the
values taken from the device on the computer. The measured T values are devices that
enable Ordel brand SBA 200 USB converter signals to be converted to USB interface

and transferred to the computer environment.

This EEV works in conjunction with a suitable electronic connection. Its valve is used
with standard ALCO brand ASC coils. It needs sensors, valve control unit to operate.
There is also two pulse-width modulated (PWM) EEV in the MCRS.

Again, the data was transferred to the computer with the “SBA200” RS485-USB
converter device belonging to the Ordel company, and records were taken in instant
periods in Figure 4.26. For T measurements, “Ordel UDL200 Data Logger” device
operating in RS485 (Modbus) standard was used. For the T measurements of the
MCRS, in addition to the cold room control device, an external T sensor was used at

10 different points.

61



Figure 4.18. Ordel brand UDL200-05/20 data logger [119].

The prominent features of the Data Logger device used are;

e Thermocouple, mA, mV, Volt input options.

e 750 ms Sampling Period.

¢ Internal Cold End Compensation.

e MODBUS RTU Communication Protocol.

e DaL.i 485 Monitoring and Recording Program.

¢ Unlimited Recording Capacity.

e Reporting in Excel, Acces, Text, HTML, PDF Format.
e Definition and Creation of On-Demand Graphics [43].

4.11. RETRIEVAL OF MEASUREMENT RECORDS

In this MCRS, the measurements obtained from 3 different pieces of equipment were
recorded with a computer. In this way, all devices can be controlled with a computer.
With the Emerson EC2 interface, both these devices were controlled and the data
obtained from the devices were recorded. The first is Emerson EC-352 cold room
control devices that control EEV, Sh, and T. Both devices are connected to a router-
modem with an RJ45 (Ethernet) cable. Ordel SBA200 RS485-USB converter records
the T values and memorizes them in an excel table.

During the MCRS, the photo of the counter data was taken every 10 minutes and these
data were recorded in the excel file (Figure 4.27). The energy consumption per unit of
time was calculated by finding the difference between the two measurement values.
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The energy consumption values of the MCRS were measured with a digital electricity
meter (Makel M310.2218).

Since the experimental system was operational, electrical energy consumption was
recorded every 30 minutes. The meter connection power was measured in kilowatts
(kW), and the electrical energy consumed by the test of MCRS was measured in
kilowatt-hours (kWh). Makel M310.2218, a single-phase, electronic electricity meter

was used to measure electrical energy consumption.

As shown in Figure 4.27. below, the current drawn by the test of MCRS every 30
minutes was measured and recorded in the Excel file. The clamp meter allows current
to be measured without disconnecting the circuit. M266C clamp meter does amount of
the current drawn by the MCRS.

In order to measure the consumed electrical energy and the currents drawn by the
MCRS, Makel M310.2218, a single-phase electronic electricity meter, and a Clamp
meter have been installed as shown in Figure 5.15. In order to take the MCRS
measurements, the Ordel brand UDL200- 05/20 data logger device was installed on
the MCRS in Figure 5.13, and thermocouple connections were made to the determined
points on the MCRS.

Figure 4.19. Makel M310.2218, single phase, electronic electricity meter, Current
measurement application with a clamp meter.
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4.12. APPLICATION OF THE EXPERIMENT

Use an electronic electric meter and a thermometer for several connection points with
the thermostable. The cooling room was also controlled by the computer to take

measurements of the process T.

Figure 4.20. MCRS during taking measurements.

Only the Sh T set values differ between the MCRS. Except for the Sh set values, all
set values, operating mode, and test method in the MCRS setup was kept constant.
Figure 4.28, there are 10 different MCRS performed and the measurements were
recorded continuously. In each experiment, the Sh set point values of the two cycles
were kept equal, and a total of 10 different experiments were carried out from 3°C to
12°C. Each experiment was carried out at the same time of the day in periods of 120
minutes. Experimental measurements were not taken in cases where the ambient air
conditioning conditions were different. Only the Sh T setting values were kept

different between the experiments.

It is very important to measure the T of the air surrounding the laboratory and balance
it with the temperature of both the cold room and the heat load equal to 15 half-liter
plastic bottles. The water T inside the cooling chamber is recorded with a thermostable

sensor as shown in Figure.4.29.
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For all studies after refrigerant charging, data be located at the matching period
interval, the next day. Afterward the end of the experiments, the LPC refrigerant and
its mixtures were evacuated by providing the necessary conditions for the next
experiment, and preparations were made for the next experiment. Each time in the
experiments, another study was performed in which the opening of the EEV was
manually changed for two hours after a fixed eight-hour operation, a total of ten hours
of operation was performed for each experiment. In studies; Experiments were carried
out by operating the refrigerant charge on the first day, and the system, which became
stable the next day, in the same order, and such a method was followed for each
experiment. In all experiments, the operating mode, clock, and test method of the

system were kept the same.

At the end of the experiment, the recorded data were converted to excel format.
Electrical energy and current every 30 minutes. Measurement was taken and recorded
in an excel file. Excel files were examined for each experiment, and their conversions
were made as 1-5-10 minutes and 1 hour, respectively. The received data was recorded
in seconds for ten hours using the computer program Dali 08 and Emerson TCP/IP
Ethernet.

-
S

Figure 4.21. Heat load study for the space to be cooled.

For all the experimental studies, 7.5 litters of water in 0.5-liter plastic bottles to create

a heat load by the system as shown in Figure 4.21. The water was renewed each time
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for the three experiments performed. In the study, in pairs where R407C/R32, and
R407C/R32+R600a refrigerant, and mixtures were used, LPC of the test MCRS was
placed under vacuum for the next test after the experiments. After the leak test
application, the refrigerant or mixture charge applications were made, and then it was

ready to collect the experimental data.

The supply of measurement and computer equipment was provided from a different
source. The energy consumption of the loop elements in the experimental setup was
provided from a single point, and the energy consumption was measured with a digital
electricity meter. At least 1 day was left between the two experiments in order to ensure
the equilibrium of the temperature and pressure values. MCRS can take a long time to
reach equilibrium and reach maximum T depending on their size. The low heat load,
it reached an equilibrium between 80 and 110 minutes. For this reason, all experiments
were performed for 120 minutes (2 hours). Experiments were carried out at the same
time of the day and only one experiment was taken on the same day. Before the

experiments, attention was paid to ensure.

The aim of this study; The aim is to compare the cooling performance values under
the same operating conditions, consisting of the same ODP values and different GWPs,
alternative fluid mixtures used in two-stage cooling systems. In the MCRS; The system
was investigated experimentally by using R32, R600a, and R407C refrigerants with
the same ODP values and different GWP values, using fluid and fluid pairs under the

same operating conditions.

Thermocouple connections were made between the Data logger device and the
determined points so that T measurements could be taken when the test system was
operational. Before the refrigerant is charged to the experiment system, the low-P lines
and the insulation of the room where the cooling will take place are performed
respectively. As a result of the work done, the MCRS was brought to a state where the
refrigerant can be charged. The test system was taken to vacuum for a leak test and it

was concluded that there was no leakage.
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Figure 4.22. Vacuum application to the test system.

Gas charging was applied to the MCRS by using a refrigerant mixture Elitech brand
LMC 300 precision digital balance. In MCRS, on the case that the refrigerant R407C
in HPC remains constant, on LPC side, using a mixture of R32 refrigerant and R32,
R600a refrigerant mixture, it is operated for ten hours.

Figure 4.23. Elitech brand LMC 300 precision digital balance.

The refrigerant mixture was charged with gas, with a total of 1000 gr 10%R600a 10
gr, 90%R32 900 gr. Gas charging was applied to the MCRS using R32 refrigerant,
Elitech brand LMC 300 precision digital balance. In the MCRS, a total of 1000 gr of
refrigerant for the LPC. including 10% R600a 100 gr. The tube was brought to the
horizontal position and loaded in liquid form. Then, by making the test system
operational and keeping the tube in an upright position, 90% R32 900 gr. gas charged.
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Figure 4.24. R600a refrigerant charging application.

The MCRS was ready and the test results were taken the next day. After the test results
were obtained, the R32, and R600a gas mixture on the LPC side was evacuated by
providing the necessary conditions, the test system was put into a vacuum again and it
was cleaned from unwanted gases and made ready for the next experiment, where only

R32 refrigerant would be used.

In the cascade test system; in the next experiment, a gas charging application was made
using R32 refrigerant digital scale. The MCRS was put into operation, with a total of
1000 gr of refrigerant R32, and gas was charged by keeping the tube in an upright
position. After the test results were obtained the next day, the refrigerant R32 on the
LPC side was evacuated by providing the necessary conditions, the test system was
taken to vacuum again, and it was cleaned from unwanted gases and made ready for

the next experiment, where the R32, and R600a refrigerant mixture would be used.
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Figure 4.25. R32 refrigerant charge application.

Likewise, in the MCRS test in the first try; Gas charge application was made by using
R32 + R600a refrigerant mixture digital scale. Refrigerant total 1000 gr as 100% R32
gas charged.

The MCRS was in the second experiment ready and the experiments were taken the
next day. The tube was brought to the lying position and loaded in liquid form. Then,
keep the tube in an upright position. gas charged. LPC refrigerant total 1000 gr. 10%
R600a 100 gr and 90% R32 900 gr.
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PART 5

MCRS MEASUREMENTS AND EVALUATION

Only the energy consumption values were manually read from the electronic meter
and recorded at 10-minute intervals. The recordings were taken at intervals of 60
seconds, the arithmetic average of each 5-minute recording was taken, and the MCRS
graphics and recording charts were created as 5-minute values. Records taken from

computer-connected measuring devices were transferred to Excel format.

In the comparison of the MCRS, the graphs of the data between 60 and 120 minutes
when the MCRS stabilized were used. Measurement points and connection diagrams
of the MCRS setup are given. These are; COP values of MCRS, Condenser outlet T,

Energy consumption values, cooling cabinet room T, Evaporation P, Comp outlet T.

5.1. THEORETICAL MODEL OF MCRS

After taking the theoretical results from software Refprop. Energy consumption
measurements were taken for the MCRS, consisting of two different cycle in the
refrigerant used and connected by the HEX, so that the first in LPC was with the R32
refrigerant in the first experiment, and then in the second experiment, the new mixture
was used. While the HPC had R407C as the coolant for both experiments in the MCRS.

5.2. DESCRIPTION OF MCRS
Using a HEX suitable for the MCRS, the components of the assembly of form 5.1 with

the P and enthalpy diagram of MCRS and including EEV, Cond, Evap, and Comp can

be described as follows:
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e The HEX is the main link between the two cycles of MCRS. As the Cond is
connected to the LPC and the Evap to the HPC. It should be noted that the main
Evap is in the LPC while the main Cond is in the HPC. It also has a Comp and
an EEV for both LPC and HPC.

e To convert the refrigerant gas into a liquid, the appropriate Comp must be chosen
carefully and in proportion to the refrigeration cycle. Any type of gas or mixture
of materials used in the refrigeration cycle determines the size and type of Comp
suitable for the cycle.

e 1.2 liters of coolant reservoir was used enough to store volume for each cycle
which operates with approximately one liter. It is also possible to choose the
parts of the MCRS after choosing the appropriate Comp, such as the Evap and
the Cond, and determine the thickness of both and the pipes used in the

connections between the parts of the MCRS.

However, the heat lost by the main Cond in the HPC is equal to the heat gained by the
main Evap in the LPC. The Evap takes the quantity through which the required cooling
can be obtained through the refrigerant liquid. In the liquid tank for each cycle
separately, as stated in [19]. Figure 5.1, shows MCRS as HPC and LPC with p-h
diagrams of it.

Condenser QH

—<—

7 6 P ‘
HPC
I—X}pransion Valve Compressor@ f :
: Qui} 2
8 5
= -
3 2 ; \
LPC A 1
C—Xfxpansion Valve Compressor / Qeif

=Y

Evaporator QL

Figure 5.1. MCRS matches the (p h) diagram.
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The new mixture proposed and used during this research consists of R32 with a mixing
percentage equal to 90%, and plus R600a with a percentage of 10%. Two experiments
were carried out, the first with pure R32 gas with a capacity of about one liter, and the
second experiment using the new mixture in LPC. During the two experiments, R407C
was used in an HPC with a capacity of approximately 1 liter. The MCRS performance
rate COPycrs increases as the T of the main Evap T, and the T of the main Cond

decrease T,.

5.3. THERMODYNAMICS IN ORGANIZATION DESIGN FOR MCRS

Assuming the following values in the simulation design for MCRS:

e In the connections and lines of connections between the components of the
MCRS, P and heat losses are neglected.

¢ In the connections between each of the Evap, the Cond, the Comp, and the EEV,
the stability in the condition of the refrigerant is considered in MCRS.

e Sh for HPC and LPC are 4°C.

Table 5.1. In the simulation of Refprop maximum values below are imposed for

MCRS.

Parameters Value Measuring Unit

Maximum convection (Q.) 3 kW

OpenairT(T,) 35 °C

Cond T (T,) 45 °C

EvapT(T,) -35 °C

Sh of LPC 4 °C

Sh of HPC 4 °C

AT=T;3-Tg 15 °"C

Comp efficiency npc and Nypc 80%

Calculations were made for all P and T by REFPROP on each of the LPC, and HPC in
this MCRS, and the expected values were obtained for the volumetric flow () and

system performance COPy,-rs. One of the rules of thermodynamics is that dividing the
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Q. cooling effect by the work done by the MCRS equals the performance rate

COPycrs- The following equations were used in making the calculations of this thesis.
For each cooling cycle separately as documented in [7, 8].

Effect of Refrigeration LPC = QLP¢ = h; — h, (5.1)
Enthalpy at input Comp LPC h, enthalpy at EEV LPC h,.

Comp work is equal = WP¢ = (h, — hy) (5.2)
Enthalpy of the output Comp h,

hi—h
COPpe = ﬁ (5.3)

A mass flow rate m of LPC

. _ _Qipc 5.4
Mipc = (hi—hy) G4

Work in LPC as equation below:

_ I'h(hz—hl) s _ _ QL (hZ_ h3 ) 5.5

Wipe = Therre Miec (hy —hy) = " (hi- ) (65)
flow rate m in HPC:

_ QWypc (5.6)

Mypc = m
Wi total work and the Wype work in HPC as equations below:

Wt = Wipc + Whpc (5.7)
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Wypc = mppc (he

— hy)

(5.8)

Determine the mixing ratio of both gases R32 and R600a theoretically by software

Refprop and practically by means of the accurate and sensitive device of a type

precision digital balance. Before working with the proportion of the mixture in the
MCRS. The results from EES of Refprop are shown in Table 5.2.

Table 5.2. Refprop results.

Mixture Liquid Vapor Liquid Vapor Liquid Vapor Liquid Vapor
R32/R600a phase  phase P phase phase phase phase phase phase
bymass% T, (°C) P (MPa) Density Density Enthalpy Enthalpy Entropy Entropy
Respectively (MPa) (kg/m3)  (kgim3)  (Kj/kg) (kj/kg) (kj/kg- (kj/kg-

K) K)

(90/10) -35 0.23220 0.23067  1053.0  6.6151 136.18 488.15  0.76425  2.2302

(80/20) -35 0.23284 0.19981  961.39  5.7392 137.08 47754  0.75626  2.2077

(70/30) -35 0.23146 0.13256  886.43  3.7633 135.07 472.07 0.74856  2.2393

(60/40) -35 0.23185 0.098376  824.82  2.7940 133.17 468.13 0.74124  2.2538

(50/50) -35 0.23571 0.077800 773.99 22212 131.37 466.87 0.73425  2.2628

In the first horizontal box in Table 5.2, the program Refprop results were recorded for

the mixture used during this research, which represents 10 percent of pure gas R600a

added to pure gas R32 at a rate of 90 percent. It is worth noting that if the percentage

of R600a gas is less than 10 percent of the amount of charge in the system, the MCRS

will have a discharged state. Data on the new mixture and the gas R32 are collected in
the Table 5.3, below:

Table 5.3. The new mixture and R32, properties.

Liquid Vapor Liquid Vapor Liquid Vapor
Refrigerant T P phase phase phase phase phase phase
O (MPa) Density Density Enthalpy Enthalpy  Entropy Entropy
(kg/m?)  (kg/m?)  (Kjlkg) (kilkg)  (Kilkg-K)  (Ki/kg-K)
R32 T;=7.4 1.02339 1029.1 27.903 213.07 516.40 1.0465 2.1277
R32 T,= 0.24676 1158.2 6.9266 145.43 505.28 078948 2.2845
-32.46
R32/R600a T5=9.0 1.0875 921.07 30.398 216.61 502.90 1.0588 2.0732
(90/10%)
R32/R600a T,= 0.25966 1072.4 7.4056 140.74 489.48 0.76887 2.2184
(90/10%) -32.18
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Table 5.4. Properties of R407C.

Liquid Vapor Liquid Vapor Liquid Vapor Liquid Vapor
Refrigerant T phase phase phase phase phase phase phase phase
(°C) Pressure Pressure Density Density Enthalpy Enthalpy Entropy Entropy
(MPa) (MPa)  (kg/m3) (kg/m3)  (kj/kg) (Kj/kg) (Kj/kg- (kj/kg-
K) K)
R407C & T,= 1.7619 1.5535 1066.2 68.746 260.89 424.56 1.2041 1.7312
R32 40.3
R407C & Tg=- 0.47893 0.3835 1254.6 16.466 192.76 406.97 0.97352  1.7829
R32 5.13
R407C & T,= 1.8316 1.6195 1061.6 70.549 262.35 424.75 1.2086 1.7301
mixt 41.19
R407TC & Tg=- 0.49405 0.39655 12514 17.010 194.06 407.43 0.97829 1.7817
mixt 421

Table 5.5. The basic properties of the refrigerants.

Refrigerant R407C R32 R600a R32/R600a
(90/10%0)
Safety level Al A2 A3
Boiling point °C -43.8 -52 -11
Tcona *C 86.4 78.4 137.7
P cona bar 46.3 53.8 36.4
ODP 0 0 0
GWP 1650 650 -20 587

The heat Q. load of MCRS for HEX as shown in the following equation:

QHex =

The COP is given for MCRS by the equation:

COPyens = —EC
Whupc + Wipe

COP, =
MRS thupe - (he — hs) + ype * (hy — hy)

QLPC

mLPC ' (h1 - h4)

Mypc * (hs - hs) =Mypc" (hz - hs)

(5.9)

(5.10)

(5.11)

The performance factor of MCRS is as follows. By enthalpy COP equation:
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(hy — hy) - (hs — hg) (5.12)
(hy —hy) - (hg — hy) + (hy — hy) - (hg — hs)

COPycrs =

The platform prepared to install the MCRS's devices is equipped with wheels with
brakes to facilitate the movement of the MCRS and ensure that it does not move during
operation. Moreover, the refrigeration chamber is located on the lower level of the
MCRS equipment installation platform, while the rest of the equipment is on the upper
level, which is for both LPC and HPC, the Comp, the Cond, the liquid tank, and the
Evap, respectively, in addition to the high and low P gauges for both LPC, HPC. With
regard to the LPC, HPC operating switches, and the voltage transformers from 220 to
24 V, that operate the control units of the EEV, they were installed on the vertical side

of the left side of the assembly platform.

The Figure 5.2, below shows the diagram indicating the main components of the

MCRS used during this doctoral dissertation.

CONDENSER

~

HP
COMPRESSOR

EXPANSION
STAFF

®

EXPANSION

STAFF LP

COMPRESSOR

EVAPORATOR
'

Figure 5.2. Schematic diagram of the MCRS in this research [125].
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5.4. EXPERIMENTAL METHODOLOGY

The priorities for implementing the experimental research can be summarized as
follows in the MCRS used:

e Use the very accurate Elitech brand LMC 300 precision digital balance to charge
the MCRS with refrigerant gases, each according to the percentage required for
each of R407C gas, R32 gas, and the new mixture with R600a gas.

e Use the vacuum pump when charging and discharging each experiment
separately, the first with R32 only and the second with the new mixture. The
high and low P gauges permanently installed in the pipelines were also used.

e The power drawn from the circuit was calculated using a movable jaw ammeter.
The amount of current drawn by the coil per second was also measured by an
electric measuring clock.

e Use oxygen and acetylene welding with silver skewers to weld between copper
and copper tubes with welding aid when welding iron tubes with copper tubes
for all connection points between the parts of the MCRS.

e By checking the application of the information taken from the latest scientific
papers published recently in the field of CRSs the use of a HEX with a total

capacity of 28 slices was extracted.

From recording the data taken from the Data Logger, 10 points were recorded for the
MCRS connected by the thermocable of the device Data Logger. To connect the
database device to the computer, an Ordel SBA200 RS485-USB adapter was used to
record the information from the dataset into Excel spreadsheets on the computer. In
addition to that, a program prepared by Ordel Company was dealt with as a computer
application through which data is taken from the database and recorded accurately in
tables on the computer. It should be noted that both cycles contain an EEV that is
controlled by opening and closing from a computer. The Sh value was constant at 4°C
for both LPC and HPC.
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5.6. BOTH CYCLE COMPONENTS OF MCRS

The difference between HPC and LPC parts are shown in Table 5.6.

Table 5.6. The HPC parts and the LPC parts.

The HPC Parts The LPC Parts
Rotary Comp Reciprocating type hermetic-lock Comp
1.5 Hp 220 V, 50 Hz, efficiency 0.8 0.5 Hp 220 V, 50 Hz, efficiency 0.8
Comp gas Comp gas, mixture
R407C R32, R600a
Cond-Fan, amply 1.9 m?, aluminum  Cabinet 320 Liter, Sizes 70*74*70 cm,
blades attached to a copper tube Evap-fan
Liquid tank 1.2 Liter Liquid tank 1.2 Liter
Dryer Filter Dryer Filter
Sight Glass - High P Gauge Sight Glass - High P Gauge
EEV EEV
Plate HEX as Evap Plate HEX as Cond
of 28 Plates,0.312 m? of 28 Plates,0.312 m?
EGV T sensor EGV T sensor
EGV P device EGV P device
Accumulator (Liquid holder) Accumulator (Liquid holder)
Hhigh&Low P manometer Hhigh&Low P manometer
High-P manometer Operating P, 1/36  High-P manometer Operating P, 1/36
bar bar

5.7. APPLICATION OF MCRS EXPERIMENTATION

We take the T and P of the ambient air, and we prepare the electricity meter to measure
the current drawn by the MCRS, and we install the T sensors for 10 points by means
of a thermocouple to the digital device, and we connect the digital device to the
computer. We run the system in the LPC first, followed by the HPC. And we make
sure that the computer is running and the sequence of data transfer to Excel tables to
take all the information related to P and T to be saved and used later in creating the
relationship curves between the transactions. We install the Sh at 4°C and record the
EEV data. We record the T at the inlet and outlet of the HEX, main Evap, main Cond,

and Comps.
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Fifteen half-liter water bottles were used to form the convection for the MCRS. A
thermocable is fixed with adhesive tape to one of the bottles inside the refrigerator
compartment to record the convection T regularly. It is very important to ensure the
thermal balance between the components of the MCRS and the ambient air before
starting operation. Furthermore, to ensure thermal equilibrium, at least one day should
be left between each experiment and the next experiment. The same devices were used
for all experiments after the process of calibrating them and determining their accuracy
before using them by recording data for each experiment. It should also be noted that
each experiment was repeated at least five times to ensure the validity of the results by
matching them with the previous experiment. The device reaches the state of
equilibrium between the LPC, and HPC after two hours of starting the operation. It
was left for four hours to record the data from the MCRS and save it in Excel tables,

as an average of 8 hours of operation for each experiment.
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PART 6

EXPERIMENTAL FINDINGS

6.1. ANALYSIS OF MCRS MADE ACCORDING TO THE REFRIGERANT
PAIRS USED

Experiments were carried out under very close ambient-climatic conditions, at the
same time of the day, and as one experiment per day. All system parameters were kept
constant. In this thesis, a cascade vapor compression MCRS setup was fabricated and

two experiments were carried out.

In MCRS experiments, it was seen that HPC reached T, values faster and was more
stable. Therefore, experimental data were compared between 60-120 minutes. MCRS
can take a long time to stabilize. In the experiments, it was observed that the cycle
became stable between 50 and 80 minutes due to the small MCRS setup and the low

heat load.

Since these T differences are high and liquid fluid is likely to go to the Comp, it has
been seen that an accumulator (liquid trap) should definitely be used in both cycles in
MCRS. HPC compressor T averages varied between 29°C and 70°C according to the
experiments. It has been observed that the output T of the HPC Comp are more
affected by the Sh values. Between the 60-120 minutes when the test data were

compared, the average of the outlet T of both Comp was calculated.

While there is a direct link between the Evap P of the LPC fluid and the cold room T,
it has been determined that it reacts later than the HPC fluid. In addition, it has been
observed that the Evap P of R407C and R32 give different responses to Sh values and
ideal T;.
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It has been determined that while the HPC fluid is more affected by the outdoor T, the
LPC fluid is mostly affected by the heat transfer rate in the HEX. Therefore, it has
been observed that the LPC fluid gives a later and smaller response. It is worth saying
that the cold room T is not directly related to the Cond outlet T, but is directly related

to the amount of heat dissipated in the Cond.

Considering the energy consumption, room T, Comp outlet T, and COP values, it has

been seen that the mixture experiment and the -30°C value provide more ideal data.

In this study, the data obtained by using the cooling medium pairs used in the CRS are
given in graphic form using the Excel program. The test MCRS was operated for 8
hours and the measurements after the 2nd hour when it stabilized for each applied
experiment were discussed. The Sh value of the MCRS using refrigerant R32/407C,
and 90%R32+10%R600a/R407C pair was set as in both cycles.

After the MCRS reaches a stable state, P, and T data are recorded and stored from all
points on which 2 high-P and 2 low-P gauges are installed, and thermocouple T sensors
with 10 points. It should be noted that data is not taken when the Comps stop running.
Work, i.e., data is recorded when Comps are running only. Intake and expulsion P
were also recorded for each of the Comps. In addition, the amount of opening and
closing of the two EEVs was recorded, with the Sh value being 4°C for both LPC and
HPC. The mixture used is considered a new mixture and has not been used or published
in scientific research and scientific publication papers. It consists of 90 percent pure
R32 gas added to it and 10 percent of pure R600a gas. After recording and storing all
the necessary information in Excel tables, curves were drawn showing the relationship
by means of a graph between the various P, T, COPy,crs, and the opening and closing
of EEVs, by fixing the obtained information with horizontal and vertical axes, so that
it is clear and clear all the information related to the MCRS and the results of this
scientific research for Ph.D. It can be said that this research includes all the important
scientific information for the operation of the MCRS and all the results related to
knowing the details necessary to determine the COPy-gs and the efficiency of the
MCRS. The following points on which the MCRS depends can be monitored:
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4°C is the value at which the Sh is fixed as if any change occurred during
operation as a result of opening and closing the EEV controlled by the electronic
control unit directly connected to the EEV, which operates at a low voltage of
24 volts, it is returned to the same value at 4°C by the special console attached
to the computer.

The value of P loss through the connections, elbows and connecting pipes of the
constituent devices of the MCRS can be neglected to each other when the
galaxies calculations during this scientific research.

The P and T data are taken after the stability of the MCRS’s work in both LPC,
and HPC so that it is assumed that the condition is stable for all points recorded
in the data of the MCRS recorded in Excel tables.

The MCRS is considered thermally isolated from the surrounding medium so
that it can be said that the heat does not transfer from it or to it.

By software, Refprop is specified the volumetric flow rate and compares
practical results with it.

The most important link between LPC, and HPC is the HEX in MCRS, which
works as a Cond for the LPC and at the same time works as an Evap for the HPC.
The HPC Evap has a significant effect according to the laws of thermodynamics
in both COP, and COP, separately.

For each of the HEX, Evap, Cond, and Comps, the inlet and outlet T were
recorded. It should be noted that the energy consumed by the MCRS increases
with the increase in the P of condensation into the two gases R32, and R600a
that make up the mixture.

To determine the quality of the work of the MCRS, it was relied on to calculate
the practical actual values of the COPy;-rc, Which is equal to dividing the cooling
effect T, by the total work of the two Comp W, in LPC, HPC, and this includes
the calculation of all the inlet and outlet Comp T: Ty, Ty, Ts, T in LPC and HPC.
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6.2. EFFECT OF IDEAL T3 ONT, (LTC)
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Figure 6.1. Effect of ideal T; on T, LTC.

First experience with R407C/R32. This is followed by experiments using an
R32+R600a refrigerant mixture in LPC, respectively. In two experiments in terms of
room T, it was measured that there was not much T difference and it reached the
desired low P values. As a result of two experiments using refrigerant and its mixtures,
comparable curves were obtained as shown in Figure 6.1. As a result of the 8-hour
measurements in the insulated room in the experimental MCRS, the results were
similar in both experiments with R32, and the second with the new mixture
90%R32+10%R600a at the lowest degree obtained in the mixture. Also in Figure 6.1,
the fluctuation of the T; curve of the HEX outlet T is due to the change in the opening
of the EEV with the Sh value remaining constant at 4°C, as this effect appears on T,
in the same way. When the T, decreases, this leads to a decrease in the Evap T,, the
opposite is true when it rises. It should be noted that at the start of the operation of the
two Comp work, T; is at a relatively high value, and at this stage, the COP of the two
Comp is of a high value due to the two Comp not reaching high P values at the two
Comp ejection line. In addition, an increase in T; leads to a decrease in the value of
COP;. It was also observed that both Tg and COPy both increased and decreased in
HPC. What's more, it can be learned, after the MCRS reaches the lowest T in the Evap
in LPC, when T; decreases from the recorded results, the system performance rate is

lowest, while at the start of the accumulator operation, COPycrs With COP; and COPy,
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Is at the highest value. The Cond T in both cycles LPC as well as HPC have a direct
effect on each other, so the focus during this research was to reach the saturation T at
the ideal T in the MCRS to reach maximum COP,rs. FOr example, after 5:20 of
starting the MCRS with R32 gas, the T of the main Evap drops to -27.8°C, and this
time differs when using the new mixture to obtain it after three hours of starting
operation, with a difference of 2.20 of the MCRS working hours, and this is what It
appears that I preferred to work with the new mixture to reach the required degrees in
the least amount of time, using pure R32 gas. Furthermore, each Evap T corresponds
to an ideal T;. For example, at -27.8 °C in the Evap, T is equal to 18, which the mixture
reaches after three hours of operation, while R32 gas reaches 22°C after 3:00

operation.

6.3. EFFECT ENERGY CONSUMPTION ON COP ycrs

Energy Consumption and COP ;s
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Figure 6.2. Effect energy consumption on COPycgs-

As a result of changing viscosity, energy consumption will increase together with
frictions and will cause wear of the Comp in a short time. As a result of the fluid stage
fluid entering the Comp, the T of the Comp oil decreases, and its viscosity is affected.
In vapor Comp, the entering fluid must be in the superheated vapor phase. The phase
state and T of the fluid incoming the Comp is an important factor in the energy
consumption of the Comp.
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Figure 6.2 explains the possibility of replacing R32 with the new mixture, as it is clear
that both experiments have similar results for the mixture and pure gas R32. Figure
6.2, also indicates the closeness of performance rates in both trials. It can also be said
that pure gas R32 has a higher COPy,¢crs With a very small value than the new mixture,
but here it is worth remembering that the mixture has a lower potential than R32 to
cause global warming. The lowest total electrical energy consumption was measured
in the experiment using the R32/R407C refrigerant couple. This was followed by
R32+R600a/R407C refrigerant pairs, respectively.

6.4. EFFECT T, ON ENERGY CONSUMPTION
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Figure 6.3. Effect T, on energy consumption.

At -30.5°C, the lowest amount of energy consumed by the MCRS in both experiments
is recorded and saved. It can be said that Figure 6.3, easily shows that the lower the
Evap T,, the lower the amount of energy consumed to reach that T. At -31.5°C is the
lowest value of energy consumption for both experiments. Furthermore, it is noted
from the curves that after the adsorbate reaches -29°C or less, the difference between
the results of the mixture and the pure gas is almost equal. For each main Evap T,
there is a value to the best performance rating COPy,qgs that is related to the T; of the
LPC of HEX Through this research, we confirm that it is possible to improve the
performance of the system COPycrs by choosing a suitable T for the outlet of the HEX
T5 in the LPC so that it can be changed by changing the capacity of the HEX.
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At the lowest T, in the Evap -32°C, the corresponding Cond T, with the mixture will
be 45°C and with R32 43°C. Figure 6.3 shows the similarity of the two curves in both
experiments after the MGRS reached -30°C to -32°C, and the average performance
value for both is similar in the two experiments, and this is due to both R32 and the
mixture having similar cooling properties as a result of the close composition of both.
The T of the outlet of the HEX Tj; rises slightly more than of the Evap T,, and the
reason for this is due to the high P of the exhaust line in the Comp, which leads to a
rise in the T of the refrigerant. And since T3 is one of the most important elements of
the MCRS factors, it must be suitable and ideal due to its connection with the capacity
of the HEX and the efficiency of the HPC.

It is worth noting that the new mixture has a lower energy consumption value than R32
when the Evap T, is less than -30°C. In addition, the values in the Evap T, curve are
similar for the mixture and R32 at all points below -29°C. The relationship is also
considered direct, meaning that it increases and decreases with each other for T, Tj,
and COPypc. T,, COPypc, and T5 are the components of figure .6.3, where the
relationship between them all appears in one illustrative curve. And this figure 6.3,
adds that the new mixture has values greater than R32 in the T curve of the HEX outlet
T5 and this can be explained by the fact that the new mixture reaches the same T in the
Evap in less time than the time it takes R32 gas to reach the same degree. It is noted
that the lower the T of the Evap, the lower the degrees of entry and exit to the Comp
in LPC T, T,, and the Comp in HPC Ts, Ts.

T; can be considered as a major influencing factor in LPC as it is related to the
efficiency of the performance of both cycles whose relationship to each other is shown
in Figures 6.1, and 6.2. It was discovered through this research that the performance
rate of the entire MCRS depends on T5 in a positive relationship between them, they
rise and fall together. Therefore, The relationship is inverse between the COP of each
separate cooling circuit separately COP; in the LPC and COPy in the HPC at the start
of the MCRS, where the COP is high in the HPC and low in the LPC in an inverse
relationship, and The reason for this is that when the MCRS starts operating, the

discharge P of the Comp T, is low. COP,,cgrs improves with a decrease in the T after
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the system has stabilized. Comp outlet T, rises in the LPC. Here it is worth noting that
COP;, also improves with the stability of the MCRS and COPy decreases for the LPC.

6.5. EFFECT T, ON COMPRESSOR INLET T, LPC
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Figure 6.4. Effect T, on Comp inlet T; LPC.

The consequence of this sudden reduction in the inlet T of the LPC HEX at the 7th
hour is seen in Figure 6.4. In the MCRS, in which a mixture of refrigerant R32+R600a
was used, a decrease in the outlet T of the Comp was observed as a result of a sudden
decrease in the Comp inlet T in the 7th hour, as seen in the graph. As can be seen in
Figure 6.2, it is seen that the Comp outlet T decreased over time in the two
experiments. It was measured that the Comp outlet T reached its highest values in the

experiment consisting of R32+R600a, R32 refrigerant, and mixtures, respectively.

As an outcome of such a situation, the heat transmission capacity of the Cond HEX
will not change, and the MCRS will not be able to reach the desired cooling capacity,
since it will not be able to fully discharge the heat, it needs to be removed. It is not
desired that the refrigerant comes out of the Comp at a high T and enters the Cond.

T, an uneven curve but T, a regular curve for two experiments. Growth at the

beginning of T; curve, and after T, decreases, the T; reductions. COPy,cgs reaches its
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highest value when obtaining the lowest T in the main Evap, and it is noted that at this
T the LPC Cond is cooler than any other T in the Evap. Furthermore, the main Evap
is affected by the main Cond, although they are present in two different and separate
cooling cycles LPC, and HPC, so the lower the T of the main Cond, the faster the
required degree will be reached in the Evap. In other words, if the T of the air
surrounding the main Cond is cooler, better for the COP of the MCRS and vice versa.
For example, when the outside air-temperature T, is equal to 20°C, the work of the

condenser and the COPy,-rs Value will be greater than if the T, is 30°C.

Inthe LPC, Ty, the Comp inlet T in the intake line is affected by the Evap T, as shown
in Figure 6.4. Figure, in both the LPC of the Comp outlet T, and in the HPC of the
Comp outlet, when the higher they are, the lower the main Evap T,. The lower the
Evap T and the T; HEX outlet T, the lower the energy consumption. Furthermore, the
energy lost and the energy used by the MCRS decreases with the decrease in the Evap
T,, and it can be said that at the outlet and inlet of both Comps, the decrease in the
Enthalpy value h,, h, in the LPC and hs, hy in the HPC leads to a decrease in energy

losses and energy consumed as in the Figure. 4.1.

6.6. INLET CONDENSER T¢ AND T3 HPC
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Figure 6.5. Inlet Cond T, and T3 HPC.
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As shown in Figure 6. 5, the inlet Cond T, of the HPC and outlet HEX T35 in both
R32/R407C, and 90%R32+10%R600a/R407C experiments, respectively, between the
2nd and 7th hours, is 4°C, 5.65°C, 4.51°C. The Cond, which is one of the elements of
the MCRS, allows the refrigerant to pass from the superheated phase by throwing

warmth into the environment.

It has been determined that the Cond outlet T are related to the heat transfer amount of
the HEX as well as the Evap P values. It has been determined that the fluid flow rate
decreases with increasing AT values in the R407C fluid, and the Cond outlet T
decrease because the heat transfer rate in the HEX decreases. By reducing the EEV
openings, the amount of heat transfer decreases with the fluid flow rate at increasing
Sh degrees. Therefore, in R32 fluid, as the Sh degree increases, the Cond outlet T also
increases as a result of the decrease in fluid flow and the inability to release heat. It
has been observed that there is no direct correlation between R32 and R407C Cond

outlet T. The Cond outlet T of the refrigerants are given.

The effect relationship of the entry T to the Cond T, on the exit T of the HEX T;
between the use of the mixture that is equal to 1.5°C higher than the value when using
R32 and this difference is considered very small. Moreover, it should be noted that the
in the HPC, the inlet T of the Cond Tg is lower than the outlet T of the Comp.
Furthermore, in both experiments, -32°C is the best T for the MCRS in terms of
stability, COP at the highest value, thermal load in thermal uniformity, and the energy
consumed and lost from the MCRS, where it is the lowest value. In the LPC, the heat
gained by the refrigerant (R32 or the new mixture) in the Evap as a result of its low P
and the heat it absorbs in the form of heat content as a result of its high P in the Comp,
in addition to that heat gained by R407C in the HPC from the HEX and transferred
from the LPC and The heat that it acquires as a result of its high P in the Comp in the
HPC, all of this affects the Cond inlet T in the HPC by increase or decrease. Therefore,
the COP of the MCRS is inversely affected by T,. Most of the results recorded in this
thesis indicate that the difference between the refrigerant gas R32 and the new mixture
is negligible, and here we emphasize the preference of the mixture from an
environmental point of view, as it is less capable of causing global warming and does

not deplete the ozone layer. It can be added that the energy lost and the energy
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consumed decrease with the decrease of T, at the entrance of the main Cond in the
MCRS. The MCRS's energy consumption and loss increase with an increase in the
amount of heat T, as is evident when tracing the curve of the mixture in the figure
above. Moreover, the lowest energy consumption with the mixture is when Tg

decreases from 49.8°C to 47°C during the last two hours, as shown in the figure.

6.7. EFFECT T, ON CONDENSER OUTLET T, HPC
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Figure 6.6. Effect T, on Cond outlet T, HPC.

The above figure shows the result of the mixture formation of two different gases the
curve represented by it is more volatile than the R32 curve of T,,. The curves indicate
that the relationship is similar between T, and its effect on T, especially in the last
two runs. The outlet T of the Comp increases with the increase in cooling load in the
refrigerating room, and in LPC the effect is more obvious when T rises with T, rise.
In addition, for the mixture and R32 gas, there is no significant difference in the points
in the curves shown in Figure 6.6. It is possible to compare the results between the
mixture and R32 gas when they reached the lowest degrees in the Evap, so it will be
as follows; First, the mixture obtained T, was equal to -32.18°C. At the same time, the
T of the mixture outlet from the HEX was equal to T; was equal to 16.3°C, secondly
with regard to gas. R32 The results to the lowest degree obtained in the Evap T, was

equal to -32.46°C at the same time T3 was equal to 14.95°C, which confirms the
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similarity of the results in both experiments and the possibility of replacing the pure
R32 gas with the new mixture. The above figure shows the great convergence in the
results taken from the MCRS for the T, of the refrigerating room so that it is clear in
the case of using the mixture from -27.5°C to -32.18°C, but when using pure gas R32,
the start is from -26.5°C to reaching the low degree at -32.46°C as the beginning and
end of the two curves after the MCRS work has stabilized

6.8. SUCTION LINE PRESSURE P, LPC AND Ps; HPC
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Figure 6.7. Suction line-Pressure P; LPC and P; HPC.
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Likewise, high Comp T are also an important factor in reducing Comp life. This
undesirable situation will force the Comp to work and may cause malfunctions in a
short time. If the T of the fluid entering the Comp is too low, it may cause the liquid
fluid to go to the Comp. Inlet-outlet T values are very important for the life operation

of the Comp.

As presented in the Figure. 6.8. It should be noted that all measured P recorded in
Excel tables as results for the MCRS was recorded without adding the value of
atmospheric pressure equal to 1 bar, which have been written in the form in this study.
Moreover, the difference between the P in the suction line Ps in the two experiments
can be neglected, which is equal to 0.19 bar for the mixture, which is higher than that
with R32. In the same case, the T difference between the two experiments was equal
to 2°C, for the mixture higher than that with pure gas R32 at the outlet of the HEX T;
in the LPC, which resulted in a slight difference in the performance rate COP between
the two experiments. In the same context, the difference between the two experiments
with the suction line in the LPC P; was equal to 1.4 bar for the mixture, higher than it
was with R32.

6.9. HEAT EXCHANGER INLET-OUTLET T, -T3 LPC and Tg -T5 HPC
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As shown in Figure 6.4. the average difference variation the inlet and outlet T of the
LPC HEX variation the 2nd and 7th hours in the R32/R407C,
90%R32+10%R600a/R407C experiments, respectively, was 55.42°C, 59.11°C, it was
calculated as 56.44°C. The HEX functions as a Cond in LPC.

At the mixture HEX outlet T; There are many factors such as heat transfer rate,
instantaneous thermodynamic properties of fluids, Comp T, and Evap T. However, it
is clearly seen that the HEX outlet T are not directly related to the cold room T and are

related to the amount of heat transfer in the HEX.

An element worth noting in the MCRS data is (AT= T; - Tg) AT as it represents the
relationship between both LPC, and HPC in line with thermodynamic laws. The
relationship is in direct proportion so that it increases and decreases with each other
for Tg on T3 Ts on T,. From the results of enthalpy tables 5.3 and 5.4, the Figure 6.10,
has been drawn. The results of the effect of T on each sleeve of the inlet and outlet of
the HEX in both LPC T, T; and HPC T Tg are shown in the above figure 6.8.
Moreover, The results of the COP adopted the higher values to draw the above figure.
Where the product of subtracting the inlet T of the HEX in the HPC Tg minus the outlet
T of the HEX in the LPC T; equal to AT is considered an important value in the results
of the COP of the MCRS.
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6.10. VALVE OPENING AND SUPERHEAT LPC
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Figure 6.11. EEV opening and Sh in LPC.

Although R404A fluid P react later than mixture fluid, it is seen that the effect of T
values on Evap P is different. These fluctuations in the P curves are due to small
changes in the EEV openings, the heat transfer rate in the HET, and the room T.
Although there are fluctuations in the P curves, it is seen that the P reductions are in
parallel with room T. As seen in Figure 6.9, there is direct parallelism between Evap

P and T values.
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Since there will be a decrease in the amount of fluid going to the Evap as a result of
the decrease in the valve opening, the decrease in P was measured after the 6th hour
as seen in Figure 6.9. In the experimentation where the 90%R32+10%R600a / R407C
refrigerant couple was used, it was observed that the EEV opening decreased over time
after the 6th hour.

As a result of the difference in the components of the mixture consisting of two pure
gases, the above figure shows that the R32 curve is more regular than the mixture
curve. In addition to that, the amount that enters the Evap when the valve is opened, it
is not possible to know the ratio at which both gases that make up the mixture R600a
and R32 enter, and this leads to an irregular increase and decrease in points. It can be
concluded and interpreted the difference between the valve opening curves between
the two experiments that when using a refrigerant with one gas, the curve is more
regular than when using a refrigerant consisting of two or more gases. It can also be
added to that which shows the Sh curves, which are fixed during the operating period
of the MCRS at 4°C. When recording the practical results of the experiments, a
difference in the Sh values is recorded as a result of the difference in the opening of
the EEV, and then the same degree is returned to the same T at 4°C by the computer.
It is noted in the results of this thesis that the excess T changes from the value fixed at
it, which is 4°C, and this constant value is returned by opening or closing of the EEV,
and it is worth mentioning in this important point that opening the EEV reduces the
consumption the energy consumed and lost by the MCRS. It is proved by Figure 6.9,
that in both experiments using the mixture or using one gas, the EEV opening curve
was similar to both experiments. COP of MCRS when the EEV is opened, and at the
same time, the value of energy consumed and lost from the MCRS decreases. Evap

cooling increases as its T decreases with the EEV open.

At the same T, the COP is similar in the two experiments and with similar values for
the input energy when the EEV is open. In addition, the slight difference between the
R32 curve and the new mixture curve is due to the difference in the composition of the
mixture from the pure gas. The results also show that each of the two experiments has
a very close COPycrs When the Evap T is -32°C. Figures 6.9, 6.8, and 6.7 tell us that

the energy consumption is relatively low when the suction head P of the Comp is low.
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PART 7

CONCLUSION AND RECOMMENDATIONS

7.1. SUGGESTIONS

At the same time, by comparing this study with different refrigerants, it can be
determined whether there is a difference between the ideal mixture's degrees. In
addition to this MCRS, determining the ideal T; degrees of both cycles separately with
the help of an automation MCRS can further increase cycle efficiency. According to
the results obtained, T5 values in MCRS; efficiency, energy consumption, and T values
have been affected. Various improvements can be made in the HEX in order to reduce
the stabilization time of the LPC in the MCRS and to reach the desired room T faster.
In this context, it will be useful to conduct a comparative study on the MCRS of HEX
and to determine the most efficient HEX type and method.

7.2. CONCLUSION

Using a small cascade refrigeration system, which we call (MCRS), this thesis proved
using two separate experiments that the new mixture used for the first time, consisting
of 90% of R32 gas added to it 10% of R600a gas, is better than using R32 gas alone
in the low refrigeration cycle LPC, and it should be noted in both experiments, R407C
gas was used in the high-pressure cycle HPC, and that is because of the lower potential
of the new mixture to cause Global Warming Potential (GWP) than with R32 gas. The

following points clearly explain the results obtained during this thesis:
e The new mixture and R32 gas have very close thermodynamic properties, and

this scientific research prefers to use the new mixture instead of R32 gas because

the mixture is less capable of GWP by 67 than when using R32.
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The performance rate COPycgrs Of the new mixture and R32 gas is close when
the Evap T, is -30°C, which both compounds reach at the same time from the
start-up of the MCRS.

In each of the first two experiments with gas R32 and the second with the new
mixture, the values of energy consumption and energy losses were almost equal
at different T measured in the Evap.

The maximum value of the average performance is COPycrs there is an ideal t
at the outlet of the HEX in the LPC Tj, and for each T of the main Evap T, in
the MCRS.

This scientific research recommends that the search for non-flammable gases or
mixtures be continued to work as a refrigerant in MCRS, since both gases used
in this research, R600a, and R32, are flammable gases.

The size of the MCRS used during this research is enough and suitable in size
so that it can be installed on small cars that facilitate the transportation of
medicines and vaccines, and it should be noted here that the rate of energy
withdrawal of the MCRS is low and less than 1.2 KWh.
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