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ABSTRACT

Performance evaluation of the three special transcritical refrigeration cycles, specifically
the vapor compression cycle (VCC), the combined refrigeration cycle (CRC) and the
new combined refrigeration cycle for power and cold generation (NCRCPC), are
studied. The principles of mass and energy conservation are implemented to every
devices of the cycle, and the resulted linear system of equations was numerically solved.
It was investigated that the new proposed cycle had a lesser optimum gas cooler
pressure than VCC and CRC refrigeration cycles, and this would enhance the lifetime
and safety of the system. It was found that the COP of the new cycle is more than that of
the vapor compression and combined refrigeration cycles 118.73% and 49.146%,
respectively. Besides, The exergy efficiency was approximately 64.55% and 56.68%

higher than that of the vapor and combined refrigeration cycles, respectively.

If we compare between N20 and CO2 refrigerant, the N20O based refrigeration cycle is
found to have better coefficient of performance (COP), lower gas cooler pressure and
higher entrainment ratio (u). For N20 based refrigeration cycle maximum COP is found
to be more than that of CO2 based refrigeration cycle. Exergetic output of N20 ejector
cycle is better while losses passed off because of irreversibility during expansion is

lower.
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Nomenclature

Symbols

T =temperature

P = pressure

COP = coefficient of performance
h = specific enthalpy(kJ/kg

m= mass flow rate (kg/s)

Q = heat transfer rate (kJ/kg)

S = specific entropy (kJ/kgK)

U = entrainment ratio

W = electrical power (kW)

E = exergy rate (kW)

ED., ot total = €X€rgy destruction cost rate (kW)

Greek Symbols

n = efficiency (%)

Abbreviations

is Isentropic

gc gas cooler

EV  expansion valve
evap Evaporator
comp compressor
cond Condenser
Turb  Turbin

tot total value

Subscripts

0 = ambient condition
t = total
1,2,3,4... = cycle locations (kJ/kg)

k = each component

in = Inlet
out = Outlet
F = Fuel

P = Product



CHAPTER 1
INTRODUCTION

INTRODUCTION
Combined cycles for refrigeration and producing energy had been highlighted for
the final a long time for growing structures efficiency. Different combined cycle
kinds for cooling and power production were proposed to obtain higher overall
performance with a considerable reduction in electrical energy consumption. The
combined cycles for refrigeration and power generation have been appreciably
studied via way of means of numerous researchers with inside the beyond a long

time.

The Goswami cycle that combined a power Rankine cycle with absorption cycles
for producing energy and refrigeration turned into proposed and studied [1]. Many
research works presented a parametric, exergy analysis for this cycle [2-4], and its
feasibility was experimentally validated [5-6]. Another single-stage combined cycle
with higher exergy and energy efficiencies was proposed and offered with inside
the literature [7-8].

Many studies paintings has been carried out on using ejector technology and their
applications in thermal systems, and a detailed assessment of such works turned
into offered [9]. Other combined cycle for higher energy and exergy efficiencies
and better cooling capacity was proposed the use of the Kalina thermodynamic
cycle [10-14]. Even though the existed combined refrigeration cycles can could
have reasonably higheroverall performance and energy efficiencies than the one of
the traditional cycles, they may be nonetheless complex and pertain excessive

capital cost.

Ejector refrigeration cycles (ERC) are any other thermally pushed refrigeration
technology used in lot of co-generation and tri-generation systems with the benefits
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of ease of conception, low running costs since there are no moving parts and they

may be operated the usage of numerous refrigerants.

A combined Rankine and ejector cycles had been advanced and notably studied to
make use of the low grade and wasted heat. Exergy and thermodynamic evaluation
of those cycles and systems indicated that the system component with the
maximum exergy destruction is the ejector [15]. New system configurations
evaluation of those combined cycle and better values of thermal and exergy
performance [16]. Besides, hybrid vapor compression refrigeration cycles and
systems had been delivered and examined, and a parametric take a look at in their
thermodynamic overall performance the usage of energy and exergy evaluation
changed into conducted [17]. Some devices with excessive exergy destruction
were either removed or improved to enhance the system efficiency and cycle
overall performance. Organic Rankine cycle (ORC) was integrated into a system
with ERC running with distinctive sorts of refrigerants for power generation and
enhancement in the refrigeration system thermodynamic overall performances [18—
21].

Several research works had been carried out to study the effects of working fluid
properties on the performance characteristics and efficiencies of the combined
cycle. Also, the selection of the best working fluid for a given refrigeration cycle
turned into based on specific criteria including but not limited to safety, high COP,
low Global Warming Potential (GWP), toxicity, low Ozone Depletion Potential
(ODP), and environment-friendly properties [22-23]. In this regard, the N20
refrigeration systems are in a enormous expansion stage to substitute artificial
refrigerants currently applied inthe refrigeration and air conditioning applications.
Also, the main advantage of using N20O as a refrigerant is that it has a very low
GWP, ODP and nontoxic. The advancement in developing refrigeration cycles
working with N20O as a refrigerant made it more profitable, especially with the
integration of ejector and expanders into the refrigeration system, which made it
possible to utilize the turned intoted low-grade heat and reduce the compressor
work and, thus improving the cycle efficiency and performance [24-27].

Several research had been provided to analyze the opportunity of usage of this

turned intoted heat and obtain an development for the overall cycle performance
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[18-20].

For further improvement in efficiency and overall performance of the cycle, an
ejector refrigeration cycle is incorporated with the transcritical refrigeration cycle
with N20O asa refrigerant and replacing throttle valve with turbine which generate
energy and cooling might be a more effective method. To the pleasant of the
author’s information and with the aid of using surveying the above-stated
literature review, the combination of the vapor compression cycle and the ejector
refrigeration cycle to simultaneously generate power and cooling is not so far
investigated. The present research is carried outin the continuation of our preceding
work [18]. In this work, a new combined refrigeration cycle for power and cold
(NCRCPC) is presented to improve the economic and thermodynamic
characteristics in the traditional and combined N20O refrigeration cycles. Also, the
thermodynamic performance of the NCRCPC will be investigated centered on
energy and exergy inspection. A 1D constant area ejector, which works in the
transition regime model, is adopted to calculate its performance. The ejector
performance in the transition regime turned into considerably studied and proved to
be an optimal operating regime [28-30]. The energetic and exergetic results of the

three studied cycles are compared to find the best operating cycle.



The Description Of The Cycles

The N20 VCC schematic and p-h diagrams are presented in Fig. 1.
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Fig. 1. (a) VCC system, (b) VCC P-hdiagram.



The components of this system are the evaporator, compressor, throttling valve,
and a gas cooler. The wasted low-grade energy from the gas-cooler is utilized by
incorporating an ERC into the transcritical refrigeration system, which will result
in an enhancement in the performance of the system, production of cooling effect
and obtaining dual temperature refrigeration system. The schematic diagram of

the N20 CRC and its p-h diagram are presented in Fig. 2.

) Gas cooler [ )
rs > = 5
? 6
A g
&) 3
A _
T Cooling water ,
17 {15 .
Lo
e Condenser
8
18 5
& —
¥ W o -.
'7 O |'I I'.
3'5._EU1\-/EU2 £ |
FANIVAN S
| Cooling user
10 14
[ S—
— Evaporator 2 5
a
* > Evaporator 1 .
15 ] [T 1
12 1]

Cooling user



P [Mpa]

>
h [kJ/kg]
(b)

Fig. 2. (a) CRC system, (b) CRC P-h diagram.

The existence of the throttling device in the CRC results in high losses and thus
reduces the cycle total thermal efficiency. Therefore, the replacement of the
inefficient expansion valve by a turbine that will produce power will solve this
problem. By introducing a turbine in the CRC, a novel combined refrigeration
cycle for producing a refrigerating effect and generating power termed
(NCRCPC) is achievable. The NCRCPC schematic and p-h diagrams are
presented in Fig. 3.
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The refrigeration process of NCRCPC can be described by starting at any point in
the system and coming back to this point. The wasted heat in the gas cooler is
used as a driving source of the ERC integrated into the system. The heat rejected
by the gas cooler is transferred to the liquid refrigerant entering at state 9 and
leaving at state 6 in superheated state conditions.

This superheated refrigerant enters the ejector nozzle and acts as a primary flow,
whereit continues to gain speed while flowing through the converging-diverging
nozzle to a higher speed and thus creating a suction effect, where the low pressure
refrigerant is entrained from the evaporator at state 5'. A booster is installed to
higher the refrigerant pressure after the evaporator from state 5 to state 5. The
entrained refrigerant is mixed with the high pressure flow in the constant area
mixing chamber in the ejector and is directed to the ejector diffuser section,
where its pressure is partially recovered to state

The mixed refrigerant enters the condenser, rejects heat to the environment and
condenses to a liquid at state 9. Then, the liquid refrigerant in the condenser is
pumped to the gas cooler and to an expansion valve at state 18, where the
pressure is reduced to the evaporator pressure at state 10 and is delivered to
evaporator 2. The low- pressure mixed refrigerant enters evaporator 2 at state 10
and evaporates to state 5, producing a refrigerating effect. The refrigerant vapor is
delivered to the booster, where its pressure is increased to state 5', and the cycle is

complete.



Selection Of Refrigerant

The selection of the exceptional working fluid for a given refrigeration cycle was
based on specific criteria including no longer restricted to safety, high COP, low
Global Warming Potential (GWP), toxicity, flammability, low Ozone Depletion
Potential (ODP), and environment-friendly properties.

A wide variety of natural refrigerants are to be had to be used in refrigeration and
air conditioning applications. Using the natural refrigerants like carbon dioxide,
nitrous oxide, air, ammonia, isobutene, propane, water etc. benefitted us as they
have zero ODP and low GWP and low cost as well. In colder countries CO2
based cycles have already received fairly right compliance in refrigeration
applications. N20 as a refrigerant is yet to be completely investigated. As N20
and CO2 has comparable properties like critical pressure and critical temperature
and molecular weight. Although, it's far much less beneficial in phrases of GWP
in comparison to CO2. Important properties of N20 and CO2 are compared in
the table shown below.

Table 1
Properties of CO2 and N20O shown.

Propoties CO2 N20
Critical pressure (MPa) 7.377 7.245
Critical temperature (°C) 31.1 36.4
Boiling point (°C) -78.4 -88.47
Triple point temperature (°C) | -56.55 -90.82
Toxicity (ppm) 5000 1000
Molecular weight (kg/kmol) 4401 44.013
GWP 1 240
ODP 0 0




Latent heat of vaporization 574 374.28

(kJ/kg)

The development in growing refrigeration cycles running with N20 as a

refrigerant made it extra profitable, in particular with the integration of ejector

and expanders into the refrigeration system, which made it feasible to make use

of the wasted low-grade heat and decrease the compressor work and,

consequently enhancing the cycle efficiency and overall performance.

1)

2)

3)

4)

5)

6)

Conclusion

For N20 based refrigeration cycle maximum coefficient of performance
is more than that of CO2 based refrigeration cycle for the same evaporator
temperature.

N20 based refrigeration cycle has higher cycle performance than CO2
based refrigeration cycle at lesser gas cooler exit pressure.

For N20 based refrigeration cycle 2nd law efficiency is more at lesser gas
coolerexit pressure comparison of CO2 based refrigeration cycle.

N20 based refrigeration cycle has lower pressure recovery ratio and
higher entrainment ratio compared to CO2 based refrigeration cycle for
same gas coolerexit pressure.

Exergy output for N20 based refrigeration cycle is premier as compare to
CO2 based refrigeration cycle at maximum COP condition.

N20 based refrigeration cycle have less irreversibility in Ejector

compared to CO2 based refrigeration cycle.
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CHAPTER?Z
LITERATURE SURVEY

LITERATURE REVIEW AND RESEARCH GAP

With the development of global technology, the demand for energy is
increasing. The prosperity of a country depends on its production and
development of energy.

Arora and Kaushik [1] Descriptive exergy analysis of the real vapor
compression refrigeration cycle has been proposed. They compared the
performance of R502, 404A and R507A refrigerants. They observed that
R507A is better than R404A in replacing R502.

Hwang and Jeong [2] The effect of the refrigeration system parameters using
R600a on the non-equilibrium subcooled two-phase flow of refrigerant was
observed. They studied the influence of the operating conditions of the
refrigeration system on the unbalanced gas content of R600a through
experiments. They found that the system parameters changed the porosity, as
well as the pressure and temperature.

Bolaji [3] In household refrigerators, an experimental study was carried out to
replace R134a with R152a and R32, and the performance of R152a and R32
with R134a was compared. He pointed out that for R152a and R134a
refrigerants, the extraction time and design temperature set by the
International Organization for Standardization (ISO) for (small) refrigerators
are higher than those of R32. The average coefficient of performance (COP)
obtained by R134a is 4.7% lower than that of R152a, and the average
coefficient of performance (COP) of R152a is 8.5% higher than that of R32.
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For R152a, the system consumes less energy. He added that under all working
conditions, the performance of R152a is better than that of R134a and R32 in
domestic refrigerators. Therefore, in domestic refrigerators, R152a can be
used as a substitute for R134a.

Alavi et al. [4] The power regeneration technology used for VCR equipment
to upgrade existing equipment is introduced. The main compressor,
evaporator, condenser and main expansion valve are allocated according to
the characteristics of each equipment. They observed that for a given main
screw compressor, the COP and cooling capacity were increased by 80% and
100%, respectively. They added that for the constant cold power plant, the
main compressor throughput is reduced to 50%, while the COP is increased to
70%.

Humane et al. [5] The performance of low GWP refrigerants was compared
for a micro vapor compression system (VCS) integrated with improved phase
change materials. They compared the performance of R1234ze (E), R1234yf
and R32 and R290. They concluded that compared with R134a, the system
load reduction of R32, R1234ze (E), R290 and R1234yf is 1%, 30%, 52% and
11%, respectively. The COP changes of R32, R290, R1234yf, and R1234ze
(E) were + 8%, 3%,-5%, and-12%, respectively. The revolutions per minute
(RPM) of the compressor are R90, R1234ze(E), R1234yf, R32 and R134,
which are 1700, 2900, 2400, 900 and 2100 respectively.

Khan and Zubair [6] Engaged in the design and classification of mechanically
integrated subcooled vapor compression refrigeration systems. They
developed a thermodynamic model of the integrated mechanical supercooling
system to simulate the actual performance of the supercooling system. They
predict that the performance of an integrated vapor compression refrigeration
cycle is better than a simple cycle that uses mechanical subcooling.

Zubair and Khan [7] conducted thermodynamic analysis based on the first and
second laws of the two-stage and mechanical subcooling refrigeration cycle.
They analyzed the irreversible loss of each component of the system. They

compared the theoretical performance results of the two-stage refrigeration
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system with the experimental values of the CFC22 system.

Fontalvo A [8] In this work, the ammonia-water mixture is used as the
working fluid, combined with the Rankine power and the absorption
refrigeration cycle and the exergy analysis of the combined refrigeration
cycle. Find out the influence of the pressure ratio, the ammonia mass fraction
in the absorber, and the turbine efficiency on the total exergy destruction of
the cycle.

Lopez-Villada J [9] By using an ammonia-based working fluid mixture,
different solar absorption power-cooling systems are simulated, which
simultaneously generate mechanical energy and cooling energy through a
single system.

Zheng D [10] A combined absorption/cooling power cycle is proposed, and
the cycle is thermodynamically analyzed using log p-T, log p-h, and T-s
diagrams. Find the exergy efficiency and thermal efficiency of the cycle.

Cao L [11] This article looks at the Kalina-based Combined Power and
Cooling Cycle driven by a low-grade heat source and an absorption
refrigeration cycle. Through the establishment of mathematical models,
numerical simulation and parameter analysis, to investigate the influence of
the best exergetic efficiency and the best inlet pressure of the expander.
Megdouli K [12] In the current work, a new CO2 refrigeration cycle is
studied, in which the ejector expansion cycle is used as a tool to collect waste
heat from the gas cooler. Basic refrigeration cycle, thereby reducing labor
consumption, thereby improving the performance characteristics of the entire
system. The operation and performance characteristics of the system are
theoretically studied using energy and exergy methods.

Lontsi F [13] In this study using environmentally friendly refrigerants, a
combined compression / expulsion refrigeration cycle designed to
simultaneously generate refrigeration for refrigeration and freezing, eight
candidate fluids were selected.

Singh S [14] Using an expander for work recovery instead of an expansion

valve is a promising option for achieving commercial success in transcritical

13



CO2 refrigeration and air conditioning systems by increasing the COP.and

overall performance of the system.

Conclusion Of Literature Review

It has been concluded that NCRCPC has been worked already by using CO;
as a refrigerant. In colder countries CO2 based cycles have already received
fairly right compliance in refrigeration applications. N2O as a refrigerant is
yet to be completely investigated. As N20 and CO. has comparable
properties like critical pressure and critical temperature and molecular weight.
Although, it's far much less beneficial in phrases of GWP in comparison to
COa.

Research Gap

1) The work is yet to done for Vapor Compression Cycle (VCC) using
N20 refrigerant.

2) The work is yet to done for Combined Refrigeration Cycle (CRC) using
N20 refrigerant.

3) The work is yet to done for New Combined Refrigeration Cycle For
Power And Cold (NCRCPC) using N20 refrigerant.

Objective

1. To carry out energy and exergy analysis for Vapor Compression Cycle
(VCC) with N2O refrigerant and compare it with CO..

2. To carry out energy and exergy analysis for Combined Refrigeration
Cycle (CRC) with N2O refrigerant and compare it with CO..

3. To carry out energy and exergy analysis for New Combined
Refrigeration Cycle For Power And Cold (NCRCPC) with N2O

refrigerant and compare it with CO..
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CHAPTERS
METHODOLOGY

System Mathematical Modeling

A mathematical model for the system is presented to analyze the proposed cycles.

Theejector performance is evaluated by a 1D constant area ejector model.

Assumptions

The following assumptions will be considered to simplify the mathematical
modelingand thermodynamic analysis of the proposed NCRCPC [13-14].

1. Steady-state conditions.

2. Frictionless flow in the components except for the ejector.

3. Adiabatic process in the ejector.

4. The mixing chamber, nozzle and diffuser losses are accounted for by the
efficiency of these components.

5. Pressure ratio of booster is taken as 1.1

6. The isenthalpic process through the expansion valve.

7. The change in kinetic energy in the ejector is neglected.

8. Saturated state of vapor and liquid are assumed at the exit of

evaporators andcondenser.
9. Constant isentropic efficiency for the booster, turbine, and pump at
85%, 95%,and 90%, respectively [29].
10. The isentropic compressor efficiency is estimated as
ncom = 0.9343 — 0.04478(P2/P1) (n!/r! (n—r)") [18].
11. A constant cooling capacity of 100 kW for the system.

15



12. Temperature difference for the gas cooler is assumed to be five degrees
(AT =T2 - T6 = 5) [18].

13. The ambient reference temperature and pressure are 293.15 K and
0.101 MPa,respectively [18].

1 The system energy analysis

In the new proposed NCRCPC, the energy conservation principle is applied to
every component in the steady-state regime, and the modelequations are derived
with the application of conservation principles. Here, the non-transient
conservation of mass and energy equations are:
> min - ) mout=0 1)
> (mh)in - Y (mh)out + Y Qin+ ) Qout+ W =0 2

In the ERC, the mass flow ratio of the refrigerant entrained from the evaporator,
(ms) to the refrigerant flowing from the gas cooler, (mp) is called the entrainment
ratio. It is an essential characteristic that profoundly affects the performance of
the ERC, and it has the following definition:
u =ms/mp 3)

Table 2 presents the model equation for every cycle component.

Table2
Energy balance and thermodynamic equations for VCC, CRC and NCRCPC cycles.

a) VCC
Component Equation
Evaporator Qe = m(hl- h4)
Compressor Wcom = m(h2- hl)
Gas cooler Qgc = m(h2- h3)
Expansion valve h3=h4
Coefficient of performance (COP) COP = Qe/Wcom

16




b) CRC

Component

Equation

Evaporator 1

Qel =m1l (hl- h4)

Evaporator 2

Qe2 = m5 (h5- h10)

Compressor

Wcom = m1 (h2- hl)

Expansion valve 1

h3 =h4

Gas cooler ml

(h2- h3) = m6 (h6- h9)

Condenser Qcd =m7 (h7- h8)
Pump Wp =m9 (h9- h8)
Ejector h[7]=(h[6]+w*h[5°]))/(1+u)
Booster Wb = mb5 (h5’- h5)

Expansion valve 2

h8 = h10

Coefficient of

performance

COP= (Qel + Qe2)/(Wnet), Wnet = Wcom + Wp + Wb

¢) NCRCPC

Component

Equation

Evaporator 1

Qel =ml (hl- h4)

Evaporator 2

Qe2 = m5 (h5- h10)

Compressor

Wcom = m1 (h2- hl)

Expansion valve 1

h3 =h4

Gas cooler m1

(h2- h3) = m10 (h11- h9)

Condenser Qcd =m7 (h7- h8)
Pump Wp = m9 (h9- h8)
Ejector h[7]=(h[6]+w*h[5]))/(1+u)

Expansion valve 2

h8 = h10

Turbine

Wt = m3 (h3- hd)

Booster

Wb = m5 (h5’- h5)

Coefficient of performance

COP = (Qel + Qe2)/(Wnet), Wnet = Wcom + Wp + Wb- Wt
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1 The system exergetic analysis

Several definitions exist in the literature for exergy. One of these definitions is
the maximum theoretical work delivered by the system with its conditions to the
environment equilibrium [33]. Neglecting the nuclear, electrical, magnetic and
other less predominant effects, the rate of system total exergy (Etotal) constitutes
of the Kkinetic energy, physical, chemical and potential exergy rates (EKN, EPH,
ECH, EPT) [33]:

Etotal = Eph + Exn + Ept+ Ech

The physical exergy rate of any closed system is related to the entropy and
enthalpy differences of the refrigerant for a specified reference of state of a given

temperature and pressure (TO, PO), and is estimated as:

Eph = m [(h h0) TO (s 50)] (5)

The fuel and product (Ef , Ep) (exergies concepts are introduced for system
components to conduct the system exergy analysis. These two concepts represent
either the desired output exergy from the system (product) or the needed exergy
to generate the product (fuel). Furthermore, an exergy term that relates to the
performance and inefficiency of the system component is described by the
component exergy destruction rate ED . The rate of system exergy losses (Ef , Ep)

represents the system component losses.

Therefore, for any k component in the system, the exergy balance equation is [33]:

EFk = EPk + EDk + Elk

The exergy analysis is based on exergy balances written for the overall system

EF, tot = EP, tot + YK ED.,k+ EL,tot )

The exergy efficiency of element k, (ek) can be estimated as the ratio of the
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exergy produced, (EP,K) to the exergy needed, (EF,K) [33].

ek =EP,k/EF, k

The exergy efficiency of the overall refrigeration system is:

The inefficiency of the system is defined by the ratio of the element

etot = EP, tot /EF, tot

rate of exergy destruction, (ED,Kk) to the system rate of exergy

destruction,ED,tot as follows:

yD,k = ED,k/EDtot

(8)

(9)

(10)

Table 3 presents the equations of exergy for the system components of the cycles under

consideration.

Table 3

VCC, CRC an NCRCPC exergy balance equations.

a) VCC
Component Generated product | Fuel supplied rate | Exergy destruction

rate (Ep) (EFx) rate (Epk)
Evaporator Ere=Es-Es Ere=E4-E1 Epe=Ere-Epe
Compressor Ep.com=E2- E1 Er.com= Weom Ep,com = EF,com- Ep,com
Gas cooler Epgc=Es- E7 Ergc = E2- E3 Ep,gc= Ergc- Erge
Expansion valve Epev=Es4 Erev=E3 Epev=Erev- Epev
Total system Eptot= Epe Ertota = Eptotai+ Dk | Eptot= Y k=1 ED, k
Epk+ Epge

b) CRC

Component Generated product | Fuel supplied rate Exergy destruction
rate (EP,k) (EF,K) rate (ED,Kk)

Evaporator 1 EP,el =E12 - E1l1 EFel=E4-E1 ED,el =EF,el - EP,el

Evaporator 2

EP,e2 =E14 - E13

EF,e2 =E10- E5

ED,e2 = EF,e2 - EP,e2
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Compressor

EP,com=E2-E1

EF,com = Wcom

ED,com = EF,com -

EP,com
Expansion valve 1 EP,evl = E4 EF.evl = E3 ED,evl = EF,evl -
EP,evl
Gas cooler EP,gc = E6 - E9 EF,gc=E2-E3 ED,gc = EF,gc - EP,gc
Condenser EP,cd = E16 - E15 EF,cd = E7 - E8 ED,cd = EF,cd - EP,cd
Pump EP,p=E9 - EF.p=Wp ED,p =EF,p - Ep,p
(m9/m8)E8
Ejector EP.ej = E7 EF,ej = E5 + E6 ED,ej = EF,ej - EP,gj
Expansion valve 2 EP,ev2 = E10 EF,ev2 = (m10/m8)E8 | ED,ev2 = EF,ev2 -
EP,ev2
Booster EP,b=E5- E5 EF.b =Wb ED,b =EF,b-EP,b
Total system EP,tot = EP,el + EF,total = EP,total + ED,tot = >k=1 ED, k
EP,e2 >k ED,k + EP,cond
c) NCRCPC
Component Generated product | Fuel supplied rate Exergy destruction
rate (EP,k) (EF k) rate (ED,k)
Evaporator 1 EP,el =E12-E1l1 EFel=E4-E1 ED,el =EF,el-EP,el
Evaporator 2 EP,e2 =E14 - E13 EF,e2 =E10-E5 ED,e2 = EF,e2 - EP,e2

Compressor EP,com=E2 - E1 EF,com = Wcom ED,com = EF,com -
EP,com

Gas cooler EP,gc =E6 - E9 EF,gc =E2-E3 ED,gc = EF,gc - EP,gc

Condenser EP,cd =E16 - E15 EF,cd =E7 - E8 ED,cd = EF,cd - EP,cd

Pump EP,p = E9(Mm9/m8) - | EF,p=Wp ED,p=EF,p-EP,p

E8

Ejector EP.,ej = E7 EF,ej = E5 + E6 ED,ej = EF,ej - EP,¢j

Expansion valve EP,ev2 =E10 EF,ev =(m10/m8)E8 ED,ev2 = EF,ev2 -
EP,ev2

Turbine EP,t =Wt EFt=E3-E4 EDt=EFt-EPt

Booster EP,b=E5-E5 EF,b=Wb ED,b=EF,b-EPb
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Total system EP,tot = EP,el + EF,total = EP,total + ED,tot = >k=1 ED, k

EP,e2 > k ED,k + EP,cond

Table 4

Operating conditions and reference parameters for the analysis of cycles performanc
Parameter Value
Evaporator 1,Tel [°C] -30to —10 °C
Evaporator 2, Te2 [°C] 0
Gas cooler temperature, Tgc [°C] 35t0 50
Gas cooler pressure, Pgc [MPa] 8to0 14
Pump isentropic efficiency, nis,p (%) 90
Turbine isentropic efficiency, nis,t (%) 95
Booster isentropic efficiency, nb (%) 85
Diftuser efficiency, nd (%) 85
Isentropic efficiency of primary flow, np % 95
Isentropic efficiency of secondary flow, ns % 85
The temperature of reference state, TO [°C] 20
Pressure of reference state, PO [MPa] 0.101
Cooling capacity [kW] 100

Calculated properties at the state points for every cycle is presented in Table 5

Table 5

VCC, CRC, and NCRCPC thermodynamic properties.

a) VCC

Te =- 25°C, Tgc = 40°C, Pgc =9 MPa
S. T (K) P (MPa) h (kJ/kg) s (kJ/kg/K) | m (kg/s) E(kW)
No.
1 248.15 1.543 400 1.676 0.7513 112.9
2 411 9 523.4 1.676 0.7513 205.7
3 313.15 9 266.9 1.034 0.7513 154.2
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4 248.15 1.543 266.9 1.14 0.7513 131
5 258.15 0.101 434 2.298 19 36.61
6 253.15 0.101 429.8 2.282 19 48.28
7 293.15 0.101 464.1 2.408 2 0
8 311.15 0.101 480.1 2.461 2 0.96
b) CRC
Te =-25°C, Te2 = 0°C, Tgc = 40°C, Pgc = 8.54MPa
S.No. | T (K) P (MPa) h (kJ/kg) s(kJ/kg/K) m (kg/s) E(kwW)
1 248.15 1.543 400 1.676 0.511 76.91
2 405.2 8.54 518.9 1.676 0.511 137.7
3 313.15 8.54 273.1 1.056 0.511 104.8
4 248.15 1.543 273.1 1.164 0.511 88.63
5 273.15 3.122 398.2 1.567 0.232 41.93
5 279.7 3.435 401.8 1.567 0.232 42.75
6 400.2 8.54 512.4 1.763 0.512 121.5
7 359.8 6.307 476.8 1.716 0.743 160.1
8 303.15 6.307 246.7 0.9817 0.743 149.1
9 308.2 8.54 250 0.9819 0.512 104.3
10 273.15 3.122 246.7 1.012 0.232 44.49
11 258.15 0.101 434 2.299 13.64 26.28
12 253.15 0.101 429.8 2.283 13.64 34.66
13 283.15 0.101 455.4 2.378 6.24 0.9214
14 278.15 0.101 451.1 2.363 6.24 2111
15 293.15 0.101 464.2 2.408 5 0
16 301.15 0.101 471.2 2.432 5 0.4915
17 303.15 6.307 246.7 0.9817 0.512 102.7
18 303.15 6.307 246.7 0.9817 0.232 46.54
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¢) NCRCPC

Tel =-25°C, Te2 =0°C, Tgc = 40°C, Pgc = 8 MPa

S. No. | T (K) P (MPa) h (kJ/kg) s(kJ/kg/K) m (kg/s) E(kW)
1 248.15 1.543 400 1.676 0.485 72.99
2 398.1 8 513.3 1.676 0.485 127.9
3 313.15 8 291.1 1.117 0.485 99.63
4 248.15 1.543 261.2 1.117 0.485 85.15
5 273.15 3.122 398.2 1.567 0.2158 39.01
5 279.7 3.434 401.8 1.567 0.2158 39.77
6 393.1 8 506.8 1.76 0.479 111.5
7 358.1 6.307 474.5 1.71 0.7008 150.7
8 303.15 6.307 246.7 0.9817 0.7008 140.6
9 307.1 8 249.2 0.9818 0.479 97.25
10 273.15 3.122 246.7 1.012 0.2158 41.38
11 258.15 0.101 434 2.299 14.44 27.83
12 253.15 0.101 429.8 2.283 14.44 36.71
13 283.15 0.101 455.4 2.378 5.44 0.8038
14 278.15 0.101 451.1 2.363 5.44 1.842
15 293.15 0.101 464.2 2.408 4 0
16 301.15 0.101 471.2 2.432 4 0.3932
17 303.15 6.307 246.7 0.9817 0.479 96.09
18 303.15 6.307 246.7 0.9817 0.2158 43.29

Table 6

Exergetic parameters of VCC, CRC and NCRCPC components.

a) VCC

Te =-25°C, Tgc = 40°C, Pgc = 9[MPa]
Component Ep (kW) Er k(KW) Epx(kKW) Yok (%0) ek (%)
Evaporator 11.67 18.1 6.43 8.79 64.47
Compressor 92.8 93 0.2 0.27 99.78
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Gas cooler 0.96 51.5 50.54 68.91 18.6
Expansion valve 131 154.2 16.17 22.047 84.95
Total system 11.67 85.77 73.34 - 13.606

b) CRC

Tel =-25°C, Te2 = 0°C, Tgc = 40°C, Tcd = 30°C, Pgc = 8.54[MPa]
Component Ep k(KW) Er k(KW) Epk(kW) Yok (%) | ek (%0)
Evaporator 1 8.38 11.72 3.34 5.87 71.501
Evaporator 2 1.189 2.56 1.371 241 2.12
Compressor 60.76 65 4.24 7.45 0.934
Expansion valve 1 | 88.63 104.8 16.17 28.42 84.57
Gas cooler 17.2 32.9 15.7 27.59 52.27
Condenser 0.491 11 10.509 18.47 4.46
Pump 1.555 1.662 0.107 0.188 9.35
Ejector 160.1 163.43 3.33 5.85 9.79
Expansion valve 2 | 44.49 46.55 2.06 3.62 95.57
Booster 0.82 0.88 0.06 0.105 93.18
Total system 9.569 66.947 56.887 - 14.29

c) NCRCPC

Tel = -25°C, Te2 = 0°C, Tgc = 40°C, Tcd = 30°C, Pgc = 8[MPa]
Component Ep (kW) Er k(kW) Epx(kW) Yok (%) | & (%)
Evaporator 1 8.88 12.16 3.28 9.65 73.026
Evaporator 2 1.038 2.37 1.332 3.92 43.79
Compressor 54.91 58 3.09 9.09 94.67
Gas cooler 14.25 28.27 14.02 41.27 50.40
Condenser 0.3932 10.1 9.706 28.57 3.89
Pump 1.149 1.179 0.03 0.088 97.455
Ejector 150.7 151.27 0.57 1.67 99.62
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Expansion valve 41.38 43.295 1.915 5.63 95.57
Turbine 14.47 14.48 0.01 0.029 99.9

Booster 0.76 0.78 0.02 0.058 97.43
Total system 9.918 44.28 33.97 - 22.39
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CHAPTERA4
RESULTS

The EES (Engineering Equation Solver) programs is used to decide and calculate
the refrigerant thermodynamic properties. The effects are used to evaluate the
proposed cycles and calculate their overall performance for in addition
investigation. The boundary and working situations used to simulate the cycles
are offered in Table 3.

The computer program is used to calculate the cycles thermodynamic
characteristics at all state points. Based on those effects, power evaluation can be
carried out. The cycles under consideration in this work are the VCC, CRC, and
the NCRCPC with N20O as the refrigerant.

< Energy results

The energy performance of the investigated cycles in terms of COP, net
work input, entrainment ratio, and gas cooler optimum pressure are
presented in Table 7 for the cycles under consideration in this work. The
cooling capacity was fixedfor the three cycles at a constant value of 100
kW for comparison purposes. It can be seen from the results that the
traditional VCC had the minimum COP since the net power consumed in
this cycle is comparatively high. The COP of the proposed cycle is 1.49
times more than that of the CRC and 2.18 times more the value of the
traditional VCC. The high value of COP in the new cycle is attributed to
the integration of the turbine and the ERC into the VCC, where the turbine
produced power to cover part of the compressor and pump required net
power. Therefore, the new proposed NCRCPC has the advantage from an

energetic point of view and cycle performance.
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Table 7

VCC, CRC and NCRCPC energy performance characteristics.
Tel =-25°C, Te2 = 0°C, Tgc = 40°C, Tcd = 30°C

Parameter Basic VCC CRC NCRCPC
The net power rate (kW) 92.785 63.23 42.41
The produced cooling rate (kW) 100 100 100
U — 0.454 0.445
COP 1.078 1.581 2.358
Popt,gc[MPa] 9 8.54 8
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< Exergy Results

The Automotive sector largely depends on additive manufacturing
technology. This The exergetic analysis results for the cycles under
consideration are presented in Table 5. The results data were obtained for
a fixed cooling capacity of 100 kW and with the corresponding gas cooler
optimum pressure value for each cycle. The presented data indicated that
the NCRCPC had higher exergy efficiency values than the VCC and
CRC. The second law efficiency value of the NCRCPC exceeded those
of the VCC and CRC by 64.55% and 56.68%, respectively.

Moreover, it can be seen that the total exergy destruction rate for the new
cycle it was decreased and it was only 53.68% of the VCC value and
22.43% of the CRC value. The exergy destruction of the components of
the proposed refrigeration cycles is presented in Fig. 4. It can be seen that
the expansion valve in the VCC had higher values of the exergy

destruction rate. Besides, the percentages of the total exergy destruction
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for the gas cooler, expansion valve, compressor, and evaporator are
68.91%, 22.047%, 0.27%, and 8.79%, respectively in Fig. 4a. These
results indicated that efforts must be made for the reduction of
irreversibilities in the VCC components with high rate of exergy
destruction to enhance its performance. The results presented in Fig. 4b
showed that the expansion valve component had 28.42% of the total
exergy destruction, while the compressor and condenser had 7.45% and
18.47%, respectively. The exergy destruction rate in the CRC gas cooler
component was reduced by almost 59.96%. This reduction affirmed the
fact that the use of the expansion valve in the CRC must be carefully

considered to enhance CRC performance.

To accomplish the objective of reducing the exergy destruction rate in the
expansion valve and improve the cycle performance, a turbine is
integrated into the new proposed cycle as a replacement to the expansion
valve. It is clear from Table 8 that using the turbine will enhance the cycle
exergy efficiency by 56.68%. Therefore, the replacement of the expansion
valve by the turbine in the new proposed NCRCPC will decrease the rate
of exergy destruction and increase the exergy efficiency. The proposed
NCRCPC has a maximum exergy performance.

The best and more effective refrigeration cycle cannot be selected based

only on exergy analysis.
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Table 8

Exergy evaluation results for various refrigeration cycles.
Tel =-25°C, Te2 = 0°C, Tgc = 40°C, Tcd = 30°C

Parameter Basic VCC CRC NCRCPC
Exergy destruction rate [KW] 73.34 56.887 33.97
Second law efficiency [%] 13.606 14.29 22.39

Table 9

Comparision of Energy Results of The Refrigerant N20O And CO2 For NCRCPC

Parameter N20 CO2
The net power rate (kW) 42.41 47.76
The produced cooling rate 100 100
(kW)

U 0.445 0.435
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COP

2.358

2.094

Popt,gc[M Pa]

9.2

Table 10

Comparision of Exergy Results of The Refrigerant N20 And CO2 For NCRCPC

Parameter N20 CO2
Exergy destruction rate [KW] 33.97 34.094
Second law efficiency [%] 22.39 24.86
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CHAPTER 5
CONCLUSIONS

In the present work, a comprehensive study of three refrigeration cycles,
the VCC, the CRC, and the new proposed NCRCPC based on energy
analysis was conducted. Performance comparison of the three
refrigeration cycles was presented. The value of the optimum pressure in
the gas cooler was determined, and the cooling capacity was fixed at a
constant value of 100 kW. It was found that the minimum value of the
optimum pressure was 11.11% and 6.32% lower for the new NCRCPC
than those values for the VCC and CRC, respectively. The decrease in
pressure increases the safety of the system and its lifetime operation. The
value of the COP for the new NCRCPC was found to be 2.18 times the
value of the VCC and 1.49 times the value of the CRC, which indicated
the energetic performance superiority of the new cycle. The obtained
results revealed that NCRCPC has the lowest total exergy destruction.
This value for NCRCPC is about 42% lower than that of VCC and CRC.
Furthermore, it was found that the highest three components in exergy
destruction for the first VCC were the expansion valve with 16.17 kW, the
gas cooler with 50.54 kW and the evaporator with 6.43 kW. While, in the
NCRCPC the top three components were the gas cooler with 14.02 kW,
the condenser with 9.706 kW and the evaporator 1 with 3.28 kW. The
new NCRCPC exergy efficiency (¢) was found to be more than that of the
VCC and CRC. Finally, as the temperature of the gas cooler increased, the
irreversibilities of the refrigeration system increased, which would lead to

the decrements in exergy efficiency.
When the evaporator temperature increased, an improvement in energy
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and exergy efficiency was achieved, and the TUPC might be reduced. The
effects of this work are inspire and sell the in addition improvement of
NCRCPC.
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