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INTRODUCTION

The content of the doctoral thesis

The study on refrigeration systems in the doctoral thesis was made at the Technical University
of Civil Engineering of Bucharest (U.T.C.B) - Colentina Laboratories Complex. The chosen topic is
aiming to contribute to the teoretical basis and practical research in terms of development and use of
ecological refrigerants (AF). The thesis, entitled "Research on the contribution of refrigeration
systems, air conditioning and heat pumps to global warming", considers the implementation of EU
legislation in the field of refrigeration systems, heat pumps and air conditioning. The ecological
refrigerants (AF) proposed in this scientific thesis are chemicals obtained by mixing in different
proportions of various current ecological refrigerants with one or more natural or synthetic substances
that have zero values of ozone depletion potential (ODP) and low global warming potential (GWP).

This work considers the optimization of the TEWI factor on the domain of application of
artificial cold (heat pumps, industrial, air-conditioning).

Results from twelve years of studies in the domain of AF have been published in over 50 articles
and papers, featured at conferences, exhibitions and workshops at the national and international level.

<  Objectives and approaches:

W The general objective — performing scientific research, realised in order to identify new
solutions to reduce greenhouse gas emissions

—performing experimental validations of theoretical approach, for
various refrigerants
Primary objective — the study of refrigeration systems for both an ecological point of view
and of energy efficiency

X3

%

X3

%

Secondary objectives

— Realisation of an experimental stand - heat pump designed to
determine the performance of the refrigeration systems that can operate with R134a, MV3T,
MV3TN in the Atmosphere Protection Laboratory, Colentina Laboratory Complex within the
Technical University of Civil Engineering Bucharest.

— Analysis of the current state of research in the domain of the
ecological refrigerants which can be used in refrigeration systems;

— Creating diagrams and tables with thermodynamic properties of
the proposed refrigerant mixtures MVIZ1, MVIZ2, MVIZ3, MV3T and MV3TN;

— Determining the equations for mixtures state;

— Development of a new domain of research in the Faculty of
Building Services Engineering of UTCB - in the field of refrigerants;

— Analysis of several variants of refrigeration systems with various
refrigeration fluids and proposals of new energy efficient and ecological technical solutions;

— Use of high-performance simulation programs for the purpose
thesis research;
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CHAPTER 1. CURRENT STATE OF SCIENTIFIC RESEARCH IN THESIS’
DOMAIN

In the last ten years, a lot of research has been done in the field of AF, at international level
(see centralizing table), taking into consideration the severe restrictions stipulated by law: Kyoto
Protocol, Regulation (EU) 517/2014, Paris Agreement / 2015, Kigali Amendment / 2016 / Montreal

Protocol.

U January 1, 2019 the Kigali amendment imposed regulations
to reduce the production and usage of hydrofluorocarbons
(HFCs), greenhouse gases (temperature increase 0.4°C)

all countries signing the Montreal Protocol agreed to phase
out HFCs by more than 80% over the next 30 years
(replacing environmentally friendly alternatives).

Kigali amendment (elimination of up to 80 billion tonnes of

CO2 emissions by 2050)

Significant contribution to the objective of the Paris

Agreement to limit the increase in
temperature to a maximum of 2°C

global average

Centralizing table with the latest research

RESEARCHERS

ARTICLE NAME / REFRIGERATION SYSTEM

STUDIED REFRIGERANTS
HFC-134a,-HF0-12341f, MIXTURED

refrigerating systams

Gaurav-and -Raj-Kumar, 2018

Sofia K+ Mylona- Thomasz J.-Hughez," Amina- A.Saeed, Darven- | Thermal-conductivity-datafor-refrigerant-mixtuves-comainimg -R1 134y and R 234ze/E) | R1234yf-R-1234z8(E)2

Rowland, Juwoon-Park, Tomosya- Tsuji, Yukio: Tanaka, Yozhio-

Seiki, Eric’FMay, 2019

Leandro- Pereira,” CGlebersor Huomia,s Ali- Khosravi,, Rémi- | 4- studh on- the fuid- refrigerant chargs- in- a- two-phase- mechanically- pumped- loop- | R1234f-RI 3dan

Revellin, Jocelyn-Bonjour, Luiz-Machado, Juan-J.Garcia-Pabe, | system-vsing R Fda-and-RI 234y

201%

Giovanni-A.-Longo, SimoneManein, Giulia- Righetti,» Clandio- | 81234/ and-R1 234z6(E) as-environmentally friendly veplacemsnes-af Rl 34a:-asseszing | RI1234f,-R-1234z8(E)--RI3dan

Tilio, 2019 J’Em‘.'-bnﬂ'iEEux-m-exesn'mmaf-bmim

Saif: Z5.- Al Chafri,;' Darren' Rowland,: Mazsoumeh- Alchfash,: | Tharmodinamic properties-of-hydrafluorcolafin (R 138y and R1234z6(E) ) vefrigarant- | R1234yf-R-1234ze(E)n

Arazh-Arami-Niya, Martin-Khamphasith, Xiao-Xiong, Tomoya- | mixture::-Densizy, vapour-liguid-eguilibrium, -and-heat capacity-dara-and modsliings

Tauji, Yukior Tanaka,” Yoshio- Seiki, Erier FMay,r Thomaz-

J.Hughaz, 2019

Catherine C.3ampzon, Mobolsji Kamzon, Matthew G -Hopkinz,* | Dielestvic- pormictivity, - polarizability- and- dipole- moment- of° rgfrigerants- R1134z8(E)- | R1234yf-R-123450(E}s

PaulL. Stanwiv. Fric'F May, 20192 and-R1Z34vf dersymingd-using 2 microwave ye-snmvantcavity-resonators

LiZhaohua cLianE 'Ku.ni'\]ius"ﬂan\'invﬂ.'iﬂ 19 Thermodynamic-analyris-of-iinsar-comprassor-using-R 2346k RI234yf,-RI3dan

F.Illan-Gomez] R.Garcia-Cazcales, 20192 Experimental-comparizon-af an-air-to-water-refrigeraton-system-working with-R13da- | RI1234yf -Ri3dan
and-RI3dvfo

ZhaohoaLi,Kun'Lisng, Hanying-Jiang, 2019 Experimental-study-of- Rl 234yfar-a-drop-in-replacemsnt-for-Ri 3da-m-an-oil-free RI1234yf,-Ri3dan
refrigeration system 2

Jaime Sieres, Jozé Manuel Santoz, 20182 Experimental-analvzis-of B2 $4yFas -a-drop-in-replacement-for-R1 3 a-in-asmall powsy- | R1234yf,-RI3dam

Thermo economic- analysic- of> snvirormental- frisndly: refrizeranr mixourss- for
J J

Ri234yf- Ri3de,- ,- R600a- Recol,-

Brown.LauraFedele, 20181

replacement-of Rl3dac Recol.-Recodn
Ganravl-and Raj Kumar, 201300 Sustainabilit:- af Automobile- Air-- Conditioning- Svstem- Using- Refrigerant- RI234yf | R1234yf-RI 34, -R744n
Imzsan’-""-ﬂ_i'i?-fac'
Zhaofeng-Meng, Hua -Zhang, Mingjing Lei, Y anbin Qin, Jinyou* | Pavformance- of low- GWP- RI1234yfRI34a mixewre: a5°a- replacement- for- Ri3de- in- | R1234yf,-RI3dan
Qiu, 20185 guigmo e aiy-conditioning mistemss
SergioBobbo,” Giovanni- i+ Nicola, Clandio: Zilio,' J.- Steven* | Low-GHP-halocarborrefrizerans: A review o thermepinsical propertiss RI234yf-RI23dzen

Kamel-Sigar- Hmooda,  Horatin' Pop,* Valentin- Apostol,s Abmed-
Qazim-Ahmed, 201 7E

Refrigerants-Retrafit-as Alsrnative for- 1 2-and-R1 34a in-Houzehold Refrigeratorss

R1234yf-RI34a,-RE00a.-R290,-R1 2

Huber, AML.,-and MLT.-Azzael 20162

Correlations- for- the-vizeosige of 2.3,3,3-tetrafluoroprop-l-eme- (RI1234y)- and- trans-
1,22 Jetrafluoropropens-(R1 134se(E) ).z

RIi234yfk

[5
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CHAPTER 2. THEORETICAL BASES

2.1. General notions of chemical thermodynamics of ecological refrigerants.

Equations of state .
Chemical thermodynamics [3] is the branch of physical chemistry, that studies the chemical
and physico-chemical transformations, through methods of general thermodynamics.

2.2 Thermodynamic and thermophysical properties of refrigerants, advantages

and disadvantages.
Thermodynamic properties of refrigerant HFC-134a
Thermodynamic properties of refrigerant HFO-1234yf
Thermodynamic properties of refrigerant R404A4

2.3 Impact of refrigerants on the environment and on the performance of
refrigeration systems.
The acquis communautaire— Montreal Protocol

= Kyoto Protocol

2.3.1.Destruction of the ozone layer

Life on Earth [5,6,17] depends on the existence of a thin shield of "poisonous" gas, placed at the
top of the atmosphere: the ozone layer.

The "holes" in the ozone layer. In the early 1970’s that the Earth's ozone layer had become
thinner due to the damage caused by the emissions of chemicals known as halocarbons, containing
chlorides, fluorides, bromine, carbon and hydrogen.

2.3.2.Global warming

The terms "global warming" or "greenhouse effect" are usually used to describe the increase in
average temperature of the Earth's surface over time. Under the Kyoto Protocol, the European Union
is committed to significantly reducing its greenhouse gas emissions.

Globally, legal regulations have already been developed in an effort to reduce greenhouse gas
emissions. In the EU, there is Regulation no. 517/2014 also known as "F-gases" [16].

Total equivalent warming impact (TEWI) [10,16], is a way to assess global warming by
combining the direct contribution of refrigerant emissions to the atmosphere with an indirect
contribution of carbon dioxide emissions, resulting the need for energy consumption for the
refrigeration system.

The calculation relationship for TEWI is presented in detail in standard SR EN 378-1 / 2017
[10] and takes into account the amount of refrigerant in the installation, the amount of expandable
refrigerant in the insulation, the amount of CO2 escaped into the atmosphere to produce the energy
unit of the refrigeration system, the energy consumed for operating the refrigeration system during its
operation, the efficiency and tightness of the refrigeration system, the production mode of the electric
energy of the refrigeration system, the lifetime of the refrigerant.

In conclusion, from an ecological point of view, the refrigerant must be chosen so that
according to the regulations of the current legislation, it has zero ODP and GWP low and TEWI as
small as possible.

Safety requirements that refrigerants must meet, are provided by standards both at national and
international level and refer to: flammability, danger of explosion, toxicity, danger of biological
contamination and the effects they may have on the products to be cooled. The location of the
refrigeration installation (dwellings, public places, industrial areas) as well as the amount of refrigerant
contained in the installation must also be taken into account.

Regarding to economic requirements, the price of the refrigerant must be taken into account,
ensuring the lowest possible operating costs and the possibility of production in the country. In any
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case, the choice of refrigerant must be made following rigorous technical and economic analysis in
order to have the most efficient and ecological installation possible.

2.3.3. TEWI Factor

As mentioned earlier, when choosing a refrigerant or designing a refrigeration unit, air
conditioning unit, or heat pump, it is important to evaluate the TEWI factor (the calculation of the
effect of global warming during operation). In this way, not all economic aspects are taken into
account. But when technological assessment is made and investment decisions are made, in addition
to the environmental aspects, the economic aspects become objectively, extremely important.
Regarding the refrigeration systems, reducing the impact on the environment often involves high costs.
Thus, in many companies, discussions about minimizing environmental issues are often overlooked
(as investment costs are crucial).

2.4. The main refrigerants used
Figure 3 shows the strategy for replacing refrigerants in the short, medium and long term. Data
on refrigerants definitions, classification, TEWI factor, choice, etc. are found in SR EN 378-1
(Annexes A, B, C, D, E, F, G, ZA, ZB) [10] and REGULATION (EC) NO. 517/2014 F-Gas [16].
SHORT, MEDIUM AND LONG TERM REFRIGERANTS

Alternative
refrigerants
Transition Medium and long term
refrigerants refrigerants
HCFC/HFC
HFC With Non-
partially chlorinated GWP low halogenated
l withouf chlorine |
I | [ [ [ ]
Pure Mixtures Pure Mixtures Mixtures Pure Mixtures
substances based on substances substances
R404A H R600a/
R22 R22 R134a NH3
R507A DP-1 R290
R123 R125 R290
Seria R 1234yf R290/
R124 R32 R1270
R407 R1234z¢(E) R170
R142b R143a R600a
R410A R513A R723
R152a R170
R417A/B
R 744
R422A/D
R427A

Fig. 3. Classification of refrigerants [8]
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CAPITOLUL 3. MATHEMATICAL SIMULATION
3.1. Softwares used for calculation
3.1.1. Overview

Internationally, special calculation softwares are used in the design, research, and
implementation stages.
3.1.2. DUPREX versions 3.0

DuPont's DUPREX software [14] is a special version of the KMKTreis software that can design
a refrigeration cycle considering different refrigerants in different refrigeration systems.
3.1.3. KANSREF versions 1.4

The KANSREF software [13] is applied only for natural refrigerants. This software is applied
within the industry, namely in the design of refrigeration and air conditioning systems. Kansref builds
the refrigeration cycle and calculates the TEWI factor.
3.1.4. KLEACALC versions 5.0

The KleaCalc software contains several calculation modules that use thermodynamic and
thermophysical models of refrigerants.
3.1.5. FORANE versions 3.0

This software is made by ATOFINA for refrigeration and air conditioning. The software
introduces the initial parameters of the installation, and the software generates the calculation of the
COP performance coefficient.
3.1.6. COOLPACK versions 1.46

The CoolPack is a simulation software that can be used in the design, sizing, analysis and
optimization of the refrigeration system.
3.1.7. SOLKANE versions 6

The new SOLKANE software [12] version 6 calculates thermodynamic properties for
refrigerants under the SOLKANE brand.
3.1.8. REFUTIL versions 1.1

Refutil version 1.1 uses a variety of refrigerants with four types of refrigeration.
3.1.9. Refprop versions 8.0

The Refprop software reproduces the thermodynamic properties of pure fluids mixed fluids.

Programs of calculation

Duprex
Kansref

KleaCalc

Forane

Cool Pack
Solkane
Refutil

|
e L
E| 4

|
Refprop ‘

1
A
VAR

publications at various national and international congresses and events ‘
13- articles can be found on the site [IFIIR ‘

25 - Google Academic (from 2014-present)

& -articles on the site https://orcid.org/0000-0003-0079-1562 (Scopus - Elsevier)

14 - https://publons.com/rescarcher/3110311/vineeriuc-mioa ra/publications/

Web of Science ResearcherID BY-1626-2019

1- hitp://www.riss.kr/search
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Personal Contribution: Implementation of a mathematical model - EES
(Engineering Equation Solver) —

The results from the simulations performed with the help of the high-performance software
EES (Engineering Equation Solver) for the refrigerant R 134a (Fig. 3.1) for the air-water heat pump,
are shown below.

Where: To- represents the vaporization temperature; Tc - represents the condensation
temperature; Px- Total compressive strength; lx - mechanical compression work; Qm - freon mass
flow, Po- vaporization pressure, Pc- condensing pressure, ®o- refrigerating power

Simulation results with the EES software for R134a

2 EES Academic Professional: C:\Documents and Settings\UserXP\Desktop\2 3iulie2011-lucru doctorat\pompaR134A_EES
File Edit Search Options Calculate Tables Plots Windows Help Examples

- a2 Solution
e Equations Window

M ain |
R$='"R134a'

Unit Settings: 51 C bar kJ mass deg
$—E:5150 COP=2815[] hy = 262.4 [kdikg] hz =309 [kdikg]
T_si=21 hg =131.3 [kdfkg] I, =46.57 [kdfka] & = 0377 [klis]
P_0=Pressure(R$.T=T_0.x=1
P_c=Pressure(R$.T=T_cx=1 Fp=2.007 [har] Fo=1492 [bar] F= 01339 [kl/s]
h_1=Enthalpy(r$. T=T_0+T_s  qu0=1311 [kdtkg] Oy = 0.002876 [ka/s] R$ ='R134a"
h_d4=Enthalpy(R$.T=T_cx=0, &
q_Om=h_1-h_4 51 = 1.003 [kdikg-K] Tg=-10[2] To=55 [C]
Q_dot_m=PHI_0/g_0m T4 =21 [C]
PHI_D=0.377 *
|_k=h_2-h_1
h_z=Enthalpy(F$.F=F_cs=s .
s 1=entropy(F$,P=P_0.TT. Mo unit problems were detected.
P_k=0_dot_m*_k
COERRH LR Calculation time = .0 sec.

Fig. 3.1. Simulation results with the EES software for R134a

Simulation results with the EES software for R 152a

lows Help Examples

b ain |

Unit Settings: 51 C bar kJ mass deg

COP=289381 [ by =522.3 [k/ka] ha =5965 [kfkd)
hg = 3009 [kdfkg] I =74.26 [kdfkd] @ =0.377 [kdfs]
FPp=1.818 [bar] Fo=1333 [bar] Pl=0.1265 [kl/s]
Hom= 221.4 [kdfka) C‘!m = 0.001703 [kogys] F$ ='Ri1bza

81 =2.223 [kdfkgk] Tp=-10[C] Te=55 [C]

T =21 [C]

3.2. Simulation results with the EES software for R152a
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Simulation results with the EES software for R1234yf

g Equations Window

Rg="R1 234t 2 Solution

T0-10 i | {
;2;5251 Unit Settings: 51 C bar kd mass deg

P_0=Pressure(R$ T=T_0x=1) COP=2573 [ hy = 375.7 [kdfkg] hp =412 [kdfkg]
P_c=Pressure(RS.T=T_cx=1)

h_1=Enthelpy(rh. T=T_0+T_siP=P_0) hy =280 [kJkg] I =37.08 [kJjk] g =037 [kijs]
h_g=En}:h$|ﬁygﬂ$»T=T_a><=U) Pg=2.22 [ar] P,= 1454 [bar Py = 01462 [kJs]
Q_tm=n_1-n_ i

Q_dot_m=PH|_0jg_m 0= 95.55 ke Oy = 0003345 [koys] RE = R1Z34t
FEEDE%ST 5= 1666 [kkgk] To=-10[C] Te=55 [C]
h_2=Enthalpy(R$.P=P_cs=s_1) T4 =21 []

5_1=entropy(RE.P=P_0.T=T_0+T_si)

P_k=0_duat_r*_k

COP=PH_0/F_k Mo unit problems were detected,

Fig. 3.3. Simulation results with the EES software for R 1234yf

Mathematical modelling flow-chart of thermodynamic processes related to the
refrigeration system R 134a, MV3T , MV3TN

@

_[nout data
AF; P_:r_su_ﬂp; P_r_:x_tp;T_;mlb;T_:_lu_h';
renevy Torsuep T orex opr T w su_eds

Thermodynamic parameters
h_r_su_evh_r_su_cd;
h_r_su_cp;h_r_ex_ev; Resulted parameters

hor_ex_cd;h_r_ex_ep; . E i
R e R E_epiE_ep_v;E_cp_adiab;

T w_ex_ed: T air_su_ev:T _air_ex_ev:W_dot_ep;

Vdnl:,_wnler_orl:Vdnl_nir_:v:c_p_w;Tnu_wb h_air_sup_ev;h_air_ex_ev; E_ed;E_ev;AU_eviAU_cd; r_p;
V_r_SU_evViV_r_ex_ev; COP_cool; COP_heat; NTU_ed;
VI SU_CPiV.I CX_CPi NTU_ev:Q_dot_ev;Q_dot_ecd;
Geometric parameters vrmu_odiv.x_ex_od; M_dot_r_ev; M_dot_r_cpir_v;
| Q_w_cd; Q_dot_air_ev
Nrot; Vs

316+3.18: 3.19; 3.21+3.33

(Cm

I Equation  Q_dot_ev | |

| Equation =~ Q_dot_cd | 3.34+3.38; 3.40+3.43

err<3% I '
err=(1-M/C)*100

3.57+3.73:3.84-3.88

®

Fig. 3.4 Logical calculation scheme for the mathematical model - personal contribution
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Mathematical modelling of thermodynamic processes for the refrigeration systems

Introduced parameters Resulted parameters
* evaporating (P_r_su_cp), condensing pressure (P_r_ex_cp), * evaporator and compressor refrigerant mass flow
* external air temperature (T_amb), (M_dot_r_ev, M _dot_r_ep),
* water temperature inlet and outlet condenser (T_w_su_cd, ¢ volumetric ratio (z_cp_v),
T_w_ex_ed) and temperature inlet and outlet evaporator * isentropic ratio (¢_cp),
(T _air_su_ev, T air_ex_ev), + adiabatic ratio (¢ _cp_adiab),
* refrigerant temperature inlet and outlet evaporator * compression ratio (r_p),
(T_r_su_ev, T r _ex_ev), * the global coefficient of heat transfer (condenser- AU _cd and
* refrigerant temperature inlet and outlet compressor evaporator AU_ev),
(T_r_su_cp, T_r_ex_cp), + performance coefficient for cooling ( COP_cool) and heating
* electrical input (W_dot_cp), (COP_heat),
* wet bubble air temperature (T _aer_wb) and mass flow for + condenser (¢_cd) and evaporator ratio (¢ _ev),
water and condenser (V_dot_water_ed), * evaporator and condenser number of thermal units
* mass flow air evaporator (V_dot_air_ev) and water specific (NTU_ev), (NTU_cd),
heat content {(c_p_w). + cooling power (Q_dot_ev),
* condenser thermal power (Q_dot_cd),
* compressor volumetric ratio (r_v),
* condenser water thermal power (Q_w_ed),
* air cooling thermal power (Q_dot_air_ev)

Calculation interface related to the mathematical model of thermodynamic
processes for the R134a AIR-WATER PC system

SecW in=275"C

. |Secw out = 48.0 °C
[Cond Effic.=54. %

=y

R134a

F 3

] 2.0 kr

W \Comp. out =94 7 °C
Cap. Heat = 2.0 k'w |HF' 183 Barg)

COP Heat = 3 .47 Cond. = 6539 °C

Svs. EFf. Index Heat = 27.0 =

Heat Ref. Temp SEI = 37.7 °C 0
IComp. Effic. = 73. %
[TSTARITEY =000 e 0O

LF =24 Barlg)
] Evap. =45 °C
| 2> [Comp.in=20.2°C
Cap. Cool = 1.5 kW |Superheat = 15.7 *C
COP Cool = 2.54
[ Exp. v ih=55.3 T Sysz. Eff. Index Cool = 22,2-2
Subcool = 10.5 *C 4\ Cold Ref. Temp SE1 =12.8 °C

[Cucle. Effic. = 77. %

Evap’. Effic. =84 =
] SecCout=87"°C 'ﬂl

|

EecCin=189°TC

Fig.3.5 Calculation interface to the mathematical model for systems AIR-WATER HP works with R134a
refrigerant
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Mathematical modelling of the thermodynamic processes related to the
refrigeration system operating with the refrigerant MVIZ3 si MVIZ1

Tamb = rel
Pamb = [bar]
MVIZ 1
CONDENSER COMPRESSOR EVAPORATOR
Taexcd = [°C] | AUca = W/K] coP = -] Tawcay™ [°c1 AU,, = iK] | Tesuer = rcl
- Ecp = -1 D -
Eed = [-1 Eev = [-1
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Fig. 3.6 Calculation interface related to the mathematical model MVIZ1 of thermodynamic processes for the
refrigeration system with scroll compressors [9]

Simulation of thermodynamic properties of refrigerants for R 134a, R152a, MV3T , MV3TN si
HFO 1234yf - experimental model AIR-WATER HP
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Fig. 3.8 Latent heat of vaporization for refrigerants
R1234yf, R134a and R152a depending on the
temperature

Fig. 3.7 Pressures of the three refrigerants
R1234yf, R134a and R152a depending on the
temperature
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Simulation of properties of ecological alternatives of refrigerant R404A

The simulations were performed for the experimental model of a refrigeration system with digital
scroll compressor.

In addition, a comparative analysis between the refrigerant R404A and two other alternatives
(MVIZ1, MVIZ3) was presented in the thesis.
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Fig. 3.9 Pressure regime of refrigerants vs.temperature
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Fig. 3.10 Latent heat of vaporization vs.temperature
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Simulation of properties of ecological alternatives for refrigerant R404A
The simulations were made for the experimental model of a refrigeration system with digital scroll

COmpressor.
Comparative analysis between the refrigerant R404A and two other alternatives (MVIZ1, MVIZ3).
J ' ' ' 155
s " MVIZ3 ] 150¢ ]
At saEdt ™ e S 145t R404A 1
= '/,-" t_____,_-/" R404A z 140L ]
& 3 e e ] o ]
3 ety = 135¢ ]
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Lt i
120 MVIZ3 1
0 : : : 115 ‘ ‘ ‘ :
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Ty [K] To K]
Fig. 3.11 The COP of the installation vs. temperature Fig. 3.12 TEWI factor vs. temperature

Simulation of thermodynamic properties of refrigerants R 134a, MV3T, MV3TN and HFO
1234yf

All the experimental model AIR-WATER HP[58] comparative studies are presented for the
alternatives MV3T, MV3TN, R1234yf and R134a.

Fig. 3.13 shows that smallest (advantageous) working pressure has MV3TN.
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Fig. 3.13 Pressure vs. temperature Fig. 3.14 Density vs. temperature
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Fig.3.15 Temperature vs. latent heat of vaporization

The MV3T mixture has higher latent heat than the MV3TN being more advantageous.

ER134A ER1234YF mMV3T m MV3TN

7 6.577
5,769

5019

TEWI [tons of CO2]

Fig.3.16 TEWI Factor

The above figures evidence that:

. Gwen 7 s60

1430 4
0,0624 0,0580 11,0601 0,0596
15 15 15 15
0,78 0,725 0,751 0,745
0.8 0.8 0.8 0,8

153,62 1153,62 1153,62 115362
0,28985  0,28985 0,28985 0,28985
133848 348 646,40 500,75
223,08 0,58 107,73 83,46
501565 501565 5015,65 5015,65
657721  5019,71 5769,78 5599,86
6,577 5,019 5,769 5,599

- The lowest (advantageous) working pressure is MV3TN (Fig.3.13);

- Mixtures MV3T and MV3TN have average values (advantageous);

- The mixture MV3T (Fig.3.15 ) has higher latent heat than MV3TN making it more

advantageous;

- From an ecological point of view (Fig.3.16) the MV3TN mixture (GWP = 560) is the
most advantageous compared to R134a (GWP = 1430).
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CHAPTER 4. EXPERIMENTAL RESEARCH AND VALIDATION

4.1. Experimental air-to-water heat pump model

4.1.1. Overview.

Throughout this doctoral thesis it was followed a development direction of research aiming to
obtaining new mixtures of ecological refrigerants that could replace the refrigerants currently used in
refrigeration system, that have a zero ODP and GWP as small as possible; the realization of an
experimental stand equipped with a refrigeration system with mechanical vapor compression in one step
(Fig.4.1 - 4.2) with the possibility of future connection to a solar panel, allowing the use of unconventional
energies so that the energy consumption is as low as possible inside the Technical University of Civil
Engineering Bucharest (UTCB) - Colentina Laboratory Complex. The air-to-water heat pump (PC) can
use three types of energy sources: ambient air, sun and electricity, for domestic hot water production.

Although the air-to-water pump has the lowest COP of all the pumps I refer to, it is, along with the
ground-to-water PDC, one of the most common in Europe. The air-water system is a relatively simple
system to install and does not require special fitting works (digging, drilling, etc.). The major disadvantage
of the system is it cannot operate monovalently at very low temperatures (starting from about -15°C).

They can operate bivalently - parallel monoenergetically by using an electrical resistance which
comes into operation at very low temperatures (below -15° C). Due to this, the heating power is limited.

4.1.2. Description of the experimental stand

The air-to-water heat pump (Fig.4.1) used in the doctoral thesis, consists of the following
equipments:
hermetic piston compressor;

helical tube condenser in the double casing;
bladed pipe evaporator (Cu/Al);

thermostatic lamination valve;

YV V V VYV V

two-stage radial fan;
> double enameled hot water tank with a volume of 270 liters.

The refrigerants proposed the replacement of the refrigerant R134a are MV3TN and MV3T and
the domain of application of the air-water heat pump is from +6°C to +35°C. The working pressure is
between 6+12bar and the maximum working temperature is 55°C.

In order to reduce direct emissions there are multiple EU restrictions (MAC Directive -
2006/40/EC) [41] and Regulation (EU) 517/2014 [16].

Consequently, the R134a refrigerant that has been used so far, had to be replaced by another
refrigerant which has as low as GWP as possible.
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[— pompa de cldura aer-apa cu
randament ridicat

boiler de 270 litri,
iesireapacalda dublu emailat
menajra impotriva coroziunii

anod de magneziu rezistenta lectrica pentru
= protectie legionella si/ sau su-
— plimentare incalzire

registru de incalzire pentru co-
— nectarsa optionala la un cazan
= — sausistem solar

intrareaparece __, condensator in dubla manta,

e, previne aparitia depunerilor de
= piatra dela apa dura

Fig. 4.1 Construction of the air-to-water heat pump

The experimental model analyzed from the technical and constructive point of view has the role of
preparing hot water for 13 students throughout the year, regardless of the season, and the residual cold is
used to lower the temperature in a teaching laboratory of about 48 sqm .

LEGEND:
1 - AIR-WATER HEAT PUMP

1-CLIMACHECE SYSTEM ACQUISITION DATA
3-EVAPORATOR

4 - COMPRESSORS

5 - CONDENSER

6 - SOFT DATA ACQUISITION

7- SENSORS CLIMACHECK

Fig. 4.2 The experimental model of the air-water heat pump
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4.3. Analysis and interpretation of experimental data

4.3.1. Case of refrigerant R134a

In the figure 4.3 below is presented the normal decrease of the COP for the operation of the air-

water heat pump in cooling and heating regime with the increase of the compression ratio.

10,00 ——— ' .

8,00/

COP []

8,00

4.00

2,00 : :
4,50 4,75 5,00 5,25 5,50 5,75 6,00
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Fig. 4.3 Variation of COP on cooling and heating depending on the compression ratio.
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4.3.2 Case of refrigerant MV3T
In the figure 4.4 below is shown the normal decrease of the COP for operation in cooling and

heating mode with the increase of the compression ratio depending on the compression ratio.

2%+
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o 36]
o L
QO L
3,4
L o
3,2
: w
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3,55 3,60 3,65 3,70 3,75 3,80
®=Pc / Po [-]

Fig. 4.4 Variation of COP on cooling and heating depending on the compression ratio.

4.3.3 Case of refrigerant MV3TN
In Fig. 4.5 is shown the COP variation on the cooling side depending on the cooling capacity in

the vaporization process. There is an increase in the performance coefficient of the PC with the increase

of the cooling capacity.
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Fig. 4.5 COP variation on the cooling side depending on the cooling capacity
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4.4. Validation of experimental data with the mathematical model

4.4.1. Case of refrigerant R134a

The author of the study considered that it is important to consider the cooling load calculated in
comparison with the one measured for the R134a refrigerant used in the AIR-WATER HP experimental
stand. In Fig.4.6 below is presented for the cooling capacity the proof of validation of the experimental
model with the mathematical one, observing a degree of error less than 3%, that falls within the acceptable
technical error range. In Fig.4.7 below is presented the COP on the cooling side calculated in comparison
with the one measured for the R134a refrigerant used in the AIR-WATER HP experimental stand.
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Fig.4.6 The calculated vs. measured cooling capacity
of the R134a refrigerant used in the experimental

Fig.4.7 The calculated vs. measured cooling COP of
the R134a refrigerant used in the experimental stand
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Fig.4.8 COP on the calculated vs. measured heating side of
the R134a refrigerant used in the experimental stand of
AIR-WATER HP
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4.4.2 Case of refrigerant MV3T

In Fig.4.9 is presented, for the cooling capacity, the proof of validation of the experimental model with the
mathematical one [61], observing a degree of error less than 4% that falls within under the acceptable technical
error range.
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Fig.4.9 Calculated vs. measured cooling capacity of the Fig.4.10 Calculated vs. measured cooling COP of the

MV3T refrigerant used in the experimental stand AIR- MV3T refrigerant used in the experimental stand
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Fig.4.11 COP on the calculated vs. measured heating side
of the MV 3T refrigerant used in the experimental stand
AIR-WATER HP
Also, the degree of error of less than 4% is found, which falls within the acceptable technical

€rror range.
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4.4.3 Case of refrigerant MV3TN

Fig.4.12 below shows for the cooling capacity the proof of validation of the experimental model with the

mathematical one, observing a degree of error less than 4% which falls within the acceptable technical error

range.
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Fig.4.12 Calculated vs. measured cooling capacity of
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CHAPTER S. GENERAL CONCLUSIONS AND PERSONAL
CONTRIBUTIONS

5.1. General conclusions

The research program proposed in the doctoral thesis '"Research on the contribution of
refrigeration systems, air conditioning and heat pumps to global warming" has accomplished the
principal objective of the work for studying refrigeration systems both from the point of view of
ecological and energy efficiency, with emphasis on the contribution of refrigerants, by greenhouse
effect, to global warming.

Also, the general objective of the thesis, of carrying out scientific research in order to reduce
the emissions of greenhouse gases, with particular reference to the refrigerants that contribute to global
warming and climate change, in order to comply with the international legislation in the domain, has
been achieved.

In the doctoral thesis entitled: "Research on the contribution of refrigeration, air
conditioning and heat pump systems to global heating', one objective was the realization of an
experimental stand air-water heat pump, designed to determine the performance of the refrigeration
system operating with the refrigerant R134a and to find new ecological refrigerants of mixture type
MV3T, MV3TN.

This thesis brings together the synthesis of a topical bibliographic material with the results of
own theoretical and experimental studies carried out within a complex research program.

Internationally and nationally, the issue of refrigerants which contributes to global warming
is not yet resolved, this being a topical issue. At national level there are very few researches, given the
lack of specialists in the area of chemical thermodynamics and of the dedicated equipment (gas
chromatograph, spectophotometer, analyzer) which can experimentally determine the thermophysical
and chemical characteristics of some mixtures of refrigerants with various concentrations.

In the thesis are theoretically analyzed both the simple substances and the mixtures proposed
on the basis of several programs specific to refrigerants, including the REFPROP software and an EES
(Engineering Equation Solver) calculation software with which the COP of the installation and the
TEWI factor for each proposed refrigerant were simulated. The thesis presents the current investigation
in the domain and a bibliographic material regarding the research of mixtures of refrigerants by the big
producers at international level. During the doctoral thesis elaboration, the theoretical partial results
were published and communicated in journals and scientific national and international events.

5.2. Personal contributions

In the doctoral thesis, the following personal original contributions were made, accomplishing
the several objectives of the doctoral thesis:

e Analysis of the current state of research on the domain of ecological refrigerants that can
be used in refrigeration systems (Chapter 2);

e Creation of diagrams and tables with thermodynamic properties of the mixtures of
refrigerants proposed MV3T, MV3TN, as well as MVIZ1, MVIZ2, MVIZ3 (ANNEX 2);

e Determination of the equations of state of mixtures (Chapter 3);

e Development of a new domain of research inside of Faculty of Building Services
Engineering (of the UTCB), namely of the refrigerants field;

e Analyzing the different variants of refrigeration systems with various refrigerant fluids
and proposing optimal solutions from an energy and ecological point of view (Chapter
3);
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e The use of high-performance simulation programs for ecological analysis and energy
efficiency for various applications in the domain of cold and air conditioning (EES,
REFPROP, CLIMACHECK) (Chapter 3);

e Realization of an experimental stand - heat pump designed to determine the performance
of the refrigeration system that can operate with R134a, MV3T, MV3TN in the Laboratory
of atmosphere protection, Colentina Laboratories Complex inside of the Technical
University of Civil Engineering Bucharest (UTCB) (Chapter 4).

Other personal contributions:

o Making a technical documentary regarding the research in the domain of refrigerants at
international level in the last 10 years (Chapter 1);
o The use of various simulation programs existing at international level, for ecological

analysis and energy efficiency for applications in the domain of refrigeration and air
conditioning (Chapter 3-below chapter 3.1);

o Making a technical documentation regarding the contribution of refrigeration systems,
air conditioning and heat pumps to global warming evidenced by the presented bibliography;
o Proposal of new ecological refrigerants of mixture types for which the mass

participations have been established following a thermodynamic analysis (Chapter 3) for an

experimental stand compressor group — digital condenser with scroll compressor modulation

[9];

o Making diagrams and obtaining thermodynamic properties for the mixtures of

refrigerants proposed for the experimental stand compressor group — digital condenser with

modulation of the scroll compressor [29];

o Elaboration of a calculation algorithm, a mathematical model and a personalized

simulation program for the air-to-water heat pump system operating with the refrigerant

R134a, MV3T, MV3TN;

o Obtaining some mixtures of refrigerants, namely MV3T, MV3TN with GWP less than

750 [according to Regulation (EU) 517/2014] [16], in order to align with the European

legislation;

o The processing of experimental data led to results comparable to those from the use of

the mathematical model (Chapter 4), at the validation of the experimental model with the

mathematical one, observing a degree of error less than 3% (0.75-2.9) that falls in the

acceptable technical error range.

In accordance with the subject of the doctoral thesis, a number of over 50 scientific articles
have been elaborated as follows:

» - 13- articles can be found on the site ITFTIR

» - 25 — Google Academic (from 2014- present)

» - 8 - articles on the site https://orcid.org/0000-0003-0079-1562 (Scopus - Elsevier)
» - 14 https://publons.com/researcher/3110311/vinceriuc-mioara/publications/

Web of Science Researcher ID Y-1626-2019

» - 1- http://www.riss.kr/search
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Between the above mentioned papers, 5 (five) are published as first author at national and
international scientific events such as SGEM 2018, CLIMA 2019, BELGRAD 2019, TIMISOARA
2019, DSC 2020.

5.3. Issues of perspective

The doctoral thesis can be considered a continuation of the accomplished researches in the
domain of refrigerants at national level.

Future research directions may involve:

¢ Finding ecological alternatives with low or zero GWP in order to align with EU legislation;

e The use of an existing refrigeration system (designed in optimal conditions) that is subjected to
different functional regimes from the nominal one with the mixtures MVIZ1, MVIZ2, MVIZ3
and others for the experimental stand of the compressor group — digital condenser with
modulation of the scroll compressor;

e Discovery of new green (ecological) refrigerants that do not directly contribute to global
warming (GWP =0, ODP=0);

e Development of the experimental stand of the compressor - digital condenser group with
modulation of the scrool compressor and its use for the validation of the theoretical results
obtained from the research directions mentioned above;

e Analysis of thermodynamic and ecological performances of refrigerants for automotive climate
systems with the realization of mathematical simulations followed by experimental validations;

e Applying on the results of the research in the area of refrigerants for various domain.

The analyses made in the thesis with the title: ,,Research on the contribution of refrigeration,
air conditioning and heat pump systems to global warming” can be a basis for future studies in the
domain of refrigeration systems that use renewable energies (eg. solar energy) in order to implement
in systems with air-water heat pumps with solar panels.
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In the thesis, the bibliography chapter includes 131 references of which the most

important ones were presented and which are found in the summary of the thesis.
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