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Background and objective

There is a large transition in supermarket refrigeration with a strong focus on Energy
consumption. High efficient system configurations with R744 are introduced in various locations
throughout Europe; however, further improvements are necessary and possible, for example with
the use of ejector-based expansion work recovery.

A multi-ejector expansion pack, intended as a substitute for a standard high-pressure electronic
expansion valve (HPV) will be experimentally investigated in the supermarket compressor rack
rated for 80 kW at a 35 °C gas cooler outlet temperature and a -3 °C evaporation temperature.
The applicability of the multi-ejector pack as a main flashing device shall be verified
experimentally. Operational characteristics of the rack (refrigeration capacity, power
consumption, COP) shall be recorded for both alternative options: expansion purely in the HPV
vs. HPV-assisted expansion in the multi-ejector pack. Additionally, the flash-tank pressure
optimization problem shall be addressed for both operation alternatives.

The following tasks are to be considered:

1. Literature review on R744 ejector technology

2. Analysis of operating conditions for a typical R744 compressor rack in supermarket
installations

3. Preparation of an experiment plan leading to generation of a set of individual
performance maps for the investigated vapour compression rack

4. Practical training at the multi-ejector test facility

5. Test campaign directed to the comparative analysis of energy performance for the
standard parallel compression rack vs. multi-gjector supported rack

6. Data processing and analysis of results

7. Conclusions and proposal for further work

Within 14 days of receiving the written text on the master thesis, the candidate shall submit a
research plan for his project to the department.
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When the thesis is evaluated, emphasis is put on processing of the results, and that they are
presented in tabular and/or graphic form in a clear manner, and that they are analyzed carefully.

The thesis should be formulated as a research report with summary both in English and
Norwegian, conclusion, literature references, table of contents etc. During the preparation of the
text, the candidate should make an effort to produce a well-structured and easily readable report.
In order to ease the evaluation of the thesis, it is important that the cross-references are correct. In
the making of the report, strong emphasis should be placed on both a thorough discussion of the
results and an orderly presentation.

The candidate is requested to initiate and keep close contact with his/her academic supervisor(s)
throughout the working period. The candidate must follow the rules and regulations of NTNU as
well as passive directions given by the Department of Energy and Process Engineering.

Risk assessment of the candidate's work shall be carried out according to the department's
procedures. The risk assessment must be documented and included as part of the final report.
Events related to the candidate's work adversely affecting the health, safety or security, must be
documented and included as part of the final report. If the documentation on risk assessment
represents a large number of pages, the full version is to be submitted electronically to the
supervisor and an excerpt is included in the report.

Pursuant to “Regulations concerning the supplementary provisions to the technology study
program/Master of Science” at NTNU §20, the Department reserves the permission to utilize all
the results and data for teaching and research purposes as well as in future publications.

The final report is to be submitted digitally in DAIM. An executive summary of the thesis
including title, student’s name, supervisor's name, year, department name, and NTNU's logo and
name, shall be submitted to the department as a separate pdf file. Based on an agreement with the
supervisor, the final report and other material and documents may be given to the supervisor in
digital format.
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Abstract

Present supermarket refrigeration systems, with carbon dioxide as a refrigerant, indicate high-
efficiency performance and they are commonly installed in throughout Europe. The
refrigeration systems with R744 have still a large potential to limit power consumption. One

of solutions is ejector-based expansion work recovery module.

Aim of this thesis is to present an experimental investigation of standard R744 supermarket
refrigeration system, with the high-pressure electronic valve (HPV), and refrigeration system
with multi-ejector expansion pack on the same vapour compression rack. Comparison of the
R744 multi-ejector refrigeration system, was carried out based on energy performance
characteristics: refrigeration capacity, power consumption, COP, and exergy efficiency. Apart
from the system performance comparison, influence of the pressure level in the flash tank on

the system performance for both alternatives was analysed.

The experimental results indicated COP and exergy efficiency improvement of the multi-
ejector refrigeration system up to 7% and 13.7%, respectively. The multi-ejector system was
able to operate in smaller range of the tanks pressure lift than the standard system dependent
on the refrigeration load and the exit gas cooler section parameters. The highest values of
COP and exergy efficiency were obtained by the multi-ejector refrigeration system for the
tanks pressure lift value close to the limit value. The values of the overall compressor
efficiencies were significantly differentiated, dependent on the operation module (cooling
load and heat rejection conditions), which strongly influenced the values of COP and exergy
efficiency. Therefore, it was not possible to clearly define the optimum pressure in the flash
tank. It was concluded that improvement of compressors efficiencies utilized in the multi-

ejector system will indicate high energy performance of the refrigeration system.
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Streszczenie

Obecne systemy chtodnicze wykorzystujace dwutlenkek wegla (R744), jako czynnik roboczy,
charakteryzuja si¢ wysokosprawno$ciowa wydajno$ciag i sg instalowane powszechnie w
duzych sklepach na terenie calej Europy. Pomimo wysokiej efektywnosci pracy, systemy
chtodnicze z czynnikiem R744 maja nadal ogromny potencjat do redukcji konsumpcji mocy
elektrycznej. Jednym z rozwigzan jest implementacja modulu ezektorowego w celu

czesciowego odzysku pracy.

Niniejsza praca przedstawia wyniki badan eksperymentalnych na jednym stanowisku
badawczym dla dwoch konfiguracji: standardowego systemu chtodniczego z
wysokocisnieniowym elektronicznym zaworem rozpreznym (HPV) oraz dla systemu
chtodniczego z zaimplementowanym modulem ezektorowym. Poréwnanie obu systemow
zostato przeprowadzone na podstawie charakterystyk: wydajnosci chtodniczej, konsumpcji
mocy elektrycznej, COP oraz sprawno$ci egzergetycznej. Oprocz poréwniania wydajnosci
systemow wykonano analiz¢ wptywu poziomu ci$nienia w $redniociSnieniowym separatorze

na poprawe¢ efektywnosci pracy uktadow chtodniczych.

Wyniki eksperymentalne wykazaly poprawg¢ COP oraz sprawnosci egzergetycznej systemu
chtodniczego z modutem ezektorowym, w stosunku do systemu chtodniczego z rownoleglym
sprezaniem o odpowiednio 7% oraz 13,7%. System z modutem ezektorowym byl zdolny do
pracy w mniejszym zakresie rdznicy ci$nien pomi¢dzy $redniocisnieniowym separatorem, a
niskoci$nieniowym separatorem w stosunku do standardowego system chlodniczego.
Najwigksze wartoSci COP oraz sprawnosci egzergetyczne zostaly uzyskane przez system
chtodniczy z modutem ezektorowym dla wartosci roznicy cisnien w separatorach bliskiej
granicznej mozliwej warto$ci do poprawnej pracy modutu ezektorowego. Wartosci catkowitej
sprawnosci kompresorow roznity si¢ od siebie w zalezno$ci od trybu pracy (obcigzenie
chtodnicze oraz warunki oddania ciepta przez czynnik roboczy), co mocno wplyngto na
uzyskane wartosci COP 1 sprawnosci egzergetyczne. W efekcie rdéznic sprawnosci
kompresoréwjasne zdefiniowanie optymalnej warto$ci cisnienia w $redniocisnieniowym
separatorze nie bylo mozliwe. Poprawa sprawnosci kompresorow, wykorzystywanych w
systemach chtodniczych z modutem ezektorowym przyczyni si¢ do poprawy wydajnosci

energetycznej systemu chtodniczego z CO,.
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1 Introduction

Increase of using the refrigeration system, based on the natural refrigerant, in the commercial
refrigeration is related to the restrictive political regulations about environment protection.
The Montreal Protocol and the Kyoto Protocol defined that the annual leakage of synthetic
refrigerant, common used in refrigeration, such as Chlorofluorocarbon (CFC) and hydro-
chlorofluorocarbons gases (HCFCs), should be significantly reduced, or even replaced by the
environmentally friendly refrigerant (United Nations Environment and Ozone, 1987, United,
1997). Thereby, environmentally friendly carbon dioxide (denoted as R744), well known
natural refrigerant in the first half of twentieth century, has been commonly used in recent
refrigeration systems thanks to Prof Gustav Lorentzen activities to revival of the CO, use in
refrigeration (Pearson, 2005). In 1990 Prof Lorentzen patented the transcritical carbon dioxide
system for automotive air-conditioning, what let to design and manufacture rival refrigeration

systems with CO, as a main working fluid (Lorentzen, 1990).

Carbon dioxide has the low critical temperature and the high critical pressure. Therefore, for
the surrounding temperature above the critical temperature, the refrigeration system has to
reject the heat from the R744 cycle in the transcritical mode, which influences on the
degradation of the system performance (Kim et al., 2004). As a result of the ambient
temperature influence on energy efficiency, the R744 transcritical refrigeration systems are
located most frequently in the cold climate regions. Although the development of CO,
transcritical system configuration and the development of devices included in the system let
to introduce the CO, commercial refrigeration system in a warm climates. One of the idea to
improve R744 refrigeration system energy performance is integration the ejectors module as a
main flashing device and partially supported by standard high-pressure electronic expansion
valve (HPV). The aim of use the ejector is recover some potential work due to expansion of
the high-pressure fluid and compress the low-pressure fluid at the same time inside the ejector

in order to improve energy performance of the refrigeration system.

Nowadays SINTEF Energy Research introduces the ejector technology to the R744
refrigeration systems in the supermarket. In collaboration with Enex and Danfoss, world
leading companies specialized in the design, control and production of high-efficiency
refrigeration systems, and the Silesian University of Technology, SINTEF Energy Research is

working on the Multijet project, which the main task was to implement the designed multi-



ejector pack to the R744 refrigeration system in two supermarkets: Spiazzo (Italy) and
Trondheim (Norway). Hence, the test facility equipped with the designed multi-ejector pack
has been installed and commissioned in the research laboratory at NTNU and SINTEF Energy
Research. Now the actual goal of the project is to present the system performance

improvement of the R744 vapour compression system with the multi-ejector expansion pack.



2 Objectives

The main task of this thesis is an analysis of system performance of the R744 vapour
compression rack equipped with the multi-ejector expansion pack based on experimental
investigation. The experimental investigation has been carried out with and without the use of
the multi-ejector pack for the same operating conditions. Recorded operational characteristics,
such as refrigeration capacity, power consumption, COP and exergy efficiency, have been
compared to both alternative configurations in order to present system performance
improvement of the R744 multi-ejector refrigeration system. In addition, the information
about the efficiencies of the rack of compressors has been presented during the experimental

investigation for both configuration on the same test facility.

In the literature, there is no precise information about optimum flash-tank pressure in the
R744 transcritical refrigeration system. Hence, searching of the optimum pressure level in the
liquid receiver tank, based on experimental investigation has been done for both operation
alternatives. In addition, for the multi-ejector block, the analysis of the flash-tank pressure can
present the upper limit of pressure ratio required for proper work of ejectors (no reversed-flow

conditions).

The draft of the research paper has been presented in Appendix A as a result of the
experimental investigation of the R744 vapour compression rack equipped with the multi-

ejector module.






3 Literature Review

3.1 Overview of Recent R744 Refrigeration Systems
3.1.1 Two-stage Cascade Refrigeration System

The development of recent commercial refrigeration system directs towards to design high-
efficient modern system with zero leak (Da Silva et al., 2012). One of solutions to improve
system performance for the supermarket refrigeration, contained medium-temperature level
(MT) in chiller cabinets and low-temperature level (LT) in freezer cabinets, is applied the
two-stage cascade system. The standard two-stage cascade refrigeration system, with two
separated vapour compression cycles of both refrigerants, is shown in Figure 3.1. According
to Getu and Bansal (2008), foregoing solution is suitable for evaporating temperature in LT
level ranging from -30 °C to -50 °C. Carbon dioxide can be used as low-temperature
refrigerant in separate vapour compression circuit due to excellent thermo-physical properties
at low temperature. The typical high-temperature refrigerant is ammonia or other synthetic

refrigerant (Bansal, 2012).

High-temperature circuit

Air-cooled condenser —|
- -
U 1 ‘
Expansion i Te ‘
valve -~ High-temp
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Y ’ i
Low-temp Ei Expansion
Compressor valve i

Low-temperature circuit
Figure 3.1: Schema of the two-stage cascade refrigeration system. The figure shows two separated
loops with different refrigerants, which transfer heat between each other in the cascade condenser.

Adapted from Getu and Bansal (2008).



Da Silva et al. (2012) compared system performances of CO, HFC-404A cascade
refrigeration system with HCFC-22 and HFC-404A as the conventional systems for
supermarkets. Energy analysis indicated reduction of the power consumption per year for the
cascade system and the CO,/R404A refrigeration system improved energy performance up to
22.3% and 13.7% in comparison with the R404 A and R22 conventional systems, respectively.
According to Da Silva et al. (2012) R744 system in relation to R404A and R22 in cascade
system achieved many advantages, such as reduction of the electric energy consumption,
increase of the useful life of R744 due to low compression ratio, economical savings by
reduction of CO, piping diameter size, reduction of all installation and less carbon taxes.
Therefore, CO, cascade system configurations are competitive solutions in all climates.
Although the CO, cascade system with synthetic refrigerants in the high-temperature loop
such as HCFC-22, or HFC-404A, commonly worked in existing commercial refrigeration
systems, only minimizes the annual emission of harmful gases. Da Silva et al. (2012) stated
that for global warming potential index (GWP') for the R744/R404A cascade system is
around eight and four times smaller than conventional R404 A, or R22 systems, respectively.
Thereby the development of the purely CO, refrigeration system with low energy

consumption and harmless for the environment is more expected.
3.1.2 R744 Transcritical Booster System

Designed refrigeration system, including only one circuit at MT and LT levels with CO2 as
only refrigerant is simple and cheap in comparison to the cascade system (Ge and Tassou,
2011). The performance of the CO, system depends on the surrounding temperature, which
determines working condition of CO, in transcritical, or subcritical mode. To reduce high
pressure ratio in the transcritical mode, the booster systemis divided into four pressure levels,
what is shown in Figure 3.2. The additional receiver on the intermediate pressure level
collects R744 after the heat rejection in the gas cooler and expands the saturated refrigerant
liquid into the MT and LT evaporators (Sharma et al., 2014). The saturated vapor of CO,
from the receiver, named flash gas, is throttled to the medium-temperature pressure level (1-2
in Figure 3.2), before it enters to the high-stage compressors. The internal heat exchanger, set

after the intermediate vessel, is set to extend the difference of specific enthalpy in evaporators

' The potency of a greenhouse gas to the CO, emission over a 100-year period



(4-5 in Figure 3.2) and it provides that the flash gas after the throttling process is superheated
(2-3 in Figure 3.2).

Girotto et al. (2004) stated that in hot climate region, the annual electric energy consumption
of R744 transcritical booster system can be higher than a conventional R404A system, but in
cold climate it consumed less electric energy than R404A systems during the year due to
operation in subcritical mode for the higher number of hours. The author presented monthly
averaged COP of both foregoing systems in the climate of Treviso (Italy) and in July COP of
CO, and R404A units were equal to 2.0 and 2.8, respectively, when monthly averaged
ambient temperature was equal to 24 °C. In January, for ambient temperature equal to 5 °C,
R744 refrigeration system reached COP up to 4.2, when COP of the conventional system was
equal to 3.9 (Girotto et al., 2004). Therefore, R744 transcritical booster system is located

mostly in Northern Europe countries (Sawalha et al., 2015).
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Figure 3.2: R744 Transcritical Booster System with two evaporation levels (MT & LT): simple
schematic diagram with pressure-specific enthalpy diagram. Adapted and modified from Sawalha et

al. (2015)



3.1.3 R744 Transcritical Parallel Compression System

The booster configuration with flash tank reduces the throttling losses by increase of the
specific enthalpy difference in evaporator. Although, throttled flash gas to the MT level do
not provide any useful effect. In order to advantageously use of the flash gas, it can be done
by means of an auxiliary compressor. The parallel compression concept allows to
compression the saturated CO, gas phase from the flask tank with a lower pressure ratio
(Chesi et al., 2014). This system is applied to increase energy performance of a refrigeration

system during summertime in hot climates (Bansal, 2012).

Figure 3.3 shows simplified schema of R744 parallel compression system and CO, state
points on the pressure-specific enthalpy diagram. The system consists of three racks of
compressors, gas cooler, MT and LT evaporators, two suction-liquid line heat exchangers
(SLHX), liquid receiver tank, the high pressure expansion valve (2-3), and two metering
valves before evaporators (6-7 and 9-10). After heat absorption in the low-temperature
evaporator, the CO, is superheated in the SLHX2 and compressed through the low-pressure
rack of compressors. The LP compressors work with the pressure ratio from low-temperature
level to medium-temperature level. Both rest rack of compressors: HP compressors and
bypass compressors, also known as parallel compressors, compress the refrigerant to the high
discharge pressure but from different suction pressure. The CO, enters from medium-
temperature pressure level to the HP compressors, previously superheated in the SLHX1, and
from receiver tank pressure level to the parallel compressors. Simultaneously, in the SLHXs
the refrigerant is subcooled after the gas cooler and the receiver tank, in order to increase the

heat pump capacity and refrigeration capacity respectively.
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Figure 3.3: R744 Transcritical Parallel System with two evaporation levels (MT & LT): simple

schematic diagram with pressure-specific enthalpy diagram. Adapted from Sharma et al. (2014).

Sarkar and Agrawal (2010) compared performance of three different parallel compression
configuration. Authors determined that the parallel compression economized system (flash
gas directly compressed by the parallel compressors section) achieves 47% COP
improvement over the basis CO, transcritical refrigeration cycle for the chosen ranges of

operating conditions.

Chesi et al. (2014) investigated experimental analysis of the R744 parallel compression
system, based on energy performance analysis for different compressors discharge pressures,
exit gas cooler temperatures and evaporation pressures. In addition, the influence of the flash
tank separation capacity and the compressors volumetric flow ratio were analysed. According
to Chesi et al. (2014), the ideal parallel compression cycle can reach COP improvements of
over 65% and over 30% in terms of negligible pressure loss, considered perfect liquid-vapour
separator and certain controlled value of the superheating. Authors identified the influence of
compressors volumetric flow ratio closely linked to the flash tank pressure and the separator

efficiency on the system performance.

Sharma et al. (2014) carried out analysis of various CO, configurations in supermarket
refrigeration systems including the CO, cascade system, the transcritical booster system and
the transcritical parallel compression system. Besides the R744 refrigeration systems, the
multiplex direct expansion system with R404 A as a working fluid has been introduced as the

baseline. Authors compared each system based on annual average coefficient of performance



evaluation (COP described in section 4.3) for a different climate zones of the United States.
Figure 3.4 shows the contour map of the United States with three specified regions for the
most efficiently refrigeration systems. It can be noticed that for north part of the USA, the
R744 transcritical parallel compression system gains the best energy performance and the
similarly efficient as the R404 DX system in the central part of the United States. Sharma et
al. (2014) stated that the COP of the R744 parallel compression system is 13% higher than
that of the R404A multiplex direct expansion system in zones 5, 6 and 7 shown in Figure 3.4.
In the south part of the US in zones 1, 2 and 3, the COP of the parallel compression system is
8.3% lower that of the R404A DX system (Sharma et al., 2014).

The R744 parallel compression refrigeration systems is a competitive commercial
refrigeration system in particular in cold climate regions. Although there is still large potential
to improve the energy performance of CO, systems by reducing of the throttling losses. One
of idea is introduced an ejector as a main expansion device in refrigeration system in order to

recover some potential work.

Minneapolis

B R744 TPCS R744 TPCS & R404A DXS [ R404A DXS

Figure 3.4: The contour map of most efficiently refrigeration system for each climate zones in the
United States: the R744 Transcritical Parallel Compression System (R744 TPCS) and the R404 A
multiplex direct expansion system (R404A DXS). Adapted and modified from Sharma et al. (2014).
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3.2 The R744 Two-phase Ejector Technology in Refrigeration System

In the refrigeration cycle, the expansion irreversibility, or the throttling losses in the
expansion valves, can be reduced by use of an ejector (Sarkar, 2009). The first ejector, or
rather the condensing-type injector, was invented in 1858 by Henry Giffard, but in 1931
Norman Gay patented refrigeration system with applied two phase ejector (Elbel, 2011). The
two phase ejector characterizes two-phase flow outside the ejector, where the driving flow
and driven flow are in liquid and vapor phase, respectively. According to Sumeru et al. (2012)
main objective of using two-phase ejector in refrigeration cycle is energy performance
improvement of the system by increasing the cooling capacity and lowering the compressor
work. Description of working principles and main characteristics of the two-phase ejector is

presented in section 4.5.2.

Kornhauser (1990) carried out energy performance analysis of vapour compression cycle with
the two-phase ejector presented for selected refrigerants such as R22, or ammonia. Schematic
of standard two-phase ejector refrigeration cycle is shown in Figure 3.5. In this cycle, the
motive stream is a liquid CO, out of the condenser, the suction stream is a vapour phase of
CQO, after the evaporation process in the evaporator. Out of the ejector, the mixed CO, stream
is split on two saturated phases in the separator. Author used the set of own equations
describing two-phase ejector as a one-dimensional mathematical model. The COP of the
ejector refrigeration system in a rate to standard vapour compression system was 1.20 and
1.12 times larger for R-22 and NH3, respectively. According to Kornhauser (1990) the relative
COP of refrigerants in both systems are relatively different, therefore this may impact to use
non-CFC refrigerants. In 1996 Menegay and Kornhauser (1996) investigated experimental
analysis of the ejector expansion refrigeration cycle with R-12 as refrigerant and they proofed
that the COP improvement of the ejector system, in comparison to the standard vapour
compression system, varied from 2.3% to 3.1%. The authors expected COP improvements in

a range from 7% to 9% and even larger for refrigeration and ice storage application.
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Figure 3.5: Schema of two-phase ejector expansion refrigeration system adapted from Kornhauser

(1990).

Kornhauser’s iteration model of two-phase ejector led to development of the research from
the use of an ejector in refrigeration system for each refrigerant, especially for natural
refrigerants like R744. Li and Groll (2005) presented theoretical analysis of transcritical CO,
refrigeration cycle with the two-phase ejector-expansion device. They recorded the COP
improvements of the CO, ejector expansion cycle up to 16% in comparison to standard CO,

vapour compression cycle for typical air conditioning applications.

Deng et al. (2007) presented the system performance of CO, transcritical ejector expansion
refrigeration cycle, based on the first and second law analysis, in comparison to conventional
vapor compression cycle and the internal heat exchange cycle. In foregoing thesis, the ejector
expansion refrigeration cycle improved maximum COP by up to 18.6% and by 22.% as the
internal heat exchanger cycle and the conventional cycle, respectively. Exergy analysis
indicated much less the throttling exergy loss for the ejector expansion refrigeration cycle and
reduction of compression and heat rejection exergy losses. Lawrence and Elbel (2013)
presented energy and exergy analysis, for the ideal and real cases, of three different R744
two-phase ejector refrigeration cycles, compared to standard expansion cycle. For the ideal
case all three ejector refrigeration cycles improved COP and the second law efficiency by up
to 23%, but for real case the ejector cycles obtained COP and exergy improvement up to 7%

and 8%, respectively.
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Elbel and Hrnjak (2008) designed the first prototype ejector with a variable motive nozzle
throat area, by introduce a needle, and investigated experimental analysis to compare energy
performance of the CO, refrigeration system with new designed ejector to a baseline with
expansion valve. The needle in motive nozzle allows to the regulation of high-side pressure.
According to Elbel and Hrnjak (2008), the R744 ejector refrigeration system improved the
COP and the cooling capacity by up to 7% and 8%, respectively. The use of the needle
increased the COP during increasing of the high-side pressure, due to reduced area of the
motive nozzle throat. Effect of throat diameter of the two-phase ejector on the energy
performance of the R744 two-phase ejector expansion refrigeration cycle was investigated by
Chaiwongsa and Wongwises (2007). Authors stated that the highest COP was obtained for the
smallest throat diameter equal to 0.8 mm as a result of low primary mass flow rate at still high

vaporized mass flow rate and refrigeration capacity of the system.

Elbel (2011) compared influence the change of the mixing section length and the diffuser
angle on the ejector efficiency and the system energy performance of the R744 transcritical
refrigeration cycle. Four diameters of the constant-area mixing section: 7.5 mm, 32.5 mm,
57.5 mm, 82.5 mm, and three angles of the diffuser angle: 5°, 10°, and 15°, were chosen. As a
result of investigation, the highest ejector efficiency was reached for the shortest constant-area
section up to 15%. Simultaneously, the smallest diffuser angle 5° yielded the best ejector
performance. Hence, both foregoing designed parameters can significantly influence the
ejector performance (Elbel, 2011). The energy performance analysis indicated COP and
cooling capacity improvement of the R744 transcritical ejector expansion cycle up to 7% and

8%, respectively, what confirmed the results presented in Elbel and Hrnjak (2008).

Sumeru et al. (2012) stated that the COP results of the CO, vapour compression system with
the two-phase ejector given from experimental analysis are still different than theoretical
calculations. According to Banasiak et al. (2012), the ejector geometry has to be optimized for

a given application in order to maximize COP of the refrigeration system.

3.3 R744 Transcritical Refrigeration System with Ejector Expansion
Module in Supermarket

Experimental and theoretical analysis indicates that replacing the expansion valve by the

ejector in CO, transcritical vapour compression cycle improves energy performance and
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reduces exergy losses of the cycle (Sumeru et al., 2012). Therefore, the evaluation of system
performance for new, or existing R744 refrigeration system equipped with the ejector

expansion pack in the supermarket has to be carried out.

Hafner et al. (2014) presented ejector technology for supermarket applications and carried out
analysis of simulation model of the multi-ejector system and the reference CO, transcritical
booster system for the selected operating conditions like load profiles, controls concept and
climate data. The transient simulations were performed based on the annual variable ambient
temperature and annual variable load profiles for heating and cooling mode, for three different
climate regions: North European, Middle European and Mediterranean. In addition,
experimental analysis of both foregoing refrigeration systems was presented. To simplify the
refrigeration systems, calculations were done for only medium-temperature evaporation level
due to fact that for both systems less than 20% of the overall cooling capacity is provided for

the low-temperature cabinets (Hafner et al., 2014).

The R744 multi-ejector concept with non-continuously controllable ejectors is shown in
Figure 3.6. It can be seen that the ejectors are applied to maintain and secure a constant
pressure difference between both separators. Hence, in this case the multi-ejector installed
instead of the expansion valves do not recover the expansion work (Hafner et al., 2014). In

addition, the refrigeration system is applied in the heat recovery units.
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Figure 3.6: Circuit diagram of R744 transcritical refrigeration system in supermarket with

controllable ejector module. Adapted from Hafner et al. (2014)
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According to (Hafner et al., 2014), for a steady-state analysis, the COP of the R744 multi-
ejector refrigeration system improved in comparison to the reference system by up to 10%
and 20% at the ambient temperature 15 °C and 45 °C, respectively. The transient simulations
indicated significant COP improvement of the multi-ejector system for cooling and heating
mode. For selected climate zone, the COP for cooling mode increased between 20% and 30%
during the winter and 17% in Mediterranean, 16% in Middle European, and 5% in Northern

European countries during the summer.

Wiedenmann et al. (2014) presented work of R744 transcritical parallel compression
refrigeration system in Migros Bulle supermarket after the integration of the ejectors. Figure
3.7 shows schema of the Migros Bulle refrigeration system with and without the ejectors
module. The system consists of two vapour and one liquid ejectors, therefore the additional
liquid receiver after the MT evaporator is applied. Wiedenmann et al. (2014) stated that the
annual energy power consumption, depending on the climate region, of the refrigeration

system with integrated ejectors was in the range of 12% to 20% less than the reference

system.
Gas Cooler Gas Cooler
a
i o — |
Ejectors
@% Parallel Compressor g@ @ O @ @ O %@
MT Compressors MT Compresslors
- |
H Medium Pressure Receiver H
MT Evaporator MT Evaporator
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=+ i m—— %
LT Evaporator LT Evaporator
LT Con':pressors ;@; Di} LT Cc:rrl'lpressors ;@; &

Figure 3.7: Integration of two vapour and one liquid ejectors to the existed CO, transcritical parallel
compression refrigeration system in Migros Bulle supermarket. Adapted and modified from

Wiedenmann et al. (2014).
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3.4 Literature Review Summary

In order to improve energy performance of commercial refrigeration system, the two-phase
ejector indicates many benefits to use it in CO, refrigeration system. In recent times, the most
common R744 refrigeration system applied in supermarket is the R744 transcritical parallel
compression system. Therefore, integration of the ejectors to support parallel compression can
improve the energy performance of the system. Applying multi-ejector module in CO,
transcritical refrigeration system could reduce the power consumption of overall system in
supermarket as has already been proved by Hafner et al. (2014), Wiedenmann et al. (2014).
As a result of high-efficiency work, the CO, refrigeration system equipped with the ejector
pack can be much more competitive solution in throughout climate regions including
especially in cold climates, hot climates or even tropical countries and desert areas (Sumeru et
al., 2012). However, there are still small number of papers interested in the modern R744
transcritical refrigeration system equipped with ejector expansion module. Hence, the study

on the ejector technology in commercial CO, refrigeration system is required.
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4 Theory

4.1 Properties of CO,

Present refrigeration systems in supermarkets have CO, as a refrigerant due to limit of global
warming and ozone depletion effects. Properties of carbon dioxide are well known, therefore
analysis of the system performance can be investigated. Table 4.1 presents a comparison of
CO,, or R744, properties and characteristics with some other refrigerants. Carbon dioxide is
non-flammability, non-toxicity, and non-ozone depletion natural refrigerant. The high value
of volumetric refrigeration capacity (VRC) for R744 forces to compress working fluid as a
vapor. Critical point of CO,, has a temperature of 31.1 °C, and a pressure of 73.8 bar. The
heat transfer cannot be rejected by using condensation process as in the standard vapour
compression cycle, when the ambient temperature is above the critical temperature of CO,.
Therefore, R744 vapour compression system has to work in transcritical mode for the ambient

temperature higher than critical temperature of carbon dioxide.

Table 4.1: Characteristics of common refrigerants. Adapted and modified from Kim et al.

(2004).

Unit R-12 R-22 R-134a R-717 R-290 R-744
ODP/GWP? - 1/8500  0.05/1700 0/1300 0/0 0/3 0/1
Flammability/toxicity - N/N N/N N/N YY Y/N N/N
Molecular mass kg/kmol 1209  86.5 102.0 170  44.1 44.0
Critical pressure MPa 4.11 4.97 4.07 1142 4.25 7.38
Critical temperature °C 112.0  96.0 101.1 133.0 96.7 31.1
Volumetric

KJ/m’ 2734 4356 2868 4382 3907 22545

refrigeration capacity3

> ODP-Ozone depletion potential, GWP- Global warming potential.
? Volumetric Refrigeration Capacity at 0 °C.
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4.2 Vapour Compression Cycle

In a supermarket the refrigeration system is designed to achieve established temperature in
chiller cabinets and freezer cabinets. Hence, the standard vapour compression cycle,
represented the conventional refrigeration cycle, is divided into three pressure level: discharge
high-pressure level, medium-temperature pressure level, and low-temperature pressure level.
Figure 4.1 shows layout, T-s and P-h diagrams of R744 standard vapour compression cycle
with mentioned pressure levels. Both diagrams show work of refrigeration cycle in subcritical
mode and the cycle can be divided into four essential thermodynamic processes: compression
(process 1-2), condensation, or cooling the supercritical working fluid in transcritical mode

(2-3), throttling (3-4, 3-6 and 5-1) and vaporization (4-5 and 6-1).

In evaporators, liquid phase of CO,, at respectively low temperature, absorbs heat from space
of cabinets. As an effect of absorption, the refrigerant boils at constant temperature and
pressure. During vaporization, CO, is working in two-phase flow region until it turns into
saturated vapour outside the evaporator. In real refrigeration system, the vapour is
superheated and secured by additional liquid receiver for a safety of compressors. The
compressor pulls out CO, away from the evaporator and compresses to a higher pressure
level, which depends on the refrigerant parameters outside the condenser (in subcritical
mode), or gas cooler (in transcritical mode). In subcritical cycle, the specific enthalpy outside
the condenser is a function of temperature, as a result of condensation process at constant
pressure. At the supercritical high-side conditions, the specific enthalpy is dependent on
temperature and pressure (Kim et al., 2004). Before the refrigerant enters to the evaporators,
the high value of pressure has to be reduced to required pressure levels in medium-
temperature and low-temperature evaporators, which is controlled by expansion valve. In the
expansion valve, the pressure is expanded by viscous effect and by acceleration, thereby the
CO, is leaving it as a two-phase mixture. Throttling process gains large thermodynamically
losses due to increase of an entropy at constant specific enthalpy, which is shown on T-s

diagram in Figure 4.1.
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Figure 4.1:
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modified from Lawrence and Elbel (2013).

Standard Vapour Compression Cycle with two evaporation temperatures. Adapted and
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Large irreversible losses in expansion valves, in particular for high pressure ratio in
transcritical cycle, force to extending standard vapour compression cycle, by using additional
liquid receiver after high-pressure expansion valve, on a pressure level above pressure in MT
evaporator. The liquid phase of carbon dioxide from separator is throttled and it flows through
evaporator, which increases the specific refrigeration capacity. The saturated vapor, named as
flash gas, has more solutions. The flash gas can be throttled to evaporator pressure level, or it
can be directly compressed to discharge pressure level, by section of parallel compressors.
Integration of the liquid receiver divides pressure reduction in high-pressure expansion valve,

which decreases thermodynamic losses of the system.

4.3 First Law Analysis

Discharge pressure in R744 vapour compression cycle is maintained by the compressor work,
which has to be supplied by external sources. Performance of the system based on first law of
thermodynamics is presented as a coefficient of performance (COP), which is a ratio between
absorbed, or rejected heat transfer rate by refrigerant in heat exchanger, into internal power of
a compressor. COP for cooling mode of standard vapour compression cycle with one

evaporator is described as:

COPyggting = et = yeseut—entn @1

N hcomp,out_hcomp,in

where Q,,, is a refrigeration capacity in kW, N; is an internal power of the compressor in kW.
The real refrigeration system has many heat exchangers, which damp system performance due
to the temperature change associated with pressure drop in heat exchangers. Although for
R744 at 0 °C the temperature change is about 0.01 K for 1 kPa of pressure drop, which is
much smaller than other refrigerants (Kim et al., 2004). The coefficient of performance of the
present advanced refrigeration systems in supermarket is calculated as a sum of total
refrigeration capacity divided by a sum of total electric power of compressors rack:

n
ZL’=1 Qev,i

X% Nei

COPcooling = (4.2)

The electric power of compressor presents overall power utilized in refrigeration system,

because conversion of electrical power into compression energy involves some energy losses.
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Therefore, the compressor has to be characterized by efficiencies describing the quality of

compression:
N; = Ngi * e (4.3)
Nis = Nis — hout,isen —hin (44)
ks N; hout—hin

where in Eq. (4.3) 1., is the electric-mechanical motor efficiency, in Eq. (4.4) n;s is the
isentropic efficiency due to irreversible adiabatic process of compression, N;¢ is an isentropic
internal power of the compressor. In experimental analysis presented below, the evaluation of
compressor exit temperature is impossible due to fact that the temperature sensor could not be
installed directly on the discharge side of the compressor. As a result of the missing
temperature, the compressor can be characterized only by compressor efficiency, which is
calculated as:

Nis _ mCOZ'(hout,isen_hin) 4.5)
Nel Ney

Ncomp

The mass flow rate of carbon dioxide g, that flows through a compressor, can be either
measured by mass flow meter or calculated using volumetric efficiency. According to
Lambers (2008), volumetric efficiency is a ratio of the real inlet gas mass flow to the inlet gas

mass flow in reference process and it is defined as:

Mco, (4.6)

Nvor =
mcoy,ref

The reference mass flow of R744 can be defined as positive displacement of compressor
multiplied by the density at the CO, suction parameters. The positive displacement
compressor is a device that confines successively volumes of fluid within a closed space with
the pressure of the fluid is increased as the volume of the closed space is decreased (Mobley,
1999). Therefore, the positive displacement can be defined as the most possible volume flow
rate of the fluid that can be discharged in the selected compressor. The positive displacement
is the parameter of the individual compressor and the information about the value of

displacement is delivered by the supplier.

77.1C02,ref = Vdispl 'pCOZ (Tsuction'psuction) (4-7)
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Data about working of compressor, electric power consumption, refrigeration capacity of
evaporators and losses linked to imperfection of processes allow to create the performance

characteristic of refrigeration system.

In the subcritical mode value of COP decreases during increasing of the discharge pressure. In
transcritical cycle, a maximum value of COP depends on the high-side pressure and the gas
cooler exit temperature, which is shown in Figure 4.2 (Kim et al., 2004). The isotherm above
the critical temperature has a specific shape, where above the critical pressure, it is gliding.
The optimal gas cooler pressure is reached, when the partial derivative of COP with respect to

the gas cooler pressure equals zero for the set gas cooler exit temperature (Liao et al., 2000):

((3COP

oP
GC ch

=0 (4.8)

=Popt

As a result of the gliding temperature, there exists a pressure level, for which the drop of
specific enthalpy at the exit of gas cooler is equal to the same as the gain of specific enthalpy
at the exit of compressor. The drop of specific enthalpy at the exit of gas cooler is expressed

as:

Ahgc,out = h;c,out(Tgc,out»%c + AP) - hgc,out(Tgc,outJ I?gc) (4.9)

where hg. o, is the exit gas cooler specific enthalpy with increased refrigeration output in
K kg, hgc'out is the exit gas cooler specific enthalpy without increased refrigeration output

inkJ kg™
The gain of specific enthalpy at the exit of compressor is expressed as:
Ahcomp,out = h;omp,out(scomp,out' I'ch + AP) - hgomp,out(scomp,out' Rgc) (4'10)

where hiomy, oue 18 the exit compressor specific enthalpy with increased refrigeration output
in kJ kg, homp out 1S the exit compressor specific enthalpy without increased refrigeration

output in kJ kg, Scomp,out 18 the constant specific entropy of the compressor in kJ kg 'K

In that case, COP of the cycle has a maximum value:

hev,out_(hev,in_Ahgc,out)
S Ahyeout = Dhcomp,out 4.11)

COP, o0 =
cooling,max
g (hcomp,out+Ahcomp,out)_hcomp,in

22



=+ T4=32,5[°C]
25 , =% T1=35[°C]
\\ 4+ Ty=37,5[°C]
R \\<T1 =40 [°C] <~ T1=42,5[°C]
o ~+ Ty=45[°C]
“\;\—ﬁﬂ =47,5[°C]
o~ "\‘-

COP [

75 90 105 120 135
Discharge pressure [bar]

Figure 4.2: COP-discharge pressure diagram at different gas cooler exit temperature. Adapted

from Sawalha (2008).

The optimal parameters of CO, at outside the gas cooler ensure maximum performance of the

refrigeration system.

COP is a common rate used to compare performances of each refrigeration systems. To
evaluate the performance result after introducing modification can be expressed by COP
improvement defined as the difference between COP after and before (baseline) system

modification divided by COP of the baseline system.

COPimprovement -

COPmodification —COPpgseline i 100% (4 12)
COPpgseline

However, COP does not give any information about maximum of system performance and

how large are the losses in each component. Exergy balance can show real cooling efficiency

of the refrigeration system. Thereby, comparison of two refrigeration systems in supermarket

based on the exergy analysis need to be done as well.

4.4 Second Law Analysis

The first law analysis delivers information of the refrigeration system performance and losses
following with irreversibility of processes in each component. In exergy analysis of the

refrigeration system, the important information is where and how much the system
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performance is degraded (Yumrutas et al., 2002). Carnot cycle has a maximum performance
as a refrigeration system, because it consists of two isentropic processes and two isothermal
processes. According to Lawrence and Elbel (2013), COP of the Carnot cooling cycle can be
evaluated as the ratio of the absolute evaporation temperature to the difference between

condensation temperature and evaporation temperature.

Teva
COPporpor = — 22— (4.13)

Tcona _Tevap

where T, 15 a saturated evaporation temperature in K, T¢ynq 1S a condensation temperature

in K. The second law efficiency of refrigeration system, or the exergy efficiency, can be

defined as the COP of refrigeration system divided by the COP of Carnot cooling cycle.

copP
Ry = —222 (4.14)

COPcarnot

The definition of exergy efficiency presented in (4.14) evaluates real cooling ability of
refrigeration systems, but it does not give an information about decomposed exergy losses in
the cycle. Energy balance and exergy balance of each component need to be done. Exergy

balance equation is defined as:
Ein = Loyt +Z Ii (415)
where ), I; is a sum of irreversibility of the system components in kW.

Ahamed et al. (2011) presents energy and exergy balance for the standard vapour

compression cycle for following assumptions:

e Analysis is conducted for steady-state conditions.

e Pressure drop in pipelines is neglected.

e Heat losses and heat gains in whole system are not considered.
e Potential and kinetic energy is not considered.

e Exergy losses are not considered.

Specific exergy in any state is calculated as:

l/Ji = (hi - hamb) - Tamb ' (Si - Samb) (4-16)
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where 1; is a specific exergy in kJ kg™, hgmp is a specific enthalpy in ambient conditions in
KJ kg, Tymp is an ambient temperature in K, s; is a specific entropy in kJ kg"'K™'. According
to Fang et al. (2005), exergy of amount of heat ¢ may be expressed as the exergy increment:

Yiner =q - (1 _M) 4.17)

T

where T is the temperature, for which the environment absorbs (heat sink temperature), or
rejects (heat source temperature) the amount of heat. During experimental investigation,
presented in this thesis, the temperature 7 of heat source, or heat sink changed from 7; to 7>.

According to Fang et al. (2005), the exergy increment can be defined as:

Tamb ']n(gl)

1) 4.18)

Ipincr = q"l_

The positive sign of the exergy increment is set due to negative sign of the removed heat from
the evaporator, where the temperature of refrigerant is below the ambient temperature (7 <

Tamb)~

Energy balance equations and exergy destruction equations of each specific component are

presented below, respectively.

e For evaporator:

Qev = itco, * (hev,out — hev,in) (4.19)
lev = titco, * (Wevout = Wev,in) + Mco, " Wev,ner (4.20)

e For condenser/ gas cooler:
Qcona = Mco, * (hcond,in - hcond,out) (4.21)
Ieona = Mo, * (Weond in — Veond,out) + Mco, " Ygeincr (4.22)

e For compressor:

Net * Nhme = Titco, * (heomp,out = Peomp,in) (4.23)
Leomp = 1itco, * (Weomp,in = Weomp out) + Net (4.24)
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e For expansion valve
mCOZ “Reond,out = mCOZ “Rev,in (4.25)
Lyaive = mCOZ ’ (l/)ev,in - Ipcond,out) (4.26)

Total destruction of refrigeration systemis a sum of exergy destruction of each components:
Lotar = X 1i = loy + Icona + Icomp + Doatve (4.27)

Thereby the second law efficiency can be expressed as:

— Eout — Ein—Itotal =1- Lrotal (4 28)
Ein Ein Ein

nex

Set of energy and exergy balance equations presented above allows for identification of the
component with the largest irreversibility. According to Ahamed et al. (2011), the largest
irreversibility has condenser followed by compressor, expansion valve and evaporator,
respectively. Temperature of evaporating and condensing strongly influences the value of
COP, the second law efficiency, and the exergy losses (Yumrutas et al., 2002). Evaluation of
exergy destruction in expansion valve proves that some potential of work can be recovered to
improve the exergy efficiency and the COP of the refrigeration system. Influence of
modifications in refrigeration system on the exergy efficiency value should be calculated

similarly as in case of COP, by using exergy efficiency improvement:

_ Nex,modification—Nexbaseline 0
nex,improvement - ] 100% (4.29)
Nex,baseline

4.5 The Two-phase Ejector Characteristics
4.5.1 Working Principles

The ejector is a simple device without rotational pieces. Figure 4.3 shows simple geometry of
an ejector in axially section, with velocity and pressure profiles along the ejector. Generally,

three principles phenomena can be distinguished in an ejector:

e Supersonic stream occurring in converging-diverging motive nozzle (A).
e The momentum conservation between motive and entrainment stream (B) in the

mixing chamber.

26



e Conversion of the kinetic energy of the mixed fluid into pressure energy (C).

The motive fluid from high-pressure collector gets accelerates due to the Venturi-effect in
converging-diverging nozzle. Thereby, in throat, speed of the motive stream is equal to speed
of the sound and behind the throat the fluid flows in supersonic condition. The throat has the
smallest dimension in the ejector. Therefore, the maximum mass flow rate of the motive fluid

flowing through the ejector can be expressed as:

: ”'dghroat
Mmotivemax = 4 "wWep (4.30)

where w is a speed of sound of the motive fluid in m s, d is a throat diameter in m, p is a
density of the motive fluid in a throat in kg m™. The high-pressure motive stream expands to
the mixing-chamber pressure level and increases the kinematic energy of the fluid due to
supersonic flow. When the pressure level in mixing chamber is lower than the low-pressure
level of suction fluid, the motive stream entrains the low-pressure stream. Both streams are
mixing as a result of many complicated phenomena associated with the momentum transfer.
Mixed fluid flows through diverging diffuser, where kinematic energy is conversed into
pressure energy due to the turbulence flow. Therefore, stream outside the ejector has a higher

pressure than low-pressure suction fluid.
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Figure 4.3: Conceptual drawing of the R744 two-phase ejector. Velocity and pressure profiles of

motive and suction stream along the ejector. Adapted and modified from Schonenberger (2014).
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4.5.2 Ejector Parameters

The ejector can entrain the low-pressure fluid until the pressure in mixing chamber is lower
than the pressure of suction fluid. Entrainment depends on the difference between medium-
pressure level and the low-pressure level, which can be presented by two ejector parameters.
Pressure ratio is a division of the outlet pressure level to the suction nozzle pressure level.

= Poutlet 4.31)

Psyction

Pressure lift is calculated as a difference between both pressure levels.

Diirt = Poutlet — Psuction (4-32)

Besides foregoing parameters, an information about the mass flow rate of the motive and
suction fluids is needed to evaluate of the ejector work and ability to pumping of the low -
pressure stream. The mass entrainment ratio shows the ratio between mass flow rate of the
entrainment fluid and mass flow rate of the motive fluid, which is expressed as:

(I) — Msyction (433)

Mmotive

In this thesis the ejector efficiency is defined as the ejector efficiency definition proposed by
Elbel and Hrnjak (2008). The one of the benefit to use foregoing definition is that it can be
applied for an experimental investigation, because it avoids the measured static pressure in the
mixing chamber. The ejector efficiency is the amount of expansion work recovered divided

by the maximum potential to recover expansion work rate by the ejector.

WTEC

(4.34)

Nejector =
] Wmax,rec

where W, is an expansion work rate recovered in kW, W4y rec 1S @ maximum potential to
recover expansion work rate in kW. Figure 4.4 illustrates expansion of motive fluid and
compression of suction fluid as a recovery potential of R744 two-phase ejector work. The
maximum work, which can be recovered by an ejector, is a difference of enthalpies from state
A, which represents throttling process to state B, which represents isentropic expansion

process on the same outlet pressure level.
Wmax,rec = Mmotive * (ha — hg) (4.35)
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Work rate recovered is expressed as an isentropic compression of the suction stream with
respect to its surroundings (Elbel and Hrnjak, 2008). In Figure 4.4, the amount of work rate

recovered is shown as a change of the entrainment fluid from state D to state C, calculated as:
Wrec = Msuction * (he — hp) (4.36)

Finally, the ejector efficiency can be expressed as:

_ Msyction (hC_hD) _ (hC_hD)
Nejector = 7 ) =0 4.37)
Minotive (ha—hp) (hg—hp)
10 - -
..................... Pl Mmn e P
94 " " — li'lsn
Ejector motive flow
a 4
g7 .
. g g
o g o
(= it 1<)
E 5 " :
E Ad  grrsmBSessesnenmanng o | N o Sy I Pdiff out
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Figure 4.4: Pressure- specific enthalpy diagram of expansion and compression of motive and

suction fluid in R744 two-phase ejector. Adapted from Elbel (2011).
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5 Experimental Method

5.1 Description of the Test Facility

The R744 multi-ejector refrigeration test rig was manufactured by Enex Company in
collaboration with Danfoss Company and SINTEF Energy Research. The test facility is
divided into three individual modules: R744 unit with oil management circuit, glycol module
and the electrical cabinet. Figure 5.1 shows the view of the experimental test facility, where it

can be seen the rack of compressors and table with main pressure gauges.

Figure 5.1: The R744 Multi-ejector refrigeration test rig.

Figure 5.2 illustrates the pipeline and instrumentation diagram (P&ID) of R744 loop of the
test rig, which includes all main components. The system is filling in the pressure receiver
tank (liquid separator in Figure 5.2), where the liquid phase of CO, flows down on the bottom
of the tank, but the vapor phase of CO, is created in the top of the tank. The liquid level in

liquid separator depends of the pressure level due to constant density of CO,. Therefore,
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pressure level of the receiver can be regulated. The liquid separator has to deliver saturated

liquid to the evaporator.

For the experimental investigation presented in this thesis, the peak-load evaporator was not
utilized, because the base-load evaporator had enough refrigeration capacity for set loads. The
multi-ejector test rig has only medium temperature evaporator in order to simplify the system.
The pressure level in the evaporator is controlled by the expansion valve. The suction
accumulator tank (liquid receiver in Figure 5.2) delivers saturated, or superheated vapour to
the compressor and to the suction side of the vapor ejectors (VEJ) in multi-ejector block. In
addition, it can supply liquid phase of CO, to the suction side of liquid ejector (LEJ), which
enables to utilize the evaporator in flooded mode. From the thermodynamic point of view the
decrease of the evaporation temperature in the flooded mode improves the performance of the
system. However, during the experimental investigation the liquid ejectors were omitted and
the evaporator had set the superheat in order to investigate the system performance

improvement of the R744 vapour compression system with the vapour ejectors.

The vapor phase of CO, from suction accumulator is delivered to medium temperature
compressor, where it is compressed to set discharge pressure. The compressor rack consists of
medium temperature compressor and two parallel compressors that compressed the gas from
the liquid separator (denoted also as the pressure receiver tank or the flash tank). The system
has a flash valve to throttle the vapor from the pressure receiver tank if the parallel
compressors do not have to be utilized. The pressure level in the receiver is governed by
either parallel compressors or flash valve. The vapor phase of CO, from the both receivers
flows through the additional internal heat exchangers and absorbs the heat from the high-
pressure CO,, after the gas coolers section, in order to safety of the compressors. After the
compression, stream flows through the two gas cooler stages. The high-pressure of CO,
behind the gas cooler section can be reduced either by high-pressure electronic expansion
valve (HPV), or by the multi-ejector pack, with assistance of HPV. During the investi gation,
the largest vapour ejector number 4 (VEJ4) was omitted due to too high capacity of the

ejector module. The multi-ejector block is described in details in section 5.2.5.

In the CO, loop some amount of lubricant penetrates to the cycle. Therefore, the test rig has a
separate loop of lubricant. The oil receiving loop contains the high-pressure separator, behind

the compressor rack, and the receivers installed together with the CO, tanks. Integration of
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lubricant separators results in the heat transfer improvement in heat exchangers and the

minimization of an annual leakage of the lubricant (Wang et al., 2012).
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High-pressure valve
My, o

Multi-ejector pack

VEJ1 ? 3
VEJ2

ch Gascooler (1st stage)

~0O-0) O

Parallel Parallel Base-load VEJ3
compressor |compressor | COmMpressor ><<}
Internal Heat Internal Heat VEJM
P P P Exchanger Exchanger
P P10 (1st stage ) (2nd stage ) ><<}
[ Y P, |4 B T | | Pou
2 _I LEJ2
P
Flash valve - suf—
suc
[;iucl

out

b

Liquid receiver Liquid separator

Peak-load
evaporator

Base-load

evaporator

T12

Figure 5.2: P&ID diagram of CO, loop in R744 Multi-ejector Refrigeration Test Rig. During the
experimental investigation, the peak-load evaporator, the vapour ejector VEJ4 and both liquid ejector

were omitted.

In order to provide cooling and heating in the gas cooler section and in the evaporator, the test
facility has got an auxiliary glycol loop and additional cooling water loop. Simplified schema
of auxiliary loops is shown in Figure 5.3. The glycol unit consists of the glycol tank and two
separated evaporator and gas cooler loops, respectively. Aim of both coolant loops was to
absorb the heat from first stage of the gas cooler and reject the heat in evaporator. The glycol

is delivered to heat exchangers by two pumps manufactured by Grundfos. The cooling water
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cycle decreases the temperature of CO, in the second stage of the gas cooler until R744
expands to pressure receiver tank. Therefore, the exit gas cooler temperature of R744 is
regulated by mass flow rate of cooling water. The glycol stream flowed through the gas cooler
can be cooled by additional cooling water network loop, but for presented investigations was

not utilized.
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Figure 5.3: P&ID diagram of auxiliary loops in R744 Multi-ejector Refrigeration Test Rig.
During the experimental investigation, the peak-load evaporator and additional cooling water network

were omitted.

5.2 Components description
5.2.1 The Rack of Compressors

Three semi-hermetic, reciprocating compressors, manufactured by Dorin, are incorporated to

the test rig and are shown in Figure 5.4. Each compressor alters the capacity depending on the
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suction side parameters and the operating conditions. Based on Dorin documentation, the

compressor models are named as:

e Base-load compressor - Dorin CD1400H
e Parallel compressor #1 — Dorin CD1000H
e Parallel compressor #2 — Dorin CD360H

—
——

— s l' Y o }\‘_“\
o
“\“\‘

.\
@

Figure 5.4: The rack of the piston-type R744 compressors. On the left: base-load Dorin
CD1400H, parallel #1 Dorin CD1000H, and parallel #2 Dorin CD380H.

In order to regulate capacity of each compressor work by changing the frequency, the electric
power is supplied by inverters manufactured by Danfoss. Unfortunately, in the test facility the
mass flow rate meters were installed to measure the summarized CO, mass flow of the rack of
the compressors and the motive stream, and the suction stream in the multi-ejector module.
Hence, the evaluation of the CO, mass flow rate in each individual compressor was
performed by the volumetric efficiency and the compressor efficiency calculation.
Compressor supplier Dorin provides polynomial functions, to calculate R744 mass flow rate

and electric power consumption for each compressor working at nominal frequency of 50 Hz.
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y=c +Cyto+ 3 Pty th sty P+ Ce pEFCr by +cgr e
tg'l'Cg'to'pg +C10'p2 (51)

where y is the CO, mass flow rate and power consumption, t, is an evaporating temperature
in °C and p, is a discharge pressure in bar. Values of the constants c¢; are specified for each
compressor and given by the Dorin supplier. The volumetric and compressor efficiency for
the nominal frequency of 50 Hz was calculated by using equations (4.5) and (4.6). To
calculate new values of compressor and volumetric efficiencies, the approximation functions
for corrections resulting from alterations in the frequency and the evaporator temperature
have been used, based on the manufacturer data (received for internal use only). Figure 5.5
presents the results of auxiliary tests performed in-house for experimental estimation of the
volumetric and compressor efficiency correction for the various frequency than the nominal
50 Hz of the base-load compressor Dorin CD 1400H. In addition, the discrepancy between the
experimental results and the correction given from Dorin supplier has been shown. The
maximum value of the relative error defined as a difference of the experimental and
calculated results divided by the experimental result is of 6% for the volumetric efficiency
and 4.9% for the compressor efficiency, respectively. The table with a set of the experimental

and approximation results is presented in Appendix B.

W Eta_comp/Eta_comp_50Hz M Eta_vol/Eta_vol_50Hz
1 10.00%
M Eta_comp_discrepancy Eta_vol_discrepancy
0.99 8.00%
' 098 6.00%
c
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5 097 4.00%
= °
3 096 200%
o
> ©
2 9 Q
€ 095 000% 8
.
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w
(%]
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0
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©
> 092 -6.00%
091 -8.00%
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MT 1-48.8 Hz MT 2-59.1 Hz MT 3- 45.6 Hz MT 4 - 51.9 HZ
Figure 5.5: Experimental investigation of the various frequency correction for the volumetric and

compressor efficiency for the base-load compressor Dorin CD1400H together with the discrepancy

from the Dorin various frequency correction.
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5.2.2 Heat Exchanger

The heat exchangers that have been utilized in the test rig were as follows:

e QGas Cooler: Brazed plate heat exchanger with 30 plates, SWEP B18Hx100 as the first-
stage gas cooler. Brazed plate heat exchanger with 20 plates KAORI K095C-30C-
NP8M as the second-stage gas cooler.

e Evaporator: Brazed plate heat exchanger with 30 plates, SWEP B16DWHx100. The

reference superheat of the evaporator, set by the Danfoss controller system, was of 8
K.

e Two internal counterflow heat exchangers to provide pure vapour phase of CO, in the

compressors.
5.2.3 Tank
The test rig was equipped with two pressure receivers in CO, loop, oil tank and glycol tank:

e Liquid receiver tank: 39-litre Frigomec pressure vessel.
e Suction accumulator tank: 39-litre Frigomec pressure vessel.
e Oil accumulator tank: 21-litre Frigomec pressure vessel.

e (Cold glycol tank: 200-litre IMA thermal storage tank.
5.2.4 Valve

The electronic expansion valves applied in the test facility provide a control of the pressure

reduction in response to signals sent by the Danfoss system controller:

e Danfoss CCMTS applicable for CO, systems, as the high-pressure valve and flash
valve. Maximum working pressure of 140 bar.
e Danfoss CCM20 applicable for CO, systems, as the metering valve in base-load

evaporator. Maximum working pressure of 90 bar.

Besides the electronic expansion valves, the rig is secured by applied shut-off and safety

valves.

37



5.2.5 The Multi-ejector Block

Figure 5.6 presents the multi-ejector block together with Danfoss controller sensors.
The aim of introducing the multi-ejector block to the standard refrigeration facility is
improve the system performance, adapting to the operating conditions, which are
enforced by supermarket refrigeration system. Therefore, the block has got four fixed
vapour ejectors with a linearly variable capacity, designed to ensure the maximum
system flexibility. This means that the smallest ejector VEJ1 has two times smaller
capacity than the second ejector VEJ2 and eight times smaller than the fourth ejector
VEJ4. In this thesis the largest ejector VEJ4 were omitted. The motive, suction, and
outlet ports are connected with three independent collectors due to the same outer
dimensions of the ejectors. The work of the ejectors is operated by solenoid valves
mounted in the motive side, with the possibility fully open or closed valve. As a result
of working ejectors regulation, the overall capacity of the multi-ejector block varies
from 1x of the base capacity during VEJ1 to 7x of the base capacity when VEJ1, VEJ2
and VEJ3 work simultaneously.

Figure 5.6: The multi-ejector block with three utilized vapour ejectors.

5.3 Data acquisition equipment and processing

The facility is fully equipped with the pressure and temperature sensors in order to evaluate,
monitor, control and safeguard the system. All sensors are connected to the Danfoss control

system, thereby the test rig is fully protected during investigation. To calculate the system
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performance, besides pressure and temperature sensors, the mass flow meters and the
inverters are introduced. Most part of the sensors registered magnitude of pressure and
temperature are used to the safeguarding of the system. Therefore, Figure 5.2 and Figure 5.3
present specific measurement to set the operating conditions and to evaluate the work
characteristics of compressors, multi-ejector block and evaporator. A description of each

sensor is presented below.

e The resistance thermometer Danfoss AKS 21 A PT1000 applied for R744 and glycol
loop. The temperature range is from -70 °C to 180 °C. The resistance thermometer
PT1000 consists of a metal clip made of a platinum, thereby the temperature
magnitude is proportional to the value of the electrical resistance conducted along the

sensor. When the temperature of fluid is equal to 0 °C, the sensor gives a resistance of

1000 Q.

e The piezoelectric transmitter Danfoss AKS 2050 as a gauge pressure applied for R744
loop. The piezoelectric transmitter converts measured pressure to a linear voltage
output signal and utilizes a principle of gauge measuring for a pressure reference of
1.013 bar. The pressure ranges depends on the sensor position in the system and the

range of either from 0 to 100 bar abs or 0 to 150 bar abs.

e The Coriolis type mass flow meter RHEONIK RHMO06 and RHM15 applied for R744
loop and glycol loop, respectively. In the Coriolis mass flow meter the fluid flows
through the curved tube, which vibrates. As a result of vibration in tube the phase shift
is created. The measure of the mass flow rate is a function of angle of phase shift

between the inlet and outlet of the vibrating tube.

e The frequency inverter Danfoss IP55/Type 12 from VLT FCI03 Danfoss
Refrigeration Drive. The inverter converts the direct current DC into a controlled
alternate current with the pulse code modulation (PWM AC) waveform for a

controlled variable output to the motor. The frequency ranges from 30 Hz to 60 Hz.

Set of sensors and instrumentation installed to monitor the test facility is presented in Table
5.1. Accuracy of electric power consumption is assumed as for the range of five times larger

than the scale of reading, which is of £ 0.01 kW. For the frequency, the accuracy of reading is
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assumed for the same range as scale of reading, which is of £ 0.1 Hz. Accuracies of

temperature, pressure and mass flow rate sensors are taken from product datasheets.

Table 5.1: Sensors specifications in the R744 Multi-ejector test rig.

Variable Transducer Accuracy Range

Resistance thermometers % (0.3+0.0057)
Temperature -70°C+ 180 °C
PT1000 tin°C

+(0.3%) of 0+ 100 bar abs

Pressure Piezoelectric transmitter )
reading 0 + 150 bar abs
+ (0.2%) of )
Coriolis type RHMO06 0+ 20 kg/min
reading
Mass flow rate
+ (0.2%) of
Coriolis type RHM15 0+ 200 kg/min
reading
Electric power
. Inverter IP55 Type 12 + 0.05 kW 0+20kW
consumption
Frequency Inverter IP55 Type 12 + 0.1 Hz 30+ 60 Hz

Output signals from all sensors are processes and transmits by the Danfoss control unit to the
Danfoss Minilog system. Minilog system is a live recording software installed on the operator
computer in order to set specific parameters of the system during carrying out of an
experiment. The operator is able to change manually which ejector should be utilize or the
system can work in automatic mode, where the system is programmed to use the maximum
ability of the ejectors work. In order to improve the visibility of monitoring the key-

parameter, the Minilog has a graphical representation of the selected parameters.
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When during the assumed time step demands test condition was reached, the steady state
operation was determined. The time step was set to nine minutes to ensure a stabilization of
the temperatures, mass flow rates and the pressure and minimization of the oscillation of each
parameter. Finally, the test point was recorded and data was exported from Minilog to be
imported to the Microsoft Excel post processing spreadsheet. The spreadsheet used the Visual
Basic environment with REFPROP 8.0 thermodynamic libraries (Lemmon et al., 2013) to
automatic the post processing calculations. The equation of state for carbon dioxide was taken
from Span and Wagner (1996). The calculation of each test point regarded the COP value, the
exergy efficiency, the compressors efficiency for both systems and multi-ejector block
parameters for R744 multi-ejector system, i.e. the mass entrainment ratio, ejector efficiency,
pressure lift and pressure ratio. In addition, the post processing results contain the uncertainty

analysis including both type A and B.

5.4 Uncertainty Analysis

The experimental data have many test points, where every single measurement consists of the
real value and the measurement uncertainty. The calculation of the mean value together with
uncertainties affected by statistical and instrumentation errors, has to be done to estimate a
range, where the real value of measured parameter can be found. Moffat (1988) writes that
uncertainty analysis is the process of estimation to define the influence of the effect of
uncertainties in the individual measurement on the calculated result. Evaluating and
expressing uncertainties given from experimental experiments were carried out based on
NIST guideline (Taylor and Kuyatt, 1994). In the test rig each component can be evaluated by
statistical methods and the measurement can be estimated by a standard deviation. Therefore,
foregoing approach is termed standard uncertainty u; and is equal to the positive root of the

. . 2
estimated variance u”;.

The uncertainty of the test series is evaluated by the statistical analysis for a type A evaluation
of standard uncertainty. Based on type A evaluation of standard uncertainty, any valid
statistical may be used to treat the data. For the evaluation of experimental test data, for a
steady state condition, an estimation of input quantity X; for n independent recorded

measurement is the sample mean and expressed as:

=1
xp=X;=—" Z" Xik (5.2)

n Hk=1
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The standard uncertainty of type A denoted u,; associated with input estimate, is the

estimated standard deviation of the sample mean:

1 .
n(n—-1)

uaCe) = s = [l T o= 507 (5.3)

Besides type A evaluation of standard uncertainty, the evaluation by other means than the
statistical analysis, termed as type B evaluation, need to be done. A type B evaluation uses all
available relevant information including previous measurement data, manufacturer’s
specifications, calibration reports, general knowledge and/or experience of the instruments

and materials behaviour and property etc.

According to Taylor and Kuyatt (1994) the probability that the estimation of the measurement
value lies between lower (a.) and upper (a,) limits for the value of the quantity, is equal to
100%. The specific sensor accuracy given from the manufacturer’s specification is used to
evaluate lower and upper limits of the quantity measurement. Assumed that the value lies
within these limits, the probability is modelled by a rectangular distribution. For the type B
evaluation of standard uncertainty, based on Taylor and Kuyatt (1994), the best estimate for

the quantity is expressed as:

_agta_

v = (5.4)

The standard uncertainty of type B denoted up:

=—2— (5.5)

Both types of standard uncertainties describes measurement performance, but to determine
uncertainty of the measurement result, the combined standard uncertainty has to be used.
According to Moffat (1988) the combined uncertainty of function depending of several

independent variables is defined by a room-sum-square method:

of 2 (5.6)
uey () = 32 (L x0)
Where the partial derivative is formulated as:
o _ [Gtdry)—ry) 59

ox dx
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In Eq. (5.6) the u; can be either type A or type B, therefore combined standard uncertainty is
divided into type A u, 4 and type B u, p. In this work, the foregoing approach has been used
to determine the uncertainty for CO, thermodynamics properties such as enthalpy h(p,T) and
entropy s(p,T) and all external results such as COP, exergy efficiency and compressors

efficiencies.

Figure 5.7 shows the relative uncertainty of the combined type A and B standard errors for the
COP, conducted for the vapour compression rack with the multi-ejector block. This figure
presents the relation between type A and type B errors during the steady state conditions,
when the type A uncertainty is either equal or lower than the type B uncertainty. It can be
seen that few points for type A relative uncertainty are above the value of type B, but they are

lower than 3% .
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Figure 5.7: Different values for standard combined uncertainty type A and type B for the
COP of the vapour compression rack with the multi-ejector block. Points taken from all

investigation days.

In this thesis, the results of the experimental investigation were presented together with the
standard uncertainty type B due to higher value than the uncertainty type A for all direct

measurements.
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5.5 Test Campaign
5.5.1 Operating Condition Settings

Aim of this thesis is to present the system performance of a R744 vapour compression system
with multi-ejector expansion pack for a standard operating conditions and comparing results
with commonly used the R744 refrigeration system in a supermarket. The R744 multi-ejector

test rig can be operated in three specific configuration of refrigeration system:

e The R744 transcritical booster system — the vapor fraction of CO, from liquid
separator is throttled in the flash valve. The high-pressure refrigerant is throttled in
high-pressure electronic valve.

e The R744 transcritical parallel system — the vapor fraction of CO, from liquid
separator is compressed in parallel compressors section. The high-pressure refrigerant
is throttled in high-pressure electronic valve.

e The R744 transcritical parallel system with multi-ejector expansion pack — the vapor
fraction of CO, from liquid separator is either compressed in parallel compressors
section or throttled in flash valve. The high-pressure refrigerant is expanded in multi-

ejector block as a main flashing device, supported by high-pressure electronic valve.

As a result of the possibility of changing the facility configuration, the baseline system was
defined as both systems, which did not utilize the multi-ejector block. In situation, where the
capacity for a parallel compressors section was too low, the controller unit switched

automatically to the booster system.

In the literature, there is no precise information, about optimal flash-tank pressure in the R744
transcritical refrigeration system. An operator can regulate the pressure level of the liquid
receiver tank during the investigation. Hence, the optimization of the liquid receiver tank
pressure, based on experimental investigation was done for both operation alternatives. In
addition, for the multi-ejector block, the analysis of the flash-tank pressure can present the

upper limit of pressure ratio for a work of ejectors in selected operating conditions.

The experimental investigation was carried out for two different refrigeration loads. The
control system of the test rig is set to obtain maximum refrigeration capacity in the

evaporator. Therefore, the operator can set the CO, evaporation temperature 79,7 and the
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glycol temperature outside from glycol pump T, (see Figure 5.2 and Figure 5.3). The pressure

difference between both tanks is expressed as:
Ap = Bec — Pevap(TO,MT) (5.8)

where Ap is a tanks pressure lift, B, is a pressure of the liquid separator and F,,qy, is a
pressure of the liquid receiver. The CO, evaporation temperature 7y, for both refrigeration
loads was fixed. Thereby, the value of the tanks pressure lift depended on the value of the
pressure level in the liquid separator. Value of pressure in liquid receiver is controlled by inlet
parallel compressors temperature 7). The discharge pressure is calculated by set of the CO,
exit

2" stage gas cooler temperature T; to obtain the most effectiveness cooling of the CO,

supercritical fluid. Assumptions for the experimental investigation are presented in Table 5.2.

Table 5.2:  Set of operating conditions for the experimental investigation for both R744

refrigeration systems.

CO, evaporation CO, exit 2" stage
Refrigeration Tanks
temperature/ pressure ‘ gas cooler
N load pressure lift
ame in the evaporator temperature
(Ts1) (Ap)
(TO,MT/ Pevap) (T6)
st . 2+16 bar 26+36 °C
1" cooling 0
12°C -8 "C/28.02 bar
demand Step 2 bar Step 2 K
nd - 2+16 bar 26+36 °C
2" cooling 0
15°C -8 "C/28.02 bar
demand Step 2 bar Step 2 K

5.5.2 Test Campaign Progress

The experimental investigation embraced wide range of the gas coolers parameters and the
liquid receiver pressure for the baseline refrigeration system (parallel system) and the multi-

ejector system. During the test campaign progress, many experimental points had to be
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rejected due to several problems. For the R744 multi-ejector system, the multi-ejector block
did not entrain the suction stream above a limit value of the tanks pressure lift. Hence, this
system above the limit value of the tanks pressure lift worked as a baseline system and all of

these experimental points were rejected.

For the 1°' cooling demand, in the case, when the exit gas cooler temperature is of 26 °C, the
multi-ejector system did not establish for any set of the tanks pressure lift. The multi-ejector
module changed very often the configuration of the running ejectors, which influenced the
load of the compressors. Hence, for the 1* cooling demand (7s; = 12 °C) and for the exit gas
cooler temperature of 26 °C, the multi-ejector system was not able to obtain steady state
conditions and the comparison of the system performances for above mentioned settings was

omitted.

The rest of the rejected points did not reached established setpoint parameters due to limits of
each compressors capacity, or as a result of the non-continuous switching between of the
parallel compressors. For small values of the pressure tanks lift, in the multi-ejector system
the capacity of the parallel compressors was of 100%, when the base-load compressor was
below 50%. The limit of the minimum capacity of the base-load compressor was of 50%.
Therefore, the multi-ejector system was not able to obtain the set CO, evaporation
temperature

(Tor = -8 °C) and these investigation points were rejected. During decrease of the exit gas
cooler temperature, the capacity of the parallel compressors decreased. The control system
utilized the parallel compressors, depending on the demand capacity of the parallel
compressors. In the range of 17% to 30% the parallel compressor #1 was utilized. The control
system switched onto the parallel compressor #2, when the parallel compressors demand
capacity was over 45%, but for the demand capacity over 70%, both parallel compressors
were utilized. In the case, when the parallel compressors demand capacity decreased, the limit
values were different: 60% from both parallel compressors to the parallel compressor #2 and
30% to the parallel compressors #1. Switching between the parallel compressors strongly
influenced the destabilization of the system parameters. During investigation, both system
configurations, for some operating conditions, demanded the capacity of the parallel

compressors in the range of 30% to 40%, which caused constant switching between the
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parallel compressors. Therefore, the steady state conditions for foregoing operating conditions

were not able to obtain.

Tables of test campaign including investigated and rejected point are shown in Appendix B.
5.5.3 Test Facility Performance Calculations

Calculation of the system characteristics and the ejector parameters has been described in
details in section 4. However, the set of equations to present results of both refrigeration
system configuration of the test facility has to be shown. Every measurement parameter such
as the temperature, pressure or mass flow rate are named in the same way as in Figure 5.2 and

Figure 5.3.

For the steady state, it can be assumed that in the evaporator, the heat rate absorbed by the
refrigerant is equal to the heat rate rejected by the second fluid. As a result of following
assumption, the refrigeration capacity was calculated as the heat rate reject from the glycol
stream, because the mass flow rate and both temperatures of the glycol in the base-load
evaporator were measured. During investigation, the concentration of ethylene glycol of 30%
in the brine loop. For the calculation of this thesis, the values of the specific heat capacity of
the glycol were taken from CoolPack results (Jakobsen et al., 1999) and the values can be

expressed as a linear function of the glycol temperature expressed in °C.
¢, (t;) = 0.0029 - t; + 3.5895 (5.9)

where ¢, (t;) is a specific heat capacity in kJ kg 'K™'. Hence, for the steady state conditions,

the refrigeration capacity of the base-load evaporator can be calculated as the total heat rate

rejected from glycol.
Qevap = mgl,evap ' [TSB ’ Cp(t53) —Ts, 'Cp(t54)] (5.10)

The overall electric power consumption is a sum of electric power of each utilized

compressor. Therefore, COP for both configurations is expressed as:

CoP = Qevap (5.11)

Nei,cp1400HNel,cD1000HNel,cD380H
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The evaluation of the overall volumetric and compressors efficiencies is performed in order to
present the characteristic of the rack of compressors. The overall volumetric and compressors

efficiencies are defined as a weighted average of each compressor efficiency:

_ Mc0o2,D1400HTMC02,cD1000HTMCO2,CD380H 512
Nvor = . . ( . )
M(C02,D1400H,reftMC02,D1000H,ref t™MC02,CD1000H, ref
1
Necomp = N N TN (Nel,CD14OOH *Ncomp,cp1400H T Net,cpiooon
el,CD1400H el,CD1000H el,CD380H

“Neomp,cp1000H T Net,cp3son *Mecomp,cp380H)

(5.13)

For the same operating condition, the overall compressor efficiency of the multi-ejector
system was different than of the parallel system. Therefore, the relative change of the overall

compressor efficiency after the run of the multi-ejector block is expressed as:

_ Ncomp,multi—ejector "Nlcomp,parallel
Mcomp = (5.14)

Ncomp,parallel

To calculate exergy efficiency, the information about total fuel and product exergy has to be
known. Therefore, the total exergy output of cooling mode is defined as an exergy rate

increment in the base-load evaporator.

T 5.15
Tamp * (lnﬁ) ( )

Yiner = [Ts3* ¢p(tss) = Tsa  cp(tsa)] - [1 TThoT,
Eour = mgl,evap “VYiner (5.16)

Ambient temperature used in Eq. (5.15) was recorded for every investigation day. The total

exergy input is the overall electric power consumption. Finally, the second law efficiency can

be defined as:

Moy = Eout _ Mglevap Yincr (5.17)
ex — - .
Ein Nei,cp1400HtNel,cp1000H tNel,cD380H
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6 Results and Discussion

In the current section the results of R744 vapour compression rack equipped with the multi-

ejector expansion pack are presented followed by discussion.

6.1 System Working Parameters
6.1.1 Gas Cooler Pressure

Figure 6.1 shows CO, conditions outside the gas cooler section for both configurations. The
specific enthalpy difference between the multi-ejector system and the parallel system can be
seen in the exit gas cooler section. The control system was set to maximize the system energy
performance. The exit gas cooler parameters influenced the value of COP, which was
described in section 4.3. Therefore, the different COP functions related to the exit gas cooler
parameters, for the system with and without the multi-ejector module, were implemented to
the control system. The different values of specific enthalpy outside the exit gas cooler
section for the multi-ejector system and the parallel system, presented in Figure 6.1, were
obtained as a result of the use of the energy performance optimization functions by the control
system. For the system with the multi-ejector module the specific enthalpy was lower than for

the parallel system.

90 ‘ T T
85 T.2360C Multi-ejector System _|
6 v
80 Te=34°C ‘ * Parallel System -
8 75 Te=32°C E ——
g 70 Te=30°C \\
§ . Te=28°C "/ X
a Te=26°C /' \
60 \\
55 \
50
100 150 200 250 300 350 400 450 500
Specific Enthalpy, kJ/kg
Figure 6.1: The CO, gas cooler exit parameters for both cooling demands.
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6.1.2 Refrigeration Capacity

The refrigeration system has to maintain the respectively low value of temperature in the
chiller and freezer cabinets. The temperature close to the cabinets door is a main parameter
affecting on the refrigeration load, which corresponds to the inlet evaporator temperature of
glycol (Ts;). The control system is set to obtain a maximum refrigeration capacity. Therefore,
Figure 6.2 presents chart of refrigeration capacity versus tanks pressure lift (Ap) for the R744
multi-ejector system and the R744 parallel system, respectively. The value of refrigeration
capacity was decreasing during the higher value of pressure lift. For the 1** cooling demand
(Ts;= 12°C) the difference of the refrigeration capacity is in the range of 41 kW for Ap= 2 bar
to 36 kW for Ap= 16 bar. Both systems obtain similar values of refrigeration capacity apart
from 2™ cooling demand (Ts;= 15°C), where the multi-ejector system gained higher

refrigeration capacity than the parallel system for the tanks pressure lift of 8 bar and 10 bar.
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Figure 6.2: Refrigeration capacity vs. pressure lift of the base-load evaporator for two cooling
demands.

Decreasing a value of the heat transfer rate during rising of the tanks pressure lift can be
caused by increasing the value of CO, specific enthalpy at the inlet of evaporator. The liquid
CO, from the liquid receiver is throttled by metering valve, before it flows through the

evaporator. Upraised pressure level in the separator decreases difference of specific enthalpies
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in the evaporator. Hence, in order to achieve constant refrigeration capacity in the evaporator

for each tank pressure lift, the mass flow rate of CO, should be increased.

Fluctuation of measured setpoints was able to influence on the differences between
refrigeration capacities. Table 6.1 presents real measurement with uncertainties in comparison

to set values for both refrigeration systems in the same operating conditions.

Table 6.1: Comparison of setpoints and the measurement of each refrigeration system.
Parallel System Multi-ejector System
Parameter Setpoint
Measurement Measurement

Ts 12°C 11.87 °C £0.42 K 11.96 °C £0.40 K

Ts 30 °C 29.90 °C £0.52 K 30.01 °C £0.52 K

Tomr -8 °C -7.91 °C £0.30 K -8.01 °C+0.30 K

Prec 36 bar 35.89 bar +0.13 bar 35.82 bar +0.12 bar

6.1.3 Electric Power Consumption

Utilizing the ejectors during the experimental investigation reduced significantly capacity of
the base-load compressor. The multi-ejector system indicated changeability of CO, mass flow
rate through the base-load compressor, which is shown in Figure 6.3. The figure shows the
mass flow rates, in the base-load compressor, for both cooling demands, for the exit gas
cooler temperature (75) of 28°C £ 0.2 K. The calculation of CO, mass flow rate in the base-
load compressor has been carried out based on data given from Dorin CD1400H catalogue
(see section 5.2.1). For the tanks pressure lift of 2 bar, the mass flow rate of the multi-ejector

system was almost two times smaller than the mass flow rate of the parallel system.

The reason of the stream reduction was the mass flow rate entrained in the ejectors. Based on
the mass balance of the liquid receiver, the CO, mass flow from the evaporator was equal to
the CO, mass flow in the base-load compressor and the mass flow in the suction nozzle of the
ejectors, if the multi-ejector module worked well. During increasing of the tanks pressure lift,
the mass entrainment ratio of the multi-ejector block decreased. Hence, for the tanks pressure

lift of 8 bar, the difference between mass flow rates of both system is small due to low value
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of mass entrainment ratio. Hence, for the tanks pressure lift of 8 bar, the difference between mass

flow rates of both systems is small due to low value of the mass entrainment ratio (below 5%).
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Figure 6.3: R744 mass flow rate in the base-load compressor vs. pressure lift.

The CO, mass flow entraining by the ejectors was able to influence on the work parameters of
each compressor. Apart from the multi-ejector block parameters, volumetric and compressor
efficiency of each compressors depended on tanks pressure lift and the CO, exit parameter of
the gas cooler section. All of foregoing considerations are related with each other. During
operation of the multi-ejector block, the load of the parallel compressors increases
significantly, which is shown in Figure 6.4. The figure shows the share of electric power
consumption of each compressor on the overall electric power consumption for both
refrigeration systems at the same operating conditions. The load of the base-load compressor
decreased relatively around 50%. It can be noticed that the contribution of the parallel
compressors section in the multi-ejector system increased close to two times (from 35% to

66%) than in the parallel system.
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Figure 6.4: The share of electric power consumption of each compressor on the overall electric

power consumption.

The share of power consumption and individual efficiency of each compressor allows for
calculation of the overall efficiency of the rack of compressors, which represents the quality
of the rack work in the operating system. Figure 6.5 shows the comparison of the overall
compressors and volumetric efficiency of the system with efficiency distribution for the
individual compressor. The calculation compressor and volumetric efficiency, based on data
given from Dorin catalogues, are described in section 5.2.1. The operating conditions were
the same as in Figure 6.4, therefore the contributions of each compressor were used to
calculate overall efficiencies. For the parallel system, the volumetric efficiencies for both
working compressors were comparable. Growth of parallel compressors load forced to
compress much more amount of the refrigerant. Therefore, in the multi-ejector system the
volumetric efficiencies of both parallel compressors were relatively low. As a result of low
values of volumetric efficiencies and the large load, the parallel compressors obtained the
compressors efficiency lower than 60%. The individual compressor efficiencies in the parallel
system were comparable to volumetric efficiency and therefore the parallel refrigeration
system achieved higher value of overall compressor efficiency than the multi-ejector system.
The low value of overall compressor efficiency in the multi-ejector system made the growth
of overall electric power consumption, which lowered the system performance and finally the

value of COP and exergy efficiency.
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Figure 6.5: Characteristics of the rack of compressors with comparison of both systems in the

same operating condition.
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6.1.4 Multi-ejector Block Measurement and Characteristics

The use of vapour ejectors in the R744 vapour compression rack influences the working
condition of each compressor. Therefore, analysis of working parameters of multi-ejector has
to be done in order to evaluate the best operating conditions for the system performance
improvement. Evaluation of multi-ejector block characteristics has been done for two

separated cooling demands.

Set of multi-ejector pack measurement, presented in Table 6.2, has been prepared for 1%
cooling demand (75;=12 °C). For the exit gas cooler temperature Ts of 36 °C and 34 °C,
respectively, the multi-ejector block was able to entrain suction flow up till the pressure in the
liquid receiver of 38 bar (Ap =10 bar). The limit of work for multi-ejector block for the rest of
exit gas cooler temperature existed for the pressure receiver of 36 bar (Ap =8 bar). It can be
noticed that the outlet pressure of the ejectors was higher than set pressure in the liquid

receiver, which causing additional growth of load for the parallel compressors.

The last column presented in Table 6.2, shows the ratio between the mass flow rate of the
motive side 1My, and the total mass flow rate in the high pressure line mgy. of the carbon
dioxide. It can be seen that during increasing of the pressure lift, the mass flow rate in the
electronic expansion valve decreases. For T¢=34 °C and Ap =6 bar the ratio of motive section
mass flow rate to total mass flow rate is of 97%. The change of the ejectors configuration
influences on the value of the CO, mass flow in the motive and suction nozzle. The

configuration of working ejectors can be found in the raw data in Appendix B.
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Table 6.2: Multi-ejector block measurement for 1*' cooling demand conditions. Type A and type

B measurement uncertainties can be found in the raw data in Appendix B.

Measurement
Te Ap .

. . . Mot
Pmot  Tmot Psuc  Tsue Pour Tour Mot Mgy Mout mgc

°C  bar bar °C bar °C bar °C kg/min  kg/min  kg/min %
6 8356 3196 2709 -085 35.65 1.64 1447 4.15 18.61 93%
36 8 8421 3186 2747 -063 3708 3.11 14.04 3.06 17.10 92%
10 8354 3171 2807 124 3907 5.05 1299 1.42 1441 91%
6 7979 3039 2723 -136 3557 153 14.20 3.78 1797 97%
34 8 80.60 2984 2766 0.06 3702 3.01 1297 2.52 1549 92%
10 8000 30.12 2821 2.62 3895 493 12.53 0.82 1336 89%
4 7559 2834 2672 -209 3352 -0.71 1358 4.52 18.10 93%
32 6 7491 28.17 2756 -085 3536 1.23 1335 3.15 1649 93%
8 7557 2822 2809 1.61 3692 287 11.82 1.78 1359 91%
4 7040 2596 2716 -141 3331 -101 12.84 4.06 1690 93%
30 6 7192 2636 2778 090 3527 1.12 1154 2.43 1397 87%
8 7181 2608 2801 1.78 3673 2.72 1198 1.27 1326 90%
4 6775 2448 2721 -098 3304 -123 1229 3.66 1595 93%
28 6 6727 2431 2808 0.80 35.16 1.08 1120 1.90 13.10 89%
8 6769 2404 2813 3.64 3669 2.62 1031 0.42 10.72 88%

Measurement analysis gives an information only about working conditions of the multi-
ejector block. Figure 6.6 shows the multi-ejector block characteristic for all operating
conditions investigated for 1°' cooling demand (T5,=12 °C). Left Y-axis represents the ejector
efficiency 7ejector and the mass entrainment ratio ¢, but the right Y-axis represents pressure
ratio II. In addition, the configuration of the multi-ejector module is introduced in the Figure

6.6. The multi-ejector block efficiency decreased during rising of pressure in the liquid
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receiver due to simultaneously decreasing of the mass entrainment ratio. The same
impairment of the ejector efficiency can be noticed during decreasing of the exit gas cooler
temperature and discharge pressure, respectively. For the tanks pressure lift of 8 bar (4p =8
bar), the ejector efficiency was in the range of 27% to 8% for the exit gas cooler temperature
T, from 36 °C to 28 °C, respectively. The value of the mass entrainment ratio decreased from

0.22 to 0.04 for the same range as the ejector efficiency.

Lowering of the exit gas cooler parameter caused a slight drop of the pressure ratio for the
same set of the tank pressure lift. In the range of the exit gas cooler temperature 75 of 36 °C to
28 °C and for the tank pressure lift of 8 bar (4p =8 bar), the pressure lift is of 1.35 to 1.30,
respectively. The multi-ejector block worked with the ejector efficiency over 30% for Ap < 4

bar, when T greater than 28 °C and for Ap = 6 bar, when T} greater than 34 °C.
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Figure 6.6: Multi-ejector block characteristics depending on the tanks pressure lift (4p) and exit

gas cooler temperature (Ty) for 1*' cooling demand conditions.

During investigation of operating conditions for the 1°' cooling demand, the multi-ejector
block worked at the different ejectors capacity configuration. Hence, the ejector efficiency
linked to the mass entrainment ratio dropped significantly. For the 2" cooling demand
(T5;=12 °C), the multi-ejector block was more stable, which can be noticed in Table 6.3. The

configuration of working ejectors can be found in the raw data in Appendix B.

The mass flow rate in the motive nozzle is comparable for the same temperature 7§, with the

different pressure in the liquid receiver. The maximum value of Ap, for which the multi-
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ejector block can entrain the vapour CO, from the suction side, is of 10 bar for the T
temperature in the range of 36 °C to 32 °C, of 8 bar for the T temperature in the range of 30
°C to 28 °C, and of 6 bar for the T, temperature of 26 °C, respectively. Therefore, it can be
noticed that for very low average heat sink temperature, which forces the R744 system to
operate in subcritical mode, the ejectors can be utilized only for the small pressure lift. The
range of the ejectors work can be extended depending on the gas cooler parameters: the

transcritical discharge pressure linked to exit gas cooler temperature.

The share of the motive nozzle mass flow rate in total CO, mass flow rate in high pressure
line varied from 81% to 93% and it was not able to be found the same decreasing trend at the
increase of the pressure lift. For the higher refrigeration load and more stable work of the
multi-ejector pack, the highest shares of mass flow rate in the motive nozzle were for the

highest values of pressure lift.

Table 6.3: Multi-ejector block measurement for 2™ cooling demand conditions. Type A and type

B measurement uncertainties can be found in the raw data in Appendix B.

Measurement

T6 Ap
mmot

My

Pmot  Tmot  Psuc Tsuc  Dout Tout Mot Mguc Moyt

°C  bar bar °C bar °C bar °C kg/min  kg/min  kg/min %

6 8326 3160 2703 -113 3562 148 1496 4.22 19.18 88%

36 8 8343 3180 2750 0.03 3726 3.26 1498 3.03 18.01 88%

10 8353 3187 2824 180 3914 5.12 1498 1.68 16.67 86%

6 7923 3002 2724 -117 3526 1.11 14.09 3.99 18.08 84%

34 8 7904 2977 2786 039 3710 3.12 1432 2.56 16.88 88%

10 7958 3003 2824 412 3894 496 1451 0.83 1534 93%

4 7540 2797 2677 -196 3348 -0.77 13.76 4.57 18.33 86%

32 6 7525 2791 2754 -065 3523 1.09 13.78 343 1720 85%

8 7550 2824 2814 126 37.13 3.08 13.66 1.77 1544 86%
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10 7498 2813 2830 -154 3835 440 13.82 0.26 14.08 93%

4 7095 2583 2700 -169 3318 -1.13 13.35 4.24 17.60 87%

30 6 7161 2625 2764 -022 3503 0.86 1335 291 16.26 86%

8 7137 2636 2822 274 3684 2.80 13.17 1.09 14.26 88%

2 66.77 2401 2686 -245 3164 -294 1258 4.92 1750 81%

4 6700 2433 2733 -140 3311 -1.15 12.66 3.76 1643 84%

28
6 6689 2419 2781 071 3495 0.85 12.90 2.04 14.95 86%
8 6755 2446 2827 327 3650 245 13.12 0.72 13.85 92%
4 6440 2274 2744 -094 3312 -1.16 13.02 3.44 1646 89%
26

6 6422 2222 2804 064 3491 0.79 13.05 1.95 1499 93%

Figure 6.7 presents the multi-ejector block characteristics for the Ts; temperature of 15 °C
including the efficiency, mass entrainment ratio and pressure ratio. Left Y-axis represents the
ejector efficiency 7, jecror and the mass entrainment ratio ¢, but the right Y-axis represents
pressure ratio I1. The highest value of the mass entrainment ratio exists for T and Ap of 28 °C
and 2 bar, respectively. The multi-ejector efficiency together with the mass entrainment ratio
have the same decreasing trend as for results presented in Figure 6.6. It can be noticed that the
value of the multi-ejector efficiency for Ts; and Ap of 28 °C and 2 bar, respectively, is

comparable with the values obtained for Ap =4 bar and T = 30 °C, or 32°C.

For Ap of 8 bar, the ejector efficiency is in the range of 26% to 9% for the exit gas cooler
temperature Ts of 36 °C to 28 °C, respectively. The value of the mass entrainment ratio
decreases from 0.20 to 0.06 for the same range as the ejector efficiency. For 4p of 6 bar the
mass entrainment ratio and the ejector efficiency was stable for Ty in the range of 36 °C to
34 °C and also in the range of 28 °C to 26 °C. The same stabilization of both parameters was

for Ap of 4 bar and for T in the range of 32 °C to 28 °C.

The pressure ratio had the slightly decreasing trend during decreasing of the 7 temperature.
In the range of the exit gas cooler temperature from 36 °C to 28 °C and for the tanks pressure
lift of 8 bar, the pressure ratio is in the range of 1.36 to 1.29, respectively. The very low drop

of the pressure ratio confirmed that during the decrease of the exit gas cooler temperature, the
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small difference between the ejector outlet pressure and the liquid separator pressure was

reduced.

The multi-ejector block worked with the ejector efficiency over 30% for 4Ap < 4 bar, when

Ts > 26 °C and for Ap = 6 bar, when T > 34 °C.
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Figure 6.7: Multi-ejector block characteristics depending on the tanks pressure lift (4p) and exit

gas cooler temperature (7y) for 2™ cooling demand conditions.

It can be observed that the similar range of values for the multi-ejector efficiency, mass
entrainment ratio and pressure ratio for both cooling demands was obtained. Increase of
refrigeration load stabilizes the multi-ejector work, but it does not influence on the vapour

ejectors performance improvement.

6.2 Multi-ejector System Performance Improvement

To compare the system performance in the mode of the R744 transcritical parallel system,
defined as the baseline system, and the R744 transcritical multi-ejector system, evaluation of
the first law and the second law efficiencies has to be done. In addition, as both refrigeration
configurations utilize the same rack of compressors, value of the overall compressors
efficiency has to be known. For the data points, maintained for both system in the same

operating conditions, were carried out for the calculations of the COP and exergy efficiency

60



improvements of the multi-ejector system (equations of each improvement have been defined

in section 5.5.3).
6.2.1 First Cooling Demand

Figure 6.8 shows the system performances characteristics for 1° cooling demand (Ts;=12°C)
and the exit gas cooler temperature T of 36°C. During increasing the pressure level in the
liquid receiver tank, the COP and the exergy efficiency increased. The multi-ejector systems
gained the higher COP and exergy efficiency for the tanks pressure lift of 8 bar. Hence, for 4p
in the range of 8 bar to 10 bar, the multi-ejector module improved the system energy

performance, in despite of worse compressors work.

The parallel system worked for the overall compressors efficiency in the range of 68% to
70%, when the lowest and hi ghest values of the efficiency for the multi-ejector system gained
60% and 65%, respectively. For Ap of 6 bar, the parallel system obtained almost 10% higher
compressors efficiency than the multi-ejector, as a result of significant load of the parallel

CoOmMpressors.

The highest values of COP 2.46 and the exergy efficiency 11.9% were gained by the multi-
ejector system for Ap= 10 bar. The parallel system reached the highest COP of 2.38 and the

exergy efficiency of 11.1% for the same tanks pressure lift as the multi-ejector system.
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Figure 6.8: System performance characteristics vs. the tanks pressure lift (4p) for the parallel
system and the multi-ejector system for Ts; of 12 °C and Ty of 36 °C: (a) COP, (b) exergy efficiency

and (c) overall compressors efficiency

The same increasing trends of COP and exergy efficiency value depending on the tanks
pressure lift as in Figure 6.8, can be seen for Ty of 34°C. These results are shown in Figure

6.9. In these operating conditions, the same behaviour can be noticed as for the higher exit gas

62



cooler temperature. During the experimental investigation for Ap of 10 bar, the parallel
system was not able to achieve steady state conditions, thereby the system performance
characteristic for selected tanks pressure lift were omitted. The multi-ejector system improved
the performance for Ap of 8 bar. For the tanks pressure lift ranging from 12 bar to 16 bar, the
overall compressors efficiency of the parallel system dropped by approximately 2.5% in
comparison to points reached for smaller pressure difference. Hence, the parallel system, for
the same tanks pressure lift range, obtained lower values of COP, or even smaller, than it was
able to appear out of trend created by the points for the tanks pressure lift ranging from 2 bar
to 8 bar. The results of the smaller overall compressors efficiency for the higher pressure in
the liquid separator were caused by switch of the parallel compressor #1 (Dorin CD1000H)
into the parallel compressor #2 (Dorin CD380H).

The highest values of COP 2.66 and the exergy efficiency 12.2% were gained by the multi-
ejector system for 4p= 10 bar. In the case of the parallel system, the highest COP was equal to
2.6 for Ap= 16 bar and the exergy efficiency was equal to 11.8% for 4p= 6 bar. The value of
the highest exergy efficiency for the parallel system was related to the highest overall

compressors efficiency of 70%.
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Figure 6.9: System performance characteristics vs. the tanks pressure lift (4p) for the parallel
system and the multi-ejector system for Ts; of 12 °C and Ts of 34 °C: (a) COP, (b) exergy efficiency

and (c) overall compressors efficiency

Figure 6.10 shows system performance characteristics for 1*' cooling demand (7’5;=12°C) and
the exit gas cooler temperature Ty of 32°C. During the experimental investigation for Ap of 8
bar, the parallel system was not able to achieve steady state conditions, thereby the system
performance characteristic for selected tanks pressure lift were omitted. The multi-ejector

system gained higher COP for the tanks pressure lift of 6 bar. The parallel system worked
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better than the multi-ejector for the Ap of 6 bar based on the second law analysis. In these
operating conditions, the same relationship can be noticed between the overall compressors
efficiency and the COP, or exergy efficiency, value for the high pressure in the liquid

separator in the range of 38 bar to 44 bar.

The highest values of COP 2.91 and the exergy efficiency 13.5% were gained by the multi-
ejector system for Ap of 8 bar. The parallel system reached the highest COP of 2.82 for 4p of
16 bar and the exergy efficiency of 11.1% for Ap of 6 bar. The highest value of the exergy

efficiency of the parallel system was related to the highest value of the overall compressors

efficiency of 70.2%.
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Figure 6.10:  System performance characteristics vs. the tanks pressure lift (4p) for the parallel
system and the multi-ejector system for Ts; of 12 °C and Ty of 32 °C: (a) COP, (b) exergy efficiency

and (c) overall compressors efficiency

In the subcritical mode, COP and the exergy efficiency, depending on the tanks pressure lift,
have the same increasing trends as in the transcritical mode. Furthermore, the multi-ejector
system reaches much better system performance as the parallel system, which is shown in
Figure 6.11. The figure presents the system performance characteristics depending on the
tanks pressure lift, for the 1°' cooling demand (T5;=12°C) and the exit gas cooler temperature
Ts of 30°C. During the experimental investigation for Ap of 6 bar, the parallel system was not
able to achieve steady state conditions, thereby the system performance characteristic for

selected tanks pressure lift were omitted.

The highest values of COP 3.23 and the exergy efficiency 15.3% were gained by the multi-
ejector system for Ap of 8 bar. For the same operating conditions, the multi-ejector system
gains slightly higher value of the overall compressors efficiency than the parallel system. In
the case of the parallel system, the highest COP was equal to 3.11 for 4p= 12 bar and the
exergy efficiency was equal to 15.1% for Ap= 10 bar. In the subcritical mode, the small
pressure ratio in the parallel compressors section has more influence on the exergy efficiency

than the high value of the overall compressors efficiency.
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Figure 6.11:  System performance characteristics vs. the tanks pressure lift (4p) for the parallel
system and the multi-ejector system for Ts; of 12 °C and Ty of 30 °C: (a) COP, (b) exergy efficiency

and (c) overall compressors efficiency

Figure 6.12 shows the system performance characteristic for the 1°* cooling demand and the
last exit gas cooler temperature Ty set to 28°C. During the experimental investigation for Ap
of 4 bar, the parallel system was not able to achieve steady state conditions, thereby the
system performance characteristic for selected tanks pressure lift were omitted. The multi-
ejector module improved the system energy performance for 4p of 6 bar. In the multi-ejector
system, COP and the exergy efficiency decreased more rapidly for 4p=8 bar in comparison to
the values reached for 4p= 6 bar. The drop of the energy performance characteristics was
caused by the drop of the overall compressors efficiency and by the very low CO, mass flow
in the suction nozzle. The multi-ejector block for Ap of 6 bar reached the mass entrainment
ratio below 0.05, which is shown in Figure 6.6 As the result of low value of the mass
entrainment ratio and high ejector capacity (see Appendix B), the multi-ejector module had

the requested capacity too high than the real capacity.
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The highest values of COP 3.53 and the exergy efficiency 16.6% are gained by the multi-
ejector system for 4dp= 6 bar. The parallel system reached the highest COP of 3.4 and the
exergy efficiency of 16.4% for Ap of 10 bar.
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Figure 6.12:  System performance characteristics vs. the tanks pressure lift (4p) for the parallel
system and the multi-ejector system for Ts; of 12 °C and Ty of 28 °C: (a) COP, (b) exergy efficiency

and (c) overall compressors efficiency

Set of foregoing figures present the relationship between the system performance
characteristics and the tanks pressure lift together with exit gas cooler parameter for the 1°'
cooling demand. For some operating conditions, the values of COP and the exergy efficiency
were reached for both systems, therefore it can be calculated the multi-ejector performance

improvement.

Table 6.4 presents a set of COP and the exergy efficiency improvements of the multi-ejector
system for the 1°' cooling demand (T5;=12°C). The highest COP improvements were obtained
for Te= 28°C and Ap= 6.1 bar up to 4.67%, whereas the highest COP degradation were
obtained for Tg= 32°C and Ap= 4.1 bar up to -6.46%. It can be noticed that for the small value
of tanks pressure lift, the multi-ejector system gained worse performance than the baseline,
which was able to be caused by the low value of the overall compressors efficiency. The
multi-ejector system obtained the best exergy performance for T¢=36 °C and Ap= 10.0 bar due
to the high overall efficiency and over 15% of the work recovery by the multi-ejector block,
which is shown in Figure 6.6. The exergy improvement for foregoing operating conditions

was of 7.05%. The worst degradation of the second law efficiency, the multi-ejector system
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reached for Ty of 32°C and 4p of 4.1 bar up to -13.24%, what was strongly dependent on the

poor work of the rack of compressors.

For Aneomp > -8.25% the multi-ejector system improved COP and the exergy efficiency.
Therefore, the combination of the multi-ejector block efficiency of 24.39% and the relative
change of the overall compressor efficiency of 0.28% reached the best COP improvement for
Ap = 6.1 bar and for T =28 °C.

Based on results presented in Table 6.4, the use of the multi-ejector module improved the
energy performance for Ap > 6 bar, when T < 32 °C and also for 4p > 8 bar, when T > 32 °C.
The exergy improvement of the multi-ejector system related to the parallel system was for

Ap > 8 bar, when T < 36 °C.

Table 6.4: COP and exergy efficiency improvement of the R744 multi-ejector system relative to
the R744 parallel system, the multi-ejector block efficiency (nej) and the relative change of the overall
compressors efficiency (Aneomp) for the 1* cooling demand (Ts;= 12°C), related to the exit gas cooler

temperature (7%) and the tanks pressure lift (4p).

T6 Ap COPimprovement nex,improvement nej AT]comp
30.83% + 0.75%
36°C+0.1K 6.3 bar + 0.1 bar -3.12% + 0.04% -2.04% + 0.05% -13.50% + 0.15%
VEI3+VEJ2+VEJ1
27.16% =+ 0.37%
36°C+0.2K 8.0 bar = 0.1 bar 0.14% £ 0.01% 3.60% £ 0.11% -8.25% £ 0.11%
VEJ3+VEJ2+VEJ1
16.51% + 0.23%
36°C+0.1K 10.0 bar + 0.1 bar 4.67% + 0.06% 7.05% + 0.25% -6.4% + 0.08%
VEJ3+VEJ2
30.13% + 0.50%
34°C+0.1K 6.3 bar + 0.1 bar -1.98% + 0.02% -2.56% = 0.02% -10.60% + 0.12%
VEI3+VEJ2+VEJ1
26.42% =+ 0.34%
34°C+0.1K 8.0 bar £ 0.1 bar 1.51% £ 0.02% 3.96% + 0.05% -6.43% + 0.07%
VEJ3+VEJ2

28.16% =+ 0.50%

32°C+0.1K 6.2 bar + 0.1 bar 0.70% + 0.01% -4.33% £ 0.11% -7.33% £ 0.08%
VEJ3+VEJ2+VEJ1
32.44% + 0.56%
30°C+0.1K 4.0 bar £ 0.1 bar -0.82% £ 0.01% -6.29% + 0.08% -8.69% + 0.09%
VEJ3+VEJ2+VEJ1
17.18% + 0.21%
30°C+0.1 K 7.8 bar + 0.1 bar 6.98% +0.01% 2.94% + 0.06% 1.11% = 0.01%
VEIJ3+VEJ2
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24.39% £ 0.29%

28°C+0.1K 6.1 bar + 0.1 bar 8.07% £ 0.11% 5.07% £ 0.10% 0.28% + 0.01%
VEIJ3+VEJ2
7.51% £ 0.09%
28°C £0.1K 7.9 bar + 0.1 bar 1.11% + 0.02% -0.46% + 0.02% -3.78% + 0.01%
VEJ3+VEJ1

6.2.2 Second Cooling Demand

Figure 6.13 shows system performance characteristics, depending on the tanks pressure lift
(4p) of both systems for the 2" cooling demand (75=15°C) and the exit gas cooler
temperature (75) of 36°C. During the experimental investigation, both refrigeration systems
were able to be compared only for 4p of 6 bar. The parallel system obtained higher COP and
the exergy efficiency due to over 6% higher value of the overall compressors efficiency than

that of the multi-ejector system.

The multi-ejector system gained the maximum value of COP 2.39 for Ap of 10 bar. In
comparison with the maximum COP for the 1*' cooling demand and the same exit gas cooler
temperature, which is shown in Figure 6.8, the highest COP value dropped due to the higher
refrigeration load. The multi-ejector system for Ap= 8 bar reached the highest value of the
exergy efficiency of 9.4%, which was over 1.7% lower than in Figure 6.8. The parallel system
worked for the overall compressors efficiency of over 65%, in contrast to the multi-ejector

system, which gained the overall compressors efficiency ranging from 59% to 63%.
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Figure 6.13:

System performance characteristics vs. the tanks pressure lift (4p) for the parallel

system and the multi-ejector system for Ts; of 15 °C and Ty of 36 °C: (a) COP, (b) exergy efficiency

and (c) overall compressors efficiency.

Simultaneously as in Figure 6.13, the same comparison of both refrigeration systems, for

T5,=15°C and Ts=34°C, can be done only for Ap= 6 bar, which is shown in Figure 6.14. As a
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result of significant difference between the overall compressors efficiencies of approximately
5%, COP and the exergy efficiency of the multi-ejector system were smaller than the values
of the parallel system. The highest values of COP 2.66 and the exergy efficiency 10.4% were
gained by the multi-ejector system for 4p= 10 bar.

The overall compressors efficiency for the multi-ejector system did not cross the level of
65%. The parallel system gained the overall compressors efficiency ranging from 66% to
67%.
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Figure 6.14:  System performance characteristics vs. the tanks pressure lift (4p) for the parallel
system and the multi-ejector system for Ts; of 15 °C and Ty of 34 °C: (a) COP, (b) exergy efficiency

and (c) overall compressors efficiency.

Figure 6.15 shows the system performance characteristics for 2™ cooling demand (T’s;=15°C)
and the exit gas cooler temperature T of 32°C. The multi-ejector system gained better
performance for 4p= 6 bar due to decreased difference of the overall compressors efficiency
of both configurations (below 3%). For 4p= 4 bar, the exergy efficiency of the multi-ejector
system is higher than that of the baseline system, despite that the parallel system reaches the
higher COP. In addition, the overall compressor efficiency of the multi-ejector system is
much smaller than of the parallel system. The exergy improvement of the multi-ejector
system is caused by the drop of the irreversibility losses created in the multi-ejector expansion
pack due to stabilization of multi-ejector block work during higher refrigeration load

(T5,=15°C).

The highest values of COP 2.90 and the exergy efficiency 12.8% were gained by the multi-
ejector system for Ap= 8 bar. The overall compressors efficiency for the multi-ejector system
was obtained in the range of 61% to 65%, in contrast to the parallel system, for which the

overall compressors efficiency values was over 66%.
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Figure 6.15:  System performance characteristics vs. the tanks pressure lift (4p) for the parallel
system and the multi-ejector system for Ts; of 15 °C and Ty of 32 °C: (a) COP, (b) exergy efficiency

and (c) overall compressors efficiency.

Figure 6.16 shows system performance characteristics, depending on the tanks pressure lift
(4p), of both systems for the 2" cooling demand (T5,=15 °C) and the exit gas cooler
temperature () of 30 °C. In these operating conditions, the COP and the exergy efficiency

improvements of the multi-ejector system can be noticed for every reached conditions.

The highest value of COP 3.19 was gained by the multi-ejector system for Ap of 8 bar. In
addition, the overall compressors efficiency for the multi-ejector system was slightly smaller
than that of the parallel system. The multi-ejector system for Ap of 6 bar reached the highest
exergy efficiency of 13.8%, as a result of the value of the overall compressors efficiency over
65%. The parallel system gained the highest value of COP 3.10 and the exergy efficiency
12.9% for Ap of 6 bar.
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Figure 6.16:  System performance characteristics vs. the tanks pressure lift (4p) for the parallel
system and the multi-ejector system for Ts; of 15 °C and Ty of 30 °C: (a) COP, (b) exergy efficiency

and (c) overall compressors efficiency.

For the exit gas cooler temperature of 28 °C and the 2™ cooling demand (7s,=15°C), the
system performance characteristics, depending on the tanks pressure lift, of compared
refrigeration systems are shown in Figure 6.17. During the experimental investigation for Ap
of 6 bar, the parallel system was not able to achieve steady state conditions, thereby the
system performance characteristic for selected tanks pressure lift were omitted. The multi-
ejector reached better the energy and the exergy performance above Ap= 4 bar. The parallel
system gained higher values of COP and exergy efficiency for 4p of 2 bar as the result of the
approximately 5% higher value of the overall compressors efficiency than that the multi-
ejector system. The highest values of COP and the exergy efficiency were gained by the
multi-ejector system for 4p= 6 bar and of 3.53 and 15.4%, respectively.

Comparing the overall compressors efficiency for both systems, showed in Figure 6.17, it can
be noticed that for the multi-ejector system, the efficiency values were over or close to 65%,
apart from the case of Ap= 2 bar as a result of significant share of the parallel compressor

section in the overall power consumption. The rapid drop of the overall compressors

79



efficiency for the parallel system was caused by switch of the parallel compressor #1 (Dorin
CDI1000H) into the parallel compressor #2 (Dorin CD380H), which was characterized much

worse compressor and volumetric efficiency.
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Figure 6.17:  System performance characteristics vs. the tanks pressure lift (4p) for the parallel
system and the multi-ejector system for Ts; of 15 °C and Ty of 28 °C: (a) COP, (b) exergy efficiency

and (c) overall compressors efficiency.

Figure 6.18 presents the system performance characteristics, depending on the tanks pressure
lift (Ap) of both refrigeration systems for the o cooling demand (Ts;=15 °C) and for the exit
gas cooler temperature (75) of 26°C. The highest values of COP 3.92 and the exergy
efficiency 17.0% were gained by the multi-ejector system for Ap= 6 bar. For the same
operating conditions, the multi-ejector system worked with the higher overall compressors
efficiency than the parallel system. The parallel system reached the highest value of COP 3.7
and the exergy efficiency 16.1% for 4p of 8 bar.
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Figure 6.18:  System performance characteristics vs. the tanks pressure lift (4p) for the parallel
system and the multi-ejector system for Ts; of 15 °C and Ty of 26 °C: (a) COP, (b) exergy efficiency

and (c) overall compressors efficiency.

Similarly to the results for the 1** cooling demand, the COP and the exergy improvements of
the-multi ejector system results are calculated and presented in Table 6.5. In addition, the
multi-ejector module efficiency m; and the relative change of the overall compressor
efficiency after the run of the multi-ejector block Ane,n, are set. It can be noticed that for the
higher 4p, the multi-ejector gains the best improvements. For the small tanks pressure lift, the
overall compressor efficiency of the multi-ejector system is relatively low, which significantly
influences the values of energy and exergy improvements. Hence, the smallest cooling
effectiveness of the multi-ejector system is for 4p = 2 bar and Ts =28 °C. The multi-ejector
system improves the COP by up to 6.52% for T5 =26 °C and Ap=6 bar in comparison to the
reference system. The highest exergy improvement of the multi-ejector system is reached for
Ts =30 °C and 4p = 8 bar up to 13.17% due to comparable value of the overall compressors
efficiency between both systems. For the same operating condition COP improvement is of

5.77%, as the highest improvement for the exit gas cooler temperature T5 = 30 °C.

83



It can be noticed that the energy performance improvement of the multi-ejector system was
strongly related to the relative change of the overall compressor efficiency. For Anegm, > -5%
the multi-ejector system improved COP and the exergy efficiency. Therefore, the combination
of the multi-ejector block efficiency of 23.27% and the relative change of the overall
compressor efficiency of 1.99% reached the best COP improvement for Ap = 6.1 bar and
for T5 =26 °C.

Based on results presented in Table 6.5, the use of the multi-ejector module improved the
energy performance for Ap > 4 bar, when T < 32 °C and for Ap = 6 bar, when T5 =32 °C. The
exergy improvement of the multi-ejector system related to the parallel system was for

Ap > 4 bar, when T < 32 °C.

Table 6.5: COP and exergy efficiency improvement of the R744 multi-ejector system relative to
the R744 parallel system, the multi-ejector block efficiency (nej) and the relative change of the overall
compressors efficiency (Anyp) for the ond cooling demand (7T’s;= 15°C), related to the exit gas cooler

temperature 7 and the tanks pressure lift Ap.

T6 Ap COPimprovement T'lf:x,improvement T]ej Ancomp
30.98% = 0.33% -10.26% £ 0.11%
36°C+0.1K 6.2 bar = 0.1 bar -0.18% £ 0.01% -6.93% = 0.07%
VEJ3+VEJ2+VEJ1
31.23% + 0.38% -7.61% = 0.05%
34°C+0.1K 5.8 bar = 0.1 bar -1.07% £ 0.01% -7.52% = 0.05%
VEJ3+VEJ2+VEJ1
33.07% + 0.42% -7.35% = 0.05%
32°C+0.2K 4.1 bar = 0.1 bar -2.1% + 0.02% 5.98% + 0.05%
VEI3+VEJ2+VEJ1
29.68% =+ 0.49% -3.94% + 0.05%
32°C+0.1K 6.3 bar £ 0.1 bar 3.52% + 0.05% 9.37% £ 0.16%
VEI3+VEIJ2+VEJ1
32.82% + 0.41% -4.52% = 0.05%
30°C+0.1K 4.0 bar = 0.1 bar 1.35% £ 0.01% 8.94% + 0.97%
VEJ3+VEJ2+VEJ1
27.69% =+ 0.35% -1.57% = 0.02%
30°C+0.2K 6.0 bar = 0.1 bar 1.80% + 0.02% 8.24% + 0.16%
VEJ3+VEJ2+VEJ1
13.11% £ 0.17% 0.44% £+ 0.01%
30°C+0.1K 8.0 bar+0.2 bar 5.77% £ 0.10% 13.17% =+ 0.35%
VEIJ3+VEJ2+VEJ1
31.48% + 0.39% -2.29% + 0.03%
28°C £ 0.2K 3.9 bar £ 0.1 bar 1.16% £ 0.02% 0.14% £ 0.01%
VEJ3+VEJ2+VEJ1
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9.51% + 0.12% 0.34% + 0.01%
VEIJ3+VEJ2+VE]1

28°C+0.2K 7.7 bar£0.1 bar 4.84% + 0.07% 5.54% + 0.17%

23.27% =+ 0.26% 1.99% + 0.03%
VEJ3+VEJ2+VEJ1

26°C+0.2K 6.1 bar=0.1 bar 6.52% + 0.12% 5.98% + 0.20%

6.2.3 Influence of The Overall Compressors Efficiency on The System Energy

Performance

For the same working conditions, the significant difference of the overall compressors
efficiency between both refrigeration systems has an essential influence on the system
performance. The sum of electric power consumption of each compressor can be calculated as

the overall isentropic power of compressors divided by the overall compressors efficiency.

Nis

Yic1 Neyi = (6.1)

Ncomp

Therefore, COP of each refrigeration system, assuming that the refrigeration heat capacity
(Qevap) and the overall isentropic power (N;5) are constant for the specific operating
conditions, dependent only on the thermodynamic parameters (temperature, pressure, mass
flow rate), can be defined as a function of the variable overall compressors efficiency.

Qeva
COP(ncomp) = Ncomp (Tsp) (6.2)

Where:

Neomp € (0; 1)
Qevap = cONst (6.3)
N;s = const

The linear function of COP depending on the overall compressors efficiency allows to
compare the value of COP of both systems for the same overall compressors efficiency.
Figure 6.19 shows COP functions of the multi-ejector and the parallel systems, depending on
the overall compressors efficiency, relating to constant working conditions. Both functions
presented in Figure 6.19 were performed based on the experimental results for Ts; of 12 °C,
Ts of 34 °C, and 4p of 6 bar. It can be noticed that at the same value of the overall
compressors efficiency, the multi-ejector system obtained higher value of COP. As an

example for Neomp = 70%, the COP improvement of the multi-ejector block was equal to 9%.
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Figure 6.19:  COP vs. the overall compressors efficiency (Neomp)-

Figure 6.20 shows COP functions of the multi-ejector system, depending on the overall
compressors efficiency, for each tanks pressure lift achieved for the experimental
investigation. In addition, the experimental results for each pressure lift were added. It can be
seen that for the same overall compressors efficiency, the multi-ejector refrigeration system
obtains the highest COP for the possible highest pressure lift in the multi-ejector pack. As an
example for Neomp = 70%, the COP improvement of the multi-ejector system for Ap=8 bar +
0.2 bar in comparison to Ap=2 bar + 0.2 bar is of 10%. Therefore, the pressure level in liquid
receiver should be set on relatively high value in order to improve energy performance of the

multi-ejector system.
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7 Conclusion

Experimental investigation of R744 vapour compression rack, equipped with the multi-ejector
expansion pack, was performed, based on the first law and the second law analysis. The
results were compared to the R744 vapour compression rack with high-pressure electronic
expansion valve, as an expansion device. The test facility was designed to operate in both
alternative configurations. Comparison was carried out for two refrigeration loads and both
refrigeration systems were operated in transcritical and subcritical mode. Apart from the
system performance comparison, influence of the pressure level in the flash tank on the

system performance for both alternatives was analysed.

The experimental results indicated the maximum COP improvement of the CO, multi-ejector
system of up to 7% for the working conditions around the critical point and the upper limit of
the flash gas pressure, for which the multi-ejector pack can be utilized. The range of pressure
lift in the configuration with the multi-ejector block was smaller than for the reference system
due to the significantly decreased mass entrainment ratio and the ejectors efficiency. The
range of the flash tank pressure level for the R744 multi-ejector system was dependent of the
motive side parameters of the ejectors (temperature, pressure). For every gas cooler working
condition, investigated in this thesis, the maximum COP of the R744 multi-ejector system
was obtained for relatively high pressure in the flash tank, close to the upper limit of the
multi-ejector pack utilization. During decreasing of the gas cooler/ condenser exit parameters,

the value of COP increased for both configurations.

The second law analysis reported that the utilization of the multi-ejector expansion pack in the
R744 vapour compression rack improved exergy efficiency up to 13% for the working
conditions around the critical point and the same upper limit of the flash tank as for the first
law analysis. Similarly to the COP evaluation of the R744 multi-ejector system, the maximum
exergy efficiency was indicated for the relatively high value of the flash tank pressure, close
to upper limit of the multi-ejector pack utilization and relatively low exit gas cooler/

condenser parameters.

The evaluation of the performance improvement of the R744 multi-ejector system was
strongly related to the utilized compressors efficiencies. The high load and low-effective

compression of the parallel compressors caused growth of electric power consumption and
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decrease of the COP and exergy efficiency. Therefore, the significant work degradation of the
rack of compressors did not provide the improvement of the R744 multi-ejector system for
respectively low pressure lift. The comparable overall compressors efficiency of both
configurations may indicate the COP and the second law improvement for all working range
of the flash tank pressure. It was also noticed that the comparable high-efficiency of the rack
of compressors obtained the best performance of the R744 vapour compression rack with the

multi-ejector expansion pack, for the upper limit of the pressure lift.

The multi-ejector block worked more steadily for the relatively high refrigeration load. The
experimental results reported the multi-ejector block efficiency of up to 33% depending on
motive and suction side parameters, and the pressure lift. The highest efficiencies of the
ejectors were obtained for relatively low pressure lift. During decreasing of the gas cooler
parameters, the multi-ejector block efficiency decreased too due to drop of the CO, motive
mass flow rate and simultaneously decreased of the mass entrainment ratio. The multi-ejector

block reached wider range of the pressure lift for the higher refrigeration load.

The significant difference between the efficiencies of the rack of compressors for each
refrigeration systems influenced negatively the energy and exergy performance improvements
of the R744 refrigeration system with the ejectors expansion pack. Therefore, the evaluation
of system performance with the ejectors expansion pack for the comparable high-efficiently
rack of compressors need to be done for further works. In addition, the rack of compressors in
the test facility should be adapted to significantly increase of the parallel compressors load

during the utilization of the ejectors pack.
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A Research Paper

Experimental analysis of the R744 vapour compression
rack equipped with the multi-ejector expansion work

recovery module

Abstract

A test facility for experimental investigation of the R744 vapour compression rack equipped
with the multi-ejector expansion work recovery module was designed and manufactured.
Comparison of the R744 multi-ejector refrigeration system with the R744 parallel
compression system on the same test facility was carried out based on energy performance
characteristics: refrigeration capacity, power consumption, COP, and exergy efficiency. Apart
from the system performance comparison, influence of the pressure level in the flash tank on
the system performance for both alternatives was analysed. The experimental results indicated
COP and exergy efficiency improvement of the multi-ejector refrigeration system up to 7%
and 13.7%, respectively. The highest values of COP and the exergy efficiency were obtained
by the multi-ejector refrigeration system for the tanks pressure lift value close to the limit
value. The values of the overall compressor efficiencies were significantly differentiated,
dependent on the operation module (cooling load and heat rejection conditions), which

strongly influenced the values of COP and the exergy efficiency.

Keywords: multi-ejector, expansion work recovery, R744, parallel compression, COP,

exergy efficiency
Nomenclature

Roman Letter

Cp Specific heat capacity K kg' K™
E Exergy rate kW
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h Specific enthalpy K kg
s Specific entropy K kg' K
m Mass flow rate kgs™
N Power kW

p Pressure bar

T, t Temperature K, °C
w Work rate kW
Greek Letters

n Efficiency

d Mass entrainment ratio

II Pressure Ratio

p Density kg m™
7 Specific exergy K kg
Subscripts

comp Compressor

ej Ejector

el Electric power

evap Evaporator

ex Exergy

gc Gas cooler

Jull Glycol

hp High pressure

in Inlet

incr Increment
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is Isentropic

max rec Maximum work recovery
me Electric-mechanical motor
motive The motive parameter

multi-ejector The multi-ejector system

parallel The parallel system
suction The suction parameter
vol Volumetric
Abbreviations

CD1400H Base-load Compressor Dorin CD1400H
CD1000H Parallel Compressor Dorin CD1000H

CD380H Parallel Compressor Dorin CD380H

COopP Coefficient of performance

HPV High-pressure electronic expansion valve
HX Internal Heat Exchanger

MT Medium-temperature level

VE] Vapour Ejector number

1. Introduction

Increase of using the refrigeration system, based on the natural refrigerant, in the commercial
refrigeration is related to the restrictive political regulations about environment protection.
environmentally friendly carbon dioxide (denoted as R744), well known natural refrigerant in
the first half of twentieth century, has been commonly used in recent refrigeration systems
thanks to Prof Gustav Lorentzen activities to revival of the CO, use in refrigeration (Pearson,
2005). In 1990 Prof Lorentzen patented the transcritical carbon dioxide system for automotive
air-conditioning, what let to design and manufacture rival refrigeration systems with CO, as a

main working fluid (Lorentzen, 1990).Carbon dioxide has the low critical temperature and the
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high critical pressure. Therefore, for the surrounding temperature above the critical
temperature, the refrigeration system has to reject the heat from the R744 cycle in the
transcritical mode, which influences on the degradation of the system performance (Kim et
al., 2004). As a result of the ambient temperature influence on energy efficiency, the R744
transcritical refrigeration systems are located most frequently in the cold climate regions.
Although the development of CO, transcritical system configuration and the development of
devices included in the system let to introduce the CO, commercial refrigeration system in a

warm climates.

The performance of the CO, systtm depends on the surrounding temperature, which
determines working condition of CO, in transcritical, or subcritical mode. To reduce high
pressure ratio in the transcritical mode, the booster system is divided into four pressure levels:
low-temperature, medium-temperature, high pressure and intermediate pressure. The
additional receiver on the intermediate pressure level collects R744 after the heat rejection in
the gas cooler and expands the saturated refrigerant liquid into the MT and LT evaporators
(Sharma et al., 2014). The saturated vapor of CO, from the receiver, named flash gas, is
throttled to the medium-temperature pressure level, before it enters to the high-stage
compressors. Girotto et al. (2004) stated that in hot climate region, the annual electric energy
consumption of R744 transcritical booster system can be higher than a conventional R404A
system, but in cold climate it consumed less electric energy than R404 A systems during the
year due to operation in subcritical mode for the higher number of hours. Therefore, R744

transcritical booster system is located mostly in Northern Europe countries (Sawalha et al.,

2015).

The booster configuration with flash tank reduces the throttling losses by increase of the
specific enthalpy difference in evaporator. Although, throttled flash gas to the MT level do
not provide any useful effect. In order to advantageously use of the flash gas, it can be done
by means of an auxiliary compressor. The parallel compression concept allows to
compression the saturated CO, gas phase from the flask tank with a lower pressure ratio
(Chesi et al., 2014). This system is applied to increase energy performance of a refrigeration
system during summertime in hot climates (Bansal, 2012). Sarkar and Agrawal (2010)
compared performance of three different parallel compression configuration. Authors
determined that the parallel compression economized system (flash gas directly compressed

by the parallel compressors section) achieves 47% COP improvement over the basis CO,

A-4



transcritical refrigeration cycle for the chosen ranges of operating conditions. Chesi et al.
(2014) investigated experimental analysis of the R744 parallel compression system, based on
energy performance analysis for different compressors discharge pressures, exit gas cooler
temperatures and evaporation pressures. In addition, the influence of the flash tank separation
capacity and the compressors volumetric flow ratio were analysed. According to Chesi et al.
(2014), the ideal parallel compression cycle can reach COP improvements of over 65% and
over 30% in terms of negligible pressure loss, considered perfect liquid-vapour separator and
certain controlled value of the superheating. Authors identified the influence of compressors
volumetric flow ratio closely linked to the flash tank pressure and the separator efficiency on

the system performance.

Experimental and theoretical analysis indicates that replacing the expansion valve by the
ejector in CO, transcritical vapour compression cycle improves energy performance and
reduces exergy losses of the cycle (Sumeru et al., 2012). Therefore, the evaluation of system
performance for new, or existing R744 refrigeration system equipped with the ejector

expansion pack in the supermarket has to be carried out.

Hafner et al. (2014) presented ejector technology for supermarket applications and carried out
analysis of simulation model of the multi-ejector system and the reference CO, transcritical
booster system for the selected operating conditions like load profiles, controls concept and
climate data. The transient simulations were performed based on the annual variable ambient
temperature and annual variable load profiles for heating and cooling mode, for three different
climate regions: North European, Middle European and Mediterranean. In addition,
experimental analysis of both foregoing refrigeration systems was presented. To simplify the
refrigeration systems, calculations were done for only medium-temperature evaporation level
due to fact that for both systems less than 20% of the overall cooling capacity is provided for
the low-temperature cabinets (Hafner et al., 2014). According to (Hafner et al., 2014), for a
steady-state analysis, the COP of the R744 multi-ejector refrigeration system improved in
comparison to the reference system by up to 10% and 20% at the ambient temperature 15 °C
and 45 °C, respectively. The transient simulations indicated significant COP improvement of
the multi-ejector system for cooling and heating mode. For selected climate zone, the COP for
cooling mode increased between 20% and 30% during the winter and 17% in Mediterranean,

16% in Middle European, and 5% in Northern European countries during the summer.
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Wiedenmann et al. (2014) presented work of R744 transcritical parallel compression
refrigeration system in Migros Bulle supermarket after the integration of the ejectors.
Wiedenmann et al. (2014) stated that the annual energy power consumption, depending on the
climate region, of the refrigeration system with integrated ejectors was in the range of 12% to

20% less than the reference system.

Applying multi-ejector module in CO, transcritical refrigeration system could reduce the
power consumption of overall system in supermarket as has already been proved by Hafner et
al. (2014), Wiedenmann et al. (2014). As a result of high-efficiency work, the CO,
refrigeration system equipped with the ejector pack can be much more competitive solution in
throughout climate regions (Sumeru et al., 2012). However, there are still small number of
papers interested in the modern R744 transcritical refrigeration system equipped with the
ejector expansion module. Hence, the study on the ejector technology in commercial CO,

refrigeration system is required.
2. Test facility

Figure 21 illustrates the pipeline and instrumentation diagram of R744 loop of the test rig,
which includes all main components For the experimental investigation, the peak-load
evaporator was not utilized, because the base-load evaporator had enough refrigeration
capacity for set loads. The multi-ejector test rig has only medium temperature evaporator in
order to simplify the system. The pressure level in the evaporator is controlled by the
metering expansion valve. The suction accumulator tank (liquid receiver in Figure 21)
delivers saturated, or superheated vapour to the compressor and to the suction side of the
vapor ejectors (VEJ) in multi-ejector block. In addition, it can supply liquid phase of CO, to
the suction side of liquid ejector (LEJ), which enables to utilize the evaporator in flooded
mode. In thermodynamic point of view the decrease of the evaporation temperature in the
flooded mode improves the performance of the system. However, during the experimental
investigation the liquid ejectors were omitted and the evaporator had set the superheat in order
to investigate the system performance improvement of the R744 vapour compression system

with the vapour ejectors.

The vapor phase of CO, from suction accumulator is delivered to medium temperature

compressor, where it is compressed to set discharge pressure. The compressor rack consists of
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medium temperature compressor and two parallel compressors that compressed the gas from
the liquid separator (denoted also as the pressure receiver tank or the flash tank). The liquid
separator has to deliver saturated liquid to the evaporator. The system has a flash valve to
throttle the vapor from the pressure receiver tank if the parallel compressors do not have to be
utilized. The pressure level in the receiver is governed by either parallel compressors or flash
valve. The vapor phase of CO, from the both receivers flows through the additional internal
heat exchangers and absorbs the heat from the high-pressure CO,, after the gas coolers
section, in order to safety of the compressors. After the compression, stream flows through
the two gas cooler stages. The high-pressure of CO, behind the gas cooler section can be
reduced either by high-pressure electronic expansion valve (HPV), or by the multi-ejector
pack, with assistance of HPV. During the investigation, the largest vapour ejector number 4
(VEJ4) was omitted due to too high capacity of the ejector module. The test rig has a separate
loop of lubricant. The oil receiving loop contains the high-pressure separator, behind the
compressor rack, and the receivers installed together with the CO, tanks. Integration of
lubricant separators results in the heat transfer improvement in heat exchangers and the

minimization of an annual leakage of the lubricant (Wang et al., 2012).
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Figure 21- P&ID diagram of CO, loop in R744 multi-ejector refrigeration test rig, with omitted the
peak-load evaporator, the vapour ejector VEJ4 and both liquid ejector during the experimental

investigation.

In order to provide cooling and heating in the gas cooler section and in the e vaporator, the test
facility has got an auxiliary glycol loop and additional cooling water loop. Simplified schema
of auxiliary loops is shown in Figure 22. The glycol unit consists of the glycol tank and two
separated evaporator and gas cooler loops, respectively. Aim of both coolant loops was to
absorb the heat from first stage of the gas cooler and reject the heat in evaporator. The glycol
is delivered to heat exchangers by two pumps manufactured by Grundfos. The cooling water
cycle decreases the temperature of CO, in the second stage of the gas cooler until R744
expands to pressure receiver tank. Therefore, the exit gas cooler temperature of R744 is
regulated by mass flow rate of cooling water. The glycol stream flowed through the gas cooler
can be cooled by additional cooling water network loop, but for presented investigations was

not utilized.
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Figure 22- P&ID diagram of auxiliary loops in R744 multi-ejector refrigeration test rig, with omitted

the peak-load evaporator and additional cooling water network during the experimental investigation.

The main components, utilized in the test facility, have been set in Table 6.The R744 multi-

ejector test rig can be operated in three specific configuration of refrigeration system:

e The R744 transcritical booster system — the vapor fraction of CO, from liquid
separator is throttled in the flash valve. The high-pressure refrigerant is throttled in
high-pressure electronic valve.

e The R744 transcritical parallel system — the vapor fraction of CO, from liquid
separator is compressed in parallel compressors section. The high-pressure refrigerant
is throttled in high-pressure electronic valve.

e The R744 transcritical parallel system with multi-ejector expansion pack — the vapor
fraction of CO, from liquid separator is either compressed in parallel compressors
section or throttled in flash valve. The high-pressure refrigerant is expanded in multi-

ejector block as a main flashing device, supported by high-pressure electronic valve.

As a result of the possibility of changing the facility configuration, the baseline system was

defined as both systems, which did not utilize the multi-ejector block. In situation, where the
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capacity for a parallel compressors section was too low, the controller unit switched
automatically to the booster system. The aim of introducing the multi-ejector module to the
standard refrigeration facility is improve the system performance, adapting to the operating
conditions, which are enforced by supermarket refrigeration system. The multi-ejector module
has got four fixed vapour ejectors with a linearly variable capacity, designed to ensure the
maximum system flexibility. The motive, suction, and outlet ports are connected with three
independent collectors due to the same outer dimensions of the ejectors. The work of the
ejectors is operated by solenoid valves mounted in the motive side, with the possibility fully

open or closed valve.

Table 6 —Set of the main system components of the R744 multi-ejector test rig.

System Component Model Type
Base-load compressor Dorin CD 1400H Semi-heretic reciprocating
Parallel compressor #1 Dorin CD 1000H Semi-heretic reciprocating
Parallel compressor #2 Dorin CD 380H Semi-heretic reciprocating
First-stage gas cooler SWEP B18Hx100 30 brazed plates heat exchanger
Second-stage gas cooler KAORI K095C-30C-NP8M 20 brazed plates heat exchanger
Base-load evaporator SWEP B16DWHx100 30 brazed plates heat exchanger
Liquid receiver tank ) )
o Frigomec 39-litre Pressure vessel
Liquid separator tank
Oil accumulator tank Frigomec 21-litre Pressure vessel
Cold glycol tank IMA 200-litre Thermal storage tank
High-pressure valve ) )
Danfoss CCMTS Electronic expansion val ve
Flash valve
Base-load evaporator metering
Danfoss CCM20 Electronic expansion val ve

valve

The facility is fully equipped with the pressure and temperature sensors in order to evaluate,
monitor, control and safeguard the system. To calculate the system performance, besides
pressure and temperature sensors, the mass flow meters and the inverters are introduced. Most
part of the sensors registered magnitude of pressure and temperature are used to the
safeguarding of the system. Therefore, Figure 21 and Figure 22 present specific measurement
to set the operating conditions and to evaluate the work characteristics of compressors, multi -
ejector block and evaporator. Set of sensors and instrumentation installed to monitor the test

facility is presented in Table 7. Accuracy of electric power consumption is assumed as for the
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range of five times larger than the scale of reading, which is of £ 0.01 kW. For the frequency,
the accuracy of reading is assumed for the same range as scale of reading, which is of + 0.1
Hz. Accuracies of temperature, pressure and mass flow rate sensors are taken from product
datasheets. Output signals from all sensors are processes and transmits by the Danfoss control
unit to the Danfoss Minilog system (live recording software). When during the assumed time
step demands test condition was reached, the steady state operation was determined. The ti me
step was set to nine minutes to ensure a stabilization of the temperatures, mass flow rates and
the pressure and minimization of the oscillation of each parameter. Finally, the test point was
recorded and data was exported from Minilog to be imported to the Microsoft Excel post
processing spreadsheet. The spreadsheet used the Visual Basic environment with REFPROP
8.0 thermodynamic libraries (Lemmon et al., 2013) to automatic the post processing
calculations. The equation of state for carbon dioxide was taken from Span and Wagner
(1996). The calculation of each test point regarded the COP value, the exergy efficiency, the
compressors efficiency for both systems and multi-ejector block parameters for R744 multi-
ejector system, i.e. the mass entrainment ratio, ejector efficiency, pressure lift and pressure

ratio.

Table 7 - Sensors specifications in the R744 multi-ejector test rig.

Variable Transducer Accuracy Range
Resistance thermometers +(0.3+0.0057)
Temperature =70 °C + 180 °C
PT1000 tin°C
0 + 100 bar abs
Pressure Piezoelectric transmitter +(0.3%) of reading
0+ 150 bar abs
Coriolis type RHMO06 +(0.2%) of reading 0 +20 kg/min
Mass flow rate i i
Coriolis type RHM15 + (0.2%) of reading 0 +200 kg/min
Electric power
Inverter IPS5 Type 12 +0.05 kW 0+20 kW
consumption
Frequency Inverter IPS5 Type 12 +0.1 Hz 30+60 Hz

The experimental investigation was carried out for two different refrigeration loads. The
control system of the test rig is set to obtain maximum refrigeration capacity in the
evaporator. Therefore, the operator can set the CO, evaporation temperature 7,7 and the
glycol temperature outside from glycol pump 75, (see Figure 22). The pressure difference

between both tanks is expressed as:
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Ap = B — Pevap (TO,MT) “4)

where Ap is a tanks pressure lift in bar, B... is a pressure of the liquid separator in bar and
Poyap 18 a pressure of the liquid receiver in bar. The discharge pressure is calculated by set of

the CO, exit 2" stage gas cooler temperature T to obtain the most effectiveness cooling of

the CO, supercritical fluid. Assumptions for the experimental investigation are presented in
Table 8.

Table 8 - Set of operating conditions for the experimental investigation for both R744 refrigeration

systems.
. . CO, evaporation o
Refrigeration Tanks CO, exit2™ stage gas
temperature/ pressure in ]
Name load pressure lift cooler temperature
T the evaporator o
51 (Ap) 6
(T(),MT/ Pevap)
1™ cooling o 2+16 bar 26+36 °C
12°C -8°C/28.02 bar
demand Step 2 bar Step2 K
2" cooling o 2+16 bar 26+36 °C
15°C -8°C/28.02 bar
demand Step 2 bar Step2 K

3. System performance calculations

3.1.First Law Analysis

For the steady state, it can be assumed that in the evaporator, the heat rate absorbed by the
refrigerant is equal to the heat rate rejected by the second fluid. As a result of following
assumption, the refrigeration capacity was calculated as the heat rate reject from the glycol
stream, because the mass flow rate and both temperatures of the glycol in the base-load
evaporator were measured. During investigation, the concentration of ethylene glycol of 30%
in the brine loop. For the calculation of this thesis, the values of the specific heat capacity of
the glycol were taken from CoolPack results (Jakobsen et al., 1999) and the values can be

expressed as a linear function of the glycol temperature expressed in °C.

c,(t) = 0.0029 - t; + 3.5895 (5)
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where ¢, (t;) is a specific heat capacity in kJ kg 'K'. Hence, for the steady state conditions,

the refrigeration capacity of the base-load evaporator can be calculated as the total heat rate

rejected from glycol.
Qevap = mgl,evap ’ [T53 ’ Cp(t53) —Ts4 'Cp(t54)] (6)

where Qevap is the base-load refrigeration capacity, 7y ¢yqp 18 the glycol mass flow rate, Ts;

and Ts, are inlet and outlet temperature of the glycol in the base-load evaporator. The overall
electric power consumption is a sum of electric power of each utilized compressor. Therefore,

COP for both configurations is expressed as:

COP = Jevap (7)

Nei,cp1400H tNel,cD1000H+Nel,cD380H

where N cp1400n> Net,cpiooon-and Ngjcpsgon are the electric power consumption of each

COmpressor.
3.2.Volumetric and compressor efficiency

Effectiveness of individual compressor was expressed by the volumetric and compressor
efficiency. According to Lambers (2008), volumetric efficiency is a ratio of the real inlet gas
mass flow to the inlet gas mass flow in reference process. The reference mass flow of R744
can be defined as positive displacement of compressor multiplied by the density at the CO,
suction parameters. The positive displacement compressor is a device that confines successive
volumes of fluid within a closed space in with the pressure of the fluid is increased as the
volume of the closed space is decreased (Mobley, 1999). Therefore, the positive displacement
can be defined as the most possible volume flow rate of the fluid that can be disc harged in the

selected compressor.

Nvo1 = 02 (8)

Va ispl'P(Tsuctionrpsuction)

where, My, is a CO, mass flow rate, Vdispz is the positive displacement of the individual
compressor (information about value of the positive displacement is given by the supplier) in

m’s’, p is the density of CO, in the suction side of the compressor in kg m™.
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The compressor efficiency is a ratio between isentropic internal power of compression and the

electric power consumption of the compressor.
Neomp = 3 (9)
where isentropic internal power of compression N;¢ of each compressor is expressed as:

Nis = hout,isen (Ssuction; Pdischarge) - hin (Tsuction; Psuction) (10)

where Sgyction = S(Tsuctions Psuction) 18 the specific entropy at the suction side of the
compressor in kJ kg'K'', h;, is the specific enthalpy at the suction side of the compressor in
K kg hout,isen 18 the isentropic specific enthalpy at the discharge side of the compressor in

kI kg

The evaluation of the overall volumetric and compressors efficiencies is performed in order to
present the characteristic of the rack of compressors. The overall volumetric efficiency is
defined as a sum of the CO, mass flow rates in each compressor divided by a sum of the

maximum possible CO, mass flow rates in each compressor at the suction parameters.

Nyor =

2iMcoz,i
. : 11
ZiVdispl,i'P(Tsuction,i?Psuction,i) ( )
where i = CD1400H, CD1000H, and CD380H. The overall compressors efficiency is
expressed as a ratio between sum of the each compressor isentropic internal power and a sum

of electric power consumption of the each compressor.

Neomp = Z'Te” (12)

For the same operating condition, the overall compressor efficiency of the multi-ejector
system was different than of the parallel system. Therefore, the relative change of the overall

compressor efficiency after the run of the multi-ejector block is expressed as:

_ Ncompmulti—ejector "Ncomp,parallel
Ancomp = (13)

Ncomp,parallel

3.3. Second Law Analysis
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During experimental investigation, presented in this thesis, the temperature 7" of heat source,
or heat sink changed from 7, to 7>. According to Fang et al. (2005), the exergy increment can
be defined as:

Ty (23)

(T, -T,)

Yiner =9q° ‘1 - (14)
where ;¢ in kJ kg™, q is an amount of heat The positive sign of the exergy increment is set
due to negative sign of the removed heat from the evaporator, where the temperature of
refrigerant is below the ambient temperature (7 < 7,,,;). To calculate exergy efficiency, the
information about total fuel and product exergy has to be known. Therefore, the total exergy

output of cooling mode is defined as an exergy rate increment in the base-load evaporator.

Tamb'(ln%)
Yiner = [T53 "Cp (ts3) — Tsy - Cp(t54-)] (1= TTS:)A' (15)
Eout = mgl,evap “VYiner (16)

where E,,, is a total exergy rate output in kW. Ambient temperature 7,,, was recorded for
every investigation day. The total exergy input is the overall electric power consumption.

Finally, the second law efficiency can be defined as:

n _ Eout _ mgl,evap Yiner (17)
ex — =
Ein Nei,cp1a00HTNel,cp1000H tNel,cD380H

3.4.The ejector parameters

The multi-ejector module can be described by three specific parameters: pressure ratio (or
pressure lift), mass entrainment ratio and the ejector efficiency. Pressure ratio a division of the

outlet pressure level to the suction nozzle pressure level.

l-[ — Poutlet (18)

Psyction

The mass entrainment ratio shows the ratio between mass flow rate of the entrainment fluid

and mass flow rate of the motive fluid, which is expressed as:

q) — Msuction (19)

Mmotive
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The ejector efficiency is defined as the ejector efficiency definition proposed by Elbel and
Hrnjak (2008). The one of the benefit to use foregoing definition is that it can be applied for
an experimental investigation, because it avoids the measured static pressure in the mixing
chamber. The ejector efficiency is the amount of expansion work recovered divided by the

maximum potential to recover expansion work rate by the ejector.

Wrec __ Mgyction . [hC(S=Ssuction'P=Poutlet)_hD (5=Ssuction:P=Psuction)] (20)

nejector -

Wmax,rec Mmotive  [Ra(h=Rmotive.P=Poutiet) — B (S=Smotive.P=Poutlet)]

where W, is an expansion work rate recovered in kW, W4y rec is @ maximum potential to

recover expansion work rate in kW. Finally, the ejector efficiency can be expressed as:

. (h¢=hp)
(hy—hp) @D

T]ejector = (b
3.5.The R744 multi-ejector system improvement

Evaluation of the refrigeration system performance result after introducing the multi-ejector

module to the standard parallel system can be expressed by COP and exergy efficiency

improvement.
_ COPmulti—ejector_Copparallel
COPimprovement = COP +100% (22)
parallel
Nexmulti-ejector Nexparallel
Mox. - -100% (23)
improvement Nex parallel

4. Results

4.1. The multi-ejector module parameters

Figure 23 shows the multi-ejector block characteristic for all operating conditions inves tigated
for 1% cooling demand (T5,=12°C). Left Y-axis represents the ejector efficiency 7, jector and
the mass entrainment ratio ¢, but the right Y-axis represents pressure ratio I1. In addition, the
configuration of the multi-ejector module is introduced in the Figure 23. The multi-ejector
block efficiency decreased during rising of pressure in the liquid receiver due to
simultaneously decreasing of the mass entrainment ratio. The same impairment of the ejector

efficiency can be noticed during decreasing of the exit gas cooler temperature and discharge
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pressure, respectively. For the tanks pressure lift of 8 bar (4p =8 bar), the ejector efficiency
was in the range of 27% to 8% for the exit gas cooler temperature Ts from 36°C to 28°C,
respectively. The value of the mass entrainment ratio decreased from 0.22 to 0.04 for the

same range as the ejector efficiency.

Lowering of the exit gas cooler parameter caused a slight drop of the pressure ratio for the
same set of the tank pressure lift. In the range of the exit gas cooler temperature 75 of 36°C to
28°C and for the tank pressure lift of 8 bar (4p =8 bar), the pressure lift is of 1.35 to 1.30,
respectively. The multi-ejector block worked with the ejector efficiency over 30% for 4p < 4
bar, when
Ts > 28 °C and for 4p = 6 bar, when Ty > 34 °C. During investigation of operating conditions
for the 1% cooling demand, the multi-ejector block worked at the different ejectors capacity

configuration. Hence, the ejector efficiency linked to the mass entrainment ratio dropped

significantly
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Figure 23 - Multi-ejector block characteristics depending on the tanks pressure lift (4p) and exit gas

cooler temperature (7T;) for 1** cooling demand conditions.

Figure 24 presents the multi-ejector block characteristics for the Ts; temperature of 15 °C
including the efficiency, mass entrainment ratio and pressure ratio. Left Y-axis represents the
ejector efficiency 7, jecror and the mass entrainment ratio ¢, but the right Y-axis represents
pressure ratio I1. The highest value of the mass entrainment ratio exists for T and Ap of 28 °C

and 2 bar, respectively. The multi-ejector efficiency together with the mass entrainment ratio
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have the same decreasing trend as for results presented in Figure 23. It can be noticed that the
value of the multi-ejector efficiency for T; and Ap of 28 °C and 2 bar, respectively, is

comparable with the values obtained for Ap =4 bar and T = 30 °C, or 32 °C.

For Ap of 8 bar, the ejector efficiency is in the range of 26% to 9% for the exit gas cooler
temperature Ts of 36 °C to 28 °C, respectively. The value of the mass entrainment ratio
decreases from 0.20 to 0.06 for the same range as the ejector efficiency. For 4p of 6 bar the
mass entrainment ratio and the ejector efficiency was stable for Ty in the range of 36 °C to
34 °C and also in the range of 28 °C to 26 °C. The same stabilization of both parameters was

for Ap of 4 bar and for T in the range of 32 °C to 28 °C.

The pressure ratio had the slightly decreasing trend during decreasing of the 7 temperature.
In the range of the exit gas cooler temperature from 36 °C to 28 °C and for the tanks pressure
lift of 8 bar, the pressure ratio is in the range of 1.36 to 1.29, respectively. The very low drop
of the pressure ratio confirmed that during the decrease of the exit gas cooler temperature, the
small difference between the ejector outlet pressure and the liquid separator pressure was

reduced.

The multi-ejector block worked with the ejector efficiency over 30% for Ap < 4 bar, when

Ts > 26 °C and for Ap = 6 bar, when T > 34 °C.
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Figure 24 - Multi-ejector block characteristics depending on the tanks pressure lift (4p) and exit gas

cooler temperature (7y) for 2" coolin g demand conditions.
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It can be observed that the similar range of values for the multi-ejector efficiency, mass
entrainment ratio and pressure ratio for both cooling demands was obtained. Increase of
refrigeration load stabilizes the multi-ejector work, but it does not influence on the vapour

ejectors performance improvement.
4.2.Electric Power Consumption

Utilizing the ejectors during the experimental investigation reduced significantly capacity of
the base-load compressor. The multi-ejector system indicated changeability of CO, mass flow
rate through the base-load compressor, which is shown in Figure 25. The figure shows the
mass flow rates, in the base-load compressor, for both cooling demands, for the exit gas
cooler temperature (Ty) of 28°C £ 0.2K. The calculation of CO, mass flow rate in the base-
load compressor has been carried out based on data given from Dorin CD1400H catalogue.
For the tanks pressure lift of 2 bar, the mass flow rate of the multi-ejector system was almost

two times smaller than the mass flow rate of the parallel system.

The reason of the stream reduction was the mass flow rate entrained in the ejectors. Based on
the mass balance of the liquid receiver, the CO, mass flow from the evaporator was equal to
the CO, mass flow in the base-load compressor and the mass flow in the suction nozzle of the
ejectors, if the multi-ejector module worked well. During increasing of the tanks pressure lift,
the mass entrainment ratio of the multi-ejector block decreased. Hence, for the tanks pressure
lift of 8 bar, the difference between mass flow rates of both system is small due to low value

of mass entrainment ratio.
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Figure 25 - R744 mass flow rate in the base-load compressor vs. pressure lift.

The CO, mass flow entraining by the ejectors was able to influence on the work parameters of
each compressor. Apart from the multi-ejector block parameters, volumetric and compressor
efficiency of each compressors depended on tanks pressure lift and the CO, exit parameter of
the gas cooler section. All of foregoing considerations are related with each other. During
operation of the multi-ejector block, the load of the parallel compressors increases
significantly, which is shown in Figure 26. The figure shows the share of electric power
consumption of each compressor on the overall electric power consumption for both
refrigeration systems at the same operating conditions. The load of the base-load compressor
decreased relatively around 50%. It can be noticed that the contribution of the parallel
compressors section in the multi-ejector system increased close to two times (from 35% to

66%) than in the parallel system.
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Figure 26 - The share of electric power consumption of each compressor on the overall electric power

consumption.

The share of power consumption and individual efficiency of each compressor allows for
calculation of the overall efficiency of the rack of compressors, which represents the quality
of the rack work in the operating system. Figure 27 shows the comparison of the overall
compressors and volumetric efficiency of the system with efficiency distribution for the
individual compressor. The operating conditions were the same as in Figure 26, therefore the
contributions of each compressor were used to calculate overall efficiencies. For the parallel
system, the volumetric efficiencies for both working compressors were comparable. Growth
of parallel compressors load forced to compress much more amount of the refrigerant.
Therefore, in the multi-ejector system the volumetric efficiencies of both parallel compressors
were relatively low. As a result of low values of volumetric efficiencies and the large load, the
parallel compressors obtained the compressors efficiency lower than 60%. The individual
compressor efficiencies in the parallel system were comparable to volumetric efficiency and
therefore the parallel refrigeration system achieved higher value of overall compressor
efficiency than the multi-ejector system. The low value of overall compressor efficiency in
the multi-ejector system made the growth of overall electric power consumption, which

lowered the system performance and finally the value of COP and exergy efficiency.
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Figure 27 - Characteristics of the rack of compressors with comparison of both systems in the same

operating condition.

4.3. Multi-ejector system performance improvement

Figure 28 shows the system performances characteristics for 1*' cooling demand (75;=12°C)
for different values of the exit gas cooler temperature 7 and the tanks pressure lift 4p in the
range of 2 bar to 16 bar. During increasing the pressure level in the liquid receiver tank, the
COP and the exergy efficiency increased. The multi-ejector systems for Tx=36 °C and T;=34
°C gained the higher COP and the exergy efficiency for the tanks pressure lift of 8 bar. Hence,

for Ap in the range of 8 bar to 10 bar, the multi-ejector module improved the system energy
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performance. For the exit gas cooler temperature T < 32 °C, the multi-ejector system gained
higher COP for the tanks pressure lift of 6 bar. The parallel system worked better than the
multi-ejector for the Ap of 6 bar and T;=32 °C based on the second law analysis.

In the subcritical mode, COP and the exergy efficiency, depending on the tanks pressure lift,
have the same increasing trends as in the transcritical mode. Furthermore, the multi-ejector
system reaches much better system performance as the parallel system. The highest values of
COP 3.53 and the exergy efficiency 16.6% are gained by the multi-ejector system for 75=28
°C and Ap= 6 bar. The parallel system reached the highest COP of 3.4 and the exergy
efficiency of 16.4% for T;=28 °C and 4p of 10 bar.
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Figure 28- System performance characteristics vs. the tanks pressure lift (4p) for the parallel system

and the multi-ejector system for 1*' cooling demand (T's; of 12 °C): (a) COP, (b) exergy efficiency.

Figure 28 shows the system performances characteristics for 1*' cooling demand (75;=12°C)

for different values of the exit gas cooler temperature 7 and the tanks pressure lift 4p in the
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range of 2 bar to 10 bar. The COP improvement and the exergy efficiency improvement of the
multi-ejector system was reached for Ty < 32 °C. For the exit gas cooler temperature Ty of 34
°C and of 36 °C, the parallel system was able to work with the tanks pressure lift 4p in the
range of 2 bar to 6 bar, when the multi-ejector was able to work with 4p in the range of 6 bar
to 10 bar as the result of the high refrigeration capacity and the high load of the parallel
compressors. For the exit gas cooler temperature T < 30 °C, the multi-ejector system gained
higher COP and the exergy efficiency for the tanks pressure lift of 4 bar, but for T, of 32 °C
the multi-ejector system improved system performance for 4p of 6 bar. The highest values of
COP 3.92 and the exergy efficiency 17.0% were gained by the multi-ejector system for 75=26
°C and 4p= 6 bar. The parallel system reached the highest value of COP 3.7 and the exergy
efficiency 16.1% for T5=26 °C and 4p of 8 bar.
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Figure 29 — System performance characteristics vs. the tanks pressure lift (4p) for the parallel system

and the multi-ejector system for ond cooling demand (Ts; = 15 °C): (a) COP, (b) exergy efficiency.

Table 9 presents a set of COP and the exergy efficiency improvements of the multi-ejector

system for the 1°' cooling demand (T5;=12°C). The highest COP improvements were obtained
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for Tg= 28°C and Ap= 6.1 bar up to 4.67%, whereas the highest COP degradation were
obtained for T¢= 32°C and Ap= 4.1 bar up to -6.46%. It can be noticed that for the small value
of tanks pressure lift, the multi-ejector system gained worse performance than the baseline,
which was able to be caused by the low value of the overall compressors efficiency. The
multi-ejector system obtained the best exergy performance for T¢=36 °C and Ap= 10.0 bar due
to the high overall efficiency and over 15% of the work recovery by the multi-ejector block,
which is shown in Table 9. The exergy improvement for foregoing operating conditions was
of 7.05%. The worst degradation of the second law efficiency, the multi-ejector system
reached for T of 32°C and 4p of 4.1 bar up to -13.24%, what was strongly dependent on the

poor work of the rack of compressors.

For Aneomp > -8.25% the multi-ejector system improved COP and the exergy efficiency.
Therefore, the combination of the multi-ejector block efficiency of 24.39% and the relative
change of the overall compressor efficiency of 0.28% reached the best COP improvement for
Ap = 6.1 bar and for T =28 °C.

Based on results presented in Table 9, the use of the multi-ejector module improved the
energy performance for Ap > 6 bar, when T < 32 °C and also for 4p > 8 bar, when T > 32 °C.
The exergy improvement of the multi-ejector system related to the parallel system was for 4p

> 8 bar, when T < 36 °C.

Table 9 - COP and exergy efficiency improvement of the R744 multi-ejector system relative to the
R744 parallel system, the multi-ejector block efficiency (ne) and the relative change of the overall
compressors efficiency (Aneomp) for the 1*' cooling demand (Ts;= 12°C), related to the exit gas cooler

temperature (7g) and the tanks pressure lift (4p).

T Ap COPimprovement TMNex improvement MNej Ancomp
30.83% =+ 0.75%
36°C+0.1K 6.3 bar &+ 0.1 bar -3.12% + 0.04% -2.04% + 0.05% VEI3+VEI4VEIL -13.50% + 0.15%
+ +
27.16% =+ 0.37%
36°C+£0.2K 8.0 bar £ 0.1 bar 0.14% + 0.01% 3.60% + 0.11% -8.25% £ 0.11%
VEI3+VEJ2+VEJ1
16.51% + 0.23%
36°C+0.1K  10.0 bar + 0.1 bar 4.67% + 0.06% 7.05% + 0.25% e -6.4% =+ 0.08%
+
30.13% + 0.50%
34°C+0.1K 6.3 bar + 0.1 bar -1.98% + 0.02% -2.56% + 0.02% TR -10.60% + 0.12%
+ 4
26.42% =+ 0.34%
34°C+0.1K 8.0 bar = 0.1 bar 1.51% + 0.02% 3.96% + 0.05% SRS -6.43% + 0.07%
+
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28.16% = 0.50%

32°C+0.1K 6.2 bar + 0.1 bar 0.70% + 0.01% -4.33% £ 0.11% -7.33% + 0.08%
VEJ3+VEJ2+VEJ1
32.44% + 0.56%
30°C+0.1K 4.0 bar £ 0.1 bar -0.82% + 0.01% -6.29% + 0.08% -8.69% + 0.09%
VEJ3+VEJ2+VEJ1
17.18% + 0.21%
30°C+£0.1K 7.8 bar + 0.1 bar 6.98% + 0.01% 2.94% + 0.06% 1.11% + 0.01%
VEIJ3+VEJ2
24.39% + 0.29%
28°C+£0.1K 6.1 bar + 0.1 bar 8.07% = 0.11% 5.07% £ 0.10% 0.28% + 0.01%
VEJ3+VEJ2
7.51% + 0.09%
28°C+0.1K 7.9 bar + 0.1 bar 1.11% + 0.02% -0.46% £ 0.02% -3.78% £ 0.01%
VEIJ3+VEJ1

Similarly to the results for the 1°' cooling demand, the COP and the exergy improvements of
the-multi ejector system results are calculated and presented in Table 10. In addition, the
multi-ejector module efficiency m.; and the relative change of the overall compressor
efficiency after the run of the multi-ejector block An,m, are set. It can be noticed that for the
higher 4p, the multi-ejector gains the best improvements. For the small tanks pressure lift, the
overall compressor efficiency of the multi-ejector system is relatively low, which significantly
influences the values of energy and exergy improvements. Hence, the smallest cooling
effectiveness of the multi-ejector system is for 4p = 2 bar and Ts =28 °C. The multi-ejector
system improves the COP by up to 6.52% for T; =26 °C and Ap=6 bar in comparison to the
reference system. The highest exergy improvement of the multi-ejector system is reached for
Ts=30°C and 4p = 8 bar up to 13.17% due to comparable value of the overall compressors
efficiency between both systems. For the same operating condition COP improvement is of

5.77%, as the highest improvement for the exit gas cooler temperature Ty = 30 °C.

It can be noticed that the energy performance improvement of the multi-ejector system was
strongly related to the relative change of the overall compressor efficiency. For Angmy > -5%
the multi-ejector system improved COP and the exergy efficiency. Therefore, the combination
of the multi-ejector block efficiency of 23.27% and the relative change of the overall
compressor efficiency of 1.99% reached the best COP improvement for Ap = 6.1 bar and
for T =26 °C.

Based on results presented in Table 10, the use of the multi-ejector module improved the

energy performance for Ap > 4 bar, when Ty < 32 °C and for 4p = 6 bar, when T5 =32 °C. The
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exergy improvement of the multi-ejector system related to the parallel system was for

Ap > 4 bar, when T5 <32 °C.

Table 10 - COP and exergy efficiency improvement of the R744 multi-ejector system relative to the
R744 parallel system, the multi-ejector block efficiency (ne) and the relative change of the overall
compressors efficiency (Anemp) for the ond cooling demand (Ts5;= 15°C), related to the exit gas cooler

temperature T and the tanks pressure lift Ap.

T6 Ap COPimprovement T'lf:x,improvement T]ej Ancomp
30.98% = 0.33% -10.26% £ 0.11%
36°C+0.1K 6.2 bar = 0.1 bar -0.18% £ 0.01% -6.93% = 0.07%
VEJ3+VEJ2+VEJ1
31.23% + 0.38% -7.61% = 0.05%
34°C+0.1K 5.8 bar = 0.1 bar -1.07% £ 0.01% -7.52% = 0.05%
VEJ3+VEJ2+VEJ1
33.07% + 0.42% -7.35% = 0.05%
32°C+0.2K 4.1 bar = 0.1 bar -2.1% + 0.02% 5.98% + 0.05%
VEJ3+VEJ2+VEJ1
29.68% =+ 0.49% -3.94% = 0.05%
32°C+0.1K 6.3 bar £+ 0.1 bar 3.52% + 0.05% 9.37% £ 0.16%
VEJ3+VEJ2+VEJ1
32.82% + 0.41% -4.52% + 0.05%
30°C+0.1K 4.0 bar = 0.1 bar 1.35% £ 0.01% 8.94% + 0.97%
VEI3+VEIJ2+VEJ1
27.69% =+ 0.35% -1.57% + 0.02%
30°C+0.2K 6.0 bar = 0.1 bar 1.80% + 0.02% 8.24% + 0.16%
VEJ3+VEJ2+VEJ1
13.11% £ 0.17% 0.44% £ 0.01%
30°C+0.1K 8.0 bar £ 0.2 bar 5.77% + 0.10% 13.17% =+ 0.35%
VEIJ3+VEJ2+VEJ1
31.48% + 0.39% -2.29% + 0.03%
28°C £ 0.2 K 3.9 bar £ 0.1 bar 1.16% £ 0.02% 0.14% £ 0.01%
VEJ3+VEJ2+VEJ1
9.51% £ 0.12% 0.34% £+ 0.01%
28°C+0.2 K 7.7 bar £ 0.1 bar 4.84% + 0.07% 5.54% + 0.17%
VEJ3+VEJ2+VEJ1
23.27% =+ 0.26% 1.99% + 0.03%
26°C+£0.2K 6.1 bar = 0.1 bar 6.52% £ 0.12% 5.98% =+ 0.20%
VEJ3+VEJ2+VEJ1
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5. Conclusion

Experimental investigation of R744 vapour compression rack, equipped with the multi-ejector
expansion pack, was performed, based on the first law and the second law analysis. The
results were compared to the R744 vapour compression rack with high-pressure electronic
expansion valve, as an expansion device. The test facility was designed to operate in both
alternative configurations. Comparison was carried out for two refrigeration loads and both
refrigeration systems were operated in transcritical and subcritical mode. Apart from the
system performance comparison, influence of the pressure level in the flash tank on the

system performance for both alternatives was analysed.

The experimental results indicated the maximum COP improvement of the CO, multi-ejector
system of up to 7% for the working conditions around the critical point and the upper limit of
the flash gas pressure, for which the multi-ejector pack can be utilized. The range of pressure
lift in the configuration with the multi-ejector block was smaller than for the reference system
due to the significantly decreased mass entrainment ratio and the ejectors efficiency. The
range of the flash tank pressure level for the R744 multi-ejector system was dependent of the
motive side parameters of the ejectors (temperature, pressure). For every gas cooler working
condition, investigated in this thesis, the maximum COP of the R744 multi-ejector system
was obtained for relatively high pressure in the flash tank, close to the upper limit of the
multi-ejector pack utilization. During decreasing of the gas cooler/ condenser exit parameters,

the value of COP increased for both configurations.

The second law analysis reported that the utilization of the multi-ejector expansion pack in the
R744 vapour compression rack improved exergy efficiency up to 13% for the working
conditions around the critical point and the same upper limit of the flash tank as for the first
law analysis. Similarly to the COP evaluation of the R744 multi-ejector system, the maximum
exergy efficiency was indicated for the relatively high value of the flash tank pressure, close
to upper limit of the multi-ejector pack utilization and relatively low exit gas cooler/

condenser parameters.

The evaluation of the performance improvement of the R744 multi-ejector system was
strongly related to the utilized compressors efficiencies. The high load and low-effective

compression of the parallel compressors caused growth of electric power consumption and

A-28



decrease of the COP and exergy efficiency. Therefore, the significant work degradation of the
rack of compressors did not provide the improvement of the R744 multi-ejector system for
respectively low pressure lift. The comparable overall compressors efficiency of both
configurations may indicate the COP and the second law improvement for all working range
of the flash tank pressure. It was also noticed that the comparable high-efficiency of the rack
of compressors obtained the best performance of the R744 vapour compression rack with the

multi-ejector expansion pack, for the upper limit of the pressure lift.

The multi-ejector block worked more steadily for the relatively high refrigeration load. The
experimental results reported the multi-ejector block efficiency of up to 33% depending on
motive and suction side parameters, and the pressure lift. The highest efficiencies of the
ejectors were obtained for relatively low pressure lift. During decreasing of the gas cooler
parameters, the multi-ejector block efficiency decreased too due to drop of the CO, motive
mass flow rate and simultaneously decreased of the mass entrainment ratio. The multi-ejector

block reached wider range of the pressure lift for the higher refrigeration load.

The significant difference between the efficiencies of the rack of compressors for each
refrigeration systems influenced negative on the energy and exergy performance
improvements of the R744 refrigeration system with the ejectors expansion pack. Therefore,
the evaluation of system performance with the ejectors expansion pack for the comparable
high-efficiently rack of compressors need to be done for further works. In addition, the rack
of compressors in the test facility should be adapted to significantly increase of the parallel

compressors load during the utilization of the ejectors pack.
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B Raw Data

Set of all parameters for investigated points, as a raw data, gives more information about each
single test point. Each parameter has been presented together with uncertainty type A (Uy,)

and type B (Ug). The units are shown in Table B.1.

Table B.1: Units for the values and uncertainties presented in the Appendix.
Ejector Pressure Temperature Electric Power
Quantity Parameters Frequency Mass Flow Consumption
p ocation Toca ion Rate
(T]’ (D’ H) foca focat Nel, comp.
Unit - Hz bar °C kg min™’ kW

The evaluation of the compressors parameters such as volumetric efficiency and compressor
efficiency based on experimental investigation was performed and presented in section 5.2.1.
Unfortunately, the evaluation was possible only for the base-load compressor Dorin CD
1400H. Therefore, the experimental results were compared to the theoretical results calculated
with the use of the polynomial functions given from Dorin supplier. Table B.2 presents the

raw data of the experimental investigation of the base-load compressor parameters.

Table B.2: Raw data of the compressor Dorin CD 1400H parameters for the evaluation of

compressor efficiency and volumetric efficiency presented in section 5.2.1.

Dorin CD 1400H

ID Name MT_1 MT_2 MT_3 MT_4
Neomp Up 0.6553 0.0073 0.6369 0.0076 0.6558 0.0078 0.6520 0.0073
Ug 0.0078 0.0076 0.0078 0.0078
Mo Up 0.7534 0.0053 0.7425 0.0060 0.7504 0.0057 0.7665 0.0071
Ug 0.0019 0.0019 0.0019 0.0020
N, Up 10.53 0.1042 12.95 0.1328 9.730 0.1020 10.53 0.0864
Ug 0.1216 0.1495 0.1124 0.1215
Frequency Ua 48.80 —0'2329 59.10 —0'3241 45.56 —0'2268 51.95 —0'2680
Ug 0.0564 0.0682 0.0526 0.0600
Toons s s agqq 00843 . 00454 o 00559 . 00593
Ug 0.3192 0.3190 0.3183 0.3135
Toun Us  cgag 00896 ... 00464 o 00675 o 00776
Ug 0.3127 0.3124 0.3121 0.3066
P achrge Up 35,88 0.5207 35.76 0.2909 85.51 0.2744 79.23 0.2715
Ug 0.2975 0.2971 0.2962 0.2745
Up 0.0482 0.0662 0.0488 0.0748
Mco2 9.291 11.08 8.613 9.733
Ug 0.0215 0.0256 0.0199 0.0225
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T Ua 6.885 0.0982 3.896 0.0322 5.953 0.0631 6.940 0.0449
Ug 0.3862 0.3978 0.3808 0.3865

Ts U aaes 9297 0 ggqy  OIS9 g4y 009 54 00865
Ug 0.5482 0.5492 0.5483 0.5308

Table B.3 presents the set of coefficients used in the polynomial function for each compressor

installed in the test facility defined in Eq. (5.1). According to Dorin supplier, the validity of

the polynomials is limited to the application envelope of the compressor and is according to

the standard conditions of EN12900.

Table B.3:

volumetric efficiency for nominal frequency of 50Hz.

Set of polynomial coefficients for the evaluation of compressor efficiency and

CD 1400H CD 1000H CD 380H
Parameter Mass Flow Power Mass Flow Power Mass Flow Power
Unit kg/s w kg/s W kg/s W
C, 0.2436384 -11206.18 0.1515211 -6897.5 0.08435603 -3929.08
C, 0.0066928 -414.001 0.0042987 -269.84 0.00238595 -156.067
G -0.000926 454.4165 -0.000601 280.963 -0.0003948 162.7711
C, 6.266E-05 -4.569558 4.116E-05 -3.3767 2.2606E-05 -1.98566
G -5.22E-06 6.017386 -4.883E-06 4.05552 -3.174E-06 2.398034
(o 2.735E-06 -3.039822 1.587E-06 -1.8893 1.0344E-06 -1.10325
C, 0 -0.01238 0 -0.0136 0 -0.00823
Cq 0 0.015474 0 0.01499 0 0.009257
Cq 0 -0.015835 0 -0.0108 0 -0.0063
Cyo 0 0.008581 0 0.00503 0 0.002907

The experimental investigation of the system performance was carried out based on the

prepared test campaign. The test campaign considered experimental points specified to the

setpoints. Figure B.1 shows the test campaign carried out on the R744 transcritical multi-

ejector refrigeration test facility for the operating conditions presented in Table 5.2.

_ CO, exit gas cooler temperature (Tg)
P.c | Pressure Tank Lift (Ap) 36 34 32 30 28 26 °c
30 2.0 3 oy 37 125 133 14t
32 4.0 12 110 118 126 134 142
34 6.0 13 111 1.19 1.27 135 143 Legend
36 8.0 1.4 112 1.20 1.28 136 144 | 1.0 Investigated
38 10.0 15 113 s 120 137 145 10 Rejected
40 12.0 6 34 122 136 133 146
42 14.0 7 35 23 3% 139 147
44 16.0 s 116 24 132 146 43
bar
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(a) Test campaign of the R744 Multi-ejector System for the 1*' cooling demand.

CO, exit gas cooler temperature (Tg)

P.c | Pressure Tank Lift (Ap) 36 34 32 30 28 26 °c
30 2.0 2.1 2.9 2.17 225 2 33 241
32 4.0 2.2 2 10 2 18 2 26 234 22
34 6.0 2 3 2 11 2 19 227 2 35 25 Legend
36 8.0 2.4 2 12 220 2 28 236 244 10 Investigated
38 10.0 2.5 213 221 2.29 2 37 245 10 Rejected
40 12.0 26 2 14 222 2 30 238 246
42 14.0 27 2 15 2_23 231 2-39 2-47
44 16.0 2-8 2 16 2_24 2-32 2-40 2-48
bar

(b) Test campaign of the R744 Parallel System for the 1°' cooling demand.

CO, exit gas cooler temperature (Tg)

P.c | Pressure Tank Lift (Ap) 36 34 32 30 28 26 °c
30 2.0 149 | 157 165 173 1 81 189
32 4.0 150 | 158 166 1.74 1.82 1.90
34 6.0 151 159 1 67 175 183 191 Legend
36 8.0 15 | 160 1 68 176 1 84 1292 |10 Investigated
38 10.0 153 161 1_69 177 1-85 193 |16 Rejected
40 12.0 154 |62 70 78 1386 194
42 14.0 55 | 163 g 79 87 95
44 16.0 156 | 164 7 =20 128 196
bar

(¢) Test campaign of the R744 Multi-ejector System for the 2™ cooling demand.

CO, exit gas cooler temperature (Tg)

P.c | Pressure Tank Lift (Ap) 36 34 32 30 28 26 °c
30 2.0 249 | 257 2 65 2.73 2 81 2 89
32 40 250 | 2.58 266 274 2.82 299
34 6.0 251 | 2.59 267 275 283 2 91 Legend
36 8.0 252 | 260 268 2.76 2. 84 292 |10 Investigated
38 10.0 253 | 261 269 277 2 85 293 |10 Rejected
40 12.0 254 | 262 276 27 2-86 294
42 14.0 255 | 263 27t 279 287 295
44 16.0 256 | 264 272 286 288 296
bar

(d) Test campaign of the R744 Parallel System for the 2™ cooling demand.

Figure B.1: The experimental investigation of the R744 multi-ejector refrigeration system and the

R744 parallel refrigeration system for the both refrigeration demands presented in Table 5.2.
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Table B.4:

Raw data of the multi-ejector block parameters for experimental points presented in Figure B.1. Units are shown in Table B.1.

D name 13 14 15 11 112 113 118 119 120
Us 0.007 0.012 0.007 0.005 0.007 0.008 0.004 0.005 0.007
g 0308 ——— 0272 ———— 0165 ——— 0301 ——— 0264 ——— 0108 ———— 0329 0.282 0214 ————
Us 0.004 0.004 0.002 0.004 0.003 0.001 0.004 0.004 0.003
@ Ur g7 0007 515 0009 109 0005 5550 0008 g5 0005 5hge 0005 33, 0004 455 0008 445, 0005
Uy 0.001 0.001 0.000 0.001 0.001 0.000 0.001 0.001 0.000
v Ur 9316 0010 359 0009 454, 0008 550 0008 555 0007 g 0003 1 5g 0008 1 5g 0002 5, 0002
U, 0.006 0.007 0.007 0.006 0.007 0.007 0.006 0.006 0.006
U, 0.251 0.224 0.089 0.103 0.170 0.081 0.074 0.048 0.053
P 8566 21 9608 2% 10998 202 g3as 1B 9356 10 45741 998 gem 7.797 8825 0>
U, 0.155 0.160 0167 0.155 0.160 0.167 0.149 0.155 0.161
U 0.757 0.504 0.274 0.313 0.245 0171 0.155 0.172 0.244
P 83.556 — - 84213 ———_ 83536 ——— 79.795 ——— _ 80,500 — " 79.999 ———_ 75.594 74.908 75.574 —
Ug 0.289 0.292 0.289 0.276 0.279 0.277 0.262 0.259 0.262
Us 0.242 0.515 0.109 0.184 0.087 0.068 0.084 0.092 0.167
T otve 31.959 ——— 31857 ——— 31.715 — — 30.387 ——— 29.839 —— — 30.120 ——— 28.344 28.175 28.216 — ——
Us 0.531 0.530 0.530 0.522 0.519 0.520 0.510 0.509 0.509
Us 0.093 0.115 0.066 0.059 0.123 0.052 0.046 0.030 0.035
P.cion 27.089 ———— 27.471 ——"— 28.071 ———— 27.227 ———— 27.660 ——— 28.212 ——— 26.721 27.559 28.091 ———
Us 0.094 0.095 0.097 0.094 0.09 0.098 0.093 0.095 0.097
Us 0.234 0.142 0.030 0.139 0.051 0.068 0.117 0.071 0.051
T.cton 0848 —— 0625 — - 1238 —— 1358 —— 0065 ——— 2624 ——— -2.003 -0.849 1612 ————
U, 0.342 0.343 0.354 0.339 0.347 0.362 0.334 0.342 0.356
Uy 0.233 0.192 0.059 0.084 0.117 0.062 0.058 0.037 0.040
P 35.650 ———_ 37.078 ——— 39.069 ———— 35.571 ———— 37.015 ———— 38.954 ——— 33.522 35.356 36.916 —
Us 0.124 0.128 0.135 0.123 0.128 0.135 0.116 0.122 0.128
Uy 0.216 0.201 0.046 0.097 0.100 0.059 0.035 0.042 0.020
T o 1635 ——— 3113 ——— 5048 ——— 1530 ——— 3014 ——— 4927 —— 0706 1.233 2870 ———
Us 0.356 0.364 0.376 0.355 0.364 0.375 0.342 0.354 0.363
U, 0.308 0.493 0.104 0.165 0.176 0.091 0.126 0.171 0.113
Meomote —— 14.467 ——— 14.039 ———— 12.990 ——— 14.195 ———— 12.970 ———— 12.534 ———— 13.583 13.346 11.817 ———
Us 0.033 0.032 0.030 0.033 0.030 0.029 0.031 0.031 0.027
U, 0.039 0.067 0.059 0.041 0.059 0.063 0.043 0.038 0.056
Mooreuction —— 4146 ———— 3060 ——— 1416 —— 3778 ——— 2524 ——— 0823 —— 4516 3.146 1778 ———
' Us 0.010 0.007 0.003 0.009 0.006 0.002 0.010 0.007 0.004

VE3 VE3 VE3 VE3 VE3 VEI3 VES3 VEI3 VES3

Configuration VER2 VER2 VER2 VER2 VER2 VER2 VER2 VER2 VEI2

VEIL VEIL VEIL VEI VEI
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Table B.S: Raw data of the multi-ejector block parameters for experimental points presented in Figure B.1. Units are shown in Table B.1.
ID name 126 127 128 134 135 136 151 152 153
ng - 0324 0008 73 0006 45475 0013 4356 0013 goaq 0021 gg75 008 4349 0003 4559 000F 446 0007
Uy 0.004 0.003 0.002 0.004 0.003 0.001 0.004 0.004 0.002
@ Un 0316 200 gp1 000 5105 008 595 00 70 2018 gghp 0026 5g 0008 4, 0003 444, 0005
Uy 0.001 0.001 0.000 0.001 0.001 0.000 0.001 0.001 0.000
n Un 1097 0003 1,e9 0002 g5y 0008 50 0006 g5 0006 g3gp 0011 g3 0008 555 0003 g5 0003
Uy 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.007 0.007
Uy 0.080 0.061 0.103 0.144 0.148 0.253 0.089 0.080 0.067
Pin 6159 —— 7.485 ——— 8719 — —— 5831 ——— 7279 —— 8552 ———— 8593 ——— 9752 ——— 10.905 ———
Us 0.149 0.156 0.160 0.148 0.155 0.160 0.155 0.160 0.167
u 0.162 0.188 0.265 0.256 0.334 0.611 0.274 0.214 0.174
Prote 2 70.397 - 71918 _——°°  71.814 - 67.748 > 67.996 - 67.686 _—— _ 83.257 _ - 83428 __ - 83533 __
Us 0.244 0.249 0.249 0.235 0.236 0.234 0.288 0.289 0.289
u 0.092 0.116 0.139 0.498 0.460 0.765 0.179 0.194 0.102
Trotve A 25962 7 26362 > 26,081 " 24.479 __°° 24289 " 24043 "> 31599 _-'° 31798 _-' 31875 - -
Uy 0.496 0.499 0.497 0.488 0.487 0.485 0.529 0.530 0.530
Pocion 2 27155 004 57981 0035 5010 0076 57515 0088 y7ggs 0131 g3z 0211 55030 OO0 5504 0099 5553, 0051
Us 0.094 0.096 0.097 0.094 0.097 0.097 0.094 0.095 0.098
u 0.102 0.201 0.212 0.055 0.079 2.652 0.027 0.061 0.069
Toion  —2_ -1407 ——* 0904 _—- 1780 -~ 0981 > 0402 '~ 3639 _—>° 1135 ' 0028 - 1798
Uy 0.338 0.352 0.357 0.341 0.349 0.367 0.340 0.347 0.357
u 0.066 0.050 0.070 0.128 0.070 0.139 0.076 0.063 0.044
Pouter A 33314 > 35266 " 36731 '~ 33.044 ___° 35164 _ '~ 36685 - 35624 ' 37.256 - 39141
Uy 0.115 0.122 0.127 0.114 0.122 0.127 0.123 0.129 0.136
Uy 0.044 0.031 0.064 0.134 0.045 0.119 0.061 0.043 0.022
Tostet 1007 ——— 1117 ———— 2717 ————— 1229 ——— 1069 ——— 2.616 ——— 1475 ——— 3257 ——— 5123 ———
Us 0.341 0.353 0.362 0.339 0.353 0.362 0.355 0.365 0.376
Uy 0.189 0.180 0.274 0.433 0.323 0.370 0.110 0.110 0.126
Mooy motve —— 12.835 ———— 11.540 ——— 11.982 ———— 12.287 ———— 11.964 ——— 10.307 ——— 14.960 ——— 14.981 ——— 14.985 ————
Us 0.030 0.027 0.028 0.028 0.028 0.024 0.035 0.035 0.035
Uy 0.035 0.040 0.095 0.056 0.162 0.271 0.025 0.041 0.072
Mo sucton 4061 ——— 2432 ——— 1275 —— 3659 ——— 2031 —— 0416 ——— 4217 ——— 3029 —— 1682 —
] 0.009 0.006 0.003 0.008 0.005 0.001 0.010 0.007 0.004
VEI3 VEI3 VES3 VES3 VES3 VEI3 VES3 VEI3 VES3
Configuration VER2 VER2 VER2 VER2 VE)2 VER2 VER2 VER2
VEIL VEIL VEIL VEIL VEIL VEIL
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Table B.6:

Raw data of the multi-ejector block parameters for experimental points presented in Figure B.1. Units are shown in Table B.1.

ID name 159 1 60 1 61 1 66 167 168 1 69 174 175
Us 0.004 0.008 0.009 0.004 0.005 0.006 0.005 0.005 0.007
N 0312 0241 —— 0095 —— 0331 ———— 0297 ——— 018 ———— 0031 ———— 0328 ——— 0277 ———
Us 0.004 0.003 0.001 0.004 0.004 0.003 0.000 0.004 0.004
u 0.003 0.006 0.005 0.004 0.004 0.004 0.003 0.005 0.006
@ A 0283 —B 0179 9 gg5g 29D 33 9T 549 DIV 5430 2P gp18 02 318 02 oz 0
Uy 0.001 0.001 0.000 0.001 0.001 0.000 0.000 0.001 0.001
0 Un 1908 0003 133 0002 45 0002 55 0008 4559 0008 g3 0003 355 0008 559 0002 56 0003
Uy 0.006 0.007 0.007 0.006 0.006 0.006 0.007 0.006 0.006
Us 0.063 0.053 0.054 0.075 0.071 0.065 0.066 0.056 0.084
Pir 8020 > 9240 "> 10695 o> 6718 2 7687 ' 8990 > 10.049 0 6182 0 7393 ot
Uy 0.154 0.161 0.167 0.149 0.155 0.161 0.165 0.148 0.155
Us 0.163 0.140 0.163 0.123 0.217 0.325 0.199 0.172 0.360
Protve 79.225 02> 79.041 =0 79577 2> 75403 2 75250 022 75504 2 74.980 =70 70.948 ' 71610 o>
Uy 0.274 0.274 0.276 0.261 0.261 0.262 0.260 0.246 0.248
Us 0.066 0.157 0.063 0.070 0.150 0.242 0.119 0.087 0.135
T otve 30.019 0o 29774 27 30,031 020 27.970 21 27.906 0> 28236 _°"° 28130 " 25.826 ' 26.246 -
Uy 0.520 0.518 0.520 0.508 0.508 0.509 0.509 0.496 0.498
Uy 0.047 0.041 0.030 0.051 0.044 0.042 0.042 0.036 0.054
Py cton 27.237 — "~ 27.863 ——— 28.240 —— 26.767 ——— 27.539 ———_ 28137 — -~ 28305 ——_ 27.001 —— 27.639 —
Us 0.094 0.097 0.098 0.093 0.095 0.097 0.098 0.094 0.096
Tocion 2 1167 208 359 00%2 4445 0192 950 008 ggag 0028 g559 0052 o539 1204 jggy 0091 455 0024
Us 0.340 0.349 0.370 0335 0.343 0.354 0.338 0337 0.345
Uy 0.042 0.035 0.045 0.055 0.055 0.050 0.051 0.042 0.065
Pt 35.257 ——— 37.102 ——— 38.935 ——— 33.485 ——— 35.226 ——— 37.127 ——— 38.354 ———— 33,184 ——— 35.032 ———
Us 0.122 0.129 0.135 0.116 0.122 0.129 0.133 0.115 0.121
Tomee 2 1108 2928 3155 0027 445 0018 60 005 i0gs 0038 3085 0057 4ups 0061 g5 0027 g5 0046
Us 0353 0.364 0375 0342 0.353 0.364 0372 0.340 0.351
Meomome A 14,000 _299 14304 0212 4506 0128 43564 0136 43555 0156 4345 0198 y3gp4 0120 4335, 0178 1345, 0162
Uy 0.033 0.033 0.034 0.032 0.032 0.032 0.032 0.031 0.031
Us 0.040 0.069 0.078 0.035 0.038 0.049 0.044 0.032 0.065
Mo sucton 3991 —— 2557 —— 0834 —— 4567 —— 3429 —— 1774 ——— 0255 —— 4244 —— 2907 ———
Us 0.009 0.006 0.002 0.011 0.008 0.004 0.001 0.010 0.007
VE3 VE3 VE3 VE3 VE3 VE3 VE3 VE3 VE3
Configuration VE)2 VE)2 VE)2 VE)2 VE2 VE)2 VE)2 VE)2 VE)2
VEIL VEIL VEIL VEIL VEIL VEIL VEIL VEIL VEIL




Table B.7:

Raw data of the multi-ejector block parameters for experimental points presented in Figure B.1. Units are shown in Table B.1.

ID name 1.76 1.81 1.82 1.83 1.84 1.90 191
Ua 0.011 0.007 0.007 0.008 0.009 0.008 0.010
MNej 0133 ——— 033 —— 0315 ——— 026 ————— 00%5 ——— 0308 ———— 0233 —
Ug 0.002 0.004 0.004 0.003 0.001 0.004 0.003
o Ua 00s3 —2007  gag 0008 o9y 0006 0 e 095 0 oss 0005 o 0007 i 0006
Ug ' 0.000 ' 0.001 ' 0.001 ' 0.001 ' 0.000 ' 0.001 ' 0.000
Ua 0.002 0.005 0.002 0.003 0.004 0.003 0.005
1 1305 _——° 1178 - 1211 - 1257 "~ = 1291 _ " 1207 _—_—— 1245 "
Up 0.006 0.006 0.006 0.006 0.006 0.006 0.006
Ua 0.054 0.116 0.061 0.081 0.088 0.067 0.116
Pite 8620 _ 4779 " 5772 __" " 7142 ___ """ 8227 _ " 5676 _—_ 6871 _____
Ug 0.161 0.144 0.149 0.155 0.160 0.149 0.155
Ua 0.253 0.188 0.164 0.245 0.193 0.225 0.232
Prmotive 71372 "> 66765 67002 6680 __- - 67548 ___ 64397 - 64224 __"°°
Ug 0.247 0.231 0.232 0.232 0.234 0.223 0.222
Ua 0.079 0.170 0.127 0.120 0.097 0.109 0.445
Trmotive 26359 " 24008 "~ 24326 _ -~ 24188 ___" 24462 ___ " 22745 ____~ 22220
Us 0.499 0.485 0.487 0.486 0.488 0.478 0.475
Ua 0.033 0.065 0.038 0.041 0.059 0.040 0.092
Pouction 28222 " 26859 ______ 27333 ______ 27805 _____ 28274 _____ 27445 _______ 28042 _
Ug 0.098 0.093 0.095 0.096 0.098 0.095 0.097
Ua 0.118 0.071 0.050 0.057 0.021 0.013 0.065
Touction 2738 ___° 2453 _____ 1403 ___ 0713 __ " 3267 ___~_  -098 ___° 0643 ___~
Us 0.362 0.332 0.338 0.351 0.365 0.341 0.350
Ua 0.042 0.097 0.047 0.069 0.065 0.053 0.071
P outiet %.842 31639 - 33105 34947 36501 — 33120 — 34913
Us 0.128 0.110 0.115 0.121 0.126 0.115 0.121
Ua 0.028 0.092 0.024 0.048 0.037 0.030 0.052
Toutet 2804 " 2941 _ - 1150 ___ " 0848 _ - 2453 __"°° 1164 _ "~ 0795 _ -
Us 0.363 0.329 0.340 0.351 0.361 0.340 0.351
Ua 0.166 0.246 0.201 0.252 0.245 0.286 0.311
Moz motive 13.169 12.575 12.664 12.904 —————  13.122 13.021 ————— 13.050
Ug 0.030 0.029 0.029 0.030 0.030 0.030 0.030
Ua 0.093 0.030 0.056 0.056 0.065 0.039 0.065
Moz suction 1.090 4.922 3.761 2.043 0.724 3.444 1.945
Ug 0.003 0.011 0.009 0.005 0.002 0.008 0.004
VEI3 VEI3 VEI3 VEI3 VEI3 VEI3 VEI3
Configuration VEJ2 VEJ2 VEI2 VEJ2 VEI2 VEI2 VEI2
VEI1 VEI1 VEI1 VEI1 VEI1 VEI1 VEI1
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Table B.8:

Raw data of the system parameters for experimental points presented in Figure B.1. Units are shown in Table B.1.

ID name 13 14 15 111 112 113 118 119 120
Un 0.059 0.269 0.124 0.129 0.049 0.056 0.050 0.055 0135
Ty 36.168 — 2> 36245 —- 35813 ——" 34375 —-— 34174 ——— 34071 —0 32.257 — 2" 31942 ——>> 31,994 ——>_
U 0.555 0.556 0.553 0.545 0.544 0.543 0533 0.531 0.531
Tos Us 12008 %05 11903 0030 45950 0036 1509 0061 gy ges 0056 41948 002 gy 15 0040 g g0 0036 4y g6 0117
Ug 0.416 0.415 0.415 0.416 0.415 0.415 0.416 0.415 0.415
Uy 0.093 0.113 0.050 0.066 0.124 0.038 0.049 0.026 0.045
Towr 7963 — 8085 —_—_ -7.028 — —_ 8010 — — -8086 — ——  -7.884 ——— 8125 ———_ 7935 " .7.804 ———_
Us 0.300 0.300 0.301 0.300 0.300 0.301 0.299 0.301 0.301
Py ta g3700 2178 gy g5 0333 g3475 0335 9919 0392 gpgp5 0316 5qq19 028 55g, 0238 g g5 0307 g5, 0296
U 0.290 0.292 0.289 0.277 0.279 0.277 0.262 0.260 0.261
U, 0223 0.178 0.062 0.083 0123 0.052 0.054 0.047 0.028
Proc U 34487 —Tio— 36.023 —5o- 38106 — o 3445 — oo 36,011 —io— 38050~ 32342~ 34262 —jio- 35,990 —Too
u 0.082 0.105 0.066 0.055 0.107 0.043 0.037 0.037 0.035
Powir A 28.007 o 27.947 > 28.069 _ 0 27.989 > 27.947 _-' 28108 -  27.914 o'  28.061 _ > 28159 _——
Us 0.097 0.097 0.097 0.097 0.097 0.097 0.097 0.097 0.098
Uy 0.154 0.158 0.164 0.154 0.158 0.164 0.148 0.153 0.158
P 6460 ———— 8077 ——— 10.037 ——— 6456 — — 8064 — — 9942 ——— 4428 ——— 6201 — — 7.831 —
Us 0.154 0.158 0.164 0.154 0.158 0.164 0.148 0.153 0.158
Uy 0.677 0.677 0.677 0.111 0.111 0.111 0.092 0.092 0.151
Tombient 20631 277 20631 ' 20631 27" 19870 "7 19.870 -~ 19.870 -~ 19.940 - 19.940 - 19.926 >
Us 0.466 0.466 0.466 0.461 0.461 0.461 0.462 0.462 0.461
Uy 0.022 0.043 0.021 0.017 0.024 0.020 0.017 0.020 0.032
cop 2170 _—C 2313 2459 " 2446 ' 2571 __ " 2662 - 2530 ' 2772 " 2911 ___ -
Us 0016 0.017 0.020 0.019 0.021 0.022 0.020 0.023 0.026
u 0.001 0.001 0.002 0.000 0.001 0.001 0.000 0.000 0.001
Mex A 0105 0113 "~ 0119 - 0113 " 0120 - 0122 " 0117 ———— 0131 " 0135 -
Us 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.002
Us 4o qq9 0028 _ = 003 __ " 005 -~ 0029 _ _ 000 ___ 00%6 _ = 006 = 002 _ _ 00%
Qevap Uy o 0184 > 0185 > 0181 0190 0185 > 0181 > 0187 0188 > 0.181
u 0.057 0.074 0.095 0.060 0.052 0.079 0.050 0.044 0.052
Ne, cota000 A 604l ' 7710 " 9733 > 6451 7884 - 9850 __ ' 4835 __ > 6565 __ - 7895 __ >
Us 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058
Uy 0.150 0.262 0.095 0.079 0.096 0.076 0.079 0.061 0.136
Ne, cot0000 7611 ——— 5906 ——— 5923 —— 6433 — 4680 — 462 —— 6948 —— 4981 — — 5353 —
Us 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058
Uy 0.078 0.157 0.000 0.056 0.094 0.000 0.043 0.072 0.000
Ne, cosaon 4377 ——— 3435 ———— 0000 ——— 3.698 ———— 2810 ——— 0000 ——— 3981 ——— 2954 ——— 0000 ———
Us 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058
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Table B.9:

Raw data of the system parameters for experimental points presented in Figure B.1. Units are shown in Table B.1.

ID name 1.26 1.27 1.28 1.34 1.35 136 1.51 1.52 1.53
Un 0.061 0.062 0.079 0.252 0.064 0.155 0.069 0.153 0.063
Ts 29.801 ——— 30203 ——— 30.015 —— 28.186 —— 28283 — 27.715 —— 34439 — 35989 — 35996 —
Ug 0.518 0.521 0.520 0.509 0.510 0.506 0.119 0.554 0.554
T Un 11889 0 4107 298 jigra 208 11933 2B o061 297 1gs3 2980 o090 201 jagos 2039 g 5g5 204
51 U 0.415 : 0.415 ‘ 0.415 : 0.415 : 0.417 : 0.415 ' 0.434 ' 0.432 ' 0.435
Ua 0.022 0.018 0.079 0.045 0.100 0.211 0.042 0.049 0.051
Tomr 7927 —°° 7943 _——° 8008 —____ -8109 _—__  -7.958 _____  .7.995 -~ .7964 " -8104 — —_ -7.729
Ug 0.301 0.301 0.300 0.300 0.300 0.300 0.300 0.300 0.302
Un 0.237 0.264 0.343 0.324 0372 0.649 0.307 0.266 0.253
Pyc 70.354 ———— 71.609 ——— 71.625 ——— 67.614 — —— 67.845 ——— 67.332 ——— 83.434 — —— 83611 — —— 83.728 ——
Us 0.244 0.248 0.248 0.234 0.235 0.233 0.289 0.290 0.290
Un 0.068 0.058 0.073 0.115 0.067 0.143 0.069 0.061 0.052
P —A 32160 ——— 34.264 ———— 35.820 ———— 31.990 ———— 34.213 ——— 35.863 ————— 34439 ———— 36.201 ————— 38,133 ————
Ug 0.111 0.119 0.124 0.111 0.119 0.124 0.119 0.125 0.132
Un 0.037 0.031 0.070 0.042 0.100 0.185 0.052 0.037 0.057
Powt 28.072 — 28058 — 27998 27926 — - 28.040 —___ 28.015 —_ 28031 — -~ 27936 — 28227
Us 0.097 0.097 0.097 0.097 0.097 0.097 0.097 0.097 0.098
U 0.148 0.153 0.157 0.147 0.153 0.158 0.154 0.158 0.164
Pite A 4088 —— " 6206 7823 "~ 4064 ——___ 6173 7847 " 6409 8266 — - 9906 —
Ug 0.148 0.153 0.157 0.147 0.153 0.158 0.154 0.158 0.164
Un 0.151 0.050 0.050 0.004 0.004 0.004 0.011 0.004 0.004
Tombient U 19926 —gue— 19.998 — 00— 19.998 70— 20181 —ue- 20181 — Y= 20181 — o= 20429 —Ae— 20181 — G 20181 — oo
U 0.022 0.017 0.042 0.060 0.023 0.045 0.010 0.020 0.028
cop A 2967 ——°° 3098 -~ 3230 - 3275 3470 " 3382 ____ 2233 ____ 2353 __" 2390
Us 0.026 0.029 0.030 0.031 0.034 0.035 0.015 0.016 0.016
U 0.000 0.001 0.003 0.001 0.001 0.004 0.000 0.000 0.001
Nex A 0140 —— 0145 0153 0158 __—___ 0166 —_ 0159 008 _—___ 0093 — 0094
Ug 0.001 0.002 0.003 0.002 0.003 0.004 0.001 0.001 0.001
Un 39465 2028 35797 Q031 5550 002 510a 208 40707 008 ggggs 008 g, 0030 g sy 2032 455 0033
Qevep Ug 0.185 ' 0.182 ' 0.185 ' 0.187 ' 0.190 ' 0.174 ' 0.208 : 0.209 : 0.218
Un 0.056 0.038 0.054 0.055 0.055 0.104 0.056 0.095 0.181
N coraoo 4713 " 6605 _____ 8177 ______ 4945 ___° 7026 _____ 7863 ______ 7380 ______ 9338 ___ - 11976 __ ____
Us 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058
Un 0.056 0.054 0.150 0.183 0.052 0.000 0.051 0.101 0.097
N, co1000 5469 ——— 5919 — 4079 ——— 4617 ——— 4710 ———— 0000 ——— 8080 ——— 6248 ——— 4879 ——
Us 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058
Un 0.057 0.000 0.000 0.117 0.000 0.099 0.041 0.082 0.110
N, co3son 3121 ——— 0000 ———— 0000 ——— 2.683 ——— 0000 —— 3.046 —— 4619 —— 3606 —— 2952 ———
Ug 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058
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Table B.10:

Raw data of the system parameters for experimental points presented in Figure B.1. Units are shown in Table B.1.

ID name 126 127 128 134 135 136 151 152 153
U, 0010 0010 0010 " 001 _ .~ 0009 0012 __ = 0010 __ = 0009 = 0008
Meomp,cot400H 5 : 0.016 : 0.016 ) 0.016 : 0.017 : 0.016 : 0.016 : 0.015 : 0.014 : 0.013
Us 0.008 0.008 0.008 0.010 0.008 0.000 0.007 0.008 0.007
Meomp, Co1000H 0608 ——— 0540 ——— 0550 —— 0632 ———— 055 —— 0000 —— 0518 ——— 0538 —001 0520 —
Us 0.018 0.018 0.020 0.019 0.020 0.000 0.015 0.017 0.018
u 0.007 0.000 0.000 0.009 0.000 0.006 0.007 0.007 0.006
Neomp,os80H  ——— 0548 " 0000 ——_ 0000 ——— 0571 ——— 0000 ——— 0441 > 0464 0482 0465
Us 0.016 0.000 0.000 0.017 0.000 0.018 0.013 0.015 0.016
Us 0.005 0.006 0.007 0.006 0.006 0.007 0.005 0.005 0.005
Neomp,overall 0642 ———— 0655 ——— 0672 ———— 0.665 ——— 0.669 ———— 0648 ——— 0597 ——— 0627 ———— 0610 — —
Us 0.010 0.013 0.012 0.011 0.013 0.010 0.009 0.009 0.009
Moot 2 0870 0% ogzg 0003 gges 0008 g9 0009 gggg Q0L g3 0020 gg55 0006 gg4q 0007 g 0007
Us 0.023 0.023 0.022 0.023 0.023 0.023 0.022 0.021 0.020
Moo 2 0763 209 o700 208 gges 2019 790 0922 4753 000 4400 000 g 0003 gga 0007 g5 0006
Us 0.010 0.009 0.009 0.010 0.009 0.000 0.008 0.008 0.008
Nocosson A 0746 0% o0 200 000 200 774 %0 gp00 200 gese 0913 g6 0003 0622 207 gs9s 0006
Us 0.010 0.000 0.000 0.010 0.000 0.009 0.009 0.008
Moot A 0792 200 g7 0002 559 0009 gy 0010 g5 0006 559, 0013 5705 0002 g5pp 0008 g, 0004
Us 0.004 0.002 0.009 0.010 0.006 0.013 0.002 0.004 0.004
Us 0.054 0.080 0.087 0.109 0.061 0.081 0.070 0.041 0.059

T 12.053 12.084 12.062 12.100 12.354 12.026 15.219 14.949 15.393
>3 Ug 0.416 0.416 0.416 0.416 0.418 0.416 0.434 0.433 0.435
Un 0.047 0.115 0.043 0.068 0.070 0.115 0.070 0.035 0.048
Tea U 1467 g3 1698 —i— 1450 —goo— 1279 —to- 1320 —ho— 209 —gio- 3481 —mo- 3118 —oo— 2970 oo
Us 0.018 0.018 0.016 0.020 0.031 0.016 0.016 0.019 0.018
Mgy evap 50.599 - 50685 __ - 50.631 ___—  50.300 __ -~ 50.088 __ -  50.396 __ 51656 __ 51642 _— 51559 ___°
Us 0.117 0.117 0.117 0.116 0.116 0.116 0.119 0.119 0.119
Us 0.021 0.016 0.059 0.029 0.069 0.157 0.028 0.048 0.077
Moy, cotaoon 4673 —— 6462 —— 7876 —— 5141 —— 725 —— 8130 — — 6070 —— 7550 —— 9224 ——
Us 0.062 0.116 0.170 0.074 0.145 0.182 0.101 0.154 0.228
Us 0.045 0.031 0.112 0.150 0.042 0.000 0.032 0.063 0.038
Mcos,cot000m 5966 — — 6269 —— 4762 — -~ 548 —— 5626 — — 0000 —— 6541 ——— 5555 — 4539 —
Us 0.084 0.095 0.057 0.071 0.077 0.000 0.105 0.078 0.054
Us 0.023 0.000 0.000 0.077 0.000 0.005 0.016 0.032 0.019
Mo, cosson 3120 ———— 0000 ——— 0000 ——— 2873 — 0000 ——— 3288 —— 3377 —— 2867 —— 2341 ——
Us 0.045 0.000 0.000 0.038 0.000 0.020 0.055 0.040 0.028
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Table B.11:

Raw data of the system parameters for experimental points presented in Figure B.1. Units are shown in Table B.1.

ID name 1.59 1.60 1.61 166 1.67 168 1.69 1.74 1.75
Un 0.064 0.073 0.043 0.037 0.128 0.177 0.088 0.049 0.122
Ts Uy 34011 —gTra 33777 o 33.938 o 31984 —oo— 31866 —Toi— 31976 — oo 31795 — - 20835 — oo 30,132 — o
Ua 0.070 0.029 0.073 0.026 0.067 0.053 0.084 0.094 0.054
Ts 15.084 — 15030 — — 15063 — 14819 15290 — 15237 15004 — 14786 — ___ 15109 —
Ug 0.433 0.433 0.433 0.432 0.435 0.434 0.433 0.432 0.434
Ua 0.031 0.024 0.017 0.060 0.033 0.042 0.060 0.028 0.049
Tomr -7.901 ———— -7.873 ———— -7.898 ———— -8.078 ———— -7.868 ———— -7.812 ———— -7.854 ———— -8.005 ——— -7.981 ————
Ug 0.301 0.301 0.301 0.300 0.301 0.301 0.301 0.300 0.300
P Ya gg349 228 5q500 Q218 g5 0298 g ey 2213 goa3 0292 oo 0380 oo g 0290 444y, 0238 o g 2432
g U 0.275 ' 0.274 ' 0.276 ' 0.261 ' 0.261 ' 0.262 ' 0.260 ' 0.246 : 0.248
Un 0.049 0.049 0.035 0.061 0.044 0.056 0.047 0.048 0.061
Prec 34.093 — 36061 — _ 38031 32287 34142 36174 37487 —____ 32030 — 33962 —
Ug 0.118 0.125 0.132 0.112 0.118 0.125 0.130 0.111 0.118
Un 0.044 0.024 0.029 0.048 0.031 0.021 0.028 0.036 0.064
Powt 28.107 ———— 28.136 ———— 28.124 ———— 27.952 ———— 28.132 ———— 28.165 ———— 28.148 ———— 27.989 ———— 28.026 ————
Ug 0.097 0.097 0.097 0.097 0.097 0.098 0.098 0.097 0.097
Pite Un  5oss 0193 ggp5 0198 gg; 0168 4a3 0188 gh10 0198 goge 0199 g33g 0162 404 0147 5oy 0153
Ug 0.153 0.158 0.164 0.148 0.153 0.159 0.162 0.147 0.153
Un 0.011 0.011 0.011 0.009 0.009 0.009 0.011 0.009 0.009
Tombient U 20429 gy 20429 —e 20420 — R 21623 oo 21623 — o= 21623 —oi— 20429 — - 21623 —uo— 21623 oo
Un 0.017 0.021 0.040 0.012 0.022 0.032 0.025 0.018 0.028
cop 2458 "~ 2625 " 2662 2575 - 2804 "~ 2897 - 2885 ___" 2974 " 3095 "
Ug 0.017 0.019 0.020 0.019 0.021 0.023 0.023 0.024 0.025
Un 0.000 0.000 0.002 0.000 0.000 0.001 0.002 0.000 0.001
Nex 0098 — 0105 —— 0104 — - 0116 — 0124 — 0128 —__ 0114 - 0136 — 0139 —
Ug 0.001 0.001 0.002 0.001 0.001 0.002 0.002 0.001 0.002
U 0.037 0.028 0.032 0.043 0.038 0.043 0.032 0.065 0.035
Qevap A 45481 " A5.675 " 44523 - 45400 —  47.089 —_ 46356 —_ 44432 - 45506 46450 —
Ug 0.211 0.211 0.207 0.210 0.217 0.214 0.206 0.210 0.214
U 0.043 0.073 0.226 0.056 0.051 0.113 0.078 0.058 0.064
N, cora00m A 7332 —° 9366 -~ 11582 - 6055 __ 7901 —_~ 9917 ___ " 11460 — 5862 — 7797 _—
Ug 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058
U 0.099 0.073 0.103 0.045 0.103 0.135 0.107 0.056 0.088
N, co1000H A 7109 — 5069 — - 5140 7369 5629 ____ 6084 ___— 3938 ____ 5997 ___— 453 ___
Ug 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058
Ua 0.064 0.092 0.000 0.031 0.068 0.000 0.000 0.042 0.084
N co3son 4066 ——— 2969 —— 0.000 ——— 4206 —— 3266 ——— 0.000 ——— 0.000 ——— 3441 ——— 2679 ——
Ug 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058




Table B.12:  Raw data of the system parameters for experimental points presented in Figure B.1. Units are shown in Table B.1.
ID name 1.59 1.60 161 166 167 168 169 1.74 1.75
Uy 0761 0.009 0731 0.009 0676 0.008 0757 0.009 0747 0.009 0,705 0.008 0.661 0.008 0754 0.009 0740 0.009
Meomp,cot400H 5 : 0.015 : 0.015 ) 0.013 : 0.016 : 0.015 : 0.014 : 0.014 : 0.016 : 0.016
Neomncomooon —A— 0541 2007 g55p 0008 55 0007 gggp 0007 - ggg, 0008 g5y 0007 459 0008 g5g, 0008 ggg 0008
Ug 0.016 0.018 0.019 0.015 0.017 0.018 0.020 0.017 0.019
U gagg 2007 o Q0O7 o 0000 o 0007 . . 0007 . 0000 . = 0000 . . 0007 . . 0007
Mleomp,co380H : 0.014 : 0.016 : 0.000 : 0.014 : 0.016 : 0.000 : 0.000 : 0.015 ‘ 0.017
Us g5 2005 .o 0005 . 0006 . 0005 . 0005 . 0006 . 0006 . 0005 o . 0005
Neomp,overall 5 : 0.009 0.010 0.011 0.009 ' 0.010 0.012 0.011 ' 0.010 0.010
U, 0.004 0.006 0.004 0.008 0.004 0.007 0.005 0.008 0.006
Tvol, cD1400H 0861 — 0845 0810 _—___ 085 082 087 0810 — 0874 —_ 0867 —
Ug 0.022 0.022 0.021 0.022 0.022 0.021 0.021 0.023 0.022
u 0.004 0.005 0.007 0.003 0.007 0.009 0.011 0.005 0.007
Tvol, CD1000H A 0676 —_ 0667 — 0626 —__ 0714 —__ 0710 ———_ 0655 —___ 0650 —___ 0756 — 0733 —
’ Ug 0.009 0.009 0.008 0.009 0.009 0.008 0.009 0.009 0.009
U, 0.004 0.005 0.000 0.003 0.007 0.000 0.000 0.004 0.007
Tvol CD380H 0656 — 0647 —_—_ 0000 —— 0695 —_ 0691 —— 0000 ——— 0000 — — 0739 —— 0716 —
' Ug 0.009 0.009 0.000 0.009 0.009 0.000 0.000 0.010 0.010
Us g 0002 0003 =~ 0004 - 0003 .~ 0004 0005 - 0005 _ ~ 0004 _ = 0004
Tlvol,overall Ug : 0.002 : 0.003 : 0.004 : 0.003 : 0.004 : 0.005 : 0.005 : 0.004 ‘ 0.004
U 0.068 0.027 0.071 0.020 0.071 0.052 0.083 0.096 0.054
Tss A 15210 ——" 15213 " 15253 '~ 14945 " 15414 "~ 15359 __ " 15198 " 14918 — " 15236 —
Ug 0.434 0.434 0.434 0.433 0.435 0.435 0.434 0.433 0.434
U, 0.053 0.028 0.050 0.031 0.046 0.036 0.064 0.081 0.052
Tsq 32199 ——— 3163 ——— 3525 ——— 2879 ——— 2874 ——— 3029 —— 3411 —— 2717 ———— 2790 ———
Ug 0.365 0.365 0.367 0.363 0.363 0.364 0.366 0.362 0.363
Myens A 51315 002 51081 0016 g5y 348 0019 g5gp3 0026 ghg06 002 g6y 002 5n99; 0018 55486 0937 5p506 0020
Ug 0.119 0.118 0.119 0.118 0.117 0.117 0.118 0.117 0.117
Un 0.022 0.046 0.047 0.031 0.029 0.066 0.059 0.033 0.042
Mco2,cp1400H 6376 ——— 8007 ——— 9348 ————— 5539 ———— 725 ———— 878 ————— 9729 —— 5798 ——— 7530 ——
Ug 0.111 0.174 0.235 0.085 0.144 0.209 0.256 0.093 0.155
U, 0.040 0.033 0.054 0.033 0.061 0.087 0.055 0.042 0.047
Mco2,cp1000H 6355 ——— 5002 —— 5087 —— 672 ——— 568 —— 6059 ——— 4330 —— 6299 —— 5104 ——
Ug 0.098 0.063 0.067 0.107 0.079 0.091 0.049 0.093 0.064
U, 0.021 0.017 0.000 0.017 0.030 0.000 0.000 0.022 0.024
Mco2,cp3soH 3294 ———— 2592 ——— 0000 ——— 3498 ——— 295 ——— 0000 ——— 0000 —— 3291 —— 2663 ——
Ug 0.051 0.033 0.000 0.056 0.041 0.000 0.000 0.049 0.034
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Table B.13:

Raw data of the system parameters for experimental points presented in Figure B.1. Units are shown in Table B.1.

ID name 1.76 1.81 1.82 1.83 1.84 1.90 191
Uy 0.095 0.117 0.075 0.111 0.065 0.093 0.136
Ts o 30039 0520 27.643 0506 27.954 0508 27.883 0507 28.147 0505 26.231 0.498 26.060 0297
Ua 0.127 0.032 0.038 0.137 0.021 0.047 0.061

Ts 15035 " 15353 ___ " 14860 _— 14977 _—_"°" 14920 " 1499 _ " 15056 -
Ug 0.433 0.435 0.432 0.433 0.433 0.433 0.433
Ua 0.029 0.051 0.044 0.046 0.044 0.029 0.096

Tomr 7872 ——— 7702 ———— 7924 ——— 8104 ———— -7859 ———— -7.954 ————— .7.846 ——————
Ug 0.301 0.302 0.301 0.300 0.301 0.300 0.301

P Us 71349 —23L goegy 0232 gogny 0280 gy 0388 o0 228 a0 22 g9 2290
g Us : 0.247 ' 0.231 ' 0.232 ' 0.232 : 0.234 ' 0.223 ' 0.222
Ua 0.034 0.100 0.058 0.068 0.070 0.047 0.066

Prec 35959 " 30408 32009 - 33975 ___ " 35629 __ 32056 - 33949 ____ "
Ug 0.125 0.105 0.111 0.118 0.123 0.111 0.118
Ua 0.020 0.054 0.056 0.035 0.049 0.045 0.085

Powt 28140 " 28241 __ " 2808 __ 27932 _ " 28135 ___ - 28055 __ - 28135 _ -
Ug 0.097 0.098 0.097 0.097 0.097 0.097 0.097
Ua 0.158 0.144 0.148 0.152 0.157 0.148 0.153
P u, 8B 0.158 2.167 0.144 3.923 0.148 6.044 0.152 7494 0.157 4.001 0.148 >815 0.153
U 0.014 0.008 0.014 0.014 0.038 0.014 0.014

T, mbient A 20969 ___ ' 20156 ____ " 2099 ____ 2099 ____ 20506 ___ 2099 ____ 2099 ____
Us 0.467 0.463 0.467 0.467 0.465 0.467 0.467
Ua 0.034 0.016 0.032 0.033 0.027 0.029 0.057

cop 3.184 3.096 3.356 3.527 3.510 3.672 3.924

Us 0.027 0.025 0.029 0.031 0.032 0.033 0.038
Un 0.002 0.000 0.001 0.002 0.002 0.001 0.003

013 ———— 012 ———— 0147 ———— 0154 ———— 0145 ———— 0162 ———>— 0170 ———
Mex Ug 0.003 0.001 0.002 0.003 0.004 0.002 0.004
Ua 0.035 0.052 0.032 0.050 0.033 0.033 0.035

Qevap 45847 " 47.009 - 46632 -~ 46954 __ "~ 45485 __ " 47.004 " 46504 ____~
Ug 0.212 0.216 0.215 0.216 0.210 0.216 0.214
Ua 0.074 0.056 0.052 0.092 0.068 0.050 0.111

N corao0m 9953 ————— 4883 6.120 8.233 9.536 6.186 7.726

Ug 0.058 0.058 0.058 0.058 0.058 0.058 0.058

N, co1000H Us  gaa7 0132 gse0 00 49y 009 g5gpg 0082 54y, 002 44 0081 4ap6 0130
Ug 0.058 0.058 0.058 0.058 0.058 0.058 0.058
Ua 0.000 0.027 0.073 0.000 0.000 0.064 0.000

N co3son 0000 ——— 3732 ——— 28% ——— 0000 ——— 0000 ——— 2454 ——w— 0000 ——
Ug 0.058 0.058 0.058 0.058 0.058 0.058 0.058

B-14



Table B.14:

Raw data of the system parameters for experimental points presented in Figure B.1. Units are shown in Table B.1.

ID name 1.76 1.81 1.82 1.83 1.84 190 191
Uy 0691 0.008 0744 0.009 0749 0.010 0719 0.009 0.685 0.008 0745 0.009 0719 0.011
Teomp,co1400H Ug : 0.015 ) 0.017 : 0.017 : 0.016 : 0.015 : 0.017 : 0.017
Nomcowoon A 0541 000 - gg9s 0008 - ggp 0008 g5 0008 ggpy 0008 g3 0008 g5y 0008
Ug 0.020 0.016 0.019 0.019 0.021 0.020 0.021
Ua 0.000 0.008 0.008 0.000 0.000 0.008 0.000
Tloomp, CD380H 0000 ———— 053 ———— 052 —— 0000 —— 0000 —— 0570 ———— 0000 ———
Ug 0.000 0.015 0.017 0.000 0.000 0.018 0.000
Ua 0.006 0.005 0.005 0.006 0.006 0.005 0.007
MNeomp,overall 0644 ————— 0630 ———— 0665 ———— 0658 ———— 0647 ——— 0674 ———— 0668 —————
Ug 0.012 0.010 0.010 0.012 0.012 0.011 0.013
Tvol,cD1400H Ua ogag 000 gy 00 gy 0009 g5 0008 g4y 0006 g5 0006 g7 0009
Ug 0.021 0.023 0.023 0.022 0.022 0.023 0.023
Ua 0.014 0.004 0.010 0.009 0.005 0.005 0.018
Tvol, CD1000H 0691 ——— 0788 ———— 078 ———— 0733 ——— 0705 ————— 0798 ———— 0749 ————
’ Ug 0.009 0.010 0.010 0.009 0.009 0.010 0.009
Ua 0.000 0.004 0.010 0.000 0.000 0.005 0.000
Mol CD380H 0000 —— 0767 —— 0771 ——_ 0000 —— 0000 ——— 078 ——— 0000 —
’ Ug 0.000 0.010 0.010 0.000 0.000 0.010 0.000
Ua 0.006 0.004 0.006 0.006 0.004 0.003 0.009
Tlvoloverall Ug 0.779 0.006 0.807 0.004 0.820 0.006 0.805 0.006 0.793 0.004 0.833 0.003 0.819 0.009
u 0.124 0.039 0.048 0.133 0.025 0.049 0.057
T A 15183 ___"° 15460 ____ 15053 ___ 15144 __ " 15066 __ 15122 ____ 15202 __ "
Ug 0.434 0.436 0.433 0.434 0.433 0.434 0.434
u 0.058 0.043 0.031 0.073 0.038 0.034 0.068
Teq A 2880 "~ 265 2349 __ "~ 233 ____ "~ 2721 o~ 2131 __ "~ 2347 ______
Ug 0.363 0.362 0.360 0.360 0.362 0.359 0.360
Ua 0.018 0.029 0.018 0.026 0.019 0.018 0.018
Mgl evap 50426 _______ 49.671 _____ 49691 _______ 49632 _____ 4988 _____ 48987 _______ 48968 ________
Ug 0.116 0.115 0.115 0.115 0.115 0.113 0.113
Ua 0.047 0.037 0.045 0.071 0.063 0.031 0.075
M o2, co1400H 9208 _____ 5190 ______ 6480 ___ 8373 ____ 9361 _____ 683 ___~_ 8371 _____~
Ug 0.231 0.076 0.116 0.192 0.239 0.130 0.192
Ua 0.093 0.044 0.078 0.078 0.024 0.035 0.124
M o2, co1000H 502 —— 693% ———— 5808 —— 6011 — 4351 —— 5341 ——— 5407 —————
Ug 0.065 0.110 0.079 0.086 0.048 0.068 0.070
Ua 0.000 0.023 0.040 0.000 0.000 0.018 0.000
Moz, cp3soH 0.000 3.638 3.045 0.000 0.000 2.808 0.000
Ug 0.000 0.059 0.042 0.000 0.000 0.036 0.000
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Table B.15:

Raw data of the system parameters for experimental points presented in Figure B.1. Units are shown in Table B.1.

ID name 2.1 2.2 2.3 2.4 2.5 2.9 2_10 2_11 212
u 0.079 0.160 0.050 0.033 0.064 0.037 0.076 0.028 0.099
Te A 36213 "~ 35872 36169 — 36074 — 36022 — 33899 — 34135 ____ 33934 " 34016 —
Ug 0.555 0.554 0.555 0.555 0.554 0.542 0.543 0.542 0.543
Ua 0.025 0.104 0.027 0.014 0.028 0.033 0.047 0.016 0.051
Ty 12.2006 ———— 12.035 ————— 12.044 ———— 12.069 ———— 12.006 ———— 12.152 ———— 11.982 ———— 11.780 ———— 12.080 ——
Us 0.417 0.416 0.416 0.416 0.416 0.417 0.416 0.414 0.416
Ua 0.301 0.301 0.301 0.301 0.300 0.301 0.301 0.300 0.300
Tomt Us 0045 ——=o>— 0036 — oo 0038 — -~ 0018 —7oo— 0038 —_o— 0042 ———— 0038 — o 0036 — o — 0047 —T o
u 0.200 0.220 0.237 0.291 0.238 0.207 0.402 0.182 0.314
Pec A 83525 " 83363 — 83619 — 83749 " 83515 —____  79.007 —__ 79.660 — _— 79.264 —_____ 79.475
Ug 0.289 0.289 0.290 0.290 0.289 0.274 0.276 0.275 0.275
Ua 0.066 0.104 0.067 0.106 0.082 0.090 0.134 0.083 0.069
Prec U 30.263 — 7oz 31.952 —gooo— 34.229 — 5o 35.957 — o= 38.057 —ooo— 30.231 ——oe— 31.895 ——oo— 34.205 ——o— 35.992 — oo
u 0.045 0.037 0.039 0.020 0.047 0.038 0.038 0.040 0.046
Po.mT A 28137 28047 28133 _____ 28069 ______ 28017 ______ 28086 _______ 28.050 ______ 28019 ______ 28021 ______
Ug 0.097 0.097 0.097 0.097 0.097 0.097 0.097 0.097 0.097
Ua 0.080 0.110 0.078 0.108 0.094 0.098 0.139 0.092 0.083
Pyt 2127 —— 3905 —— 6.097 ——— 7.887 ——— 10.040 ——— 2145 ———— 3845 —— 6186 — 7.972 ——
Us 0.143 0.147 0.153 0.158 0.164 0.143 0.147 0.153 0.158
T U 20.631 —2877 50631 —2577 g3 0882 op 05 0882 on 0 088 o060 2038 15760 2038 19760 2038 19760 2038
ambient Ug : 0.466 . 0.466 : 0.464 : 0.464 : 0.464 : 0.460 : 0.460 : 0.460 : 0.460
Ua 0.017 0.025 0.016 0.024 0.022 0.015 0.025 0.018 0.023
cop 2048 7 2202 7 2240 2309 ___~ 2349 __°° 2335 ___~ 2394 __ 249 ______ 2533 ___ "
Ug 0.018 0.021 0.022 0.023 0.024 0.022 0.023 0.025 0.025
Un 0.001 0.002 0.002 0.003 0.003 0.000 0.001 0.001 0.001
Mex 0100 ——— 0107 ——— 0107 ——— 0109 —— 0111 —— 0106 —— 0110 —— 0116 —— 0115 —
Ug 0.001 0.001 0.001 0.002 0.002 0.001 0.001 0.002 0.002
Ua 0.024 0.030 0.023 0.022 0.023 0.025 0.030 0.031 0.040
Qevap 41151 "~ 39556 —_ 39677 39284 __ " 38969 "~ 3987 "~ 39787 "~ 39563 ____ 39535 ___
Ug 0.192 0.186 0.186 0.185 0.183 0.187 0.186 0.185 0.185
Ua 0.086 0.075 0.106 0.136 0.126 0.074 0.060 0.083 0.103
Ne),co1400H 11.354 11,081 "~ 11493 " 11624 "~ 11.809 — " 10288 —_ " 10.593 — 10.755 —_—  11.036 —
Ug 0.131 0.128 0.133 0.134 0.136 0.119 0.122 0.124 0.127
Ua 0.097 0.188 0.067 0.109 0.094 0.083 0.164 0.079 0.096
Nei,co1000H 5516 — " 6885 6223 538 _—__ 4778 " 6770 —_— 6024 " 5097 " 4574 "
Ug 0.064 0.079 0.072 0.062 0.055 0.078 0.070 0.059 0.053
Ua 0.102 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ne, co3soH 3222 ——— 0.000 —— 0.000 —— 0.000 —— 0.000 —— 0.000 ——— 0.000 ——— 0.000 ——— 0.000 ———
Ug 0.037 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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Table B.16:

Raw data of the system parameters for experimental points presented in Figure B.1. Units are shown in Table B.1.

ID name 2.1 2.2 2.3 2.4 2.5 2.9 210 211 212
Ua 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008
Mcomp, CD1400H 0695 ——— 0700 ——— 069% —— 069 —— 0683 —— 0709 ——— 0702 —— 0697 —— 0690 —
Us 0.013 0.014 0.013 0.013 0.013 0.014 0.014 0.014 0.014
u 0.010 0.009 0.009 0.011 0.010 0.009 0.010 0.010 0.010
Tcomp,CD1000H A 0711 —— 0664 ——— 0681 —— 0702 —— 0711 ——— 065 ——— 068 —_— 0708 ——— 0715 —
Ug 0.016 0.016 0.019 0.022 0.025 0.015 0.017 0.021 0.023
u 0.009 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Tcomp,CD380H A 0637 —— 0000 ———— 0000 ——— 0000 ——— 0000 ——— 0000 —— 0000 ——— 0000 ——— 0.000 —
Ug 0.014 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ua 0.005 0.006 0.006 0.007 0.006 0.006 0.006 0.006 0.006
Neomp,overal 0690 —— 0686 —— 0690 —— 0.694 —— 0.691 —— 0.687 —— 0696 ——— 0700 —— 0.697 ———
Ug 0.009 0.010 0.011 0.011 0.012 0.010 0.011 0.011 0.012
Ua 0.814 0.005 0.817 0.004 0.816 0.005 0.811 0.004 0.807 0.004 0.834 0.005 0.827 0.004 0.825 0.004 0.820 0.005
Tlvol,co1400H Us : 0.021 ) 0.021 ) 0.021 : 0.020 ) 0.020 : 0.021 ) 0.021 : 0.021 : 0.021
Ua 0.009 0.016 0.006 0.012 0.007 0.007 0.018 0.008 0.008
Tvol CD1000H 0815 —— 079% —— 080 ———— 085 ——— 08% — 079 ——— 0819 —— 08339 — 0845 —
’ Ug 0.011 0.010 0.011 0.011 0.012 0.010 0.011 0.011 0.011
Ua 0.009 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Tvol,cD380H 0788 ——_ 0000 ——— 0000 ——— 0000 ——— 0000 ———— 0000 ———— 0000 ———— 0000 ——— 0000 ——
' Ug 0.011 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ua 0.004 0.007 0.004 0.005 0.003 0.004 0.007 0.004 0.004
Tlvol overall Ug 0810 —5g1p 0808 —hop3— 0814 —5gp— 081 —5is— 0818 —45io— 0817 g3~ 0824 574 0830 —535 0829 —45s
u 0.028 0.098 0.024 0.016 0.025 0.032 0.045 0.020 0.050
Tss A 12380 12201 12195 12,213 12,161 _____ 12316 _____ 12,168 ______ 11.976 _____ 12.276 ______
Ug 0.418 0.417 0.417 0.417 0.417 0.418 0.417 0.416 0.417
Ua 0.035 0.108 0.028 0.027 0.028 0.054 0.048 0.034 0.048
Tss 1596 —_——  1.837 ——__ 1.820 —_ 1938 1970 — 1807 — 1663 — 1521 " 1.838
Ug 0.356 0.357 0.357 0.358 0.358 0.357 0.356 0.355 0.357
Ua 0.015 0.016 0.015 0.015 0.016 0.016 0.020 0.021 0.027
Mg evap 51776 —___— 51,783 51,887 "~ 51.869 " 51878 51413 __ "~ 51,396 ___ 51,358 __ "~ 51,388 "
Us 0.120 0.120 0.120 0.120 0.120 0.119 0.119 0.119 0.119
Ua 0.055 0.043 0.056 0.038 0.043 0.052 0.036 0.043 0.055
Mco2,co1400H 8907 — — 8745 — — 8958 — 9007 —— 9106 — — 868 — 878 — 8909 — — 9055 —
Ug 0.213 0.205 0.216 0.218 0.222 0.204 0.208 0.214 0.221
Ua 0.052 0.146 0.053 0.103 0.052 0.057 0.145 0.057 0.053
M co2,cp1000H 5036 — "~ 6437 "~ 6512 "~ 6194 " 6055 — "~ 6220 —"° 6094 " 5890 " 5730 —
Ug 0.061 0.099 0.105 0.098 0.096 0.091 0.089 0.086 0.084
Ua 0.025 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Moz, cp3soH 2600 ——— 0.000 ——— 0.000 ———— 0.000 ——— 0.000 ——— 0.000 ——— 0.000 ——— 0.000 ——— 0.000 ——
Ug 0.032 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000




Table B.17:

Raw data of the system parameters for experimental points presented in Figure B.1. Units are shown in Table B.1.

ID name 2 14 215 2 16 2 17 2 18 2 19 221 2.2 223
Us 0.060 0.039 0.053 0.079 0.060 0.093 0.085 0.131 0.080

T, 33.963 — — 33919 — 33892 — 32133 — 3188 — — 32121 ——— 31957 ——— 32.061 ———— 32.115 ——
Us 0.542 0.542 0.542 0.532 0.530 0.532 0.531 0.532 0.532

U, 0.034 0.013 0.038 0.038 0.015 0.065 0.037 0.095 0.047

To, 12.078 ——r 12,045 ——> 12122 ——" 12.066 ——o— 12.046 ——>— 11.946 —— > 12.030 —r— 11.955 ——> 11,899 — '
Us 0.416 0.416 0.416 0.416 0.416 0.415 0.416 0.415 0.415

Tom U 0012 %39 go021 %39 go0ss %30 gos2 9390 o3z 9390 go1 939 a9 9301 ggsa 0301 g4y 0300
Uy 7.316 9.234 10.724 2771 20.755 1579 5.364 7.198 9.026

Py Us go023 %210 s9gaa 0191 gngrg 029 s5o9s 0236 5437 O191 g5y 0269 gpg5g 0309 5g0 0369 gg 359 0270
Uy 0.277 0.277 0277 0.261 0.259 0.262 0.262 0.263 0.265

P Ys  a0.006 %0% 4110 0093 aagsa 0085 35150 0071 3195 0081 34474 0075 3g0aa 0078 4p03s 0133 4y 1pa 0078
U, 0.139 0.146 0.153 0.104 0.111 0.118 0132 0.139 0.146

- Ys 28101 2019 5006 992 5007 _ %1% g000 _%%3 088 %03 5070 %02 5105 0929 5066 0090 5035 004
Uy 0.097 0.097 0.097 0.097 0.097 0.097 0.097 0.097 0.097

P Ys 11006 _%%%7 14015 %08 6047 0128 5450 0089 5535 008 oigp 0078 5939  008% 4ig69 0196 44086 00
U, 0.169 0.175 0.181 0142 0.147 0.153 0.164 0.169 0175

Us 0.038 0.038 0.111 0.743 0.743 0.743 0.743 0.092 0.092

Tomen  — 2 19.760 ———— 19.760 ———— 19.870 ———— 20.740 ————— 20.740 ————— 20.740 ———— 20.740 ——— 19.940 — —— 19.940 ———
Us 0.460 0.460 0.461 0.466 0.466 0.466 0.466 0.462 0.462

u 0.017 0.018 0.030 0.018 0.020 0.023 0.032 0.024 0.027

cop A 2529 o1 587 _DU° 2608 o0 2571 0 2705 o 2753 2 2764 oo 2785 oo a8 ol
Us 0.026 0.027 0.028 0.025 0.026 0.027 0.028 0.029 0.030

Us 0.001 0.002 0.004 0.002 0.003 0.004 0.004 0.002 0.004

Tlox 0111 — — 0114 "~ 0115 " 0128 - 0135 __ "~ 0137 " 0133 " 0126 — - 0128
Us 0.002 0.003 0.004 0.002 0.002 0.003 0.003 0.003 0.005

Quoy  —2 36708 2027 3637 0026 3557 0037 4hqp5 002 g5y 00D 59954 0026 553y 002 55597 0027 5456 0024
Us 0.174 0172 0172 0.191 0.189 0.187 0.176 0.174 0.171

u 0.066 0.078 0.136 0.087 0.077 0.076 0.091 0.084 0.094

Nocoraoon  —"— 10.629 "> 10738 _—'° 11.053 _-> 9934 __"°' 9917 __"'" 10160 '~ 9772 "~ 10020 " 10124
U, 0123 0124 0.128 0115 0115 0117 0113 0.116 0117

U 0.000 0.000 0.000 0.066 0.079 0.091 0.000 0.000 0.000

Necotooonr  —2— 0000 " 0000 _—— 0000 __ " 5988 __"> 5061 _'° 433 __°- 0000 __— 0000 - _ 0000
U, 0.000 0.000 0.000 0.069 0.058 0.050 0.000 0.000 0.000

Us 0.068 0.061 0.080 0.000 0.000 0.000 0.126 0.076 0.076

Ne, cosson 3888 — 3304 — 2850 ——— 0000 —— 0000 ——— 0000 —— 3727 ———— 3227 —— 2680 —
Us 0.045 0.038 0.033 0.000 0.000 0.000 0.043 0.037 0.031




Table B.18:

Raw data of the system parameters for experimental points presented in Figure B.1. Units are shown in Table B.1.

ID name 214 215 216 217 218 219 22 2.2 223
U, 0.008 0.008 0.008 0.009 0.008 0.008 0.009 0.008 0.008

M comp,CD1400H 072 ———— 0699 —— 0691 —— 0702 ——— 0702 —— 0698 —— 0707 ——— 0703 ——— 0702 ——
Ug 0.014 0.014 0.014 0.014 0.014 0.014 0.015 0.014 0.014

Un 0.000 0.000 0.000 0.009 0.010 0.010 0.000 0.000 0.000

Mcomp,CD1000H 0.000 ———— 0.000 ———— 0.000 ———— 0.676 ————— 0.706 ———— 0.718 ——— 0.000 ———— 0.000 ———— 0.000 —————
Ug 0.000 0.000 0.000 0.016 0.019 0.022 0.000 0.000 0.000

Us  ysep 0008 . 0009 . 0009 . 00O . 0000 . 0000 . . 0008 . . 0009 . 0009

Tlcomp,co3soH "y : 0.024 : 0.029 ) 0.035 ) 0.000 ) 0.000 ) 0.000 : 0.022 : 0.027 : 0.033
oo vt Up  geeq 0006 . 0006 ., 0006 . 0006 .. 0006 ., 0006 . . 0006 ., 0006 .. 0006
' Uy 0.010 0.010 0.011 0.011 0.011 0.012 0.010 0.010 0.011
Moot 2 0827 0% ogag 0004 ggyg 0009 g35 0003 gy 0003 g3 0004 g3 0004 g3y 0006 g35 0006
Ug 0.021 0.021 0.021 0.021 0.021 0.021 0.021 0.021 0.021

U, 0.000 0.000 0.000 0.005 0.009 0.010 0.000 0.000 0.000

Tvol,co1000H 0.000 ——— 0.000 ——— 0.000 ——— 0820 ——— 0.845 ——— 0.855 ——— 0.000 ——— 0.000 ——— 0.000 ————
Ug 0.000 0.000 0.000 0.010 0.011 0.011 0.000 0.000 0.000

Uy 0.004 0.005 0.009 0.000 0.000 0.000 0.012 0.012

0792 ———— 0814 ———— 0.823 ———— 0000 ——— 0.000 ——— 0.000 ———— 0794 0018 0818 —— 0.830 ———

Thvolcosgor 73 0.011 0.012 0.012 0.000 0.000 0.000 0.011 0.012
Uy 0.003 0.003 0.007 0.003 0.004 0.004 0.003 0.005 0.004

0814 ——— 082 ———— 0821 ——— 0829 ——— 0840 ——— 0841 ——— 0823 ———— 0830 ——— 0833 ——

Mvoloverall ) 0.015 0.016 0.017 0.014 0.015 0.015 0.015 0.016 0.017
U, 0.034 0.013 0.037 0.037 0.011 0.062 0.034 0.091 0.045

Tss 12286 — 12258 — 12294 — 12225 — 12206 — __ 12114 — 12206 —— 12126 — _ 12.074 —

Ug 0.417 0.417 0.417 0.417 0.417 0.416 0.417 0.416 0.416

U, 0.032 0.034 0.062 0.041 0.026 0.045 0.036 0.080 0.054

Tsq 2608 ——— 2679 ——— 2748 —— 1355 —— 1431 ——— 1507 ——— 2311 —— 2345 ——— 2496 ——
Ug 0.361 0.362 0.362 0.354 0.355 0.355 0.360 0.360 0.361

Myes  —A 51429 2020 55459 0019 gy 4gq 0027 gy 450 0016 gy pg 0016 gy 05y 0016 g4 0017 gy 4pp OOV gy 45, 0017

’ Ug 0.119 0.119 0.119 0.118 0.118 0.118 0.118 0.118 0.118

Uy 0.034 0.044 0.096 0.043 0.035 0.040 0.036 0.063 0.056

Mco2,co1400H 8808 __ 8897 ___ " 902 ___~ 8793 ___ - 8853 ___~ 8923 ___ 8731 ____~ 8844 __ "~ 8841 __
Ug 0.209 0.214 0.219 0.209 0.212 0.215 0.206 0.212 0.212

U 0.000 0.000 0.000 0.041 0.060 0.062 0.000 0.000 0.000

Mco2,Cb1000H 0.000 —— 0.000 ——— 0.000 ——— 5946 ——— 5695 ——— 5442 ——— 0.000 —— 0.000 ——— 0.000 ————
Ug 0.000 0.000 0.000 0.082 0.078 0.074 0.000 0.000 0.000

U 0.008 0.007 0.006 0.000 0.000 0.000 0.017 0.013 0.009

Mcoa, co3son 4698 ——— 4528 ——— 4267 ——— 0000 ——— 0000 ——— 0000 ——— 452 —— 439% —— 4041 ——
Uy 0.042 0.043 0.042 0.000 0.000 0.000 0.036 0.037 0.035
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Table B.19:

Raw data of the system parameters for experimental points presented in Figure B.1. Units are shown in Table B.1.

ID name 2 24 225 226 228 229 230 2 33 235 236
Us 0.085 0.101 0.136 0.043 0.085 0.109 0.079 0.056 0.155
T, 32.121 29.804 29927 —— " 29.902 ———_ 30.078 ——— 30.113 — - 27.854 — ——_ 28.056 — —— 28.076 —
Us 0.532 0.518 0.519 0.519 0.520 0.520 0.507 0.508 0.509
Un 0.043 0.041 0.058 0.014 0.058 0.069 0.103 0.057 0.079
o1 11.976 12.182 12.079 ——2° 11,868 ————— 11.824 ———— 11.995 ———— 11.895 —— 11.865 — o 12.083 —
Uy 0.416 0.417 0.416 0.415 0.415 0.416 0.415 0.415 0.416
u 0.301 0.301 0.301 0.301 0.300 0.301 0.301 0.300 0.301
Towr —A_ 0028 0.046 0025 07 0029 S0 0051 S 0067 - 0059 - 0032 o 0034 o
Uy 10.769 2675 20.655 3.281 5.261 7.193 2.707 1552 3.39
U 0.288 0.302 0.355 0.189 0.313 0.392 0.219 0.196 0.337
Py 76.205 70.401 70.596 ——— 71.001 ——— 71.674 ———— 71.692 ——— 66.770 ——— 67.232 ———— 67.248 ————
Us 0.264 0.244 0.245 0.246 0.248 0.248 0.231 0.233 0.233
U, 0.061 0.081 0.083 0.071 0.087 0.070 0.086 0.083 0.056
P 44.055 30.162 31,965 — - 35888 ——— 37.976 ——— 39.969 ——— >~ 30,112 ———— 34123 ——o 35929 ——>_
Uy 0.153 0.104 0.111 0.124 0.132 0.138 0.104 0.118 0.124
Por 22 28124 _ %031 ogq33 004 55051 0030 sg0gn 99% 5039 0055 5076 9001 5102 00 g o9 0033 55076 0033
Uy 0.097 0.097 0.097 0.097 0.097 0.097 0.097 0.097 0.097
Uy 0.068 0.093 0.088 0.076 0.104 0.093 0.097 0.089 0.065
Pir 15.931 2.028 3914 0 7806 0 9937 " 11894 > 2011 7' 6094 > 7853 >
Uy 0.181 0.143 0.147 0.158 0.164 0.169 0.143 0.153 0.158
Topen —22 19020 %992 19499 0050 5450, 0015 5550, 0015 55900 0015 n 700 0015 5g345 0013 g 345 0013 55345 0013
Uy 0.462 0.462 0.466 0.466 0.466 0.466 0.464 0.464 0.464
cop O o843 0028 544 0027 54q 0026 559 0015 505y 0027 5400 0032 555 0024 55 0031 55, 0028
Uy 0.030 0.029 0.030 0.030 0.032 0.033 0.032 0.033 0.034
N A g1y 9004 gq3g 0001 44y 0002 4, 0001 g5 0003 550 0005 gggg 0002 4 5g 0003 45 0003
Uy 0.005 0.002 0.003 0.004 0.005 0.006 0.003 0.004 0.005
Quay 2 35761 _ 292 40750 002 40766 202 35341 0020 37993 0026 37447 0027 45365 0033 35799 0022 354y 0029
Uy 0.170 0.190 0.190 0.180 0.178 0.177 0.188 0.181 0.182
Necomoon A 10,181 _ 209 gg77 0089 9353 0090 g33 0045 4395 0081 g5, 0108 gy, 0080 ggi3 0064 g4y 0082
Uy 0.118 0.105 0.108 0.105 0.108 0.110 0.098 0.098 0.100
Neicorooon —2 0.000 0% 4764 _010% 4576 007 4000 0% 00 %00 gooo 900 4048 0088 gopp 2000 e 200
Uy 0.000 0.055 0.049 0.000 0.000 0.000 0.047 0.000 0.000
Uy 0.085 0.000 0.000 0.043 0.072 0.069 0.000 0.090 0.051
Ne, cosson 2.400 0.000 0000 ——— 3535 ——— 3013 —— 2596 ——— 0000 ——— 3350 ——— 2922 ——
0.028 0.000 0.000 0.041 0.035 0.030 0.000 0.039 0.034
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Table B.20:

Raw data of the system parameters for experimental points presented in Figure B.1. Units are shown in Table B.1.

ID name 2 24 225 2.26 2 28 229 230 233 235 236
Uy 0.008 0.008 0.008 0.008 0.008 0.008 0.009 0.008 0.008
Thoomp,C01400H 0700 —— 0706 —— 0700 —— 0707 ——1 0703 ——10 0700 —— 0711 ——— 0710 —— 0705 ——
Us 0.014 0.015 0.015 0.015 0.015 0.015 0.016 0.016 0.016
u 0.000 0.009 0.009 0.000 0.000 0.000 0.010 0.000 0.000
Neomp,cot000H —— 0.000 ———_ 0701 —— _ 0708 ———_ 0000 ——— 0000 ——— 0000 ——— 0706 ———— 0000 ——_ 0000 —
Us 0.000 0.018 0.020 0.000 0.000 0.000 0.019 0.000 0.000
u 0.010 0.000 0.000 0.007 0.008 0.008 0.000 0.007 0.008
Neomp,coss0n  —— 0599 ———_ 0000 ——_ 0000 ——_ 055/ ——_ 0587 ——_ 0598 ———_ 0000 ——— 0560 — — 0580 —
Us 0.039 0.000 0.000 0.021 0.026 0.031 0.000 0.020 0.024
Uy 0.006 0.006 0.006 0.006 0.006 0.006 0.007 0.006 0.006
Neomp,overal 0681 _—° 0704 " 0703 __—° 0665 " 0675 0678 " 0709 ' 0667 ———_ 0674
Us 0.011 0.012 0.012 0.010 0.011 0.011 0.012 0.011 0.011
Neorcotaoon A 0835 00 ggag 0006 ggug 0005 gghg 0008 ggg 0005 gy 0006 g5 0007 ggsg 000 g5y 0006
Us 0.021 0.022 0.022 0.022 0.022 0.022 0.022 0.022 0.022
Moot 2 0000 200 g4 0012 53 0008 5n00 0000 5509 0000 g0 200 ggse 0008 gg00 000 e 2000
Uy 0.000 0.011 0.011 0.000 0.000 0.000 0.011 0.000 0.000
u 0.009 0.000 0.000 0.004 0.015 0.007 0.000 0.014 0.008
Nvoosgon  —— 0831 ———_ 0000 ——— 0000 ——— 0799 ——— 0823 ——— 0834 — 0000 —— 0805 —— 0824 ——_
: Us 0.012 0.000 0.000 0.011 0.011 0.012 0.000 0.011 0.011
u 0.004 0.006 0.005 0.003 0.004 0.004 0.005 0.004 0.004
Mvoloverl  —— 0834 ———_ 0848 ——— 0848 ——— 0832 ——— 0838 — 0841 —— 080 —— 0841 — — 0846 —
' Us 0.017 0.015 0.015 0.015 0.016 0.017 0.015 0.016 0.016
Uy 0.042 0.048 0.056 0.014 0.058 0.066 0.099 0.054 0.082
Tes 12151 7C 12363 ——° 12237 2 12.045 " 11.997 2> 12168 > 12.055 __°  12.062 >~ 12273 -
Uy 0.417 0.418 0.417 0.416 0.416 0.417 0.416 0.416 0.417
Uy 0.021 0.047 0.044 0.029 0.038 0.059 0.094 0.034 0.056
Tea 2669 - 1438 "' 1208 """ 1812 "7 1855 __"°° 2109 "> 1137 ' 1606 ' 1770 >
Uy 0.362 0.355 0.354 0357 0.357 0.359 0.353 0.356 0.357
u 0.018 0.016 0.018 0.016 0.018 0.018 0.019 0.016 0.018
My evap A 51147 _° 50614 > 50578 ___° 50707 __—> 50747 ___"° 50768 __—° 50191 _~ _ 50.239 50155
Us 0.118 0.117 0.117 0.117 0.117 0.117 0.116 0.116 0.116
u 0.053 0.059 0.054 0.040 0.047 0.056 0.063 0.047 0.055
Mcos,comoon —"— 8.928 — > 8735 "> 8910 ' 8732 ____ 8837 ' 8942 > 868 - 8663 8823 >
Us 0216 0.207 0216 0.207 0212 0217 0.206 0.205 0213
u 0.000 0.071 0.048 0.000 0.000 0.000 0.040 0.000 0.000
Mcos.coooon —— 0000 ——— 5351 "~ 5294 " 0000 —— 0000 —— 0000 —— 4975 —__ 0000 —— —_ 0000 —
Us 0.000 0.067 0.068 0.000 0.000 0.000 0.058 0.000 0.000
Uy 0.007 0.000 0.000 0.003 0.009 0.003 0.000 0.006 0.004
Moy, cosson 3917 ——— 0000 —— 0000 —— 4284 ——— 4125 ———— 3972 ——— 0000 —— 4077 —— 3997 ——
Us 0.037 0.000 0.000 0.030 0.030 0.031 0.000 0.025 0.026
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Table B.21:

Raw data of the system parameters for experimental points presented in Figure B.1. Units are shown in Table B.1.

ID name 2 37 2 49 2_50 2 51 257 258 259 2 65 2_66
Un 0.060 0.050 0.200 0.137 0.040 0.160 0.067 0.095 0.053

Ts U 28214 — oo 35762~ 36.032 —To— 35.978 ~to = 34294 — o 34086 — o 33.978 —— 32190 — oo 32129 — oo
Ua 0.100 0.086 0.034 0.092 0.050 0.123 0.109 0.042 0.082

Ts 11.891 14860 — 14682 — 14679 — 15120 — 14836 — 14761 —__ 15196 — -~ 15164
Ug 0.415 0.432 0.431 0.431 0.434 0.432 0.432 0.434 0.434

Un 0.301 0.302 0.302 0.301 0.303 0.301 0.302 0.301 0.301

Tomr 0058 - 0032 ——°" 0046 — " 0057 ——_ 0031 ——— 005 ——__ 0070 —— " 0018 — 0041
Us 5.246 -2.653 -0.558 1.532 -2.571 -0.608 1.474 -2.523 -0.610

Un 0.301 0.198 0.454 0.406 0.188 0.291 0.198 0.260 0.292

Pec 67.650 ————— 82.853 ———— 83.670 ———— 83.649 ———— 79.823 ———— 79.697 ———— 79.496 ———— 75581 ———— 75.604 ————
Ug 0.234 0.287 0.290 0.290 0.277 0.276 0.275 0.262 0.262

Un 0.099 0.065 0.091 0.115 0.055 0.093 0.066 0.062 0.070

Prec 37.897 - 30115 - 32.066 —_____ 34090 _____ 30110 ___ 31958 ____—  33.975 ___ 30181 ____— _ 32.070 _______
Us 0.131 0.104 0.111 0.118 0.104 0.111 0.118 0.105 0.111

Un 0.054 0.028 0.039 0.045 0.021 0.047 0.059 0.015 0.043

Pomr 28.082 — 28303 — 28297 28122 28335 28125 28284 28099 — 28143
Ug 0.097 0.098 0.098 0.097 0.098 0.097 0.098 0.097 0.097

Un 0.113 0.071 0.099 0.123 0.059 0.105 0.089 0.064 0.082

Pirc 9816 ——— 1811 —— - 3770 ——— 5968 —— 1775 ——— 3833 — - 5691 —— 2082 ——— 3927 ——
Ug 0.163 0.143 0.148 0.153 0.143 0.147 0.153 0.143 0.148

Un 0.013 0.095 0.095 0.095 0.095 0.095 0.095 0.095 0.012

Tombient 20345 " 21.000 — " 21.000 — > 21.000 — > 21.000 ——— 21.000 — > 21.000 ——~_ 21.000 —~_ 20.870
Ug 0.464 0.468 0.468 0.468 0.468 0.468 0.468 0.468 0.467

Un 0.035 0.016 0.019 0.020 0.014 0.028 0.017 0.023 0.019

cop 3395 ———— 2081 ———— 2124 ————— 2237 ———— 2244 ————— 2380 ——— 2484 ———— 248 ——— 2631 ————
Ug 0.036 0.018 0.019 0.022 0.020 0.023 0.024 0.023 0.026

Un 0.006 0.000 0.000 0.001 0.000 0.001 0.001 0.001 0.001

Nex 0163 —_— 008 0091 —_— 0094 _—__ 009 0101 — " 0106 —— 0105 — 0110 —
Us 0.007 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.002

Un 0.032 0.036 0.030 0.047 0.029 0.046 0.055 0.037 0.052

Qevap 38253 - 45865 44941 __ " 43.474 " 46840 "~ 45103 —__  44.840 47170 — " 46.382 -
Us 0.180 0.212 0.208 0.202 0.216 0.209 0.208 0.217 0.214

U 0.076 0.084 0.092 0.123 0.070 0.109 0.091 0.121 0.105

N, cora00m A 8784 0 12737 " 12833 " 12720 ——" 12388 "~ 12164 12274 — " 11769 """ 11781 "
Ug 0.101 0.147 0.148 0.147 0.143 0.140 0.142 0.136 0.136

U 0.000 0.116 0.113 0.120 0.069 0.198 0.075 0.081 0.073

N, co1000H A 0000 —— 586 5234 - 6718 - 5373 ___~ 6787 —____ 5777 —___ 453 ______ 581 ___
Us 0.000 0.068 0.060 0.078 0.062 0.078 0.067 0.052 0.068

Un 0.087 0.094 0.113 0.000 0.089 0.000 0.000 0.099 0.000

Ny, co3son 2483 ——— 3413 ———— 3088 ——— 0000 —— 3110 ———— 0000 ——— 0.000 ——— 2702 ———— 0.000 ————
Ug 0.029 0.039 0.036 0.000 0.036 0.000 0.000 0.031 0.000
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Table B.22:

Raw data of the system parameters for experimental points presented in Figure B.1. Units are shown in Table B.1.

ID name 2 37 2 49 2.50 2 51 2 57 258 259 2 65 2 66
u 0.009 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008

Neomp,cotaoon —— 0705 ——— _ 0656 ——— 0657 —— 0662 ——— 0653 — — 0658 ——— 0655 065 — — 0652 —
Us 0.016 0.013 0.013 0.013 0.013 0.013 0.013 0.013 0.013

u 0.000 0.009 0.010 0.009 0.010 0.009 0.009 0.010 0.009

Neomp,cot00H —— 0000 ——— 0703 ——_ 0719 ———_ 0672 ————_ 0709 ——_ 0658 ———— 0693 —— 0718 ——_ 0682 —
Us 0.000 0.015 0.018 0.018 0.016 0.016 0.020 0.017 0.018

Uy gogs 0008 7 0005 . 0010 7 0000 = 0009 7 0000 = 0000 .~ 0008 = 0000

Mleomp,co380H 5 : 0.029 : 0.014 : 0.016 : 0.000 : 0.015 : 0.000 : 0.000 : 0.016 ‘ 0.000
Un 0.007 0.006 0.006 0.006 0.005 0.006 0.006 0.005 0.006

Neomp,overall 0680 — ' 0665 —_~_ 0670 —_~_ 0665 > 0665 - 0658 " 0667 — " 0667 ——— _ 0662
Us 0.012 0.009 0.009 0.010 0.009 0.010 0.011 0.009 0.011

Un 0.007 0.003 0.004 0.006 0.002 0.007 0.006 0.006 0.006

T 085 ' 0790 _ - 0789 ' 079% _—° 0793 - 0797 ' 079% __" 080 _——— 0801
Us 0.022 0.020 0.020 0.020 0.020 0.020 0.020 0.020 0.020

u 0.000 0.004 0.008 0.011 0.003 0.016 0.006 0.009 0.008

Mvoicoto0on —— 0000 ——— 0813 — 082% _—_— 088 —___ 085 ——— 0803 —__ 0831 _—___ 0840 0830 —
Us 0.000 0.010 0.011 0.011 0.011 0.010 0.011 0.011 0.011

Us 0.024 0.004 0.008 0.000 0.003 0.000 0.000 0.008 0.000

083 ——— 078 ——— 0801 ——— 0000 ——" 0799 ——=_ 0000 ———" 0000 —-" 0817 ——"_ 0000 ——

Thvolcoseor 73 0.011 0.011 0.011 0.000 0.011 0.000 0.000 0.011 0.000
Moot 2 0850 20 796 0002 g5 0003 ggog 0006 ggp3 0002 799 0007 - ggyg 0005 g3 0008 g, 0005
Us 0.017 0.012 0.013 0.014 0.012 0.013 0.014 0.013 0.014

Us 0.103 0.088 0.034 0.087 0.050 0.127 0.115 0.043 0.077

Tes 12122 - 14994 _—"°° 14823 "> 14815 ' 15263 > 15013 ' 14916 " 15343 "~ 15293 __''_
Us 0.416 0.433 0.432 0.432 0.435 0.433 0.433 0.435 0.435

Tes Us 1788 0072 5951 0085 5344 0031 543 00% 54, 0032 5430 0047 503 0133 5546 0040 5956 0057
Us 0.357 0.364 0.364 0.366 0.363 0.364 0.364 0.363 0.363

Myens 2 50226 20 51666 0020 51637 0018 5y ge5 0028 gy 35 0016 5555 0026 gy 356 0031 gpg50 0021 gpgeg 0029
Us 0.116 0.119 0.119 0.119 0.119 0.119 0.119 0.118 0.117

Us 0.064 0.035 0.044 0.077 0.030 0.084 0.078 0.075 0.072

Mcos,coraoon 8862 —— 9671 ——— 9645 — — 955 ——— 9777 — — 9624 — — 9764 ——— 9773 ——— 9815 —
Us 0.215 0.250 0.249 0.246 0.256 0.249 0.256 0.257 0.260

Us 0.000 0.024 0.047 0.118 0.018 0.156 0.051 0.041 0.069

Mo, co10000 0000 ——— 5295 ——— 515 ——— 6823 —— 5107 —— 6610 —— 6410 ——— 4715 —— 6271 ——
Us 0.000 0.067 0.065 0.114 0.062 0.104 0.101 0.053 0.094

Us 0.009 0.013 0.024 0.000 0.008 0.000 0.000 0.021 0.000

Mo, cosson 3783 —— 2732 ——— 2671 ———— 0000 —— 2645 ——— 0000 —— 0000 —— 2451 ———— 0000 —
0.026 0.035 0.034 0.000 0.032 0.000 0.000 0.028 0.000
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Table B.23:

Raw data of the system parameters for experimental points presented in Figure B.1. Units are shown in Table B.1.

ID name 267 2.73 2. 74 275 2.76 281 2.82
Uy 0.143 0.072 0.035 0.061 0.158 0.093 0.135
Ts U, 32.188 055 30.182 0521 30.204 051 29.953 0515 29.904 0515 28.037 0508 28.190 0505
Uy 0.080 0.036 0.065 0.237 0.048 0.113 0.104
Ts 14969 1496 —__ 15004 — 15058 _— "~ 1486 —__ 14951 — """ 14909 — "
Ug 0.433 0.433 0.433 0.433 0.432 0.433 0.432
Uy 0.302 0.300 0.301 0.300 0.301 0.300 0.301
T 0029 ———— 0046 ——— 0033 ————— 0095 ——— 0036 ———— 0068 ————— 0062 ———
oMT Ug 1.697 -2.658 -0.666 1.456 3.550 -2.824 -0.737
U, 0.311 0.288 0.256 0.244 0.322 0.248 0.308
Pec 75.793 ————— 71.540 71.378 70.867 ———— 71.240 ————— 66.940 67.453
Ug 0.263 0.248 0.247 0.245 0.247 0.232 0.234
U, 0.125 0.048 0.069 0.071 0.143 0.078 0.075
Prec 34280 — " 30046 — 31945 " 34024 "~ 36352 "~ 29998 31981 "~
Uy 0.119 0.104 0.111 0.118 0.126 0.104 0.111
U, 0.023 0.047 0.035 0.083 0.036 0.061 0.052
Pomr 28302 ___ 28009 ___ " 28056 ____— = 28007 ___~ 28147 __" 27986 ____ 28126 _ -
Ug 0.098 0.097 0.097 0.097 0.098 0.097 0.097
Uy 0.127 0.067 0.077 0.109 0.147 0.099 0.092
P, 5978 ——=" 2037 ———— 389 ———— 6017 ———— 8205 ——— 2012 ———— 385 ———
it U, 0.154 0.142 0.147 0.153 0.159 0.142 0.148
Tombient Y 0870 %912 0870 0012 ng70 %012 5870 %012 yp506 0038 0870 0012 5pq95 0012
Ug 0.467 0.467 0.467 0.467 0.465 0.467 0.469
U, 0.033 0.030 0.020 0.029 0.035 0.056 0.053
cop 2708 —— 284 — 293} — 3040 ———— 3010 ——— 3219 —— 3317 —
Ug 0.027 0.028 0.029 0.031 0.030 0.032 0.033
U, 0.002 0.001 0.001 0.002 0.002 0.003 0.004
Nex 014 ——— 0120 ———— 0124 ——— 0128 ———— 0119 ———— 0140 ——— 0146 ——— —
Ug 0.002 0.002 0.002 0.003 0.003 0.003 0.004
U, 0.032 0.036 0.030 0.050 0.033 0.045 0.040
Qevap 45409 " 46413 """ 46185 ___ "~ 46091 ___" 42547 ___ " 47275 "~ 46020 —
Ug 0.210 0.214 0.213 0.213 0.198 0.217 0.212
Uy 0.147 0.159 0.084 0.124 0.155 0.239 0.203
Nej cor400H 11.754 ———— 10.786 10.864 11.069 —— 10284 —— 10.111 9.99
Ug 0.136 0.125 0.125 0.128 0.119 0.117 0.115
U, 0.140 0.069 0.063 0.072 0.000 0.085 0.086
N} co1000H 504 _ " 5533 __ - 4874 ____ "~ 4092 __° 0000 _—_ 4573 ___ - 3877 _ "
Ug 0.058 0.064 0.056 0.047 0.000 0.053 0.045
U, 0.000 0.000 0.000 0.000 0.049 0.000 0.000
Ny co3son 0.000 0.000 0.000 0.000 3.850 ——— 0.000 0.000
Ug 0.000 0.000 0.000 0.000 0.044 0.000 0.000
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Table B.24:

Raw data of the system parameters for experimental points presented in Figure B.1. Units are shown in Table B.1.

ID name 267 273 2 74 275 2 76 2.81 2.82
u 0.008 0.008 0.008 0.007 0.008 0.010 0.008

MNecomp, CD1400H A 065 _— 0662 ____ 0662 __ 0652 _ " 0680 " 0663 _— ' 0667 _—
Ug 0.013 0.014 0.014 0.014 0.014 0.015 0.015
u 0.011 0.009 0.010 0.010 0.000 0.009 0.010

Thcomp, C01000H A 0707 ——— 0683 ——— 0703 —— 0713 —— 0000 ——— 072 ——— 0717 —
Ug 0.021 0.017 0.019 0.023 0.000 0.018 0.021

Neompcosson A~ 0000 0% gg09 0000 550 0000 gnep 0000 g3 0009 5500 0000 0 ggpp 0000
Ug 0.000 0.000 0.000 0.000 0.020 0.000 0.000

Neompovernt A 0671 9% g9 0006 - ggp5 0006 5559 0006 geg 00 ggp5 0007 gy 0007
Ug 0.011 0.011 0.011 0.012 0.010 0.012 0.012
U 0.805 0.008 0.815 0.005 0.818 0.004 0.811 0.010 0.833 0.005 0.877 0.006 0.831 0.005
Tlvol, c1400H Ug ) 0.020 ' 0.021 : 0.021 ) 0.021 ) 0.021 ) 0.021 ) 0.021
Un 0.019 0.006 0.007 0.011 0.000 0.009 0.009

Tlvol, CD1000H 0851 —— 084 —— 083 ——— 084 —— 0000 —— 088 —— 0871 ———
’ Ug 0.011 0.010 0.011 0.011 0.000 0.011 0.011
Un 0.000 0.000 0.000 0.000 0.006 0.000 0.000

Tvol CD380H 0000 —— 0000 ——m— 000 ———Hn08 000 —— 0789 ——— 000 ——— 0000 ———
' Ug 0.000 0.000 0.000 0.000 0.011 0.000 0.000
Un 0.008 0.004 0.003 0.008 0.004 0.005 0.005

Nvol overal 082 ——_ 082 ——_ 081 —— _ 089 ——_ 089 ——_ 088 —— 084 _—— —
' Ug 0.015 0.014 0.015 0.016 0.015 0.015 0.016
Un 0.076 0.033 0.066 0.240 0.050 0.115 0.103

Tes 15.098 —— 15183 ——— 15147 —— 15194 ———— 15021 ——— 15123 ———— 15036 ——
Ug 0.434 0.434 0.434 0.434 0.433 0.434 0.433
U 0.032 0.038 0.048 0.124 0.043 0.065 0.108

Tss 302 —— - 27%¢ """ 2765 _—_ "  283%0 _ - 3644 _ 2280 ___ 2552 ___" "
Ug 0.364 0.362 0.362 0.363 0.367 0.360 0.361
u 0.018 0.020 0.016 0.022 0.020 0.023 0.020

Mgl evap A 50881 ———— 50525 ———— 50478 ———— 50444 ——— _ 50588 ———— 49832 ——— — 49.897 ———
' Ug 0.118 0.117 0.117 0.116 0.117 0.115 0.115
Un 0.099 0.058 0.043 0.127 0.058 0.080 0.064

Mc02,co1400H 9857 - 9639 "~ 9729 _ " 9871 _ """ 949 _ "~ 9737 ___~—" = 9723 _"
Ug 0.262 0.251 0.257 0.264 0.246 0.258 0.257
Un 0.146 0.045 0.051 0.071 0.000 0.052 0.047

Mc02,co1000H 6111 —__ 5831 _——___ 5785 _—_~_ 5517 —__ _ 0000 —— 539 " 5115 "
Ug 0.092 0.079 0.080 0.075 0.000 0.068 0.063
Un 0.000 0.000 0.000 0.000 0.012 0.000 0.000

Mco2,co380H 0.000 0.000 0.000 0.000 4.530 0000 ——— 0000 ———
Ug 0.000 0.000 0.000 0.000 0.033 0.000 0.000
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Table B.25:

Raw data of the system parameters for experimental points presented in Figure B.1. Units are shown in Table B.1.

ID name 2_84 285 289 2.91 2_92

V) 0.075 0.064 0.087 0.075 0.092

Ts A 28.074 27.850 26.052 25.750 26.020
Ug 0.508 0.507 0.497 0.495 0.497
Ua 0.054 0.047 0.080 0.066 0.040

Tsy 15.108 15.036 15.181 14.885 14.876
Ug 0.434 0.433 0.434 0.432 0.432
Ua 0.301 0.301 0.301 0.300 0.301

TomT 0.059 0.061 0.045 0.030 0.037
Ug 3.415 5.299 -2.873 1.361 3.284
U 0.193 0.221 0.223 0.200 0.218

Pec 67.090 66.880 63.996 63.730 63.992
Ug 0.232 0.232 0.222 0.221 0.222
Prec Un 35.955 0.078 37.996 0.076 30.100 0.059 34.029 0.056 35.969 0.032
Ug 0.125 0.132 0.104 0.118 0.125
Pomt Un 28.111 0.046 28.073 0.065 28.069 0.044 28.000 0.036 28.047 0.046
Up 0.097 0.097 0.097 0.097 0.097
Piee Un 7.844 0.091 9.923 0.100 2.031 0.073 6.029 0.067 7.922 0.056
Ug 0.158 0.164 0.143 0.153 0.158
Tambient Un 20.870 0.012 20.506 0.038 21.195 0.012 21.195 0.012 21.195 0.012
Ug 0.467 0.465 0.469 0.469 0.469
U 0.037 0.060 0.047 0.031 0.064

cop 3.347 3.431 3.575 3.684 3.704
Uy 0.034 0.036 0.036 0.038 0.039
Un 0.137 0.003 0.138 0.008 0.159 0.004 0.161 0.004 0.163 0.010
Mex Uy ) 0.004 ) 0.006 ) 0.004 ) 0.006 ) 0.007
Ua 0.040 0.036 0.040 0.036 0.036

Qevap 43.809 43.771 47.593 44.233 44.835
Ug 0.203 0.203 0.218 0.204 0.207
Ua 0.130 0.208 0.161 0.092 0.199

Ne cpi400H 9.827 10.095 9.566 9.160 9.532
Ug 0.113 0.117 0.110 0.106 0.110
U 0.000 0.000 0.067 0.000 0.000

Ne cb1000H 0.000 0.000 3.746 0.000 0.000
Up 0.000 0.000 0.043 0.000 0.000
U 0.063 0.075 0.000 0.037 0.061

Nei cp3goH 3.260 2.662 0.000 2.848 2.585
Ug 0.038 0.031 0.000 0.033 0.030
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Table B.26:  Raw data of the system parameters for experimental points presented in Figure B.1. Units are shown in Table B.1.

ID name 284 2 85 289 291 292
A 0672 0.008 0,665 0.008 0.663 0.008 0675 0.008 0.664 0.008
Tleomp,co1400H Ug : 0.015 : 0.015 ) 0.015 : 0.016 : 0.015
Un 0.000 0.000 0.009 0.000 0.000
Thcomp,CD1000H 0.000 - 0.000 - 0.716 - 0.000 - 0.000
Us 0.000 0.000 0.020 0.000 0.000
Ua 0.008 0.008 0.000 0.008 0.008
E— 0.563 e 0.593 _— 0.000 E— 0.589 e 0.595
eomp, cosgoH Ug 0.023 0.028 0.000 0.022 0.026
Un 0.006 0.006 0.006 0.006 0.006
Mlcomp,overall Ug 0.645 0.011 0.650 0.011 0678 0.012 0.655 0.012 0.650 0.012
Moo, co1400H Ua 0.836 _ 0005 0.831 _ 0006 0.834 _ 0005 0.844 _ 0003 0.837 0.004
Us 0.021 0.021 0.021 0.022 0.021
Un 0.000 0.000 0.007 0.000 0.000
MNvol C1000H 0.000 - 0.000 - 0.874 - 0.000 - 0.000
' Us 0.000 0.000 0.011 0.000 0.000
Un 0.008 0.011 0.000 0.004 0.006
—a 0.819 —_— 0.847 —_— 0.000 —_— 0.841 —_— 0.850
Tlvol cosgon Us 0.011 0.011 0.000 0.011 0.011
Un 0.831 0.004 0.835 0.005 0.847 0.004 0.843 0.002 0.840 0.003
Tlvol,overall Us : 0.016 ' 0.017 : 0.016 : 0.017 : 0.017
Tes Un 15068 00% q5qy5 008 g5 008 505 0071 4997 0.046
Us 0.435 0.434 0.435 0.433 0.433
Un 0.048 0.043 0.078 0.077 0.041
Tsa 3.365 S — 3.292 e — 2.169 e 2.834 e — 2.619
Us 0.366 0.365 0.359 0.363 0.362
m Ua ag.80a 0028 49830 00 ugqp 0020 4gqps 0020 4906 0.020
gl,evap
Us 0.115 0.115 0.113 0.113 0.113
Un 0.060 0.070 0.061 0.036 0.051
Mo Cb1400H 9.660 - 9.789 - 9.785 - 9.564 - 9.804
’ Us 0.255 0.261 0.261 0.250 0.262
Ua 0.000 0.000 0.033 0.000 0.000
Mo, 1000 0.000 _— 0.000 _— 4.856 _— 0.000 _— 0.000
Us 0.000 0.000 0.055 0.000 0.000
U 0.008 0.005 0.000 0.003 0.003
Mco2,co380H A 4.303 - 4.059 - 0.000 - 3.854 - 3.851
Us 0.030 0.029 0.000 0.022 0.024

B-27



B-28



	/
	Preface
	Abstract
	Streszczenie
	Contents
	List of Figures
	List of Tables
	List of Symbols and Abbreviations
	1 Introduction
	2 Objectives
	3 Literature Review
	3.1 Overview of Recent R744 Refrigeration Systems
	3.1.1 Two-stage Cascade Refrigeration System
	3.1.2 R744 Transcritical Booster System
	3.1.3 R744 Transcritical Parallel Compression System

	3.2 The R744 Two-phase Ejector Technology in Refrigeration System
	3.3 R744 Transcritical Refrigeration System with Ejector Expansion Module in Supermarket
	3.4 Literature Review Summary

	4 Theory
	4.1 Properties of CO2
	4.2 Vapour Compression Cycle
	4.3 First Law Analysis
	4.4 Second Law Analysis
	4.5 The Two-phase Ejector Characteristics
	4.5.1 Working Principles
	4.5.2 Ejector Parameters


	5 Experimental Method
	5.1 Description of the Test Facility
	5.2 Components description
	5.2.1 The Rack of Compressors
	5.2.2 Heat Exchanger
	5.2.3 Tank
	5.2.4 Valve
	5.2.5 The Multi-ejector Block

	5.3 Data acquisition equipment and processing
	5.4 Uncertainty Analysis
	5.5 Test Campaign
	5.5.1 Operating Condition Settings
	5.5.2 Test Campaign Progress
	5.5.3 Test Facility Performance Calculations


	6 Results and Discussion
	6.1 System Working Parameters
	6.1.1 Gas Cooler Pressure
	6.1.2 Refrigeration Capacity
	6.1.3 Electric Power Consumption
	6.1.4  Multi-ejector Block Measurement and Characteristics

	6.2 Multi-ejector System Performance Improvement
	6.2.1 First Cooling Demand
	6.2.2 Second Cooling Demand
	6.2.3 Influence of The Overall Compressors Efficiency on The System Energy Performance


	7 Conclusion
	References
	A Research Paper
	B Raw Data

