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SUMMARY

Improving efficiencies of thermal energy conversion systems is an important way
to slow down global warming and mitigate climate change. Vapor absorption
heat pump and refrigeration cycles are highly efficient ways of heating and cool-
ing. These thermally activated systems also provide opportunities for the inte-
gration with a wide spectrum of low-grade and renewable heat sources, such
as district heating networks, exhaust industrial heat, concentrated solar thermal
energy and biomass.

New fluids - ionic liquids - have been introduced into the absorption refriger-
ation/heat pump field as absorbents to overcome drawbacks of traditional work-
ing fluids and to improve the energetic efficiency of systems. Some ionic liquids
show high boiling points, superior thermal and chemical stabilities and strong
affinities with refrigerants. Ammonia (NH3) is an environmentally friendly refrig-
erant with favorable thermodynamic and transport performance. Thus, studies
in this thesis placed emphasis on the ammonia/ionic liquids working pairs.

Studies in this thesis focus on exploring applications of ammonia/ionic lig-
uid based vapor absorption refrigeration cycles, from a practical point of view in
the refrigeration and heat pump field. By applying multi-scale evaluations cov-
ering thermodynamic and heat and mass transport aspects, it is intended to fur-
ther understand the fundamentals of applying ionic liquids in heating and cool-
ing systems. The highlights include: Assessments of equilibrium models applied
for ammonia-ionic liquid working fluids; Prediction of properties of ammonia-
ionic liquid fluids using molecular simulation; Collection and modeling of rele-
vant thermophysical properties; Evaluation of the heat and mass transfer perfor-
mance. Besides, concepts of using ionic liquids as absorbents with ammonia as
the refrigerant in various thermodynamic cycles are analyzed and evaluated for
applications in the built environment and industry.

Chapter 1 provides an introduction to the topic of this thesis. It presents
background information, for instance the large share of thermal energy in the
total energy consumption, and attractive options of using VAR technologies for
highly efficient heating and cooling. The basic knowledge of vapor absorption
refrigeration cycles is briefly introduced as well as the advanced cycle configu-
rations and possible NH3-based working fluids. The outline of this thesis is pro-
vided after pointing out the missing knowledge in the previous studies.

xi
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Chapter 2 assesses the performance of various vapor-liquid equilibrium mod-
els for the natural refrigerant/ionic liquid working fluids in vapor absorption re-
frigeration cycles. The evaluated models include equation-of-state based mod-
els, activity coefficient based models, and generic Clausius-Clapeyron relations.
Studied fluids are the pairs of HyO/[emim][DMP] and NH3/[bmim][BF,]. Per-
formances of the different models in reproducing vapor-liquid equilibrium data
and estimating mixing enthalpies are compared. The influence of these models
on total enthalpies and thermodynamic performance of absorption refrigeration
cycles is studied. The assessment reveals that the studied generic Redlich-Kwong
equation of state and the NRTL model perform best in reproducing VLE data.
Moreover, the Redlich-Kwong equation of state and the UNIFAC model show the
best performance in estimating mixing enthalpies.

In Chapter 3, the performance of NH3 with nine currently commercialized
ionic liquids is compared in terms of the application in single-effect absorption
heat pump cycles for floor heating in buildings. Four working pairs are identified
which show better performance than that of the NH3/H,O pair (heating coeffi-
cient of performance of 1.61). With an optimization study, it is shown that the
optimized mixture can reach a heating coefficient of performance of 1.84. This
study helps to conclude that the ideal ionic liquid candidates should show high
absorption capabilities, large solubility difference between the inlet and outlet
of the generator, low molecular weights, and low heat capacities. Additionally,
an economic analysis of an absorption heat pump using NH3/[emim][SCN] as
working pair and plate heat exchangers as components is carried out. The re-
sults indicate that NH3/ionic liquid absorption heat pumps can be economically
beneficial, showing 42% energy saving and 29% economic saving in comparison
with conventional boilers.

The use of high-temperature waste heat generated by diesel engines for on-
board refrigeration of fishing vessels to drive an NHs-based double-effect va-
por absorption refrigeration cycle has been proposed in Chapter 4. A multi-
scale method is applied to study its performance, from a molecular level to a
system integration level. Classical force field-based Monte Carlo simulations
provide reasonable vapor-liquid equilibrium predictions. After taking into ac-
count the performance of the system and the thermal stability of ionic liquids,
[bmim][BF4] is found to be the best performing candidate among the investi-
gated commercialized ionic liquids (cooling coefficient of performance is above
1.1). Integrated with the exhaust gas from diesel engines, the cooling capacity of
the system, with a cooling medium at 16 °C, is able to reach 3220 kW, recovering
2756 kW waste heat and consuming 191 kW pump work. The annual energy sav-
ings can reach 7.6 T] and the prevented CO, emissions are 1634 tons for a single
fishing vessel.
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Heat and mass transfer studies of the NH;3/ionic liquid absorption are car-
ried out considering corrugated plate heat exchangers as absorbers. The work
introduced in Chapter 5 provides a semi-empirical framework to study the ab-
sorption performance of NH3 into NHs/non-volatile salts solutions. The frame-
work includes quantifications of the heat and mass transfer processes based on
experimental data of absorption of NH3 into NH3/LiNO3, and a numerical mod-
eling with frequently applied theories. It has been demonstrated that the heat
transfer performance of NH3/[emim][SCN] working fluids in the absorber is the
most promising one with heat transfer coefficients around 1.4 kW/(m?K).

Finally, Chapter 6 provides the overall conclusions of the studies reported in
this thesis. Recommendations for further research are also provided.






SAMENVATTING

Het verhogen van de efficiéntie van thermische energieconversiesystemen is een
belangrijke manier om het broeikaseffect en de klimaatverandering te reduce-
ren. Dampabsorptie-warmtepompen en koelsystemen zijn zeer efficiént in het
verwarmen en koelen. Deze thermische systemen bieden mogelijkheden tot in-
tegratie van een breed spectrum van laagwaardige en hernieuwbare warmte-
bronnen, zoals stadsverwarmingsnetten, restwarmte van de industrie, gecon-
centreerde thermische zonne-energie en energie uit biomassa.

Een nieuwe klasse van vloeistoffen - ionische vloeistoffen - wordt geintro-
duceerd als absorptiemiddel voor absorptiekoelsystemen en -warmtepompen
om de efficiéntie van deze systemen te verhogen en de nadelen van traditio-
nele werkmedia te voorkomen. Sommige ionische vloeistoffen hebben een hoog
kookpunt, uitstekende thermische en chemische stabiliteit en gunstige affiniteit
met traditionele koudemiddelen. Ammoniak (NHs) is een milieuvriendelijk na-
tuurlijk koudemiddel met gunstige thermodynamische en -transporteigenschap-
pen. In dit proefschrift wordt daarom de nadruk gelegd op combinaties van am-
moniak en ionische vloeistoffen.

Dit proefschrift verkent, vanuit een praktisch oogpunt, toepassingen van am-
moniak-ionische vloeistoffen in absorptiekoelsystemen en -warmtepompen. Het
onderzoek richt zich op het begrijpen en verklaren van de grondbeginselen van
het gebruik van ammoniak-ionische vloeistofmengsels in verwarmings- en koel-
systemen. Hierbij wordt gebruikt gemaakt van evaluaties op verschillende schaal-
niveaus, bijvoorbeeld van de thermodynamische eigenschappen en warmte- en
stofoverdracht-eigenschappen van de mengsels. Belangrijke punten zijn: de be-
oordeling van thermodynamische evenwichtsmodellen toegepast op ammoniak-
ionische werkvloeistoffen, de voorspelling van eigenschappen van ammoniak-
ionische vloeistofmengsels met behulp van moleculaire simulaties, de modelle-
ring en verzameling van relevante thermofysische eigenschappen en de evalua-
tie van warmte- en stofoverdracht. Bovendien wordt de toepasbaarheid van io-
nische vloeistoffen met ammoniak als koudemiddel onderzocht in verschillende
thermodynamische systemen voor toepassingen in de gebouwde omgeving en
industrie.

Hoofdstuk 1 geeft een inleiding op het hoofdonderwerp van dit proefschrift.
Er wordt achtergrondinformatie gegeven, zoals informatie over het aandeel ther-
mische energie van het totale energiegebruik in Nederland en wat het gebruik

XV
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van dampabsorptietechnieken voor verwarming en koeling aantrekkelijk maakt.
De werkingsprincipes van eenvoudige dampabsorptiekoelsystemen worden uit-
gelegd, evenals de werking van meer geavanceerde configuraties. Ook wordt een
inventarisatie gemaakt van eerdere studies naar mengsels van ammoniak met io-
nische vloeistoffen. Er wordt gewezen op de ontbrekende kennis in deze studies
en op basis hiervan worden de hoofdlijnen van dit proefschrift ingedeeld.

In Hoofdstuk 2 worden de prestaties van verschillende evenwichtsmodel-
len van damp en-vloeistof vergeleken voor werkvloeistoffen met een natuurlijk
koudemiddel-ionische vloeistof in dampabsorptiesystemen. De onderzochte mo-
dellen zijn gebaseerd op toestandsvergelijkingen, op activiteitscoéfficiénten en
generieke Clausius-Clapeyron-relaties. De onderzochte mengsels zijn de combi-
naties (stoffenparen)van water met [emim][DMP] (= 1-ethyl-3-methylimidazol-
ium dimethylfosfaat) en ammoniak met [bmim] [BF,] (= 1-butyl-3-methylimidaz-
olium tetrafluorboraat. De verschillende modellen worden vergelijkt op basis
van hoe goed ze in staat zijn om de dampvloeistofevenwichten te reproduceren
en om de mengenthalpie te voorspellen. De invloed van deze modellen op de
totale enthalpie en de thermodynamische prestaties van dampabsorptiesyste-
men wordt onderzocht. Het blijkt dat de bestudeerde generieke Redlich-Kwong-
toestandsvergelijking en het NRTL-model het beste resultaat opleveren voor het
reproduceren van het damp-vloeistofevenwicht. Bovendien presteren de Redlich-
Kwong-toestandsvergelijking en het UNIFAC model het beste bij het schatten
van de mengenthalpie.

In Hoofdstuk 3 wordt de prestatie van ammoniakmengsels met negen com-
mercieel beschikbare ionische vloeistoffen vergeleken in termen van toepasbaar-
heid in absorptiewarmtepompsystemen voor vloerverwarming in gebouwen. Vier
combinaties worden geidentificeerd die betere prestaties vertonen dan die van
de ammoniak-watercombinatie (verwarmingscoéfficiént van 1,61). Met een op-
timalisatiestudie wordt aangetoond dat het geoptimaliseerde mengsel een ver-
warmingscoéfficient van 1,84 kan bereiken. Uit deze studie valt te conclude-
ren dat de ideale ionische vloeistofkandidaten hoge absorptiecapaciteiten, een
groot oplosbaarheidsverschil tussen de instroom en uitstroom van de genera-
tor, lage molecuulmassa en lage warmtecapaciteiten moeten bezitten. Boven-
dien wordt een economische haalbaarheidsstudie uitgevoerd voor een absorp-
tiewarmtepomp met ammoniak en [emim][SCN] (= 1-ethyl-3-methyl-imidazolium-
thiocyanaat) als combinatie en platenwarmtewisselaars als componenten. De
resultaten laten zien dat ammoniak-ionische vloeistof absorptiewarmtepompen
met ammoniak-ionische vloeistof economisch aantrekkelijk zijn. Vergeleken met
conventionele ketels leiden ze namelijk tot een energiebesparing van 42% en een
economische besparing van 29%.

Het gebruik van hogetemperatuur-restwarmte van dieselmotoren om een dub-
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beleffect-dampabsorptiesysteem met ammoniak en [bmin][BF,] aan te drijven,
wordt besproken in Hoofdstuk 4. Het systeem wordt gebruikt voor het aan boord
koelen van de visvangst. Onderzoek wordt verricht op verschillende schaalni-
veaus, van moleculair niveau tot systeemintegratie. Klassieke Monte Carlo si-
mulaties leveren acceptabele voorspellingen voor damp-vloeistofevenwichten.
Rekening houdend met de prestaties van het systeem en de thermische stabili-
teit van ionische vloeistoffen, blijkt dat [bmim][BF4] de best presterende kandi-
daat is van de onderzochte commercieel beschikbare ionische vloeistoffen (de
koelprestatiecoéfficiént is meer dan 1,1). Geintegreerd met het uitlaatgas van
dieselmotoren kan het systeem bij een mediumtemperatuur van 16 °C een koel-
vermogen van 3220 kW bereiken en daarbij 2756 kW restwarmte terugwinnen
en 191 kW pompvermogen gebruiken. De jaarlijkse energiebesparing, voor één
enkel vissersvaartuig, kan 7,6 TJ] bedragen en de jaarlijkse uitstoot van CO, kan
verminderd worden met 1634 ton.

Warmte- en stofoverdracht van ammoniak in ammoniak-ionische vloeistof
in de platenwarmtewisselaars van absorptiesystemen worden bestudeerd in Hoofd-
stuk 5. Het onderzoek geintroduceerd in Hoofdstuk 5 biedt een semi-empirisch
model om de absorptieprestaties van ammoniak in mengsels van ammoniak met
zouten te bestuderen. Het model omvat kwantificering van de warmte- en stof-
overdracht-processen op basis van experimentele resultaten van absorptie van
ammoniak in ammoniak-LiNO3; mengsels en een numerieke modellering geba-
seerd op veelgebruikte theorieén. Er wordt aangetoond dat de warmteoverdrachts-
coéfficiént van het ammoniak-[emim][SCN] werkvloeistof hoog is met waardes
voor de warmteoverdrachtscoéfficiénten rond 1,4 kW/(m?2K).

Hoofdstuk 6 vat de algemene conclusies samen van dit proefschrift. Tot slot
worden er aanbevelingen voor verder onderzoek gedaan.
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Absorption heat transformer
Average relative deviation
Clausius-Clapeyron equation
Combined cold, heat and power
Combined cold and power
Chlorofluorocarbon

Condenser

Coefficient of performance
Conductor-like screening model
Conductor-like screening model for real solvents
Chilled water plant
Double-effect

Equation of state

Evaporator
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EXP
FIT
FP
Ge
G-H
GA
GAX
GEN
GWP
HC
HCFC
HE
HFC
HFO
HG
HP-

HT-

iHX
IL
IS
LG
LP-
LT-

MC

Experimental (data)

Fitting (data)

Freezing plant

Activity coefficient model
Gibbs-Helmholtz equations
Genetic algorithm
Generator/absorber heat exchange
Generator

Global Warming Potential
High pressure condenser
Hydrochlorofluorocarbon
Half-effect
Hydrofluorocarbon
Hydrofluoroolefin

High pressure generator
High pressure

High temperature

Heat exchanger
Intermediate heat exchanger
Ionic liquid

Ideal solution

Low pressure generator
Low pressure

Low temperature

Monte Carlo
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MP- Medium pressure

NRTL Non-random two-liquid model
ODP Ozone-Depletion Potential
PHX Plate heat exchanger

PR-EOS Peng-Robinson EOS

PRVAW-EOS Peng-Robinson EOS with van der Waals mixing rules

PRWS-EOS Peng-Robinson EOS with Wong-Sandler mixing rules

RD Relative deviation

REC Rectifier

RK-EOS Redlich-Kwong EOS

RSW Refrigeration seawater (plant)

SE Single-effect

SHX Solution heat exchanger

SIM Simulated (data)

TCM Thermodynamically consistent model
UNIFAC UNIQUAC functional-group activity coefficients model
VAR Vapor absorption refrigeration

VCR Vapor compression refrigeration

VLE Vapor-liquid equlibrium

WHR Waste heat recovery
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10 1. INTRODUCTION

This chapter provides a general introduction to this work. The background in-
formation on thermal energy applications and on vapor absorption refrigeration
cycles is presented. The basic knowledge of advanced cycle configurations and pos-
sible NHs-based working fluids of vapor absorption refrigeration cycles is briefly
introduced. Before outlining the structure of this thesis, missing knowledge in pre-
vious studies is also discussed.
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Figure 1.1: (a) Final energy consumption for heating and cooling per sector in the European
Union in 2012 (Data was taken from Ref. [3]). (b) Final thermal energy used in 2015 and expected
to be used in 2030 in the Netherlands (Data was taken from Ref. [4]).

1.1. BACKGROUND

Climate change is one of the most significant issues for human beings. The Paris
Agreement reached in 2015 during the United Nations Climate Change Confer-
ence (COP 21) reset the global climate ambition: limiting the temperature rise
from pre-industrial levels “well below 2 K” with efforts to pursue 1.5 K. Efforts
responding to climate change are also accelerating the way the energy sector is
developing [1]. Increasing energetic efficiencies, for instance in the buildings,
industry and transport sectors is one of the main measures, which will lead to a
reduction of the greenhouse-gas emissions|2].

Fig.1.1 provides the thermal energy consumption for heating and cooling
purposes in Europe and the Netherlands, respectively.

According to the EU Commission [3], heating and cooling were responsible
for 50% (22.85 EJ) of the final energy consumption in 2012, of which the en-
ergy used for the residential sector took up 45% (Fig. 1.1(a)). Specifically in the
Netherlands, the thermal energy used in 2015 was 939 PJ], which corresponds to
46% of the Dutch final energy consumption in 2015. The final thermal energy use
in 2030 is expected to reduce to 867 PJ [4]. As shown in Fig. 1.1(b), the predicted
reduction will mainly be contributed by the built environment. This confirms the
statement of Hieminga [5], that the built environment offers the greatest energy
saving potential.

In Europe, the energy consumption for heating and cooling in the industrial
sector is basically comparable to that in the residential sector. A more detailed
breakdown of the thermal energy used in industry is shown in Fig. 1.2 which
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Figure 1.2: Breakdown of useful heat demand (in PJ) for the industry in (a) the European Union
and (b) the Netherlands in 2009. Data was taken from Ref. [6].

shows the typical subsectors.

Beyond the large heating demands for the iron & steel and chemical indus-
try, the food, drink & tobacco industry also shows large heating demands, espe-
cially at the medium and low temperature ranges (below 100 °C). The food, drink
and tobacco sectors, as one of the important industries in the Netherlands, ac-
counted for about 9% of the final industrial energy demand, 15% of the industrial
employment, and 23% of the industrial added value [7]. The broad range of prod-
ucts in these industries also requires specific strategies of energy supply due to
their distinctive and complicated manufacturing processes [6].

For the agriculture and fisheries sectors, heating is mainly used for pasteur-
ization, cleaning purposes, and space heating in production facilities (stables),
greenhouses and drying of the crops. Cooling in agriculture and fisheries is used
for preserving products such as milk and seafood. For instance, in fishing vessels
for pelagic seas, the refrigeration plant is one of the largest electricity consumers
onboard, typically using 50% of the total power requirement [8]. Meanwhile, the
consumption of energy for heating and cooling in agriculture occurs in all Euro-
pean countries, while energy consumption in fisheries is limited mainly to the
Northern and Mediterranean countries [9].

As for the Netherlands, Fig. 1.3 shows breakdowns of final heating and cool-
ing demands into different temperature levels and sectors in 2009. It indicates
that a majority of the energy consumption for heating was at temperatures be-
low 100°C, and at least half of energy demands for cooling were not for a very low
temperature range.

Heating and cooling constitute a large share of energy needs in both the EU
and in the Netherlands, as summarized above for the residential, food & drink in-
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Figure 1.3: Breakdown of final heating (a) and cooling (b) demands (in PJ) in the Netherlands for
the year 2006, broken down into sector and temperature level. Data was taken from Ref. [10].

dustry, and agriculture sectors. The conventional option for heating is using boil-
ers, and for cooling by using chillers with compressors. Absorption heat pumps
and chillers provide alternatives to meet the demands. These systems have been
frequently recommended as highly efficient technologies by the EU [9], the IEA
[11, 12], and the IIR [13].

One of the highlighted features of these absorption systems is that they are
driven mainly by heat and only need very limited electricity input. This feature
makes a number of heat sources applicable for highly efficient heating or cooling.
As shown in Fig. 1.4(a), rather than directly making use of fuels for heating in a
boiler, the absorption cycle can additionally reclaim the low temperature heat
from the environment (cooling water or air), allowing the total heating efficiency
to be more than one. Some advanced cycle configurations, such as the double-
effect system, could even make the efficiency higher than 2. This is more than
twice the efficiency of boilers.

Using heat to separate the refrigerant (here the ammonia) from the working
fluid, the absorption chiller can achieve the cooling effect without consuming a
lot of electricity (Fig. 1.4(b)). The only needed electricity is for the pump to cir-
culate the working fluids, which is normally negligible. Some special designs, for
example the diffusion-absorption chiller, require no electricity input at all. This
is an advantage compared with the frequently used vapor compression chiller
with a compressor, especially in scenarios where a high temperature heat source
is abundant.

Moreover, absorption technologies also provide opportunities to use clean
and sustainable energy, for example low-grade thermal energy and energy from
renewable sources, for efficient heating and cooling. The practices and studies
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Figure 1.4: Efficient approaches of heating and cooling by using absorption technologies. (a) Heat
driven absorption cycles perform better than boilers by reclaiming low temperature heat from the
environment; (b) Absorption refrigeration systems achieve cooling effects with a very limited
amount of electricity consumption.

include bio-gas [14], geothermal hot water [15], concentrated solar thermal en-
ergy [16, 17], and waste heat from industry [18], engines [19], fuel cells [20, 21],
and data centers [22, 23]. Absorption systems can also be applied in combina-
tion with electricity generation technologies. This results in combined cold and
power (CCP) cogeneration systems, and combined cold, heat, and power (CCHP)
trigeneration systems [13].

1.2. ABSORPTION REFRIGERATION/HEAT PUMP SYSTEMS

1.2.1. ABSORPTION CYCLES

The above background information reveals that there is an immense potential to
apply absorption refrigeration and heat pump systems, which provide opportu-
nities for a clean and efficient way of thermal energy utilization. In this section,
the absorption cycles are briefly introduced.

Fig. 1.5(a) shows the principle of the vapor absorption refrigeration (VAR)
cycle.

The pure refrigerant vapor from the evaporator (EVA) is absorbed by the so-
lution in the absorber (ABS). The strong solution (high NH3 concentration, the
same for the following text) is then pumped to the vapor generator (GEN) through
the solution heat exchanger (SHX), where it is preheated by the hot side in which
the weak solution coming from the GEN flows. The pump circulates the solution.
In the GEN, heat is added by an external heat source so that the refrigerant boils
out of the solution, reducing the solution concentration. The weak solution flows
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Figure 1.5: Schematic representations of (a) vapor absorption refrigeration cycle (VAR) and (b)
vapor compression refrigeration (VCR) cycle. These two cycles share the same refrigerant
condensation, expansion and evaporation processes. The compression process is different: the
VAR cycle uses a “thermal compressor”, which consists of an ABS, an GEN, an SHX and a
throttling valve, while the VCR uses a mechanical compressor.

back to the ABS passing the SHX and a throttling valve. The valve maintains the
pressure in the GEN at a higher level. The refrigerant vapor generated in the GEN
flows to the condenser (CON) where it is condensed. The condensed liquid then
flows through a throttling valve before entering the EVA. The refrigerant expe-
riences the same process as in the vapor compression refrigeration (VCR) cycle
(Fig. 1.5(b)). Functionally similar, the VAR cycle also achieves the cooling effect
with the latent heat during the liquid-vapor phase change.

By comparing the VAR with the popularly applied VCR cycle, its characteris-
tics can be highlighted:

* Instead of a mechanical compressor used in the VCR cycle, the VAR cycle
uses a “thermal compressor” which consists of an ABS, an GEN, an SHX, a
solution pump and a throttling valve (highlighted in Fig. 1.5(a)).

* The heat input to the GEN boils refrigerant vapor off and the pump circu-
lates the solution. The low pressure, low temperature solution absorbs the
refrigerant vapor in the ABS, which is cooled down by an external cooling
flow.

* The driving energy of the VAR is the heat input to the GEN. Besides a small
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Figure 1.6: Two types of AHP cycles. (a) AHP Type 1 cycle: The high temperature heat added to the
GEN drives the cycle. The intermediate temperature heat is released in the CON and ABS, and
cooling effect is achieved in the EVA. (b) AHP Type 2 (heat transformer) cycle: it is driven by heat
at an intermediate temperature via the GEN and EVA, and rejects heat at low temperature
surroundings (CON). The useful high temperature heat is achieved at the high pressure ABS.

amount of electricity required by the pump, the VAR cycle does not con-
sume any other mechanical work.

In a refrigeration cycle, the cooling effect is achieved in the EVA, which is at
a low temperature, and the surrounding is at an intermediate temperature level.
The absorption heat pump (AHP) cycle shares the same principle as the VAR cy-
cle, while the only difference is that the useful heat transfer is at an intermediate
temperature, i.e. the heat exchanged in the ABS and CON for a heating purpose.
The surroundings are regarded as the low temperature reservoir. Because they
share an identical working principle, the VAR and AHP cycles are also classified
as the AHP Type 1.

Fig. 1.6(a) qualitatively illustrates the temperature and pressure levels of each
component in aln P - 1/T diagram for the AHP Type 1 (VAR and AHP) cycles.
Another type of AHP (Type 2) is schematically shown in Fig. 1.6(b), and is also
known as the absorption heat transformer (AHT). The AHT cycle shares the same
components as the AHP type 1 cycle, but works under different conditions. It
is driven by heat at an intermediate temperature via the GEN and EVA, and re-
jects heat at low temperature surroundings (CON). The useful heating effect is
achieved at the highest temperature level via the ABS.

Because the AHT or AHP Type 2 cycle is not the focus in this study, the term
AHP discussed in this thesis will only refer to the AHP Type 1 cycle. Besides,
the VAR and AHP cycles are identical in terms of the working principle. When
generally talking about them without identifying a certain application, the term



1.2. ABSORPTION REFRIGERATION/HEAT PUMP SYSTEMS 17

“VAR” will be used.
The VAR cycle is a technology which relies on the working fluids flowing through

heat exchangers within a cyclic process. The performance of VARs is significantly

affected by the working fluid, cycle configuration and heat & mass transfer in the

components. In fact, these three aspects are also the most frequently researched

directions in the VAR field.

1.2.2. WORKING FLUIDS

NHj3-BASED WORKING FLUIDS

NH3/H»0 and H,O/LiBr are the most applied working fluids in the currently
commercialized VAR systems. VAR systems with H,O/LiBr are known for its high
performance. However, there are also some challenges. For instance, H,O/LiBr
pair may solidify at the inlet of the ABS when applied with a high temperature
heat source and a low temperature heat sink; the working fluid H,O/LiBr also
has a risk of corroding devices; moreover, H,O can not be used for cooling below
0°C.

In this study, we focus on NHj as the refrigerant. NHj is a promising natu-
ral refrigerant, with the values of ODP and GWP both 0. It is intensively used in
large scale refrigeration plants for low temperature applications. NHs has rela-
tively large latent heats (comparable to some alcohols), and small viscosities and
heat capacities, allowing it to obtain superior performance in respect to thermo-
dynamics and heat transfer. The levels of operating pressure of NH3 in the VAR
system are always higher than the atmospheric pressure, what makes VAR sys-
tems easy from a maintenance point of view.

Using the working fluid NH3/H0 in VAR systems started earlier than the use
of H,O/LiBr. Some later replacements were mainly due to the complexity of the
NHj3/H,0 systems. H,O has a saturation temperature value close to that of the
refrigerant NHs. As a consequence, the vapor stream will partially contain H,O
vapor. The H,0 vapor will deteriorate the cooling effect in the EVA. To ensure
the purity of the refrigerant, H,O has to be separated before entering the con-
denser, thus additional distillation and rectification sections are required. Un-
fortunately, these extra sections, in one hand, add complexity and investments
to the systems, and in the other hand, reduce the cycle performance because ex-
tra heat is required in the GEN since cooling is required in the separation section
[24].

To overcome these problems, salts, such as LiNO3 and NaSCN, were pro-
posed to be used with NHjs in VAR cycles in the past decades, because these salts
have good affinities with NH3, and their vapor pressures are negligible. Infante
Ferreira [25] presented a series of thermo-physical properties equations for the
NH3/LiNO3 and NH3/NaSCN pairs. Sun [26]’s thermodynamic analysis showed
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that the performance of the NH3/LiNO3 and NH3/NaSCN pairs is better than that
of the NH3/H,O pair, while the NH3/NaSCN pair cannot operate for cooling be-
low -10 °C because of crystallization. Garousi Farshi et al. [27] reported that the
NHj3/LiNOg pair is able to achieve higher performance at low GEN temperature,
while for high GEN temperature, the NH3/NaSCN pair is superior. These facts
make NH3/LiNO3 more appropriate for using low temperature heat sources such
as solar thermal energy. Moreover, a theoretical study of a solar driven double-
effect VAR system with NH3/LiNO3 pair was conducted by Vasilescu and Infante
Ferreira [17] by coupling the cooling cycle with a parabolic trough solar collector
for cooling under 0 °C.

Because they are free of rectification sections and able to reach a lower heat
sink temperature, NH3/salt pairs have also been explored in VAR systems with
air cooling. A pre-industrial prototype of a new NH3/LiNOs VAR chiller was de-
veloped and experimentally characterized by Zamora et al. [28]. At a condition of
15 °C chilled water, 90 °C hot water and 35 °C ambient air temperature, the elec-
trical cooling coefficient of performance (COP) was 6.5. Llamas-Guillén et al.
[29] reported experimental work with a direct air-cooled NH3/LiNOgs system. It
achieved thermal COP of 0.3-0.4. The operating conditions were ambient tem-
perature of 25-35 °C and cooling at 10 °C.

However, the VAR systems with NH3/salt binary working fluids still encounter
challenges, such as the possibilities of crystallization [25, 26], lower heat & mass
transfer during absorption due to the higher viscosity of the working fluids, espe-
cially for the NH3/LiNOj3 pair [30], and high operating pressure. There are quite
alot of other attempts to solve these challenges in researches, as for instance ap-
plying ternary NHs-salt fluids [31-35], and using ionic liquids (ILs) as absorbents.

ILs are a family of room-temperature molten salts. They hold the strength of
non-solidification at room-temperature due to their molecular structures with
long alkyl chains, which is a superiority to the previously proposed salts. Apart
from that, they also show advantages such as high boiling point, good affinity
with refrigerants and high chemical and thermal stabilities [36]. Moreover, the
properties of the IL can be adjusted by the design of anion and cation combina-
tions for a task-specified purpose [37]. ILs have drawn considerable attention in
the past years, for the sake of overcoming drawbacks of the traditional working
fluids in the VAR cycle [24, 38].

As for NHs-based working fluids, Yokozeki and Shiflett [39, 40] explored vapor
liquid equilibrium (VLE) properties of NH3 with eight different ILs. The studied
ILs include [bmim][PFg], [hmim][Cl], [emim][Tf;N], [bmim][BF,], [emim][Ac],
[emim][SCN], [emim][EtOSO3] and [DMEA][Ac]. Most of them are imidazolium-
based ones, which are currently well commercialized. Other imidazolium ILs
that have been studied with NHs vapor includes [mmim][DMP] [41], [emim] [BF4],
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Figure 1.7: COP levels of some typical cycles at an environment temperature of 30-35°C. For
cycles with H2O/LiBr, the cooling temperature is 5°C [48], while it is set -5°C for cycles with
NH3/H20. HE, SE, DE and GAX stand, respectively, for half-effect, single-effect, double-effect
and generator/absorber heat exchange.

[hmim][BF4] and [omim][BF,4] [42]. There were also some studies in terms of
functionalized ILs with NHj3 for absorption cycles, for instance, [bmim][Zn,Cls]
studied by Chen et al. [43], [EtOHmim] [BF,], [choline] [Tf,N], [MTEOA][MeOSOs]
and [EtOHmim][DCA] investigated by Ruiz et al. [44], and [N112(20H)][TfO],
[N112(20H)][Tf,N], [N111(2OH)][Tf,N], [N1113][Tf,N], [EtOHmim][BF,] along
with [EtOHmim][Tf,N] studied by Cera-Manjarres [45].

In respect to the cycle performance, Wang and Infante Ferreira [24] updated
Yokozeki and Shiflett [39, 40]’s VLE properties data and experimental heat capac-
ities data, analyzed eight NH3/IL working pairs for heat pump applications, and
identified [emim][SCN] as a good absorbent to be used with NH3 in a VAR driven
by heat under 130 °C, by considering cycle and heat transfer performance. Chen
et al. [46]’s thermodynamic studies show the NH3/[bmim][Zn,Cls] fluids can ob-
tain a slightly better performance than NH3/NaSCN. Additionally, EtOHmim-
based ILs have also been evaluated holding better NH3 solubilities [47] and lower
viscosities [45].

1.2.3. ADVANCED VAR CYCLE CONFIGURATIONS
Considering the conditions under which the VAR systems are to be applied, dif-
ferent cycle configurations can reach different performance. Fig. 1.7 gives ap-
proximate COP levels of some typical VAR cycles.

The cycles with H,O/LiBr are able to reach relatively high COPs, while they
can not be used for cooling below 0°C. Besides, the frequently used single-effect
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Figure 1.8: Half-effect VAR cycles. (a) The most common one: a heat coupling between
middle-pressure generator and absorber. (b) The heat-coupled one proposed by Kim and Infante
Ferreira [52].

(SE) cycle can not achieve a good performance under either lower or higher driv-
ing temperature conditions. Alternatives are the half-effect (HE) and double-
effect (DE) cycles, respectively. The cycles with NH3/H,O are appropriate for
cooling below 0°C, but the efficiencies are lower than for the cycles with HyO/LiBr.
Frequently studied alternative to the NH3/H,O cycle is the generator-absorber
heat exchanger (GAX) cycle, which is able to perform well at high driving tem-
peratures. Most of the advanced schemes are realized by internal heat (or mass)
coupling.

Table 1.1 introduces the basic configurations of some typical advanced VAR
cycles. They are selected because the author considers each of them represent-
ing a simple but basic way to make the VAR cycles superior. More sophisticated
cycles can be developed, such as the multi-stage and multi-effect ones [49-51].

There are also some cycles combining VAR cycles with other refrigeration
techniques, such as separators, compressors and ejectors, for various purposes.
They are also included in Table 1.1.

Even though these advanced cycles have been studied thoroughly with the
traditional working fluids, there are still some limitations: (1) Except the double-
effect and the Robur VAR cycles, most of others are still far from commercializa-
tion. (2) The majority of the current studies of the IL-based VAR systems focus
on the basic SE-VAR cycle.
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Figure 1.9: The double-effect VAR cycles. (a) The most common DE-VAR cycle: a heat coupling
between high-temperature condenser and low-temperature generator. (b) The two-stage DE-VAR
cycle: a heat coupling between high-temperature absorber and low-temperature generator.

1.3. IONIC LIQUIDS ADOPTED IN ABSORPTION REFRIGERATION
CYCLES

1.3.1. VLE PROPERTIES

VLE MEASUREMENTS

As the most fundamental thermophysical properties in relevant applications,

such as absorption and separation, the VLE data is needed to provide the rela-

tionship between pressure, temperature and concentration of working fluids.

According to the author’s statistics from the NIST ILThermo database [58, 59],
1221 VLE measurements of IL-based binary mixtures have been executed before
August 7, 2017, including the measurements of the equilibrium pressure, tem-
perature and composition. Here “one measurement” means one group of re-
ported data-points of a certain mixture containing vapor/IL binary components.
The amount of them reflects the interest in specific mixtures. These measure-
ments of vapor-components/IL based binary mixtures are categorized into sev-
eral groups by featuring the vapor-components, as shown in Fig. 1.12.

VLE investigations on CO, with ILs take up the largest portion, followed by
the binary mixtures with alcohols and H,O. These three systems correspond to
more than half of the total measurements. Despite they have an even broader
spectrum of applications, using these three fluids as refrigerants is also pop-
ular in the refrigeration and heat pump fields. Besides, measurements of the
group “other refrigerants/IL mixtures” accounts for 19% of the total investiga-
tions. Specifically speaking for this group, the VLE measurements of the HCs and
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Figure 1.10: The GAX cycles. (a) The most common one: heat coupled between parts of the
generator and absorber. (b) The Robur one [54]: the absorber is split into sections realizing a heat
coupling with the REC.

HFCs take up the majority. The phased-out refrigerants CFCs and HCFCs, and
the recently popularized HFOs only take quite small percentages.

As the focus of this study, the natural refrigerant NH3 has nine VLE measure-
ments in this database which represent less than 1% of the total measurements.
This is not as large as other natural refrigerants (CO,, H,O and HCs). A limited
amount of studies has been dedicated to NH3/IL mixtures. This fact also indi-
cates that the scientific potential of this refrigerant for an IL-based VAR cycle is
still worth exploring, especially when appropriate practical scenarios are identi-
fied.

On the other hand, making use of other methodologies, apart from experi-
mental methods, to determine the VLE properties might be attractive. Molecular
simulations provide a relevant alternative method.

EXCESS ENTHALPIES

Enthalpy is another fundamental property required in the VAR cycles for ener-
getic evaluation purposes. For the enthalpy of a mixture, besides contributions
from the pure components, an excess contribution due to the gas absorption (or
mixing) is also an essential part to the total enthalpy.

In the same database, there are 402 measurements of the excess enthalpy.
The excess enthalpy of the vapor-phase component with ILs has not been fre-
quently reported. Among the 402 measurements, only 173 are for the mixtures
of which the VLE properties have been reported (the rest apply for liquid-liquid
equilibrium), which implies that with these two properties, the energetic perfor-
mance of the mixtures can be quantified in processes. Brief statistics are shown




24 1. INTRODUCTION

cooling water driving heat coT)ling \T/atcr driving }}cat co‘oling v‘vater driving heat
CON
X X
EVA
ABS
Ml B B ]
low temperature
low teglfizrature cooling water ﬂfi d cooling water low teglll)izrature cooling water

(@ (b) )

Figure 1.11: Advanced cycles on the basis of VAR by combining devices. (a) Auto-cascade VAR
cycle, (b) VAR with compressor (-C) cycle, and (c) VAR with ejector (-E) cycle

in Fig. 1.13.

It is obvious that a majority of the measurements of the excess enthalpies are
focused on H,O or alcohols with ILs. There are no measurements reported of
natural refrigerants, NH3 or CO,, with ILs.

Other way to obtain the excess enthalpy is to use the Gibbs-Helmholtz re-
lations [60], which bridge the phase equilibrium with the enthalpy change. By
using this approach, VLE models are also needed to correlate the VLE data. Pre-
vious, frequently applied, VLE models for the IL-based working fluids with NHj
or H»O are summarized in Chapter 2.

However, the feasibility of using the different models for this specified pur-
pose has been rarely investigated, especially for what concerns NH3/IL pairs. In
recent publications, only Shiflett and Yokozeki [61] mentioned that an accurate
prediction of the mixing enthalpy with NRTL model was difficult, because the
excess enthalpy is derived from the temperature derivative of the activity co-
efficient, and the temperature-dependency in any activity model is always in a
purely empirical form.

Thus, a thorough assessment of these VLE models is of significance for the
NH3/IL working fluids.

1.3.2. PRACTICAL CONSIDERATIONS

In terms of the VAR system evaluation, most of the studies were just based on
system performance predictions, which maybe due to the relatively high cost
of ILs [24]. In the recent decade, there were some experimental studies of IL-
based VAR systems. For instance, Radspieler and Schweigler [62], Schneider et al.
[63] and Wasserscheid and Seiler [64] experimentally studied H,O/ILs pairs in a
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Figure 1.12: Statistics of measurements of VLE properties (including the measurements of the
equilibrium pressure, temperature and composition) for the gas-component/IL-components
binary mixtures. Data have been acquired from the NIST ILThermo database [58, 59] before
August 7, 2017.

commercial system by substituting the working pairs. Kim et al. [65] studied a
VAR system with R134a/[bmim][PFg] in a small scale system obtaining a cooling
COP of 0.35. Merkel et al. [66] ran an absorption heat transformer with most
of the components of the set-up constructed with plate heat exchangers. Be-
sides those, there were also works aiming at understanding the heat and mass
transfer of the IL-based working fluids. Meyer et al. [67] studied the combined
heat and mass transfer phenomena of H,O/[emim][DEP] pairs in an absorption
refrigeration system by using analytical functions. Ariyadi and Coronas [68] de-
veloped a measurement setup to study the absorption capacity of NH3 vapor in
ILs in a pool type absorber. Wadekar [69] simulated the heat transfer behavior
of IL [bmim][Tf,N] in different heat exchangers (HXs). The results showed that
the heat transfer performance was not particularly attractive, but heat transfer
enhancement technology can improve it effectively. Boman et al. [70] screened
working pairs including the IL-based ones for a single-effect AHP based on both
thermodynamic and heat transfer principles. The shell-and-tube HXs of IL-based
AHP systems need more heat exchanger area due to the poor heat transfer perfor-
mance of the ILs. Chugh ef al. [71] implemented a membrane-based semi-open
absorption system using IL for heating, dehumidification and cooling applica-
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Figure 1.13: Statistics of measurements of excess enthalpies for the IL-based binary mixtures,
whose VLE were also reported. Data have been acquired from the NIST ILThermo database
[58, 59] before August 7, 2017.

tion. The experimental test achieved a heating coefficient of performance (COP)
of 1.4.

Besides the mentioned experimental investigations, studies with more prac-
tical considerations are still limited. Studies of NH3/IL working fluid in closed
loops have not been reported yet. Also heat and mass transfer studies of this
type of working fluids in appropriate geometries have not been reported yet.

1.4. SCOPE AND OUTLINE OF THIS THESIS

1.4.1. LIMITATIONS OF PREVIOUS STUDIES

The previous sections introduced knowledge of the NH3-based VAR cycles and
reviewed current research on NH3/IL working fluids applied in VAR cycles. As a
summary, some limitations of the previous relevant studies are:

Research related to NH3/IL working pairs is limited. Most of the IL-based VAR
cycles studied were based on CO», H,O and HCs and HFCs as refrigerants. As a
highly performing natural refrigerant, feasible for both industrial and residual
heating and cooling, NH3 based working fluids in VAR cycle need further inves-
tigation.

The estimations of mixing enthalpies for the IL-based working pairs used for
VAR cycles were not thoroughly evaluated. Except for some binary systems con-
taining H,O or some alcohols, measured mixing enthalpies are practically not
available. For NH3, no data has been reported for the mixing enthalpies as far as
the author is aware of. The suitability of VLE models for estimating the mixing
enthalpies has still not been comprehensively investigated.

The potential of more advanced NHz-based VAR systems needs to be ex-
plored since the complexity of these systems could be reduced a lot by using
ILs. Advanced cycles, for instance the double-effect ones which achieve high
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performance, are worth investigating for appropriate applications. The feasibil-
ity of applying the proposed systems from techno-economic and environmental
points of view needs to be investigated, so that the benefits of applying NH3/IL
based VAR cycles can be quantified.

The relatively high viscosity of ILs has always been considered as a disadvan-
tage when applying ILs in practice due to its negative influence on the heat &
mass transfer processes. Only a limited amount of studies was carried out for the
proposed working fluids for what concerns the heat & mass transfer. Appropriate
geometries for vapor absorption are rarely suggested either. As a consequence,
knowledge on the design of appropriate equipment with the novel fluids is lim-
ited.

1.4.2. SCOPE AND METHODOLOGY OF THIS STUDY

The main focus of this study is to evaluate the application of NH3/IL working
pairs in VAR cycles. The author bridges the knowledge of the new absorbents,
ILs, with the absorption refrigeration field. To answer the aforementioned chal-
lenging questions and fill-in some scientific gaps on this topic, the content of
this thesis covers aspects going from properties, to systems/applications, and to
equipment. Correspondingly, various methodologies are involved.

For what concerns properties, various VLE models are correlated using ex-
perimental VLE data and their performance in reproducing vapor pressure is
evaluated. By using thermodynamically consistent equations, the mixing en-
thalpies are also estimated with different VLE models. These properties influ-
ence the calculation of the cycle performance. The overall effects are evaluated
by applying different VLE models for the evaluation of a single-effect VAR cycle.
In addition, an optimization work based on a genetic algorithm (GA) is devel-
oped to determine the properties of ideal absorbents required for an optimum
cycle performance. In addition, outside the range of available experimental VLE,
Monte Carlo (MC) simulations are carried out to predict the VLE data at high
temperature and high pressure conditions. These results are needed to allow for
the prediction of the performance of NH3/IL working fluids in double-effect VAR
cycles.

For what concerns system aspect, the performances of single-effect and double-
effect cycles are evaluated using the first law of thermodynamics. Experimental
data of VLE and heat capacities are the basis of the analysis, while for the double-
effect cycle, VLE data from MC simulations are also applied. Additionally, the
technical and economic performance and environmental impacts of these cy-
cles are investigated when applied to specific applications.

For what concerns system component, plate heat exchangers (PHXs) are pro-
posed to be used with the NH3/IL working fluids in the vapor absorption sys-



28 1. INTRODUCTION

tems. A theoretical method is employed to model the local heat and mass trans-
fer processes within the absorber. The two-resistance theory is applied to de-
scribe the vapor-liquid interface behavior during absorption. Experimental data
of the heat and mass transfer processes are used to develop correlations which
are used in the model to describe the transport phenomena.

1.4.3. OUTLINE OF THIS THESIS

The sequence of chapters in this thesis reflects that the investigation of NH3/IL
absorption heat pump and refrigerations systems gradually moves from concep-
tual to detailed level. Fig. 1.14 provides the topics and highlights of the chapters.

Thermodynamic properties of the new working fluids provide a foundation
to carry out other studies in evaluating their applications for specific purposes.
However, before being capable of doing it, the thermodynamic properties mod-
els, based on which, the properties are modeled, should be carefully selected for
the newly studied working pairs. The VLE models are systematically assessed in
Chapter 2, to investigate their performance in correlating and reproducing the
corresponding experimental VLE data, and in estimating the mixing enthalpies.

In Chapters 3 and 4, the studies of thermodynamic cycles allow to determine
which working fluids are most suitable to be used in single- and double-effect
absorption cycles, respectively, and which ones are most promising. The per-
formance of a single-effect cycle was evaluated for eight NH3/IL working pairs.
Chapter 3 also contains an optimization of the single-effect cycle, which provides
the required properties of the working fluids to obtain optimum performance
in NH3/IL single-effect cycles, and assists in the selection of ILs as absorbents.
Chapter 4 discusses the application of double-effect VAR cycles driven by waste
heat for cooling of fishing vessels. One of the features in this chapter is the use of
molecular simulations to predict the VLE data at high temperature levels, which
helps to prevent errors by directly extrapolating the VLE data. Techno-economic
and environmental studies in the two chapters identify benefits of applying these
novel working pairs for certain applications.

After answering the capabilities of the working pairs, Chapter 5 studies the
heat & mass transfer performance of the selected working fluids. A theoreti-
cal study is carried out by using a model which takes simultaneous heat and
mass transfer of NHs absorption into NH3/IL mixtures in plate heat exchang-
ers into account. The transport phenomena are derived from an experimental
study of NH3 absorption into an NH3/LiNOs mixture in a corrugated plate heat
exchanger.

Chapter 6 summarizes the main conclusions of the study. Further efforts in
terms of investigating and applying ILs within absorption systems are also out-
looked.
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This chapter assesses the performance of vapor-liquid equilibrium (VLE) mod-
els in ionic liquid based absorption cycles with natural refrigerants. Frequently
used equation-of-state (EOS) based models, activity coefficient based models, and
generic Clausius-Clapeyron relations are evaluated. Working pairs considered are
H>O/[emim][DMP] and NHs/[bmim][BF,]. Firstly, experimental VLE data of those
working pairs are correlated by using the models. Mixing enthalpies are then esti-
mated using the models and corresponding correlated parameters. Performances
of the different models in reproducing VLE data and estimating mixing enthalpies
are compared with each other. Subsequently, total enthalpies and thermodynamic
performances of absorption refrigeration cycles are predicted based on the differ-
ent models. The assessment reveals that the RK-EOS and the NRTL model perform
best in reproducing VLE data. In addition, the RK-EOS and the UNIFAC model
show the best performance in estimating mixing enthalpies. Hence, the RK-EOS
is recommended in correlating VLE data and estimating mixing enthalpies in ab-
sorption cycles.

Parts of this chapter have been published in: International Journal of Refrigeration, 87, 10-25
(2018) [72].
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2.1. INTRODUCTION

Vapor-liquid equilibrium (VLE) properties and their models play significant roles
in the performance analysis of absorption cycles with novel ionic liquid-based
working pairs. Firstly, they are used to correlate and predict the relationship be-
tween pressure, temperature and composition of working pairs. This is usually
applied as the first step in performance evaluations, such as working pair screen-
ing, and determination of state point conditions. The correlated VLE models can
also be used to estimate the mixing enthalpy of the working pair, which is an es-
sential part of the total enthalpy. The term mixing enthalpy quantifies the heat
effect during mixing of liquid components, which is defined as the difference be-
tween the total enthalpy of the solution and its ideal counterpart [73],

Ahix = B =Y iy 2.1)
i

VLE models applied in absorption cycles in recent studies are reviewed as fol-
lows. For the H,O based pair H,O/[emim][DMP], Yokozeki and Shiflett [74] mea-
sured and analyzed VLE data of plentiful H,O/ILs working pairs using the generic
Redlich-Kwong (RK) equation of state (EOS) model and applied this model in
the absorption cycle analysis. Wang et al. [75], Wu et al. [76], Ren et al. [77], Nie
et al. [78] measured and correlated vapor pressure data for other H,O/ILs pairs
with the NRTL model. The correlated NRTL model of Ren et al. [77] has also
been used to study the performance of absorption chillers [79] and absorption
heat transformers [80]. Dong et al. [38] used their own correlated NRTL model
for the estimation of mixing enthalpy in an investigation of an absorption re-
frigeration cycle with the HyO/[dmim][DMP] pair. Kim et al. [81] explored a
miniature absorption refrigeration cycle with working pairs consisting of differ-
ent refrigerants and imidazolium-based ILs, including H,O/[emim][Tf,N] and
H,0O/[emim][BF,] working pairs. The correlated NRTL model was used for VLE
determination and mixing enthalpy estimation. However, in their following work
[65, 82], the NRTL model was replaced by the generic RK-EOS model, which is the
same model Yokozeki and Shiflett [39, 40, 74] previously used. Since 2013, the
group of Zheng started using the UNIFAC model. They examined the previous
VLE experimental data of H,O/ILs pairs [83, 84] with the UNIFAC model to quan-
tify the interaction parameters. In terms of NHs, Yokozeki and Shiflett [39, 40] ap-
plied the generic RK-EOS model in their work to correlate experimental VLE data
and to estimate the mixing enthalpy for ammonia based pairs, after they pointed
out that an accurate estimation of the mixing enthalpy with the NRTL model is
difficult [61]. Additionally, Chen et al. [46] implemented a self-correlated UNI-
FAC model [43] to estimate the mixing enthalpy for an NH;3/IL-based absorp-
tion cycle. Ruiz et al. [44] modeled NH3/ILs absorption cycles making use of
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the COSMO-based Aspen thermodynamic properties estimation. The COSMO-
RS model was used to estimate properties of non-database components. An
overview of previous studies which used VLE models to estimate the mixing en-
thalpies for HoO/IL and NH3/IL working pairs is summarized in Table 2.1.

Itis obvious that the NRTL, RK-EOS and UNIFAC models have been frequently
used to correlate experimental VLE data and to estimate the mixing enthalpies of
working pairs for absorption cycles. All these mentioned models can be regarded
as thermodynamically consistent models (TCMs). They were also classified into
a family of Gibbs-Helmholtz (G-H) equations by Mathias and O’Connell [60],
Mathias [87], which bridges the phase equilibrium with the enthalpy change.

d(g/RT)

aarm |, @2)

}:l j—

R
Depending on the certain equation applied in the description of the equilibrium,
the forms can be different. The current methods of mixing enthalpy estimation
can be sorted into the following groups: EOS methods (Eq. 2.3), activity coeffi-
cient, G®, (Eq. 2.4) method and C-C method (Eq. 2.5), the general forms of them
are as follows, respectively,

Be_ olnf; 23)
R o(/T) '
p,x
h® _ d(g°/RT) 2.4
R dIT) |,y '
A_l_z_ olnP 2.5)
R 48(1/T) '

They are mathematically derived from the fundamental thermodynamic re-
lations, see details in Mathias and O’Connell [60] and Mathias [87]. The right
sides of these TCMs are related to the equilibrium properties, and the left sides
provide enthalpy changes. Functionally similar to the Gibbs-Duhem equation,
these TCMs can be used for:

1. Property estimation, when having the VLE data to predict energy data or
vice versa.

2. Consistency analysis, when having both VLE and excess enthalpy data.

In this work, various thermodynamic models are used to correlate the same
experimental VLE data of two refrigerant/IL working pairs, HoO/[emim][DMP]
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and NHs/[bmim][BF4]. The performance of these models is examined. The

models considered here include EOS models, activity coefficient models and the

general Clausius-Clapeyron relations. Following the thermodynamic consistency,
performances of different models in estimating mixing enthalpies and total en-

thalpies are also evaluated. The estimated values from different models are com-

pared with each other. For H,O/[emim][DMP], experimental values are also in-

cluded. Finally, these VLE models are applied to calculate the performance of
an absorption cycle, to test how the precision of the model influences the pre-

diction of the cycle performance. This systematic assessment of VLE models is

intended to provide essential information for the selection of models in IL-based

absorption cycles.

2.2. APPROACHES AND VLE MODELS
The procedure of the assessment in this study can be summarized as follows:

1. Reliable VLE data are applied to correlate the corresponding VLE mod-
els. The correlation performance is evaluated by comparing the deviations.
The preferred model gives a low value for the root-mean-square deviation
(RMSD) between experimental data and predicted values. A high value of
the squared correlation coefficient (r?) would confirm the quality of the
correlations.

2. VLE data from independent sources of the same working pairs are adopted
to verify the reproducibility of the correlations, and to allow for an uncer-
tainty analysis of the experimental VLE data.

3. Using corresponding models, mixing enthalpies are estimated based on
the correlated interaction parameters obtained previously in Step 1.

As mentioned in the introduction in Section 2.1, there are 3 different alter-
native methods for the estimation of Al from VLE data by VLE models. In
contrast to the method based on the C-C relation, the EOS and G® methods rely
on interaction parameters correlated from VLE data. Thus, the method of VLE
calculation is first introduced.

2.2.1. VLE CALCULATIONS
The equilibrium criterion is the starting point of VLE calculations. Its general
form can be expressed by using the fugacities of both liquid and vapor phases
(881,

fHPx) = £V (T, By) 2.6)
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When using EOS methods, the equilibrium criterion can be stated asin Eq. 2.7.
This procedure is also referred to as ¢-¢ method,

i (T, B xi) = yidy (T, Pys) 2.7)

The fugacity coefficients ¢ for both phases can be obtained from the EOS.
Another description of VLE uses an activity coefficient for the liquid phase
and an EOS for the vapor phase. This method is usually referred to as the y-¢
method.
xiyi(T, P x) PP (T) @y = yiP(ﬁiV(T,P,yi) (2.8)

In the case of refrigerant/IL systems, due to the non-volatility of IL, its frac-
tion in the vapor phase can be neglected, i.e. y; = 1. The equilibrium pressure
of the binary system is relatively low, especially compared with the critical pres-
sure of refrigerants. Therefore, the Poynting correction ® can be considered to be
unity. The fugacity coefficient of the refrigerant component in the vapor phase,
J)‘l’, can also be approximated to be 1 due to the ideal behavior of the vapor at
low pressure. Following these assumptions, Wang et al. [75] and Ren et al. [77]
implemented the equilibrium criterion as,

p

—_— 2.9
lefat ( )

Y1=

For the VLE models discussed in this work, the same set of experimental data

are used to regress the unknown interaction parameters. The nonlinear-least-

square method is implemented to correlate the data. The objective function F in

Eq. 2.10 is chosen as the difference between experimental liquid phase fugacity
values and calculated ones using the models.

% ( fexp, L calc L)Z 2.10)

2.2.2. MIXING ENTHALPY ESTIMATION

MIXING ENTHALPY ESTIMATED FROM EOS MODELS

The first method for the estimation of Ay is to use a specific EOS model. Af-
ter obtaining the interaction parameters in the mixing rules, the general form of
residual enthalpy, 2™, can be expressed as Eq. 2.11,

0Z\ dP
res RTzf ( ) 2.11
h 3T ( )

where Z is the compressibility factor, the form of which depends on the certain
EOS. Residual enthalpy, 7', is defined as the difference between the ideal gas
enthalpy and the real one.
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jres — hig _ Ijlreal 2.12)

With the residual enthalpies of the mixture and of both pure components at
liquid state, the mixing enthalpy can be calculated via

N
Ahmix =Y xi B — i (2.13)
i=1
In this study, the PR-EOS with van der Waals mixing rules (PRVdW) [89], PR-
EOS with Wong-Sandler mixing rules (PRWS) [90] and a modified RK-EOS [40]
were included in the evaluation. The details of these models can be found in
Appendix B.

MIXING ENTHALPY ESTIMATED FROM G® MODELS
The second method is to use G* models. With a G® model and the correspond-
ing regressed binary interaction VLE parameters, the excess Gibbs energy can be

obtained by
5€ N

% = i:Zixiln)q (2.14)

The relationship between excess enthalpy and excess Gibbs energy is defined
by Eq. 2.4. Together with Eq. 2.14, the excess enthalpy can be obtained.

G® models only work for solutions, thus, the excess enthalpy calculated by
Eq. 2.4 is actually the mixing heat [38, 46]. G® models considered here are the
NRTL [38] and the UNIFAC [83] models. The details of these models can also be
found in Chapter 3 and in Appendix B.

MIXING ENTHALPY ESTIMATED FROM C-C EQUATION
The third method to estimate the Ahgoy is to use the C-C equation. In a InP-(-
1/T) diagram, the slope of the curve reflects the heat effect during phase-change:

dinP _ Ah 2.15)
d1/T) R ’

For the vapor pressure curve of a pure fluid, A% is the latent heat Ahcon [91].
When it concerns the vapor pressure of a mixture with fixed fraction, Ah is the
absorption heat Ahgps [67]. Note that the mixing enthalpy is the heat effect dur-
ing the mixing of two liquid components, it can be obtained by removing the
latent heat from the absorption heat,

Ahmix = Ahgps — Acon (2.16)
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Table 2.2: Inputs to the PR-EOS for the studied working pairs*.

Compound Tc [K] P. [MPa] w [-]

H>O 647.1 22.06 0.3443
[emim][DMP] 836.85 2.50 0.6383
NHj3 406.15 11.42 0.25601
[bmim] [BF4] 643.18 2.04 0.8877

* PRVAW and PRWS models are discussed in Peng and Robinson [89] and Wong and
Sandler [90], respectively. Critical points and acentric factors are predicted using the
group-function method proposed by Valderrama and Robles [92].

Table 2.3: Inputs to the RK-EOS for the studied working pairs*.

Compound T [K] Pc[MPa] B[] B1 (K] Bo IMPa] B3 [-]
H>O 647.1 22.06 1.00236 0.54254 -0.08667 0.00525
[emim][DMP]852.21 1.81 1 to be correlated 0 0
NH3 406.15 11.42 1.00027 0.45689 -0.05772 0
[bmim][BF4] 894.9 3.02 1 to be correlated 0 0

* The RK-EOS studied in this work and its input parameters are discussed in Yokozeki
and Shiflett [39, 74].

2.2.3. PARAMETERS IN VLE MODELS

Except for the NRTL model, the application of VLE models in VLE calculation and
the estimation of the Ahmix require input information. For instance, the critical
information and acentric factors are required for the EOS based models. In the
case of UNIFAC models, group volumes, area parameters and some interaction
parameters of/between split functional groups are needed. H,O/[emim][DMP]
and NHj3/[bmim][BF4] working pairs were selected because the required input
information of these pairs is available in literature. Tables 2.2, 2.3, 2.4 and 2.5
list the needed information and the corresponding references for each model
discussed in this study. Note that all the inputs of the studied ILs in PR-EOS
(Tables 2.2) are predicted using the group-function method proposed by Valder-
rama and Robles [92]. However in the studied RK-EOS, acentric factors are not
required inputs. The critical information follows the ones used in the original
works [39, 74].

2.3. RESULTS AND DISCUSSION

2.3.1. PERFORMANCE IN CORRELATING AND REPRODUCING VLE DATA
H,O/[EMIM] [DMP] PAIR

H,0/[emim][DMP] pair is one of the few working pairs for which experimental
mixing enthalpy data have been published. For this working pair, the VLE data
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n Table 2.4: Group volumes and area parameters used in the UNIFAC model for the studied
working pairs*.

Group Volumes -] Surface area [-]
H>0 0.92 1.4

NH3 1.4397 2.0918
CHy 0.6744 0.54

CHs 0.9011 0.848
[mim] [DMP] 6.2609 4.996
[mim] [BF4] 6.5669 4.005

* Group division of working fluids is discussed in Dong et al. [83], Lei et al. [93].

Table 2.5: Group interaction parameters used in the UNIFAC model for the studied working

pairs*.

Group 1 Group 2 a2 [-] ary [-]

H>O CH»/CH3 300 1318

H20 [mim][DMP] to be correlated giy (1) to be correlated gi3(1)
CH2/CHs [mim] [DMP] to be correlated gi» (1) to be correlated gis (1)
NHj3 CH»/CHs to be correlated gi (2) to be correlated gi3(2)
NHj3 [mim][BF4] to be correlated gi»(2) to be correlated gis(2)
CH>/CH3 [mim] [BF4] 1108.51 588.74

* Group division of working fluids is discussed in Dong et al. [83], Lei et al. [93].
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Figure 2.1: Experimental VLE data of the HpO/[emim][DMP] pair as reported by Ren et al. [77]
and the correlated VLE curves at constant H>O fraction via different models. (a) PRVdW, (b)
PRWS, (c) RK, (d) NRTL and (e) UNIFAC.

reported by Ren et al. [77] are used for the correlation. The authors collected the
experimental data at 5 different H,O fractions, see Fig. 2.1.

Different VLE models are correlated based on the VLE data. The correlated
interaction parameters and the qualities of the correlations of different models
are listed in Table 2.6. The qualities are quantified using the root-mean-square
deviation (RMSD), the maximum relative deviation (Max. Dev.) of data points,
and by the squared correlation coefficient (%) between the measured and cor-
related pressures (which reflect the degree of linearity of the correlations). The
predicted VLE curves of the H,O/[emim][DMP] pair are also illustrated in Fig. 2.1
from (a) to (e) for the corresponding VLE models.

The studied models seem to be able to reproduce the VLE data of the work-
ing pair HyO/[emim][DMP]. The prefered models, RK-EOS and NRTL models,
perform the best because they give low values for the RMSD between data and
predicted values.
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Table 2.6: Correlation results and performances of different models by using VLE data reported by
Ren et al. [77] of H2O/[emim][DMP] pair

Correlated coefficients* Correlation performance**

RMSD Max. Dev. r?
PRVAW -0.796; -0.282 5.53% 11.35% 0.970
PRWS 0.576; 0.591; -15.080; -2.679 3.99% 7.14% 0.986
RK 0.174; -17.584; 0.038; 0.015; 0.608 2.43% 9.21% 0.997
NRTL  0.434; 0.454; 350.924; -2.261; -388.387 2.63% 7.08% 0.996
UNIFAC -590.684; -686.639; -460.958; 1780.121 4.55% 10.17% 0.983

* Coefficients of PRVAW are kj2 (=k21) and [12 (=lp1) respectively [91]; Coefficients of PRWS are ky2, a,
T(lg) and rg)l) respectively [94]; Coefficients of RK are B1, 712 (=721), [12, l21 and my2 (=mp1) respectively
[40]; Coefficients of NRTL are a, T(lg), 1(112], 1(201) and ‘r;ll) respectively [38]; Coefficients of UNIFAC are the
group interaction parameters (gij (1)-gis (1)) mentioned in Table 2.5.

Z(PCMC/PEXP71)2
** RMSD(P) = Nﬁ, represents the root-mean-square deviation. Max. Dev. is the max-
imum relative deviation of data points. 72 is the squared correlation coefficient between the measured

and correlated pressures.

Table 2.7: VLE data reproducibility of the Ho O/ [emim][DMP] pair [95] by using the correlated
models based on VLE data reported by Ren et al. [77]

RMSD r
PRVdAW 14.08% 0.976
PRWS 12.49% 0.982
RK 9.16% 0.965
NRTL 9.56% 0.965
UNIFAC 10.60% 0.966

The previous correlations were only based on the VLE data reported by Ren
et al. [77]. VLE data from other, independent, source [95] are also applied to
check the uncertainly of the previous correlations. Similarly, the root-mean-
square deviation (RMSD) and the squared correlation coefficient (r?) are adopted
to verify the reproduction qualities, as listed in Table 2.7.

Even though the reproducibility of the independent data is worse then repro-
ducing the same data used for the correlation, the performances of most models
are still acceptable, especially for the RK and NRTL models with lower RMSD

values.

NHj3/[BMIM][BF4] PAIR

VLE data of the NH3/[bmim][BF,] pair for 5 isothermal conditions are plotted
in Fig. 2.2, as reported by Yokozeki and Shiflett [39]. The correlated interaction
parameters and the correlations performances of the different models for this
pair are listed in Table 2.8. Generally, the errors are larger than those for the
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Figure 2.2: Experimental VLE data of the NH3/[bmim][BF4] pair as reported by Yokozeki and
Shiflett [39] and the correlated VLE isotherms via different models. (a) PRVdW, (b) PRWS, (c) RK,
(d) NRTL and (e) UNIFAC.

H,0/[emim][DMP] pair. However, the RK-EOS and NRTL models still show the
best performance. While the performance of the UNIFAC model is the worst. The
predicted isotherms of the NH3/[bmim][BF,] pair are also illustrated in Fig. 2.2
from (a) to (e) for the corresponding VLE models.

VLE data reported by Li et al. [42] are applied here as an independent source
to verify the reproducibility of the previous correlations based only on data of
Yokozeki and Shiflett [39]. As listed in Table 2.9, the reproducibility of this pair
is not as good as the previous checking for the H,O/[emim][DMP] pair. Nev-
ertheless, the reproduction qualities, especially of the ones based on NRTL and
UNIFAC models, are still acceptable.
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Table 2.8: Correlation results and performances of different models by using VLE data reported by
Yokozeki and Shiflett [39] of NH3/[bmim] [BF4] pair.

Correlated coefficients * Correlation performance **

RMSD Max. Dev. r?
PRVAW -0.036; 0.517 10.32% 25.52% 0.992
PRWS 0.633; -7.206; 0.233; 0.363 5.06% 11.79% 0.998
RK-EOS 0.771; -3.104; -0.017; -0.074; 0.028 4.68% 11.72% 0.997
NRTL  -0.011;-52.253; 9597.721; 36.085; -6024.139 2.82% 7.87% 0.997
UNIFAC 296.011; 210.119; -316.806; -316.844 14.64% 16.45% 0.987

* Coefficients of PRVAW are kj2 (=k21) and [12 (=lp1) respectively [91]; Coefficients of PRWS are ky2, a,
T(lg) and rg)l) respectively [94]; Coefficients of RK are B1, 712 (=721), [12, l21 and my2 (=mp1) respectively
[40]; Coefficients of NRTL are a, ‘r(l%), 1(112], 1(201) and ‘r;ll) respectively [38]; Coefficients of UNIFAC are the
group interaction parameters (gi (2)-gi4(2)) mentioned in Table 2.5.

2
Z(Pca.lc/Pexpfl)
** RMSD(P) = N#, represents the root-mean-square deviation. Max. Dev. is the max-

imum relative deviation of data points. 72 is the squared correlation coefficient between the measured
and correlated pressures.

Table 2.9: VLE data reproducibility of the NH3/[bmim] [BF4] pair [42] by using the correlated
models based on VLE data reported by Yokozeki and Shiflett [39]

RMSD r2
PRVAW 29.4% 0.963
PRWS 36.8% 0.972
RK 37.9% 0.974
NRTL 27.3% 0.971
UNIFAC 23.6% 0.952

2.3.2. PERFORMANCE IN THE ESTIMATION OF MIXING ENTHALPIES
H,O/[EMIM][DMP] PAIR

For the H,O/[emim][DMP] working pair, the estimated mixing enthalpies using
the different models at T = 298.15 K and P = 0.1 MPa (for G® and C-C methods,
only T =298.15 K is required) are shown in Fig. 2.3 along with the experimentally
measured ones [77, 96].

All estimated values show obvious deviations from the measured ones. The
RK-EOS, UNIFAC and NRTL models estimate the experimental data the best. The
mixing enthalpies estimated with the PRVdW model are positive while the other
models show negative values. For conditions xy,0 < 0.5, the results estimated
with the C-C relation require extrapolation of the experimental data. This results
in an outlier for xy,0 = 0.18.
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Figure 2.3: Comparison of the experimental and the estimated Ahp,jx values for the
H20/[emim][DMP] pair at T =298.15 Kand P = 0.1 MPa.

NHj3/[BMIM] [BF,4] PAIR

The VLE data of the NH3/[bmim] [BF,] pair were measured at 5 isothermal con-
ditions. When using the C-C method, an additional step is required to obtain
the data at different concentrations. Fig. 2.4 shows how the data have been pro-
cessed. The experimental VLE data including the vapor pressure data of pure
NHj are first fitted to a polynomial. Vapor pressure data at constant fractions
(0.1-0.9 of NH3 molar fraction) were then interpolated, see Fig. 2.4(a). The in-
terpolated data are again plotted in a InP-(-1/T) diagram, see Fig. 2.4(b), for the
experimental temperature range. The slopes of these curves are used to estimate
the absorption and mixing heat with Eq. 2.15 and 2.16. This data processing in-
evitably introduces additional errors.

Estimated Ahpix values at T = 298.15 K and P = 1.1 MPa (for G¢ and C-C
methods, only T = 298.15 K is required) are shown in Fig. 2.5. Note that for the
given conditions, the pure NH3 is at a liquid state, the latent heat is not taken
into account here. The values for the PRVdAW and PRWS models are significantly
larger than the others, and are not presented. The two G® models, i.e.. NRTL
and UNIFAC, produce contradicting trends. The RK-EOS model and the C-C re-
lation show intermediate values. Al values estimated from C-C and RK-EOS
change from positive to negative. This behavior indicates that the mixing of the
two liquid components is exothermic at low ammonia fractions while endother-
mic at high fractions. The differences in the estimated Ahmix values at the same
condition are significant.

To the best of the author’s knowledge, the measurement of the mixing en-
thalpy for the solution NH3/[bmim][BF,] has not been reported currently, thus
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Figure 2.4: VLE data processing before using Clausius-Clapeyron relations. (a) Interpolation at
constant NH3 fractions. (b) The interpolated data shown in a InP-(-1/T) diagram (dash line
represents the saturated pressure of pure NHs).

the judgment of which model is more accurate for this pair is not available. Nev-
ertheless, compared with Aflmix values of the H,O/[emim][DMP] pair, absolute
values of Ahpix for the NH;/[bmim][BF4] pair are generally much lower. This
indicates smaller heat effects during the mixing of liquid NH3 with [bmim] [BF,].

Table 2.10 summarizes the key information of the models considered in this
study and their performances in respect to the estimation of ARpmix.

OUTLOOK OF MOLECULAR SIMULATION

Besides the discussed models here, molecular simulations can be used to predict
the mixing enthalpy of IL working pairs. In molecular simulations, thermody-
namic properties are calculated based on a potential which describes the molec-
ular interactions. These potentials are often correlated to experimental VLE data
similar to the models discussed in this work, but can also be used to extrapo-
late mixture properties from pure component data. Previously, Maginn explored
these methods to calculate the mixing enthalpy of HyO/[emim] [EtSO4] [97] and
NHj3/[emim] [Tf,N] [98]. While the initial results for H>O/[emim][EtSO4] did not
agree well with experimental measurements, these authors slightly adjusted the
potential to better reproduce experimental results. Moreover, these authors sug-
gested more sophisticated potentials to further improve the accuracy of molecu-
lar simulations. Hence, we see molecular simulations as an alternative approach.

2.3.3. TOTAL ENTHALPY CALCULATIONS

H,O/[EMIM][DMP] SOLUTION

Depending on the availability of the heat capacities of the IL-based solutions,
there are two alternative methods to calculate the total enthalpy. If the heat ca-
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Figure 2.5: Comparison between the Afy;, estimated with the different estimation methods for
the NH3/[bmim][BF4] working pair at 7 = 298.15 Kand P = 1.1 MPa.

pacity of the solution, éf,‘)l, is known, its total enthalpy at a specified temperature
and concentration can be calculated from

~

RN (T, x;) = h*°! (298.15, x1) + f 5;01(x1)dT 2.17)
298.15

where 75! (298.15, x1) is the solution enthalpy at 298.15 K and an H,O fraction of
x1. Based on an arbitrarily chosen reference state, here at 273.15 K, this enthalpy
can be calculated via,

298.15 298.15
70! (298.15, x1) = Ahmix (298.15, x1) + (1 — x7) f &ydT +x f cp20dT
273.15 273.15

(2.18)

For the H,O/[emim][DMP] working pair, total enthalpies at 328.15 K are cal-
culated using Ahmix (298.15, x1) from different models. The results are presented
in Fig. 2.6. Heat capacities of pure IL and solutions reported by Zhang and Hu
[79] were also used in the calculation. The properties of H,O were taken from
the NIST database [99].

The ideal solution, IS, in which the effects of mixing enthalpy are neglected
is also shown in Fig. 2.6. Only mixing enthalpies calculated by the PR-EOS and
the C-C relation, see Fig. 2.3, have positive deviations. Compared with the to-
tal enthalpy calculated using the experimental mixing enthalpies, the UNIFAC
and RK models agree the best, while the comparable deviations are in opposite
directions. The largest deviation occurs at a fraction around x; = 0.7-0.8.
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Table 2.10: Summary of Ay estimation using the different VLE models for the
H20/[emim][DMP] pair.

Ahpix estimation

Type Model method Remarks
Critical information and acentric factors needed
PRVAW Sign of heat effect does not agree with experiments
EOS Inf, — RY®S — Ahpmiy Critical information and acentric factors needed
PRWS Large deviations from experiments
RK Critical information needed, one the two best performing models
NRTL ) ) No input needed, close to UNIFAC model
G® Iny; — g% — h®(Ahmix)
UNIFAC Group information needed, one of the best performing methods
C-C InP; — Ahgpg — Almix No input needed, second largest deviation

The previous method of the total enthalpy calculation only requires mixing
enthalpy data at one temperature condition, while it also needs heat capacities
of the solution. For most IL-based pairs, especially in the absorbent screening
phase, the heat capacities of the solutions are not available. Therefore, the pre-
viously presented total enthalpy calculation method is not applicable. As an al-
ternative, the following method which directly uses the mixing enthalpy and the
enthalpy of the ideal solution can be applied [46, 65].

T T
YT, x) :Ahmix(T,x)+(1—x1)f5§,LdT+x1fé§2°dT (2.19)
TO TO

In Fig. 2.7, the total enthalpies calculated using both methods are displayed
along the horizontal axis and the vertical axis, respectively. All points are dis-
played along the x = y line. This indicates that the two methods can be used al-
ternatively to calculate the total enthalpies for the H,O/[emim][DMP] solution.
Furthermore, this implies that the excess heat capacity of the solution, i.e. the
difference between the heat capacity of the real solution and its ideal counter-
parts, has a very limited influence, because Eq. 2.19 neglects the excess heat ca-

pacity part.

NHj3/[BMIM][BF4] SOLUTION

Fig. 2.8 shows the results of total enthalpies of the NH3/[bmim][BF,4] solution
when the mixing enthalpies obtained by the different sources are used. Eq. 2.19
has been used because there is no published heat capacity data for this solu-
tion. In comparison to the H»O/[emim][DMP] solution, a smaller deviation can
be observed between the ideal solution and the enthalpy values obtained with
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Figure 2.6: Comparison of the total enthalpies of the HoO/[emim][DMP] solution at 328.15 K as
estimated by the different VLE models. The lines distinguish sources of the mixing enthalpies for
the estimation of total enthalpies.

the different models. This is because the Al of the NHj3/[bmim][BF,4] pair is
smaller.

2.3.4. INFLUENCE ON THE ABSORPTION CYCLE PERFORMANCE

Two factors resulting from VLE models can lead to different predictions of the
performance of an absorption cycle. One is the influence of the models on the
determination of operating conditions. If the solubility is incorrectly predicted,
the cycle performance will be inaccurate. The second aspect is the mixing en-
thalpy estimation, which is of significance for the estimation of the total enthalpy.
The circulation ratio, f, one of the performance criteria reflects solely the effect
of the VLE correlation, while the coefficient of performance (COP) reflects the ef-
fects of both factors. In the following, the comparison of these two performance
criteria is presented when the different models are used.

The cycle configuration and its thermodynamical description will be intro-
duced in Chapter 3. In this study, both working pairs are applied in an absorption
refrigeration system operating under the conditions Teon/ Taps/ Teva =45/30/5 °C.
The heat source temperature Tge, varies from 85 to 100 °C.

The circulation ratio, f, which is defined as the mass flow ratio between the
pump stream and the refrigerant stream can be obtained using mass and species
balances,

_ g 1-wy

_— = 2.20
f mr wS - wW ( )
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Figure 2.7: Comparison of the two methods for the calculation of the total enthalpies of
H20O/[emim][DMP] solution at 328.15 K. h-Method1 is based on Eq. 2.17 and 2.18, while
h-Method2 is based on Eq. 2.19 The symbols distinguish sources of the mixing enthalpies for the
estimation of total enthalpies.

Fig. 2.9 presents the results of circulation raio, f, for the absorption cycle with
H,0/[emim] [DMP] working pair. These results are obtained when applying the
different VLE models. f is solely quantified by the solubilities obtained from the
VLE data. The results of f do not show large differences, because they are based
on the same set of VLE experimental data.

Using the enthalpy calculation methods discussed in Section 2.3.3, the COP,
defined as a ratio between the cooling effect obtained in the evaporator and the
heat input to the generator, can be calculated. Fig. 2.10 shows the estimated
COP for varying levels of heat source temperature. Since there is no sensible dif-
ference in f, the difference in the predicted COPs is mainly due to the difference
in mixing enthalpies. Results based on ideal solutions and experimental mixing
enthalpy data are also plotted as references.

Generally, the models that estimate higher mixing enthalpies lead to a higher
predicted COP. This relationship implies that a less exothermic effect during
mixing is preferable for the absorption cycle. The highest COP is attained when
using the C-C model. Thereby, it is shown that a steep change of the mixing en-
thalpy can lead to an overestimated performance.

Similar to the mixing enthalpy estimation, RK-EOS and UNIFAC models also
present the closest predictions for COP values compared with the one using ex-
perimental data. However, the COP values predicted using these two models are
distributed on both sides of the experimental predicted COP.



2.4. CONCLUSIONS 51

20 | | R
.\“* x —%—NRTL
, UNIFAC
— 15 _e_C—C |
g - - -IS,noAh_,
mix
~
-
=,
\3 10
51 . . . . -
0 0.2 0.4 0.6 0.8 1

XNH3 / [mol/mol]

Figure 2.8: Comparison of the total enthalpies at 328.15 K of the NH3/[bmim] [BF4] solution
estimated by different VLE models. The lines distinguish sources of the mixing enthalpies for the
estimation of total enthalpies.

For the NH3/[bmim][BF,] working pair, the values of f and COP of the ab-
sorption refrigeration cycle are also calculated, see Figs. 2.11 and 2.12. Large dif-
ferences for f can be observed at a lower generation temperature (85 °C): The
UNIFAC model gives a lower value of f, which leads to a higher estimation of
COP. This is mainly due to the relatively poor performance in reproducing the
VLE data, as listed in Table 2.8. For high generation temperatures, RK-EOS, UNI-
FAC and C-C models show similar values for the COP, while all results are lower
than the ones for the ideal solution. The NRTL model overestimates the COP.
The relation between the cycle performance and the estimated values of Ahpix
agrees with the previous observations for the cycle using H,O/[emim][DMP] as
working pair. Additionally, the COP values of the cycle with NH3/[bmim] [BF,]
working pair are lower than the ones for the HyO/[emim][DMP] pair.

2.4. CONCLUSIONS

The performance of different VLE models applied to ionic liquid based absorp-
tion refrigeration cycles has been evaluated, for the two investigated working
pairs (H,O/[emim] [DMP] and NH3/[bmim][BF,]). Specifically:

* For the sake of analyzing absorption cycles when no experimental data is
available for the mixing enthalpy, the Redlich-Kwong equation of state per-
forms best in both correlating VLE data and estimating mixing enthalpies.
Besides, the NRTL model is also suitable for the correlation of VLE data and
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Figure 2.9: Calculated circulation ratio of the HoO/[emim][DMP] working pair in an absorption
refrigeration cycle by different VLE models. The lines distinguish sources of the VLE prediction.
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Figure 2.10: Calculated coefficient of performance of the H,O/[emim] [DMP] working pair in an
absorption refrigeration cycle when the different VLE models are applied. The lines distinguish
sources of the VLE prediction and the mixing enthalpy estimation.



2.4. CONCLUSIONS 53

300 T T
—¥—RK
250 —%—=NRTL |7
UNIFAC

N
o
o

T /T /T, =45/30/5 °C

con’ " abs’ " eval

Circulation ratio / [-]
o
o

100 |
50'F
N
O 1 1 i
85 90 95 100
0
Tgen /[°C]
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sources of the VLE prediction and the mixing enthalpy estimation.
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2. ASSESSMENT OF VAPOR-LIQUID EQUILIBRIUM MODELS

the UNIFAC model can be applied for estimating mixing enthalpies.

The mixing of liquid NH3 with [bmim][BF,] is less exothermic since the
absolute values of Al for this pair are smaller than those of the working
pair H,O/[emim][DMP].

The results of total enthalpies for the H»O/[emim][DMP] solution are more
sensitive to the VLE models compared to the NH3/[bmim][BF,] solution.
Excess effects in the heat capacity of solutions are not dominant. This has
been shown by comparing two alternative methods for the calculation of
total enthalpies for the H,O/[emim][DMP] solution.

Performance parameters (f and COP) of the absorption refrigeration cycle
vary when using different VLE models. The variation of COP is larger for
the cycle with the H,O/[emim][DMP] pair. For the same working pair, a
model estimating a smaller Ahnix (larger exothermic effect) would under-
estimate the COP.
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In this chapter, performances of 9 currently investigated NHs/ILs pairs are calcu-
lated and compared in terms of their applications in the single-effect absorption
heat pumps (AHPs) for the floor heating of buildings. Among them, 4 pairs were
reported for the first time in absorption cycles (including one which cannot oper-
ate for this specific heat pump application). The highest coefficient of performance
(COP) was found for the working pair using [mmim][DMP] (1.79), and pairs with
[emim][TfoN] (1.74), [emim][SCN] (1.73) and [bmim][BF,] (1.70) also had better
performances than that of the NH3/H» O pair (1.61). Furthermore, an optimization
was conducted to investigate the performance of an ideal NH3/IL pair. The COP
of the optimized mixture could reach 1.84. Discussions on the contributions of the
generator heat and optimization results revealed some factors that could affect the
performance. It could be concluded that the ideal IL candidates should show high
absorption capabilities, large solubility difference between inlet and outlet of the
generator, low molecular weights and low heat capacities. In addition, an eco-
nomic analysis of the AHP using NHs/[emim][SCN] working pair with plate heat
exchangers was carried out based on heat transfer calculations. The results indi-
cated that the NH3/IL AHP is economically feasible. The efforts of heat transfer
optimization in the solution heat exchanger and a low expense of ILs can help the
IL-based AHP systems to become more promising.

Parts of this chapter have been published in: Applied Energy, 204, 819-830 (2017) [24].
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3.1. INTRODUCTION

In order to preselect promising ionic liquid to be used in absorption systems,
many researchers did performance investigations. The majority of investigations
were focused on performance predictions, in which the frequently studied re-
frigerants include H,O [38, 100], hydrocarbons [101], hydrofluorocarbons (HFC)
[102, 103] and CO3 [104]. Since NHjs based absorption systems hold strengths
such as sub-zero degree applications and free of air infiltration, research related
to these mixtures is most relevant. Nevertheless, there is only limited work which
has been reported. Yokozeki and Shiflett [39, 40] measured solubility data for
NHj3 with a set of ILs, and calculated the thermodynamic performance of these
mixtures in a single-effect cycle. Kotenko [105] also developed thermodynamic
simulations for absorption heat pumps (AHPs) with 4 NH3 /ILs mixtures in Aspen
Plus, and compared their performances with that of the NH3/H,O system. Their
results showed that the efficiency of some of the investigated NH3/IL AHP pro-
cesses, at specified operating conditions, was higher than that of conventional
NHj3/H,0 systems. Chen et al. [43, 46] investigated vapor-liquid equilibria (VLE)
for metal ion-containing ionic liquid [bmim][Zn,Cls] with NH3, and compared
the thermodynamic performance of this mixture with that of the NH3/NaSCN
pair. The performance of the former system is better than that of the latter one
when the generator temperature is high and the absorber and the condenser
temperatures are low. Ruiz et al. [44] modeled NH3/IL absorption using COSMO-
based Aspen simulations and analyzed cycle performance for conventional and
task-specific ILs.

In these performance prediction studies of absorption systems, the enthalpy
of the NH3/IL solution is always an essential thermodynamic property. Most re-
searchers obtained this property by adding an excess enthalpy to the weighted
sum of enthalpies of the two pure components. The excess enthalpy could be
obtained from the VLE data via a variety of models. Some researchers [38, 61,
81] used the non-random two-liquid (NRTL) activity coefficient model to pre-
dict it. However, Shiflett and Yokozeki [61] found that accurate prediction of
mixing enthalpy with NRTL is very difficult, because excess enthalpy is derived
from the temperature derivative of the activity coefficient, and the temperature-
dependency in any activity model is always in a purely empirical form. Therefore
then they turned to a cubic equation of state (EOS) method for excess enthalpy
predictions [39, 40]. Meanwhile, for the pure components part, one of the chal-
lenges is the heat capacity of the IL. In the work of Yokozeki and Shiflett [39, 40],
this part was obtained from a group function contribution method [106]. But
Cai et al. [104] pointed out that this group function contribution method is not
always accurate. In the prediction work of Chen et al. [46], experimental heat
capacity data of ILs were employed in the enthalpy predictions. Therefore, ac-
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cording to the previous studies, the combination of EOS based method for the
excess enthalpy with the experimental heat capacity data of ILs may provide a
more accurate way for the performance prediction of AHPs.

Previous experimental studies were carried out either by substituting the work-
ing pairs in a traditional commercial system [62-64] with H,O/ILs pairs, or re-
stricted to small scale systems [65]. Apart from these studies, the understanding
of ILs in more practical aspects, for example the heat and mass transfer aspects,
is still limited. However, researches of IL-based working pairs is emerging re-
cently taking more practical aspects into account. Meyer et al. [67] studied the
combined heat and mass transfer phenomena of H,O/[emim][DEP] pairs in an
absorption refrigeration system by using analytical functions. Ariyadi and Coro-
nas [68] developed a measurement setup to study the absorption capacity of the
NHj3 vapor in ILs in a pool type absorber. Wadekar [69] simulated the heat trans-
fer behavior of IL [bmim][Tf,N] in different heat exchangers (HXs). The results
showed that the heat transfer performance was not particularly attractive, but
heat transfer enhancement technology can improve it effectively. Boman et al.
[70] screened working pairs including the IL-based ones for a single-effect AHP
based on both thermodynamic and heat transfer principles. The shell-and-tube
HXs of IL-based AHP systems need more heat exchanger area due to the poor
heat transfer performance of the ILs. Chugh et al. [71] implemented a membrane-
based semi-open absorption system using IL for heating, dehumidification and
cooling application. The experimental test achieved a heating coefficient of per-
formance (COP) of 1.4.

In this chapter, a thermodynamic model of single-effect AHPs is first pro-
posed accompanied with an accurate method to estimate enthalpies of solu-
tions. With this model, the performance behaviors of 9 commercialized ILs with
NHj are investigated along with that of the conventional NH3/H,O pair. Consid-
ering previous studies, the 9 working pairs cover all the ILs which have sufficient
published data (VLE data with NH3 and pure heat capacities of ILs) for this calcu-
lation. The performance of four of these pairs in absorption systems is reported
for the first time. The influence of the GEN temperatures on the circulation ra-
tio (f) and on the COP is also studied. As one of the most original parts of this
chapter, the developed NRTL and heat capacity models have been made generic,
by integrating them with a genetic algorithm (GA) in the thermodynamic AHP
model, to determine the maximum COP of the AHP cycle and explore how the
thermodynamic properties of the ideal ILs should show. In addition, the heat
transfer calculations for each heat exchanger of an AHP are carried out consid-
ering all heat exchangers are plate heat exchangers (PHXs). Based on that, the
feasibility of applying IL in an AHP system is analyzed by investigating its eco-
nomic performance.
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Figure 3.1: Schematic diagrams of a single-effect AHP system using IL based working pair. (a)
Flow diagram of the cycle; (b) State points of the cycle on aIn P-(-1/T) diagram. The arrows show
directions of flows. The corresponding numbers denote state points in both diagrams.

3.2. METHODS

3.2.1. THERMODYNAMIC MODEL OF THE CYCLE

Thermodynamic models of the single-effect AHP systems have been frequently
reported in the literature, see for instance Kiss and Infante Ferreira [91]. In this
section, only the details required for the following steps of this chapter will be
discussed.

Fig. 3.1(a) depicts a schematic diagram of a single-effect absorption refriger-
ation/heat pump cycle. The system is mainly composed of an absorber (ABS), a
generator (GEN), a condenser (CON), an evaporator (EVA), along with a solution
heat exchanger (SHX), a pump and two throttle valves.

To qualitatively illustrate the temperature and pressure relationship of each
state, the process is also plotted in a In P-(-1/T) diagram in Fig. 3.1(b). In the
ABS, the weak NH3/IL solution 5 (weak in the refrigerant, NHs) absorbs the sat-
urated pure NHj refrigerant vapor 1 from the EVA, and then it turns into strong
solution 2. The heat Qs is delivered to the heating system by the ABS. The out-
let solution 2 from the ABS is then pumped to a high pressure level and enters
the SHX as a cold flow. The outlet flow of the cold side, stream 4, then goes into
the GEN, where the driving heat Qgen is input. With the heat input, strong solu-
tion 4 releases some refrigerant vapor 8, then becomes the poor solution 7 and
enters the SHX. In the SHX, the weak solution 7 is cooled by the cold side to state
6 and then throttled to a low pressure level through a valve, before going back
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to the ABS. The superheated refrigerant vapor 8 from the GEN is condensed to
a saturated pure liquid refrigerant in the CON, where the heat Qco, is delivered
to the heating system. After that, the saturated liquid refrigerant 9 expands to a
low pressure level through a valve, and extracts heat Qeva from the surrounding
in the EVA. The outlet vapor 1 goes back to the ABS and finishes the cycle.

In order to create an integrated model for the thermodynamic analysis of the
absorption process with NH3/ILs pairs, several assumptions are made to simplify
the calculations:

» The system operates in a steady state.

* The heat losses, pressure losses and pumping work are neglected. The
throttling is an isenthalpic process.

» The operating pressures of the EVA and the ABS are the same, and similarly,
the pressures of the GEN and the CON are also equal.

* The minimum temperature approach of the solution heat exchanger, SHX,
issetto 5 K.

* The refrigerant stream is saturated liquid or saturated vapor at the outlet
of the CON or the EVA, respectively. The solution is at equilibrium state
when leaving the GEN. While the solution leaving the ABS is subcooled,
with a subcooling of 3 K.

* Vapor leaving the GEN is pure NH3 which has the same temperature as the
inlet solution (Fig. 3.2 (a)).

The AHP system with an NH3/H,O pair is also modeled in this study for ref-
erence purposes. For it, an additional column and a rectifier are needed to purify
the outlet vapor, as shown in Fig. 3.2 (b). The reflux ratio must be iterated until an
acceptable purity of the vapor outlet is obtained. Thus, additional simplification
is taken into account,

e Vapor leaving the rectifier is pure enough (99.99% NHj3), and has a satu-
rated temperature corresponding to the operating pressure (Fig. 3.2 (b)).
After the rectifier, it is treated as a pure fluid.

With the enthalpy of each state point, the heat exchanged, for instance, in the
EVA and the GEN is,
Qeval 11y = hy — hg 3.1

Qgen/ 1y = hg + f (h7 — ha) — hz (3.2)

From the mass balance of refrigerant in the solution,

1 (1 — wy) = (s — my) (1 — wy) (3.3)
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Figure 3.2: Two constructions of the generator. (a) The generator for working pairs using
absorbents with a negligible vapor pressure at operating temperature, say NH3/ILs in this study.
(b) The generator with purification section above it (distillation column and rectifier) for working
pairs using absorbents with a non-negligible vapor pressure at operating temperature, say
NH3/H2O in this study.

The performance parameters, i.e. circulation ratio (f) and COP can be cal-

culated as,
_ ms 1—wy

f=—=——7 (3.4)

Wy  Wi— Wy

Qcon + Qabs

gen

COP = (3.9)

3.2.2. PROPERTIES
VAPOR-LIQUID EQUILIBRIA FOR THE NH3/ILS BINARY SOLUTIONS
Vapor-liquid equilibrium describes the relationships between parameters P-T-
x, which can be used to identify the state points in the cycle. Non-random two-
liquids (NRTL) models for the prediction of vapor liquid equilibrium of mixtures
have been frequently reported in the literature, see for instance [91]. In this sec-
tion, only the details required for the following steps of this chapter will be dis-
cussed.

For the NH3/IL system, due to the non-volatility of ILs, the equilibrium crite-
rion is simplified as,

P = yNuH, XN, Pﬁla}th (3.6)
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here, P;Ia}th can be obtained from NIST Refprop [99]. The activity coefficient ynp,
can be obtained by the NRTL activity coefficient model after correlations of VLE
data,

G 2 G12712
InynNH, = x2 T21( ) + (3.7)
YNH; = %2 X1+ X%2Goy (x2 + x1G12)?
where,
G2 =exp(—aTty2)
Gy = exp(—atyy)
(1
1 T 3.8
T12=T(1(;) + LZZ ( )
1)
T
© , 21
Ty =Ty, + —=—
21 21 T

ENTHALPIES OF THE REFRIGERANT AND SOLUTIONS
The enthalpy data of pure NH3 is directly obtained from NIST’s Refprop [99]. For
a real solution, the total enthalpy can be estimated using the following method,
depending on its state.

For a saturated solution at an equilibrium condition T, P and wyy,, the total
enthalpy is,

RN (T, P wnn, ) = wnn, g, (T) + wiphy, (T) + he (T, P wy,) (3.9

where the enthalpies of NH3 are chosen at their saturated liquid states. For the

ILs, the enthalpies are calculated with the help of their pure heat capacities c,

T
() =ho(To)+ [ clhdr (3.10)
T

0

The calculation of the excess enthalpy, h¢, can be obtained using an equation
of state (EOS) and mixing rules. Yokozeki and Shiflett [39, 40, 74] employed a
generic Redlich-Kwong (RK) type of cubic EOS to fit the vapor pressure data and
to predict the excess enthalpy. This method is also used for the prediction of the
mixing heat in the present work. The detailed approach has been reported in
the mentioned references. The values of the critical temperature and pressure of
ILs needed for the following calculations, along with their molecular weights, are
listed in Table 3.1.

For subcooled solutions at condition T, P and wng,, its enthalpy can be ob-
tained by subtracting the subcooled part from a corresponding saturated solu-
tion,

TS at

BT, B wnm, ) =% (Tsar, P wnm, ) — f cldT (3.11)
T
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Table 3.1: Molecular weight and critical data of the investigated ILs.

ILs My [kg/kmol] Te* [K] P.* [MPa]
[mmim][DMP] 222.18 816.8 2.72
[emim][BF4] 197.97 596.2 2.36
[hmim][BF4] 254.08 690.0 1.79
[omim] [BF4] 282.13 737.0 1.60
[bmim][BF4] 226.02 643.2 2.04
[bmim][PFg] 284.18 719.4 1.73
[emim][Tf2N] 391.31 1249.3 3.27
[emim][EtSO4] 236.29 1067.5 4.05
[emim][SCN] 169.25 1013.6 2.23
*The critical data are obtained using the group-contribution-function
method [92].

In this study, the weighted average heat capacity of both components has

been implemented to express cf,"l.
1 NH IL
CSO (LUNH3) = WNH; Cp S+ (1 — wNHS) Cp (3.12)

This treatment has been verified for HoO/[mmim][DMP] with cff’l data in
[38], showing that the relative deviation is always smaller than 4%.

If T of a stream is higher than T, part of the NH3 in the solution will be
boiled off. For this case, the total enthalpy can be expressed as,

RN(T, P wng,) = (1- ) B9 + ghY (3.13)

where, h:g{ and KV are the specific enthalpies for the saturated solution part and
the vapor part, respectively. g is the quality, which can be identified as,
_ W— Wsat

=— (3.14)
9 1 — wgat

3.2.3. OPTIMIZATION PROBLEM
The properties of ILs can be adjusted by the design of anion and cation com-
binations for a task-specified purpose. However, because of the large number
of anions and cations, the number of possible combinations is considerable. In
this chapter, the determination of screen criteria of task-specific ILs for AHPs will
also be discussed. These criteria are identified by the optimization of the perfor-
mance.

In the optimization, the objective is the maximization of the COP which de-
pends on solubility (mass fractions of weak and strong solutions) and enthalpy
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values as will be discussed in Section 3.3.5. Making use of an NRTL model, a to-
tal of eight parameters are identified which affects the attained COP value. They
are a, T(l(;), 1(112), Téol) and 1;11) of the NRTL model for VLE, ¢y, ¢; in linear molar

Cp expression and the molecular weight M,,. Once the COP reaches the optimal

value, corresponding optimal variables can be determined for the optimum IL

and mixture. Meanwhile, in order to obtain a practical and reasonable result,

constraints of these optimal variables are needed. They are determined in terms

of experimental data which are collected and discussed in Section 3.3.1.

Genetic algorithm is better at finding global solutions than gradient-based
solvers. GA selectively generates new candidate points to evaluate based upon a
method that is similar to breeding between two “parents” to generate a “child”.
They are useful for problems that are highly nonlinear, such as the present prob-
lem. One of the concerns is the computational efficiency. To check alarge amount
of individuals from generation to generation is time-consuming. Luckily, the
present optimization problem is not so CPU-intensive. In addition, the selection
of individuals in the current generation is random, which can also lead to local
minima. To overcome this drawback, instead of using GA for only one optimiza-
tion, we try thousands of optimizations based on GA independently to remove
local minima. The non-physical optimization results will be rejected. Finally, the
optimum value for the objective function can be identified. The GA toolbox of
Matlab has been used to identify the optimum combination of parameters. The
effect of the settings for what concerns population size, elicit count, crossover
fraction and generations has been investigated by studying the effect of varia-
tions and finally the settings proposed in the Matlab toolbox, respectively, 200,
10, 0.8 and 500, have been adopted.

3.3. RESULTS AND DISCUSSION

3.3.1. CORRELATIONS AND SUMMARIES OF PROPERTIES

VAPOR LIQUID EQUILIBRIUM

With the experimental VLE data of binary NH3/ILs, the binary parameters, a,
Tg, 1(112), ‘L'g)l) and ‘L'gl) of the NRTL model (Eq. 3.7 and 3.8), can be correlated and
will allow for the determination of the operating concentrations. The correlated
results and accuracies are listed in Table 3.2. In this work, most of the data have
been correlated with a root-mean-square deviation (RMSD) smaller than 5.62%
as shown in Table 3.2. Only the model for the pair NH3/[omim][BF4] showed
slightly larger deviation: 8.7%.

HEAT CAPACITIES
Experimental heat capacity (c,) data of 61 ILs at 298.15 K, reviewed by Paulechka
[108], are plotted in Fig. 3.3 in mole-based and mass-based units, respectively. It
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Table 3.2: Correlated binary parameters in the NRTL model for the investigated working pairs.

. . ) M ©) o Data
Working pairs* a 71y Ty Ta1 Ta1 points RMSD**

NH3/[mmim)] [DMP]1 0.24032 7.82 -2300.68 -4.43 1000.39 30 3.31%
NH3/[emim] [BF4]2 0.99952 -0.01 236.41 -1.26 164.59 25 5.14%
NH3/[hmim] [BF4]3 0.99998 -14.8 5081.74 -2.67 478.85 25 4.29%
NH3z/[omim] [BF4]4 0.90702 -7.01 2690.74 -2.4 283.17 25 8.71%
NH3/[bmim] [BF4]5 -0.01285  -48.23 8961.06 32.62 -5490.64 30 2.62%
NH3/[bmim] [PF6]6 0.33411 3.73 -509.57 -4.19 643.5 29 2.98%
NH3z/[emim] [TfrN]7 -0.00422 -100 14710.17 71.51 -9046.21 30 5.62%
NH3/[emim] [EtSO4]8 0.71604 11.17 -4089.25 -7.53 2451.46 29 4.32%
NH3/[emim] [SCN]9 -0.27082  -10.66 3120.01 5.6 -1967.71 36 4.59%
NH3/H2010 -0.24355  24.17  -18636.43 7.26 -3370.40 111 3.24%
*The experimental VLE data used are from, I [41],2,3 and # [42],°, % and 7 [39], 8 and ? [40], and !°
[107]. Data of the NH3/H2O pair are used as a reference.

*RMSD is obtained based on the deviations between the correlated and experimental pressure

Z (Pcalc/Pexp_l)2
databy RMSD (P) = \| ¥—F——

is quite interesting to see that the mole-based ¢, data are distributed in a linear
trend with respect to the molecular weight. The mass-based ¢, data are central-
ized near 1.44 kJ/(kg-K) in a nearly constant range between 1-2 kJ/(kg-K). This
trend provides a general relationship between ¢, and M, for ILs, which will be
used in the property optimization as a constraint. Even though the relationship
is not very accurate, it still can be helpful to identify how this property impacts
on the performance of the mixture in the AHP.

For the same ILs involved in the NRTL correlation in Table 3.2, the mole-
based c;, values are also plotted as a function of temperature in Fig. 3.4. With re-
spect to the temperature, the ¢, values of different ILs also show approximately
linear trends. Thus, the molar ¢, value of each IL is represented by a linear ex-
pression. Table 3.3 lists the correlated parameters of the linear expression and is
based on the experimental ¢, data from literature [109-115]. The accuracies of
all correlations are also listed. Notice that for most fluids the available data are
limited to 100 °C, so that the relation is extrapolated when calculating values up
to 130 °C. This may lead to larger errors than reported in Table 3.3.

3.3.2. PERFORMANCE COMPARISON

To compare the performances in detail, some calculated results are listed in Ta-

ble 3.4 at a specific condition (Tgen/ Teon/ Taps/ Teva = 120/45/45/10 °C). This op-

erating conditions range is specified based on applications in floor heating.
Under these operating conditions, the circulation ratio, f, of the working
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Figure 3.3: Specified heat capacity values of 61 ILs at 298.15 K (upper: mole-based ¢p, lower:
mass-based cp). These 61 data points have been collected from experimental ¢ data reviewed by
Paulechka [108]. They are selected because they are the only ones having ¢ data at 298.15 Kwith

uncertainties lower than 15%.

pair, NH3/[hmim][BF,], always has a negative value, what means this pair can
not be used in an AHP which operates under the imposed conditions. Thus, it is
not included in the following discussions.

Apart from the solubility levels of the in- and outlet of the ABS and perfor-
mance parameters f and COP, the conditions at the GEN inlet (state point 4) are
also checked. Qualities g4 are listed to show if there is vapor boiled-off before
entering the GEN. The table also includes the results for the NH3/H,0O system
and optimum results obtained in Section 3.3.5. The single-effect AHP cycle with
NH;3/H,0 as working fluids, reported by Kotenko [105], operates at similar con-
ditions as applied in the current work. His predicted heating COP for a system
with a rectifier and slightly lower evaporating temperature (Tey, =5 °C) is around
1.59, which is quite similar to the values obtained in the current work of 1.61.

Two facts resulting from the circulation ratio, f, can influence the cycle per-
formance. One is its impact on the pumping power. A higher value of f means a
larger mass flow rate through the pump (at the same flow of refrigerant stream),
which can increase the power consumption of the solution pump. The second
one is due to the relationship between f and the energy and mass balances for
the GEN and for the ABS, which will be discussed in detail in Section 3.3.3. In all,
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Table 3.3: Correlated parameters in ¢p [kJ/ (kmol-K)] = ¢o + ¢1 T' [K] (mole-based) for the
investigated ILs.

ILs* & a Data RMSD
points
[mmim][DMP]!  -153.898 1.476 4 0.94%
[emim][BF4]2 214.067  0.308 12 0.18%
[hmim)] [BE4]3 275.962  0.520 9 0.00%
[omim)][BF4]* 323.894 0.588 100 0.21%
[bmim] [BF4]° 250.201  0.397 20 0.68%
[bmim)] [PFg]® 282.070  0.452 1528 0.91%
[emim][Tf,N]?  363.188  0.478 16 0.01%
[emim][EtSO4]8 245526  0.462 146 0.60%
[emim][SCN]? 116.474  0.547 20 0.61%

*The experimental cp data used are from, o9y, 2 110), 3
(1111,%4,%and 8 (121,86 [113],7 [114] and ® [115].

asmall f is preferable. Because of the significant difference in molecular weights
between NHj3 and ILs, the mass fractions of NH3/ILs pairs are much lower than
that of the NH3/H,O system. As a result, the circulation ratios of NH3/ILs mix-
tures (29.3 - 112.4) are significantly higher than that of conventional NH3/H,0
(4.6). Promisingly, four ILs based systems hold higher COP values than that for
the NH3/H,0 system (1.61). These ILs are [mmim][DMP] (1.79), [emim] [T, N]
(1.74), [emim][SCN] (1.73) and [bmim][BF4] (1.70). Although the performance of
the NH3/H, 0 system could be improved by implementing advanced cycles, such
as the generator/absorber heat exchanger (GAX) cycle, that would also increase
the complexity and investment of the system. These promising results show the
potential of NH3/ILs working pairs which can be executed with a simple cycle,
making these pairs superior alternatives.

Previously Yokozeki and Shiflett [39, 40] have compared the performance of
some of the investigated mixtures in single-effect absorption refrigeration cycles.
Their results are also included in Table 3.4 for reference. At their considered oper-
ations conditions, the NH3/H,O pair has been identified to perform better than
the considered NH3/ILs pairs. This is different from the current work, in which
the NH3/H,O pair is not identified as the superior one for a heat pump opera-
tion. Yokozeki and Shiflett [39, 40] did not include the effect of the rectifier when
calculating the performance of the NH3/H,O pair. The rectifier is essential to
guarantee the purity of the produced refrigerant. This is the main reason why
their COP of the NH3/H,O pair was overestimated. Besides, although the ex-
perimental data of Yokozeki and Shiflett [39, 40] have been used for these fluids
in the present work, the NRTL parameters have been independently correlated.
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Figure 3.4: Experimental ¢p (mole-based) values of the investigated ILs as a function of
temperature.

The fitted VLE behaviors are not identical but quite similar to the ones reported
by Yokozeki and Shiflett [39, 40]. The difference in COP results for the NH3/IL
pairs is mainly due to the method used to predict the specific heat of the working
pairs. For example, Yokozeki and Shiflett [39, 40] made use of the group contri-
bution function method to predict these values, while in this study the reported
experimental values have been used as discussed in Section 3.3.1. Problems en-
countered when using the group contribution function method for the predic-
tion of the specific heat of ionic liquids have previously been reported by Cai
et al. [104], as already discussed in Section 3.1.

3.3.3. CONTRIBUTIONS TO THE GENERATION HEAT
Considering the energy balance of the 4 main devices, the COP of a heat pump
system can also be expressed as,

COP = Q'abs"" Qcon _ Qeva + Qgen 1+ Qeva (3.15)

Qgen Qgen Qgen

The EVA heat, Qeya, is equal for all fluids. Thus, the difference in COP results
from the GEN heat, Qgen: A higher Qgen leads to a lower heat pump COP.
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Table 3.4: Performance comparison when different working pairs are used in the AHP cycle
(Tgen! Tcon! Taps/ Teva = 120/45/45/10 °C) and the refrigeration COP (Tgen/ Tcon/ Taps/ Teva =
100/40/30/10 °C) of corresponding pairs as reported by Yokozeki and Shiflett [39, 40].

Refrigeration
Heat pump performance
performance
Working pairs s wr ds " cop . CcOP
lkg/kgl [kg/kgl  [kg/kgl ! [-] ! (-]
NH3z/[mmim][DMP] 0.057 0.031 0.017 36.61 1.785 - -
NH3/[emim][BF4] 0.054 0.034 0.011 46.82 1.609 - -
NH3/[omim][BF4] 0.080 0.072 0.002 112.4 1.381 - -
NH3/[bmim][BF4] 0.057 0.023 0.014 29.28 1.695 12.98 0.557
NH3/[bmim][PFg] 0.061 0.046 0.006 63.08 1.461 17.27 0.575

NH3/[emim][Tf2N] 0.043 0.025 0.007 54.30 1.736 24.57 0.525
NH3/[emim][EtSO4]  0.056 0.039 0.010 55.54 1.509 17.55 0.485
NH3/[emim][SCN] 0.082 0.049 0.015 29.24 1.732 12.42 0.557
NH3/H20 0.481 0.335 0.024 4.56 1.612 2.54 0.646
NH3/optimum IL 0.908 0.013 - 1.102 1.84 - -

*Mass fraction data are all for the NH3 component. The subscript 2 and 7 represent outlet con-
ditions of the ABS and the GEN, respectively, which are locations with strong and weak solution
flows. The subscript 4 represents the inlet conditions of the GEN.

To make this clear, relevant expressions of the total enthalpies in Section 3.2.2
along with Eq. 3.4 and 3.14 are substituted into Eq. 3.2. Taking into account the
heat and mass balances of the GEN, the heat input in the GEN, Qgen, can be
rewritten as,

Qgen/mr = (1 - fq) [h8 - (hNH3)4,sat] + (f_ 1) (he)7 - f(l - CI) (he)4,sat]
+(f-1) (wxn,), [(hNH3)7 - (hNHg)“at +(f = 1) (w7 [(ln)7 = (A1) 4 sat
(3.16)

Qgen is split into 4 terms in this expression. The first term is the latent heat
effect from the condensation of NH3 vapor (while also includes the sensible heat
associated with the superheated state). The second one denotes the excess heat.
The other two terms represent the contributions of sensible heat, in which, the
third term is the sensible heat change of the NH3 component while the last term
is that of the IL component.

In order to analyze the performance, each of the above contributions to the
GEN heat, for the operating conditions Tgen/ Tcon/ Tabs/ Teva=120/45/45/10 °C, is
depicted in Fig. 3.5 for all the NH3/ILs working pairs.

The values of T, are almost identical for all the cases, indicating that the la-
tent heats per unit mass flow, hg — (hNH3) 4sap AT€ More or less the same for all
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Figure 3.5: Contributions to the GEN heat Qgen by the 4 terms of Eq. 3.16. The 4 terms are latent
heat, absorption heat and sensible heats of both components. 1 - 8 denotes NH3 based working
fluids with [mmim][DMP], [emim][BF4], [omim][BF4], [bmim][BF4], [bmim][PFg], [emim][Tf2N],
[emim][EtSO4] and [emim][SCN].

cases. The difference in latent heat in Fig. 3.5 is due to the different mass flows,
1-fgq. Large values of f or g can lead to a low value of the latent heat contribu-
tion. The g has an obvious negative correlation with the latent heat contribution,
which can be observed in Fig. 3.5, e.g. pairs with [omim][BF,] and [bmim][PFg].
A higher g implies more vapor is boiled off before the flow enters the GEN. In
this way, the heat duty of the GEN is reduced. The g value results mainly from
the VLE properties of the NH3/ILs systems.

Again, due to the almost equal values of T}, the sensible heats per unit mass
flow from NH3 component are identical for all the mixtures. The difference in
NHj sensible heats is mainly caused by the factor, (f —1) (wnm,),. Also the cir-
culation ratio, f, has a stronger impact compared with (wnp,)7. This is also true
for the contribution of the sensible heat of the ILs: Since the mass-based c;, val-
ues of ILs and temperature differences between inlet and outlet AT are approxi-
mately the same, the sensible heat of the ILs per unit mass flow, ¢, AT, are similar
for all the ILs. The difference in sensible heat contributions is mainly due to the
required circulation ratio, f. Smaller f of pairs with [bmim][BF,], [emim][Tf,N]
and [emim][SCN] lead to smaller sensible heat contributions and correspond-
ingly higher COPs. This indicates that the circulation ratio f is dominant in this
case. The solubility difference at the in- and outlet of the ABS will determine the
f values.
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Figure 3.6: Circulation ratios, f's, with respect to generation temperature for the NH3 /IL based
working pairs in the single-effect AHP cycles at the condition of Teon/ Taps/ Teva = 45/45/10 °C.

Since the VLE properties are usually studied with mole-based units, when
considering mass-based properties, say f here, M, also plays a role. For the
NH3 absorption system, a larger molecular weight of the absorbent leads to a
smaller mass fraction change when the molar change is maintained. This also
implies that smaller molecular weight of the absorbent is preferable in terms of
performance.

The contribution of excess heat will be discussed in Section 3.3.4.

3.3.4. INFLUENCE OF HEAT SOURCE TEMPERATURE ON THE PERFORMANCE

To investigate the influence of heat source temperature on the performance, con-
densing temperature T.on, absorbing temperature Ty, and evaporating temper-
ature Tey, are set to be 45 °C, 45 °C and 10 °C, respectively, while the temperature
of the heat source, Tgen, varies in a range from 100 °C to 130 °C. Because all the
experimental VLE conditions are lower than 130 °C, Tgep is maintained below 130
°C in all calculations.

Fig. 3.6 and 3.7 only show the circulation ratio f and COP variation, respec-
tively, for the other 8 NH3/ILs pairs which can be operated and NH3/H,O pair. All
the working pairs, considered for the proposed AHP system, show similar trends.
With increase of Tgen, f first decreases rapidly and then reduces to a more con-
stant value. On the contrary, the COPs increase first sharply and then rise to a
practically constant value. At the higher temperature range, the values of f and
COP are quite close for most NH3/ILs pairs. f falls in the range of 20 - 60 and
COPs reach 1.4 - 1.8. It looks like these trends will be maintained when Tgen
increases above 130 °C.
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Figure 3.7: COPs with respect to generation temperature for different NH3/IL based working
pairs in the single-effect AHP cycles at the condition of T¢on/ Taps/ Teva = 45/45/10 °C.

The performances of working pairs of NH3 with [mmim] [DMP], [bmim] [BF,],
[emim][Tf,N] and [emim][SCN] are outstanding, just as shown in Section 3.3.2 at
a constant condition. Even though the f's of these fluids are larger than that of
the NH3/H20, when Tgep, is high enough, the COPs are still higher. In addition,
the NH3z/[mmim][DMP] pair has the highest COP.

As for the NH3/H,O pair, it holds the lowest f and relatively high COP val-
ues when compared with the NH3/ILs pairs. With an increase of Tgen, the COP
slightly rises, and after 105 °C, it becomes more or less constant.

Because an accurate prediction of the excess enthalpy is difficult as discussed
in Section 3.1, and to assess the sensitivity of excess enthalpy on the perfor-
mance, COPs calculated based on ideal solutions (without taking account the
excess enthalpy) are presented in Fig. 3.8.

In most of cases, the range of the COP is smaller than when the excess en-
thalpy is taken into account. This is not true for the NHs/[bmim][BF,] mixture at
higher Tge of Figs. 3.7 and 3.8. Despite the COP values are different, the work-
ing pairs, which show a better performance than that of NH3/H,O pair in Fig. 3.7,
still perform better when the excess enthalpy contribution is neglected. An ac-
curate measurement is still needed for a good assessment of the excess enthalpy
of NH3/IL pairs in AHPs. However, even when its effect is not taken into account,
the expected performance is still higher for some of the IL pairs when compared
to the performance of NH3/H;0.



3.3. RESULTS AND DISCUSSION 73

1.9
1.8 T
- m—
1.71 ]
- ——————————
16 8
% 15 — [mmim] [DMP] )
(&) . =[emim] [BF ]
[omim] [BF,]
1.4 —[bmim] [BF,] A
—[bmim] [PF,]
13 — [emim] [Tf,N]
: —[emim] [EtSO,] b
[emim] [SCN]
1.2 | H,0
105 110 115 120 125 130

T ..1[°C]

gen
Figure 3.8: COPs with respect to generation temperature for different NH3 /IL based working
pairs in the single-effect AHP cycles when the excess enthalpy is not taken into account, at the

condition of Tcon/ Taps/ Teva = 45/45/10 °C.

Table 3.5: Limits of optimization variables and properties used in the optimization problem.

C

P M
i (0) 1) (0) 1) ; P X w
Variable a le -,;12 1—21 1;21 Co 1 [kJ/ (kmol-K)] [kg/kmol]
at298.15 K
Lower limit -1 -200 -5000 -10 -10000 -1000 0 1.3 170
Upper limit 2 100 15000 100 2500 100 1000 2 400

3.3.5. OPTIMUM PERFORMANCE AND CORRESPONDING PROPERTIES

In the optimization work, the molecular weight is assumed in a range 170 - 400
kg/kmol. Taking the previous results into account, the upper and lower limits of
the thermodynamic model parameters are summarized in Table 3.5. Based on
this, and the linear relationships of ¢, with both molecular weight and tempera-
ture as discussed in Section 3.3.1, the constraints of the search domain have been
defined.

The property optimization work is conducted under the same operating con-
ditions as discussed in Section 3.3.2, i.e. Tgen/Tcon/ Tabs/ Teva=120/45/45/10 °C,
for the application of building’s floor heating.

Using the GA method, the optimized performance and corresponding opti-
mum variables are obtained and listed in Table 3.6. The maximum COP under
above constraints could reach 1.836 and the circulation ratio 1.102.

The P-T-x diagram of the optimum IL/NH3 mixture described by the pa-
rameters of the NRTL model is shown in Fig. 3.9. As a comparison, the P-T-x
diagram of NH3/[emim][SCN] is also plotted. Generally, the vapor pressure of
the optimum pair has a large deviation between the low and high temperature
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Table 3.6: Optimized performance & optimum variables of the working fluids in the single-effect
AHP at a condition of Tgen/ Tcon/ Taps/ Teva = 120/45/45/10 °C.

Performance NRTL Cp [kJ/ (kmol-K)] My
0) (0Y] 0) 1 A -
cop f a T Ty 721 T21 ‘o a [kg/kmol]
1.836 1.102 1.171 8.898 14147.7 23.557 -8759.68 -39.966 0.875 170
8 [ 283K iemimIisCN] - - ~283K-ideal IL | ‘
7 303K-[emim][SCN] 303K-ideal IL
323K-[emim][SCN] 323K-ideal IL
"© 6 [ 343K-lemim][SCN] 343K-ideal IL
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Figure 3.9: Comparison of the P-T-x behavior between the optimized NH3/IL pair and the real
pair (NH3/[emim][SCN]).

range. For the optimum working pair, there is a negative deviation effect from
the Raoult’s law at the low temperature range while a positive deviation applies
at the high temperature range. This absorption capability difference causes a
large difference of NHj3 fractions between in and outlet of the ABS, what will lead
to a smaller f, and a higher COP.

The optimum molecular weight M, is exactly its lowest limit, 170. For the
same molar solubility difference, a lower value of M,, will lead to a higher value
of mass solubility difference which will then lead to a lower f and a higher COP.
Besides, since the molecular weight M,, has a linear ascending relationship with
mole-based ¢p, correspondingly, a lower mole-based ¢, is observed for the opti-
mum IL, which is depicted in the lowest position in Fig. 3.4.

The optimum properties including vapor pressure, ¢, and M, allow us to
screen the ideal ILs for AHP cycles. The challenge for future work is identifying
ILs which show properties close to the M,, ¢, and vapor pressure of the opti-
mized ideal mixture. It is clear that a low molecular weight, low ¢, and large
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Table 3.7: Viscosities and prices of the most promising commercialized ILs for single-effect AHPs

in this study.
Viscosityat25  Viscosity at 90 .
*
ILs °C [Pa-s] °C [Pas] Price [€/kg]
[mmim] [DMP]} 0.291 - 910
[bmim][BF4]2 0.106 0.0099 846
[emim] [szN]?’ 0.0339 0.0056 1265
[emim] [SCN]* 0.0245 0.0055 703/172**
58.5 wtth LiBr 0.0068 0.0022 -

aqueous solution®

*Price data are collected from vendors of ILs. The data of viscosities are from:
1196],2 [116],3 [117),% [118] and ° [119].
**Different prices are offered by two different vendors.

fraction difference between in- and outlet of the ABS are essential requirements.

3.3.6. OUTLOOK OF TECHNICAL AND ECONOMIC FEASIBILITIES

In an economic analysis, the COP values are related to the operational costs of
the AHP while the capital costs are related to the investment in equipment and
working fluid. To determine the size of the main components, which are the
heat exchangers, the duty and overall heat transfer coefficient of each main heat
exchanger are first estimated taking the local flow and fluid properties into ac-
count. A conventional NHs/H,O AHP with shell-and-tube HXs is compared with
an NHs/IL AHP. IL [emim][SCN] is selected as absorbent for the NH3/IL AHP
since it is one of the best performing ILs and because its viscosity and current
price are the lowest among the studied ILs as shown in Table 3.7.

Boman et al. [70] have recently shown that the IL-based AHP systems need
more heat exchanger area due to the poor heat transfer performance of the ILs,
caused by their higher viscosity, lower thermal conductivity and heat capacity. In
this section, PHXs are considered in the IL based absorption systems in the roles
of GEN, ABS, SHX, CON and EVA. The PHX is selected mainly due to its com-
pact size and good performance of heat and mass transfer. The compact design
of PHXs keeps the system volume small so that a smaller amount of expensive
working fluid is sufficient to fill the system.

EQUIPMENT SIZING
The floor heating system for a building in a moderate climate area, for example,
the Netherlands, is taken for the economic comparison of the AHPs. The heat-
ing load will generally not exceed 60 W/m? [120]. A 3750 m? building will have a
heating capacity of 225 kW and its yearly heating requirement will be, approxi-
mately, 337.5 MWh.
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Table 3.8: Overall heat transfer performance and equipment size for components used in two
AHP systems with different working fluids. The calculations are based on the operating condition
Tgen! Tcon/ Taps/ Teva = 120/45/45/10 °C).

NH3/[emim][SCN] NH3/H20
C
omponent Heat Number Heat
duty u Area of plates duty U Area
W/(m?K)] [m? W/m?K)] [m?

(kW] [W/( )l [m*] ] (kW] (W/( )] [m*]
GEN 129.9 2390 2.7 39 138.4 1700 4.1
ABS 111.7 3010 2.3 33 138.3 880 6.8
REC - - - - 21.2 800 2.2
EVA 95.1 6980 2.1 31 85.5 820 16.2
CON 113.3 5870 1.4 21 86.7 700 8.9
SHX (option 1)** 354.8 300 134.7 856 87.6 610 11.7
SHX (option 2) 292.6 400 53.9 233 - - -

*Option 1 denotes a SHX with a minimum temperature approach of 5 K. Option 2 denotes a SHX with a
minimum temperature approach of 16 K.

PHX with plate sizes 0.191 x 0.618 m (widthx length) and plate spacing of
1.5 mm have been considered for all heat exchangers except for the SHX. The
dimensions of the SHX were 0.390 x 0.990 m with an identical plate spacing.

The overall heat transfer coefficient for each heat exchanger has been ob-
tained by summing the heat transfer resistances on both sides of the heat ex-
changers. The local heat transfer coefficient for single phase flows (both of ex-
ternal fluid and working fluid) has been predicted making use of the correlation
proposed by Yan et al. [121]. Similarly, for the evaporation processes the corre-
lation proposed by Khan et al. [122] and for the condensation processes the cor-
relation proposed by Thonon and Bontemps [123] have been used. For the GEN
and ABS the smallest value obtained considering single phase flow or, respec-
tively, evaporation and condensation have been adopted so that mass transfer
resistance is taken into account. The required heat exchanger area follows from
the heat exchanger duty, its overall heat transfer coefficient and the logarithmic
mean temperature difference between the two fluids.

The properties of the external fluid (water) and of NHs have been obtained
from Lemmon et al. [99]. The properties of [emim][SCN] have been obtained
from Freire et al. [118] (density and dynamic viscosity), Navarro et al. [115] (heat
capacity) and Tenney et al. [124] (thermal conductivity). Table 3.8 shows the cal-
culated areas for the different heat exchangers. For the SHX of the NH3/IL system
two options have been considered: a minimum temperature approach of 5 K (op-
tion 1) and a minimum temperature approach of 16 K (option 2). In this case the
COP drops from 1.73 (option 1) to 1.54 (option 2) while the required PHX area
significantly reduces.
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ECONOMIC ANALYSIS
For the economic calculation, a cost equation based on DACE [125] PHX costs
has been applied to the areas reported in Table 3.8:

Cphy = 1934476233 (3.17)

with Cppy expressed in k€ and A expressed in m?, for the $S316 PHX in the area
range of 40 to 300 m?. The cost of SS316 shell-and-tube HXs is taken from the
same source for the area range of 30 to 200 m?.

Csthx = 3.743 A%2948 (3.18)

The yearly HX and fluids costs take into account a (linear) depreciation time of
15 years. The price of natural gas for households and commercial consumers
has been taken as 55 €/MWh [126]. A boiler efficiency of 85% has been adopted,
which has also been taken into account for the other AHP systems. The price of
IL varies significantly depending both on production amounts and manufactur-
ing technique. The prices of [emim][SCN] listed in Table 3.7 are based on quota-
tions for a lab scale production. It is also reported that, in large scale production,
some ILs’ cost will reduce to 3.00 $/kg [127]. Honeywell UOP [128] reports the
use of ILs to produce high-octane motor fuels and claims it is a “cost-effective
solution”. This indicates that the application of ILs at an industrial scale does
make their price economically more competitive. The values from the current
vendors and the expected low value (3.00 $/kg) have been adopted in the present
calculations. Table 3.9 shows the results of the economic comparison between
the different AHP solutions and the use of a conventional boiler. The heating
efficiency is obtained by multiplying the COP with the boiler efficiency. All con-
sidered AHP options lead to both energy savings (42%) and costs savings (29%),
when the cost of IL is at a reasonable level (industrial scale production). The in-
fluence of the IL price is also shown. The NH3/IL AHP with a large minimum
temperature approach in the SHX performs economically the best for current IL
prices.

OTHER TECHNICAL CONCERNS
Other concerns on the application of ILs includes their stability and volatility.
STABILITY Most ILs have been reported as being stable as liquids over a very
wide temperature range. It has also been reported for some NHj3/IL mixtures that
chemical reactions take place [43]. Chemical reactions make the cycles less re-
versible. The long term operation of these fluids might be a concern but NH3/IL
mixtures which do not undergo chemical reactions are expected to be capable of
realizing a large number of operational cycles in a reliable way.




LIQUID-BASED SINGLE-EFFECT ABSORPTION HEAT PUMPS

3. NHjs/IoNIC

78

Table 3.9: Yearly energy requirements and yearly capital costs of the different AHP systems in comparison to a conventional boiler.

Immﬁ:m Primary energy Primary Yearly Yearly working Total yearly cost .
efficiency demand [MWHh] energy cost  HX cost fluid cost* [kE] k€] Yearly savings** [%]
(-] (k€] k€]
Boiler 0.85 397 21.8 - - 21.8 -
AHP NH3/IL (option 1) 1.47 229 12.7 2.8 29.3/7.2/10.1 447/ 22.6/ 15.5 -105.0/ -3.6/ 28.9
AHP NH3/IL (option 2) 1.31 258 14.3 1.6 8.1/2.0/0 23.8/17.7/15.7 -9.2/18.8/ 28.0
AHP NH3/H20 1.37 246 13.7 2.5 - 16.0 26.6

*Three different costs in the case of NH3/[emim][SCN] pairs corresponding to three prices (two prices from vendors listed in Table 3.7, and an
estimation reported by Chen et al. [127]) adopted in the analysis.

**The negative of the yearly saving indicates extra costs.
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VOLATILITY There have also been concerns about the negligible vapor pres-
sure of ionic liquids [129]. Although being small, very small concentrations of
IL vapor may leave the generator and enter the condenser. After a large num-
ber of cycles, IL may accumulate in the evaporator requiring additional actions
to bring it back to the absorbent loop. Since no long term operation with these
cycles has been reported, the practical performance of these mixtures still needs
to be confirmed.

3.4. CONCLUSIONS

After a review of methods and a summary of available experimental properties, a
thermodynamic model has been proposed to investigate single-effect AHPs with
NH3/ILs working pairs as working fluids for the purpose of the floor heating of
buildings. With this model, the performance of the AHPs has been calculated
for all 8 feasible NH3/ILs pairs (one additional pair cannot operate under the
considered conditions) and also for NH3/H,0. Additionally, a properties opti-
mization work and economic analysis have been executed. Based on the work,
the following conclusions could be drawn:

* The circulation ratio f decreases and COP increases with an increase of
generator temperature (up to 130 °C).

* Under the considered conditions, the COP of the NHz/[mmim][DMP] pair
reaches the best performance (COP of 1.79), and along with NH3/[bmim] [BF4],
NHj/[emim][Tf,N], NH3/[emim][SCN] all showing a higher COP than that
of the NH3/H,O pair. Nevertheless, the circulation ratio f is significantly
higher than that for the NH3/H,O pair.

* The analysis of the generator heat requirement revealed that, high vapor
quality values at the inlet of the GEN resulted in a high COP because of
a lower latent heat contribution. The influence of circulation ratio, f, is
mainly associated with the two sensible contributions (the sensible heat of
both components), and a low f would lead to a high COP.

* Neglecting the excess enthalpy, the performance changes, but the better
working pairs still beat NH3/H,O pair in terms of COP.

* The optimum COP of this type of working pairs and for the condition con-
sidered can be expected to reach 1.84 as demonstrated by the property-
optimization study.

 To realize an ideal performance, the optimum IL candidates should show
high absorption capabilities, large solubility differences between in- and
outlet of the generator, low molecular weights and low heat capacities. The
optimization study shows its potential to assist in the selection of IL as ab-
sorbents.
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* Large circulation ratio combined with worse heat transfer performance in
the solution heat exchanger lead to large demand of heat transfer area,
which additionally requires a large amount of expensive ILs.

* An economic feasibility analysis indicates that, when the [emim][SCN] would
be produced at industrial scales, this NH3/IL. AHPs lead to both significant
energy (42%) and economic (29%) savings.
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An ammonia-based double-effect vapor absorption refrigeration cycle is proposed
to recover high-temperature waste heat generated by diesel engines on board of
fishing vessels. Non-volatile ionic liquids are applied as absorbents in the double-
effect absorption system. In comparison to systems using ammonia/water fluid,
the complexity of the system can be reduced by preventing the use of rectification
sections. In this chapter, a multi-scale method is implemented to study the pro-
posed system, including Monte Carlo molecular simulations for computing vapor-
liquid equilibrium properties at high temperatures and pressures, thermodynamic
modeling of the double-effect absorption cycles, and system evaluations by con-
sidering practical integration. The Monte Carlo simulations provide reasonable
vapor-liquid equilibrium predictions. [bmim][BF,] is found to be the best per-
forming candidate among the investigated ionic liquids. In the proposed cycle, the
best working fluid achieves a coefficient of performance of 1.1 at a cooling temper-
ature of -5° C, which is slightly higher than that obtained with generator-absorber
cycles. Integrated with the exhaust gas from diesel engines, the cooling capacity
of the system is sufficient to operate two refrigeration seawater plants for most of
engine operating modes in high-latitude areas. Thereby, the carbon emission of
onboard refrigeration of the considered fishing vessel could be reduced by 1633.5
tons per year compared to the current practice.

Parts of this chapter have been published in: Energy Conversion and Management 174, 829-843
(2018) [130].
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4.1. INTRODUCTION

Global warming is one of the critical issues of the society in this age. Accord-
ing to the International Maritime Organization [131], maritime transport emits
around 1000 million tons of carbon dioxide (CO») annually and is responsible for
about 2.5% of global greenhouse gas emissions along with 15% and 13% of global
NOy and SOy emissions. Fishery is one of the major parts of the maritime trans-
port sector. Vessels for pelagic seas usually demand refrigeration plants, which
consume fuel or electricity onboard [132]. The refrigeration plant is one of the
largest electricity consumers onboard of fishing vessels, typically using 50% of
the total power [8]. Diesel engines are normally used for propulsion and on-
board electricity generation in trawlers. The engines also produce a significant
amount of waste heat [19]. A study [133] shows that a large 2-stroke marine diesel
engine may waste 50% of total fuel energy and 25.5% of the total energy is wasted
through the exhaust gas (250 - 500 °C) [132].

Heat activated vapor absorption refrigeration (VAR) systems provide oppor-
tunities to recover waste heat and to use it to cool down fish and onboard space.
Fernéndez-Seara et al. [134] designed, modeled, and analysed a gas-to-thermal
fluid waste heat recovery system based on an ammonia/water (NHz/H»0) cy-
cle for onboard cooling applications. Cao et al. [135] carried out a study on a
water/lithium bromide (H,O/LiBr) VAR system powered by waste heat for space
cooling in a cargo ship. In their study, the cooling COP is 0.6 and an electricity-
based coefficient of performance (COP) could be up to 9.4. Thereby, fuel con-
sumption and CO, emission for the cooling system are reduced by 62%. Recently,
Salmi et al. [19] modeled both an H,O/LiBr single-effect (SE) VAR cycle and an
NH3/H;0 refined cycle for cooling on a bulk carrier ship with waste heat recov-
ered from exhaust gases, jacket water and scavenge air cooler. The VAR system
has a theoretical potential to save 70% of electricity in comparison to a com-
pression air-conditioning system. They also pointed out that the H,O/LiBr cycle
is more efficient (COP of 0.75-0.85) and NH3/H,O is more suitable for below-
freezing-point cooling (COP of 0.5).

Exhaust gases seem to be the best source of waste heat onboard to drive ab-
sorption chillers, even though they cannot be cooled down below 167 °C because
of a risk of sulfur corrosion [19]. At temperatures above 150 °C, double-effect va-
por absorption refrigeration (DE-VAR) cycles, in which the refrigerant is gener-
ated twice, are able to achieve higher thermal efficiencies by taking advantage of
the higher temperature of the heat sources [51]. However, these cycles usually
utilize the working fluid H,O/LiBr, which cannot meet the demand of below-
freezing-point cooling. With NH3/H,0, the DE-VAR is not feasible because of
the need of rectifiers which introduce a higher complexity.

To use higher temperature exhaust gases for below-freezing-point cooling
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onboard, NH3 with ionic liquids (ILs) working fluids is proposed to be used in
DE-VAR systems. ILs, a family of room-temperature molten salts, have been
intensively studied due to their potential in replacing the absorbents in con-
ventional absorption refrigeration and heat pump technology [36]. ILs show
strengths such as high boiling points, strong affinities with refrigerants and high
chemical and thermal stabilities [36]. Moreover, NH3 based absorption systems
have strengths such as below-freezing-point cooling, free of air infiltration and
low impact on the environment (zero for both ozone depletion and global warm-
ing potentials).

NHs3/ILs working fluids in absorption cycles have received significant atten-
tions in the past decade. Yokozeki and Shiflett [39] reported the first vapor-liquid
equilibrium (VLE) data of four NH3/ILs working pairs. By including measure-
ments and correlations of the other four NH3/ILs pairs, the performance of the
eight NH3/ILs fluids in an SE absorption cycle was compared in Ref. [40]. Most
of their studied imidazolium ILs are currently well commercialized. Functional
ILs with NH3 in SE absorption cycles were also investigated. For instance, Chen
et al. [43] investigated the VLE property of NH3 with a metal ion-containing im-
idazolium IL. A thermodynamic performance of a VAR cycle using the studied
fluids was conducted in a sequential work by the same authors [46]. Ruiz et al.
[44] studied some ammonium ILs. Cera-Manjarres [45] explored six other ILs
including imidazolium and ammonium ILs with a hydroxyl group (-OH). By ap-
plying more reliable mixing enthalpies and experimental heat capacities, Wang
and Infante Ferreira [24] explored the performance of nine NHj3/ILs fluids in SE
absorption cycles for heat pump systems. The authors identified promising ab-
sorbents which work with NHs in absorption cycles under 130 °C heating.

Nevertheless, the above studies were all applied at temperature and pres-
sure ranges available for SE-VAR cycles. The DE-VAR cycle requires VLE data at
higher temperatures and higher pressures, which have not been measured exper-
imentally. Previously, Wang and Infante Ferreira [136] investigated nine NH3/ILs
working fluids in DE absorption cycles for application in refrigeration and heat
pump systems. The used VLE properties were obtained by simply extrapolating
the ones at temperatures and pressures available for SE-VAR cycles. Schouten
[137] used the same extrapolated properties for a DE-VAR in a series design. In
this context, Becker et al. [138] showed that molecular simulation is able to pre-
dict relevant thermophysical properties for temperatures and pressures applied
in SE-VAR cycles. These authors also pointed out that improved force fields are
needed for an accurate prediction of the cycle performance.

In this chapter, a DE-VAR in parallel configuration using NH3/ILs fluids is
proposed for refrigeration applications in fishing vessels, driven by heat recov-
ered from diesel engines. A multi-scale method is applied to study its perfor-
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Figure 4.1: Outline of this chapter showing different levels of details considered: Monte Carlo
molecular simulations for computing VLE properties, thermodynamic modeling of the VAR cycle,
and evaluation of the system integrating the VAR cycle with the diesel engine for fishing cooling.

mance, from a molecular level to a system integration level, as shown in Fig. 4.1.
First, an adjusted force field is used in Monte Carlo (MC) simulations to predict
VLE properties in high temperature and high pressure conditions of the three se-
lected NH3/IL pairs. Together with the experimental VLE and heat capacities,
the VLE data are correlated and mixture enthalpies are predicted. These thermo-
physical properties are then used for the evaluation of the DE-VAR cycles. After
considering practical concerns, a case study based on a real vessel operating in
high-latitude conditions is carried out to check the techno-economic feasibility
of the integrated system in practice.

4.2. PROPERTIES OF WORKING FLUIDS

In this chapter, the ILs under consideration are [emim][SCN], [bmim][BF,], and
[emim][Tf,N]. The corresponding NH3/IL working fluids were identified show-
ing higher COPs than NH3/H,O in SE absorption cycles [24]. Additionally, as
commercialized ILs, their thermophysical properties and force fields required in
this chapter are accessible. Hence, they are selected as the investigated ILs.

4.2.1. VLE PROPERTIES FOR THE BINARY SOLUTIONS
For the three studied NH3/IL working fluids, experimental VLE data measured
by Yokozeki and Shiflett [39, 40] only cover the conditions suitable for SE-VAR
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cycles. To extend the VLE data of these fluids for DE-VAR cycle at higher temper-
ature and pressure conditions, Monte Carlo simulations are conducted. The data
from experimental sources together with the simulated ones are correlated with
the NRTL model for usage in the studied cycle.

MONTE CARLO METHOD

Molecular simulation is a powerful tool to predict the behavior of materials [139].
In this type of simulation, thermodynamic properties are computed based on
force fields which describe interactions between molecules [140]. Comparable
to the previously discussed models, these force fields are often developed by cor-
relating experimental data. However, the potential to predict properties outside
the correlated data is often better than with traditional models and hence molec-
ular simulations can be used to extend existing experimental data [141]. Here,
MC simulations were performed to obtain solubility data of NH3 in 3 different
ILs at higher temperatures than measured experimentally.

As shown in a previous publication by the author [138], the osmotic ensemble
[142] can be applied to compute the uptake of gases in ILs. Thereby, the tempera-
ture, the pressure, the number of solvent molecules, and the fugacity of the solute
are fixed, while the volume of the system, and the number of solute molecules
can fluctuate. Here, the Continuous Fractional Component Monte Carlo method
is applied to insert and delete solute molecules [142-145]. After the equilibration
phase, the total amount of solute molecules in the system determines the gas up-
take at the chosen conditions. The details of the conducted simulations can be
found in the previous work by the author [138].

All force fields considered in this chapter were taken from literature. The
force fields for the ILs were taken from the work of Tenney et al. [124] (for cation
[emim™] and anion [SCN™]), Liu et al. [146] (for cation [bmim™] and anion [TfN"]),
and Canongia Lopes and Pddua [147] (for anion [BF;"]). For NH3, the TraPPE
force field was used [148]. In the simulations, parts of the cations and NH3 molecules
are considered to be rigid while the alkyl part and the anions are flexible. A sum-
mary of the force field parameters is provided in Appendix C. The Ewald summa-
tion technique with a relative precision of 1075 [139] is used to calculate electro-
static interactions. Lennard-Jones interactions are truncated and shifted at 12 A
without applying tail corrections. Polarization is not explicitly considered in the
simulations. The simulations are conducted with the RASPA software package
[149, 150].

Unfortunately, commonly used force fields do not predict the solubility of
NH3 in ILs accurately [138]. To overcome this limitation, the binary mixing rule
of the Lennard-Jones energy parameters, 1, between NH3 and ILs in MC simu-
lations has been scaled to fit the experimental solubility for available conditions.
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The applied mixing rule is:

W=k \/UnH, V1L (4.1)

By adjusting v, the interaction strength between NH3 and the ILs is changed.
Different interaction strengths between the molecules were tested to find the
one that predicts the best behavior in regard to the experimental data. The ap-
plied scaling parameter, k, is respectively 0.78, 0.15, and 0.78 for [emim][SCN],
[bmim][BF,] and [emim] [Tf,N]. To validate the quality of the adjusted force field,
a comparison between the computed solubilities (dashed curves) with the ad-
justed force fields and the experimental data [39, 40] (solid curves) is provided in
Fig. 4.2.

In the case of [bmim][BF,] (Fig. 4.2(b)), the computed solubility without ad-
justing force field is also shown (dotted curves). It can be observed that the qual-
itative trend of the gas uptake of these simulations is similar, while the absolute
values are significantly overestimated. After the scaling of the mixing rule, the
simulation results agree well with the experimental data for all investigated ILs
and for varying temperatures. The average 95% confidence interval for the com-
puted solubilities for [emim][SCN], [bmim][BF,], and [emim][Tf,N] used in the
cycle calculations is 2.8%, 1.7%, and 2.9%, respectively.

CORRELATIONS OF VAPOR-LIQUID EQUILIBRIUM PROPERTIES

The non-random two-liquid (NRTL) model has been shown as a suitable model
to correlate and predict VLE of ILs-based working fluids [72]. The experimen-
tal vapor pressures of NH3/IL binary systems have been regressed to the NRTL
model as explained in Chapter 3. Subsequently the operating concentrations
of solutions can be determined. The form of the NRTL model can be found in
Chapter 3. Note that for the data points at temperatures above the critical point
of NH3, an extrapolation of the vapor pressure equation is used for an easy pro-
cessing of the data [46]. In particular, an extrapolation of the Antoine equation is
applied. This processing will somehow influence the solid physical basis of the
NRTL model.

4.,2.2,. DENSITIES AND HEAT CAPACITIES

Densities of pure [emim][SCN], [bmim][BF4] and [emim][Tf,N] have been re-
ported by Matkowska and Hofman [151], Ficke et al. [152], Tariq et al. [153] re-
spectively. Specific heat capacities of [emim][SCN] are from the work of Navarro
et al. [115]. The data reported by Paulechka et al. [112] and Nieto de Castro
et al. [154] are used together for the specific heat capacities of [bmim][BF,]. For
[emim][Tf,N], the data of specific heat capacities were reported by Paulechka
et al. [114] and Ferreira et al. [155] for different temperature ranges. These data
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Figure 4.2: Comparison between the simulated (SIM) and experimental (EXP) VLE data [39, 40]
with error bars for the working pairs: (a) NH3/[emim][SCN], (b) NH3/[bmim][BF4] and (c)
NH3/[emim][Tf2N]. The shown error bars of the simulated data represent the 95% confidence
interval.
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Figure 4.3: Experimental data and the correlations of (a) densities [151-153], and (b) heat
capacities [112, 114, 115, 154, 155] of the three studied ILs.

Table 4.1: Molecular weights (M) and correlations of relevant thermophysical properties for the
3 investigated ILs at 1 bar *.

IL My p ‘p

[kg/kmol]  [kg/m?3] K]/ (kg-K)]
[emim][SCN]  169.25 p=1296-0.602x T  cp=0.6882+0.0032x T
(bmim][BF4]  226.02 p=1416-0.719x T  ¢p=1.119+1.83x 1073 x T—4.879x 1077 x T?
lemim][Tf,N]  391.31 p=1812-0.9837x T cp=0.5644+3.56x 1073 x T—3.674x 1076 x T2
*TinK.

are plotted in Fig. 4.3, as functions of temperature. Correlations of the data are
listed in Table 4.1.

Currently, densities and heat capacities of the studied NH3/IL mixtures have
not been reported. Eq. 4.2 provides a general form of ideal solution properties,
which is based on weighted average of properties from both components. This
form is used to estimate the densities and heat capacities for the investigated
mixtures:

Mso1 = wNH, MNg, + wiL My 4.2)

This simplification is verified with the density data of six NH3 /IL mixtures re-
ported by Cera-Manjarres [45]. The maximum relative deviation is 6.5%. More-
over, the simplification for the heat capacities has been verified with data of
H,0/[mmim][DMP] from Dong et al. [38]. The relative deviation is smaller than
4% [24]. This treatment has also been checked for the H,O/[emim][DMP] so-
lution, for predicting the solution enthalpy and cycle performance. No obvious
difference has been observed in comparison to using the heat capacity of the real
solutions [72] .
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4.2.3. ENTHALPIES
The enthalpy of pure NHj is directly obtained from NIST’s Refprop [99].

For a saturated solution at T, P and with an NH3 mass fraction of wng;,, the
total enthalpy of the solution, h:g%, is provided by,

R (T, P wnn, ) = wn, Ang, () + wip s (T) + Ahumix (T, P wng, ) (4.3)

where the enthalpies of NH3 are chosen at their saturated liquid states for the
cases below the critical temperature. For the cases at temperature above the
critical point of NHs, an additional effect of ideal gas enthalpy is added to the
enthalpy at the critical point, following the work of Chen et al. [46]:

T
I, (T) 151, = I, (Te) + fT Coig AT (44)
For the ILs, enthalpies are calculated based on their pure heat capacities CII)L,
T
hi (T) = ho (To) + f cydT (4.5)
To

The experimental mixing enthalpy Ahnix used in Eq. 4.3 has not been re-
ported for the studied NH3/IL working fluids. For an alternative NH3/IL working
fluid, the author has quantified this term using various thermodynamic models
[72]. The calculation has shown that the exothermic effect of mixing NH3/IL is
less than that of mixing H,O/IL. Furthermore, it has been shown that neglecting
Ahnix does not significantly change the total enthalpy and the COP in an SE-VAR
cycle with NH3/IL pairs [72]. Therefore, in the following calculations, the effect
of the mixing enthalpy is neglected.

For solutions at a subcooled condition T, P and wnH,, enthalpies can be ob-
tained by subtracting the subcooled part from corresponding saturated solution,

Tsat
Ky (T, B wn,) =hsat (Tean P wim,) — fT csldr (4.6)

4.3. CONFIGURATIONS OF CYCLES AND MODELING METHODS
The configuration and modeling method of the studied DE-VAR cycle are pre-
sented. Besides, an alternative choice, the generator-absorber heat exchange
(GAX) cycle with NH3/H>O0, is introduced for a sake of comparison, since it is
promising with high temperature heat sources [51].
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4.3.1. DOUBLE-EFFECT ABSORPTION REFRIGERATION CYCLE

Fig. 4.4 depicts a schematic representation of a double-effect absorption system
in parallel configuration. The main feature of the parallel DE-VAR cycle is that
the strong solution (strong in refrigerant NHs), pumped from the absorber (ABS),
is divided into two parallel streams after being heated in the solution heat ex-
changer (SHX1).

Two sub-streams are heated in two generators (GENSs) to generate refrigerant
vapor: One of the sub-streams is heated in the high pressure generator (HG) by
the external heat source at a high temperature. Superheated refrigerant vapor
is generated there and then continues to the high pressure condenser (HC). The
other sub-stream is heated in the low pressure generator (LG) to generate the
other refrigerant vapor. The heat is from the condensation of the superheated
refrigerant vapor in the HC. The HC and LG are coupled in an intermediate heat
exchanger (iHX).

Key state points of the solutions are illustrated qualitatively in both In P-
(-1/T) and h-w diagrams in Fig. 4.5. The cycle 5-8-9-11a-11-13-5 shows the
sub-stream passing the HG and cycle 5-7c-11b-11-13-5 represents the other sub-
stream passing the LG.

The mass flows of the two sub-streams of the solution can be quantified with
the distribution ratio (DR), which is defined as the mass flow ratio between the
sub-stream of the solution passing the HG and the total mass flow:

ritg

DR= (4.7)

T
4.3.2. MODELING METHODOLOGY OF THE CYCLE

To create an integrated model for the thermodynamic analysis of the DE-VAR
system, several assumptions are made to simplify the calculations:

* The system operates in a steady state.

* The operating pressures of the absorber and the evaporator are identical,
and similarly the pressure of each generator is equal to its directly linked
condenser.

¢ In the outlets of the two condensers and evaporator, the refrigerant stream
is in a saturated liquid or saturated vapor state, respectively. The solution
is in equilibrium state while leaving two generators and the ABS.

* The pinch temperature of the SHXs is assumed as 10 K. The pinch temper-
ature of the iHX is set to 5 K. The effectiveness of the HX1 is assumed to be
75%.

* Heat losses and pressure losses are neglected.

 Throttling is an isenthalpic process.
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Figure 4.4: Schematic diagram of the studied DE-VAR system in parallel configuration.
Non-volatile absorbents absorb refrigerant in the absorber (ABS). The solutions are then pumped
parallelly to the high and low pressure generators (HG and LG) for refrigerants generation. A blue

circle identifies the parallel sub-streams leaving and returning the ABS. The refrigerant vapors

generated in the HG are used for heating the LG. The two refrigerant streams are mixed in the

condenser (CON) and then go through the valve and the evaporator (EVA) to generate cooling
effects.
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(b)

Figure 4.5: The state points (referring to the points shown in Fig 4.4) of the solution stream
plotted in aln P — (-1/T) diagram (a) and an h — w diagram (b). Points 11, 11a and 13 sharing the
same pressure and fraction with points 11’, 11a, and 13, respectively, are at subcooled conditions.

Points 7c and 8 have a possibility of refrigerant boil off, the portions of saturated solutions are
denoted as 7¢’ and 8, respectively.
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For each component shown in Fig. 4.4, the mass, species and energy balances
are implemented. For instance, for the ABS shown in Fig. 4.4, the balances are:

Hiy + m13 = I’n5
I’)"l4 + w13n'113 = LU5]’)"Z5 (4.8)
thyhy + mmyzhis = mshs + Qaps

The power consumption of the solution pump, Wp, can be calculated by,

W, = 7715 Popg ~ Peva (4.9)
Psol Mp
The calculation procedure for the cycle is illustrated in Fig. 4.6. The temper-
ature of state point 7, which is between two SHXs, is obtained iteratively to reach
the energy balances of both the SHXs. The other iteration is required to deter-
mine the temperature of state point 15, which is based on the energy balance of
the iHX.
With the heat duties and the pump power consumption, the coefficient of
performance, COP, of a cycle for cooling is defined as,

Qeva

COP = — - (4.10)
Qhpg + Wp
The circulation ratio, f, defined as the required mass flow of pump stream
for generating a unit mass flow of refrigerant, is also taken into account in this
chapter. f can be obtained via mass and species balances around the ABS as,
ﬁ’l5 1- wi3
f==—> (4.11)
my  Ws— W13
This model was previously validated by Vasilescu and Infante Ferreira [156]
for an air-conditioning application with an LiBr/H,O working pair.

4.3.3. GENERATOR-ABSORBER HEAT EXCHANGE CYCLE

NH3/H,0 GAX cycles have been claimed to be suitable for applications with
higher temperature driving heat [51]. As shown in Fig. 4.7, the promising ther-
mal performance of this cycle is achieved by couping the heat between partial
sections of the GEN and the ABS.

A perfect operation of the GAX cycle relies on the accurate identifying of tem-
perature profiles of sections in ABS and GEN where the heat can be coupled. This
kind of heat coupling is difficult to achieve in practice. However, the GAX cycle
represents “a compelling theoretical possibility” [51]. Therefore it is used as a
benchmark to compare the DE-VAR cycle with.
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Figure 4.6: Flow-chart for the thermodynamic modeling of the DE-VAR in parallel configuration.
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Figure 4.7: Schematic diagram of a standard NH3/H2O GAX system [51]. The main feature of the
GAX cycle is that the final stages of its ABS have higher temperatures than the flow in the first
stages of the GEN. The heat from the ABS can be recycled to heat up those stages in the GEN. The
weak NH3/H2O solutions absorb NH3 vapors from the EVA and experience an internal heat
recycling in the ABS before they are pumped into the GEN. Vapors leaving the GEN are mixtures
of NH3/H20, which are purified in the rectifier (REC). The NH3 vapors then experience a similar
process as the DE-VAR cycle for generating cooling effects.
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Table 4.2: Cooling capacities, temperatures and power consumptions of the refrigeration plants
(RSW, CWP and the NH3 circuits of FP) used in the studied trawler vessel, in two typical climate
cases.

Qeva Teva W
(kW] [°C] (kW]
RSWplant 2x1416 -5 2x414
CWP  2x880 -5 2x222 32 °Cheat sink
FP (NHj3 circuits) 2x900 -5 2x253

RSWplant 2x1556 -5 2x271
CWP  2x954 -5 2x152 16 °Cheat sink
FP (NHj3 circuits) - - -

The modeling of the GAX cycle is based on the method introduced by Herold
et al. [51]. During the heat coupling, both the available heat in the ABS and the
required heat in the GEN can be obtained through mass and energy balances.
The GAX heat really transferred is the minimum between the available and re-
quired heat of vapor generation. The rectifier is analyzed as an ideal device that
produces vapor with 99.5% NHs.

4.4, THE INTEGRATED FISHING VESSEL
A trawler vessel is taken into consideration for the following case studies.

The required cooling capacity in this vessel is provided by the refrigeration
seawater (RSW) plant, chilled water plant (CWP), and freezing plant (FP). Cur-
rently, the plants are all configured with vapor compression refrigeration sys-
tems. The RSW and CWP apply NHj as a refrigerant, while FP is an NH3/CO»
cascade system (NHj is used in the high temperature circuits). The technical
characteristics are listed in Table 4.2. It is investigated if the proposed IL-based
DE-VAR system has the potential to replace the current plants entirely or par-
tially.

Scavenge air, jacket water, and exhaust gas are among the main waste heat
sources from the diesel engines as illustrated in Fig. 4.8. The heat released via
the exhaust gas takes up approximately 50% of total wasted heat [133]. In this
chapter, the exhaust gas after the turbine is used.

The studied ship is equipped with a Wirtsild diesel engine of type 12V38 for
propulsion [157]. The properties of the exhaust gas after the turbine from this
engine are shown in Fig. 4.9, which are taken from the official project guide [157].
Note that the data for 40% load are based on extrapolations.

Operations of the engine can be classified into the five typical modes, which
are listed in Table 4.3. Corresponding exhaust gas properties are identified from
Fig. 4.9.




98 4. NHj3/IoNIC LIQUID-BASED DOUBLE-EFFECT ABSORPTION CHILLERS

air
cooler

scavenging
water air
turbine § | ﬁ' compressor

exhaust gas air
after turbine

Figure 4.8: Main waste heat sources of a two-stroke diesel engine: Scavenge air is used to cool
down the compressed air before going to the engine. Jacket water is applied to maintain the
temperature of the engine where the combustion of fuels takes place. Exhaust gas, a mix of air
and fuel at high temperature, is released with 50% of the total waste heat.
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Figure 4.9: Exhaust gas flow and temperature (after the turbine) of the studied diesel engine
12V38 for different engine loads [157]. The solid curve denotes the flow rate of the exhaust gas
and the dashed curve denotes its temperature after the turbine.
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Table 4.3: Typical operating modes of the fishing vessel, main engine loads and the corresponding
flow and temperature of the exhaust flue gas flow.

Operation mode Duration Main Exhaust T of
per year  engine gas flow  exhaust
[hour] load [-] (kg/s] gas [°C]
Mode 1 Fishing with production 5400 90% 15 340
Mode2  Fishing without production 400 90% 15 340
Mode 3  Sailing to fishing zone and pre-cooling 320 70% 12 326.5
Mode4 Placing or retrieving nets, pumping 1200 40% 8.75 307.4
fish on board
Mode5 Unloading or out of service 1440 0% - -

Table 4.4: Fitted interaction parameters in the NRTL model (following the same notations in
Ref. [24]) for the studied NH3/IL working pairs.

(0) 1 (0) 1

IL a 712 T12 21 721
(-] (-] (K] [-] (K]

[emim] [SCN] -0.0320 -20.18 4342.10 11.07 -2084.20
[bmim] [BF4] -0.0001 -481.23 2740.10 456.75 -2297.27
[emim][TfoN] -0.0024 -107.90 8969.70 82.95 -5276.93

4.5. RESULTS AND DISCUSSION
Following the proposed multi-scale method, the result of the property level, cycle
level, and integrated system level are discussed in this section.

4.5.1. SIMULATION OF VAPOR-LIQUID EQUILIBRIUM PROPERTIES AND THEIR
CORRELATIONS

The experimental VLE data and the ones from Monte Carlo simulations are plot-
ted together in Fig. 4.10 for the three studied NH3/IL working fluids.

The fitted parameters of the NRTL model based on the shown data are listed
in Table 4.4. These parameters follow the same notations introduced Chapter 3.

Based on the NRTL model, predicted vapor pressures of the three studied flu-
ids are shown in Fig. 4.11. To show the influence of the additional data provided
by the Monte Carlo simulations, the results are compared with and without the
inclusion of the computed data. Vapor pressures shown in Figs. 4.11(a), 4.11(c)
and 4.11(e) are obtained by only fitting experimental VLE data at low tempera-
tures and low pressures (interaction parameters can be found in Chapter 3). The
vertical and horizontal dashed lines represent temperature and pressure bound-
aries, respectively, of EXP data. The other three diagrams are based on both the
experimental VLE data and the computed ones. In each diagram of Fig. 4.11,
NHjs fractions represented by the various curves cover the conditions applied in
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Figure 4.10: VLE data of working pairs (a) NH3/[emim][SCN], (b) NH3/[bmim][BF4] and (c)
NH3/[emim][Tf2N]. Solid curves denote the experimental data from Yokozeki and Shiflett [39, 40]
(denoting as EXP), and dashed curves denote the simulated results by the author (denoting as
SIM).
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the DE-VAR cycle.

Vapor pressures fitted only with the VLE data at low temperatures and low
pressures (Figs. 4.11(a),4.11(c) and 4.11(e)) show linear behavior inside the ex-
perimental temperature and pressure ranges. However, out of the range of the
experimental data, the vapor pressures increase rapidly with an increase of tem-
perature. This behavior fails to follow the physical basis indicated by the Clausius-
Clapeyron equation (Eq. 4.12): for which the vapor pressures are approximately
linear, because the term —Ah/(RAZ) depends only slightly on temperature [158].

dinP Ah
=- (4.12)
aa/7) RAZ

The nonlinear shape of vapor pressures curves is pronounced at relatively
low NHs mass fractions, which are crucial for the studied cycle. The influence of
using exclusively the experimental based VLE properties on estimating the cycle
performance will be discussed in detail in Section 4.5.3.

By including the computed data (right-hand side), the trends of vapor pres-
sures, especially for the cases with low NHj fractions at high temperatures, be-
come more reasonable. This indicates that the simulation helps to improve the
description of the behavior. The reasonable extension of the VLE data for NH3/IL
mixtures, confirms the added value and need for MC simulations to extend the
range of VLE properties of NH3/IL mixtures.

4.5.2. DIAGRAMS OF THERMOPHYSICAL PROPERTIES

Based on the thermal property methods discussed in Section 4.2, the diagrams of
the studied working fluids are generated for using them in thermal applications
including VAR cycles. The corresponding diagrams are provided in Appendix D.

4.5.3. CYCLE PERFORMANCE

With the thermo-physical properties, the performance of the DE-VAR cycle can
be predicted. The influences of operation conditions and different sources of
properties are investigated. The comparison of its performance with the GAX
cycle is also presented.

THE INFLUENCE OF VARYING OPERATION CONDITIONS
Parametric studies are carried out to explore the performance of the DE-VAR for
different operating conditions. The investigated parameters are the DR, the heat
source temperature, the cooling temperature and the environmental tempera-
ture.

As shown in Fig. 4.12, optimum performances for different conditions (heat
source temperature, Thpg, of 160 and 220 °C, respectively) of the three working




102 4. NHj3/IoNIC LIQUID-BASED DOUBLE-EFFECT ABSORPTION CHILLERS

3 3
10— Wy, = 0.01 10 == Wnh, = 0.01 === Wy, =0.1
=== Wy, =0.04 === Wny,=0.04 .. W, =1 et
2 2
10 W, = 0.07 10 Wi, = 0.07 gl
= w
© 4 <
£ 10 2
2 =
N N
10°
107
2O ROEREERESS §§§§§;§(§
T /[°C]
(a) (b)
3 3
Qi == s ey ] Rl === s anamnerey
——= Wny,=0.04  -oon Wy =1 et === Wny,=0.04 ..o Wao=1 ot
2 -29 2 AN >
10"~ Wy, =0.07 S 10 Wy, =0.07 BN M oW
- ”/ o
- -
© ©
& o
= =
N a

(0 (d)
3 3
10 == Wnh, = 0.01 === W, =0.1 ; 10 == Wnh, = 0.01 === Wy, =0.1 ;
. Wyh, =0.04 oo Wnh, =1 —_ e Wy, =0.04  coene Wyh, =1 ’,
10 Wi = 0.07 st Sh gy 10 Wik, =0.07 len Sl

10 10
§ £° 0989559958 § S 885 § £° 0989550958 § £88S5%
T /[°C] T /[°C]
(e) ®

Figure 4.11: Comparison of the vapor pressure curves generated only using the experimental VLE
data (EXP) and the ones together using the experimental and simulated VLE data (SIM) for the
studied NH3/IL working pairs: (a) NH3/[emim][SCN] pair (EXP [40]), (b) NH3/[emim][SCN] pair
(EXP [40] + SIM) (c) NH3/[bmim][BF4] pair (EXP [39]), (d) NH3/[bmim][BF4] pair (EXP [39] +
SIM), (e) NH3/[emim][Tf2N] pair (EXP [39]), (f) NH3/[emim][Tf2N] pair (EXP [39] + SIM). Vertical
and horizontal dashed lines represent temperature and pressure boundaries of EXP data.
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Figure 4.12: Influence of the Distribution Ratio on the Coefficient of Performance of the DE-VAR
with working pair NH3 /[emim][SCN], NH3/[bmim][BF4] and NH3/[emim][Tf,N]. The
performance is calculated at the conditions Thpg are 220 or 160 °C, and Typs/ Tcon/ Teva are kept
constant at 37/37/10 °C.

fluids are always obtained when the DRs are close to 0.5. This indicates that two
sub-streams which are comparable in flow are preferable, which would allow for
simplifications in constructing pipelines and controlling valves in a real system.
In the following calculations, the value of DR will be kept constant at 0.5.

Fig. 4.12 also indicates that a higher temperature of the heat source, Ty,
contributes to a better performance for the studied conditions. Similar trends
can be observed for the other cases in Figs. 4.13(a) and 4.13(b) for which the
cooling temperature, Tey,, is at a relatively low level or the heat sink tempera-
ture, Teon and Ty, is at a relatively high level. However, when Tey, is higher and
Teon Or Taps is lower, an increase of Thg can lead to constant trends of the COP.
This is, for instance, the case in Fig. 4.13(a), when Tey, = 10 °C, for the working
pair NH3/[bmim][BF,]. A decreasing trend can also be observed in Fig. 4.13(b),
when Teya = 0 °C, for the same working pair.

Figs. 4.13(a) and 4.13(b) indicate that a lower temperature of the cooling de-
mand leads to an inferior performance for all working pairs. Moreover, for the
same operating condition, the NH3/[bmim][BF,] pair performs better than the
other two pairs.

The influence of the temperature of the seawater on the performance can be
understood by comparing Figs. 4.13(a) and 4.13(b). Fig. 4.13(a) applies for cases
in which the seawater temperature is 32 °C, corresponding to an application in
tropical areas. The temperature of the working fluid side is 5 K higher than the
cooling medium, the seawater (Taps = Tcon = 37 °C). Fig. 4.13(b) corresponds to
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Figure 4.13: Influence of the cooling temperature, Teva, on the Coefficient of Performance of the
DE-VAR with working pairs NH3/[emim][SCN] (smooth curves), NH3/[bmim][BF4] (curves with
round symbols) and NH3/[emim][TfoN] (curves with triangle symbols) for applications in: (a)
tropical areas (Tcon = Typs = 37 °C) and (b) high-latitude areas (Teon = Taps = 21 °C).



4.5. RESULTS AND DISCUSSION 105

Table 4.5: Comparison of the effect of different VLE properties sources for NH3/[bmim][BF4] on
the DE-VAR cycle performance at the condition of Thpg/ Tabs! Tecon! Teva = 240/37/37/-5°C (DR =

0.5).
Relevant parameters EXP [39] VLE (Fig. 4.11(c)) EXP [39] + SIM VLE (Fig. 4.11(d))
ws [ 0.0387 0.0383
wip [ 0.0245 0.0290
wy [ 0.0064 0.0285
wiz [ 0.0156 0.0287
o 42.49 101.72
specific Qeva  [kJ/kg] 1158.32 1158.32
specific Qppg  [KJ/kg] 1204.01 1638.62
specific Wp  [kJ/kg] 321.80 772.49
CoP [ 0.759 0.480

an application in high-latitude areas, for instance, the North Sea adjoining the
Netherlands, where the seawater temperature is on average 16 °C (Tgon = Taps =
21°Q).

The comparison of Figs. 4.13(a) and 4.13(b) shows that both working fluids
have higher performances at lower Ty,s and T¢on. Unfortunately, for the appli-
cation in tropical areas, the DE-VAR cycle with working pairs NH3/[emim][SCN]
and NHj3/[emim][Tf,N] cannot operate at a cooling temperature of —5 °C. The
NHs/[bmim] [BF,] working fluid does not show very promising performance, ei-
ther. Hence, the following analysis will only focus on high-latitude areas.

The DE-VAR cycle with NH3/IL pairs shows similar performances, in respect
to the operating conditions, as the cycle with the traditional H,O/LiBr working
pair [159] or other investigated working pairs, such as NH3/LiNOs3 [17].

THE INFLUENCE OF DIFFERENT VAPOR-LIQUID EQUILIBRIUM PROPERTIES ON THE
CYCLE PERFORMANCE

To investigate the influence of excluding the simulated VLE data, the DE-VAR cy-
cle with NH3/[bmim][BF4] in the condition of Thpg/ Taps/ Teon/ Teva = 240/37/37/-
5 °Cis studied. Relevant parameters which can help to indicate the influences of
different VLE sources on the cycle performance are listed in Table 4.5.

The NH3 mass fractions of state point 5 (solution outlet of the ABS), 11b
(solution outlet of the LG) and 9 (solution outlet of the HG) are determined by
the temperatures and pressures at saturated conditions. The NHj3 fractions esti-
mated based on solely extrapolating EXP VLE data are lower than those based on
VLE data including SIM data (only for point 5, they are almost identical). From
point 5 to 11b and to 9, temperatures and pressures increase. The deviation of
saturated NHjs fractions from the one obtained including SIM data also show an
increasing trend.
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Figure 4.14: Comparison of performance between the ideal NH3 /H2O GAX cycle and the
single-stage NH3/H2O0 cycle at various Tgen conditions (Taps/ Tcon/ Teva = 21/21/ =5 °C). Solid
curve indicates the “ideal” GAX performance and the dotted curve indicates the “degraded” GAX,
i.e. the single-effect cycle. The dashed curve denotes the expected performance of a real system.

Two streams with an NH3 mass fractions of wg and w;;}, are mixed before
state point 13. Consequently, state point 13 also shows a lower value of NHj3 frac-
tion when obtained without using the simulation VLE data. Due to the underes-
timation of the change in NHj fraction between points 5 and 13, the circulation
ratio, f, which is based on w;3 and ws (Eq. 4.11), is lower than the one obtained
using the SIM VLE. This indicates that the required pump flow is lower.

In terms of cycle performance, the specific heat duties and pump power are
listed in Table 4.5, as well. They are the corresponding heat and power loads for 1
kg/s refrigerant flow. The estimated demands of heat and pump power by using
exclusively EXP VLE data is underestimated compared with the ones using SIM
VLE data. This is consistent with the underestimation of the circulation ratio. As
aresult, the COP is remarkably overestimated.

COMPARISON WITH THE GENERATOR-ABSORBER HEAT EXCHANGE CYCLE
Fig. 4.14 shows how the COP of a GAX cycle changes with the temperature of
the heat source, Tgen, at the condition of Taps/ Teon/ Teva = 21/21/ =5 °C. Due to
the limitation of the thermophysical properties database [99] of the NH3/H,0
mixture, the calculated performance of the GAX cycle can only be obtained for
Tgen below 170 °C.

It can be seen in Fig. 4.14 that when Tgey, is below 116 °C, there is no possi-
bility for heat coupling. Thus, the GAX performs as a single-stage cycle, showing
a decreasing trend with rising Tgen. Above 116 °C, the solid curve indicates the
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Figure 4.15: Comparison of the performance of the DE-VAR with working pairs
NH3/[bmim][BF4], NH3/[emim][SCN] and the NH3/H2O GAX cycle at condition T, = Tcon =
21 °C. Smooth curves indicate the GAX performance and the dotted curves are extrapolations of
their trend lines. The solid curves denote the performance of cooling at Teya = 0 °C and the
dashed curves denote the performance of cooling at Teya = —5 °C.

performance of the ideal GAX cycle, which is increasing as Tgen rises. The GAX
cycle is entitled “ideal” because the calculation of it is based on the perfect heat
coupling between the ABS and GEN. Hence, the solid curve shows the upper limit
of the GAX cycle. The dotted curve represents the results of the single-stage (or
single-effect) NH3/H,O VAR cycle, which gives the lower limit of the GAX cycle
if the heat is not perfectly coupled. A practical system is supposed to perform
between these two limits. The dashed curve represents the average of these two
limits, which is an expected estimation of the actual performance.

Fig. 4.15 shows a comparison of the performance of the NH3/H»O GAX cycle
and the DE-VAR cycle with the NH3/[bmim][BF,] and NH;3/[emim][SCN] pairs
at the condition of Typs = Teon = 21 °C, indicating applications at high-latitude
areas. Teyq is set to -5 and 0 °C. The temperature of the driving heat is varied to
investigate its influence. Note that the performance of the GAX cycle is repre-
sented by the average value between the ideal GAX and normal SE-VAR perfor-
mance. The data of Tge, above 170 ° are based on extrapolation.

As shown in Fig. 4.15, the GAX cycle is able to reach a high performance even
when the driving temperature is relatively low. With the Tge,, increasing, the per-
formance of this cycle is increasing less rapidly. The DE-VAR cycle with working
pair NH3/[emim][SCN] shows a poor performance around 150 °C for a —5 °C
cooling application. After a sharp initial increase, COP values of the DE-VAR in-
crease only slightly when Ty, is above 180 °C. The COP value of the proposed
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cycle with NHz/[bmim][BF,] is approximately 10% higher than that of the aver-
aged GAX cycle when they are driven by heat at 200 °C. In the higher temperature
range, these two cycles show a similar performance. Considering the proposed
DE-VAR applying ILs, there is no special need for a control strategy of the internal
heat coupling, and the utilization of the ILs prevents the need for rectification of
the refrigerant flow.

4.5.4. SYSTEM INTEGRATION OF THE DOUBLE-EFFECT VAPOR ABSORPTION
CYCLE WITH THE EXHAUST GAS

Direct heat exchange is assumed between the exhaust gas and the strong NH3/IL

solution. DE-VAR cycles are designed for high temperature applications and a

direct coupling could take full advantage of the high temperature exhaust gas.

Thus, the waste heat recovery (WHR) exchanger, i.e. the flue gas cooler, also plays

the role of a high pressure generator.

RECOVERABLE HEAT AND CORRESPONDING COOLING CAPACITIES

For the exhaust gas stream associated with the WHR heat exchanger applied in
typical modes, the inlet temperature, ng, and the flow rate, rileg, are listed in
Table 4.3. The outlet temperature, To", cannot be cooled down below 167 °C to
prevent the risk of sulfur corrosion [19]. With these constraints, the driving heat
of the DE-VAR system is the recovered heat from the exhaust gas, Qup,, which is
expressed as,

Qwhr = ngmex (Tég - Tg;lt) (4.13)

where the specific heat of the exhaust gas, c;*, is taken as 1.08 kJ/ (kg - K) [160].

In the design phase, a pinch temperature of 10 K is assumed in this HX. Ty
cannot be below 157 °C to prevent corrosion problems. The value of Tj is also
influenced by the operation of the cycle. Hence, the pumping flow, which is easy
to adjust by changing the pump settings, is studied to explore its influence on the
cooling capacity and on the heat recycling performance.

Fig. 4.16 depicts a case in which the inlet exhaust gas stream is at 340 °C and
15 kg/s (which corresponds to the majority of the operating cases: Mode 1 and
2 in Table 4.3), in high-latitude areas (Taps = Tcon =21 °C) and for a Teya = —5 °C
cooling application.

In the proposed DE-VAR, a higher driving temperature leads to a higher Ts.
To maintain a fixed temperature difference of heat transfer, a higher T3 is re-
quired. Accordingly, the exhaust gas has a smaller temperature range over which
it can be cooled and a smaller waste heat can be recovered. While a higher driv-
ing temperature also results in a higher COP. These dependencies influence the
cooling capacity Qeva (round symbols), and lead to an initial increase, and then
to a constant value as a function of the pump flow.
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Figure 4.16: The influence of the designed pump flow, 7i7p, on operating parameters of the
exhaust gas driven DE-VAR system with NH3/[bmim][BF4]. The case is based on a 90% diesel
engine load, in high-latitude areas for a —5 °C cooling temperature. Note that for pump flows

above 54.4 kg/s, the exhaust gas might condensate and cause sulfur corrosion.

However for the studied case, when the pump flow of the solution, r,, is
higher than 54.4 kg/s, the exhaust gas will be cooled below 167 °C as shown in
Fig. 4.16. Even though cooling and heat recovery performances are better in this
range, the DE-VAR system cannot be operated due to the risk of sulfur corrosion.
Therefore, the optimum performance is achieved at a pump flow of 54.4 kg/s.
The corresponding cooling capacity is 3220 kW.

Table 4.6 summarizes the operating parameters and optimum cooling per-
formance when using the DE-VAR with the studied three working fluids for dif-
ferent engine loads.

The cooling capacity of the exhaust gas-driven DE-VAR system with working
pair NH3/[bmim][BF4] is always larger than 1518 kW in the high-latitude envi-
ronment, which has the largest cooling capacity among the three studied work-
ing pairs. For an engine load of 90%, the cooling capacity is able to reach 3220
kW. It has the potential to substitute at least one of the RSW plants in the studied
fishing vessel (Table 4.2) for most of the operating condition. The solution pump
flow, r,, of the NH3/[bmim][BF4] working pair is also lower than the ones of the
other two pairs.

STATE INFORMATION
The state point information for the working fluid, NHs/[bmim][BF,] in the DE-
VAR system, is listed in Table 4.7, for the above studied case in a condition of
Thpg! Tabs/ Teon/ Teva = 205/21/21/-5 °C.

Due to the pressure drop in the valve and heating in the SHXs, solutions at
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Table 4.6: The optimum cooling performance (Qeva), corresponding recovered waste heat (Qup,),
DE-VAR cycle performance (f and COP, ritp, and Wp), and operating conditions (7.5, T3, T,
and Thpg) for different diesel engine loads with the working pair NH3z/[emim][SCN],
NH3/[bmim][BF4], and NH3/[emim][Tf2N] in high latitude areas.

NH3/[emim][SCN] NH3/[bmim][BF4] NH3/[emim][Tf2N]

Engine load 90% 70% 40% 90% 70% 40% 90% 70% 40%
Teg 1°CI 340 326.5 307.4 340 326.5 307.4 340 326.5 307.4
Tg,}’t [°C] 1704 1704 1704 169.8 169.8 169.8 179.6 179.6 179.6
Tg[°C] 1604 1604 1604 159.8 159.8 159.8 169.6 169.6 169.6
Thpg °Cl 190 190 190 205 205 205 200 200 200
- 28.7 28.7 28.7 20.4 20.4 20.4 22.8 22.8 22.8
COP[-] 0977 0977 0977 1.092 1.092 1.092 0.946 0.946 0.946
rhp [kg/s] 69.8 51.4 32.9 54.4 40.1 25.6 94.5 69.2 43.9
Wp kW] 257 189 121 191 141 90 257 188 120
Qwhr (kW] 2748 2023 1295 2756 2030 1300 2599 1904 1208
Qeva KW] 2936 2162 1383 3220 2372 1518 2701 1979 1255

state points 7c and 8 may have NHs vapor generated [24]. A close investigation
reveals that only small amounts of NH3 vapor are generated before entering the
generators. Results of NH3 fractions and specific enthalpies of these two points
in Table 4.7 are the data for bulk streams (saturated solution with NH3 vapor).
Specific enthalpies of the bulk stream are obtained via,

BT, P wnn,) = (1- ) K%+ ghY (4.14)

where, hggg and K" are the specific enthalpies for the saturated solution part and

the vapor part, respectively. g is the quality, which is identified as,

w—w
g=—>X (4.15)
1 — Wsat
The qualities and saturated NH3 fractions in solution of these two points are
additionally listed in the footnote of Table 4.7.

4.5.5. FEASIBILITY CONSIDERATION

The above studied IL-based working pairs show a promising technical perfor-
mance in the DE-VAR at high-temperature applications. Before implementing
the cycle, thermal stabilities of the investigated ILs and the potential economic
benefits must be considered.

THERMAL STABILITIES
It has been reported that imidazolium ILs have high thermal stabilities [161].
The short and long-term thermal stabilities of [emim][SCN] have been studied
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Table 4.7: State points of the DE-VAR in a condition of Thpg/ Tabs! Teon! Teva = 205/21/21/-5 °C)
with the working fluid pair of NH3/[bmim][BF4] (DR = 0.5, rhp = 54.4 [kg/s]).

Point m(kg/s] T[°C] P [bar] WNH; [-] h* [kJ/kg]
1 2.67 10.6 8.85 1 146.90
2 2.67 -5.0 3.55 1 146.90 u
3 2.67 -5.0 3.55 1 1353.86
4 2.67 14.5 3.55 1 1402.69
5 54.40 21.0 3.55 0.0766 79.38
6 54.40 21.0 39.53 0.0766 82.37
7 54.40 57.2 39.53 0.0766 148.41
7a 27.20 57.2 39.53 0.0766 148.41

7b 27.20 57.2 39.53 0.0766 148.41
7c** 27.20 57.2 8.85 0.0766 148.41
8 ** 27.20 159.8 39.53 0.0766 393.02

9 25.57 205.0 39.53 0.0179 411.84

10 25.57 67.2 39.53 0.0179 151.64

11 51.73 70.1 8.85 0.0290 160.09
1la 25.57 67.2 8.85 0.0179 151.64
11b 26.16 72.9 8.85 0.0399 168.34

12 51.73 31.0 8.85 0.0290 90.64

13 51.73 31.0 3.55 0.0290 90.64

14 1.63 205.0 39.53 1 1791.27

15 1.63 77.9 39.53 1 485.50

16 1.63 21.0 8.85 1 485.50

17 1.04 72.9 8.85 1 1517.54

18 2.67 21.0 8.85 1 195.73

* Specific enthalpies are calculated based on an arbitrarily chosen reference
state of T =-23 °C and P = 10 bar.

** At state points 7c and 8, the NH3 may boil off from the solution. Saturated
fractions and qualities of state points 7c and 8 are: w’S, = 0.0672, g7 = 0.01.

w8 =0.0384, gg = 0.04 s
sat — » 48 =0.04.
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by Navarro ef al. [115]. Liu et al. [162] investigated short and long-term ther-
mal stability of [bmim][BF,]. Feng et al. [163] also carried out thermal analy-
sis of [bmim][BF4]. Heym et al. [164] measured the thermal decomposition of
[emim][Tf,N]. The work of Villanueva et al. [165] included the long-term sta-
bilities of [emim][Tf,N]. The key findings of these studies are summarized in
Table 4.8.

It can be seen that the thermal stability of [bmim][BF4] and [emim][Tf,N]
is better than that of [emim][SCN] regarding both short and long-term stability.
The two ILs have also been classified into the group of “most stable” ILs by Cao
and Mu [161]. The conducted long-term tests have shown the applicability of
[bmim] [BF,4] below 250 °C. [emim][SCN] has shown obvious mass loss above 160
°C and for this reason it cannot be applied in DE-VAR system:s.

ECONOMIC AND ENVIRONMENTAL BENEFITS

It can be concluded that the proposed DE-VAR system with NHs/[bmim][BF,]
is promising for the application in high-latitude areas. An accurate estimation of
the initial cost and the system size relies on a thorough understanding of the heat
and mass transfer of the newly-proposed working fluids and further investigation
is required. Nevertheless, the operational cost can be estimated based on the
analysis in this chapter. Table 4.9 shows the two options of replacing RSW plants
with the proposed exhaust gas driven DE-VAR system.

The first option is to replace one RSW plant. The exhaust gas for all 5 engine
operating modes (Mode 1-5 shown in Table 4.3) is able to drive the proposed DE-
VAR system to produce the equivalent cooling capacity of one RSW. For these
operating time (7320 hour per year), a saved primary energy can be obtained via
the difference in power consumption of the proposed system and the existing
compression one, which is 4.77 TJ/year. If the CO, emission of diesel oil is taken
as 778 g/kWhe (diesel) [166], the CO, emission during fishing can be reduced by
1031 tons/year. Option 2 concerns replacing two RSW plants with one DE-VAR
system, while this option is able to provide an equivalent cooling capacity of two
RSW plants only when the engine operates at a 90% load. For this case, by oper-
ating it 5800 hours/year, the saved energy is 7.56 T]/year and the corresponding
reduced CO, emission is 1633.5 tons/year.

4.6. CONCLUSIONS

A waste heat recovery cooling system is proposed which uses ammonia/ionic lig-
uid mixtures as working fluids in a double-effect vapor absorption refrigeration
(DE-VAR) system. A multi-scale analysis is carried out to study its performance in
a fishing vessel. The analysis includes Monte Carlo simulation to predict vapor-
liquid equilibria at high temperatures and pressures, thermodynamic modeling
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Table 4.9: Economic and environmental benefits of replacing refrigeration seawater plants with

the proposed system applied in high-latitude areas.

in substitute of operating hours saved energy reduced CO2
(hrs/year] [T]/year] [tons/year]
Option 1 RSWx1 7320 4.77 1030.8
Option 2 RSWx2 5800 7.56 1633.5

for cooling cycle analysis, and system evaluation when integrated with engine
exhaust gas. Based on the work, the following conclusions could be drawn:

Monte Carlo simulations are capable to extend the vapor-liquid equilib-
rium data of the working fluids. The inclusion of the computed solubilities
improves the quality of the extension of the NRTL model to high temper-
ature and pressure conditions in comparison to solely using experimental
data obtained at low temperatures and pressures.

The ranking of the coefficient of performance (COP) for the three stud-
ied ILs within NH3-based DE-VAR cycle is: [bmim][BF] > [emim][SCN] >
[emim][Tf,N]. The best IL candidate achieves a COP above 1.1 for -5 °C
cooling in a fishing vessel operating in high-latitude areas.

DE-VAR cycles show approximately 10% higher performance than GAX cy-
cles with NH3/H»O for applications with high temperature driving heat.
Because of stability problems at high temperatures, [emim][SCN] is not
suitable for high-temperature applications of a double-effect vapor absorp-
tion refrigeration cycle.

The proposed system with NH3/[bmim][BF,] can provide the cooling ca-
pacity of one refrigeration seawater (RSW) plant for all operating modes
of the diesel engine, when driven by its exhaust gas (COP of 1.1, cooling
capacity of 1518 kW). Thereby, 4.8 T] of energy can be saved and 1030 tons
of CO, emission can be avoided annually per fishing vessel. Alternatively,
the proposed system can provide the cooling capacity of two RSW plants
for most of the operating modes (cooling capacity of 3200 kW). Annually
saved energy and reduced CO, emissions are 7.6 TJ and 1634 tons, respec-
tively.
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Unfavorable transport properties have always been pointed out as the key factors
that hinder the application of ammonialionic liquids (NH3/ILs) in absorption cy-
cles, while heat and mass transfer of these new fluids in components have been
rarely reported. In this chapter, a corrugated plate heat exchanger is selected as
the geometry for exploring the absorption of NHs in the proposed NHs/ILs work-
ing fluids. The process is studied making use of a semi-empirical framework: ex-
perimental data is needed to determine unknown information of heat and mass
transfer, and a numerical model is developed making use of frequently applied
theories. In addition, relevant transport properties of the NH3/ILs working fluids
are modeled based on collected experimental data. The proposed model is used to
study the heat and mass transfer performance during the absorption of NHs vapor
into NH3/ILs fluids. Distribution of local parameters and overall heat and mass
transfer characteristics are obtained. The performance of absorption of NHz into
different working fluids is investigated as well. The highest overall heat transfer
coefficient is obtained for the NH3/[emim][SCN] mixture.

Parts of this chapter have been published in: International Journal of Heat and Mass Transfer, 134,
1302-1302 (2019) [167].
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5.1. INTRODUCTION

Thermally driven vapor absorption heat pumps and refrigeration systems pro-
vide energy-efficient ways of heating and cooling for the industry, agriculture,
residential and transport sectors. Recently more and more investigations have
been carried out to explore the application of ionic liquids (ILs), a type of room-
temperature molten salts, as absorbents in vapor absorption systems. Some ILs
have been found with high boiling points, strong affinities with refrigerants and
favorable thermal and chemical stabilities. They provide an alternative way to
prevent the risks of corrosion and crystallization of H,O/LiBr pair and weak-
nesses of low efficiency and complexity of systems with NH3/H,O pair. In par-
ticular, working pairs of NH3/ILs have been proposed as working fluids in ab-
sorption cycles to remove rectification and distillation sections, and to improve
cycles’ thermal efficiency. Applications of these fluids used in cycles for heating
and cooling introduced in previous chapters also confirm their promising poten-
tials.

In the past decade, investigations of ILs for applications in absorption cycles
were mainly based on thermodynamic analysis for screening suitable working
fluids [36]. Recent studied refrigerants with ILs include water [38, 100], hydroflu-
orocarbon [61, 103], carbon dioxide [104] and ammonia [39, 40]. In these anal-
yses, only thermodynamic properties, for instance the vapor-liquid equilibria,
enthalpies and densities, are sufficient. Besides, limited experimental work to
evaluate the practical performance on a systematic level was also reported [64—
66].

Currently, the number of reported studies about the heat and mass transfer
processes of IL-based fluids is limited. However these processes are important
in sizing the systems in practice. Boman et al. [70] examined plenty of refrig-
erant/ILs fluids making use of a general heat transfer evaluation. Vertical, flat
plate, falling-film heat exchangers were proposed to be used as the main heat
and mass transfer components. Wang and Infante Ferreira [24] proposed using
plate heat exchangers (PHXs) as absorber, generator, evaporator, condenser and
solution heat exchanger in an NHj3/IL single-effect absorption heat pump, con-
sidering their compact sizes and superior performance of heat and mass transfer.
Brief estimations of sizes and costs of the devices, and of charge of working fluids
were carried out based on selected heat transfer correlations. For other applica-
tion, Wadekar [69] simulated the heat transfer behavior of pure IL, [bmim] [T, N],
as a heat transfer fluid in different heat exchangers including PHX.

Studies containing mass transfer for the ILs-based working fluids are even
fewer. Meyer et al. [67, 168] made use of the analytical functions to describe the
combined heat and mass transfer of working fluids ethanol/[emim] [DEP] inside
the absorber and generator, for which horizontal shell-and-tube heat exchangers
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were used. Because of the large areas required for the solution heat exchanger,
a PHX was implemented. Besides, work on measuring absorption/desorption
kinetics and key transport properties, such as mass diffusivity, was also reported
for the application of absorption refrigeration cycles, for instance by Ariyadi and
Coronas [68], Bedia et al. [169], Ariyadi et al. [170] and Chen et al. [171].

Previous work demonstrated that PHX can be a promising heat and mass ex-
changer in the IL-based absorption systems. A recent operation of absorption
heat transformer using H,O/[emim][OMs] fluids reported by Merkel et al. [66]
brought this idea into practice. They implemented PHXs as evaporator, con-
denser and solution heat exchanger, a modified PHX with a liquid distributor
was used as absorber. However, the heat and mass transfer performance of the
IL-based working fluids inside plate heat exchangers was not studied in a de-
tailed way.

On the other hand, plate heat exchangers have been frequently studied for
NH3 absorption systems. Kang et al. [172] compared the NH3/H,0 absorption
inside PHX with two different modes: falling film absorption and bubble absorp-
tion, with a control volume analysis. Cerezo et al. [173] reported an experimental
study of an NH3/H»O bubble absorber using a PHX. A comparison with a numer-
ical model was also presented in the work of Cerezo et al. [174]. Cerezo et al. [30]
compared the performance of the bubble absorber using a PHX for the working
fluids NH3/H»0, NH3/LiNO3 and NH3/NaSCN with a similar numerical model
previously introduced and concluded that the NH3/LiNOj3’s high viscosity weak-
ens its performance in the absorber. Experimental work was then carried out to
compare the effect of adding H»O into NH3/LiNOs in a PHX used as a bubble
absorber by Oronel et al. [175]. Recently Triché et al. [176] presented an experi-
mental and numerical study of heat and mass transfer in a falling film absorber
with the fluids NH3/H,0O. Tao et al. [177] reviewed work on two-phase downward
flow within PHX and proposed flow pattern maps. These maps are instructive
to distinguish different mechanisms of NH3 absorption or condensation in the
PHX.

The literature review indicates that heat and mass transfer research regard-
ing NH3/IL working fluids has not been reported yet. In this chapter, a numer-
ical study about heat and mass transfer during absorption of NH3 into NH3/IL
solution will be carried out. A corrugated PHX is selected as the geometry of the
absorber. The outline of this chapter is illustrated in Fig. 5.1.

A semi-empirical model is proposed to describe the heat and mass trans-
fer performance of the vapor absorption inside PHX. The model is called “semi-
empirical” because parts of it are based on frequently applied theories, such as
the two-resistance theory with a gas-liquid interface; void-fraction for a predic-
tion of the liquid film thickness; and Chilton-Colburn analogy to couple the heat
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Figure 5.1: Outline of this chapter.

and mass transfer. On the other hand, undetermined parameters describing the
heat and mass transfer characteristics are obtained from a similar experimental
investigation - NH3 absorption by NH3/LiNOj3 fluids. Also, relevant thermody-
namic and transport properties of the studied NH3/IL fluids are modeled based
on the collected experimental data. With these thermophysical properties, heat
and mass transfer performances are investigated during NH3 absorption by dif-
ferent NH3/ILs fluids inside the PHX.

5.2. HEAT AND MASS TRANSFER FRAMEWORK FOR THE VAPOR
ABSORBER

5.2.1. GENERAL DESCRIPTION

In the working fluid side of the PHX absorber, there are two different flow regimes
considered in this study: the two-phase vapor-liquid flow and the single-phase
subcooled liquid flow. The model of the subcooled single-phase flow (only heat
transfer occurs) can be derived from the other one, thus here only the modeling
of the two-phase vapor-liquid flow is introduced.

As shown in Fig. 5.2, taking advantage of the symmetry feature of the plate
heat exchanger, only a plate with its surrounding two streams are studied in
this model. Distribution of parameters is considered by numerically dividing
the plate heat exchanger into small control volumes along the bulk streams (the
length of the plates). The heat and mass transfer of the three flow streams, i.e.,
the cooling water, the solution and the NH3 vapor, are studied in each control
volume. Regarding the vapor absorption, the two-resistance theory with an in-
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terface is applied to describe the heat and mass transport between the vapor-
liquid interface with its surroundings (the vapor and solution bulk streams, re-
spectively). Heat and mass transfer fluxes are calculated using empirical cor-
relations. This modeling method has been successfully adopted to investigate
overall two-phase heat and mass transfer processes with complex geometrical
structures in previously studies [174, 176, 178].

L. - out 7 out out, outy out . out,out
Liquid out gy hey my"wi"hy iy

cooling
water

Liquid in
—

vapor in
Plate heat exchanger Control volume

Figure 5.2: Schematic representation of the modeled absorber (left), and the split control volume
(right). The corrugated surface of plates is not shown.

These general simplifications are adopted to develop the heat and mass trans-
fer model of absorption:

» Absorption is assumed at a steady state.

* The liquid film is assumed to have a symmetrical thin feature contacting
with plates.

e Interface is in equilibrium at saturated conditions.

* The distribution along the width of plates is taken as uniform.

* Properties and conditions at the inlet of a control volume are used to rep-
resent the local ones.

* Absorbents are regarded as non-volatile, thus no mass transfer of it occurs
in the vapor phase.

* Thermal boundary layers between the two-phase and single-phase regions
show a smooth transition.

* Heat conduction along the thickness of plates is negligible.

» Longitudinal conduction of plates and fluids are negligible.

* No heat loss to the environment.

The implementation of the calculation is shown in the Fig. 5.3. In this study,
the calculation is carried out from the bottom of the plate heat exchanger to
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its top. Control volumes are discretized according to their lengths, which are
identical in the current setting. For each control volume, conditions (flow, tem-
perature, pressure and composition) in the bottom are taken as the input. Sub-
routines for obtaining other thermophysical properties, film thicknesses and di-
mensionless numbers are used before starting the conservation calculations. An
iteration is carried out based on the heat and mass balances to obtain the inter-
face temperature, Tiy¢.

Calculated results are heat and mass transfer properties and the outlet pa-
rameters. The latter ones will be used as the input for the next control volume.
For the studied cases, the number of the control volume is taken as 400 after a
grid dependency evaluation.

5.2.2. FILM THICKNESS

Symmetrical thin films on plates can be used to represent the liquid flow of var-
ious flow patterns, such as film and slug flow, for vapor-liquid two phase flow in
PHXs. In this chapter, the solution streams are also simplified as liquid films. The
simplification is verified in the Section. 5.6.1.

The thickness of the liquid film is obtained with the help of the void-fraction.
NHj; vapor is assumed surrounded with liquid films between plates, as shown in
Fig. 5.2. Void-fraction is applied to estimate the fraction of the channel cross-
sectional area that is occupied by the gas phase. With it, the film thickness is
expressed as,

L
5= (1-¢) ?g (5.1)

where, Lg is the gap between plates.

The void-fraction, €, is obtained according to the frequently used Eq. 5.2,
which has been proposed by Zivi [179] based on the principle of minimum en-
tropy production for annular two-phase flow:

3 2/3
1 (_1 ‘7) (ﬂ) (5.2)
€ q pL

One of the advantages of applying the void-fraction to predict the film thick-
ness is that the thickness is related with the vapor quality (g), ensuring that the
thickness turns to the gap dimension when vapor is fully absorbed.

5.2.3. PRESSURE DROP

The frictional pressure drop of a stream along a channel is estimated using Eq. 5.3:

(5.3

dp gtp 2
dL ’2dyp
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Figure 5.3: Calculation procedure of the model: A set of transport conservation equations are
carried out in each discretized control volume. Sub-routines regarding the thermophysical
properties, film thicknesses and dimensionless numbers are implemented. An iteration is carried
out to obtain the interface temperature based on the heat and mass transport conservation
equations. The outlet of each volume is used as the input to the next one.
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where, dy, = 2Lg.
For the plate heat exchanger, the friction factor, ¢, is obtained from the ex-
perimental data of Amaris Castilla [180].

5.2.4. HEAT TRANSFER

The heat transfer characteristics of the two single-phase flows: cooling water,
and NH3 vapor (heat transfer to the interface), are described using correlations
as summarized in Table 5.1.

Table 5.1: Correlations of heat transfers used in this study.

Cooling water Vapor with the interface
Correlation Nu = 0.858Re%-955prl/3 Nu=28.23
Source Amaris Castilla [180] Bergman et al. [181]

Characteristic lengths of dimensionless numbers are the hydraulic diameters
for both cases.

Previous work conducted by peers distinguished the heat transfer between
liquid film bulk and the wall with that between the interface and the film bulk
[176, 182]. Analytic work by Grossman [183] and Brauner [184] also confirms the
need of separately considering the two heat transfer layers within liquid films.

However, the thin feature of the film makes its heat transfer characteristic
more difficult to describe than other streams. Additionally, the interface which
is introduced for a convenience to study absorption problems does not naturally
exist. The heat and mass transfer related to it cannot be practically detected.
In this work, with the help of the proposed model, the Nusselt numbers of the
liquid film, Nuy, v and Nuy, jn, will be determined using the experimental data by
Amaris Castilla [180].

The heat transfer of the solution stream to the wall should smoothly go from
the vapor-liquid two-phase region to the single-phase one. Considering this nat-
ural fact, the heat transfer of solution to the wall in the two-phase region and that
in the single-phase region should have comparable characteristics. This is real-
ized by assuming the heat transfer boundary layers share the same thicknesses
in the two consecutive control volumes during the regime transition.

5.2.5. MASS TRANSFER

For the studied problem with absorption controlled by the liquid phase, the only
mass transfer takes place from the interface to the solution bulk stream. The
Chilton-Colburn analogy is applied to obtain the mass transfer coefficient be-
tween them, which is based on the boundary layers analogy.
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The analogy is expressed simply for heat and mass transfer as,

(5.4)

~

Sh (Sc)”s

NuL'im Pr

The characteristic lengths of the dimensionless numbers for the liquid film
in the two-phase region are selected as the film thickness.

5.2.6. TRANSPORT CONSERVATION EQUATIONS

The heat and mass transport conservation equations of the liquid-vapor two-
phase flow during absorption are listed in Table 5.2.

Table 5.2: Transport conservation equations describing the absorber section with two-phase flow.

Equation
Energy balance of the cooling water stream Qw,cw — 72l kil + il hOU =0
Energy balance of the solution stream Gint flL +QintL—Quw + mi“ hin - mgm hﬁ“t =0
S S .inpin _ 5 out pout _
Energy balance of the vapor stream =Ginthy = Qv,int + iy Iy = M hgtt = 0
QL,W = Qw,cw

Energy balance through the wall Qw,cw = Aw,ew | Ty — Tg}v Aint

QL,W = C_‘L,w (Tﬁn - Tw) Ajnt
GintAint h\/ + QV,int = Gint AinthL + Qint,L
Qint,L = int,L | Ty — Ti“) Aint
Qint,v = &int,V (T\l/n - Tim] Aint

Energy balance through the interface

Gint Aing + 1) = "= 0

Mass balance of the solution stream ]
Gint = Mwp(cint — 1)

Mass balance of the vapor stream —GintAint + m{;‘ - m\olut: 0

: ; P : .in in _ L out, out_
NH3 species balance in the liquid stream GintAine+1i7" w' — mPMw=0

Regarding these equations, parameters with superscripts are inputs or out-
puts of a calculation: “in” denotes the input in the bottom of a control volume,
and “out” denotes the output on top.

The amount of unknown parameters and that of the equations equals with
each other, indicating the problem is solvable. For an easy solving, an iteration
of the unknown interface temperature, Tiyt, is conducted until the assumed value
guarantees that the heat and mass balances of the control volume are satisfied.
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5.3. PARAMETERS DETERMINATION AND MODEL PERFORMANCE
Amaris Castilla [180] experimentally investigated the absorption of NH3 in an
NHj3/LiNOj3 solution inside a plate heat exchanger. The working fluids flow from
the bottom of the PHX to its top in a counter-current direction with the cool-
ing water stream, which is identical with the studied problem. The geometrical
parameters of the tested PHX are listed in Table 5.3.

Table 5.3: The geometrical parameters of the studied PHX.

Length [m] 0.53
Width [m] 0.112
Amount of channels [-] 3
Space between plates [m] 0.002
Total heat transfer area [m?] 0.1

The required properties of fluid NH3/LiNO3, are listed in Table 5.4 with their
sources.

Table 5.4: Thermo-physical properties of NH3/LiNO3 studied in this work.

Property Source

p Density Infante Ferreira [25]
P-T-w Vapor-liquid equilibrium Libotean et al. [185]
Cp Heat capacity Infante Ferreira [25]
h Enthalpy Infante Ferreira [25]
U Viscosity Libotean et al. [186]

A Thermal conductivity Cuenca et al. [187]

D Mass diffusivity Venegas et al. [188]

o Surface tension Venegas et al. [188]

5.3.1. PARAMETERS DETERMINATION

In the proposed framework described in Section 5.2, determination of the per-
formance of the absorber requires the friction factors and heat and mass transfer
coefficients for the liquid film. 14 sets of experimental data at different solution
flow conditions, as shown in Table 5.5, are used to obtain the unknown parame-
ters in the proposed heat and mass transfer framework: Nu numbers of the lig-
uid film and the frictional factor. Correlations of these parameters with solution
flows are also presented.

Firstly, to obtain the friction factor, ¢, data of inlet and outlet pressures in the
working fluids side are used with Eq. 5.3. The values of ¢ from 14 independent
cases present a relation to the solution Rer, at the entrance, which is based on the
hydraulic diameter of the PHX (d},), as shown in Fig. 5.4.
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Table 5.5: Experimental data used to obtain unknown parameters in the proposed heat and mass transfer framework and the performance of

parameters determination.

case N TP win il pin POUtpln TR Q/A [kW/m?] U [W/(m?-K)]

kg/hl  [°C] [1  [kg/hl  [kPa]  [kPa]  [kg/h] [°CI  EXP  SIM  RD[ EXP  SIM  RD[]
1 1039 4493 04524 156 52124 51606 27154 3748 484 482 -0.003 15121 15047  -0.005
2 1538 4570 04500  1.88  513.86 507.94 270.66 3823 697  7.00  0.004 15853 16069  0.014
3 2045 4563 04538 193 51614 5093 26419 3814 812 813 0002 18004 18039  0.002
4 2534 4569 04497 220 51034 50224 26719 3863  9.69 949 -0.020 18679 18961  0.015
5 4024 4471 04528 280  517.38 505.08 27538 3880 1218 1219 0001 22424 23831  0.063
6 30.88 4564 04526 209  519.63 51055 266.64 3898 1047  9.55 -0.088 20420 23032  0.128
7 50.01 4615 04533 254  509.85 4955  266.13 39.61 13.08 1227 -0.062 22464 24719  0.100
8 1057 4539 04519 134 52139 51667 26662 4146 338 338 0000 15319 15320  0.000
9 1533 4539 04530 101 51477 5094 26839 4173 434 403 0072 17722 17243  -0.027
10 2055 4585 04528 125 5158  509.62 267.93 4192 53 512 -0.035 18468 18719  0.014
11 2533 4610 04523 152 51895 51182 267.62 4218  6.08  6.07 -0.001 19777 19919  0.007
12 3025 4500 04527 165 51821 509.97 267.09 4225 625 625  0.000 24065 25667  0.067
13 4885 4587 04518 145 51326 50143 269.16 43.23  7.56 657 -0.131 27076 31828  0.176
14 4059 4532 04496 174 51508 50469 269.02 4268  7.08  7.09 0001 25357 25450  0.004
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Figure 5.4: Values of frictional factor, ¢, of the experimental cases with their correlations to Rey..

The inlet conditions of solution, vapor and cooling water streams are used as
inputs in the proposed heat and mass transfer model. Since the cooling water
enters at the top of the absorber, the outlet temperature needs to be iterated.
With the heat transfer area specified, the heat duty and temperature distributions
are the calculation results.

To find the suitable Nuy, ;v and Nuy, in¢ to be used in the model to describe the
absorption problem, optimizations are carried out based on the 14 experimental
cases.

For each experiment from Amaris Castilla [180], an optimization work is con-
ducted in which the two Nu numbers have been optimized. The objective func-
tion of the optimization is the minimization of the following function,

2

(Q/A)exp - (Q/A)sim
(Q/A)

Beside using heat flux, Q/A, as an indication to ensure the energy balance,
the overall heat transfer coefficient, U, is applied to take into account the heat
transfer performance. Both the mean square deviations of them have been con-
sidered so that the effect of different temperature driving forces is taken into ac-
count. For each experiment, implementation in the model of the obtained Nu
numbers resulted in an accurate prediction of the system performance.

The optimization and correlation procedures are illustrated in Fig. 5.5.

F=

Ux_Uim2
(Dexp — (U)s ] 55

Dexp
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Figure 5.5: Steps to determine unknown heat and mass transfer characteristics and their relations
with flow rates.

The values of Nuy,,, and Nuy i, from the 14 independent optimizations are
presented in Table 5.6 and Fig. 5.6. The comparison of optimized results of Q/ A
and U with the experimental ones is listed in Table 5.5. The deviations are ac-
ceptable at an overall device level.

As shown in Fig 5.6, the values of optimized Nuy, , and Nuy, jn; show clear rela-
tions with the liquid Reynolds number. By correlating these data to a frequently
used form of Nu = aRe?Pr!/3, coefficients can be determined, as shown in Fig. 5.6.

To confirm the validity of the correlations, the additional 16 independent ex-
periments also reported by Amaris Castilla [180], which were not used in the gen-
eration of the correlations, are used to check the reliability of obtained Nu num-
bers. The relative deviations between experimental and simulation results for
Q/A and U are 5.6% and 1.8% in average. Conditions of these experiments and
comparisons of experimental and predicted values are listed in a table provided
in Appendix E.

The heat transfer boundary layers can be estimated using Na—le (Note that the
film thickness is used as the characteristic length for the heat and mass transfer
of the liquid film). The obtained Nusselt numbers in this work provide a rela-
tion: NSLW + %Lf'im < 6¢. It reflects the heat transfer on the liquid film is not only
dominated by conduction within a heat transfer boundary layer. The additional
convection effects on the heat transfer can be enhanced by the corrugated plates

surface and the coupled mass transfer.
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Table 5.6: Determined Nusselt numbers of liquid film from experimental data.

Case Rein Nug, v Nuy, int
1 11.27 2.49 17.60
2 15.72 2.25 46.25
3 20.33 3.65 50.20
4 24.13 3.41 67.08
5 37.60 4.53 85.95
6 29.29 4.94 55.64
7 45.05 5.32 93.50
8 11.58 1.61 17.82
9 15.89 3.38 35.06
10 20.75 3.97 43.27
11 26.35 3.90 52.62
12 31.03 4.86 47.30
13 46.48 5.87 78.06
14 39.17 4.42 70.93
2 25 T F
+ EXP + EXP
18 FIT N . 20
o S 15
Elz 1 A
2| & Z|&10
Z 05f, + NuLM:all = 0.1372 - Rel013 5 Nupm _ 0.9077 - Rel31
Pt 2 g9 * )
0 0
10 20 30 40 50 10 20 30 40 50
Re, /[ Re, /[

(@ (b)

Figure 5.6: Results of the independently optimized Nusselt numbers of the solution film with
their correlations to the solution Reynolds numbers. (a) Nusselt numbers of the solution film to
the wall; (b) Nusselt numbers of the solution film to the interface.
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Figure 5.7: Distributions of (a) temperature, and (b) NH3 mass fraction of the experimental
absorption Case 14 (Table 5.5).

5.3.2. MODEL PERFORMANCE

The proposed model is capable of capturing variable distributions, for instance
for temperatures and NH3 mass fractions as shown in Fig 5.7, for a typical ab-
sorption case.

For the working fluids side, temperature of NH3 vapor increases rapidly at
the beginning of the absorption. Then it reaches a peak which is at a comparable
level with the local temperature of the solution, and drops until it is completely
absorbed.

The curve of solution temperature shows a trend with three obvious sections.
It firstly raises at the entrance of the absorber, and then decreases moderately
until the vapor absorption completes. After that, the temperature drops more
rapidly. For convenience, as divided by the vertical dashed lines, the three sec-
tions are named as entrance of absorption, absorption and non-absorption re-
gions.

The temperature of interface is close to that of the liquid, since the heat re-
sistance between interface and liquid film is small. On the other hand, the NHj
fraction difference between them is larger at the entrance. It drives a high rate of
NHj mass transfer from the interface to the liquid. The large transfer of mass also
leads to the release of a large amount of absorption heat, which in turn increases
the liquid temperature. An increase of interface temperature causes the equi-
librium fraction of NH3 to drop, leading to a reduction of the absorption rate.
In the no-absorption region, since no absorption heat is released, the solution
temperature drops sharply.
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Figure 5.8: Experimental data and trends (Table 5.7) of (a) viscosities [116, 117, 152] and (b)
thermal conductivities [124, 189, 190] of the three studied ILs.

5.4. THERMOPHYSICAL PROPERTIES OF STUDIED AMMONIA /

IONIC LIQUIDS FLUIDS
The properties of pure ammonia are from NIST database refprop 9.1 [99].

The three ionic liquids under consideration for the ammonia absorption are
the ones investigated in Chapter 4. Vapor-liquid equilibrium (VLE) properties,
densities, heat capacities and enthalpies of the studied ILs and their NH3 mix-
tures, and the relevant modeling methods have been reported in previous chap-
ters. In this section, only the relevant transport properties of the studied working
fluids are introduced, for length and simplicity reasons.

For the pure ILs, the correlations for their relevant experimental properties
are summarized in Fig. 5.8 and Table 5.7.

5.4.1. VISCOSITY

High viscosity is always mentioned as the main weakness which prevents ap-
plications of the ILs in absorption systems. Viscosity data of pure [emim][SCN]
[152], [bmim][BF,4] [116] and [emim][Tf,N] [117] are plotted in Fig. 5.8(a).

Three-parameter Vogel equations are used to correlate these viscosity data,
which are shown in Table 5.7. The viscosity of [bmim][BF,] is higher than the
one of the other two ILs. This will lead to a negative influence on its heat transfer
performance.

Previously reported viscosity data of NH3/IL solutions measured by Cera-
Manjarres [45] indicate that adding NH3 reduces the viscosity of the mixture.
Even though viscosities of solutions containing NH3 and the considered three
ILs have not been reported yet, Eq. 5.6 is used in this study. The excess term is
neglected here, which has been discussed in literature, for instance in the work
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Table 5.7: Molecular weights and correlations of relevant thermo-physical properties for the three investigated ILs*.

[emim] [SCN] [bmim][BF4] [emim] [Tf>N]
My [kg/kmol] 169.25 226.02 391.31
— 486 _ 871.1 _ 1111
1 [Pa-s] Inp=-7.839+ 71755 Inpu=-8.99+ =745 Inpu=-9.717+ 23555
A W/ (m-K)] 0.21 0.183 0.12
o[N/m] 0=7926x10"2-8.709x107°x T 0=6.031x10"2-5.639x107>x T 0=5114x10"2-5145x10">x T

Dnp, [m?/s] - DNpig =-1.502x1078 +5.2x 1071 x T -

*TinK.
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of Gao and Wagner [191].

ll’lﬂis = xAlnpA+xB lan (5.6)

The deviation of solution viscosities predicted with Eq. 5.6 in relation to their
real values has also been checked using the reported viscosities of 6 NH3/IL mix-
tures by Cera-Manjarres [45], as listed in Table 5.8. Neglecting the excess viscos-
ity term may introduce at worst over -90% deviations (which are underestimated
of real values), nevertheless it is still the best one compared with other weight-
average methods (mass fraction based, or absolute viscosity based).

Table 5.8: Deviations of the predicted values of viscosities (by using Eq. 5.6) from the real values
using the data reported by Cera-Manjarres [45].

Working fluids* ARD max RD
NH3/[N112(20H)][TfO] -0.450 -0.871
NH3/[N112(20H)][NTf>] -0.547 -0.917
NH3/[N111(20H)][NTf>] -0.556 -0.904
NH3/[N1113][NTf2] -0.503 -0.901
NH3/[EtOHmim][BE4] -0.582 -0.964
NH3/[EtOHmim] [NTf2] -0.560 -0.917

* Nomenclature of ILs is according to the original work of Cera-Manjarres [45].

5.4.2. THERMAL CONDUCTIVITY

Reported thermal conductivities of pure [emim][SCN] [124], [bmim][BF,] [189]
and [emim][Tf,N] [190] all indicate almost constant trends in the relevant tem-
perature range as 0.21, 0.183 and 0.12 W/(m-K), respectively (Fig. 5.8(b)). The
thermal conductivities of [emim][SCN] and [bmim][BF,] are significantly larger
than the one of [emim][Tf,N]. No data for the thermal conductivity of the 3
ILs mixed with NHj3 solutions have been reported in literature. Eq. 5.7, which
is based on weighted average of properties from both components with weights
of their mass concentrations, is applied for solutions’ thermal conductivities.

Mso1 = waMp + wg Mg (5.7

5.4.3. SURFACE TENSION

Surface tensions of pure [emim][SCN], [bmim][BF] and [emim][Tf,N], have been
reported respectively by Almeida et al. [192], Ghatee and Zolghadr [193] and Tariq
etal. [153]. They show linear trends with the temperature change. For the NH3/IL
mixtures, its values are estimated using the weight-averaged value based on the
pure components (Eq. 5.7).
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5.4.4. MASS DIFFUSIVITY

Effective mass diffusivities of NH3 in [bmim][BF,] have been reported by Bedia
etal. [169] for 3 temperature levels. The values of NH3 in [emim][Tf,N] have been
reported by Ariyadi et al. [170] for 3 pressure levels at 30 °C.

As anew proposed working fluid for the absorption cycle, the mass diffusivity
of NH3 in [emim][SCN] has not been reported yet. Nevertheless the relation of it
with the viscosity can be used for an estimation.

Stokes-Einstein equation provides a relation of the mass diffusivity of a solute
A into a stationary component B with the viscosity of component B, which is
based on the Nernst-Einstein relation and Stokes’ law [194]:

Dagpus _ 1
kT 47 Rp

(5.8)

where « is the Boltzmann constant and Ra is the radius of the spherical particle
A.

The underlying theory of Stokes-Einstein equation has been developed to a
number of empirical correlations, which permit an estimation of diffusivities in
terms of more easily measured properties such as viscosity and molar volume.
For instance for the IL-based fluids, Morgan et al. [195] proposed correlations
for different pure vapor components in imidazolium-based ILs with a different
exponent of the viscosity of ILs (Dy 11, & pI_LO'G). However, these authors did not
include NHs.

In this work, a different dependence is found using the limited mass diffusiv-
ity data of NHj in ILs reported in the work of Bedia et al. [169] and Ariyadi et al.
[170], with the available viscosity data from Cera-Manjarres [45], Salgado et al.
[116] and Hofmann et al. [117], for the cases of NH3 absorption.

The mass diffusivity data of NH3 with different imidazolium-based ILs are
shown in Fig. 5.9. Data in Fig. 5.9(a) were measured at different temperature
levels, while data in Fig. 5.9(b) show mass diffusivities at different pressure levels
at30 °C.

As shown in Fig. 5.9, the mass diffusivity of NHj3 in ILs as a function of the
viscosity of ILs presents a slope of -1.45 in loglog diagrams. Therefore, with a
known NHj3 mass diffusivity and viscosities of a known IL, the trend can be ap-
plied to estimate NH3 mass diffusivity in the other IL via,

HILB

—1.45
DNy, 1B = ( ) - DNH,,1LA (5.9)
HiLA

The averaged relative deviations of correlations for the current data are 41.76%
and 38.99%, respectively for cases in Fig. 5.9(a) and 5.9(b). Nevertheless, the cor-
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Figure 5.9: The relations of effective mass diffusivities of NH3 in ILs with respect to viscosities of
corresponding pure ILs. (a) Effective mass diffusivities at different temperature levels reported by
Bedia et al. [169] (ARD of 41.76%); (b) Effective mass diffusivities at different pressure levels
reported by Ariyadi et al. [170] (ARD of 38.99%). The information about the ILs shown can be
found in the original studies.

relation is simple and clear. The only unknown mass diffusivity is for [emim] [SCN]
and is obtained using Eq. 5.9.

5.5. PREDICTION USING THE MODEL FOR AMMONIA/IONIC LIQ-

UID ABSORPTION IN PHX

The exploration of heat and mass transfer performance of NH3/ILs absorption is
based on the application of NH3 absorption heat pumps in an operation condi-
tion of Tgen/ Tcon/! Tabs! Teva = 120/45/45/10 °C as indicated in Chapter 3. Some
conditional parameters in the working fluid side have already been determined
referring to the thermodynamic analysis, such as the circulation ratio (corre-
sponds to the term, n"LiLn/ m{}’ + 1), the mass fraction and the temperature at the
solution inlet, wiLn, Tﬁ“, the solution outlet temperature, 7", and the vapor in-
let temperature, T;'. They are part of boundary conditions in the following dis-
cussion. Their values for the three studied NH3/IL working fluids are listed in
Table 5.9.

The heat and mass transfer performance of NH3/LiNOs for an absorption
heat pump application is also calculated for reference purposes. Following the
same method introduced in Chapter 3, the circulation ratio and coefficient of
performance (for heating) of the NH3/LiNOj3 fluid in absorption heat pumps are
found to be 4.64 and 1.63, respectively, at the same operating conditions. The
boundary conditions of these fluids are listed in Table 5.9 as well.

The geometrical parameters of the PHX are the same as the ones listed in
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Table 5.9: Determined boundary conditions in the NH3 /IL working fluids side of the absorber, for
an absorption heat pump application*.

min/ in win Tin Tin

Working fluid L/ My L L \
& [ [kg/kg] °Cl °C]
NHs/[bmim][BF4] 29.09 0.030 56 10
NH3/[emim][SCN] 34.34 0.059 56 10
NHj3/[emim][TfoN] 55.92 0.031 56 10
NH3/LiNO3 3.64 0.374 56 10

* Boundary conditions are determined based on a heat pump cycle with operation conditions of
Tgen! Tcon/ Taps/! Teva = 120/45/45/10 °C. The method can be referred to Chapter 3. VLE proper-
ties of the IL-based fluids can be found in Appendix D. It is assumed that the temperature pinch
of the solution heat exchanger is 11 K, which is related to the solution inlet condition. The sub-
cooling degrees at the solution inlet are 8.5, 2.8, 1.4 and 25.3 K for the four fluids. The coefficient
of performance (for heating) of absorption heat pumps with these fluids are estimated as around
1.6.

Table 5.3. For an easy comparison, the vapor flow and cooling water inlet condi-
tions are kept the same for all cases, which are rizy = 3.89x107 kg/s, T = 40 °C
and ritey = 1.41x1072 kg/s.

5.5.1. DISTRIBUTIONS OF PARAMETERS

Temperature distributions during absorption of the studied cases are provided
in Fig. 5.10.

As shown in Fig. 5.10, the temperature distributions along PHXs of two stud-
ied ILs cases share similar trend with that found in the experimental cases, ex-
cept for the case with [bmim][BF,], see Fig. 5.7. Three sections are also clearly
detected for the temperature distribution of the solution streams. For the ref-
erence case (Fig. 5.10(d)), the absorption is not finished, thus the single-phase
convection region is not there. Compared with the ILs cases, the reference case
shows a less rapid increasing of vapor temperature. The temperature rise of the
solution stream is more obvious at the entrance.

Changes of NH3 mass fraction in the interface and bulk solution for the 3
studied ILs cases along with the reference case are illustrated in Fig 5.11.

The levels of interface NH3 fractions reflect the ILs’ solubilities of NH3. The
case with NH3/[emim] [SCN] shows the highest level of NH3 solubility among the
three ILs cases, as expected in previous discussions. The fraction differences be-
tween the interface and the bulk solution are related to the mass transfer poten-
tials during NH3 absorption. As indicated, the fluid NH3/[emim][Tf,N] provides
the least difference and NH3/[bmim][BF4] shows a quite large one. Compared
with the ILs cases, the NH3/LiNO3 case has the highest level of NHj3 fractions.
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Figure 5.10: Temperatures distributions of the studied absorption cases: (a) NHz/[bmim][BF4]
case, (b) NH3/[emim][SCN] case, (c) NH3/[emim][Tf>N] case, and (d) NH3/LiNOg case.
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Figure 5.11: NH3 mass fraction distributions of the studied absorption cases: (a) NH3/ILs cases
(dashed curves: interface properties), (b) NH3/LiNO3 case.
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Because it has a lower solution flow, the increase of NHj3 fraction in solution of
the NH3/LiNOs case is also larger than that of the NH3/ILs cases.

5.5.2. OVERALL PERFORMANCE

Parameters concerning the heat transfer, mass transfer and pressure drop are
summarized to evaluate the overall performance of the studied fluids in the PHX
absorber.

The term Q/ A is the heat transfer flux across the plate. Using the logarithmic
mean temperature difference, LM T D, defined in Eq. 5.10, the overall heat trans-
fer coefficient, U, can be obtained to evaluate the heat transfer performance of
different fluids in the studied PHX.

(TL,out - Tcw,in) - (TL,in - Tcw,out)

LMTD = (5.10)
In [(TL,out - Tcw,in)/(TL,in - Tcw,out)]
)/ A
U= Q (5.11)
LMTD

However, an application of the LM T D, which is only making use of the tem-
perature values in the inlet and outlet of the solution and cooling water streams,
may neglect the influence of obvious segments of temperature change, for in-
stance the solution temperature change in this study. Considering it, an inte-
grated averaged temperature difference between the solution and cooling water
streams in each control volume, A Ty, is used as an alternative to evaluate the
overall temperature difference, as defined in Eq. 5.12. The corresponding overall
heat transfer coefficient, U’, as provided in Eq. 5.13 is considered as well.

1

ATaye = Z[ATdL (5.12)
)/ A

v =4 (5.13)
ATaye

As for the mass transfer, the term, A,/ A, quantifies the ratio of the effective
mass transfer area to the total one. G provides the mass flux in the quantified
mass transfer area. Subcooling degree of the solution at the outlet, defined as
Eq. 5.14, indicates the mass transfer potential for the solution stream at the out-
let.

AT = TS Poyg o) = Thout (5.14)

Lout —
Results of these parameters are obtained and listed in Table 5.10.
To achieve the same amount of NH3 absorption with the same cooling medium,
the studied cases show more or less similar heat transfer fluxes, Q/A, which
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Table 5.10: Comparison of results on heat transfer, mass transfer and pressure drop of the studied
four working fluids in the PHX absorber, in the operating condition of Tgy = 40 °C, ritew =
1.41x1072 kg/s, and riy = 3.89x10™4 kg/s.

absorbent [bmim] [BF4] [emim] [SCN] [emim] [TfoN] LiNO3
Q/A [kw/ (mz)] 5.65 6.74 5.77 5.45
LMTD [K] 5.78 4.34 4.61 4.26
U W/ (mz-K)] 977 1552 1253 1280
ATave K] 5.77 4.83 4.66 4.27
U’ [wy (mZ-K)] 980 1396 1238 1275
Amt/ A [-] 1 0.83 0.84 1
G [x1073 kg/ (m?-s)] 3.44 4.71 4.64 3.46
sub

ATL,out [K] 1.88 3.69 2.69 5.74
Pout [kPa] 613.4 615.0 615.0 613.1

is around 6 kW/m?2. For this specific operating condition, NH3/[emim] [SCN]
solution shows the best heat transfer performance among the IL-based fluids.
Using the LM TD for a rating, it reaches an overall heat transfer coefficient of
1550 W/(m?-K). The alternative overall heat transfer coefficient, U’ is around
1400 W/(m?-K), which is still the highest among the fluids. NHs/[emim][SCN]
also allows for a promising mass transfer performance. The effective mass trans-
fer area, Amt, takes 83% of the total heat transfer area.

The heat transfer and mass performance of NHs/[emim][Tf,N] for the NHs
absorption comes similar to that of the NH3/[emim][SCN]. Note that the plate
areas in these two fluids cases are not fully used for the vapor absorption. It
indicates there is still room to enhance the mass transfer duty at working fluids
side. A discussion of operation conditions in the working fluid side is presented
in Section 5.6.2 based on a sensitivity analysis.

The fluid NHs/[bmim][BF,] presents the lowest heat transfer performance
of over 970 [W/(m?-K)], because of its unfavorable transport properties. For the
studied absorption condition, the area of the proposed PHX is not enough to
accomplish the gas absorption duty. Nevertheless, the subcooling degree, ATy,
of the fluid in the solution outlet is 1.88 K, which indicates it still has sufficient
margin for the NH3 absorption.

The reference fluid, NH3/LiNO3 shows similar heat transfer performance as
these best NH3/IL fluids. However, the provided area is not sufficient to accom-
plish the vapor absorption.

For a closer examination of the absorption performance of NH3 with differ-
ent working fluids, typical thermophysical properties, parameters related to heat
and mass transfer, and relevant dimensionless numbers of the solution stream at
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the middle position of PHXs are listed in Table 5.11.

Table 5.11: Comparison of relevant thermophysical properties and dimensionless numbers in the
middle position of the PHX.

absorbent [bmim] [BF4] [emim] [SCN] [emim] [TfoN] LiNO3

T °C 49.4 49.3 49.0 45.1

P [kPa] 614.3 615.1 615.1 614.2
w [kg/kgl 0.048 0.076 0.042 0.478

) [kg/m3] 1154 1061 1456 1003
p [/ (kgK)] 1823 1972 1484 3084

A MW/ (m-K)] 194 226 132 301

D [x10™2 m?/s] 1.75 8.63 5.82 0.74

m [x1073 Pa-s] 3.39 1.42 1.28 4.60

o [x1072 N/m] 4.08 4.84 3.38 5.20

8¢ [x10™4 m] 7.96 8.44 8.73 2.86
ALy [W/(m2-K)] 1219 2010 1699 1287
@Lint W/ (m2-K)] 18553 41273 39366 11113

B [x10~* m/s] 6.28 36.61 37.91 1.39
Nuy,y [-] 4.99 7.52 11.20 1.22
Nugine -] 75.98 154.39 259.49 10.56
Pr -] 31.76 (52%) 12.38 (15%) 14.40 (18%) 47.09 (80%)
Sh [-] 284.77 358.30 568.66 53.71
Sc [-] 1672 (2265*) 155 (175%) 152 (172%) 6190 (10649%)

* Solution Prandtl or Schmidt numbers at the entrance of PHX are shown inside brackets.
They, together with the entrance Reynolds numbers as shown in Fig. 5.12, are used to quan-
tify the solution Nusselt and Sherwood number, respectively.

Since the interface heat transfer coefficient cannot be measured directly, the
heat and mass transfer analogy is here used to confirm the obtained transfer co-
efficients are reasonable. The mass transfer coefficient for the NH3/LiNO3 cases
is 1.39x107* m/s. For a similar mass transfer problem (liquid-phase-controlled
case) reported by Oluji¢ and Seibert [196], the liquid phase mass transfer coeffi-
cients of structured packing, which applies thin corrugated metal plates sharing
similar features as the plates in the studied plate heat exchanger, are of the same
magnitude as the ones reported in this work. Besides, liquid mass transfer coef-
ficients from H,O vapor into a falling film of H,O/LiBr along a vertical tube re-
ported by Miller and Keyhani [197] are also in a similar range. These studies con-
firm the reasonable prediction of mass transfer coefficient, and consequently,
through the heat and mass transfer analogy, confirm the reasonable prediction
of the heat transfer coefficients.

The values of mass transfer coefficients, f3, for the proposed IL-based fluids
are higher than the one for the fluid NH3/LiNOs. This can be expected since the
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mass diffusivity, D, of the new proposed fluids is 2.4 times to 12 times larger than
the mass diffusivity for the NH3/LiNOs mixture (0.74x 1072 m?/s). Notice that
the mass diffusivity of the mixture NHs/[emim][Tf,N], which is one of the high-
est, has been obtained from experiments, see Fig. 5.9(a). The higher mass dif-
fusivity of ILs-based mixture could be explained by the differences of molecule
sizes and structures between the gas and the IL-based solvent which are obvi-
ously greater than those between gas and LiNOs. Additionally, the higher mass
diffusivity of IL-based mixture has also been reported by Chen et al. [171] which
they measured and obtained significantly higher mass diffusivities of H»O in the
mixture H,O/[mmim][DMP] than in the mixture H,O/LiBr.

The fluids NH3/[bmim] [BF4] and NH3/[emim][SCN] share similar operating
conditions of the absorber in heat pump cycles. Most of the thermophysical
properties are also quite close, except for their viscosities and mass diffusivi-
ties. Even though the relatively higher viscosity can lead to a higher Pr (o< p%33),
its impact on Reynolds numbers is more dominant in the Nusselt numbers (x
06139 and oc 98381y which leads to a worse heat transfer performance. To-
gether with the relatively lower mass diffusivity of NHs/[bmim][BF,], its mass

transfer performance is not promising.

The fluid NH3/[emim][SCN] has similar values of Pr and Sc with those of the
NH3/[emim][Tf,N] fluid. It implies that these two fluids share comparable ratios
of thermal and mass diffusivities to the viscous diffusivity. However, the large
solution flow for the fluid NH3/[emim][Tf,N] (see Table 5.9) leads to a large Rey,
and hence the flow convection promotes heat and mass transfer. Note that the
large flow also requires a significant consumption of pump work, which is not
negligible in large pressure drop applications, for instance the double-effect cy-
cle discussed in Chapter 4. The selection of ILs for the absorption system requires
a trade-off between operational and initial costs.

5.6. DISCUSSIONS
5.6.1. VALIDATIONS OF THE PROPOSED FLOW PATTERNS

The thin film feature of the solution flow inside the PHX has been re-examined
in the following two ways for the cases considered in this study.

The work of Tao et al. [177] presents three different maps to distinguish flow
patterns of downward condensation and absorption two-phase flow inside PHXs.
The recommended one is a pair of dimensionless numbers: Rer, and Fr/ A%, Reg
represents flow characteristics of the liquid phase. Fr number accounts for the
influence of vapor flow. A is a correction factor of fluid properties, which is de-




142 5. ABSORPTION OF NHg3 VAPOR BY NH3/SALT MIXTURES IN PHXS

1l partial
10 film
churn
ol ]
_ 10 slug}__,_,_’—
. . —T
= film irregular
=
I | bubbly
transition
1 betweeen
0 R film/bubbly|
N 4 regular bubbly
A A A N o
A
% A A 4 o
A o
102 L .
10t 102 10° 10*

Re []

Figure 5.12: The studied cases shown in the flow pattern map proposed in Tao et al. [177].
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Even though the map is not derived for the flow direction studied in this work,
these two parameters can however give an indication of the expected vapor and
liquid distribution along the flow through the heat exchanger. In Fig. 5.12, the
studied cases are represented inside the map according to the relevant dimen-
sionless numbers.

As shown in Fig 5.12, values of Rer, and Fr/ A? of most cases in this study fall
into the film flow region. Only for two IL-based fluids, the flow may transit from
film to bubbly region, this is mainly due to the large liquid flow required.

The other examination is carried out by assuming a bubble flow is dominant
for the investigated cases.

Fig. 5.13 shows visualization results of flow patterns in NH3/LiNOs vertical
tubular absorbers with cocurrent upward flows of liquid and vapor phases re-
ported by Infante Ferreira [198].

As the flow passage area reduces from right (diameter = 25 mm) to left (di-
ameter = 10 mm), the vapor slugs become longer and a thin film of solution is
formed between the slug and the wall. The authors expect that, with an even
narrower flow passage area in plate heat exchangers, the vapour slugs become
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cocurrent upward flows [198]. The ammonia vapor flow is in average 72.5x10~6 kg/s, the solution
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even longer so that film flow is predominant in the absorber.

Furthermore, diameters of initial bubbles leaving the orifice can also be esti-
mated based on equations provided by Treybal [199]. Considering an orifice of 1
mm diameter, the orifice Reynolds numbers, Regyj,

d s Uari *
Regyi = ori * Vori * PV (5.16)

Hv
which are based on the vapor velocity through the orifice and the orifice diameter
as the characteristic length, show values larger than 10° for the studied cases.

It indicates that the selected gas rate in simulations and also the NH3/LiNOs3
experimental conditions all have large vapor velocities through the orifice. The
corresponding estimation of initial bubble diameters is provided by Eq. 5.17,
which is only related to the NH3 vapor flow.

dini = 0.0071-Re 90 (5.17)

ori

For the studied NH3/LiNOs cases, the values of initial bubble diameters are
in the range of 4.0-4.7 mm. For all the NH3/ILs cases, the initial bubble diameters
are 4.0 mm identically.

The estimated initial bubble diameters of these cases are all larger than the
gap between plates (2 mm), which implies a deformed bubble would pass through
the channel. These facts indicate that the assumption of a thin film flow for
the solution stream is sufficiently accurate to represent the physics of the liquid
phase of vapor-liquid absorption inside the PHX.

5.6.2. SENSITIVITY ANALYSIS OF TRANSPORT PROPERTIES AND OPERATION
CONDITIONS

The availability of transport properties for NH3-IL mixtures is limited. The cur-
rent property method, which is based on very few reported property data may
introduce errors on the overall heat and mass transfer calculation. Here a sensi-
tivity analysis is carried out to investigate the influence of the uncertainty of two
fundamental transport properties, mass diffusivity of NHs into the NH3/IL mix-
ture and viscosities of the mixture, on the heat and mass transfer performance
estimated by the proposed framework.

Fig. 5.14 illustrates an evaluation of scaled properties on the two overall heat
transfer coefficients (U and U’), mass transfer flux on the effective mass trans-
fer area (G) and the area ratio of the plates needed for mass transfer (Ap) for
the working pair NH3/[emim][Tf,N]. The operating conditions are the same as
introduced in Secion 5.5.

A lower value of mass diffusivity has a limited influence on the heat transfer
as shown in Fig. 5.14(a). It mainly affects the mass transfer. A 90% decrease of D
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Figure 5.14: Sensitivity analysis of (a) mass diffusivity and (b) mixture viscosity on the overall heat
and mass transfer performance of NH3’s absorption into NH3/[emim] [Tf2N] solution.

(maximum deviation) can introduce a drop of mass transfer coefficient of 18%.
In that case, the current PHX can not complete the mass transfer duty. Notice
that the experimental data is predicted in average with a deviation smaller than
-50%. For such decrease, the reduction of the mass transfer flux is around 5%.

The current method used to predict the mixture viscosity may underestimate
it for a real solution. As the method may introduce an average error of -50%, it
can cause a 12-20% decrease of overall heat transfer coefficients and a 15% de-
crease of the mass transfer flux. For an extreme case when the mixture viscosity
is 10 times larger than the predicted one, heat and mass transfer will be deterio-
rated significantly. In that case, overall heat transfer performance and total mass
transfer flux both drop 40%.

Moreover, operating conditions in the working fluid side, the solution inlet
temperature, Ti" and the flow, rity, are also studied to evaluate their influences
on the heat and mass transfer performance, as presented in Fig. 5.15. Notice
that except for the studied variable, other operating conditions are the same as
introduced in Section 5.5, including the ratio of ri, to ny.

As shown in Fig. 5.15(a), a lower inlet solution temperature can enhance the
NH3 absorption, thus the mass transfer flux improves and the area needed for
mass transfer decreases. The heat duty is reduced at lower Tin cases, causing the
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overall heat transfer coefficient, U’, predicted using Eqgs. 5.12 and 5.13, to drop.
The deviation of its behavior from the standard overall heat transfer coefficient,
U, estimated using Eqgs. 5.10 and 5.11, is due to the large temperature rise at the
inlet of working fluids, which is a result of a larger amount of absorption heat
released.

Fig .5.15(b) shows that an increase of the working fluid flows can enhance
both the heat and mass transfer performance. At the best design point when the
vapor flow, iy, is 4.67 x 10_4kg/ s, the current PHX is almost fully used for the
absorption duty.

5.7. CONCLUSIONS

This work aims at providing knowledge on the absorber design for IL-based ab-
sorption systems. A semi-empirical framework is proposed to study the heat and
mass transfer during the absorption of NH3 into NH3/non-volatile salts solutions
inside corrugated plate heat exchangers. Experimental data of NH3/LiNO3 ab-
sorption is applied to determine unknown information concerning the heat and
mass transfer performance of the solution film. The identified relations are then
used in combination with the thermophysical data of NH3/ILs, to predict the
performance of the absorber of an NH3/ILs absorption heat pump cycle.

* The friction factors of the NH3/LiNO3 absorption in the studied PHX have
been correlated as a function of solution Reynolds number: ¢ = 23050-Re; 169,

* Nusselt numbers of the liquid film to the wall and interface are determined,
showing relations with the solution Reynolds number:

Nup, = 0.1372-Re{6139.Pr!/3 and Nuy jn( = 0.9077-Re?-8381.pr!/3,
The Nusselt number of the liquid film at the interface side is much larger
than the one at the wall side.

* A stronger absorption is detected in the entrance of the absorber, which
may cause a rapid temperature rise.

* The effective mass diffusivity of NH3 in ILs is proposed as an exponential
relation to the pure ILs viscosity with an exponent of -1.45.

* Theranking of the heat transfer performance for the NH3/ILs is: [emim][SCN]
> [emim][Tf,N] > [bmim][BF4]. An absorber with the studied geometry
can achieve an overall heat transfer coefficient of around 1.4 kW/(m?2K)
under the studied condition, which is slightly better than the performance
of NH3/LiNOg’s absorber.

* The averaged uncertainties of the mass diffusitivity and viscosity predicted
using the current property methods will cause less than 20% reductions to
the overall heat and mass transfer performance under the studied condi-
tions.






CONCLUSIONS AND
RECOMMENDATIONS

6.1. CONCLUSIONS

This work has demonstrated that ammonia absorption systems with the novel

absorbents, ionic liquids, are capable to provide high-efficient heating and cool-

ing. In this thesis, ammonia/ionic liquid based working pairs for application in

absorption refrigeration and heat pump systems have been investigated consid-

ering both fundamental and application perspectives. The study covers multi-

scale considerations from properties, components, cycles and system-integration
aspects, and also discusses the feasibility of practical applications.

6.1.1. PROPERTIES ASPECTS

The performance of various vapor-liquid equilibrium models applied in absorp-
tion refrigeration cycles has been evaluated, making use of experimental equilib-
rium data of the working pairs (H»O/[emim][DMP] pair and NHs/[bmim][BF,]
pair). The Redlich-Kwong equation of state performs best in both correlating
equilibrium data and estimating mixing enthalpies. The Non-Random Two Lig-
uid model is also suitable for correlating and reproducing experimental vapor-
liquid equilibrium data. The UNIFAC model can be applied for estimating mix-
ing enthalpies. All studied models indicate that the mixing of liquid H,O with
an IL is significantly more exothermic than that mixing of NH3 with an IL. More-
over, the obtained total enthalpies for the H,O/[emim][DMP] solution are more
sensitive to the vapor-liquid equilibrium models than the total enthalpies for the
NHj3/[bmim][BF,] solution. This has a large impact into the calculation of the
coefficient of performance (COP) of the VAR cycle.

149
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Most thermophysical properties can be predicted with sufficient accuracy by
considering the solution as ideal and neglecting the excess effects. Density and
heat capacity of NH3/IL solutions can be predicted making use of mass-fraction
averaged properties of the pure components. Predictions are within 6.5% and 4%
accuracies respectively. The specific heat capacities of 61 ILs at room tempera-
ture have been found between 1-2 kJ/ (kg-K) and concentrated near 1.44 kJ/ (kg-K).
Neglecting the mixing enthalpy does not show remarkable difference when cal-
culating the total enthalpies of the studied IL-based mixtures. The viscosity of
these solutions can be estimated making use of the molar fraction averaged log-
arithmic properties of the pure components. The effective diffusivity of NHs in
ILs is found has an exponential relation to the ILs viscosity with an exponent of
-1.45.

Making use of a genetic algorithm, the properties of NH3/IL mixtures leading
to the highest performance have been identified. The optimum IL candidates
should show high absorption capabilities, large solubility differences between
in- and outlet of the generator, low molecular weights and low heat capacities.

Monte Carlo simulations have been demonstrated to be advantageous meth-
ods to extend the vapor-liquid equilibrium data for what concerns cost and time
consumed. For instance in the studied cases at a high temperature and high pres-
sure range, where there is no experimental VLE data available, simulation is a
feasible way to fill in the gap for the three investigated NH3/IL working fluids.
The addition of the computed VLE to the experimental ones improves the qual-
ity of the VLE extension when the NRTL model is used, making vapor pressure
curves follow trends as expected by the Clausius-Clapeyron equation.

6.1.2. COMPONENT ASPECTS

For an NH3 absorption with NH3/IL-based fluids in a corrugated plate heat ex-
changer, the following ranking of the heat transfer performance has been found:
[emim][SCN] > [emim][Tf,N] > [bmim][BF4]. An absorber with the studied ge-
ometry is able to achieve an overall heat transfer coefficient of 1.4 kW/(m?-K) in
the studied conditions, which is comparable with the performance of NH3/LiNO3.
In addition, friction factors of NH3/salt fluids in the plate heat exchangers have
been obtained as a function of solution Reynolds numbers: ¢ = 23050-Re 169,
Nusselt numbers for the liquid film to wall heat transfer and for the interface
to film heat transfer have shown to be related to solution Reynolds numbers:
Nup,wan = 0.1372-Rel6139-Pr!/3, and Nuy, i = 0.9077-Rel8381.Pr!/3. The Nusselt
number at the interface side of the liquid film is much larger than the one at the
wall side. The heat and mass transfer model detects a strong absorption in the
entrance of the absorber, which may cause a rapid temperature rise.
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6.1.3. CYCLE AND IMPLEMENTATION ASPECT

In a single-effect absorption heat pump application, the circulation ratio f de-
creases and the heating coefficient of performance, COP, increases with an in-
crease of generator temperature. The working pair NH3/[mmim][DMP] obtains
the best performance (COP of 1.79). The working pairs NH3/[bmim][BF,], NHs/

[emim] [Tf,N], NHs/[emim] [SCN] also show a higher COP than that of the NH3/H»0

pair. Nevertheless, the circulation ratio f is significantly higher than that of a cy-
cle with the NH3/H,O pair. In a closer examination of the generator heat require-
ment, it has been revealed that partial boiling of the solution at the entrance of
the generator results in a higher COP for the cycle.

The optimization of the cycle performance making use of a genetic algo-
rithm has indicated that single-effect absorption heat pumps with NH3/IL work-
ing pairs could reach a heating COP of 1.84.

A brief heat transfer calculation has revealed that large circulation ratios com-
bined with unfavorable transport properties cause extremely large areas for heat
exchangers, which would additionally require a large amount of expensive ILs to
charge the system. An economic feasibility analysis indicates that, if [emim] [SCN]
would be produced at industrial scales, AHPs with this NH3/IL fluid would lead
to both significant energy (42%) and economic (29%) savings in comparison with
conventional boilers.

For the double-effect absorption cycle driven by a high temperature heat

source (around 250 °C), the ranking of COP for the three studied ILs is: [bmim][BF4]

> [emim][SCN] > [emim][Tf,N]. The best IL candidate achieves a COP above
1.1 for -5 °C cooling with cooling water at 16 °C. In addition, double-effect ab-
sorption cycles for cooling show approximately 10% higher performance than
the generator-absorber heat exchange cycles with NH3/H>O fluids for applica-
tions with high temperature driving heat.

[Emim][SCN] is not suitable for high temperature applications. Its thermal
stability is the worst among the three studied ILs for high temperature refrigera-
tion cycles.

The waste heat from the flue gases of diesel engines can be used to drive
double-effect VAR cycles. The proposed system with NH3z/[bmim][BF4] can pro-
vide at least a cooling capacity of 1500 kW, more than one refrigeration seawater
(RSW) plant, for all the diesel engine operating modes. It recovers 1300 kW waste
heat and consumes 90 kW pump work. As a result, per fishing vessel, 4.8 TJ of
energy can be saved and 1030 tons of CO, emissions can be avoided annually.
Alternatively, the proposed system is able to provide at most a cooling capacity
of 3200 kW (comparable to two RSW plants), when the diesel engine operates at
90% load (5800 hours/year). It then recovers 2756 kW waste heat and consumes
191 kW pump work. Annually saved energy and reduced CO, emissions are 7.6
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TJ and 1634 tons, respectively.

6.2. RECOMMENDATIONS

Many scientific and practical challenges have to be addressed before IL-based
absorption technologies become suitable for industrial applications. Regarding
the research experience on this topic, the author believes the following issues are
urgent to be figured out:

* Experimental research of an NH3/IL absorption at system level has never
been reported to the best of the author’s knowledge. Relevant experience
with these systems has only rarely been discussed. A continuously oper-
ated absorption-desorption set-up has been designed by the author to gain
experience with its operation. Details of the setup and working fluids are
briefly provided in Appendix E

* The claim of high thermal stability of ILs is questionable. The mechanism
of the decomposition is complicated: evaporation and/or chemical de-
composition. The influence of these issues on IL-based absorption sys-
tems should be avoided or dealt with to ensure reliable operating.

* Additives aiming at improving the transport performance of NH3/IL sys-
tems should be identified to be used with IL-based fluids. The transport
phenomena, for instance the wetting behavior of IL-based fluids, is worth
investing in depth.

* The pump work becomes significant for multi-effect applications, espe-
cially when using ammonia as the refrigerant which has a large vapor pres-
sure difference for the temperature lifts used in these applications. The
circulation ratio should be reduced. Screening better fluids or optimizing
cycle configuration could be directions to address this disadvantage.

* To address the major challenges that hinder large scale applications of IL-
based absorption systems, inter-discipline, cooperative, work is always wel-
come. Cooperation between stakeholders with expertises regarding syn-
thesis, thermodynamics, refrigeration and equipment development, both
in academia and industry should be intensified.
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Ionic liquids considered in this study
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Name in this thesis CAS No. IUPAC name Chemical formula M,y

[kg/kmol]
[mmim][DMP] 654058-04-5 1,3-dimethylimidazolium dimethyl phosphate C7H15N20O4P 222.18
[emim] [BF4] 143314-16-3 1-ethyl-3-methylimidazolium tetrafluoroborate CgH11BF4N, 197.97
[hmim] [BF4] 244193-50-8 1-hexyl-3-methylimidazolium tetrafluoroborate CioH19BF4N> 254.08
[omim] [BF4] 244193-52-0 1-methyl-3-octylimidazolium tetrafluoroborate C12Ho3BF4N>» 282.13
[bmim] [BF4] 174501-65-6 1-butyl-3-methylimidazolium tetrafluoroborate CgH15BF4N, 226.02
[bmim] [PFg] 174501-64-5 1-butyl-3-methylimidazolium hexafluorophosphate CgH5FcN,P 284.18
[emim][Tf,N] 174899-82-2  1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide CgH;y1FgN304S; 391.31
[emim] [EtSO4] 342573-75-5 1-ethyl-3-methylimidazolium ethylsulfate CgH16N204S 236.29
[emim][SCN] 331717-63-6 1-ethyl-3-methylimidazolium thiocyanate C;H11N3S 169.25
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Vapor-liquid equilibrium models in this study
PENG-ROBINSON (PR) EOS

The basic expression of Peng-Robinson EOS is [89],

_ RT a(T)
" V—-b V{V+b)+b(V-b

p (B.1)

where V is the molar volume, R is the gas constant. The parameters a and b are

defined as,
2 Tcz

a(T) =0.457235 a (B.2)

4

T,

R
b=0.077796 (B.3)

c

where the subscript c represents the critical conditions of the substance. With w,
the acentric factor and a/(T), in classical PR EOS, defined as,

T0.5
a® =1+ (0.37646 + 1.54226w — 0.269920°) (1 - ) (B.4)

c

As for the mixtures in low pressure cases, conventional quadratic mixing rule
(VAW mixing rule) with two interaction parameters is used to describe the be-
havior as,

N N
am=z Z\/aiaj(l—k,-j)xixj (B.5)
i=1j=1

where
kij=kji,kij=0 (B.6)
and
1 N N
bm:_z Z (bi+b]-)(1—lij)xixj (B.7)
2 i=1j=1
where
lij=1ji,li; =0 (B.8)
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The parameters a; and b; for all pure components in the mixing rules can be
calculated using the aforementioned way for a and b. Thus, there are only two
parameters needed to be correlated, i.e., k12 and ;5 for a binary mixture.

For high pressure applications, the PR-EOS is usually combined with the Wong-
Sandler (WS) mixing rules [90], which are given by,

Z Z xixj (b—#7)
i=1j=1 ij
by, = = (B.9)
1— AE (x;) _ i§IXiai
CRT b;RT

N xia; AL (xi))
(B.10)

am=b|)_ +—=
" (izl bi ¢

(b- RaT)” 2[(b‘ﬁ) (b —ﬁ)](l kij) (B.11)

where k;; is a binary interaction parameter (k;; = k;j;) and the constant C is -
0.62322 for PR-EOS. The excess Helmholtz energy at infinite pressure AZ (x;) is
calculated through the assumption that AZ (x;) = Aj(x;) = Gg(x;). The excess
Gibbs energy, G¢ (x;), at low pressure can be obtained from an activity coefficient
model, here the conventional NRTL model. For the binary solution, the expres-
sion of Gg(x,-) is [38, 94],

Gg 701G 112G
o _ X1 21021 " 12U12 (B.12)
RT X1 +x2G21 X2 +X1G12

where, the expressions of G»; and G, are given in Eq. B.23, and the 712 and 7
could be used directly here without the dependence of T. In this case, the pa-
rameters of this PRWS model to be correlated are ky2, a, 712 and 7»;.

GENERIC REDLICH-KWONG (RK) EOS
The generic RK type of cubic EOS can be written in the following form [40],
RT a(T)

P Vv en (B.13)

where a and b are expressed by,
272
a(T) = 0.42748—=

a(T) (B.14)

c

and RT
b =0.08664—=

(B.15)
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where the temperature-dependent part of the parameter a for pure component
is modeled by the following empirical form,
<3 T k
a(T)= — - B.16
(D)= Z ﬁk( T TC) (B.16)
As Yokozeki and Shiflett [40] reported, B2 of ILs could be determined through
the binary VLE data analysis with fy=1 and f2=f3=0. f values for the natural
refrigerants H,O and NHj along with the critical conditions are summarized in
Table 2.2. For the mixtures, three binary interaction parameters 7, [ and k are
introduced in the parameters a and b for an N-component system via,

N N
am=)_ . Vaiajfij(T)(1—kij)xixj (B.17)
i=1j=1
ij Lijlji(xi+x;
whete, i (1)=1 + 5, 13 =1 and 1 =0. kiy = Y4520 and ki =o.
1 N
=3 Z Z (bi +bj)(1 = kij)(1 = m; ) xix; (B.18)

where mij=mjj and m;; =0.
For the RK-EOS, the fugacity, ¢;, could be derived as follows,

. RT 1 b
1n<p,-:1n—+b;.( ___4a )+ a (ﬁ——lﬂ)ln
a

P(V-b) V—-b RTb(V+b) RTb b V+b
(B.19)
s I, — |0Ona ! (1 — [Onb _
where, the explicit forms of a (a; = (ani )nm) and b (b (671, )n#i) are respec
tively,
N Lijlji(lij— i) xix;
a =2 aia;fiixi|1-kii— (B.20)
i j;\/ iajlijXj I U + L)
N Liilii(lii—=1i)xix;
=Y i+ b)A=mijxj [1-kij————L—L | —p (B.21)
=1 (l]zxt+lz]x])

Thus, the parameters that need to be regressed are f; for the ILs along with
T12, 112, I»1 and m;» for the mixtures.

NON-RANDOM TWO-LIQUID (NRTL) MODEL

The non-random two-liquid model is one of the frequently used activity coeffi-
cient models. For a binary mixture with a non-volatile component in this study,
the model can be expressed as [38],

2
G21 . G12T12
2+ G G12)?
X1+ x2Go1 (X2 + x1G12)

Iny; = x2 (B.22)
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Table B.1: Group division of the molecules of the studied working pairs

Molecule Group division
Water 1H>0
[emim][DMP] 1 CHp, 1 CH3, 1 [mim][DMP]
Ammonia 1 NH3
[bmim][BF4] 3 CHy, 1 CHs, 1 [mim][BF4]
where
G2 = exp(-arti2),Go1 = exp(—atz1) (B.23)

and 7;; is expressed with temperature dependent relations,

(1 1

T
T12=T(1(;) + %Z,Tm:‘[g)l) + % (B.24)

0) _.(0) 1 1)
120 Tpp and 745, Ty;.

The parameters to be correlated in this model are a, T
UNIFAC MODEL
Before applying the UNIFAC model to the VLE calculation, the molecule of every
component of the binary system needs to be split into functional groups. Param-
eters used in this model are mainly based on the properties of each functional
group. As proposed by Dong et al. [83], Lei et al. [93], Kim et al. [200], H,O, NH3
and ILs in this study are divided into groups which are listed in Table B.1.

Using the UNIFAC model, the activity coefficient, y;, can be obtained from a
combination of two terms via [83],

Iny; = lnyiC + lnyf (B.25)

where y? and yf denote the combinatorial and residual term of species i, re-

spectively. The combinatorial terms represent the difference of size and shape of

the molecules, which could be expressed as,
lnin:1—¢i+ln¢i—5qi(1—ﬁ+1nﬁ) (B.26)

0; 0;
The parameters are defined as,

T'i qi

Pt , 6 s =

Y T Sy

J J

(B.27)

where r; and g;, which denote the volume and surface area of i-th species, are
defined as the sum of the group volume and area parameters Ry and Qx,

ri=y VR (B.28)
k



APPENDIX B: VLE MODELS IN THIS STUDY 159

and .
qi=) vV Q (B.29)
k

of which v}ck) is the number of group k in species i. The values of Ry and Qj for
each functional group in this study are listed in Table 2.4.
The residual term, can be described in the following form,

Iny¥ =Y vW(nr-Inr{) (B.30)
k

where I'y is the group residual activity coefficient, and I'i(i) is the residual ac-
tivity coefficient of group k in a reference solution containing only molecules of
type i. The forms are provided as following,

em(pkm

InT; = 1-In() 6 )—)) (/) (B.31)
k= Qk ; m®Pmk ; %en(pnm

X vpxi

0. = l— (B.32)
"y e?x
ik
a

Pmn = €EXP [‘%] (@mn 7 Anm) (B.33)

When the group volume and area parameters are available, some of the group
interaction parameters, a,,;, are the only parameters unknown. Thus, they are
the ones to be correlated from the experimental VLE data. The number of the
group interaction parameters, a,,,, depends on the division of the specific molecules.
For this work, all of the known and unknown interaction parameters are listed in
Table 2.5.
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Description of the force field for Monte Carlo simulations

Three ionic liquids are investigated with the Monte Carlo simulation. The
molecular structures are shown in Fig. C.1. Here, the applied force field is sum-
marized in Tables C.1, C.2, C.3, and C.4. The potential energy of a system of
molecules can be divided into intermolecular (Ejyter) and intramolecular (Eintra)
energies. We assume that the intermolecular potential between two atoms con-
sists of van der Waals interactions modeled by a Lennard-Jones (12-6) potential

and electrostatic interactions:
12 6
o o
(—) - (—) ] (C.1)
ri j ri j

Polarization is not considered explicitly. The intramolecular potential consist
of three parts: bond stretching, angle bending, and torsion (dihedral angle):

qiqj
4n60rl~j

+4¢

Einter = Ecoulombic T ELj =

Eintra = Estretch + Ebend + Etorsion (C.2)

Harmonic potentials are used to describe the bond stretching and the angle
bending:

Estretch = kp(r — r0)2 (C.3)

1
Epend = E ko (0 - 90)2 (C.4)

Torsions for the ionic liquids are defined as follows:

Etorsion = kx [1 + COos (n)( - 61)] (C.5)
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Figure C.1: Structure of the ionic liquids. Atom IDs are reported in this figure. The corresponding
atom types, which are used in the definition of force field parameters, are provided in Table C.4.
The bond stretching, bond angle bending, dihedral angle, and nonbonded force field parameters
are available in Table C.1, C.2, C.3, and C.4, respectively.



APPENDIX C: DESCRIPTION OF FORCE FIELDS 163

Table C.1: Bond stretching potential parameters of the ionic liquids. Sources of force fields:
Tenney et al. [124] (for cation [emim] and anion [SCN]), Liu et al. [146] (for cation [bmim] and
anion [Tf2N]), and Canongia Lopes and Pddua [147] (for anion [BF4]).

Molecule/ion Atomtypes kj / [K/A?] 1o/ [A]

Cs-N 168427 1.456
. Cs-H; 169031 1.093

b
[bmim] Cs - Cs 152526 1.535
Cs - He 169736 1.092
N- S 1974384 1575
TEN] 0-Sg 3385047  1.43
Cs - S6 1204112 1.82
Cs-F 232448 1.315
Ca - Se 187097 1.630
[SCN] Cs-N 510516 1.138
[BE,] B-F 19454055  1.394
Cs-N 168427 1.456
emim) Cs - H, 169031 1.093
Cs-Cs 152526 1.535

Cs3-Hc 169736 1.092
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Table C.2: Bond angle bending potential parameters of the solvents and the ionic liquids. Sources
of force fields: Tenney et al. [124] (for cation [emim] and anion [SCN]), Liu et al. [146] (for cation
[bmim] and anion [Tf2N]), and Canongia Lopes and Pddua [147] (for anion [BF4]).

Molecule Atomtypes kg / [K/rad®] 6/ [°]

Cs-N-Cc 62962 125.09

Cs-N-Cd 62962 125.09

H -C3-N 50222 109.45

Cs-C3-N 66154 112.81

[bmim]  H;-Cs-H, 39432 109.55
Cs-Cs-Cs 63616 110.63

Cs - C3 - He 46668 110.05
Cs-Cs-H, 46658 110.07

Hc - C3 - He 39684 108.35

S - N - Sg 77708.4 127.77

N-Sg-0 110781.6 112.6
C3-S¢-N 92868.6 102.93

[Tf,N] 0-S¢-0 123063.4  118.47
Cs3-S¢-0 108961 104.03

F-Cs-Sg 80119.8 110.75

F-Cs-F 93514.8 108.16

[SCN] Se-Cs-N 82316 141.0
[BE,] F-B-F 80522.3 109.5
N-Cc-N 74124 109.33

Cs-N-Cc 62962 125.09

Cc-Cd-N 73380 109.42
Cc-Cd-Hy 47494 129.11

Hy-Cc-N 50544 119.66

Hs-Cc-N 50080 122.1

emim;  Cd-Ce-N 73380 109.42
H,-Cd-N 50544 119.66

H,-C3-N 50222 109.45

Cc-N-Cd 64292 128.01

Cs-N-Cd 62962 125.09

Cc-N-Cc 69384 109.9

C3-C3-N 66154 112.81
Cd-Cc-Hy 47494 129.11
H,-C3-H; 39432 109.55

Cs - C3 - He 46668 110.05
Cs-Cs-H, 46658 110.07

Hc-C3; - Hc 39684 108.35
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Table C.3: Dihedral angle potential parameters of the ionic liquids. Sources of force fields: Tenney
et al. [124] (for cation [emim]), Liu et al. [146] (for cation [bmim] and anion [TfoN]).

Atom types ky 'Kl nl- &y/11[°]
[bmim)]

C3-C3-C3-N -378.36 1 0
Cg - C3 - Cg -a 117.76 3 0
HC-C3-C3-N 78.5 3 0
C3-C3-C3-C3 90.58 3 0
C3-C3-C3-C3 1258 2 180
C3-C3-C3-C3 100.64 1 180
C3 - C3 - C3 -Hc 80.52 3 0
C3-C3-Cs-H; 78.5 3 0
H; - Cg - C3 -Hc 78.5 3 0
Hc - C3 - C3 -Hc 75.48 3 0
[TfN]
F-C3-S¢-0 96.45 3 0
S¢-N-Sg-0 0 2 0
F-C3-S¢-N 95.58 3 0
Se-N-Sg-Cs -489.8 3 0
Ss-N-Sg-C3 -292.06 2 180
Sg-N-Sg-C3 19345 1 0
[emim]
HC-C3-C3-N 78.5 3 0
C3-C3-C3-H; 785 3 0

H,-C3-C3-Hc 785 3 0
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Table C.4: Nonbonded force field parameters of the ionic liquids. The molecule definition of the
ionic liquids based on atom IDs is shown in Figure C.1. All bonded force field parameters are
reported in Table C.1, C.2, and C.3 are based on the atom types. Atom IDs and the corresponding
atom types are provided in columns 1 and 2. Sources of force fields: Tenney et al. [124] (for cation
[emim] and anion [SCN]), Liu et al. [146] (for cation [bmim] and anion [Tf,N]), and Canongia
Lopes and Padua [147] (for anion [BF4]).

AtomID Atomtype q/lel e€lk,/[Kl o/[A]

[bmim]
Ci Cc -0.2383 43.277 3.4
Co Cd -0.1261 43.277 3.4
Cs Cc -0.0403 43.277 3.4
N, N 0.1066 85.547 3.25
H, Hs 0.1955 7.548 2.421
H» Hy 0.2351 7.548 2.511
H; Hy 0.1981 7.548 2511
N N 0.1788 85.547 3.25
Cy Cs -0.2524  55.052 3.4
Hy H, 0.1334 7.901 2.471
Hs H, 0.1334 7.901 2.471
Hg H, 0.1334 7.901 2.471
Cs Cs -0.2307  55.052 3.4
Ce Cs 0.0528  55.052 3.4
H H, 0.1081 7.901 2.471
Hg H, 0.1081 7.901 2.471
Cy Cs 0.1116 55.052 3.4
Hg Hc 0.0126 7.901 2.65
Ho Hc 0.0126 7.901 2.65
Cs Cs -0.2782  55.052 3.4
Hip Hc 0.0073 7.901 2.65
Hyo Hc 0.0073 7.901 2.65
His Hc 0.0771 7.901 2.65
Hyg Hc 0.0771 7.901 2.65

His Hc 0.0771  7.901 2.65
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Table C.4 Continued: Nonbonded force field parameters of the ionic liquids. The molecule
definition of the ionic liquids based on atom IDs is shown in Figure C.1. All bonded force field
parameters are reported in Table C.1, C.2, and C.3 are based on the atom types. Atom IDs and the
corresponding atom types are provided in columns 1 and 2. Sources of force fields: Tenney et al.
[124] (for cation [emim] and anion [SCN]), Liu et al. [146] (for cation [bmim] and anion [Tf2N]),
and Canongia Lopes and Padua [147] (for anion [BF4]).

AtomID Atomtype q/lel elky /Kl o/[A]
[TfoN]
N; N -0.6374 85.547 3.25
S, Se 09719 125805  3.564
S, Se 0.9719 125.805 3.564
0, O -0.4847 105.676 2.96
O, (0] -0.4847 105.676 2.96
O3 O -0.4847 105.676 2.96
Oq4 (0] -0.4847 105.676 2.96
Cs Cs 0.2483 55052 3.4
Co Cs 0.2483 55.052 3.4
F; F -0.1107 30.696 3.118
Fy F -0.1107 30.696 3.118
F3 F -0.1107 30.696 3.118
F4 F -0.1107 30.696 3.118
Fg F -0.1107 30.696 3.118
Fs F -0.1107 30.696 3.118
[SCN]
S Se -0.554 125.805 3.564
C Cy 0.317 105.676 3.40
N N -0.563 85.547 3.25
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Table C.4 Continued: Nonbonded force field parameters of the ionic liquids. The molecule
definition of the ionic liquids based on atom IDs is shown in Figure C.1. All bonded force field
parameters are reported in Table C.1, C.2, and C.3 are based on the atom types. Atom IDs and the
corresponding atom types are provided in columns 1 and 2. Sources of force fields: Tenney et al.
[124] (for cation [emim] and anion [SCN]), Liu et al. [146] (for cation [bmim] and anion [Tf2N]),
and Canongia Lopes and Pddua [147] (for anion [BF4]).

AtomID Atomtype q/le]l elky/[Kl o/[A]

[BF4]

B B 0.768 47.808 3.58
Fp F -0.392 30.694 3.12
F» F -0.392 30.694 3.12
F3 F -0.392 30.694 3.12
F4 F -0.392 30.694 3.12

[emim]

C Cc -0.101 43.277 3.4
Co Cc -0.151 43.277 3.4
Cs Cd -0.131 43.277 3.4
N; N 0.206 85.547 3.25
H; Hs 0.178 7.548 2.421
H, Hy 0.183 7.548 2.511
Hs Hy 0.19 7.548 2.511
N> N 0.072 85.547 3.25
Cy Cs -0.296 55.052 3.4
Hy H; 0.142 7.901 2.471
Hjy H; 0.142 7.901 2.471
Hg H; 0.142 7.901 2.471
Cs Cs -0.035 55.052 3.4
Cs Cs -0.12 55.052 3.4
H-, H; 0.089 7.901 2.471
Hg H; 0.089 7.901 2.471
Hg Hc 0.067 7.901 2.65
Hio Hc 0.067 7.901 2.65

Hy; Hc 0.067  7.901 2.65
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Diagrams of thermodynamic properties

Pressure-temperature-concentration relationships of the three studied NH3 /ionic
liquids mixture at saturated conditions are illustrated in the InP- (-1/T) diagrams.
Each curve represents a mass concentration of NHs in the mixture.

Enthalpy-Pressure-temperature-concentration relationships of the three stud-
ied NHs/ionic liquids mixture at saturated conditions are illustrated in the h-w
diagrams. Each dashed curve represents a pressure level and solided ones repre-
sents temperature level.

169



170 APPENDIX D: PROPERTIES DIAGRAMS

5000 T T T T T T

4500
4000
3500 -

3000
2500

Working pair NH3/[emim][SCN]

2000
1800
1600
1400

1200
1100
1000
900
800
700
600
500
450
400
350

300
250

P /[kPa]

200
180
160

20 10 0 10 20 30 40 50 60 70 80 90 100 110 120130

h /[k)/kg]

T/* Clyo B e

(9.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 1.0%
WnH, ! [] Pure NH3




APPENDIX D: PROPERTIES DIAGRAMS 171

Working pair NH3/[bmim][BF4]

P /[kPa]

S 08 PR R RO RE D PSSO ®
T /1°C]

500 ———=500

P/[I(Pa] Working pair NHz/[bmim][BF4]1| 7/°C| 80

400 H60 1400

300 r40-4300

h 1 [KJ/kgl

200 +20 1200

100 E =100

8.00 0.01 0.02 0.03 0.04 0.65 0.66 0.07 0.08 0.09 0.10 1.0%
Wi, / [-] Pure NH3



172 APPENDIX D: PROPERTIES DIAGRAMS

Working pair NHz/[emim][Tf,N]

P /[kPa]

A I T S S SR I IO R T S
T /[°C]

|

400

300

200

h / [k)/kg]

100

--------- 7QQ Referece state at T=-23 ° C, P=1000 kPa

J00 o001 002 003 004 005 006 007 008 009 010 70
WnH, / [-] Pure NH3



APPENDIX E

Independent experimental data which are used to validate the determined heat
and mass transfer characteristics in Section 5.3.1 are listed here.
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T win il pin PRUC lh TR Q/A [kW/m?] U [W/(m?K)]

kg/hl  [°C] [1  [kg/hl  [kPa]  [kPa]  [kg/h] [°CI  EXP  SIM  RD[ EXP  SIM RD[]
1 4023 4535 04491 197 51691 505.68 35295 4237  7.97  7.68 -0.037 2613.6 2489.0  -0.048
2 40.56 4535 04491 185 51691 505.68 38229 4237 746  7.11 -0.047 2665 24254  -0.090
3 4046 4535 04491 170 51691 505.68 41627 4237  7.93  7.00 -0.118 27513 26889  -0.023
4 4026 4535 04491 171 51691 505.68 219.98 4237 719  7.00 -0.118 25451 26889  -0.023
5 4011 4535 04491 141 51691 50568 18224 4237 621 581 -0.064 24431 24468  0.001
6 4021 4535 04491 175 51691 505.68 32257 4237 632 676 0070 2669.7 23795  -0.109
7 39.84 4535 04491 126 51691 505.68 284.04 4237 655 554 -0.153 23364 2527.2  0.082
8 4011 4535 04491 178 51691 505.68 25027 4237  7.05 697 -0011 23386 23271  -0.005
9 39.99 4535 04491 165 51691 505.68 13271 4237 603 620 0028 27995 28487  0.018
10 404 4535 04491 164 51691 505.68 15219 4237 645 635 -0.016 26149 2537.2  -0.030
11 4036 4535 04491 239 51691 50568 13155 4237 1031 991 -0.039 24633 2537.0  0.030
12 4055 4535 04491 259 51691 50568 21449 4237 1169 11.06 -0.054 22922 2283.3  -0.004
13 4019 4535 04491 282 51691 50568  299.5 4237 1225 11.82 -0.035 22138 22823  0.031
14 4002 4535 04491 261 51691 50568 324.67 4237 12.83 1149 -0.105 22737 21900  -0.037
15 4018 4535 04491 271 51691 50568 388.79 4237 12.88 1174 -0.089 2254 2190.3  -0.028
16 4028 4535 04491 267 51691 50568 450.12 4237 1321 1165 -0.118 22653 21363  -0.057




APPENDIX F

P&ID diagram of an absorption setup

A experimental setup is designed and constructed to study the absorption of
NHs/[emim][SCN] in a corrugated plate heat exchanger. The P&ID diagram is
briefly shown here.
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