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OZET

DUSUK JENERATOR SICAKLIGI iLE CALISAN DiFUZYON
ABSORBSIYONLU SOGUTMA SiSTEMLERININ PERFORMANSININ
INCELENMESI

Muhammed MEHYO
Ondokuz Mayis Universitesi
Lisansiistii Egitim Enstitiisii

Makine Miihendisligi Boliimii
Doktora, Temmuz/2021
Danisman: Prof. Dr. Hakan OZCAN

Absorpsiyonlu sogutma sistemlerinin (ASS) 1sitma ve sogutma amaciyla
calistirmasinda yenilenebilir enerji kaynaklarimin kullanilmasi, hem ¢evrenin
korunmast hem de enerji tasarrufu agisindan avantajlidir. Ancak bu sistemlerin klasik
1sitma/sogutma sistemlerine gore diisiik performans katsayilarina sahip olmalar1 ve
diisiik sicakliktaki 1s1 kaynaklari i¢in yeterli 1sitma/sogutma yiikii saglayamamalari
dezavantaj olusturmaktadir. Bu calismada, DASS'!n 6zellikle diisiik sicaklikli 1s1
kaynaklar1 ile c¢aligabilen performans katsayilarinin gelistirilmesi amaglanmistir.
Literatiirde, ikili ¢alisma ¢oziimlerine dayali olarak nanoferrofluidlerin test edilerek
incelendigi detayli bir ¢alismaya rastlanmamistir. Bu nedenle bu ¢alisma, yeni
nanoferrofluidlerin arastirilmas1 ve incelenmesi yonii ile ozgiindiir. Oncelikle,
sogutma sollisyonlarnin karigimi i¢in termofiziksel analizler yapilmis ve
nanoferrofluidler (Fe;Os-aseton/ZnBr, ve Fe;04-NH3/H,0O) olarak  verimlilik
ozellikleri incelenmistir. DASS jeneratoriinii etkileyen harici bir manyetik alanin
varliginda, segilen nanoferrofluidlerin kullaniminin dogrulanmasi deneysel olarak
arastirilmistir. Inert gaz olarak helyum ile gecerli ¢ozelti kullanilarak DARS
performansinda elde edilen iyilestirmenin deneysel bir g¢alismasi sunulmustur.
Analizler, 300 ml amonyak/su baz sivis1 i¢ginde % 0.05 (w/w) ve % 0.1 (w/w) Fe3;04
nanoparcacik konsantrasyonlarma sahip nanoferrofluidler tizerinde, % 1 (w/w) PVP
yiizey aktif maddesinin eklenmesi ile gerceklestirilmistir. Dis manyetik alan
konsantrasyonlarina ve varlifina/yokluguna bagli olarak analizler bes teste
ayrilmistir. Elde edilen analiz sonuglarina gore, harici manyetik alan altinda % 0,1
(w/w) nanoferroakiskan ile DASS, COP, ECOP, sirasiyla % 10.72, % 26.66 ve fde
% 2.70 azalma ile en iyi sistem Ozelliklerini gostermistir.

Anahtar Kelimeler: difiizyon absorbsiyonlu sogutma sistemi; nanopartikiiller;
nanoakigkanlar; manyetik nanoakigkanlar.
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ABSTRACT

INVESTIGATION OF PERFORMANCE IN THE DIFFUSION
ABSORPTION REFRIGERATION SYSTEMS DRIVEN BY A LOW
GENERATOR TEMPERATURE

Muhammed MEHYO
Ondokuz Mayis University
Institute of Graduate Studies
Department of Mechanical Engineering
Ph.D, July/2021
Supervisor: Prof. Dr. Hakan OZCAN

Using renewable energy sources to run the absorption refrigeration systems
(ARSs) for heating and cooling purposes provides good environmental protection
and energy-saving opportunity. However, the major disadvantages of these systems
comparing to classical heating/cooling systems are their low-performance
coefficients, and low-temperature heat sources cannot provide sufficient
heating/cooling load. This research aims to develop Diffusion Absorption
Refrigeration System (DARS)' performance coefficients that can work especially
with low-temperature heat sources. No previous study has tested the nanoferrofluids
based on the studied binary working solutions as it is performed in this research. So
this work can be considered an investigation of new nanoferrofluids and a
continuation of the previous studies. Thermophysical analyses were achieved for the
mixture of refrigeration working solutions and examine its efficiency characteristics
as nanoferrofluids (Fe;O4-acetone/ZnBr; and Fe;04-NH3/H,0). Later, in presence of
an external magnetic field that affects the DARS generator, the validation of using
the chosen nanoferrofluids was experimentally investigated. Then an experimental
study of obtained enhancement in DARS' performance was presented by using the
valid solution with helium as an inert gas. The experiments were performed on
nanoferrofluids of 0.05 wt.% and 0.1 wt.% Fe;0O4 nanoparticles concentrations in 300
ml NH3/H,O base-fluid with addition 1 wt.% concentration of poly vinyl pyrrolidone
(PVP) surfactant, which were equipped to DARS with and without an external
magnetic field. Depending on the concentrations and presence or absence of the
external magnetic field, the experiments divided into five tests. According to the
obtained results of the analyses, DARS with 0.1 wt.% nanoferrofluid under the
external magnetic field was the best system with enhancements in Coefficient of
Performance (COP), Exergetic Coefficient of Performance (ECOP), reached 10.72%,
26.66%, respectively, and a decrease in Circulation Ratio (f') by 2.70%.

Keywords: diffusion absorption refrigeration system; nanoparticles; nanofluids;
magnetic nanofluids.
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1. INTRODUCTION

1.1. Background and Justification

The increase in energy costs and especially in the countries that import large
amounts of energy such as our country attach great importance to the efforts towards
the energy supply security, efficient use of this energy, diversification of its
resources, and maximum utilization of domestic resources. In our country, a
significant part of the electrical energy is obtained from fossil fuels, that is meaning
paying huge amounts of foreign currency. Therefore, encouraging the use of cooling
systems that use heat energy (waste heat or solar energy) as primary energy instead
of electrical energy can make an important economic contribution to Turkey. In
addition, the achieved savings in the utilization of fossil fuel resources will bring
advantages such as environmental protection. Recently, a huge need for refrigerating
and air-conditioning accompanied with a large amount of low-quality energy from
low-grade energy sources such as geothermal energy, solar heat, and waste heat from
industrial processes, pushes the researchers to think seriously in investigating into
utilizing these sources for cooling using heat-driven absorption systems. An
attractive type of these absorption systems is DARS, due to its bubble pump which
doesn't need any electricity to run. Von Platen and Munters (1920) invented the
DARS in the 1920s. The DARS depends on the application of a limited amount of
heat, and it is commonly used in domestic refrigerators, caravans, recreational
vehicles, especially hotel rooms, camps, and promising use in war zones, (S6zen et
al., 2015).

Figure 1.1. shows a brief explanation of the differences between the vapor
compression system and a conventional ARS and DARS. It can be realized from it
that the most crucial disadvantage of DRESs can be shown as their low COP values.
Thus there is no sufficient heating/cooling load in the low-temperature heat resource.
In the literature, many opinions have been presented about the utilization of a low-
temperature heat resource to operate the absorption heating/cooling machine. In these
studies, the effect of heat transfer rate, working solution, refrigerant, and the fluid
temperature was used to improve the system. It was concluded that COP and ECOP
values increase with the increase of generator and evaporator temperatures.
Therefore, improving the properties of working solutions is necessary to improve the

1



efficiency of this kind of cycle when low-temperature heat sources are utilized.
DARS technology seems to be interesting. Because it has advantages in small
cooling capacities compared to conventional vapor compression. These advantages
can be listed as the absence of no moving parts, noiseless operation, low cost, and
ability to be run by alternative energy or waste heat resources. However, this
technology approximately has 40% less efficient than conventional ARSs. From
different studies that have been analyzed these kinds of systems, it can be concluded
that the most important parameters affecting the energy efficiency of the system are
the flux regime and activation temperature. Commercially, the most common
working mixture is ammonia-water and hydrogen or helium as auxiliary gas.
However, different mixtures should be studied to increase efficiency and find
different input energy resources such as solar power. Therefore, It is important to
spread this technology further in order to stimulate the research interest and the quest
to improve system effectiveness. In this context, more research is needed to use new
solution pairs to increase system effectiveness and to improve the performance of

existing-working solution pairs.
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Figure 1.1. Comparison of vapor compression systems, conventional ARSs, and DARS

Newly, Refrigeration binary working solutions that have dispersed nanoparticles
(called nanofluids) or hybrid nanofluids have acquired an interest in conventional

ARS and DARS because of their excellent thermophysical properties which make it
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used in these kinds of systems with many studies for performance improvement, (Lee
et al., 2010; Yang et al., 2011; Wu et al., 2010; Cuenca et al., 2014; S6zen et al.,
2015; Mohammed et al., 2020). The type, content, size of nanoparticles, temperature,
and distribution stability are key parameters affecting the thermal conductivity of
nanofluids. The working solution thermal performance increase significantly by
increasing the stability of the nanofluids which in turn is affected by the type and size
of the used nanoparticle the addition of surfactants. A unique type of nanofluids is
nanoferrofluids. Comparing with the other nanofluids, the features and advantages of
nanoferrofluid are fundamentally incarnated in the following aspects, (Kim et al.,
2007):

1. Nanoferrofluids contain ferromagnetic nanoparticles that exhibit higher
thermophysical properties, (Nourafkana et al., 2017; Hodenius et al., 2008).

2. Nanomagnetic fluids are novel functional fluid materials containing a
solid/liquid mixture in which nanomagnetic particles (diameter <100 nm) are
dispersed equally throughout a base-binary working solution to merge the
magnetic features of solid magnetic materials and the flow properties of fluid
materials, (Hodenius et al., 2008).

3. The literature has shown that a magnetic fluid in incorporation with an
external magnetic field can be utilized as a new kind of heat transfer medium
to considerably improve and handle the heat transfer operation, (Ranjan et al.,
2004; Lietal, 2009; Yuetal., 2010).

4. There have been also different investigations searching for the ability of
nanoferrofluids for enhancing mass transfer rates, thus increasing the
circulation ratio in the refrigeration cycle, (Srinivas et al., 2007; Olle et al.,
2000).

In the literature, researchers focus on how to improve the design and properties
of the working fluid. The utilization of nanofluids improves the vapor absorption
process and condensation heat transfer coefficients as well as boiling temperatures.
This is helps to develop a system that is more compact, lighter, and consumes less
thermal power, thus consuming less energy in general. It is necessary to investigate
the utilization of nanoparticles with conventional working solutions, condensation,
and boiling heat transfer phenomena based on many thermophysical properties due to

the phase change process in the cooling system. Improving these properties leads us



to improve the overall cycle, and this study can be used to increase the effectiveness

of the chosen system (DARS).

1.2. Research Objectives

Although DARSs have many advantages over mechanical vapor compression
systems, the biggest disadvantages are low COP values and the inability to provide
sufficient cooling load at low-temperature heat resources. The main aim of this study
is to improve the performance of DARS (COP, ECOP, and f) by utilizing
nanoferrofluids as low-temperature working solutions. In order to optimize the
system performance, all aspects meant by this improvement, traceable success
criteria are defined in the following sections of the study. Where the validation of
using nanoferrofluids (Fe;Og4-acetone/ZnBr, and Fe;O04-NH3/H,O) in DARS is
investigated. Then an experimental and numerical investigation of obtained
enhancement is presented in DARS' performance by using the valid solution with
helium as an inert gas in accompanying with an external magnetic field. Also, the
effect of performing this mechanism on the heat and mass transfer improvement in
the system's generator-bubble pump component is examined. Thus, its effects on the
performance of the DARS, in general, have investigated. Some mechanical
modifications have been performed to install the magnate poles for creating the
external field around the bubble pump which is necessary to provide significant
stability of the valid nanoferrofluid.

No previous study has tested the nanoferrofluids based on the studied binary
working solutions as it is performed in this work. So this work can be considered an
investigation of new nanoferrofluids and a continuation of the previous studies.
Consequently, a thermal study with the valid nanoferrofluid at the low generator
temperature has not been investigated before to improve the performance of DARS.

To approach the above-mentioned main objective, more specific objectives were
put forward as follows:

1. To review the absorption refrigeration technologies and working fluids with
assurance on acetone/ZnBr, and NH3/H,O base-fluids. The main criteria for
working fluids selection were also reviewed.

2. To achieve thermophysical analyses of working solutions of (Fes;Os-

acetone/ZnBr, and Fe;04-NH3/H,O) and examine its efficiency
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characteristics as new nanoferrofluids. As a multi-factor experimental study
is designed the experiments to see how the various concentrations of the
nanoferrofluid mixture components affect their properties (thermal
conductivity, density, dynamic viscosity, and specific heat capacity) then
choose the optimal mixture for utilization in DARS driven by a low
temperatures source.

3. To modify some mechanical parts around the bubble pump of DARS
according to the necessity of creating the wanted external magnetic field.

4. To examine the validity of using the studied working solutions in DARS then
investigate the performance of the system with the valid working solution
firstly without the nanoparticles then with nanoparticles and under the
magnetic field.

5. To determine the enhancement in COP, ECOP, and f of DARS because of the
utilization of the new nanoferrofluid.

6. To establish the theoretical background to analyze the -efficiency
characteristics for chosen working solutions firstly without the nanoparticles
then with nanoparticles in the laboratory-scale DARS that can operate at
different low-temperature sources and confirm the numerical results with the

experimental study ones.

1.3. Thesis Structure

In light of the flow chart which is shown in Figure 1.2. the works in this thesis
can be divided into the following performed steps:

Step 1 is consecrated in explaining the background and justifications of this
research that raise the prompting and objectives of this thesis.

Step 2 attended a literature review of the absorption refrigeration technologies
which have been studied before especially those the closest to the main subject of the
current research. In this chapter, the basic characterization of DARS was described in
comparison with vapor compression refrigeration systems. Moreover, the operation
precept of basic absorption systems, the working solutions usually utilized in ARS,
and the prime needs of the working solutions were analyzed. The nanofluid mixtures
and nanoferrofluid ones that are used for absorption refrigeration applications were

also mentioned. Finally, a brief description of the COP evaluation and its
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optimization methods (experimentally and numerically) which have studied untill
performing this research, particularly those are depending on data for pre-selection
and properties enhancement of working solutions were applied.

Step 3 thermophysical analyses were achieved for the mixture of working
solution of (Fe;O4 — acetone/ZnBr,) and examine its efficiency characteristics as a
nanoferrofluid. Where it shows an investigation of (Fe;O4 - acetone/ZnBr;) as a
nanoferrofluid containing the preparation, stability, structure, and properties. As a
multi-factor experimental study is designed the experiments to see how the various
concentrations of the nanoferrofluid mixture components affect their properties
(thermal conductivity, density, dynamic viscosity, and specific heat capacity).

Step 4 in this part of the research, the visual inspection of Fe;O4 nanoparticles
stability, which are dispersed in the NH3/H,O base-fluid by using a mechanical
method, is performed. Thermophysical analyses (density, specific heat capacity,
dynamic viscosity, and thermal conductivity) were achieved to give a base for
finding the optimal mixture of working solution of (Fe;O4-NH3/H,0) and examine
its efficiency characteristics as a nanoferrofluid as a candidate binary solution for use
in DARS driven by different low-temperatures sources.

Step 5 in this part of the research aimed for studying the validation of using
nanoferrofluids (Fe;Os-acetone/ZnBr, and Fe;O4-NH3/H,O) in DARS, then
presenting an experimental and theoretical investigation of obtained enhancement in
DARS' performance by using the valid solution with helium as an inert gas in
accompanying with an external magnetic field, hence illustrating the effect of
performing this mechanism on the heat and mass transfer improvement in the
system's generator. The energy and exergy analyses are completed for each
component, including the gas heat exchanger, numerically, and experimentally.
Where REFPROP 8.0 software was used for modeling the cycle and calculating the
properties of the different studied points of the cycle.

Step 6 epitomized the main results in this thesis and awarded an overview of the

future work required.
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2. LITERATURE REVIEW

2.1. Theoretical Background

Recently, scientists are working on issues such as increasing in the energy costs,
depletion of fossil fuels and the environmental risks caused by the use of these fuels,
researching and developing alternative energy sources, increasing the efficiency of
the existing energy systems and energy-saving processes using renewable energy
resources, such as solar energy and geothermal., and waste heat from industrial
processes in order to run the absorption refrigeration systems for heating and cooling
purposes, provide a good opportunity for both environmental protection and energy
saving. The dependence of the absorption systems on electrical energy is between
2% and 9%, whereas the primary energy is heat energy (waste heat or solar energy,
etc.). An attractive type of these absorption systems is DARS, due to its bubble pump
which doesn't need any electricity to run. Von Platen and Munters, (1928) invented
the DARS in the 1920s. The DARS based on the application of limited quantities of
heat, and it is usually utilized in home refrigerators, caravans, recreational vehicles,
especially residences rooms, camps, and promising utilize in war zones, (S6zen et al.,
2015). However, the major disadvantages of these systems comparing to classical
heating/cooling systems are their low-performance coefficients, and low-temperature
heat sources cannot provide sufficient heating/cooling load. In the literature,
condensation heat retrieval., absorption heat retrieval., condensation-absorption heat
retrieval., multistage cycle applications, usage of different fluid pairs, and design
changes are investigated in absorption systems to improve the cooling coefficients.
These improvements may be obtained by enhancing the design of system
components initially doing modifications on heat exchangers and then using new
types of working fluids (nanofluids) with improved thermal properties. For the first
methods, recently, many improved compact kinds of heat exchangers are utilized like
a shell and tube kind heat exchangers, microchannel heat exchangers, plate form heat
exchangers, etc.

Nanofluids are defined as a colloidal mixture of suspended particles of
nanopowder (dimension of nanometer-scale) in a conventional refrigeration working
solution as a base-fluid, (Bhattad et al., 2018). The base-fluid may be ethanol, water,
water-based brine, glycol, coolant, lubricant, oil, etc. Nanoparticles may be different
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metals or metal oxides, different types of carbon, metal carbides, and ceramics.
Newly, the nanofluids with graphene nanoparticles have obtained special interest
because of various excellent advantages of graphene depending on the low density,
extraordinary high thermal conductivity, bigger specific surface region, and
extraordinary anti-friction features, (Rasheed et al., 2016). Additionally to
conventional nanofluids, newly hybrid nanofluids have obtained interest as a
formidable enhancement of heat transfer features could be because of the synergistic
influence occasion by crossbreeding, (Sarkar et al., 2015). Depending on suspended
nanoparticle synthesis, the nanofluids may be generally presented in three sets:

a) Mono-nanofluids, consist of the same nanoparticles in base-fluid.

b) Hybrid nanofluids consist of dissimilar nanoparticles in base-fluid (solid

or/and phase-variation materials).

c) Hybrid nanofluids consist of built-up nanoparticles in base-fluid (either solid

materials or solid and phase-variation materials).

Heat transmit properties of refrigeration working mixtures utilizing nanoparticles are
influenced through thermal conductivity enhancement and different mechanisms like
Brownian motion, Brownian diffusion, dispersion, sedimentation, agglomeration,
ballistic phonon transport, solid/liquid interface layer, and thermophoresis. The
proportional motion among the nanoparticles and base-fluid is the major cause
behind this enhancement, where occasioned by the circulation of the nanoparticles,
moving the heat along an oblique solution consequencing extremely small
convection created by the motion of the solution around the nanoparticles, (Pinto and
Fiorelli, 2016). A unique type of nanofluids is nanoferrofluids. Nanoferrofluids
content ferromagnetic nanoparticles that exhibit higher thermophysical properties,
(Nourafkana et al., 2017; Hodenius et al., 2008).

This work presents a literature review of nanofluids in DARSs. Many
investigations are discussed various kinds of refrigeration working mixtures as
conventional solutions without added nanoparticles, then research on nanofluids and
nanoferrofluids, and utilized various methods for improvement of absorption
processes. Furthermore, a brief is achieved for an explanation of the cooling process
and components, DARS and bubble pump configurations, and modeling studies of
the DARS in literature. The literature summary is given in the following paragraphs
in parallel with our subject areas, which are the basic work packages of it and

mentioned above.



2.2. Refrigerating Process and Components

The most common refrigeration systems are mechanical vapor compression
systems that are driven by electrical energy. Absorption chillers present an
alternative approach, thus thermal energy is the operating energy. Thermal energy is
commonly obtained from industrial waste heat, renewable energy resources, and
other conventional thermal resources. Moreover, ARSs use natural working
solutions, which have not harmful effects on the ozone layer, (Kaynakli and Kilic,
2007; Sozen, 2001; Saravanan and Maiya, 1998; Sun, 1998). Briefly, probability
expectations related to the environmental benefits of thermally-driven ARSs are
founded on, (Keppler, 2018):

e [Essential energy savings are gained by utilizing directly thermal energy
instated of electrical energy as running power, especially waste heat energy,
the thermal energy that resulted from CHP, and from renewable energy
resources.

e Ability to utilize available-heat capacities in summer times.

e Extremely sharing to reduce the peak loads in electricity networks in the
summertime, where the major reason for this high required electricity loads

are conventional vapor compression cooling systems.

2.2.1. Absorption Refrigeration Systems (ARSs)

Since 1970, many types of research have been carried out on absorption cooling
machines for cooling and air-conditioning using solar energy and other low-
temperature sources. Especially in recent years, as well as the development and
installation of cooling machines powered by solar energy, their performance has also
been evaluated. These developments are described and demonstrated in the open
literature. The results of this study show that is an economical technology,
ecologically, and technically promising in the near future. Ajib and Karno, (2008)
examined a novel working solution to be utilized in solar heat ARSs. They examined
the thermophysical properties of the novel refrigeration working mixture
acetone/ZnBr; and tested it in ARS and the consequences assured the implementation

of this novel working mixture. Ruiz et al.,. (2006) have investigated the effectiveness
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of H,O/LiBr absorption cooler running by the thermal energy which is obtained from
PHEs. They calculated the heat transfer performance in desorber, condenser, and the
solution heat recover using the equations provided in the literature for evaporation,
condensation, and liquid-to-liquid heat transfer in PHEs. In the study, when the
cooling capacity obtained is between 2 kW and 12 kW; COP values have been
shown to vary between 0.5 and 0.8. Kaynakli and Kilic, (2007) presented an
exhaustive thermodynamic analysis of H,O/LiBr absorption cooling system. In this
study, the effect of running temperature and heat exchanger effectiveness on thermal
loads, COP and ECOP, and g of the parts were investigated. They presented that the
ECOP and COP values increased with rising the generator and evaporation
temperature but decreased with the increase of the condenser and absorber
temperatures. In addition, it has been observed that the g rate changes as these
temperatures change. Furthermore, The performance of the working mixture and
cooler exchanger, the efficiency of the cycle, and its effect on mixture temperatures
were compared. Results showed that SHE has a greater influence on the tested
parameters than RHE. While SHE raises the COP value to a maximum of 44%, RHE
has only 2.8%. Table 2.1. shows some examples of low-capacity commercial
absorption systems and water absorption coolers using water as a refrigerant.
According to this table, the COP values obtained with these working solution pairs

vary between 0.56-0.7.

Table 2.1. Examples of low-capacity commercial ARSs, (Orhan and Giingér, 2012)

Design
Heat source  conditions
Cooling
Cycle Absorber Refrigerant temperature and
power (kW)
°O) nominal
cop
T,=75°C;
T:=29 °C;
Absorption Silica gel Water 70 55-90
T=9 °C;
COP=0.60
) o T,=90 °C;
Absorption Silica gel Water 67 55-95
T:=29 °C;
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T=7 °C;
COP=0.65
T,=75 °C;
T.=27°C;
T=18 °C;
COP=0.56
T,=75 °C;
T.=27 °C;
T=18 °C;
COP=0.56
T,=87 °C;
Absorption Lithium Water 35 80-100 130G
Bromide T=9 °C;
COP=0.70
T,=85°C;
Absorption rithug Water 15 75-95 1780°C;
Bromide T=12°C;
COP=0.70
T=32°C;
Absorption Ammoniac Water 100 >90 T.<2 °C;
COP=0.64

Absorption Silica gel Water 15 55-90

Absorption  Silica gel Water 7.5 55-90

2.2.2. DARS Principle and Configuration

As is mentioned before, Von Platen and Munters, (1928) invented DARS in
1920s. DARS is widely utilized in household refrigeration, caravans, camps,
recreational vehicles, especially residences rooms and offices, as it allows the use of
limited heat and silent running. The most important disadvantage of this type of
system is its low efficiency. Refrigerators traditionally founded on this technology
and offering a refrigerating capacity of 200 to 400 W have COP values between 0.2
and 0.25. Therefore, over the years, studies have been conducted to achieve a
considerable enhancement in energy effectiveness for household appliances
(Narayankhekar et al., 1985; Gutiérrez 1998; Smirnov et al., 1996). However, the
highest COP has detected is 0.3. Bubble pump is the most investigated part of
DARSs due to its positive effects on the energy effectiveness of the cycle. Other
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investigations have shown that geometrical parameters and the features of the heat
influx system are factors affecting the system effectiveness, (Shelton et al., (2002);
Benhmidene et al., 2011a, 2011b); Dammak et al., 2010; Abu-Mulaweh et al., 2011;
Abduwadood et al., 2012). Pfaff et al., (1998) suggested that the LiBr/H,0O solution
may be utilized as the working mixture for DARS. In order to operate the bubble
pump, an inlet temperature between 66 °C and 78 °C is required in the generator,
which makes this mixture attractive for solar cooling systems. Acuna et al., (2013)
combined the NHj3/LiNO; mixture and their consequences confirmed that this
mixture lowers the activation temperatures. In addition, the effectiveness of
NH3/LiNO3; mixture is almost 50% better than conventional NH3/H,O mixtures and
27% better than NH3/NaSCN under the same process conditions. Infante Ferreira,
(1984) developed relations to describe the thermophysical properties of NH3/LiNO;
and NH3/NaSCN. Koyfman et al., (2003) performed an experimental investigation
utilizing R22/DMF as a refrigeration working mixture. In the generator, it was
achieved running temperatures between 50 °C and 90 °C and evaporation
temperatures below 0 °C and a COP value reached 0.35. Zohar et al., (2009) included
R32, R124, R125, and R134 coolants in their test utilizing DMF as an absorber for
each case. The study presented that these mixtures could be operated at low
temperatures (150 °C), this situation resulted in a low COP, higher condensation, and
higher evaporation temperatures compared to the NH3/H,O mixture. Ezzine et al.,
(2010) showed that R124/DMAC is a valid binary working solution as a result of
their study. Because of lower vapor pressure and activation temperature between 80
°C and 180 °C, that has been achieved with DMF. This makes them ideal as it can be
run by solar energy, geothermal., waste heat, and others. Singh et al., (2019) have
studied thermodynamic modeling and analysis of DARS runs by solar energy with
NH3/H,O and helium as a pressure-equalizing inert gas. The results showed the
decrease in COP is 2.8% higher than the refrigerating capacity reduction at low

running temperature while there is no minor decrease at a higher temperature.

2.2.2.1. Cooling Process and Components

DARS consists of the next major components: a generator (includes bubble

pump), condenser, evaporator, SHE, GHX, tank, and absorber. These kinds of
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systems usually are divided into three main operation circuits as followed:
refrigeration circuit, gas circuit, and dissolution circuit. The circuits run under
Dalton's law precept founded on fractional pressures and the pressure in every main
part of the system is preserved steady utilizing an auxiliary gas. DARS runs at two
various pressure values while in process, identical to conventional cooling devices in

this aspect, (Rodriguez-Mufioz and Belman-Flores, 2014).
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Figure 2.1. Principle of DARS

As is shown in Figure 2.1., Qgen is supplied by heat tablets to the mixture which
has a high level of coolant and passes from the reservoir (8). Heating creates vapor
bubbles that go up through the tube carried a little amount of fluid finally these
bubbles are detached. The weak mixture (9) fluxes across SHE where it gives up
thermal energy to the rich mixture in the coolant (7) and is then forwarded to the
absorber (10). The rich coolant (1) goes on to the condenser, thus it is condensed by
extracting Q.ong from it then passing to the evaporator (2). Because the evaporator is
full gas (6) the fluid's partial pressure drops quickly and as a consequence, the liquid
starts evaporating, the cooling effect is obtained and Qeyap is absorbed. The moment
that out of the evaporator, (3), the heat exchanges between the rich mixture and
coolant and GHX, whose purpose is to minimize the temperature of the gas (4) to

send it to the reservoir. In the absorber, the coolant is absorbed by the salt of the
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mixture, and thermal energy Q.ps is released either by the cooling cycle or by the
ambient effect; while the gas has a lower density than the coolant, it is detached (5)

and passed back to the GHX to go on the cycle and the cooling effect.
2.2.2.2. Bubble Pump Configuration

Basically, there are two kinds of the thermosiphon precept, the single-phase and
the two-phase precept. Both of them are founded on variations in solution density. In
the following, just the two-phase thermosiphon precept is debated which is the
operation precept of bubble pumps. Partly evaporation of the solution causes form
vapor bubbles that lift the liquid. The main precept of a bubble pump is illustrated
schematically in Figure 2.2. a vertical tube and a separator reservoir at its end with a

horizontal connection form the bubble pump configuration, (Bierling et al., 2019).

)
( K Separator
over;

Heat Tablgts

Figure 2.2. A simple schematic of the bubble pump configuration

2.2.3. Optimization Methods of DARS

Absorption systems have low COP and ECOP values (especially DARS).

Furthermore, ARSs are more expensive than compression ones, also need
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thermodynamic and economic optimization, (Misra et al., 2006). For this reason, the
literature has included several ways in order to improve the effectiveness of this kind
of cycle. In these studies, the effect of heat transfer rate, working solution,
refrigerant, and the fluid temperature was used to enhance the system. It was
concluded that COP and ECOP values increase with the increase of generator and
evaporator temperatures. Generally, these methods are divided into three main

portions in this work as follows:

2.2.3.1. Enhancement of Heat Transfer

Recently, many improved compact kinds of heat exchangers are utilized like
shell and tube kind heat exchangers, microchannel heat exchangers, plate type heat
exchangers, etc. But the most important enhancement methods deepened on
improving the heat flux process in the bubble pump or in the generator. Many
researchers have worked on absorption systems in the fields of modeling into heat
and mass transfer analyses, heat transfer additives, and heat and mass transfer
experiments for absorption systems, (Gessner et al., 2006; Kim et al., 2006; Killion
et al., 2001; Vemuri et al., 2006). Bierling et al., (2019) have performed an
experimental study of the effect of different heating kinds on the pumping efficiency
of a bubble pump. The measurement results presented a large effect of the heating
kind on the pumping effectiveness. The lower the proportional length of the heating,
the higher is the pumping rate. Kim et al., (2020) have studied R1234ze(E) and
R600a as natural refrigerants in the DARSs with dimethylacetamide (DMAC) and
isooctane as the absorbents, respectively. The highest COP of DARS was reached
utilizing R600a/isooctane and it was estimated as 0.157 with abubble pump tube
diameter of 3.17 mm and that of R1234ze(E)/DMAC DARS was evaluated as 0.134

with the tube diameter of 4.76 mm.

2.2.3.2. Optimization of the Bubble Pump

Many extensive investigations have been carried out to improve the design of
different bubble pump configurations, (Zohar et al., 2008; Benhmidene et al., 2010;
Benhmidene et al., 2011). The thermally heated bubble pump was studied in previous

investigations utilizing burned gas as a heating resource for domestic diffusion
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absorption refrigerators as enhanced systems, (Wang and Herold 1992; Herold and
Chen 1993; Kim et al., 1994; Herold 1996). (Stierlin and Ferguson 1990; Stierlin et
al., 1994) have advanced a burned gas heated diffusion-absorption heat pump with a
running heat capacity between 3.0 and 3.5 kW at generator temperatures of 150 °C
and cooling effect temperatures from -15 °C up to +5 °C. COPs between 1.4 and 1.5
were achieved. Chen et al, (1996) have advanced a new ARS generator
configuration that enhanced the COP of the system by 50%. The old design collects
the generator and the bubble pump into one composition. The generator contains a
bubble pump, a heating resourse, and a coaxial heat exchanger. This configuration
fulfills a decrease in heat waste consequently enhancing the effectiveness of the
heating operation thus enhancement in COP. Later, several studies that worked on
the performance of bubble pumps of DARS were numerically presented that the
bubble pump effectiveness was considerably influenced by the motive head, (Shelton
and White Stewart, 2002). The small motive head was useful to huge refrigerant flux
rate but drove to a small mixture flux rate, (Koyfman et al., 2003; Pfaff et al., 1998).
Moreover, supplied heat flow could also be enhanced to obtain a maximum fluid flux
rate and pumping ratio, (Benhmidene et al., 2011; Benhmidene et al., 2016). Han et
al., (2015) experimentally have investigated the pumping performance of the bubble
pump with various mixture concentrations and various lifting tube diameters.
Augustin et al. (2013) have proposed in the numerical study that the flow rate of
pumped fluid may be enhanced with more elasticity either by reducing the tube
diameter or by rising the position of the heating resource. Also, various makeups of
lifting tubes, for example, Zhang et al., (2006) have illustrated lifting tubes with the
lunate channel, An et al., (2017) have studied variable cross-section lifting tubes,
(Lin et al., 2016; Gurevich et al., 2015) have represented multiple tubes, and Bierling
et al., (2019) have experimentally investigated different heating types to enhance the

performance of bubble pumps.

2.2.3.3. Adding Nanoparticles to Working Solutions

Last years, nanotechnology has been used in the absorption field to improve heat
and mass transfer performance, (Kang et al., 2006). Changwei et al., (2012) have
used silver (Ag) as a nanoparticle to prepare binary nanofluids (NHs/H,O binary
mixture with Ag nanoparticles) for applying in the bubble absorber. The
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measurement uncertainty in the repeatability of absorption average was treated as
2.80%. NH3/H,O bubble absorption experiments were executed in two steps, with
and without refrigerant (H,O). The results presented that the mass transfer in
nanofluids increased compared to that without refrigerant. The highest achievable
increase in absorption rate with this refrigerant was observed as 55% with 0.02 wt.%
Ag nanoparticles. Kim et al. (2007) have tested nanofluid, which is a binary working
solution with nanoparticles, to apply it to ARS. Cu, CuO, and Al,O3; nanoparticles
were added to the NH3/H,O solution to make nanofluids and 2-ethyl-1- as a
surfactant (hexanol, n-octanol, and 2-octanol were used). The results showed that the
addition of surfactants and nanoparticles increased absorption performance 5.32
times. Sozen et al., (2015) investigated the effects of the passive heat transfer
enhancement method combining NH3/H,O with Al,O3 nanoparticles on DARS heat
performance. The experimental results illustrated that the nanofluid system provides
better absorption of heat in the generator, also the refrigerant in the nanofluid
evaporated faster than the refrigerant of the working solution without the
nanoparticles. Adding Al,O; nanoparticles for DARS increases COP and ECOP
values by 55.56% and 22.8%, respectively, and reduces f by 51.72%. Wang et al.,
(2019) have suggested and structured a new diffusion absorption heat transformer.
The temperature lift effectiveness of this cycle was experimentally investigated with
the diffusion gas provided by an electrical gas pump or a thermally driven pump, and
the total temperature lift was recognized as high as 17.6 C and 11.8 C, respectively.
The higher concentration of HCOOK in HO/HCOOK mixture, the lower flow rate
of HO/HCOOK mixture, and the bigger flow rate of coolant were all useful to
higher temperature lift. Schmid et al. (2019) have investigated a diffusion absorption
chiller straightly run by solar energy with improved efficiency. The generator,
working as the bubble pump of DARS, is incorporated into a double-glazed flat plate
collector. The results showed that the percentage of the insolation incident on the
solar flat plate transformed into refrigeration capacity was 11.4 %. Thus, efficiency is

bigger than in similar literature.

2.3. Main Binary Working Solutions

A refrigeration working mixture for an ARS, in general., is a binary solution

blend of a coolant and an absorbent. Both components should have the
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characterizations that the coolant ought to be excellently absorbed in cooling cycle
temperatures for absorbing process in absorber between 20-40 °C and vaporizable of
the coolant out of the mixture again at desorption temperatures more than 50 °C.
Moreover, the refrigeration working mixture should achieve most or all the following
aspects:

e Well stability in its thermophysical properties and chemical characterizations

e Non-explosive and non-toxicity.

o Low viscosity.

e High heat of evaporation.

e Weakly specific heat capacity.

e Low prices.

Basically, the salt of the binary solution (absorbent) should have a high
absorption capacity for the coolant with a low freezing degree and a higher boiling
degree comparing with the coolant so that the salt absorbs the coolant easily and

significantly, (Ajib and Karno, 2008).

2.3.1. Conventional Working Solutions

There has been considerable technology employment and huge investigation
interest in the single-stage DARS using NH3/H,O (The coolant is pure water) as the
working mixture. This is because of the chemical stability of the mixture within a
major average of running pressures and temperatures. Ammonia has good thermal
properties represented by a high potential vaporization heat and a low icing point (77
°C) showing it as eligible to utilize in other purposes driven by low evaporation
temperatures. A rectifier is utilized to separate the water that vaporized with the
ammonia because of NH3/H,O volatilization, which increases the amount of heat
waste and decreases general effectiveness. In addition, NH3/H,O has the feature of
non-influencing the environment and its prices are 10-20% lower than synthetic
coolants, (McLinden et al., 1998). The thermophysical properties of NH3/H,O can be
acquired from various resources, (Ziegler and Trepp 1984; El-Sayed and Tribus,
1985; Herold et al., 1988; Park et al., 1990). Disadvantages of utilizing NH3/H,O as a
working mixture are its altitude running pressure, poisoning, and corrosive act on

copper or copper alloys, chaining its utility to materials like carbon steel.
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In DARSs, utilized inert gas usually is hydrogen for equiponderate the pressure
in the cycle. This gas should have the following characterizations in order to be valid
for use in these kinds of systems: weak density and viscosity, low specific heat
capacity and thermal conductivity, non-solvability, and non-adhesion to construction
substances, (Narayankhekar et al., 1985). Though, its high burn ability problems
border the potential of utilizing this gas with more than a refrigerating capacity of
400 W. For eliminating these disadvantages and for enhancing refrigeration
capabilities, helium is suggested as an ideal replacement for hydrogen,
(Narayankhekar et al., 1985; Kouremenos et al., 1988; Kouremenos et al., 1994;
Herold et al., 1994; Zohar et al., 2005). In addition, other ideal gases like neon and
argon have also been investigated as a potential replacement intend of hydrogen in
these types of cycles, fulfilling in very identical effectiveness to those represented
when using the NH3/H,O/H, working solution, (Zohar et al., 2005). Other fluids that
consist of ammonia and some salts have also been investigated to define which
synthesis is the most suitable to decrease running temperature and enhance COP,
(Bourseau et al., 1986). Results illustrated that the NH3/NaSCN has better efficiency
than the NH3/H,O. Acuia et al., (2013) have studied NH3/LiNOs and emphasized
that these solutions have a good effect side to decrease running temperatures.
Moreover, the NH3/LiNOs solutions have efficiency with a percentage almost equal
to 50% Dbetter than the efficiency of NH3/H,O, and almost 27% better than the
efficiency of NH3;/NaSCN at the same running conditions. Thermophysical
properties of NH3/LiNO; and NH3;/NaSCN are achieved from the equations
explained by Infante Ferreira, (1984).

The next most common refrigeration working mixture for ARSs is H,O/LiBr
with H,O as coolant and LiBr as absorbent salt, (Rodriguez-Mufioz and Belman-
Flores, 2014). There has been a considerable technology investment and huge
investigation interest on the single-stage DARS using H,O/LiBr as a refrigeration
working solution. Safarik, (2008) illustrated and studied some enhancements on
some solar systems thermally driven absorption H,O/LiBr chiller. The results
presented that these systems are an encouraging one from an economically,
ecologically, and technically in the near term. To understand the air conditioning
process driven by low-temperature heat from solar resources several plants were
installed and studied with H,O/LiBr, (Schweigler et al., 2002; Safarik, 2008). These

plants were examined relying on the cooling water temperatures with a heating water
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temperature between 75-95 °C. The results presented that the cooling effect
temperature was between 12 and 16 °C and the achieved COP was between 0.60 and
0.75. Kaynakli and Yamankaradeniz, (2007) investigated the first and second law
thermodynamic test of a single-stage ARS with H,O/LiBr as a refrigeration working
solution. Analyzes were achieved for 10 kW cooling capacity and the taken resulted
values were a generator temperature 90 °C, g = 0.50 (¢ is effectiveness) and np =
0.90. It is established that with a reduction in the condenser—absorber temperatures,
and a rise in the generator—evaporator temperatures, the effectiveness of the system
enhances.

Recently, many propositions were made to find new refrigeration working
mixtures whose coolant starts to evaporate at low-drive temperatures (about 55 °C) in
the generator. Ajib and Karno, (2008) have presented the acetone/ZnBr; as a novel
refrigeration working mixture for ARS, and all thermophysical properties (vapor
pressure, density, viscosity, specific heat capacity, specific electrical resistance, and
specific enthalpy of the mixture) of this solution was tested at several concentrations
and temperatures. The case diagrams (log p, T, and h, T) for the mixture and the log
P, h diagram for pure acetone were calculated, performed, and debated. The
calculated results illustrated good agreement with the measured results. The
advantages of utilizing this mixture are founded on the usability of the low run
temperature of the heat resource. The disadvantages are founded on the low heat flux
efficiency from and to acetone, thus on the low COP.

In order to have a more wide mention for many working fluids else utilized in
ARSs, a summary of investigation refrigeration working mixtures are shown in Table

2.2.

Table 2.2. Summary of some previous studies that have investigated different kinds of
refrigeration working solutions

Working
Author, mixture
Operating Conditions Observations
Year (coolant +
absorbent)
] ARS, Two stage, with S
Kaushik et ) ) ] Resulting in higher COP than
NH;/LiNO; NH,/LiNO; run driven

by low-temperature
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The experimental

Cai et al., NH;/LiNO; and device runs steadily Cycle utilizing NH;/NaSCN
(2016) NH;/NaSCN under various working  had better performance
conditions.
Performance
comparison among )
) ) LiCl/H,O executes
LiCl/H,0 and LiBr-
Patel et al., ] ] thermodynamically better
LiCI/H,O H,O absorption systems ) )
(2017) compared to LiBr/H,O in
is estimated under the
) ARSs
same running
conditions.
A mathematical model =~ COP is about 10 percent
Zhu and Gu, is created to test the higher than the ones for the
NH;/NaSCN
(2009) system features and NH;/H,O at identical
performance conditions.
Double-effect ARSs COP is higher for the
Won and
H,0O/LiCl utilized for computer H,O/LiCl than for the
Lee, (1991) )
simulation H,O/LiBr
A computer simulation
Higher COP and lower f for
that is founded on mass,
Won et al., H,O/LiBr-LiSCN mixture
H,O/LiBr-LiScN  material., and heat )
(1991) than for the H2O/LiBr or for
balance correlations for
the H,O/LiCl
each part of ARS
Different running The suggested working
conditions [ 2<Te<14 mixture was established to be
) °C, 30<Ta<50 °C, viable to the cycle operation
Lee etal., H,O/LiBr-
] o 30<Tc<50 °C, of an air-refrigerated
(2000) LiNO;-Lil-LiCl o ) ] )
(crystallization limit)] absorption chiller with no
by a computer crystallization issue at a
simulation higher absorber temperature
Thermodynamically
) analyses of a double ) )
Cai et al,, NH3/NaSCN, o Higher performance with
_ effect ARS is driven by )
(20 1 5) NH3/LINO3 . NH3/N8,SCN than NH3/LINO3
a high-temperature heat
resource
Iyoki and H,O/LiBr- A theoretical analyses The quaternary working
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Uemura, ZnCl,—CaBr, of a single-stage ARS solution produced a bigger
(1990) utilizing the enthalpies  performance than H,O/LiBr
at different
temperatures, pressures,
and absorbent
concentrations
A theoretical and
NH;/H,0, ) ARS performance with
] experimental study )
Sun, (1998) NH;/LiNO;, ) NH;/NaSCN is better than that
performed for single ) )
NH;3/NaSCN with NH3/LiNOs

effect ARS

Bourouis et H,O/LiBr-Lil-

Investigated for air-

cooled absorption air-

Minimal corrosivity, lower
requested generator

temperature, bespoke for

al., (2005) LiNOs-LiCl
conditioning systems systems driven by low-
temperature heat resources
Single effect
laboratory-device
stainless steel (316SS)
inverse osmosis cell Enhancing the coolant
) SEPA CF fitted to separation in the generator,
Steiu et al., ] o ]
(2009) NH;/H,O-NaOH  withstand pressures of ~ minimize generation
up to 69 bar, Max. temperature, COP increased
temperature (°C) 177, by 20% compared to NH3/H,O
Flooding volume (ml)
70, Membrane effective
domain (m’) 155
) Simulation ]
Arivazhagan ] o Performance enhanced with
nvestigations
etal., R134a/DMAC the R134a/DMAC contrasted
performed on a half
effect ARS
low operating The mixture is suitable to
Ajib and
temperatures (47-60 operate ARS at low
Karno, acetone /ZnBr, o
°C) utilizing the flat temperatures (more than 50
(2008)
plate solar collectors °C)
Donate et Single effect The efficiency enhanced
LiBr/NaK ) ) )
al., (20006) conventional ARS, the  slightly; lower running
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experimental device temperature needed
was prepared out to
gain equilibrium data

with accuracy

H,O/LiBr-Lil-LiNO;-LiCl

Arshi Banu ) will execute better at all the
) ) Single-effect ARS of )
and H,0O/LiBr-Lil- running temperatures and the
] ) one-ton capacity for )
Sudharsan,  LiNOs—LiCl ) o running temperature average
air-cooled applications ]
(2017) is higher than the H2O/LiBr
system

Different devices in )
) Improving the thermal
laboratory condtiins
effectiveness of the ionic fluid
) were used to test the
Bai et al., [Na(TX- systems and resolves the
thermophysical o
(2021) 7)]SCN/NH; crystallization issue of

properties then the )
NaSCN/NH; and LiBr/H,O
simulation model was
systems
performed.

Boiling temperature
55.3,58.7,62.5 °C,
Boiling pressure 1.2,
1.3, 1.4 (MPa), Inlet
solution concentration

Well to the application of
11.1%, Mass flux of

R290/POE-oil refrigeration
Zhou et al., solution 166, 221, 276,
R290/POE-oil - fluid and the design and
(2021) 332,387 (kgm™s"),
Heat flux 1.00-30.74
(kW m™), Exit vapor

quality 0.032-0.071,

enhancement of the finned-

tube generators in ARSs

Heating water volume
flow rate 0.029-0.084
(m’ h™)

2.3.2. Nanofluids

Nanofluid is an advanced type of fluid, which contains nanometer-sized particles

that are named nanoparticles. Nanoparticles improve the features of the conventional
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working solutions. Recently, nanorefrigerant has become participation in many
experimental and theoretical studies of refrigeration systems because of a reduction
in energy resources and environmental considerations, (Singh et al., 2015). It is
known that nanorefrigerant obtained from metal oxides which are added into
coolant/absorber base-fluid in a definite measure and size could absorb heat better,
and it could back up the better separation of the coolant from absorber in the
generator. Thus, the required generator temperature is achieved rapidly by using
minimal energy from low-temperature thermal resources, and the system fetches

more energy saving, (Mahbubal et al., 2013).

2.3.2.1. Preparation and Characterization

The preparation process of the nanofluids is the main and most substantial aspect
which influences the stability and features of them. this process needs specific ways
for fulfilling regular and stable mixtures with minimal agglomeration and
sedimentation troubles. Nanofluids are obtained by dispersing metal oxides, metal.,
or non-metals of nanoparticles in the base-fluid like water and brine. Preparing of
nanofluids with water and brine as base-fluids have been briefed by many
researchers for example (Saidur et al., 2011; Fan et al., 2011; Philip et al., 2012;
Tiwari et al.,, 2012; Kumar et al., 2014; Lin et al.,, 2015; Sridhara et al., 2015;
Nourafkana et al., 2017).

Nanopart.icle Preparation and
preparation mixing of basefluid,

7 . nanoparticle and
surfactant
(SEM, TEM,
XRD, etc)
Mixing (Magnetic

Stirring) v
Characterization
of nanofluid

Ultrasonication

Characterization

of nanofluid A 4
Nanofluid for use
Nanofluid for use

FOR TWO STEP METHOD FOR ONE STEP METHOD

Figure 2.3. Flowchart for producing nanofluids (Bhattad et al., 2018)
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As is shown in Figure 2.3., the single-step method and the two-step one are
fundamentally the two methods for preparing nanofluids, chemically or
mechanically. Nanoparticles are obtained and dispersed in a mixture jointly in the
single-step method. While, for the two-step method, nanoparticles are obtained and
thereafter dispersed afterward preserving the stability of nanofluids, (Bhattad et al.,
2018).

2.3.2.2. Thermal Conductivity of Nanofluids

The first and the most influential step on the heat transfer process effectiveness
for improving DARSs is enhancing thermal conductivity which in its turn depends
on many parameters such as volumetric distribution, temperature, particle size,
particle shape, pH value, additive and preparation method (Fan et al., 2011; Philip et
al., 2012; Tiwari et al., 2012; Sridhara et al., 2015; Solangi et al., 2015;
Angayarkanni et al., 2015; Azmi et al., 2016). Lee et al. (2010) found that the
absorption rate and the heat transfer rate of Ammonium-Water nanofluid with
0.002% Al,Os; nanoparticles were 29% and 18% higher, respectively than
Ammonium-Water without nanoparticles, and the NH3/H,O nanofluid with 0.002%
Al,O; nanoparticles was the most suitable candidate for improving water absorption
performance. Yang et al., (2011) conducted comparative experiments with NH3/H,O
and NH3/H,O solutions containing various nanoparticles. They presented that the
effective absorption rate can be increased by 70% and 50%, respectively, with Fe,O;
and ZnFe,04 nanofluids, while the initial mass fraction of NHj is 15%. Enhancing
the heat transfer properties of a single-type of liquid by adding nanoparticles has
been studied by many researchers. Choi, (1995) reported that the thermal
conductivity of the basic fluid increased by 40% using low concentrations of
nanoparticles and nanotubes. Keblinski et al., (2002) proposed potential mechanisms
for increasing thermal conductivity, such as Brownian motion, fluid layers, and
nanoparticle aggregation, to explain Choi's experimental results. Furthermore, You et
al., (2003) notified that the critical heat stream in pool boiling of Al,O3 nanofluids
increased hugely (approximately 200%) compared with the pure water state. Kim et
al.,, (2004) studied the convective instability caused by the buoyancy and heat
transfer features of nanofluids. Xuehu et al., (2007) used CNT- NHj; nanofluids
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(binary nanofluids). The thermal conductivity of binary nanofluids and the
improvement of the bubble absorption process have been experimentally studied.
The results showed that the thermal conductivity of the CNT/NH; nanofluid was
16% higher than that of the NH3/H,O solution. In addition, CNT/NH; greatly
increased the absorption of NH3/H,O of the nanofluid. Yang et al., (2012) prepared
various types of nanofluids by mix up polyacrylic acid (PAA) and Al,O3
nanoparticles with polyethylene glycol (PEG 1000), also, TiN, and SiC, with PEG
10000 to the hydroxyapatite NH3/H,O solution, respectively. Results showed that
thermal conductivity enhanced by increasing the nanoparticle content and the
temperature and by decreasing the nanoparticle volume. For the given nanoparticle
materials and the base-fluids, the thermal conductivity ratio of the nanofluid
increased as the content nanoparticle and temperature of the NH3/H,O fluid increased
and decreased as the increase in the nanoparticle's size. Also, the thermal
conductivity rate increases as enhancing the stability of nanoparticles in the base-
fluid, by adding surfactants, or by choosing the ammonia content appropriate to the
fluid. Cuenca et al., (2014) experimentally studied the enhancement of thermal
conductivity by adding CNT in the working pairs (NH3/LiNO3). This study showed
that a stable dispersion of CNTs in the elementary fluid can be achieved by surface
modification of CNTs through oxidation. The highest thermal conductivity value was
obtained by combining 0.01wt.% of CNTs in 40 wt.% of NHj base-fluid. The
maximum measured increase here was 7.5% higher than the NH3;/LiNO3 solution.
Mohammed et al, (2019) examined experimentally graphene/acetone/ZnBr,
nanofluid in a rectangular duct. The results show that as increasing the nanoparticle
concentration from 0 to 05 vol.%, heat flow and heat transfer coefficient on the
heated surface of the rectangular duct increase from 8638 W m™ and 106 W m™ K to
13164 W m” and 167 W m™ K, respectively. Mohammed et al., (2020) studied else
experimentally the thermal conductivity property of ZnO-acetone/ZnBr, nanofluid.
The thermal conductivity enhancement reached 10.53% at utilization 1.2 vol.% of
ZnO nanoparticles concentration in acetone/ZnBr, base-fluid. Niu et al., (2007),
experimentally, proved that the absorption of ammonia-based falling-film absorption
fluids is weakened in the magnetic field aligned in the same direction as the vertical
film, while the increase in the magnetic field accelerated in the opposite direction to
the vertical film. Elsafty and Al-Dain, (2002) investigated, experimentally, the

influence of a magnetic field on the vapor absorption process with lithium bromide
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working solution containing surfactants. The results showed that the absorption rate
increased by approximately 22% using the magnetic field at the initial 61% aqueous
lithium bromide concentration. In addition, the researchers explained the instability
of the Marangoni convection in the system because of “salting-out effect” and the
“spreading effect”. Nouratkan et al., (2019) have investigated the photo-thermal
conversion features of a long-term and the stability against the agglomeration and
sedimentation of a stable nanofluid (nanosize particles in 50 wt.% lithium bromide of
water-lithium bromide base-fluid). Experimental results represented that the utilize
of nanofluid could considerably enhance the light-trapping efficiency and, therefore,
the bulk temperature, which in turn could enhance the evaporation average because
of surface centralized heat generation.

Nourafkana et al., (2017) developed a method (Microemulsion mediated
method) for the synthesis and dispersion of Fe;O4 nanoparticles in a high-ionic
medium of water-lithium bromide as a base-fluid. Nanoparticle samples analysis in
the presence of lithium bromide (TEM, observation, and LUMiSizer) showed
stability over a long period (> 6 months). Steric repulsion is defined as the main
mechanism of stability of nanoparticles, verified by the DLVO theory. Wu et al.,
(2013) examined the addition of Fe;04- NH3/H;0 nanoferrofluid with the application
of an external magnetic field as a new method to increase the absorption in a bubble-
type absorber and conducted a detailed experimental study of its effects on bubble
absorption. The results showed that the combination of an external magnetic field
and nanoferrofluids significantly enhancement in NH3/H,O bubble absorption and
the reached enhancement in co-use under the same conditions was better than using
each separately. The optimal concentration of nanoferrofluid was determined in the
investigated range to achieve better improvement and found that the absorption was
further improved by increasing the magnetic field intensity at constant nanoferrofluid
concentration. Initially, the effective absorption rate at 20 wt.% of NH3, 0.10 wt.% of
Fe;04 nanoparticles, and 280 mT external magnetic field intensity reached 1.0812 +
0.0001 under adiabatic conditions. Finally, the researchers debated the absorption
enhancement technique and the external magnetic field with nanoferrofluids in such

a system.

2.4. Modeling of DARS
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The bubble pump of DARS is briefly a tube immersed in the generator, different
configurations of the bubble pump have been studied in the literature experimentally
and through CFD for DARS, (Demir et al., 2016; Zohar et al., 2008). Bubble pump
of DARS had been run with H,O/LiBr as a binary working solution, (Pfaff et al.,
1998). They developed a mathematical model using the manometer principle to
predict the performance of the bubble pump. The pumping action increases as the
heat supply increases and decreases as the tube diameter increases. Benhmidene et
al., (2010) checked the bubble pumps for heating. Initially, the first versions of such
pumps were represented as a single lifting tube providing heat for the reservoir at the
bottom, into which the end of the pipe was immersed. Later, other configurations of
lift tubes emerged but were combined with solar collectors, waste heat exchangers,
or other types of heat generators. Zohar et al., (2008) achieved a thermal
investigation of the effects of three different generator and bubble pump
combinations on the efficiency of DARS and found that the system which combines
the generator and bubble pump was the best. Soo et al., (2013) conducted a multi-
axis CFD study of a saturated flow boiling heat flow in DARS's bubble pump. The
geometric configuration of the pump is a vertical tube and heat is regularly supplied
from the boundary surfaces along with the pump. The results showed that it is more
realistic in terms of performance than one-dimensional numerical studies. It is
possible to treat nanoferrofluid as a single-phase flow with an acceptable error due to
the nanosize of Fe;O4 particles, (Xuan et al., 2000). CFD is a theoretical method of
scientific and engineering research. It deals with heat and mass transfer problems as
well as fluid dynamics, (Sharma et al., 2015). Mohammed et al., (2018) examined the
flow of ZnO nanoparticles and acetone/ZnBr, solution in a flat tube using CFD. The
simulation results showed a promising improvement in the overall performance of
the heat transfer of ARS with nanoparticles. Where the improvement of up to 180%
of the base-fluid was achieved only with a 1.5 vol.% of particles. The concentration
of the salt in the base-fluid together with the nanoparticle concentration has an
important influence on the heat transfer improvement. On the other hand, Niu et al.,
(2007) investigated the effects of an external magnetic field on absorption properties
of nanoferrofluids with NH3/H,O base-fluid by numerical simulation through
theoretical macro modeling, momentum analysis, heat and mass transfer
characteristics in ammonia vertical film process under the influence of the magnetic

field. The results had positive effects by the magnetic field on ammonia falling-film
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absorption. Jemaa et al., (2018) have presented an experimental investigation on
DARS and improve a theoretical simulation model of the system utilizing the flow-
sheeting software HYSYS. The calculated results presented good approval with the
experimental data showed that the model represents completely well the machine.
Aman et al., (2018) have performed a dimensional analysis of a bubble pump, and a
mathematical model has been advanced to illustrate the bubble pump effectiveness
with terms of non-dimensional numbers, which is able to utilize in all bubble pump-
driven DARS. the results showed that the operating occurs at a Reynolds number of
more than 104. The efficiency of the bubble pump (79%) is carried out at a high fluid
Froude number. Harraz et al., (2019) have developed a SAFT-y Mie group-
contribution equation of case that has been utilized to estimate the thermodynamic
properties of the refrigeration working solution performed within a thermodynamic
model of DARS. For heat supply from 150 to 500 W, the COP extended between
0.15 and 0.24 with the highest COP at a generator heat-supply of 250 W. Lee et al.,,
(2020) have investigated an R600a/n-octane as a new refrigerant/absorbent binary
working solution for DARS through numerical analysis. The results showed that
R600a/n-octane has considerable potential for DARS application, as the highest COP
of 0.162 is reached at a running temperature of 100 °C, making it more suitable than
other low-GWP refrigerant working solutions and usable for solar cooling.

Table 2.3. summarizes the preparation of the last investigations of

nanorefrigerants in ARSs and DARSs.

Table 2.3. Summary of the used nanofluids in ARSs and DARSs

Author,
Nanorefrigerant Operating Conditions  Observations
Year
¢NH3: 30, 40 & 50
wt.%; D@cyr=0.02, 0.04, The best improvement in the
Cuenca et

0.08 & 0.8 vol.%. D= thermal conductivity of 7.5%
20-30 nm, D= 5-10 with 0.01 wt% of CNTs in the
nm, L= 10-30 um, T= base-fluid of 40 wt.% NH;
303.15-353.15K

al., (2014)  CNT-NH,/LiNO;

Dnis=20%; Dcpnr=0- The heat transfer average and
Lee et al., Al,O; & CNT-

(2010) NH/H,O 0.08 vol.%; @105=0- absorption average with 0.02
3 2

0.06 vol.% vol.% Al,Os nanoparticles
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were obtained to be 29% and
18% better than those without

nanoparticles, respectively

Enhancement in COP and

So6zen et Drnps=20%; D y205= 2%  ECOP by 55.56% and 22.8%,
Al,0;-NH;5/H,0 )
al., (2015) of 170 ml; D= 14 um. respectively, and decrease f
by 51.72%.
The results illustrate that the
The concentration of addition of surfactants and
Kimetal., ALO; Cu& )
NH; and surfactants are nanoparticles enhances the
(2007) CuO-NH3/H,0 ] )
the key parameters. absorption effectiveness up to
5.32 times.
ALO; & PAA-
NH;/H,0,
] Results showed that thermal
TiO, & PEG Mass fraction of NH,-
i conductivity enhances by
1000 -NH3/H20, Hzo, A1203, T102 and . " .
YANG et ) i increasing the nanoparticle
TiN, SiC, PEG 10000 are 0-25 %,
al., (2012) content and the temperature
hydroxyapatite & 0.3 %, 0.25% and 0.5 % )
_ and by decreasing the
PEG 1000-NHj; respectively, T=20 °C _
nanoparticle volume
/H,0,
respectively,
Changwei The highest absorption
Mono silver Ag- ) )
et al. D ,,=0.02 wt.% average improvement is
NH;/H,O
(2012) spotted to be 55%
The thermal conductivity of
¢NH3: 12.5 & 25 %, c .
Xuehu et the CNTs- NH; nanofluid is
CNTs- NHy/H,O @y =0.05 %, T=10 —
al. (2007) 40°C better by 16% than that of
NH;/H,0O solution.
The joint influence of the
nanoferrofluid and the external
Dns=20 %, magnetic field considerably
Wu et al. Dro30/~0.10%, An improved NH;3/H,0 bubble
FG3O4-NH3/H20 . .
(2013) external magnetic field  absorption, and the

intensity of 280 mT

improvement of the combined
factors was bigger than that by

either factor alone in the same
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conditions.

Nourafkana The created nanoparticles

et al. Fe;04- H,O/LiBr  @;,5.=20 to 50 wt.% illustrated the best stability

(2017) against agglomeration
The CFD simulation results
showed that The overall
performance of the solution

Mohammed

| ZnO- Dyp2 =50 wt.% , with the nanoparticles shows
et al.

2018) acetone/ZnBr, Dy0=15wt.% an enhancement of up to 180%
of base fluid can be achieved
with only 1.5% volume
fraction of particles.

Drios = 0.1 wt.% - 0.3 wt.%,
) COP enhanced by 27% by

Jiang et al. & 0.5 wt.%.

TiO,-NH3/H,O adding TiO, particles to the

(20 1 9) Drios =0.5wt.% &
base-fluid

¢SDBS:0'02 wt.%
By increasing the nanoparticle
concentration from 0 to 05
vol%, heat flow and heat

Mohammed transfer coefficient on the

Graphene- 50 wt.% ZnBry, Dgrapiene

et al. heated surface of the

acetone/ZnBr, =0 to 05 vol.%, )

(2019) rectangular duct increase from
8638 W/m’ and 106 W/m* K
to 13164 W/m* and 167
W/m” K, respectively
The thermal conductivity

Mohammed enhancement reached 10.53%

Zn0O- D2 = 40 wt.% - 65 wt.%, o
et al. at utilization 1.2 vol.% of ZnO
acetone/ZnBr, Dy,0= 0-1.2 vol.% ) o
(2020) nanoparticles concentration in

acetone/ZnBr, base-fluid.
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3. MATERIALS AND METHODS
3.1. Studied Working Solutions

3.1.1. Fe;04 — acetone/Znbr, Nanoferrofluid

A unique type of nanofluids is nanoferrofluid. Nanoferrofluids content
ferromagnetic nanoparticles that exhibit higher thermophysical properties,
(Nourafkana et al., 2017; Hodenius et al., 2008). The problem with magnetic
particles is that the long-range magnetic forces always will overcome any charge
(‘electrostatic') stabilization attempts, and Van der Waals forces are always attractive.
If it is wanted to prevent agglomeration, we have to modify the surface of magnetite
nanoparticles. Unless it is attached to any ligand to the particles, they will tend to
agglomerate eventually. One route to stabilization is steric and a polymer such as
PEG or PEI on the nanoparticles, (Markhulia, 2016). Farhanian et al., (2018) had
studied a new methodology that drives to an active covering with a thickness of 1.4—
10 nm, assured by HRTEM and TGA. XPS and TOF-SIMS description confirms that
the covering has consisted of both aliphatic and polymerized carbon chains, with
combined organometallic bands and oxygen-containing moieties. There are other
studied routes to stabilization by applying magnetic vortex or sonication (which both
methods will be performed in this project). The magnetic vortex method to
stabilization had investigated by Wu et al, (2013), the addition of a Fe;O4
nanoferrofluid in incorporation with the applying of an external magnetic field as a
novel method for improving the absorption in an ammonia-water bubble pump
absorber and carried out an exhaustive experimental investigation of its influence on
the bubble absorption process. The results represented that the incorporation
influence of the nanoferrofluid and the external magnetic field considerably
improved ammonia-water bubble absorption. Furthermore, results refer to that
thermal forces can deactivate agglomerates when the rate of thermal energy to
dipole-dipole contact energy turns into more than unity, (Chuncheng et al., 2014).

From the other side, Problems with acetone include high volatility,
flammability, low density, low viscosity, difficulty in adding ionic components
(insolubility), no concept of pH and difficulty manipulating the external continuous
phase, hardening of many plastics used in beakers and tubing. But a sufficient

dispersivity of acetone or of any medium has acetone as a component in it (such as
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the used solution in this study) for many oxides has been documented in the
literature, (Abe and Narita, 1997). Where the magnetite particles are scattered in
acetone and detached by filtrate easily, (Koikea and Abeb, 2004). In Ajib and
Karno's study (2008), the dissolubility experiments of acetone/ZnBr, working
solution have shown that with a concentration of 30% of ZnBr, almost all of the
acetone has been vaporized at experimental conditions 50 °C and a 750 mbar. Other
samples have been investigated with different experiment conditions, it had
satisfying results too. Therefore, this working solution is attractive for being a
cooling mixture fluid in DARSs driven by different low temperatures sources.

The main objective of this step of the research is to perform the visual inspection
of nanoparticle stability ad thermophysical analyses for the mixture of working
solutions of (Fe;O,4 — acetone/ZnBr;) and examine its efficiency characteristics as a
nanoferrofluid for use in DARS. Where before using any binary fluid in DARS, it is
very necessary to investigate its thermophysical properties and its chemical
steadiness. These properties have a major effect on the COP efficiency of the DARS
and on the wanted running temperatures, (Al-Najjar, 2002). Only one experimental
investigation has been performed to determine the thermophysical properties of the
suggested acetone/ZnBr, solution, (Ajib and Karno, 2008). And just one more
researcher studied the thermophysical properties of the suggested working solutions
as nanofluids by using ZnO and Graphene in two separated investigations as
suspension nanoparticles, (Mohammed et al., 2019; Mohammed et al., 2020). At the
same time, No previous study has tested the nanoferrofluid based acetone/ZnBr, as it
is performed in this work. So this work can be considered a investigation of a new
nanoferrofluid and a continuation of the two previous works. Thermophysical
analyses (density, specific heat capacity, dynamic viscosity, and thermal
conductivity) were achieved to give us a base for using it to find the optimal mixture
of working solution of (Fe;Os—acetone/ZnBr;) and examine its efficiency
characteristics as a nanoferrofluid for a laboratory DARS driven by different low
temperatures sources. It shows also an investigation of (Fe;Os-acetone/ZnBr,) as a
nanoferrofluid including the preparation, stability, structure, and properties. The
thermophysical properties are tested at a liquid saturated case at the atmospheric
pressure or vapor pressure. The uncertainties for the experiments were relying on the

tested properties and on the used devices.
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3.1.2. Preparation of Fe;0,4 — acetone/Znbr,

The most critical step during the investigation of the nanofluid is its preparation
process as it influences the stability and properties of nanofluid. The elaboration of
nanofluid needs some distinctive ways for less agglomeration and sedimentation
problems. Basically, nanofluid is created by dispersing metal., metal oxides, non-
metals in base-fluids such as water and brine. Water and brine-based nanofluids
elaboration have been described in the literature such as (Saidur et al., 2011; Kumar
et al., 2014; Lin et al., 2015; Fan et al., 2011; Philip et al., 2012; Tiwari et al., 2012;
Sridhara et al., 2015; Nourafkana et al., 2017). Fundamentally, the preparation of
nanofluid is summarized in two processes: single-step process and a two-step
process. These can be performed by utilizing the chemical method or mechanical
one. In the single-step, process nanoparticles are synthesized and dispersed in the
liquid simultaneously. In the two-step, process nanoparticles are synthesized
separately then dispersed in a base-fluid and maintaining its stability. the one-step
process is better in terms of nanoparticle agglomeration. But for the two-step process
is easier for obtaining, especially when the researchers who work on this project have
no enough experience in the chemistry field.

The nanoferrofluid (Fe;O4-acetone/ZnBr;) is prepared with different fraction
mass concentrations (40 wt.% - 65 wt.% of ZnBr,, 0,05 wt.% - 0.2 wt.% of Fe;0,)
using the two-step process. The experiments are designed to see how effects of
various concentrations of the nanoferrofluid mixture and to obtain the optimal
concentration of the nanoferrofluid components which will be used in DARS
depending on its physical-properties. The most effective approache for enhancing
nanoparticle suspension is prepared as follows; The nanoferrofluid samples are left in
an ultrasonic device (bath type, 40 kHz, 160 W, model HY- 6 Lt D) produced by HI
TEKNOLOIJI LTD for 2 hours, (Hyteknoloji Limited, 2020).

The mixture is cooled down in certain time periods during mixing because the
heating of metal particles would lead to the evaporation of refrigerant in the mixture.
dispersion behavior. During preparing the based-fluid working solution heat is
emitted from the mixture because of the dissolve reaction, may reach 65°C
depending on added ZnBr, concentration to the acetone. (Mohammed et al., 2020).
In order to understand the dispersion characteristics of the Fe;O4 nanoparticles in the

solutions for the experiments (without a magnetic field before using the solution in
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the DARS with an external magnetic field) a Scanning Electron Microscope (SEM)
analysis of the nanoferrofluid samples is carried out. The nanoferrofluid was also
compared after the sonication process in a visible way using sedimentation by
gravitation over time between several samples with different concentrations of Fe;O4
and with a non-sonicated sample. Then testing the density, heat capacity, thermal
conductivity, and viscosity which their results are compared with those were found in
the previous literature (Ajib and Karno, 2008; Mohammed et al., 2020) for the same

acetone/ZnBr, base-fluid.

3.1.3. Fe;04_NH;3/H,0 Nanoferrofluid

Through the years, there has been considerable technology employment and
huge investigation interest in the single-stage DARS using NH3/H,O (The coolant is
pure water) as the working mixture. This is because of the chemical stability of the
mixture within a major average of running pressures and temperatures. Also, it has
the ability to be used under altitude running pressure (15 bar in the diffusion
absorption cycle) driven by low-temperature heat resources. This availability does
not exist in most conventional working solutions whose absorbent is a salt, thus they
are not suitable for use as working solutions in this kind of cycle. Ammonia has
good thermal properties represented by a high potential vaporization heat and a low
icing point (77 °C) showing it as eligible to utilize in other purposes driven by low
evaporation temperatures. A rectifier is utilized to separate the water that vaporized
with the ammonia because of NH3/H,O volatilization, which increases the amount of
heat waste and decreases general effectiveness. In addition, NH3/H,O has the feature
of non-influencing the environment and its prices are 10-20% lower than synthetic
coolants, (McLinden et al., 1998). The thermophysical and thermodynamic
properties of NH3/H,O can be acquired from various resources, (King et al., 1930;
Ziegler and Trepp, 1984; El-Sayed and Tribus, 1985; Herold et al., 1988; Park et al.,
1990; Conde-Petit, 2004; Mohd Razif et al., 2015). Disadvantages of utilizing
NH3/H;O as a working mixture are poisoning, and corrosive act on copper or copper
alloys, chaining its utility to materials like carbon steel. Newly, Refrigeration binary
fluids that have dispersed nanoparticles (called nanofluids) or hybrid nanofluids have
acquired an interest in refrigeration and air conditioning fields due to their excellent

thermophysical properties which make it used in these kinds of systems with many
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studies for performance improvement, (Lee et al., 2010; Yang et al., 2011; Wu et al.,
2010; Cuenca et al., 2014; Sozen et al., 2015). Yang et al., (2012) prepared various
types of nanofluids by mix up polyacrylic acid (PAA) and Al,O; nanoparticles with
polyethylene glycol (PEG 1000), also, TiN, and SiC, with PEG 10000 to the
hydroxyapatite NH3/H,O solution, respectively. Results showed that thermal
conductivity enhanced by increasing the nanoparticle content and the temperature
and by decreasing the nanoparticle volume. For the given nanoparticle materials and
the base-fluids, the thermal conductivity ratio of the nanofluid increased as the
content nanoparticle and temperature of the NH3/H,O fluid increased and decreased
as the increase in the nanoparticle's size. Also, the thermal conductivity rate increases
as enhancing the stability of nanoparticles in the base-fluid, by adding surfactants, or
by choosing the ammonia content appropriate to the fluid. Changwei et al., (2012)
used silver (Ag) as a nanoparticle to prepare binary nanofluids (NHs/H,O binary
mixture with Ag nanoparticles) for applying in the bubble absorber. The
measurement uncertainty in the repeatability of absorption average was treated as
2.80%. NH3/H,O bubble absorption experiments were executed in two steps, with
and without refrigerant. The results presented that the mass transfer in nanofluids
increased compared to that without refrigerant.

A unique type of nanofluids is nanoferrofluids. Nanoferrofluids content
ferromagnetic nanoparticles that exhibit higher thermophysical properties,
(Nourafkana et al., 2017; Hodenius et al., 2008). Aghayari et al., (2015) have
investigated the synthesis and thermophysical properties inclusive thermal
conductivity and viscosity of Fe;O4 nanoferrofluid (water is base-fluid). Testing
different properties of nanoferrofluids results show that the thermal conductivity,
electrical conductivity, and viscosity of nanoferrofluids increase with increasing the
nanoparticle volume concentration.

The problem with magnetic particles is that the long-range magnetic forces
always will overcome any charge (‘'electrostatic') stabilization attempts, and van der
Waals forces are always attractive. If it is wanted to prevent agglomeration, we have
to modify the surface of magnetite nanoparticles. Unless it is attached to any ligand
to the particles, they will tend to agglomerate eventually. One route to stabilization is
steric and a polymer such as PEG or PEI on the nanoparticles, (Markhulia, 2016).
Farhanian et al., (2018) had studied a new methodology that drives to an active

covering with a thickness of 1.4-10 nm, assured by HRTEM and TGA. XPS and
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TOF-SIMS description confirms that the covering has consisted of both aliphatic and
polymerized carbon chains, with combined organometallic bands and oxygen-
containing moieties. There are other studied routes to stabilization by applying
magnetic vortex or sonication. The magnetic vortex method to stabilization had
investigated by Wu et al.,, (2013). The addition of a Fe;Os nanoferrofluid in
incorporation with the applying of an external magnetic field as a novel method for
improving the absorption in an ammonia-water bubble pump absorber and carried
out an exhaustive experimental investigation of its influence on the bubble
absorption process. The results represented that the incorporation influence of the
nanoferrofluid and the external magnetic field considerably improved ammonia-
water bubble absorption. Furthermore, results refer to that thermal forces can
deactivate agglomerates when the rate of thermal energy to dipole-dipole contact
energy turns into more than unity, (Chuncheng et al., 2014).

The main objective of this step of the research is to perform the visual inspection
of nanoparticle stability, which are dispersed in the base-fluid by using a mechanical
method, and thermophysical analysis for the mixture of working solutions of (Fe;O; -
NH3/H,0) and examine its efficiency characteristics as a nanoferrofluid for use in
DARS. To our knowledge, no thermal conductivity data, and also no experimental
viscosity data of nanoferrofluid based ammonia-water refrigeration working solution
are available in the literature. Before using any binary fluid in DARS, it is very
necessary to investigate its thermophysical properties and its chemical steadiness.
These properties have a significant effect on the COP efficiency of the DARS and on
the wanted running temperatures, (Al-Najjar, 2002). Thermophysical analyses
(density, specific heat capacity, dynamic viscosity, and thermal conductivity) were
achieved to give a base for finding the optimal mixture of working solution of
(Fe3;04-NH3/H,0) and examine its efficiency characteristics as a nanoferrofluid as a
candidate binary solution for use in DARS driven by different low-temperatures
sources. It shows also an investigation of (Fe3;O4-NH3/H,O) as a nanoferrofluid
including the preparation, stability, structure, and properties. The thermophysical
properties are tested at a liquid saturated case at the atmospheric pressure or vapor
pressure. The uncertainties for the experiments were relying on the tested properties

and on the used devices.
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3.1.4. Preparation of Fe;0,_.NH3/H,O

The most critical step during the investigation of the nanofluid is its preparation
process as it influences the stability and properties of nanofluid. The elaboration of
nanofluid needs some distinctive ways for less agglomeration and sedimentation
problems. Basically, nanofluid is created by dispersing metal., metal oxides, non-
metals in base-fluids such as water and brine. Water and brine-based nanofluids
elaboration have been described in the literature such as (Saidur et al., 2011; Kumar
et al., 2014; Lin et al., 2015; Fan et al., 2011; Philip et al., 2012; Tiwari et al., 2012;
Sridhara et al., 2015; Nourafkana et al., 2017). Fundamentally, the preparation of
nanofluid is summarized in two processes: a single-step process and a two-step
process. These can be performed by utilizing the chemical method or mechanical
one. In the single-step, process nanoparticles are synthesized and dispersed in the
liquid simultaneously. In the two-step, process nanoparticles are synthesized
separately then dispersed in a base-fluid and maintaining its stability. the one-step
process is better in terms of nanoparticle agglomeration. But for the two-step process
is easier for obtaining, especially when the researchers who work on this project have
no enough experience in the chemistry field.

The nanoferrofluid (Fe;O4-NH3/H,0) is prepared with different fraction mass
concentrations (25% of ammonia and 75% of distilled water, 0.05, 0.1, 0,15, and 0.2
wt.% of Fe;0,4) using the two-step process. The experiments are designed to see how
effects of various concentrations of the nanoferrofluid mixture and to obtain the
optimal concentration of the nanoferrofluid components which will be candidate for
using in DARS depending on its physical properties. The most effective approach for
enhancing nanoparticle suspension is prepared as follows; The nanoferrofluid
samples are left in an ultrasonic device (bath type, 40 kHz, 160 W, model HY- 6 Lt
D) produced by HI TEKNOLOJI LTD for 2 hours and one sample for 3 hours,
(Hyteknoloji Limited, 2020).

The mixture is cooled down in certain time periods during mixing because the
heating of metal particles would lead to the evaporation of refrigerant in the mixture.
dispersion behavior. During preparing the based-fluid working solution heat is
emitted from the mixture because of the dissolve reaction, may reach 65°C. In order
to understand the dispersion characteristics of the Fe;O4 nanoparticles in the

solutions for the experiments SEM analysis of the nanoferrofluid samples is carried
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out. The tested nanoferrofluid samples with different concentrations after the two
hours sonication process in a visible way using sedimentation by gravitation over
time were also compared with the three hours sonicated sample and with non-
sonicated sample. Then testing the density, heat capacity, thermal conductivity, and

viscosity of different concentrations of the nanoferrofluid.

3.1.5. Sources of the Materials

Acetone, ZnBr,;, NH3/H,O (containing 25% of ammonia and 75% of distilled
water), and pure nanoparticles Fe;04 99% (50-100 nm particle size (SEM), 97%
trace metals basis) were ordered from RASAL KIMYA Company Ltd.

3.2. Diffusion Absorption Refrigeration Machines

Diffusion absorption refrigeration machines have advantages such as silent
running where there are no mobile components. No moving parts which meaning low
maintenance cost, extended toughness, and may be operated by different kinds of
heat resources such as waste heat or solar energy. The most important disadvantage
of this type of system is its low efficiency. Refrigerators traditionally founded on this
technology and offering a refrigerating capacity of 200 to 400 W have COP values
between 0.2 and 0.25. Therefore, over the years, studies have been conducted to
achieve a considerable enhancement in energy effectiveness for household
appliances, (Narayankhekar et al., 1985; Gutiérrez, 1998; Smirnov et al., 1996).
However, the highest COP has detected is 0.3. Bubble pump is the most investigated
part of DARSs due to its positive effects on the energy effectiveness of the cycle.
Other investigations have shown that geometrical parameters, the features of the heat
influx system, and the properties of used working solution are factors affecting the
system effectiveness, (Shelton et al., 2002; Benhmidene et al., 2011a, 2011b;
Dammak et al., 2010; Abu-Mulaweh et al., 2011; Abduwadood et al., 2012). Thus,
using an exclusive type of nanofluids as working solutions, which is called
nanoferrofluids, is a new method for improving the overall DARS' performance.

Comparing nanoferrofluids with the other kinds of nanofluids, the features and
advantages of nanoferrofluid are fundamentally incarnated in many aspects, Kim et

al. (2007). Such as nanoferrofluids contain ferromagnetic nanoparticles that exhibit
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higher thermophysical properties, (Hodenius et al. 2008; Nourafkana et al., 2017).
Also, Nanomagnetic fluids are novel functional fluid materials containing a
solid/liquid mixture in which nanomagnetic particles (diameter <100 nm) are
dispersed equally throughout a base-binary working solution to merge the magnetic
features of solid magnetic materials and the flow properties of fluid materials,
(Hodenius et al., 2008). Furthermore, literature has shown that a magnetic fluid in
incorporation with an external magnetic field can be utilized as a new kind of heat
transfer medium to considerably improve and handle the heat transfer operation,
(Ranjan et al., 2004; Li et al., 2009Yu et al., 2010). On the other hand, there have
been also different investigations searching for the ability of nanoferrofluids for
enhancing mass transfer rates, (Olle et al, 2006; Srinivas et al., 2007). Takahashi et
al., (1993), Bashtovoi et al., (1993), Kamiyama and Ishimoto, (1995), and Liu et al.,
(2004) carried out experimental investigations to describe the boiling heat flux
utilizing magnetic fluids (water is the base-fluid), which presented that the boiling
heat transfer characteristics of the magnetic fluids are robustly affected by the
magnetic field. Generally, It is observed that the previous studies of the heat transfer
procedure of magnetic fluid are more limited in the numerical models and fewer in
experimental studies. For example, Niu et al., (2007) investigated the effects of an
external magnetic field on absorption properties of nanoferrofluid with NHs/H,O
base-fluid by numerical simulation through theoretical macro modeling, momentum
analysis, heat and mass transfer characteristics in NHj vertical film process under the
influence of the magnetic field. The results had positive effects by the magnetic field
on NHj falling-film absorption. Wu et al., (2013) examined the addition of Fe;O4-
NH3/H,0 nanoferrofluid with the application of an external magnetic field as a new
method to increase the absorption in a bubble-type absorber and conducted a detailed
experimental study of its effects on bubble absorption. The results showed that the
combination of an external magnetic field and nanoferrofluids significantly
enhancement in NH3/H,O bubble absorption and the reached enhancement in co-use
under the same conditions was better than using each separately. The optimal
concentration of nanoferrofluid was determined in the investigated range to achieve
better improvement and found that the absorption was further improved by
increasing the magnetic field intensity at constant nanoferrofluid concentration.

Initially, the effective absorption rate at 20 wt.% of NHj, 0.10 wt.% of Fe;O4
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nanoparticles, and 280 mT external magnetic field intensity reached 1.0812 + 0.0001
under adiabatic conditions.

In DARSS, utilized inert gas usually is hydrogen for equiponderate the pressure
in the cycle. This gas should have the following characterizations in order to be valid
for use in these kinds of systems: weak density and viscosity, low specific heat
capacity and thermal conductivity, non-solvability, and non-adhesion to construction
substances, (Narayankhekar et al., 1985). Though, its high burn ability problems
border the potential of utilizing this gas with more than a refrigerating capacity of
400 W. For eliminating these disadvantages and for enhancing refrigeration
capabilities, helium, which is used in this study, is suggested as an ideal replacement
for hydrogen, (Narayankhekar et al., 1985; Kouremenos et al., 1988; Kouremenos et
al., 1994; Herold et al., 1994; Zohar et al., 2005). In addition, other ideal gases like
neon and argon have also been investigated as a potential replacement intend of
hydrogen in these types of cycles, fulfilling in very identical effectiveness to those
represented when using the NH3/H,O/H; working solution, (Zohar et al., 2005).

The main objective in this step of the research is studying the validation of using
nanoferrofluids (Fe;Os-acetone/ZnBr, and Fe;O4-NH3/H,O) in DARS, then
presenting an experimental and numerical investigation of obtained enhancement in
DARS' performance by using the valid solution with helium as an inert gas in
accompanying with an external magnetic field, hence illustrating the effect of
performing this mechanism on the heat and mass transfer improvement in the
system's generator. No previous study has tested the wvalidation of using
acetone/ZnBr; as a working solution in DARS. Also, no previous study investigated
the enhancement of COP and ECOP to be obtained by using the nanoferrofluids as
working solutions in DARS under influence of an external magnetic field. The
energy and exergy analyses are completed for each component, including the gas
heat exchanger, experimentally and numerically. Where REFPROP 8.0 software was
used for modeling the different studied cycles of DARS and calculating the
properties of the measuring points of every cycle. The results showed that this study
is an important step on the way of improving the low effectiveness of DARS and
give a good base for more future improvements for this kind of systems by using
nanoferrofluids, thus widely commercially utilization of DARSs in some fields such
as domestic applications or with special usefulness of using them in some areas

which are poor of electricity like war zones. On the other hand, the performed
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theoretical study presents a good mathematical model for more future investigations
depending on different operation conditions in DARS running with the suggested

working solutions.

3.2.1. Experimental Diffusion Absorption Refrigeration Device Setup

The experimental device that is utilized in this study composed of a commercial

refrigerator cycle, model mini-fridge, with a test refrigeration area of 10-liter

capacity as is shown in Figure 3.1.

(@) (b)

Figure 3.1. Experiments device: (a) Front and (b) Back

Within the scope of this study, it is planned to establish an experimental setup
whose schematic representation is given in Figure 3.2. The establishment of this
experimental setup is aimed to start the experiments and to investigate the validation
of using the studied nanoferrofliuds in DARS, then determine the parameters of valid
solution which are listed in Table 5.2. The test procedure to be applied in this
framework is defined as follows. The tested working solutions in the system are the
conventional acetone/ZnBr, binary solution and its nanoferrofluid (Fe;Oq-
acetone/ZnBr,), and conventional NH3/H,O mixture and its nanoferrofluid (Fe;O4-
NH3/H,0). The applied working solutions in DARS for each mixture have the same
amount at the same ambient conditions. The amount of provided energy for each
application and the amount of heat it absorbs both times are equal and constant. The
system has a 75 W electrical heater. The supplied power to the generator was
measured by a wattmeter (Fluke-43b analyser), (Fluke Corporation, 2021). After

every test, acetone was utilized to flush the cycle in case some precipitations or
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nanoparticles attached to the pipes or joints. All necessary changes to be made to the
experimental DARS machine will be made depending on the experimental conditions
including the addition of the external magnetic field. The external magnetic field
intensity is adapted by varying the number of permanent magnet pieces around the
bottom part of the generator-bubble pump component at a constant diameter.

A K-type thermocouple was used for temperature measurement and a Keller PA-
21Y pressure transmitter was used for system pressure measurement. All temperature
and pressure data of the system given in the experiment setup Figure 3.4. were

recorded on the computer with ORDEL UDL 100 Universal Data Logger.

Figure 3.2. Schematic diagram of the experiments set (DARS and the auxiliary equipment)
with an external magnetic field: 1, main Helium storage tank; 2, pressure-control
valve; 3, electromagnetic valve; 4, PID regulator; 5, Helium gas reservoir; 610,
needle valves; 11, pressure signal device; 12, check valve; 13, DARS (test
device); 14, magnetic field device; 15, vacuum pump; 16, working solution
vessel; 17, Heater; 18, pressure sensor; 19, temperature sensor (an example of all
temperature sensors); 20, data acquisition computer; T, temperature signal. P,
pressure signal
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3.2.2. Uncertainty Analysis and Propagation

Depending on the aberration of measured parameters the error analysis and
propagation of the experimental results were specified. Since the measurements of
the temperature of the specified points were not performed near the fluid, and to
prevent the solution leaks from the cycle, the values were obtained from the external
wall of the tubes and wrapped with a thermal insulation plaster. The average of the
measured temperatures by K-type thermocouples was obtained after repeating each
test three times. The nominal power of the used electrical heater in the generator-
bubble pump component equals 75 W. For the overall thermal conductivity in the
experiment, the correlation equation of the uncertainty can be presented as, (S6zen et

al., 2015):

U, = |—+== G3.1)

The thermocouples accuracy was indicated £0.1°C and the wattmeter accuracy
was £0.5 W. Also the cycle running pressure data were recorded every 5 min during
a 2 h period by analog manometer which its accuracy was +0.2 bar. Depending on

Equation (5.1) the uncertainty of the performed experiments have a rate of +3.3%.

3.2.3. Thermodynamic Analysis

Initially, in order to simplify the thermodynamic calculations of DARS the
following necessary assumptions are suggested, (Pitatowsky et al., 2001; Sozen et
al., 2015):

1. The operation occurs by assuming no pressure decline through the pipes
where the pressure in every ingredient is equivalent to the working fluid
vapor pressure. The condenser pressure and the generator pressure, are the
same, also the absorber pressure and the evaporator pressure are the same
during the operation.

2. The heat wastage from the generator to the environment is negligible because
of the isolation.

3. The weak solution and the vapor bubbles leave the generator is at the same

temperature as in the generator.
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4. The pure coolant which quits the condenser is a saturated fluid and its
temperature equal to the condensation temperature 7 onq ,

5. The pure coolant quits the evaporator is saturated vapor and its temperature
equal to the evaporation temperature T,,.

6. The rich solution leaving the reservoir is a completely saturated fluid at the

temperature and concentration that exists in the absorber.

7. Accepting that the mixture of the coolant and auxiliary gas at the entrance of

the evaporator is adiabatic.

8 hy, sp, and Ty are the enthalpy and entropy of the fluid at ambient

temperature.

9. The specific heat capacity is steady for every phase of the working solution.

10. Exergy destruction for some components such as pipelines and reservoir is

negligible.

The energy and exergy analysis of the refrigeration system is performed by
using the concept of mass and energy conservation and the second law of
thermodynamics. The used correlations in the calculations of the cycle are presented
as follows for each component and for the overall cycle according to Figure 3.3.,

(Y1ldiz and Ersoz, 2013).

Figure 3.3. Schematic diagram of the experimental DARS with measurement points
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3.2.3.1. Energy Analysis

a) Generator and bubble pump

The required energy Qg for running the cooling operation and starting
vaporization and separating the coolant from the rich working solution in the bubble
pump is provided by an external electric resistance which is around the bottom part
annular pipe of the generator-bubble pump component. The mass and energy balance

correlations of this component are written as follows:

my, — iy =1, =0 (3.2)
mlaxla - I’i’l3x3 - ch'ch =0 (3'3)
Qgen i l’i/l3 h3 + thch2c - mlahla (3'4)

b) Rectifier

The evaporated fluid which leaving the bubble pump has small drops of
absorbent. In the rectifier, the vapor releases the attached drops back to the generator
again by a partial condensation process, thus, almost pure refrigerant vapor is gained.
The mass flow of the refrigerant vapor and the waste heat to the environment can be
defined from the mass and energy balance correlations of the rectifier component as

follows:

tit, — 1, — it =0 3.5)
1y Xy — 11, X, — 1, X,, =0 3.6)
Qrest = m3h3 - m4ah4a - m4h4 (3'7)

¢) SHX (Solution heat exchanger)

The heat exchanging process happens between the weak working solution
exiting from the generator which has a relatively high temperature and the rich

working solution leaving the absorber which has a low temperature. The mass and
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energy balance and heat flux process correlations of the SHX component are written

as follows:

thy, =, = (3.8)
iy, =1, = 1, (3.9

iy, — 1y, —1it,, =0 (3.10)

Hivy, X, — 1y, X, — 11, X, =0 (3.11)
i, by, — iy by, i1, b, =0 (3.12)

Oy = 1y hyy + it hyy — i hyy — i, by (3.13)

d) Condenser

The coolant exits the rectifier and enters the condenser where condenses to a
liquid under high pressure which is equal to the operating pressure of the system. The
mass and energy balance correlations of the condenser component are presented as

follows:

1, —1it, =0 (3.14)

Qcond = m4h4 - mS hS (3'15)
e) Evaporator

Because the evaporator is full of inert gas the partial pressure of the coolant
liquid, which exits from the condenser at the operating pressure, drops quickly and as
a consequence, the liquid starts evaporating, the cooling effect is obtained and heat is
absorbed from the cooled area. The mass and energy balance correlations of the

evaporator component are presented as follows:

i, + i, —1ity, =0 (3.16)

4

Qevap = m7ah7a _m6ah6a - mighig (3'17)
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f) Absorber

In this component the coolant vapor that comes from the evaporator mixes and is
absorbed from the weak working solution (absorbent) which comes from the
generator. the resulted rich working solution drops to the reservoir. Helium and the
small drops of acetone flow toward the evaporator again. The balance correlations of
mass, energy, and the waste heat to the surrounding of the absorber are presented as
follows:

— i, =0 (3.18)

Hilg + 1, — 1,

a

Qabs = 1y, by, + Mg, g, — gy — mighig (3.19)
g) COP (Coefficient of energy performance)
COP represents the effectiveness of the overall system which is defined as the

gained heat from the cooling area (cooling effect) to the supplied energy to the

generator. COP correlation equation is written as follows:

cop=m

gen (3.20)

3.2.3.2. Exergy Analysis

Exergy is defined as the beneficial work potential of any system at a certain
state. Also, the exergy analysis is an essential part of the overall thermodynamic
analysis of the cycle. Where it completes and presents the unclear aspects of the first
law of thermodynamics. Whereas the main principle of exergy is relying on the first
and second laws of thermodynamics. The energy which is decay in every component
of the cycle may be calculated by the exergy analysis, thus more understanding of the
ables to improve the overall system. Exergy analysis determines the destruction and
losses of exergy in various components and hence the exergetic coefficient of
performance (ECOP) of the overall system, (Mehyo et al., 2018).

The general exergy destruction correlation can be written as follows:
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T _ . . ) ' .
2(1 _70) Qp W+ zminEin - mout out Edes[ (3.21)

p

The general exergy rate equation is expressed as follows:
E =mE =, (h—hy—T,(s—s,)) (3.22)

Considering that the positive direction of heat transfer is to be to the system, the

general generation entropy correlation can be written as follows:

. . . Q
Sgeneratian 2 Zmaut Sou[ - Z m]‘nsin - ZFP (3 '23 )
p

Form equations (3.23), the exergy destruction can be expressed in the following

form:

=7,$ (3:24)

dest 0" generation

The exergy destruction of the different components, the total exergy destruction,

and ECOP equations of the studied DARS are presented in Table 3.1.:

Table 3.1. The exergy destruction equations of the different components, the total exergy

destruction, and ECOP

Component Equation
Generator and bubble . . ) Qgen ]

Edest,gen = 72) m3S3 + chSZC - - mlasla (3'25)
pump gen

: ’ — ' ; Qrect ;
Rectifier Eosivees =Ty | Mys, +11,,8,, + — 1,58, (3.26)
rect
: : . 0
SHX E s = To (mrs (S10 = S11) 701, (519 = 5y,) == | (3.27)
SHX
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Condenser

Evaporator

Absorber

Total exergy destruction

ECOP

Edest,cond = TE) (n./lSSS - % - m4S4J (3.28)

cond
: : . : (O
Edesl,evap = T(') nq7as7a _m6as6a _migsig _T_ (3'29)
evap
: . . O :
Edest,abs =15 | mgsy + m, S, +T__ My, S7, = Mg,Sg, | (3.30)
abs
E“dest,tot = Ea.lest,gen + Edcjst,rect + Edest,SHX + (3.31)
Edest,cond + Edest,evap + Edest,abx
E E
ECOP = —24 =1 ——4otr (3.32)
Ein gen
or,
: T
o)
ECOP=——— %2 (3.33)
T,

Q ” (1 0]
N Tgen

Finally, The circulation ratio of the DARS is defined as follows:

m )
f= m—“ (kgoor koo ™) (3.34)

4
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4. RESULTS AND DISCUSSION

4.1. Fe304_acaetone/ZnBr, Nanoferrofluid Analyses Results

4.1.1.  Stability of Fe3;04_acaetone/ZnBr, Nanoferrofluid

4.1.1.1. Visual Inspection of acetone/ZnBr; Base-fluid

Mohammed et al., (2020) had found that the heat (55 °C) or light (or both of
them) has an effect on changing the color of acetone/ZnBr, and becomes brown over
time. However, in the current study, it is found that even in a dark medium (dimming
by using aluminum paper) with in-room temperature (25 °C), the color of the
solution changes to brown over time as is shown in Figure 4.1. This is due to the

degradation of ZnBr, forming bromine.

\

Wl

4
w -

(After mixing directly) (After 4 days) (After 16 days)

Figure 4.1. Color changes of acetone/ZnBr, solution samples with several concentrations by
the time

4.1.1.2. Dispersion Characteristics of Fe;O, Nanoparticles In the Base-

fluid

As is mentioned before, the problem with magnetic particles is that the long-
range magnetic forces always will overcome any charge (‘electrostatic') stabilization
attempts, and van der Waals forces are always attractive, thus more agglomeration
and sedimentation. For overcoming these forces a sonication process is performed
experimentally on the nanoferrofluid (acetone — ZnBr,/ Fe;O04, 50% ZnBr; of base-
fluid) samples with Fe;O4 nanoparticle concentrations of 0.05, 0.1, 0,15, and 0.2
wt.%.The nanoferrofluid samples are left in an ultrasonic device (bath type, 40 kHz,

160 W, model HY- 6 Lt D) produced by HI TEKNOLOJI LTD for 2 hours,
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(Hyteknoloji Limited, 2020). After several pre-experiments performed on different
samples that had different concentrations of nanoparticles in the used ultrasonic
device with various sonication process periods, it can be inferred the sonication
process time on the nanoferrofluid has no significant influence on the suspension

stability.

4.1.1.3. Visual Inspection of Stability

Figure 4.2. illustrates nanoferrofluid suspensions with several concentrations of
Fe;04. Tube number 5 was prepared without sonication and with 0.1 wt.% of Fe;O4
concentration. It can be seen from Figure 4.2. (a) that the sonication process has an
obvious influence on the samples comparing with tube 5 (non-sonicated sample).
Sonicated samples have less agglomeration and the upper section of tube 5 is,
somewhat, more net than the same section of others over time. On the other hand,
from Figure 4.2. (b, c, d), it can be realized that although there is an increasing trend
to produce bigger agglomerations in samples that have a greater concentration of
nanoparticles, there is no obvious difference in sedimentation in each solution under
natural gravity. These results elucidate that the Fe;O4 nanoferrofluid of
acetone/ZnBr, base-fluid has good dispersion and weak stability characteristics. That
pushes us to use an additional method by applying a magnetic vortex to get good

stability when this nanoferrofluid is applied in the DARS.
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Figure 4.2. Sedimentation and agglomeration of varies concentrations of Fe;O, nanoparticles
in acetone/ZnBr, base-fluid. 1-0.05 wt.%; 2—0.1 wt.%; 3-0.15 wt.%; 4-0.2 wt.%
(with 2 h sonication). 5-0,1 wt.% (without sonication)

4.1.1.4. Examination of the Chemical Surfactant Factors Effects

Three chemical surfactant factors (poly vinyl pyrrolidone (PVP), sodium
dodecyl sulfate (SDS), and polyvinyl alcohol (PVA)) were examined in a try to
enhance the sonicated nanoferrofluid stability. The sample used in this test was a
solution with a 0.1 wt.% concentration of nanoparticles that were prepared with the
same by adding 1 wt.% of the three surfactants separately. Figure 4.3. shows that
these types of surfactants have no useful effect on the dispertion of the nanoparticles

over time. Where directly after the sonication process particles start agglomerating.
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Also, the surfactants cannot dissolve and start to collect on the top of the solution.

Over time these effects become clearer.

PVP SDS PVA

a. After sonication b. 1 hour later c. 3 hours later d. 12 hours later

directly

Figure 4.3. Effects of using different surfactants on the stability of nanoferrofluid (Fe;O, -
acetone/ZnBr,) over time

4.1.1.5. Scanning Electron Microscope (SEM) Analysis

The surface morphology and particle sizes of the samples were carried out using
a high-resolution SEM (JEOL-JSM-7001F) type which exists in Black Sea Advanced
Technology Research and Application Center Laboratories (KITAM) operating at 15
kV. Figure 4.4. shows SEM images of Fe;O4 nanoparticles of 0.1% mass
concentration nanoferrofluid. The images display no clear agglomeration, which
shows the Fe;O4 nanoparticles have almost a typical and random distribution
situation, without a magnetic field, in the liquid. And this distribution occurred after

sonication because of just the nanoparticles' thermal motion.
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Figure 4.4. Various SEM images of Fe;O4 nanoparticles suspension in the acetone/ZnBr,
solution on a carbon film show randomly dispersed particles without any
magnetic field

4.1.2. Thermophysical Properties
4.1.2.1. Density

The measured density of several acetone/ZnBr, concentrations at 25°C in this
study was significantly similar to those investigated by Mohammed et al., (2020) and
dissimilar to which was investigated by Ajib and Karno, (2008). Because of the
increase of the solution volume when the salt (ZnBr;) is added and dissolved in the
solvent (acetone) which was not taken into account in Ajib and Karno study (2008).
During the experiment by taking the volumetric flask error (0.5 to 1%) into
consideration and depending on the volumes used (10 ml sample), Table 4.1.
represents the variation among the measured densities of several acetone/ZnBr,
concentrations as found experimentally in this study and the literature. There is no
previous study about the density of nanoferrofluid in the literature with
acetone/ZnBr, as a base-fluid. Table 4.2. shows increasing in The density of the
nanoferrofluid from 1.366 to 1.606 (g cm™) with an increasing concentration of the

weight fraction from 0.0 to 0.2 wt.% of the added nanoparticles. And also, Figure
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4.5. shows almost identical values of the theoretical density (which set by Equation

1) with experimental ones, (Mohammed et al., 2020).

_t
XL, %
P Py

pl()t = (4.1)

Where the subscripts tot, s, and p indicate nanoferrofluid, base-fluid and
nanoparticles respectively, p and X indicate the density and mass fraction

respectively. p,=5 (g cm™), (Merck KgaA, 2020).

Table 4.1. The density of acetone/ZnBr, with various concentrations of acetone as measured
experimentally in this study at 25 °C and in similar studies

Reported density in  Reported density in  Measured

ZnBr;
(Ajib and Karno, (Mohammed et al., density of this
Concentration s s 3
2008) (g cm™) 2020) (g cm™) study (g cm™)
40 % 1.291 1.164 1.161
45 % 1.420 1.228 1.230
50 % 1.581 1.360 1.366
55 % 1.778 1.426 1.431
60 % 2.013 1.550 1.553
65 % 2.292 1.662 1.663

Table 4.2. The density of the Fe;Oj-acetone/ZnBr, (50 wt.% ZnBr,) with various
concentrations of Fe;O,4 indicated experimentally and theoretically in this study

at 25 °C

Fe;O4 nanoparticles Calculated density Measured density of this
Concentration (wt.%) (theoretically) (g cm™) study (g cm™)

0.00 1.366 1.366

0.05 1.417 1.406

0.1 1.473 1.470

0.15 1.533 1.545

0.2 1.598 1.606
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Figure 4.5. Changes of the nanoferrofluid density with different Fe;O, nanoparticles mass
fraction, experimentally and theoretically

4.1.2.2. Viscosity

The viscosities of several concentrations of acetone/ZnBr, were measured at
25°C, using Thermo Scientific™ HAAKE™ MARS™ 40 Rheometer, (Thermo
Fisher Scientific Inc, 2020). The results of this test have no substantial difference
with those measured in literature (Ajib and Karno, 2008; Mohammed et al., 2020) as
shown in Table 4.3. On the other hand, it can be realized from Figure 4.6. that a
major increase in viscosity happened from 3.384 to 9.206 mPa.s with an increasing
concentration of Fe;O4 from 0 to 0.2 wt.%. Hence, the nanoferrofluid has a high
viscosity comparing with its base fluid. And also has a high viscosity comparing with
another kind of nanofluid with the same base-fluid, (Mohammed et al., 2020). The
viscosity measurements were repeated at least 3 times. The measurement error at the
given temperature was less than 1%. It is assumed that nanoferrofluid has a single-

phase liquid.

Table 4.3. The viscosity of the Fe;Og4-acetone/ZnBr, (50 wt.% ZnBr,) with various
concentrations of Fe;O,4 indicated experimentally in this study at 25 °C

Fe;O04 nanoparticles Concentration (wt.%) Measured viscosity mPa.s

0.00 3.384
0.05 4.384
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0.1 5.724
0.15 8.058
0.2 9.206

Finally, we should mention that the presence of a magnetic field causes starting
the figuration of string aggregates which drives to increase of viscosity in parallel

with increasing magnetic field intensity, (Chuncheng et al., 2014).

10
y =30.636x+ 3.0876

9 R? = 0.9805

Viscosity mPas

0 0.05 0.1 0.15 0.2 0.25
Fe;0, mass fraction%

Figure 4.6. Changes of the nanoferrofluid viscosity with different Fe;O, nanoparticle mass
fraction

4.1.2.3. Specific Heat Capacity at Constant Pressure

The specific heat capacity of several concentrations of acetone/ZnBr, base-fluid
was measured using KD2 Pro Thermal Properties Analyzer, Decagon Devices, Inc.
(Decagon Devices, 2020). The results of this analysis have no substantial difference
with those measured in literature (Ajib and Karno, 2008; Mohammed et al., 2020).
But no previous study has tested the specific heat capacity of a nanoferrofluid with
acetone/ZnBr; as a base-fluid, which is studied in this work. Table 4.4. illustrates the
specific heat capacity of the Fe;Os-acetone/ZnBr, (50 wt.% ZnBr,) with various
concentrations of Fe;O4 indicated experimentally and theoretically at 25 °C. It can be
realized from Figure 4.7. that the specific heat capacity decrease with increasing the
particles (Fe;O4) concentration. It is a logical consequence because of the low heat

capacity value of the nanoparticles (0.653 J g' K™') compared with the specific heat
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capacity of acetone/ZnBr, (1.140 J g K™) and the higher concentration, the higher
agglomerations. More agglomeration causes bigger particles in the nanoferrofluid
which drops the total heat capacity and that is also what was mentioned in the
literature with other kinds of nanofluids, (Zhou and Ni, 2008; Sekhar and Sharma,
2015; Mohammed et al., 2020). But while we have an excellent suspension of
nanoparticles in this work, there is no major decline in tested values to the
computational values of the heat capacities comparing with other kinds of
nanoparticles which have studied before in the literature.

While there are several methods for assessing the heat capacities of pure liquids,
very few set correlations have been proposed for mixtures. Furthermore, since there
is no model obtainable to calculate the specific heat capacity of nanofluids, a simple
method (Equation 4.2) depended on the corresponding state principle is proposed for
the calculation of the heat capacities of liquid mixtures, (Teja, 1983; Sohel Murshed,
2011).
¢, =Xc, +chpp 4.2)

Pro
Where ¢, is the specific heat capacity

Table 4.4. The specific heat capacity of the Fe;Oy-acetone/ZnBr, (50 wt.% ZnBr,) with
various concentrations of Fe;O, indicated experimentally and theoretically at 25

°C
Measured specific heat
Fe;O04 nanoparticles Calculated specific heat
- capacity of
Concentration (wt.%) capacity (J g~ K") R
this study (J g~ K)
0.00 1.140 1.140
0.05 1.115 1.112
0.1 1.091 1.085
0.15 1.066 1.055
0.2 1.042 1.019
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Figure 4.7. Changes of the nanoferrofluid specific heat capacity with different Fe;04 mass
fraction, experimentally and theoretically

4.1.3. Thermal Conductivity

The thermal conductivity is a very important property in our study. Because it
can be used to illustrate the enhancement of heat transfer in the bubble pump of
DARS by using the nanoferrofluid instead of the conventional working solution,
which is the main aim of this work. Ajib and Karno, (2008) have not studied this
property in their research. Thermal conductivity of acetone/ZnBr, with several
concentrations of ZnBr, in the solution (40-65 wt.%) were tested using KD2 Pro
Thermal Properties Analyzer, Decagon Devices, Inc. (Decagon Devices, 2020). The
results of the thermal conductivity measurements of acetone/ZnBr, which were
obtained in this study are significantly similar to those were by Mohammed et al.,
(2020). After performing 2 h sonication process, the nanoferrofluid samples (The
base-fluid is acetone/ZnBr, with 50 wt.% of salt) with different concentrations of
nanoparticles (0.05, 0.1, 0.15, and 0.2 wt.% of Fes;O4) experimentally and
theoretically were studied.

As is shown in Table 4.5, the thermal conductivity increases from 0.150 to
0.167 (W m’! K'I) when the concentration of the Fe;O4 nanoparticles increases from
0 to 0.2 (wt.%), also the enhancement of thermal conductivity reaches to 10.179 % at
0.2 (wt.%).
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Table 4.5. The thermal conductivity of the Fe;O,-acetone/ZnBr, (50 wt.% ZnBr,;) with
various concentrations of Fe;O,4 indicated experimentally and theoretically in
this study at 25 °C

Measured
Fe;O04 nanoparticles Calculated thermal

thermal Enhancement
Concentration conductivity Kypaxwen

_— conductivity %

(wt.%) (Wm™ K) T

(Wm" K")
0.00 0.15000 0.150 -
0.05 0.15022 0.157 4.458
0.1 0.15045 0.161 6.832
0.15 0.15068 0.164 8.536
0.2 0.15091 0.167 10.179

The maximum values of the uncertainty had a considerable amount during the
preparation experiments (due to the used analyzer). Later, we overcame this by
performing the measurements for 3 same samples from every studied concentration
and more than 15 times for every sample of them at the same ambient conditions.
Finally, the measurement error at a given temperature was less than 1.5 %.

The effective thermal conductivity can be calculated by

2k, +k, +20(k, —k,)
kMaxwell = |: - £ }kv (4'3)

2k, +k,—op(k,—k,)

Where ¢ refer to the volume fraction. £,=0.61 W m” K'at 25 °C, (Sundar et al.,
2013).

It is known as the classical Maxwell's equation, (Maxwell, 1904). Later, a lot of
researchers tried to improve this model by correlating it to their experimental studies.
Thus, they proposed predictive models for thermal conductivity, (Prasher and Phelan,
2006; Xu et al., 2006; Jang and Choi, 2007; Vajjha and Das, 2009; Rizvi et al.,
2013; Hong et al., 2005). However, their model is complex and there are different
experimental parameters, including the fractal dimension and the ratio of the
minimum to a maximum diameter of nanoparticles. Also, they do not have satisfying

results in such the current study.
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Figure 4.8. Changes of the nanoferrofluid thermal conductivity with different Fe;O, mass
fraction, experimentally and theoretically

Figure 4.8. shows the difference in thermal conductivity between the theoretical
(depending on the Maxwell model) and experimental values which are related to the
concentration of Fe;O4 nanoparticles. Where it can be realized that although the high
viscosity value comparing with base-fluid the Fe;Os-acetone/ZnBr, which weakens
the Brownian motion of suspended nanoparticles, the Maxwell equation does not
give a significant prediction on the thermal conductivity of nanoferrofluid without
Brownian motion of suspended nanoparticles, and the conduction part of the

prediction model cannot be obtained from Maxwell prediction, (Hong et al., 2005).

4.1.4. Vapor Pressure

The (log p, T) diagram of acetone/ZnBr, as a working solution is used to
determine the base-fluid concentration domain of the running process of the DARS.
Relying on this domain, we can be able to study the cooling cycle (determining the
temperatures of main points in the cycle and especially the needful heat resource

temperature to run the machine in light of the ambient conditions).
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Figure 4.9. The plotted (log p, T) diagram of acetone/ZnBr, shows several concentrations of
ZnBr, (wt.%) by Ajib and Karno, (2008)

Figure 4.9., carried out by Ajib and Karno, (2008), shows a log p, T diagram of
acetone/ZnBr, working solution up to 1 bar. The green line illustrates the 50 wt.%
ZnBr, which is the used concentration of the studied base-fluid with different Fe;O4

nanoparticles concentrations in this investigation.

4.2. Fe;04_H,0O/NH; Nanoferrofluid Analyses Results

4.2.1. Stability of Fe;04_H,0/NH; Nanoferrofluid

4.2.1.1. Dispersion Characteristics of Fe;O4 Nanoparticles In the Base-

fluid

As is mentioned before, the problem with magnetic particles is that the long-
range magnetic forces always will overcome any charge (‘electrostatic') stabilization
attempts, and van der Waals forces are always attractive, thus more agglomeration
and sedimentation. Furthermore, with the non-attendance of any surface coating
substance, the Fe;O4 nanoparticle has hydrophobic surfaces with a huge surface area
to volume ratio, thus nanoparticles start to agglomerate and shape bigger particles.

Over time and because of the bigger particles, vigorous magnetic dipole-dipole
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attractions between them start to be obvious and, consequently, ferromagnetic
behavior is shown. The coating process with high-density materials is one of the used
methods for more stabilizing iron oxide nanoparticles in the base fluid. So, to curb
the aggregation incident of the nanoparticles, a stabilizer (a surfactant or a polymer)
is commonly utilized at the time of preparation. The used polymers cohere to
surfaces in a substrate-specific way. There are several kinds of synthetic or natural
polymeric coating substances, for example of synthetic ones: polyethylene glycol,
poly (vinyl alcohol), poly (lactic-co-glycolic acid), poly (vinyl-pyrrolidone),
poly(ethylene-co-vinyl acetate), etc. Also, for enhancing the dispersibility in an
aqueous medium, different surfactants, like sodium oleate, dodecylamine, and
sodium carboxymethyl cellulose are commonly utilized, (Ali et al, 2016).

For overcoming these forces a sonication process is performed experimentally
on the nanoferrofluid samples with Fe;O4 nanoparticle concentrations of 0.05, 0.1,
0,15, and 0.2 wt.%. The nanoferrofluid samples are left in an ultrasonic device (bath
type, 40 kHz, 160 W, model HY- 6 Lt D) produced by HI TEKNOLOIJI LTD for 2
hours except one sample where left for 3 hours in order to compare the effect of
sonication process period on the nanoparticles suspension stability, (Hyteknoloji
Limited, 2020). Then three chemical surfactant substances (sodium dodecyl sulfate,
poly vinyl pyrrolidone, and polyvinyl alcohol) were examined in a try to enhance the

sonicated nanoferrofluid stability.

4.2.1.2. Visual Inspection of Stability

Figure 4.10. illustrates nanoferrofluid suspensions with several concentrations of
Fe;04. Tube number 1 was prepared with 3 hours of sonication and with 0.1 wt.% of
Fes;04 concentration in order to present the effect of sonication process time on the
stability of suspension nanoparticles in the nanoferrofluid. Tube number 5 was
prepared without sonication and with 0.1 wt.% of Fe;O4 concentration. It can be seen
from Figure 4.10.a that the sonication process has an obvious influence on the
samples comparing with tube 6 (non-sonicated sample). Sonicated samples have less
agglomeration and the upper section of tube 6 is, somewhat, more net than the same
section of others over time. On the other hand, from Figures. 4.10.b, 4.10.c, and
4.10.d, it can be realized that although there is an increasing trend to produce bigger

agglomerations in samples that have a greater concentration of nanoparticles, there

65



is no obvious difference in sedimentation in each solution under natural gravity.
These results elucidate that the nanoferrofluid has good dispersion and weak stability
characteristics. That pushes us to use an additional method by applying a magnetic

field to get good stability when this nanoferrofluid is applied in DARS.

0.1%, 3h 0.05% 0.15%

1 2 3 4 5 6

(After sonication directly) (a)

D
0.15% 0.1%, out

(1 hours later) (c)
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0.1%, 3h

(3 hours later) (d)

Figure 4.10. Sedimentation and agglomeration of varies concentrations of Fe;O4
nanoparticles in NH3/H,O base-fluid. 1-0.1 wz.% (with 2 h sonication); 2—
0.05 wt.%; 3-0.1 wt.%; 4-0.15 wt.%; 5-0.2 wt.% (with 2 h sonication). 5-0,1
wt.% (without sonication)

After several pre-experiments performed on different samples that had different
concentrations of nanoparticles in the used ultrasonic device with various sonication
process periods, and from comparing sample 1 with the other samples, it can be
inferred the sonication process time on the nanoferrofluid has no significant

influence on the suspension stability.

4.2.1.3. Examination of the Chemical Surfactant Factors Effects

Three chemical surfactant factors (poly vinyl pyrrolidone (PVP), sodium
dodecyl sulfate (SDS), and polyvinyl alcohol (PVA)) were examined in a try to
enhance the sonicated nanoferrofluid stability. The sample used in this test was a
solution with a 0.1 wz.% concentration of nanoparticles that were prepared with the
same by adding 1 wt.% of the three surfactants separately. Figure 4.11. shows that
PVP surfactant dissolved well in the solution and has a useful effect on the
dispersion of the nanoparticles over time. Where after the sonication process
particles start a late agglomeration comparing with other samples that have other
surfactants, even comparing with the same concentration sample without surfactant.
SDS has a good dissolving but no useful effect on the dispersion of the nanoparticles,
even has a foam that obstructs us to use it in such as diffusion absorption cycle. PVA

has a less useful effect on the dispersion than PVP effect, also cannot dissolve well
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and start to collect on the bottom of the sample tube. Over time these effects become

clearer.

(After sonication directly)

Ll I

(1 hours later) (3 hours later)

Figure 4.11. Effects of using different surfactants on the stability of nanoferrofluid (Fe;O4-
NH;/H,0) over time

4.2.1.4. Scanning Electron Microscope (SEM) Analysis

The surface morphology and particle sizes of the samples were carried out using
a high-resolution SEM (JEOL-JSM-7001F) type which exists in Black Sea Advanced
Technology Research and Application Center Laboratories (KITAM) operating at 15
kV. Figure 4.12. shows SEM images of Fe;O4 nanoparticles of 0.05 wz.% mass
concentration nanoferrofluid. The images display no clear agglomeration, which
shows the Fe;04 nanoparticles have almost a typical and random distribution
situation, without a magnetic field, in the liquid. And this distribution occurred after

sonication because of just the nanoparticles' thermal motion.
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Figure 4.12. Various SEM images of Fe;O4 nanoparticles suspension in the NH;/H,O
solution on a carbon film show randomly dispersed particles without any
magnetic field

4.2.2. Thermophysical Properties
4.2.2.1. Density

The measured density of base-fluid (containing 25% of ammonia and 75% of
distilled water) at 25°C in this study was significantly similar to those investigated in
the literature, (Conde-Petit, 2004; Mohd Razif et al., 2015). During the experiment
by taking the volumetric flask error (0.5 to 1%) into consideration and depending on
the volumes used (10 ml sample). Figure 4.13. shows an increase in the density of
the nanoferrofluid from 0.9150 to 0,9165 g cm™ with an increasing concentration of
the mass fraction from 0.0 to 0.2 wt.% of the added nanoparticles. And also, almost
identical values of the theoretical density (which set by compensation p,=0,915 g cm’
> pp=3 g cm™, (Merck KgaA, 2020), in Equation 4.1) with experimental ones,
(Mohammed et al., 2020).
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Figure 4.13. Changes of the nanoferrofluid density with different Fe;O, nanoparticlesmass
fraction, experimentally and theoretically

4.2.2.2. Viscosity

The viscosity of base-fluid (containing 25% of ammonia and 75% of distilled
water) was measured at 25°C, using Thermo Scientific™ HAAKE™ MDARS™ 40
Rheometer, (Thermo Fisher Scientific Inc, 2020). The measured viscosity was
significantly similar to those investigated in the literature, (Conde-Petit, 2004; Mohd
Razif et al., 2015). On the other hand, it can be realized from Figure 4.14. that a
major increase in viscosity of mixture happened from 1.815 to 7.637 mPa s with
increasing concentration of Fe;O; from 0 to 0.2 wt.%. Consequently, the
nanoferrofluid has a high viscosity comparing with its base fluid. And also has a high
viscosity comparing with another kind of nanofluid with the same base-fluid. The
viscosity measurements were repeated at least 3 times. The measurement error at the
given temperature was less than 1%. It is assumed that nanoferrofluid has a single-

phase liquid.

70



0 v

y =30.636x +1.5186
R? = 0.9805

Viscosity mPas
w » w ()] ~

N

o =

0 0.05 0.1 0.15 0.2 0.25

Fe;O0, mass fraction%

Figure 4.14. Changes of the nanoferrofluid viscosity with different Fe;O, nanoparticle mass
fraction

4.2.2.3. Specific Heat Capacity at Constant Pressure

The viscosity of base-fluid (containing 25% of ammonia and 75% of distilled
water) at 25 °C was measured using KD2 Pro Thermal Properties Analyzer, Decagon
Devices, Inc., (Decagon Devices, 2020). The result of this analysis has no substantial
difference with those measured in literature, (Conde-Petit, 2004; Mohd Razif et al.,
2015). But there is no previous study that has tested the specific heat capacity of a
nanoferrofluid with NH3/H,O as a base-fluid, which is studied in this work. Table
4.6. illustrates the specific heat capacity of the Fe;04- NH3/H,O (25 wt.% ammonia)
with various concentrations of Fe;O4 indicated experimentally and theoretically at 25
°C and pressure equal to 1 bar.

While there are several methods for assessing the heat capacities of pure liquids,
very few set correlations have been proposed for mixtures. Furthermore, since there
is no model obtainable to calculate the specific heat capacity of nanofluids, a simple
method (which set by Equation 4.2) depended on the corresponding state principle is
proposed for the calculation of the heat capacities of liquid mixtures, , (Teja, 1983;
Sohel Murshed, 2011).

It can be realized from Figure 4.15. that the specific heat capacity decrease with
increasing the particles (Fe3O4) concentration. It is a logical consequence because of

the low heat capacity value of the nanoparticles (0.653 J g K') compared with the
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specific heat capacity of NH3/H,0 (4134.15 J g K™'). The higher concentration, the

higher agglomerations. Thus, more agglomeration causes bigger particles in the

nanoferrofluid which drops the total heat capacity and that is also what was

mentioned in the literature with other kinds of nanofluids, (Zhou and Ni, 2008;
Sekhar and Sharma, 2015; Mohammed et al., 2020).

Table 4.6. The specific heat capacity of the Fe;0,-NH3/H,O (50 wt.% ZnBr,) with various
concentrations of Fe;O, indicated experimentally and theoretically at 25 °C

Measured specific heat

Fe;O,4 nanoparticles Calculated specific heat
Lo capacity of this study (J g’

Concentration (wz. %) capacity (Jg~ K) 1Yy

0.00 4134.15 4134.15

0.05 4132.08 4131.05

0.1 4130.02 4128.10

0.15 4128.06 4125.01

0.2 4125.88 4120.51

4136
= 4134
4132
4130
4128
4126
4124

4122

Specific heat capacity J g! K

4120

4118
0 0.05 0.1

Fe;0, mass fraction%

—4—Theoretical heat capacity

0.15

—a—Experimental heat capacity

0.2 0.25

Figure 4.15. Changes of the nanoferrofluid specific heat capacity with different Fe;0, mass

fraction, experimentally and theoretically

4.2.3. Thermal Conductivity

Thermal conductivity is a very important property in our study. Because it can

be used to illustrate the enhancement of heat transfer in the generator of DARS by
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using the nanoferrofluid instead of the conventional working solution. Thermal
conductivity of NH3/H,O (containing 25% of ammonia and 75% of distilled water) at
25 °C was tested using KD2 Pro Thermal Properties Analyzer, Decagon Devices,
Inc., (Decagon Devices, 2020). The result of the thermal conductivity measurement
of NH3/H,O which was obtained in this study is significantly similar to those were
by (Conde-Petit, 2004; Mohd Razif et al., 2015). After performing 2 hours sonication
process, the nanoferrofluid samples with different concentrations of nanoparticles
(0.05, 0.1, 0,15, and 0.2 wt.% of Fe;04) experimentally were studied and also
obtained theoretically by compensation the k,=0.61 W m” K™ at 25 °C in Maxwell's
equation 4.3 (Sundar et al., 2013).

As is shown in Table 4.7., the thermal conductivity increases from 0.550 to
0.570 W m™! K'l, when the concentration of the Fe;O4 nanoparticles increases from 0

to 0.2 wt.%. The enhancement in thermal conductivity reaches 3.508 % at 0.2 wt.%.

Table 4.7. Thermal conductivity of the Fe;O,- NH3/H,O (25 % ammonia) with various
concentrations of Fe;O, indicated experimentally and theoretically in this study at

25°C

Measured
Fe;O04 nanoparticles Calculated thermal

thermal Enhancement
Concentration conductivity

Lo conductivity %

(Wt.%) kMaxwell (W m- K ) 1 1

(Wm" K")
0.00 0.55000 0.550 -
0.05 0.55001 0.557 1.256
0.1 0.55002 0.561 1.960
0.15 0.55003 0.566 2.826
0.2 0.55004 0.570 3.508

The maximum values of the uncertainty had a considerable amount during the
preparation experiments (due to the used analyzer). Later, we overcame this by
performing the measurements for 3 same samples from every studied concentration
and more than 15 times for every sample of them at the same ambient conditions.

Finally, the measurement error at a given temperature was less than 1.5 %.
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Figure 4.16. Changes of the nanoferrofluid thermal conductivity with different Fe;O4 mass
fraction, experimentally and theoretically (depending on Maxwell's equation)

Figure 4.16. shows the difference in thermal conductivity between the
theoretical (depending on the Maxwell model) and experimental values which are
related to the concentration of Fe;O4 nanoparticles. Where it can be realized that
although the high viscosity value comparing with base-fluid the Fe;O4-NH3/H,O
which weakens the Brownian motion of suspended nanoparticles, the Maxwell
equation does not give a significant prediction on the thermal conductivity of
nanoferrofluid without Brownian motion of suspended nanoparticles, and the
conduction part of the prediction model cannot be obtained from Maxwell prediction,

(Hong et al., 2005).

4.3. Validation Investigation of Using acetone/ZnBr, as a Working
Solution In DARS

Since acetone/ZnBr; is a new binary solution and it has not been used in DARS
as a refrigeration working solution before, it had to be studied the validation for
utilizing it in this kind of cycle. The acetone/ZnBr, refrigeration working solution
with 50 wt.% concentration of ZnBr, was prepared. The measured main parameters
of this solution at 25 °C are presented as follows: density of 1.366 (kg m™), viscosity

3.384 (mPa s), specific heat capacity 1.14 (J g' K"), and thermal conductivity 0.150
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(W m™ K™). In order to examine the validation of utilizing this conventional working
solution (without nanoparticles), DARS was charged with 300 ml of working
solution and a sufficient amount of helium gas. The experiment was performed two
times under the same surrounding conditions, firstly under operation pressure equal
to 15 bar which is the working standard pressure of DARSs. Then the experiment
was repeated with less operation pressure (5 bar). The supplied power to the system
for every experiment was the same (by a 75 W electrical heater). The experiment for
every time continued for 1 hour.

Theoretically, the system can be started running with the chosen operation
conditions under cycle pressure less than 10 bar as is shown in the acetone phase
diagram (Figure 4.17.). Whereas the results presented that acetone/ZnBr, binary
solution is not valid for use in DARS due to the following reasons:

1. In literature, acetone/ZnBr, has used mainly with refrigeration applications
that run under low operating pressure. Ajib and Karno, (2008) examined the
working solution and found that is suitable to operate ARS at low
temperatures (more than 50 °C) and 750 mbar operation pressure in the
cycle. Mohammed et al., (2019) extended the log p, T diagram of the
solution up to 1.39 bar because its experiment reached the operating pressure
almost equal to this value. Since in DARS the operating pressure should be
high because the cycle operates under Dalton's law principle based on partial
pressures and the pressure in each point of the system is maintained constant
using a gas auxiliary, the machine didn't run even when the pressure in the
system was dropped to 5 bar.

2. From Figure 4.17. it can be realized that acetone needs a high operating
temperature comparing with pure ammonia at the operating pressure of
DARS. Thus acetone/ZnBr; is not a suitable binary solution for use as a low-
temperature working solution in DARS comparing with other kinds of binary
solutions which NHj is the refrigerant fluid of them.

3. Reducing the operating pressure of the cycle to less than 5 bar is not logical

because of the very high value of circulation ratio at low pressures.
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Figure 4.17. Pressure-Temperature diagrams of pure acetone and pure ammonia,
(Engineering ToolBox 2021)

4.4. The Valid Working Solution Characteristics

The NH3/H,;O refrigeration working solution with 25 % concentration of NH;
was prepared. The measured main parameters of this solution at 25 °C are presented
as follows: density of 0.9150 (g cm™), viscosity 1.815 (mPa s), specific heat capacity
4134.15 (J g'1 K"), and thermal conductivity 0.550 (W m’ K. Firstly, the
validation of utilizing the conventional working solution (without nanoparticles) in
DARS was studied. Further similar samples of NH3/H,O were prepared for using it
as a base-fluid then adding Fe;O4 nanoparticles. The obtained nanoferrofluid (Fe;O4-
NH3/H,0) was prepared with different fraction mass concentrations (0,05, 0.1, 0.15,
and 0.2 wt.% of Fe;04 in NH3/H,0 base-fluid with 25 % of ZnBr;) using the two-
step process (creation of the nanoparticle is prepared in a separated way from used
working solution). The experiments were designed to see how effects of various
concentrations of the nanoferrofluid mixture and to obtain the optimal concentrations
of the nanoferrofluid components which will be used in DARS depending on its
physical properties and visual inspection test. The most effective approach for
enhancing nanoparticle suspension is prepared as follows; The nanoferrofluid
samples are left in an ultrasonic device (bath type, 40 kHz, 160 W, model HY- 6 Lt
D) produced by HI TEKNOLOJI LTD for 2 hours. Then three chemical surfactant
substances (sodium dodecyl sulfate, poly vinyl pyrrolidone, and polyvinyl alcohol)
were examined in a try to enhance the sonicated nanoferrofluid stability.

Although the enhancement of thermal conductivity increases as increasing

nanoparticle concentration, where reaches 3.508 % at 0.2 (wt.%) of nanoparticles,
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The nanoferrofluid has a high viscosity comparing with its base fluid and also
comparing with other kinds of nanofluids with the same base-fluid. Furthermore, the
specific heat capacity decreases with increasing the particles (Fe;O4) concentration.
It is a logical consequence because of the low heat capacity value of the
nanoparticles (0.653 J g K') compared with the specific heat capacity of NH3/H,O
(4134.15 J g K), where higher concentration causes more agglomerations and
bigger particles in the nanoferrofluid which drops the total heat capacity and that is
also what was mentioned in the literature with other kinds of nanofluids, (Zhou and
Ni, 2008; Sekhar and Sharma, 2015; Mohammed et al., 2020). On the other hand,
from the visual inspection, it was found that PVP surfactant dissolves well in the
solution and has a useful effect on the dispersion of the nanoparticles over time.
Where after the sonication process particles start a late agglomeration comparing
with other samples that have other surfactants, even comparing with the same
concentration sample without surfactant. Depending on the above, the chosen
concentrations of Fe;O,4 nanoparticles in the NH3/H,O base-fluid to be examined in
the cycle were 0.05 wt.% and 0.1 wt.% with addition 1 wt.% concentration of PVP

surfactant.

4.5. The Effect of Using Various Placements of Permanent Magnets

Around the Generator-Bubble Pump Component on Heat Transfer

In order to illustrate the effects of different installation of the permanent magnets
around the generator-bubble pump component on the heat transfer using
nanoferrofluid, the used magnet pieces are installed along the length of the generator-
bubble pump external pipe at three different placements, starting from the bottom of
the component to 7 cm, 16 cm, and 25 cm height, respectively, as is shown in Figure
4.18. For the three placements, 4, 8, and 12 pieces of the Neodymium Magnet (length
40 mm, Width 10 mm, Thickness 5 mm) respectively were used, (Magnet Market,
2021).
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Figure 4.18. Schematic diagram of DARS with three different placements of the

permanent magnets around the generator-bubble pump component

For every installation, the test procedure to be applied in this framework is
defined as follows: the tested working solution in the system was Fe;O4-NH3/H,O
nanoferrofluid with 0.05 wt.% nanoparticle concentration. The amount of energy for
each application was supplied by an electrical heater its capacity equals 75 W.
Permanent magnet pieces were installed regularly and at a constant radius (4 cm) on
the isolation surface around the pipe of the generator-bubble pump pipe. The external
magnetic field intensity was constant and equal to 220 mT, measured by (SJ200
Digital Gauss Meter Static Magnetic Field Tesla Tester with 0-200Mt-2000mT
Adapter), Wu et al., (2010). Every test of the DARS with 7 cm and 16 cm magnet
height continued for two hours. Whereas the test which had a 25 cm magnet height
continued just for one hour.

The results can be represented as follows:

1. The effect of using an external magnetic field on the heat transfer in the
generator bubble-pump component was significantly clear.

2. The best results were in the 16 cm magnet height test. Where this installation
was chosen to use in the next experiments.

3. In the test of using the highest magnet, there was an overheated case and the
temperature at point 3 (look Figure 4.17.) reached 200 °C. Thus, the cooling
effect starts appearing at point 4 (the inlet of the condenser). Consequently,
the cycle was in choked case after 35 minutes, so using this magnet prevents

the cycle to run. This explains why this test continued for just one hour.
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4. After equipping the DARS with the used nanoferrofluid in this step, the tests
repeated several times in different periods for two days with the same
working solution and the results showed almost the same values for every
test, thus a good nanoparticle suspension stability for a long time with

existing the external effect of the magnet.

4.6. Mechanistic Explanation of Heat Transfer Enhancement

The proportional motion among the nanoparticles and base-fluid is the major
cause behind enhancement in heat transfer performance, where occasioned by the
circulation of the nanoparticles, moving the heat along an oblique solution
consequence extremely small convection created by the motion of the solution
around the nanoparticles, (Pinto and Fiorelli, 2016).

On the other hand, using nanoferrofluid under influence of an external magnetic
field causes appearing a macro-magnetic force and a magnetic—thermal effect in the
nanoparticles. So, the obtained enhancement in heat transfer is not just only because
of the small-size effect and rising in the effect of the heat exchanging surfaces of the
nanoparticles. However, this phenomenon extremely related to a complex process of
heat and mass transfer and no significant explanations exist in the literature for it.

Moreover, the expected enhancement in COP of DARS because of using this
mechanism is not only related to heat transfer but also related to the enhancement of
mass transfer, thus better values of the circulation ratio, Wu et al., (2010).

In fact, the obtained enhancement of the generator-bubble pump component
performance and as a result in overall cycle performance by using the nanoferrofluid
as an alternative for the conventional working solution under an external magnetic
field has affected by combined various factors, and it may be optimized until a
certain limit. This limitation can be briefed as follows, (Liu, 2004; Wu et al., 2010):

e Generally, nanomagnetic particles in the base-fluid become polarized under
the effect of an external magnetic field. Thus the magnetic dipoles start to
form and join to each other and align in a regular situation based on the
magnetic field current.

e By rising the intensity of the magnetic field and at a certain value, the

connection forces between the magnetic dipoles start to be stronger than the
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thermal motion of them and form a steady chain structure. This phenomenon
named flux linkage.

After that, and due to the chain structure of the nanoparticle under the
external magnetic field, the nanoferrofluid presents solid-state features. Thus
it is able to transfer the shear stress. On the other hand, the connection
between the flux linkages does not completely occur and has a so small
distance between them, because of the polymer layer which is obtained by
using the PVP surfactant during the nanoferrofluid preparation process.

The nanomagnetic particles in the base-fluid are inhibited while the intensity
of the magnetic field is upper than a certain value due to the above-mentioned
flux linkage structure. So, the nanoparticles, in this case, cannot perform the
positive required influence. Even cannot occur the random Brownian motion
effect which exists without the magnetic field. That explains the choked case
in the cycle which happened with 25 cm magnet height around the generator-

bubble pump component.

4.7. Various Nanoferroflid Concentrations Effects Under the Same

Conditions of DARS Cycle

Experiments were performed on nanoferrofluids of 0.05 wt.% and 0.1 wt.%

Fe;04 nanoparticles concentrations in 300 m/ ammonia/water base-fluid with

addition 1 wt.% concentration of PVP surfactant, which was equipped to DARS with

and without an external magnetic field. Depending on the concentrations and

presence or absence of the external magnetic field, the Experiments divided into five

tests:

I.

DARSo 0% rer. Tepresents the test on DARS device using ammonia/water as a
working solution without nanoparticles and in absence of magnets.
DARS 059 represents the test on using the nanoferrofluid of 0.05 wt.%
nanoparticles concentration in absence of magnets.

DARS g50.ma, Tepresents the test using the nanoferrofluid of 0.05 wt.%
nanoparticles concentration in presence of the external magnetic field.
DARSy 1% represents the test using the nanoferrofluid of 0.1 wt.%

nanoparticles concentration in absence of the external magnetic field.
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5. DARSy o Ma. Tepresents the test using the nanoferrofluid of 0.1 wt.%

nanoparticles concentration in presence of the external magnetic field.

Every test was repeated three times for ensuring the accuracy of tests results and
every time the test ran 120 minutes. The obtained temperature values at the
measuring points along the cycle, measured internal temperature in the cooled areas,
and measured pressure over time for every DARS experiment are shown in Figures
4.19.-4.25.. Where the abscissas exemplify the experiment running time, whereas,
the ordinates exemplify the temperature (°C) of the necessary measurement points for

the thermodynamic calculations of the cycle.

The detailed comparison of the illustrated temperature values in Figures 4.19.—

4.25. shows the following notes:

e Although the early appearance of the cooling effect in the systems which run
with nanoferrofluids in general, it takes a long time to reach the steady value
comparing with the DARSq go, rer. Where it has a sudden and major drop in
this cycle till the steady case.

e Among the systems, the most late of the cooling effect appeared in DARS ;¢
almost at minute 31. So, a higher suspension nanoparticle concentration
results in a late appearance of the cooling effect. Whereas, the earliest
appearance was in the DARS o ma, at the minute 20.

o The steady-state of the temperatures in different components is obtained early
in DARS gv.ret. While, it occurred late in the DARS o50.

e There was no necessity to perform the experiments for more than 120
minutes while the steady-state was reached in all systems maximum almost at
minute 100 (evaporator temperature).

e The highest generator temperature (T,) occurred in DARS os¢, and the lowest
one was in DARS g5 ma. at the same heater capacity.

e The highest evaporator entrance temperature (Tg,) occurred in DARS 9s¢, and
the lowest one was in DARS g5 ma. at the same running conditions.

e From Figure 4.24., it can be realized that the highest measured internal
temperature in the cooled areas (Tinamp) occurred in DARS(ys0, and the

lowest one was in DARS¢ 0504 Ma..
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From Figure 4.25., it can be realized that the highest measured pressure
values during the test over time (Psys) occurred in DARS( 1o, ma. and the

lowest ones were in DARS( 9o ref.-

In light of the previous notes, it can be briefed that:

The significant influence of the external magnetic field is obvious in every
aspect of the temperature and pressure values analysis.

The presence of nanoparticles in the base-fluid causes rising in the pressure
of the DARS. Also, the presence of the external magnetic field brings about
more increases in the pressure value. Thus, higher nanoparticle concentration
means higher overall cycle pressure due to the high viscosity of the
nanoferrofluid. Furthermore, this increase occurs under the external magnetic
field due to the chain structure of the nanoparticles.

In the operation aspect of the cycle, it should be given attention that although
the obtained enhancement in the cooling temperature by using the
nanoferrofluid under the external magnetic effect, the taking off of the cycle
needs longer time comparing with reference DARS, which runs just with
conventional ammonia/water working solution, until reaching the steady-state
of the temperatures of the different components.

During the last analyses of the temperature and pressure values of the
different systems, Although that the lowest evaporator and internal
temperatures were in DARS oso Ma., the steady-state of the temperature of the

internal cooled area appeared more clearly in DARSq 1o Ma.-
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4.8. Thermodynamic Analysis Results

In order to achieve optimal thermodynamic analyses, the values of the
parameters listed in Table 4.8. for the DARSqgvref, DARSq05%, DARS)05%Ma.
DARSq.1%, and DARS 19 ma. Systems were obtained at minute 120, end of the test,
and after a good period of the point that the cycles have reached the steady-state
conditions.

It can be understood from Table 4.8. that the temperatures of the generator
temperature measuring point from (T; °C) has a maximum value in and
DARSq.1%Ma. On the other hand, the minimum value was in DARS ¢soma. and the
lowest value of Evaporator entrance temperature of ammonia, (Ts °C) in
DARS0s%Ma. These values have a major effect on generator and evaporator
performances calculations, consequently, on the energy efficiency of the overall
cycle. Also, it can be realized from Table 4.8. that the running pressure in the cycles

rises.
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Table 4.8. Measured parameters in the different tests at the measuring points of the cycle

Parameter DARS0.0%,ref, DARSo.os%

DARSO.OS%,Ma.

DARSy.1%

DARSO.I%,Ma.

Bubble pump

entrance 103.3 112.0
temperature,

T,=T1,=T1 ("C)

Generator

temperature, T, 150.0 154.8
O

Bubble pump

exit-rectifier

entrance 131.5 131.6
temperatures, T;

O

Rectifier exit-

condenser

entrance 68.5 69.6
temperatures, T,

O

Condenser exit

temperature, Ts 33.4 32.6
O

Evaporator

entrance

temperature of -24.3 -19.6
ammonia, T,

O

Evaporator

entrance -27.2 -23.9
temperature,

Te=Tep=Ts. ("C)

Evaporator exit

temperature, 19.9 20.5
T7=T72,=Ts (°C)

Absorber

26.4 25.8
entrance

119.0

146.7

124.7

68.6

323

-24.3

-28.0

17.6

27.7

118.6

149.2

129.1

68.7

325

-23.0

-27.5

18.1

26.7

116.2

153.1

134.9

72.8

332

-22.5

-26.0

19.0

26.7
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temperature,
Ts=Ts.=Tsg, (°C)
Absorber exit
temperature, 37.3 35.8 38.2 37.3 37.5
Ty=Ty,=Tg;, ("C)
SHX weak
solution exit
33.6 32.7 35.6 343 345
temperature, Ty
0
SHX rich
solution entrance
33.0 323 34.7 335 34.0
temperature, Ty
O
Internal-
refrigerated area
temperature, T,, 5.5 9.2 3.5 5.5 6.4
O
Surrounding
temperature, T,,, 21.5 21.5 21.5 21.5 21.5
0
Running
pressure, P, 16.3 17.3 17.3 17.3 17.4
(bar)

Heater capacity,
75 75 75 75 75
Qgen (W)

As is mentioned previously, for modeling the overall cycle, then obtaining the
other thermodynamic properties of the working solutions which are necessary to
calculate the mass, ammonia mass, and energy balances equations, REFPROP 8.0
software was used. The calculated mass flow rates and mass concentration ratios in
different components of the studied systems are given in Tables 4.9. and 4.10 as a
result of representing the cycle using the measured data in Table 4.8. in the program

and obtaining the entropy, and enthalpy properties values at the measuring points.
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Table 4.9. Calculated values of (x) in the different systems at the measuring points of the

cycle

Points DARS.0%,ret.  DARSg 059, DARS05%ma. DARSq, 1 DARS.1%,Ma.
la 0.2500 0.2500 0.2500 0.2500 0.2500
1b 0.2012 0.1976 0.2214 0.2131 0.2014
3 0.7330 0.7110 0.7750 0.7561 0.7268
3a 0.1910 0.1830 0.2165 0.2061 0.1912
4 0.9532 0.9542 0.9572 0.9558 0.9518
4a 0.4080 0.4186 0.4380 0.4271 0.4035
5 0.9532 0.9542 0.9572 0.9558 0.9518
6a 0.9532 0.9542 0.9572 0.9558 0.9518
6b (ig) - - - - -

6¢ 0.9532 0.9542 0.9572 0.9558 0.9518
7a 0.9532 0.9542 0.9572 0.9558 0.9518
7b = - - = -

8a 0.2012 0.1976 0.2214 0.2131 0.2014
8b r = - - -

9a - - - - -

9b 0.2500 0.2500 0.2500 0.2500 0.2500
10 0.2012 0.1976 0.2214 0.2131 0.2014
11 0.2500 0.2500 0.2500 0.2500 0.2500

Table 4.10. Calculated values of mass flow rates () in the different systems at the

measuring points of the cycle

Flow rate m (kg s™)

Points
DARSO.O%,ref. DARSO.OS% DARSO.OS%,Ma. DARSO.I% DARSO.I%,Ma.

la 1.9115E-04  1.8599E-04  3.3475E-04 2.7868E-04  2.1596E-04
1b 1.7875E-04  1.7311E-04  3.2171E-04 2.6484E-04  2.0198E-04
3 2.0808E-05  2.3601E-05  2.0079E-05 2.2244E-05  2.3709E-05
3a 1.7034E-04  1.6239E-04  3.1467E-04 2.5643E-04  1.9225E-04
4 1.2404E-05  1.2884E-05  1.3033E-05 1.3841E-05  1.3980E-05
4a 8.4040E-06  1.0717E-05  7.0461E-06 8.4030E-06  9.7288E-06
5 1.2404E-05  1.2884E-05  1.3033E-05 1.3841E-05  1.3980E-05
6a 1.2404E-05  1.2884E-05  1.3033E-05 1.3841E-05  1.3980E-05
6b (ig) 6.2515E-07  6.4933E-07  6.5685E-07 6.9761E-07  7.0459E-07
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6¢
7a
7b
8a
8b
9a
9b
10
11

1.3029E-05
1.3029E-05
6.2515E-07
1.7875E-04
6.2515E-07
1.3029E-05
1.9115E-04
1.9115E-04
1.7875E-04

1.3533E-05
1.3533E-05
6.4933E-07
1.7311E-04
6.4933E-07
1.3533E-05
1.8599E-04
1.8599E-04
1.7311E-04

1.3690E-05
1.3690E-05
6.5685E-07
3.2171E-04
6.5685E-07
1.3690E-05
3.3475E-04
3.3475E-04
3.2171E-04

1.4539E-05
1.4539E-05
6.9761E-07
2.6484E-04
6.9761E-07
1.4539E-05
2.7868E-04
2.7868E-04
2.6484E-04

1.4685E-05
1.4685E-05
7.0459E-07
2.0198E-04
7.0459E-07
1.4685E-05
2.1596E-04
2.1596E-04
1.9598E-04

4.8.1.

Energy Analysis Results

According to the previous measured and calculated properties, the results of the

energy analysis and circulation ratio of the studied five systems, including the energy

analysis results of the generator, rectifier, condenser, evaporator, absorber, pipelines,

reservoir, and solution heat exchanger components, and COP values are given in

Table 4.11.

Table 4.11. The results of the energy and exergy analyses and circulation ratio of the tested

different systems

Component DARS.gvrer.  DARS 5% DARSos%,ma. DARSy,9, DARSy.19%,ma.
Qgen (W) 75.000 75.000 75.000 75.000 75.000

Qrect (W) 18.912 23.773 16.264 19.041 21.538

Qcona (W) 13.954 14.509 14.701 15.560 15.924
Qevap(W) 17.462 17.860 18.322 19.387 19.541

Q.ps (W) 1.171 0.413 8.675 5.244 1.871

Qsux (W) 37.106 31.603 39.697 35.221 31.804

Qpip,r (W) 21.319 22.562 13.985 19.321 23.404

cop 0.233 0.238 0.244 0.258 0.261

f 14.41 13.44 24.69 19.13 14.02

The main objective of DARS is to achieve the cooling effect thus absorbing the

heat from the cooled area. In order to perform this effect, it is needful for supplying

heat to the cycle through the generator and rejecting heat from the condenser and

rectifier to the surrounding. Assuming that the positive direction is for rejection heat
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to the ambient and negative direction is to the system, Figure 4.26. shows the
comparison of heat transfer rates of the different cycle components between the
studied five systems. It can be realized From Figure 4.26. that the highest heat
transfer to the ambient in DARS o5, ma. Was at the solution heat exchanger and equal
to 39.697 W. Whereas, for DARS( o%rer, DARSq.05%, DARS 1%, and DARS 19 Mma.
were 37.106, 31.603, 35.221, and 31.804 W, respectively. Also, It can be realized
that the lowest heat transfer to the ambient was at absorber in DARS ¢s¢, and equal
to 0.413 W. Whereas, for DARS g% ref, DARS) 05% Ma., DARSq 1%, and DARSg j%,Ma.
were 1.171, 8.675, 5.244, and 1.871 W, respectively.

At the same generator heat supplied to the studied systems, the highest heat
transfer rate absorbed from the cooled area was in DARS 1o, ma. and equal to 19.541
W. Whereas, for DARSq oo rer, DARSo05%, DARSq0s%Ma, and DARSq o, were
17.462, 17.860, 18.322, and 19.387 W, respectively.

mgen

mrect

ARS (0.05%)  DARS (0.05%,Ma.) ARS (0.1%)

m cond

evap

M abs
m SHX

Heat transfer rate (W)

pip.r

Figure 4.26. Comparative heat transfer rates values of the different components for the
studied systems

Figure 4.27. shows the relative values of losses heat rates of the different
components for the studied systems. Where 15 % of the supplied heat to the
DARSq. 0% rer. 1s Wasted in the condenser to the ambient, whereas 21% in rectifier,
40% in SHX, 23% in pipelines and reservoir and 1% in absorber. In DARS o5,
16%, 34%, 26%, less than 1%, 24% and of the supplied heat is wasted in condenser,

SHX, rectifier, absorber, and pipelines and reservoir, respectively. In DARSg 052 Ma.,
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it can be realized that a noticeable percentage of supplied heat is wasted in the
absorber, almost 9% of the supplied heat. For other components of DARS 5% Ma.,
16%, 43%, and 17%, and 15% are wasted in condenser, SHX, rectifier, and pipelines
and reservoir respectively. In DARS( jo, and DARS( %M., the major losses of heat
were in SHX component with 37% and 33%, respectively. Whereas, the losses in the

condenser were almost 17% in each DARS jo, and DARSq 19 Ma,

DARSg 0%, ref. DARS, ;5

g

abs
1%

DARS 05%,ma.

>
S

DARS;,154,ma.

Figure 4.27. Relative values of heat transfer rates of the different components for the studied
systems
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The circulation ratio is defined as the mass flow rate of the coolant to the mass
flow rate of the rich working solution thus, the highest value was in DARS o5%Ma.,
equal to 24.69 and the lowest one was in DARS gs¢, equal to 14.02 as it is shown in
Table 4.11.

COP is defined as the ratio of the absorbed energy from the cooled area by the
evaporator to the supplied heat to the generator. The highest energy performance was
in DARS 19%Mma. and equal to 0.261. While the other COPs of the DARS g% ret,
DARS.05%, DARS(0s5%Ma, and DARSg 9, were 0.233, 0.238, 0.244, and 0.258,

respectively.

4.8.2. Exergy Analysis Results

Only energy analyses for the refrigeration system, in general, represent an
incomplete image of the overall thermodynamic analyses. In light of this important
principle, the exergy analyses were performed in this research including the
destruction exergy for every component of DARS then calculating the ECOP which
illustrates with COP the complete vision about the overall DARS performance.
According to the working solutions properties, the results of the exergy analysis of

the studied five systems are given in Table 4.12.

Table 4.12. The results of the exergy analyses of the tested systems

Component  DARSggorer.  DARS( 959, DARSjs00ma.  DARS 19, DARS.19,Ma.

Egest,gen 2.116 1.862 1.265 1.368 1.616
Edest,rect 1.068 1.450 0.924 1.081 1.176
Edest.cond 0.139 0.074 0.063 0.068 0.130
Edest,evap 0.233 0.179 0.270 0.254 0.242
Edest,abs 11.039 10.280 25.474 19.659 13.449
Edest,sux 17.770 18.178 18.272 18.360 18.205
ECOP 0.110 0.096 0.214 0.185 0.150

It should be mentioned that the most effective exergy destruction in the exergy
performance of the system is the generator destruction and the pipelines and
reservoir exergy destruction was negligible, (Yildiz and Erséz, 2013). From Table
4.12., the lowest value of the generator exergy destruction was in DARS 050 Ma-
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From Figure 4.28. it can be understood that the exergy destruction losses of SHX in
the DARS( 0% ref, DARS.05%, DARS( 05%Ma., DARSq 19, and DARSq 104 Mma. Were 55%,
57%, 39%, 45%, and 52%, respectively. whereas, the exergy destruction losses of
absorber in the DARSoourer, DARSoos%, DARSo0s%Ma, DARSq 1%, and
DARS.1%.Ma. Were 34%, 32%, 55%, 48%, and 39%, respectively. On the other hand,
the exergy destruction of other components has no significant relative values

comparing with the exergy destructions in SHX and absorber.

DARS0.0% et
3% 0%
1%

/ ™ dest,gen ®dest,gen
™ dest,rect ® destrect
¥ dest,cond ™ dest,cond
® dest,evap ¥ dest,evap
W dest,abs W dest,abs
M dest,SHX W dest,SHX

DARSo.os%,Ma. DARS, 1%
- 0%
2%
/,1% > /o
/ u dest gen / mdestgen
Hdestrect i g' &
lest, e
M dest,cond B .
m dest, con
w dest evap
n
mdestzbs dest,evap
W dest,abs
® dest,SHX
W dest,SHX
DA RSO.I%,Ma.

1%

)

W dest,gen
W dest,rect
N dest,cond
w dest,evap
® dest,abs

m dest,SHX

Figure 4.28. Relative values of exergy destruction of the different components for the studied
systems
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ECOP is defined as total outlet exergy to total inlet exergy. according to this
definition the highest exergy performance was in DARS g5, ma. and equal to 0.214.
While the other ECOPs of the DARS) 0%, DARSp0s%, DARSo1%, and
DARS.1%,ma. were 0.110, 0.096, 0.185, and 0.150, respectively.

4.9. Comparative Discussion of Exergy and Energy Efficiencies

The results of comparing the energy efficiencies of the studied DARSs which
run by the nanoferrofluids (with and without an external magnetic field) with the
reference  DARS( oo rer shows that the best system was DARSq o Mma. With
enhancement reached to 10.72%. Whereas enhancements of COP in the DARS g5,
DARS.05%.Ma., and DARS 1o, were 2.14%, 4.50%, and 9.69%, respectively.

On the other hand, the achieved enhancements in the exergy efficiencies of the
studied, DARS¢ 5% Ma, DARS¢ 1%, and DARSq 10 ma. Systems comparing with the
reference DARS gy, et Were 48.59%, 40.54%, and 26.66%, respectively. Whereas,
the DARS 05, illustrated a worse result than the reference system.

As is shown in Figure 4.29. and by adding the fact that DARS 1o ma. has the
minimum value of the circulation ratio, it can be considered that the best system is
DARS.1%ma. With enhancements in COP, ECOP, and freached 10.72%, 26.66%, and
2.70%, respectively.

03 -
025 -
02 -
0.15 - = COoP
m ECOP

0.1

0.05 -

DARS (0.0%,ref.) DARS (0.05%) DARS (0.05%,Ma.) DARS (0.1%) DARS (0.1%,Ma.)

Figure 4.29. Comparative exergy and energy efficiencies of the different components for the
studied systems
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5. CONCLUSION AND RECOMMENDATIONS

5.1. Conclusion

As a part of the vision of energy-saving and environmental attention over the
world, the effectiveness of the cooling system required to be enhanced, which might
be performed by improving either the systems or the properties of refrigeration
working solutions. Newly, the nanofluids or hybrid nanofluids have obtained a
concern in several engineering areas because of their superior thermophysical
properties, which might be surely utilized in refrigeration and air-conditioning
devices by various roles for performance enhancement. This review illustrates a
literature review of nanofluids in DARSs. Several investigation options such as
different types of refrigeration working solutions as conventional solutions without
added nanosize particles, then research on nanofluids and nanoferrofluids, and
utilized various methods for enhancement of absorption processes are discussed.
Moreover, a summary is achieved for an explanation of the refrigeration operation
and components, DARS and bubble pump configurations, and modeling studies of
DARS in the literature.

It can be concluded from the previous studies that the DARSs technology is
attractive where it has advantages when contrasted to vapor compression systems of
small refrigeration capacities because of non-mobile parts, avert noises, and has
fewer prices. Though, it has been explained that DARSs have almost 40% less
effective than conventional ARSs. From the different studies that were analyzed, it
could result that the most critical parameters that influence the ECOP of the system
are the flow cycle and operation heat. Commercially the most popular refrigeration
working solution is NH3/H,O with hydrogen or helium as an auxiliary gas.
Nevertheless, various solutions should be investigated to gain enhanced efficiency
and locate various resources of supply energy, like solar energy. It is purposed to
more detect this technology and encourage research interest and the investigation for
energy efficiency. The kind, content, and of nanosize particles volume, temperature,
as well as dispersion stability, are the critical parameters that influence the thermal

conductivity of nanofluids. The thermal conductivity enhances considerably by
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increasing the stabilities of nanofluids, which is obtained by adding chemical
surfactants or proposing the exact selection refrigerant content in the mixture. A
unique type of nanofluids is nanoferrofluids. Nanoferrofluids contain ferromagnetic
nanoparticles that exhibit higher thermophysical properties contrasted to the
conventional nanofluids. In literature, investigators are focusing on how to enhance
the composition and properties of the refrigeration working solution. The utilization
of nanofluids will enhance a vapor absorption operation and the evaporation as well
as condensation heat transfer coefficients, which pushes to more built-in and agile
refrigeration systems. Furthermore, expend less thermal energy with high energy
efficiency. The investigation of utilizing nanoparticles with a working mixture
includes the investigation of condensing and evaporating heat transfer events because
of the phase changing operation in the cooling system which relies on several
thermophysical properties. Enhancing these properties push us to enhancement in
overall the system.

No previous study has tested the nanoferrofluids based on the studied binary
working solutions as it is performed in this research. So this work can be considered
an investigation of new nanoferrofluids and a continuation of the previous studies.
Consequently, a thermal study with the valid nanoferrofluid at the low generator
temperature has not been investigated before to improve the performance of DARS.

Thermophysical analyses were achieved for the mixture of (Fe;O4 -
acetone/ZnBr;) refrigeration working solution and examine its efficiency
characteristics as a nanoferrofluid. There is no previous study that has tested the
nanoferrofluid based acetone/ZnBr; as it is performed in this work. Where it shows
an investigation of (Fe;O, - acetone/ZnBr;) as a nanoferrofluid containing the
preparation, stability, structure, and properties. The reasons behind choosing Fe;O4
nanoparticles are that acetone is a good dispersivity medium for this kind of
nanoparticles, also, their excellent thermophysical properties and magnetic property
which give an ability to utilize them combined with applying an external magnetic
field as a method for long and acceptable suspension stability of these nanoparticles
in the base-fluid thus enhancement in the heat transfer process in the generator. As a
multi-factor experimental study, the experiments are designed to perform a visual
inspection of the suspension nanoparticles stability and thermophysical analysis of
how the various concentrations of the new nanoferrofluid mixture components affect

its different properties values (thermal conductivity, density, dynamic viscosity, and
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specific heat capacity). The results elucidate that the studied nanoferrofluid has good
dispersion and an enhancement in thermal conductivity that reaches 10.179 % at 0.2
(wt.%) of nanoparticle concentration. Also, by increasing nanoparticle concentration,
the density increase, heat capacity decrease, as expected, and viscosity had a
significant increase.

Also, the same thermophysical analyses were achieved for the mixture of
nanoferrofluid (Fe;O4—NH3/H,O) and examine its efficiency characteristics as a
refrigeration working solution by the same method. The reasons behind choosing this
nanoferrofluid are that ammonia/water has the ability to be used under altitude
running pressure (15 bar in diffusion absorption cycles) driven by low-temperature
heat resources. This availability does not exist in most conventional working
solutions whose absorbent is a salt, also, the excellent thermophysical properties of
nanoferrofluid and its magnetic property which give an ability to utilize it combined
with applying an external magnetic field as a method for long and acceptable
suspension stability of these nanoparticles in the base-fluid thus enhancement in the
heat transfer process in the generator of DARS. The results are represented as
follows:

e The visual inspection analyses of stability elucidate that the Fe;O4
nanoparticles in the base-fluid have good dispersion and weak stability
characteristics.

e PVP surfactant dissolves well in the solution and has a useful effect on the
dispersion of the nanoparticles over time. Where after the sonication process
particles start a late agglomeration comparing with other samples that have
other surfactants, even comparing with the same concentration sample
without surfactant.

e SEM analysis shows almost a typical and random distribution situation of
the nanoparticles, without a magnetic field, in the base-fluid. And this
distribution occurred after sonication because of just the nanoparticles'
thermal motion.

e The density of the nanoferrofluid (at 25 °C) increases from 0.9150 to 0,9165
g em” with an increasing the concentration of the added nanoparticles from
0.0 to 0.2 wt.%. And also, Experimental measurements have almost identical

values with the theoretical density.
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A significant increase in viscosity of mixture happened from 1.815 to 7.637
mPa.s with increasing concentration of Fe;O4 from 0 to 0.2 wt%.
Consequently, the nanoferrofluid has a high viscosity comparing with its
base fluid. And also has a high viscosity comparing with another kind of
nanofluid with the same base-fluid.

By increasing nanoparticle concentration heat capacity decreases, as
expected, because of the low heat capacity value of the nanoparticles (0.653 J
g’ K') comparing with the specific heat capacity of NH3/H,O base-fluid
(4134157 g' K.

In presence of an external magnetic field affects the DARS generator, the

validation of using new nanoferrofluids (Fe;O4-acetone/ZnBr, and Fe;O4-NH3/H,0)

as working solutions were experimentally investigated. Then an experimental study

of obtained enhancement in DARS' performance was presented by using the valid

solution with helium as an inert gas. The experiments were performed on

nanoferrofluids of 0.05 wt.% and 0.1 wt.% Fe;O4 nanoparticles concentrations in 300

ml ammonia/water base-fluid with addition 1 wt.% concentration of PVP surfactant,

which was equipped to DARS with and without an external magnetic field.

Depending on the concentrations and presence or absence of the external magnetic

field, the experiments divided into five tests. According to the obtained results of the

analyses, the following essential inferences can be drawn from this research:

Although theoretically, the DARS can be started running with the chosen
operation conditions under cycle pressure less than 10 bar, the experimental
results presented that acetone/ZnBr, binary solution is not valid for use in
DARS. Thus DARS was investigated only with NH3/H,O nanoferrofluid.
Although the enhancement of thermal conductivity increases as increasing
nanoparticle concentration in NH3/H,O base-fluid, where reaches 3.508% at
0.2 wt.% of nanoparticles, the high viscosity and low specific heat capacity of
nanoferrofluid with high nanoparticle concentrations prevent use them in
DARSs.

The positive effect of using an external magnetic field on the heat transfer in
the generator bubble-pump component was significantly clear in the

experiments.
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The initial experiments of the magnet installation test showed that the best
placement was in the 16 cm magnet height from the bottom of the generator-
bubble pump component. Then this placement was chosen to use in the
performed experiments.

A good nanoparticle suspension stability for a long time with existing the
external effect of the magnet.

The presence of nanoparticles in the base-fluid causes rising in the pressure
of the DARS. Also, the presence of the external magnetic field brings about
more increases in the pressure value.

Although that the lowest evaporator and internal temperatures occurred in
DARSy 5% Ma., the steady-state of the temperature of the internal cooled area
appeared more clearly in DARSq 19 Ma..

Although the DARS had a major enhancement in DARS 050, ma, it had high
losses in the absorber and SHX, thus a very high circulation ratio value, and a
low improvement in energy performance comparing with the best system.
DARSo.1%Ma. Was the best system with enhancements in COP, and ECOP,
reached 10.72%, and 26.66%, respectively, and a decrease in f by 2.70%.
Whereas, DARS s, system has the lowest COP and ECOP comparing with

the reference system

5.2. Recommendations

The performed review in this research has several scientific aspects that

investigations in them are needed to be continued in the future. Since the

enhancement of the efficiency by using nanofluids will enable the derivation of new

projects as it will be initiated to improve efficiency with other refrigeration cycles

which will be able to perform on many promising future applications. Recently,

many improved compact kinds of heat exchangers are utilized like Shell and Tube

kind heat exchangers, microchannel heat exchangers, plate type heat exchangers. But

all of them have a secondary influence on the effectiveness of DARSs compared to

the bubble pump importance. On the other hand, and in light of the previous studies

the attempts to improving the design of bubble pump configuration become limited

anymore, due to the simplicity of the bubble pump composition originally. Thus, the

next investigations should focus on improving the stability of nanoparticles. Where,
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although the high thermal conductivity of the nanofluids compared to the
conventional working solutions, the main problem of nanoparticles is the tendency to
agglomeration and sedimentation quickly over time and prevent good dispersion
attempts of nanosize particles in the nanofluids.

In light of the previous results, the significant influences of using nanomagnetic
particles in a conventional binary working solution as a base-fluid under an external
magnetic field in DARSs as a new method to improve this kind of refrigeration
cycles open new horizons for more investigations in this way to obtain better results.
Especially that these refrigerators can be run by a low generator temperature by the
solar energy or any kind of waste heat resources. Furthermore, the enhancements in
the heat transfer and the suspension nanoparticles stability due to a simple
installation of the cheap permanent magnets around the generator-bubble pump
components encourage future interests to make this research with some

developments able to be performed to existing DARSs in commercial applications.
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