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Abstract in English

Nanofluids are a type of fluid that contains dispersed nanoparticles, which can enhance
their thermal and electrical properties compared to base fluids. This has led to their
widespread use in applications such as solar energy storage. One specific application
of nanofluids is in direct absorption solar collectors (DASCs), where they are used as
working fluids to convert solar energy into thermal energy. Additionally, their
enhanced electrical properties make them suitable for use in cooling systems for
electrical devices, as dielectric materials, in photovoltaic systems, etc. Furthermore,
nanofluids have the potential for use in hydrogen production via water electrolysis,
which can store solar energy as hydrogen. Therefore, investigating the performance of

nanofluids in various energy industry applications can be valuable.

The properties of nanofluids are influenced by various factors, such as the material of
nanoparticles, their size and shape, and their concentration. Therefore, it is crucial to
measure their optical, electrochemical, and thermal properties, including the extinction

coefficient, zeta potential, and electrical conductivity.

In this study, a rectangular DASC with internal baffles and rectangular cross-section
pipes was designed and tested. Carbon black (CB) nanofluids were utilized as working
fluids, and a halogen lamp was used to simulate the concentrated solar radiation. The
photothermal properties and enhancements of the system were evaluated by monitoring
the temperature of the working fluids at the inlet and outlet, as well as the DASC's

efficiency.

To study the behavior of nanoparticles and other important parameters that are difficult
to observe during experiments, such as the distribution of temperature and velocity
vectors of working fluids, this thesis developed a numerical model for analyzing the
flow pattern and distribution of CB nanoparticles in DASCs using a volumetric heat
transfer model based on Beer-Lambert's law. The extinction coefficient of CB
nanofluids, which was determined by measuring the reduction in heat flux when light

passed through the nanofluids, was an important parameter in the model. The



simulation results can be used to analyze the behavior and deposition of nanoparticles,

as well as the heat transfer and flow characteristics of nanofluids at a micro level.

The electrochemical performance of CB nanofluids was evaluated through an
experiment on electrolyte nanofluids electrolysis. The hydrogen production rate of the
water split reaction and the efficiency of electrolysis are important indicators to
determine the enhancement of the electrolyte nanofluids. In this study, two types of

electrolyte nanofluids, sodium sulfate and sodium hydroxide, were tested.

A semi-empirical correlation based on Faraday’s law of electrolysis and the Maxwell
model of electrical conductivity was developed to evaluate the effect of CB nanofluids.
Some simplifications were made regarding the concentration of nanofluids, making it
possible to evaluate them using experimental results. This correlation can be used to
assess the total hydrogen production for alkaline electrolyte nanofluids at low

concentrations.

In addition to the aforementioned studies, stability tests were conducted to evaluate the
stability of different types and concentrations of CB nanofluids. The factors that

contribute to the destabilization of nanofluids were also discussed in this study.



Abstract in Norwegian

Nanofluid er en type vaske som inneholder spredte nanopartikler, som kan forbedre
deres termiske og elektriske egenskaper sammenlignet med basevasker. Dette har fort
til omfattende bruksomrader, som for eksempel solenergilagring. En type anvendelse
av nanofluid er i direct absorption solar collectors (DASCs), der de brukes som
arbeidsveesker for & konvertere solenergi til termisk energi. I tillegg gjor deres
forbedrede elektriske egenskaper dem egnet for bruk i kjelesystemer for elektriske
enheter, som dielektriske materialer, i fotovoltaiske systemer, etc. Videre har nanofluid
potensiale for bruk i hydrogenproduksjon via vannelektrolyse, som kan lagre solenergi
som hydrogen. Grunnet dette kan det veere verdifullt & undersgke ytelsen til nanofluid

i ulike energiindustriapplikasjoner.

Egenskapene til nanofluid pévirkes av ulike faktorer, som materialet til nanopartikler,
deres storrelse og form og konsentrasjonen. Det er derfor avgjerende & male deres
optiske, elektrokjemiske og termiske egenskaper, inkludert utryddelseskoeffisient,

zetapotensial og elektrisk ledningsevne.

I denne studien ble en rektanguleer DASC med interne baffler og rektangulaere ror med
tverrsnitt designet og testet. Karbon sot (CB) nanofluid ble brukt som arbeidsvaske,
og en halogenlampe ble brukt til & simulere konsentrert solstraling. De fototermiske
egenskapene og forbedringene av systemet ble evaluert ved & overvake temperaturen

til arbeidsveeskene ved innlepet og utlepet, samt effektiviteten til DASC.

For & studere oppferselen til nanopartikler og andre viktige parametere som er
vanskelige & observere under eksperimenter, for eksempel distribusjonen av temperatur
og hastighetsvektorer til arbeidsvasker, utviklet denne avhandlingen en numerisk
modell for & analysere stremningsmensteret og distribusjonen av CB-nanopartikler i
DASCs ved hjelp av en volumetrisk varmeoverforingsmodell basert pa Beer-Lamberts
lov. Utryddelseskoeffisienten til CB-nanofluider, som ble bestemt ved & maéle
reduksjonen i varmefluks nar lys passerte gjennom nanofluidene, var en viktig

parameter i modellen. Simuleringsresultatene kan brukes til 4 analysere oppferselen og
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avleiringen av nanopartikler, samt varmeoverforing og stremningskarakteristikker av

nanofluider pd mikronivé.

Den elektrokjemiske ytelsen til CB-nanofluider ble evaluert gjennom en
eksperimentell elektrolyse av nanofluidelektrolytter. Hydrogenproduksjonsraten fra
vannsplittelsesreaksjonen og effektiviteten av elektrolysen er viktige indikatorer for &
bestemme forbedringen av nanofluidelektrolytter. I denne studien ble to typer

nanofluidelektrolytter, natriumsulfat og natriumhydroksid, testet.

En semi-empirisk korrelasjon basert pd Faradays elektrolyselov og Maxwells modell
for elektrisk ledningsevne ble utviklet for & evaluere effekten av CB-nanofluider. Noen
forenklinger ble gjort med hensyn til konsentrasjonen av nanofluider, slik at de kunne
evalueres ved hjelp av eksperimentelle resultater. Denne korrelasjonen kan brukes til &
vurdere den totale hydrogenproduksjonen for alkaliske nanofluidelektrolytter ved lave

konsentrasjoner.

I tillegg til de nevnte studiene, ble stabilitetstester utfort for & evaluere stabiliteten til
forskjellige typer og konsentrasjoner av CB-nanofluider. Faktorene som bidrar til

destabilisering av nanofluider ble ogsé diskutert i denne studien.
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1. General Introduction

The extensive use of fossil fuels has led to the emission of greenhouse gases, which is
currently the most pressing environmental issue. One of the most urgent goals is to
reduce the concentration of carbon dioxide in the atmosphere. In 2021, the European
Commission announced the 2030 Climate Target Plan, which aims to reduce
greenhouse gas emissions by a minimum of 55% by 2030, with the ultimate objective
of achieving climate neutrality by 2050 [1]. In a similar vein, China has set a target of
achieving carbon neutrality by 2060, with the aim of reaching peak carbon emissions

before 2030 [2].

To achieve these climate targets, the most critical factor is to find a clean energy source
with zero greenhouse footprint that can replace fossil fuels. One of the most promising
renewable energy sources is solar energy, which has tremendous potential in the field
of energy resources because it is a practically infinite source of energy [3]. However,
solar energy is weather- and time-dependent, making energy storage a vital aspect of
its use. One common method for utilizing solar energy is through the use of solar

collectors, which can convert solar energy into thermal energy.

Solar collectors are thermal systems that harness solar radiation by employing various
working fluids, such as water, thermal oil, ethylene glycol, and others [4]. However,
low energy efficiency remains a significant challenge for engineers seeking to utilize
solar energy. To address this issue, some researchers have proposed using nanofluids

as working fluids due to their superior thermal conductivity [5].

Nanofluids refer to suspensions of nanoparticles in base fluids that exhibit exceptional
thermal conductivity, leading to higher heat transfer coefficients compared to
conventional working fluids. Nanofluids can be classified into four types based on the
type of nanoparticles they contain, including (1) metal-based nanofluids, (2) metal
oxide-based nanofluids, (3) carbon-based nanofluids, (4) hybrid metal-based
nanofluids [6]. The thermal properties of nanofluids are mainly affected by the
dispersed nanoparticles. Therefore, there has been growing research interest in

investigating carbon-based nanofluids, as they exhibit outstanding thermophysical
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properties when compared to other types of nanofluids [7]. As an example, graphene
offers considerably enhanced thermal conductivity in nanofluids, owing to its high
aspect ratio, low density, reduced surface effects of erosion and corrosion, superior
stability, and lower requirements for pressure drop and pumping power, when
compared to other types of nanomaterials [9-11]. Given these advantages, investigating
the properties of nanofluids is critical for their potential applications in various fields.
Therefore, in this study, carbon black (CB), which is a commonly used carbon-based

nanoparticle, was chosen to investigate its properties.

This chapter provides a brief overview of the fundamental concepts and properties of
nanofluids. Additionally, the purpose of this study and the main works are also

presented.

1.1 Nanofluids

Nanoparticles in nanofluids exhibit a larger relative surface area, which facilitates heat
transfer [12]. Furthermore, the small size of the particles promotes micro-convection
within the fluids, enhancing their mobility [13]. To gain a comprehensive
understanding of the heat transfer processes in nanofluids, it is crucial to investigate
the dynamic forces of nanoparticles in the base fluid. Therefore, further research is

needed to explore the detailed motion of nanoparticles at the nanoscale.
1.1.1 Forces in nanofluids

The enhancement of nanofluids' thermal properties can be attributed to two factors: the
intrinsic properties of nanoparticles and their motion within the fluid. Nanoparticle
motion plays a predominant role in determining the behavior of nanofluids, including
aggregation, convective heat and mass transfer, and enhancement of electrical

conductivity.

When suspended in base fluids, nanoparticles experience a variety of forces, as
illustrated in Figure 1.1 [12]. These forces can be categorized into four groups based
on their origins: interparticle forces, forces between nanoparticles and the base fluid,

external forces, and other forces.
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Nanofluids experience interparticle forces such as van der Waals forces, electrostatic
double-layer forces, as well as other forces like steric, capillary, and depletion forces,
which have a relatively minor impact on the stability of nanofluids [14]. Said et al. [12]
classified nanofluids into two categories based on their concentrations: diluted and
dense nanofluids. Dilute nanofluids are those with a volume concentration below 0.1
vol.%, whereas those above this limit are classified as dense nanofluids. In diluted
nanofluids, interparticle forces can be neglected due to the absence of adhesive forces.
The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory is a classical theory that
describes the interactions and deposition kinetics of colloidal particles. The total
potential energy that supports colloidal stability is composed of van der Waals and
electrostatic potentials. When the attraction force dominates, it leads to aggregation

and unstable suspensions. Conversely, higher repulsion forces can make the suspension

stable.
Reduced Gravity Force Fluid Inertia Effect
Lorentz Force }External Forces Drag Force [ Slip Surface Effect
Acoustic Radiation Force Faxen Effect
Van der Waals Force Thermophoretic Force
Electrostatic Force = 5 B | Saffman Lift Force
. " Forces in a Nanofluid |Base Fluid ' Lift Force -
Steric Force|/ Surrounding Particles : Magnus Lift Force
Induced by ;
Depletion Force Brownian Force
Electrosteric Force Inertial Pressure Gradient Force
Diffusiophoresis Unsteady flows Force [i{Added (Virtual) Mass Force
Centrifugal -/ Other Forces Basset History Force
Turbophoretic lSurrounding Wall Surface

Fig. 1.1 Forces in a nanofluid according to Said et al. [12]

The dispersion of nanoparticles in a base fluid induces several forces on the particles,
including those from the liquid, solid surfaces, surrounding walls, and external fields.
However, only a small number of these forces have a significant impact on the stability
of nanofluids, while others have a relatively minor effect due to their smaller magnitude
[15]. These forces play crucial roles in the thermal processes within nanofluids, such
as drag force, lift force, Brownian force, thermophoretic force, and some forces related

to unsteady flow.
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External forces, as the name suggests, are forces created by external fields. Gravity is
the most common external force. Some special nanofluids require the use of a magnetic
field or sound waves during manufacturing, resulting in the existence of the Lorentz

force or acoustic radiation force [16-17].
1.1.2 Stability

The forces present in nanofluids facilitate the motion of nanoparticles, which can
enhance convective mass and heat transfer, but also increase the likelihood of
nanoparticle collisions. Similarly, during the fabrication of nanofluids, nanoparticles
tend to agglomerate and form sediment due to gravity, leading to the instability of
nanofluids. This instability can increase the viscosity of the nanofluid [18], reduce
thermal conductivity [19], and affect light scattering and absorption [20]. Therefore, it

is essential to understand the stability of nanofluids and prevent it from occurring.

The stability of a colloidal system can be categorized into dispersion stability, kinetic
stability, and chemical stability [21]. Dispersion stability in nanofluids refers to the
propensity of nanoparticles to aggregate. Kinetic stability primarily represents the
Brownian motion of nanoparticles and their aggregation in the nanofluids. Chemical
stability refers to the possibility of chemical reactions between nanoparticles and the
base fluid, although such reactions are rare in nanofluids due to the need for additional
conditions such as high temperature, high pressure, and catalysts [22]. Therefore,
clustering and sedimentation are the primary factors that affect the stability of

nanofluids.

Physical instability in nanofluids can result in sedimentation, which can exhibit
different types of performance, namely dispersed sedimentation, flocculated
sedimentation, and mixed sedimentation, as illustrated in Fig. 1.2 [23]. Flocculated
sedimentation involves the agglomeration of particles to form clusters that settle down,
typically taking place in environments with high concentrations of solids. In contrast,
dispersed sedimentation occurs in scenarios where solid concentrations are minimal,
with each particle settling on its own. In mixed sedimentation, particles exhibit both

flocculated and dispersed sedimentation tendencies simultaneously [8]. Dr. M.
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Pisarevsky investigated the formation of sedimentation in aluminum nanofluids, as
shown in Fig. 1.3. According to the speed of sediment forms and settles in an unstable
nanofluid, the whole process can be classified into two regions, rapid settling region

and slow settling stage [24].

Dispersed sedimentation Flocculated sedimentation Mixed sedimentation

Clear liquid

Sediment

ty f ty tg fy f 5] tf ty f 1) tf

Fig. 1.2 Schematic of different sedimentation from Ali et al [23] (license CC BY 4.0)

nees RRem Bmm
= |

mgE pE LM WY

(a) 39 days (b) 42 days (c) 44 days

Fig. 1.3 The forming of sedimentation (private communication with Dr. M.

Pisarevsky from MEPhI)

Nowadays, there are several methods available to evaluate the stability of nanofluids.
Some of the most widely used methods are 1) sedimentation observation, 2) Zeta
potential measurement, 3) 3-® method, 4) dynamic light scattering (DLS) approach, 5)

scanning electron microscopy (SEM) analysis, and 6) spectral analysis [25-31].

In the manufacturing and storage of nanofluids, destabilization is an inevitable

occurrence. Factors such as temperature, concentration, solution chemistry, and storage
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time can all impact the stability of nanofluids [32-34]. The concentration of nanofluids
plays a crucial role in determining their essential optical and thermophysical properties,

and sedimentation can reduce this concentration, thereby affecting these properties.

Various technologies have been developed to enhance the stability of nanofluids, which
can be divided into two types: mechanical stabilization and chemical stabilization [12].
Four commonly used mechanical stabilization methods include ultrasonic bath
sonication, magnetic stirring, homogenizer/probe sonication, and ball milling [35].
These methods are employed during the preparation of nanofluids to prevent clustering
beforehand. In contrast, chemical stabilization techniques can prevent clustering after
nanofluids are prepared and maintain long-term stability. Adding a surfactant is a
typical chemical stabilization technique, as ionic surfactants can assist in covalent

surface functionalization [36].

Surfactants play a crucial role in stabilizing colloids by attaching to particle surfaces
and forming micelles that hinder the agglomeration of the dispersed phase.
Furthermore, certain surfactants can also adjust the pH of nanofluids to cause the
suspension to stabilize or destabilize [37]. However, some surfactants can be harmful
to the environment by producing sulfates and persulfates at high concentrations [38].
Therefore, researchers have begun investigating the environmental impact and
biodegradability of surfactant-nanoparticle mixtures. Non-ionic surfactants, such as
alkyl polyglucosides, have been considered for use [39]. The most widely used
surfactant, sodium dodecyl sulfate (SDS), has shown excellent performance in
stabilizing carbon-based nanofluids [40], and stabilization by surfactants is the main
technique employed to ensure the long-term stability of carbon-based nanofluids in this

study.
1.1.3 Thermophysical properties

For the effective utilization of nanofluids in various applications, it is necessary to
evaluate the thermophysical properties of nanofluids, such as thermal conductivity,
density, specific heat, and dynamic viscosity. These properties can be determined using

either experimental methods or models [41-44]. Of these properties, thermal
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conductivity is particularly crucial since it significantly impacts the performance of the
working fluid. Therefore, researchers investigating nanofluids have made thermal
conductivity enhancement their primary focus [45-46]. The enhancement in the
effective thermal conductivity of nanofluids is attributed to the incorporation of solid
particles in the liquid, which possess considerably higher thermal conductivity

compared to the base fluid.

Estimating the effective thermal conductivity of nanofluids is a complex task, owing
to its reliance on several crucial factors. These factors include the type and morphology
of particles, particle concentration, base fluid type, temperature, the presence of
surfactants, and dispersion stability [47-48]. In the current literature, there are several
equations available to estimate the thermal conductivity of nanofluids [49]. One well-
known and widely used equation is Maxwell's general formula, which employs the
volumetric concentration of nanoparticles as well as the thermal conductivities of the

base fluid and nanoparticles [50]:

kng Ky + 2ks + 2(k, — k)
ke ky+ 2k — (ky — ko’

(1-1)

where ks, k- and k, are the thermal conductivity of the nanofluid, base fluid and

nanoparticles, ¢ is the concentration of nanofluids.

In 1962, Hamilton and Crosser modified this equation to incorporate parameters that
account for the morphology of nanoparticles, using an empirical shape factor [51], but
it is more appropriate for use in scenarios with low concentrations. Yu and Choi used
the ratio of nanolayer thickness to particle radius to determine thermal conductivity
through the Maxwell model. A nanolayer refers to the layered structure formed by
liquid molecules adhering to the surface of a nanoparticle. The equation can be
expressed as follows [52]:
Kng  ky+ 2k +2(k, — ke)p(1 + B)°

ke ke + 2k — (ky — k)1 + B3 (1-2)

where g is the ratio of the nanolayer thickness to the particle radius.



22

In addition, several researchers have proposed various theoretical models to anticipate
the thermal conductivity of nanofluids [7]. However, many of these equations suffer
from conceptual limitations due to their experimental origin. This is because the
primary factors that significantly affect the thermal conductivity of nanofluids are the
aggregation or agglomeration of nanoparticles, nanoparticle size, thickness of the

nanolayer, temperature, and concentration of nanoparticles [12].

Apart from theoretical models, there are different methods available to measure the
thermal conductivity of nanofluids. These methods include the parallel plate steady-
state technique, the laser flash method, the transient hot wire approach, and the transient
plane source method [53]. It should be noted that the presence of air and the limitations
of the measuring instrument can result in significantly lower values when measuring

thermal conductivity [54-55].
1.1.4 Electrical properties

Nanofluids are not limited to use in solar collectors but can also be applied in other
energy fields, such as mineral processing systems, fuel cells, and electric field heat
transfer applications [56]. Several studies have reported an enhancement in the heat
transfer of nanofluids when subjected to electric or magnetic fields [57-58]. As these
fields are often utilized in such applications, investigating the electrical properties of

nanofluids is crucial.

Electrical conductivity is considered the most important electrical property of a
nanofluid. However, research in this area is still in its early stages, and the mechanisms
behind the enhancement are not entirely understood [59]. Nevertheless, unlike thermal
conductivity, electrical conductivity can be directly measured with less error, making

it suitable for experimental investigation.

The electrical conductivity of nanofluids can be affected by several factors, including
concentration, temperature, presence or absence of surfactants, nanoparticle size, and
preparation method. However, many of these factors have not been fully explored,

except for concentration and temperature [60-61]. Experimental studies have indicated
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that higher temperatures generally result in an increase in electrical conductivity, but
the impact of temperature is typically less pronounced than that of concentration [62-

63].

An increase in electrical conductivity is observed as the concentration of nanoparticles
increases within a certain range. However, there is no accurate explanation for this
phenomenon. The factors responsible for the rise in electrical conductivity can be
mainly attributed to the impact of the electric double layer and the increased
conductance of the particles [59]. Several mechanisms have been proposed by

researchers to explain this phenomenon [64-69]:

interaction between the solid nanoparticles and the electrical double layer,
electrophoretic mobility of the nanoparticles,

agglomeration of nanoparticles,

the polarity of the base liquid,

the ionic concentrations of the base fluid.

In addition to experimental measurements, there are also several theoretical models
available for estimating the electrical conductivity of nanofluids [70]. Among them,
the Maxwell model is considered most suitable for low concentrations of spherical
nanoparticles. This model takes into account the electrical conductivity of both the
nanoparticles and the base fluid to predict the electrical conductivity of the nanofluid,

and it writes [50]:

3((;—?—1)(p
O-‘I‘Lf = O'f 1+O—p 5 Up 1 ) (1_3)
o G

where o,r, or and o, are the electrical conductivity of the nanofluid, base fluid and

nanoparticles.

1.2 Aim of the current study
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The main aim of this study is to examine the performance of carbon black-based
nanofluids in photothermal and electrochemical applications and gain a thorough
understanding of the properties of nanofluids through a series of numerical models and

empirical correlations.

To investigate the use of nanofluids in photothermal applications, a set of indoor
experiments will be conducted in a direct absorption solar collector (DASC) employing
carbon black (CB) nanofluids. The effectiveness of the DASC will allow for the

evaluation of photothermal properties and enhanced thermal-physical properties.

To investigate the behavior of CB nanoparticles, a numerical model should be
developed, including volumetric heat transfer for nanofluids and the ability to predict
nanoparticle sedimentation. The simulation results will be validated through

experimental results.

To investigate the use of nanofluids in electrochemical applications, electrolyte
nanofluids will be synthesized. The performance of the nanofluid will be evaluated

based on the total hydrogen production and the efficiency of the electrolysis system.
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2. Experiments and Modeling of Direct Absorption Solar

Collectors: Review

Low-to-medium temperature solar collector technology can be categorized into four
main types [71]: flat plate solar collector (FPSC), parabolic trough solar collector
(PTSC), evacuated tube solar collector (ETSC), and direct absorption solar collector
(DASC). DASC differs from other types of solar collectors as it allows working fluids
to directly absorb solar radiation through a transparent cover, without an absorber
surface, resulting in reduced heat loss. Consequently, traditional heat transfer fluids are
not the best choice for DASC, leading researchers to explore the use of nanofluids to
improve their thermal performance. Several studies have demonstrated that adding less
than 1% volume fraction of nanoparticles can significantly enhance the absorption of

solar radiation in the working fluid [72-74].

This chapter provides a brief review of the experimental and numerical studies
conducted on DASC. A description of the volumetric heat transfer model and
extinction coefficient is introduced since they are crucial components in DASC

modeling.
2.1 Direct absorption solar collectors

The aim of the researchers studying DASC is to improve its thermal efficiency. The
efficiency of the DASC is influenced by various factors, including the design of the
collector, flow properties, and properties of the working fluid [71]. However, due to
the small size of nanoparticles and low translucency of nanofluids, it is difficult to
observe some phenomena of nanoparticles during experiments. Therefore, a

combination of experiments and simulations is the best approach.

The thermal performance of a Direct Absorption Solar Collector (DASC) is affected
by the design of the collector, which influences the absorption behavior of the working
fluid. Bhalla et al. [75] conducted a study using the Taguchi method to investigate the

impact of collector length on the performance of nanofluid-based solar collectors. The
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results indicated that a smaller height of the collector, indicating a thinner layer of
nanofluids, can achieve higher outlet temperatures. They also analyzed the effect of
collector length on the temperature rise and thermal efficiency, and found that
increasing the length of the collector can result in an increase in the outlet temperature
rise of the nanofluid due to the extended exposure time to irradiation. However,
increasing the length of the collector can lead to higher heat losses through the sides

and bottom, which decreases the overall thermal efficiency of the system.

Sharaf et al. [76] conducted a computational study to examine how various design
parameters, such as collector length and flow velocity, impact the energy and exergy
efficiency of a DASC that uses CuO nanofluids. Their findings indicated that the
exergy efficiency of the collector increases as the collector length increases. After
reaching an optimal collector length, the exergy efficiency sharply decreases until it

reaches a constant value.

While the two aforementioned studies primarily investigate the geometry of the DASC,
such as its length and depth, an equally important factor to consider is the configuration
of the cross-section. When using nanofluids as working fluids, the pipes' cross-section
may come in various configurations, such as rectangular. Rectangular tubes have a
larger optical contact area for radiation and working fluids compared to circular tubes.
However, due to their shape, rectangular tubes are more prone to inducing turbulent
flow at pipe bends, which can lead to the sedimentation of nanoparticles at corners.
Other factors affecting the thermal efficiency of DASC have also been studied. In an
article by Otanicar et al. [77], the performance of various nanofluids (carbon nanotube,
Ag, graphite) in a DASC was examined. The research concluded that the addition of
nanoparticles to the fluid mixture can considerably improve the efficiency of the
collector. The most effective nanoparticles were found to be 20 nm silver nanoparticles.
However, the author only tested different types and sizes of nanoparticles and did not

investigate the effect of nanofluid concentration.

Ladjevardi et al. [78] conducted a numerical and experimental study to examine the

impact of altering the diameters and volume fraction of graphite nanoparticles in a
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DASC. The findings of the study revealed that increasing the concentration of graphite
nanoparticles led to a rise in the collector output temperature. Furthermore, using
graphite nanoparticles with a volume fraction of approximately 0.00025% resulted in
a considerable increase in the outlet dimensionless temperature compared to pure water
while incurring only a minimal increase in cost. However, the simulation results did

not account for the behavior of the nanoparticles.

Several researchers have attempted to develop empirical correlations to evaluate heat
transfer in DASC, such as convection internal heat transfer and heat loss. Karami et al.
[79] have devised highly accurate empirical correlations for the Nusselt number to
evaluate the heat loss of a DASC. The authors employed a general formula for the
Nusselt number that is dependent on the non-dimensional numbers of Reynolds and
Prandtl, with other parameters being determined through experiments. They used a
PVP-stabilized silver nanofluid as the working fluid in DASC. However, the
correlation can only be utilized to calculate the heat transfer coefficient for the range
of 20 < Re <200 and 3 < Pr <6. The agglomeration of nanoparticles is an essential

factor that should be considered when evaluating heat transfer.

Several studies have investigated factors affecting the thermal efficiency of a DASC,
such as types of nanofluids, concentrations and sizes of nanoparticles, and tilt angles
of the DASC. These studies have yielded similar results to those discussed above.
However, only a few studies have focused on the impact of nanoparticle agglomeration,
despite its negative influence on the thermal properties of nanofluids [18-20], as
discussed in Section 1.1.2. While a small amount of aggregation can enhance the
thermal conductivity of a nanofluid by facilitating heat transfer through physical chains
[12], it is still necessary to investigate the effects of agglomeration. Simulation is the

best method for investigating these effects.

2.2 Simulation models

In order to simulate the behavior of nanoparticles and investigate the thermal properties
of nanofluids, a precise simulation model is required. The model should have the ability

to predict heat transfer and flow characteristics in the DASC.
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2.2.1 Model of nanofluids

There are two models commonly used to investigate the behavior of nanofluids, single-

phase and two-phase models [80].

The single-phase model assumes that both the fluid phase and nanoparticles move at
the same velocity while maintaining thermal equilibrium. In this approach, nanofluids
are assumed to be homogenecous solutions consisting of the host fluid and
nanoparticles, with minimal slip occurring between them. Consequently, the exchange
of momentum and interphase forces between the fluid and nanoparticles are assumed
to be infinite [81-84]. One advantage of this model is low computational costs and
simplicity [85]. Nonetheless, its accuracy is limited. Beg et al. [86] reported that the
single-phase model exhibited approximately 28% discrepancies in comparison to
experimental findings, whereas the two-phase model demonstrated only 2%

discrepancies.

The two-phase model, as its name suggests, considers the nanoparticles and the base
fluids separately. Depending on the treatment of these two phases, the two-phase model

can be divided into the Eulerian-Lagrangian method and the Eulerian-Eulerian method.

For low particle volume fractions, the Eulerian-Lagrangian method is applicable and
utilizes the Lagrangian assumption to model the particle phase and the Eulerian
approach to model the base liquid. Continuum equations are used to solve the
governing equations for the base fluid [87-90]. This model is useful for studying the
effects of thermophoretic and Brownian motion of the nanoparticles [91-93].
According to the investigation of various literature conducted by Habeen et al. [80],
the Eulerian-Lagrangian method demonstrated a deviation range of 2% to 11.29%,
while the Eulerian-Eulerian method exhibited a deviation range of 3% to 11.78%.
However, despite the superiority of the Eulerian-Lagrangian method, it requires a
significant amount of computational time, memory, and CPU power due to the

presence of numerous nanofluid particles in the computational domain.
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The Eulerian-Eulerian method considers base fluids and nanoparticles as two
continuous phases and is a more suitable technique for modeling particles with high-
volume fractions. It is based on the assumption that the liquid and nanoparticle phases
continue to interpenetrate [94-96]. This technique includes mixture and segregated
Eulerian models. The mixture model takes into account both the base fluids and
nanoparticles, with each having their respective volume fraction and velocity vector,
enabling the interpretation of the interaction between the two phases. The Eulerian
model is more complex and requires solving continuity, momentum, and energy
equations for both fluid and nanoparticle phases. This model allows each phase to have
its own velocity vector while sharing the same pressure. These methods possess
comparable precision and computational running time. According to the literature
review of Habeen et al. [80], the mixture model exhibited a deviation range of 3% to
11.78%. In contrast, the Eulerian model had a deviation range of 7% to 12.61%.
Nevertheless, several studies have reported an overprediction of the convective heat
transfer coefficient, which becomes more pronounced with increasing nanofluid

concentration [97-98].
2.2.2 Volumetric heat transfer

DASCs differ from conventional solar collectors by absorbing solar energy through
working fluids, specifically through the use of nanoparticles. As a result, volumetric
heat transfer is critical for accurately simulating DASC performance. To account for
this, thermal conductivity, density, specific heat capacity, and other thermal properties
that affect the heat transfer process must be considered in a volumetric model [99-101].
This model includes the energy balance equation for the entire volume, accounting for
heat transfer by conduction, convection, and radiation, to accurately predict DASC

performance.

In a simplified model, the volumetric heat generation can be treated as the energy

change in the z-direction [99]:
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where, z is the length of the light path in the z-direction, I(z) is the radiative intensity
from the upper surface of the incident light, when z =0, I(0) represents the intensity
of the incident radiation at the upper surface. I(z) can be determined by Beer-

Lambert's law [102]:

B dl(z)

—dz = kan, (2_2)

where k& is the extinction coefficient, subscript nf represents the nanofluid. It is an
important photothermal property of nanofluids, and it will be discussed in the next

section. Bohren and Huffman [103] suggested that, for a given wavelength, it can be

calculated by:
knf = Ksca + kabs (2-3)
8 ,|m*—-1
ksca = §,B mZ + 2 (2-4)

(2-5)
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kaps = 4Bl(0)m{
where k., is the scattering coefficient, k., is the absorption coefficient. £ is
defined as 8 = %d, m is the relative complex refractive index of the nanofluid:
_ny, +iky,

m = n—f (2-6)

where n is the refractive index. It is defined as the ratio of the speed of light in vacuum
to the speed of light in a medium, so the refractive index of vacuum is n = 1. n, +
ik, is the complex refractive index of the nanoparticle, where n, represents the

refraction in the medium and ik, is the attenuation term in the medium that represents

the energy loss.
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According to Egs. (2-4) and (2-5), scattering is proportional to the d*, and absorption
is proportional to the d3, so scattering can be neglected for nanosized particles. Taylor
et al. [104] conducted a simplified correlation for the extinction coefficient for

nanofluids, written as:

47Tnf i ap kabs

2-7
T t37 g (2-7)

In the experiments, some chemicals, such as SDS (surfactant), antifoam, etc. are added
into nanofluids for stabilization. The chemicals altered the optical properties of the base
and the particles. Therefore, the extinction coefficient of the base fluid and nanofluids

should be determined experimentally.

Under a constant radiation resource condition, the average extinction coefficient of

nanofluid at different concentrations can be fit as:
d2
kngp=ke+ a,A (1 + §) (2-8)

where A and B are the fitting constants. Combining Egs. (2-2) and (2-8) and

substituting them into Eq. (2-1), the volumetric heat generation term reads:
qy = 1(0)ke™*ns? (2-9)
2.2.3 Extinction coefficient

The extinction coefficient is an important photothermal property of nanofluids, as
demonstrated in Eq. (2-9). This property measures how strongly a nanofluid absorbs
light at a specific wavelength. The extinction coefficient is calculated as the product of
the absorption coefficient, the path length of light through the nanofluids, and the

concentration of the nanofluids [105].

Ladjevardi et al. [78] discovered that increasing the diameter of nanoparticles resulted
in a significant increase in extinction coefficients for wavelengths below 1.25 pm,

resulting in greater energy absorption. However, increasing nanoparticle diameter also
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affects sedimentation, the effective fluid viscosity, thermal properties, and pumping
cost. Notably, this study did not address the impact of nanofluid concentration on the

extinction coefficient.

Choi et al. [106] conducted an experiment to measure the extinction coefficient of
water-based paraffin-filled MWCNT (multi-wall carbon nanotube) nanofluids under a
radiation wavelength of 632.8 nm. Their results indicate that the extinction coefficient
increases linearly with the volume fraction when the carbon nanotube volume fraction
is less than 0.05%. However, when the volume fraction exceeds 0.05%, the rate of

increase is less pronounced.

Ahmad et al. [107] reported similar findings, showing that the extinction coefficient is
directly proportional to the volume fraction and increases with the concentration of
nanoparticles. Additionally, they investigated the effect of different base fluids on the
extinction coefficient of carbon-based nanofluids and found that as the wavelength

increased, the extinction coefficients of all nanofluids increased.

The studies mentioned above indicate that the extinction coefficient of nanofluids is a
sensitive parameter that depends on the concentration of nanoparticles and the
wavelength of the incident light. It should be noted that the wavelength may differ if a
different radiation source is used. Therefore, an important parameter for developing an
accurate model is the wavelength-averaged extinction coefficient, which must be

determined experimentally to ensure precision.
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3. Experiments of Electrolyte Nanofluids Electrolysis:

Review

Typically, carbon-based nanofluids are in an acidic solution with a pH value of
approximately 4 [108]. This is because, to maintain stability in the nanofluids, an
electric double layer (EDL) is formed on the surface of the nanoparticles. If the pH
value approaches 7, the electrochemical charges on the surface of the nanoparticles
become neutralized, leading to the destabilization of the nanofluids [109]. However,
due to their low electron concentration, nanofluids are not easily electrolyzed.

Therefore, electrolyte nanofluids must be synthesized to conduct electrolysis.
3.1 Electrolyte nanofluids

Electrolyte nanofluids, as the name suggests, are nanofluids in which small amounts of
nanoparticles are suspended in an electrolyte solution. These nanofluids exhibit
enhanced thermal conductivity and electrical conductivity, which can be several times
higher than that of the base electrolyte solution. Due to this property, they are promising
candidates for a wide range of heat transfer applications, such as cooling of electronic
devices, thermal management of batteries, and solar thermal energy conversion. The
presence of electrolyte solutions in nanofluids can have an impact on the pH
environment and destabilize the electrolyte nanofluids, making the long-term
stabilization of electrolyte nanofluids a challenging task. Therefore, it is imperative to

prioritize the development of long-term stabilized electrolyte nanofluids.

Wang et al. [110] investigated the use of Al>O3 nanoparticles as electrolytes in batteries
for marine applications to enhance their micro-generation and heat-transfer
capabilities, comparing them with tap water, mineral water, and seawater. The study's
findings demonstrated that the AlOs nanofluid had the highest thermoelectric
performance, with an optimal concentration of 0.1 wt%. The authors concluded that
the electrochemical reaction of alumina nanofluid was able to improve the battery
output and heat-transfer rate across various electrolytes, operating temperatures, and

electrode areas. However, the study also revealed several issues that require attention,
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such as the concentration change of the electrolyte nanofluids over time, which could
impact the redox electrode reaction. Additionally, the Zeta potential of alumina
nanofluids at a pH of 5.516 was not strong enough to counteract the repulsion between
nanoparticles, which resulted in the formation of an unstable suspension that eventually

caused precipitation.

Liu et al. [111] conducted a study to investigate the electrical conductivity and
diffusion behavior of an electrolyte-based alumina nanofluid. The researchers prepared
a water-based alumina nanofluid with a high-ionic-strength potassium
ferro/ferricyanide electrolyte and sodium dodecyl sulfate, and analyzed its electrical
conductivity and diffusion behavior. The results showed that the electrical conductivity
of the nanofluids increased with an increasing concentration of alumina nanoparticles.
Additionally, the Levich equation was used to determine the diffusion coefficient of
the electrolyte nanofluids, and the diffusion behavior of the electrolyte was found to
depend on the concentration of alumina nanoparticles. Furthermore, the authors
explored the potential use of this electrolyte-based alumina nanofluid in
thermogalvanic applications aimed at improving the performance of an electrolyte in

thermal energy harvesting.

Beiki et al. [112] investigated the turbulent mass transfer of AlO3 and TiO; electrolyte
nanofluids in a circular tube with a diameter of 19 mm and a length of 1.5 m. The study
revealed that the mass transfer coefficient, calculated by current and transfer rate of
ions between the electrodes, increased with the concentration of nanoparticles,
reaching an optimal concentration (0.01% in Al>Os/electrolyte nanofluid and 0.015%
in TiOy/electrolyte nanofluid) before decreasing with further increases in
concentration. The enhancement ratio, which is the ratio of the mass transfer coefficient
of the nanofluid to that of the base fluid, was found to be dependent on nanoparticle
concentration and independent of the Reynolds number. The study also found that the
Brownian motion and clustering mechanisms of nanoparticles could describe the
enhancement ratio behavior in ENF. Additionally, TiO2 nanofluids exhibited a higher

mass transfer coefficient than Al,Os nanofluids. This can be attributed to the smaller
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size and higher Brownian velocity of TiO; particles, which increase micro-convection

within the nanofluid.

The existing studies have primarily focused on the thermal enhancement of electrolyte
nanofluids, while the exploration of their application in solar energy storage remains
limited. The investigation of the electrical enhancements of electrolyte nanofluids is a
crucial area that requires further investigation. The electrical properties of electrolyte
nanofluids play a crucial role in the performance of electrochemical systems, and their
potential applications are not limited to such systems. A hybrid system that can
effectively utilize both the electrical and thermal-optical properties of nanofluids is

highly valuable for the energy industry.
3.2 Electrolyte nanofluids electrolysis

Hiraki et al. [113] investigated the use of waste aluminum sources for hydrogen
production by utilizing an aqueous solution of sodium hydroxide at various
temperatures. The authors aimed to explore the efficiency of alkaline solutions in
generating pressurized hydrogen from aluminum. The results showed a significant
increase in the rate of hydrogen production with the concentration of sodium hydroxide
and the temperature of the aqueous solution. The study presents a promising new
technology for hydrogen production that has a significantly reduced environmental

impact compared to conventional methods.

According to the study, the use of electrolyte nanofluids in water electrolysis and solar
light irradiation was possible to increase total hydrogen production. The improved
electrolysis efficiency was attributed to the enhanced thermal properties of the
nanofluids under solar irradiation, which results in higher temperatures. The study also
suggests that the nanoparticle motion in the electrolyte promotes electrolysis through
the electrical double layer (EDL), while the applied electric field enhances the

convective heat transfer within the nanofluids.

Choi et al. [114] observed an increase in hydrogen production during water electrolysis

using cellulose nanofluid. The study found that the optimal hydrogen generation
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efficiency was achieved with an electrolyte concentration of 1.8 wt%, resulting in both
high efficiency and near-neutral pH values after the experiment. Additionally, the use
of cellulose nanofluid as an electrolyte resulted in high stability and low causticity. It
should be noted, however, that the enhancement was due to the nanostructure of

cellulose rather than its thermoelectric properties, which warrants further investigation.

Furthermore, the electrolysis of electrolyte nanofluids poses a significant challenge to
their stability. The increased temperature and electrical field during electrolysis can
facilitate the collision of nanoparticles, leading to agglomeration and sedimentation.

This factor has not been fully addressed in the literature.
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4. Summary of Papers Included in the Thesis

This chapter summarizes the work and findings presented in Papers 1-3, which
investigate the performance of nanofluids in a DASC and in water electrolysis, as well

as the preparation and stability analysis of these nanofluids.

4.1 Paper 1

Wei, S., Hikmati, J., Balakin, B. V., & Kosinski, P. (2022). Experimental study of
hydrogen production using electrolyte nanofluids with a simulated light source.

International Journal of Hydrogen Energy, 47(12), 7522-7534.

This work presents an experimental study that investigates the viability of using
nanofluids in the electrolyte of water electrolysis. The performance of the nanofluids

was evaluated based on the total hydrogen production and production rate.

In this study, water electrolysis experiments using a Hoffman voltameter with CB-
based sodium sulfate (SS) electrolyte nanofluids were conducted to analyze the effects
of light irradiation on such systems. The main objective was to investigate the impact
of different irradiation areas on the performance of the nanofluid-based systems using

a halogen lamp as a radiation source.

The study revealed that the addition of CB and light irradiation could increase the
hydrogen production rate when using a salt electrolyte, as shown in Fig. 4.1. The CB
enhanced the electrical conductivity of the electrolyte, while light irradiation increased
its temperature. Moreover, the effect of different CB concentrations on hydrogen
production was investigated. The results demonstrated that the highest production rate
was achieved at CB concentrations of 0.1 wt.% and 0.05 wt.% when a screen was used

to block light, as illustrated in Fig. 4.2.

The experimental results also revealed that nanoparticles might have both positive and
negative effects on electrolysis, as the average hydrogen production rates did not
consistently increase or decrease every two minutes. Hence, the overall electrolysis

process can be regarded as a dynamic balance.
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Fig. 4.2 Hydrogen production vs. different CB concentration (The intensity of light
was 1000 W/m?, and the concentration of SS was 10 wt.%)

4.2 Paper 2

Wei, S., Espedal, L., Balakin, B. V., & Kosinski, P. (2023). Experimental and
Numerical Investigation of Direct Absorption Solar Collectors (DASCs) Based on
Carbon Black Nanofluids (accepted by Experimental Heat Transfer)
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The aim of this work is to investigate the performance of CB nanofluids in a rectangular

DASC. The experimental results were used to build and validate the simulation model.

The experiments were conducted with both water and nanofluids containing 0.05 wt.%
nanoparticle concentration at various flow rates and tilt angles under a concentrated
simulated solar power source. The results indicated that the thermal efficiency of the
DASC increased with an increasing flow rate and reached 0.57 at a flow rate of 4 I/min.
Compared to the surface collector, the DASC exhibited a 10% higher thermal
efficiency at a flow rate of 2.0 I/min, as shown in Fig. 4.3. The total thermal efficiency
of the DASC depended on its orientation relative to the light source, as demonstrated
in Fig. 4.4. The efficiency decreased as the incline angle of the DASC increased up to
a tilt angle of 90° and then increased. Additionally, the results revealed that the down-
faced (0° tilt angle) DASC outperformed the 180° tilt angle, with an efficiency
approximately 35% higher due to reduced heat loss and stronger macroscopic

convection.
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Fig. 4.3 Thermal efficiency at different flow rates and tile angles for nanofluids and

water (Ccp=0.05 wt.%)



40

0.6k — = -Experimental result (fitting)
) —e— Simulation result [100]
20.5}
o=
2
2
G
m 0.4+
0.3r

0 15 30 45 60 75 90 105120 135 150 165 180
Tilt angle (°)

Fig. 4.4 Prediction of the change tendency between efficiency of nanofluid and tilt

angles (Ccp=0.05 wt.%, 0=2 I/min). Compared with Balakin et al. [100]

A volumetric heat transfer model based on Beer-Lambert's law was developed to
analyze the flow pattern and distribution of CB nanoparticles in the DASC in this study.
The key parameter of the model was the extinction coefficient of CB nanofluids, as
discussed in Sections 2.2.2 and 2.2.3, which was determined by measuring the
reduction in heat flux when light passed through the nanofluids. The results are shown
in Fig. 4.5. The simulation results indicated that the highest efficiency occurred at a
concentration of 0.05 wt.%. The results also revealed the presence of a high-
temperature zone with low fluid velocity, which may result in heat loss. Additionally,
the CB nanoparticles could deposit in certain areas near the internal surface edges,

affecting the inward heat flow, as shown in Fig. 4.6.
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Fig. 4.5 Extinction coefficient of CB nanofluids (red line). The results are compared

to the literature results [106] that focused on carbon nanotubes.

Fig. 4.6 CB volume fraction distribution on internal surface (Ccp=0.05 wt.%, 0=2

1/min)
4.3 Paper 3

Wei, S., Balakin, B. V., & Kosinski, P. (2023). Investigation of nanofluids in

alkaline electrolytes: stability, electrical properties, and hydrogen production

(submitted to Journal of Cleaner Production)

This work is a continuation of Paper 1 and aims to investigate the performance of CB

nanofluids in the electrolysis of alkaline electrolytes.
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In this paper, a mixture of CB nanoparticles and sodium hydroxide (SH) solution was
used to prepare an electrolyte nanofluid (ENF) for hydrogen production through
electrolysis in a Hoffman voltameter. The stability of CB nanofluids and sodium sulfate
electrolyte nanofluids (SSENF) were compared with SHENF. The results showed that
the stability of nanofluids could be weakened by the presence of salt or alkaline

solutions, leading to the complete sedimentation of nanoparticles within seven days

The electrolysis experiments results indicated that CB nanoparticles could enhance the
electrical conductivity, mass transfer, and heat absorption of electrolysis, resulting in
improved hydrogen production rates. The hydrogen production rate increased by
23.62% when the concentration of SHENF was 10 wt.%, and CB concentration was
0.1 wt.%. As the concentration of CB increased, the hydrogen production rate also
increased before eventually decreasing. The optimal CB concentration was found to be

0.2 wt.% when a screen was used, as shown in Fig. 4.7.
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Figure 4.7 Total hydrogen production vs. different CB concentrations with and

without the screen (Csg =5 wt.%)

A semi-empirical correlation was developed to evaluate the total hydrogen production
based on Faraday's law of electrolysis and the Maxwell model, as described in Section
1.1.4. However, due to certain assumptions and simplifications, this correlation

demonstrated good agreement with experimental results only for CB concentrations
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below 0.1 wt.%, and can solely be utilized for predicting hydrogen production from the

electrolysis of SHENF.
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5. Concluding Remarks and Further Work

In the dissertation, it was demonstrated that the performance analysis of nanofluids
could be achieved through both experiments and simulations. The study presented in
Paper 2 demonstrates that simulations can replicate experimentally observed flow
patterns, energy transfer, mass transfer, and various other parameters that have a
significant impact on the performance of nanofluids, as well as the behavior of
nanoparticles. However, the behavior of nanoparticles is difficult to observe in
experiments, and thus simulations provide a better tool for investigating it.
Additionally, simulations require more precision in the model, particularly in

considering the forces acting on nanofluids due to the small size of nanoparticles.

Papers 1 and 2 have demonstrated that using ENF for hydrogen production through
electrolysis is feasible, as it involves physical and chemical phenomena. The motion of
nanoparticles in the electrolyte enhances electrolysis through the electrical double layer
(EDL), and the applied electric field enhances convective heat transfer within the
nanofluids, leading to an increase in the system's temperature and facilitating the
chemical reaction. This application of nanofluids in water electrolysis holds significant
potential in the energy sector, establishing a new connection between solar energy and

hydrogen.

Theoretical models can also be used to predict hydrogen production. In Paper 3, a semi-
empirical correlation was proposed to predict the hydrogen production in the
electrolysis of low concentrations of SHENF. However, as the concentration of
nanofluids increases, the likelihood of collisions and agglomeration of nanoparticles
also increases. To predict hydrogen production at higher concentrations, a more precise
theoretical model is required to describe the agglomeration and sedimentation of
nanoparticles, which has not been fully investigated. This highlights the importance of

nanofluid stability at the microscale.

Future research on the performance of nanofluids in DASCs should aim to optimize
the numerical model and develop a more precise volumetric heat transfer model that

considers all the important forces affecting nanoparticle motion, as discussed in Section
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1.1.1. Additionally, research should explore the efficiencies of various nanofluids and

evaluate the performance of different DASC geometries.

As for the electrochemical performance of CB nanofluids, two critical issues require
further exploration. The first is to identify an improved method for enhancing the
stability of electrolyte nanofluids, while the second entails the development of a model
that accurately depicts the impact of electrical fields on nanoparticle aggregation and
sedimentation. In addition, exploring the use of different nanofluids, not limited to CB,
such as investigating the potential of biodegradable fluids, which have recently gained

popularity.
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In this research, we conducted water electrolysis experiments of a carbon black (CB) based
sodium sulfate electrolyte using a Hoffman voltameter. The main objective was to inves-
tigate hydrogen production in such systems, as well as analyse the electrical properties and
thermal properties of nanofluids. A halogen lamp, mimicking solar energy, was used as a
radiation source, and a group of comparative tests were also conducted with different
irradiation areas. The results showed that by using CB and light, it was possible to increase
the hydrogen production rate. The optimal CB concentration was 0.1 wt %. At this con-
centration, the hydrogen production rate increased by 30.37% after 20 min of electrolysis.
Hence, we show that using CB in electrolytes irradiated by solar energy could save the
electrical energy necessary for electrolysis processes.
© 2021 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).

Introduction

Because of the depletion of traditional energy reserves and
their detrimental emissions into our ecosystem, hydrogen is
recognized as the global future energy. So far hydrogen has

enormous output of carbon dioxide and contaminants [1].
With renewable energy consumption on the rise as well as the
global energy demand [2], electrolytic hydrogen production
technologies offer a sustainable alternative to conventional
hydrogen production methods [3]. Water electrolyser can
utilize solar energy to generate hydrogen of high purity with

been widely produced from hydrocarbon sources, initiating an
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zero adverse emissions, at any location around the world with
access to sunlight, due to its simplicity and flexibility [4].

The most important parameter of electrolysis is efficiency.
A low efficiency can make the energy cost larger than the
energy produced. There are many factors that can affect the
efficiency of electrolysis. The most investigated, and also the
most important, factor is the use of catalysts. Some re-
searchers reported outstanding catalytic performance of
chemical compounds at different electrolytes [5,6]. Further-
more, some nanocomposites can also be used as high-
efficiency electrocatalysts in the water-splitting reaction
[7—9]. Moreover, nanosized materials or nanostructures have
good optical and electrochemical properties that can increase
the thermal stability of electrolytes and electrolysis devices
[10—15]. Finally, the excellent electrochemical performance
also makes some nanocomposites be a potential hydrogen
storage material [16].

It is also recognized that the main parameters influencing
the heat transfer efficiencies of fluids are their thermal prop-
erties such as viscosity, density, heat capacity, and thermal
conductivity, with the latter being the most influential factor
[17]. Since base fluids (water, oil, and ethylene) possess low
thermal conductivity, their solar absorption efficiency is also
usually low [18]. Nevertheless, Maxwell [19] in 1873 proposed a
mechanism that involves adding micro-sized particles into a
base fluid to improve the heat absorption capability of the
base fluid, and Choi and Tran [20] identified that adding even
smaller particles to a base liquid could improve the heat
transfer characteristics of the base fluid. They stated that the
addition of nanoparticles (NPs) (solid particles with a diameter
in the range of 1~100 nm) into conventional fluids raised
thermal conductivity and defined these innovative classes of
heat transfer fluids as nanofluids (NF) [21]. Compared to the
absorption efficiency of water (13%) [22], carbon-based NF may
absorb 96% of solar radiation [23].

Carbon black (CB) is one of several substances with anal-
ogous absorption characteristics as the ideal concept of a
black body, which in theory absorbs all incident radiation [24].
Similarly, CB is a kind of material that has good absorption
throughout the whole wavelength range of sunlight and has
thus high potential for solar energy applications.

Sani et al. [25] experimented with carbon black nano-
particles (CB NPs) in distilled water (DW) and reported that the
photothermal efficiency of CB was 85%. Another advantage of
nanometre-sized particles is that they can pass through small
passages, unlike micrometre-sized particles that cause severe
clogging problems in heat transfer equipment [20]. Also, Han
et al. [26] stated that 90% of incoming radiation can be
absorbed by a thick layer of CB.

Multiple researchers agree that hydrogen production by
electrolysis depends vastly on the temperature of the elec-
trolyte. For instance, Galney et al. [27] designed a high-
temperature alkaline electrolysis cell and tested it at a tem-
perature between 35 °C and 400 °C. The electrolyte showed a
significant performance enhancement at the higher temper-
ature. Also, Brett et al. [28] investigated the enhancement in
the hydrogen production rate via raising the temperature of
the electrolyte. The accumulated heat of the sun through a
heat absorber material can thus be coupled with electrical

energy in a conventional water electrolyser to improve pro-
duction efficiency.

Electrolyzing NF-based electrolytes is a new research field.
Some investigation has been carried out to describe the elec-
trical properties of NFs according to different NPs, size, vol-
ume fraction, etc. Lobato et al. [29] discovered that nanofluids
with a 0.04 wt% of carbon nanoparticles attained higher
charge capacities and energy efficiencies at higher current
densities. Bose et al. [30] reported that the ionanofluid (ionic
liquid-based nanofluid) electrolyte delivered a higher
discharge capacity than a conventional electrolyte. Moreover,
Yen et al. [31] utilized the dimensional analysis method to
investigate the Al,O; water-based nanofluid. The results
showed the Al,0; nanofluid with the emulsifying agent had
the highest electric charge density at 40 °C and 2.5 wt%.

The studies mentioned above were focused on the thermal
or electrical properties of nanofluid-based electrolytes. At pre-
sent, there is no report in the literature concerning both prop-
erties. Similarly, no study focuses on the hydrogen production
of electrolyzing nanofluid-based electrolytes. Therefore, the
main purpose of this work is to investigate these issues.

Experimental method
Nanofluid preparation

The experimental procedure of nanofluid preparation is
shown in Fig. 1. Firstly, the suitable weight fractions of CB
nanoparticles (Ensaco 350G Carbon Black, Timcal) and sur-
factants (sodium dodecyl sulfate, SDS) were weighed and
blended with distilled water. Each component was using a
Sartorius CPA 324 S balance. To acquire a more uniform
mixture, the suspension was stirred for 5 min using a ceramic
magnet stirrer plate with a magnetic stirrer bar. Meanwhile,
the tank of a Branson 3510 ultrasonic cleaner (a bath soni-
cator) was filled with tap water to the operating level line (3 cm
from the top) and degassed for 10 min to eliminate bubbles
formed in the water. The cleaner had a frequency of 40 kHz
and a maximum power of 335 V with a maximum capacity
equal to 6 L. Secondly, the stopwatch was set to 60 min before
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Fig. 1 — Two steps of NF preparation.
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carefully locating the beaker containing the solution within
the tank. As waves are transferred and distributed throughout
the water, the beaker must therefore not touch the tank bot-
tom (beaker floats). The beaker was submerged in the water
bath, and the level of the water tank was higher than the level
of the solution inside the beaker.

Several authors emphasize the duration of sonication as a
crucial step for NF preparation. Asadi et al. [32] investigated
the impact of sonication time on various NPs and emphasized
that for most NPs the optimum sonication time was between
20 to 40 min. For comparison, samples with a varied sonicat-
ion time of 10, 20, 30 and 60 min were prepared in this work.
The samples that were sonicated for 20 min showed greater
improved stability than those that were sonicated for 10 min.
When the concentration of NF was larger than 0.1 wt%, 30 min
of sonication was not sufficient to acquire a stable NF.
Therefore, all the samples were sonicated for 60 min in this
work, as mentioned previously.

Following the chemical and physical treatments of NFs, a
sodium sulfate (SS) electrolyte was subsequently added and
stirred for a minimum of 5 min with a magnet stirrer before
discharging the electrolyte solution from the upper opening of
the electrolysis apparatus into the bubble-shaped reservoir of
a Hofmann voltameter (see Fig. 2). The anode and cathode
compartments were filled by stirring the valves at the upper
end of the two cylindrical tubes. Given that the adsorption of
SDS decreases with temperature, one drop of Antifoam B
Emulsion was added to the solution to minimize the risk of
foam formation.

SS is a neutral salt, so the pH of its aqueous solution is
around 7. As it has been tested by many researchers, pH has a
significant impact on the stability of nanofluids. When pH
value is below 7, nanofluids show a significant enhancement
on stability with the increasing of pH value until 7. However,
when pH is above 7, sedimentation occurs [33]. Therefore, we
chose SS solution as the electrolyte as it has less impact on the
stability of nanofluids.

In this study, nanofluids with different weight percent
concentrations (0.005 wt %-~1 wt %) were manufactured.
Hwang et al. [34] suggest that using 1 wt % SDS improves the
stability of carbon-based nanofluids. Therefore, the same
amount of this surfactant was added to all the samples.

Surfactant is an important compound to stabilize the
colloid because surfactants can attach to the particle surfaces
to form micelles. This hinders the agglomeration of the
dispersed phase. According to our study, SDS has excellent
performance on stabilizing CB-based nanofluid [35,36]. On the
other hand, SDS can be harmful to the environment as it can
produce sulfates and persulfates at high concentrations [37].
Therefore, many researchers have started to study the envi-
ronmental impact and biodegradability of the mixture of
surfactants and nanoparticles. Here, alkyl polyglucoside, a
non-ionic surfactant, has been considered [38]. Therefore, we
are planning to investigate the feasibility to use this surfactant
to prepare CB nanofluid in our future work.

Experimental procedure

Hydrogen production was investigated by using a Hoffman
voltameter, where the volume of hydrogen produced by
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Fig. 2 — The scheme of Hoffmann voltameter irradiated by
the artificial light: (a) without the protective screen/
collimator; (b) with a protective screen/collimator
(irradiation occurs only in the marked area).
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electrolysis can be read directly from the scale on the pipe.
Fig. 3 shows the framework of nanofluid-based electrolysis
experiments. The DC source from Peakteck, and its
maximum output current and voltage, are 2 A and 30 V with
the measurement accuracy within +1% + 5 digits, respec-
tively. The temperature was measured by thermocouples
and recorded through an Omega HHS506RA thermometer
with an error range of +0.05%. A Cotech 400 W/230 V flood-
light halogen lamp with an Osram 400 W/230 V R7S light bulb
was used to simulate the solar irradiation. The meter from
Linshang Technology with an accuracy of +0.10% measured
the irradiance intensity. After preparing the nanofluids as
described in Section Nanofluid preparation, we let the
nanofluids stay still to cool down. The 1-h sonification made
the temperature of the nanofluid higher than the room
temperature. When the temperature of the nanofluid
reached 30 °C, the camera, the lamp and the DC source were
simultaneously turned on. The lamp directly illuminated the
area near the electrodes, which is denoted as the rectangle in
Fig. 2. The temperature, electric current and hydrogen vol-
ume were recorded every 2 min.
The reactions for SS in this work were as follows:

Anode: 40H — 4e” = 2H,0 + O, (1)
Cathode: 4H"' + 4e™ = 2H, (2)
Overall Reaction: 2H,0 = 2H,+ O, (3)

In this work, we focused on three issues influencing
hydrogen production. First, to investigate the electrolyte effect
on hydrogen production, the electrolysis was performed at
ambient temperature in the range of 20~26 °C. All tests
excluding NF and light are conducted in the darkroom for a
particular amount of time with SS concentration in the range
of 1~12 wt%, while keeping a constant applied voltage (30 V).
The darkroom means there were only natural light sources in
the room, and the light intensity was below 100 W/m?.

Subsequently, the experiments were performed under the
presence of the halogen lamp, while holding other parameters
constant (voltage and SS wt.%). The centre of the halogen
lamp and the electrolytic plates were fixed on the same level
to ensure the core zone of electrolysis could be illuminated by
the maximum radiation, see Fig. 2 (a). The radiated heat flux
coming from the halogen lamp resulted in the temperature
increase of the electrolyte. The elevated temperature gave rise
to a higher current density in the electrolyser. The highest
current density for the maximum voltage and electrolyte
concentration was 0.3 A/cm 2.

Afterwards, the experiments were conducted with CB
coupled with the halogen lamp. The effect of CB on hydrogen
production was studied as follows: (i) the effect of light in-
tensity was investigated by changing the distance between
the electrolyser and the radiation source, thus influencing the
irradiance intensity, while keeping the other parameters
constant; (ii) the experiments were performed with CB con-
centrations in the range of (0.005-1.0) wt.%, while SS con-
centration and the distance to the radiation source were kept

constant. Considering that some metal elements (the wires
and electrodes) could absorb heat, which has a negative
impact on experimental results, i.e., those mental elements
could absorb heat and cause the temperature to increase
faster, a set of comparative tests was conducted. For
comparative tests, a 5 mm thick screen with a small hole
(20 mm x 30 mm) was set between the halogen lamp and
Hoffman voltameter. The radiation area is shown in Fig. 2 (b),
where the red rectangle has the same size as the small hole in
the screen. Therefore, only this area was irradiated by the
light. It could ensure that the core zone of electrolysis was
illuminated by the light, but it also eliminated the heat ab-
sorption by the metal elements.

Results and discussion
Experimental results for single variables

The effect of CB-based nanofluids on water electrolysis has
not been done in the research literature yet. Therefore, many
factors may affect experimental results. Generally, the optical
properties of nanofluids are one of them. Thus, experimental
results of water electrolysis using salt electrolyte and CB
nanofluids conducted in dark and light environments are
presented in this section.

(1) The dark and light environments

Fig. 4 shows the results of electrolyzing the SS solution
with different concentrations. These experiments were con-
ducted in the dark environment and light environment,
respectively. The irradiance of light was 1000 W/m? (i.e., 1
sun), and the processing time was 20 min. We observed a
similar linear trend that the hydrogen production rate
increased with the increase of SS concentration for both dark
and light environments. According to the results, the rate of
hydrogen production for the environment with light (1.88 ml/
min) was higher than for the dark room (1.5 ml/min), as
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Fig. 4 — Hydrogen production rate for light and dark
environments, for different SS concentrations.
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expected. This occurred for SS concentration equal to 12 wt%.
Thus, the light radiated the nanofluid and increased the
temperature. The higher temperature accelerated the move-
ment of ions in the electrolyte that facilitates the dissociation
of water. As a consequence, a higher temperature decreases
the voltage needed for electrolysis, i.e., the consumption of
electricity.

This can also be explained by analysing the fundamental
relation for Gibbs energy of water electrolysis in standard
conditions [39]:

A Ga"(H,0(1)) = AH,° (H0(1)) — T-ASy" (H.0(1)) @

where AG is Gibbs energy, AH is enthalpy and AS is entropy.

The process of a water splitting reaction requires energy
input, and this energy is almost constant within the experi-
mental environment. That means the variation of AH with
temperature can be omitted. For electrolysis, the Gibbs energy
is the required electrical energy. Therefore, from Eq. (4), when
AH remains constant, increasing T means decreasing AG.
Thus, Gibbs energy decreases with the increase of the oper-
ating temperature.

(2) Carbon black

In our next experiments, 0.05 wt% of CB was added to the
electrolyte. The reaction time was again 20 min. All the sam-
ples were added SDS, and the concentration of SS was the only
variable in the experiments. It must be noted that SDS could
not only stabilize the nanofluids, it also increased the elec-
trical conductivity of the electrolyte [40,41]. The results of the
experiments are collected in Fig. 5.

Adding CB into an SS solution can increase the hydrogen
production rate, as mentioned previously, because NPs could
increase the electrical conductivity of the electrolyte. Some
researchers indicated that carbon-based nanoparticles could
increase the conductivity of the solutions, and the maximum
values were obtained for the concentrations about 0.2 wt%
[42,43]. In electrolytes, electrical conduction occurred by mo-
tion of ions. Therefore, higher electrical conductivity means
the faster movement of ions can facilitate electrolysis.
Maxwell [44] showed a model that was considered applicable,
mostly for estimating the electrical conductivity of a

——SDS+CB
1.6 ———sDs

L 1 L L

2 4 6 8 10
SS Concentration (wt.%)

0.4

Hydrogen Production Rate (ml/min )

Fig. 5 — Hydrogen production rate for different SS
concentration.

nanofluid. This model is a function of the electrical conduc-
tivity of nanoparticles and the base fluid:

T
Mo ©)

where o,y is the electrical conductivity of the nanofluid; oy is
the electrical conductivity of the base fluid; g, is the electrical
conductivity of the particles and ¢ is the concentration of the
solution.

In our experiments, Brownian motion and electrophoretic
mobility are also vital factors that could affect the electrical
conductivity of the nanofluid. Shen et al. [45] combined these
two factors and the updated Maxwell model. The model for
electrophoretic mobility can be written:

2¢e2e3Us
op=—7"2>—,

nr?

©6)

where o is the electrical conductivity due to electrophoretic
mobility; & is the dielectric constant of base fluid; ¢ is the
dielectric constant of vacuum; U, is the zeta potential of
nanoparticles; 7 is the viscosity of the nanofluid and r is the
radius of nanoparticles.

Also, the model for Brownian motion is as follows:

3pereoUp (%-371(”)
P i )
r

where o3 is the electrical conductivity caused by Brownian
motion, R is the thermodynamic constant, T is temperature
and L is the Avogadro constant.

Therefore, the total electrical conductivity for nanofluid
becomes:

0 =0nf + 0 + 03. 8)

(3) Light and carbon black

Fig. 6 and Fig. 7 show histories of hydrogen volume and
temperature during the experiments. The curves represent
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Fig. 6 — Hydrogen volume variation with time for tests in
different environments.
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the results of the experiments carried out for three cases: (i) in
a dark environment, (ii) with light, and (iii) for CB based so-
lutions. The intensity of light was 1000 W/m?, and the con-
centration of CB and SS was 0.05 wt% and 10 wt%,
respectively. SDS was added to all the electrolytes. The gen-
eral conclusion from the results is that using a nanofluid-
based electrolyte has a positive impact on electrolysis as an
increased temperature can speed up the reaction rate. From
Figs. 6 and 7, the temperatures after 20 min were 65.5 °C,
57.6 °C and 28.3 °C, from the top to the bottom. The maximum
temperature (Fig. 7) increased 103.53% and 131.45% for the
case with only light, and light with CB, respectively.

Lavasani et al. [46] used graphene-based nanofluids to
investigate the thermal conductivity enhancement for
different weight fractions, and their results showed that the
increase in thermal conductivity at high temperatures be-
comes more prominent by increasing weight percentage. The
increase of the fluid temperature is also associated with the
increase in hydrogen production. The maximum volume of
hydrogen increased by 37.94% and 56.03% for light and light
and CB, respectively (Fig. 6). It is easy to see the direct effect of
temperature on hydrogen production from Fig. 7. Although
both electrical conductivity and temperature could increase
the hydrogen production, when comparing the three initial
conditions, the temperature had a more obvious effect on it. In
addition, the electrical conductivity increases with tempera-
ture due to the enhanced Brownian motion, see Eq. (7).

Heyhat et al. [47] found that the electrical conductivity of
carbon-based nanofluids increased with the increase of tem-
perature and nanofluid concentration. The maximum
augmentation was for temperature 25 °C and the minimum
occurred in the temperature 55 °C. Also, the effect of
increasing the nanofluid concentration was stronger than
temperature. This observation does not directly correspond to
our experimental results. Comparing Figs. 4 and 5, the tem-
perature effect (using light) is more significant than that of CB
concentration because the hydrogen production rates
increased more.

In our research, the impact of different irradiance of light
was also studied for the electrolyte with CB and without CB.
The values of irradiance were 1000 W/m?, 1500 W/m? and 2000

W/m? and are denoted respectively as black, red, and blue
lines in Fig. 8. The results showed the higher irradiance
induced higher temperature, and CB intensified the process. It
is worth noting that the temperature can still be rather high
even without CB. The maximum temperatures in Fig. 8 (a)
were 67.3 °C, 61.7 °C and 57.6 °C. Also, according to Fig. 7 (b),
the values were 82 °C, 70.7 °C and 65.5 °C. Thus, the presence
of CB increased the temperature by a factor of 21.84%, 14.59%
and 13.72%, respectively.

Effect of CB concentration

In Section Experimental results for single variables, the optical
properties of electrolyte were investigated. In this section,
however, we focus on the photothermal properties and elec-
trical properties as they have a vital role in the process of
energy transformation. The objective of this part of the study
is to investigate how the concentration of CB affects the
hydrogen production rate. To minimize the influence of
temperature on the results, the ideal gas law was used to
modify the hydrogen volume measured during the experi-
ments. The modified hydrogen volume is the volume of
hydrogen at room temperature, i.e., we eliminate the volume
expansion of hydrogen volume at high temperatures. This can
be calculated from the following:

T
Vi=Vor ©)

where V; is the modified hydrogen volume; V, is the hydrogen
volume measured in the experiments; T; is the room tem-
perature and T, is the temperature measured in the
experiments.

The findings from the previous sections revealed an
improvement in hydrogen production rate, which was
attributed to the higher temperature stimulated by the CB
NPs. To examine the consequence of NF density, viscosity,
and the applicability of higher NF concentrations for hydrogen
production, several experiments were accomplished with CB
concentrations in the range of 0.005~1 wt% together with
comparative experiments. Each experiment was performed
using constant SS concentration (10 wt%), constant radiation
intensity (1000 W/m?), and the same reaction time (20 min).

The maximum hydrogen volume that was calculated as
the volume at room temperature for each experiment and
conducted without the screen is depicted by a red line in Fig. 9.
The modified generated hydrogen volumes (i.e., calculated
from Eq. (9)) with the increase of CB weight percentage were
26.56 ml, 29.59 ml, 31.65 ml, 32.55 ml, 34.33 ml, 34.96 ml,
36.13 ml, 33.13 ml, 33.03 ml, 32.68 ml, 32.18 ml, 30.52 ml,
respectively. As seen, the highest hydrogen volume obtained
was 36.1 ml with a CB concentration of 0.1 wt%, whereas the
lowest hydrogen volume (26.56 ml) resulted from the lowest
CB concentration (0.005 wt%). According to Fig. 9, hydrogen
production increased first and then decreased with the rising
of the CB concentration. When the CB concentration was
lower than 0.1 wt%, the hydrogen production increased
rapidly with concentration. However, for higher concentra-
tions, the influence of the concentration was less significant.
The experimental results illustrate that the optimum
hydrogen volume was produced for lower CB concentrations.
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Fig. 8 — Temperature vs. time for different values of light irradiance: (a) no CB was used in the electrolyte; (b) the electrolyte

contained 0.05 wt.% CB.

As the fraction of CB particles exceeds 0.1 wt%, the hydrogen
volume declines. This is due to the fact that, apart from the
influence of temperature, electrical conductivity increases
with the rising of nanoparticle concentration as it strengthens
Brownian motion and electrophoresis, see Egs. (6) and (7) [48].
Zawrah et al. [49] also demonstrated this behaviour and
noticed a following decrease of electrical conductivity when
concentration increases. They explained this phenomenon as
the complex processes related to the electrical double layer
(EDL). The interaction between the nanoparticles and the EDL
is the reason for the augmentation of electrical conductivity.
However, with the increasing of the particle numbers, the
charges available for the formation of EDL are insufficient and
the electrostatic attraction force becomes a repulsion force
among nanoparticles [49].

In addition to electrical conductivity, temperature is also a
vital factor that affects the hydrogen production rate. An in-
crease in particle concentration should increase the temper-
ature of the nanofluid because more particles absorb heat.
However, when the concentration reaches a certain range,
nanoparticles form a “shield” in the outer nanofluids that
blocks light from penetrating the nanofluids. In other words,

—e— Without Screen
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(5
£
= 32t
>
§030’ Vinax =31.7 ml
S 28t
&

26+

00 02 04 06 038 1.0
CB Concentration (wt.%)

Fig. 9 — Hydrogen production vs. different CB
concentration.

for high particle concentrations, radiation cannot penetrate
the system so that the heat transfer is dominated by con-
duction and convection. In addition, the rising of concentra-
tion induces higher viscosity [43], which hinders convection in
the nanofluids. As a result, the heating process in the bulk of
the fluid decreases.

The blue line in Fig. 9 shows the results when the screen
was used. The modified generated hydrogen volume with the
increase of CB weight percent was 25.67 ml, 28.01 ml, 29.29 ml,
30.13ml, 31 ml, 31.72 ml, 28.25 ml, 27.82 ml, 27.36 ml, 26.75 ml,
26.21 ml, 25 ml, respectively. This curve has the same trend as
the red line, but the values are significantly lower. Moreover, it
is worth noting that the maximum volume of hydrogen pro-
duction occurred for concentration 0.05 wt %. In these ex-
periments, only a small part of the nanofluids was illuminated
by light. Under the same heat flux on the front face of a
Hoffman voltameter, the radiation area was smaller than the
experiments without the screen. As a result, the total energy
that could be absorbed was also smaller. Although the radia-
tion area was smaller here, the heat dissipation area was the
same, i.e., the part of the Hoffman voltameter filled by the
electrolyte. Thus, lower energy and nearly the same heat loss
led to lower temperature increasing, and then less hydrogen
production. When the temperature increased, the heat loss
still increased so that a maximum total temperature occurred.
This could be the potential reason that induces the maximum
value for the concentration of 0.05%.

Fig. 10 (a) shows the modified hydrogen production rate for
every 2 min for different CB concentrations. Five selected
concentrations (0.02 wt %, 0.04 wt %, 0.05 wt %, 0.1 wt %, 0.2 wt
%) are depicted in the figures. During the first 4~6 min, the
hydrogen production rate was similar for all the studied
concentrations. After 6 min, the rates still kept a rising ten-
dency on average, but it was rather low except for a concen-
tration of 0.1 wt %. During this time, all the rate curves show
oscillations, and the amplitudes for the concentrations
greater than 0.1% are higher than for the lowest concentra-
tions. After 16 min, the hydrogen production rate showed a
rising trend again. It also easily seen from Fig. 10 (a) that the
average rates for different concentrations have a significant
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the voltameter was irradiatied by using a protective screen/collimator.

difference. The rates increased first and then decreased with
the rising concentration, and the maximum showed a 0.1 wt
%. A suitable concentration of nanofluids can increase the
conductivity of the electrolyte, but too high concentrations of
nanofluids might hinder the movement of electrons and
decrease the hydrogen production rate. The hydrogen pro-
duction rates during the whole processes of electrolysis can be
treated as unstable oscillatory rising processes. Apart from the
aforementioned effects of the heat transfer process and the
variation of electrical conductivity, there are some possible
explanations for this phenomenon.

On the one hand, the concentration of nanofluids
increased as the electrolysis progressed because the water
was electrolyzed. Similarly, the concentration of sodium sul-
fate solution also increased. Both have critical concentrations
that led to some optimal hydrogen production, and a higher
concentration of nanoparticles results in agglomerations and
coat formations at the anodes, which has deteriorating effects
on electrolysis [50]. Furthermore, the temperature kept
increasing during the whole process, which could facilitate
the electrolysis. This is discussed in the next section. Two
different phenomena induced the oscillation in the curves.
When the concentration was greater than 0.1 wt %, the
nanofluids were more prone to be unstable and non-uniform
and more disorder in the electrolyte induced greater oscilla-
tion amplitudes. From Figs. 4—6 temperature has a stronger
effect on the electrolysis, which is reflected in the production
of more hydrogen. Therefore, combining with the results in
Fig. 10 (a), the whole trend should be increasing.

Fig. 10 (b) shows the results of the experiments with the
collimator. The difference from the experiments without the
screen is that the whole trend for these curves is falling. As
stated before, the smaller energy source did not allow the
system to reach the optimal temperature for the reaction,
which means it is difficult to allow the positive to impact
greater than the negative. Almost all the positive impacts are
related to the temperature, including the reaction rate, elec-
trical conductivity and some thermal properties of the elec-
trolyte. They will change in a positive direction with the

temperature rising. However, all the negative impacts are
connected to the concentrations, like CB concentration, SS
concentration, etc. Given that the essence of electrolyzing the
SS solution was electrolyzing water, the concentrations can
only increase. In other words, negative impacts will augment
with time. In that case, negative impacts are much easier to
show at lower temperatures than higher temperatures with the
rising of concentrations. In this study, only the small radiation
area could absorb heat, see Fig. 2 (b), and this part transfers the
heat to the rest of the system. Furthermore, the two vertical
pipes of the Hoffman voltameter had a larger surface area than
the horizontal pipe within the radiation area, which means the
high-temperature zone had a small dissipation area (the hori-
zontal pipe) and the cold zone had a greater dissipation area
(the two vertical pipes). This results in a large temperature
gradient in the system, and the higher the temperature in the
irradiated zone, the greater the gradient. On one hand, the
temperature gradient could destabilize the nanofluid, and
make nanoparticles easier to aggregate. The heat flow invokes
convective currents in the system that could push the nano-
particles to move from the high temperature zone to the low-
temperature zone. This increases the probability of contact
and collision. More specifically, there were more particles near
the electrodes than the area near the screen. In a colloidal
system, charged ions adsorbed onto the surface of particles. As
a result, the increasing number of nanoparticles in some areas
made the charges available for the formation of an electrical
double layer insufficient [49]. The electrostatic attraction be-
comes more than a repulsion force that destroys the stability of
nanofluids. On the other hand, the temperature gradient could
inhibit the electrolysis, and the larger the gradient, the stronger
the inhibition. The mass flow caused by a temperature
gradient, as well as electrophoresis, led charges to move to the
electrodes (followed by the nanoparticles), which was incon-
sistent with electrolysis. Hence, this imbalance of potential in
the electrolyte affected the progress of the water splitting re-
action. Therefore, these two reasons may have caused the
whole production rate to develop a falling trend.
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Effect of temperature

According to the discussion in Section Effect of CB
concentration, the temperature plays an important role dur-
ing the process. It was shown that the presence of CB nano-
particles increases the fluid temperature. In this section,
however, we focus on how the temperature increase affects
electrolysis and hydrogen production. Fig. 11 (a) shows the
relationship between the modified hydrogen production rate
and temperature without a screen. The graph makes it easier
to conclude that the hydrogen production rate increased as
the temperature increased. Also, the graphs in Fig. 11 (a)
clearly show three stages: hydrogen production rate rapid rise
stage, steady stage, slow rise stage. In the first stage, the
hydrogen production rate increased very fast and reached the
first extreme value (about 1.7 ml/min), while the temperature
was below 305 K. When the temperature reached 305 K, the
increase of hydrogen production rate seems to be paused until
the temperature was greater than 315 K. In the third stage, the
temperature increased again. However, the increase rate at
this stage was less than the rate at the first stage. The
maximum temperature occurred when the concentration was
0.1 wt %.

As we mentioned before, the higher CB concentration can
increase the heat absorption ability of the electrolyte, and it
can cause the temperature of the electrolyte to increase
quickly when illuminated by light. Similarly, a higher tem-
perature can increase the electrolytic velocity, thus causing an
increase in the hydrogen production rate. However, a higher
CB concentration does not mean a greater rate of hydrogen
production. Compared with Figs. 10 (a) and 11 (a) also shows
oscillations for rate curves with the increasing of temperature
but does not show any linear trend as expected. This proves
these two side effects exist and connect with temperature and
CB concentration. There is a possible reason that can explain
this phenomenon. Firstly, even though nanoparticles can in-
crease the conductivity of the electrolyte, there are inhibitory
effects that have negative impacts on electrolysis. For
example, every single CB particle is charged due to the

electrical double layer. With the increase of the temperature,
mass flow and convection become stronger. Considering
Brownian motion and electrophoresis, the movement of par-
ticles is highly random, which causes the uneven distribution
and irregular movement of charges. On the other hand, the CB
concentration increases as the reaction progresses. Thus, the
electrical conductivity decreases when beyond the critical
concentration. Moreover, in this study, SS functioned as a
kind of salt that destabilized the nanofluid at higher temper-
ature, which could also affect electrolysis. These negative ef-
fects together with positive effects (increasing electrical
conductivity and reaction rate) caused the oscillations.
Therefore, at the first stage, the electrolysis proceeded nor-
mally. When reaching the second stage, negative effect
became prominent, so the rate increase paused. Nonetheless,
at the third stage, since the temperature was high enough, the
rate restarted and increased accordingly.

Fig. 11 (b) reveals how temperature affects the hydrogen
production rate when using a screen. The whole curves can be
divided into two parts as they have a similar trend as in Fig. 11
(a): a rapid rise stage and steady stage. At first, the rates in-
crease faster and then decrease until 304 K. When the tem-
perature is greater than 304 K, all the curves maintain
dynamic stability. There are two differences compared with
Fig. 11 (a): decreasing and no second increasing. The afore-
mentioned statement could also be used to explain this. The
temperature gradient strengthened the negative effects so
that these two side effects could not maintain a balance at a
relatively low temperature. Likewise, from Fig. 11 (b), the
hydrogen production rates stayed within a certain range when
the temperature reached 304 K and did not increase at a
higher temperature. This phenomenon just proved that the
temperature must reach a certain value to make positive ef-
fects stronger than negative effects. In these experiments, the
critical temperature is 315 K. It should be emphasized that the
larger heat loss and CB agglomeration could also affect the
results.

That the temperature increases with an increasing of CB
concentration, and then decreases, as shown in Fig. 11 (a), was
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Fig. 12 — Comparison of production rate and temperature
for electrolytes with and without CB.

also observed by other researchers. Ulset et al. [51] demon-
strated that superheat of CB nanofluid steam was dependent
on the CB concentration and reached a maximum value at
1wt %. However, the maximum value occurred at 0.1 wt % and
0.001 wt % in our study. Because Ulset et al. heated the
nanofluid until boiling, and the fluid did not reach the
maximum temperature in their experiments, the temperature
increasing rate may vary during the whole process that
caused different results.

Comparison of CB effects

To have a more intuitive comparison of the effects of CB on a
salt electrolyte, Fig. 12 shows the temperature and hydrogen
production rate changes during the reaction for electrolytes
with CB and without CB. The concentration of SS was 10 wt %
for both electrolytes, and the concentration of CB was 0.1 wt
%. During the first 8 min, there was no evident difference
between the temperatures of the two electrolytes. When the
reaction started, only CB on the surface of the electrolyte
absorbed the heat, and CB in the inner part was unlikely to be
radiated as the CB on the surface formed a “shield” to block
the light. As a result, it was mainly thermal conduction in the
electrolyte that induced the temperature to increase slowly.
However, for electrolytes without CB, light could penetrate the
solution due to its transparency, which means the tempera-
ture could increase fast. Therefore, the temperatures had the
same increasing rate. However, during this period of time, the
hydrogen production rates revealed high discrepancies. It is
easier for a CB-based electrolyte to start the electrolysis at a
higher reaction rate (1.66 ml/min) and maintain a slow growth
rate due to the increased electrical conductivity of the elec-
trolyte caused by the presence of CB. On the contrary, the
hydrogen production rate for the SS solution starts at 0.79 ml/
min, which is about half of the initial rate for a CB-based
electrolyte, and then it increases fast. Compared with ther-
mal properties, the electrical properties of CB have a greater
impact on the process.

After 8 min, from Fig. 12, the impacts of thermal properties
dominated the electrical properties. The temperature in-
creases fast for CB-based electrolytes, and the hydrogen

production rate also shows a visible rising trend. Similarly, the
rate of hydrogen production and temperature for electrolytes
without CB have an increasing trend, but they are significantly
lower than electrolytes with CB. Heat conduction was strong
during this time in the inner part of the electrolyte with CB, so
the growth of temperature was faster. Afterwards, as
mentioned before, the higher the temperature, the faster the
tares. During the 20 min, the hydrogen production rates were
2.06 ml/min and 1.58 ml/min for electrolytes with CB and
without CB, and the temperatures are 315.15 K and 312.35 K,
respectively. Using CB makes the hydrogen production rate
increase by 30.37%.

Electrolysis efficiency

In the previous sections, we found that CB does have positive
effects on electrolysis. In this section, we evaluate the per-
formance by estimating the efficiency of the process. For now,
the objective of almost all the research for electrolysis is to
increase electrolysis efficiency. Higher efficiency means less
loss, and it can save energy.

There are numerous ways to evaluate the efficiency of an
electrolyser. These include cell efficiency, energy efficiency,
current efficiency, and thermal efficiency. Chakik et al. [52]
summarized a model to calculate the electrolysis efficiency of
water electrolysis:

N=rv.a (10)

where 7 is the electrolysis efficiency, Vy, is the volume of
produced hydrogen, I is current, V,, is the molar volume
(24.47 L/mol in 25 °C), t is reaction time and F is the Faraday
constant (96 485 s A/mol).
In our study, the electrolysis efficiency can be calculated
by:
_En
We

Ey, =n-HHV (12)

We=U-It, (13)

00 02 04 06 08 1.0
CB Concentration (wt.%)

Fig. 13 — Electrolysis efficiency vs. CB concentration.
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where Ey, is the energy produced by electrolysis, i.e., energy
stored in hydrogen, W is the energy consumed by electrol-
ysis, i.e., electrical energy, n is the amount of substance, HHV
is the higher heating value (=286 kJ/mol for hydrogen) and U is
the voltage.

Fig. 13 shows the electrolysis efficiency for different CB
concentrations. Similar to Fig. 9, one can clearly observe a
rapid increase of efficiency with respect to concentration in
cases when the concentration was low. For higher values of
concentration, the efficiency decreases but with a lower rate.
The maximum efficiency is 5.72% for the concentration 0.1 wt
%, whereas the minimum efficiency is 4.69% for 0.005 wt%.
This indicates that the efficiency increased by about 21.96%.
These efficiencies are much lower than the industrial elec-
trolysers as only simple electrodes and electrolytes were used,
but the results are still meaningful. The reason is that the
higher temperature induced a higher current and increased
the consumption of electrical power. At first, temperature
raises the ionic conductivity and enhances the current flow
into the system. Therefore, the overall efficiency of the system
in this work tends to increase with temperature. When
increasing the concentration of CB, the temperature and the
current density increase fast. As expressed by Ohm's law, the
resistance in the system becomes more prominent when the
current density increases. The efficiency of an electrolyser
diminishes with increased temperature because at elevated
temperatures the current density intensifies, resulting in
higher activation and ohmic overpotentials. Another potential
reason for the decrease is the coverage of the electrode surface
by the NPs. The electrical double layer could catch the elec-
trons that have a negative influence on the water electrolysis
efficiency.

Concluding remarks

This study focused on the results of electrolyzing a carbon
balance nanofluid-based electrolyte and analysed the effect of
CB NF on the electrolysis. The results of the first part reveal that
CB and light can increase the hydrogen production rate. The
former increased the electrical conductivity of the electrolyte,
and the latter increased the temperature of the electrolyte. The
results of the second parts show that different CB concentra-
tions have a different effect on the hydrogen production rate.
The maximum hydrogen production rate occurred at the con-
centration of 0.1 wt %. When a screen was used to block the
light, the maximum rate occurred at a concentration of 0.05 wt
%. However, increasing the CB concentration leads to an in-
crease in the hydrogen production rate up to the maximum
value and then decreases for both situations. The results of the
third part indicate that there may be a positive effect and
negative effect of nanoparticles on the electrolysis as the
average hydrogen production rates for every 2 min did not al-
ways increase or decrease. Thus, the whole electrolysis process
can be treated as a “dynamic balance”.

For a future work, other types of fluids can be tested. An
example is the use of different nanofluids, not necessarily CB.
Also, biodegradable fluids that have recently gained popu-
larity [36] should also be considered.
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Direct absorption solar collectors (DASCs) are known for their high efficiency,
which is achieved through the volumetric heat absorption process provided by the
working fluids In this study, carbon black (CB) nanofluids were used as these
working fluids to study the thermal performance of a rectangular DASC. The
experiments were conducted using water and nanofluids with 0.05 wt.%
nanoparticle concentration, at different flow rates and tilt angles, under a
concentrated simulated solar power source. Our results show that the efficiency of
the DASC increased as the flow rate increased. The DASC was more efficient
when the receiving surface was facing downwards (tilt angle of 0°), and the
efficiency was 35% higher than when the receiving surface was facing upwards
(tilt angle of 180°). A computational fluid dynamics (CFD) model, which was
validated against our experimental results, analyzed the DASC performance under
different CB concentrations. According to the simulations, the highest efficiency
occurred at a concentration of 0.05 wt.%. The study also highlighted the
distribution of temperature and velocity of the nanofluids, as well as the volume

fraction of carbon black during the flow process.

Keywords: direct absorption solar collector; carbon black; nanofluids; CFD;

extinction coefficient

1 Introduction

With the rapid increase in energy consumption, the need for renewable and clean energy
has become urgent [1]. Solar energy can be considered the best target. Furthermore,
equipment that can efficiently capture and utilize solar energy is also in substantial
demand [2]. Nowadays, solar energy utilization focuses mainly on converting solar
energy into other energy types that can be used directly, such as electricity, heat and fuel
[3]. Solar collectors are a type of equipment that can absorb incident solar radiation and
convert solar energy into thermal energy [4].

The efficiency of solar collectors relies mainly on the thermal properties of the
working fluids inside them. Recently, attempts have been made to exploit nanofluids as
working fluids in solar collectors and heat exchange devices [5-7]. Nanofluids are
colloidal suspensions of nanometer-sized particles [8] with enhanced thermal properties
(relative to the base fluid). Fekadu et al. [9] reported a heat transfer coefficient
enhancement of 4.712% and 5.94% for carbon soot nanofluids at a concentration of 0.5%
and 0.75%, respectively. They are therefore considered to be promising working fluids
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[10]. When used in direct absorption solar collectors (DASCs), nanofluids offer improved
optical absorption of solar heat.

Many researchers have investigated the performance of nanofluids in different
solar collectors. Bioucas [11] conducted an experimental study of thermal performance
in a flat plate solar collector (FPSC) with different concentrations of nanographene. The
maximum efficiency of FPSC was 60.6% when the nanofluid concentration was 0.1 wt.%,
compared to 54.7% for the base fluid. This corresponded to a 5.9% enhancement. Sarsam
et al. [12] numerically evaluated the properties of multi-wall carbon nanotubes
(MWCNT) in an FPSC by the performance index and reported a positive impact on
pressure drop. Mwesigye et al. [13] numerically investigated the thermal properties of a
parabolic trough solar collector (PTSC) exploiting SWCNT (single-wall carbon
nanotubes)-Therminol VP-1-based nanofluids. The results showed a two-fold
enhancement of heat transfer performance when using the nanofluid, and the thermal
efficiency increased by about 4.4% as the nanoparticle volume fraction rose from 0 to
2.5%. Natividade et al. [14] evaluated the thermal efficiency of an evacuated tube solar
collector (ETSC) at low volume fractions of multi-layer graphene (MLG) nanofluids. The
thermal efficiency increased by 31% and 76%, corresponding to the concentrations of
0.00045 vol. % and 0.00068 vol. %, compared to the base fluid. Xu et al. [15] explored
the performance of a direct absorption solar collector at low temperatures with reduced
graphene oxide (RGO)/water-ethylene glycol (EG) nanofluids as working fluids. The
nanofluid showed better anti-freeze properties that allowed the DASC to be used in low
temperatures, and the efficiency increased by around 70% compared to the base fluid.

Compared to other solar collectors, DASC utilizes fluid as the absorbing medium
for incident sunlight, instead of a solid absorber. It can provide greater efficiency than the
collectors with surface absorption [16]. Furthermore, various parameters can affect the
efficiency of DASC. Bhalla et al. [17] numerically studied the effect of geometrical
parameters on the performance of DASC. With an increase in collector length, an
apparent efficiency reduction was seen, due to greater heat loss. Sharaf et al. [18] used a
suspension of graphite nanoparticles in two different base fluids, including water and
Therminol VP-1, to investigate the effect of nanofluid film thickness. Greater efficiency
was observed when the depth of the collector was 10 mm, compared to a depth of 0.5
mm. It was also found that the base fluid had an impact on the performance of the
collector. When the volume fraction of nanofluids was lower than 0.005%, the water-
based nanofluids offered stronger radiation absorption. The base fluid is therefore still an
essential factor that affects the thermal efficiency of DASC.

According to the experimental study conducted by Otanicar et al. [19], the solar-
weighted absorption efficiencies for water, ethylene glycol (EG), propylene glycol (PG),
and Therminol VP-1 were 13.6%, 9.30%, 9.1%, and 2.1%, respectively, measured by a
standard scanning wavelength spectrophotometer. Struchalin et al. [20] investigated the
thermal performance of carbon-based nanofluids in a tubular DASC experimentally and
numerically. The results showed that the efficiency of DASC was at most 37.9% greater
than the surface absorption collector. They also discovered that when the flow rate was
above 6.0 1/min, the particle deposition was less than 5.0%, from simulation results. The
above review indicates that nanofluids can enhance the thermal performance of solar
collectors, and most of the research mainly evaluated the impact of the nanofluids’
concentration. However, not all the researchers reported positive results for DASCs. Li
et al. [21] investigated the thermal performance of a vacuum-packaged volumetric
receiver and of a vacuum-packaged black chrome-coated receiver using MWCNT
nanofluids at 80°C and 200°C, respectively. The results showed efficiencies of 54% and
26% for the volumetric receiver, which is lower than the surface receiver, with
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efficiencies of 68% and 47%, respectively. They explained this as optical reflective losses
from the outer glass surface. After mathematical calculation, the authors found that only
90% of the effective radiation was transmitted to the glass and absorbed by the nanofluids.
Therefore, the anti-reflective coating might be a good option to improve the optical
efficiency of the volumetric receiver.

This important discovery was adopted by Struchalin et al. [20] to improve their
simulation model that can effectively prevent overpredicting. Nonetheless, it should be
noted that the thermal efficiency of solar collectors depends on many factors, such as
geometry, base fluid and exposure time. It can even be affected by the surfactant used to
stabilize the nanofluids [22]. Furthermore, nanoparticle material plays a vital role because
various nanoparticles have different optical properties. Carbon-based nanomaterials like
graphene and nanotubes in particular are excellent anti-corrosion additives for spectrally
selective solar absorbers that are an ideal material for the utilization of heat transfer
applications [2]. Carbon black (CB) is also a carbon-based nanomaterial with good
photothermal properties. In our previous research, we investigated the photothermal
properties of CB, such as photothermal conversion [23] and photothermal boiling [24].
Likewise, we experimentally and numerically studied the thermal efficiency of a DASC
with Fe20s.based nanofluids [25]. However, to use CB-based nanofluids in a DASC,
more knowledge about their optical properties and characteristics needs to be acquired,
since little information can be obtained from the literature. Moreover, none of the
aforementioned studies were focused on concentrated solar light, so this field needs to be
investigated. The light intensity is typically around 1000 W/m? on a sunny day, but
concentrated solar light intensity can exceed 2000 W/m?. Therefore, making proper use
of concentrated solar light can improve the efficiency of solar energy utilization.

In this work, a series of indoor experiments were conducted to investigate the
performance of the DASC based on carbon black (CB) nanofluids under a simulated light
source corresponding to concentrated solar light in terms of power. A rectangular DASC
with baffles inside the receiver was designed. A halogen lamp was used to simulate the
sun and concentrated solar radiation. The temperature histories for different flow rates
and tilt angles using both nanofluids and water as base fluids were obtained.

In this study, we developed a volumetric heat transfer model based on Beer-
Lambert's law to analyze the flow pattern and distribution of CB nanoparticles in DASCs.
The key parameter of our model was the extinction coefficient of CB nanofluids, which
we determined by measuring the reduction in heat flux when light passed through the
nanofluids. The simulation results showed the behavior and deposition of the nanofluids,
and we compared the efficiency of our system with experimental results and some typical
commercial models.

Although traditional DASCs used circular cross-section pipes, rectangular
channels were commonly used in engineering despite their tendency for uneven heat
distribution and nanoparticle deposition. Our study focused on these two issues to
improve thermal efficiency, and we combined experimental and simulation methods to
investigate the performance of rectangular DASCs. To the best of our knowledge, this
aspect has not been adequately addressed in recent research.
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Our findings have important implications for the design and use of commercial
DASC:s, providing valuable insights into how to optimize their performance.”
2. Experiments

2.1 Preparation of nanofluids and stability analysis

A typical two-step method was used to prepare stable CB-based nanofluids. We chose
carbon black because its nanofluids are easier to stabilize and have photothermal
properties that are less susceptible to environmental factors like temperature, pressure,
humidity, and so on. First, CB nanoparticles and SDS were added to distilled water in a
beaker. 1.0 wt.% SDS constituted the surfactant that was necessary to stabilize the
nanofluids [23]. Secondly, a ceramic magnetic stirrer plate with a maximum stirrer speed
of 2000 rpm and a magnetic stirrer bar was used to stir the mixed sample for at least 15
minutes, to acquire a more uniform mixture. Finally, the beaker was put into the tank of
an ultrasonic cleaner, so that the liquid in the tank covered the nanofluid. The sample was
sonicated for 60 minutes. The cleaner had a frequency of 40 kHz and a maximum power
of 335 W, with a maximum capacity equivalent to 6 L. The objective of the process was
to break the agglomerates into primary particles. This method has been shown to be
effective in numerous scientific papers [21,23,24].

The stability of the prepared nanofluids was evaluated by examining the particle
size distribution. To investigate the particle size distribution, we employed the static light
scattering (SLS) method, which measures the time-averaged intensity of incident light
and determines the particle size distribution over a short period of time. Fig. 1 (a) shows
the particle size distribution for the nanofluid after sonication and after 24 hours, as
recorded by Malvern Mastersizer 2000. After the sonication, the particle size distribution
was between 480 nm and 10000 nm, and the average size was around 750 nm. After 24
hours, the particle size range shifted to smaller sizes, apparently due to the deposition of
the particles. The particle size range was between 35 nm and 400 nm, and the average
size was around 52.4 nm. The maximum particle size number frequency occurred
between 50 nm and 60 nm, which corresponds to the CB primary particle size of
51.1+17.0 nm. We also performed a similar measurement of the sample after seven days,
but we did not observe any further change in the particle size distribution.

Fig. 1 shows sedimentation at the bottom of the container, with (b) depicting
sedimentation from a sample after preparation and (c) showing another sample from the
reservoir tank after the DASC experimental test. Comparing the two figures, the second
sample exhibited a higher level of sedimentation due to damage to the bonding between
the surfactant and nanoparticles from repeated heating and circulation during testing,
leading to agglomeration and sedimentation. However, the small amount of sediment
after seven days indicates the partial long-term stability of the nanofluids. This indicated
satisfactory dispersion stability of the CB nanofluids.

2.2 Experimental setup

The DASC used in this study comprised three main elements: a glass surface, an inner
plate structure with three baffles, and an external aluminum box with hose connectors, as
shown in Fig. 2. An Osram 400 W/230 V R7S halogen lamp was used to simulate the
solar light. The simulated light has non-uniform intensity distribution at the DASC
surface. We therefore used the infrared radiometer from Linshang Technology, with an
accuracy of +0.10%, to measure the irradiance intensity. Fig. 3 shows the intensity
distribution on the DASC at a distance of 21 cm from the halogen lamp frame. Using the
intensity distribution, we calculated the average intensity to be 1,103 W/m?, which was
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slightly higher than the standard solar intensity.

The entire experimental system is depicted in Fig. 4. Four Pt100 sensors
monitored the inlet and outlet temperatures of the DASC, the ambient temperature and
the bulk fluid temperature in the reservoir tank, respectively. The data logger provided a
given resolution of 0.001°C and accuracy of 0.015°C. The working fluid was circulated
from a 12-1 reservoir tank made of thermoplastic material (PMMA) through a 20-m
plastic tube. The 12/10-mm tube was made of polytetrafluoroethylene (PTFE), a synthetic
fluoropolymer that is a hydrophobic material with a very low friction coefficient. The
turbine flow meter was used to control the volumetric flow rate through the system. The
flow rate could be adjusted by a flow-control valve placed after the pump. The turbine
flow meter used in this work had a given accuracy of 10%. The entire system was
insulated thermally to reduce heat loss. The commercial insulation Armaex class 0 SK,
with thermal conductivity of K; = 0.003 W/(m-K), was used in the DASC. The tubes were
thermally insulated with 13 mm of polyethylene foam.

2.3 Experimental procedure

As previously discussed, the fluid (water or nanofluid) was circulated continuously
through the system prior to the experiments for two main reasons. This took place
primarily to heat the system to a point near thermal equilibrium with its surroundings,
and secondarily to avoid the presence of air bubbles in the system. The lamp was turned
on immediately after the temperature logging started. During the experiments, all
temperatures were sampled every 60 seconds until the DASC inlet and outlet
temperatures achieved a steady-state condition. After stabilization, the recording was
continued for roughly 100 samples, as this resulted in adequate statistics for each
experiment. The four working fluid flow rates chosen for this experimental study were 1
/min, 2 1/min, 3 I/min and 4 I/min, respectively. For nanofluids, the concentration was
0.05 wt.%. This concentration of CB nanoparticles has been demonstrated to be optimal
in many other scientific papers [21, 24, 26-28]. In addition, a surface absorption
experiment was conducted at the flow rates of 0.48 1/min, 1.15 I/min, 1.66 I/min and 2.33
1/min, with water as the working fluid. For this, the glass surface of the collector was
covered by black tape. Furthermore, we adjusted the inclination of the DASC by 0°, 15°,
45° and 180°. The inclination angle of 0° referred to the case where the glass surface was
oriented along gravity.

The main source of experimental error in this study was the agglomeration of
CB nanoparticles. Agglomerates can affect the penetration of light and heat transfer, and
even a stable nanofluid cannot completely avoid their formation. During the experiments,
the nanofluids were exposed to multiple cycles of heating and circulation, which
increased the chance of nanoparticle collision and resulted in agglomeration.”

3 CFD model

3.1 Geometry and mesh

For CFD simulations, the computational domain had a rectangular shape with three
baffles. The length of the domain was 0.39 m, the width was 0.23 m, and the depth was
0.02 m. The length of the baffles was 0.15 m, and their width was 0.02 m. All the
dimensions corresponded to the experimental setup, as shown in Figs. 5-6. The fluid
entered the domain via a small pipe located in the lower left-hand corner in Fig. 5, and
the inlet boundary condition was set there. The pressure outlet boundary was located
symmetrically on the right-hand side. Both inlet and outlet were connected to the DASC.
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The surface on the opposite side was the receiving surface (glass surface). This surface
was irradiated by light and was also subject to heat loss. A trimmed mesh was used when
generating the computational cells in the CFD software. The basic size was 0.001 m and
the minimum surface size was 0.0001 m, the number of prism layers was 5, and the prism
layer total thickness was set as 1/3 with respect to the base size.

3.2 Governing equations

We consider an unsteady incompressible flow, described by the Navier-Stokes equations.
The continuity equation reads [27]:

D(aip;) _
o =0 (1)

D . . . . . . .
where o8 the substantial derivative, «; is the volume fraction, and p; is density. The

subscript i denotes the phases where i = p for the nanoparticle and i = f for the base
fluid, ar +a, =1.
The momentum equation is given by [28]:

% =aVp+ ot +aipig +Fpyj, ()
where v; is the velocity vector, p is the pressure and T; is the viscous stress tensor,
respectively, g is the acceleration due to gravity and Fp ;; is the drag force. Strictly, the
motion of nanoparticles should also be affected by Brownian force and thermophoretic
force. The Brownian force and thermophoretic force were around at least seven orders
and two orders smaller than the drag force, respectively. According to Lutro [29],
thermophoretic force has less impact on the nanoparticle motion. Therefore, we assume
the Brownian force and thermophoretic force to be negligible. The viscous stress tensor
for the particulate phase is computed by the viscosity of the base fluid. This is a viable
assumption for low concentrations of carbon-based nanofluids, as confirmed by
Struchalin et al. [20].

The drag force was computed as follows [30]:
2

nd
FD,ij = ?NpprDlv,- - Uj|(v,: - 'U]'), (3)

where N, is the number density for the nanoparticles, d is the diameter of the carbon black
nanoparticles and Cp is the drag coefficient computed using the standard expression by
Schiller- Naumann [28].
The energy equation is given by [31]:
D(a;p;(e; + 0.5|v;|*)) s
bt “
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where e; = Cp,iTi is the phase-specific enthalpy, K; is the thermal conductivity and g is
the inter-phase heat transfer term. Assuming that the convective heat transfer is
established between the phases, the inter-phase heat transfer term is computed according
to the Ranz-Marshall expression [28]. Furthermore, gv is the volumetric heat generation
due to the absorption of light. We simplified the thermal re-radiation behavior by
assuming that it only occurred at the glass surface of the collector. Likewise, the heat loss
only occurred at the glass surface by convection and radiation. Also, we neglected
emission and scattering terms for the light in the fluid. The incident heat flux was
dissipated as a local heat release. Thus, the volumetric heat generation can be treated as
the energy change in the z direction:
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dI(2)
q‘U = - dZ ’ (5)
where z is the length of the light path in the z direction, I(z) is the radiative intensity from
the glass surface of the incident light, and when z = 0, 1(0) represents the intensity of the
incident radiation at the glass surface. I(z) can be determined by Beer-Lambert's law
[32]:

1(z) = 1(0)e~*ns?, (6)
where £k is the extinction coefficient [33], and subscript nf represents the nanofluid. It is
the most important parameter of nanofluids.

Following Struchalin et al. [20], the average extinction coefficient of nanofluid at
different concentrations can be fit as:
d2
where A and B are the fitting constants. Integrating Eq. (6) and substituting them into
Eq. (5), the volumetric heat generation term reads:
Qv = 1(0) ke~ ns7, (®)

3.3 Efficiency

The efficiency of a solar thermal collector is the ratio of collected thermal energy to the
total incident energy:
_ Cnfm(Tout - Tin) (9)
B 1(0)S ’
where 7) is the efficiency, Gy is the specific heat of nanofluids, m is the mass flow rate
of the fluid in the collector, Tour and Tin are the temperatures of the nanofluid at the outlet
and inlet, respectively, /(0) is the solar irradiance and S is the solar collector surface area.
The specific heat capacity of nanofluids should consider the concentration of the
nanoparticles, and it can be calculated by [34]:
_ Gappp + Grapps
appp +appy

nf (10)

3.4 Boundary conditions and numerical scheme

The working fluid was a combination of distilled water and CB nanoparticles. Table 1
shows the physical properties of the CB used in this study. These properties, together with
the other properties that corresponded to the graphene in the database of the commercial
CFD software STAR-CCM, were used to define the nanoparticle in the simulation.
TAPWS-IF97 formulation [35] was used to define the thermal properties of the distilled
water.

All the surfaces were set as adiabatic, apart from the inlet, the outlet and the glass
surface. The environmental temperature and the inlet temperature were set as 300 K and
310.5 K, which correspond to the experimental record. Therefore, the convective heat
loss and radiant heat loss at the glass surface can be calculated as in [36]:

Qioss = h(Tsuf - Tamb) - ga(Tsuf4 - Tamb4): (1)
where q;,s 1S the thermal loss, T is the temperature, subscript suf and amb represent the
glass surface and ambient conditions, € is the emissivity of the receiver (for glass ¢ =
0.85), o is the Stefan—Boltzmann constant, and h is the natural convective heat loss
coefficient determined by Raleigh number [37]:
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K, 1
(Lf) 0.54 Ra%,  Ra <107
p=4\1L

K, 1
(%f) 0.15Ra3,  Ra > 107

In the above, Kiy is the thermal conductivity of the nanofluid, L is the length of
the DASC, and Ra is the Raleigh number that can be calculated by [38]:

Ra = Ca pag|Tsuf - Tamb|L3 (13)
Kaltq ,
where C, is the specific heat of air, p,, is the density of air, K, is the thermal conductivity
of air, and p,, is the dynamic viscosity of air.

All the walls were non-slip walls. The ambient temperature was set as 27 °C
according to the lab environment. The different flow rates of 1 I/min, 2 I/min, 3 1/min and
4 1/min, and the different CB concentrations of 0.01 wt.%, 0.05 wt.%, 0.1 wt.%, 0.5 wt.%
and 1 wt.%, were chosen for the numerical study.

Equations (1) - (5) were solved using STAR-CCM+ 15.02.007. The numerical
solution was obtained using an implicit SIMPLE method. The following relaxation
coefficients were applied: 0.3 for pressure, 0.7 for velocity, 0.5 for phase volume fraction,
0.9 for the enthalpy and 0.8 for the turbulence model. The governing equations were
discretized temporally with the second-order Euler technique marching at 1.0 ms. The
upwind scheme was applied for spatial discretization [28].

(12)

9pq
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4 Results and discussion

4.1 Extinction coefficient

The radiation spectrum of the halogen lamp used in the experiments was measured by
Ulset [39]. The maximum intensity of the light from the halogen lamp occurred between
the wavelengths of 750-950 nm. In our research, the intensity at different optical path
lengths was tested for the CB concentrations of 0.005 wt. %, 0.01 wt. %, 0.05 wt. % and
0.1 wt. %, as shown in Fig. 7. The intensity at the optical length of 0 mm represented the
intensity of incident light at the nanofluid surface. According to Eq. (6), the extinction
coefficients for different concentrations were calculated, and the results are shown in Fig.
8. As follows from the figure, the relationship between the extinction coefficient and the
concentration could be roughly approximated by a linear function. This corresponds to
Eq. (7), where the second term in the brackets is in practice negligible, as the particle
diameter is very low. A similar result was obtained by Choi et al. [40], who tested the
extinction coefficient for different concentrations of carbon nanotube-based nanofluids
under the radiation wavelength of 632.8 nm. The results show that when the volume
fraction of the carbon nanotube is less than 0.05%, the extinction coefficient increases
linearly with the volume fraction, as illustrated by the black line in Fig. 8. However, when
the volume fraction is greater than 0.05%, the increase is less rapid.

Furthermore, if we compare the red and black curves, we see that the extinction
coefficient for carbon nanotubes is less than for carbon black. It must be noted that this
result is not only affected by the optical properties of nanoparticles, but also by the
wavelengths of light sources. This is concluded by Ahmad et al. [41], who investigated
the extinction coefficient change on carbon-based nanofluids by varying types of base
fluid, and found that when the wavelength increased, the extinction coefficients of all the
nanofluids increased. Therefore, the extinction coefficients of the base fluid and nanofluid
obtained can be used to complete the volumetric heat transfer model shown in Eq. (8).
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4.2 Experimental results

4.2.1 Effect of flow rate

The average temperature change of the working fluids after flowing through the DASC
(Tour - Tin) against time is plotted in Fig. 9. When the working fluid is water, the DASC
becomes a surface collector, due to the black tape. The solid lines represent the nanofluid,
and the dash-dot lines indicate the water. It can be seen that the working fluid
temperatures have a clear tendency to rise under the irradiance of concentrated light. With
the flow rate increase, the temperature augmentation declines. However, it is easier for
nanofluids to reach a stable temperature state. When the system entered into the thermally
stable state, we kept recording the temperature for 280 minutes and calculated the average
temperature as the final temperature, to evaluate the efficiency. The results are shown in
Fig. 10. Comparing the average temperature increase, the red line and the green line, the
nanofluids show a higher temperature increase at the same flow rate. Hence, the thermal
efficiency of the DASC also exceeds the surface collector, and is around 10% at 2 I/min.
Following the increase in the flow rate, the total thermal efficiency of nanofluids has an
increasing tendency, while for water the opposite applies. In the case of the surface
collector, the heat is absorbed by the surface, and transferred by conduction within the
water. For the DASC on the other hand, nanoparticles can absorb the irradiance directly,
so the heat is transferred by radiation and convection. Therefore, the temperature rises
faster and higher for nanofluids. On increasing the flow rate, the residence time for the
working fluid inside the collector decreases, and this causes less heat to be absorbed by
the working fluid. As a result, the higher the flow rate, the lower the temperature rise.
Nevertheless, less residence time also means less heat loss, which leads to higher thermal
efficiency for a DASC. However, for the surface collector, the heat is mainly lost from
the surface, which has less impact on the residence time of the working fluid. The
efficiency of the surface collector therefore decreases with the increase in flow rate. This
corresponds to the behavior observed by both Eggers et al. [42] and Gupta et al. [43], who
also tested the influence of the flow rate on a DASC. Increasing the flow rate in a DASC
system generally leads to greater efficiency, since it reduces the heat loss from the system
to the surroundings. However, the dependency is somewhat mitigated, due to the
volumetric absorption. For a volumetric absorber, the heat is released within the fluid
volume. Eggers et al. [42] explained that most of the incident radiation absorbed by the
fluid volume results in a temperature increase close to the walls, where the average flow
rate is lower than at the center of the collector. This results in a temperature rise close to
the walls. Our results show agreement with other research that was summarized in the
introduction [15, 18, 19].

4.2.2 Effect of tilt angle

In this section, we examine how the inclination of the DASC affects efficiency, and the
results are presented in Fig.11. When we incline the DASC, the efficiency change with
flow rate tendency shows agreement with the results of the 0° tilt angle. The maximum
efficiency occurs at the tilt angle of 0°, while the efficiency does not decline with the
increase in the tilt angle at all ranges. Therefore, the lowest efficiency might exist at a tilt
angle. To verify the hypothesis, we predict the change tendency between efficiency and
tilt angle in the range of 0°~180°. The black dashed line in Fig. 12 is the fitting line,
according to our experimental results. With the increase of tilt angle, the efficiency tends
to decrease first and then increase, and the minimum efficiency shows between 90° ~
105°, while the efficiency of the 0° tilt angle is around 35% higher than the 180° tilt angle.
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This result corresponds to previous research by Balakin et al. [44], as shown in the red
line of Fig. 12. They numerically investigated the thermal efficiency of a cylindrical
column collector with graphene nanofluids (the height is 1.0 cm, and the intensity is 2.3
sun). According to their study, increasing the tilt angle will reduce the convective pattern,
until a minimum is reached at 90°, while the collector efficiency increases to a point
where the 180° tilt angle is preferred compared to 45°. The comparison between the 0°
and 180° tilt angles at different flow rates is also shown in Fig. 10.

When the tilt angle is 0°, the DASC is illuminated from the bottom. The outer
layer absorbs the heat first, and then a temperature gradient inside the nanofluid is formed.
With the increase in temperature, the density of the nanofluid decreases. The buoyant
force drives the outer layer nanofluid to move upwards, which leads to macroscopic
convection. Wang et al. [45] pointed out that heat transfer is dominated by convection,
rather than conduction, in this situation, and this phenomenon is called Rayleigh-Benard
convection. Since the direction of the buoyant force is opposite to gravity, the Rayleigh-
Benard convection will be affected by inclining the DASC. With the increase in the tilt
angle, the angle between buoyance and radiation increases, and the Rayleigh-Benard
convection is weakened. Moreover, the working flow can hinder the Rayleigh-Benard
convection at the 90° tilt angle. Therefore, the minimum efficiency shows when the tilt
angle is 90°. When the tilt angle reaches 180°, the irradiation light comes from the top
surface. The heat is absorbed by the top layer and transferred inside the nanofluid by
conduction, leading to a higher temperature gradient compared to the 0° tilt angle. Even
though the nanoparticles can absorb the heat directly, the Rayleigh-Benard convection is
still the predominant factor in reducing the temperature gradient. In this situation, there
are numerous heat losses to the environment. Furthermore, Wang et al. [45] also realized
that nanoparticles did not easily form sedimentation when the tilt angle was 0°, because
the macroscopic convection made the nanoparticles move continuously. Therefore, the
DASC 0° tilt angle has a stronger thermal absorption and conversion ability than the
DASC 180° tilt angle.

4.3 Model validation

In this research, we also performed CFD simulations using STAR-CCM+, as indicated
previously. The efficiencies of the DASC were calculated for all iterations, but the
simulation only simulated one iteration. Therefore, we validated the CFD model by
comparing the overall temperature increase at the outlet with the experimental results for
different flow rates at 0° tilt angle.

We consider laminar flow in the simulations. As shown in Fig. 10 for the flow
rates of 1 I/min and 2 I/min, the average overall temperature increase is 1.36 °C and
0.66°C, respectively.

Table 2 shows the comparison of experimental results and simulation results with
flow rates of 1.0 I/min and 2.0 I/min. There is a clear agreement between the simulation
results and the experimental results when using CB-based nanofluid as the working fluid.
The maximum error was 0.344% when the flow rate was 2.0 I/min. This indicates that the
proposed model can be used to analyze the photothermal performance of the DASC for
CB-based nanofluids.

4.4 Mesh independence study

To ensure mesh independence, we tested five different mesh sizes for our simulation
model, following the same strategy as in previous works, including [17, 22, 23]. The mesh
sizes studied and grid cell numbers are shown in Table 3. As a critical factor, heat transfer
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is the most typical parameter we focus on in the simulation. Therefore, we examined the
efficiency of the DASC at the glass surface for different mesh sizes [46].

The results are shown in Fig. 13. There is a clear tendency for efficiency to
decrease due to the increase in cell mesh size. The results showed less precision for larger
computational cells, in particular close to the system boundaries, where steep
concentration gradients occur. As a result, the interfacial area between nanofluid layers
of two different concentrations increased, and more mesh numbers were required to
achieve the mesh-independent solutions. Similar results were obtained by Hadjigeorgiou
et al. [47], who found that a high concentration gradient existed within each unit cell,
except for the last two-unit cells, where the solutions are almost thoroughly mixed.
Following the increase in the mesh size, the average Nusselt number rose slightly. The
reason was the different boundary conditions for different mesh sizes. The temperature
in the cells at the boundary is too high compared to the next cell. This resulted in greater
heat loss and also lower thermal efficiency. These results correspond to the paper by
Abbassi et al. [48], in which a more refined mesh was needed to achieve mesh-
independent results at higher Rayleigh numbers. The average mesh size of 10 mm was
therefore chosen to complete the simulation, to ensure mesh independence and reduce the
computational cost.

4.5 Simulation results

4.5.1 Effect of CB concentration

Fig. 14 shows the thermal efficiency and outlet temperature for different CB
concentrations at the flow rate of 1.0 I/min. According to the figure, the efficiency and
outlet temperature increase with the CB concentration and reach the maximum of 0.88
and 314.67 K, respectively. This maximum occurs at a CB concentration of 0.05 wt.%.
The nanoparticles enhance the absorption of solar radiation in the base flow. However, as
the CB concentration increases further, the efficiency and temperature decrease. When
the number of nanoparticles in the base flow is low, the solar light can penetrate the
nanofluid and easily reach the upper surface of the DASC. Hence, the fluid layer near the
internal surface of the DASC extracts heat from this surface. This results in a more
uniform temperature distribution and a lower temperature gradient between the fluid
layers. When the concentration is too high, however, there is a large number of
nanoparticles that can form a “shield” on the glass surface that blocks the solar light. As
a result, only a thin layer of the nanoparticles can absorb the solar radiation directly, and
the heat transfer is lower at these concentrations compared to low concentrations within
the nanofluid. Accordingly, there will be a larger temperature gradient in these
concentrations, causing more heat loss to the surroundings. In our simulation model, all
the surfaces were set as adiabatic, except the glass surface, so the heat loss only occurs at
the outer layer of this surface. This results in a decrease in the outlet temperature and
efficiency. It should be noted that there will have been an optical loss, due to light
reflection and glass absorption. Therefore, the actual efficiency and temperature are lower
than the simulation results.

Similar results were obtained by some researchers. Otanicar et al. [49] studied the
performance of a micro-DASC using an experimental setup and the aqueous suspensions
containing silver and graphite nanoparticles and carbon nanotubes as the working fluids.
The results show that the collector efficiency is enhanced by the increase in the nanofluid
volume fraction because the solar absorption of nanofluid increases. However, this
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increase continues for a certain amount of volume fraction, and then the reflection of solar
radiation from the nanofluid increases, which results in a reduction of efficiency.

4.5.2 Flow patterns

Figs. 15-16 (a) show distributions of nanofluid temperature on the middle surface and
velocity on the glass surface with a CB concentration of 0.05 wt.% and a flow rate of 2.0
I/min. Due to the viscosity, the velocity on the glass surface and internal surface were
almost 0. Therefore, we only show the velocity distribution on the middle surface. The
middle surface is located in the middle of the DASC, where the height was 1 mm. At the
inlet, the temperature was low and a number of vortices occurred due to the sudden
change in the cross-section radius and flow direction. When the fluid passed the first
baffle, the temperature increased, and the velocity direction became clearly defined. The
maximum temperature occurred after the third baftle, and the flow showed a clear path
to the outlet. By comparing Fig. 15 and Fig. 16, we see that the area with the higher
velocity tended to have a lower temperature. This is due to a shorter thermal exposure
time for nanoparticles in these regions.

The presence of the baffles increased the residence time of the nanofluid inside
the DASC and thus made it possible to extend the duration of absorption. As can be noted,
due to the flow inertia the maximum velocity did not occur in the center of the pipeline.
Instead, the maximum velocity was shifted to the right. Therefore, the areas on the
opposite side of the baffles had a higher temperature. It is worth emphasizing that in these
high-temperature areas, there was a displacement of the fluid towards the internal surface
[50]. This phenomenon can be confirmed in Fig. 17 (a) and Fig. 17 (b), which show the
volume fraction distribution at the glass and internal surfaces. At the glass surface, the
volume fraction distribution resembles the velocity field. However, no compaction of
particles occurred in the low-velocity regions (compare Fig. 15 with Fig. 17). As the flow
proceeded, it was inevitable that the deposition was formed. In a stable nanofluid, the
existence of an electrical double layer (EDL) ensured the repulsion between
nanoparticles. When the stable state was affected by other factors, such as temperature
gradient, Brownian motion, buoyancy, etc., that could accelerate the movement of
nanoparticles, agglomeration was formed, due to the high chance of collision between
nanoparticles. With the growth of the agglomeration, the flow pushed them to deposit
near edges and corners. A higher particle volume fraction was thus observed close to the
baffles. However, the deposition should occur abundantly on the glass surface due to
gravity. In this case, the volume fraction on the internal surface was evidently higher than
on the glass surface. Therefore, there must be a heat flow towards the interior of the fluid
volume that drives the deposition to move, namely, Rayleigh-Benard convection.

Knowing the distribution of flow patterns could potentially help to increase the
efficiency of the DASC for commercial use. The higher temperature makes the DASC
more effective, but this is also accompanied by higher heat losses. Therefore, this should
be considered when designing DASCs, for example by considering thermal insulation if
possible.

5 Conclusions and future work

In this study, a series of experiments were conducted in a rectangular DASC, to test its
thermal performance when using CB-based nanofluids as working fluids at different flow
rates and tilt angles. For comparison, a surface collector with water as a working fluid
was also used. The thermal efficiency of the DASC showed a rising trend with the flow
rate increase and reached 0.57 when the flow rate was 4 1/min. The thermal efficiency of
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the DASC is higher than the surface collector, and it was 10% higher at 2.0 1/min.
Furthermore, the thermal efficiency depends on the DASC orientation in the gravity field
with respect to the light source. With the increase of the incline angle of the DASC, the
total thermal efficiency decreases, until the tilt angle reaches 90°, and then increases. The
results prove that the 0° (down-faced) tilt angle outperforms 180°, and the efficiency is
around 35% higher, due to the reduced heat loss and stronger macroscopic convection.

A CFD model of a rectangular DASC was used to analyze the optical properties
of CB nanoparticles and the parameters of the DASC. According to the results, CB
nanoparticles can increase the absorption of solar radiation in the base flow, and the
efficiency of the DASC. As the CB concentration increases, the outlet temperature and
efficiency tend to increase first and then decrease. Both the outlet temperature and the
efficiency become optimal for the CB concentration of 0.05 wt. %. According to the
temperature and velocity distributions, there will be a low flow velocity, but a high-
temperature zone, in the rectangular DASC, which can lead to heat loss. Besides, CB
nanoparticles will deposit in some places near the internal surface edges, due to the
inward heat flow. These reveal the potential improvement for the DASC, to avoid thermal
loss.

Optimizing the numerical model is the first objective of our future work. In the
future, the efficiencies for different nanofluids and different geometries of DASCs should
be considered.
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Table 1 Properties of carbon black

Bulk Specific Average particle Thermal
Manufacturer density heat size conductivity
TIMCAL 2250 710 60 24
ENSACO™ kg/m? J/(kg'K) nm W/(m-K)
Table 2 Model validation
Results 1.0 I/min 2.0 /min
Experiment 1.36 °C 0.66 °C.
Simulation 1.32°C 0.67 °C.
Error 3.03% -1.49%
Table 3 Mesh numbers for different mesh sizes
Mesh size (mm) 5 10 15 20 25
Grid cell number 13177488 2690156 944391 463989 285894
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Abstract: Utilizing solar energy efficiently and manufacturing hydrogen economically are
the primary goals in the energy industry. In this paper, we present a novel method to solve
both issues by exploiting the electrolysis of electrolyte-based nanofluids under the
illumination of solar light. The carbon black nanoparticles/ sodium hydroxide solution
mixture of electrolyte nanofluids were prepared, which were then electrolyzed in a
Hoffman voltameter to produce hydrogen. The results showed the hydrogen production rate
improved by 23.62% when carbon black was used in the electrolyte. The optimal carbon
black concentration was 0.04% or 0.2% depending on the experimental set-up used. Finally,
a theoretical model was built to evaluate the total hydrogen production, which showed a
good agreement with the experimental results when the carbon black concentration was
lower than 0.1 wt.%.

Keywords: Electrolysis, Carbon black, Nanofluids, Hydrogen production, Electrical
properties

1. Introduction

In 2021, the European Commission released the 2030 climate target plan (European
Commission, 2020). The commission proposed cutting greenhouse gas emissions by at
least 55% by 2030 to achieve climate neutrality by 2050. Similarly, China set a 2060 carbon
neutrality target in 2020 and hit a carbon emissions peak before 2030 (The state council of
the people's republic of China, 2021). In order to achieve these targets, clean energy with
zero greenhouse gas emissions that can replace fossil fuels is the critical factor. At present,
good alternatives for fossil energy are hydrogen and solar energy.

Hydrogen is a renewable energy resource; its burnt product is only water. Although
hydrogen is a principal element in nature, most of it that can be used in power engineering
should be manufactured by water electrolysis (Léon, 2008.), which requires significant
energy. However, when the electrolysis efficiency is insufficient, the energy cost to harness
hydrogen is higher than the total energy that is converted into hydrogen formation.
Nowadays, the widely used technologies in water splitting reactions that can increase
efficiency and reduce consumption include operating at high pressure and temperature,
photovoltaic technique, PEM membrane, etc. (Godula-Jopek, 2015).

Alternatively, solar energy has a huge potential in the energy resource field. A common
way to use solar energy is by transferring it into thermal energy through solar collectors.
Solar collectors are thermal systems that harvest solar irradiation through various working
fluids, such as water, thermal oil, ethylene-glycol, etc. (Bellos et al., 2017). However, low
energy efficiency is still the primary severe issue that engineers face in using solar energy.
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To solve this problem, some researchers proposed to use nanofluids as working fluids due
to their enhanced thermal conductivity (Kumar et al., 2015).

Nanofluids are colloids with dispersed nanosized particles in base fluids. Because of the
high thermal conductivity of nanoparticles, the heat transfer coefficient of nanofluids is
higher than that of traditional working fluids. Therefore, the utilization of nanofluids in
solar collectors (Struchalin et al., 2021; Kosinska et al., 2022) and the thermophysical
properties of nanofluids (Balakin et al., 2019; Balakin et al., 2022) has been widely
investigated through simulations and experiments.

Moreover, another essential property of nanofluids that has not been given enough
attention is electrical or thermoelectrical properties (Sheikholeslami et al., 2017). One
important thermoelectrical property is that heat transfer performance can be enhanced in a
nanofluid with a supplied electrical field or magnetic field (Wang et al., 2020). This critical
discovery appealed to researchers who shifted study priority from thermo-convection to
thermomagnetic convection (Khan et al., 2016; Khan et al., 2016). Another paramount
electrical property is electrical conductivity. It was experimentally studied by researchers
on different nanoparticle-based nanofluids (Zawrah et al., 2016; Bagheli et al., 2015), and
an improved Maxwell model was derived to estimate the electrical conductivity of water-
based nanofluids (Minea, 2019).

Therefore, an energy system that can make good use of the nanofluids’ thermophysical
and thermoelectrical properties has a promising prospect. Liu et al. (2016) used aluminum
nanoparticles and ferro/ferricyanide solution to make electrolyte nanofluids (ENF). They
demonstrated a possible thermogalvanic application as reported the enhanced mass transfer,
electrical conductivity, and thermal conductivity. Another proposed application is using
ENF inside batteries. Wang et al. (2016) investigated the performance of aluminum oxide-
based nanofluids as an electrolyte of a battery. The results showed that aluminum oxide
ENF could effectively improve the output and heat transfer of the battery due to
electrochemical reactions within the ENF. Both proposed applications of ENF highly relied
on the stability of the nanofluids, which makes their effectivity loss with time. In addition,
they were one-time uses decided by the aluminum ions concentration, making them harmful
to the environment.

Therefore, it is a sensible choice to combine solar energy, hydrogen, and nanofluids in
energy conversion and storage. One specific device is the photovoltaic/thermal (PV/T)
system, a combination of solar collectors and photovoltaic cells. Nanofluids have been
proven to be excellent working fluids in the PV/T system (Sheikholeslami et al., 2021).
However, the temperature rise in PV cells negatively affects electrical performance
(Manikandan et al., 2022), which makes nanofluids primarily used in the cooling system
due to their excellent heat transfer capabilities. Therefore, in our research, we considered
the feasibility of using ENF and solar light for manufacturing hydrogen.

In (Hiraki et al., 2005), the authors dispersed waste aluminum dross with the size of 180
— 425 pm in a sodium hydroxide (SH) solution and tested the hydrogen production. The
results showed that initial temperature significantly affected the reaction rate, and that using
micro-sized aluminum-SH solution as an electrolyte only required 2% energy consumption
and emitted 4% carbon dioxide compared to conventional methods to generate hydrogen.
They owed this unexpected energy consumption to the aluminum dross. The micro-sized
aluminum increased the total surface area in the solution, making the reaction faster.
However, they pay more attention to the composition of aluminum hydroxide (another
electrolysis product) in the study instead of how aluminum particles affected the
electrolysis production. This study indicated that using ENF in producing hydrogen by
water electrolysis and solar light irradiation can increase total hydrogen production.
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First, the improved electrolysis efficiency requires a higher temperature, which can be
achieved through the enhanced thermal properties of nanofluids when subjected to solar
irradiation. Secondly, the nanoparticle motion in the electrolyte can promote electrolysis
due to the electrical double layer (EDL). Thirdly, the applied electric field can enhance the
convective heat transfer within nanofluids. To our knowledge, these factors were
considered by only a few researchers, making it a completely new research field. As an
example, we cite the work by Choi and Lee (2020), who reported a promotion in hydrogen
production in water electrolysis using the cellulose nanofluids. However, as an organic
nanofluid, the enhancement was caused by the nanostructure of cellulose instead of its
thermoelectric properties. Hence, a deeper understanding of the properties of ENF and its
performance in hydrogen production through water electrolysis is essential.

In this study, we focused on factors that can affect hydrogen production through water
electrolysis. Based on our previous work (Wei et al., 2022), SH electrolyte-based carbon
black (CB)-based sodium sulfate electrolyte nanofluids (SSENF) were synthesized. Their
stability was compared with aqueous CB nanofluids and CB-based sodium hydroxide
electrolyte nanofluids (SHENF). The alkaline ENF was then electrolyzed in a Hoffman
apparatus at different nanofluids concentrations. The hydrogen production and current
changes with CB concentrations were recorded. In the end, these results were used to build
a simplified theoretical model to evaluate the total hydrogen production for alkaline
electrolyte-based CB nanofluids. To our knowledge, this study is the first to investigate
hydrogen production by electrolyzing alkaline ENF. The results are valuable in exploiting
the use of nanofluids together with solar energy for hydrogen production.

2. Methodology
2.1 Preparation of nanofluids-based electrolyte

In the first stage of the work, we synthesized nanofluids that were later used for the
production of electrolyte nanofluids. The process is shown in Figure 1. For this, the suitable
volume fraction CB particles and 0.5 wt.% sodium dodecyl sulfate (SDS) were blended
with distilled water and stirred in the mixture until no visible large particle cluster acquired
a homogeneous suspension. Then, an ultrasonic bath (Branson 3510E-DTH, 355 W/ 220-
230 V) was used to agitate nanoparticles to make a stable nanofluid.

The reason we choose CB nanoparticles as the main object in making nanofluids is that
carbon is essentially inert under normal conditions, and it can maintain its properties in a
chemical solution and during electrolysis.

SDS is an ionic surfactant that is able to stabilize nanofluids (Ulset et al., 2018). It makes
nanoparticles possess surface charge, which overlaps with nanoparticles’ EDL and makes
them repel each other. This stabilization technique is known as electrostatic stabilization.
However, SDS shows inadequate performance in breaking large agglomerates and needs
sufficient time to respond (Taylor et al., 2013). Hence, we adopt ultrasonic agitation after
adding SDS. This technique, known as mechanical stabilization, uses ultrasonic waves on
the nanofluid to break down the clusters and agglomerations incidentally (Chung et al.,
2009).

Finally, when the stable nanofluid was made, SH bulks were added to the nanofluid and
kept stirring until the bulks were wholly dissolved. The magnetic stirring method
(Timofeeva et al., 2011), which consists of a ceramic magnet stirrer plate (VWR VMS-C4
advanced, 270 W/ 230 V) and magnet stirrer bar, was applied for dissolution to maintain
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the stability of the prepared nanofluid. This process was carried out at room temperature
and the stirring speed was set as 1000 rpm.

We chose salt electrolyte in the past (Wei et al., 2022) because it is unable to oxidate
nanoparticles. Nonetheless, as a mature technique, the alkaline electrolyzer is widely used
in large-scale hydrogen production industries. The purity of produced hydrogen in an
alkaline electrolyzer is expected to be more than 99.99%, and the rest of 0.01% is caused
by the gas crossover (Ezzahra-Chakik et al., 2017). Schalenbach et al. (2016)
experimentally investigated the performance of water electrolysis cells with acidic and
alkaline electrolytes. The results showed that alkaline water electrolyzers were more
efficient than acidic water electrolysis. The abovementioned advantages make the
investigation of nanoparticles in alkaline electrolytes meaningful.
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ending
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Figure 1 The process of electrolyte (a) (b)
nanofluids’ preparation. Figure 2 Schematic representation of

experimental apparatus
2.2 Experimental procedure

Figure 2 (a) shows the framework of the experimental setup for the hydrogen production
study. A Hoffman voltameter was used to electrolyze the ENF. CB nanoparticles were
unable to be oxidated under the condition of this experiment. Hence, the reactions for
alkaline ENF in this work were as follows:

Anode: 20H- = H20 + 1/202 + 2e- D
Cathode: 2H20 + 2e- = H2+ 20H- 2
Overall Reaction: H20 = Hz+ 1/202 3

The produced hydrogen and oxygen were gathered at the top of the two vertical pipes of
the Hoffman voltameter. The volume of the gases could be read directly from the scale on
the pipes with each graduated 60 x 0.2 ml, and the distance between them were 0.1 m. A
DC source from Peakteck supplied the power for electrolysis. The maximum output current
and voltage were 2 A and 30 V, respectively, and the accuracy was +1%+5 digits. A
thermocouple was used to test the temperature of the horizontal pipe of the Hoffman
voltameter, as shown by the red line in Figure 2 (a). The temperature could be read and
recorded by a datalogger (Omega HH506RA), and its error range was +0.05%. A halogen
lamp (Osram R7S 400 W /230 V) was used to simulate the sun and produce solar radiation.
The irradiance was measured by an irradiance meter (Linshang Technology) with an
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accuracy of +0.1%. The height of the halogen lamp was set to keep the light bulb and the
horizontal pipe on the same level. We adjusted the distance between them to control the
irradiance. The irradiance was selected as 1000 W/m?,

After the ENF was prepared as described in Section 2.1, we filled the Hoffman
voltameter until the liquid level reached the tick mark of 0 and closed the outlet of the pipe.
The temperature of the prepared ENF was higher than room temperature due to sonification
and stirring. Therefore, we let the system in a static condition until the thermal equilibrium
was obtained. When the temperature of the sample reached the preset initial temperature
(£1°C.), we turned on the camera, halogen lamp, and DC source simultaneously. In each
case, the electrolysis was carried out for 16 minutes under 30 V voltage input, and the
hydrogen production, temperature, and current were recorded every 2 minutes.

In this study, we focus on the three issues that can affect hydrogen production. The first
one is the stability of ENF. Instability has adverse effects on nanofluids' thermophysical
and thermoelectrical properties (Sharaf et al., 2020). Thus, the stability of nanofluid-based
electrolytes becomes an essential factor affecting hydrogen production and deserves to be
investigated. Three different nanofluids with three different concentrations were made in
this work. The composition and concentration of each component are shown in Table 1.
The nine suspensions were sealed in plastic beakers, as shown in Figure 3, and recorded
their states with photographic equipment every 24 hours.

Table 1 Composition and concentration of samples
Samples 1 2 3 4 5 6 7 8 9

» CB/ CB/ CB/ CB/ CB/ CB/ CB/ CB/ CB/
Composition 005 0.1 0.5 0.05 0.1 0.5 0.05 0.1 0.5

an? , SDS/ 0.5

concentraion

(Wt.%) - SH/ 5 SS/ 10
Distilled water

Secondly, the electrolysis experiments were conducted at different initial temperatures.
The 0.1 wt.% CB ENF with sodium hydroxide concentrations of 1 wt.%, 5 wt.%, and 10
wt.% was electrolyzed. The 10 wt.% sodium hydroxide electrolytes without CB were also
tested for comparison.

Finally, we performed the electrolysis experiments under different CB concentrations
(0.01 wt.% ~ 0.3 wt.%). In this work, two different illuminated areas were set by using a
screen to allow the lamp to only irradiate selected regions of the apparatus. The two red
rectangles in Figure 2 (b) show the location and size of the illuminated areas. When the
larger illuminated areas, where the area of the main radiation area was approximately 0.015
m?, were applied, we focused on the thermal properties of ENF. Almost all nanofluids can
absorb light energy and make the temperature of the entire system increase fast. Hence, the
electrical properties became the main object when using a narrower illuminated area with
an area of 0.005 m?. In this situation, only the nanoparticles dispersed in the path between
the two electrodes were irradiated directly. They could affect the motion of ions and
currents. In addition, the smaller illuminated area could also diminish the effect of the heat
absorption by the metal parts in the system.

2.3 Evaluation of hydrogen production
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The amount of hydrogen produced by electrolysis of alkaline ENF is challenging to
calculate, because one needs to consider many factors such as, temperature, pressure,
concentrations of components, agglomeration of nanoparticles, etc. Therefore, in this study,
we focused on the electrical conductivity of nanofluids and explored a simplified
correlation with some assumptions on the basis of widely used electrical theories.

The theoretical total hydrogen production can be evaluated by Faraday’s law of
electrolysis (Godula-Jopek, 2015):

It
TR ®
where n is moles of the produced substance at an electrode, respectively, / is current, ¢ is
time, z is the valence of the counter-ion, F is the Faraday constant.

The current / can be determined by Ohm’s Law for Electromagnetics (Nie et al., 2008):

I = oEA, (5)
where o is the electrical conductivity of the electrolyte, in this study, it is the electrical
conductivity of the alkaline ENF, E is the electric field, and 4 is the area that the charge
flows through.

The electrical conductivity of the ENF is determined by the electrical conductivity of
the base fluid (SH solution) and the electrical conductivity of CB nanoparticles, and it can
be calculated by the Maxwell model (Maxwell, 1873):

% _
3(0'f 1)<p

% L _ (% _ '
0f+2 (af 1)<p

where o is the electrical conductivity of the ENF; oris the electrical conductivity of the base
fluid; o is the electrical conductivity of the particles, and ¢ is the concentration of the
nanofluid. Normally, the concentration of nanofluids is less than 1 wt.%, which means that

og=o5|1+ (6)

term ( ? + 2) is at least two orders of magnitude less than the term (? - 1) @ is at least 2
f f

orders of magnitude smaller. Therefore this small term can be ignored in equation (6).
However, many researchers reported that the Maxwell model has low accuracy as it only
considers the electrical properties of nanoparticles and neglects the motion of nanoparticles
in nanofluids (Said et al., 2022). Hence, Shen et al. (2012) proposed a new model that takes
electrophoresis and Brownian motion into consideration on the basis of the Maxwell model.
In his model, the electrical conductivity enhanced by electrophoresis can be given by:
20e4%€40%¢?
op = =0 ) ™
where oz is the electrical conductivity due to electrophoretic mobility; &4 is the dielectric
constant of base fluid; 40 is the dielectric constant of vacuum; { is the zeta potential of
nanoparticles that will be discussed in detailed in Section 3.1; u is the viscosity of the
nanofluid and 7 is the radius of nanoparticles.
Also, the electrical conductivity enhanced by Brownian motion is (Shen et al., 2012):

RT 1
3peacaol 7 373
oy = (3L 37w)' )
T2
where o3 is the electrical conductivity caused by Brownian motion, R is the thermodynamic
constant, 7 is temperature, and L is the Avogadro constant.
Therefore, by combining equations (6) ~ (8) and implementing them into equation (5),
the current / can be written as:
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To simplify equation (9), some assumptions were adopted. First, the stability of the
nanofluids must be assured, which means that no aggregation and deposition formed during
the electrolysis. Hence, the radius of nanoparticles and zeta potential can be treated as
constant. Second, the change of electrical conductivity due to concentration change during
the electrolysis can be ignored as the process duration was rather short. Third, we evaluated
the Brownian motion conductivity and electrophoretic conductivity, and found that the
temperature change had less impact on the Brownian motion conductivity, as well as the
overall electrical conductivity. Thus, the temperature effects on total electrical conductivity
are negligible. Therefore, equation (9) can be simplified as follows:

3(_0p_1>0_f 2. 2,2 3ey€ ((—RT L )
o 2e4%¢ d<do '
[ =0 EA+|—L T S L 3| pap = a+Bp.  (10)
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From the discussion above, A and B can be considered constant. These can be treated as
fitting empirical parameters.

3. Results and discussion

3.1 Stability of the nanofluids-based electrolyte

In this study, an observation of the time-dependent sedimentation method was used to
test the stability of ENF, which is considered an effective way to confirm nanofluids'
stability (Li et al., 2020). In Table 1, samples 1-3 and 7-9 are set for comparison. The results
are shown in Figure 3. These photos were taken after the suspensions were prepared, after
three days, and after seven days.

The aqueous CB nanofluids (see the first three images in Figure 3c) showed excellent
stability as expected (Ulset et al., 2018). However, both the sodium sulfate electrolyte
nanofluids (SSENF) and the sodium hydroxide electrolyte nanofluids (SHENF) maintained
their stability for a short time and then deteriorated, where the stability of SHENF were
worse than SSENF. According to our observation, the distinguishable small clusters were
formed after two days, three days, and three days in the SHENF at the CB concentration of
0.5 wt.%, 0.1 wt.%, 0.05 wt.%, respectively. The visible sedimentation that can be
identified in the graphics appeared after seven days. However, there was no visible
sedimentation in SSENF after three days, as seen in Figure 3(b) A possible explanation is
that the particles had already agglomerated, but their sizes were still very small and the dark
environment made them difficult to observe.

The existence of SH significantly increases the pH of nanofluids. Also, pH can be
slightly increased by adding SS. With the increase of pH, the zeta potential decreases due
to electrochemical charge neutralization on the surface of CB nanoparticles, which
deteriorates the EDL (Kessler et al., 2019). When the pH reaches the isoelectric point, the
zeta potential becomes zero. Some researchers found the isoelectric point of graphene to
correspond to a pH of 7.5 (Zuccaro et al., 2015). It should be noted that the isoelectric point
is very sensitive to the particle size, and smaller particles have higher isoelectric points
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(Alnarabiji and Husein, 2020). Therefore, it is reasonable to assume the isoelectric point of
CB nanofluids is higher than 7.5, which makes SHENF show worse stability than SSENF.

Zeta potential is an important parameter indicating the stability of nanofluids. Ohshima
(Ohshima, 2003) suggested that when the surface charge is very high, zeta potential is equal
to the critical zeta potential, where the repulsive force is equal to the maximum van Der
Waals force according to Derjaguin-Landau-Verwey-Overbeek (DLVO) theory. The
critical zeta potential can be calculated by (Teh et al., 2010):

‘= kgT 1

e In % (11)
where, ks is the Boltzmann constant, e is the elementary electric charge, ¢ is the volume
fraction of primary particles given by (Prasher et al., 2006):

¢ = ¢p¢a, (12)
where ¢ is the volume fraction of the particles in the aggregates, ¢q is the volume fraction
of the aggregates in the nanofluid.

0.05 wt.%
cB nannflu"d
.

(c) 7 days
Figure 3 Photographs of the different suspensions (CB nanofluids, CB/SHENF,
CB/SSENF) at different times.

The process of sedimentation in SHENF could be divided into three stages. When
SHENF were prepared, almost no aggregate in the fluid exists. Hence, ¢, = 1, and ¢ =
¢q, where the nanoparticles were also treated as aggregates in the model. First, the
nanoparticles formed aggregates and grew, but they were hard to observe. In our tests, this
stage occurred in the first two days. In the second stage, when the aggregates grew large
enough, the deposition appeared due to gravity. During this time, ¢ increased as the volume
of aggregates increased, leading to a decrease in critical zeta potential, as shown by
equation (11). In the meantime, small agglomerations still existed and dispersed in the
liquid. The sedimentation was mixed as shown in Figure 3 (b). In our experiments, this
stage lasted for about three days until the fully sedimented stage, where ¢, = 1, and ¢p =
¢y In this final stage, almost all the particles were sedimented in the base fluid. However,
flocculate suspensions were observed above the surface of sedimentation, as shown in
Figure 3.
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Alietal. (2019) divided the sedimentation behaviour of nanofluids into three categories,
namely, dispersed sedimentation, flocculated sedimentation, and mixed sedimentation.
They concluded that the flocculated sedimentation in aluminum nanofluids was caused by
the nanoparticle’s oxidation. According to Leong and Ong (2003), when the zeta potential
of a stable colloidal dispersion reached the critical zeta potential, it started to transmit to a
flocculated dispersion, in which the viscosity of flocculated dispersion was several orders
of magnitude larger than its stable state.

Commonly, in a stationary container without any external force except gravity, the
aggregation of nanoparticles is caused by Brownian motion regardless of the thermal
boundary resistance between the particles and the base fluid (Prasher et al., 2006). The
aggregation in a nanofluid with time can be described as (Hanus et al., 2001):

1
Ra _ (1 + i)df, (13)
r a
where R. is the gyration radius of the aggregates, ¢ is the time, t, is the aggregation time
constant, dris the fractal dimension of the aggregates. Waite et al. (2001) suggested that dr
was in the range of 1.8~2.3. For the Brownian agglomeration, the fractal dimensions is
lower than 2
The aggregation time constant 7 is given by:
Turiw
ta = kgT *
where W is the stability ratio. When W =1, there is no repulsive force as well as
hydrodynamic interactions between the nanoparticles in the presence of a repulsive force,
W > 1. According to DLVO theory, stability ratio /¥ can be calculated by the repulsive
and attractive potential energies. It is a strong function of nanoparticles radius 7, as W
decreases rapidly with decreasing r (Prasher et al., 20006).

Following equation (14), the aggregation time constant t, decreases with the decrease
in particle size, which indicates smaller particles are more prone to agglomerate. When SS
or SH is added to CB nanofluids, the repulsive force potentially deteriorates, which induced
a decrease in . Furthermore, equation (13) indicates the growth speed of aggregates will
become slower with time, which shows an agreement with our results, as seen in Figure 3.

Therefore, the stability states of SHENF make them become made-and-use instantly
samples. Many researchers also confirmed this conclusion (Liu et al., 2016; Wang et al.,
2016), and there is no suitable method to maintain the stability of ENF as it is possible for
standard nanofluids at present.

(14)

3.2 Effect of nanoparticles on total hydrogen production

In this study, the hydrogen production from the electrolysis of a 10 wt.% SHENF with
0.1 wt.% CB was presented, and the results were compared with the hydrogen production
from the electrolysis of a 10 wt.% SH solution. The light and SDS were applied in both
systems. Figure 4 shows the comparison results. The hydrogen was produced in a greater
amount and also faster in SHENF than in SH solution. For SHENF, it took 7 minutes to
reach the maximum hydrogen volume of 57.9 ml. However, the maximum hydrogen
volume of 60.2 ml was achieved at 9 minutes for SH solution. This indicates the hydrogen
production rate for SHENF was about 23.61% higher than the SH solution.

Obliviously, CB particles played an essential role in the process. As discussed in Section
2.3, the enhancement of electrical conductivity caused by electrophoresis and Brownian
motion has a positive impact on hydrogen production.



This paper was submitted for publication in the Journal of Cleaner Production

Another reason is the enhancement of mass transfer induced by nanoparticles. In the
electrical field, the motion of nanoparticles is empowered by Brownian motion and
electrophoresis as well. The velocity of Brownian motion for a single particle or cluster can
be calculated from (Beiki et al., 2013):

9%kyT
4pmr3’

Vg = (15)
where vs is the velocity of Brownian motion, p is the density of nanoparticles.

The velocity of a particle caused by electrophoresis can be calculated by the
electrophoretic mobility formula (Huckel et al.,1924):

v 2e,€
— =Ly, (16)

HE = E 3
where ue is the electrophoretic mobility, vp is the velocity of electrophoresis, ¢, is the
relative permittivity of the fluid, &pois the permittivity of a vacuum.

The viscosity u is a temperature-sensitive parameter, decreasing with the temperature
increase. Following equations (15) and (16), vz and vp increase with temperature, which
induces higher convective mass transfer at higher temperatures. Figure 5 shows the
temperature history with and without CB. The presence of the CB improved the
temperature-increasing pattern due to the enhanced thermal conductivity of the fluid.
Therefore, the mass transfer was stronger in SHENF. This conclusion can be confirmed by
Beiki et al. (2013). They investigated the convective mass transfer of Al2O3 and TiO2 ENF
in a circular tube and discovered a higher mass transfer ratio in laminar flow.
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Figure 4 Hydrogen production for 10 wt.% Figure 5 Temperature increases for 10

SH electrolytes at different time with and wt.% SH electrolytes at different time with

without CB (¢ = 0.1 wt.%, Tiniiat = 30 °C). and without CB (p = 0.1 wt.%, Tinitiai =
30 °C).

Furthermore, the two explanations mentioned above are the primary reason that CB
nanofluids improved hydrogen production. However, there are still some factors that can
potentially affect hydrogen production. Although they have limited influence, they are still
worth discussing.

The first factor is that nanoparticles adhered to the electrodes. This fact was also noticed
by Choi et al. (2020), who reported the cellulose nanofluid was coated on the anode. They
state this phenomenon indeed hindered the process of electrolysis and reduced gas
production. Nevertheless, in our work, the CB nanoparticles did not fully cover the
electrodes: we estimate that more than 50% of the electrode area was clean from the
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nanoparticles. Indeed, this partial deposition by carbon nanoparticles may be beneficial for
the process: the presence of the particles may enhance the electrical conductivity and
expand the surface area. According to Ghosh et al. (2022), carbon nanotubes have been
widely used as electrodes in microbial fuel cells and proton exchange membrane fuel cells
as their high aspect ratio, low weight, and high conductivity. Therefore, it is reasonable to
assume the CB nanoparticle coating on electrodes has a positive impact on electrolysis.

The second factor is the formation of bubbles. SDS was used to stabilize the ENF,
however, it caused the formation of bubbles during the electrolysis. On the other hand, to
diminish other chemicals to affect the properties of ENF, we did not add anti-foam in the
preparation of ENF. According to Wang et al. (2014), the effect of bubbles can be divided
into two types, namely bubble coverage on electrodes and bubble dispersion in an
electrolyte. In our experiments, as mentioned in the previous paragraph, the presence of CB
in the electrolyte resulted in the adhesion of nanoparticles, which coated the electrodes and
prevented bubbles from adhering to them. Hence, the suspension of bubbles became the
main behavior of the bubble effect. Correspondingly, this behavior was not obvious in the
samples without CB. Bubbles can increase the void fraction which leads to large electrolyte
resistance, and extra energy consumption (Matsushima et al., 2012).

The third factor is the potential caused by the sedimentation of aggregates. This
interesting assumption was proposed by Ohshima (2003), who investigated the velocity of
sedimentation and the potential of sedimentation using the Stokes formula. The findings
revealed that the sedimentation potential is highly dependent on the aggregate's radius.
Nevertheless, this factor has limited effects on a stable ENP.

3.3 Effect of initial temperature

As an essential factor in electrolysis, the temperature can affect the activity of substances
and reaction rate. In this work, we tested the total hydrogen production at different initial
temperatures with different SH concentrations, as shown in Figure 6. The concentration of
CB nanofluids was 0.1 wt.%. As expected, the total hydrogen production increases with the
growth of initial temperature and SH concentration.

This result is consistent with the findings of Hiraki et al. (2005), who investigated the
reaction rates when the range of the initial temperature was 291 K~333K. Their study
revealed that the initial temperature of NaOH solutions had a significant impact on the
reaction rate. Specifically, when the initial temperature was set to 313 K or above, the
reaction was completed within 1200 s in their experimental set-up. However, when the
temperature was set to 291 K, the generation of hydrogen continued for more than 2400 s.

The reaction rate constant depends on several factors, including temperature, pressure,
etc. The relationship between the reaction rate constant and temperature can be described
by the Arrhenius equation (Crapse et al., 2021):

Eq
ko = Age RT a7
where k, is the reaction rate constant, A, is an exponential factor that is a constant for a
given chemical reaction, relating the frequency of collisions of atoms and molecules, E, is
the activation energy of the reaction.

Based on Equation (17), a higher initial temperature results in a faster reaction rate,
which in turn leads to an increase in the amount of hydrogen produced. Additionally, during
the electrolysis process, the nanoparticles absorb radiation, which causes the temperature
of the electrolyte to rise even further, thus accelerating the reaction rate even more.
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3.4 Effect of CB concentration

Figure 7 depicts the comparison of hydrogen production at different CB concentrations
for two cases: (i) with the screen; (i) without the screen. These experiments were conducted
at the initial temperature of 30 °C, and the concentration of sodium hydroxide was 5 wt.%.
In both studied cases, the total hydrogen production shows the tendency to increase first
and then decrease with the growth of the CB concentration. For no screen case, the
maximum production occurred at 0.04 wt.%, while when the screen was used the maximum
hydrogen production showed at a higher concentration.

The increasing tendency was caused by the following reasons. Firstly, equations (6) and
(7) indicated that an increase in CB concentration ¢ led to an increase in electrical
conductivity caused by electrophoresis o and Brownian motion s, respectively. Secondly,
according to equation (11), zeta potential { was proportional to the temperature 7. Hence,
it could be seen from equations (15) and (16) that the particle velocity of electrophoresis
vg and Brownian motion vp increased with the rising of temperature, which improved the
mass transfer in the ENF. Thirdly, the convective heat transfer was enhanced by the applied
electrical field (Sheikholeslami et al., 2017), leading to faster temperature. Additionally,
CB nanoparticles might have formed a chain-shaped conducive path in the fluid, which
escalated the electrical conductivity. Lastly, the strengthening of EDL was also a possible
reason that was discussed in our previous study (Wei et al., 2022).

The reason for the decreasing tendency was mainly caused by the agglomerations and
sedimentation of CB nanoparticles. The agglomeration meant the growth of particle size .
Hence, the electrical conductivity and mass transfer enhanced by electrophoresis and
Brownian motion were diminished, according to equations (6), (7), (11), (15), and (16). In
addition, the total mass transfer in the ENF is affected by the Brownian Reynolds number,
which is given by (Prasher et al., 2006):

2vgr,
e="0F, (18)
And the thermal conductivity of ENF is given by (Prasher, 2005):
k
— =1+ A X Re™Pr®333¢, (19)

ko



This paper was submitted for publication in the Journal of Cleaner Production

where k is the thermal conductivity, k is the thermal conductivity of the base fluid, 4 and
m are constants measured by experiments, Pr is the Prandtl number.

Prasher et al. (20006) reported that aggregation can significantly decrease the Brownian
Reynolds number, which also worsens the thermal conductivity, as seen in equation (19).
Also, according to Beiki et al. (2013), the mass transfer coefficient for Al2O3 ENF increased
with the concentration of nanofluids up to 0.01% and then decreased, which corresponds
to our conclusions.

Secondly, the chain-shaped conductive path did not always assist the electrical
conductivity. When the aggregates became large enough, the path formed a considerable
resistance, which could hinder the current and reaction and reduce hydrogen production.

Lastly, the high concentration of CB was able to form a “shield”, which could block the
mass transfer and the penetration of light. Then, causing the deteriorated thermal
performance of nanofluids.

Furthermore, the use of the screen had little effect on hydrogen production, as seen in
Figure 8. The maximum hydrogen production was 52 ml at 16 minutes when the screen
was applied, corresponding to the 57 ml of the case without the screen. Thus, the production
was 9 % lower. However, the difference in the temperature was significant, as shown in
Figure 9. The larger illuminated area allowed more heat to be absorbed, and the temperature
increased faster. Whereas a higher temperature can make the formation of aggregation
faster, according to equations (13) and (14). Hence, the negative impact of CB nanofluids
showed at lower CB concentrations for the case without the screen, as shown in Figure 7.
On the other hand, there was a temperature gradient between the illuminated area and the
unilluminated area. Temperature gradient facilitated the convective heat transfer, as well
as mass transfer. These convective transfers were more significant when the screen was
used, leading to an increased hydrogen production.

Moreover, the better performance for the smaller illuminated case showed that the
electrical properties played a more important role than thermal properties. This
phenomenon indicates that the enhancement of light mainly occurred in the current path
area. A concentrated light can be used in the further investigation to save energy.
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Figure 8 Hydrogen production for 0.05 Figure 9 Temperature for 0.05 wt.% CB
wt.% CB SHENF at different times with SHENF at different times with and without
and without the screen (pwveom = 5 wt.%, the screen (pwaomy = 5 wWt.%, Tiitial =
Tinitial = 30 °C). 30 °C).

3.5 Relationship between the current and CB concentrations
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According to the conclusions of the previous section, we decided to use the current data
recorded in the electrolysis of SHENF with the screen, as they showed better stability and
were potentially used in industries.

As discussed in Section 2.3, a critical parameter to evaluate the total hydrogen
production for electrolysis in SHENF is current, as seen in equation (4). The black dots in
Figure 10 show the average current at different CB concentrations. The average current
history exhibits a similar tendency as hydrogen production. It increased first and then
decreased, with the maximum current showed at the CB concentration of 0.1 wt.%. In the
previous section, we analyzed that the high concentrations of CB had a negative impact on
the electrical conductivity of ENF. This conclusion can be proved by Figure 10. However,
when the CB concentration was higher than 0.1 wt.%, the adverse effects on the electrical
conductivity caused the current to decrease. In the meantime, nanofluids' thermal properties
still played an important role in promoting hydrogen production, which made the highest
hydrogen production shown at the concentration of 0.2 wt.%.
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Figure 10 Current vs. CB concentration Figure 11 Comparison between
and fitting line (pwaom = 5 wWt.%, Timiiar = experimental and calculation results
30 °C, screen applied). (pwvaom) = 5 Wt.%, Tiniial = 30 °C, screen

applied).

According to equation (10), the current has a linear relationship with CB concentration.
However, some assumptions are not met at higher CB concentrations, such as the
assumption of no agglomeration in the SHENF during the electrolysis process. Hence, we
focused on the lower CB contractions, namely ¢ < 0.05 wt.%., which showed better
stability and allow us to evaluate the hydrogen production

The fitting result is shown in the red line of Figure 10. Generally, the efficiency of
hydrogen production is less than 100%. Hence, we introduced a correction factor # that
indicates the different processes of electrolysis. According to our calculation, when a screen
is applied in the electrolysis, # becomes 0.57. Substituting the fitting result and correction
factor # into equation (4), it becomes:

n(H,) = 057 (0.26412-1;?2.05(,0)15’ 20)

Figure 11 shows the comparison of hydrogen production between the experimental
results and calculation results from equation (20). The calculation results show a good
agreement with the experimental results when the CB concentrations are below 0.1 wt.%.
The errors are shown in Table 2.
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Table 2 Error analysis of experimental results and simulation results.
CB concentration /wt.% 0.01 0.02 0.03 0.04 005 0.10 020 0.30
Hydrogen production 5y 59 39 08 4369 4420 48.71 48.95 5345 44.07
(experiments) /ml

Hydrogen production ¢ 3¢ 76 4136 4397 4657 59.59 85.64 111.68
(simulations) /ml

Error 0.115 -0.008 -0.056 -0.005 -0.0459 0.179 0.376 0.605

Equation (20) is a simplified model with considerable limitations. The most important
one is that it does not take agglomeration into consideration. However, the agglomeration
process is very random, similar to the Brownian motion. Some researchers have presented
models that may forecast agglomeration. Equations (13) and (14) were built based on the
effect of aggregate radius on repulsive force and attractive force (Prasher et al., 2006), but
the impacts of the electrical field were not included. Similarly, Ohshima took the density
difference between nanoparticles and base fluids into account (Ohshima, 2003), but the
effect of the electrical field was absent. Therefore, the direction to optimize equation (20)
is to find the agglomeration and sedimentation behavior in an electrical field.

4 Conclusions

In this study, SHENF was prepared, and its stability was investigated. The electrolysis
experiments were conducted in a Hoffman voltameter at different initial temperatures, SH
concentrations and CB contractions, and the results were used to build a model to evaluate
the total hydrogen production. A possible technical method to assess the total hydrogen
production was presented, and a simplified model was built to evaluate the total hydrogen
production for electrolysis SHENF with a screen. Some of the crucial conclusions are as
follows:

e The presence of salt or alkaline solution can weaken the stability of CB nanofluids, and
CB nanoparticles were fully sedimented in seven days in SHENF.

e CB nanoparticles can improve the hydrogen production of electrolysis by the
enhancement of electrical conductivity, mass transfer, and heat absorption. The
hydrogen production rate was improved by 23.62% when 0.1 wt.% CB was applied in
10 wt.% SHENF.

e The initial temperature had an impact on the hydrogen production

e For electrolysis of SHENF, the total hydrogen production increased with the increases
in CB concentration and then decreased. When employing a screen, the maximum
hydrogen production showed at the concentration of 0.2 wt.%, whereas the maximum
hydrogen production showed at the concentration of 0.04 wt.% without a screen.

A semi-empirical correlation was proposed to evaluate the total hydrogen production for

electrolysis of SHENF with a screen, which had a higher precision when the CB

concentrations were below 0.1 wt.%

According to our research, it is an interesting problem to use nanofluids for water
electrolysis. This may create a new path to connect solar energy and hydrogen, which is
meaningful for the energy industry. However, two important issues should be investigated
in further work. The first one is finding a better method to enhance the stability of ENF.
Another one is building a model that describes how the electrical field influences the
aggregation and sedimentation of nanoparticles.
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