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a b s t r a c t

Directly solar radiation absorbing nanofluids have the potential to absorb a wide spectrum of solar ra-
diation and displace selectively coated metallic receivers in solar thermal collectors. Parameters
including nanoparticle concentration, synthesis and storage conditions, can influence their long-term
usage. In this study, 60 min was found to be optimal sonication duration to synthesise a uniform sus-
pension of nanofluid containing amorphous-carbon nanoparticles and ethylene glycol as base fluid.
Nanoparticle concentration can be used to tune extinction coefficient of nanofluid in the range of 75
e400 m�1 for wavelength range of 320e1000 nm. Long-term stability and high temperature studies
showed a time and temperature dependent increase in transmittance of nanofluid which is restored by
5 min of stirring. Computational modelling highlighted the role of incident intensity, nanoparticle
concentration as well as inlet flow rate on receiver exit temperature. A ray-optics model employing
weather data for Delhi (India) can predict the optical efficiency of an Asymmetric Compound Parabolic
Concentrator solar collector. This combined approach can enable to predict the flow rate required to
achieve a desired supply temperature at target locations. This rational framework combining experi-
mental and computational approaches can be used to identify design parameters relevant for application
of nanofluids in thermal collectors.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The use of solar energy for electricity generation, desalination
and thermal applications has significantly increased owing to ad-
vances in receiver designs to enhance optical efficiency as well as
reduce heat losses and improved sun-trackingmechanisms [1]. One
of the promising advances is the development of directly, volu-
metrically absorbing nanofluids [2e4], which can be used as
working fluids in solar thermal systems equipped with glass re-
ceivers to allow solar radiation to be directly absorbed by the
working fluid. In contrast, the conventional receiver designs use
selectively coated metal pipes which transfer the heat to the fluid
via conduction and subsequently via convection in the bulk of the
fluid. The metal pipes also lead to larger convective and radiative
losses, which are significantly reduced in nanofluid using glass
receivers [5,6]. Nanofluids, a suspension of nanoparticles in heat
h).
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transfer fluids, can significantly enhance (by up to 7 orders of
magnitude) the solar energy absorption capability of working fluids
and therefore, the use of nanofluids holds a huge potential in solar
thermal applications [2,5,7,8].

Various parameters can influence nanofluid properties
including nanoparticle type, concentration [9], sonication duration
[10,11] as well as choice and amount of surfactant [12e15]. Nano-
fluid stability is one of the major challenges for their applications in
solar energy systems [16,17]. Especially for their use with Concen-
trating Solar Thermal (CST) panels, nanofluids can reach very high
temperatures which can influence the stability of the suspension.
Hence, protocols for efficient synthesis as well as maintaining long-
term and high temperature stability of nanofluids are important for
widespread application of nanofluids for solar thermal
applications.

Another challenge with solar energy systems is the variability in
incident intensity of sunlight. Advances have beenmade to improve
the efficiency of radiation capture with a lower footprint by using
innovative mirror designs and geometries [18]. For practical ap-
plications when a desired temperature is specified a priori, several
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nomenclature and abbreviations

Nomenclature
Cp Specific heat capacity of the fluid (J/kg K)
eb Blackbody emissive power
F View factor
G Irradiation (W/m2)
h Heat transfer coefficient (W/m2/K)
I Incident radiation intensity (W/m2)
J Total radiative flux leaving a surface
k Thermal conductivity of the fluid (W/m K)
Ke Spectral extinction coefficient of the fluid (m�1)
n Medium refractive index
P Pressure
q Heat flux
R Radius of pipe (m)
S Solar-weighted absorptivity of the fluid
T Temperature (K)
u Velocity vector
_V Volumetric flow rate L/h
y Depth (cm)

Abbreviations
a-C Amorphous carbon
ACPC Asymmetric compound parabolic concentrating
CST Concentrating solar thermal
SDS Sodium dodecyl sulfate
STC Solar thermal concentrators

Greek symbols
ε Surface emissivity of glass pipe
h Optical efficiency
qi Angles of incidence
l Wavelength
r Density of fluid
rd Diffuse reflectivity of the surface
s Boltzmann constant
t Transmittance of the fluid

Subscript
amb Ambient
ext External
in Inlet
m Mutual surface radiation
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parameters such as incident intensity, flow rate (or residence time)
of fluid, ambient temperature, and fluid properties can influence
the ability of solar collector to meet this demand. A framework that
describes the effect of a selection of climatic and nanofluid prop-
erties on the exit temperatures is essential to optimize and predict
the inlet conditions to achieve a desired exit temperature.

COMSOL Multiphysics has been successfully benchmarked and
used to model various phenomena including diffusion and fluid
flow [19e21], surface-to-surface radiation to model radiative heat
transfer [22e25] as well as ray trajectories [18], which can enable
design and compare energy efficient solutions by incorporating
multiple phenomena. Various methods have been incorporated in
its in-built modules which can be coupled and simultaneously
solved at each time step. Therefore, the application of COMSOL
based models in solar applications is very promising.

In this study, a combined experimental and computational
approach to rationally design the various aspects of nanofluid for
their successful and efficient incorporation with CST was devel-
oped. The synthesis conditions of nanofluids containing amorphous
carbon nanoparticles in ethylene glycol were optimised for their
use in solar thermal applications. Amorphous carbon based nano-
fluids have a broad absorption spectrum which makes them suit-
able for absorbing UV, visible and near infrared wavelengths is
shown. Methods to tune the optical properties as well as maintain
the stability of nanofluids for long duration and at high tempera-
tures were highlighted. COMSOL Multiphysics models, were
developed to a) describe the relationship of different working
conditions such as inlet flow rate, incident intensity, and nano-
particle concentration on the temperature profile of receiver pipe,
b) identify the optimum nanoparticle concentration for efficient
solar absorption, c) estimate the incident intensity on the receiver
tube (by using real-life climate data) and d) predict the flow con-
ditions necessary to maintain a desired supply temperature in
Delhi, India. The combined experimental and computational
approach allows the key parameters to be determined for the CST
systems for global locations.
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2. Methods

2.1. Nanofluid synthesis

Amorphous carbon nanoparticles,�80 nm particle size (average
size of 40 nm and maximum 80 nm; Catalogue number 633100),
ethylene glycol (Catalogue number 324558), and Sodium Dodecyl
Sulfate (Catalogue number 112533) were sourced from Sigma-
Aldrich. Different concentrations of nanofluids were prepared us-
ing the two-step method whereby the different amounts of nano-
particles and 1% wt/vol anionic surfactant, Sodium Dodecyl Sulfate
(SDS), were added to ethylene glycol. The amount of surfactant is
consistent for ethylene glycol based nanofluids [26]. To create a
uniform suspension, the mixture was sonicated using a bath-type
sonicator (Part number Zeronebs1nx2y7q4) for different dura-
tions (30 min, 60 min, 90 min) at a double-frequency ultra-
sonication power of 28 kHz.
2.2. Transmittance measurements

The optical properties of nanofluids developed were character-
ized by measuring the spectral transmittance for a sample thick-
ness of 1 cm using a UVeVis spectrophotometer over the
wavelength range of 320e1000 nm. It is also known that ethylene
glycol absorbs a majority of the near infrared region in the wave-
length range of 1500e2500 nm [27]. The combined 320e2500 nm
constitutes to ~84% of total solar irradiance [28]. Air (empty
cuvette) was used as a standard reference for all measurements.
1 ml of nanofluid or ethylene glycol was added to the cuvette for
measurement. All measurements were performed at room
temperature.

The effect of stirring on the optical properties of the nanofluids
was studied by first sampling from an undisturbed sample and then
stirring using a magnetic stirrer at 250 rpm for different durations.
For studying the effect of temperature, the samples were heated on
a hot plate through different fluid temperatures and then allowed
to naturally cool to room temperature (~1 h) for transmittance
measurement.



Fig. 2. Transmittance measured for different duration of sonication for nanoparticle
concentration of 60 mg/L.
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2.3. Calculations of extinction coefficient and solar-weighted
absorptivity

To assess the nanofluid properties, the solar-weighted absorp-
tivity of nanofluid was evaluated using the equations detailed in
Bhalla et al., 2018 [9]. The solar-weighted absorptivity of the fluid is
given by Eq. (1),

SðyÞ¼

ðl
0
GðlÞ

�
1� e�y*KeðlÞ

�
dl

ðl
0
GðlÞ

(1)

where, SðyÞ is the solar-weighted absorptivity of the fluid.

GðlÞ is the irradiation at a given wavelength, l
KeðlÞ is the spectral extinction coefficient of the fluid for a given
wavelength, l
y is the depth

The spectral extinction coefficient is related to transmittance
based on the Beer-Lambert law and is given by Eq. (2),

tðy; lÞ¼ e�y*KeðlÞ (2)

where tðy; lÞ is the transmittance of the fluid at a given depth, y,
and wavelength, l

Based on the transmittance measurements at a known depth of
1 cm, the extinction coefficient KeðlÞ was evaluated for all wave-
lengths in the 320e1000 nm range and used to evaluate the solar-
weighted absorptivity of fluids at different depths.
2.4. COMSOL based modelling of directly absorbing solar collector
and nanofluid system

A COMSOL Multiphysics based model is used to study the effect
of radiative absorption as well as flow conditions in a receiver pipe
containing nanofluids. Standard evacuated glass tubular receiver
(length 1.8 m and diameter 0.043 m) ubiquitously used in com-
mercial solar collectors was employed for the simulation (sche-
matic is shown in Fig. 1). The inlet and ambient temperatures were
assumed to be 25 �C.

The solar radiation is assumed to be entering normally to the
surface of the glass pipe (receiver pipe). This pipe is encapsulated
by another pipe and the annulus region is evacuated to minimize
the heat loss to the surrounding. For air, the convective heat
Fig. 1. Schematic of receiver pipe mod
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transfer coefficient is in the range of 1e500 W/m2/K depending on
wind speeds and whether it is forced or free convection. Since the
encapsulating pipe is evacuated, the heat loss from the receiver
pipe is assumed to be on the lower end and the heat transfer co-
efficient was assumed to be, h ¼ 1 W/m2/K [29]. The phys-
icothermal properties of the nanofluid (thermal conductivity,
specific heat capacity, viscosity, and density) were approximated to
be the same as that of the base fluid. This is consistent with
experimental evidence where these properties were not signifi-
cantly affected by the presence of small amounts of nanoparticles
[27]. The temperature dependence of the properties was consid-
ered by using material definitions of ethylene glycol in COMSOL
Multiphysics. The fluid flow model was coupled with the heat
transfer module to model the temperature profile. The fluid is
assumed to be Newtonian, and the physics and the boundary
conditions used in this study are described in Eqs. (3)e(17).

Laminar fluid flow was modelled using the Navier Stokes
equation:

r
vu
vt

þ rðu:VÞu¼V
h
� Pþm

�
VuþðVuÞT

�i
(3)

where r is density of fluid, u is the velocity vector, P is the pressure.
Mass conservation equation is given by,

rV:u¼0 (4)

No slip boundary condition is used on the surface of the pipe,
elled using COMSOL Multiphysics.



Fig. 3. a) Transmittance for nanofluids synthesized with different concentrations of a-C nanoparticles. b) The extinction coefficient for each wavelength as a function of nanoparticle
concentration. c) Solar-weighted absorptivity of nanofluid as a function of depth for different nanoparticle concentrations.
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given by,

ujr¼R ¼0 (5)

where R is the radius of pipe. The inlet flow rate is specified as a
boundary condition.

_V jz¼0 ¼Vin (6)

where _V is the volumetric flow rate and Vin is the inlet volumetric
flow rate.

The heat transfer in the fluid is modelled using the following
heat equation:

rCp
vT
vt

þ rCpu:VT þ V:q ¼ Q (7)

where Cpis the specific heat capacity of the fluid and q is the heat
flux, which is given by,

q¼ � kVT (8)

where k is the thermal conductivity of the fluid.
The inlet temperature was fixed leading to

T jz¼0 ¼ Tin (9)

Convective heat transfer to the surroundings is modelled using
the convective heat flux equation shown by Eq. (10).
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qjr¼R ¼hðTamb �T jr¼RÞ (10)

where h is the heat transfer coefficient and Tamb is the ambient
temperature.

Surface-to-surface radiation module was used to model the
radiative heat loss from the receiver pipe. The equations used for
modelling this are shown below:

J¼ εebðTÞ þ rdG (11)

G¼Gamb þ Gext þ GmðJÞ (12)

Gamb ¼ FambebðTambÞ (13)

ebðTÞ¼n2sT4 (14)

where J is the total radiative flux leaving a surface, ε is surface
emissivity of glass pipe, which is set to 0.9, rd is diffuse reflectivity
of the surface (1� ε), ebðTÞ is the blackbody emissive power, s is the
Boltzmann constant, G is the irradiation, amb refers to ambient, ext
refers to external, m refers to mutual surface radiation, Famb is the
ambient view factor and n is the medium refractive index.

The radiative absorption was modelled using Beer-Lambert Law
in COMSOL Multiphysics using a similar methodology as described
by Frei 2015 [30] with minor modifications due to difference in
geometry. But the underlying principle remains same, i.e., the in-
tensity is deposited as a power source for the fluid. Since it is



Fig. 4. a) Representative photographs of nanofluid (100 mg/L) which is incubated at room temperature for different durations b) Transmittance of nanofluids when incubated at
room temperature for longer durations followed by stirring at 250 rpm for 1 min or 5 min.
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assumed that the solar ray enters the receiver normal to the aper-
ture, the Beer-Lambert law can be written as Eq. (15),

vI
vr

¼ keI (15)

It was assumed that the absorption coefficient is approximately
the same as the extinction coefficient (scattering is negligible). The
extinction coefficients used for nanofluids containing different
concentrations of amorphous carbon nanoparticles was measured
during the study as described in section 2.2 and 2.3. Dirichlet
boundary condition was used to specify the incident intensity (Eq.
(16)),

Ijr¼R ¼ Iin (16)

Finally, a partial differential equation for temperature distribu-
tion was solved by assuming that the heat source was the same as
the absorbed light:

rCp
vT
vt

�V:ðkVTÞ¼Q ¼ keI (17)

2.5. Modelling of optical efficiency and prediction of flow rate

To gauge the realistic incident intensity on the solar thermal
concentrator, a ray optics model and real-life solar radiation data
were used in this study. An Asymmetric Compound Parabolic
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Concentrating (ACPC) collector with a concentration ratio of 2.3 and
a length of 1.8 m was chosen. ACPC concentrators can harness
significant amount of diffuse radiation (for a concentration ratio of
2.3, the concentrator can harness 43.4% of diffuse radiation) and
have been shown to have a superior solar absorption and optical
efficiency in partly cloudy sky conditions [31]. To evaluate the op-
tical efficiency of the ACPC collector, an indicator of its capacity to
harness beam radiation, ray optics model described previously [18]
was used. Solar radiation data for Delhi was retrieved from ISHRAE
[32]. The hourly angle of incidence calculations for Delhi were
performed by following the steps outlined in literature [33].
Average monthly optical efficiency is calculated by first evaluating
the daily proportion of intensity which is focussed on the receiver
pipe (daily optical efficiency) and then averaging it over a month.
3. Results and discussion

3.1. Efficient mixing using sonication for 60 min leads to optimal
optical properties

The impact of sonication on optical properties of amorphous
carbon (a-C) nanoparticle based nanofluids was studied first. It was
observed that a 30 or 45-min sonicationwas insufficient to create a
uniform suspension. Both 60-min and 90-min sonication durations
led to a uniform suspension indicated by a low transmittance value
(Fig. 2). Importantly, increasing the sonication duration from
60 min to 90 min yielded an insignificant effect and hence, it was



Fig. 5. Transmittance versus wavelength plot at different storage durations (1h, 2h, 3h) when the samples (60 mg/L) are left undisturbed at a) room temperature, T ¼ 25 �C, b)
T ¼ 60 �C, c) T ¼ 100 �C, and e) T ¼ 140 �C. Effect of stirring for 5 min at 250 rpm prior to transmittance measurements for the samples which are heated to d) T ¼ 100 �C and f)
T ¼ 140 �C.
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concluded that a 60-min sonication duration is optimal to prepare a
uniform suspension. It is important to note that these sonication
studies were conducted for ethylene glycol as base fluid (viscosity:
0.0161 Pa s) using a bath sonicator with a double-frequency ultra-
sonication power of 28 kHz and the optimal duration is likely to
vary for different base fluids or sonication frequencies.
3.2. a-C nanoparticles in ethylene glycol can absorb all wavelengths
in 320e1000 nm (ultraviolet, visible and near infrared range)

Majority of solar energy is distributed in the range
320e1000 nm [28]. Therefore, the transmittance of ethylene glycol
and a-C based nanofluid was measured and observed a uniform
reduction in transmittance with increasing proportion of a-C for all
wavelengths in this range (Fig. 3a). Importantly, the concentration
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of a-C nanoparticles which led to a ~5% transmittance at a depth of
1 cm (~100 mg/L) was an order of magnitude lower compared to
that reported for other nanoparticles for example by Bhalla et al.
[9]. The synthesized nanofluid was found to uniformly absorb the
radiation wavelengths studied e an important characteristic which
establishes the suitability of nanofluids for solar thermal
application.
3.3. a-C nanoparticles concentration can be varied to precisely
control the optical properties of nanofluid

The transmittance through the nanofluid at a depth of 1 cmwas
dependent on the nanoparticle concentration. The extinction co-
efficient for nanofluids evaluated using Eq. (2) were in the range of
75e400 m�1 and followed a linear relationship with the



Fig. 6. a) Temperature profile for different concentrations of nanoparticle when the inlet flow rate was set to 10 L/h and incident radiative intensity 2000 W/m2. The colour bar
indicates temperature in �C. b) Average exit temperature for different extinction coefficients and inlet volumetric flow rates for an incident intensity of 2000 W/m2. c) Average exit
temperature as a function of extinction coefficient for different incident intensities (in W/m2) at a flow rate of 10 L/h. Dotted curves in b) and c) represents a second order
polynomial fit.
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concentration of nanoparticles as shown in Fig. 3b. The error bars
represent the standard deviation of the extinction coefficient.
Finally, the extinction coefficients were employed to estimate the
solar absorptivity fraction as a function of depth (shown in Fig. 3c).
It was observed that concentration of nanoparticles can regulate
the depth at which the solar radiation is completely absorbed.
Moreover, a linear relationship of nanoparticle concentration and
extinction coefficient further allows to fine-tune the optical prop-
erties of nanofluid by controlling nanoparticle concentration.
3.4. Stirring can maintain long-term stability of a-C based
nanofluids

Directly absorbing nanofluid is intended for CST applications; it
was important to study its long-term stability. A time-dependent
settling of nanoparticles was observed as shown in Fig. 4a. An in-
crease in the transmittance of ~15e20% when the nanofluid was
stored undisturbed for 3 days was also observed (Fig. 4b). It was
further found that an extended incubation of up to 8 days led to a
significant settling of nanoparticles (Fig. 4b). Importantly, it was
observed that stirring for 1 min at 250 rpm led to a significant
restoration of nanoparticle suspension and 5 min of stirring
completely restored the optical properties of nanofluid (Fig. 4b).
Therefore, optical properties of a-C based nanofluids can be
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restored by stirring for 5 min at 250 rpm which unlocks the op-
portunity of developing directly absorbing nanofluid based CST
plants without worrying about nanofluid performance even when
plants are shut down for maintenance.
3.5. Optical properties of nanofluid are affected by high
temperature

To investigate the suitability of the nanofluids for CST applica-
tions, the effects of heating on the optical properties of ethylene
glycol and a-C based nanofluids were studied. At room tempera-
ture, when the nanofluid was kept undisturbed, a negligible change
in transmittance after 3 h was observed (Fig. 5a). Further, main-
taining the nanofluids at 60 �C for up to 3 h did not affect their
stability as seen from Fig. 5b. However, when the nanofluid was
heated at 100 �C, a time dependent increase in transmittance
(Fig. 5c) indicating a settling of nanoparticles was observed. The
transmittance values were restored with 5 min of stirring (Fig. 5d)
validating our conclusion of section 3.4. Finally, heating the nano-
fluid to 140 �C led to a more rapid increase in transmittance
(Fig. 5e). Again, it was observed that stirring for 5minwas sufficient
to restore the nanofluid suspension (Fig. 5f). After 3 h of heating at
60 �C, 100 �C, and 140 �C, a temperature dependent increase in
transmittance by approximately 2%, 20%, and 40%, respectively was



Fig. 7. a) Schematic of ACPC with concentration ratio of 2.3 modelled using COMSOL Multiphysics. The ray trajectories for an angle of incidence ðqiÞof b) 35� ðh ¼ 100%Þ, c) 0� ðh ¼
95%Þ, d) �15� ðh ¼ 54%Þ, and e) �30� (h ¼ 0%Þ. f) Optical efficiency (h) with varying angle of incidence ðqi) for the modelled ACPC.
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measured, when compared with those kept at room temperature
(Fig. 5a, b, 5c, 5e). This behaviour is likely due to a decrease in
density of ethylene glycol at higher temperatures (1129.84 kg/m3 at
25 �C, 1077.15 kg/m3 at 100 �C and 1049.5 kg/m3 at 140 �C) [34]
which can influence its ability to hold the nanoparticles suspended
for long.

3.6. COMSOL based model of radiation absorption assuming Beer-
Lambert's law highlights the significance of nanoparticle
concentration in uniform heating of nanofluid

The nanofluid for solar thermal applications wasmodelled using
COMSOL Multiphysics computational tool which assumed Beer-
Lambert law for absorption of radiative flux incident on the sur-
face of receiver. Radiative loss via surface-to-surface radiation
physics and convective heat loss to the surrounding were accoun-
ted for. In direct absorption solar collectors, the nanofluid is passed
through an evacuated glass pipe suffering a negligible convective
loss. Finally, the heat transfer properties including specific heat
capacity and thermal conductivity of nanofluid were assumed to be
equal to that of the base fluid [27].

In order to efficiently use the solar radiation to uniformly heat
the nanofluid flowing in a pipe, it is important to absorb solar ra-
diation throughout the fluid. This implies that the depth at which
the solar radiation must be completely absorbed must be in the
range of the diameter of the pipe. A very high nanoparticle con-
centration can lead to complete absorption of solar radiation in a
very small depth (closer to the circumference of the pipe). This will
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lead to very high temperatures in this region whilst the majority of
the central region of the pipe receives no radiation. The heat
transfer in the remaining fluid will be dominated by convection,
which can be significantly slower as compared to direct radiative
absorption [2]. Hence, it results in non-uniform heating of the
nanofluid. This behaviour was also evident from our model
(Fig. 6a). It was observed that the difference in temperature at the
periphery and at the centre of the pipe increased as the nano-
particle concentration increased. On the other hand, a very low
nanoparticle concentration can lead to incomplete absorption of
solar radiation. Therefore, nanoparticle concentration was
concluded to play a crucial role to attain uniform heating of
nanofluid and maximizing solar absorption.

It was observed that increasing the nanoparticle concentration
beyond a certain limit does not lead to a significant change in
average temperature at the exit (Fig. 6b). Moreover, a non-linear
relationship between volumetric flow rate (V) and exit tempera-
ture as increasing the flow rate from 5 L/h to 25 L/h for any
extinction coefficient led a decrease in the average exit temperature
which was not proportional to the change in flow rate was
observed. Volumetric flow rate of nanofluid controls the residence
time in the receiver pipe and hence, a lower flow rate leads to in-
crease in average exit temperature at the cost of reduced
throughput.

The role of incident radiation intensity (I) on the average exit
temperature was also studied. The results for a flow rate of 10 L/h
are shown in Fig. 6c. A linear relationship between intensity and
average exit temperature at a selected flow rate and extinction



Fig. 8. a) Average monthly beam (blue) and diffuse (orange) radiation over a month for New Delhi. The error bars represent standard deviation of daily average radiation over a
month. b) Average monthly optical efficiency of ACPC with a concentration ratio of 2.3 is plotted for a year. The error bars indicate standard deviation of daily optical efficiency. The
detailed description of evaluation of average monthly radiation and average monthly optical efficiency is described in the methods. c) Histogram representing the distribution of
incident intensity (>100W/m2) on the receiver pipe over a year. d) Predicted nanofluid flow rate for a day in March. The day chosen had the average ambient temperature of 25 �C in
Delhi. The nanofluid was assumed to have an extinction coefficient of 150 m�1 (equivalent to 60 mg/L). The dimensions of the ACPC are similar to what was used in the COMSOL
model (described in methods).
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coefficient was observed. Therefore, using the COMSOL model
developed, the concentration of nanoparticles required to deliver a
known exit temperature was determined. The model also enabled
to study the effects of flow rate, ambient conditions and incident
intensity on average exit temperature.

3.7. Optical efficiency

An ACPC solar collector (Fig. 7a) with a geometric concentration
ratio of 2.3 was simulated using ray optics module of COMSOL
Multiphysics tool to estimate the optical efficiency (h) at different
angles of incidence (qi) (Fig. 7bee). An ACPC geometry was chosen
due to its superior optical performance in locations with partly
cloudy or diffuse radiation sky conditions [18,31], such as those in
India during winter, autumn, and rainy seasons. A low
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concentration ratio of 2.3 allows up to 43.4% diffuse radiation to be
concentrated enhancing the performance when it's most needed
during overcast sky conditions. East-West orientation of the
receiver tube with the reflectors facing True South is modelled in
this simulation. The optical efficiency of greater than 90% for angles
of incidence between �5� and 50� (Fig. 7f) has been predicted.

The optical efficiency of ACPC with a tilt angle of 28.5� for Delhi
(Latitude 28.546 �N) was next simulated. The hourly incidence
angle for a year using COMSOL model and combined this with the
solar radiation data for Delhi was evaluated [32]. The distribution of
average monthly beam and diffuse radiation during the 12-month
period is shown in Fig. 8a. The proportion of diffuse radiation is
also substantial and hence, it is important to include this in the
analysis. Calculated angles of incidence and COMSOL ray optics
model were employed to estimate the actual incident intensity on
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the receiver tube during the day. The ratio of total daily irradiation
received at the receiver tube to that reaching the aperture was
calculated to estimate the daily optical efficiency which was further
averaged for a month to get the monthly average optical efficiency.
The distribution of monthly average optical efficiency of ACPC over
a 12-month period in New Delhi is shown in Fig. 8b. For this design
of ACPC, more than 50% of the daily incident irradiation in winter is
focussed on the receiver. Finally, the distribution of incident in-
tensity (>100 W/m2) over the entire year is shown in Fig. 8c. This
indicates that the maximum incident intensity was 1232.7 W/m2

while the average during the entire year was 560.9 W/m2.
The inlet flow rate required to achieve an average exit temper-

ature of 60 �C on a day in March when the average ambient tem-
perature in Delhi is 25 �C was next predicted (Fig. 8d). The COMSOL
model of receiver pipe of dimensions: length ¼ 1.8 m and
radius ¼ 0.0215 m were used. The incident intensity at different
hours was calculated using both the beam as well as the diffuse
component. The beam irradiation was calculated as the product of
the model predicted optical efficiency and the beam irradiation for
the hour and the diffuse irradiation was calculated by multiplying
the diffuse acceptance factor (0.434) with the diffuse irradiation for
that hour. The concentration of nanofluid was assumed to be
60 mg/L (extinction coefficient of 150 m�1). Therefore, the solar
irradiance data as well as ambient conditions and optical efficiency
of the concentrator to identify optimum flow parameters for a
given nanofluid concentration to achieve a desired temperature on
the end-use side was used.

4. Conclusions

In this study, a framework which allows to design, size, and
optimize the important parameters related to implementation of
solar thermal collectors using nanofluids was developed. As a
proof-of-concept, nanofluids, containing amorphous carbon nano-
particles and ethylene glycol, as directly absorbing solar radiation
collectors for CST applications were characterized.

Nanofluids have been shown to achieve a uniform absorption in
the 320e1000 nm range (UV-A, visible, and some proportion of
near infrared region). The optimal sonication duration for achieving
a uniform suspension of nanofluid was identified. Importantly, the
optical properties of nanofluids have been shown to be tuned by
modulating nanoparticle concentration. A linear relationship be-
tween the extinction coefficient and nanoparticle concentration
has been observed.

The parameters which affect the stability of amorphous carbon
nanoparticle based nanofluids were also studied. Incubation for
longer duration as well as heating to high temperatures was found
to cause settling of nanoparticles. In both cases, stirring for 5 min
was sufficient to restore the optical properties of nanofluid to the
same levels as freshly prepared nanofluids. Therefore, for solar
thermal applications, it may be important to adopt intermittent
stirring during the storage of nanofluids. This can be implemented
using a stirrer in the storage tank.

To understand the impact of different nanoparticle concentra-
tions (and hence, extinction coefficient) as well as incident in-
tensities, a COMSOL based modelling approach to simulate heating
of nanofluid flow when passing through a STC receiver whilst ac-
counting for various heat losses including wind convective heat
loss to the surrounding as well as radiative heat loss to sky was
used. The effects of interfering parameters including inlet flow rate,
nanoparticle concentration, and incident intensity on the average
exit temperature have been studied. Our modelling approach also
highlighted the relevance of choosing appropriate nanoparticle
concentration for efficient heat transfer in direct absorbing
collectors.
660
To further highlight the relevance of design of collectors, a ray
optics model for an ACPC was used, to predict the optical efficiency
as a function of angle of incidence. It was combined with climate
data for Delhi to predict the intensity of focussed solar radiation
reaching the receiver on an hourly basis. This knowledge enables to
predict the flow rate as well as the collector design features to
achieve a desired nanofluid exit temperature for a range of appli-
cations at global locations.

This study provides proof-of-concept for designing nanofluid
based solar thermal applications using a combined experimental
and computational approach which accounts for local conditions.
Future studies will aim to exploit this framework to develop novel
nanofluids with improved thermal and optical properties for high
temperature solar thermal applications.
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[23] S.R. Abid, N. Tayşi, M. €Ozakça, Three-Dimensional Thermal Modeling of
Temperature VariationinConcrete Box-GirdersUsing COMSOL®, COMSOL
Conf, 2014.

[24] S. Zandi, P. Saxena, N.E. Gorji, Numerical simulation of heat distribution in
RGO-contacted perovskite solar cells using COMSOL, Sol. Energy 197 (2020)
105e110, https://doi.org/10.1016/j.solener.2019.12.050.

[25] P. Saxena, N.E. Gorji, COMSOL simulation of heat distribution in perovskite
solar cells: coupled optical-electrical-thermal 3-D analysis, IEEE J. Photovol-
taics 9 (2019) 1693e1698, https://doi.org/10.1109/JPHOTOV.2019.2940886.

[26] S.N.A. Shah, S. Shahabuddin, M.F.M. Sabri, M.F.M. Salleh, M.A. Ali, N. Hayat,
N.A.C. Sidik, M. Samykano, R. Saidur, Experimental investigation on stability,
thermal conductivity and rheological properties of rGO/ethylene glycol based
nanofluids, Int. J. Heat Mass Tran. 150 (2020) 118981, https://doi.org/10.1016/
j.ijheatmasstransfer.2019.118981.

[27] V. Khullar, V. Bhalla, H. Tyagi, Potential heat transfer fluids (Nanofluids) for
direct volumetric absorption-based solar thermal systems, J. Therm. Sci. Eng.
Appl. 10 (2018), 011009, https://doi.org/10.1115/1.4036795.

[28] H.D. Kambezidis, The solar resource, in: Compr. Renew. Energy, Elsevier Ltd,
2012, pp. 27e84, https://doi.org/10.1016/B978-0-08-087872-0.00302-4.

[29] P. Kosky, R. Balmer, W. Keat, G. Wise, Exploring Engineering, Academic Press,
2020, https://doi.org/10.1016/C2017-0-01871-2.

[30] W. Frei, Modeling laser-material interactions with the beer-lambert law |
COMSOL blog. https://uk.comsol.com/blogs/modeling-laser-material-
interactions-with-the-beer-lambert-law/, 2015.

[31] R.V. Parupudi, H. Singh, M. Kolokotroni, J. Tavares, Long term performance
analysis of low concentrating photovoltaic ( LCPV ) systems for building
retrofit, Appl. Energy 300 (2021) 117412, https://doi.org/10.1016/
j.apenergy.2021.117412.

[32] ISHRAE, Weather data by Location|EnergyPlus, April 1, 2021, https://
energyplus.net/weather-location/asia_wmo_region_2/IND//IND_New.Delhi.
421820_ISHRAE, 2020.

[33] S.A. Kalogirou, Solar Energy Engineering, Academic Press, 2009. https://www.
oreilly.com/library/view/solar-energy-engineering/9780123745019/.

[34] E. ToolBox, Ethylene glycol heat-transfer fluid, April 9, 2021, https://www.
engineeringtoolbox.com/ethylene-glycol-d_146.html, 2003.

https://doi.org/10.1016/j.renene.2018.01.042
https://doi.org/10.1016/j.renene.2018.01.042
https://doi.org/10.1016/j.powtec.2020.03.058
http://refhub.elsevier.com/S0960-1481(21)01629-3/sref11
http://refhub.elsevier.com/S0960-1481(21)01629-3/sref11
http://refhub.elsevier.com/S0960-1481(21)01629-3/sref11
http://refhub.elsevier.com/S0960-1481(21)01629-3/sref11
https://doi.org/10.1016/j.csite.2019.100392
https://doi.org/10.1016/j.csite.2019.100392
https://doi.org/10.1016/j.tca.2008.01.008
https://doi.org/10.1016/j.tca.2008.01.008
https://doi.org/10.1016/j.expthermflusci.2011.01.016
https://doi.org/10.1016/j.apenergy.2017.11.069
https://doi.org/10.1016/j.apenergy.2017.11.069
https://doi.org/10.1016/j.ijheatmasstransfer.2011.04.014
https://doi.org/10.1016/J.RENENE.2018.01.097
https://doi.org/10.1016/J.RENENE.2018.01.097
https://doi.org/10.1016/j.apenergy.2020.115839
https://doi.org/10.1111/cbdd.13524
http://refhub.elsevier.com/S0960-1481(21)01629-3/sref20
http://refhub.elsevier.com/S0960-1481(21)01629-3/sref20
http://refhub.elsevier.com/S0960-1481(21)01629-3/sref20
http://refhub.elsevier.com/S0960-1481(21)01629-3/sref20
http://link.springer.com/10.1007/978-81-322-2743-4_133
http://link.springer.com/10.1007/978-81-322-2743-4_133
http://refhub.elsevier.com/S0960-1481(21)01629-3/sref22
http://refhub.elsevier.com/S0960-1481(21)01629-3/sref22
http://refhub.elsevier.com/S0960-1481(21)01629-3/sref22
http://refhub.elsevier.com/S0960-1481(21)01629-3/sref23
http://refhub.elsevier.com/S0960-1481(21)01629-3/sref23
http://refhub.elsevier.com/S0960-1481(21)01629-3/sref23
http://refhub.elsevier.com/S0960-1481(21)01629-3/sref23
http://refhub.elsevier.com/S0960-1481(21)01629-3/sref23
https://doi.org/10.1016/j.solener.2019.12.050
https://doi.org/10.1109/JPHOTOV.2019.2940886
https://doi.org/10.1016/j.ijheatmasstransfer.2019.118981
https://doi.org/10.1016/j.ijheatmasstransfer.2019.118981
https://doi.org/10.1115/1.4036795
https://doi.org/10.1016/B978-0-08-087872-0.00302-4
https://doi.org/10.1016/C2017-0-01871-2
https://uk.comsol.com/blogs/modeling-laser-material-interactions-with-the-beer-lambert-law/
https://uk.comsol.com/blogs/modeling-laser-material-interactions-with-the-beer-lambert-law/
https://doi.org/10.1016/j.apenergy.2021.117412
https://doi.org/10.1016/j.apenergy.2021.117412
https://energyplus.net/weather-location/asia_wmo_region_2/IND//IND_New.Delhi.421820_ISHRAE
https://energyplus.net/weather-location/asia_wmo_region_2/IND//IND_New.Delhi.421820_ISHRAE
https://energyplus.net/weather-location/asia_wmo_region_2/IND//IND_New.Delhi.421820_ISHRAE
https://www.oreilly.com/library/view/solar-energy-engineering/9780123745019/
https://www.oreilly.com/library/view/solar-energy-engineering/9780123745019/
https://www.engineeringtoolbox.com/ethylene-glycol-d_146.html
https://www.engineeringtoolbox.com/ethylene-glycol-d_146.html

	Amorphous carbon based nanofluids for direct radiative absorption in solar thermal concentrators – Experimental and computa ...
	1. Introduction
	2. Methods
	2.1. Nanofluid synthesis
	2.2. Transmittance measurements
	2.3. Calculations of extinction coefficient and solar-weighted absorptivity
	2.4. COMSOL based modelling of directly absorbing solar collector and nanofluid system
	2.5. Modelling of optical efficiency and prediction of flow rate

	3. Results and discussion
	3.1. Efficient mixing using sonication for 60 min leads to optimal optical properties
	3.2. a-C nanoparticles in ethylene glycol can absorb all wavelengths in 320–1000 nm (ultraviolet, visible and near infrared range)
	3.3. a-C nanoparticles concentration can be varied to precisely control the optical properties of nanofluid
	3.4. Stirring can maintain long-term stability of a-C based nanofluids
	3.5. Optical properties of nanofluid are affected by high temperature
	3.6. COMSOL based model of radiation absorption assuming Beer-Lambert's law highlights the significance of nanoparticle concentr ...
	3.7. Optical efficiency

	4. Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References


