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A B S T R A C T

Nanofluid-based direct absorption of solar heat results in thermal efficiencies superior to conventional solar
thermal technology. In addition, convection of nanofluid can be sustained pump-free in the collector. In this
article, we study an aqueous magnetic nanofluid capable to establish the photothermal convection in a lab-
scale direct absorption solar collector equipped with a solenoid. The nanofluid consisted of 60-nm Fe2O3
particles dispersed in distilled water at concentration in the range 0.5% wt.-2.0% wt. An empirical model of
the photothermal convection was developed based on the experiments. The model accounted for magnetic and
thermophoretic forces acting within the nanofluid. The nanofluid with up to 2.0% wt. iron oxide nanoparticles
obtained the velocity of ∼5 mm/s under the magnetic field of up to 28 mT. This resulted in the maximum
thermal efficiency of the collector equal to 65%.
1. Introduction

Nanofluids were developed by Choi and Eastman (1995) to increase
the thermal conductivity of the existing heat transfer fluids and then
to boost the coefficient of heat transfer during forced convection.
However, the use of nanofluids for forced convection has inherent
drawbacks (Rudyak and Minakov, 2018). The presence of nanoparticles
increases the apparent viscosity of the nanofluids so that the pumping
cost grows. Another issue connected to the use of the concentrated
nanofluids is their possible nanotoxicity (Bostan et al., 2016) and
erosion.

These limitations hinder the replacement of the conventional heat
transfer fluids by nanofluids. Although Hydromx (2021) reports various
applications of their commercial nanofluids for domestic hot water and
data centres, the scientific community considers the industrial use of
the nanofluids as limited due to the discussed challenges.

An alternative thermal application of nanofluids allows for much
lower amounts of nanoparticles. The diluted nanofluids are used in
direct absorption solar collectors (DASC) (Viskanta, 1987; Gorji and
Ranjbar, 2016). In this case, the nanofluid acts both as a receiver of
solar radiation and a heat transfer fluid. By collecting the radiated
heat in the bulk of the fluid, the nanofluids reduce the average surface
temperature of the collector and thus limit the collector’s thermal
loss to the environment. Starting from miniature DASCs (Alberghini
et al., 2019; Otanicar et al., 2010), the nanofluid-based solar thermal
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technology has advanced towards laboratory scale prototypes (Gupta
et al., 2015).

Karami et al. (2015) tested a flat DASC prototype based on the
water–glycol nanofluid with CuO nanoparticles with a concentration of
1.5 wt%. The maximum thermal efficiency of the collector was 65%. A
similar efficiency of 60% was measured by Singh and Khullar (2020) for
a concentrating DASC with a paraffin-based nanofluid laden with a 1.0
vol.% of soot particles. Karami‘s DASC with a carbon-based nanofluid
(1.3% wt.) was also tested by Delfani et al. (2016). In this case, the
efficiency increased to 90%, which was 45% over the efficiency of an
equivalent flat-plat collector with an opaque black surface.

Vakili et al. (2016) documented a thermal efficiency of 90% for a
prototype DASC with a 0.005% wt. nanofluid. The best photothermal
conversion was obtained by Kumar et al. (2020) who found that a
0.0002% wt. of gold nanoparticles brought the maximum thermal
efficiency of DASC up to 95%. Most recently, Moravej et al. (2021) pre-
sented a hemispherical design of DASC filled by an aqueous nanofluid
consisting of 0.3% silver nanoparticles. Despite the collector’s interest-
ing design, the maximum efficiency of 61% was lower than that of the
majority of other prototype DASCs.

The aforementioned maximum thermal efficiencies of direct absorp-
tion solar collectors are higher than the efficiency provided for most
commercial flat-plate solar collectors. However, the superiority of the
existing prototype DASCs diminishes at higher operating temperatures
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due to enhanced thermal leaks. In this condition, the efficiency of
DASCs is between 20% and 40% lower than the efficiency of a com-
mercial solar collector (Goel et al., 2020). Hence, additional studies on
better thermal insulation of the prototypes are required. However, the
thermal insulation of DASCs is a rather challenging problem, as the size
and volume of the nanofluid layer present in a DASC are larger than
the thin metal receivers used in conventional solar collectors.

Another method to boost the performance of DASCs is to increase
the system’s total efficiency, reducing the pumping costs via the es-
tablishment of natural convection in the collector’s flow loop. There
exist domestic hot water systems where the elevation difference in the
flow loop drives natural convection. This opens up an opportunity for a
pump-free operation of the loop, which also reduces the system’s capital
costs.

However, the architecture of modern buildings demands that the
renewable energy systems fit the building’s profile. Such requirements
limit the elevations and alter the tilt angles of solar collectors sup-
pressing the natural convection. To address the challenge, Jin et al.
(2020, 2019) developed a direct absorption oscillating heat pipe with
transparent walls. The heat pipe was filled with aqueous nanofluids
with 18 nm gold nanoparticles (0.024 wt%) and carbon nanotubes
(3 wt%) of micrometric length. Under natural solar conditions, the pho-
tothermal boiling (Ulset et al., 2018) propelled the nanofluid through
the heat pipe. Although an excellent thermal efficiency of 92% was
detected for the case with carbon nanotubes, the entire concept does
not seem feasible from the practical point of view due to the need for
vacuumisation of the pipe and challenges associated with the long-term
stability of the micrometric particles.

The pump-free operation of DASCs becomes possible without nat-
ural convection, appealing to the second feature of the metal-based
nanofluids, namely the magnetic convection. When the nanofluid is
simultaneously subjected to a temperature gradient and a magnetic
field, a magnetic Kelvin force pumps the nanoparticles due to the
difference between the magnetic moments of the colder and the warmer
particles (Aursand et al., 2016b). To our knowledge, there are no
research papers on DASCs with pure magnetic convection of nanofluid,
even though several works consider the influence of the magnetic field
on the performance of DASCs with the forced convection of ferrofluids.

He et al. (2016) considered how a radial magnetic field of 3 mT
influences the efficiency of a lab-scale DASC with an aqueous nanofluid
with 30 nm Co nanoparticles. In their research, the nanofluid flows
through the collector via an ordinary pump. Most possibly, the mag-
netic field was supposed to boost the performance establishing a sec-
ondary convective flow of the nanofluid in the radial direction and
thus enhancing the mixing. According to the collector’s grade curve,
the maximum thermal efficiency of a magnetised nanofluid was around
85%, which was 13% higher than for cases with no magnetic field
applied.

Two interesting papers by Alsaady et al. (2019) and Liu et al. (2018)
were dedicated to the experiments on a DASC with magnetic nanofluid
and solar concentration (∼×16). The magnetic nanofluid was based on
10 nm magnetite particles dispersed in water. As in the experiments
by He et al. (2016), a water pump established the flow of the nanofluid
while the magnetic field of 3–11 mT was set in the axial direction.
The maximum thermal efficiency of 41% was measured for the DASC
subjected to 10.47 mT. This efficiency was about 25% higher than for
the nanofluid-based DASC without any magnetic field. These papers
did not entirely clarify what the physical reason for the notable rise
of photothermal performance was, namely a magnetic-driven mixing
enhancement or an additional pumping pressure difference. None of
the papers on magnetic pumping in DASC considered the influence of
thermophoresis on the thermal performance of collectors.

In our experimental work shown in this paper, we prove a concept
of a pump-free operation of DASC with a magnetic nanofluid. The
combination of an external magnetic field and thermophoresis with
a photothermal absorption of radiate heat makes it possible to estab-
lish continuous photothermal convection in the collector. We consider
how the nanoparticles’ concentration and the magnetic field’s strength
influence the thermal performance of a closed photothermal flow loop.
34
Fig. 1. Scanning electron microscopy images of iron oxide particles.

Fig. 2. Particle size distribution in 1.0 wt% nanofluid for freshly prepared and matured
samples.

2. Methodology

The experiments on photothermal convection were carried out at
a laboratory scale in a tubular rig containing a direct absorption solar
collector with a magnetic nanofluid.

2.1. Nanofluid

The nanofluid was produced by dispersing nanoparticles of iron
oxide (Fe2O3) in water. The nanoparticles were purchased from Sigma
Aldrich. According to the manufacturer, the size of the particles, de-
termined by the Brunauer–Emmett–Teller technique, was below 50
nm (Sigma Aldrich, 2021). The results of the scanning electron micro-
scope Jeol JSM-7400F are shown in Fig. 1. The individual particles are
at least 25% of the experimental scale, confirming the information from
the manufacturer.

A two-step method was used to produce the nanofluid. In the first
step, the required mass of the nanoparticles was mixed with a corre-
sponding volume of distilled water (Fybikon, Norway). The fraction of
particles was measured using the precision scale Sartorius CPA 324S
(±0.1 mg). The mixture was mechanically stirred to form a suspension.

In the second step, the suspension was subjected to intense son-
ication for 30 min. The ultrasonic treatment of the suspension was
conducted using the ultrasonic bath Branson 3510 at 130 W. To avoid
possible electromagnetic and rheological influence of surfactants on the



Solar Energy 239 (2022) 33–39B.V. Balakin et al.
Fig. 3. A schematic of the experimental set-up.
studied photothermal convection, the obtained nanofluid was produced
without an electrochemical stabilisation. The freshly made batches of
the nanofluid were used in the experiments within 24 h after produc-
tion without further treatment. The nanofluid remained visually stable
during this period.

The distribution of particle sizes in the nanofluid was inspected
by means of static light scattering (SLS) using Malvern Mastersizer
2000. The particle size distribution for the freshly produced sample is
presented in Fig. 2. From the figure, we note that the agglomeration of
the nanoparticles in the fresh nanofluid resulted in an average particles
size of 60 nm. The size distribution for the samples treated in the
experiments is also presented in Fig. 2. The combined heating and
magnetisation increased the average particle size to 110 nm. According
to the literature, nanoparticles with sizes of about 100 nm remain
stable after an ultrasonic dispersion in water (Moldoveanu et al., 2018).
Therefore, we conclude on partial stability of the matured samples.

2.2. Experimental system

As shown schematically in Fig. 3, the experimental system consisted
of a flow loop, a direct absorption solar collector, a heat exchanger,
and a solenoid. The flow loop was made of polytetrafluoroethylene
tubes with an internal diameter of 4 mm and a wall thickness of 2 mm.
The length of the sections for temperature measurement was 200 mm,
the length of the section with the heat exchanger was 400 mm, and
the length of the heat exchanger was 100 mm. The temperature was
measured in 200 mm sections using the T-type thermocouples (±0.3 K)
connected to HH506RA Multilogger from Omega. The direct absorption
solar collector was a part of a 400 mm long transparent glass tube with
an internal diameter of 4 mm.

The flow loop was connected to a 50 ml cylindrical expansion
tank open to the atmosphere. The tank was a part of a replenishing
line used during the filling and draining of the flow loop. A microdi-
aphragm pump circulated the nanofluid through the line at 5 l/min.
This injection line was inactive during the experiments.

The heat exchanger was of a shell-and-tube type. The internal tube
of the heat exchanger was a glass spiral with nine rounds and major
diameter of 20 mm. The inner diameter of the tube in the spiral was
4 mm. The inner diameter of the shell was 31 mm, and the wall
thickness was 2 mm. The heat exchanger was cooled down by tap water
at 12 ◦C.

The glass tube consisted of the solenoid region and the DASC region.
The DASC region was a 100 mm long part of the tube that was placed
under the external radiation. The radiation was directed from a halogen
35
lamp OSRAM (Haloline 230 V, 400 W). The spectrum of the lamp
was shifted by 350 nm to the red zone if compared to the solar
spectrum (Ulset et al., 2018). The amount of radiated heat meeting the
DASC surface was 2.8 W. This value was measured using an LS122 IR
radiometer from Linshang.

The solenoid (FC-5818 from APW) was mounted over the glass tube.
The length of the magnetic coil was 𝑙 = 44.7 mm with, the outer and
inner diameters of the bobbin being 38.1 and 19.1 mm, respectively.
The coil consisted of 𝑛 = 800 turns with the total resistance of 5.75 Ω.
The solenoid operated under 6 V, altering the current 𝐼 from 0 to
1.26 A using a DC power supply. The maximum of the magnetic field
𝐻max ∼ 𝐼𝑛∕𝑙 in the solenoid was varied between 0 and 28.2 mT. The
current and voltage were controlled by a UT131B multimeter from UNI-
T. The coil was coupled with a 7.2 W processor cooler from Foxconn
to remove the Joule heat from the solenoid. A thermally-insulating
shield covered the solenoid and the cooler to protect the DASC from
the cooling by the fan.

The experimental rig operated as follows. At first, the nanofluid was
injected into the loop using the pump. After flashing the lines during
the continuous operation of the pump, the injection line was closed.
The lamp was then activated, and the electrical current was set in the
coil. The multilogger recorded the temperature for about 1 h until the
measurement arrived at a steady state. The experiments were run at an
ambient temperature of 21.3 ± 1.2 ◦C. Next, the nanofluid was drained
from the flow loop, the system was dismantled, and the pipes were
cleaned internally by pigging. The last stage included cleaning the tubes
in the ultrasound bath filled with ethanol.

2.3. Mathematical model

It is interesting to obtain an estimate of the flow rate induced in the
rig due to the photothermal convection. However, direct measurement
of small-magnitude convective currents is challenging as the nanofluid
is simultaneously subjected to thermal and magnetic radiation, which
influences measurements. Therefore, we arranged for a theoretical
calculation.

First, we state that convection is possible when the mechanical
energy of particulate motion increases enough to balance the fric-
tional flow resistance in the loop. For this model, we assume that
the most significant contribution to the nanoparticle motion is due to
thermophoresis and magnetic field. In terms of the pressure drop, this
means that the positive pressure differences induced in the solenoid 𝛥𝑝𝑚
and thermophoresis 𝛥𝑝𝑇 are balanced by the frictional pressure drop
𝛥𝑝 established in the loop at a given mean flow velocity of convection
𝑓
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Fig. 4. The computational mesh and geometry used in the computational fluid
dynamics simulations.

𝑣. The contribution of the magnetic field is estimated from Aursand
et al. (2016b,a):

𝛥𝑝𝑚 ∼ 𝜙𝑝𝜇0𝑀𝑚𝐻
max, (1)

where 𝜙𝑝 is the volume fraction of the nanoparticles, 𝜇0 is the vacuum
permeability.

Also, 𝑀 is the magnetisation of the particles (Aursand et al., 2016a):

𝑀𝑚 = 𝑀𝑠
(𝜇0𝑉𝑝𝑀𝑠𝐻max

𝑘𝐵𝑇

)

, (2)

where  is the Langevin function (Aursand et al., 2016b), 𝑉𝑝 is the
volume of a particle, 𝑇 is the temperature of the nanofluid, and 𝑘𝐵
is the Boltzmann constant. The saturation magnetisation 𝑀𝑠 is given
as Aursand et al. (2016a):

𝑀𝑠 = 𝑀∗
(

1 −
𝑇 − 𝑇𝑟
𝑇𝑐 − 𝑇𝑟

)

, (3)

where 𝑀∗ = 35.9 kA/m is the saturation magnetisation of Fe2O3 at
the reference temperature 𝑇𝑟 = 300 K (Lassoued et al., 2018), and 𝑇𝑐
= 960 K is the Curie temperature (Muench et al., 1981).

The thermophoretic pressure drop is given after Brock (1962):

𝛥𝑝𝑇 =
−6𝑛𝑝𝜋𝜇𝑙𝜈𝑙𝑑𝐶𝑠

1 + 6𝐶𝑚Kn
𝑘𝑙∕𝑘𝑝 + 2𝐶𝑡Kn

1 + 2𝑘𝑙∕𝑘𝑝 + 4𝐶𝑡Kn
𝛥𝑇
𝑇

, (4)

where 𝛥𝑇 is the temperature difference in the loop, 𝑘 is the thermal
conductivity of the base fluid (𝑙) and the particles (𝑝), 𝑑 is the average
particle size, 𝑛𝑝 is the number density of the particles, 𝜇 and 𝜈 are the
dynamic and the kinematic viscosity, 𝐾𝑛 is the Knudsen number of the
particles, and coefficients 𝐶𝑠 = 1.17, 𝐶𝑡 = 2.18 and 𝐶𝑚 = 1.14 (Crowe
et al., 1998).

We determined the mean flow velocity from a steady force balance:

𝛥𝑝𝑚 + 𝛥𝑝𝑇 = 𝛥𝑝𝑓 , (5)

where the pressure drop due to the friction of the nanofluid was
computed following Idelchik (1986):

𝛥𝑝𝑓 = 𝜉𝜌 𝑣
2

2
, (6)

where 𝜉 is the dimensionless total flow resistance of the system. We
developed a single-phase supplementary computational fluid dynamics
(CFD) model to define the flow resistance.

The simulated geometry, shown schematically in Fig. 4, represented
the pipes from the experimental rig excluding the solenoid section. The
computational domain was discretised using 0.5 mm polyhedral control
volumes. The control volumes were adjusted to a near-wall subsurface
by seven layers with prismatic cells (Fig. 4). We optimised the mesh by
running a mesh dependence study.

As presented in the figure, the boundary conditions included the
velocity inlet and the pressure outlet. The Reynolds number was less
36
Fig. 5. Temperature difference vs. time for different values of the particle concentration
and magnetic field.

than 1000 in all the simulations. A steady laminar flow of incom-
pressible fluid was modelled using a single system of Navier–Stokes
equations (Anderson, 1995). The numerical solution was carried out in
a commercial package STAR-CCM+ from Siemens (v.13.06.012). The
CFD model did not account for thermophoresis and magnetic effects.
The Navier–Stokes equations were discretised in space through the
second-order upwind scheme. The flow was solved using SIMPLE with
the following under-relaxation coefficients: velocity 0.3, pressure 0.1.
The solution converged at the residuals below 10−6.

3. Results and discussion

3.1. Temperature difference

The first experiments were conducted to clarify how the concentra-
tion of nanoparticles influences the photothermal heating in the system.
For this purpose, we recorded the temperature difference in the loop
without magnetic field at different concentrations of nanoparticles and
at 0.4 A in the solenoid. This is shown in Fig. 5 as dynamic temperature
curves. From the plot, we note that the temperature differences increase
in time and reach a steady value after approximately 2500 s of the
process. The maximum difference of 12.4 ◦C is seen for the concen-
tration of 1.0% wt. The average combined experimental uncertainty of
the data from the figure was 0.6 K. By increasing the concentration,
the temperature difference decreased to 7.8 ◦C at 2.0% wt. We also
note that the thermal stabilisation of the system occurs faster for higher
concentrations. We return to this issue later in the paper, where we
introduce the notion of the characteristic time of thermal stabilisation.

We observed a continuous flow of nanofluid during the measure-
ments in the DASC and heat exchanger. The flow started after the
solenoid was activated and was thus induced by the magnetic con-
vection due to the formation of temperature gradients in the rig. An
increase in the flow rate can explain the reduction of the temperature
difference for higher particle concentrations. The increase was obvi-
ously dependent on the number of magnetic particles as they drove the
fluid via the interphase momentum coupling.

Several mechanisms are responsible for the observed reduction of
the temperature. At first, by enhancing the flow rate, we limited the
radiant heat exposure to the particles. Next, increased flow enhances
the heat transfer in the heat exchanger and increases the thermal
leaks to the environment. In addition, increasing the concentration
of the nanoparticles, we increased the thermal conductivity of the
nanofluid (Colla et al., 2012) and further promoted heat exchange
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Fig. 6. Temperature difference for different concentrations and electric currents.

with the cold environments. Similar qualitative behaviour of heating
in a conventional direct absorption solar collector was reported in the
recent work by Struchalin et al. (2021).

To verify whether natural convection occurs in the rig, we irradiated
the DASC section of the loop for about an hour without activating
the solenoid. A dynamic temperature log for 2.0% wt. nanofluid in
the absence of a magnetic field is presented in Fig. 5 as a reference.
According to the temperature logs, the steady-state temperature differ-
ence was 0.9 ± 0.4 ◦C when using various nanoparticle concentrations.

his low value of the temperature difference was due to a very slow
luid circulation in the loop, which was also confirmed visually in the
ransparent sections of the pipes.

In the next series of experiments, we tested how the magnetic field
nd concentration simultaneously influenced the process. Fig. 6 shows
3D-surface representing the temperature difference as a function of

lectrical current in the solenoid and the mass fraction of nanoparticles.
he surface was obtained by connecting the array of experimental
oints by splines.

In general, according to the figure, the temperature difference re-
uces with the current and particle concentration increase. Neverthe-
ess, this happens after the optimal values of concentration (about
.0% wt.) and current (∼0.7 A) are reached. At the maximum current,
he temperature difference increased for the lowest concentrations. This
ndicates that the maximum flow was established for each studied
oncentration at 1.26 A that corresponded to a magnetic field of 28 mT.
his value was 2.5 times greater than the field used in Alsaady et al.
2019) and Liu et al. (2018).

There was very low velocity for moderate currents at concentrations
elow 1.0% wt. As discussed above, the momentum of particles was not
ufficient to drive the flow in this case. Another possible reason for the
aximising of the temperature gradient at this concentration could be
maximisation of photothermal performance in the DASC.

.2. Flow velocity

As previously mentioned, we determined the total flow resistance
sing CFD simulations. Fig. 7 shows the results by demonstrating how
he Reynolds number influences this parameter. To calculate the latter,
e followed Buschmann et al. (2018) who found that the equivalent

hermophysical properties may be used to determine dimensionless cri-
eria for stable nanofluids. The density of the nanofluid was computed
s 𝜌𝑛𝑓 = 𝜌𝑙(1 − 𝜙𝑝) + 𝜌𝑝𝜙𝑝, where 𝜌 is the density of the base fluid (𝑙)
nd the particles (𝑝). We determined the apparent dynamic viscosity of
he nanofluid according to Colla et al. (2012):

= 𝜇 (1 − 𝛼𝜙 − 𝛽)−2, (7)
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𝑛𝑓 𝑙 𝑝
Fig. 7. Loop flow resistance for different Reynolds numbers.

Fig. 8. Computed flow velocity as a function of electric current for different
concentrations of particles.

where 𝛼 = 0.073 and 𝛽 = 0.034 are the empirical coefficients.
The total flow resistance reduces from 𝜉=5249 at Re = 4.5 to 𝜉 =

55.4 at Re = 899. We fitted the dependence using a power-law function:
𝜉 = 21573Re−0.94 with 𝑅2 = 0.99. This is shown in Fig. 7.

Fig. 8 presents the mean flow velocity estimated using Eq. (5). We
note from the figure that the mean flow velocity is below 1 mm/s for
the cases without magnetic field. Thermophoresis was the only source
of momentum capable of driving the flow. In these cases, the computed
flow velocity increased with the particle concentration from 0.14 mm/s
at 0.5% wt up to 0.98 mm/s at 2.0% wt.

By applying the magnetic field, we increased the mean flow velocity
several times. The steady mean flow velocity was about 2 mm/s for
0.5% wt. and 5 mm/s at 2.0%wt. We note that the flow velocity did
not increase significantly when altering the current above 0.5 A. In this
case, thermophoresis became the main driving force of the motion in
the system. An average magnetic pressure drop 𝛥𝑝𝑚 was 14.0 ± 6.7%
of the thermophoretic 𝛥𝑝𝑇 . However, the thermophoretic motion of the
nanofluid is possible when a temperature difference is established in the
loop. The temperature difference is triggered by the magnetic pressure,

which was under 9% of the thermophoretic pressure at low currents.
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A further enhancement of the magnetic field increased the mag-
nitude of the flow and flattened the temperature difference. This de-
creased the thermophoretic pressure, so the flow rate reached an equi-
librium. At the maximum current, the pressure drop caused by the
magnetic field increases to 28% of the thermophoretic pressure drop.
The system self-limits the flow velocity under the variable magnetic
current.

3.3. Thermal analysis

To verify the calculation of the mean flow velocity, we conducted a
thermal analysis of the system. At first, from the dynamic temperature
curves (see Fig. 5), we extracted the thermal response time of the
system 𝜏𝑇 . This characteristic time is defined as a temporal interval
etween the start of the process and the moment when the temperature
ifference becomes 63.2% of the steady-state value (Lewis et al., 2004).
evertheless, due to the spread of experimental data, there was an un-
ertainty in the determination of the steady-state condition. Therefore,
n the calculations, we used an average thermal response time 𝜏𝑇 =
7.3 ± 9.3 min. This value resulted from the entire set of experiments
ith the magnetic field.

Next, assuming the most intensive heat transfer took place in
he heat exchanger, we calculated the heat transfer coefficient there
s Lewis et al. (2004):

𝑠 =
𝜌𝑛𝑓𝑉 𝐶𝑛𝑓

𝜏𝑇𝐴𝑠
, (8)

here 𝛼𝑐 is the heat transfer coefficient in the heat exchanger, 𝑉 is the
otal volume of the nanofluid, 𝐶𝑛𝑓 = 𝐶𝑙(1−𝜙𝑝)+𝐶𝑝𝜙𝑝 is the specific heat

of the nanofluid, and 𝐴𝑠 is the area of the spiral in the heat exchanger.
An average coefficient of the heat transfer in the exchanger became
5.7 ± 1.5 W/m2K.

Balancing the heat in the system, we computed the volume flow of
the nanofluid, and the mean flow velocity:

𝜌𝑛𝑓𝑄𝐶𝑛𝑓𝛥𝑇 = 𝐺 − 𝛼𝑎(𝑇 − 𝑇𝑎)𝐴𝑡 + 𝜖𝜎(𝑇
4
− 𝑇 4

𝑎 )𝐴𝑡 + 𝛼𝑠(𝑇 − 𝑇𝑐 )𝐴𝑠, (9)

here 𝛥𝑇 is the temperature difference in the loop, 𝑄 is the volume
low of the nanofluid, 𝐺 is the incident thermal radiation, 𝑇 is the
verage temperature of the nanofluid, 𝜎 is the Stefan–Boltzmann con-
tant, 𝜖 is the emissivity, 𝐴𝑡 is the total area of the tubes (excluding
he heat exchanger), and indices 𝐷, 𝑎, 𝑠 denote DASC, ambient and
eat exchanger conditions. We computed the coefficient of heat trans-
er between the tubes and the environment 𝛼𝑎 using expressions for
atural convection around a heated plate (Struchalin et al., 2021). The
arameters in Eqs. (8)–(9) were calculated using the temperatures and
he dimensions measured from the experiments.

The results of the thermal analysis (Eqs. (8)–(9)) are collected in
ig. 8 in the form of a band that contains 95% of the data, deviating
round an average. According to the figure, a major part of theoretical
rediction complies with the experiment-based thermal analysis. We
lso note that the nanofluid flow is only well established when the
lectric current was above 0.4 A and the particle concentration was
.5% wt. For lower values of the current, the flow velocity may become
iscontinuous. This observation corresponds to Fig. 6.

.4. Thermal efficiency

The thermal efficiency of the collector characterises the photother-
al performance of the DASC. We calculated the efficiency according

o the standard approach (Duffie and Beckman, 2013):

=
𝜌𝑛𝑓𝐶𝑛𝑓𝑄𝛥𝑇

𝐺
. (10)

The volume flow rate was computed using the mean flow velocity
from the theoretical model (Eq. (6)). Fig. 9 illustrates how the thermal
efficiency evolves with the current and concentration of particles. In
38

p

Fig. 9. Thermal efficiency as a function of electric current for different concentrations
of particles.

general, the efficiency increases with the electric current. The thermal
efficiency varies between 8% for the concentration of 0.5% wt. and the
magnetic field of 8.9 mT and 65% for the concentration of 2.0% wt.
and the magnetic field of 28.2 mT. When it comes to the concentration
of particles, the efficiency at a concentration of 2% wt. is not less
than at a concentration of 0.5% due to at least twice faster convection
established in the loop. We note the extremum of 59% at a concentration
of 0.5% wt. and electric current of 0.8 A. For this case, a better
absorption of thermal radiation in DASC compensated for a deficient
flow rate and so increased the efficiency.

For our system, the maximum value of the thermal efficiency is
about 20% higher than those obtained by Alsaady et al. (2019) and Liu
et al. (2018). Although our system demanded three-fold higher elec-
tromagnetic power and four-fold larger concentration, it was driven by
approximately twice the lower solar heat flux. Therefore, considering
Eq. (10), we conclude there is an equivalence of thermal performance
between the systems.

We note that the described photothermal process is imperfect com-
ared to the existing solar thermal systems with nanofluids. For in-
tance, the efficiency of a DASC using pumps to circulate the fluid may
ome to 80% (Struchalin et al., 2021), which is significantly higher than
n our experiments. In addition, when accounting for the consumption
f electric power in our rig (up to 7.6 W), the system’s total efficiency
ecomes negative. Therefore, the described process requires further
mprovement of nanomaterials with higher magnetic susceptibility and
he more optimal design of the flow system. Nevertheless, even at the
urrent stage, the technology can be used for the absorption and trans-
er of radiative heat in systems, which must exclude the mechanical
ctuation of flow (e.g., in biotechnology).

. Conclusions

In this paper, we investigated the process of photothermal convection
n a lab-scale direct absorption solar collector with magnetic nanofluid.
he collector was mounted in a closed loop, which was cooled on the
pposite side of the circuit. The continuous flow of the nanofluid was
stablished under the simultaneous influence of the external source
f radiative heat and the solenoid mounted on the tubes. The ex-
eriments revealed that the temperature drop between the cold and
arm parts of the collector could rise to 14 K at the magnetic field of
8 mT and the nanoparticle concentration of 0.5% wt. According to our
heoretical estimates, the maximum flow velocity for the established

ump-free magnetic convection was 5.1 mm/s at 28 mT and the
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concentration of 2.0% wt. The thermal efficiency of the collector was
in the interval 8%–65% for the entire range of considered concentra-
tions and solenoid currents. The maximum efficiency is comparable to
the thermal efficiency of a commercial vacuum-tube collector operat-
ing in Northern climate conditions (Popsueva et al., 2021). Although
the developed process finds promising applications in solar thermal
technology, the current design requires good optimisation. Additional
efforts are needed to reduce the consumed electrical power and, at the
same time, limit the number of used nanoparticles as the concentrated
nanofluids reduce the thermal efficiency of DASC and increase the
pumping costs. An opportunity to boost the natural convection in a
DASC establishing the supplementary photothermal convection should be
considered in the future.
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