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Abstract

Direct absorption collectors (DAC) with nanofluid are among the most promising yet least
studied in solar energy technology. There are numerous micro- and macroscopic factors that
determine their efficiency. This complicates in situ optimization of DACs using physical
prototypes. The present paper describes a multiphase CFD model of the collector, which
was validated against two independent experimental datasets. The model was used for a
multiparametric numerical analysis, where we altered concentration and size of the nanopar-
ticles, as well as the geometry and inclination of the collector. The optimization resulted in
up to 10% improvement in the collector’s efficiency. Finally, we considered the process of
thermomagnetic convection in the collector using a magnetic nanofluid. This resulted in a
30% increase in the collector performance.

Keywords: direct absorption collector, CFD, multiphase, nanofluid, thermomagnetic
convection

1. Introduction1

The conventional solar collectors are heat exchangers, equipped with the light-absorbing2

black surface and a vessel with liquid coolant, that is responsible for evacuation of heat from3

the surface. The most challenging issue in the design of the collectors is the limitation of4

radiate thermal loss from the absorbing surface as its temperature increases. A relatively5

new and alternative type of solar collector, Direct Absorption Collector (DAC) was first6

documented in the 1970s [1]. In the DAC the coolant, i.e. the heat transfer fluid, flowing7

through the collector, is used simultaneously for absorption and evacuation of heat. The8

volumetric absorption of incident solar radiation and limitation of thermal resistance at the9

contact ”absorber-coolant” determines the performance of the DAC.10

Nanofluids, which are stable suspensions of Brownian nanoparticles in heat transfer flu-11

ids (water, glycol, mineral oil), are currently considered as the most suitable coolants and12

absorbers for DAC. If a nanofluid is used in a solar collector with a transparent receiver,13
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nanoparticles absorb, accumulate and transfer heat at a very high rate to the base fluid.14

There are numerous types of nanofluids and configurations of the direct absorption solar15

collectors. At present, it is not entirely clear which of them is the most efficient. In ad-16

dition, the experimental studies of the nanofluids are very complex considering the limited17

flexibility for producing a wide range of nanoparticles of varied particle size.18

Numerical modelling ought to enlighten main details of photo-thermal phenomena, which19

are attributive to DAC technology. However, there have been very few, and rather simplistic20

models, reported so far. Otanicar et al. [1], Ni et al. [2] and Liu et al. [3] described two-21

dimensional numerical models, capable of predicting temperature profile in the DAC. The22

models were based on the combination of the Mie scattering theory, used to mimic the ab-23

sorption of incoming thermal radiation in the nanoparticles and the base fluid, and Fourier’s24

law of heat transfer. The models were validated against in-house experiments. Neverthe-25

less, these models did not account for the convective motion of the nanofluid, which was26

an assumption, suitable for the collectors, where the optical path of incident radiation was27

directed opposite the gravitational force as the natural convection was not expected to de-28

velop in this case. On the other hand, natural convection is much more intense when the29

DAC is coupled with a parabolic light concentrator. In this case, the simplified thermal30

analysis used in the mentioned works is scarcely applicable.31

A substantial number of papers report the nanofluid convection in thermal systems with-32

out optical absorption of radiation. Most of them are based on the multiphase computational33

fluid dynamics (CFD), which simulates the dynamics of the base fluid and the nanoparticles.34

Fard et al. [4] simulated forced convection of aqueous nanofluid with metallic nanoparticles35

in a long tube of circular cross-section. A more complex and accurate three-phase model36

for boiling of nanofluids in a vessel of similar geometry was developed by Valizadeh and37

Shams [5]. Even though the models demonstrated excellent agreement with the experiment38

(the discrepancies were below 15%), the standard two-fluid model, available under the com-39

mercial code CFX, was applied in the studies. The models therefore did not reproduce40

mechanisms that were specific to the nanoparticles: the Brownian dispersion of the partic-41

ulate phase and rarefaction effects in the drag model. These effects were accounted by e.g.42

Rastegar et al. [6], who simulated filtration of 35-600 nm ceria particles from a water-based43

nanofluid. Nevertheless, the model [6] did not conduct a thermal analysis of the system.44

An insteresting article has been recently published by Salari et al. [7], who developed a45

two-phase CFD-model of the nanofluid convection in DAC at different collector sizes, incli-46

nations and volume fractions. The model however considers the nanofluid as a single-phase47

mixture without account for transport of particulate phase within the base fluid.48

As it follows from other previous studies [8, 9], the convective currents may be further49

enhanced by means of thermomagnetic convection. This phenomenon is attributive to a50

nanofluid composed of magnetic nanoparticles (ferrofluid). When an external magnetic field51

is established at the hottest region of the nanofluid, a new convection current is formed due52

to the difference between the attractive magnetic forces, acting on the cold (stronger force)53

and the hot (weaker force) nanoparticles. The most recent experimental study by Alsaady54

et al. [8] considers radiant heating of the ferrofluid in the DAC under the influence of an55

external magnetic field. The experiments resulted with better photothermal performance56
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of the collector relative to cases without magnetic field. Nevertheless, due to the limited57

visual access to the photothermal system, the evolution of the nanofluid in the magnetic field58

could not be considered and development of thermomagnetic convection was not explicitly59

confirmed.60

To our knowledge, there are no records of CFD models of DACs with thermomagnetic61

convection in the literature. A very limited number of the multiphase CFD models is62

developed for this type of convection in general. The model by Aursand et al. [9] has to63

be mentioned in this context. The authors reproduced numerically heat transfer in a lab-64

scale flow loop. They made use of third-party experimental data on the magnetization of65

ferrite nanoparticles and updated the standard multiphase mixture model with a momentum66

source, which modelled the nanoparticle magnetic force.67

In this paper, we describe a multiphase CFD model, which has been used for simula-68

tion of the aforementioned features of the process in a greater detail: absorption of the69

thermal radiation, Brownian forces, rarefaction effects, natural and thermomagnetic convec-70

tion. Next, the model was validated against experiments and further used for a parametric71

analysis of the DAC, searching for the optima of the photothermal performance.72

2. Methodology73

2.1. Model description74

The nanofluid is modelled using the Eulerian-Eulerian technique, assuming the both75

phases (the base fluid and the nanoparticles) constitute two different inter-penetrating fluids,76

which share the same pressure. The phases are therefore described by two separate systems77

of Navier-Stokes equations. The continuity reads:78

D(φiρi)

Dt
= 0, (1)

where D/Dt is the substantial derivative, ρi and φi are the density and the volume fraction79

of ith phase;
∑

i ϕi = 1. Each phase is denoted by i = p for the nanoparticles and i = c for80

the base fluid.81

The momentum equation becomes:82

D(φiρivi)

Dt
= −φi∇p+ φiµi∇2vi + φiρig + Mi,j + δi,pMB, (2)

where v is the velocity, p is the pressure, µ is the dynamic viscosity, δi,j is Kronecker’s delta83

and g is acceleration due to gravity; Mc,p = −Mp,c is the inter-phase momentum transfer84

term, and MB is the momentum, induced in the nanoparticle phase due to the Brownian85

motion in the base fluid.86

The energy equation is written as in [6]:87

D(φiρiei)

Dt
= ∇(φiki∇Ti) + qi,j + qv,i, (3)
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where ei = Cp,iTi is the phase specific enthalpy, ki is the thermal conductivity, Ti is the88

temperature, qv is the volumetric heat generation due to absorption of radiant heat by89

phases and qi,j is the inter-phase heat transfer term, which is, assuming convective heat90

transfer between the nanoparticles and the base fluid, is computed in accordance with the91

Ranz-Marshall expression [10].92

The inter-phase momentum transfer term is given by the superposition of the drag forces93

from the particles residing in a computational cell: Mc,p = (6φp/d
3)FDC

−1
c , where d is the94

average diameter of the nanoparticles; FD is the drag force, calculated using the standard95

expression by Schiller-Naumann [10]. The drag force was additionally updated with Cun-96

nigham’s correction to account for rarefaction effects, attributive to nanoparticles [10]:97

Cc = 1 +Kn (2.49 + 0.84 exp [−1.74/Kn]) , (4)

where Kn = λ/d is the Knudsen number and λ is the molecular free path in the base fluid.98

The displacement of the light nano-sized particles is affected by the Brownian motion in99

the base fluid. The momentum source term, acting on the nanoparticles from the fluid, is100

given with a probabilistic expression, obtained by Dong et al. [11], who solved the Langevin101

equation for the motion of a single particle in Brownian liquid:102

MB = φpρp
√
πS0/∆t (ξ1ex + ξ2ey + ξ3ez) , (5)

where ξ1, ξ2, ξ3 are zero-mean and unit-variance Gaussian random numbers, generated103

independently of each other within a solution time step ∆t; and ex, ey, ez are the unit104

vectors of the Cartesian coordinate system. The spectral intensity of Brownian fluid-particle105

interactions S0, is adopted from Rastegar et al. [6]:106

S0 ≈ 21.9
µc

ρ2p
· kBTc
d5Cc

. (6)

Here kB is the Boltzmann constant.107

Assuming the external radiant heat flux is absorbed in the nanofluid according to Beer-108

Lambert‘s law [2], the solar radiation is modelled using the volumetric energy source qv:109

qv,i = q0Ki exp [− (Kc +Kp) l] , (7)

where l refers to the optical path in the direction, orthogonal to the boundary, exposed to110

the external radiant heat flux q0. Following Taylor et al. [12], we note that attenuation of111

the solar light in the nanofluid occurs primarily due to absorption of the light in the base112

fluid and at the surface of the nanoparticles, while its scattering was an order of magnitude113

smaller. The extinction coefficient of the nanoparticles Kp was therefore approximated as:114

Kp ≈ (φp/d)Qabs, where the absorption efficiency is found according to the Mie scattering115

theory [13] for each separate wavelength. The wave length-based approach, although most116

accurate, is nevertheless expensive in terms of numerical computation. We therefore simplify117

the expression for the extinction coefficient, using an average constant Qabs ≈ 6, assuming,118

similarly to Liberman et al. [14] and Ulset et al. [15], perfect absorption of light at the entire119

surface of a single nanoparticle.120
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2.2. Experimental benchmarks121

The developed model was firstly used to simulate a laboratory scale collector system122

described in Liu et al. [3]. In their study a cylindrical column of nanofluid (ID 10 cm) of123

variable height (up to 7.5 cm) was exposed to an emulated solar radiation (SOLAREDGE124

700) of q0 = 2.3 sun from the top edge. A schematic description of their experimental system125

is presented in Fig. 1A. The nanofluid was produced by means of sonication of [HMIM]BF4126

ionic fluid (1-Butyl-3-methylimidazolium tetrafluoroborate, λ ≈ 0.7 nm, estimated from127

Sigma-Aldrich datasheet [16]) and graphene nano-clusters with length d ≈ 500 nm [17].128

The measurement system included eleven K-type thermocouples (± 0.01 K), which were129

located along the centerline of the column with an increment of 10 mm. The nanofluid130

cylinder was veiled with a layer of thermally insulating low-density foam from the sides; our131

estimate of the thermal resistance for the insulation is 21.8 K/W. The bottom of the receiver132

was protected with a much thicker layer of the same foam and therefore can be assumed133

adiabatic. The molecular properties of the base fluid and their dependence on temperature134

(Cp,c(Tc), kc(Tc), ρc(Tc) and µc(Tc)) were taken from the original study [3] and another paper135

by the same authors [18]. The properties of the graphene were found in Pop et al. [19]. Due136

to the very low volume fraction of particles, considered in the reference experiment and in137

our model (up to 0.1%), the possible change of viscosity of the nanofluid was insufficient.138

The granular viscosity of the particulate phase was therefore set equivalent to the viscosity139

of the base fluid µp ≈ µc.140

The second experimental dataset was produced in-house and reported in detail elsewhere141

[15]. The experiments were aimed at studying the process of the photothermal evaporation142

of a nanofluid with 0.9% of carbon black nanoparticles (51±17 nm), dispersed in water by143

means of sonication in an ultrasound bath Branson 3510 (320 W). Considering granulometry144

of the nanofluid after the experiments using optical microscopy and static light scattering145

(Fritsch Analysette 22), we noted agglomerated nanoparticles of sizes up to 7 µm with a146

mean at≈1.5 µm. A cylindrical glass tube (ID 13.5 mm, height 148.0 mm) with the nanofluid147

(column height 36.4 mm) was illuminated by two halogen lamps (OSRAM Haloline 400 W)148

of 5.76±0.40 sun each. The nanofluid temperature was controlled by a T-type thermocouple149

(Omega, ±0.3K), which was located at 131 mm from the top of the tube. The in-house150

experimental system and heating configuration are schematically shown in Fig.1C.151

2.3. Boundaries and model set-up152

The boundary conditions of the model included constant atmospheric pressure at the top153

of the simulated column and the no-slip walls for both phases on the rest of the cylindrical154

surface (see Figs.1A–C). The thermal conditions, however, were different at these boundaries.155

Initially we reproduced the experiment by Liu et al. [3] (Fig.1A), assuming an adiabatic156

wall at the bottom of the cylinder, and a convective-radiate heat loss qs at the rest of the157

surface. The standard expressions, presented in the supplementary materials, were used to158

calculate thermal losses. Considering orientation of the experimental system in the field159

of gravity it is possible to assume that thermal conduction was the most dominant heat160

transfer mechanism during the experiments by Liu et al. [3] because natural convection of161
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the nanofluid was apparently not developed there. This model configuration is denoted as162

”conduction” in Fig.1A.163

We further suggested that convective mixing would improve the photothermal perfor-164

mance of the system. Therefore, the first model was compared to a numerical model of an165

equivalent system, where the radiant heat flux q0 fell to the bottom of the nanofluid column166

while the rest of the model parameters were kept as in the case from Fig.1A. The configura-167

tion of thermal boundary conditions, presented schematically in Fig. 1B was altered in this168

case: the adiabatic condition was set at the top pressure boundary; the radiate-convective169

heat flux qs was specified at the bottom of the vessel, where we assumed the wall was trans-170

parent to receive radiant heat. This heating configuration was considered as a reference for171

a sensitivity analysis, where the concentration and size of the nanoparticles were altered.172

Next, to mimic possible changes of collector tilt angle, we studied how orientation of the173

nanofluid column in the field of gravity influences the process. This model is denoted as174

”conduction” in Fig.1B.175

The last heating configuration, shown in Fig.1, reproduced the in-house experiment by176

Ulset et al. [15]. This supplementary model was constructed to double-verify our simulation177

approach and did not undergo a parametric analysis. To account for evaporation of water,178

registered experimentally even at early stages of photothermal heating, following Ni et al.179

[2], we increased the heat transfer coefficient at the top boundary by a factor ×17. This180

model is denoted as ”in-house” in Fig.1C, where the spatial orientation of lamps is presented181

in two projections.182

pressure

walls

thermal insulation
thermocouples
radiation

A: conduction B: convection C: in-house

gravity

angle

Figure 1: Schematic presentation of heating alternatives and boundary conditions

The initial conditions of the models included zero velocity field in both phases, Tc =183

Td = Ta, where index a denotes surrounding air. A uniform distribution of the particulate184

phase over the entire system at the concentration φp,0 = 5 ppm for the ”conduction” and185
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”convection” cases [3] and φp,0 = 9000 ppm for the ”in-house” case.186

Equations (1-3) were discretized in the commercial CFD package STAR-CCM+ using187

central differences over a uniform cubical 3-mm grid for the ”conduction”-”convection” con-188

figurations. The grid size was selected after the grid independence study, considering cells189

of 1, 2, 3, 4, 5, 6 mm. The grid size was chosen when balancing numerical dispersion and190

computational costs, especially taking into account that the experimental physical time was191

more than 400 s. The model of the in-house experiment was discretized with smaller 1-mm192

cells to reproduce curvature at the bottom of the glass tube. In the ”in-house” case we used193

the molecular properties water (IAPWS-IF97) and carbon, available directly from STAR-194

CCM+. The temporal discretization was based on the 2nd order Euler implicit technique195

with ∆t = 5 ms. The equations were solved using the commercial CFD package STAR-196

CCM+ 12.02.011, running in parallel at 8 cores of 2.5 GHz. The numerical solution was197

obtained using the SIMPLE technique; the following relaxation coefficients were applied:198

0.1 for pressure, 0.3 for velocity, 0.5 for phase volume fraction.199

3. Results and discussion200

3.1. Conduction vs. convection201

The first simulation dataset was produced for the top heating configuration (”conduc-202

tion” case). The validation plot, presented in Fig. 2A, demonstrates how the axial profile of203

the excess temperature (∆T = Tc - Ta) changes with time in the system.204
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Figure 2: A – temperature profile at 100, 300, 500 s of the process, reported by Liu et al. [3]. B – excess
temperature as a function of time during the in-house experiment [15]. The CFD results are compared with
the experiment.

This figure depicts the existence of a sharp temperature gradient up to ≈1280 K/m at205

the top thermal layer of the nanofluid. The gradient continuously grows throughout the206

entire duration of the process. This temperature profile established because the rate of the207

radiant heat consumption in the nanofluid exceeded the rate of conductive internal heat208
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transfer within the collector. A similar temperature profile was obtained by, for instance,209

Ni et al. [2], Bhalla and Tyagi [20], Liu et al. [21]. The numerical results overestimate the210

experimental data with an average discrepancy of about 20%. The deviation result from the211

constant-wavelength simplification taken in the calculation of the extinction coefficient Ki.212

Additional discrepancies originate from uncertainties, connected to our estimates of thermal213

resistance of insulating foam and determination of particle size. The results of the second214

validation against the supplementary experimental dataset are presented in Fig.2B. Here we215

note almost linear increase of the nanofluid temperature up to the boiling point. The model216

reproduces the experimental data with the time-average discrepancy below 10%.217

Figure 3: Streamlines of fluid velocity at 500 s of the process. Irradiation from the top (conduction) and
the bottom (convection) of collector.

Figure 3 shows streamlines of the base fluid after 500 s of process. For the case when218

the radiation was from the top, two velocity patterns are noticeable: a relatively fast flow219

of the base fluid in the top boundary layer; and a low-magnitude convective pattern in220

the rest of the nanofluid column. The top boundary layer is formed primarily due to the221

downward motion of the hot nanoparticles, which move under the gradient of the Brownian222

forces (and so the temperature gradient) and settle. The dynamic viscosity of the ionic223
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fluid, considered in this study, is about two orders larger than the viscosity of water (70-224

200 mPa·s). The maximum magnitude of the convective patterns is therefore up to 0.2225

mm/s, which is significantly lower when compared to the natural convection of air or water.226

Moving towards the bottom, the nanoparticles release most of their excess heat to the base227

fluid in the closest vicinity of the top boundary, within the optical depth of the nanofluid.228

A minor convective flow pattern however rises from the bottom of the column. This vortex229

originates from the Rayleigh-Taylor instability and does not contribute to establishment of230

the Rayleigh-Benard convection, which is confirmed with a low value of Rayleigh number231

Ra=25. When the nanofluid column is radiated from the bottom, the density gradient in the232

base fluid is responsible for the establishment of the well-recognized convective patters at233

Ra=8.1·105. The convective flow patterns for the second configuration are shown in Fig. 3.234

The influence of the particulate phase is not explicitly seen from the flow profile, the size of235

which is an order-of-magnitude higher than in the conductive case. In the ”in-house” case236

we detected an asymmetric Rayleigh-Bernard convective pattern at Ra=2.0·106, originating237

from the irradiated walls. Due to the higher concentration of nanoparticles, there were also238

much stronger Rayleigh-Taylor vortices detected in the model of the in-house system. This239

information is provided in the supplementary materials.240
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Figure 4: Temperature profile at 500 s of the process. Irradiation from the top (conduction) and the bottom
(convection) of collector.

Considering temperature distribution along the centreline of the collector in Fig. 4, we241

notice more uniform heating of the nanofluid than in the conductive case. A slight variation242

of the excess temperature in the interval 3.8-4.3 K is detected over almost the entire volume243

of the nanofluid except for the thin layer at the bottom boundary, exposed to radiation.244

Here the excess temperature increased to 7.2 K. A qualitatively similar temperature profile245

for a convective photo-thermal heating of nanofluid with gold nanoparticles was reported by246

Jin et al. [22].247

Fig. 5 compares profiles of the volume fraction (relative to initial value φ0) for the conduc-248

tive and convective heating configurations. In the first case, the volume fraction is maximum249

at the bottom of the collector due to sedimentation of the nanoparticles, while the dilute250

region is observed at the top boundary. As expected, a relatively uniform concentration251
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profile is observed in the second case because the dispersed phase becomes homogeneously252

distributed over the entire system with the convective currents. Better absorption of radiant253

heat happens in this system.254
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Figure 5: Volume fraction profile at 500 s of the process. Irradiation from the top (conduction) and the
bottom (convection) of collector.

3.2. Absorption efficiency255

The photothermal performance of the solar collector is characterized by the absorption256

efficiency, which is the ratio of the harvested radiant heat to the total incident solar energy.257

In contrast to the standard definition of the collector efficiency (ASHRAE 93-77 [23]), deter-258

mined by the thermal energy evacuating from the collector to an external heating network,259

here we consider the dynamics of heating for an isolated solar batch:260

ηa =
mNFCNF

(
dT/dt

)
q0As

, (8)

where mNF is the total mass of the nanofluid in the collector. Furthermore, CNF =261

(φcCp,c + φpCp,p) and T are the volume-average specific heat and the temperature of the262

nanofluid, respectively, and As is the exposed surface area.263

The absorption efficiency of the collector is shown in Fig. 6 for different heating configu-264

rations. Analyzing the histogram, we conclude that by increasing the collector height from265

1.0 to 7.5 cm, the efficiency increases by 28% in the case of the convective heating because266

the convective currents gain better intensity for a higher nanofluid column with the sufficient267

density gradient. It is important to note that our results are in qualitative agreement with268

the experiments of Liu et al. [3] who detected a reduction in the photothermal performance269

for lower collectors.270

Comparing the conductive case with the convective heating configuration for the same271

collector height of 7.5 cm, we note 6% enhancement for the latter case (81% vs 75%). The272

volume-average magnitude of the base fluid vorticity is 19 times higher in the convective273

case. It is important to note that, although this result is qualitatively predictable, here we274

10



provide a quantitative estimate of the efficiency gain for the convective heating configuration.275

Another interesting observation comes from the comparison between DAC collector with276

nanofluid and a flat plate collector with opaque walls, filled with the base fluid without277

nanoparticles. The collectors are of equivalent size. The photothermal performance of the278

flat plate collector becomes 11% and 5% lower than for DAC in the conductive and the279

convective configurations, respectively (Fig. 6). The volumetric absorption of the radiant280

heat is more efficient than in the flat plate case, since the total area of the solids, harvesting281

the sunlight within the penetration depth, is equivalent to the absorption area of the flat-282

plate-collector, while the absorption in the base fluid comes in addition. The contrast is283

sharper for the conductive case due to the less intensive evacuation of heat from the hot284

boundary and the consequently larger radiate losses. These values correspond well with285

the experimental observations recorded by Otanicar et al. [1] and Karami et al. [24] who286

noticed up to 5% efficiency enhancement for the DAC in comparison with the flat plate287

configuration.288
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Figure 6: Thermal efficiency for different configurations: DAC height (1 cm, 7.5 cm) with irradiation from
the bottom; irradiation from the top for 7.5 cm DAC (cond.); convection (surf.conv.) and conduction
(surf.cond.) in an opaque flat plate collector without nanoparticles.

The geometry of the system and the type of the base fluid are determined by a number289

of macroscopic factors such as the available collector area, capital costs, freezing and the290

flash point etc. The concentration and the size of the nanoparticles are the microscopic291

parameters that enable a relatively simple fine-tuning of the collector efficiency when the292

macroscopic parameters are fixed. Figs. 7-8 demonstrate the dependence of the absorption293

efficiency for 1-cm DAC on these two variables. The simulation results reveal the existence of294

a maximum efficiency of 64% that corresponds to φp = 10 ppm and dp = 100 nm. Below this295

concentration the efficiency decreases as the number of particles in the collector is insufficient296

for the effective absorption of thermal radiation. The penetration depth reduces dramatically297

when the concentration is above the detected optimum. The collector appearance comes298

closer to the flat-plate configuration in this case as the particles attenuate most of the299

radiation in the closest vicinity of the outer boundary. The existence of the optimum of300

the photothermal performance was documented in a number of experimental works. Liu et301
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al. [21] obtained an optimum of absorption efficiency of 40 % at 1.25 ppm in the reduced302

graphene oxide nanofluid with the particle size up 1000 nm. Wang et al. [25], who considered303

photothermal heating of an aqueous nanofluid with 13-nm gold nanoparticles, reported the304

optimum of 25% at 23.5 ppm. Finally, in our previous work [15] we registered maximum ηa305

= 66% at 3% wt. in the aqueous nanofluid with the agglomerated up to 7 µm carbon black306

nanoparticles.307
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Figure 7: Thermal efficiency of 1-cm DAC as a function of nanoparticle volume fraction.

The collector exhibits similar behaviour when the particle size is altered (Fig. 8): when308

the particle size is reduced at the fixed concentration, their number density grows, increas-309

ing the attenuation; the largest particle sizes reside in the most diluted nanofluid, where310

the absorption goes mainly in the base fluid. There is a limited number of works on the311

influence of the nanoparticle size on the photothermal performance of the collector due to312

the complexity of the controlled size manipulation. The study by Guo et al. [26] has to be313

noted in this context since they report the photothermal optimum of 5.2% for 37.8-nm gold314

nanoparticles.315
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Figure 8: Thermal efficiency of 1-cm DAC as a function of nanoparticle size.
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Following the discussions presented above, we concluded that the collector efficiency is316

indubitably dependent on the intensity of convective currents, which, in turn, are determined317

by the height of convective cells that establish along DAC. This parameter is directly related318

to the mutual orientation between the gravity field and the direction of thermal radiation,319

which is not always constant in-situ due to variation of solar azimuth.320

At the end of this section, we examine how sensible the absorption efficiency becomes321

relative to orientation of the collector in the field of gravity. The inclination of the collector322

was simulated altering the magnitude and direction of g in Eq. (2). The simulations were323

performed in the convective configuration, when the collector was irradiated from the bot-324

tom. The results are presented in Fig. 9, where the collector efficiency is plotted against325

the angle between g and the centreline of the collector. The angle is schematically shown326

in Fig. 1B. Reading the plot from Fig. 9, we note the efficiency drops from 53% (convective327

case) down to 28% (gravity in horizontal direction). This happens due to reduction in size328

of convective patterns, which was also demonstrated by Salari et al. [7]. As the angle is329

further increased, the system drifts to the case, similar to conductive so that the efficiency330

is restored to a lower level due to the thermal losses.331
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Figure 9: Thermal efficiency as a function of 1-cm DAC orientation.

3.3. Thermomagnetic convection332

As demonstrated in the previous sections, the photothermal performance of the solar333

collector is strongly dependent on the degree of flow agitation in the collector. We further334

evaluate a potential strengthening of the convective current, studying a ferrofluid under the335

influence of an external magnetic field in the same geometry of the collector. The model336

will reproduce the process of thermomagnetic convection (TMC). Modelling the TMC, we337

update the right-hand-side of Eq. (2) with a new momentum source term, originating from338

the Kelvin force, acting on the particles [9, 27]:339

Mm = −µ0M
dH

dl
· l
l
, (9)
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where µ0 is the magnetic permeability of vacuum and H is the magnetic field. The magne-340

tization of the nanoparticles M is given in Aursand et al. [9] as:341

M = MsL (VpMsµ0H/kbTc) ,L (x) = coth x− 1/x. (10)

In Eq. (10), Vp is the volume of the particle. The saturation magnetization Ms depends on342

the type of the nanoparticles. In this part of the work, similarly to Aursand et al. [9? ] we343

consider MnZn ferrite nanoparticles with known magnetic properties:344

Ms = M∗ (1− (Tc − T ∗) / (T ∗∗ − T ∗)) , (11)

where M∗ = 265 kA/m, T ∗ = 300.1 K are the reference values and T ∗∗ = 576 K is the Curie345

temperature. Eq. (11) is valid when Tc < T ∗∗; when the temperature of the fluid exceeds346

T ∗∗, the magnetization turns to zero.347

The numerical simulations of the solar collector with TMC were carried out for the348

geometry and the combination of boundary condition shown in Fig. 1B, i.e. representing the349

case when the thermomagnetic convection supplements the natural convection. Following350

Aursand et al. [9], the properties of the nanoparticles were set as: dp = 8 nm, ρp = 5323351

kg/m3, λp = 5 W/mK, Cp,p = 704.5 J/kgK. As in many solar collector applications, the352

distilled water was used as the base fluid. The initial concentration of the nanoparticles353

was φp,0 = 0.5 ppm. The magnetic field parameters were of a similar order as considered354

in [9], namely H = 90 kA/m. The magnetic field was assumed to decay linearly towards the355

top boundary, modelling the case when a magnet is located at the bottom of the system.356

This is schematically shown in Figure 10 (right). The magnetic field, selected for this study357

was below 115 mT, which is produced by a majority of low-power electromagnets (e.g. [8],358

[9]) and permanent magnets [28]. To highlight the influence of the magnetic convection, a359

comparative simulation was carried out for the case when the natural convection was solely360

established in the water-ferrite nanofluid.361

The simulation results are depicted in Fig. 10, where the excess temperature profile in362

the collector is compared with the profile resulting from the natural convection. The average363

excess temperature is 15% lower when TMC is present in the system. There is a temperature364

gradient formed in the bottom part of TMC-collector. Examining the streamlines of the365

base fluid for these cases in Fig. 11 we note that centres of the convective cells migrate in366

the direction of the magnetic attraction. The magnitude of the convective currents and the367

vorticity increases ≈ 4.0 and 3.4 times in the magnetic system due to the enhanced agitation368

of the particulate phase.369

The volume fraction profiles for both systems are shown in Fig. 12. The distribution of370

the nanoparticles in the magnetic system is less homogeneous: there is a packed boundary371

layer of nanoparticles at the bottom boundary. The volume fraction there is 60% over the372

mean due to the magnetic attraction of the nanoparticles in this region. The concentration373

recovers to the initial value at about 20% of the collector height. This corresponds to the374

point, where the temperature profile gets to the minimum as shown in Fig. 10.375

The absorption efficiency of the TMC system is presented in Fig. 13 for different values376

of the magnetic field gradient. This sensitivity analysis reveals that ηa grows with the377
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Figure 10: Left: temperature profile at 700 s of the process. Natural convection and thermomagnetic
convection. Right: schematic description of DAC with thermomagnetic convection.

gradient, increasing up to 30% (Ra=96.8·106) relative to the case with the natural convection378

(Ra=3.2·106). This corresponds well to the recent experimental results by Alsaady et al. [8]379

who observed a 1.35-fold increase in collector efficiency for 20-nm Fe3O4 aqueous ferrofluid380

with TMC.381

A significant reduction of collector efficiency takes place, however, at ∇H = 252 kA/m2.382

This is caused by a strong attraction of the nanoparticles to the bottom boundary, which383

results in a formation of a packed stationary layer of the nanoparticles. This consumes384

most of the incident radiation and hinders natural convection. The optimum value of the385

magnetic field gradient is approximately the condition, at which the superposition of Mm,386

Mi,j and φpρpg are balanced in Eq. (2).387

4. Conclusions388

This contribution presents a Eulerian-Eulerian two-phase CFD-model of the direct ab-389

sorption solar collector with nanofluid. The model is capable of reproducing motion and390

heat transfer in each separate phase: the base fluid (continuous) and the nanoparticles (dis-391

persed). The particulate phase follows the base fluid via the inter-phase momentum transfer392

and Brownian terms. The model was validated with the third-party experimental data,393

demonstrating satisfactory agreement.394

The sensitivity of the studied virtual direct absorption collector was considered by al-395

tering the parameters that determine the photothermal performance of the system. The396

parametric analysis reveals crucial importance of the convective mass transfer for the sys-397

tem of this type: the convective absorption results in 6% efficiency gain relative to the398

conductive case, while the volumetric absorption system is up to 11% more efficient than a399
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Figure 11: Streamlines of fluid velocity at 700 s of the process. Natural convection (top) and thermomagnetic
convection (bottom).

conventional flat plate collector. The efficiency also depends on orientation of the collector400

in the field of gravity, approaching the maximum when the direction of the incident radia-401

tion is opposite to the direction of the gravitational force. The simulations demonstrate the402

existence of optimum particle size and concentration, which correspond to the best efficiency403

of the collector. Therefore, the model enables tailoring the nanofluid for a very controlled404

absorption of heat. In addition, we simulated thermomagnetic convection established in the405

same solar collector, filled with ferrofluid. Again, the model demonstrates the existence of406

the optimum gradient of magnetic field, and generally the magnetic Rayleigh number. In407

this condition, the collector efficiency amounts to 30% relative to the non-convective case.408

Technically this means that the thermomagnetic convection, established artificially in the409

DAC, may compensate for reduced natural convection when the solar angle is lowered and410

so to sustain best collector efficiency longer. The simulation results were in qualitative411

correspondence with experiments carried out for similar thermal systems.412
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Figure 12: Volume fraction profile at 700 s of the process. Natural convection and thermomagnetic convec-
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Figure 13: Thermal efficiency as a function of magnetic field gradient.
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