
Sample title

Eulerian CFD Model of Direct Absorption Solar Collector with Nanofluid1

R. Bårdsgård,1 D. M. Kuzmenkov,2 P. Kosinski,1, a) and B. V. Balakin3, b)
2

1)University of Bergen, Department of Physics and Technology, Bergen, Norway3

2)National Research Nuclear University MEPhI, Moscow, Russia4

3)Western Norway University of Applied Sciences, Faculty of Engineering and Business Administration, Bergen,5

Norway6

(Dated: 18 March 2020)7

Solar energy is the most promising source of renewable energy. However, the solar energy harvesting process has8

relatively low efficiency, while the practical use of solar energy is challenging. Direct Absorption Solar Collectors9

(DASC) have been proved to be effective for a variety of applications. In this article, a numerical study of a nanofluid10

direct absorption solar collector was performed using CFD. A rectangular DASC with incident light on the top surface11

was simulated using a Eulerian-Eulerian two-phase model. The model was validated against experiments. A number of12

parameters such as collector height, particle concentration, and bottom surface properties were optimized. Considering13

particle concentration we observed that the optimum volume fraction of particles for enhancing efficiency was obtained14

for 0.3 wt%, and a decrease in efficiency was observed for ≥ 0.5 wt%. Design recommendations based on the numerical15

analysis were provided. The optimum configuration of the considered collector reaches the best efficiency of 68%16

for 300 µm thickness of the receiver and the highest total efficiency is 87% at a velocity of 3 cm/s. The thermal17

destabilization of the nanofluid was studied. It was found that over 10% of the nanoparticles are captured in the18

collector.19

I. INTRODUCTION20

Solar energy has the greatest potential among other sources21

of renewable energy when traditional energy sources are22

depleted1. However, the electricity generation from solar en-23

ergy is not efficient enough to replace fossil fuels and coal24

in northern countries, where solar resources are insufficient.25

In this case, the solar thermal power becomes more interest-26

ing, as over 65% of a household’s electrical energy consump-27

tion is used to heat the premises2. Enhancing the heat trans-28

fer process in solar energy systems is essential to achieving29

a better performance of these systems and reducing their di-30

mensions. In a direct absorption solar collector (DASC), a31

semi-transparent heat transfer fluid absorbs the incident solar32

radiation volumetrically. This limits thermal leaks inherent33

for the traditional blackbody-based solar collectors.34

Nanofluids are considered to be the most efficient heat35

transfer fluids for this type of collector. Otanicar et al.336

demonstrated four advantages of using DASCs over conven-37

tional collectors by studying how to improve the efficiency of38

nanofluid technology. These advantages include limiting heat39

losses from peak temperature, maximizing the spectral ab-40

sorption of solar energy, enhancement of thermal conductiv-41

ity, and enhancement of surface areas due to tiny particle sizes.42

They also studied a microsized DASC and observed a very43

promising enhancement of the collector‘s thermal efficiency44

relative to the flat-plate collector. Mirzaei et al.4 compared45

conventional flat-plate collectors and direct absorption solar46

collectors and observed an efficiency increase of 23.6% for47

nanoparticle (NP) volume fractions of 0.1%. The nanofluid48

used in their experiment was produced of 20-nm Al2O3 parti-49

cles dispersed in water.50
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b)Also at National Research Nuclear University MEPhI, Moscow, Russia

Recently, Neumann et al.5 have presented a detailed ex-51

perimental description of photothermal heating of nanofluid52

exposed to thermal radiation. They studied several types53

of NPs dispersed in water and demonstrated efficient steam54

generation using solar illumination. The experiments were55

performed to study boiling by illumination and the resulting56

steam temperatures were over the boiling point of the base57

fluid. The thermodynamic analysis of the process showed that58

80% of the absorbed sunlight was converted into water vapor,59

and only 20% of the absorbed light energy was converted into60

heating of the surrounding liquid. Ni et al.6 studied the effect61

of different nanofluids on the receiver efficiency by perform-62

ing solar vapor generation experiments on a custom-built lab-63

scale receiver. In their study, for low concentration sunlight64

(10 suns), the efficiency was 69%. Running a numerical anal-65

ysis of the problem, better performance was found in transient66

situations for graphitized CB and graphene nanofluids than for67

CB nanofluid. Finally, the study by Ghasemi et al.7 shows68

a solar thermal efficiency of up to 85% at low concentration69

sunlight.70

Although there have not been many computational studies71

of the flow of nanofluids in DASC, a number of papers con-72

sider flow and heat transfer of nanofluids in thermal systems73

of other types. Yin et al.8 investigated the motion of aerosol74

NPs demonstrating that the main forces acting on the particle75

are the drag, Brownian and thermophoretic forces. The simu-76

lation results included the efficiency and deposition patterns at77

different temperature gradients. Haddad et al.9 observed that78

thermophoresis and Brownian motion enhanced heat transfer79

in the nanofluid. The enhancement was higher at lower vol-80

ume fractions. Another study, by Burelbach et al.10, depicted81

the behavior of colloids under the impact of a thermophoretic82

force. They discovered that the thermophoretic force varies83

linearly with the temperature gradient.84

A comprehensive numerical analysis of a microsized DASC85

with nanofluid was performed by Sharaf et al.11, who mod-86

elled the collector using a Eulerian-Lagrangian approach.87
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They discovered that the Reynolds number has a strong ef-88

fect on the local NP distribution in the flow of nanofluid. The89

theoretical results obtained are important when designing this90

type of solar collector because they demonstrate how the per-91

formance of the collector depends on the spatial distribution92

of NPs. The simulation results were in excellent agreement93

with the experiment. However, the collector was modeled in94

two dimensions using the Lagrangian approach, demanding95

excessive computer power for a 3D-geometry due to a large96

number of particles. This method, therefore, becomes hardly97

scaled to a DASC with dimensions of industrial relevance.98

Another work by Sharaf et al.12 investigated the geometry of99

microsized collectors. Their study indicated that lower collec-100

tor heights give the best collector performance. Additionally,101

various surface materials were tested. Gorji and Ranjbar13
102

studied how to optimize the dimensions of a nanofluid-based103

DASC. They focused on the DASC geometry and its effect104

on thermal efficiency and entropy. Oppositely to Sharaf et al.,105

one of the conclusions was that increased length and larger106

heights were beneficial for the desired parameters. Therefore,107

it may be concluded that there is no clear understanding of108

how the geometry of DASC influences the overall thermal per-109

formance of the collector.110

A parametric analysis of a standalone nanofluid-based pho-111

tothermal receiver was conducted in our previous works14–16.112

The analysis was conducted using a two-fluid Eulerian-113

Eulerian multiphase CFD-model, which demands less com-114

puter power than the Lagrangian technique. The simulations115

were carried out for a three-dimensional geometry of the re-116

ceiver considering how the composition of the nanofluid (con-117

centration, particle size) and an external magnetic field influ-118

ence the process. It was found that a nanofluid-based system119

has to be optimized in terms of both at the nanoscale (the com-120

position) and the macro-scale to set the receiver to the best121

efficiency point. However, the developed model did not con-122

sider the influence of the forced convection of the nanofluid.123

In addition, a simplified optical part of the model contributed124

to a 20% deviation from a benchmark experiment.125

In this paper, we propose a pragmatic CFD-model of a NF-126

DASC based on the Eulerian-Eulerian approach. This ap-127

proach requires low computational power and is, therefore,128

suitable for various particle concentrations and dimensions of129

the collector. The absorption of solar radiation was modelled130

using the theoretical approach by Bohren and Huffman17.131

Making use of the developed model, we studied how the132

boundary conditions, the dimensions of the collector and the133

flow velocity influence the thermal efficiency and deposition134

of nanoparticles in a microchannel-based solar collector.135

II. MODEL DESCRIPTION136

A. Flow geometry137

The rectangular geometry modelled in this study was138

adapted from Otanicar et al.3, who constructed a micro-scale-139

thermal-collector pumping nanofluid between two parallel140

plates with dimensions of 3×5 cm2. The thickness of the gap141

was 150 µm. The experimental geometry is shown schemat-142

ically in Fig. 1. The thermal stabilization of this systems oc-143

curs after three minutes. Considering the fine meshing that is144

required for a system of a micrometric depth, the multiphase145

nature of the considered process, and the stabilization time,146

the CFD-model of a full-scale 3D DASC-NF demands large147

computational costs. To address this challenge, a conventional148

downscaling technique used previously in DASCs11 and other149

multiphase systems18 was applied. A quasi-3D model of the150

collector was built. To reproduce the optical performance of151

DASC-NF, we used an equivalent depth of 150 µm. In addi-152

tion, the equivalent residence time and incident thermal radi-153

ation were set with the length of the numerical model equal154

to 5 cm. This corresponded to the respective dimension along155

the main flow direction in the experiments. The thickness of156

the collector was equal to the size of four computational cells157

(60 µm), and symmetry boundaries were set at the sides of the158

collector. The scaled model assumed minor variation of flow159

parameters in the direction orthogonal to the light-path and the160

main flow, which is a reasonable assumption for a fully devel-161

oped flow with adiabatic thermal boundaries at the sides. The162

geometry was discretized with 20-µm uniform cubical mesh.163

B. CFD-model164

The nanofluid was modelled using the Eulerian-Eulerian165

two-fluid model, which assumes that both phases (base fluid166

and NPs) constitute two different interpenetrating fluids, with167

equal pressure. In this work, we used a standard Eulerian168

model of the commercial CFD-software STAR-CCM+. Con-169

servation equations were assigned separately for each of the170

phases. The continuity equation is15:171

D(αiρi)

Dt
= 0, (1)172

where D/Dt is the substantial derivative, and αi, ρi and vi173

are the volume fraction, the density and the velocity vec-174

tor of the respective phase. Each phase is denoted by i = p175

for the NPs and i = f for the base fluid, Σαi = 0. The176

thermophysical properties of water were defined by IAWPS177

formulation19. The molecular properties of graphite were not178

available in the experimental article. Therefore, for this model179

we used the properties of graphite available from STAR-180

CCM+ database20. The density of the particle material ρp181

was 2210 kg/m3.182

The Eulerian momentum equation is given by15:183

D(αiρivi)

Dt
=−αi∇p+∇ · (αiµi∇vi)+αiρig+FD +δi,pFth,

(2)184

where p is the static pressure, µ is the dynamic viscosity, g185

is the acceleration due to gravity and δ is Kronecker delta.186

The volume fraction of the particles in DASC is below 1%, so187

that the contribution of nanoparticles to the apparent viscosity188

of the nanofluid is assumed negligible. This is confirmed by189

the rheological study by Duan et al.21. Thus, we assumed190
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particulate phase viscosity to be equivalent to the viscosity of191

the base fluid.192

The drag force FD is computed using the standard expres-193

sion by Schiller-Naumann22 and further corrected with Cun-194

ningham’s expression to account for rarefaction22:195

Cc = 1+Kn(2.49+0.85exp[−1.74/Kn]), (3)196

where Knudsen’s number Kn=λm/dp, dp=30 nm is the size of197

the particles and λm is the molecular mean free path in the198

base fluid.199

Thermophoresis in dilute suspensions is driven by hydrody-200

namic stresses resulting from micro-scale interaction between201

particle and fluid10. The thermophoretic force Fth is computed202

following Brock’s approximation23:203

FT h =
−6npπµ f ν f DCs

1+6CmKn

k f /kp +2CtKn

1+2k f /kp +4CtKn
∇T, (4)204

where ki is the thermal conductivity of phases, np is the num-205

ber density of the particles, ν is the kinematic viscosity, Cs is206

the thermal slip coefficient, Ct is the thermal exchange coef-207

ficient, and Cm is the momentum exchange coefficient. The208

best values based on kinetic theory are Cs = 1.17, Ct = 2.18209

and Cm = 1.1422. The thermal conductivity of the particles210

was 24 W/m·K.211

The energy equation is given by24:212

D(αiρiei)

Dt
= ∇(αiρi∇Ti)−qi j +αiqv, (5)213

where ei = CpiTi is the phase-specific enthalpy, Cp,p=708214

J/kg·K, qv is the volumetric heat generation due to absorption215

of radiant heat by the phases, and qi j is the inter-phase heat216

transfer term. With the assumption that the convective heat217

transfer is established between the phases, the inter-phase heat218

transfer term is computed according to Ranz-Marshall22.219

C. Optical model220

The volumetric heat generation in nanofluid exposed to so-221

lar radiation was derived following Bohren and Huffman17,222

where the extinction cross-section of an individual spherical223

particle is:224

Cext =
2π

|x(λ )|2

∞

∑
i=1

(2i+1)ℜ [ai +bi] . (6)225

In Eq. (6) λ is a wavelength, x(λ ) = 2πn(λ )/λ is a wave226

number; n(λ ) is a real part of the complex refractive index227

of the base fluid, and ai and bi are coefficients of scattered228

electromagnetic field, that can be written as follows:229

ai =
mψi(mα)ψ ′

i (α)−ψi(α)ψ ′
i (mα)

mψi(mα)ξ ′
i (α)−ξi(α)ψ ′

i (mα
; (7)230

231

bi =
ψi(mα)ψ ′

i (α)−mψi(α)ψ ′
i (mα)

ψi(mα)ξ ′
i (α)−mξi(α)ψ ′

i (mα)
, (8)232

where m is a complex refractive index of the particle relative233

to the base fluid; α = πn(λ )dp/λ is the size parameter of par-234

ticle; ψi(z) and ξi(z) are Riccati-Bessel functions of i-th order.235

Riccati-Bessel functions are related to the Bessel functions of236

the first (Jν ) and second (Yν ) kind: ψi(z) =
√

πz/2Ji+1/2(z)237

and ξi(z) =
√

πz/2(Ji+1/2(z)+Yi+1/2(z)).238

As can be seen from Eq.(6), the expression of the extinc-239

tion cross-section includes infinite series that are hardly cou-240

pled with the multiphase CFD-model. In order to simplify241

this calculation, a maximum index nmax was used. According242

to Kiran and Diaz25, a maximum index can be calculated as:243

nmax =
[

2+α +4α1/3
]

.244

The extinction coefficient of particles in nanofluid with vol-245

ume fraction αp can be calculated according to Taylor et al.26:246

σp =
3

2
αp

Qext

dp

, (9)247

where Qext is the extinction efficiency, which is related to the248

extinction cross-section, as Qext = Cext/Sp, with Sp being the249

area of the particle cross-section.250

The total extinction coefficient of the nanofluid is composed251

of particle and base fluid extinction coefficients:252

σn f = σp +(1−αp)σ f , (10)253

where σ f is the extinction coefficient of the continuous phase,254

which can be calculated according to Bohren and Huffman17
255

as σ f = 4πk(λ )/λ ; and k(λ ) is the imaginary part of the256

complex refractive index of the base fluid. The optical prop-257

erties of the base fluid k(λ ) and the particles m are found258

elsewhere27,28.259

In order to calculate the solar heat flux in nanofluid as a260

function of distance from the exposed surface, it is necessary261

to specify the spectral distribution of incident radiation I(λ ),262

which is given in29–31.263

According to Beer-Lambert‘s law, the solar heat flux in264

nanofluid decays as follows:265

q =

∞
∫

0

I(λ )exp
[

−xσn f

]

dx. (11)266

Eq. (11) is not applicable for use in CFD simulation due267

to the high computational costs associated with the integra-268

tion of the function. To realize the calculation of solar heat269

flux in the model, the equivalent depth of optical penetration270

leq was computed for 30-nm carbon nanoparticles at differ-271

ent particle concentrations. The equivalent depth of optical272

penetration is defined as a distance from the light entrance to273

the nanofluid, towards the place at which the total heat flux274

becomes e times smaller. Thus, the equivalent depth of opti-275

cal penetration is computed when the numerically-solved Eq.276
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(11) becomes equivalent q0e−1. The reciprocal of the equiva-277

lent depth of optical penetration, σn f = l−1
eq , is considered as278

the equivalent extinction coefficient.279

Equation (11) was solved numerically in Wolfram Mathe-280

matica outside the CFD model for a variety of nanoparticle281

concentrations. The integral in Eq. ( 11) was computed using282

the trapezoidal rule with 1 nm wavelength steps. Further, we283

fitted the equivalent extinction coefficient as a function of par-284

ticle volume fraction with a simplified expression of the type285

using the conjugate gradient method32:286

σn f =
2

π
(A+Bαp)arctan(καp)+0.58. (12)287

Fitting the equivalent extinction coefficient σn f with the ex-288

pression from Eq. (12) resulted in the following values of fit-289

ting coefficients: A = 2020.07m−1, B = 9.53094 ·106m−1 and290

κ = 8031.63. The approximation result is presented in Fig. 2,291

where the extinction coefficient is resolved numerically (line)292

and compared to Eq. (12) (boxes) for different particle con-293

centrations.294

The solar heat flux in nanofluid can be written as q =295

q0exp
[

−xσn f

]

, where q0 = 1 sun is the incident solar radi-296

ation. The volumetric heat generation then becomes:297

qv =−dq/dx = q0σn f exp
(

−σn f l
)

, (13)298

where l is the optical path in the direction of thermal radiation.299

D. Boundary conditions and numerical solution300

The boundary conditions include two symmetry planes at301

the frontal surfaces of the model, and a velocity inlet on the302

left of the studied section. The inlet velocity corresponded to303

the volume flow rate of 42 ml/h, as in the experiment3. The304

inlet boundary condition set the uniform distribution of ve-305

locity, volume fraction and temperature 25◦C. The equivalent306

flow parameters were set for the initial condition. The outlet307

boundary defined the zero-field of relative pressure, uniform308

distribution of volume fraction and zero gradient of tempera-309

ture.310

The bottom and the top boundary were no-slip walls. The311

top wall of the DASC was exposed to solar radiation, and the312

distribution of volumetric heat generation was set accordingly313

to Eq. (13). Following Otanicar et al.3, the top boundary was314

identified as the only source of thermal loss with an equivalent315

heat transfer coefficient in the range h ∈ [23,34] W/m2K for316

the experimental range of nanoparticle concentrations. This317

coefficient accounted for thermal leaks due to convection of318

air around the collector and thermal radiation at the ambient319

temperature of 25◦C.320

There were two alternatives for the bottom boundary ther-321

mal condition. An adiabatic boundary was prescribed there322

for the base-case simulations. Furthermore, to understand the323

influence of a black-body bottom of the collector, we pre-324

scribed a constant heat flux at this boundary. The absolute325

value of the boundary heat flux was set proportionally to the326

radiant heat flux penetrating the nanofluid down to the bottom327

of the collector and further absorbed by the bottom.328

Eqs. (1-5) were solved using the commercial CFD package329

STAR-CCM+ 13.06.012, running in parallel on eight cores330

of 2.5 GHz. The numerical solution was obtained using an331

implicit SIMPLE technique, and the following relaxation co-332

efficients were applied: 0.3 for pressure, 0.7 for velocity, 0.5333

for phase volume fraction, 0.9 for the enthalpy, and 0.8 for the334

turbulence model (see section III D). The governing equations335

were discretized temporally with the second-order Euler tech-336

nique marching by 1.0 ms. The upwind scheme was applied337

for spatial discretization. Each simulation point was run for338

two–three periods of the system’s thermal relaxation time un-339

til the residuals reduced below 10−6 and the system pressure340

drop converged at a steady-state value.341

III. RESULTS AND DISCUSSION342

A. Model validation343

The model was validated against the experimental results344

from Otanicar et al.3. The model-predicted thermal efficiency345

of the collector was compared to the respective parameter346

determined experimentally. Following ASHRAE standard33,347

this parameter is defined as a ratio of the collector-harvested348

heat to the incident heat. In this study, the harvested heat is349

defined according to Sharaf et al.11 as the spatially-averaged350

rate of the enthalpy difference between the open ends of the351

collector:352

ηT =

∫ y=H
y=0

(

voCn f ,oρn f ,oTf ,o − viCn f ,iρn f ,iTf ,i

)

dy

q0 ·H
, (14)353

where H is the thickness of the collector in the direction nor-354

mal to flow and solar radiation: Cn f = αpCp,p +αlCp,l and355

ρn f = αpρp + αlρl are the equivalent specific heat and the356

density of the nanofluid, and indices o and i denote inlet and357

outlet boundaries. The proposed method accounts for the spa-358

tial variation of the main flow parameters.359

It is important to note that another expression for the har-360

vested heat was used in the original work by Otanicar et al.3:361

ṁCp, f (Tf ,o − Tf ,i), where ṁ is the mass flow rate. In the362

case of the constant volumetric flow rate at the inlet, the lat-363

ter parameter was dependent on the reference temperature of364

DASC, which might differ between the model and the experi-365

ment.366

Validating our model in Fig. 3, we note a qualitatively simi-367

lar evolution of the thermal efficiency at different particle con-368

centrations. The DASC does not entirely absorb the radiant369

heat at a dilute particle concentration so that the efficiency370

is low there. Furthermore, when increasing the number of371

nanoparticles the efficiency goes up to 62% at 0.3 wt%. For372

even higher NP concentration, most of the radiant heat ab-373

sorbs at the top surface of the collector, increasing the tem-374

perature of the top boundary. This enhances the thermal leak375

to the surroundings and the thermal efficiency of the collector376
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is reduced again. The maximum discrepancy of the experi-377

ments is 12% and the greatest deviation from the experiment378

is observed close to the maximum of the function. This in-379

accuracy is addressed to the simplification that we made for380

the bottom boundary condition, which was reflective in the381

experiments. In addition, there is an experimental uncertainty382

in the determination of thermal leaks. Analyzing the infrared383

images of the experimental system (Fig. 1 of the original ar-384

ticle3), we detect a very non-uniform temperature field in the385

most remote corners of the collector. Most probably, this is386

associated with the not entirely developed flow field, particle387

deposition, and the resulting local thermal leaks. These details388

are not reproduced in the model using the symmetry assump-389

tion we took, so that the experimental efficiency is expected390

to be lower than the theoretical. In addition, we note that the391

theoretical efficiency at high concentrations reduces steeper392

than in the experiment. This can be addressed to the fact that393

the model does not account for particle-wall collisions and394

thus the near-wall absorption is higher. This increases thermal395

leaks. The unknown reference temperature, the approximated396

extinction coefficient (Eq. 12), and a potential agglomeration397

of nanoparticles in liquid contribute to the discrepancy.398

B. Flow asymmetry399

Fig. 4a demonstrates profiles of the nanoparticle concen-400

tration at different axial positions of the collector. According401

to the figure nanoparticles are not uniformly distributed over402

the cross-section; the profiles are asymmetrical. This is ex-403

plained by the mutual action of gravity and thermophoresis404

drifting the particles towards the bottom boundary. The asym-405

metry increases closer to the outlet from the collector. The406

deposition of particles influences the optical properties of the407

nanofluid. Our model results are shown in Fig. 4b confirm the408

simulations by11, who first demonstrated a reduction of the409

extinction coefficient at the surfaces of the collector.410

To highlight the development of flow patterns in the collec-411

tor, Fig. 5 shows the particulate phase velocity and the temper-412

ature distribution in transverse cross-sections at 1 cm, 2 cm,413

3 cm, and 4 cm from the inlet. In the figure, it is possible414

to note the development of convective flow patterns from the415

top of the collector at 2 cm and further from the bottom at 3416

cm. The maximum magnitude of the secondary flow is below417

7% of the main flow velocity. This means the secondary flow418

plays a minor role in transport of particles. The upper vortex419

is formed under the influence of the thermophoresis of parti-420

cles, and the Rayleigh-Taylor structure at the bottom is caused421

by the sedimentation of particles and the respective up-rise of422

the base fluid. The distribution of temperature is very uniform423

in these cross-sections, even though it is possible to observe424

a gradual reduction of the temperature gradient due to the en-425

hanced mixing of the flow. The insert at the bottom of the426

figure presents the axial distribution of the temperature pro-427

file. We notice that the temperature gradually increases in the428

axial direction until the profile stabilizes at 1.3 cm from the429

inlet.430

In order to investigate how the nanoparticles deposit in the431

solar collector, we considered another parameter, termed the432

deposition efficiency, which is given as:433

ηdep =
αp,in −αp,out

αp,in
×100%, (15)434

where αp,in and αp,out are the volume fraction of particles at435

inlet and outlet.436

Fig. 6a shows the results from these simulations for dif-437

ferent collector sizes and types of boundary conditions. As438

the figure shows, the greatest deposition efficiency was 11%439

for the lowest size of the gap. Furthermore, increasing the440

size reduces the deposition efficiency. This is explained by441

the destabilizing action of the thermophoretic force, which442

deposits more particles in a narrow gap, while the disperse443

action of drag becomes stronger for a wider collector. More-444

over, the temperature decreases with the height of the collec-445

tor, weakening the thermophoresis. For the model with a black446

absorptive bottom surface, the deposition efficiency is higher.447

Fig. 6b shows that the deposition efficiency reduces asymp-448

totically to 0.8% with the mean flow velocity, due to better449

agitation of the dispersed phase.450

C. Parametric analysis451

The height of the solar collector has a vital influence on452

the amount of heat absorbed and transferred by the nanofluid.453

There is an optimum height/length ratio associated with the454

best thermal performance of the collector13. The results of455

the model-based optimization are presented in Fig. 7, where456

the thermal efficiency and the outlet temperature are shown457

for different heights of the collector and types of the bottom458

boundary. As the figure shows, by increasing the thickness459

less heat is taken by the nanofluid flow and the outlet temper-460

ature decreases. The outlet temperature decreases almost lin-461

early with the collector height. This limits the thermal losses462

and the collector efficiency increases. The observed depen-463

dence of the thermal efficiency on the height of the volumetric464

receiver is consistent with the results obtained by12. However,465

at a thickness of 300 µm, the efficiency begins to reduce as466

the volumetric absorption is no longer active across the en-467

tire volume of nanofluid. The consumed heat, therefore, is468

transferred to internal fluid layers with the incipient volumet-469

ric absorption, which reduces the thermal efficiency.470

Fig. 7 shows that for collector heights lower than 200µm,471

the efficiency is higher for the model with the black absorbing472

bottom plate. In this case, a warmer bottom surface returns473

absorbed heat back into the process, boosts the thermal ef-474

ficiency, and increases the outlet temperature. At the point475

of maximum difference, the efficiency is 12% higher for the476

black bottom plate, than for the transmissible adiabatic plate.477

This occurs at the lowest collector height tested, 50µm. For478

collector heights above 200µm, the thermal efficiency decays479

towards the values for the case with the adiabatic bottom. This480

can be explained by the fact that on increasing the gap, the481

nanofluid consumes most of the thermal radiation in the bulk482

and the bottom does not receive sufficient heat.483
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Otanicar et al.3 considered an experimental case, where484

the bottom copper plate was painted black, to imitate an ab-485

sorbing black-body, which resulted in increased collector ef-486

ficiency. The blackbody absorbed the rest of the transmitted487

radiation and heated up the fluid so that the thermal convec-488

tion developed from the bottom surface of the collector. The489

supplementary mixing in the direction transverse to the main490

flow boosted the thermal efficiency. We reproduced this ex-491

periment numerically for the case where only the continuous492

phase (water) was present in the collector. In addition, we per-493

formed another simulation, where the perfect absorption was494

assumed at the top boundary so that the heat flux equivalent495

to q0 was prescribed there. The volumetric absorption results496

were obtained from the model with a volume fraction of par-497

ticles at 0.3 wt% and a collector height of 300 µm. Fig. 8498

shows the difference in efficiency for the different collectors.499

As the figure shows, the volumetric absorption system outper-500

forms the surface-based collector by at least 20%. This result501

is consistent with our previous studies15.502

D. Total efficiency503

Studying the influence of flow rate on the thermal efficiency504

of the process, we note the pumping cost penalty growing with505

the flow velocity. To account for this effect, we define a total506

efficiency of the process:507

η = ηT −
Q∆P

q0A
, (16)508

where Q is the volumetric flow, ∆P is the friction pressure509

drop in the collector, and A is the irradiated area of the col-510

lector. Another factor that needs to be accounted for is the511

turbulence that occurs when v> 4.6 cm/s. To calculate the tur-512

bulent stress in Eq.2 of the continuous phase, the CFD-model513

was updated with k−ε turbulence model (standard wall func-514

tions). The turbulent viscosity of the particulate phase was set515

proportional to the turbulent viscosity of the base fluid. Fig. 9516

demonstrates how the total efficiency and the pressure drop517

depend on the mean flow velocity.518

The results from Fig. 9 show that a peak efficiency of 87%519

is obtained at u=3 cm/s. This efficiency is 42% higher than for520

the base case and 30% higher than the maximum efficiency521

obtained when optimizing the collector height. We also note522

that the pumping cost penalty in Fig. 9 increases continu-523

ously with the mean flow velocity so that the total efficiency524

decreases for velocities > 4 cm/s.525

IV. CONCLUSION526

A Eulerian-Eulerian two-phase model was developed to527

simulate the flow of carbon-based aqueous nanofluid in the528

direct absorption solar collector. The model included ther-529

mophoresis and optics of the sunlight absorption in the530

nanofluid. In the process, the two-fluid Eulerian-Eulerian531

model simulated the transport of nanoparticles with the de-532

sired precision and at the moderate computational costs.533

The inter-particle collisions, which were not incorporated534

into the model, are of minor importance at the considered535

concentrations22. However, we do note that the model does536

not account for the particle-wall collisions, which might re-537

sult in over-estimated absorbance at the walls.538

The model was validated against the experimental data and539

furthermore used for the parametric optimization of the col-540

lector. The parameters considered were the concentration of541

the nanoparticles, the geometry of the collector, the flow rate542

and the absorptive properties of the boundaries.543

The results of the CFD-analysis demonstrate asymmetry in544

the particulate phase concentration profile and the respective545

non-uniformity of the optical properties of the nanofluid. The546

deposition of the particles takes place in the collector so that547

a maximum 10% of the particles are captured in the DASC.548

The model-based optimization resulted in 0.3 wt% opti-549

mum concentration of 30-nm nanoparticles and 300 µm thick-550

ness of the collector. The nanofluid velocity through the551

collector also has a significant impact on thermal efficiency.552

The maximum total efficiency of 87% is obtained when the553

flow velocity is 3 cm/s and decreases with higher velocities.554

The deposition efficiency and outlet temperature decrease for555

higher velocities.556

The effect of the absorbing bottom surface of the collector557

was tested. The collector with a black bottom containing only558

water proved to be less effective than the collector with the559

volumetric absorption of the nanofluid. A top surface black560

absorber was also tested and was not shown to be efficient.561

However, the light-absorbing bottom boundary, when used to-562

gether with the nanofluid, improves the thermal performance563

of the collector by a maximum of 12% for the cases when the564

channel size is under the optimum.565
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Sample title 9

FIG. 1. Schematic description of the model and the experiment.
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FIG. 2. Equivalent extinction coefficient as a function of particle concentration.
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Sample title 10

FIG. 3. Thermal efficiency as a function of particle concentration

FIG. 4. a) Transverse distribution of particle concentration, scaled by the inlet value and b) the nanofluid extinction coefficient at different

axial coordinates of the collector.

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/1

.5
1
4
4
7
3
7



Sample title 11

FIG. 5. Contours of the fluid phase temperature together with the particle velocity vectors in the orthogonal cross sections at 1 cm, 2 cm, 3 cm,

4 cm from the inlet. The insert at the bottom presents the axial distribution of temperature in DASC. The particle concentration is 0.5%.

FIG. 6. Deposition efficiency as a function of a) collector height and b) inlet velocity.
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Sample title 12

FIG. 7. Thermal efficiency and outlet temperature as a function of collector height for different types of boundary conditions at 0.3 wt% NPs

and 0.26 cm/s fluid velocity.

FIG. 8. Thermal efficiency for different types of boundary conditions.
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Sample title 13

FIG. 9. Total efficiency and pressure loss as a function of nanofluid velocity.
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