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Solar energy is the most promising source of renewable energy. However, the solar energy harvesting process has
relatively low efficiency, while the practical use of solar energy is challenging. Direct Absorption Solar Collectors
(DASC) have been proved to be effective for a variety of applications. In this article, a numerical study of a nanofluid
direct absorption solar collector was performed using CFD. A rectangular DASC with incident light on the top surface
was simulated using a Eulerian-Eulerian two-phase model. The model was validated against experiments. A number of
parameters such as collector height, particle concentration, and bottom surface properties were optimized. Considering
particle concentration we observed that the optimum volume fraction of particles for enhancing efficiency was obtained
for 0.3 wt%, and a decrease in efficiency was observed for > 0.5 wt%. Design recommendations based on the numerical
analysis were provided. The optimum configuration of the considered collector reaches the best efficiency of 68%
for 300 um thickness of the receiver and the highest total efficiency is 87% at a velocity of 3 cm/s. The thermal
destabilization of the nanofluid was studied. It was found that over 10% of the nanoparticles are captured in the

collector.

I. INTRODUCTION 51

52

Solar energy has the greatest potential among other sources 52
of renewable energy when traditional energy sources are®*
depleted'. However, the electricity generation from solar en- =
ergy is not efficient enough to replace fossil fuels and coal ¢
in northern countries, where solar resources are insufficient. 57
In this case, the solar thermal power becomes more interest- 5
ing, as over 65% of a household’s electrical energy consump- 5°
tion is used to heat the premises®. Enhancing the heat trans-
fer process in solar energy systems is essential to achieving
a better performance of these systems and reducing their di-
mensions. In a direct absorption solar collector (DASC), a®
semi-transparent heat transfer fluid absorbs the incident solar ®*
radiation volumetrically. This limits thermal leaks inherent ¢®
for the traditional blackbody-based solar collectors. o6

Nanofluids are considered to be the most efficient heat®”
transfer fluids for this type of collector. Otanicar et al.3 s
demonstrated four advantages of using DASCs over conven- *
tional collectors by studying how to improve the efficiency of 7°
nanofluid technology. These advantages include limiting heat 72
losses from peak temperature, maximizing the spectral ab- 72
sorption of solar energy, enhancement of thermal conductiv- 73
ity, and enhancement of surface areas due to tiny particle sizes. 7
They also studied a microsized DASC and observed a very 7s
promising enhancement of the collector‘s thermal efficiency 7e
relative to the flat-plate collector. Mirzaei et al.* compared 77
conventional flat-plate collectors and direct absorption solar zs
collectors and observed an efficiency increase of 23.6% fore
nanoparticle (NP) volume fractions of 0.1%. The nanofluid so
used in their experiment was produced of 20-nm Al,O3 parti- s1
cles dispersed in water. 82

83
84
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Recently, Neumann et al.’ have presented a detailed ex-
perimental description of photothermal heating of nanofluid
exposed to thermal radiation. They studied several types
of NPs dispersed in water and demonstrated efficient steam
generation using solar illumination. The experiments were
performed to study boiling by illumination and the resulting
steam temperatures were over the boiling point of the base
fluid. The thermodynamic analysis of the process showed that
80% of the absorbed sunlight was converted into water vapor,
and only 20% of the absorbed light energy was converted into
heating of the surrounding liquid. Ni et al.® studied the effect
of different nanofluids on the receiver efficiency by perform-
ing solar vapor generation experiments on a custom-built lab-
scale receiver. In their study, for low concentration sunlight
(10 suns), the efficiency was 69%. Running a numerical anal-
ysis of the problem, better performance was found in transient
situations for graphitized CB and graphene nanofluids than for
CB nanofluid. Finally, the study by Ghasemi et al.” shows
a solar thermal efficiency of up to 85% at low concentration
sunlight.

Although there have not been many computational studies
of the flow of nanofluids in DASC, a number of papers con-
sider flow and heat transfer of nanofluids in thermal systems
of other types. Yin et al.® investigated the motion of aerosol
NPs demonstrating that the main forces acting on the particle
are the drag, Brownian and thermophoretic forces. The simu-
lation results included the efficiency and deposition patterns at
different temperature gradients. Haddad et al.® observed that
thermophoresis and Brownian motion enhanced heat transfer
in the nanofluid. The enhancement was higher at lower vol-
ume fractions. Another study, by Burelbach et al.!?, depicted
the behavior of colloids under the impact of a thermophoretic
force. They discovered that the thermophoretic force varies
linearly with the temperature gradient.

A comprehensive numerical analysis of a microsized DASC
with nanofluid was performed by Sharaf et al.!!, who mod-
elled the collector using a Eulerian-Lagrangian approach.
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They discovered that the Reynolds number has a strong efaz
fect on the local NP distribution in the flow of nanofluid. Thess
theoretical results obtained are important when designing thisias
type of solar collector because they demonstrate how the per-as
formance of the collector depends on the spatial distributionas
of NPs. The simulation results were in excellent agreementiar
with the experiment. However, the collector was modeled iras
two dimensions using the Lagrangian approach, demandingas
excessive computer power for a 3D-geometry due to a largeso
number of particles. This method, therefore, becomes hardlyss:
scaled to a DASC with dimensions of industrial relevanceasz
Another work by Sharaf et al.'? investigated the geometry ofiss
microsized collectors. Their study indicated that lower collec-sa
tor heights give the best collector performance. Additionallysss
various surface materials were tested. Gorji and Ranjbar!*ise
studied how to optimize the dimensions of a nanofluid-baseds»
DASC. They focused on the DASC geometry and its effectss
on thermal efficiency and entropy. Oppositely to Sharaf et al.zse
one of the conclusions was that increased length and largeneo
heights were beneficial for the desired parameters. Thereforess:
it may be concluded that there is no clear understanding ofie2
how the geometry of DASC influences the overall thermal per-es
formance of the collector.

A parametric analysis of a standalone nanofluid-based pho-
tothermal receiver was conducted in our previous works'#~10ses
The analysis was conducted using a two-fluid Eulerian-
Eulerian multiphase CFD-model, which demands less com-,,
puter power than the Lagrangian technique. The simulations,,,
were carried out for a three-dimensional geometry of the re-,

167
ceiver considering how the composition of the nanofluid (con-,
centration, particle size) and an external magnetic field influ-,,
ence the process. It was found that a nanofluid-based system,,,
has to be optimized in terms of both at the nanoscale (the com-,,,
position) and the macro-scale to set the receiver to the best
efficiency point. However, the developed model did not con-
sider the influence of the forced convection of the nanofluid*™
In addition, a simplified optical part of the model contributed
to a 20% deviation from a benchmark experiment. 173
In this paper, we propose a pragmatic CFD-model of a NF7+
DASC based on the Eulerian-Eulerian approach. This ap<7s
proach requires low computational power and is, therefores7e
suitable for various particle concentrations and dimensions ofizz
the collector. The absorption of solar radiation was modelled:7s
using the theoretical approach by Bohren and Huffman!” 7
Making use of the developed model, we studied how theso
boundary conditions, the dimensions of the collector and thes
flow velocity influence the thermal efficiency and depositions2
of nanoparticles in a microchannel-based solar collector. 183

Il. MODEL DESCRIPTION
A. Flow geometry

The rectangular geometry modelled in this study waser
adapted from Otanicar et al.3, who constructed a micro-scaless
thermal-collector pumping nanofluid between two parallehss
plates with dimensions of 3 x 5 cm?. The thickness of the gapiso

was 150 um. The experimental geometry is shown schemat-
ically in Fig. 1. The thermal stabilization of this systems oc-
curs after three minutes. Considering the fine meshing that is
required for a system of a micrometric depth, the multiphase
nature of the considered process, and the stabilization time,
the CFD-model of a full-scale 3D DASC-NF demands large
computational costs. To address this challenge, a conventional
downscaling technique used previously in DASCs!! and other
multiphase systems!® was applied. A quasi-3D model of the
collector was built. To reproduce the optical performance of
DASC-NF, we used an equivalent depth of 150 um. In addi-
tion, the equivalent residence time and incident thermal radi-
ation were set with the length of the numerical model equal
to 5 cm. This corresponded to the respective dimension along
the main flow direction in the experiments. The thickness of
the collector was equal to the size of four computational cells
(60 um), and symmetry boundaries were set at the sides of the
collector. The scaled model assumed minor variation of flow
parameters in the direction orthogonal to the light-path and the
main flow, which is a reasonable assumption for a fully devel-
oped flow with adiabatic thermal boundaries at the sides. The
geometry was discretized with 20-pm uniform cubical mesh.

B. CFD-model

The nanofluid was modelled using the Eulerian-Eulerian
two-fluid model, which assumes that both phases (base fluid
and NPs) constitute two different interpenetrating fluids, with
equal pressure. In this work, we used a standard Eulerian
model of the commercial CFD-software STAR-CCM+. Con-
servation equations were assigned separately for each of the

phases. The continuity equation is'>:
D(gitpi) o, M

where D/Dt is the substantial derivative, and o, p; and v;
are the volume fraction, the density and the velocity vec-
tor of the respective phase. Each phase is denoted by i = p
for the NPs and i = f for the base fluid, £o; = 0. The
thermophysical properties of water were defined by IAWPS
formulation'®. The molecular properties of graphite were not
available in the experimental article. Therefore, for this model
we used the properties of graphite available from STAR-
CCM+ database?. The density of the particle material p,
was 2210 kg/m?3.
The Eulerian momentum equation is given by':

w =—oVp+V- (i Vv;) + oipig +Fp + & pF i,

(@)
where p is the static pressure, i is the dynamic viscosity, g
is the acceleration due to gravity and & is Kronecker delta.
The volume fraction of the particles in DASC is below 1%, so
that the contribution of nanoparticles to the apparent viscosity
of the nanofluid is assumed negligible. This is confirmed by
the rheological study by Duan et al.?!. Thus, we assumed
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particulate phase viscosity to be equivalent to the viscosity ofs1
the base fluid.

The drag force Fp is computed using the standard expres-,,,
sion by Schiller- Naumann?? and further corrected with Cun-

ningham’s expression to account for rarefaction??
233

C. =1+Kn(2.49+0.85exp[—1.74/Kn]), (3

235

where Knudsen’s number Kn=lm/d,,, dp=30 nm is the size ofse
the particles and A,, is the molecular mean free path in thes?
base fluid. 238
Thermophoresis in dilute suspensions is driven by hydrody-,,
namic stresses resulting from micro-scale interaction between,,,
particle and fluid'?. The thermophoretic force Fy;, is computed,,,

following Brock’s approximation?3: 202
243

Fry — —6n, vy DCy kf/kp+2C,Kn VT, @ )2“
1+6C,Kn 1+ 2k;/k, +4CKn

246
where k; is the thermal conductivity of phases, n, is the num-
ber density of the particles, v is the kinematic viscosity, C; is
the thermal slip coefficient, C; is the thermal exchange coef~,,
ficient, and C,, is the momentum exchange coefficient. The
best values based on kinetic theory are Cs = 1.17, C; = 2.18
and C,, = 1.14?2. The thermal conductivity of the particles’ S
was 24 W/m-K.

The energy equation is given by>*

D(oipiei)

Dr V(ipiVTi) = gij + 0igy, (5)es

where e; = C,;T; is the phase-specific enthalpy, C) ,=708&sa
J/kg-K, g, is the volumetric heat generation due to absorptioress
of radiant heat by the phases, and g;; is the inter-phase heakss
transfer term. With the assumption that the convective heats,
transfer is established between the phases, the inter-phase heatss

transfer term is computed according to Ranz-Marshall??. 250

C. Optical model 262

The volumetric heat generation in nanofluid exposed to so-2es
lar radiation was derived following Bohren and Huffman!? zes
where the extinction cross-section of an individual spherical

particle is:
266

i(2z+l)‘ﬁ[ai+bi]. ©)

267
268

In Eq. (6) A is a wavelength, x(1) = 27n(A)/A is a wave®
number; n(A) is a real part of the complex refractive index”®
of the base fluid, and a; and b; are coefficients of scattered®™

electromagnetic field, that can be written as follows: 272
273
274
_ myi(ma) (@) — yi(@)y; (ma)

a;= — 7 — ; (7)
myi(ma)&/ (o) — (@) i (ma

_ V@ —my @)
s

yi(ma) &/ (@) —mé&; (@) (m

where m is a complex refractive index of the particle relative
to the base fluid; @ = wn(A)d, /A is the size parameter of par-
ticle; y;(z) and &(z) are Riccati-Bessel functions of i-th order.
Riccati-Bessel functions are related to the Bessel functions of
the first (Jy) and second (¥y) kind: ¥;(z) = \/7z/2Ji11/2(2)
and &i(z) = \/72/2(Ji11/2(2) +Yis12(2))-

As can be seen from Eq.(6), the expression of the extinc-
tion cross-section includes infinite series that are hardly cou-
pled with the multiphase CFD-model. In order to simplify
this calculation, a maximum index 7n,,,, was used. According
to Kiran and Diaz?®, a maximum index can be calculated as:
Himaz = [2 +a+aa.

The extinction coefficient of particles in nanofluid with vol-
ume fraction ¢, can be calculated according to Taylor et al 26

3
o =30

(C)]

where Q. is the extinction efficiency, which is related to the
extinction cross-section, as Qey = Cext /S, p» With S, being the
area of the particle cross-section.

The total extinction coefficient of the nanofluid is composed
of particle and base fluid extinction coefficients:

o, =0,+ (1 — )0y, (10)

where o7 is the extinction coefficient of the continuous phase,
which can be calculated according to Bohren and Huffman'”
as oy = 4mk(A)/A; and k(A) is the imaginary part of the
complex refractive index of the base fluid. The optical prop-
erties of the base fluid k(1) and the particles m are found
elsewhere?”-28,

In order to calculate the solar heat flux in nanofluid as a
function of distance from the exposed surface, it is necessary
to specify the spectral distribution of incident radiation /(A),
which is given in?-31,

According to Beer-Lambert's law, the solar heat flux in
nanofluid decays as follows:

q= /I(A)exp Pxonf} dx. (11)
0

Eq. (11) is not applicable for use in CFD simulation due
to the high computational costs associated with the integra-
tion of the function. To realize the calculation of solar heat
flux in the model, the equivalent depth of optical penetration
leq was computed for 30-nm carbon nanoparticles at differ-
ent particle concentrations. The equivalent depth of optical
penetration is defined as a distance from the light entrance to
the nanofluid, towards the place at which the total heat flux
becomes e times smaller. Thus, the equivalent depth of opti-
cal penetration is computed when the numerically-solved Eq.
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(11) becomes equivalent gge . The reciprocal of the equiva=szr
lent depth of optical penetration, 6,7 = l;q], is considered aszs
the equivalent extinction coefficient. 320

Equation (11) was solved numerically in Wolfram Mathe-=so
matica outside the CFD model for a variety of nanoparticles:
concentrations. The integral in Eq. ( 11) was computed usings=
the trapezoidal rule with 1 nm wavelength steps. Further, wesss
fitted the equivalent extinction coefficient as a function of parssa
ticle volume fraction with a simplified expression of the typesss

using the conjugate gradient method>2: 336
2 337

Cuf = E(A + Boy,)arctan (k) +0.58. (12y2®

3390

Fitting the equivalent extinction coefficient G, with the ex-

pression from Eq. (12) resulted in the following values of fit"*
ting coefficients: A =2020.07m~!, B=9.53094-10°m~! and
k = 8031.63. The approximation result is presented in Fig. 2,

where the extinction coefficient is resolved numerically (line)**
and compared to Eq. (12) (boxes) for different particle con-

centrations. 343
The solar heat flux in nanofluid can be written as ¢ =

goexp [—xGyz], where go = 1 sun is the incident solar radi=ss

ation. The volumetric heat generation then becomes: 345

346

347

qv = —dq/dx = qoGyexp (—Ouyl) , (13)as

349

where [ is the optical path in the direction of thermal radiation 4,

351

352
D. Boundary conditions and numerical solution

The boundary conditions include two symmetry planes at
the frontal surfaces of the model, and a velocity inlet on the’®
left of the studied section. The inlet velocity corresponded to
the volume flow rate of 42 ml/h, as in the experiment3. Thessa
inlet boundary condition set the uniform distribution of ve-sss
locity, volume fraction and temperature 25°C. The equivalentss
flow parameters were set for the initial condition. The outletsz
boundary defined the zero-field of relative pressure, unifornsss
distribution of volume fraction and zero gradient of tempera-sse
ture. 360

The bottom and the top boundary were no-slip walls. Thesex
top wall of the DASC was exposed to solar radiation, and thesez
distribution of volumetric heat generation was set accordinglyses
to Eq. (13). Following Otanicar et al.?, the top boundary wasss
identified as the only source of thermal loss with an equivalentes
heat transfer coefficient in the range h € [23,34] W/m?K fores
the experimental range of nanoparticle concentrations. Thiser
coefficient accounted for thermal leaks due to convection ofiss
air around the collector and thermal radiation at the ambientss
temperature of 25°C. 370

There were two alternatives for the bottom boundary thersz:
mal condition. An adiabatic boundary was prescribed theres-
for the base-case simulations. Furthermore, to understand theszs
influence of a black-body bottom of the collector, we pre-sza
scribed a constant heat flux at this boundary. The absolutesrs
value of the boundary heat flux was set proportionally to theszs

4

radiant heat flux penetrating the nanofluid down to the bottom
of the collector and further absorbed by the bottom.

Egs. (1-5) were solved using the commercial CFD package
STAR-CCM+ 13.06.012, running in parallel on eight cores
of 2.5 GHz. The numerical solution was obtained using an
implicit SIMPLE technique, and the following relaxation co-
efficients were applied: 0.3 for pressure, 0.7 for velocity, 0.5
for phase volume fraction, 0.9 for the enthalpy, and 0.8 for the
turbulence model (see section III D). The governing equations
were discretized temporally with the second-order Euler tech-
nique marching by 1.0 ms. The upwind scheme was applied
for spatial discretization. Each simulation point was run for
two—three periods of the system’s thermal relaxation time un-
til the residuals reduced below 10 and the system pressure
drop converged at a steady-state value.

11l. RESULTS AND DISCUSSION
A. Model validation

The model was validated against the experimental results
from Otanicar et al.>. The model-predicted thermal efficiency
of the collector was compared to the respective parameter
determined experimentally. Following ASHRAE standard??,
this parameter is defined as a ratio of the collector-harvested
heat to the incident heat. In this study, the harvested heat is
defined according to Sharaf et al.'! as the spatially-averaged
rate of the enthalpy difference between the open ends of the
collector:

B j;foﬂ (voCaf.oPnfoTf.0 — ViCuf.iPuf,Tri) dy
qo-H

nr , (14

where H is the thickness of the collector in the direction nor-
mal to flow and solar radiation: G,y = a,C, , + ®C,; and
Pnf = 0ppp + 0yp; are the equivalent specific heat and the
density of the nanofluid, and indices o and i denote inlet and
outlet boundaries. The proposed method accounts for the spa-
tial variation of the main flow parameters.

It is important to note that another expression for the har-
vested heat was used in the original work by Otanicar et al.:
mCp f(Tso — Ty;), where r is the mass flow rate. In the
case of the constant volumetric flow rate at the inlet, the lat-
ter parameter was dependent on the reference temperature of
DASC, which might differ between the model and the experi-
ment.

Validating our model in Fig. 3, we note a qualitatively simi-
lar evolution of the thermal efficiency at different particle con-
centrations. The DASC does not entirely absorb the radiant
heat at a dilute particle concentration so that the efficiency
is low there. Furthermore, when increasing the number of
nanoparticles the efficiency goes up to 62% at 0.3 wt%. For
even higher NP concentration, most of the radiant heat ab-
sorbs at the top surface of the collector, increasing the tem-
perature of the top boundary. This enhances the thermal leak
to the surroundings and the thermal efficiency of the collector
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is reduced again. The maximum discrepancy of the experi=sz
ments is 12% and the greatest deviation from the experimentss
is observed close to the maximum of the function. This in-

accuracy is addressed to the simplification that we made for
the bottom boundary condition, which was reflective in the

experiments. In addition, there is an experimental uncertainty

in the determination of thermal leaks. Analyzing the infraredss
images of the experimental system (Fig. 1 of the original ar4ss
ticle’), we detect a very non-uniform temperature field in thess7
most remote corners of the collector. Most probably, this isss
associated with the not entirely developed flow field, particlesse
deposition, and the resulting local thermal leaks. These detailsiao
are not reproduced in the model using the symmetry assump-sa:
tion we took, so that the experimental efficiency is expectedsaz
to be lower than the theoretical. In addition, we note that thesas
theoretical efficiency at high concentrations reduces steepeias
than in the experiment. This can be addressed to the fact thatas
the model does not account for particle-wall collisions anduas
thus the near-wall absorption is higher. This increases thermakaz
leaks. The unknown reference temperature, the approximatediss
extinction coefficient (Eq. 12), and a potential agglomerationsas
of nanoparticles in liquid contribute to the discrepancy. 450

B. Flow asymmetry 451

Fig. 4a demonstrates profiles of the nanoparticle concen-s>
tration at different axial positions of the collector. Accordingss
to the figure nanoparticles are not uniformly distributed oveusa
the cross-section; the profiles are asymmetrical. This is eX-uss
plained by the mutual action of gravity and thermophoresisise
drifting the particles towards the bottom boundary. The asym-s»
metry increases closer to the outlet from the collector. Theuss
deposition of particles influences the optical properties of these
nanofluid. Our model results are shown in Fig. 4b confirm theieo
simulations by“, who first demonstrated a reduction of thess:
extinction coefficient at the surfaces of the collector. 62

To highlight the development of flow patterns in the collec-es
tor, Fig. 5 shows the particulate phase velocity and the temper-ses
ature distribution in transverse cross-sections at 1 cm, 2 cmges
3 cm, and 4 cm from the inlet. In the figure, it is possiblewss
to note the development of convective flow patterns from thesr
top of the collector at 2 cm and further from the bottom at 3ses
cm. The maximum magnitude of the secondary flow is belowass
7% of the main flow velocity. This means the secondary flowazo
plays a minor role in transport of particles. The upper vortexz:
is formed under the influence of the thermophoresis of partiaz-
cles, and the Rayleigh-Taylor structure at the bottom is causedizs
by the sedimentation of particles and the respective up-rise ofiza
the base fluid. The distribution of temperature is very uniformzs
in these cross-sections, even though it is possible to observes
a gradual reduction of the temperature gradient due to the en--
hanced mixing of the flow. The insert at the bottom of theirs
figure presents the axial distribution of the temperature pro-ze
file. We notice that the temperature gradually increases in theso
axial direction until the profile stabilizes at 1.3 cm from thess:
inlet. 482

In order to investigate how the nanoparticles deposit in thess

solar collector, we considered another parameter, termed the
deposition efficiency, which is given as:

Op.in — O
Nuep = —2—L2 % 100%, (15)
Qp.in

where @, and o, are the volume fraction of particles at
inlet and outlet.

Fig. 6a shows the results from these simulations for dif-
ferent collector sizes and types of boundary conditions. As
the figure shows, the greatest deposition efficiency was 11%
for the lowest size of the gap. Furthermore, increasing the
size reduces the deposition efficiency. This is explained by
the destabilizing action of the thermophoretic force, which
deposits more particles in a narrow gap, while the disperse
action of drag becomes stronger for a wider collector. More-
over, the temperature decreases with the height of the collec-
tor, weakening the thermophoresis. For the model with a black
absorptive bottom surface, the deposition efficiency is higher.
Fig. 6b shows that the deposition efficiency reduces asymp-
totically to 0.8% with the mean flow velocity, due to better
agitation of the dispersed phase.

C. Parametric analysis

The height of the solar collector has a vital influence on
the amount of heat absorbed and transferred by the nanofluid.
There is an optimum height/length ratio associated with the
best thermal performance of the collector'?. The results of
the model-based optimization are presented in Fig. 7, where
the thermal efficiency and the outlet temperature are shown
for different heights of the collector and types of the bottom
boundary. As the figure shows, by increasing the thickness
less heat is taken by the nanofluid flow and the outlet temper-
ature decreases. The outlet temperature decreases almost lin-
early with the collector height. This limits the thermal losses
and the collector efficiency increases. The observed depen-
dence of the thermal efficiency on the height of the volumetric
receiver is consistent with the results obtained by'z. However,
at a thickness of 300 um, the efficiency begins to reduce as
the volumetric absorption is no longer active across the en-
tire volume of nanofluid. The consumed heat, therefore, is
transferred to internal fluid layers with the incipient volumet-
ric absorption, which reduces the thermal efficiency.

Fig. 7 shows that for collector heights lower than 200um,
the efficiency is higher for the model with the black absorbing
bottom plate. In this case, a warmer bottom surface returns
absorbed heat back into the process, boosts the thermal ef-
ficiency, and increases the outlet temperature. At the point
of maximum difference, the efficiency is 12% higher for the
black bottom plate, than for the transmissible adiabatic plate.
This occurs at the lowest collector height tested, S0um. For
collector heights above 200um, the thermal efficiency decays
towards the values for the case with the adiabatic bottom. This
can be explained by the fact that on increasing the gap, the
nanofluid consumes most of the thermal radiation in the bulk
and the bottom does not receive sufficient heat.
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Otanicar et al.> considered an experimental case, wheress:2
the bottom copper plate was painted black, to imitate an absss
sorbing black-body, which resulted in increased collector ef-sss
ficiency. The blackbody absorbed the rest of the transmittedss
radiation and heated up the fluid so that the thermal convec-sss
tion developed from the bottom surface of the collector. Thessz
supplementary mixing in the direction transverse to the mainss
flow boosted the thermal efficiency. We reproduced this ex=sss
periment numerically for the case where only the continuousaoe
phase (water) was present in the collector. In addition, we per=sa:
formed another simulation, where the perfect absorption wasaz
assumed at the top boundary so that the heat flux equivalentas
to go was prescribed there. The volumetric absorption resultsas
were obtained from the model with a volume fraction of parsas
ticles at 0.3 wt% and a collector height of 300 um. Fig. &us
shows the difference in efficiency for the different collectorssar
As the figure shows, the volumetric absorption system outpersass
forms the surface-based collector by at least 20%. This result,,
is consistent with our previous studies!S. s50

D. Total efficiency 553

Studying the influence of flow rate on the thermal efficiency®®
of the process, we note the pumping cost penalty growing wittF®®
the flow velocity. To account for this effect, we define a totaPs”

efficiency of the process: 558
559

560

_ QAP 561

77*’7T*q()77 16)

563
where Q is the volumetric flow, AP is the friction pressurees
drop in the collector, and A is the irradiated area of the colses
lector. Another factor that needs to be accounted for is the
turbulence that occurs when v > 4.6 cm/s. To calculate the tur-
bulent stress in Eq.2 of the continuous phase, the CFD-model,
was updated with k — € turbulence model (standard wall func-
tions). The turbulent viscosity of the particulate phase was set
proportional to the turbulent viscosity of the base fluid. Fig. 9563
demonstrates how the total efficiency and the pressure dropm
depend on the mean flow velocity. o

The results from Fig. 9 show that a peak efficiency of 87%,_
is obtained at u=3 cm/s. This efficiency is 42% higher than for
the base case and 30% higher than the maximum efficiencyj,,
obtained when optimizing the collector height. We also notezs
that the pumping cost penalty in Fig. 9 increases continus7s
ously with the mean flow velocity so that the total efficiency*”®
decreases for velocities > 4 cm/s. 57e

0

1

IV. CONCLUSION 580

A Eulerian-Eulerian two-phase model was developed tcsss
simulate the flow of carbon-based aqueous nanofluid in the®*
direct absorption solar collector. The model included ther—:::
mophoresis and optics of the sunlight absorption in the,,

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

model simulated the transport of nanoparticles with the de-
sired precision and at the moderate computational costs.
The inter-particle collisions, which were not incorporated
into the model, are of minor importance at the considered
concentrations?2. However, we do note that the model does
not account for the particle-wall collisions, which might re-
sult in over-estimated absorbance at the walls.

The model was validated against the experimental data and
furthermore used for the parametric optimization of the col-
lector. The parameters considered were the concentration of
the nanoparticles, the geometry of the collector, the flow rate
and the absorptive properties of the boundaries.

The results of the CFD-analysis demonstrate asymmetry in
the particulate phase concentration profile and the respective
non-uniformity of the optical properties of the nanofluid. The
deposition of the particles takes place in the collector so that
a maximum 10% of the particles are captured in the DASC.

The model-based optimization resulted in 0.3 wt% opti-
mum concentration of 30-nm nanoparticles and 300 pm thick-
ness of the collector. The nanofluid velocity through the
collector also has a significant impact on thermal efficiency.
The maximum total efficiency of 87% is obtained when the
flow velocity is 3 cm/s and decreases with higher velocities.
The deposition efficiency and outlet temperature decrease for
higher velocities.

The effect of the absorbing bottom surface of the collector
was tested. The collector with a black bottom containing only
water proved to be less effective than the collector with the
volumetric absorption of the nanofluid. A top surface black
absorber was also tested and was not shown to be efficient.
However, the light-absorbing bottom boundary, when used to-
gether with the nanofluid, improves the thermal performance
of the collector by a maximum of 12% for the cases when the
channel size is under the optimum.
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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%.
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FIG. 6. Deposition efficiency as a function of a) collector height and b) inlet velocity.
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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.
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FIG. 8. Thermal efficiency for different types of boundary conditions.
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FIG. 9. Total efficiency and pressure loss as a function of nanofluid velocity.
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Velocity [cm/s]
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