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e we test the performance of a nanofluid-based tubular DASC

e we alter the flow rate, the concentrations of nanoparticles, and the irradiation
e DASC demonstrates up to 38% better performance than an opaque collector
o we elucidate internals of DASC using the CFD

e we report details of nanofluid lifecycle in DASC
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Abstract

Direct absorption solar collectors (DASC) with nanofluid represent a new direction in solar thermal
technology that is simpler yet more efficient than conventional equipment. In this work, we report
details of performance for a custom tubular DASC with a carbon-based nanofluid. The collector
was tested experimentally following a standard procedure and using a multiphase CFD-model of the
device. The experiments were carried out in a range of flow rates 2...10 1/min, nanoparticle concen-
trations 0.0015...0.082%wt., temperature differences (up to 29.3 degrees), and radiant heat fluxes. We
found that, at a particle concentration of 0.01%, the collector demonstrated the average thermal effi-
ciency of 80%. For the comparable temperature differences, the efficiency of DASC was 5.8...37.9%
higher than a collector with similar geometry but a surface absorption of light energy.

The CFD-model, validated against our experiments, depicts flow patterns in the DASC focusing on
nanoparticles’ deposition. Less than 5% of particles deposit under local flow restrictions at flows above
6 I/min. The deposition patterns from the CFD-model correlate to the experimental observations.

1. Introduction

Solar energy has been showing sustainable development =
over the past decades. According to the data presented in the .
annual status report of the Bureau REN21 [1], at the end of *
2019, the total capacity of solar power plants was 1 112.2 *
GW. Of this amount, 627 GW (56.4%) was electric power2
generated by solar photovoltaic plants, 6.2 GW (0.5%) was *
thermal power generated by solar concentrating systems, and *
479 GW (43.1%) was thermal power from the solar collec- *
tors. The latter technology provides the most efficient so- ?
lar energy collection and is considered an important source *
of renewable energy. According to the International Energy *
Agency, the world‘s annual growth of solar thermal supply *

is 10.9% [2]. This is the 4'" emerging renewable market after *

photovoltaics (PV), wind, and biogas.

Due to its high thermal efficiency, solar thermal gener- >
ation works not only in the tropics but much further to the *
north in countries that are stereotypically distinguished by a *
lower solar energy potential. In fact, the technology is com- *
mon in Scandinavia with over 1 GW,,, solar collector capac- “

ities installed [3] and also in Canada which accommodates =

*Corresponding author
¥4 pstrehvl.no (P.G. Struchalin)
ORCID(S):

22 around 400 MW, of solar thermal facilities [3].

The use of solar collectors in northern conditions raises
problems concerning their efficiency and capital costs. In
cold climates, solar collectors experience increased thermal
leaks into the environment and an associated decrease of
» thermal efficiency. For the sustainable development of so-
lar thermal energy in cold environments, it is necessary to
improve the existing standard technology.

The main operating principle of conventional collectors
1 is the convective transfer of heat from the receiver surface
by the circulating fluid. The receiver, heated by solar radi-
ation, is tailored in terms of thermal absorption and insula-
tion. The disadvantage of such a system is the overheating of
the receiver surface relative to the circulated coolant, which
ss enhances thermal leaks into the environment. Many meth-
ods have been considered for optimising the design of solar
collectors, aimed at reducing heat losses and increasing the
heat transfer coefficient of the working fluid [4—11]. A novel
and promising way to boost the efficiency of the collectors
is to utilise nanofluids. The nanofluids in solar collectors in-
crease the heat transfer coefficients compared to traditionally
a3 used water or water-glycol solutions. An alternative way to
4 increase the performance of solar-to-thermal energy conver-

+s  sion systems is the joint use of direct absorption collectors
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Nomenclature

A area [m?]

C, specific heat [J/kgK]

D, pipe diameter [m]

e enthalpy [J/kg]

g acceleration due to gravity [m/s?]
k thermal conductivity [W/mK]
ky Boltzmann constant [J/K]

m mass [kg]

n number density [1/m3]

q internal heat generation [W/m?]
s length of the pipes [m]

T temperature [K]

v velocity [m/s]

Greek symbols

a volume fraction

K extinction coefficient [1/m]

p density [kg/m3]

0 reduced temperature
Subscripts, superscripts

a ambient

eff effective

i inlet

) liquid

nf nanofluid

th thermophoresis

om virtual mass

C coefficients

d particle size [m]
diffusion coefficient [m?/s]
force [N/m3]
radiant heat [W/m?]
Knudsen number
lightpath [m]

mass flow [kg/s]
pressure [Pa]
reflectance

time [s]

shear stress [Pa/m]
mass fraction

e 5.~§Q

Kronecker‘s function
viscosity [Pa-s]
Prandtl number
thermal efficiency

T 9T >

drag
final
initial
lift
particle
turbulent

with a nanofluid [12, 13]. Direct absorption solar collector ez
(DASC) is a collector with a transparent receiver that allows es
for solar thermal energy to be absorbed directly by the work- eo
ing fluid. 70

Multiple studies have been carried out to examine the 71
properties of solar radiation absorption by nanofluids of dif- 7=
ferent compositions. These studies aimed to determine the 7s
absorption coefficients of visible, IR, and UV radiation in s
nanofluids, determining the integral indicators of thermal ra- 7s
diation absorption, the dynamics of nanofluid samples heat- 76
ing, and the temperature distribution in them during pho- 77
tothermal heating [14—20]. In these works, nanofluids demonrs
strate an advantage over the dispersing media, i.e., the base 7o
fluid. However, there are very few works that consider the so
practical implementation of nanofluids in DASC. 81

The volumetric absorption of solar energy in a water- sz
glycol solution of Indian ink containing fine carbon parti- ss
cles was experimentally investigated in [21]. In this work, ss
a spiral tubular DASC demonstrated thermal efficiency upss
to 77% when the concentration of ink was 3 g/l. The effi- ss

ciency of the "black water"-based solar collector was com- sz

pared with the efficiency of the water-based flat-plate solar
collector, which was not, however, optimised for commer-
cial use. The "black water" collector had up to 30% higher
thermal efficiency than the flat-plate collector. The study by
Minardi and Chuang is missing important aspects of the col-
lector performance. Namely, the sensitivity of the process
regarding the flow through the collector was not considered,
nor did the authors investigate the deposition of the ink par-
ticles, which were obviously sized by several micrometers.
The paper [22] presents the experimental and numerical
study of the DASC thermal efficiency. Nanofluids based on
Texatherm oil with particles of TiO,, Al,O5, Ag, Cu, SiO,,
C are considered in this work. Nanofluids were pumped
through a lab-scale cylindrical DASC (10 cm x 2,5 cm), ir-
radiated by the light of halogen lamps with a maximum in-
tensity of up to 8000 W/m2. The flow rates varied from
9.5 ml/min to 47.5 ml/min. It was found that nanofluids
based on carbon, silver, and aluminum oxide particles in-
crease the thermal efficiency of DASC the most. Hence, by
using nanofluids with 0.01% vol. carbon particles or 0.5%

aluminum oxide particles, the efficiency increases by 22.7
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and 17.5%, respectively, relative to the efficiency of the sameisa
collector without nanoparticles but with the black coating ofiss
the inner surface of the glass. The authors stated that these
efficiency strongly depended on the light flux and the flowass
rate. The concentration of particles affects the temperatureiss
distribution inside the collector, so it is necessary to avoid arse
intense overheating of nanofluid surface layers at high con-ao
centrations of particles. The influence of particle concentra-a:
tion on the DASC thermal efficiency was not considered. 12

The study by Gupta et al. [23] considers a flat direct ab-as
sorption collector with an aqueous nanofluid based on par-ss
ticles of aluminum oxide Al,O5. As a result of their experaas
iments, the maximum increase in the thermal efficiency ofiss
DASC when using a nanofluid with a particle concentratiomnar
of 0.005% was 39.6% compared to the case of using pureiss
water. 140

The article by Karami et al. [24] considers a flat DASCaso
A nanofluid with copper oxide particles based on a waters:
glycol solution (70% water + 30% ethylene glycol) was stasz
bilised by polyvinylpyrrolidone. The ratio of the surfactantss
mass to the particle mass was 1:4. The nanofluid was dissa
persed for 60 minutes with an ultrasonic probe. It was foundiss
that nanofluid increases the DASC efficiency by 17% at ase
flow rate of 90 I/h and 100 ppm concentration of nanopartisz
cles. The authors also compared nanofluid-operated DASCjss
the DASC with a blackened back surface and the base fluid asise
a working fluid. It has been found that the use of nanofluid-eo
based DASC had 7...7.8% higher thermal efficiency. Thee:
next paper from this group [25] reports experiments withie2
the same DASC. Water-glycol nanofluids (70:30) with car-es
bon nanotubes at concentrations from 0 to 100 ppm wereies
used. The experiments were carried out by irradiating theies
collector with solar radiation. The nanofluid flow rates varse
ied from 0.9 to 1.5 I/min. As follows from the experimentsjer
the collector with nanofluid demonstrates thermal efficiencyies
up to 89.3%, which was higher than 45% obtained for theies
base case with a blackened back surface. In this work, theizo
authors did not find the values of the flow rate and particleiza
concentration (or their combination), resulting in the highz2
est efficiency of the collector. Instead, it was only indicatedizs
how changes in the flow rate and the concentration affect theiza
collector efficiency. 175

A flat DASC using nanofluid based on graphene nanohorins
and deionised water was investigated in the work [26]. Thezr
nanofluid was prepared by dispersing nanohorns in watenzs

using ultrasound. Nanofluids made it possible to increaseize

the collector efficiency by 23.3% compared to the base fluid.
The optimum particle concentration was 0.005 wt%. and the
flow rate was 0.015 kg/s. The thermal efficiency of a collec-
tor with nanofluid reached 93% when the temperature on the
inlet of the collector was equal to the temperature of the en-
vironment.

Lietal. [27] consider a solar collector using water-based
nanofluids and nanofluids based on Terminol 55 with multi-
walled carbon nanotubes. The nanotubes were functionalised
with potassium persulfate. The design of the collector is no-
table as a low-profile concentrating tubular model is con-
sidered. Interesting experimental results were obtained in
the study. A solar collector using nanofluid as a volumet-
ric absorber demonstrated lower thermal efficiency than a
collector with blackened absorber tubes (black chrome re-
ceiver) and the base fluid. The efficiency of the nanofluid-
based collector was lower by 14%...21%. According to the
authors, one of the reasons for this result is that DASC had
higher heat losses due to the high emissivity of the absorber
surface and the absence of an anti-reflective coating.

Gorji and Ranjbar [28] presented the efficiency study of
a lab-scale DASC. Three types of aqueous nanofluids with
silver, magnetite, and graphite particles were used as work-
ing fluids. The collector was irradiated with artificial ther-
mal radiation using a halogen lamp. As a result of the tests,
the use of nanofluids instead of water leads to an increase
in the thermal efficiency of the collector up to 90%, while
the efficiency of the water-based collector for the same flow
parameters show only about 30%.

A flat direct absorption collector using a nanofluid with
gold particles was described in the work [29]. The nanofluid
was synthesised by a chemical method from an aqueous so-
lution of chloroauric acid. It was found that the use of nano-
fluid increases the thermal efficiency of the DASC collector
up to 31% compared with the case of using pure water as a
working fluid.

Many of the reviewed studies that presented the advan-
tages of nanofluids in DASC did not compare energy ab-
sorption in nanofluids with opaque/blackened surfaces but
in comparison to the nanofluid-DASC case with the DASC
with the transparent base fluid. It is obvious that a "colored"
fluid absorbs more heat. The presented studies also show
that the efficiency of DASC depends mostly on several fac-
tors: the type and concentration of particles, the flow rate,
and the temperature difference between the fluid and the en-

vironment. The combinations of these factors and their influ-
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ence on the thermal efficiency of DASC are not thoroughly
studied in the mentioned contributions.

In the present work, we consider the effect of a wide
range of the process parameters and their combination on the
thermal efficiency of DASC with nanofluid based on multi-
walled carbon nanotubes (MWCNT) and we compare them
with the cases when an equally-sized opaque receiver is used.
In addition, our work is aimed at a detailed theoretical de-
scription of the prototype using a multiphase CFD model
that provides insight into flow patterns and describes how
the nanoparticles deposit in the collector. We validate the

model with the produced experimental data.

2. Experiments

2.1. Nanofluid

In this study, the nanofluid consisted of multi-walled car-
bon nanotubes (MWCNTs) dispersed in a water-ethanol base
(10%wt.) used to enable operation of DASC at ambient tem-
peratures down to -6°C. The selected minimum temperature
corresponds to mid-season conditions in northern countries.
The nanotubes were stabilised in the base using 0.1%wt. so-
dium dodecyl sulfate (SDS). The use of SDS is a simple and
well-studied method for stabilising carbon-based nanofluids
[30, 31]. The nanofluid was protected from the formation of
foam using 0.4%wt. of a commercial defoamer "FoamStop"
from Kércher.

The nanotubes at concentrations 0.0015...0.082% were
dispersed in the base using the two-step method. The com-
mercial MWCNTs Dealtom were purchased from Nanotech-
nology Center (Moscow, Russia) [32]. The inner diameter of2 2
nanotubes is 13.3+0.45 nm, and the external diameters are,__
49.3+0.45 nm or 72.0£0.45 nm. A rough estimate of max-__
imum length is 5 ym. The microscopic images of the tubes
obtained by means of scanning electron microscopy (SEM)

228
are presented in Figure 1.

We produced the nanofluid in several stages. At first, the: z:
required mass of the dry nanotubes was mixed with the dis-
tilled water, ethanol, and SDS and then sonicated for 1 houlr2 "
in an ultrasonic bath VBS-27D from Vilitek at 600 W and,
40 kHz. The nanoparticles and the surfactant were dosed,
with accuracy +1 mg using the FC-50 analytical scale. Af-_
ter the ultrasonic treatment, the defoamer was dissolved in2 .
the nanofluid by gently shaking the sample. The full load
of our DASC was 9 kg, so the respective batch of the nano-_

fluid was produced for each particle concentration. Further,

Figure 1: SEM images of multi-wall carbon nanotubes Deal-
tom (RPE "Nanotechnology Center") with x20 000 (A) and
x3 300 magnification (B)

the nanofluid was kept in a static condition for 24 hours for
the gravitational separating of non-Brownian agglomerates.
After separation, the nanofluid was gently poured over to an
empty tank, and the deposit of particles was left in the con-
taminated vessel. Drying the deposit we obtained the mass
of the settled particles and re-calculated the concentration
that was left in the nanofluid.

In Fig.2 we present how the final concentration of the
nanoparticles x , depends on the initial concentration x;,.
We read from the figure that there is a linear dependence
between the initial particle concentration and the concentra-
tion after separation. The average fraction of the deposited
particles was 60+10% for the considered initial concentra-
tions. In addition, we studied how the amount of surfactant
affects the deposition. It was observed that the fraction of the

deposited particles decreased when the ratio of the mass of
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Figure 2: Evolution of nanoparticle concentration due to set-"
tling for different initial MWCNT concentrations 283

284
the surfactant to the mass of the particles mgpg/mprpc NT
is increased. According to obtained results, 48...60% of de™™
posited particles are observed at mg p s/mprp o nT<12.5. This
number reduces to 20% at mg p.s/m prp o N7=50. e

Despite the positive effect of increasing the SDS ratio
and particle mass shown in this study, it is worth noting thaf™®
an optimal range of surfactant concentration exists. Low
SDS concentrations do not provide enough molecules to build”
spatial structures around graphene particles that reliably pre-zg3
vent agglomeration. At high concentrations of SDS, the pro-m
cess of micelle formation is activated, leading to the ag glom—295
eration of SDS molecules attached to the particles and, re"
spectively, bridging the particles [30]. According to our es-
timates, the formation of micelles in the nanofluids of the
present composition must be observed at SDS concentra-
tions above 0.17% wt.[33].

The produced nanofluids demonstrated stability at least
six months after experiments: the nanofluid bulk remains
homogeneous, without visible stratification. The sampless?
of nanofluids at different MWCNT concentrations are de-=9s
picted in Fig.S1 of the Supplementary Materials. A smalkoo
deposit of particles was formed in nanofluids with relativelysoe
high concentrations (0.020%, 0.082%) after about a montteo:
in static condition. 302

As mentioned above, the optimum concentrations of sur=3
factants exist. At this concentration, the nanofluid maintainsses
the least possible agglomeration of particles. The optimunees
concentration of SDS depends on the type and concentratiorees
of particles and the type of base fluid. Thus, taking into ac-3o7
count the value of the critical micelle concentration for oures

nanofluids and the desire to keep the surfactant mass higheroo

310

than the particle mass for reliable absorption at the particle
surface, we set the concentration of SDS equal 0.1%.

The characterisation of the developed nanofluids inclu-
ded the analysis of in-situ particle size distribution. Fig.
3 shows the DLS-analysis results performed using Malvern
Zetasizer Nano ZS. The scattering light (He-Ne laser, 632.8
nm) was collected at a 173° scattering angle at 25 °C. The
samples were studied less than 24 hours after the deposits
were removed from the nanofluid. As can be seen in Fig.
3, the average size of agglomerates almost independent of
concentration and just slightly increases with the growth of
particle concentration. The average size of agglomerates is
in the range 209...230 nm.

In supplementary tests, the transmittance of nanofluid
layers of variable thickness was studied for two wavelength
ranges 400...1100 nm and 1000...1700 nm. The measure-
ment of the light absorption was carried out for the freshly
prepared nanofluids. The details of the experiment are pre-
sented in the Supplementary Materials (see Figs.S.2-S.3).
Basing on the measured transmission, we determined that
the extinction coefficient k,, ; varied in the range 220...1255
m~! for the experimental MWCNT concentrations. The ex-
tinction coefficients for different initial mass fractions of the
particles are presented in Table 1. In the table, they are
shown separately for two parts of the spectrum: 400...1100
nm (I) and 1100...1700 nm (II).

Xy [%] 0.000 | 0.008 | 0.010 | 0.020 | 0.050 | 0.100
K r r[1/m] 25 220 201 522 709 1222
Kuyrr [1/m] | 161 378 401 664 804 1255

Table 1: Extinction coefficient of the nanofluids

2.2. Direct absorption solar collector

The nanofluid was tested in a lab-scale prototype DASC
of tubular type. The experimental rig is schematically pre-
sented in Fig. 4.

The system included the DASC, which consisted of 8
glass tubes connected in series. The tubes were made of
borosilicate glass 3.3 "SIMAX", @22 x 1.8 mm, the length
of the tubes is 1500 mm. The tubes were connected using
seven 180° copper bends. The distance between the axes of
the tubes is 35 mm. The DASC was mounted at a rectangular
frame with a total area of 0.49 m?. The frame was inclined
by an elevation angle of 45°. An insulating bed of ceramic
fibre with the thermal conductivity of = 0.2 W/(m-K) was
mounted on the frame. The bottoms of the glass tubes were
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354

355

immersed into the fibre. The centrifugal pump Multi 14000E

from Sicce with a closed impeller was used for pumping the

nanofluid. The air-cooled tubular heat exchanger Luzar LRC

01080 with a fan regulated by pulse-width modulation was

used for cooling the nanofluid after its heating in DASC. The

. . . . . 361
experimental rig was located in a hermetic pallet to avoid

362

possible nanofluid leaks to the environment.

During the experiments, the temperatures of liquid and
ambient air were measured by K-type thermocouples con-
nected to the digital thermometer Center 309 (0.1 °C, £(0.3%
+ 1 °C)). The nanofluid heating was measured by a custom-
made differential T-type thermocouple connected to an APPA
207 multimeter (1 uV, +(0.06% + 2 uV)). The calibration
dependence of the differential thermocouple was obtained
in separate tests. The thermocouple‘s beads were soldered
into the wall of the brass fittings placed at the inlet and outlet
tubes of the collector. The rotary flowmeter YF-S201 (0.07
1/min, +£10%) was used to control the flow rate. The flowme-
ter was connected to Arduino digital plate and calibrated in
separate tests. Three halogen lamps (Osram Haloline Pro,
400 W) were used for the simulation of radiate heating at an
area-average light flux of 915 W/m? and 500 W/m?2. Before
averaging, the spatial distribution of thermal radiation was
measured by LS 122 IR from Shenzhen Linshang in fifteen
points by length for each glass tube. The units of the rig were
inter-connected by flexible hoses, which were insulated ther-
mally by polyurethane foam with the thermal conductivity of
~ 0.03 W/(m-K).

The experiments aimed to determine the positive tem-
perature difference over DASC (i.e. heating of the fluid) for
an altering flow rate (2...10 I/min), MWCNT concentration,
irradiation, and temperature drop between the DASC and en-
vironment. In addition, to compare with a standard case of
surface absorption, we conducted a test when the tubes were
coated with black matt aluminum foil. Distilled water was
used in the opaque system along width a reference test with
transparent tubes.

The experiments were carried out in several steps. We
filled the entire flow loop with nanofluid of the required con-
centration. The forced circulation of the liquid started at the
maximum flow rate of 10 1/min; the lamps were switched on
the full power simultaneously. The stabilisation of the set-up
to a thermal steady-state condition began after the liquid was
10°C warmer than the environment. The stabilisation was
achieved by steering the fan and the flow through the radia-
tor via the by-pass line. The temperatures and the flow rates
were recorded after the thermal stabilisation. The data was
recorded for 5-10 minutes. The next measurement was done
by reducing the flow rate incrementally by 2 I/min, altering
the cooling to set the same temperature difference, and wait-
ing for the new steady-state condition. The equivalent series

of experiments were run for the temperature differences of
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20°C and 30°C. Then the pump and the lamps were turnedos
off, and the set-up cooled down to the ambient temperatureaoa
After the cooling, the lamp power was decreased, and thesos
described measurements were repeated. At the final stagesws
of the experimental set, the set-up was emptied and cleaned oz
The cleaning procedure is described below. A new nano-os
fluid with another concentration was further charged in theswos
rig and underwent the same procedures.

An important parameter that characterises the performance
of solar collectors is thermal efficiency. Following the stan-
dard methodology described in Duffie [34], the thermal effi-
ciency was determined as the ratio of the absorbed thermal
power in the DASC to the radiated power at the surface of
the tubes of the test section:

mC,AT

oA W

nnf =

where m, Cp, AT are the mass flow rate, specific heat

410
and the heating of the fluid, G is the irradiation with A as
the irradiated area of glass tubes. Due to the low number of4 -
nanoparticles, the equivalent thermal properties of the na-
nofluid were set as for the base fluid and were taken frorra y
[35, 36]. This simplification corresponds to the third—partya15
experiments on the characterisation of thermal properties of4 iy
MWCNT-based nanofluids [37-39]. In our work, the con-
centrations of nanoparticles are low and so the modiﬁcationm

of properties in negligible. i

420

3. CFD model

A supplementary multiphase CFD model of the experi«z2

421

ment was developed to provide better insight into flow pat<23
terns and estimate the deposition of nanoparticles in the flows24
system. The model was built using the commercial CFDz2s
package STAR-CCM+ from Siemens (v.13.06.012) whosesze
standard multiphase two-fluid Eulerian model was extended=7
in-house. 428

429

3.1. Mesh and boundaries

The geometry of the model reproduces the entire tubular,

430

31
section of DASC. The geometry was discretised in the radial,,,
direction using 3.4 mm? polyhedral control volumes. The,,,
computational mesh is presented in Fig.5. To set Y+<1,,,
as required by the turbulence model, the mesh was refined,,,
near walls with a 0.15-mm thick subsurface consistent with,,,

6 layers of prism cells. The grid of the straight tubes was,,,

coarsened downflow via 3-mm anisotropic stretching of the
cells. There were about 1 770 000 cells in the model.

The mesh size was determined after the mesh-sensitivity
analysis using twice finer and 80% coarser grid sizes. The
finer mesh resulted in a ~4% average discrepancy of the main
flow patterns relative to the present case but with a signifi-
cantly higher wall time. The coarser mesh deviated by about

11%. The boundary conditions included the standard in-

Figure 5: Computational mesh

let with the prescribed velocity, volume fraction, turbulent
properties, and temperature. The pressure outlet set zero
gradients of volume fraction and temperature. The no-slip
boundary condition was used at the walls together with the
standard wall functions of the k-epsilon turbulence model.

The thermal condition at the wall was complex and de-
pended on two simulated alternatives: opaque black tubes or
volumetric absorption in transparent DASC. The top half of
the tubes is subjected to thermal radiation and returns heat
to the environment. Several thermal leaks are incorporated
in the model: a reflection from the pipes, convective and ra-
diate thermal loss to the air. The reflection was determined
experimentally as 10% for the opaque tubes and 5% for the
transparent tubes. The radiation from the collector was mod-
eled as in Bardsgard et al. [40] via Stefan-Boltzmann’s law
with emissivity of 0.8 and 0.96 for the opaque and transpar-
ent cases, respectively. The coefficient of heat transfer for
natural convection of air at an inclined surface is computed
following Rohsenow et al. [41]. This method is cumber-
some. We present it in the Supplementary Materials.

The bottom part of the tubes is considered adiabatic for
the opaque case. This condition is not entirely valid when
the radiation penetrates the fluids and meets the thermal in-
sulation. In this case, as determined experimentally, 55% of
the flux is reflected back to the fluid. The rest is accumu-
lated in the insulation layer, which is again set as a heat flux
condition at the bottom half of the transparent DASC.
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Another important detail of the process is the tempera=sra
ture of the surrounding air, which is not constant along theszs
collector. As derived from our thermal analysis, the convec-aze
tive layer of air is formed in the gap between the lamps andiz7
the top surface of the tubes. The lamps and the associated:zs
frames formed an additional aerodynamic resistance drivingze
the air along the tubes. The resulting ambient temperature atso
the top of the collector was about 3°C higher than the values:
measured at the sensor. In experiments, the sensor was 10-s2
cated in the gap between lamps and tubes, at the lower thirdss
of the collector’s length. Therefore, the ambient tempera-ssa
ture in the model was presented by the linear interpolatiomss
between the control point and the top of the DASC. 486

487

3.2. Model description -
The nanofluid is modelled following the formulation of

Gidaspow ‘s Model A [42] where two inter-penetrating flu-, |

0

ids sharing the same pressure are described by two separate,
91

systems of Navier-Stokes equations. The continuity reads,
[40]:

2

493

D(a;p;) _

Dt 0 @

where D../ Dt is the substantial derivative, ; and p; are the,,
volume fraction and the density of i’” phase, i = p stands for,__

particles and i = / for base fluid; a,+ap=1. 200

497
498

D(a.p.v:
% =-a;Vp+a; (T, +T)) +

+a;p, g+ M,-J + 5,’pF,h, 3)

In Eq.3 v is the velocity, T and T' are the tensors of
molecular and turbulent stresses, p is the pressure, g accel”™®
eration due to gravity, and M, ; is the superposition of drag5 0
F D.ij force, added mass force F,UT’ and lift force FILJ The™
molecular stress tensor in the particulate phase is computed
using the base fluid viscosity, which is a reasonable assurnp-503

tion for low concentrations of particles used in the exper-

Hyy = Pp/ PiH)-
A phenomenon that is important in the flows with nanopar-
ticles is the Brownian motion [44]. The process results in

thermophoresis when sufficient temperature gradients are formed

in the flow. Using expressions from the detailed review by
Sager [45], we estimated that the momentum of nanoparti-
cles due to thermophoresis was at least 5 orders larger than
the motion of the particles due to collisions caused by Brow-
nian dispersion, i.e. the Brownian diffusion. Therefore, in
the present numerical approach, we assumed Brownian dif-
fusion is negligible and model thermophoresis via the re-
spective expression F', which is applied solely to the par-
ticulate phase using the Kronecker‘s function 4, ,. Another
important remark follows from Michaelides [44] who men-
tioned that turbulent diffusion adds 30% to the deposition
of particles above 100 nm. Therefore, we include turbulent
dispersion force Ff‘i toM, ;.

The forces are given per unit volume of nanofluid scaling
a single-particle force by the number density of nanoparti-

cles n, within a computational cell:

nd? _
Fpij= TnpplCDCch My - vil(vi—v;). @

where d is the size of the nanoparticles and Cp, is the
drag coefficient computed using the standard expression by
Schiller-Naumann [46]. The rarefaction of the continuous
phase at the nanoparticle scale is accounted for by Cunning-
ham’s correction [46]:

C, = 1+ Kn(2.49 + 0.85exp[—1.74/Kn]), 5)

where Kn is Knudsen’s number for the nanoparticles.
Following Fuchs [47], we introduce the statistically-average
form-factor C;=0.66 to account for an ellipsoid-like shape
of the particles.

The added mass term is given by [48]:

iments. It is also confirmed experimentally by Hamze et Fom _ com Dv; Dy, ©)
o= a,| —-—.
al.[43] for homogeneous dispersions of MWCNTSs in wa- Y Pi%p Dt Dt
ter. The turbulent stress is computed in the base fluid for here CY™—0.5 is the virtual fic
ere =0.5 is the virtual mass coefficient.
Re>4000 using the k-epsilon model, and there was also sim-"" :)th lifc £ ) v du foll 48]
e lift force is computed as follows :
ulated a laminar case for Re=2380. The turbulent Viscosityw5 P
in the particulate phase is obtained using the turbulent re-
sponse concept via the respective parameter of the base fluid F ﬁ _ Clplap (Vi _ Vj) % (V % Vl) ’ %)
PG Struchalin et al.: Preprint submitted to Elsevier Page 8 of 19
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where C'=0.25 is the lift coefficient [49].
The turbulent dispersion force depends on the turbulentss

534

diffusivity of the nanoparticles D¢ = H;/(p;o7) with turbu-sse
lent Prandtl number al’=0.9 [50]:

537
538

3a.p,C 539
Ffj = # v, =v; | D" (Vina; — Vina;) (8%ao
541

The thermophoretic force F,;, is given by [51]: a2
543

44

ki/k,+2CKn VT,

1+6C,Kn 1+2k;/k,+4CKn T,

h _ —6n,z v dC;

)

545

where k; is the thermal conductivity, v, is the kinematic
viscosity of the liquid, and the coefficients are C; = 1.17,
C,=2.18and C,, = 1.14 [46].

The energy equation is given as [52]: 546

547

548

D [aipi (e,» +0.5|v; |2)]
Dt

+a Ve ([T + T - vi) g, + V-V (ko p i Th)

(10) .

= —a;V-(p-v;)+a;p,v; g5

550

In Eq.10 ¢; = C,,;T; is the enthalpy, the effective ther=**
mal conductivity of the phase is computed as k; + u!C, ; /o] >*
The inter-phase heat transfer source term is given by Ranz>*®
Marshall expression [46]. The thermal properties of the phas&s§
in Eqs.3 and 10 were set for each phase separately. The base®”
fluid was defined as in [35, 36]. The thermal conductivity’®®
of the nanoparticles was taken from Zhang et al.[53] and the®®
specific heat from Yi et al.[54]. In the simulations, we did®°
not additionally customise the equivalent thermal properties®*
of the nanofluid as they were not modified significantly due®*
to the low content of nanoparticles used in the experiments’®®

The volumetric heat generation term g, represents the®
volumetric absorption of thermal radiation. The source ternt®®
depends on the nanofluid extinction coefficient «,, , follow=**

ing Beer-Lambert’s law:

567

568

(11)

d
go = - (Iexpl—r,/1}),

dl

570
where [ is the superposition of the heat flux from the
571
top surface of the tubes I,=r,G, where r, is the reflectance

572
of the top surface, and the radiant heat reflected from the
8573

bottom (denoted as b) of the tube with the diameter D i Iy =

574

rirpG exp{—xk,,D,}. The coordinate / is the lightpath in the
respective direction.

A simplified correlation is developed for the extinction
coefficient of the nanofluid using the experimental data from
Table 1. Following Taylor et al.[55], the efficiency of ex-
tinction is given by the sum of the absorption efficiency and
the scattering efficiency. The latter is an order of magnitude
smaller. When combined in the extinction coefficient, both
terms are proportional to the volume fraction of the nanopar-
ticles, while the second term is also dependent on d>. There-
fore, we fit the average extinction coefficient, obtained exper-

imentally, as:

an=Kf+%apA<1+dE3>, (12)

where k / is the average extinction coefficient of the base
fluid (determined experimentally) and .A=2.3-10° m~! and
B=10 m? are the fitting constants.

The governing equations were discretised in space using
the upwind scheme. The temporal discretisation was done
using the second-order Euler implicit technique with a time
step of 10 ms. The equations were solved numerically us-
ing SIMPLE with the following relaxation coefficients: 0.7
velocity, 0.8 turbulent model, 0.3 pressure, 0.9 enthalpy, 0.5
volume fraction. The simulations were considered conver-
gent when the residuals dropped below 107>. In addition,
we monitored the main process parameters: the thermal effi-
ciency, the pressure drop, the volume fraction, and the values
of Y+ that were always below unity. These monitors reached
a steady-state when the simulation converged.

The proposed modelling approach including the combi-
nation of the multiphase Eulerian model with the k-epsilon
model does not demand high computational costs and be-
comes suitable for simulation of photothermal phenomena
at a device scale. In this study, we ran the simulations using
25 cores INTEL(R) Xeon(R) W-2195 CPU @ 2.30 GHz.

4. Results and discussion

4.1. Experiments

At first, it is important to compare how the volumetric
absorption of thermal radiation differs from the surface ab-
sorption in our system. In Fig.6A, we demonstrate how the
temperature difference between the outlet and the inlet from
the DASC depends on the flow rate in case water is used

in the collector. As expected, the heating of the fluid re-
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duces with the flow rate due to reduced residence time in 4
the collector. The heating of water in transparent channels is A WﬁterE(xopZ?i?r:fnfhannel)
lower than in blackened ones due to the lower amount of ab- 3 ;E;;EEEZ;%:?CMMQD
sorbed energy in the system: both uncoated glass and water O Experiment
are weak absorbers of light energy. In contrast, a black, opa- o 3 EEB 5332?&)
que surface absorbs more heat when exposed to light and OEZ-
transfers heat to water through a combined action of ther-
mal conduction and forced convection. Further, the plot of 1
Fig.6B presents how the nanofluid with 0.01% wt. MWCNT
is heated for the equivalent flow rates. The nanofluid be- 0 . . . . !
comes warmer by 9...27% compared to in the opaque and 0 2 4 6 8 10 12
transparent case. Nevertheless, the general tendency of de- Flow rate [Vimin]
creasing liquid heating with an increasing flow rate persists. B 4 Nenoiuld ©/0200% . MWENT)
The concentration of nanoparticles also affects the heat- Z Eﬁ%e['s”;iiér)
ing of the nanofluid in the collector. It is clearly seen in Fig. 3 CFD (average)
7, which also shows the existence of the optimum concen- A
tration. At this concentration, the maximum temperature is gz-
gained by the nanofluid at the same flow rate and irradiation. 5 °
As will be shown below, the optimal particle concentration
in our study was 0.01%. The nanofluid absorbs more ther- H 6 .
mal energy than the opaque receiver due to the difference in » 2 Q
the temperature profiles at the irradiated surface. The opa- 0 : . . . T
0 2 4 6 8 10 12

que receiver transfers the absorbed heat to the working fluid )
Flow rate [I/min]

due to thermal conduction within the wall and convection

from the wall to the liquid. There must be a considerable Figure 6: The temperature difference between outlet and in-
let of the DASC with water (A) and nanofluid (B) for differ-
ent flow rates and optical conditions at G = 915 W/m?. The
concentration of nanoparticles was 0.01 %wt.

temperature gradient between the receiver and the liquid, so
the temperature of the receiver is relatively high compared
to the bulk of the liquid. This means that the thermal leaks
from the opaque system are significant.

In DASC, the radiated heat is absorbed mostly on the™

particles’ surface and less by the carrier fluid. In this case;”

The advantage of DASC becomes more significant with
an increase in the temperature drop between the liquid and
the environment. For the case when 7;-T,=20 °C, the nano-

heat is transferred from the overheated particles directly to . ' - )
the base fluid, skipping the conduction stage in the collec™* fluid of optimum composition delivers 25...35% more heat
than the opaque solar collector. However, we note that the
nanofluid-based DASC reduces the efficiency by 5% and 25%

when the temperature drop increases by 10 °C and 20 °C,

tor‘s wall. The surface of the collector is colder which drops
the thermal loss to the environment. It is also confirmed by

the performance analysis of the DASC shown in more detaif*”

in Fig.8. This figure shows the dependence of the collector‘s respectively.

. . . The thermal efficiency is proportional to the flow rate, in-
thermal efficiency on the particle concentration and the volu~>° ¢ thermal efficiency is proportionalto the flow rate,

metric flow rate of nanofluids for four groups of experiments.6 % creasing by 10...15% when the flow goes from 2 to 10 /min

. T at irradiation of 915 W/m?2. It is interesting to observe that
The groups differ by the irradiation and the temperature drop g

. . . . _ 2
between the environment and the inlet of the collector. ez the efficiency drops at reduced irradiation (G = 500 W/m?)
Fig. 8 illustrates that for MWCNT concentrations above
s 8...10 /min. At the same time, the opaque system demon-

in the nanofluid-based DASC for the maximum flow rate

0.003% the nanofluid sets sufficiently higher efficiency than™ ' ) ' i
the opaque surface. The highest efficiency in the range 0.80..?6%97Strates a continuous increase of efficiency with the flow. The
was achieved with a 0.01% wt. nanofluid. It is 5.8...37.9%
637 follows. In DASC, nanofluid is the main absorber of light

appearance of the optimal flow rate in DASC is explained as

higher than for the opaque receiver.
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Figure 7: The temperature difference between outlet and ing,
let of the DASC for different concentrations at 7.9 I/min and‘5 .

G =915 W/m?.

682

683
energy, which leads to its overheating relative to the trans-

parent wall. Therefore, a decrease in the flow rate below theﬁ o
optimal value increases the irradiation time of the particles
in the frontal layers of nanofluid and their superheating. On__
the opposite, an increase in the flow rate intensifies the heat6 .
transfer between the wall and the liquid. Both cases lead
to increased heat losses. In a collector with a blackened ab-
sorber, the heat absorbed on its surface is directed either into(i i,
the liquid or the environment. Therefore, an increase in the6 o
flow rate of the fluid and the intensity of heat transfer will
increase the part of the heat that goes into the liquid and, as
aresult, continuously increase the efficiency. Out of this ob-695
servation we conclude that the optimum set point of DASC

results in a notably lower pumping cost which is another ad-__

vantage of the proposed system.

The effect of particle concentration on the DASC ther-ﬁgQ
mal efficiency is shown in Fig. 9. The figure presents the7 o

thermal efficiency, averaged over the entire range of flow

rates for every studied concentration of particles.

Fig. 9 confirms that an optimum concentration of nanopar-.
ticles exists. At this concentration, the thermal efficiency of7 o
DASC is maximum. The optimum concentration was 0.01%705
wt., which allowed for obtaining a the thermal efficiency up o
to 96.7%. The effect of concentration on thermal efficiency
is explained as follows. At low concentrations, the nanopar-
ticles do not provide much surface to absorb incident radi-
ation in bulk and total amount of absorbed energy in fluid o
is low. However, increasing the concentration over the opti—711

mum, the system gets into conditions when the radiation is __

673

CFD (average)|[¢7®

677

678

698

702

absorbed in a thin layer of fluid adjacent to the outer surface.
Therefore, the DASC asymptotically approaches the opaque
case with surface absorption which is characterised by the
noticeable overheating of the absorber surface relative to the
ambient and, as a consequence, higher heat losses. This also
correlates with the data obtained for the heating of nanoflu-
ids, shown in Figure 7.

We also note that the nanofluid with concentration 0.082
% wt. deviates from the described qualitative behaviour for
the group with the maximum temperature drop. We address
this observation to a partial destabilisation of the nanofluid at
this relatively high initial concentration. The deposits orig-
inating from the unstable nanofluid formed a semi-opaque
environment with reduced MWCNT concentration in bulk,
resulting in a relatively high thermal efficiency. However,
this efficiency was not over the maximum value at the opti-
mum concentration.

The thermal efficiency of our DASC was compared in
Fig.10 with the third-party studies of the nanofluid-based
DASC:s and the efficiency of commercial solar collectors with
the opaque receivers. A flat collector with the selective coat-
ing [56] (Moscow, Russia) and a vacuum tube collector with
heat pipes [57] (Warwick, USA) were chosen as the com-
mercial models.

Fig. 10 shows that DASC with carbon-based nanofluids
has the highest thermal efficiency, which can be explained
by the better absorbance of the carbon material. The se-
lected commercial collectors generally have better perfor-
mance than the third-party DASCs with nanofluids which
possess a rather simplistic thermal design. The third-party
results show that, in general, our DASC returns up to 55.8%
higher thermal efficiency.

Several reasons can lead to this result. The first is the
tubular design of the collector, so it was possible to arrange
for the reliable thermal insulation of every tube. In other
studies, a flat fluid compartment was chosen, often without
thermal insulation. An exception is the study by Li [27],
where a tubular concentrating collector with reflectors was
used. The thermal efficiency of this collector is comparable
and, in several cases, exceeds the efficiency of our DASC.
Another reason is the use of a higher flow rate in our work,
while in other studies, the nanofluid flow rate did not exceed
1.5 /min. The simultaneous use of tubular channels and the
increased flow rates leads to higher Reynolds numbers and,
consequently, to better turbulent mixing in the flow. In our

case, the nanoparticles heated at the top surface will swiftly
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Figure 8: The thermal efficiency of DASC for different MWCNT concentrations, flow rates, temperature drops, and optical

conditions

move into deeper layers, providing a more uniform heating:ze
of the receiver. On the contrary, low flow rates in wide flatso
channels do not intensify particulate dispersion in the flowzs1
It leads to larger temperature gradients in the liquid and in-s2
creases the thermal leaks. 733

The optimum concentration of particles in the third-partyrza
experiments with carbon-based nanofluids is in the range ofrss
0.005...0.1%wt. Therefore, the optimum particle concentra-ss
tion detected in our study is consistent with other works. Thers7
observed range of variation of the optimum concentration isss
most likely associated with the different shapes and sizes ofrse
particles and different geometry of the collector channelsyao
affecting both the temperature distribution in the liquid andra:
the heat losses to the environment. 742

Comparing the thermal efficiency of our DASC with the
commercial collectors, we demonstrate that the efficiency of

our system is up to 20% better than for the vacuum tube type
collector and up to 25% higher than for the flat-plate col-
lector. However, our DASC performs better than the com-
mercial collectors in a rather narrow temperature drop range,
namely below 30 °C. When approaching this value, the
DASC thermal efficiency becomes comparable with the se-
lected commercial models. We address this issue to a less
than optimum thermal insulation of the top surface and the
lack of anti-reflective coating used in the commercial mod-
els.

At the end of the analysis, it is essential to note that the
hydraulic resistance of our DASC is low. The pumping cost
at the maximum experimental flow rate deducts only 0.2%

from the total efficiency of the system.
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Karami et al. [24] (CuO, ~1.45% wt.), 6. Kumar et al. [297*
(gold, 0.0002% wt.). 786

787

788

4.2. Notes on the operation of DASC

The developed fluids are easy to produce and of a rather
simplistic composition. Our nanofluids are manufactured al”
a moderate cost of about 2.6 $/kg. The nanofluids demon-""
strated good operational applicability and a high compatibil-m2
ity with standard household centrifugal pumps designed for
pumping clean single-phase liquids. The waste nanofluids™*

. . . 795
were evaporated under moderate irradiation from the lamps.
796

We stored the remaining deposit of the agglomerated nanopar-
ticles. Our experiments were carried out for 45 days, during
which the system was in continuous operation 10...15 hours
per day. During this time, the pump did not present any sign
of malfunction.

The visual inspection of the rig revealed several places
of local contamination of tubes by a thin layer of graphene.
Typical places of contamination were associated with lo-
cal hydraulic resistances: bends, T-junction, extensions, and
valves. Most probably, this is due to the influence of several
factors: enhanced local body forces (e.g., centrifugal) that
increased the deposition of particles, and turbulent diffusion
of the particles towards the walls. In addition, the deposits
are found where local reduction of shear stress took place
in the flow. Therefore, the shear-based removal of the de-
posited nanoparticles was weaker there than in the rest of
the tubes.

The overall contamination of the loop was not intense:
the contamination did not reduce the flow area of the circuit
pipelines and did not block the pump and control valves. The
observed deposit layer was micro-sized. The glass tubes of
the DASC and silicone hoses remained transparent even in
the presence of contamination. Several examples of deposits
found in different regions of the rig are depicted in the Sup-
plementary Materials.

Another very intense deposition of the particles took place
in the pump. A thin micro-sized layer of MWCNTSs was uni-
formly distributed over the internal surface of casing of the
pump and locally at the impeller. The image of the deposit is
presented in the Supplementary Materials. A probable rea-
son for this deposition is the turbulent diffusion of nanopar-
ticles, as the turbulence was most intensive in the pump. We
note that the deposition did not influence the operation of
the pump. The bottom of the expansion tank was locally
covered with a thin layer of particles which were obviously
agglomerates deposited under the gravity.

The glass tubes of the DASC were less contaminated.
At concentrations of nanofluid below 0.01% wt., contami-
nation was not visually detected. At higher concentrations,
contamination was local, and the contaminated areas looked
as shown in Fig. 11. The least intensive deposition in the
glass tubes might be due to the combination of the follow-
ing factors: weaker turbulent diffusion and the absence of
local flow resistance. Another possible reason might be the
difference between Hamaker constants for the glass and the

polymer the pump was made of.
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Figure 11: Local contamination of glass tubes by nanofluids3e
with MWCNT concentration > 0.01% wt. 840

838

841

After experiments, the main flow loop of the setup was+?
cleaned by pigging and flushing with the water-ethanol mix-#+2
ture (4:1). In the Supplementary Materials, we depict hows**
the system looked after the cleaning procedure. We note*s
that the regular maintenance of the nanofluid-based DASC*¢
is not suitable for a solar domestic hot water system. More4”
research should be dedicated towards the development of4®
chemicals suitable for hydraulic flashing of MWCNT de-#4°

posits. 850
4.3. Simulations 852
4.4. Validation 853

We validate the model by comparing the overall tem-esa
perature increase in the DASC with the model for differentss
optical alternatives and flow rates. Fig.6 demonstrates thasse
the model-predicted temperature difference reduces with thessz
flow rate due to the shortage of residence time in the collec-sss
tor. To limit the instrumentation uncertainty, we present inese
Fig. 6 a range between two model outputs where the inlet
temperature is subtracted from the average outlet tempera>*
ture and the spatial position of the outlet temperature sensor®®
Reading the figure, we conclude that the simulations com-***
pare very well with the experiments for the surface absorp-=**
tion case. The average discrepancy is well below 10%, sd™**
the CFD-predicted values are always within the interval of*®®
experimental uncertainties. The discrepancy increases to ar’®®
average of 22% when we simulate the volumetric absorptior®®”
case with water in the DASC. Here the model underpredicts®®
the experiment. The CFD-output at the position of the out**
let sensor is just at the tip of the experimental uncertainty’”®
7

interval, which could be due to the non-uniform distributio

of radiant heat from the lamps that is not accounted for by

the model. A discrepancy may also originate from a mutual
reflection of light from the tubes.

The model of the nanofluid-based DASC underpredicts
the experiment for the turbulent cases and several CFD-points
are outside the interval of experimental uncertainties. The
average discrepancy here is not much different for a single-
phase case and equals 25%. The sensor-based output is closer
to the experiment as for the single-phase case, so the flow
patterns of the model correlate with the experiment. The
largest deviation is observed in the laminar case, where the
difference is 44%. Mixed convection is expected for this flow
condition. The regime becomes sensitive to viscosity of the
fluid, especially for the MWCNT deposits, which form at
the lowest flow rates. Following the simulation results, the
deposits may pack up to 0.1% wt. (see Fig.16). The appar-
ent viscosity of the aqueous MWCNT nanofluid may grow
by 20% at this concentration [43]. Another source of uncer-
tainty is the cylindrical shape of the particles, which might
influence the deposition for the laminar case.

Fig.7 illustrates how the model predicts the temperature
difference when altering concentration of particles at a fixed
flow rate. It follows from the figure that the model repro-
duces the experiments well, mostly within the interval of
experimental uncertainties. The average discrepancy is 11%.
Following the model, the theoretical optimum of the concen-
tration is 0.006% wt. which is a possible value taking into
account the resolution of the experimental plot. This con-
centration corresponds to the experimental observations by
Li et al.[27] for a similar collector with MWCNT-based na-
nofluid. The model overpredicts the experiment at the most
dilute concentration. We address this deviation to the dis-

crepancy of fit for the extinction coefficient given in Eq.12.

4.5. Flow patterns

Next, we consider the flow patterns in the DASC focus-
ing on the velocity profiles. They are presented in Fig.12
in terms of the streamlines of flow velocity. The most in-
teresting evolution of the flow takes place in the bend‘s re-
gion, which is shown in the figure. Here we observe the
centrifugal acceleration of the flow by up to 160% of the
average velocity. The acceleration results in the formation
of Dean vortices. The vortices twist the velocity profile af-
ter the bends, so the minimum of the velocity shifts towards
the top surface in the second pipe of the collector. The vor-
tices further interfere, so the maximum goes to the top in

the next two pipes. The next round of interference results in
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a nearly-uniform profile in the rest half of the DASC. Thess
three-dimensional velocity profiles are available in the sup-sse
plementary Star-View+ (freeware) scene file (Streamlines.scey.
We note that the nanoparticles do not influence the velocityses
profile in the turbulent flow regime due to the low concen-see
tration. 900

901

9202

K) 7> /”\ f\) q i 905
‘ i T i

Velacity: Magnitude (m/s)
Figure 12: Streamlines of flow velocity at 7.9 1/min

Next, we present the temperature profile where the dif-
ference between the opaque surface without nanoparticles
and the DASC is clear. There are transversal profiles of the
temperature in Fig.13. To account for slightly different tem-
peratures in the tank and the surrounding air, in the figure,
we present the results in terms of the reduced temperature
0= (T -T,)/(T,—T,), where indices a and i denote am-
bient and inlet conditions.

910

Opaque
911

©Ce00000 "

outlet ir;let

DASC

S0 000 e @ O
{ ) ( )
~ 915

) _reduced_temperature
lgravny 0.00 0.016 0.031 0.047 0.062 0.078 0.093 0.11 0.12 0.14
I m ]

Figure 13: Distribution of reduced temperature in transver-sis
sal cross-sections in the centre of DASC at ~ 8 I/min and G,
=915 W/m?. The DASC with 0.01 %wt. is compared to an

equivalent case with the opaque top surface with water. =

022

It follows from the figure that the temperature profile is™
highly non-uniform in the surface absorption case. This is
due to the dependence of local heat transfer on flow Velocity? *
at the top boundary. As a result, the warmest flow resides
in a thin boundary layer adjacent to the top boundary while
the bottom layers of fluid are still relatively cold. Therefore,
the thermal loss is highest at the top boundary. The tempera-929
ture profile develops with flow velocity, so the quasi—uniform.3 *

temperature distribution is detected in the very center of the
collector. The temperature gradient restores further down-
flow.

The temperature profile in the nanofluid-based DASC is
different. We detect a sufficiently uniform distribution of
temperature in the cross-sections while the maximum is still
associated with the top half of the cross-section. The temper-
ature gradient is smaller than in the surface absorption case,
and so the thermal leaks are lower for the DASC. The tem-
perature profiles are less dependent on local flow velocity as
the fluid’s volumetric heating takes place in the DASC. The
axial distribution of temperature from Fig.14 demonstrates
a continuous temperature increase along the DASC. The de-
tailed three-dimensional temperature profiles are found in
the supplementary scene file (T_nanofluid.sce).

(=

JIUI

C =

_reduced_temperature
0.00 0.00940.019 0.028 0.038 0.047 0.057 0.066 0.076 0.085
. - - D

Figure 14: Distribution of reduced temperature in the mid-
line cross-section of the DASC at 7.9 1/min, 0.01 %wt., and
G =915 W/m?.

4.6. Deposition efficiency

We quantify the total deposition of the nanoparticles in
the collector using the deposition efficiency term [40] de-
fined here as the fraction of particles left in the collector.
This parameter is presented in Fig.15 for different Reynolds
numbers of the flow. Reading the plot, we note the parameter
reduces with the flow from 49% in laminar regime down to
1...2% in a turbulent flow. A qualitatively similar trend was
observed in [40] for a micro-scale DASC with laminar flow
and smaller nanoparticles. However, in the latter case, the
maximum efficiency was 7%. Several mechanisms promote
the deposition in the model: turbulent diffusion and settling
due to gravity and the centrifugal forces in bends. The de-
position is mitigated by lift at high flow velocities. The ther-
mophoresis prevents the particles from being deposited at
the heated surface while promoting the deposition at the cold
bottom wall. The maximum deposition is observed at low
Reynolds numbers. In this case, the most important driver
of deposition is the body force. In addition, the maximum
temperature gradient is established at low flow and so pro-

motes thermophoretic drift towards the cold wall. The lift
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force is lowest for the low Re. 058
The present model does not account for Brownian dif-ese
fusion of the particles. Therefore, it is interesting to order-sso
of-magnitude estimate the influence of this mechanism orme:
the deposition. Here we adopt the expression from Gormleyse=
and Kennedy [47, 58] to compute the Brownian depositiores
efficiency in a pipe of the length equivalent to our DASC: o6s
065

966

g = 1—0.82e736% _0,097¢7222K —0.0135¢75%#, (13),,

9268

where u = 4Dps/ DIZJE, with the length of the pipes S o
and mean flow velocity v;. The coefficient of Brownian dif—g70
fusion is taken from Sager [45] as Dy = kBT,Cc/37m,d
where T, is the collector-average temperature and k g is the
Boltzmann constant. The resulting diffusion coefficient was
about 3-10~!2 which corresponded to the recent experimen-
tal measurements by Rudyak and Tretiakov [59] concerning
a similar MWCNT-nanofluid stabilised by sodium dodecyl-
benzenesulfonate.
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Figure 15: The deposition efficiency as a function of7e

Reynolds number 977

o78

In Fig.15 we show how the function from Eq.13 dependsye
on Re. It is seen that the sensitivity of the Brownian de-so
position to the flow in DASC is minimal and is mainly ate:
tributed to the change of the mean flow temperature. Fogsz
high Reynolds numbers, the expression overpredicts the mo-es
del with a low difference of 3%. This means that the Brown-es
ian deposition (Eq.13) and the combination of the turbulentss
and thermophoretic deposition are of a similar order. How-se
ever, the model overpredicts Eq.13 by 42% for Re<3000e,
meaning that the deposition in DASC is not entirely due toes

the Brownian diffusion to the walls. We attribute the differ-se

ence to a combined action of centrifugal forces in the bends
and the enhanced thermophoresis which are not accounted
for in the expression.

We further analyse the model-predicted concentration pro-
files. They are shown in Fig.16 by iso-surfaces of MWCNT
volume fraction (scaled with an inlet value). We depict non-
uniform deposition with the 12.5-fold concentration increase
in the deposits. The most notable sedimentation happens in
the bends and at the bottom surface of the collector. It con-
firms that the centrifugal force in bends and the gravity are
the main drivers of the process. The deposition profiles in
the glass tubes are qualitatively similar to those observed ex-

perimentally (see e.g., Fig. 11).

l gravity
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Figure 16: Surface plots of nanoparticle volume fraction in
the vicinity of bends at 7.9 1/min, 0.01 %wt., and G = 915
W/m?2. The concentration is scaled with the initial value.

5. Conclusions

The study of the nanofluid-based direct absorption solar
collector demonstrated that MWCNTs can significantly in-
crease the efficiency of the solar thermal collection in com-
parison with the standard technology. The optimum con-
centration of particles exists, and the optimum was 0.01%
wt. in this study. The nanofluid with this concentration al-
lowed for an increase in the efficiency of the solar collec-
tor by 5.8...37.9% relative to an equivalent geometry with
surface absorption. The increase in thermal efficiency is
achieved by reducing heat losses from the collector elements:
volumetric light absorption in the nanofluid excludes over-
heating of the collector surfaces relative to the liquid and
equalises the temperature field in bulk. The optimum con-
centration of particles is closely related to the geometry of
the receiver and must be determined individually experimen-
tally or by simulation.

The nanofluid used in the study demonstrated good op-

erational stability. The production of the nanofluid was sim-
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ple and did not require complex technical solutions. Duringss

operation in the collector for 45 days, there was neither 34

malfunction in the system nor visible mechanical damage of*®

. 1036
wear of elements. However, there were observed deposits
1037

that might lower the long-term performance of the DASG .
To address this issue, we tried several routines of mecharnrose

ical and chemical cleaning of the equipment. The combiese

nation of both methods leads to the best result. In additiof™*

1042
to good performance characteristics, the nanofluid demon-
1043

strated high stability, remaining homogeneous for at least siy,,,
months after production. The formation of small and easilyoss

removable sediment was observed in samples over 0.01 wt%204e

in which the ratio of surfactant mass to particle mass was the’*’

1048

lowest.
1049

The CFD model of the studied DASC with nanofluid wag,,
developed. The model was used to provide detailed insightbsa
into the flow patterns of the DASC. The model was validateeps>

against the experiments with the discrepancy in the rangt™

4

10...25%. The model demonstrated that, unlike in the prei-:;
vious studies of the flat DASCs, the tubular design of thg,
collector resulted in the intensive mixing of the phases. Thesz

flow was well agitated, so the deposition efficiency was lesiss

than 5% in the turbulent flow regime. rose

The model was used to tune-up the composition of th%::
nanofluid theoretically. The model-predicted optimum wag,,,
slightly lower (0.006%) than in the experiment (0.01%), whiglas
was a possible value when accounting for the experimentabes

uncertainties. The simulation of particle deposition resultedf*®
1066
with a qualitatively similar sedimentation profile relative to

the observed contamination in the experiments. The devel;,,

oped model is a useful tool for designing the nanofluid-basegbes

direct absorption collectors. 1070
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