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ABSTRACT

Nanofluids have been used in direct absorption solar collectors (DASC) to enhance their performance, wherein
contribution of entropy generation plays a decisive role. Among other factors, entropy generation is influenced
including physical structure of the system and operation conditions. In this article, heat transfer and efficiency
of a nanofluid based DASC considering the entropy generation has been performed for various physical
alterations and operating conditions. Working nanofluids are chosen to Cu-water nanofluid, Al203-
waternanofluid, TiO2-waternanofluid and water is chosen as base fluid. Solar irradiation value for the current
analysis is considered 225W/m2 from the annual average solar irradiance range (215 W/mz2 in the north-west
to 235 W/m2 in the south-west per day) in Bangladesh according to UNDP report. Governing equations
consisting of Navier—Stokes and energy equations are solved by Penalty finite element method with Galerkins
weighted residual approach. Impact of parameters nanoparticle concentration and thickness of flow on
isotherms, average output temperature, the average Nusselt number, collector efficiency, average entropy
generation and Bejan number are discussed for all considered fluids. Results reveal that DASC system exhibits
efficacy in heat transfer using 2% Cu nanoparticles under 225W/mz2 irradiance, 0.015 kg/s mass flow rate and
0.015 m flow thickness. The outcomes will be supportive in designing DASC to attain improved heat transfer
performance considering entropy generation.
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1. Introduction

Energy demand is growing day by day, but fossil fuels are limited. Renewable energy sources, especially
solar energy is considered as reliable source with very little ecological impact. The hourly incident solar flux
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on the earth's surface is greater than the global annual energy consumption [1]. However, the challenge is to
efficiently harvest and convert the solar energy into the useful form. Solar collectors convert the solar energy
into heat and flat-plate or evacuated-tube solar collectors are the commonly used devices in this regard.
Recently, a new type of collector namely direct absorption solar collector (DASC) [2] have been developed
that offer enhanced thermal efficiency.

However, the main drawback with DASC collectors is the poor absorption properties of conventional fluids
used in these collectors. To solve this problem, researchers tried the use of nanofluids in DASC because of
their improved thermal properties over the conventional fluids [3]. Heat transfer enhancement in solar devices
is one of the key issues of energy saving and compact designs. An attempt had been made by Verma and
Kundan [4] to experimentally investigate the variation in collector efficiency using nanofluids in a DASC.
Parvin et al. [5] investigated the influence of Reynolds number and solid volume fraction of nanofluid in heat
transfer through a nanofluid based direct absorption solar collector. Tyagi et al. [6] theoretically investigated
the efficiency of a nanofluid-based direct absorption solar collector and compared it to the typical flat plate
collector. Otanicar et al. [7] reported on the experimental results on solar collectors based on nanofluids where
they demonstrated efficiency improvements of up to 5% in solar thermal collectors by utilizing nanofluids.
Mahian et al. [8] made a review of the applications of nanofluids in solar energy. Two-phase (non-
homogeneous) nanofluid approach towards the convection heat transfer within a wavy direct absorber solar
collector is reported by Alsabery et al. [9].

All thermofluidic processes involve irreversibilities and therefore incur an efficiency loss. In practice, the
extent of these irreversibilities can be measured by the entropy generation rate. In designing practical systems,
it is desirable to minimize the rate of entropy generation to maximize the available energy. Bejan[10,11]
studied on entropy generation minimization in order to minimize the irreversibility associated with convective
heat transfer process. Mixed convection and entropy generation of Cu-water nanofluid in a cavity was
numerically studied by Khorasanizadeh et al. [12]. They showed the influence of Reynolds number in
enhancing heat transfer and minimizing entropy generation. Mohseni-Languri et al. [13] performed
experimental study on energy and exergy of a solar thermal air collector. The rate of entropy generation
increases as the irreversibility distribution ratio increase. Moreover, for given values of the irreversibility
distribution ratio, the entropy generation rate is determined by the heat transfer irreversibility and/or fluid
friction irreversibility.

Shahi et al. [14] investigated the entropy generation induced by natural convection heat transfer in a square
cavity containing Cu-water nanofluid and a protruding heat source. Results showed that the Nusselt number
increased and the entropy generation reduced as the nanoparticle volume fraction was increased. In addition,
it was shown that the heat transfer performance could be maximized, and the entropy generation minimized
by positioning the heat source on the lower cavity wall. Esmaeilpour and Abdollahzadeh [15] examined the
natural convection heat transfer behavior and entropy generation rate in a Cu-water nanofluid-filled cavity
comprising two vertical wavy surfaces with different temperatures and two horizontal flat surfaces with
thermal insulation. The results showed that the mean Nusselt humber and entropy generation rate both
decreased as the volume fraction of nanoparticles increased. It was also shown that the mean Nusselt number
and rate of entropy generation both increased with an increasing Grashof number but decreased with an
increasing surface amplitude.

Cho et al. [16] investigated the natural convection heat transfer performance and entropy generation rate in
a water-based nanofluid-filled cavity bounded by a left wavy-wall with a constant heat flux, a right wavy-wall
with a constant low temperature, and flat upper and lower walls with adiabatic conditions. Results showed that
the mean Nusselt number increased and the entropy generation rate decreased as the volume fraction of
nanoparticles increased. Also, it was shown that the mean Nusselt number could be maximized and the entropy
generation minimized by carefully controlling the geometry parameters of the two wavy surfaces.

It may be mentioned here that, several researchers like Karami et al. [17], Tahereh et al. [18] and Goel et
al. [19] focused mainly on first-law efficiency of the nanofluid based direct absorption solar collector without
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considering entropy generation. Parvin et al. [20], Parvin and Alim [21] incorporated entropy production and
irreversibility issue in analyzing the performance as functions of solar irradiance and mass flow rate.

Recently, Kumar et al. [22] reported that gold nanoparticles (Au-NPs) seeded plasmonic nanofluids (PNFs)
have shown promising results in overall performance enhancement of direct absorption solar collector (DASC)
due to localized surface plasmon resonance (LSPR) effect. On the other hand, to achieve high-efficiency photo-
thermal conversion Guo et al. [23] introduced optical fiber as interior light source in a DASC to boost photo-
thermal conversion performance of MWCNT-H20 nanofluids. Authors reported an accomplishment of 64.5%
photo-conversion efficiency for 0.010 wt% MWCNT and the optical fiber location of 15 mm.

Based on the above literature, it can be concluded that though entropy generation has been considered by
few researchers in evaluating nanofluid-based DASC collector efficiency, effect of physical changes with
operating conditions is not focused that much. Hence, there is a need to evaluate the effect of physical
diversities and operating conditions on the performance of DASCs. In this regard, an attempt has been made
to numerically simulate fluid flow, heat transfer and entropy generation behaviors through a direct-absorption
solar collector with the variation of thickness of flow (D) and solid volume fraction (¢) of nanoparticles for
various nanofluids and water under the solar irradiation value 225W/m2 taken from the annual average solar
irradiance range in Bangladesh [24]. Results are presented in terms of isotherm distribution, average output
temperature, mean Nusselt number, collector efficiency, rate of entropy generation, and Bejan number.

2. Problem formulation
a. Geometric modeling

Fig. 1 shows the geometry of the direct absorption solar collector filled with nanofluid. The fluid is
enclosed within the space between the glass cover and the insulated bottom surface of the DASC. Two-
dimensional heat transfer analysis is considered for the nanofluid in the DASC with computational domain of
surface area, length and height of A, L and D respectively in which direct sunlight is incident on a thin glass
cover and the incident solar flux pass through it. The ratios of dimensions of the collector are chosen according
to the experimental setup of Verma and Kundan [4]. Four different fluids; Cu-water nanofluid, Al203-
waternanofluid, TiOz-waternanofluid and water are utilized as the heat transfer medium. The inlet temperature
and velocity of the fluid are Ti, and Ui, respectively. The bottom wall is insulated, i.e., no heat flux can pass
through it. This assumption is based on the case when the bottom surface is highly insulating. In order to model
the heat transfer characteristics, the top surface is assumed to be exposed to the ambient atmosphere that loses
heat through convection.

X Solar irradiation (1) Convection
y
Glass cover
Inflow —— v ———3 Outflow
Uin, Tin ——» Conduction — p=0
ST T TTTTITTT I TSI IS TI TSI TSI T TIPS Insulation
L

Fig. 1. Geometry of the computational domain of the DASC

b. Thermo-physical properties

In the present study, a comparative heat transfer performance analysis of a DASC system has been
performed for base fluid water and, nanofluids Cu-water, Al203-water and TiO2.Table 1 gives the thermo-
physical properties of water and the nanoparticles [25].

D
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Table 1: Thermo physical properties of fluid and nanoparticles at 300K

Physical Properties Fluid phase (Water) Cu Al,O4 TiO,
Copper Alumina Titania
Co(I/kgK) 4179 385 765 686.2
p (kg/m®) 997.1 8933 3970 4250
k (W/mK) 0.613 400 40 8.9538
B (IK) 21x10°® 5.1x10° 2.4x10° 2.4x10°

c. Mathematical modeling

The nanofluid flow is assumed to be laminar and incompressible. Water and nanoparticles are taken in thermal
equilibrium and no slip occurs between them. Boussinesq approximation is used for the density variation of
the nanofluid. Only steady state case is considered. The governing equations for the flow throughout a direct
absorption solar collector in terms of the Navier-Stokes and energy equations are given as:

Continuity equation:

ou ov
& + 5 =0 (D)
X-momentum equation:
ua_u+va_u —_a_p+ @.}.@ (2)
pnf 8x 8y 8x /unf axz 8y2
y-momentum equation:
u@+v@ —_@4_ 8_2\/+8_2\/ (3)
pnf 8x ay ay :unf 8X2 ayz

Energy equation:

oT oT o°T 0T 1 aq,
= Oy - A 4)

U—+Vv =+ —
ox oy ¢ oy ) (pC, ) oy

nf

The energy equation is coupled to the Radiative Transport Equation (RTE)[5]through the divergence of the

radiative flux A _ J K 7l,dA.
A

Also, P = (1— ¢)pf + ¢ p, is the density,

pC ) =(1-¢)(C,) +¢|pC, ) isthe heat capacitance,
( p )nf ( )( p )f ( p )s
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s =K (,on)nf is the thermal diffusivity,

In the current study, the viscosity of the nanofluid is considered by the Pak and Cho correlation [26]. This
correlation is given as

t = ¢ (1+39.119+533.9¢°) )
and the thermal conductivity of Maxwell Garnett (MG) model [27] is

. _ k + 2k, — 26k, —k,)
T K2k, (ke —k,)

(6)

The boundary conditions are:

at all solid boundaries: u=v =20
: _ 0
at the top surface: inward heat flux per unit area K e 0 = hen (Teor = Tams )

atthe leftinlet: T =T,,u = Ui
at the outlet boundary: convective boundary condition p =0

or

at the bottom surface: 6_ =0

d. Average Nusselt number

The average Nusselt number (Nu) is expected to depend on several factors such as thermal conductivity,
heat capacitance, viscosity, flow structure of nanofluids, volume fraction, dimensions and fractal distributions
of nanoparticles. The form of local heat transfer rate at the top surface is:

— k
NG = o 0T )
ki oy

By integrating the local Nusselt number over the top heated surface, the average heat transfer rate along the
top surface of the collector can be written as:

L
Nu = _[ Nu dx 8)
0
e. Entropy generation
The average entropy generation, S for the entire computational domain is as follows:

+S 9)

gen,h,m gen,v,m

S=\%Isgend\7=8
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where v is the volume occupied by the nanofluid and Sgennmand Sgenv,m are the average entropy generation
for heat transfer and viscous effect respectively [5].

The Bejan number Be, defined as the ratio between the entropy generation due to heat transfer by the total
entropy generation, is expressed as:

Be _ Sgen,h,m

S (10)

It is known that the heat transfer irreversibility is dominant when Be approaches to 1. When Be becomes
much smaller than 1/2 the irreversibility due to the viscous effects dominates the processes and if Be = 1/2
the entropy generation due to the viscous effects and the heat transfer effects are equal [14].

f.  Collector efficiency

A measure of a collector performance is the collector efficiency (») defined as the ratio of the useful energy
gain to the incident solar energy which can be written as:

useful gain  mC, (T, —T,)
available energy Al

(1)

where m is the mass flow rate of the fluid flowing through the collector; C,, is the specific heat at constant
pressure and Ti, and Tou are the inlet and outlet fluid temperatures, respectively.

3. Methodology

Penalty finite element method (FEM) [28] is used to solve the nonlinear governing equations along with
boundary conditions for the considered problem. Due to mass conservation the continuity equation of has been
used as a constraint to find the pressure distribution. Egs. (1) - (4) are solved by the finite element method,
where the pressure p is eliminated by a constraint. For large values of this constraint, the equation of continuity
is automatically satisfied. Then the velocity components (u, v) and temperature (T) are expanded by means of
a basis set. The Galerkin’s finite element technique yields the subsequent nonlinear residual equations. The
integrals in these equations are evaluated employing three points Gaussian quadrature method. The non-linear
residual equations are solved using Newton—Raphson method to determine the coefficients of the expansions.
The convergence of solutions is assumed once the relative error for every variable between successive

<107, where n is the number of iteration

. . . . . 1
iterations is recorded below the convergence criterion ‘1,1/”+ -y

and Vis any function of u, vand T.
a. Discretization

In the FEM, mesh generation is the procedure to subdivide a domain into a set of sub-domains, named
finite elements, control volume, etc. The discrete locations are defined by the numerical grid, at which the
variables are to be calculated. It is principally a discrete representation of the computational domain on which
the problem is to be solved. Fig. 2 displays the finite element mesh of the present physical domain. Physics
controlled mesh is created for the model where free triangular element with unstructured grid is used for
discretization.

Fig. 2. Discretization of the computational domain
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b. Grid independent test

A wide-ranging mesh testing process is carried out to guarantee a grid-independent solution at | = 225
W/m?, m = 0.15kg/s, D = 0.015m and ¢ = 2% in a DASC. In the present work, five different non-uniform grid
systems with the following number of elements within the resolution field: 48, 192, 768, 1616 and 3072 are
examined. The numerical method is performed for the values of average Nusselt number for water-Cu
nanofluid as well as base for the abovementioned elements to develop a perceptive of the grid fineness as
shown in Table 2 and Fig. 3. The scale of the average Nusselt numbers for nanofluid and base fluid for 1616
elements shows a little difference with the results obtained for the more elements. Hence, the non-uniform
grid system of 1616 elements are chosen for the whole numerical computation.

Table 2: Grid sensitivity test at 1= 225 W/m?, m= 0.15kg/s, D =0.015m and ¢ = 2%

Nodes 407 1434 5360 9484 20700
(elements) (48) (192) (768) (1616) (3072)
Nu(nanofluid) 2.40051 2.89143 3.30279 3.582503 3.609242
Nu(base fluid) 1.30253 1.61958 1.93253 2.13084 2.15753
Time (s) 126.265 312,594 398.157 481.328 929.377

4
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o ———————-®
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Number of elements

Fig. 3. Grid independence analysis
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Fig. 4. Comparison of collector efficiency between present code and Otanicar et al. [7] at | = 1000 W/m?
c. Validation

The present numerical procedure is validated with the graphical representation of Otanicar et al. [7] for
collector efficiency (%) versus volume fraction (%) of water/graphite nanofluid of 30 nm spherical graphite
nanoparticles. The validation was carried out in a direct absorption solar thermal collector at irradiation level
| = 1000 W/m?and mass flow rate=42 ml/h, respectively, which are used in [7] for modelling and experiment.
Fig. 4 exhibits very good agreement of the numerical results obtained in present work with those reported by
Otanicar et al. [7] for the above stated condition.

4. Results and Discussion

Numerical simulation has been carried out to display the outcomes in terms of isotherms, average
temperatures at the outlet, average Nusselt number, percentage of collector efficiency, mean entropy
generation and Bejan number for different values of parameters flow thickness and solid volume fraction for
a DASC filled with various nanofluids. The considered values of flow thickness are D = 0.012, 0.015, 0.018,

0.02 m and solid volume fraction are ¢ = 0%, 1%, 2%, 3% and 4%. Three different nanofluids; Cu-water,

Al,Os-water and TiO,-water are used in addition to the base fluid water. Irradiation | = 225 W/m? and mass
flow rate m = 0.015 kg/s are found to me most effective in transferring heat and have been chosen for this
simulation.

a. Effect of solid volume fraction

Fig. 5 (a) - (d) stands for the effect of solid volume fraction ¢ on the thermal fields. The values of ¢ varies
from 0% to 3%. Isotherms are almost like the active parts for water-copper nanofluid. The temperature
distributions show that due to escalating values of ¢, the maximum temperature in the domain rises which
results an enhancement in the overall heat transfer. This effect can be accredited to the dominance of the
thermal conductivity property. It is worth noting that as the values of ¢ increase, the rate of increment is
notable up to the solid volume fraction 2%.

The average outlet temperature, average Nusselt number and collector efficiency for various ¢ are

exhibited in Fig. 6 (a)-(c). Different nanofluids and pure water are tested. Parabolic profiles are seen for ¢

versus the average outlet temperature, average heat transfer rate and collector efficiency for all nanofluids.
Like profiles are observed in all three figures. Output temperature, heat transfer rate and collector efficiency

rise for raising the values of ¢ from 0% to 2% then these values increase at a very slow rate and become
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independent of ¢ for ¢ > 3%.This occurs due to the fact that for higher concentration of nanoparticles,

sedimentation in the fluid starts and movement of the fluid becomes slower which reduces the heat transport
process and consequently the efficiency of the collector.

Fig.
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Fig 7 (a)-(b) depicts the effects of nanoparticle concentration on entropy generation and Bejan number for
various nanofluid and base fluid. The entropy generation rises as the nanoparticle concentration rises. Entropy
production has the similar effect as the heat transfer for growing values of solid volume fraction. From the
Bejan number versus ¢ picture, it is clearly seen that entropy generation occurs due to the dominant heat
transfer effect and this effect becomes larger corresponding to upper ¢ values.

b. Effect of flow thickness

The influence of depth of fluid in a DASC for four different values; D = (0.012, 0.015, 0.018, 0.02) [m] on
isothermal contours are exposed in Fig. 8 (a)-(d). From the figure, it is observed that larger flow thickness
cannot always raise the temperature. For the calculated values, flow depth of 0.015 [m] is found to give the
maximum temperature. Fluid mass becomes greater with escalating the flow depth. That is larger amount of
fluid also collects the same amount of heat and transmits though the larger domain. Thus, maximum
temperature falls after a certain depth of flow.
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Fig. 8. Isothermal contours for different flow thickness (a) D = 0.012(m), (b) D = 0.015(m), (c) D = 0.018(m), and (d) D = 0.02(m),
with ¢ =2%, m =0.015 (kg/s) and | = 225 (W/m?) for Cu-water nanofluid.

Fig. 9 (a)-(c) demonstrates how the distance between the upper and lower surface affects the average



Salma Parvin et. al. / GANIT J. Bangladesh Math. Soc. 41.2 (2021) 18-33 29

temperature of the outlet, average heat transfer rate and collector efficiency for various nanofluid and base
fluid. The 2% concentration is preferred for the nanofluids. The average outlet temperature, average heat
transfer rate and collector efficiency for all nanofluid and base fluid slightly increase as the value of D increase
from 0.012[m] to 0.015[m]and after that they devalues monotonically with deeper flow. The reason behind
this is the deeper flow correspond to larger fluid mass cannot transport more amount of heat from the upper
surface. Therefore, collector efficiency cannot be enhanced by choosing greater flow thickness. Similar
phenomena are observed for all the considered fluids. However, the Cu-water nanofluid is found to be most
effective in enhancing the performance of the collector.

The effects of flow thickness on entropy generation and Bejan number for various nanofluid and water are
plotted in Fig 10 (a)-(b). The entropy generation rises by the deepness of the flow. The enhancement of entropy
production becomes slower for higher depth of flow. Although the heat transfer reduces for higher collector
depth, but entropy production grows because viscosity plays a part here in escalation the entropy generation
which is also explained from the Bejan number profile. The Bejan number profile shows the falling trend with
larger flow depth. The entropy generation because of viscous term increasing but still heat transfer entropy is
leading since the values of Bejan number is much higher than 0.5.
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Fig. 9: Effect of flow thickness on (a) average output temperature, (b) Average Nusselt number and (c) collector efficiency with ¢ =
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2%, 1 =225 (W/m?) and m = 0.015 (kg/s) for different nanofluid as well as base fluid.
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Fig. 10: Effect of flow thickness on (a) average entropy generation and (b) Bejan number with ¢ =2%, | =225 (W/m?) and m = 0.015
(kg/s) for different nanofluidas well as base fluid.

5. Conclusions

In the present article, heat transfer performance of a nanofluid based DASC system has been investigated
considering entropy generation under diverse physical orientations and operating conditions. Effect of
different combinations of parameters has been examined to observe the output temperature variation. Besides,
heat transfer rate, collector efficiency, average entropy generation and Bejan number of the working fluids
have been evaluated.

The following inferences are drawn from the present research:

e Theisotherms inside the solar collector are remarkably influenced by nanoparticle concentration and
depth of flow.

o Rate of heat transfer and efficiency enhances significantly for raising the fluid layer height up to
0.015m. Further increase in fluid layer will lower the average Nusselt number and collector

efficiency.

e Higher heat transport and efficiency are observed for nanofluids than the base fluid. Cu- water gives
superior efficiency than Al,Os- water and TiO,- water nanofluid.

e Mean entropy generation is obtained higher for rising values of all parameters.

e Bejan number approaches to 1 for the variation of all the parameters. That is the entropy production
occurs mainly due to the heat transfer irreversibility though for higher flow thickness, the fluid
friction irreversibility tends to rise.
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e The nanofluid containing 2% Cu nanoparticles with combination of the solar irradiation 225W/m2,
mass flow rate 0.015 kg/s and flow thickness 0.015m are established to be most effective in
enhancing heat transfer rate and collector efficiency.

It is concluded that higher efficiency of the collector can be obtained by making proper combination of
parameters in order to minimize the entropy generation and enhance the heat transfer rate simultaneously.

Nomenclature

surface area of the collector (m?)

Bejan number

specific heat at constant pressure (J kg™ K™)
depth of the fluid (m)

local heat transfer coefficient (Wm=—2K™)
intensity of solar radiation (Wm™)
thermal conductivity (W m1K™)

length of the collector (m)

mass flow rate (kgs™)

Nusselt number

heat flux (Wm™)

radiative heat flux (Wm2)

temperature (K)

x and y components of velocity (ms™)
fluid velocity (ms™2)

dimensional co-ordinates (m)

ooOw>
s ®

ce-Hooz3rx—=
< [

X
<

Greek symbols

fluid thermal diffusivity (m?s™)

a

@ nanoparticles volume fraction
n collector efficiency (%)

p density (kgm™3)

u dynamic viscosity (kgm~st)
Subscripts

f fluid

nf nanofluid

in input

out output

S solid particle
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