© 2020
Nai-Jei Tang

ALL RIGHTS RESERVED



NUMERICAL INVESTIGATION OF NANOFLUID FLOW AND HEAT TRANSFER
IN FLAT PLATE SOLAR COLLECTOR
By
NAI-JEI TANG
A thesis submitted to the
School of Graduate Studies
Rutgers, The State University of New Jersey
In partial fulfillment of the requirements
For the degree of
Master of Science
Graduate Program in Mechanical and Aerospace Engineering
Written under the direction of
Professor Zhixiong Guo

And approved by

New Brunswick, New Jersey

[October 2020]



ABSTRACT OF THE THESIS
NUMERICAL INVESTIGATION OF NANOFLUID FLOW AND HEAT
TRANSFER IN FLAT PLATE SOLAR COLLECTOR
by
NAI-JEI TANG
Thesis Director:

Dr. Zhixiong Guo

Since the industrial revolution, fossil fuel has been the main resource for
generating power and energy. However, with an increase in environmental awareness,
people realized the huge negative impact of fossil fuel burning on Earth. Consequently,
the concept of renewable energy emerged, and the field of renewable energy has seen an
increasing number of researchers devote effort to solving the energy crisis facing
humanity. Among all the renewable energy sources, solar energy plays one of the
important role in the development of industry. Google Scholar shows that has been a
huge amount of research for generating innovative ideas for improving the efficiency of
the solar collector with the objective of reducing reliance on fossil fuel. In 1995, Choi

and Eastman introduced the concept of nanofluid, which is obtained by adding high-



conductivity nanoparticles to a base fluid; the nanoparticle addition enhances the thermal
conductivity and heat transfer capability of the fluid.

In this study, the commercial software COMSOL Multiphysics was used to model
nanofluid flow and heat transfer in the tube of a flat plate solar collector. The flow in the
tube is laminar. Two types of nanoparticles, i.e., Al,Oz and CuO, with three different
volume concentrations, i.e., 0%, 0.5%, and 1% in water, were chosen for comparison
purposes. The inlet temperature of the fluid was assumed to be uniform at the room
temperature of 298 K.

In this thesis, the results of a simulation are discussed in terms of three
parameters: outlet temperature, efficiency, and pressure drop. The outlet temperature of
the nanofluid was greater than that of pure water, and the difference increased with the
volume concentration of the nanoparticles. Furthermore, the water-based CuO nanofluid
has better performance than the water-based Al>Os nanofluid. The efficiency of the solar
collector did not increase when nanoparticles were added, owing to limitations of the
model; an example of a limitation is that solar energy absorption by nanoparticles was not
considered in the model. However, the efficiency of the solar collector increased
noticeably with an increase in the mass flow rate. The volume flow rate was used instead
of the mass flow rate for comparing the pressure drop. The simulation results showed that
the pressure drop of both fluids increased with the volume concentration of the
nanoparticles, and that the difference in the pressure drop between the CuO and Al>O3

nanofluids was not apparent.
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Nomenclature

Area of absorber plate
Specific heat coefficient of fluid
Diameter of tube
Channel thickness
Depth in z-direction
Volume force
Gravity
Convection heat transfer coefficient
Thermal conductivity
Length of tube
Mass
Mass flow rate
General heat source
Total energy received by solar collector
Energy absorbed in the solar collector system
Heat flux
Surface area
Ambient temperature
Inlet temperature of solar collector

Outlet temperature of solar collector

N/m3

N/kg

W/m K

kg
kg/s

W/m?
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Greek Symbols
AP

p

0]

U

n

Subscripts
amb
abs

avg

bc

bf

in

out

rec

ref

Velocity vector

Pressure drop
Density of fluid
Volume fraction of nanoparticles
Viscosity of fluid

Efficiency

Ambient
Absorbed in system
Average
Boundary
Boundary condition
Base fluid
Inlet
Nanofluid
Outlet
Pump
Received by solar collector

Reference

Vi

m/s

Pa
kg/m3
vol%

Pa-s
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Chapter |

Introduction

1.1 Solar Energy

Since the industrial revolution, fossil fuel has been the primary source of energy,
and it has been a major contributor to environmental pollution. According to a report of
the U.S. Energy Information Administration [1], about 63% of the total electricity
generated in the USA in 2019 was from fuel fossil, which includes coal, petroleum,
natural gas, and other gases, about 20% was from nuclear power, and about 17% was
from renewable energy sources.

With an increase in environmental awareness, people realized that fossil fuel
combustion for electricity generation caused damage to the environment. Every
government is actively seeking solutions to solve their future alternative energy sources
for satisfying their energy requirements. Solar energy is one of the renewable energy
sources. It can be used for generating electricity, and it is one of the cleanest and most
abundant renewable energy sources. According to the SEIA website, the United States
has 71 GW of solar energy capacity, which can provide power to more than 13.5 million
homes [2]. Boyle [3] pointed out that five countries use solar power the most. China, in
the first place, has 130 GW of solar energy capacity and holds the largest operational
project or solar power in the world; The second, third, fourth and fifth are occupied by

the United States, Japan, Germany, and India, respectively.



Currently, the most challenging tasks are enhancing the efficiency of solar power
generation and storing solar energy efficiently. The solar intensity varies with location,
and therefore some areas are more suitable for producing solar power, while some others
are not favorable. According to the National Renewable Energy Laboratory, the solar
intensity in the Mojave Desert is twice that in the Pacific Northwest, which implies that
the Mojave Desert is suitable for producing more electricity from solar energy [4]. More
research on the material of the PV cells and the design of solar collectors is required for

increasing solar power generation.

1.2 Solar Collectors

There are several types of solar collectors, including flat plate solar collectors
(FPSCs), evacuated tube collectors, line focus collectors, and point focus collectors [5].
Each type of solar collector has its uniqueness. Line focus collectors and point focus
collectors can provide solar power with high efficiency. However, both collectors are
costly, and a huge space is required for their installation. The evacuated tube collector is
one of the most efficient solar collectors, and it can operate well in freezing climates;
however, a disadvantage is that it is the most expensive type of hot water solar collector
[6].

Some solar collectors transform solar energy into heat, which is transferred to a
working fluid. Such a system is called solar water heating (SWH) [7]. The working fluid

in solar collector is mostly water.



1.3 Nanofluid

Recently, researchers have been exploring the use of alternative materials as the
working fluid for increasing the efficiency of the solar collector, and the concept of
nanofluid has emerged. In 1995, Choi and Eastman mentioned that low thermal
conductivity was the main limitation in the development of a working fluid. They
conceived the innovative idea of adding metallic nanoparticles (copper nanophase
material) to the heat transfer fluid to enhance the fluid’s thermal conductivity [8]. Later,
more researchers started investigating this new concept, which was a major breakthrough
for heat transfer. On January 22, 2020, while searching for papers published after 2019
with the keyword “Nanofluid Enhanced Heat Properties” on Google Scholars, and 11,900
results came out. This number is impressive and it shows that many researchers are
pursuing research in this concept. In Kaggwa and Carson’s review [9], it was pointed out
that the thermal conductivity of some solids is higher than that of convectional heat
transfer fluids, such as water, oil, and ethylene glycol. The addition of the stable
nanoparticles can enhance the thermal conductivity of the heat transfer fluid. Xuan and
Li’s study in 2000 [10] found that the addition of nanoparticles to the heat transfer fluid
can increase the surface area and the thermal properties of the fluid, such as heat capacity
(Cp) and thermal conductivity (K).

Several types of nanoparticles have been used in recent studies. One type
comprises single elements, such as copper, aluminum, and silicon; and another type
consists of single element oxide such as CuO, Al>O3, and TiOx.

Nanofluids can be of two types: single material nanofluids and hybrid nanofluids.

The former contains only one type of nanoparticles, such as Cu-water base or CuO-water



base, whereas the latter comprises more than one type of nanoparticles, such as CNT-
Cu/H20 or CNT-AuU/H20 (CNT denotes “carbon nanotube™) [11].

A survey on Google Scholar showed that two types of nanofluids have been
frequently used in recent research, namely, CuO and Al2Os. There are 3140 results for
“CuO nanofluid enhancement” and 3090 results for “Al.Oz nanofluid enhancement” after
2019. Most of the researchers have successfully used these two types of nanoparticles
with multiple types of base heat transfer fluids to achieve the high heat transfer compared
with the heat transfer provided by conventional working fluids.

All these studies have shown that nanofluids can facilitate high heat transfer.
Chaudhari et al. [12] used different volume fractions of Al,Oz and CuO nanofluids for
heat transfer application and showed that when the volume fraction of Al,O3 and CuO
was between 0.05% and 1%, the thermal conductivity ratio increased noticeable. Phor et
al. [13] synthesized Al,Oz-water nanofluid and designed a self-cooling device that
operated without any external power input. They examined the effect of Al2Oz nanofluids
with different volume fractions on the rate of transfer the heat load to the heat sink. Their
results showed that the heat load was apparently cooled by 15°C, 13°C, and 12°C at
volume fractions of 1.5%, 1%, and 0.5%, respectively. Rafi et al. [14] combined each of
two different water-EG mixtures with different proportions of the two constituents with
various volume fractions of Al.Oz and CuO and examined their use as cooling fluid in
radiators. They observed that the heat transfer potential of nanofluid increased.
Venkitaraj and Suresh [15] examined the combination of PE with 0.1 wt% of Al>Os,
CuO, and TiO2 nanoparticles for 500 thermal cycles by using thermogravimetry-

differential thermogravimetric analysis, differential scanning calorimetry, and Fourier



transform infrared. The addition of nanoparticles caused an apparent decrease in the heat
flow rate. After 500 thermal cycles, the enthalpy of the solid-solid transition of PE
containing nanoparticles decreased compared with that of pure PE. Sivasubramanian et
al. [16] examined the use of an aluminum minichannel for computer microprocessor
cooling for CuO-water nanofluid (24nm) with 0.1% and 0.5% volume fraction, and found
that the CuO-water nanofluid enhance the performance as the working fluid. Zheng et al.
[17] examined the effects of Al.Os-water nanofluid with different volume fractions on the
heat transfer performance of a counter-flow double-pipe exchanger. The results showed
that if the volume fraction of the nanoparticles increased, the Nusselt number improved
while the Reynolds number decreased. Sulgani and Karimipour [18] examined the effect
of an Al,O3-Fe>O3 nanopowder hybrid on 10w40 engine oil, and their results showed that
the addition of even a small mass concentration improved the thermal properties of the
engine oil. Yu et al. [19] found that adding graphene nanosheets to ethylene glycol
increased the thermal conductivity of a latter. Gupta et al. [20] examined the heat transfer
performance of graphene nanofluid. They noted that the thermal conductivity increased
noticeably even for a low volume concentration. The above-mentioned studies helped
improve the understanding of how the innovative idea of Choi and Eastman [8] could

influence research in the future, and how nanofluid can enhance the ratio of heat transfer.

1.4 Solar Energy’s Optimizing Method

Performance improvement in solar energy systems is the priority goal that needs
to be solved. In 2019, the solar panels produced by SunPower had the highest efficiency
up to 22.8% [21]. Researchers have used various approaches to enhance the performance

of solar energy systems. Kumar et al. [22] modified the heat-absorbing side of a solar air



heater (SAH) with ribs; their results showed that the heat transfer improved noticeably.
Liu et al. [23] found that the use of SnO: as the electron transport layer (ETL) in
perovskite solar cells resulted in excellent transmission with an appropriate energy
bandgap, a deep conduction band level, and high electron mobility. SnO; is one of the
most promising materials for use as the ETL. Rezaei et al. [24] observed that the use of a
combination of carbon dots (CDs) and TiO2 can enhance a dye-sensitized solar cell’s
(DSSC) power conversion efficiency compared with the use of pure TiO2. Jian et al. [25]
found that Cs-doped Sb2S3 is the most effective enhancement between (Li, Na, K, Rb,
Cs), which improves the solar cell performance. Ebrahimi et al. [26] examined the doping
of the mesoscopic TiO2 ETL of a solar cell with different amounts of graphene quantum
dots (GDQs), and they observed a significant improvement in the solar cell’s

performance.

1.5 Use of nanofluids in the field of Solar Energy

Since the work of Choi and Eastman [8], many studies have used nanofluids for
solar energy research. Sarafraz et al. [27] used acetone containing carbon nanoparticles as
the nanofluid to enhance the thermal performance of evacuated tube solar thermal
collectors. Nazari et al. [28] examined the performance of Cu20 nanofluid in a single
slope solar still with a thermoelectric glass cover cooling channel. Sézen et al. [29] used
TiO,-deionized water as a working fluid to enhance the heat transfer rate in a plate heat
exchanger. Malekan et al. [30] used Fe3sO4/Therminol 66 and CuO/Therminol 66 as the
working fluids under an external magnetic field for a parabolic trough solar collector
(PTSC). They noted that reducing the size of nanoparticles or enhancing the nanoparticle

volume concentration increased the coefficient of convective heat transfer, Nusselt



number, performance evaluation criteria, and efficiency of the PTSC. Vakili et al. [31]
examined the use of graphene nanoplatelets/deionized water in a laboratory sample of a
volumetric collector and found that the efficiency of the solar collector increased with the
weight fraction of the nanofluid. Iranmanesh et al. [32] used graphene
nanoplatelets/distilled water nanofluid as the absorption medium in an evacuated tube
solar collector, and they observed that the solar collector’s efficiency showed noticeable
enhancement with an increase in the mass percentage of nanoparticles. Sharafeldin et al.
[33] examined the effect of the volume fraction of Cu-water nanofluid on the absorbed
energy. Bellos et al. [34] examined the use of various nanoparticles with thermal oil
(Syltherm 800) as the working fluid in PTSCs, and their results showed that a higher
concentration of nanoparticles could enhance the performance of the collectors. Dehaj
and Mohiabadi [35] examined the use of MgO-water nanofluid with different volume
fractions as the working fluid in an evacuated heat pipe solar collector (HPSC). The
performance of the HPSC showed obvious enhancement with increasing concentration of

the MgO-water nanofluid.

1.6 Motivation

This study was aimed at understanding how the volume fractions of the nanofluid
and type of nanoparticles in the nanofluid could influence the performance of flat plate
collectors. The study was based on a simulation employing a computational fluid
dynamics method in COMSOL Multiphysics.

The effects of two working fluids, namely, water and water-based nanofluid, on

the heat transfer of an FPSC were compared.



The volume concentration of Al,0s and CuO nanoparticles affected the nanofluid
properties such as density, viscosity, heat capacity, and thermal conductivity and the
property changes influenced the performance of the FPSC. The parameters of the FPSC

considered in this study were the outlet temperature, efficiency, and pressure drop.



Chapter Il

Flat Plate Solar Collector Model

Many types of solar collectors were introduced in the preceding chapter. This
chapter discusses the design of the flat plate solar collector. The model used in the
simulation is introduced and details of the model, including its geometry, parameters, and

the materials of the FPSC, are provided.

2.1 Flat Plate Solar Collector

The flat plate solar collector is probably the most commonly and widely used
solar collector [36]. It consists of an absorber (which is mostly copper), pipes attached to
the absorber, and an external case, which is usually an insulation box with a transparent
glass cover through which solar radiation can pass to the absorber [37]. There are
typically two horizontal pipes at the top and at the bottom, which are called headers, and
several small vertical pipes called risers [38]. The principle of the flat plate solar collector
is that energy is collected by the absorber when solar radiation is incident on it through
the glass cover. The working fluid, such as water, emerges from the collector’s bottom
header, passes through the risers, collects the heat from the absorber plate, and exits
through the top header [38]. Figure 1 (taken from [39]) shows a three-dimensional model

of a flat plate collector, it shows the detailed structure of a flat plate collector.



Casing

10

Transpotent cover
Collector tube

Absorber plate

[

P—
-~
L
Pa

|
|
|

A — ey ; < — ] —

Insulation

Figure 1. Three-dimensional model of a flat plate collector [39]

A solar water heating system contains a flat plate solar collector. There are two

types of solar water heating systems: direct hot water systems and indirect hot water

systems. The only difference between them is that the latter contains a heat exchanger,

which can make the flat plate solar collector more efficient [40]. Figures 2 and 3 (taken

from [40]) shows the structures of the two types of solar water heating systems.
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Figure 2. Direct hot water system [40]
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Figure 3. Indirect hot water system [40]

2.2 Use of Nanofluid in Flat Plate Solar Collector

It is of interest to examine how replacing water with nanofluid can improve the
heat transfer performance of a flat plate solar collector (FPSC). Jouybari et al. [41] used
SiOo/deionized water as the working fluid to enhance the thermal performance of an
FPSC. Saffarian et al. [42] examined the use of Al>Os-water and CuO-water nanofluids
with different volume fractions. In an FPSC, the nanofluid passes through U-shaped,
wavy, spiral pipes with identical lengths. Using a wavy tube and 4% CuO-water
nanofluid can significantly increase the heat transfer coefficient. Stalin et al. [43]
examined the use of low concentration CeO>-water and water as the working fluids in an
FPSC and found that CeO»-water could enhance the performance of the FPSC. Arora et
al. [44] compared the use of Al,Os/water and pure water in a Marquise shaped channel
FPSC, in which there were two aluminum absorber plates sandwiched together. They
found that the nanofluid improved the efficiency of the flat plate collector. Akram et al.

[45] examined the effect of clove-treated graphene nanoplatelet nanofluids on FPSCs.

11
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They used different mass concentrations and mass flow rates in their experiments, and the
results showed that increasing the mass concentration of the nanofluid and increasing the

mass flow rate could enhance the thermal performance of a flat plate collector.

2.3 Geometry
The two-dimensional FPSC model chosen in this study was adopted from Nasrin
and Alim’s paper [46]. Figure 4 shows a schematic of the FPSC used by that Nasrin and

Alim.

Figure 5 shows the two-dimensional model used in the simulation of the current
study. The model comprises of a transparent glass cover, a high-thermal-conductivity
copper absorber plat, a copper rising pipe, an air gap, and an external wooden box. The
model has been sketched by using the geometry function of COMSOL Multiphysics, and

the parameters and specific boundary conditions are described later.

(lass Flow
Al assin
AR gup Solar cQVer ﬁine J

radianc
r'r‘l"t'r!rtvitrrf‘r

A .
Inflow 1peulation Absorber Out

. plate flow

Figure 4. Schematic of an FPSC [46]
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Figure 5. Two-dimensional FPSC model used in the present study

The solar radiation passes through the glass cover and is absorbed by the absorber

plate. The working fluid in the pipe absorbs heat from the absorber plate. The main

13

objective of this study was to investigate the temperature rise of the working fluid after it

absorbs solar heat and exits from the outlet. Table 1 lists the parameters used in the Two-

dimensional FPSC model.



14

Parameter Material Area (m?)
Cover Glass 1.3 (L) x 0.018 (W)
Absorber Plate Copper 1.1 (L) x 0.018 (W)
Outside Box Wood Right Side: (L) » 0.25 (W)
Gap Air 1.1 (L) x 0.152 (W)
Pipe Copper 0.08 (D) x 1.3 (L)

Table 1. Parameters of FPSC
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Chapter 111

Mathematical Modeling

In the present study, the heat transfer from the absorber to working fluid was
investigated by considering the working fluid to have steady-state laminar flow. The
mathematical details, such as the governing equations and equations describing the
nanofluid heat properties, is outlined in this chapter. Simulations were performed on

COMSOL Multiphysics.

3.1 Governing Equations for Single-Phase Fluid Flow

A working fluid to which solid nanoparticles have been added is generally
considered as a two-phase fluid; however, in some conditions, the nanofluid can be
assumed as a homogeneous single-phase fluid [47] since the nanoparticles are minute
(<100 nm) and easily fluidized [48]. Under the assumption that there is no slip between
phases and that the phases are in thermal equilibrium, the governing equations for

incompressible laminar flow and heat transfer are presented below.

In the simulation, forced convection rather than natural convection was assumed, and the
fluid flow was considered to be incompressible. In forced convection, gravity is

considered as the body force inside the tube [49].
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3.1.1 Continuity Equation
dx; Pnflj) = )
Here, u and p,,f are the fluid velocity and density of the nanofluid, respectively.
In COMSOL, the continuity equation is presented as
pV-(u) =0 ()

where u and p are the velocity and density of the nanofluid, respectively.

3.1.2 Momentum Equation
dujuj\ oP 3} du;
o (%) = =55+ (1 52) ©)

Here, P and p,,f are the pressure and viscosity of the nanofluid, respectively.

In COMSOL Multiphysics, the momentum equation is presented as

pu-Vu=V-[-pl+K|+F+(p—pres)8 (4)

K = pu(Vu+ (Vu)T) (5)

where p denotes the pressure; F, the volume force; u, the velocity; p, the density; and g,

the gravity.

3.1.3 Energy Equation

0 Knf (62T>
an ( J ) pnprnf 6x2j ( )
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Here, Cp,r and k,,; are the specific heat and thermal conductivity of the nanofluid,

respectively, and T denotes the temperature.
In COMSOL Multiphysics, the energy equation is presented as
dpCpu- VI +V-q=4d,Q +qo (7

q=—-d,kVT (8)

3.2 Physical Properties of Water and Water-Based Nanofluid

The addition of nanoparticles influences the physical properties of a fluid, such as
the density, specific heat, thermal conductivity, and dynamic viscosity. In this section, the
calculation of the thermophysical properties of the nanofluid is explained. Unless

otherwise stated, the equations are based on the two-component mixture rule [50].

3.2.1 Density of Nanofluid
The density of the nanofluid was calculated from the two-component mixture

rule.
Py = (1= 0)ppr + Dpy 9)

Where p, ¢ is the density of the base fluid, p,, is the density of the nanoparticles, and @ is

the volume concentration of nanoparticles.
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3.2.2 Specific Heat of Nanofluid
The two-component mixture rule can be applied to predict the properties of the
nanofluid, and the deviation between experimental and theoretical values can be

considered as the 10% error [51].

(1-D)ppfCppr+DppCpp
C — ) y 10
pnf (A-D)pps+Dpp (10)

Here, Cp,, is the specific heat of the nanoparticles and Cp ;¢ is the specific heat of the

base fluid.

3.2.3 Thermal Conductivity of Nanofluid
The thermal conductivity of the nanofluid can be calculated at all the evacuated
temperatures by using the Maxwell equation, and the maximum error in the calculation is

1.18% [51].

_ kp+2kpr+(kp—kpf)0

knf - kp+2kpf—(kp—kp )0 bf

(11)

Where k,, is the thermal conductivity of the nanoparticles and k; is the thermal

conductivity of the base fluid.

3.2.4 Viscosity of Nanofluid
There are many theoretical models for determining the viscosity. One of the
famous models was published by Einstein in 1906 [52]. The Einstein model is valid for

low volume concentrations (¢<0.02) [53]. However, since high volume concentrations
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were to be considered in the simulation in the present study, the model of Kitano et al.

[54] was used.
_ )
Unr = Hpr(1 — om) (12)

@ = 5.107°T2 — 4.107*T + 0.118 (13)

Where ¢ is the viscosity of the base fluid, @ is the volume concentration of the

nanofluid, and @,,, is the maximum packing fraction that the nanoparticles can achieve

[51].

Tables 2 and 3 list the physical properties of materials and the associated

nanofluids with different volume concentrations, respectively.

Material | k(W -m™1- K1) | cp(J- kg K | u(Pa-s) | p(kg-m3)

Water 0.576 4180 0.0008891 1000
Al203 40 765 - 3970
CuO 18 540 - 6510

Table 2. Physical properties of materials [55, 56]
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Nanofluid k(W-m 1KY | cp(J-kg! - K'Y | u(Pa-s) | p(kg-m3)
Al,O; 0.5% 0.5843 4113.2 0.0010443 1014.85
AlbO; 1% 0.5927 4048.33 0.0012427 1029.7
CuO 0.5% 0.5839 4064.69 0.0010443 1027.55
CuO0 1% 0.5919 3955.41 0.0012427 1055.1

Table 3. Physical properties of nanofluid

Two types of nanoparticles were chosen for use in the simulation, namely, Al>O3
and CuO, and two different volume concentrations (0.5% and 1%) were also chosen for

comparison purposes.

3.3 Pressure Drop and Pumping Power of Nanofluid
The forced convection in the flat plate solar collector (FPSC) pipe required a
mechanical pump to push it [57]. The inlet and outlet pressures were measured in

COMSOL, and the pressure difference between them was the pressure drop.

The following equation was used to relate the pressure drop to the calculated

pumping power.

p.g.V.h
Mp

Pumping power = (%) XxAP = APxV = (14)

Where m is the mass flow rate, p is the density, AP is the pressure drop, V is the volume

flow rate, g is the gravity, h is the differential height, and ,, is the pump efficiency.
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3.4 Efficiency of FPSC
Q is the amount of solar radiation received by the FPSC. In this study, a constant

heat flux was set to be the heat source of the solar collector.

Qrec = q"'A (15)
Here, ¢’ is the constant solar heat flux and A is the surface area of the absorber plate.
The working fluid in the tube extracts some heat when it flows through the
absorber plate:
Qabs = M X Cp X (Toye — Tin) (16)

The following equation can calculate the efficiency n of the solar collectors:

_ mXCpX(Tout—Tin)
77 - qlr(j: = (17)

3.5 Boundary Conditions

The boundary conditions comprised inlet, outlet, wall, constant pressure,
axisymmetric, symmetric, and periodic conditions [58]. In COMSOL, conjugate heat
transfer, which includes the solid and fluid heat transfer, and laminar flow were

considered in the simulation model. Figure 6 shows the function interface in COMSOL.
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4 \g Heat Transfer in Solids and Fluids (ht)

o solid 1

= Fluid 1

& Initial Values 1

S Thermal Insulation 1

= Open Boundary 1

== Thermal Insulation 2

= Temperature 1

= Temperature 3

@ Thickness 1

@ Thickness 2

= Boundary Heat Source 1
- Laminar Flow (spf)

™ Fluid Properties 1

B Initial Values 1

= wall 1
B Gravity 1
= Inlet 1
= QOutlet 1

Figure 6. Conjugate heat transfer function interface in COMSOL

3.5.1 Inlet

In this boundary condition, the flow rate or velocity of the fluid is defined. In the
simulation, the density of the nanofluid varied with the temperature, and this would have
rendered the results temperature dependent. Therefore, in the simulation, the mass flow
rate was used instead of the volume flow rate. Figure 7 shows how the inlet was defined

in the model.

Figure 7. Inlet of FPSC
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For the inlet boundary condition, the mass flow rate was 0.004 kg/s, and the

default channel thickness was dpc =1 m.

In COMSOL, the equation for the inlet boundary condition is as follows:
— [, p(u-n)dp dS = m (18)

where p is the density, d,. is the channel thickness, u is the velocity, S is the surface

area, and m is the mass flow rate.

The temperature of the inlet was uniform. In the simulation, the inlet temperature

was set to 298 K.

3.5.2 Outlet

The opposite side of the pipe was defined as the outlet, and it was the part from
where the working fluid flowed out. The mass flow rate of the working fluid was
constant, and therefore, the mass flow rate of the outlet was also 0.004kg/s. Figure 8
shows the position of the outlet in the simulation, and Figure 9 shows the velocity field in

the simulation.

Figure 8. Outlet of FPSC
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Figure 9. Velocity field in FPSC

In the outlet boundary, the pressure Pois set to O Pa. The pressure here is the relative

pressure, not the absolute pressure.

In COMSOL, the equation for the outlet boundary condition is

[-pI + K]n = —pgn (19)

Do < Do (20)

3.5.3 Thermal Insulation
In the simulation, several boundary conditions included thermal insulation,
implying that the conditions were not affected by the convection or the heat source.

Figure 10 shows the thermal insulation boundary condition set in the model.

' |

Figure 10. Thermal Insulation
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The equation used for thermal insulation in COMSOL

-n-q=0 (21)

3.5.4 Heat Source

In an FPSC, the heat source provides a constant heat flux to the tube. In the
model, the heat source is located at the absorber plate. Figure 11 shows the area defined
as the heat source. The general heat source is 800 W/m?

The equation for the heat source in COMSOL is
—n-q=d,0 (22)
where Q,, is the general heat source, and d,, is the thickness in the z-direction

(COMSOL’s default is 1).

Figure 11. Heat source of FPSC

3.5.5 Temperature
Figure 12 shows the region with the ambient temperature; it is at the top of the

glass cover. The ambient temperature was set to 298 K.



26

Figure 12. Ambient temperature at the top of the glass cover

3.6 Computational Mesh

The mesh is one of the key factors in Computational fluid dynamics. The quality
of the grid can determine the rate of convergence, the accuracy of the solution, and the
required CPU time [59]. There is a function in COMSOL, called “Physics-controlled
mesh,” that automatically generates a mesh. For the element size “fine,” there are 8480
domain elements and 707 boundary elements, the element size has better performance
and provides a more accurate result than “normal” (5693 domain elements and 575
boundary elements), however, the required CPU time is longer. Figures 13 and 14 show

meshes with “normal” element size and “fine” element size.
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Figure 13. Mesh with “normal” element size
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Figure 14. Mesh with “fine” element size
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Chapter IV

Results and Discussion

This chapter mainly discusses the simulation results, including those pertaining to

the outlet temperature of the fluid, efficiency of the solar collector, and the pressure drop.

4.1 Outlet Temperature

Five different working fluids were considered in this study - water, 0.5%
Al>Os/water, 1% Al>Os/water, 0.5% CuO/water, and 1% CuO/water. By using material
sweep in COMSOL, the results for these five working fluids could be computed
simultaneously, which made the comparison of the results easier. Adding nanoparticles to
the base fluid changed the thermo physical properties of the fluid, resulting in a change in
the simulation results. In this study, the inlet temperature of the fluid was set to 298 K. A
working fluid with nanoparticles has a higher outlet temperature, and a higher volume
concentration of nanoparticles also leads to a higher outlet temperature. Figure 15 shows
the result of the simulation for the outlet temperature, which agrees with the statement
above; Figures 16 and 17 show that the addition of nanoparticles significantly affected
the simulation result.

The results also indicate that the CuO nanoparticles showed better performance
than the Al>,Oz nanoparticles because of the difference in their thermo physical

properties. CuO nanofluid has a smaller specific heat Cp than Al,03 nanofluid, which
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explains why the outlet temperature of the CuO nanofluid was higher than that of Al>Os

nanofluid.
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Figure 15. Comparison of outlet temperature between Al,0O3z and CuO
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Figure 17. Comparison of temperature difference % between Al,03/CuQ nanofluid and

water

Figures 18 and 19 show the temperature distributions for different volume

concentrations of the nanofluids in water.
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Figure 19. Temperature distribution of CuO/water for volume concentrations of (a) 0%,

(b) 0.5%, and (c) 1%

4.2 Efficiency of flat plate solar collector

Efficiency is one of the critical indexes to evaluate the performance of solar
collectors. Several papers have pointed out that the addition of nanoparticles enhances the
efficiency of solar collectors. Apart from the results of the simulation, results from

previous studies are also discussed in this session.
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In the simulation, five different materials were used as the working fluid to test
the efficiency of the FPSC, namely, water, 0.5% Al>Oz, 1% Al>O3z, 0.5% CuO, and 1%
CuO. After the calculations, the results obtained were quite different from those of other
studies. For a mass flow rate of 0.004 kg/s, the efficiency was 69.59% for water; 69.36%
and 69.11% for 0.5% and 1% of Al2Os3, respectively; and 69.28% and 68.94% for 0.5%
and 1% of CuO, respectively. Evidently, the addition of nanoparticles decreased the
efficiency. The reason for this is that the nanoparticles’ absorption rate and reflection rate
were not considered in the simulation. Even though the outlet temperature has
significantly increased following the addition of nanoparticles. Another reason could be
that the design of the model limited the heat transfer, and the energy dissipated through

natural convection was not considered.

In the simulation, parametric sweep was used to evaluate the effect of different
mass flow rates; the parametric sweep included the values 0.004, 0.008, 0.012, 0.024, and
0.048 kg/s. An increase in the mass flow rate resulted in a significant increase in the
efficiency of the flat plate solar collectors (FPSCs). Figures 20 and 21 depict the charts of
the efficiency of FPSCs with Al>Os/water and CuO/water as the working fluids; the trend

in the charts express the results of the efficiency in FPSCs.
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Figure 22 shows the result of the experimental study of Arikan et al. [60], who
used different nanofluids, such as Al.Ozand ZnO in the FPSCs. When Al>Oz was used in
their study, the results showed that using nanoparticles as the working fluid yielded better
efficiency compared with the use of water. In the simulation result of the current study,
the efficiency when nanofluid was used as the working fluid is lower than when water
was used because of the limitation discussed above. The experimental results of Arikan et

al. [60] showed the efficiency could actually be improved by using nanoparticles.
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Figure 22. Experimental curves for nanofluids [60]

Khudhayer et al. [61] experimentally compared the performance of FPSCs

nanofluid and water as the working fluids. In Table 4, the results show that the efficiency
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for 0.1% of TiOz/water efficiency was 4% higher than that for water at the same mass
flow rate, and 0.1% of CuO/water showed the best performance of all, which was 5%
higher than that for water. This research also shows that the addition of nanoparticles into

the water can enhance the efficiency of solar collectors.

Type of fluid Mass flow rate | Efficiency (%0)
Water 1.5 L/min 50
Nanofluid (TiO2-0.1%) 1.5 L/min 54
Nanofluid (CuO-0.1%) 1.5 L/min 55

Table 4. Experimental resutls for FPSCs with different nanofluids [61]

Ekramian et al. [62] performed a numerical simulation to predict the thermal
efficiency of water and several types of nanofluid, such as Al.Os/water and CuO/water.
Figures 23 and 24 show that nanofluids enhanced the thermal efficiency of the solar
collector. The higher the weight fraction of nanoparticles, the higher was the efficiency.
The results show that CuO/water with wt%=3 showed the best performance among all

working fluids.
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4.3 Pressure drop and pumping power
In the simulation, there were two derived values of pressure in the model, one for
inlet, and the other for outlet. The difference between these two boundary conditions was

the pressure drop.

Instead of using mass flow rate, the volume flow rate was set to 0.000004 m?3/s.
Figure 25 shows the pressure drop for the five different working fluids, and evidently,

with a higher volume concentration of nanoparticles, the pressure drop was larger.

In Figure 26, the result shows the pressure drop difference (%) for Al.Os/water
and CuO/water compared with water. The higher the particle volume fraction, the larger

was the pressure drop difference.
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Figure 25. Pressure Drop AP of FPSC
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Figure 26. Comparison of AP Al,O3z and CuO nanofluids with that of water (%)

Equation (11) in chapter 111 to calculate the pumping power in the simulation. The

results is shown in Figure 27 and Figure 28

Pumping Power
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Figure 27. Pumping Power of FPSC
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Figure 28. Comparison of AP of Al,O3 and CuO nanofluids with that of water (%)

Some other researches have verified that adding nanoparticles to the base fluid

would influence the pressure drop and the pumping power of FPSCs.

Verma et al. [63] tried several types of nanofluids as the working fluid of FPSCs with
a 0.025 kg/s flow rate. Figure 29 shows that the addition of nanoparticles to the water

increased the pumping power loss ratio. The CuO/water showed the best performance of

all.

Alim et al. [64] analyzed the influence of nanofluids in an FPSC. In Figures 30 and
31, the results show that the addition of nanoparticles to the base fluid increased the

pressure drop and the pumping power, and the CuO/water nanofluid had an extra penalty

0g 1.58% in the pumping power.
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The higher the volume concentration of nanoparticles, the larger the pressure drop.
The flow rate in this simulation was constant, therefore, the higher the pressure drop, the

higher was the pumping power.

Figure 32 includes the pressure contours of 0%, 0.5%, and 1% of Al.Os/water.

Figure 33 includes the pressure contours of 0%, 0.5%, and 1% of CuO/water.
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Chapter V

Conclusion

With the increase in environmental awareness, renewable energy development has
assumed importance, and solar energy has a significant role in this task; Many
researchers have devoted efforts to enhancing the efficiency of solar energy conversion
and storing energy more effectively.

Among many existing methods that have helped improve the development of
solar energy, the use of nanofluids has attracted the attention of researchers. After Choi &
Eastman [8] presented their innovative idea of using nanofluids to enhance heat transfer,
many studies have examined the use of novel nanofluids, and there have been numerous
papers discussing how nanofluids improve the solar collector system and the
development of future work.

The addition of nanoparticles to the working fluid (water) of the solar collector is
one of the methods to enhance the solar collector’s performance.

In this research, two types of nanoparticles were used: Al0z and CuO. These two
materials have been the most used nanoparticles in recent studies, and CuO has shown
outstanding performance in enhancing the ratio of heat transfer. Three different volume
concentrations were used, 0% (base fluid), 0.5%, and 1%. The base fluid used n the
simulation was water.

After the exact boundary conditions were specified in COMSOL, the simulation was

conducted satisfactorily.
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The results can be discussed under three different categories: outlet temperature,
efficiency, and pressure drop.

In Figures 15, 16, and 17, working fluids with a larger volume concentration of
nanoparticles show a considerably higher outlet temperature. When the working fluid was
water, the outlet temperature was 333.53 K. For 0.5% and 1% of Al>Oz nanoparticles, the
outlet temperature was 333.99 K and 334.43 K, respectively; for 0.5% and 1% of CuO
nanoparticles, the outlet temperature was 334.36 K and 335.18 K, respectively. With the
addition of nanoparticles, the specific heat Cp decreases, which can explain why
nanofluid has a higher outlet temperature when it is used as the working fluid. The
temperature difference percentage (AT %) for 1% of Al>Oz and 1% of CuO relative to
water reached 2.4 % and 4.7%. In particular, CuO showed a better performance than
Al>Os.

The results showed that adding nanoparticles to water and then using the water as
nanofluid slightly decreased the efficiency of the flat plate solar collector owing to
limitations such as the absorption and reflection rates of nanoparticles being ignored in
the simulation and constraints in the design of the model. However, the efficiency of the
solar collector increased noticeably with the mass flow rate.

The charts in Figures 25 and 26 show that the addition of nanoparticles influenced
the pressure drop compared to water. For a higher volume concentration of nanoparticles,
the pressure drop was higher. The difference between Al>O3z and CuO was not apparent;
however, the pressure drop for 0.5% nanofluid was greater than that for the base fluid by

almost 2%, and the pressure drop for the 1% nanofluid was greater than that for the base
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fluid by almost 3%. The volume flow rate was constant in this study. In Figure 27 and
Figure 28, a higher pressure drop corresponds to a higher pumping power.

The results accorded with the theory that nanofluids effectively enhance the ratio
of heat transfer. The use of nanofluids can improve the efficiency of the solar collector,
which might be one of the solutions to face the energy crisis. Additional research is
necessary to make this technique widely used. However, the present study showed this

technique to be promising, and the day of success can be expected soon.
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