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Performance Exploration of Impinging )
Jet Solar Air Heater: A Comparative L
Study

Amitesh Sharma, Sushant Thakur, Prashant Dhiman, and Rakesh Kumar

Abstract Given the imminent depletion of fossil fuels, the present scenario relies on
capturing solar energy. The current study compares experimental trials of traditional
SAH with alternative impinging jet ribbed solar air heater designs. The experimental
investigation is investigated by increasing the Re from 4000 to 16,500 and comparing
the results. The geometric parameters and jet parameters used in the investigation
were e/dyg = 0.043, Ple = 10, o = 55°, X/dyng = 0.40, Y/dng = 0.84, and dj/
dnq = 0.064. The impinging jet with multi-V-shaped ribs outperformed the V-shaped
ribbed SAH, with a reported thermohydraulic efficiency of 3.301 compared to 2.05
for the V-shaped ribbed SAH and 1.83 for the impinging jet flat-plate solar air. It
establishes that when active and passive heat transfer approaches are coupled, heat
transfer enhancement and THEP are increased. The findings were also compared to
traditional SAH.

Keywords Solar air heater - Artificial roughness + Jet impingement - THEP -
Circular holes

Nomenclature

SAH Solar air heater

A, Duct opening area, m>

c, Specific heat at const. pressure, J kg=! K~!
dnd Hydraulic dia. of the channel, m

Ap Absorber plate area, m?

Cy Coefficient of discharge of orifice plate
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H Vertical channel height, m

e Wire roughness height, m

m Flow rate of air, kg g1

L Length of testing section, m

P Roughness pitch, m

k. Air thermal conductivity, W m~! K
h Convective coefficient, W m—2 K
Oy Heat exchange rate, W

AP, Pressure decrement crosswise in the testing section, N m—2
AP, Pressure decrement in orifice meter, N m~2

Tin Entry air temp. in the conduit, K

T out Exit air temp. in plenum, K

Tip Average plate temperature, K

Tt Mean temp. of air, K

1% Fluid speed, m s~!

w Conduit breadth, m Dimensionless factors/numbers
eldng Relative wire rib roughness height

fs Friction factor of conventional SAH

Nu Nusselt number

Nug Nusselt number of conventional SAH

Ple Relative roughness pitch

wiW Width ratio

Pr Prandtl number

Re Reynolds number

fp Friction penalty of a roughened surface

Xg/dpng  Streamwise impinging jet pitch ratio
Yo/dng Spanwise impinging jet pitch ratio
THEP  Thermohydrodynamic efficiency parameter

Symbols: (Greek)

o Attack angle

B Fraction of hole distance corresponding of pipe width
Pair The density of fluid, kg m—>

Pair Density of flowing air at mean temperature, kg m—3

» Kinematic viscosity, m? s~!
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1 Introduction

Solar insolation is a pure, plentiful, and limitless source of power. Research on
renewable energy is sorely needed in light of the present fossil fuel dilemma [1].
A solar air heater (SAH) is a tool for obtaining solar heat energy to be used in
commercial and agricultural purposes [2]. Heating systems and air conditioning
(SAH) are preferred over solar water heaters (SWH) due to their usage in a number
of technical applications, such as the drying of paper and pulp, whereas SWH’s uses
are quite constrained. Second, the simple design, lack of scaling-fouling, corrosion,
leakage problems, and safety features of SAHs make them safe to use [3]. Despite
its numerous advantages, it has one disadvantage: poor performance due to air’s low
heat transfer coefficient [4].

Numerous techniques have been created to increase SAH efficiency and encourage
heat exchange between the absorbing surface and air [5]. The techniques are catego-
rized as active techniques, passive techniques, and combination of both active and
passive techniques [6]. The absorber plate is suitable modified by arrangement of
ribs underneath the absorber plate which results in distortion of laminar sublayer
resulting in heat transfer augmentation [7]. Design modifications are done by the
arrangement of extended surfaces [8, 9] incorporating baffles suitably on absorber
plate [10] and utilizing the impingement of flowing fluid on the absorber plate for
boosting the turbulence [11]. The jet impingement approach is a good way to improve
heat transfer between air and a hot surface [12]. Several researchers investigated this
process and reported on it in experimental and numerical investigations. Based on
jet impingement physics, Chaudhary and Garg developed a mathematical model for
solar air heaters, with findings indicating a 26% improvement in efficiency and a
maximum temperature rise of 15.5 °C at airflow rates ranging from 50 to 250 kg/
hm? with a 10 cm conduit depth and 2.0 m duct length [13]. Chauhan and Thakur
conducted an experimental procedure of modified impinging jet SAH, with reported
maximum efficiency of 70% recorded by adjusting jet hole diameter, streamwise jet
pitch, and spanwise jet pitch [14]. The effectiveness of an unglazed SAH with an
impinging jet was investigated by Belusko et al., and it was shown that jet-to-jet
distance is paramount factor in increasing thermal efficiency [15]. Singh et al. evalu-
ated impinging jet behavior in a dual-passage rectangular duct with a modified corru-
gated wavy impinging jet plate. The highest thermal performance improvement of
roughly 94% was achieved with 0.48% perforation of the impinging jet plate and 98%
bed porosity [16]. Maithani et al. used jet impingement on an absorber plate having
hemispherical protrusions slightly below the jet holes in order to provide impinge-
ment over the protrusions and produce turbulence. The maximum thermal hydraulic
efficiency measurement was 3.01 [17]. Kannan et al. conducted investigation under
outdoor circumstances, a suitably adapted SAH with a pin—fin absorber plate, and
compared this with a normal SAH, and the output air temperature was increased
from 2° to 7 °C with improved energy, thermohydraulic, and exergy efficiency [18].

According to the prior research, the impinging jet method is extensively employed
for enhancing heat transfer in a variety of applications. Only few works have
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been conducted to investigate the interaction of cylindrical wire-shaped ribs with
impinging air jet SAH. The current study fills this void by examining the thermal
behavior of cylindrical wired ribs positioned underneath the absorber plate and
applying a variety of geometric parameters for rib roughness in cylindrical wire-
shaped ribs. The current experimental investigation is a comparison of the increased
thermal behavior of an impinging jet on a flat-plate solar air heater and an
impinging air ribbed solar air heater with ribs installed on a V-shaped pattern and a
multi-V-shaped pattern with a conventional SAH.

2 Experimental Setup

An indoor test facility for assessing roughened absorber plate has been established
in line with the ASHRAE standard [19]. A test facility has been built based on this
idea, as illustrated in Fig. 1. It was an open-loop system with a rectangular route
comprising components for entry, testing, and exit.

The test component of the rectangular channel has a cross-section of 300 x 25 mm
and a length of 1400 mm. The entry and exit parts are respectively 600 and 400 mm
in dimension, equivalent of 5/ W, H; & 2.5 /W ;H,; as per ASHRAE protocols. As
a result, the flow may be presumed to be completely developed across the length of
the test portion. A variac is used to govern a steady heat flow of approximately 1000
W/m?. The mass flow through the conduit is measured using a U-tube. A digital
micro-manometer of TSI made with a least count of 0.1 Pa was used to monitor the
pressure change over the jet impingement test segment. The average temperature of

=
i R:H:(d 'me
\

/

Fig. 1 Testrig
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Table 1 Lists the parameters S no. | Parameters of investigation Range
that were chosen for the
experiment 1 Re 4000-16,500
2 Width ratio (w/W) 01 and 05
3 Relative roughness ht. (e/dpnq) 0.043
4 Relative roughness pitch (P/e) 10
5 Attack angle () 550
6 Streamwise jet hole pitch ratio (Xg/dpg), | 0.40
7 Spanwise jet hole pitch ratio (Y sp/dnq) 0.84
8 Jet hole diameter ratio (d;/dnq) 0.064

air at the intake and exit portions, as well as the temperature of the absorbing surface,
was measured at 18 places using calibrated J-type thermocouples with an accuracy of
0.1 °C. The air was blown through the rectangular conduit using a 3-HP centrifugal
blower. The experiment was started by setting the appropriate set of geometric and
flow parameters on the jet plate arrangement, and the operational conditions were
assured by utilizing a gate valve to govern the mass flow rate of air.

The various parameters selected for the study are presented in Table 1.

3 Confirmation of the Experimental Procedure

The created setup facility was approved for a conventional SAH without any obstruc-
tions in the passage of the flow regimes, as required by the laws. The estimated results
from an experimental run were equal to the projected values of the Nu and friction
penalty determined using an empirical relationship well acknowledged by various
researches for assessing classic SAH. The Dittus-Boelter correlation and Gnielinski
equation as given in Egs. (1, 2) for Nusselt number, the modified Blasius equation as
represented in Eq. (3), and Petukhov equation as represented in Eq. (4) were used to
obtain the projected values for conventional SAH in validating friction factor [7]. As
shown in Fig. 2, the mean absolute deviation in this conformity for Nusselt number
estimated using Gnielinski and Dittus-Boelter correlations was 5.06% and 6.8%,
respectively. The mean absolute deviation of friction penalty from modified Blasius
and Petukhov empirical correlations and experimental values were 3.5 and 6.1% as
represented in Fig. 3. The lower percentage of mean absolute deviation proves the
setup acceptability and validation of the experimental facility and its use in future
test concerning planned study, leading to logical acceptance of the test rig.

0.4
Nu, = 0.023Re"® Pr (1)
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60
@ Nu (Expenmental)
®  Nu (Dittus-Boelter Correlation)
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Fig. 2 Validation for Nu

0.012
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Fig. 3 Validation for friction factor
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fi =(158 In Re —3.82)° o))

3.1 Formula Used

—_—

Heat gain by fluid:
Qf = mcp(Tout — Tin)

2. Mass flow rate of working fluid:

204r0A P, "
I/h — CdAa Pair,0 0
1-—p*
3. Friction factor:

4 2(AP),Dy,
B 4loairLV2

4. Convective heat transfer coefficient:

O,
h=——
AP(TmP - mf)
5. Nu:= }llcfl
3.2 THEP

A lot of studies have looked into the usage of turbulence promoters to improve
the thermal behavior of SAH. This advantage, however, comes at the expense of
a pressure loss, which needs a large pumping effort to move the air through the
pipe. As a result, in order to establish the setup for effective performance, the heat
transfer and friction characteristics must be examined concurrently, a process known
as “thermohydraulic performance,” [20] as mentioned in Eq. (5)

N'THEP = [(Nuroughened/Nusmoolh)/(froughened / fsmooth) : ] &)
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4 Result and Discussion

This experimental comparative study determines the Nu symbolizing heat transfer
increase, friction coefficient, and THEP for a given range of variables used in a
redesigned impinging jet solar air heater.

4.1 Heat Gain

The augmentation in Nusselt number represents the heat gain. Figure 4 demonstrates
the relationship between Nu and Re within a set of parameters. The fixed geometric
and jet parameters were w/W = 1 and 5 (width ratio), P/e = 10 (relative roughness
pitch), e/dng = 0.043 (relative rib roughness height), o = 55° (attack angle), X, /dnq
= 0.40 (streamwise pitch), Y /dng = 0.84 (spanwise pitch), and jet hole diameter
(d;/dyng) = 0.064. In typical solar air heaters, heat transmission to the air is limited
by a viscous layer formed near the absorber plate, and the impinging jet causes
turbulence and promotes heat transfer augmentation, stated to as the passive heat
transfer enhancement strategy. As shown in the illustration Fig. 5, a modified absorber
plate is used, with V-patterned ribs positioned beneath the absorber plate and a jet
impinging from the bottom via the jet plate. This is an amalgamation of active and
passive manners of heat transfer, and the results show that as Re increases, Nu
increases for both impinging jet and impinging jet V patterned ribs, and the results
are also compared to conventional solar air heaters, as shown in Fig. 4, with the
maximum Nu reported for multi-V-patterned impinging jet SAH and secondly by
V-patterned impinging jet SAH.

As aresult, the arrangement in which the ribs were fastened throughout the whole
length of the absorber plate was optimal for heat exchange. To push fluid from the
cooler zone (internal core) toward the multi-V obstacle wall, the impingement jets
have two separate rotating vortices. As a result, the lower impingement jets become
entrained in the primary flow. Boundary layer development was halted due to heat
transmission among the multi-V ribs, which was triggered by the mixing of inner
stream with the main stream. With an increase in Re, the convective resistance in the
boundary layer decreased, resulting in a thinner boundary layer and a greater Nu.
As a result, there was significant turbulence where the impinging jets separated and
merged with the main stream. This was located behind the ribs. There was a rise in
HT from the absorber plate to the air as the number of vortices rose as in multi-V
ribs in comparison with other designs.
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Fig. 6 Variation of Friction factor with Re

4.2 Frictional Characteristics

Figure 6 shows the relationship between f and Re for a set of selected parameters. With
rising Re, the value of f continues to decrease. As Re increases, so does air penetration
into the ribs, resulting in a continual reduction in pressure drop. Furthermore, the jet
spacing is carefully selected to reduce jet interference. When the width-to-expansion
value ratio was adjusted from 1 to 5, a corresponding rise in the number of secondary
stream jets was observed. In this way, a sequence of V-shaped ribs on the absorber
plates can increase the friction factor to a maximum value within the range of the
design’s specifications. The frictional cost introduced by the partitioning of the flow
may be used to investigate the vortex structures. Nu rises when pressure builds up in
the vortex. An increase in Nu, as is the case with most targets, occurs when the flow
increases its pumping force around the SAH, as seen above. The frictional factor
recorded for V-patterned ribbed impinging jet SAH is 0.0297. The highest value
recorded for multi-V-patterned ribs signifies that augment in heat transfer leads to
enhancement in pressure drop.

4.3 THEP

Thermohydraulic performance is dimensionless parameter that denotes performance
of modified SAH. Figure 7 illustrates THEP variation with Re for fixed geometric
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Fig. 7 Thermohydraulic efficiency parameter variation with Re

and jet parameters. The maximum THEP reported is for Reynolds number 14,500
for all designs, i.e., impinging jet SAH, impinging jet ribbed SAH (V and multi-V
ribs) with maximum reported value of 3.301 for impinging jet multi-V-patterned
ribs. The rise and fall that were seen in the findings of thermohydraulic efficiency
may be attributed to an increase in the pumping power above the thermal gain at a
certain value of mass flow rate in relation to the geometrical parameters, and this
value offers the optimum value.

5 Conclusions

The present study is performed to conclude the comparison of impinging air and
impinging air ribbed SAH, in which ribs are organized in V pattern. The fixed value
of various parameter is w/W = 1 and 5, P/e = 10, e/dng = 0.043, o = 55°, X/dna
= 0.40 (streamwise pitch), Y/dng = 0.84, and jet hole diameter (d;/dyq) = 0.064.
The results clearly showed that when jet impingement is combined with roughness,
heat transfer augmentation increases with a certain rise in friction factor. The results
clearly showed that when jet impingement is combined with roughness, heat transfer
augmentation increases with a certain rise in friction factor. The study’s findings may
be summarized as follows:

e The highest THEP is reported as 3.301 for impinging jet multi- V-patterned ribbed
modified SAH.
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When equated to usual conventional SAH, there is a 4.70 times enhancement in
Nu and a 2.92 times augmentation in friction factor in this research in the option
of impinging jet multi-V-patterned ribbed modified SAH with width ratio of 5.
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Performance Evaluation of Single Pass )
Solar Air Heater with Stepped-Type ek
Arrangement of Metal Foam

by a Numerical Study

Rawal Diganjit and N. Gnanasekaran

Abstract A solar air heater is easy to build and easy to use for drying applica-
tions, room heating purposes, etc. In the present study, single-pass forced convection
rectangular-type solar air heater is studied numerically. The copper metal foam with
0.92 porosity is used for case (a) empty channel, cases (b) to (e) comprising of
different stepped-type arrangements, and case (f) fully filled metal foam condition
and studied numerically to obtain outlet temperature, pressure drop and the perfor-
mance factor of the solar air heater. The Reynolds number is varied from 4401 to
5868. Based on this range of Reynolds number RNG k-¢ model with enhanced wall
function is adopted for numerical simulations. The local thermal equilibrium model
is used to simulate the porous zone. The Rosseland radiation model has been chosen
with solar ray tracing method. The case (c) is the best stepped-type arrangement to
get same outlet temperature compared to fully filled metal foam case (f). Hence, the
material cost is minimized. The temperature rise is 8.89% more compared to empty
channel solar air heater. Case (c) has less pressure drop compared to other metal
foam arrangements. The performance factor for case (c) is 2.03.

Keywords Single pass + Solar air heater (SAH) - Metal foam - Performance
factor - Forced convection

Nomenclature

R, Reynolds number [-]

€ Porosity [%]

T, Solid temperature [K]
Ty Fluid temperature [K]
T out Outlet temperature [K]

R. Diganjit - N. Gnanasekaran (B<)

Department of Mechanical Engineering, National Institute of Technology, Mangalore,
Karnataka 575025, India

e-mail: Gnanasekaran @nitk.edu.in

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024 17
K. M. Singh et al. (eds.), Fluid Mechanics and Fluid Power, Volume 7, Lecture Notes in
Mechanical Engineering, https://doi.org/10.1007/978-981-99-7047-6_2


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-7047-6_2&domain=pdf
mailto:Gnanasekaran@nitk.edu.in
https://doi.org/10.1007/978-981-99-7047-6_2

18 R. Diganjit and N. Gnanasekaran

AP Pressure drop [Pa]

CFD Computational fluid dynamics [-]
SAH Solar air heater [-]

0 Density [kg/m?]

Cp Specific heat capacity [kl/kg K]
Thermal conductivity [W/m K]
% Kinematic viscosity [N s/m?]

=

1 Introduction

Solar energy is easily available on earth. It has zero cost; so, there is a scope to utilize
this solar energy for human comfort. The solar air heater has four main parts, i.e.,
absorber plate, transparent cover, insulation, and outer frame of the solar air heater.
The absorber plate absorbs the solar radiation and heats the incoming air. The air
passes through the space between the glass and absorber plate. The metal foam is
used due to its low density, high superficial area-to-volume ratio, and high strength.
The metal foam is used to maximize the heat transfer rate in solar air heater [1], heat
exchangers [2], electronic cooling devices, etc.

2 Literature Review and Objectives

Saedodin et al. [1] performed numerical and experimental analyses using single-
pass flow. They used porous metal foam having bed dimensions of 70 x 12 mm. The
control volume method and local thermal equilibrium (LTE) model have been adopted
through test channel to get thermal performance, and pressure drop. The numerical
and experimental analyses of porous medium results give increased thermal effi-
ciency and Nusselt number up to 18.5% and 82% respectively. Kansara et al. [3]
investigated the performance of flat-plate collector using internal fins and porous
media by using solar simulator. The rise in temperature of air with fins and porous
media is 8.19% and 16.17%, respectively, than an empty channel. Maximum rise is
115.9 K for copper foam, and minimum is 110.4 K for steel foam. Anirudh et al.
[4] studied performance improvement of a flat-plate solar collector with intermittent
porous blocks by using numerical analysis of FPSC. The porous resistances are higher
in amplitudes for low permeability. The values vary for Darcy—Brinkman compared
to Extended Darcy—Brinkman—Forchheimer model. Singh et al. [5] performed exper-
imental and numerical investigations of a single and double pass using porous serpen-
tine wavy wire mesh in solar air heater. Best thermal and thermohydraulic efficiencies
for 93% porous double-pass serpentine-packed bed solar air heater are achieved. The
thermohydraulic performance for serpentine presents 24.33% than flat-packed bed
solar air heater. Huang [6] reported a numerical study of enhanced forced convection
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in a channel of solar water collector using multiple metal foam blocks. With the help
of Darcy-Brinkman—Forchheimer flow model and local thermal non-equilibrium
model, the study includes thermo-flow fields inside the porous media. Valizade
et al. [7] studied experimentally the thermal behavior of direct absorption parabolic
collector using copper metal foam. The maximum thermal efficiency for full metal
foam and semi-metal foam are 171.2% and 119.6%, respectively, than free-channel
metal foam. Wang et al. [8] worked on experimental study of latent thermal energy
storage system with copper metal foam for further solar applications. Silicon oil was
utilized as heat transfer fluid. Hence, temperature uniformity improved and the reduc-
tion in time for melting the mixture by 37.6%. Xiao et al. [9] investigated thermal
performance analysis of a solar energy storage using copper foam/nanosalt. The
results show that the time duration of heat storage process at heating temperature of
160° is reduced by 58.5%. Jouybari et al. [10] experimentally investigated the use of
metal foam using nanofluid to improve thermal performance. The performance eval-
uation criterion is used to reduce the pressure drop and increase the heat transfer. With
the help of metal foam and nanofluid, the performance evaluation criteria increased
more than 1% at a lower flow rate. The increase in nanofluid concentration increases
the performance evaluation criteria. Rajarajeswari et al. [11] reported numerical
and experimental results in porous and non-porous solar air heaters. Two types of
screen wire mesh WSM-I and WSM-II having different porosities and character-
istics are used. The increase in thermal efficiency for WSM-I and WSM-II is 5-
17% and 5-20% respectively with mass flow rate from 0.01 to 0.05 kg/s. Jadhav
et al. [12] accomplished the numerical study of horizontal pipe in the presence of
metal foam. Darcy-extended Forchheimer (DEF) and local thermal non-equilibrium
(LTNE) models were used. The novelty of the work is the selection of suitable flow
and thermal models to find the heat transfer in metallic foams.

From the above literature, it is understood that metal foam is the best option
to increase heat transfer rate. At the same time, the pressure drop increases due
to the resistance offered by the metal foams. To overcome this issue, researchers
have attempted several methods, but stepped-type arrangement is not studied till
date in the literature. This type of arrangement not only increases the heat transfer
but also decreases the pressure drop. Hence in this paper, four different stepped
arrangements are considered. The objective of this work is to study the different
stepped-type arrangement of metal foam to increase outlet temperature and reduce
pressure drop.

3 Materials and Methods

A rectangular channel-type SAH experimental study of Rajarajeswari [11] is consid-
ered as a reference work for this numerical analysis of heat transfer through porous
media like metal foam. The width is modified in this analysis. Width is considered
to be 1 m because the industrial solar air heater absorber plate area is in general 2
m?. The schematic diagram and numerical geometry are shown in Fig. 1.
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TOP VIEW

Fig. 1 Detailed schematic layout of SAH, 1 wooden material for entrance section, 2 toughened
glass, 3 aluminum absorber plate, 4 insulation, 5 wooden material for exit section, 6 M S steel stand
for support, and 7 wooden materials for the frame as an outer box of the solar air heater

It consists of 2 x 1 x 0.12 (m) as a length, width, and height of solar air heater,
respectively. The top plate is transparent toughened glass with 0.004 m thickness.
The bottom absorber plate is considered as aluminum with 0.0005 m thickness. The
wood material is considered as an insulation material to reduce heat losses from side
wall and bottom wall of SAH. The location for the present study is the Department
of Mechanical engineering, National Institute of Technology, Karnataka, India. The
longitude and latitude for the location are 74.7951 ° and 12.9958 °, respectively. So,
the SAH is tilted at 13 ° to facing south. The absorptivity of black painted aluminum
plate is taken as 0.95 and wall is opaque. The transparent cover has 0.1 absorptivity
and 0.9 transmissivity (Fig. 2).

3.1 Computational Details and Boundary Conditions

The 3D geometry is drawn with the help of Ansys Fluent 2019 R3 software. The
solar air heater is divided into three parts, i.e., entrance zone, test zone, and exit zone.
The fluid as air is taken for this analysis. The mesh for this domain is linear mesh.



Performance Evaluation of Single Pass Solar Air Heater ...

Entrance
zone

Fluid
zone

2000

21

50 | s00 | so0 | 00 |
BN 7/ iyt irss iz IR
Metal —— Inilet Outlet Glass — Absorber
- foam plate

Fig. 2 Schematic diagram of stepped metal foam arrangement in solar air heater case a empty
channel, case b, case ¢, case d, case e, and case f fully filled metal foam

The maximum skewness of the meshing is 0.3526. For the setup, pressure-based
solver is taken with absolute velocity. The steady flow is considered for the present
analysis. The RNG k-¢ model with enhanced wall function is employed for the
turbulent flow of air. The Reynolds number for the present study is from 4401 to
5868. The Rosseland radiation model is used with solar ray tracing method for
complete analysis as mentioned in [11]. The sunshine factor is taken as 1. For direct
beam radiation and diffuse radiation, the solar calculator is selected to get accuracy.
All the simulations are done for the date 15 April. The maximum solar intensity for
the day is 13:00 pm. Hence, 13:00 pm is considered for further analysis. The material
properties are taken as mentioned in Table 1.

In the cell zone conditions, the porous zone is included to increase the heat transfer
rate, i.e., to increase the outlet temperature of solar air heater by using metal foam.
The porosity and pore diameter of metal foam are mentioned in [13]. The same
configurations are used for comparing the heat transfer rate of solar air heater in the
present study. The details are given in Table 2.

Table 1 Material properties used for CFD simulations

Air Aluminum Glass Wood
Density (p) kg/m? 1.225 2719 2500 700
Specific heat capacity (Cp) kJ/kg K 1006.43 871 670 2310
Thermal conductivity (k) W/m K 0.0242 202.4 0.7443 0.173
Kinematic viscosity (L) Ns/m? 1.789 E-05 - - -
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E:::lf fzo ar]r)letalls of copper Copper metal foam [13]
Pore diameter (mm) 0.216
Pitch (mm) 2.324
Porosity 0.92
Viscous resistance 6,082,725.061
Inertial resistance 148.97

Table 3 Boundary condition considered for CFD analysis

Conditions
Inlet 0.3, 0.35, and 0.4 m/s and its turbulent intensity 5.6063%, 5.4993%, and 5.4083%
velocity respectively
Outlet Zero

pressure

Absorber | No slip condition, stationary wall, heat flux = 850W/m2, opaque wall
plate

Glass No slip condition, stationary wall,
mixed heat transfer coefficient 9.5 W/m? K, free stream temperature and external
radiation temperature are 300 K, emissivity = 0.88, and semi-transparent wall

The boundary conditions applied are given in Table 3. The hydraulic diameter
is calculated for rectangular channel, and it turns out to be 0.2143 m. The inlet
temperature for conventional SAH is 300 K. The local thermal equilibrium model
(LTE) is used in the heat transfer from fluid zone to solid porous zone. Hence, the
average temperature of glass and absorber plate is taken as inlet temperature for
porous solar air heater.

The method used for solution is coupled wall scheme for pressure velocity
coupling. The spatial discretization for pressure, momentum, turbulent kinetic
energy, and turbulent dissipation rate and energy is second-order upwind scheme. The
least square cell-based gradient is used to get more accuracy. The solution controls
for pseudo-transient explicit relaxation factors are 0.5, 0.5, 1, 1, 0.75, 1, and 1 for
pressure, momentum, density, body forces, turbulent kinetic energy, turbulent dissi-
pation rate, and turbulent viscosity and energy, respectively. The residual for the
energy is 107°. The other residual for continuity, momentum, and turbulent kinetic
energy and dissipation are 107+,

3.2 Governing Equations

For fluid flow in solar air heater, continuity and Reynolds-averaged-Navier—Stokes
(RANS) equations are used. In this study, the RNG k-¢ turbulence model [5, 14] is
used as it improves the performance for rotation and streamline curvature.
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where I'y = p,/Pr is the turbulent thermal diffusivity, I’ = u/Pr is the molecular
thermal diffusivity, Pr is the Prandtl number, 1 and , are the viscosity (Ns/m?) and
thermal viscosity, respectively, p is the density (kg/m?), P is the pressure (Pascal),
u is the velocity (m/s), and T is the temperature (K). To model flow through porous
media, it is required to add an additional source term to governing flow equations by
using the Forchheimer equation as given below as per [14]

Vp* = gu + Bou™ @)

7 1
Fi = —<—ui +C2—,0|M|Mi) &)
o 2

where F; is the source term for the i-th Navier—stokes equation and C, = 28

For solar air heater with empty channel, hydraulic diameter and Reynolds number
are considered.

Local thermal equilibrium model assumes that the solid and fluid phases of the
porous medium are in thermal equilibrium, i.e., Ts = Tf = T. The net heat transfer
between the phases of the porous medium is zero since the heat conduction in both
the phases takes place simultaneously.

aT;

FOI‘SOlid(l —_ 8)(:0C)s 81‘ = (1 — E)V . (kYVTY) + (1 _ 8)q;// (6)
For fluid ¢ (pc),) %-i-(c) UNVT; =eV.(kyVTy) +eq) (7)
Adding Egs. (6) and (7)
aT n
(pc)effg + (pc) fUNT = V. (ks VT) + g1, (8)

where
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The grid study is important to know the minimum number of nodes for present simu-
lation to get accurate outlet temperature and pressure drop. Case (a) is considered
for grid study with Re = 5868. The heat flux on the absorber plate is 850 W/m?. The
deviation for outlet temperature and pressure drop of solar air heater is mentioned
in Table 4. The baseline grid size is taken as 492,800 number of nodes. The devia-
tion of outlet temperature and pressure drop is less than 1%. For further simulation
and analysis purpose, 492,800 number of nodes are considered. Figure 3 shows the

quadrilateral meshing of the empty channel of SAH.

Table 4 Grid independence study for empty channel solar air heater for Re = 5868 for case (a)

Number of grids T out (K) AP (Pa) Deviation (%)

Tou (K) AP (Pa)
340,158 330.46 0.233 0.006 —0.427
408,900 330.45 0.234 0.003 0
492,800 330.44 0.234 Baseline data

Fig. 3 Meshing of the solar air heater
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3.4 Validation

The empty channel SAH CFD analysis of present study is compared with the empty
channel of Rajarajeswari et al. experimental results and CFD results. Figure 4 shows
that the present study is following similar trend as per experimental and numerical
analysis of [11]. The percentage deviation for experimental and numerical with the
current study is 1.28% and 9.57%, respectively.

4 Results and Discussion

4.1 Velocity Distribution in Empty Channel and Porous Zone

Figure 5a and b show the velocity streamline of empty channel and porous zone of
case d for 0.4 m/s velocity, respectively. From figure, it represents that the velocity
near the outlet wall in porous media is higher due to pore structure of metal foam.
The turbulence is created due to pores present in the metal foam. The air velocity
near the absorber plate is low as shown in Fig. 5a.

4.2 Effect of Temperature for Different Arrangements
of Metal Foam

Figure 6 shows the outlet temperature variation for different Reynolds for cases b to
f. The temperature reduces as the velocity increases. From Fig. 6, it is observed that
case (c) and case (f) have similar trend of outlet temperature. Case (f) is fully filled
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Fig. 5 Effect of velocity in
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with metal foam which increases the cost of the solar air heater. Hence, to reduce the
cost and to get maximum outlet temperature, case (c) is the best suitable configuration
of metal foam instead of fully filled. Case (c) is giving 8.89% higher temperature
than the empty channel. Case (c) and case (f) have nearly the same temperature rise.

4.3 Effect of Pressure Drop for Different Arrangements
of Metal Foam

Figure 7 shows the variation in the pressure drop with respect to Reynolds number.
As velocity increases, the pressure drop increases. The pressure drop is low for case
¢ and higher for the case f. Higher the pressure drop, lower the performance of the
solar air heater. Due to porous structure of metal foam, resistance increases which
tends to increase pressure drop as well as pumping power. Hence, it is concluded
that for higher Reynolds number, pumping power requirement of solar air heater is
more.
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4.4 Effect of Performance Factor for Different Arrangements
of Metal Foam

Figure 8 shows the performance factor versus Reynolds number. The performance
factor is important to know the overall performance of the solar air heater. Figure 8
shows that case (c) stepped-type metal foam is giving good results compared to cases
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Fig. 8 Effect of 3
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(a) to (f). For higher velocity, performance of solar air heater decreases in all type of
stepped-type arrangement of metal foam.

5 Conclusions

The solar air heater increases the heat transfer rate by using metal foam as porous
media. Numerical analysis is very important to save the time and development cost
of product. In this study, case (a)—empty channel, case (b) to case (e) stepped metal
foam, and case (f) fully filled metal foam are studied for metal foam properties of
92% porosity of copper.

e The analysis was carried out for the range of Reynold number 4401-5868.

e The porous metal foam has better rise in temperature compared to empty channel.
The increase in temperature is 8.89% than empty channel.

® Among the six cases from (a) to (f), case (c) is the best suitable configuration for
further experimental work. Case (c) is the best option which saves the material
cost, and it reduces the pressure drop.

e The average temperature rise and the performance factor for case (c) are 364. 6 K
and 2.035, respectively.
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Energetic and Exergetic Performance )
of an Evacuated Tube U-Type Solar L
Collector for Medium-Temperature

Industrial Process Air Heating:

An Experimental Study

Thota S. S. Bhaskara Rao and S. Murugan

Abstract In this research work, experiments are conducted in a U-type evacuated
tube solar collector (ETSC), which can be used for producing medium-temperature
industrial process hot air. The amount of heat gain, thermal performance, and effi-
ciency of the U-type ETSC with air as the working fluid are studied experimentally.
Solar radiation is found as the main important parameter for the efficiency and higher
collector outlet temperatures. The values of the highest collector efficiencies are
observed between 1:30 PM and 2 PM due to higher solar radiation at this time. The
energetic and exergetic efficiencies of the collector are determined, and the results
are presented in this paper. From the experimental results, it can be concluded that
the developed U-type with ETSC can be useful for medium-temperature industrial
process heating applications.

Keywords ETSC with U-type - Air heating + Thermal performance - Energy
efficiency - Exergetic efficiency

Nomenclature

Symbols

Agrsc  Area of the collector [m?]
Cpa Specific heat of air [kl/kg K]

I Incident solar radiation [W/ m?]
my Mass flow rate of the air [kg/sec]
(0] Heat gain [W]
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T, Temperature of the ambient air [°C]
Ty Air temperature at collector inlet [°C]
T i Air temperature at collector outlet [°C]
T, Temperature of the sun [°C

Subscripts

c Collector

ci Collector inlet

Co Collector outlet
Ex Exergy

in Inflow of exergy
out Outflow of exergy
rad Radiation

1 Introduction

Solar energy is considered to be one of the potential alternative sources to fossil
fuels shortly [1]. The application of solar energy includes air heating, drying, space
heating, power generation, etc. Generally, for these industrial applications, two types
of non-concentrating solar thermal collectors are used: (i) flat-plate solar collectors
(FPSC) and (ii) evacuated tube solar collectors (ETSC) [2]. Various experimental
and simulation works have been carried out on both collectors, and among these,
ETSC shows better efficiency compared to the FPSC. Among the evacuated tube
configurations, U-type ETSC has two major advantages that are: (i) efficient working
in cold climates and (ii) cost-effectiveness. Considering the lowest initial possible
investment, U-pipe ETSC provides an extremely low-cost alternative to the heat pipe
collectors [3].

In the U-type ETSC, U-shaped copper tubes are used on the inner side of the
glass tubes. Generally, aluminum or copper fins are attached along and between the
glass tubes and the U-tubes. The incident solar radiation on the collector aperture is
absorbed by the glass tubes and then passes to the outer side of the inner glass tube
through radiation. The gap between the outer and inner glass tube is created with a
vacuum (<5%1073 Pa) before the thermal sealing at the tube end. The outer surface of
the inner glass tube is coated with the three target selective coatings of the absorption
layer (aluminum nitride), bonding agent cum absorption layer (aluminum nitride and
stainless steel), and anti-reflection layer of copper for the better absorption of the
heat energy [4]. The working fluid in the U-tube is heated by the solar radiation
collected by using the evacuated tube and passing through the metal fin. This creates
the flow of the medium by convection. The evacuated tubes do not directly contact
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the working fluid (air or water). Since the air is used as a working medium in the
U-tube, clogging, scaling, and freezing issues will not happen. For forcing the air into
the U-tubes, an air blower is used to continuously force the air. The exit temperature
of the U-tubes can reach a high range between 80 and 120 °C during summer. The
glass tubes are made of thin glass and are prone to breakage during transportation
and shifting. The advantage is that if one of the glass tubes is broken, that tube itself
can change instead of all the tubes. No corrosion takes place in the evacuated tubes
as it is made up of glass, and lesser heat losses were found due to the vacuum space
in between the two glass tubes [5]. The motivation of the current research study is
to find the thermal performance of a U-type ETSC with air as the working fluid for
medium-temperature industrial process applications.

2 Literature Review and Objective

Various researchers worked on the thermal performance of the ETSC and obtained
similar results. Gao et al. [6] proposed mathematical modeling for the thermal perfor-
mance of an ETSC U-type, and the results are validated by the experimental obser-
vations. The thermal performance of the collector is investigated with the corre-
sponding meteorological conditions, and the various thermal performance charac-
teristics, including mass flow rate, tube length and tube size, type of coating on the
absorber, and heat loss coefficient of the collector, are assessed. Nie et al. [7] studied
the thermal performance of a U-type ETSC whose working fluid temperature is lower
than the ambient air. The thermal efficiency of the collector is estimated by various
solar radiations that are changed by a solar simulator and at the different mass flow
rates of the working fluid and found higher thermal efficiencies at the lowest inlet
temperatures of the working. It is concluded that, at lower solar radiations during the
experimentation, the thermal efficiency and its growth rate are higher at the lower
input temperatures of the collector.

Wang et al. [8] experimentally assessed the performance of a U-type ETSC
surrounded by a compound parabolic concentrator consisting of 10 tubes. All the
U-tubes are made up of copper, and during the experimentation, the air is heated up
when passing through the tubes, and the outlet air temperature of the collector reaches
amaximum of 200 °C. A model for heat transfer is developed to assess solar radiation,
mass flow rate, and temperature. The efficiency parameters are calculated, and the
collector can be useful for engineering applications that require a temperature range
of 150-200 °C, even during winter climatic conditions. Naik et al. [11] performed
numerical and experimental investigations on a U-type ETSC with different working
fluids, and the results of the performance are compared. A mathematical model is
developed for the heat gain by the collector and the outlet temperatures of the working
fluid, viz., water, air, and lithium chloride solution, and found that the performance
of the collector highly depends upon the flow rate of the working fluid, length of the
collector, and the amount of solar radiation incident on the collector. Water shows a
higher amount of heat gain than the other working fluids with air and lithium chloride.
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Tong et al. [9] experimentally investigated the thermal performance of a low-
cost ETSC with a U-pipe and used copper fin as the intermediate material between
the absorber tube and the U-type copper pipe. Performance results of the collector
are compared with two working fluids, viz., water and multi-wall carbon nanotube
(MWCNT) powder mixed with water by 0.24% vol. The results show that the perfor-
mance increases by 4% with the use of MWCNT/water nanofluid and used water as
the filler material between the copper fin and the absorber tube. The environmental
analysis of the proposed system shows an annual decrement of 1600 and 5.3 kgs of
CO; and SO in the atmosphere.

Till now, no experimental studies have been found on the U-type ETSC with
air as the working fluid, and no literature is available on its energy and exergy
performances of it. Based on this research gap, an attempt is carried out on an
in-house fabricated U-type ETSC, and the experimental study is proposed for air
heating purposes. The objectives of the present research study are to perform the
thermal performance, useful heat gain, efficiency, energy, and exergy analyses of
the proposed ETSC with U-type. The novelty of the current research study is the
heating of air to medium-temperature heating applications in the process industries,
including paper, dairy, textile, pulp, pharma, leather, and automotive industries with
the use of ETSC collector.

3 Materials and Methods

An experimental setup is fabricated for medium-temperature industrial process appli-
cations and installed at the National Institute of Technology in Rourkela, India. The
fabricated copper U-pipe and insertion of the U-pipe in the evacuated glass tubes are
shown in Fig. 1. The experimental setup consists of 10 evacuated tubes, and inside
of that, U-tubes are connected in parallel. The photograph of the experimental setup
is shown in Fig. 2. An air blower is used for supplying air in the U-tube ETSC. The
air blower of 2.8HP (220 V, 50 Hz, 2800 RPM) is connected to the inlet manifold
through a flow control valve. From the inlet manifold, the air blower transfers the
air to each U-tube, and the heated air leaves the outlet manifold of the collector. The
outlet manifold is insulated with a 25 mm thickness of glass wool to prevent heat
loss. Two thermocouples are placed at the inlet and outlet of the collector to measure
the temperature at the respective conditions. A pyranometer is also kept nearer to the
collector to record the radiation data falling on the collector during the experimen-
tation days. The orientation of the ETSC is set at an angle of 19° toward the south
direction (22.26° N, 84.85° E). The overall design specifications of the ETSC with
U-pipe are given in Table 1. The mass flow rate of the air through the U-tube ETSC
is fixed at the mass flow rate of 0.03 kg/s. Three sets of experiments were conducted
in the month of May 2021, and the mean values are taken for the calculation. The
hourly variation of the ambient temperatures, solar radiation, and inlet and outlet
temperatures from the collector during the day with time is given in Table 2.
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Fig. 1 Fabricated images of
the a copper U-pipe and

b photograph of the U-pipe
with the manifold fitted into
the evacuated tube glass

1. U-Pipe 2. Copper pipe 3. Manifold Header
4. Inserted Copper pipe 5. Sealing plug 6. Glass tube

4 Thermal Performance

4.1 Useful Heat Gain

The useful heat gain of the ETSC is proportional to the rate of the mass flow of air.
The rate of heat gain by the evacuated U-tube solar collectors depends on the density,
ambient temperature, mass flow rate, and inlet and outlet temperatures of the air, and
this can be calculated by Eqs. (1) and (2)

Qu = mana(AT) (1)

Ou= macpa(Tao - Tai) (2)



36 T. S. S. Bhaskara Rao and S. Murugan

Fig. 2 Schematic diagram
of the experimental setup

1. Blower 2. Flow control valve 3. Manifold header with
insulation 4. Pyranometer 5. Digital temperature indicator
6. Evacuated glass tubes 7. Collector stand

4.2 Energy Analysis

The energy analysis of an ETSC is calculated based on the conservation of the
mass and energy equations. The experimental data required for the analysis are: (i)
temperatures of the inlet and outlet air of the collector, (ii) rate of mass flow of air, and
(iii) inflow and outflows of the energy. The inflow energy of the ETSC is electrical
energy supplied to the blower to force the air into the collector and incident solar
radiation on the surface area of the collector. The energy outflow of the collector
is the heat loss to the surroundings due to the reflection of the radiation, improper
insulation at the collector outlet, and the useful heated air.

The general energy balance equation of a solar thermal collector is given in Eq. (3)

Z Ein = Z Eout (3)
The amount of solar energy that falls on the collector is calculated by using Eq. (4)
Eiy = Agrscl “)

The amount of useful energy attained by the air in the collector is expressed in
Eq. (5)

Eour = macpa (Tao - Tai) (5)
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Table 1 Design specifications of the ETSC with U-type collector

Component/parameter Material/dimension
Glass Borosilicate glass
Number of tubes 10

Collector area (m?) 1.44

Transmittance of the glass 0.91

Emissivity of glass 0.90

Outer glass tube length (m) 1.8

Outer diameter of glass tube (mm) 58

Inner diameter of glass tube (mm) 44

Tilt angle (°) 19°

Absorber coating AI-N/AI (aluminum nitride)
U-pipe outer diameter (mm) 8

U-pipe thickness (mm) 0.5

Conductivity of copper pipe (W/mK) 397

Conductivity of aluminum fin (W/mK) 238

Emissivity of aluminum fin 0.1

Aluminum fin thickness (mm) 0.5

Manifold outer diameter (mm) 18

Manifold thickness (mm) 1

Working fluid Air

Thermal conductivity of air (W/mK) 0.024

U-tube and manifold headers material Copper

Insulation material Glasswool
Thickness of the insulation material (mm) 25

Sealing plug Silicon rubber with stainless steel cover

The energy efficiency of the solar thermal ETSC collector is calculated by using

Egs. (6) and (7)

Eoy
NETSC = Eomt (6)
macpa(Tao - Tai) (7)

NETSC =

Agrscl
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Table 2 Experimental operating conditions for 10 number of ETSC connected in parallel (average
values of the three sets of experiments conducted in May 2021)

Time Solar radiation (W/ Ambient temp. (°C) Collector inlet Collector outlet
(hours) m?) temp. (°C) temp. (°C)
9:00 652 24 44.8 108.4
9:30 661 24.6 442 107.2
10:00 672 25 44.8 108.4
10:30 683 26 45.6 110.8
11:00 699 26 46.2 1154
11:30 721 27.1 479 118

12:00 757 28 46.8 115

12:30 802 28.2 49.3 118.2

1:00 895 29 50.2 119.8

1:30 898 29 524 121.3
2:00 900 28 53.1 122.8
2:30 853 28 41.5 117.1
3:00 814 27 42.8 113

3:30 786 27 40 111.5
4:00 754 26 38.2 104.6
4:30 728 25 36.6 103.8
5:00 692 25 33.7 102.5

4.3 Exergy Analysis

The exergy analysis of the ETSC is performed based on the second law of thermo-
dynamics. The exergy of the solar radiation falling on the ETSC is given in Eq. (8)
[10]

E Ad|1 4T"+1T"4
Xrad,c = Ac¢ e S\
< s\r,) "3\,

The exergy inflow of the solar collector is given as Eq. (9)

a

Tci
Exip, = MaCpa (T = T,) — T, In T

The exergy outflow of the solar collector can be written as Eq. (10)

Teo
EXxout,c = MgaCpa [(Tco -T,) -1, 1n<T):|

a

()

€))

(10)
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Table 3 Uncertainties of the variables during experimentation

Parameter Device Range Accuracy Make/model

Digital temp. | K-type °C +2°C ACE Instruments RTD

indicator thermocouple, RTD PT 100 Sensor

sensor

Air velocity Anemometer 0-45 m/s + 0.1 m/s | Metravi AVM-04
Digital
Thermo-anemometer

Solar radiation | Pyranometer 0-1999 W/m? + 3 W/m? | Metravi Solar Power
Meter-207

The efficiency of the solar collector can be written as Eq. (11)

EXout,c

(1)

NEx,c =
Exin,c

4.4 Uncertainty of the Experimentation

The uncertainty of the present experimental study depends on factors including
temperatures and mass flow rate of the air. The uncertainty analysis is carried out
for the accuracy and reliability of the dependent parameters [11]. The experimental
uncertainty in the dependent value Wy and independent variables wy, wy, ...w,
calculated from the equation below is (12) [12]

SR 2 6R 2 SR 2
Wr=[(—wnD) +(—w) + ...+ (-—wn) (12)
dx1 8x, dxp

where Wr is the uncertainty of the estimated value and wy, w», ...w, are the errors in
the independent variables. The uncertainties of the variables during experimentation
and the uncertainty calculation of the experiments used in this study are given in
Tables 3 and 4, respectively. The overall uncertainty of the drying experiment is
found as + 1.4533%.

5 Results and Discussion

The proposed ETSC collector is installed on the roof terrace of the Department of
Mechanical Engineering at the National Institute of Technology Rourkela, Odisha,
India, and the experiments are conducted. The experiments begun at 9 AM and
continued up to 5 PM. The ambient temperature and the incident solar radiation
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Table 4 Detailed uncertainty calculation of the experiment

Parameter Uncertainty calculation with the value

2 2
Temperature Wr = [(WRT D Sensor)” + (wdigimllhermomeler)
2 211
+Weonnection poinls) + (wreaa'ings) 12

Wr = [(0.1)2 4+ (0.1)2 + (0.1)2 + (0.25)2]2
—0.3041

. . 1
Air velocity Way = [(wanemometer)2 + (wreadings)z] 2

Wav = [(0.1)2 + (0.1)2]2
=0.1414

.. 1
Solar radiation WSR = [(wpyranometer)2 + (wreadings)z] 2

Wsg = [(1)? + (1)2]2
=1.4141

Total uncertainty WEexp = [(Wr)? + +(Way)? + (WSR)Z]%

Wesp = [(03041)2 + (0.1414)% + (1.4141)2]% = + 1.4533%

during the experimental day are shown in Fig. 3. The starting value of 1 on the X-axis
indicates the time of 9 AM. During the experimental days, the ambient temperature
is found to be 24 °C during the initial time of 9 AM and increases to 29 °C at 1 PM;
after that, ambient temperatures follow a declining trend and are found to be about
25 °C at 5 PM during sunset. The value of incoming solar radiation is also observed
to have the same trend with an initial radiation value of 652W/m? and increases to
a maximum value of 900 W/m?2 at 2 PM, and after that, the radiation value falls to
692 W/m? at 5 PM.

The variation in the inlet and outlet temperatures of the heated air coming up
from the U-pipe ETSC is shown in Fig. 4. A temperature difference of 70-80 °C
is found at the outlet of the collector in comparison with ambient temperatures on
a typical sunny day of experimentation. This high temperature from the collector
may be due to the incident solar radiation and higher amount of heat collection in
the ETSC collectors due to the vacuum insulation and effectiveness in the design
configuration.

The amount of useful heat gain and the thermal efficiencies of the U-pipe ETSC
is shown in Fig. 5. The heat gain during the initial time of the experimentation is 100
W/m? and then increases with the increase in the solar radiation up to a maximum
of 550 W/m? and found to have a reduction in the value of heat gain till 5 PM to
a minimum of 180 W/m?. The thermal efficiency increases with the value increase
in heat gain by the collector. The thermal efficiency value increases from 0.34% to
0.66% till 2 PM and then follows a declining trend to a minimum value of 0.38% at
5 PM.

The variation in the energy and exergy efficiencies of the U-pipe collector with
time is shown in Fig. 6. It can be observed from the figure that the energy efficiency
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Fig. 4 Variation of the inlet and outlet temperatures coming out from the collector with the time

varies from 31 to 53%, with an average of 39%. The value of the highest collector

efficiency lies between the experimentation time of 1:30 PM to 2 PM due to the higher
solar radiation at this time, and the variations in the percentage of the efficiencies
are also due to the continuous change in the solar radiation falling on the collector.
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Fig. 5 Amount of useful heat gain and the thermal efficiency of the collector with the time

It can be inferred that the exergy efficiency of the setup varies from 25 to 60%, with

an average exergy efficiency of 42% during the

day.
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6 Conclusions

An in-house U-type ETSC is used to heat the air for industrial process medium-
temperature applications. Experiments are carried out using air as the working
medium, and thermal performance, useful heat gain, energy, and exergy efficiency
analyses are performed. The following are the important conclusions of the study.

Solar radiation and the number of U-type evacuated tubes are the main important
parameters for the efficiency and higher collector outlet temperatures.

A maximum of 70-80°C higher temperature is found at the collector outlet of
the ETSC. So, the developed U-type with ETSC can be useful for medium-
temperature industrial process heating applications.

The useful heat gain and the thermal efficiencies of the collector are found between
100 to 550W/m? and 0.34 to 0.66%, respectively.

The energy efficiency varies from 31 to 53%, with an average of 39%. The value
of the highest collector efficiency is observed between the experimentation time
of 1:30 to 2 PM due to higher solar radiation at this time, and the variations in the
percentage of the efficiencies are also due to the continuous change in the solar
radiation falling on the collector.

The exergy efficiency of the setup varies from 2 to 23%, with an average exergy
efficiency of 11% during the day.
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Comparison of Analytical Wake Models )
with CFD Study of Savonius Vertical oo
Axis Wind Turbine

Sunil Kumar, Visakh Vaikuntanathan, Nishant Mishra, and Santanu Mitra

Abstract Wake characteristics of wind turbines such as wake width, velocity deficit,
and turbulence intensity are important factors for optimal placement of wind turbine
rotors in an array in a typical wind farm. Reduced-order analytical wake models are
useful tools in wind-farm layout design due to their simplicity and low computational
demand. However, the suitability of such reduced-order models has to be tested
with more refined CFD studies before they can be deployed in the optimization of
wind-farm layout. In this study, a detailed comparison of widely used analytical
wake models with CFD studies on static and dynamic Savonius Vertical Axis Wind
Turbine (S-VAWT) is done. The CFD studies involve solving the Reynolds-averaged
Navier—Stokes (RANS) equations using finite volume method-based Ansys Fluent.
The comparative investigation showed that the analytical wake models reported in
the literature are capable of predicting wake characteristics such as the wake width;
however, they fail to predict the wake velocity deficit. Moreover, the asymmetry
in the wake velocity profile, which is a characteristic feature of S-VAWTs, is not
captured by the models. This highlights the need for developing new analytical wake
models that are better suited for S-VAWTs.

Keywords VAWT - Savonius - Wake models + CFD
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Wake velocity [m/s]

Rotor diameter [mm)]
W Wake width [mm]
Axial induction factor [—]
Velocity vector [m/s]
Control volume [m?]
TSR Tip speed ratio (wD/2U) [-]
» Coefficient of power [-]
Coefficient of torque [-]
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1 Introduction

Wind energy is one of the most promising forms of renewable energy [1]. Based on
the orientation of their axis of rotation, wind turbines are broadly classified into two:
Horizontal Axis Wind Turbine (HAWT) and Vertical Axis Wind Turbine (VAWT).
VAWTsS are becoming popular in urban areas, as they are suitable for power genera-
tion in small areas. While designing the layout of a S-VAWT wind farm, comprising
many such Savonius rotors, in constrained urban spaces, an understanding of the
characteristics of the wake behind each rotor is important, since they affect the
performance of the downstream rotors [2, 3].

2 Literature Review and Objective

Conventional Savonius rotor is a type of VAWT with two semicircular halves of a
cylindrical surface, referred to as buckets, joined with an overlap ratio. At an overlap
ratio of around 0.15, it was reported that the conventional two-bucket Savonius
rotors perform at their best; moreover, two-bucket configuration was seen to perform
better than three-bucket configuration [4, 5]. Numerous efforts have been made to
analyze the wake characteristics, especially for HAWTs, by analytical, numerical,
and experimental methods [6].

Analytical wake models are widely used in commercial sector because of their
simplicity and low computational cost. These analytical wake models are mainly
derived from the mass and momentum conservations. There are several key assump-
tions made to simplify the predictions in these models: fluid flow is assumed to be
homogeneous, incompressible, and steady; the assumption of an infinite number of
blades leads to a cylinder/disk-shaped rotor on which uniform force is exerted by
the fluid flow; the wake is assumed to be symmetric and non-rotating; and the flow
far upstream and far downstream of the rotor is assumed to be unperturbed [2]. A
detailed comparison of the predictions from such wake models with CFD studies is
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required to judge the suitability of these models for S-VAWTs. In the next section, a
brief summary of the most prominent analytical wake models is given.

3 Wake Models

Jensen and Katic developed a simple wake model in their pioneering works [7]. This
model assumes a top-hat-shaped velocity profile in the wake (see Fig. 1). Mathemat-
ically, the velocity in the wake, V (normalized with the freestream velocity U), can
be written as follows:

\% 2a

—=1-— (1)
2

v (1+%)

Here,a = 1 — % = (1 — /T —=C;)/2 is the axial induction factor, U, is velocity
near the rotor, C; is torque coefficient of the rotor, D is rotor diameter, D,,(x) = D
+ 2kx is the wake width at a distance x downstream of the rotor, and k is the rate
of wake expansion (0.1 in Jensen-Katic model, and 0.075 for land applications) [8].
This model is used by various commercial software such as WasP, WindPRO, and
WindSim [6].

Frandsen’s wake model [9] uses momentum conservation over a control volume
around the rotor. One of the differences between Katic and Frandsen wake modelsisin
the definition of the wake width and the choice of wake decay constant. In addition,
Frandsen uses momentum conservation, while Katic uses only mass conservation
over the control volume. Frandsen proposed the velocity deficit in wake through
Eqg. (2), assuming a top-hat velocity profile in the wake.
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Here, A is the swept area of rotor, and A,,(x) = anv /4 is the circular wake area at
a distance x downstream of the rotor, where the wake width is expressed as follows:

D, (x) = D(ﬁ% +a%)7 (3a)
_(1+VT=0)
b= =] (3b)

Here, decay factor « = 0.5 and j = 2.0 for rectangular shape of wake velocity
profile. The wake velocity profile for flow over cylindrical or bluff bodies is generally
Gaussian [10]. Taking inspiration from the similarity in the rotational symmetry of
a cylindrical body and Savonius rotor, a wake model was proposed by Bastankhah
and Porte-Agel [10] as well as Ishihara et al. [11]. This model assumes a Gaussian
velocity profile in the rotor wake given by Eq. (4)

V| C( o 4
J=1-Cler 4)
Cx)y=1- |1 S oD (k*x +s) (52)
X) = — I ——— =
8(& + 8)2 D
£ =0.25/8, k*=do/dx (5b)

4 Numerical Model and Methodology

In this study, the flow over a Savonius rotor is simulated by solving RANS equations
using finite volume method in Ansys Fluent [12]. Conventional Savonius rotor has
a plane of symmetry in the third dimension (here, along the Z-axis); hence, two-
dimensional simulations are performed. In the following subsections, the details of
the computational domain and methodology of the simulations are explained.

4.1 Computational Domain

The computational domain (Fig. 2) is prepared by Ansys ‘“Design Modeler’ package.
Entrance and outlet lengths are kept sufficiently large so as to avoid any boundary
effects on wake structure [13].

The upstream and downstream boundaries are set at a distance of 20D. The inlet
and exit boundaries are imposed with a constant velocity of 6 m/s in the x-direction
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Fig. 2 Geometry of
computational domain

vVYVVYVYVYC

Table 1 Rotor geometry
details

Number of buckets 2

Blade diameter, D 300 mm
Buckets diameter, d 164 mm
Blade thickness, t 2 mm
Overlap ratio, S/d 0.15

and pressure outlet condition, respectively. The details of the computational domain

and rotor are given in Fig. 2 and Table 1.

4.2 Mesh Generation

Ansys meshing package is used to create a high-quality mesh. For discretization,
quadrilateral and triangular mesh elements are utilized, and inflation layers of 10
layers of quadrilateral elements are used on solid walls of rotor to achieve y* < 1.0

[14]. The grid structure is shown in Fig. 3.

Fig. 3 Grid structure and near-wall inflation layers
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4.3 Solver Details

Once geometry and meshing are done, the case files are put in Fluent setup where
RANS equations are solved using Semi-Implicit Method for Pressure Linked Equa-
tion (SIMPLE) algorithm. Second-order scheme is used for pressure, momentum,
and turbulence equations. k-w shear stress transport (SST) model, which is a good
choice for high Reynolds number flows [15-17], is used for turbulence modeling;
note that some studies have also used the k-¢ model [18]. The governing equations are
given below. Equation (6) is the integral form of the continuity equation for a finite
control volume fixed in space. In this study, the control volume is the computation

domain.
a o o B
5///pdV+///pV-dS=O (6)
1% S

Momentum equations for the two-dimensional flow analysis can be written as
follows:

dpu)  d(pu*)  d(ouv) ap 9 _ ou
o1 + o + oy =—a+5(1V.V+2Ma>
d v Jdu
Fane G ay)] o 7
d(pv) | douv) 3(pv?) _ o
at ox ay ay
+i<w.f/+2ua—v>+i[u(8—v+8—")}+pf, (7b)
dy ay dax dx  dy Y

Flow around the rotor in static position is solved, and static torque coefficient is
calculated at each angular position of the buckets. Six angular positions from 0° to
180°, with an interval of 30°, are considered. Turbulence intensity is set to be 3.17%
at both inlet and outlet.

For dynamic rotor studies, sliding mesh model (SMM) is used. The computational
domain is divided into two parts: one is fixed, and the other one is rotating at a tip
speed ratio (TSR = %, o is the angular speed of the rotor) varying from 0.2 to 1.2.
Each time step corresponds to one-degree rotation of the rotor. In total, the rotor is
subjected to ten full revolutions. Convergence criteria are set at a residual of 1 x 1076
for continuity, velocity in x and y directions, turbulent kinetic energy, and dissipation
rate. The static torque, 7, is calculated at the rotor center and along the normal to
the plane. The torque generated is mainly due to pressure force, with a negligible
contribution from shear force. The coefficient of torque, C, and coefficient of power,
C), are given as follows:
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4T 2T w

C=——— C,=——
T pAURDT TP T pAUB

= C, x TSR (8)

Here, A, = D x H is the projected frontal area of the rotor.

5 Results and Discussion

In this section, the CFD results are discussed. Grid sensitivity study of the generated
mesh and validation against experimental results of Sheldahl et al. [5] are discussed
first. Further, the wake characteristics from the CFD simulations of Savonius VAWT
rotor at static and dynamic conditions are compared with the predictions from the
analytical wake models discussed in Sect. 3.

5.1 Grid Sensitivity Test

Steady-state simulation of the single Savonius rotor at 90° is done to study the grid
sensitivity. The value of C, at each grid refinement level (number of grid elements)
is shown in Fig. 4. Figure 4 also shows the percentage change in C; with each
refinement, as denoted by the numbers below black arrows.

Figure 4 also shows the grid sensitivity rate, which is defined as the rate of change
of measured value (here, C,) with respect to the change in the number of grid elements.
In Fig. 4, grid sensitivity rate is plotted in multiples of 107, It is found that after
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Fig. 4 Grid sensitivity analysis



52 S. Kumar et al.

refinement level corresponding to the vertical dashed line, the grid sensitivity rate is
at its minimum. Hence, the number of grid elements at this refinement level (that is,
240,390) is seemed to be sufficient for further simulations.

5.2 Validation with Experimental Results

Simulation results of the Savonius rotor are compared with the experimental results
of Sheldahl et al. [5]. As seen in Fig. 5, the coefficient of power C), oscillates with
the angular coordinate of the rotor. The average value of C},, marked as a horizontal
dashed line in Fig. 5, is calculated at each value of the TSR. These values are plotted
in Fig. 6 at different values of TSR, showing a reasonable agreement with the experi-
mental results [5]. The simulation results differ from the experimental data relatively
by 6% on an average, with the minimum and maximum values of this relative differ-
ence being 1 and 14%. At low values of TSR, C, increases with increase in TSR,
reaching a maximum at around TSR = 1.0. Further increase in TSR beyond 1.0 leads
to a decrease in C,

1.2+
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A_verage C, over a cycle

0.8

0.6 1

0.2 +

0.0

_02 -

-0.4 S AT T T T T T
0 500 1000 1500 2000 2500 3000 3500
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Fig.5 C, versus rotational angle; TSR = 1
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Fig. 6 Comparison of C, at different values of TSR from the current CFD study with experiments
[5]

5.3 Comparison with Wake Models: Static Rotor

First, the results corresponding to the rotor in a static configuration are discussed. A
static configuration is specified using the corresponding angular position of buckets
with respect to the fixed wind direction. At zero-degree position of the rotor, the
velocity contours are shown in Fig. 7a. Savonius rotor has two buckets: one is an
advancing bucket producing positive torque, and the other one is a returning bucket
producing negative torque. The vertical lines at D, 2D, 4D, and 8D, marked in Fig. 7a,
correspond to typical locations along the x-direction downstream of the rotor. The
velocity profiles along those lines, as well as the analytical wake model predictions
of the same, are plotted in Fig. 7b. In each of the four panels in Fig. 7b, the horizontal
axis represents the wake velocity and the vertical axis represents the distance from
the center line of the rotor in Y-direction in terms of the rotor diameter. The above-
mentioned details of the plots remain the same for all the subsequent velocity profile
plots in this study. Wake width, shown by horizontal dashed lines in Fig. 7b, is taken
as the wake diameter defined by Katic et al. [7]. At zero-degree static position, there
is a very low velocity region just after the rotor up to 2D (see Fig. 7a). After this, the
recovery of wake velocity starts, and at 4D, the average wake velocity recovers by
80-85% of the freestream velocity. This wake recovery distance is less compared to
that for HAWTs [19]. This enables a denser placement of the VAWTSs as compared
to the HAWTS. The wake width from both the CFD data and analytical wake models
is in good agreement. However, the wake velocity deficit is more in CFD compared
to the wake models. The flow patterns around advancing and returning buckets are
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different, as shown in Fig. 8. Hence, the flow patterns at different static positions
of the buckets (and, hence, the rotor) need to be investigated. The velocity vectors
for different static angle positions are shown in Fig. 8. At 60° (Fig. 8a), the pattern
of flow is dominated by dragging flow and overlap flow [20]. At 90° (Fig. 8b),
vortex shedding from the advancing and returning blades occur, whereas in the static
positions greater than 90°, the vortex separates from the tip of the advancing bucket.

In Fig. 9, the wake velocity profiles are shown for the rotor at the static position of
90°. Overall, similar trends, as seen in Fig. 7b, can be observed: (a) a higher velocity
deficit in the wake in CFD compared with the predictions from the wake models and
(b) regions with velocities higher than the freestream velocity are observed in CFD,
whereas the wake models fail to capture these regions.

5.4 Comparison with Wake Models: Dynamic Rotor

The velocity contours are shown in Fig. 10a for the clockwise rotation of the rotor.
The velocity contours highlight the wake region as well as a higher velocity region
at the boundary of the near-wake. The time-averaged wake velocity profiles, over a
complete rotor revolution, are plotted in Fig. 10b at the same downstream distances
from the rotor as in Fig. 7a. Figure 10b clearly shows the asymmetry of the wake
about the rotor axis; wake tends toward the returning bucket, and the higher velocity
region tends toward the advancing bucket.

Near the rotor, the higher velocity region is at the edge of the wake and is more
prominent on the advancing bucket side. On the returning bucket side, there is a region
of less accelerated flow compared to that on the advancing bucket side, highlighted
in blue. This shows a shift of the wake region toward the returning bucket side and
accelerated flow on the advancing bucket side. A similar study done for the case
of anticlockwise rotation showed that the wake shifts toward the upper returning
bucket and the higher velocity region shifts toward the lower advancing bucket side.
This reconfirms the existence of wake asymmetry as well as the location of high
velocity regions outside the wake at rotating conditions. It can be concluded that the
optimal placement of the downstream rotor should be on the advancing side of the
upstream rotor and just outside the near-wake region, in order to extract energy from
the high velocity regions. This leads to a possibility of the overall cluster performance
enhancement.
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Fig. 7 Rotor at a static angle of 0°. a Velocity contours and b velocity profiles along the different

positions in the wake region
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Fig. 8 Velocity vectors at different static angle positions of rotor: a 60° b 90° ¢ 120° d 150°

6 Conclusions

A detailed CFD study of the static and dynamic Savonius rotor was done. The velocity
profiles of the wake region were compared with the different analytical wake models.
Following are the key findings from this study:

(1) Wake models work well in predicting wake width but not good in predicting the
wake velocity deficit.

(2) The wake velocity deficit from the CFD studies is much higher than that
predicted by the wake models.

(3) When the VAWT is rotating, the wake region is asymmetric toward the returning
bucket.

(4) At the edge of wake, there is higher velocity region, which could be extracted
by placing the downstream rotors.

(5) A new wake model is needed for VAWTSs with the following highlights:
considers the wake asymmetry, is capable of predicting the higher wake velocity
deficit, and can capture the high velocity regions outside the wake.
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Fig. 9 Velocity profiles at 90° static position of rotor

These results will guide in the optimization of S-VAWT clusters through a

reduced-order modeling approach. Savonius rotor has a low aerodynamic perfor-
mance compared to Darrieus type VAWTs and HAWTs; but by employing Savonius
rotors in a cluster, there is a potential to increase the average cluster performance.
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Fig. 10 a Velocity contours and b velocity profiles for the rotating Savonius rotor. TSR = 1.0,
clockwise rotation
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Abstract The world is witnessing the transformation of countries toward the adop-
tion of renewable sources for power generation. Power generation through solar
photovoltaic is at the top preference due to its proven advantages. Among the various
technology in solar PV, floating solar photovoltaic is emerging in the past decade as it
shows higher performance than ground-mounted PV system, reduces CO, emission,
saves land, and saves water from evaporation. In this view, the research that has been
conducted across the world in the year 2022 and reported in various publications has
been discussed in this article. The review presents the reported software used for the
geographical and meteorological data collection, performance analysis, thermal anal-
ysis, FSPV in hydro-reservoirs, environmental effects, and FSPV in marine condition
are discussed. Based on the investigation, it is proved that the floating solar photo-
voltaic is a robust source of energy that has a huge demand in the global market as
it can replace the non-renewable sources for power generation.
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1 Introduction

In the growing trend for the utilization of the abundant solar energy, technological
advancement of different solar energy conversion devices resulted in the invention of
various methods and models [1]. One among them is the floating solar photovoltaics
(FSPV) or floatovoltaics that is placing the PV panels over the surface of water for
electricity generation. Generally, the pontoons/floats, mooring, water proofing, and
the buoyance force are the important terms that make up an FSPV system [2]. The
main advantages of a FSPV systems are performance increase due to cooling effect
provided by the water beneath it, and it reduces the water evaporation, decreases the
use of land thereby saves cost, less effort for installation, can be mobilized easily,
and less shading/soiling compared to ground-mounted system [2—5]. The carbon
emission is zero during power generation and emits in a negligible amount in its
entire life cycle. In the below sub-sections, an introduction has been provided on the
evolution and performance analysis of FSPV systems.

1.1 Evolution

“Jacona” powership was the first floating power generating plant with the water base
[6, 7]. The origin of the floating solar PV systems takes us to the US patent filed
in the year 1980 that uses the same concept of floating solar technique but for the
generation of steam [8]. In the year 1982, the Japanese patent entitled “Floated on
water surface solar-ray power generation apparatus’ assigned by Mitsui Engineering
and Shipbuilding Co. Ltd., Mitsui Zosen KK, is presumed to be the commencement
of FSPV systems [9]. In the year 2007, the 20 kW solar plant installed at Aichi of
Japan is the world’s 1st floating solar PV system [10]. In 2008, USA installed a
175 kW FSPV in California, which is the 1st commercial-scale installed FSPV [11].
Following it, the performance analysis of the FSPV in water has been presented in
the 2008 European Solar PV conference [12]. Eventually, an Italian patent filed in
the same year stating the efficiency increase by immersing the solar panel is alleged
to be the pioneer concept for the usage of solar panel in water [13]. South Korea
and Japan installed FSPV in Mega Watt scale in the year 2013 [11]. Diplomatically,
the emergence of the FSPV systems in the market of the following decade can be
confirmed by the various patents filed across the globe [14, 15]. The growth of FSPV
can be witnessed by its expansion from 100 MW in 2016 to more than 3 GW in 2021
[16]. To say more, the power generated by the fossil fuel plants can be satisfied by
the installation of FSPV in a 10% of the world’s hydropower reservoirs and will lead
to electricity decarbonization by 2050 [17].
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1.2 Performance Analysis

Approximately, FSPV shows 12% higher performance than a rooftop or a ground-
mounted system [18]. For a summary about the performance of FSPV, the authors
would like to present the research conducted by the Nisar et al. [19] in NUST,
Pakistan. Two 80W solar PV panels in monocrystalline and polycrystalline each for
a ground-mounted and floating system was used for the test condition [19]. Floating
solar PV (FSPV) system was set up in an artificial pond. These 3-day experimental
research completely used individual sensors to detect the performance and stored
the real-time data in using specified components [19]. Optimal angle is 30 °C for
the selected location. In tilted position, the temperature was observed to be low at
the bottom and for flat position, and it is uniform distributed [19]. The reduction
in evaporation is 17% for partially covered and 28% for full coverage [19]. The
temperature reduction range at the front side of the FSPV was 2 to 4°C and at the
back side was 5-11 °C. FSPV power production was 27% to 35% higher than a
ground-mounted solar PV at flat position and 8% higher for a tilt of 30° [19]. Also a
32,600 kWp FSPV engineering project at Taiwan reported in the “Energy Reports”
by Chiang and Young [20] gives the readers a complete installation and assessments
in detail.

The world is covered with 70% of water bodies with a large area of ocean. It could
be a vital source for the establishment of FSPV plants for electricity generation,
and this attracts the countries across the world. The leading nations are already
distributing electricity produced by FSPV, some are in the early stage and others in
research stage. In this view, the objective of this study is to analyze and present the
global status of FSPV reported in various articles in the year 2022.

2 Global Analysis

In this section, various research that have been conducted and published in research
articles especially in the year 2022 are discussed on regional-wise. Following it, a
discussion has been made based on the study of FSPV technology.

2.1 Asia

There has been many research conducted on the feasibility of FSPV in various Indian
conditions. It is reported that using FSPV 280 GW of power can be generated in the
18,000 km? of available water reservoirs in India [21, 22]. The comparative analysis
for the on-grid FSPV and on-grid PV systems based on the location Bhilai steel plant
of Chhattisgarh, India, used HOMER Pro software for system architecture found that
FSPV as the most feasible system [21]. Using HelioScope software, the electrical



64 C.J. Ramanan et al.

performance of FSPV was investigated for 20 various hydroelectric reservoirs plants
across different states of India [23]. It resulted that in common, a tilt angle of 10-20°
is found to be the enhanced angle [23]. Also by covering the water surface of 0.9
km? with FSVP in these 20 reservoirs, it can save 1.40 cubic meter of water per day
[23]. In a specific case for a Metur dam in Tamil Nadu, India, a tilt angle of 10° was
found to be suitable and the cover with FSPV saved 1,84,589 cubic meters of water.
It also calculated the efficient system to be flat-mounted FSVP owing to the high
cost associated with the tracking integrated FSPV system [24]. The research for the
possibilities of FSPV in Koyana dam of Maharashtra, India, using PVsyst and PVwatt
calculator tool resulted in 4.08% more energy production than a ground-mounted PV
system [25]. The research also said that dual-axis tracking FSPV yields higher, but
the author did not analyze the cost comparison between the different FSPV models.
Similar successful result has been simulated using PVsyst and MATLAB/Simulink
for the potential analysis of FSPV in Rajghat dam in Uttar Pradesh India and Chilika
lake in Odisha [26, 27]. After complete analysis, Mamatha and Kulkarni [28] state
that less than a 4% coverage on the existing Indian reservoirs would double the power
production. Bangladesh which is located to the northeastern border of India has set
a target of achieving 6000 MW of solar PV electricity generation in Bangladesh
by the year 2041 [29]. FSPV will play an important role in its achievement. There
has been a report for the Chalan Beel wetland of Bangladesh [30]. The experimental
analysis said that in overall the FSPV is cost-efficient compared to a ground-mounted
PV system [30]. Sri Lanka too have already installed FSPV by the company named
“Current Solar” at the Kilinochchi [31]. It was examined for a year, and the author
appreciated the performance and reliability but stated the yield was only 0.6% higher
than ground-mounted PV system [31]. Also it stated that the drought or dried lake
does not affect the performance of the performance of the FSPV [31]. In an study
in Indonesia, using Earth Observatory System (EOS) software the area covered by
water hyacinth at Cirata reservoir was calculated and suggested to replace it with
FSPV or any other water-based renewable energy systems [32]. The preliminary
assessment in Philippines reported a massive potential for the supply of electricity to
a fisherman community people by installing the FSPV in the Mainit lake [33]. Peters
et al. [34] conducted experimental research to analyze the thermal performance of
a FSPV compared to a roof top solar PV nearby in a remote location of Cambodia.
It resulted in an inversion, where the temperature of FSPV was about 9 K higher at
noon than the roof toped one [34]. This is because of the flow of wind for the FSPV
was affected due to the obstacle like grass, rocks, tilted PV panel at the edges, and the
low attitude of the water body than the land surface, whereas on the other hand the
placement of solar PV in roof top is at high attitude in an open surrounding leading
to high heat dissipation by the force of wind. Similar result exhibiting a high cooling
for the ground-mounted system than a FSPV was also reported by Kjeldstad et al.
[31] in an experimental research at Sri Lanka. The experimental results generated by
a2 MW FPV system in the Mudasarlova reservoir of Vishakhapatnam of India were
compared with their simulation results generated by the PVsyst, HelioScope, and the
System Advisory Model (SAM) [35]. The error metric approach revealed that these
software are not capable of predicting the FSPV performance as they do not meet
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the experimental results [35]. Similarly in another case, the results generated by of
SAM were found to be with a mean absolute percentage error of 15% in the case of
Hapcheon dam of South Korea [36]. Although many FSPV investigations reported
in India, it is already producing and commenced to produce more than 1.7 GW of
electricity using FSPV [11]. Similarly Singapore powers five of its water treatment
with the aid of 60 MW FSPV [16]. In 2021, the world’s largest 320 MW FSPV was
installed in China [16]. Though European Union produces power using renewable
energy higher than China, in the FSPV technology, China is the leader [37].

2.2 Europe

Tina et al. [38] conducted research on 2 places of Europe—Frankfurt, DE, and
Catania, IT, considering high and intermediate latitudes, respectively. The author
reported that bifacial panels perform 13.5% higher that monofacial panels for a
FSPV owing to albedo on the back surface of the bifacial panel [38, 39]. Similar
study for the effect of albedo on FSPV based on North Sea reported that a dynamic
albedo due to sea wave performs more than a constant one [40]. Tina et al. [38]
also suggested that on comparison PVsyst simulation software for solar PV is better
than SAM software. With the positive results for the analysis of electricity produc-
tion from renewable energies such as solar PV, biomass, and wind, Osorio-Aravena
et al. [41] suggested that the implementation of FSPV and agrivoltaic will generate
an additional income for the farmers of Jaén at Spain. Moreover, by laying FSPV
over the 10% water surface of Spain, it can fulfill 31% of its electricity demand by
eliminating 81% non-renewable electricity source [42]. FPV system for the regions
Anapo dam, Italy, and Aar dam, Germany, has been analyzed using PVsyst software.
Results indicated that for the combination of natural cooling, tracking, and bifa-
ciality, the maximum gain is 47.4% and 42.5% in a dual-axis system [43]. Eyring
and Kittner [44] developed an algorithm for FSPV site selection based on meteoro-
logical data for alpine regions. Demonstrating the potential of FSPV in the alpine
region of Switzerland, the author also mapped the worldwide alpine regions capable
of harvesting FSPV power generation [44]. Unlike the other European nations, it is
found that FSPV does not suit for Poland condition assessed in the PVsyst owing to
the use of the commercially available modules in the market having poor tilt angle
[45]. Popa et al. [46] conducted research using the tool PVsyst software and Global
Solar Atlas for potential of FSPV in the Lacul Morii reservoir of Bucharest, Romania,
and then stated that this type of cleaner energy production in Romania is the 1% to be
conducted, and it can be an example for all other European cities. The target set by
the Portugal to install 500 MW FSPV plant by the year 2022 is in good progress, and
it is the largest FSPV plant in the Europe [16, 47]. Similarly, FSPV occupies a space
in the 150 MW solar PV project in Spain [16]. Also it could save a minimum of 450
mcm from 9380 mcm being evaporated every year [48]. Investigation revealed that by
installing FSPV covering 2.3% area of the European Union’s reservoirs can generate
42.31 TWh of energy where overall EU’s net production is 2664 TWh (2020) [49].
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Apart from the technical and economic feasibility of FSPV, the case study in Oost-
voornse lake of Netherland highlighted the importance of the moral and humanitarian
values [50]. The lake having installed with a pilot-scale FSPV plant in the year 2020
was analyzed in the view point of societal value, threats, opportunity, deficiencies,
role players, socioeconomical, ecological, cultural, and landscape impact [50]. It is
observed that recreationist welcomes the project, while the stakeholders and local
community oppose it [50].

2.3 Middle East

Abu Dhabi installed the first 80 kW FSPV in the gulf countries [51]. The feasibility
of FSPV for Iran in the Caspian Sea was studied using MATLAB/Simulink and
RETScreen programs [52]. And on the optimistic results, the author suggested for
the implementation of policy to promote solar PV in Iran [52]. In another study
using PVsyst and RETScreen, the author found that by covering 0.3% of a reservoir
by FSPYV, it can save a minimum of 441 thousand cubic meter of water evaporated
in the lake of Zabon, Iran [53]. Research from the Technical Engineering College
of Iraq obtained an increase in the efficiency by integrating the FSPV with solar
pond combined to produce heat and electricity [54]. The installation of FSPV for the
location Aden of Ymen using PVsyst resulted in a high performance [55]. Based on
the environmental, technical, and accessibility criteria using fuzzy AHP technique
and GIS software, Koca et al. [56] suggest Beysehir lake is highly suitable for FPV in
Turkey. For Biiyiikgekmece lake of Turkey, it suggested for a strong wave resistance
design for FSPV system to balance the unique harsh wave and wind environment
in this type of lake [57]. There has been a report in finding the optimal location for
FSPV in Demirkoprii dam of Turkey. The author used satellite images and found that
among the 3000 ha surface area of dam, 88.5% of the area has the high irradiation
value at a particular location for long duration [58]. This gives the researchers an
option to identify the proper region on the reservoir for FSVP. In Israel, Vaschetti
etal. [59] replaced the floating cover of the Hefer reservoir with FSPV and generated
230 kW peak output with 616 panels tilted at 5° avoiding evaporation. For a farm
irrigation reservoir located at the Mafraq governate in Jordan, the analysis for the
FSPV using HOMER Pro software has been conducted [60]. In this case, a 300 kW
power large footprint FSPV tilted at an angle of 15° with a 200 kW inverter is found
to be the most suitable system than any other advanced FSPV systems owing to
cost efficiency [60]. In another instance, on comparing FSPV and a ground-mounted
system using SAM software, ground-mounted system performed well than FSPV in
the Ma’an region of Jordan [61]. The author feels that it is due to the tilt angle where
it was 30° for ground mounted and 10° for FSPV.
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2.4 African Nations

The potential of FSPV in Africa is investigated accounting to its 146 hydropower
reservoirs [62]. Just by laying FSPV in less than 1% area of the reservoirs, the
energy generated by the hydropower can be doubled and can save 753 million cubic
meter of water per year [62]. FSPV can preserve the water body and can control
80% of the water evaporation in Nqweba dam in South Africa [63]. FSPV is a
potential source for electricity generation in Nigeria that avoids land acquisition
and technically profits the Nigerian power grid [39]. Another study reveals high
irradiance, ambient temperature, and the wind flow makes FSPV as a high potential
for electricity generation in the Great Ethiopian Renaissance dam [64].

2.5 American Region

NREL reported that the growth of FSPV in USA is slow due to the availability of
land and lack of incentives for the installation of FSPV systems. FSPV installed
and planned in California and New Jersey is 6.4 MW and 4.4 MW capacity, and
developers have targeted to cross more than 10 MW FSPV system by 2023 [65, 66].
There were several reports published on Brazil which is located in South America.
Brazil can generate 12% of its electricity that is consumed by 16.5% of its population
by installing FSPV in 1% of its total artificial water bodies (45,502 km?) [67]. A
high potential for the electricity generation through FSPV for the Tocantins-Araguaia
basin of Brazil was calculated theoretically using SunData tool [68]. The installation
of FSPV in the Passatna river of Brazil can save 60% of evaporated water which
is 2.69 cubic hectometer of water from 4.47 cubic hectometer of water evaporation
per year [69]. Also, the author mentioned the effective method for the calculation of
evaporation rate as FAO Penman—Monteith method and for evaporation reduction by
FSPV as the Assouline, Narkis, and Or method [69]. In the post-COVID-19 pandemic
situation, the new policies adopted by Brazil pave a robust growth for FSPV systems
in the country [17].

2.6 Other Countries

The assessment for the potential of FSPV in the irrigation reservoirs of Albania
suggested to consider the hydro-meteorological and geophysical parameters and also
to encounter the shortcomings [70]. An experimental research for the novel partially
submerged FSPV in Port Said, Egypt, stated that on a calm water, at an optimal
submerge ratio of 12%, compared to the land-based PV system, the temperature
difference was found to be 12 °C, and it showed 23.7% increased power genera-
tion [71]. Extending to it on the examination of thermal-electrical relationship of a
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partially submerged FSPV, 10% submerge ratio for tilt angle of 15° was found to
be suitable in case of Port Said, Egypt [72]. Also polycrystalline FSPV seems to be
more suitable Egyptian location [73]. The size of the solar PV arrays installed in
any area is directly related to the production capacity. In this view, Reges et al. [74]
propose a methodology for optimizing size of a FSPV with respect to the area of the
reservoir on the basis of reliability which is the flood existing over a period of time
in the reservoir. The case study was analyzed in Brazil and Australia as the semi-arid
places will not have hydroelectric plants [74]. Also, this methodology is easy and
simple but requires historical data of dam especially the times gone by flood.

3 Thermal Analysis

Recent analysis in the Huainan City of China noticed that there was an increase in
land surface temperature by 1.24 °C for a radius of 200 m of the floating solar park
[75]. After the review on the thermal aspects of FSPV, Michile [76] revealed that
though if the temperature of water is higher than the ambient temperature, cooling
occurs due to the high U value of the water-cooled FSPV modules. In some case, the
design parameter such as FSPV structure exposure, size, obstacles in the wind path,
and the wind speed influences the thermal performance [76]. Cooling effect of the
FSVP is effective only at high temperature where in a study, 37 °C showed increased
performance followed by 24 °C and no performance effect for 6 and 16 °C [77].
Impact of thermal variation in the reservoir’s water due to the overlaying of FSPV on
the water surface had been explored in the hydropower station of Xiangjiaba, China
[78]. Interestingly apart from increased power generation, CO, reduction, and water
resource conservation, it states that the effect of FSPV on the water temperature is
spatial, and for Xiangjiaba condition, it increases the rate of spawning of fish in
winter and autumn weather conditions [78].

4 Environmental Effects

The water quality change due to the FSPV in aquaculture ponds of Taiwan Fisheries
Research Institute was examined by experimentation [79]. FSPV creates shading
in the water body, and this lowers the temperature, pH, planktons, biochemical
oxygen demand, and the dissolved oxygen [79]. Though reduction, the aerator
provided enough dissolved oxygen and nutrients [79]. Analogous investigation was
also successful in increasing the dissolved oxygen from 3.2 to 4.4 mg/L with an
aerator powered by FSPV [80]. The use of FSPV exhibited high oxidation-reduc-
tion potential that favors nitrification. This in overall favors the growth of the cultured
species, and the production was 1.1 to 1.4 higher than an uncovered one [79]. These
reports can be validated with the Andini et al. [81] which stated a decrease in the
temperature, dissolved oxygen, pH, conductivity, chlorophyll, and total dissolved
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solids in the Mahoni lake of Indonesia covered with FSPV and suggested for aera-
tion to overcome the shortcomings to balance the marine ecosystem. Also the case
study over the FSPV plant in Biiyiikcekmece lake, Turkey, stated no harm to the
ecological balance in its surrounding [57].

5 FSPYV in Ocean

There has been a discussion that FPV interrupts the ecosystems especially in the small
water bodies and to advance the installation of FPV technology in ocean where China
has already started its trials [82, 83]. The installation of FSPV in the marine region has
to endure corrosion, extreme marine load (wave, wind, and current), strong mooring,
mechanical degradation, microplastic pollution, and salt accumulation. Kiener et al.
[84] used EnergyPL AN tool and estimated that Maldives can generate and meet 100%
of its energy demand by 2030 with the aid of FSPV and wave power in ocean. Hong
and Alano et al. [85] successfully developed an Energy Management System to sort
out the challenges faced to interconnect the FSPV microgrid networks. Technically
advanced integrated system was proposed by Temiz et al. [86] for the benefits of island
regions with FSPV and CSP systems as base and states that FSPV will save land. This
study was based on Northern Cyprus where he highlights the complexity involved
in the system including economic aspect and addressed the corrosion problem in the
ocean for technological development of FSPV in sea base [86]. In the emergence
of FSPV for marine environment, Claus et al. [87] analyze and suggest the suitable
structure to be a pontoon type available in the market. The author proposes the
use of high-density polyethylene (HDPE), fiber reinforced plastic (FRP), antifouling
coating, traditional anchoring systems, and overcoated and highly encapsulated rigid
PV modules for successful installation. The same materials were suggested by Zhang
et al. [88] for the ocean environment. Also the author adds that this type of a FSPV
system can be more competent for an hybrid system with offshore wind turbines [87].
Twin hull double-circular cylinder FSPV platform was also analyzed as a platform
for the FSPV [89]. The author performed the numerical model in FORTAN, and the
validation with experimental results is successful but both indicated the platform
to be a unstable model for FSPV [89]. The hydrodynamics analysis for pontoon-
structured FSPV considering the nearshore regions of Singapore was analyzed based
on empirical, two-step, and hydro-elastic or generalized mode methods with the
support of offshore simulations software OrcaFlex and WAMIT [88]. All these three
methods resulted nearly same values for long waves but exhibited a huge differences
for short waves [88]. Moreover, due to non-availability of experimental data, the
results are not validated [88]. Also the author stated the column stabilized type of
FSPV to be the robust model to withstand the ocean waves [88]. In another study for
Maldives using HelioScope software, the author used a thin-film PV module stating
that it has good water resistance and avoids algal growth [90]. The author stated that at
harsh condition, a pontoon-based structure is not recommended [90]. Here, the thin-
film-based floating solar PV performance was higher than a conventional FSPV and a
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ground-mounted system [90]. The simulation of wave interaction with floating array
for aFSPV using Fluid Structure Interaction (FSI) method in COMSOL Multiphysics
gave similar results with the experimental data [91]. This can be applicable in the
future for the installation of FSPV in ocean region. Also in a conference at China,
CFD analysis for the strength of the FSPV structure support was performed in another
research [92].

6 Discussion

Based on the above analysis, the authors would like to put forward the following
discussions.

e The role of wind in the performance of the FSPV has a greater impact [31, 34].
Peters et al. [34] point out the variation in the wind speed at surface level of the
FSPV from a global whether report tool. Hence, it is preferred to measure the
wind speed at the surface level of the FSPV using physical instrument.

e For high energy yield, FSPV with a tracking system performs well. But on
economical aspect, a flat-mounted FSPV system with an appropriate fixed tilt
angle for the particular location is better than it. In this regard, the technolog-
ical development in the areas of tracking system needs to be developed for more
economic feasibility.

e FESPV in the water bodies of urban area is not preferable as it is affected by high
soiling which leads to additional cleaning cost. And the decrease in the solar
irradiation due to high humidity increases DC loss [93].

e Installation of FSPV is not suggested for remote locations, very cold region, high
wind and disaster facing region, natural/recreational water body, soft ground mud,
and water body with protected species or dedicated for birds [4].

e Minor loss in the performance is observed due to the change in the water level of
a FSPV installed reservoir [94].

e In addition to the elimination of CO, emission, it is also found that the emission
of NOx, SOx and SPM was also reduced by the use of FSPV [53].

e The fluctuating water level will change the surface area of a reservoir. Therefore
with the help of satellite images and adjusting the Hue-Saturation Value (HSV), the
maximum surface area of water that remains for a long duration and appropriate
location to float FSPV can be spotted [58]. Also, it is noted that tilt angle plays
an important role.

e In addition to the global installation of FSPV, technological advancement like
thin-film floating solar PV will have an global impact in upcoming years [5, 90].

e Though the negative effect of the FSPV are not identified, there are some predic-
tions and detections which are change in the oxygen level, increase in the
surrounding ground temperature, and change in water taste and odor [4]. Litera-
tures reported that FSVP did not affect the aquatic living organisms and promotes
the fisheries.
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e Zahid et al. [95] analyzed the installation of FSPV in the Tarbela hydropower plant
of Pakistan. Analogous research was conducted in Mazar dam of Ecuador [96].
In both the cases, the low power generation due to the seasonal and water flow
variation of reservoir was successfully supplied by the FSPV. This system can
be added to the existing hydropower reservoirs without interfering its operation
[97]. In such a system, the hydropower reservoirs can act as a battery, where
during deficiency in the production by FSPV, hydropower can be utilized to meet
the demand [97]. Adaption of this hybrid system would be suitable to all the
region of the world. Integrating solar PV, agrivoltaic and floatovoltaics can be
more beneficial [98].

e FESPV technology involves the use of water body as platform which is a primary
need of human being. The research of the kind investigated by Bax et al. [50]
creates a harmony between the government and the people to avoid conflicts. In
case of illiteracy, awareness can be created to the communities. And on the other
hand, actions can be taken to the fair impacts put forward by the community.

e Literatures reported the use of Global Solar Atlas, Google Earth, Earth Obser-
vatory System (EOS), GIS Software, SunData and PVsyst, HOMER Pro, Helio-
Scope, SAM software, PVwatt, FORTAN, MATLAB/Simulink, RETScreen, etc.
for data collection and simulation where PVsyst and GIS are used by maximum
researches. Though the simulation results were successfully executed, it lacks in
validation with the experimental research.

7 Conclusion

Renewable energies such as bio-, wind, and solar energies are the promising alterna-
tive source to replace the fossil fuel power generation that has a lot benefits [99—102].
Especially floating solar PV has a wide range of applications with proven robust
energy production that can satisfy the target of affordable and green energy, sustain-
ability, and climate actions set by the UN [11, 103—128]. In this regard, this article
has investigated and successfully reported the status of floating solar photovoltaic
published in various article in the recent years of 2022. The various software used for
the geographical and meteorological data collection, performance analysis, thermal
analysis, FSPV in hydroreservoirs, environmental effects, and FSPV in marine condi-
tion are discussed. Based on the discussion, it can be concluded that floating solar
PV has the potential to replace the fossil fuel for power generation. This will then
lead to reduction in the import of fossil fuel to form a sustainable and self-sufficient
nations.
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Topology Optimization for Maximum )
Daily Solar Radiation for a Large-Scale L
Non-tracking Heliostat Solar Reflector

Using CFD Analysis

Sunny J. Shiyal, Bamaniya Jayesh Pravinbhai, Guru Bachan Satsangi,
and Amit R. Patel

Abstract The present research work proposes a method to optimize the geometrical
parameters of a large-scale heliostat reflector using CFD analysis. The use of heliostat
reflectors in solar cookers is well established because of its low-cost production.
Determining the best configuration of a fixed shape of inverted frustum of a square
pyramid reflector is very helpful as it can avoid the tracking of reflector. The reflector
height and dimensions of sides of the top surface are kept constant which are 1.75
and 5 x 5 m?, respectively. Results are obtained by varying the dimensions of the
bottom sides of the reflector by 5%. All 32 combinations are tested for a time interval
of 15 min considering daily radiation data for the time period starting from 0900
to 1700 h. To analyze the effect of these varying parameters, total daily radiation
heat flux at the top and base is calculated, and a dimensionless concentration factor
is calculated to get the topology optimization. Two dimensionless parameters are
identified, viz., height-to-base ratio and area ratio of top to bottom surface, the values
of which are 0.7 and 2. These dimensionless geometrical parameters can be utilized
to manufacture heliostat solar reflectors.

Keywords Radiation - Heliostat reflector + CFD - Ansys * Fluent

Nomenclature

T Thickness of the reflector [m]

Ap Area of the base [m?]

A, Area of the top [m?]

BS Bottom side of the reflector [m]

C, Heat capacity at constant pressure [J/mK]
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H Height of the configuration [m]
H Height of the reflector [m]

K Thermal conductivity [W/m2K]
Parm  Atmospheric pressure [bar]
T.m Atmospheric temperature [K]
tp Thickness of the base [m]

TS Top side of the reflector [m]
Wy Width at the base/bottom [m]

€ Emissivity of the reflector [—]
W, Width at the top [m]

P Density [kg/m?]

1 Introduction

India is the world’s third largest renewable energy producer with 38% of energy
capacity installed in year 2020 coming from renewable sources [1]. In November
2021, India had an installed renewable energy capacity of 150 GW in which 48.55
GW (32.36%) was from solar itself [2]. For achieving sustainable development, the
use of renewable energy is necessary. Specific technologies have been intensively
used and invented in recent times in the area of solar energy utilization. These methods
are not as effective as conventional energy sources due to its efficiency issues. For
that reason, industries related to solar energy tries to invent the cost-effective manu-
facturing, installation, and maintenance methods. Solar thermal energy has been
utilized in different applications varying from cooking, drying to electricity genera-
tion. The basic principle used for solar energy utilization is to capture the maximum
solar radiation emitted by the sun. For this, many researchers have proposed various
techniques. In one of such applications, the use of heliostat reflector is used. The
concentration of solar radiation by means of a number of heliostats distributed in the
horizontal plane onto a receiver mounted on a tower is known as a central receiver
system or tower system. The concentration system of this kind is considered to be the
most useful for large-scale solar thermal processes such as electric power generation
[3].

The efficiency of the heliostat reflector largely depends on the geometrical param-
eters or its configuration. Several attempts are made by researchers to optimize the
dimensions of heliostat reflectors. Riaz stated in his research that a major feature of
the ideal solar plant characteristics is their unique dependency on just two parame-
ters: the sun Zenith angle 0s (i.e., the time of the day) and the size of concentrator
[4]. This is because the reflectors are already aligned to the path traced by the sun for
a particular day. Takemaro calculated solar concentrations theoretically by central
receiver systems for various values of obliquity of the incident radiation for plane
heliostat mirrors [3]. He concluded that the central receiver system provides a useful
concentrator for solar thermal power generation, since a large amount of solar energy
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can be concentrated and a temperature sufficient for Brayton as well as Rankine cycle
operation is obtained very easily for such systems. Christian et al. presented a novel
concept for a track-mounted heliostat intended to be manufacturable at low cost
for central receiver CSP plants [5]. The cost can be reduced up to $60/m2 when
implemented in high volume. An efficient autonomous solar energy system was
implemented by Ali et al. which concentrates the solar heat to turn water into steam
[6]. The prototype utilizes two heliostat reflectors which tracks the sun throughout the
day and reflects the solar radiation constantly. The final system produced a concen-
tration efficiency of 86% to 92%. Belaid et al. tried to optimize the solar tower power
plant heliostat field by considering different heliostat shapes [7]. The results showed
69.65% increase in yearly efficiency for the case of the rectangular heliostat shape.
Noone et al. introduced a biometric pattern for heliostat field layout and have done
a detailed calculation of the annual average optical efficiency accounting various
losses [8]. The calculations showed the improvement in PS10 field by 0.36% in
efficiency while simultaneously reducing the land area by 15.8%. Kiwan et al. intro-
duced and investigated a novel idea of using two receivers on the same tower in a
solar tower system [9]. It was concluded that the annual weighted optical efficiency
for the 50 MW plant for a single receiver is 67.14%, while it reaches 67.64% using
the two-receiver system.

2 Objective

Several researchers have tried to optimize large-scale heliostat field by assuming the
dimensions of heliostat reflectors. In several cases, the width of the heliostat reflector
is assumed as 12.84 m while the height as 9.45 m [7-9] to get the field optimization of
the heliostat solar reflector plant, but the physics behind the selection of that particular
parameters was not available. Besides this, several techniques have been carried out to
track the solar radiation by using different mechanisms in case of heliostat reflectors.
Some researchers have even tried to optimize the geometrical parameters of heliostat
numerically and experimentally by considering the concentration factors. But there
are very few studies carried out which specifies the ideal geometrical configuration
that maximizes the solar radiation. Information of such optimized topology may help
in designing corresponding furnace which can cater commercial applications like
baking, etc. the present work helps in arriving out such dimensionless geometrical
configuration that ensures maximum solar radiation at the base collector.

3 Methodology

In the present work, a number of heliostat reflectors are arranged in a geometry which
is made in the form of an inverted frustum of a square pyramid which accepts the radi-
ation from the top and diverts it to a bottom collector by way of multiple reflections
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on the different slanting side reflectors (refer Figs. 1 and 2). A dimensionless ratio
of top and bottom side and ratio of bottom side to the height can be a representative
ratio for optimization. This can be obtained by testing various sizes of reactor design
and obtaining efficiency of the reflector in each case. Different configurations were
considered for the present study, and for each design, the change in the reflector
angle and base dimensions is systematically varied, and 32 such combinations of
design are considered for testing. Each design is further tested for a span of opera-
tion starting from 9:00 to 17:00 h of the day, and collector efficiency is determined
at a regular interval of 15 min; this makes 33 instances of operation for each design
configuration in a day of operation. Use of CFD technique is chosen to carry out this
large number of numerical experiments as a means of testing is carried out. In doing
s0, solar database of Ansys Fluent is considered as an input to the analysis.

To understand the working of the reflector, two extreme cases of the collectors
are considered. One is with the base area of 4.76 x 4.76 m, while another is with the
base area of 1 x 1 m. The area of the top reflector in each case is kept constant, i.e., 5
x 5 m and the height of the reflector is kept constant, i.e., 1.75 m. As shown in Fig. 1,
a typical reflector can have three basic types of rays. Type A rays, which reach the
base collectors via multiple reflections. Type B rays, which never reach the base, and
Type C rays, which reach the base directly. Figure 2 shows the basic configuration of
the reflectors, and here TS, BS, and H are three key dimensions which are top side,
bottom side, and height of the reflector, respectively (refer Fig. 2). For a reflector
design having a fixed value of TS and H when BS is very small, the ray type B will
be in a large number compared to ray types A and B. This type of reflector design
will have poor reflector efficiency. On the other hand, when difference between TS
and BS will be small for a fixed value of H, ray type C will be in the large number
compared to A and B.

Type-C Type-B Type - A

N/ \ \

Fig. 1 Different types of rays encountered by reflector
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Fig. 2 Heliostat reflector configuration

4 Geometrical Modeling and Meshing

4.1 Geometrical Modeling

In order to find out an optimum ratio of BS/TS, when H is constant that will give
maximum value of reflector efficiency, 33 different combinations of the geometric
configuration of the reflector design are considered which is as shown in Fig. 4.

To carry out the CFD analysis of each configuration, geometry was created using
ANSYS Space Claim as shown in Fig. 3. The geometry is created by keeping four
reflectors side by side making a shape of an inverted frustum of a square pyramid.
The thickness (¢) of the reflector is considered as 0.03 m. The thickness (z,) of the
base collector is also kept 0.03 m. The height (&) of the reflector is kept constant
as 1.75 m for all design. The area of the top reflector is also kept constant and that
is (A;) 5 x 5 m. For the analysis, the area of the base (A,) is increased 5% in each
step as shown in Fig. 4 to get the variation in the base length as well as reflector
angle. This is done to find the best configuration for topology optimization. Totally,
33 geometric shapes were created which are as shown in Fig. 3 and meshed in Ansys
Meshing module.
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Fig. 3 Geometrical model for the analysis

1.34X1.34 1.41X1.41 1.48X1.48 1.55 X 1.55 1.63X1.63 1.71X1.71

3.23X3.23 3.39X3.39 3.56 X 3.56 3.73X3.73 3.92X3.92 4.12X4.12

4.32x4.32 4.54 X 4.54 4.76 X 4.76

Fig. 4 Front view of geometry with variation at base

4.2 Meshing

In the present work, geometry was first split into different subvolumes to create
meshing having uniform grid [10]. Meshing was carried out by edge sizing and face
meshing operations. The mesh size near the reflectors and base plate is kept dense
which was facilitated by giving biased edge sizing. This gives sufficient amount
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of mesh elements near important geometrical features along with uniform mesh
elements throughout the domain. The number of elements for the domain is 2,23,400.
Figure 5 shows the meshing of the whole computational domain which was done
using Ansys Meshing module. Figure 6 shows the cross-sectional view of the meshing
at the center plane of the computational domain. As shown in Fig. 6, the meshing is
denser at the base plate as well as the reflectors.

Fig. 5: 3D view of meshing
for analysis

Fig. 6 Front view of the
meshing
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pel S S ) ?
(kg/m?®) (W/m?K) (J/mK)

Mirror 2800 1.6 830

Glass 2500 1.15 830
Steel 8030 16.27 502.48

4.3 Boundary Conditions and Models Applied

Rossland with solar load model was selected as radiation model. As the intensity of
the radiation changes with respect to time, transient solver with double precision is
used. Also, radiation model supports only the pressure-based solver. For turbulence,
standard k — € model is selected. Location of Pokhran situated in Rajasthan, India,
with latitude of 26.92050 and longitude of 71.91650 is selected for the present study.
For the analysis, the day of 21 May is selected. The results are generated from
9:00 h in the morning to 17:00 h in the evening with the interval of 15 min. Standard
operating conditions of atmospheric pressure (p,) as 1.01325 bar and atmospheric
temperature (7 ,;,,,) as 300 K are considered.

Mirror is used as the reflector material. The base was considered as steel. The
material of the top surface is glass. The standard properties of the air are considered.
The emissivity of mirror is taken as 0.03 which is opaque wall. The emissivity of
steel is taken as 0.8 for opaque wall. The thickness of all the mirrors, glass, and
base plate is taken as 0.003 m. The properties of all the materials used are shown in
Table 1.

5 Results and Discussions

CFD analysis is carried out for a selected particular day, time, and place. In the
present case, the day considered is 21 May. This day is considered since it is the
hottest day in the year compared to other days in summer season. The period of
operation considered for analysis is from 0900 to 1700 h. The analysis is carried
out for the interval of 15 min. The purpose of considering this time zone for the
analysis is that beyond this time zone, the radiation intensity is found to be negligible.
Since Rajasthan is having very high intensity of radiation density and clear weather,
one of the locations of Rajasthan, i.e., Pokhran is considered for the analysis. The
analysis considers the convection heat loss from the bottom reflector and the heat
absorbed at the reflector surfaces which are two important factors for the analysis.
Additionally, the emissivity of the reflector is considered as 0.03, which is in line
with the reflectivity of a high-quality mirror available in the market.

In the present analysis, the time for the solar calculator available in the Ansys
Fluent database is changed manually for each increment. This will help consider the
direct irradiation and diffuse irradiation values into the calculations directly by using
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an inbuilt solar calculator provided in the Ansys Fluent application. Both the direct
and diffuse irradiation may be changed by just changing the time of the day. Also,
this value changes by changing the place and date. Result of analysis is generated in
terms of temperature contours taken at interval of 1 h each, taking radiation heat flux
value at top and base of the reflector from Fluent (average value) and plotting graph
of radiation heat flux at base (W/m?-day) vs. radiation heat flux at top (W/m?-day).

As shown in graph above in Fig. 7, the first point considered on the extreme right
of the graph has coordinates as 3877.08 and 8742.28 W/m?2-day. In order to vary
the angle, the base length of reflector is increased in step. It is observed from Fig. 7
that with each increase in the base length, the net radiation heat flux received at the
top surface decreases while the net radiation heat flux received at the base increases.
This trend is continued until a point where net radiation at the bottom of reflector is
maximum. The 20th design combination gives this condition (refer Fig. 4). Beyond
this point, all further design consideration that will reduce the net total radiation
received at the base collector shows that the concentration of rays is increasing
up to optimum point, 20th design point in this case, and then the concentration of
rays decreases. On further increasing the base area from optimum point, the rate of
decreasing of heat flux at base increases which shows that the role of reflector, i.e.,
reflection by reflector decreases. And at one point, the value of heat flux at top is
almost equal to heat flux at base. To get the maximum solar radiation of the bottom,
a concentration factor is defined which will give the improvement made by varying
the geometrical parameters of the reflectors. In Sect. 3, it was discussed that there
is a direct effect of the geometry which causes the concentration of the maximum
solar radiation at the bottom. As we move toward the optimum point in the graph,
the concentration at the bottom increases due to the dominant effect of type A and
type C rays.

. Radiative Heat Flux at bottom
Concentration Factor = — (D)
Radiative Heat Flux at top

It is obvious that the relative ratio of types A, B or C of rays will vary throughout
the operation of the day for a given location of site on the earth. Additionally, this
distribution will also depend on the physical location of the operation of the site of
the solar system, i.e., its latitude and longitude. As the combination of types A, B
and C at a given instance of time will be different at different latitude of the earth.
For instance, contribution of ray type C will be more for a given design of reflector
operating at equator; however, if the same reflector design is made to operate at say
45° latitude, some of the ray type C will be converted to ray types A and B. The
corresponding reflector efficiency will also be different in both the cases. Although,
the effect of the location will be a factor on the operation and optimum design of the
solar reflector.

Figure 8 represents the temperature distribution over the reflectors and base plate
in case of an optimum angle geometry design. In this it can clearly be seen that with
change in the sun’s position, the left vertical slanting reflector surface is gradually
showing higher and higher temperature. The trend is continued until 1300 h after this
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Fig. 7 Radiation heat flux at base versus top

gradual decrease in the temperature is observed. One can see clear transition in the
temperature with passage of time. It is important to note that a little in-depth analysis
of the reflector temperature with time will reveal clearly that the site selected for the
analysis is not located at the equator but has certain angle of latitude, and the path
of the sun is not exactly above the reflector.

Other observation made is that the maximum heat flux at the base was achieved
in a day at 1545 h in case of the Rajasthan, Pokhran. However, carrying out similar
analysis in case of Chennai, the maximum heat flux condition is observed at 1530 h

Temperature
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Fig. 8 Temperature contour for reflector at different time of the day
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only. Above observation confirms the influence of the location of operation of the
reflector on the efficiency of the reflector. In the present case, it was observed that
the value of heat flux depends upon the position with reference to Tropic of Cancer,
Equator, and Tropic of Capricorn. As the present study is carried out in India, one can
say, based on the two extreme locations, that all over India the maximum radiation
heat flux may occur between 1530 (for South India) and 1545 (for North India). The
influence of finding the optimum angle for a particular type of reflector by changing
the position is matter of further investigation.

This fact can be observed based on the Fig. 9. Figure shows the variation in the
concentration factor between bottom reflector heat flux density and the top reflector
heat flux density when size of bottom side of the reflector considered is 1 x 1 m.
The three cities across the latitude of the India are considered, and they are Chennai
in state of Tamil Nadu, Pokhran in the state of Rajasthan, and Meerut in the state
of Uttar Pradesh. Based on the day chosen in the analysis which is 21 May, one
can say that the tilting of northern hemisphere will be toward the sun as shown
in the inset figure in Fig. 9. It is observed that due to the tilting, Pokhran will be
the nearest city to the sun followed by Chennai and lastly Meerut. This is obvious
from the concentration ratio also. It is observed that there is not only variation in
the concentration factor but also the timing in which the peak of the concentration
factor occurs. In case of Pokhran, the peak is achieved almost at the same time, i.e.,
at 15:30 h, compared to Chennai. It is important to note that due to the variation in
latitudes of the respective locations, the variation in the combination of the rays (A,
B or C) is observed. This variation is reflected in the concentration factor also. The
variation may explain the existence of variation in distribution of types A, B, or C
rays and their relative distribution due to the position of the reflector on the earth.

6 Conclusions

The study proposes the best configuration of reflector design. The analysis is carried
out for time interval of 15 min each through the active time span of the day (from 9 AM
to 5 PM) of the solar path. The radiation data considered for Pokhran, Rajasthan, India
(latitude 26.92050 and longitude 71.91650). The temperature contours discussed can
be helpful in the future works to identify and improve the reflector design. The design
optimization can be further improved by varying the reflectivity of the mirrors as we
know that as we move from bottom to top, the role of a reflector to concentrate the
solar radiation decreases.

Based on the optimum condition, the study proposes two dimensionless numbers:
(a) reduction ratio and (b) height to base width, the value of both is 2 and 0.7,
respectively. The description of these number is as follows. The results derived in the
present studies matches the dimensions considered by the researcher in the previous
studies [7-9].
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Fig. 9 Variation in concentration factor with time for different cities of India
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The result is useful for large applications, for which the tracking of solar reflectors
is not a practical option, and this is due to a large inertia of the reflectors. Under this,
a particular design of the reflectors is standardized and tested to obtain the maximum
radiation at the bottom plate that will help bypass the need of tracking. It appears that
there is very small variation in the concentration factor values for different cities in
India. Therefore, one can use a standard design of reflector for all the cities of India
with very less variation.
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CFD Investigations on a Pitch Type Wave | m)
Energy Converter for a Potential Site L
Along the Indian Coast

Achanta V. V. D. Pavan, Anup P. Kamath, Dhanush Binu,
Siddharthkumar B. Zadafiya, and Jyotirmay Banerjee

Abstract The objective of the present work is to assess the performance of a pitch
type WEC suited for a potential location along the Indian coastline through CFD
simulations of multiphase flows. A numerical wave tank (NWT) is modelled and
validated with and without the presence of the WEC-rotor, with the waves being
generated by the inlet velocity using Stokes second-order wave theory. Based on the
hydrodynamic performance assessment carried out, the power absorption capacity
and hydrodynamic efficacy of the WEC- rotor are estimated for a range of sea-states.

Keywords Renewable energy + Ocean wave energy harnessing - Pitch type
WEC - CFD simulations * Stokes second-order wave theory

1 Introduction

India is estimated to have a wave potential of 60,000 MW, out of which around
6000 MW is exploitable by means of wave energy harnessing devices, having
considered the site constraints and energy losses [1]. Unlike other renewable
energy resources, ocean wave energy is highly predictable, owing to its propagation
throughout. Ocean waves are found to have much higher energy densities compared
to other alternative energy resources. With regard to the Indian scenario, energy from
waves can be well tapped from coasts of Gujarat, Maharashtra, Karnataka, Kerala,
Tamil Nadu, and Andhra Pradesh. It is important to consider the variability of wave
power while selecting a site.

Wave resource in India is found to be richer in the western coast when compared
to the eastern coast. Due to the strong winds from the east African mountains, the
annual wave activity in the western coast is more enhanced. These winds help in
strengthening the harsh oceanic circulation hence the heat received at the surface is
transported southward and into the deeper ocean. The wave activity in the western
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coast is determined by the monsoon winds which occur during June to September
and Shamal winds, which are the seasonal winds that occur during November to
March and from June to August. On the contrary, the eastern coast experiences
high cyclone frequency which describes the majority wave climate in this region.
Extreme waves occur frequently in the eastern coast of India during the northeast
monsoon season that impacts the life span of WECs. The uncertainties involved with
such unprecedented natural occurrences require a critical analysis to account for the
WEC safety.

The present study is divided as follows: Sect. 2 discusses bases for the wave
resource assessment, which forms an integral part of site selection. Section 3 involves
a quantitative approach towards site selection. Section 4 covers modelling and simu-
lation of a NWT with and without a single degree of freedom pitch type WEC-rotor.
The response of rotor is validated against the results of Poguluri et al. [2], which is
further used for the performance assessment. Subsequently, Sect. 5 is focussed on the
hydrodynamic performance study of the pitch type WEC-rotor for the selected site.
A comparison has been carried out for a range of sea-states, with key parameters such
as power absorption capacity and hydrodynamic efficiency. determined. Sections 6
and 7 enunciate key results and conclusions drawn from the study respectively.

2 Selection of Site

The selection of site suited for an optimal wave energy harnessing mechanism is a
prime step towards ensuring an efficient exploitation of the available wave energy
resource. Various methodologies have been studied to uniformly contrast opera-
tion sites based on the wave information acquired. Three such methods have been
described, highlighting the pre-requisite input data and the computation of indices
which denote the suitability of the site under consideration. The Geographic Infor-
mation System (GIS) holds worthy to compare potential sites for WEC deployment.
Itinvolves gathering of site specific details such as wave energy resource, availability
of grid, proximity to energy consumers, pre-installed infrastructure and interference
with biological activities. Having weighted these factors, the GIS tool is integrated
to determine the ideal site with minimal constraints. Lavidas George [3] proposed
the Selection index for wave energy deployment (SIWED) that takes parameters
pertaining to harnessing device as well as the location of interest into consideration.
The SIWED approach requires wave data over a thirty-year period for an analysis of
extreme events. The index is expressed as follows:

—CoV.CF
SIWED = ——— (1)

( Heva )
Hmax

Kamranzad et al. [4] suggested adoption of Optimum hotspot identifier (OHI) to
select a suitable site. This simplistic approach considers three factors for comparison
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namely, local mean wave power flux, temporal variability in waves and frequency of
exploitable power occurrence. Temporal variability indicates the variation of wave
power over a specified time period. Trivially, a location with a higher variability
index shall not be reliable for deployment.

OHI = Pmean : Fmean (2)
MVI

A few prospective locations along the western coastline of India have been
analyzed based on oceanic information from ESSO-INCOIS so as to determine
an optimal site for which a WEC can be deployed. The sites of interest (stations)
analyzed are namely, Veraval, Ratnagiri, Karwar and Kollam. Through the OHI
approach, the respective indices have been compared for each of these stations to
take into account the trends in the local wave behaviour. Primarily, the wave power
(P,,), which is a function of significant wave height and wave energy period, is
computed as mentioned below [4].

_ pg*H?T,

P,
64

3)

Itis stated that absorbed wave power greater than 2 kW/m improves capacity factor
and the power produced, and hence is termed to be the exploitable wave power [5].
Finean 18 thus determined by making use of an appropriate distribution to fit the wave
power data so as to calculate the probability of exploitable wave power occurrence.

Fmean = P(Pw > 2kW/IIl) (4)

Temporal variability index on a seasonal or annual basis is essential to take into
account, the fluctuations in wave power levels over the specified period of time.
Monthly variability index (M V I') is calculated for the stations to obtain the variability
on an intra-annual basis for one year period, i.e., April 2020 to March 2021 based
on the oceanic data retrieved. The MVI is computed using the equation below [4].

Pm,max - Pm,min

MVI = )

Pmean

Using Eq. 2, the OHI for the station can be solved, and the results are summarized
in Table 1. It can be well observed that Karwar possessing a relatively higher OHI
shall be considered as a potential site for WEC deployment.
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Table 1 Comparison of OHI for the selected locations

Station P max Pmin Prean MVI Fnean OHI

Veraval 24.807 1.486 6.538 3.567 57.97 1.0626
Ratnagiri 24.675 1.320 6.462 3.614 62.81 1.1230
Karwar 27.502 1.531 8.927 2.909 58.27 1.7881
Kollam 13.811 0.957 5.037 2.552 63.02 1.2439

3 Theoretical Aspects

The CFD simulations for ocean waves employ the numerical solutions of the Navier—
Stokes equations and other accompanying equations. Some of the key theoretical
aspects supporting the study are discussed herewith.

3.1 Navier-Stokes Equations

The Navier—Stokes equations for an incompressible, inviscid fluid flow are the funda-
mental equations required to be solved for momentum and pressure fields. These are
represented in Cartesian coordinates as depicted below,

ou n ou n ou n ou ap n 0%u n 0%u . 0%u n
—tu—+v—+w— | =—— — 4+ —+— P
P\ o dx dy 0z ax M\ ox2 0y? = 972 rg

av n av n av n av ap n 9%v n 3%v n 9%v n
—tu—+tv—+w— | =—— — 4+ —+ — ,
P\ T x Ty Tz oy "M \a2 T o T a2 ) TS

ow " ow " vaw + ow ap + 9%w + 0%w " 3w n ©)
— tu— — tw—)=—— — +—+ —
P ot dx dy 0z 0z "\ ax2 0yr = 0972 p8:

where, p is the density of the fluid mixture in kg/m3, p is the pressure in Pa, g is
the acceleration due to gravity in m/s?, i is the dynamic viscosity of fluid in Pa.s, ¢
represents the time and u, v, w denote the velocity components in x, y and z directions
respectively.

With the flow being considered incompressible, the continuity equation must be
obeyed as follows:

8u+8v+8w_0 7
ax  dy  dz
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3.2 Volume of Fluids (VOF) Model

Tracking the movement of the air—water interface requires the Volume of fluid (VOF)
technique to solve the multiphase flow. The fluid proportions in a computational
mesh cell (volume fractions) are defined using this technique. The volume fraction
is computed using the given equation,

0,
at

+ V. (x,U)=0 (®)

where, U is the velocity field composed of u, v, and w components and «,, is the
volume fraction of water, ranging from O to 1, with a null value depicting an air filled
cell and value of unity representing water filled cell.

The density of the mixture within a mesh cell, required to solve the N-S equations
is determined by the volume fraction as follows,

0 = typy + (1 — ay)pa )]

where, p,, and p, are the densities of water and air respectively.

3.3 Stokes Second-Order Wave Theory

The degree of accuracy in modelling the generation of ocean waves at the inlet wave
and across the domain length is critical to be ensued. With the Ursell number being
less than 100 as is the case in the present study, Stokes second-order wave theory
is apt and the waves modelled are proved to be sufficiently realistic. The theoretical
free surface elevation (1) of waves as per Stokes second-order wave theory is given
by,

3—-0?
n(x,t) =aqcosf + ka——— cos 26
403

o = tanh(kh)
O(x,t) = kx — wt (10)

where, a is first order wave amplitude, k is the wave number (27”), x is the horizontal
co-ordinate, w is the angular frequency (ZT”), T is the time period and % is the mean
water depth.
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4 Wave Generation and WEC-Rotor Response Validation

The model WEC-rotor is to be analysed with the intent of assessing its hydrody-
namic performance and to estimate its power absorption capabilities. Initially, a
NWT is modelled and simulated without the WEC rotor to validate the behaviour
and propagation of ocean waves. The waves are generated using the inlet velocity
method, governed by Stokes second-order wave theory for shallow, intermediate
waves. There lies a close agreement in the theoretical and simulated surface eleva-
tion profiles. Further, the WEC-rotor is incorporated into the NWT for primarily
validating its response to the incoming waves. The results are found to qualitatively
match with those of Poguluri et al. [2]. The pitch type rotor may then hold suitable for
its performance evaluation. The simulations and analyses discussed are performed
using the commercial CFD software, Ansys Fluent 2020 R2. The NWT is primarily
simulated without the WEC rotor so as to accurately model the wave propagation.
The set-up and details pertaining to the NWT simulation are discussed herewith.

4.1 NWT Without WEC-Rotor

For the wave tank modelled, the mean free surface level is set at a height of 3.636 m.
The NWT has a domain length of 18.5 m, with coarser grid near the outlet to mitigate
reflection from the boundary and interference with upstream waves.

The computational mesh is created using the Ansys meshing tool. A face meshing
has been adopted to create a uniformly structured mesh, with edge sizing specified to
divide the domain and specify the mesh parameters. A mesh with a higher resolution
(0.067 x 0.083 m) is created at the free surface and the beach to capture the waves
effectively. The computational uniform mesh for the NWT geometry is shown in
Fig. 1.

Atthe inlet of the wave tank, inlet velocity method is adopted using Stokes second-
order wave theory, with wave conditions specified as following (Table 2). At the top,
an atmospheric outlet is specified allowing air to flow across the boundary. The

Fig. 1 Computational mesh for the NWT geometry
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bottom is specified to be a wall with a no slip shear condition. Lastly, the outlet is to
have a free surface level of 3.636 m subjected to pressure outlet.

The VOF formulation is explicitly marched. A piecewise-linear technique is
used to depict the interface between fluids in the geometric reconstruction scheme.
Comparative studies on the effects of turbulence on the wave behaviour reveal the
results to be invariable in comparison with laminar flow. Thus, a laminar viscous
model is used for this study. Second order upwind and body force weighted schemes
are used for momentum and pressure discretization respectively. To enhance compu-
tation, the pressure-implicit with splitting of operators (PISO) scheme is considered
in order to perform neighbour and skewness corrections.

The accuracy in results achieved is based on the comparison between the theoret-
ical and simulated profiles of surface elevation. The water volume fraction contour at
asample time of = 30 s. is shown in Fig. 2. This offers an insight on the propagation
of waves from the inlet specified across the length of the domain, till the beach. The
surface elevation profiles across the length of the NWT for different time intervals
are depicted in Figs. 3, 4 and 5. The theoretical and simulated profiles are found to
lie in close agreement. However, mismatches in the profiles at the wave crests and
troughs are mainly attributed to the interference of a part of the reflected waves with
the waves generated. It can be seen as an indication of the coarser grid near the outlet
being ineffective in dampening the waves upstream. Techniques for enhancing the
prevention of wave reflection include control over simulation time, creating a porous
damping zone or increasing the domain length further.

The inlet velocity approach specified using higher order Stokes wave theories
could be explored, with the prospects of improved results over those depicted. This
however comes at the expense of greater computation times. Moreover, an alternative

Table 2 Wave parameters

specified at inlet of NWT Wave height | Wavelength | Wave period | Water depth

0.136 m 478 m 1.75s 3.636 m

Fig. 2 Water volume fraction contour at a sample time of t =30 s
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to generate the waves using the piston-type wave maker may allow control over
simulation time to prevent reflection of waves at the boundary. This would aid to
establishing simulated results having a better agreement with the theoretical profiles
(Figs. 3, 4, and 5).

4.2 NWT with WEC- Rotor

A Salter’s duck rotor has been considered for the present study. The paunch of the
rotor replicates the fluid particle displacement. The wave dynamic pressure forces
the rotor to pitch about its axis. The stern of the rotor is almost circular and does
not reflect waves on the leeward side. The WEC-rotor is constrained to have a single
degree of freedom rotary motion and the various parameters viz angular velocity,
pitch response and power absorption are to be evaluated over time for a set of sea
states. The system response has been studied without considering the effects of
power take-off. The schematic of WEC-rotor with some of its features labelled is
shown in Fig. 6. The WEC-rotor geometry is scaled with a Froude’s factor of 11
(scale factor limits to 50 for short wave conditions as per Hughes [6]), the model
data recorded in Table 3. The dimensional figures are adopted from the works of
Poguluri et al. [2] for the validation of WEC-rotor response and further simulations
for performance assessment. The set-up and details pertaining to the simulation of
NWT in the presence of WEC-rotor are discussed in the subsequent sub-sections.

The set-up geometry is shown in Fig. 7. The geometry and meshing details for
the background are as discussed. As for the WEC-rotor, a radial overset component
mesh zone of 1.6 m diameter is created encircling it (refer Fig. 8).

The overset mesh superimposed on the background mesh ensures the needed data
interpolation across these zones. A bias specified along the radial direction of the

Beak

~— Standing Water Level (SWL)

Incident wave 0.146 m.

Paunch
CoR
! “ﬁe.;
Stern "}

Fig. 6 Schematic of model WEC-rotor
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Table 3 Full-scale and model data of wave and WEC-rotor parameters

Full scale data Model data (1:11)

Wave parameter
Wave height (m) 1.5 0.1364
Wave period (s) 5.764 1.738
Wavelength (m) 51.741 4.704
Water depth (m) 40 3.636
WEC-rotor parameter
Stern diameter (m) 4 0.364
Depth of submergence (m) 3.6 0.327
Beak angle (°) 60 60
Total mass (kg) 18,168.15 13.65
Pitch moment of inertia about CoR (kg.mz) 120,450.04 0.7479
Horizontal CG w.r.t CoR (m) —1.0241 —0.0931
Vertical CG w.r.t CoR (m) 1.0978 0.0998
Inlet Atmosphere outlet WEC-rotor

‘wsp's

Outlet

. Bottom

[t 18.5 m.

0.004+00 100001 200001 100e-01 400e-01 500601 600601 700401 B00#-01 900601 1004-00

Fig. 7 Geometry of numerical wave tank (NWT) with WEC-rotor

Fig. 8 Computational mesh for the NWT geometry with WEC-rotor—a magnified view of the
overset mesh depicted
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component mesh zone offers greater refinement at the rotor boundaries. Along the
circumferential direction the grid is equispaced. The overset mesh has an orthogonal
quality tending to unity (0.99).

Additionally, the component mesh zone boundary is specified as an overset, while
the WEC-rotor boundary is considered to be a wall with no slip shear condition. The
solution methods and controls adopted for the NWT simulations in the presence of
WEC-rotor are modified to an extent in comparison with those in its absence. The
VOF formulation is implicitly marched with the transport equation not to be solved
iteratively for every time step. With regard to spatial discretization, the compres-
sive volume fraction discretization scheme proves to depict improvised results over
modified HRIC. The free surface is considered flat initially.

Based on the simulations performed, the pitch type motion of the WEC-rotor
can be identified from the snap views shown in Fig. 9 at different time stamps. The
motion of the rotor is found to be synchronizing with that of the incident waves, i.e.,
the rotor attains its mean position as the wave peak to its maximum height. As the
waves strike the rotor boundary the amplitude of the wave is diminished aft of the
rotor.

The angular velocity variation and pitch response of the WEC-rotor have been
plotted (refer Figs. 10 and 11). The patterns are found to closely resemble those of
isolated WEC-rotors without considering PTO in the works of Poguluri et al. [2].
The angular velocity gradually builds up over time and attains a nearly constant
value. The plots could be verified by observing the complementary nature of angular

0.00e+00 1.00e-01 200e-01 300e01 400e01 500e01 600e-01 700e-01 800e01 9000e-01 1.00e+00

| — |

Fig. 9 WEC-rotor response to waves of H; = 1.5 mand T, = 5.76 s at different time stamps
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Fig. 10 Angular velocity variation of WEC-rotor over time for wave frequency of 1.09 rad/s
a Fluent simulation b Poguluri et al.

velocity and pitch response. The peak angular displacement lags by nearly 1.44 s with
respect to peak angular velocity of corresponding cycle. It is worthwhile to note that
though the patterns are similar, the amplitude of angular velocity and pitch response
seem under predicted. This could be attributed to restricting the simulations to a 2D
domain, which fails to consider diffusion of waves across the rotor faces along the
third dimension. This can cause further amplification or attenuation of profiles (see
Figs. 10b and 11b).

5 Study of WEC-Rotor Behaviour in Selected Sea-States

The WEC-rotor performance is assessed for different sea- states (i.e., for different
wave frequencies) of relatively higher probabilities of occurrence at the selected
site, Karwar. This assessment is necessary in order to determine the feasibility of the
rotor. The rotor power absorption capability followed by the efficiency of the rotor
for each sea state is calculated and compared. The following sea-states are taken
from the scatter diagram for the study (refer Table 4).

Two sample sets of resultant plots for angular velocity and pitch response of the
WEC-rotor for each of the sea-states analysed are shown herewith (refer Figs. 12
and 13).

It may be observed that as wave height increases there is a surge in the angular
acceleration of the rotor, as a result of which the power absorption trivially increases.
At certain time periods of the waves, minor distortions in the angular displacement
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Fig. 12 Angular velocity and pitch response variation of WEC-rotor for Hy = 1.0 mand T, =5s
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Fig. 13 Angular velocity and pitch response variation of WEC-rotor for Hg=1.5mand 7, =6s

profiles are notable. This is majorly due to the wave frequency being far from the
natural frequency of the rotor. From the angular velocity data, the angular acceleration
is obtained over time, considering minor increments of flow time. The power absorbed
results in the acceleration of the WEC-rotor, while a part of it is dissipated due to
viscous and PTO damping. Considering the power component causing acceleration
to dominate, the average power absorption over the time stretch is computed and is
given by. The results obtained by this are recorded below in Table 5.

(Pa)

_ S(Iwgag)dt

T

(1)

The hydrodynamic efficiency of WEC-rotor would then be given as,

Nu =

(Pa)

w

* 100%

(12)

Table 5 Power absorption and hydrodynamic efficiency at different sea-states

Sea-state Power absorption (kW) Incident power Hydrodynamic efficiency (%)
kW)

I 9.916 12.371 80.15

I 13.282 14.846 89.47

11 23.652 33.403 70.81

v 30.601 59.383 51.53
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While there is an increase in the power absorption as the waves get stronger, there
is a decrease in hydrodynamic efficiency of the WEC-rotor identified. This is owed
to a failure in attaining the resonance condition.

6 Summary of Results

The present work discusses approaches involved in selection of optimal site for
ocean wave energy harnessing based on comparison of indices. Based on an ideal
mechanism chosen for the selected site, the Salter’s duck WEC-rotor is considered
for CFD investigations. For analysis, a numerical wave tank is first developed, with
wave generation is specified using the Stokes second-order wave theory. The results
show a close agreement between the theoretical and simulation surface elevation
profiles. Subsequently, while the WEC-rotor is incorporated into the NWT, Froude’s
scaling is used to ensure dynamic parallels amid actual and simulation results.

The response of the pitch type WEC-rotor has been qualitatively validated against
the results of Poguluri et al. [2]. The scatter diagram for the wave energy resource at
the selected site, Karwar is used to for the selection of sea-states in the vicinity of the
ones of suitable occurrence. Based on the simulations carried out, the average power
absorption capacity and hydrodynamic efficiency of the WEC-rotor are computed.
Although the power absorption increases as the waves strengthen, a decrease in
hydrodynamic efficiency of the WEC-rotor occurs due to the wave frequency being
much deviated from the natural frequency of the rotor.

7 Conclusions

With most of the wave energy harnessing mechanisms remaining far from their
deployment for commercial use, efforts to make them techno-economically feasible
are ongoing and vastly challenging.

e Based on the four sea-states considered with increasing incident power for the
analysis, the power absorbed by the WEC-rotor is found to proportionally increase.
However, the hydrodynamic efficiencies are roughly 80%, 89%, 70% and 51%
for the respective sea-states.

e The present study incorporates a two-dimensional NWT for the assessment,
but a CFD based three-dimensional NWT may be preferable to study the
hydrodynamics of a pitching type WEC-rotor with incident regular waves.

e Moreover, a more realistic approach would be to consider irregular waves as those
incident on the device are not always linear. The study also reveals the importance
in dealing with PTO damping and its effects on the energy harnessing device.



108 A. V. V.D. Pavan et al.

e Besides, the WEC-rotor must be suitably designed such that it resonates with the
wave field using control systems. Some of the recent technological developments
include control strategies that bring variation in PTO damping through continuous
monitoring of the incident waves to optimize the power absorption.
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Abstract Global energy demand has increased due to population expansion and
improved living conditions. PV/T systems have lately gained popularity as a means
of fulfilling this energy demand. The current study examines the effect of CuO/EG
nanofluid on the performance of a flat-plate solar collector. An experimental inves-
tigation of the thermal rheological properties of CuO/EG nanofluid is carried out.
TEM and XRD are used to determine the size and crystallinity of the particles. Stable
nanofluids with a volume percentage of 1% are synthesised without the use of any
surfactant. Experimental results show an increase of about 20% in thermal conduc-
tivity with a subsequent increase of 42% in viscosity. Furthermore, a numerical
simulation is carried out for a flat-plate hybrid PV/T solar collector in a laminar flow
regime with Re values ranging from 100 to 500. The effect of nanoparticle concen-
tration on heat transfer is established by calculating the increase in heat transfer
coefficient. Consequently, the effect of nanoparticle concentration on pressure drop
is calculated to estimate the increase in pumping power. A comprehensive analysis
is done by calculating the thermohydraulic efficiency of the fluid. As concentration
increases from O to 1 vol%, the overall Nusselt number increases by 21% at Re =
100 and by 200% at Re = 500. Furthermore, as concentration increases from 0% to
1 vol%, the overall pressure drop increases by 75% at Re = 100 and by 210% at Re
= 500. A maximum increase of 41.2% in thermohydraulic efficiency is achieved at
Re =500 and 1 vol%.
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1 Introduction

Energy consumption in the building sector has been rising, primarily due to the
increase in the population and comfort levels. The major energy consumers in the
building sector are attributed to space heating, air-conditioning, and water heating.
With the increasing demand for energy, researchers are continuously exploring the
use of renewable energy sources as an alternative to fossil fuels. Solar energy is one of
the most viable options on account of its desirable environmental and safety aspects.
Solar energy can be better harnessed with the incorporation of nanofluid in solar heat
collectors. Nanoparticles are nano-metric (100 nm)-sized metallic, non-metallic, or
composite particles with a high thermal conductivity. These particles, mixed with
base fluids using suitable methods, give rise to nanofluids. The term “nanofluids” was
coined by Choi [1] at Argonne National Laboratory, USA. Lee et al. [2] determined
the thermal conductivity of metal or metal oxide-based nanofluids using the hot
wire method. Thermal conductivity improvement is dependent on nanoparticle size,
dispersion, loading, temperature, and shape [3—5]. Moreover, viscosity is critical in
the application of nanofluids in a variety of heat transfer systems [6—8]. Viscosity
increases as the volume fraction of nanoparticles increases, resulting in an increase
in the pumping power of the nanofluid. The improvement in heat transfer efficiency
achieved by a nanofluid must be justified in terms of increased pumping power. Thus,
estimating the viscosity of nanofluids becomes critical for determining their viability
and fully harnessing their potential in a wide variety of applications [9]. Furthermore,
nanofluid’s stability is a significant barrier to its widespread application. With time,
the instability of nanofluid causes a decline in system performance. Nanofluid’s long-
term stability and reusability are essential requirements for its successful industrial
application [10]. Furthermore, the application of fluid must also be justifiable on
account of it environmental implications [19].

2 Literature Review and Objective

Nanofluids, in general, are a feasible alternative to traditional heat transfer fluids.
The literature demonstrates that nanofluids can enhance heat transfer in hybrid PV/T
systems. An overview of investigations of solar photovoltaic thermal (PV/T) hybrid
systems utilising nanofluids is presented briefly in Table 1. According to published
research, the use of nanofluids results in an increase in thermal and electrical effi-
ciency. It has been observed that the application of nanofluids in hybrid PV/Ts can
result in more efficient heat removal from a system, resulting in a lower operating
cell temperature. Furthermore, this results in improving the total efficiency of a PV/
T hybrid power systems. It is reported that for every degree decrease in temper-
ature, efficiency increases by 0.5% [20]. However, when nanoparticles are added,
the viscosity increases, increasing the amount of energy required to circulate fluid
around the PV/T systems. The studies cited in Table 1 make no mention of the
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effect of nanoparticle inclusion on circulation-related energy consumption. Based
on author’s review of literature, no studies have been conducted to explore the effect
of nanoparticles on the energy consumption in pumping for photovoltaic thermal
systems. Exploring this aspect is critical in order to gain a better understanding of
the practicality of nanofluids.

The current study tries to investigate the overall effect of nanoparticles on the
performance of hybrid photovoltaic/thermal systems. This is done by studying the
effect of nanoparticle concentration on the heat transfer enhancement. Subsequently,
the effect of nanoparticle concentration is studied on the pressure drop in the system.
Furthermore, the overall effect is quantified by determining the effect of nanoparticle
concentration on the thermohydraulic performance of the hybrid PV/T system.

Table 1 Studies on PV/T hybrid collectors using nanofluids

Author Collector Heat transfer | Nanoparticles | Major findings
type fluid
Sadarabadi | Flat plate/ Water Al O3 e TiOy/water and ZnO/water
etal. [11] cylindrical TiO; nanofluids present a better
tube ZnO performance in terms of

electrical efficiency compared
to Al Oz/water nanofluid and
deionised water

ZnO/water nanofluid is found
to have the highest thermal

efficiency
Lari et al. Flat plate/ Water Ag * 8% increase in electrical output
[12] serpentine of water-cooled PVT system as
tube compared to PV system
* 13% increase in electrical
output of a nanofluid cooled
PVT system over a
water-cooled system
Hasan et al. | Flat plate/jet | Water SiC * SiC/water nanofluid system
[13] array TiO; reported the highest electrical
Si0> and thermal efficiency

The electrical, thermal, and
combined PVT efficiencies
were 12.75, 85%, and 97.95%
Increase in pressure with SiC
nanofluid was 62.5%

Shohreh Flat plate/ Air (natural | Si O, Si Oy/water showed an

etal. [14] TEM* and forced) Fe304 efficiency improvement of
Water 3.35% compared to Fe3 Oy that
showed 3.13% improvement
Power production of 54.29%
and 52.40% for Si O,/water
and Fe3 Oy, respectively

(continued)
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Table 1 (continued)

Author Collector Heat transfer | Nanoparticles | Major findings

type fluid
Al-Waeli Flat plate/ Paraffin wax | SiC * Increase in electrical efficiency
etal. [15] nano-PCM from 7.1% to 13.7%

» Thermal efficiency reached
2%

Nasrin et al. | Flat plate/ Water MWCNT * 9.2% performance
[16] serpentine enhancement using water

tube cooling system

3.67% by using nanofluid as
compared to water

Lari et al. Flat plate/ Water Ag 11.7% improvement in its
[17] PCM electrical performance over an
uncooled PV system

Thermal storage covers up to
27.3% of residential thermal
load

3 Materials and Methods

Copper oxide nanoparticles with a size of 10 nm were acquired from Amnium Tech-
nologies, India. Table 2 lists the CuO nanoparticle specifications as provided by the
manufacturer. Ethylene glycol is a colourless, viscous liquid. It dissolves entirely
in water and some organics. It is a heat transfer fluid used in chillers and ic