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ABSTRACT

\Volumetric solar absorption system accommodating the
absorber plate in a rectangular channel is investigated. The
influence of the location of the absorbing plate on the heat
transfer and hydrodynamic characteristics are examined in the
channel. Phase change material (Lauric acid) of 5%
concentration is used to increase the thermal storage capacity of
the working fluid and water is incorporated as the carrier fluid
in the channel. Thermal performance and pump power loss
parameters are introduced to assess the thermal performance of
the volumetric solar absorption system. The findings revealed
that thermal performance parameter attains the highest value for
the absorber plate location at the center and bottom of the
channel. The pump power loss parameter becomes the highest
for the absorber plate location at the mid-height of the channel.

INTRODUCTION

Solar energy harvesting is one of the current research
fields, which takes the attention of researchers for industrial and
domestic energy utilization. Improved solar absorption is one of
the thermal preferences because of the minimal environmental
impact. On the other hand, efficiency of such systems is limited
due to the low thermal performance of the working fluid in the
absorbing system; in which vase, the low thermal storage
capacity of the working fluid has an adverse effect on the
system performance. Introducing the phase change particles
(P.C.M) in the thermal system enhances the thermal storage
capacity of the working fluid through utilizing the latent heat of
PCM. The solar absorption can also be improved via
introducing the selective surfaces in the systems. However,
radiation losses at high temperatures from the selective surface
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lower the amount of energy harvested from the Sun. Therefore,
the location of solar absorber plate in the thermal system
becomes critical for the efficient harvesting process.
Veeraragevan et al. [1] studied the volumetric absorption of
the solar radiation and introduced the analytical solution for
temperature increase in the carrier fluid. They presented
optimum total system efficiency in terms of receiver length and
provided convenient tools for predicting the system
performance. Heat transfer analysis in relation to micro-
encapsulated PCM slurry flow in circular ducts was investigated
by Charunyakorn et al. [2]. They demonstrated that use of slury
flow enhanced the heat transfer rates to the working fluid by 2-3
folds as compared to that of the single phase flow. Roy and
Sengupta [3] studied the thermal performance of micro-
encapsulated phase change particles. They showed that thick
walled micro-capsules were unable to withstand thermal cycling
at elevated temperatures. Thermal performance of slurry
consisting of phase change material and the carrier fluid were
studied by Choi et al. [4]. They introduced three regions of
importance to identify the melting in the flow systems. Thermal
analysis for slurry flow in a circular tube was carried out by
Goel et al. [5]. They indicated that tube wall temperature could
be increased slightly above the melting temperature of phase
change particles to achieve high thermal storage capacity of the
slurry. Slurry flow with presence of phase change particles was
examined by Roy and Avanic [6]. They showed that Stefan
number was the key parameter to determine the amount of heat
flow towards the system. Chen et al. [7] studied a laminar flow
and heat transfer in a flow system with existence of micro-sized
particles. The findings revealed that thermal performance
lowered notably because of the pump power due to high
viscosity of the slurry. Thermal analysis of micro-encapsulated
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slurries in a horizontal circular tube was carried out by Wang et
al. [8]. They introduced a new correlation estimating the heat
transfer rates for improved design configuration of the thermal
flow system.

Although thermal performance of the volumetric solar
absorbers are investigated previously [9-11], the study needs to
be extended due to complex nature of the thermal storage
system. Therefore, in the present study thermal performance
characteristics of volumetric solar absorption system including
absorber plate and slurry flow in a channel with presence of
phase change particles are examined. The effect of absorber
plate on the thermal performance of the system is examined for
two solar concentrations. Thermal performance and pump
power loss parameters are introduced to estimate the thermal
response of the volumetric solar absorbing system to the various
solar concentrations. Water is used as a carrier fluid and Lauric
acid is incorporated as phase change particles in the flow
system. Since the assessment of the performance of the solar
heater is based on the solar concentration, the average radiation
from the sun is incorporated in the analysis rather than time
variation along the day, months, and year. Consequently, the
simulation results provide insight into the average values of
solar irradiation at different concentrations. Numerical study is
extended to simulate the previous study [1] for the model
validation purposes.

HEATING ANALYSIS

The working fluid is assumed to be homogenous in the
analysis due to low volumetric concentration of the phase
change particles, which is 5% in the carrier fluid. A laminar
slurry flow in a rectangular channel with the presence of
absorbing plate is considered in the analysis. Water is used as a
carrier fluid and Lauric acid is incorporated as PCM. The top
surface of the channel is exposed to a solar radiation at two
different concentrations. A schematic view of the flow situation,
resembling the channel and the absorber plate in the channel, is
shown in figure (1). The governing conservation equations are:

Continuity equation:

Vv=0

Momentum equation: 1
V-(peﬁ VV):—Vp+ﬂeﬁvzv+ E (2)
Energy equation:

V.(g(peffE_'_ p))zv-(keﬁVT)+S @3)

where v is the flow velocity, p is the pressure, E is the energy,
peii IS the effective density, ke is the effective thermal
conductivity, S is the source term due to radiation absorption.
The effective properties of the working fluid are defined
according to the equations reported in the open literature [12-
15]. Although the geometric shape and the size of the PCM
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(phase change particles) slightly influence the effective
properties [12], the data used for the standard PCM are
incorporated in the calculations [15]. The density of the
effective fluid is calculated using mass balance as [11]:

Pef :Cpp +(l_c)pf 4)

where Po is the density of the phase change particles, P is

the carrier fluid density, and c is the concentration.

The effective thermal conductivity using Maxwell’s model [14]

IS:
2+i% +20(kp K —1}
_k f f

eff = M f k k
by

(®)

where k; is the fluid thermal conductivity and k;, is the PCM
thermal conductivity.

The effective bulk viscosity calculation of is based on
Vand’s correlation, which is [15]:

t =(L-c—1.16¢2) " 4, ©

where L is the fluid viscosity and c is the concentration.

The effective specific heat of the working fluid is
calculated using the energy balance, which is [12]:

For Tp <Tso|idus:

C(Pcp,s)p+(1_c)(PCp)f
P

Cpeff =

Y]

for Tsolidus <Tp <Tliquidu's:
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where is the specific heat of the carrier fluid,

is the specific heat of the PCM particle in solid state and

(©01)
s P is the specific heat of the PCM particle in the liquid
state, T, is the PCM temperature, Tiiguiqus IS liquid temperature at
phase change, and Teyigus IS the solid temperature at phase
change.

The governing equation for the radiative transport
related to volumetric absorption system is:

oT?

V-(1(r,s)s) +a.l (r,s) = an (10)

where | is the radiation intensity, a is the absorption coefficient,
n is the refractive index, and T is the local temperature. The
absorbing plate is placed at different locations in the channel
(figure (1)). However, for different locations of the absorbing
plate, the channel height is considered to be 5 mm, the total
channel length is kept as 1.5m and the remaining sections of the
channel are opaque. The absorbing plate consists of a selective
surface, which is coated at the top of the silver plate of 0.5 mm
thickness. In this case, Zr-N coating is considered on the silver
plate, with the coating thickness of 0.16 um. It should be noted
that use of Zr-N improves significantly the absorption of solar
radiation by the plate [25]. In the analysis, three cases are
incorporated. In the first case, the absorbing plate (coated plate)
is placed at the top surface of the channel and Zr-N coating is
exposed to the solar radiation; therefore, the solar absorption
takes place in the top coating. In the second case, the absorbing
plate is located at the bottom of the channel with a glass cover
at the top surface of the channel. The glass cover provides the
structural integrity at the channel surface and transmits the solar
radiation into the channel. In this case, the transmitted radiation
is volumetrically absorbed in the fluid and remaining radiation
is absorbed by the absorbing plate at the channel bottom. In the
third case, a semi-transparent absorbing plate is added to case 2
in such a way that majority of the incident radiation is absorbed
at the middle height of the channel where a semi-transparent
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absorbing plate is located. The absorbing plate at bottom of the
channel enables the absorption of the radiation transmitted from
the semi-transparent absorbing plate. This arrangement provides
the total absorption of the incident radiation in the channel.

The surface of the absorbing plate has high absorption
and low emittance, thus has the ability to harness the solar
energy effectively while limiting the losses due to emission.
Zirconium Nitride coating on Silver (ZrN —Ag) tends to follow
good pattern for selective surface having transition wavelength
centered a 2 um [15]. It has absorptance of 0.86 and emittance
of 0.039 at 600 K, with conversion efficiency of 0.52 [16]. The
conversion efficiency can be used to determine the usefulness of
solar selective surface, which is [17]: ©

cE=%"%

Qs (11)

where Q, is the absorbed solar flux, Q. is the emitted solar flux
and Qg is the incoming solar flux.

Boundary Conditions:

Flow Inlet: The laminar flow in the channel is
assummed. A uniform velocity boundary condition at inlet is
selected and inlet temperature is set at T;, = 298K, which is
fixed for all the cases simulated. The fluid velocity is varied in
each case within the range of Reynolds numbers of 50, 100, 200
and 500.

Flow outlet: Pressure Outlet Boundary Condition is
used representing discharge of the flow into open atmosphere
(gauge pressure = 0).

Solid Wall: No-slip condition is assumed at the solid
wall, such that the velocity at the solid wall is 0.

Irradiated wall: Discrete Ordinate Method (DOM) is
used to define the solar radiation on the irradiated channel
surface (figure (1)). The top surface of channel is also assumed
to be in contact with atmosphere resulting in radiation and
convection losses to surrounding, which can be written as:

q = hsxr(Ta:rr_ ij + Eoxe T (Ti - Tu:}] (12)

Non-conformal Interface: Non-conformal meshing is
used to model the absorbing surface. A mesh interface is
defined for coupling the two surfaces. The interface is between
two solid regions; such interface is thermally coupled.

Outer walls: The bounded walls for the setup are all
assumed to be opaque and adiabatic, except for the irradiated
wall (top surface of the channel (figure (1)). In the case of
opaque treatment, no radiation is transferred through the
surface. The Adiabatic wall treatment assumes no heat transfer
from the surface to its outer surroundings while representing
insulated boundary.

Radiation boundary condition at the channel walls:
Opaque wall boundary condition is assumed at the channel wall,



Research Article

except at the top surface of the channel. Opaque wall boundary
takes into consideration the emission from the wall with part of
the incoming radiation on the wall being absorbed and the
remaining radiation reflected back into the fluid. The boundary
treatment for semi transparent wall at the top surface is
incorporated. The interface reflectivity at semi-transparent wall
is based on the Fresnel Equation. The reflection from the solid
surfaces is considered to depend on the refractive index.

In order to assess the influence of absorbing plate on
the thermal performance of the channel, the performance
parameters are introduced in line with the previous study [9-11].
These include the performance parameter (the heat gain by the
flow over the heat input by the solar radiation in the channel,
Quain/Qin), and pump power lost parameter (pump power loss

over the heat gain by the fluid in the channel, ( b.L ).
gain

Therefore, the performance parameters are:
E = anin / Qin

(13)
and
IF]L = hP,L / anin

(14)
where
Q,=CxIxA , Qi =M-C, (Toe—Ty)  and
hoy =V-AP V=m/p
The heat transfer coefficient is calculated as:
h=_J (15)

where q is the heat flux, and T,, and T, are the wall and fluid
bulk temperatures, respectively. The Nusselt Number can be
calculated as:

_hby

N
4K

(16)

NUMERICAL SOLUTION

Fluent CFD code [26] is used in the simulations. The
control volume approach is incorporated to discretize the
governing equations. The SIMPLE scheme is used for pressure-
velocity coupling and the nonlinear set of equations is solved
using iterative method with satisfying the convergence criterion.
In this case, the residuals are set to 10 for continuity and
momentum, and 10 for energy. In addition, surface monitors
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at the outlet are monitored for velocity and temperature to
ensure convergence.

Equation 10 is used to determine the radiation intensity
in the spatial Cartesian system (x,y,z). The radiation equation is,
then iteratively solved, for each of the solid angles. The
uncoupled implementation of Discrete Ordinate Method (DOM)
is used to solve radiation equation. It should be noted that this
method is suitable for the solution of radiation problems
associated with the low optical thicknesses. The equations for
the energy (Eq.3) and radiation intensities (Eq.10) are solved
one by one, assuming prevailing values for other variables [18].
In DOM, the radiative transfer equation (RTE) is solved for
finite number of discrete solid angles, which are determined by
the angular discretization. Each solid angle is associated with a

vector directiong, which is fixed in relation to the Global
Cartesian System (X,y,2).
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Figure 1. A schematic view of volumetric absorption system.

RESULTS AND DISCUSSION

The performance characteristics of solar volumetric
absorption system consisting of absorber plate and channel flow
with presence of phase change particles are investigated for two
solar concentrations. The absorber plate is placed in three
different locations in the channel to assess the influence of
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absorber plate location on the heat transfer rates in the channel.
The absorber plate consists of a selective surface, which is ZrN
coating onto a silver plate.

In order to validate the model used in the simulations,
the dimensionless temperature values are reproduced in line
with the geometric configurations and the respective boundary
conditions presented in the previous study [1]. The identical
conditions and geometry provide the comparison of
dimensionless temperature data obtained from the analytical
solution [1] and the model predictions. It is found that
dimensionless temperatures predicted from the present
simulations and those obtained from the previous work [1] are
in good agreement.

Figures (2) and (3) show the Nusselt number variation
along the absorber plate for different solar concentrations. It
should be noted that the absorber plate location is at the top
surface of the channel (figure (1)). The Nusselt number reduces
along the length of the absorber plate and this reduction
increases at high solar concentrations. Since the concentration
of the phase change particle is 5%, phase change particles melts
almost instantly in the carrier fluid because of the attainment of
high temperature in the vicinity of the absorber plate surface. In
this case, introducing high solar concentration at the absorber
surface enhances temperature of absorber plate and fluid
temperature in the vicinity of the absorber plate surface. This, in
turn, lowers temperature difference between absorber and
working fluid; hence, reducing the Nusselt number along the
absorber plate surface. As the solar concentration reduces (C =
5), difference between the absorber plate wall temperature and
temperature of working fluid in the absorber plate vicinity
remains small, which leads to some small changes in the Nusselt
number. The Nusselt number reduces slightly in the close region
of the absorber plate, which occurs for solar concentration C =
5. This behavior is attributed to the end of phase change of
process (completion of the melting of PCM) where fluid
temperature increases to the liquidus temperature. Hence, the
fluid temperature increases due to sensible heating in the flow
system while lowering temperature difference between the
absorber plate wall and its neighborhood fluid. As a
consequence of this behavior, the Nusselt number attains
slightly low values in this region.

Figures (4) and (5) show the performance parameter
(Qgain/Qin) With the Reynolds number at different locations of
absorber plate for different solar concentrations. The solar
concentration has a significant effect on the performance
parameter; however, the location of absorber plate alters this
effect. In this case, operating solar volumetric absorber system
incorporating the absorber plate at the mid-height of the channel
lowers the thermal performance of the system. The comparison
of the absorber plate in the channel reveals that the absorber
plate at the top of the channel results in the highest performance
parameter. Consequently, using the selective surface with low
reflectivity and emissivity at the top of the channel gives rise to
the highest performance parameter for the range of solar
concentrations and volume fractions of phase change particles
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used in the system. In addition, operating the system at high
solar concentration improves the performance parameter
notably.
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Figure 2. Nusselt number variation along the absorber plate
surface for solar concentration C = 5.
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Figure 3. Nusselt number variation along the absorber plate
surface for solar concentration C = 10.

Figure (6) shows pump power loss parameter, as at
different locations of the absorber plate in the channel. The
pump power loss is closely related to the fluid frictional loss in
the channel because of the presence of the absorber plate at the
mid-height of the channel. The pump power loss parameter
increases at high Reynolds number. Since the fluid friction
increases with increasing rate of fluid strain at high Reynolds
number, the pump power loss parameter also rises at high
Reynolds numbers. The absorber plate surface is at the same
elevation of the channel wall when its locations are at the top
and the bottom surfaces of the channel. Therefore, the pump
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power loss parameter becomes identical at these locations of the
absorber plate. The pump power loss parameter attains large
values for the case where the absorber plate is located at the
mid-height of the channel. This is due to the fact the
enhancement of the frictional loss because of the exposure of
the absorber plate surfaces to the working fluid.
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Figure 4. Thermal gain parameter with Reynolds number for
solar concentration C = 5.
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Figure 5. Thermal gain parameter with Reynolds number for
solar concentration C = 10.

CONCLUSION

Thermal performance of a volumetric solar absorber,
consisting of an absorber plate and phase change material in a
channel, is simulated for various solar concentrations. Lauric
acid as a phase change particles with 5% volume concentration
is used in the carrier fluid. The absorber plate location is varied
in the channel and the location of absorber plate on the thermal
performance of the solar absorber is evaluated. A ZrN thin
coating (16 um) are placed on a silver plate to resemble the
absorber plate. The findings revealed that the Nusselt number
along the absorber plate surface increases for the case where the
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absorber plate is located at the mid-height of the channel. The
phase change process in the neighborhood of the absorber plate
surface is responsible for the Nusselt number increase along the
plate surface. From the simulation data, the considerable
amount of absorbed solar intensity takes place by the absorbing
plate in the channel. The performance parameter is influenced
by the concentration of the phase change material and the
Reynolds number; in which case, increasing Reynolds number
enhances the performance parameter, which becomes
substantial with increasing concentration. The performance
parameter reduces for the case of the absorber plate located at
the mid-height and at the bottom of the channel. However, it
attains the highest when the absorber plate is located at the top
surface of the channel. Hence, the volumetric solar absorption
system operating at high Reynolds number with the absorber
plate location at the top of the channel resulted in high
performance parameters. The pump power loss parameter
attains high values for the case of the absorber plate located at
the mid-height of the channel.
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Figure 6. Pump power loss parameter with Reynolds humber.
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