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Abstract: Solar energy is a sustainable and low-cost renewable energy of enormous importance,
especially at this time where non-renewable energy sources are unsustainable and costly. However,
improving the thermal performance of a solar energy storage reactor poses some challenges. In this
study, the location of fluid inlets and outlets in the given reactor design and its impact on the thermal
performance were investigated. A P1 approximation radiation model coupled with shallow channel
approximation of fluid flow was developed. By taking the frustum base as a reference, four fluid
inlets along the edges of the frustum and two outlet locations at the base and side of the reactor were
computed. Inlets located 4.81 cm from the base of the frustum and an outlet located at the side of the
reactor were found to have a better thermal performance with a short conveyer energy flow system.
It was also deduced that radiation applied at the edges of the frustum had better thermal performance
than that applied at a quartz edge. Furthermore, increasing the laminar inflow rate from 0.36 (L/h)
to 3.6 (L/h) increased the temperature distribution in the reactor. This study provides noteworthy
insights of relevance to the power engineering industry and academia.

Keywords: thermal performance; sustainable; solar energy storage; reactor design; temperature
distribution

1. Introduction

The large dependence on non-renewable energy resources by countries for both domestic
and developmental needs makes the enhancement of energy storage efficiency pertinent at this
current time. There is increasing interest by stakeholders in the energy industry and researchers in
minimising oil dependency by adopting other low-cost and eco-friendly energy alternatives. Moreover,
environment-related issues due to the utilisation of non-renewable energy sources such as the emission
of green-house gases are of increasing concern to researchers [1–4].

There are many renewable sources of energy, such as solar energy. Harvest and proper storage of
solar energy can be used for many applications including high-temperature solar radiant energy flow,
storage for power electric generation, production of hydrogen, and gasifying high carbonaceous via
the high thermochemical process [5–14]. The production of electricity through the direct irradiation of
a solar receiver is a contemporary topic for researchers because the need for boundary heat sources
is increasing and people have attempted to extract the highest amount of energy from the sun.
Researchers have done a lot to improve the efficiency of the solar receiver, solar fuel production,
and solar thermochemical heat storage. However, the effective design of solar storage, thermal
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performance, long working hours of stored energy, and insulation material used in the solar storage
device have a great impact on solar energy storage efficiency.

Recently, many technologies have been developed such as concentrating solar plants (CSP) and
thermal energy storage (TES) technologies for the storage of energy. Thermal energy storage is a very
important technology that has been used in heating and cooling, solar energy power production [15],
environmental projects and other energy-saving sectors. TES has many advantages including the
utilisation of non-renewable source energy, high dispatch performance, use during dark periods of the
day, and its low cost when compared with electric power. However, solar energy is available only
during the day and unavailable at night. Thus, the generation of energy in a dark or cloudy time is an
issue [16,17]. Energy storage systems can be categorised into three energy fields namely latent heat,
sensible heat and chemical storage. Sensible and latent heat storage are well-known technologies in
CSP. Latent heat storage uses phase change materials (PCMs) [18,19]. LCM is used as a heat transfer
media or energy storage media, which has wide applications due to their higher heat accumulation
capacity [20,21]. In a solar storage system, the main factors are collection and conversion efficiencies.
This implies that the cavity design, type of insulation material, fluid type, etc. have a great impact on
flux distribution. In most cases, related technologies require temperatures of 1600 K and above. This is
the reason why TES is still under investigation and development. Cavity design is the main factor in
considering TES. Dimensions of cavity aperture optimisation, receiver diameter, inlet-outlet radius,
inputs selection, thermal insulations and of reactant species, inlet velocity and pressure are factors that
affect thermal performance for storage [22–24]. Solar irradiance heat flux and temperature distribution
are also affected by the efficiency of the conversion of reactant species [25]. The residential time, reactant
materials analyses for thermochemical storage and effective reduction ions are indicators for effective
thermal performance and temperature distribution in the cavity. The main output from thermal energy
storage is to achieve good thermal performance, stable temperature distribution, and maximisation of
the outlet temperature for many applications.

Replete studies have examined the maximisation of solar energy and its application. The thermal
efficiency of different geometric cavity receiver shapes was studied by Harris and Lenz [26] using a
parabolic concentrator. The study revealed that the cavity receiver lost approximately 12% of the energy
supplied to the receiver aperture and cavity geometry had a minor impact on overall performance.
Reddy et al. [27] examined the impact of emissivity, inclination, thickness and operating temperature
on natural, forced convection and radiation heat losses of a modified hemispherical cavity receiver and
the result indicated minimum natural convection heat loss occurred for the open side of face downward
receiver. Le Roux et al. [28] designed and implemented a modified cavity receiver composed of a
parabolic dish concentrator in a small-scale concentration solar power system. They showed that
channel length is affected by wind factor, rim angle, and concentration ratio and thermal receiver
design have a significant effect on the net power output of the system. Prakash [29] also studied the
natural convection heat losses of various cylindrical cavity receiver diameters using CFD simulations.
The proposed model provided by the researchers included the heat transfer fluid (HTF) flow within
a helical coil with air. They observed that an increase in convection loss is facilitated by an increase
in the mean temperature of the HTF, whereas a decrease in convection loss is due to an increase in
receiver inclination.

There is currently limited information on how and to what extent the location of fluid inlets on
frustum edges affect the thermal performance of a solar rector with respect to the heat applied through
quartz glass. Thus, this current study investigates the thermal performance analysis of energy storage
reactor using shallow channel approximation fluid flow coupled to the P1 radiation model. The effect
of carrier gas on inflow laminar rate, the influence of different fluid inlet locations along frustum edges
and different fluid outlet locations, and impact of applied concentration radiation on the frustum
boundary region and directed applied radiation flux on quartz glass edge for the storage medium were
compared and investigated. The suitable dimensions in achieving the required outlet temperature
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and the optimal operating conditions in withstanding high-temperature intake and prediction of
temperature distributions in the reactor were suggested.

2. System Configuration

Figure 1 demonstrates the path of how solar energy is harvested and used for energy derived
utility. This figure was adapted from [30], which illustrated how concentrated solar energy reaches the
surface of quartz glass and enters into the cavity of a reactor. It also shows how hot steam is taken for
power utility purposes. After hot steam is taken, cold fluid flows back through the ladder into the inlet
tubes of the reactor.

Figure 1. Energy flow system. Adapted from [30].

3. Reactor Model

3.1. Physical Model

Figure 2 illustrates the proposed heat storage reactor model. Figure 2a indicates the edges of
external boundaries, inlets, irradiated walls, and the quartz glass boundary. Figure 2b shows the 2D
schematic diagram of the proposed solar thermal energy used for the numerical simulation.

Figure 2. Cont.
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Figure 2. Schematic diagram of the heat storage reactor model: (a) Applied boundaries;
(b) Computational domain used for the simulation.

The model had the following features: its top was conical and the bottom was rectangular; two
opposite gas inlets each 0.375 cm in diameter (FZ and RJ) near to the quartz glass (GH); it had one outlet
(QW) with diameter 0.75 cm; it possessed a 0.3 cm thick quartz glass with 0.8 emissivity; the entire
walls were insulated with 0.6 cm thick steel 304 (conductivity of 16.2 W/m·K, heat capacity of 500 J/kg·K
at 1600 K and density of 8000 kg/m3); the inner wall was insulated with a high-temperature resistance
metallic alloy, FeCrAl alloy with melting point close to 1800 K (0.4 cm thick and can withstand up to
2000 K, thermal conductivity of 35 W/m·K at 1600 K, density of 7100 kg/m3, heat capacity of 800 J/kg·K
at 1600 K and emissivity of 0.7) and the middle layer was insulated by 3.4 cm thick layer of 3AlO3-2SiO2

(mullet, solid, 57% porosity, heat capacity of 840 J/kg·K and temperature-dependent density and
thermal conductivity). As shown in Figure 2b, the cavity had a width of 4.5 cm, a height of 12.5 cm,
a receiver diameter of 7.5 cm, and an aperture diameter of 2.1 cm. Nitrogen was used as the carrier gas
for the reactor and was also used for the removal of deposition of particles around the quartz glass
region [22]. The gas particles enter the reactor in opposite directions with injected velocity and collide
with each other. This collision is important to the loss of kinetic energy and heat conversion. Moreover,
it makes the flow more stable, leading to more heat entering the reactor.

3.2. Model Equations

To predict the instantaneous temperature distribution and the fluid flow inside the reactor,
a numerical model was developed by assuming the flow was laminar and the continuity conservation
equation, momentum conservation equation, and energy conservation equation for the solar thermal
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energy reactor were calculated. Hence, the governing equations for the thermo-fluid flow inside the
reactor are given by the following equations [31]:

∂ρ

∂t
+∇ · (ρu) = 0 (1)

ρ
∂u
∂t

+ ρ(u · ∇)u = −∇P +∇
[
µ
(
∆u + (∇u)T

)
−

2
3
µ∇u

]
(2)

ρcp
∂T
∂t

+ ρCpu · ∇T = ∇ · u(k∇T) (3)

where ρ, u, P, µ, k, T, and Cp are density, velocity vector, pressure, dynamic viscosity, thermal
conductivity, temperature, and specific heat, respectively.

In incorporating radiation into participating media, the conduction radiative heat flux is taken into
consideration. According to these assumptions, the incident radiation flux intensity for P1 radiation
models is calculated using:

Qr = ∇qr = κ(G− 4πIb(T)) (4)

where Qr is the radiative heat source, qr is conductive heat flux, κ is absorption coefficient, Ib(T) radiation
intensity, and G is incident flux.

The heat equation is written as:

Cp

(
∂T
∂t

+ u · ∇T
)
+∇ · q = κ

(
G− 4πnσT4

)
+ αpT

(
∂P
∂t

+ u · ∇P
)
+ τ : ∇u + Q (5)

Ib(T) =
n4

r T4

π
(6)

where nr, τ, σ, and αp are the index of refraction, viscous tensor, Boltzmann constant, and coefficient
thermal expansion, respectively.

The balanced radiation transfer equation is found in the following Equations (7)–(10) [32,33].

dIr,s

ds′
= ∇(Ir,s) = Ib,r − (k + σr,s)Ir,s −

σr,s

4π

∫
4π

Ir,s∗(s∗, s)ΦdΩ∗ (7)

where κ and σs are absorption and scattering coefficients, respectively.
The general radiation flux transfer in a medium can be described as:

G =

∫
I(Ω)dΩ (8)

The heat source can be described by the following equations:

−∇(∇P1∇G) = Qr (9)

DP1 =
1

3κ+ σs(3− a1)
(10)

where a1 is the linear Legendre coefficient of scattering phase function and Qr is the radiative heat source.
When the scattering is model a1 = 0, Equation (10) becomes:

DP1 =
1

3κ+ 3σs
(11)
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for σs = 0, DP1 = 1
3κ Equation (9) can be expressed as follows:

∇(∇P1∇G) = Qr, ∇ ·
( 1

3κ
∇G

)
= κG− 4πεσSBT4 (12)

From Equation (4), it can be shown that the radiative heat transfer was added to the system as:

−∇qr = κG− 4πεσSBT4 (13)

3.3. Boundary Conditions

The boundary conditions are presented in Table 1

Table 1. Boundary conditions.

Section Boundary Type Flow Rate Vi Energy

Left inlet (FZ) Laminar-Inlet Laminar inflow rate Temperature 293.15 (K)

Right inlet (RJ) Laminar-Inlet Laminar inflow
rate (L/h) Temperature 273.15 (K)

Irradiated walls
(KM, LN, GH) Walls 0.0 q = ε

(
G− σT4

)
External Boundaries

(GB, AF, HC, DR, ZW, JQ) Wall 0.0 q = h(Text − Tw)

Quartz window (GH) Wall 0.0 q = h(Text − Tw) + εextσ(T∞ − Tw)

Outlet (QW) Pressure outlet ∂Vi
∂n = 0 ∂T

∂n = 0

q, h, Text, Tw, εext and σ are heat flux, heat transfer coefficient, external temperature, wall temperature, emissivity
and Stefan-Boltzmann, respectively.

In Table 1, the boundary conditions are mainly inlet boundary, irradiated wall boundary and
quartz wall boundary. In terms of the inlet boundary, the inlet tubes were on straight line to the right
and left sides of the frustum near to the quartz glass window GH. Nitrogen gas enters the reactor at
both sides of the inlets FZ and RJ at 293.15 K and 1 atm, where a gas flow rate of 1.8 L/h was applied at
each inlet. Thus, total flow rate of 3.6 L/h was utilized by the reactor. With regards to the irradiated
wall, the thermal energy storage reactor was vertically fixed as seen in Figure 2a. In this current study,
though the reactor was vertically fixed, it is also possible to check the thermal performance of the
reactor by comparing the applied heat source either on the boundary edges of the frustum or directly
at the quartz edge. This is possible by assuming a change in the direction of the simulator (source of
radiation) and focusing concentrated radiation on the edges of the frustum edges KM and LN or at
quartz edge GH at different times. For the quartz glass wall, the ambient surroundings behaved as a
black body. Heat flux condition of 100.0 W/m2

·K was applied to the externally insulated walls AF, ZE,
DR, JQ, WT, and TE as shown in Figure 2a, which reduced heat release to the environment, protected
the cavity from extreme heat and optimized heat transfer inside the cavity. Hence, the net heat flux
boundary condition was applied at these surfaces, as shown in Table 1, and the temperature flow in
the cavity was uniform.

3.4. Numerical Solution Methods

The solar thermal energy transport and temperature distribution inside the reactor were calculated
by selecting the defined radiation heat transfer P1 radiation model. This model was used to investigate
the heat flux distribution along the reactor. Nitrogen gas used in this study was weakly compressible
and the geometry was meshed using free triangular mesh in the COMSOL Multiphysics 5.3 software.
The solar thermal energy distribution inside the reactor was simulated assuming that a steady-state
solver was applied. The initial temperature at the beginning of the simulation was 293.15 K,
which includes the wall and cavity, and with the incoming nitrogen gas was 293.15 K. The incoming
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flux was not varied throughout the process. The simulation involved the selection of appropriate
boundaries (Table 1) and taking into account different inlet locations, laminar flow rates, heat source,
and deriving data namely flow rate, conduction flux, convective flux, surface average temperature,
outlet average temperature, etc. The concentrated solar irradiance intensity was considered as an
energy source for raising the reactor temperature until the desired thermal energy flux was achieved.
The diffused irradiance intensity at the target radiant received surface covered by a quartz glass was
considered as a boundary condition for high-temperature radiant energy flow inlet. The incident
radiation flux which was reflected and emitted from the cavity walls was assumed to be diffusely
distributed throughout the reactor. The solutions were converged before corrections were made and
the convergence criterion was 10−8.

3.5. Model Validation

Figure 3 shows that the reactor temperature distribution compared to that derived from the
existing literature [34].

Figure 3. Temperature distribution compared to the Reference [34] under 170 kW/m2 radiation heat
flux applied on quartz glass at 8.64 L/h inflow laminar and 1 atm.

The simulation was conducted by considering 170 kW/m2 radiation flux which was applied on
the quartz glass edge GH with emissivity (ε = 0.8) from Figure 2a and 8.64 L/h laminar flow at 1 atm.
The calculated temperature distribution conformed to that presented in literature [34] as well as having
the same P1 radiation model for 2D porous media. A maximum absolute error of 3% was found
between reference data and the data presented in this study (Figure 3). This indicates that the present
model can effectively analyse temperature distribution.

3.6. Grid Independency Tests

The governing equations were solved using the finite element technique based on COMSOL
Multiphysics 5.3 software. A grid-independent test was conducted on the mesh model at the beginning
of the simulation process. In Figure 4a, it can be seen that the mesh used in this present study was a
free triangular user-controlled mesh. Table 2 indicates the characteristics of the mesh. From Figure 4b,
it can be seen how heat transferred through quartz glass then to the cavity. In Figure 4c, by applying
150 kW/m2 radiation heat flux, 1.8 L/h and 1 atm, 5 mesh (models 7236, 23129, 152129, 355666 and
729576) were developed and it was found that the meshes 152129, 355666 and 729576 were good
models for the study. Based on the objectives of this study, mesh 152129 met the minimum requirement
and was utilised for subsequent investigations.
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Figure 4. Grid independent analysis at 150 kW/m2 radiation heat flux, 1 atm and 1.8 L/h gas laminar
inflow rate: (a) Cross-sectional view of mesh; (b) Temperature distribution along the axial length;
and (c) Temperature distribution with different cell number.

Table 2. Mesh characteristics user-controlled mesh.

Maximum
Element

Size (mm)

Minimum
Element

Size (mm)

Maximum
Element

Growth Rate

Resolution
Narrow
Region

Curvature
Factor

Minimum
Element
Quality

Average
Element
Quality

Element
Length
Ratio

0.657 0.001 1.300 1.000 0.300 0.568 0.957 0.938

4. Result and Discussion

The current study investigated the thermal performance of nitrogen gas-filled cavity with different
insulation materials. The impact of gas inlet position along the boundary on the frustum and outlet at
the bottom and the side of the cavity was also studied. The reactor was directly exposed to 150 kW/m2

radiation heat flux and applied boundaries are highlighted in Table 1.

4.1. Impact of Applied Heat Resource Frustum Edges and Quartz Edge Using Varying Simulator Direction for
Thermal Performance of the Reactor

The evaluation of the thermal performance of the reactor was done by changing the direction of
the heat source released from the simulator and focusing it on the frustum and quartz glass edges.
The performance evaluation was done by applying 150 kW/m2 heat source to the edge of quartz glass
GH (Figure 2a) and to the edges of frustum KM and LN (Figure 5a). It was found that the radiation
flux applied at boundaries of the frustum was highly reflected and concentrated around 0.043 m
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from quartz glass edge GH. This occurred because the focus point for the diffused radiation at edges
of frustum was close to the aperture and 0.043 m from edges of the quartz glass. From the results,
the temperature drop around the aperture for the heat source applied to the frustum edge was less
than that of the quartz glass edge. It was also observed that high radiation loss occurred around the
radiation inlet region for heat source applied to the quartz glass, which was due to re-irradiation
around radiation inlet region. The radiation heat source applied on the frustum was highly important
because of the less temperature drop around radiation inlet region and aperture region. This led to
improvement of the thermal performance of the reactor. It was observed in Figure 5b that the surface
average temperature was greater for the radiation flux applied to the frustum edges than that applied
to quartz edge at different laminar inflow rates. In Figure 5c, the surface average temperature was
greater for the frustum applied heat source. Overall, Figure 5a–c indicate that the thermal performance
of the reactor was good when radiation was applied at frustum edges and focused at 0.043 m from the
quartz glass edge.

Figure 5. Temperature distribution in the cavity along axial length at 150 kW/m2, 1 atm and 1.8 1/h
laminar inflow rate: (a) Temperature distribution flux applied on frustum edge and quartz edge; (b) (Sav)
temperature at different laminar inflow rates; (c) (Sav) temperature at different gas inlet positions of
radiation flux applied on frustum and quartz glass edges.

4.2. Impact of Outlet Position on Temperature Distribution

From Figure 6a, as laminar inflow rate increased from 0.36 to 2.52 L/h, the bottom outlet geometry’s
surface average temperature distribution was found to be slightly identical to the side outlet geometry’s
average temperature. When the laminar inflow rate increased from 2.88 to 3.60 L/h, the bottom outlet
geometry’s surface average temperature was slightly greater than the side outlet geometry’s surface
average temperature, but both increased linearly with increase in laminar inflow rate. In Figure 6b,
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it can be observed that the outlet average temperature for the side outlet geometry was greater than
that of the bottom outlet geometry average temperature. Further increasing the applied heat source on
the frustum edges led to a higher rate in the increase of surface average temperature than that of the
average outlet temperature. For a fixed applied radiation flux, it was noted that increase in the laminar
inflow rate increased the average outlet temperature at a higher rate when compared with that of the
surface average temperature.

Figure 6. The average temperature for different laminar inflow rate at 150 kW/m2 and 1 atm: (a) Surface
average temperature and (b) Outlet average temperature.

Figure 7a,b show the temperature distribution along the central axis of the reactor for both types
of outlet locations.

Figure 7. Temperature distribution along the axial length at 3.6 L/h flow rate and 150 kW/m2 applied
radiation flux on frustum edge: (a) bottom outlet geometry and (b) side outlet geometry.

4.3. Incident Radiation Heat Flux and the Radiation Temperature Distribution

The simulation was carried out by applying 150 kW/m2 radiation flux on frustum edges KM and
LN in Figure 2b. The laminar inflow rate was considered as 1.8 L/h at 1 atm and nitrogen gas as fluid.
In Figure 8a, it can be seen that the incident radiation flow in the reactor was non-uniform.
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Figure 8. The distribution flux along the reactor at 150 kW/m2 incident flux, 1 atm and 1.8 L/h inflow
rate: (a) Incident heat flux distribution in the reactor at 1.8 L/h and K = 0.3; (b) Temperature distribution
for flux applied on frustum edges KM and LN; (c) Temperature distribution for the flux applied at (GH)
for different gas inflow rate; (d) Temperature distribution for different absorption coefficient (K).

The applied fluxes and other boundaries are shown in Table 1. Although the flux was diffused on
the edges of the frustum and quartz in Table 1, the maximum temperature occurred not on the edge of
the quartz but around 0.043 m from the quartz glass or near to the aperture region. This occurrence was
due to the flux being focused near to this region. It was found that the high flux concentration occurred
around 0.043 m from the quartz glass edge and this concentration decreased slowly until the end of the
reactor length at 0.125 m [8,12,35]. This decrease in temperature was compensated by the absorption of
nitrogen gas and an increase in the inflow rate inside the reactor. It can be observed in Figure 8a that
the radiation flux was not completely reduced or absorbed due to the slow absorption [36–38]. In this
region, the incoming radiation flow and convective heat transfer flow due to the carrier gas were highly
distributed before converging at the reactor outlet. This impingement of gas flow and absorption both
play significant roles in the absorption of the incoming flux inside the reactor since the heat transfer is
the limiting factor to oxygen release [39]. The absorption coefficient level of nitrogen gas for this current
study was chosen as 0.01 and from Figure 8d, it is shown that increasing the absorption coefficients
from 0.01 to 0.3 increased the absorption of the temperature inside the cavity and decrease in the
temperature in the aperture region. Similarly, from Figure 8b, increasing the inflow rate from 0.36 to
3.6 L/h increased the absorption temperature in the cavity but decreased the temperature in the aperture
region. This can be attributed to more radiation flux moving from a higher region to a lower region on
the axial length. The decrease in radiation heat flux is advantageous to re-irradiation losses from the
back wall where the reactor cross-section decreases. This flow and the decrease in the radiation heat
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flux facilitated the absorption of more energy into the reactor. This occurrence was due to the proper
insulation of the reactor which decreased conduction heat loss. The temperature distribution along
the reactor is a function of laminar inflow rate, absorption [12] and emission coefficient. The carrier
gas flow in the reactor heated up and transferred the heat into the reactor. The rapid increment of
temperature resulted in the absorption of radiation heat flux and the distribution shifted towards
the inner cavity. The temperature distribution in the cavity was highly influenced by the laminar
inflow rate and absorption coefficients of the gas. The gradual reduction of radiation temperature with
increase in absorption coefficients is related to the effects of convective heat transfer between fluid and
cavity wall due to the carrier gas [40,41]. However, in the current study and from Figure 8a, the overall
result indicated that the temperature did not completely decrease inside the reactor before converging
at the reactor outlet. Moreover, the temperature gradually decreased along with decrease in incident
radiation intensity as well as with increase in reactor axial length. However, the higher results may be
attributed to the increase in gas laminar inflow rate of the reactor.

4.4. Effect of Thermal Performance of Inlet Location on Edges of Frustum

In Figure 9a, the distribution temperature was more uniform for the fluid inlets located near the
top of the frustum, and as a result, more incident flux was absorbed around this region. Whereas,
the temperature distribution for other inlet regions below the top and near to the base of frustum fluid
inlets location had the lowest thermal performance in the cavity. In Figure 9b, the inlets position shifted
0.58 cm from the top region of the frustum and the flux entering the quartz edge of the cavity decreased
in the cavity. In Figure 9c,d, the maximum convective heat transfer and velocity distributions occurred
at inlets located 4.4 cm from the base the frustum. This was because, at the top region, re-irradiation of
the quartz glass edges GH, AG, and DH occurred. For other inlet regions, as the inlets shifted from
the base, both velocity and convective heat transfer decreased as shown in Figure 9b,c, respectively.
In Figure 9e, the conduction heat transfer was least in the top region while at maximum at the base
region. It is inferred that the top inlet region was appropriate in improving the optimal thermal
performance in the thermal energy storage cavity.

Figure 9. Cont.
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Figure 9. The distribution flux along the reactor at 150 kW/m2 incident flux. 1 atm and 1.8 L/h for
different fluid inlet positions: (a) Temperature distribution of the inlet positions from the base frustum;
(b) Temperature distribution of the inlet positions from the top of the frustum; (c) Velocity distribution
of inlets from the base of the frustum; (d) Convective heat flow distribution of the inlets from the base
of the frustum and (e) Conduction heat transfer of the inlets from the base of the frustum.

4.5. Impacts of Inlet Tube Location and Its Insulation Condition

From Figure 10, it can be seen that at the same inputs, but at different inlet tube locations and
insulation alterations in the temperature distribution in the reactor, were observed.

As the inlet tubes were located at the applied heat source region and its insulated material projected
above the quartz glass (Figure 10a), it was found that the temperature distribution was more uniform
than those of the inlet tubes located below the quartz edges at opposite ends. It was also observed
in Figure 10b,c that both average outlet and surface average temperatures were greater for inlets at
quartz glass edges than those below the quartz edges. Inlet tubes located at the quartz glass edges near
to the applied heat source were more prone to absorb more heat and less susceptible to re-irradiation.
Moreover, the chance of re-irradiation and solid deposition were less than those at the inlet tubes
located below the quartz edge. It is seen in Figure 10d that there was no temperature concentrated at
the quartz boundary, however, in Figure 10e, the temperature was concentrated around the quartz
glass boundary which was not transferred to the reactor and thus, was available for re-irradiation.
Thus, it can be deduced that not only the reactor inlets located at quartz glass edges were important,
but the proper insulation of inlet tubes located at the edge of the quartz glass was also a determinant
factor for uniform temperature distribution in the cavity (Figure 10d). This is important for a uniform
temperature distribution and the enhancement of high temperature in the reactor cavity.
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Figure 10. Temperature distribution along the axial length of inlet tubes at the edge of quartz glass
and below the edge of quartz glass at 2.88 L/h flow rate and 1600 K applied at quartz edge: (a) Axial
temperature distribution and (b) Side outlet average temperature; (c) Average surface temperature;
(d) Axial temperature distribution of inlets at the quartz glass edge and (e) Axial temperature distribution
of inlets below the quartz glass edge.

4.6. Effect of Fluid on Thermal Performance of Storage Reactor

The fluid is one of the key components in establishing an energy storage system for absorbing
solar energy. The mass flow rate of solid and fluid particles affect axial temperature distribution
inside reactor [42]. In Figure 11, it is assumed that four gasses are weakly compressible fluids and
the scattering and absorption coefficients were σs = 0 and κ = 0.01, respectively. These gases, as inlet
fluids, were investigated for their thermal performance in the reactor. The results revealed that
helium showed the lowest performance while methane showed the best performance. Helium had the
lowest temperature absorption capacity while argon and nitrogen both had similar high-temperature
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absorption capacities (Figure 11). Also, methane was better in absorbing flux. In general, the thermal
performance of a reactor is affected by the fluids which directly absorbed solar energy.

Figure 11. The distribution of temperature in the cavity of different gases at absorption = 0.01,
150 kW/m2 radiation flux source and 1 atm.

4.7. Effect of Wall Cavity Insulation Materials on Thermal Performance

In Figure 12, different wall insulation materials were compared for their performance in achieving
uniform temperature distribution in the cavity, the properties of FeCrAl (0.4 cm thick at an emissivity
of ε = 0.7) and Y2O3 and ZrO2 felt (felt, air 5700 Kg/m3 [43] and the physical properties of Al2O3

and CaO were extrapolated from COMSOL libraries. As can be observed in Figure 12a, from 0.0 to
0.043 cm, the temperature distributions of FeCrAl and CaO (overlapped each other) were lower than
Y2O3 -stabilised ZrO2 felt, (felt, air) and Al2O3. From 0.043 to 0.1 m, the temperature distributions of
FeCrAl and CaO were greater than Al2O3 and Y2O3 -stabilised ZrO2 felt, (felt, air). However, from
0.1 to 0.15 m, the temperature distribution of Al2O3 was greater. In Figure 12b, the surface average
temperature and outlet average temperature of Al2O3 (1131.8 K and 403.62 K, respectively) were
greater than those of other materials.

Figure 12. Cont.
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Figure 12. The temperature distribution at 150 kW/m2, 1 atm, 1.8 L/h and 0.7 emissivity: (a) Temperature
distribution along the axial length of different wall insulation materials and (b) the surface average
(Sav) and outlet average (Oav) temperatures of different wall insulation materials.

4.8. Instantaneous Temperature Distribution

Temperature distribution is a function of time, thus, as time increases, the absorbed temperature
inside the cavity increases. In Figure 13a, as time increased from 10 to 90 min, the distribution of
concentrated flux around the frustum region in the reactor axis was initiated and reached a maximum at
90 min. In Figure 13b, both the surface average temperature and average outlet temperature increased
from 600 to 3000 s. However, from 3000 s onwards, the average outlet and surface average temperature
became constant. This indicates that effective absorption took place at 3000 to 5400 s. Figure 13c
indicates the temperature distribution in the cavity at different times (10, 25, 50, and 90 min).

Figure 13. Cont.
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Figure 13. The instantaneous distribution temperature at 150 kW/m2, 1 atm and 3.6 L/h: (a) Temperature
distribution; (b) Bar chart illustrating the outlet average and surface average temperatures in the cavity
and (c) Thermal imagery showing the instantaneous distribution of temperature inside the reactor at
different times.

5. Conclusions

The location of the fluid inlet on the edges of the frustum and the fluid position outlets on the
cavity are both vital to the thermal performance of a solar cavity. Situating both the inlet tube location
of a reactor at quartz glass edges and the proper insulation of the inlet tube located at quartz glass
within the frustum was important for a uniform temperature distribution and the enhancement of
high-temperature attainment by a reactor. Furthermore, the positioning of the gas inlet at a distance
of 4.81 cm from the base of reactor frustum edges increases the temperature propagation inside the
cavity. The diffused flux on the edges of the frustum for incident radiation concentrated at a distance
of 4.3 cm from the quartz glass or near to the aperture was able to significantly decrease aperture
temperature drop and increase thermal performance. Moreover, increasing the laminar flow up to
3.6 L/h increased temperature penetration in the cavity. The designed side outlet cavity attained
greater outlet temperature than that of the designed bottom outlet cavity. However, laminar flow
greater than 3.6 L/h exposed the receiver to conduction loss thereby reducing the thermal performance
of a reactor. Therefore, to withstand high-temperature flow inside a solar cavity, the thickness and
insulation material used for the construction of walls in a reactor should be properly considered and
the geometry of the reactor should be optimised.
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Nomenclature

CP Specific heat capacity J/(kg·K)
G Incident radiation intensity W/m2

T Temperature K
H Heat conductivity W/(m2/K)
P Pressure Pa
K Thermal conductivity J/(m·K)
U Velocity vector m/s
F Body force vector N/m2

Qrad Radiation heat source W/m3

nr Refraction index -
I Radiation intensity W/(m2

·sr−1)
Greek symbol
ρ Fluid density kg/m3

αp Coefficient of thermal expansion 1/K
κ Absorption constant 1/m
ε Emissivity m2

·s−3

σSB Stefan-Boltzmann constant W/(m2
·K4)

µ Dynamic viscosity Pa·s
σs Scattering coefficient 1/m
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