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Abstract. The present study analyzes thermal and dynamic fields, heatlines visualization and entropy generation as well as flow energy, flow rate
and heat transfer through a natural convection flow inside a top-open cavity receiver. For the case of a horizontal cavity, lower walls are heated at a
uniform temperature while vertical walls are treated as adiabatic. The lattice Boltzmann method (LBM) is applied to solve governing equations of the
problem. Effects of Rayleigh number (10° < Ra < 10°), cavity orientation (0° < 6 < 75) and cavity aspect ratio (1 < A < 1.75) on thermo-fluid
characteristics of the flow are performed. It was found that current findings computed by LBM are in line with existing literature. Findings reveal that
flow patterns and heat transfer are strongly affected by variations of Ra, 8 and A. The rise of Ra leads to a change in the orientation of heatlines
trajectories with a growth of the stratification degree of entropy generation within the horizontal square cavity. Additionally, an enhancement of the
convective heat transfer is detected as increasing Ra accompanied with more energy absorbed by the flow and an intensification of the entrainment
phenomenon of fresh air by thermal plumes. For Ra = 5-10%, the optimization of heat transfer and total entropy generation demonstrate the existence
of a critical angle of the square cavity receiver corresponding to the cavity orientation of 6 = 45° Increasingthe angle 8 reduces the stratification
degree of heatlines and entropy generation as well as the flow rate. The rise of the geometrical parameter A entrains an increase of thermal gradients
with a deceleration of the flow circulation. A decrease of flow rate and convective heat transfer with the growth of the aspect ratio of a horizontal

cavity is detected for Ra = 5-10*.
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1. Introduction so on. Until now, the solar cavity receiver plays a significant role
for the conversion of solar thermal energy into electrical energy.

The literature demonstrates that both numerical and
experimental investigations have been carried out to exam the
propagation of natural convection inside cavity receivers with
different geometries via experimental apparatus and
computational approaches. Using Lattice Boltzmann method,
Haghshenas et a/ (2010) predicted heat transfer and fluid
dynamics of a free convection in an open-ended square cavity
packed with porous medium. They noted that the increase of
Rayleigh number and porosity conducts to an intensification of
flow circulation and heat transfer inside the cavity. Then,
Fontana et al (2011) examined a 2D steady buoyancy-driven
flow of air in a square open cavity heated from the bottom by a
centred internal hot source while the cold right wall contains a
partial opening with different height. Via finite volume CFD
commercial package ANSYS CFX, they demonstrated a
significant influence of the cavity opening on temperature and
flow patterns as well as the heat transfer.

The convective heat transfer is extensively used in
industrial applications owing to simplicity, high reliability,
absence of noise and low maintenance costs (Kim and Lee 1996,
Peterson and Ortega 1990 and Aydin and Yang 2000). This
mode of energy transferin semi-confined cavities relevantto a
wide range research and engineering applications, such as
design and optimization of solar thermal receivers (Shirvan et al.
2017, Loni et al. 2018, Pavlovic et al. 2018, Nayak et al. 2018,
Venkatachalam and Cheralathan 2019, Ophoff et al. 2020 and
Sadat 2022), heat exchanger apparatus (Novozhilova et al. 2017,
Kumar el al. 2017, Unger et al. 2019 and Unger et al. 2020), solar
energy collectors (Huang et al. 2013, Ghazouani et al. 2019 and
Hassan et al. 2021), energy storage systems (Tian and Zhao
2013, Liu et al. 2018 and Prasad et al. 2019), among others.

The solar thermal power technology is attractive owing to
efficiency and operational flexibility (Wu et al2012). This
technology has already made good progress in
commercialization applications, research and development, and
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Through the finite volume approach, Mahmoudi et al. (2012)
investigated the entropy generation of a natural convection in a
partially open cavity with a thin heat source subjected to
copper-water nanofluid. For the open boundary located up the
cavity, the intense flow circulation conducts to an increase of
the heat transfer with a decrease of the total entropy generation.
Then, McGarry and Kohl (2013) applied finite volume Fluent
software to analyse the convective heat transfer in a square
enclosure partially open by right vertical boundary and heated
from left vertical wall with two heat blocks. For different
Rayleigh number ratio, the flow is described by a main vortex
centred at the middle of the enclosure with a second vortex
located in its corner between heaters. Azwadi et al. (2013)
examined thermal and dynamic fields of a free convection inside
an open-ended rectangular enclosure partially heated by the left
vertical wall using lattice Boltzmann method. As increasing the
aspect ratio of the enclosure, they founded that the flow
structure becomes more symmetrical near its open vertical wall.
An attenuation of the average Nusselt number is detected for
various positions of heated wall and Grashof numbers. Then,
Prakash (2014) analyzed a free convection heat loss from
cylindrical solar cavity receivers using Fluent CFD software. A
growth of the convective heat losses is noted as increasing the
opening ratio of the cavity receiver.

By means of the finite difference method, Bondareva et
al. (2016) studied the behaviour of the natural convection in an
inclined wavy open porous cavity including
a nanofluid subjected to a uniform magnetic field. The
rectangular cavity open by the top is heated at the right bottom
corner with a constant temperature. To visualize the heat
transport way, they analysed heatlines of the flow. For a fixed
Rayleigh number at 10% they concluded that streamlines,
heatlines visualization, isotherms and flow rate are affected by
the inclination angle of the cavity. Shirvan et al. (2017)
investigated effects of Rayleigh number and inclination angle of
insulated walls of the cavity on free convection-surface radiation
heat transfer rate inside a solar cavity receiver open by the top.
The square cavity is heated by the bottom at a constant flux.
Computations results obtained with a SIMPLE algorithm based
on the coupling of velocity-pressure fields reveal an
enhancement of the heat transfer as increasing Rayleigh number
and inclination angle of insulated walls.

Using the finite difference method, Bondareva et al. (2017)
solved the problem of heatlines visualization of a free
convection in a partially open rectangular cavity including a
nanofluid of alumina-water with a left heat-conducting solid
wall. They found that the flow heatlines are influenced by the
variation of the nanofluid volume fraction. Gibanov et al. (2017)
studied the entropy generation from a natural convection in a
square open cavity packed with different porous blocks in the
presence of a uniform horizontal magnetic field. The cavity
opened by the top is heated by the bottom while other walls are
treated adiabatic. They showed that the addition of spherical
ferric oxide nanoparticles can order thermal and dynamic
structures of the flow.

Via the finite volume method, Arrif et al. (2018) examined a
natural convection in a square tilted solar cavity. It was found
that isotherms and streamlines as well as heat transfer of the
flow are affected by Rayleigh number, inclination of the open
cavity and opening ratio of tilted solar cavity. In addition,
Saleem et al. (2019) examined a 2D free convection in a square
solar cavity receiver heated at the left vertical wall. Horizontal
walls of the cavity are adiabatic while the right vertical boundary
is opened. Using CFD Fluent Software, they noted a reduction
of convective heat loss as increasing the cavity inclination angle
from 0° to 90.
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Bopche and Kumar (2019) performed an experimental study
on thermal performance characteristics of a solar cavity
receiver. They demonstrated that the decrease of cavity
orientations from 90° to 30 conducts to reduce its performance.
Then, Li et al. (2021) experimentally studied a concentrated
solar thermal receiver for a solar heating system with seasonal
storage. Various operating parameters of outlet temperature
and incident power significantly affect the receiver
performance. Joshi and Deore (2021) experimentally examined
the inclination angle of an inverted hemispherical solar
concentrator on the convective heat transfer. Optimum of the
heat loss by convection is detected for a cavity angle of 90° and
0. Uzair et al (2022) adopted ANSYS 16.0, CFX Solver to
optimize the performance of a solar cavity shape that
significantly depend on convective heat losses. They proved
that the cavity receiver with conical shaped geometry
performed efficiently. Behera et al. (2022) applied ANSYS Fluent
to examine the entropy production of a natural convection in an
open hemispherical cavity. For Ra=10% a growth of the
entropy generation is detected as increasing radius of curvature
ratios of the hemisphere.

The design of a thermal cavity receiver is critical for the
construction of solar thermal receiver and solar energy
collectors. From comprehensive attempts on the available
literature, it was found that no investigation has been performed
on the characterization of thermal and dynamic fields as well as
heat transfer of a laminar free convection evolving inside a U
solar thermal cavity receiver. Therefore, the focal aim of the
current research is to investigate effects of Rayleigh number (103
< Ra < 10°), cavity orientation (0° < 6 < 75) and cavity aspect
ratio of the cavity ranging from A = 1 to 1.75 on thermal and
dynamic structures, heatlines, local and total entropy generation
as well as flow rate and heat transfer of the air flow within a U
solar thermal cavity receiver using SRT-BGK model of the
lattice Boltzmann method. The geometrical form of a U cavity
model can be assumed to be helpful for the solar thermal energy
evaluation from cavity receivers in order to generate electrical
energy.

2. Mathematical formulation

2.1 Physical configuration

The configuration of the current investigation depicted
schematically in Figure 1 is a U cavity receiver with boundary
conditions and coordinates system in X and Y directions. It is a
2D open cavity of aspect ratio A = L/H packed with an
incompressible fluid of Prandtl number fixed at 0.71 and heated
from bottom using three active heaters.

On Figure la and lc, inclined and horizontal bottom walls
of the cavity are heated at a constant temperature Tn = 1,
vertical walls are thermally insulated while the top boundary is
opened. Figure 1lbpresentsthe inclined cavity for various
orientations ranging from 8 = 0° to 75. Length of horizontal wall,

inclined wall and vertical wall is chosen as a = % b= \EL and

3L . . .
c= respectively. The laminar free convection flow

generated by buoyancy forces is Newtonian and obeying the
Boussinesq approach. To characterize thermal and dynamic
fields of the flow, computations of the incompressible thermal
problem by the means of SRT-BGK model of LBM are
performed through Rayleigh number varying from 10° to 10,
various cavity orientation (0° < 6 < 75) and aspect ratio of the
cavity ranging from A = 1 to 1.75.
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Fig 1 U solar thermal cavity receiver: (a) Horizontal and (b) inclined
cavities and (c) physical configuration with boundary conditions of
the problem

2.2 SRT-BGK model of Lattice Boltzmann method and boundary
conditions

To predict thermal and dynamic fields of the flow as well as
convective heat transfer of the considered thermal problem
inside the U Solar cavity receiver, the Matlab code based on the
popular Single-Relaxation-Time (SRT) with Bhatnagar-Gross-
Krook (BGK) model of the Lattice Boltzmann method (LBM) is
used. Numerical investigations on natural convection and heat
transfer in cavities indicate that the SRT-LBM based on the BGK
collision operator is a widely adopted approach for simulating
fluid dynamics. The SRT-LBM model is applied in the present
investigation because of its simplicity and efficiency for fluid
simulation. Moreover, current results computed via this model
are in line with previous data, which supports its validity in
computing fluid flow problem (view section 3). Hence, this
model is a reliable tool to simulate problems of convective heat
transfer in semi-confined mediums. The fluid domain is
discredited in uniform Cartesian cells. The LBM is based on two
populations fi and f; for flow and scalar variable of temperature,
respectively. They are proposed by He and Luo (1997) with SRT
corresponding to the collision operator model of BGK for
incompressible thermal problems. Discredited Lattice
Boltzmann equations and term buoyancy force model with
Boussinesq approach via BGK model are shown for flow and
temperature as following:

fix+ctt+6) = fi,(xt) = —i[fu(x. - 0]+ F) (1)
fri(x + it t +6) = fo(x,6) = — % (i) = 70 0] (2

where: fi; and f,; are particles distributions functions, ffiqand

Zeiq are equilibrium distributions functions for flow and

temperature, respectively.
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Equilibrium distributions functions corresponding to velocity W,
local density p and temperature T" of the flow are given as:

W 1(W)2 1w?
1 = wip[l +CC—SZ+-C—4 -5z (©)

S = w1+ 2] (4)

s

The Boussinesq approximation is applied to the external
buoyancy force term. For an inclined cavity receiver, the total
term force (Fix + Fiv) applied to the flow is given by the following
conditions:

Fix = 3w;(g sin6)BT
Fiy = 3w;(g cos 0)BT

with X direction (5)

with Y direction (6)

where: AT, g, B, W and p are temperature difference,
gravitational acceleration, thermal expansion coefficient
macroscopic velocity vector and density, respectively.

Factors of relaxation time of BGK approach for flow and
temperature 77, and 7y corresponding to kinematic viscosity
v and thermal diffusivity y are given as:

75, =3v+ 0.5 (7)
15, =2x+05 (8)

Speed of the sound, lattice streaming speed, lattice space and

lattice time step size equal to unity, are defined by ¢5 = % C=

j—’: , At and x,respectively.

D2Q9 model of LBM used in our former investigations
(Djebali et al. 2012, Naffouti et al. 2013, Naffouti et al. 2016,
Naffouti et al. 2018 and Naffouti et al. 2020) is adopted to predict
dynamic characteristics of the flow. Corresponding weighting
factors w; of D2Q9 model are defined by:

Wo =2 Wy_g =~and ws_g = —

0= 5 Wi-4 = 5-8 = 34
Discrete velocities c; corresponding to D2Q9 model are defined
as:

co =(0,0), c1_4 = (£c,0) and c5_g = (¢, tc).

D2Q4 model of LBM applied in our previous studies (Djebali et
al. 2012, Naffouti et al. 2013, Naffouti et al. 2016, Naffouti et al.
2018 and Naffouti et al. 2020) was used to compute the flow
temperature with equal weighting factors w; = 0.25.

Macroscopic variables of W, p and T" are computed by
evaluating distributions functions for different directions of
velocity as follows:

[0, oW1 = X0l fuir cifail 9)
[T*] = X [fail (10)

To solve convective thermal problem of incompressible
flows using SRT-BGK model of LBM, boundary conditions
implementation is necessary. On solid boundaries, the D2Q9
model is adopted for Bounce-back boundary conditions
(Mohamed et al. 2009). For a horizontal cavity receiver (6 = 0),
boundaries conditions corresponding to distribution functions
of flow and temperature corresponding to f; and fz, respectively
at left vertical, south and right inclined walls of the cavity are
given as:

For the left vertical wall of the cavity:

£1(10,)) = 1(3,0,/)./1(50.)) = f1(7.0,)).£1(80,)) = f(6,0,))  (11)
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For the south wall of the cavity:

f1(2,,0) = £1(4,1,0).£1(5,i,0) = £1(7,,0).£1(6,,0) = f(8,,0) (12)

For the right inclined wall of the cavity:

fi@20) = A& LNAGL) = LG LNDABL) = AA4L)  (13)

For the horizontal hot wall of the cavity which heated
isothermally at T* = 1, the adopted boundary condition is given
as:

f2(2,i,0) = 0.5 - £,(4,i,0) (14)

For right inclined hot wall of the cavity which heated
isothermally at T" = 1, the boundary condition is defined as:

fz(g,i,j)ZO.S—fz(l,i,j) (15)

For adiabatic left vertical wall of the cavity, the boundary
condition is evaluated by:

fz(l,o,j) = f2(3,0,]) (16)

A special treatment of boundary conditions of flow and
temperature for north open wall is necessary. The temperature
is considered ambient (T* = 0) if the flow is penetrating by the
top of the cavity. The thermal gradient is negligible if the flow
leaves the open boundary of the cavity. The same numerical
procedure of boundary conditions of open cavities is adopted in
previous studies (Mohamed et al. 2009, Mohamad 1995).

For the north boundary, the unknown density distribution of the
flow is evaluated as:

fi(4,i,m) = f(4,i,m—1) (17)
S (7,i,m)= f,(7,i,m—1) (18)
S (8,i,m) = f(8,i,m-1) (19)

On the north boundary, the lattice is noted as m.

The unknown density distribution of the temperature for the
open boundary is determined as:

If V < 0 then £, (4,i,m) = —f5(2,i,m) (20)
If V > 0 thenf,(4,i,m) = f,(4,i,m — 1) (21)

2.3. Heatlines approach and entropy generation

To visualize energy transfer in natural convection flow,
Kimura and Bejan (1983) were the first to introduce the heatlines
technique. They defined the energy transfer via convection
process in flow field by the sum of heat diffusion and enthalpy.
Heatlines function h(x,y) which characterize the net energy flow
except the surface radiation in x and y directions is given by:

oh aT . L
i pepwy (T —To) — k P with x direction (22)

dh aT . L
v pepwy(T —To) — k % with y direction (23)

wherep, k, ¢,, wx and wy are density, thermal conductivity,
specific heat, velocity components, respectively.
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In the present investigation, the visualization of convective
heat transfer of the flow in the cavity receiver is predicted via
heatlines approach. This technique is adopted to view
trajectories and distribution of heat intensity of the natural
convection flow from hot to cold boundaries in flow field
(Kimura and Bejan 1983). Mathematically, first derivative
equations of conduction and convection heat are given as:

OH _ . ms OT"

B2 T ax
OH _ ,mw  OT

= _or

with X direction (24)

with Y direction (25)

The equation corresponding to the visualization of
dimensionless heatlines of the flow can be written as:

0?H | 9°H _ a(UT") a(vT™)
axz  avz oy ax (26)

The local dimensionless entropy generation S, is defined as
(Djebali et al. 2020, Shuja et al. 2010):

Sgen = Sgen Ht1 + Sgen FFI (27)
The first term of heat transfer irreversibility is defined as:

a*r* | 9’1"
Sgen HTI = 5xz + Y2 (28)

The second term of fluid friction irreversibility is given as:

oUu

Sgcu FFI — é ‘:2((5)2 +( (29)

oV, U V.,
o) o ay)}

The irreversibility distribution ratio 6 equal to 107 is defined as:

PRI

k(LAT)? (30

The total entropy generation is obtained as (Djebali et al. 2020):
Sp = Jf Sgen dXdY (31)

2.4 Dimensionless numbers

In the present thermal problem of the natural convection,
the characteristic velocity is determined by the following
equation:

Us = /gBATL (32)

After fixing characteristic velocity (Uc) and dimensionless
numbers of Rayleigh and Prandtl, kinetic viscosity (v) and
thermal diffusivity (x) of the flow inside the cavity are given as:

U 2 LZ
V= = (33)
Ra/Pr
1%
X:E (34)

Rayleigh number is defined as:

_gPATL’®

VA%
To ensure the condition related to an incompressible flow, the
dimensionless number of Mach is less than 0.3.

Ra (35)
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The Mach number is given by the following equation:

wi
CS

Ma = (36)
where ¢g and W are lattice sound speed and velocity vector,
respectively.

The local Nusselt number is a considerable parameter that
quantifies the heat transfer of the flow in the U cavity receiver.
For the case of a horizontal cavity corresponding to the
inclination angle 6 = 0° this pertinent parameter along
horizontal hot wall of the cavity is defined as:
3Tg—A4T, " +T;

: (87)

Nupoear =

The following convergence criterion is adopted for all
dependent variables at each point in the computation domain:

‘CD(I+AI)—<D(t) <10 @8)

(1)

where @ stands for a dependent variables T*, U and V.

3. Grid independence and validation of the present SRT-
BGK model of LBM

3.1 Grid independence

Tests of grid independence of the present problem is
conducted to specify the accurate grid size and to ensure the
reliability of computations via SRT-BGK model of LBM. In the
present study, the 2D open cavity is mapped with a square
lattice where Ax = Ay for standards models of D2Q9 and D2Q4.
Four Rayleigh number are chosen (Ra = 10%, 104, 5 10* and 10°)
with a Prandtl number fixed at Pr = 0.71. For a Rayleigh number
fixed at Ra = 5 10%, grid refinement tests are performed for four
uniform grid lattice sizes: Gi(101%), Go(1212), Gs(141%) and
G4(161%).The Figure 2 illustrates the variation of the average
Nusselt number along the horizontal hot wall of the U square
cavity receiver versus Rayleigh number (10° < Ra < 10°) for 6 =
0 with different uniform grid size of lattices number ranging
from 1600 to 40000. For Ra = 5 10% the difference for the
average Nusselt number between grid sizes G to Gz, Gz to Gs
and Gs to Gq is 0.30%, 0.15% and 0.14%, respectively. The grid
size Gs3(141?) is believed to be sufficiently refined enough to
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Fig 2 Effect of lattices number on the average Nusselt number
along horizontal hot wall of the square cavity receiver with various

Rayleigh number for 6 = 0
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simulate thermal and dynamic characteristics as well as heat
transfer of the flow accurately. Consequently, findings via SRT-
LBM model are taken to be grid independent. For Ra < 5 10*
and Ra = 105 grid sizes of 4900 to 28900 elements were
adopted, respectively.

The convergence criteria adopted here for the average
Nusselt number computed along the hot wall of the cavity for 8
= 01is given as:

Nu(t-Mit)—Nu(t) < 10~4 (39)
Nu(t)

3.2 Validation of the present SRT-BGK model of LBM

To establish the credibility of the present code Matlab based
on SRT-BGK model of LBM, two validations between present
numerical simulations with D2Q9-D2Q4 models of LBM and
former numerical simulations (Mohamed et al. 2009, Hussein et
al. 2014 and Mohamad 1995) are performed. The first
comparison of present predictions with those of Mohamed et al.
(2009), Hussein et al. (2014) and Mohamed (1995) on convective
heat transfer problems in open cavities using LBM and FVM is
carried out. Figure 3 depicts a comparative study between
present streamlines and isotherms of the flow and those of
Mohamed et al. (2009) for a fixed Rayleigh number at 10* inside
a square open cavity heated by the left wall. From Figure3, it is
found an excellent agreement between present computations
and those of Mohamed et al. (2009). Second comparison of the
average Nusselt number along the hot vertical wall of the
opened cavity using SRT-LBM with those of Hussein et al.
(2014) and Mohamed (1995) is presented in Table 1. An
excellent agreement is detected between results using different
numerical approaches. Hence, successful validations
demonstrate that suggested boundary conditions at various
walls of the cavityvia current SRT-BGK model of LBM can
produce reliable results of a free convection in semi-confined
mediums.

Findings of (Mohamed et

2009 ——— ‘
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Fig 3 Comparison of present findings with those of Mohamed et
al. 2009 inside a square open cavity for Ra = 10* streamlines (left)
and isotherms (right)
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Table 1
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Comparison of present results of the average Nusselt number along the vertical hot wall of a square open cavity vs Rayleigh number with former

studies (Hussein et al. 2014, Mohamed 1995)

Present findings via D2Q9-D2Q4 Finding of (A. Hussein et al. Finding of (Mohamed
models of LBM 2014) via D2Q9-D2Q9 1995) via FVM Error (%)
models of LBM

Ra = 10* 3.31 3.33 3.26 [0.6; 1.5]
Ra = 10° 7.31 7.35 7.26 [0.5; 0.6]
Ra = 10° 14.34 14.33 14.07 [0.07; 1.9]

9 T T T T T T
Interferrograms 8 j} . j

. \_\
(Vimal et al. 2020) 7] o0 ]
= = () ———
é o] \5/\)-=—"‘ N
24 ]
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(Vimal et al. 2020) 21 ) 1
—A— (Vimal et al. 2020) for Ra = 112076
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Comsol multiphysics
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model
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g_-a
(a)

Fig 4 Comparison of present results with those of Vimal et al. 2020
inside a horizontal square open cavity by the top for Ra =112076:
isotherms (left) and dynamic field (right)

The ability of the current SRT-LBM model is tested on the
problem predicted by Kishor et al. (2020) on an experimental
investigation of a convective heat transfer vs the orientation of
an open square horizontal cavity heated from below and opened
by the top for Ra = 112076. Figures 4a and b illustrate a
comparison between present computations with those of Kishor
et al. (2020) obtained by Interferrograms, COMSOL
multiphysics 5.2 and smoke visualization. From Figure4, it can

0 10 20 30 40 50 60 70 80 90
Angle (degree)
Fig 5 Comparison of present results with those of V.Kishor et al.
2020 of the average Nusselt number along a hot horizontal wall
of a square

be concluded an excellent agreement between results
computed by the present developed SRT-LBM model and those
predicted by different experimental and numerical methods
adopted by Kishor et al. (2020). Figure5 illustrates a comparative
study of the average Nusselt number computed along the hot
wall for both numerical approaches versus various inclination
angles of the cavity (Kishor et a/.2020)with two values of Ra
equal to 112076 and 38584. As one can remark from Figure 5,
an excellent agreement is concluded for different Ra and
orientation of the cavity. Consequently, these successful
validations prove that the current method of LB based on the
SRT-BGK model with standard D2Q9 for flow and D2Q4 for
temperature is a vital tool to predict accurately and confidently
the problem of the convective heat transfer within an inclined U
cavity receiver as application of solar thermal energy systems.
In this connection, LBM received significant attention by several
researchers on computations of convective heat transfer
problems owing to its accuracy, efficiency and flexibility
(Ezzatneshan et al. 2021, Sajjadi et al.2021, Admi et al.2022,
Tanabe et al.2023, Ren et al.2023, Chelia et al.2024 and Souaiet
al. 2025).

4. Results and discussions

Laminar free convection air flow and heat transfer are
comprehensively investigated inside a U solar thermal cavity
receiver through temperature and velocity distributions,
heatlines visualization, entropy generation analysis, flow rate
and computations of the Nusselt number. The SRT-BGK model
of LBM is applied to solve current convective heat transfer
problems. The air is considered as working fluid and the Prandtl
number is fixed at 0.71. Physical parameters governing the
considered investigation are Rayleigh number (10% < Ra < 10°),
cavity orientation (0° < 6 < 75) and cavity aspect ratio (1 <A <
1.75).
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4.1 Effect of Rayleigh number on thermal and dynamic characteristics
of the flow

4.1.1 Temperature field and flow structure

Figure 6 depicts contours maps of isotherms and different
components of the velocity (U and V) of the flow as a function
of Rayleigh number ranging from Ra = 10 to 10°. The case of a
horizontal square cavity with A = 1 and 6 = 0 is considered. For
different values of Ra, it is shown a symmetrical behavior of
thermal and dynamic fields about the mid-length of the cavity
due to symmetrical boundary conditions adopted in the
problem. For Ra = 10%, the conduction effect can be seen clearly
via isotherms and flow pattern. In fact, lines of thermal iso-
values are approximately horizontal in the central region of the
cavity with a weaker flow circulation characterized by two
counter-rotating cells with a rotating anticlockwise right cell. It
is due to the dominance of viscous force over buoyancy force
thus indicating that the heat transfer is dissipated by conduction
mode. For various Ra, contours maps of two components of the
velocity show that the dynamic field of the flow is defined just
by two counter-rotating cells with an intensification of flow
recirculation for the growth of Ra. In addition, the rise of Ra
conducts to an attenuation of the temperature of the flow in the
central region of the cavity owing to the penetration of the
ambient air through the top. The descending fresh air continues
its path downward to symmetrically supply each thermal plume
generated by an inclined hot wall. So, the flow structure is
described by two symmetric contra-rotating cells with a rotating
anticlockwise right cell corresponding for all Ra values. The
growth of Ra leads to increase stratification degree and
deformation of isotherms close to hot walls causing an increase
of the thermal field intensity accompanied with an acceleration
of the flow circulation for higher Ra owing to the dominance of
buoyancy force over viscous forces which enhance the
convective heat transfer. Moreover, the growth of Ra conducts
to an intensification of the fresh air entrained by thermal plumes

in the central region of the cavity. Moreover, the increase of the
Ra conducts to an intensification of the vertical component of
the velocity (Y-velocity) of the ambient air which goes down
neighboring the vertical mid-plane of the cavity accompanied
with an acceleration of the vertical ascension of the thermal
plume close to the adiabatic wall. Hence, it can be noted that
the convection becomes dominant over the conduction for
higher Ra. On Figure 6, temperature and buoyant convection
flow fields of the flow appear similar for Ra = 5-10* and 10°. To
point out effects of inclination angle and aspect ratio of the
cavity receiver on thermal and dynamic characteristics as well
as heat transfer of the flow, the Rayleigh number is fixed at 5-10*
where the heat transfer is dominated by convection mode.

4.1.2 Vertical evolution of the energy absorbed by the flow

Figure 7 illustrates the vertical evolution of the
dimensionless energy absorbed by the flow inside the horizontal

0.0012 T T T T

0.0009 4 A

i 0.00064

0.0003

Fig 7 Vertical evolution of the dimensionless energy absorbed by
the flow in the square cavity receiver as a function of Ra with 6 = 0
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square cavity versus Rayleigh number. The calculation of this
parameter is carried out by thermal and dynamic fields of the
flow. For a low Rayleigh number (Ra = 10%), the absorption of
the thermal energy is negligible because the heat transfer from
hot walls is only dissipated by conduction mode. From plots, it
shows an intensification of the energy as moving away from
horizontal hot wall of the cavity receiver to sections Y = 0.6 and
0.5 at Ra = 10* and 5 10% respectively. It is owing to the
dominance of the convective heat transfer mode over the
conduction. At the upper part of the cavity, the energy remains
constant for different Ra. The increase of Ra from 10* to
5-10%cause a rise of the energy maximum about 35.14 %.

4.1.3 Heatlines visualization and distribution of local entropy
generation

Kimura and Bejan, (1983) introduced the concept of
heatlines technique which has been found to be useful to
visualize the distribution of convective heat transfer of a fluid
from hot wall to cold wall/flow. In the present study, our
attention was focused on the behaviour of heatlines trajectories
of the flow inside the cavity receiver. The literature shows that
the analysis of heat transfer stream traces via heatlines
visualization can give more information about the flow
characteristics (Alireza et al. 2018, Ridha et al. 2020, Vimal et al.
2020, Saiful et al. 2022). Figure 8 illustrates heatlines and local
entropy generation (Sgen) of the flow as a function of Ra in the
square cavity with 6 = 0. For all computations, symmetrical
distributions of heatlines and Sgen about the mid-length of the
cavity are shown. For Ra = 103, heatlines trajectories which are
nearly parallel to the cavity vertical axis are directed from
heaters to its exit due to the dominance of the conductive heat
mode. The Sgen is insignificant owing to weaker heat transfer and
fluid friction irreversibility.

1~

05

(a)

, oL T

Fig 8 Heatlines visualization (top) and local entropy generation

(bottom) of the flow in the square cavity receiver vs Ra for 6 = 0:
(a) Ra = 10% (b) Ra = 10*and (c) Ra =5 10*
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The rise of Ra to 5-10* lead to change the direction of
heatlines which becomes partially horizontal far from heaters.
Additionally, heatlines trajectories which deviated toward the
cavity vertical axis are tighter for a rise of Ra due to an
intensification of thermal gradient and flow recirculation. The
increase of Ra leads to an increase in the stratification degree of
Sgen mainly close to heaters. Similar result was noted by Ridha
et al. (2020) on the problem of the entropy generation of natural
convection in a closed enclosure.

For Ra = 5104, two distinct zones of heatlines and entropy
generation of the flow can be identified. In the lower zone
related to Y < 0.25, heatlines are described by inclined
trajectories converging to the mid-length of the cavity with an
intense Sgen due to a considerable convective heat transfer and
fluid friction irreversibility. In the upper zone (Y > 0.25),
heatlines trajectories of the flow directed to the mid-length of
the cavity receiver are almost horizontal with an attenuation of
the Sgennear to the cavity opening.

4.2 Effect of the cavity orientation on thermal and dynamic
characteristics of the flow

The study of the cavity receiver orientation can help to give
more information on thermal and dynamic characteristics of the
flow. In this section, all simulations in terms of vertical and
transversal distributions of temperature and velocity, heatlines
trajectories and entropy generation are carried out for various
cavity orientations (0° < 6 < 75) with Rayleigh number and
cavity aspect ratio fixed at Ra = 5 10* and A = 1, respectively.
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Fig 9 Vertical evolution of temperature (top), horizontal
component (midle) and vertical component of the velocity
(bottom) of the flow in the square cavity receiver vs cavity

orientation with Ra = 5 10*
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4.2.1 Vertical evolution of temperature and velocity

Figure 9 depicts vertical evolutions of temperature and
various components of the velocity (U and V) of the flow on the
vertical mid-plane of the cavity receiver as a function of its
orientations (8 = 0°, 15, 45 and 75). For various 6, it is found a
similar behavior of thermal plots. The temperature profile is
described by two different flow behaviors thus indicating the
existence of two zones inside the cavity. In the first zone (Y <
0.25) close to active heaters, temperature values are intense
versus 0 due to the persistence of thermal plumes. In this zone,
it is revealed an enhancement of the flow recirculation along the
horizontal direction of the positive velocity component (+X-
velocity) as increasing 0 thus indicating an intensification of the
entrainment phenomenon of fresh air by the right thermal
plume. An increase of the maximum X-velocity is shown
approximately 87.34 % for the rise of 6 from 15° to 75. In
addition, a decrease of the negative values of the Y-velocity is
observed with increasing 6 thus showing a deceleration of the
flow descending from the cavity opening along its vertical mid-
plane. As one moves away from heaters, an attenuation of
temperature is observed owing to the existence of fresh air
which supply the thermal plume from below. In the second zone
(Y > 0.25), temperature values approach zero and remain
constant until the cavity exits owing to the existence of the
ambient air which propagates toward heaters on the mid-length
of the cavity. For different 6, values of X-velocity become
weaker as one moves away from hot walls thus indicating a
feeble flow recirculation. As the altitude of Y increases, it can be
seen a growth of the magnitude of the vertical component of the
velocity (Y-velocity). In the upper part of the cavity, the negative
value of Y-velocity maximum decreased about 64.29 % for a
reduction of cavity orientation from 6 = 0° to 75, demonstrating
that the flow is predominantly controlled by the Y-velocity.

4.2.2 Transversal distribution of temperature and velocity

Figure 10 presents transversal distributions of
temperature and various components of the velocity of the flow
versus the orientation of the square cavity receiver (0° < 8 < 75)
at two sections (Y = 0.25 and 0.75) with Ra = 5 10. Temperature
and velocity components plot about the mid-length of the cavity
show an asymmetrical behavior for various orientations except
the case of 8 = 0°.

Profiles related to 8 = 0° show the development of the flow
in two distinct zones. In the first zone (Y = 0.25) near heaters,
thermal gradients and magnitude of velocity components are
more intense close to vertical adiabatic walls due to the vertical
ascension of each thermal plume. Above the hot horizontal wall,
the temperature is lower owing to the existence of fresh air
which comes from the top of the cavity to interact with each
plume near the adiabatic wall. In the central region of the U
cavity receiver, negative values of Y-velocity of the flow are
more significant than those of X-velocity thus indicating the
vertical penetration of the fresh air by the cavity opening. As
increasing 6, both temperature and flow circulation decrease
close to left adiabatic wall. Furthermore, an acceleration of the
flow near the right adiabatic wall is observed accompanied by
intense thermal gradients with increasing the cavity orientation.
Hence, it can be noted that the right thermal plume becomes
stronger than the left plume. In the second zone (Y = 0.75),
temperature and X-velocity close to the left vertical adiabatic
walls remain negligible for different 6. Positive Y-velocity values
near the right adiabatic wall for different orientations of the
cavity receiver are related to the vertical ascension of the right
thermal plume. Meanwhile, negative values of vertical
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components of the velocity of the flow on the mid-length of the
cavity are related to the penetration of the ambient air through
its opening. Consequently, the rise of 0 leads to decrease Y-
velocity values near the left wall of the cavity with an
acceleration of the flow close to the opposite adiabatic wall
owing to an amplification of the right thermal plume.

4.2.3 Evolution of heatlines and local entropy generation

Figure 11 concerns heatlines visualization and distribution
of entropy generation (Sgen) of the flow for three square cavity
orientations (6 = 15°, 45 and 75) at Ra = 5 10%. It is revealed an
asymmetrical behavior of heatlines and Sgen about the mid-
length of the cavity due to its inclination. From Figure 11a where
0 = 15°, a slight deformation of heatlines trajectories toward the
left adiabatic wall is observed with a decrease of the Sgen. The
rise of 6 from 0° to 75 entrains a significant deviation of the
heatlines axe to the left vertical wall accompanied by a
noticeable variation of the direction of their trajectories. It is
further showed a decrease of the stratification degree of
heatlines and Sgen especially close to left adiabatic wall due to
weaker heat transfer and fluid friction irreversibility. This
suggests that thermal gradients and flow recirculation are
weaker near the left adiabatic wall compared to the opposite
wall of the cavity. This behavior is related to the dominance of
the right thermal plume signaled previously (see Figure 10)
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(left) and local entropy generation
(right) of the flow for various square cavity orientations with Ra =
510% (a) 6 = 15, (b) 6 =45 and (c) 6 = 75

which is described by intense temperature gradients and high
magnitude of Y-velocity.

4.3 Effect of aspect ratio of the cavity on thermal and dynamic
characteristic of the flow

4.3.1 Vertical evolution of temperature and velocity

Figure 12 depicts evolutions of temperature and vertical
components of the velocity of the flow on the mid-length of the
cavity for various aspect ratios (A = 1, 1.25, 1.5 and 1.75) with 6
= 0 and Ra = 5 10% It is found that plots of these physical
parameters are strongly affected by the variation of the
geometrical parameter of the aspect ratio of the cavity.

Computational findings predicted via SRT-LBM show two
behaviors of thermal and dynamic profiles thus consolidate the
evolution of the flow in two distinct zones indicated previously
in Figures 8-10 for Ra = 5-10%, 6 = 0 and A = 1. As one moves
away from heaters, the magnitude of temperature and vertical
component of the velocity decreases to remain practically
constant far from cavity opening for various A. For Y < 0.25
related to the first zone and near to hot walls, temperature and
Y-velocity are intense as a function of A owing to a strong
recirculation of thermal plumes. At section Y = 0.1 close to
heaters, a rise of the temperature of about 76.9% is shown with
a slight decrease of Y-velocity as increasing A from 1.25 to 1.75.
In the second zone (Y > 0.25), values of temperature become
weaker especially for smaller A due to the penetration of the
ambient air coming from the cavity exit. At the cavity opening,
it further showed a decrease of negative values of Y-velocity
about 59.16% for the growth of the aspect ratio from A = 1.25
to 1.75 thus indicating a deceleration of the flow recirculation
on the mid-length of the cavity toward heaters. Hence, it can be
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component velocity (bottom) of the flow as a function of the
aspect ratio of the horizontal cavity with Ra = 5 10*

concluded that the ambient air reception by the cavity opening
is weaker for higher aspect ratios.

4.3.2 Transversal distribution of temperature and vertical component
velocity

Figure 13 illustrates transversal distributions of temperature
and vertical component of the velocity of the flow versus the
aspect ratio of the horizontal cavity (1 < A < 1.75) at two
sections (Y = 0.25 and 0.75) with Ra = 5 10% A symmetrical
behavior of thermal and dynamic profiles is observed for
different A. These profiles present two different behaviors of the
flow which consolidate its evolution into two zones. For the
section Y = 0.25 located in the first zone, thermal gradients and
positive values of the velocity are more intense just near
adiabatic walls due to the vertical ascension of thermal plumes
toward the opening cavity. With the rise of A, an intensification
of the flow temperature near heaters is observed. In the central
region of the cavity, the temperature is lower and the values of
the vertical component of the velocity are negative by the raison
of the existence of the fresh air which penetrates by the cavity
opening to supply thermal plumes. At section Y = 0.75 located
in the second zone, a significant rise of the temperature
accompanied with a deceleration of the flow recirculation in the
upper part of the cavity as increasing A thus indicating a
blocking of the ascending flow especially for higher aspect ratio
A = 1.75. Hence, it can be concluded that the growth of the
aspect ratio of the cavity conducts to an intensification of the
thermal field with a deceleration of the flow. In fact, the
interaction between thermal plumes becomes significant inside
the cavity as increasing A from 1 to 1.75 causing an
intensification of the flow temperature and a reduction of the
intensity of the entrainment phenomenon of the ambient air.
Thus, the increase of the aspect ratio of the cavity receiver leads
to decrease the thermal boundary layer thickness owing to the
attenuation of the flow recirculation intensity.

ISSN: 2252-4940/© 2025. The Author(s). Published by CBIORE



T. Naffouti and L. Thamri

10 10 e )
§ = 'ﬂ':f:gs F <-A=10 |
08 \ 5 --A=1:50jf/ 08 -A=1%
\ \\:J-A=1.75 “oAs1X
05 \\ 5\ f . o ~-A=175 |
- \\ Yoit ] / F g g
04 LA /] 044, N w\ﬂ jff,«"‘" A
\ W, V.4 AL\\ \\\i\ j/p/ )‘
02 N 02 \\ Wik A
Y E\EK\ \\‘wv o/
R e
00 — s 00 S oo
00 02 04 06 08 10 00 02 04 06 08 10
X(Y=025) X(Y=075)
0018 0016
-0-A=10 i -0-A=10 o
--A=12 --A=125
0.008 ~-A=150 ) 0.008- N --A=150 P
ﬁé\-\/-mus %Rﬁ / ;wd\'_A:”s 750
> 0000y \?\}g_\\ j\f/’/’(v b Y s ooy \}L flf \
el &
-0.008 ptia -0.0084 \\ o //
N
001 ————————r 0016 ———————
W 02 04 06 08 10 00 02 04 06 08 1D
X(Y=02) X(Y=075)

Int. J. Renew. Energy Dev 2025, 14(4), 839-853
| 849

characterized by inclined heatlines centred to mid-length of the
cavity with significant values of Sgendue to an intense convective
heat transfer and fluid friction irreversibility of the flow. In the
second zone far from heaters (Y > 0.25), the orientation of
heatlines changes and remain almost horizontal accompanied
by a decrease of the Sgen as getting closer to the cavity opening.
As increasing A, the heatlines direction becomes more inclined
thus indicating a decrease of the convective heat transfer in
particularly for highest aspect ratio of the cavity. In addition, the
growth of A from 1.25 to 1.75 conducts to decrease both
stratification degree and magnitude of the Sgen inside the cavity
receiver.

4.4 Variation of the dimensionless flow rate

Figure 15a-c presents the evolution of flow rate (Qv) from
heaters to the opening of the U cavity receiver versus Rayleigh
number (10%® < Ra < 10°), cavity orientation (0° < 6< 75) and
aspect ratio of the cavity (1 < A < 1.75). For the case of a
horizontal square cavity related toFigure15a, Qy is negligible at
Ra = 10° due to a weak flow circulation mentioned here-before

Fig 13 Transversal distribution of temperature (top) and Y-velocity
(bottom) of the flow vs aspect ratio of the horizontal cavity receivec
for two sections (Y = 0.25 and 0.75) with Ra = 5 10*

4.3.3 Evolution of heatlines and local entropy generation

Figure 14 presents heatlines visualization and local entropy
generation (Sgen) of the flow versus the aspect ratio of the
horizontal cavity receiver (A = 1.25, 1.5 and 1.75) for Rayleigh
number fixed at Ra = 5 10%. For various A, heatlines and Sgen are
characterized by symmetrical distributions related to
symmetrical boundary conditions applied in this investigation.
For A = 1.25, it is shown two different behaviours of heatlines
and Sgen. Close to hot walls, a first zone (Y < 0.25) is

0.0015

Fig 14 Heatlines visualization (left) and local entropy generation
(right) of the flow for various aspect ratio of the cavity receiver
withRa=1510*and 6 = 0: (a) A = 1.25, (b) A=1.50and (c) A =
1.75
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in Figure 6. From plots, it is found a rise of Qv as moving away
from heaters to remain constant close to the cavity receiver for
the growth of Ra from 10%to 10° In the upper region of the
cavity, the increase of Rayleigh number from Ra = 10* to 10°
conducts to increase the flow rate roughly 76.70 % thus showing
an intensification of the entrainment phenomenon of fresh air
by thermal plumes especially for higher Ra values. A similar
behavior of the flow rate for various square cavity orientations
at Ra = 5 10 is detected on Figure 15b.

The increase of the inclination angle of the U cavity receiver
from B = 15° to 75 leads to a decrease in the flow rate close to
the cavity opening approximately 77.46 %. For the case of a
horizontal cavity receiver at Ra = 5 104, plots of Figure 15
computed with SRT model of Lattice Boltzmann method
demonstrate a reduction of the flow rate approximately 81.18 %
with the growth of A from 1.25 to 1.75. For Ra = 5 10%, the
minimum of the flow rate is obtained for an inclined cavity
receiver at 75 ° and aspect ratio equal to A = 1.75.
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Fig 16 Variation of the local Nusselt number along the hot
horizontal wall vs: (a) Rafor 8 =0and A =1, 6 for Ra=5 10*
andA=1and(c)AforRa=510and 6 =0
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4.5 Optimization of convective heat transfer and total entropy
generation of the flow

To point out effects of Rayleigh number (Ra), orientation
(0) and aspect ratio (A) of the cavity receiver on the heat transfer
rate, a quantitative analysis of the local Nusselt number (Nu.)
along the horizontal hot wall of the cavity is depicted on Figure
16 a-c. Computations show that the convective heat transfer
within the cavity is strongly affected by pertinent parameters of
Ra, 6 and A monitoring the current thermal problem. For the
case of a horizontal square cavity (6 = 0° and A = 1), heat
transfer profiles related to Figurel6a are described by a
symmetrical behavior for various Ra due to symmetric
distribution of thermal and dynamic fields. A parabolic behavior
of the local Nusselt number is observed for different Ra with a
maximum on the mid-length of the cavity. The growth of Ra
from 10° to 5 10%leads to enhance the heat transfer about 86 %
due to the dominance of the convective mode than by
conduction. On both sides of the horizontal hot wall, the Nuv is
negligible owing to the existence of weak thermal gradients
between heaters of the cavity receiver where thermal plumes
are generated. On the Figure 16b (Ra = 5 10* and A = 1), the
local Nusselt number at left hot wall side is highest for various 6
owing to the existence of fresh air that supply the thermal plume
created by the left inclined hot wall. Figure 16b demonstrates
that the heat transfer by natural convection is weakest when the
cavity orientation is 8 =45°. This seems to be a critical angle of
the cavity receiver where the natural convection is at the
minimum point. This phenomenon can be explained by
referring to Figures 9 and 10. Increasing the cavity orientation
from 6 = 0° to 45 reduces the maximum of Nurroughly 29.31 %
owing to an attenuation of thermal gradients and slowdown of
the flow circulation. A slight increase of the local Nusselt-
number, about 6.89%, is detected when the cavity orientation
rises from 6 = 45° to 75. Based on Figure 16c related to a U
horizontal cavity where 8 = 0°and Ra = 5 10% it is shown a
decrease of the maximum of the local Nusselt number on the
mid-length of the cavity about 68.96 % with the rise of A from 1
to 1.75. This considerable reduction of the heat transfer is
attributed to the intensification of the thermal filed and the
decrease of the flow recirculation detected previously in Figure
13 for A = 1.75.Next investigation is concentrated on the
optimization of heat transfer quantified by the average Nusselt
number (Nu*) along the horizontal hot wall of the cavity receiver
and total entropy generation (St) of the flow which may be to
help to enhance the efficiency of solar thermal energy systems
such as solar collectors. The study of significant engineering
parameters of Nu* and St versus Rayleigh number, angle and
aspect ratio of the cavity receiver can explains the behavior of
the heat transfer by natural convection convective of the flow
inside the cavity.

Figure 17 illustrates variations of average Nusselt number
and total entropy generation us a function of Rayleigh number
from 10° to 10°, cavity orientation from 0° to 75 and aspect ratio
of the cavity from A = 1 to 1.75. Figure 17a, which depicts the
variation of Nu* versus Rayleigh number for a horizontal square
cavity, reveals two modes of heat transfer. For Ra = 10%, the
average Nusselt number is equal to 1 due to the dominance of
the conduction process. Beyond Ra = 103, a fast rise of the
average Nusselt number approximately 88% is detected as
increasing Rayleigh-number thus showing an enhancement of
the heat transfer through natural convection. Furthermore, the
increase of Rayleigh number conducts to a growth of the total
entropy generation roughly 61% from Ra = 10* to 10° owing to
an intensification of both the value of heat transfer irreversibility
and fluid friction irreversibility. For higher Rayleigh number, the
total entropy generation becomes substantial by the raison of
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the presence of intense thermal and dynamic gradients of the
flow. Consequently, it can be deduced that the flow is
predominantly governed by the natural convection for Ra = 5
10% and 10°.

Figure 17b depicts variations of average Nusselt number
and total entropy generation of the flow versus -cavity
orientation for Ra = 5 10%. It can be observed the existence of
an optimum of Nu* and St for the same orientation of the cavity
receiver evaluated at 6 = 45°. With the growth of the cavity
orientation from 6 = 0° to 22, values of the average Nusselt
number remain constant at 7.26 and then it decreases as a
function of 8 around 22.72% to attain its minimum at 6 = 45°. A
rise of the average Nusselt number roughly 13.60 % is detected
as increasing cavity orientation from 45° to 75 due to an
intensification of the X-component of the buoyancy force. A
similar behavior of St is observed for the rise of 6 from 0° to 75.
The critical cavity orientation at 8 = 45° related to the lowest
values of average Nusselt number and total entropy generation
of the flow is linked to a weaker fluid friction irreversibility thus
demonstrating an attenuation of the convective heat transfer of
the flow. At this angle 6 = 45°, the Y-component of the buoyancy
force is equal in magnitude to the X-component. Hence, it can
be noted that the orientation of the cavity receiver at 6 = 45° is
adequate to store the maximum of the thermal energy such as
solar collectors. Figure 17c presents variations of average
Nusselt number and total entropy generation of the flow as a
function of the aspect ratio of the cavity receiver at Ra = 5 10
4and for the case of a horizontal cavity. The growth of the aspect
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ratio of the cavity receiver from A = 1 to 1.75 entrains a linear
reduction of the average Nusselt number about 80.76 % and a
decrease of the total entropy generation about 72 % owing to a
deceleration of the flow circulation thus indicating a decrease of
the heat transfer by convection mode. These results are
consistent with temperature and flow patterns signaled
previously in Figures 12 and 13. Consequently, it can be
concluded that minimum values of Nu* and St are detected
simultaneously for highest aspect ratio of the inclined cavity and
at critical cavity orientation (6 = 45°) for Ra = 5 10%.

5. Conclusion

In the current paper, a comprehensive lattice Boltzmann
study is performed on convective heat transfer in a U cavity
receiver. Solar thermal energy systems applications have
provided a major incentive for this research owing to the
significance of convective heat transfer in passive solar thermal
receiver or energy collectors. This numerical investigation aims
to elucidate effects of Rayleigh number (Ra), cavity receiver
orientation (8) and cavity aspect ratio (A) on fluid flow and heat
transfer mechanisms. Results of this research can contribute to
improving performances of solar heating systems. It is found a
symmetrical behavior of the air flow for various Ra and A owing
to symmetrical boundary conditions adopted in the problem.
This investigation shows thatSRT-BGK model of LBM is
validated with previous works and good agreements are
achieved. This approach based on D2Q9-D2Q4 models is
shown to be a reliable tool to simulate problems of convective
heat transfer in semi-confined mediums like solar thermal cavity
receivers. The rise of Ra entrains a growth of thermal and
dynamic gradients of the flow owing to an intensification of the
entrainment of fresh air by thermal plumes in the central region
of the horizontal square cavity. As a result, the convection
becomes more dominant than the conduction causing a rise of
the energy maximum absorbed by the flow about 35.14 % as Ra
increases from 10 to 5 10% With the rise of Ra, heatlines
trajectories deviated to the mid-length of the cavity are tighter
and the stratification degree of Sgen becomes higher close to
heaters.

For various orientations of the square cavity at Ra = 5 104,
the analysis of flow patterns, heatlines and Sgen reveals the
development of the flow in two different zones within the
horizontal square cavity. The first zone (Y < 0.25) is described
by intense thermal and dynamic gradients with inclined
heatlines trajectories directed to the mid-length of the cavity
and high values of the local entropy generation. In the second
zone (Y > 0.25), an attenuation of temperature, Sgen and velocity
of the flow is detected and heatlines trajectories become nearly
horizontal. The rise of the cavity orientation from 6 = 0° to 75
decreases the stratification degree of heatlines and Sgen near the
left adiabatic wall owing to weaker fluid friction irreversibility.As
increasing the horizontal cavity aspect ratio at Ra = 5 104, a
significant increase of temperature values is observed with a
deceleration of Y-component of the velocity due the blocking of
the ascending flow mainly for higher aspect ratio of A = 1.75.
The rise of aspect ratio of the cavity decreases stratification
degree and magnitude of Sgen with a change of the heatlines
direction which becomes more inclined. On the other hand, the
increase of Ra from 10* to 10° causes a rise of the flow rate about
76.70 % at the upper region of the horizontal square cavity due
to an intensification of the entrainment phenomenon of fresh air
by thermal plumes for higher Ra values. Conversely, a reduction
of the flow rate of about 77.46 % and 81.18 % is detected when
0 increases from 15° to 75 and A from 1.25 to 1.75, respectively.

For Ra = 5 10% the optimization of the convective heat
transfer reveals that minimum values of average Nusselt
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number and total entropy generation are detected for higher
aspect ratio of the inclined cavity receiver at 8 = 45°. This cavity
orientation related to the insignificant convective heat transfer
is adequate to store the maximum of the thermal energy inside
solar receiver systems.
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