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Abstract: The objective of the current numerical study is to explore the combined natural and forced
convection and energy transport in a channel with an open cavity. An adiabatic baffle of finite length
is attached to the top wall. The sinusoidal heating is implemented on the lower horizontal wall of the
open cavity. The other areas of the channel cavity are treated as adiabatic. The governing equations
are solved by the control volume technique for various values of relevant factors. The drag force,
bulk temperature and average Nusselt number are computed. It is recognised that recirculating
eddies beside the baffle become weak or disappear upon increasing the inclination angle of the
channel/cavity. The average thermal energy transportation reduces steadily until the Ri = 1 and then
it rises for all inclination angles and lengths of the baffle.
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1. Introduction

Over the decades, the research on mixed convective stream and thermal energy
transference in channel cavities are of fundamental interest in applied science research
because of its applications in several fields [1-10]. Manca et al. [11] discovered the influence
of the location of a hot wall on the combined convective flow of an open cavity that exists in
a channel. Leong et al. [12] performed the study on combined convection in an open cavity
inside a horizontal flat channel. Rahman et al. [13] numerically explored the magneto-
convection in a flat horizontal channel cavity with bottom heating. Rahman et al. [14]
numerically considered the mixed convection in a channel with an open cavity with a fully
or partly heated left sidewall. They discovered that the energy transfer enhancement was
recognised at higher values of Ra with a partial heater. Sharma et al. [15] considered a
channel in a grooved manner to examine the combined convection with a baffle attached
on the top-side of the channel. They observed a remarkable rise of heat transport in the
occurrence of the partition at a mixed convective range.

The influence of several thermal border conditions on convective energy transport
was observed by several studies due to applications of such boundary conditions in various
fields. Janagi et al. [16] explored the convective energy transport of water in a square con-
tainer with sinusoidal thermal heating. Cheong et al. [17] numerically explored the buoyant
convection in a wavy walled box with heat generation and sinusoidal heating effects. The
impact of heating the sidewalls sinusoidally in the study on convective dynamism was
found in [18,19]. Li et al. [20] analysed heat transfer characteristics of nanoliquids in an
enclosed area with variable thermal properties by connected and unconnected heaters.
Bhardwaj et al. [21] numerically analysed the convective thermal energy transport and
entropy generation in a wavy porous enclosed box with uneven heating.

The influence of geometry inclination is a key factor on buoyant convective flow and
energy transport systems. The influence due to the inclination angle contributes a significant
part in the refrigeration of electronic equipment, particularly the interior of modern gadgets,
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computers and laptops. This type of equipment requires effort at diverse inclination angles
in different environmental conditions. Sivasankaran et al. [22] explored the influence
of the direction of a wall in motion on convective energy transport in an inclined box
encompassing sinusoidal thermal conditions at the wall. Cheong et al. [23] exposed the
effect of an aspect ratio on an inclined box with sinusoidal temperature conditions on the
wall. Sivakumar and Sivasankaran [24] examined the effect of inclination on a convective
stream in an enclosed box with different heating constraints. Hadidi et al. [25] examined
the significance of the inclination angle on a double-diffusive convective current in a flat
dual-layered porous container.

The baffle or partition inside the channels and cavities plays an important role in
convective flow under various situations [26-29]. Mahapatra et al. [30] discovered the
opposite combined convective stream in a partitioned box with two partitions attached in
the bottom and top walls. Ilis et al. [31] numerically explored the ceiling-mounted baffle on
buoyant convection in a box. Khatamifar et al. [32] inspected conjugate convective current
in a box separated by a divider. They examined the effect of the divider thickness and
thermal conductivity under various parameters.

No work is described in the literature that discovers the effect of the inclination angle
and partition length on convective transfer in a channel cavity at an inclined position. This
problem has many applications in electronic equipment cooling and the cooling of thermal
systems. Therefore, the current problem explores the impact of inclination angle and
adiabatic partition length on convective energy transport in a channel with an open cavity.

2. Mathematical Methods

Consider the 2-dimensional, incompressible, steady, laminar flow in a passage (chan-
nel) with an open cavity of width L/2 and length L, as displayed in Figure 1. The lower
horizontal wall of the open cavity holds a higher temperature than the temperature of the
flowing liquid. The channel cavity is inclined with the horizontal plane at an angle (¢).
An adiabatic baffle of length L is attached at the top wall and its length varies inside the
cavity. The gravitational force acts downwards.

Figure 1. Physical model.

The leading equations for the existing model with Boussinesq approximations
are [11,12,23,24]:

Ju Jv
a—i—@—O (1)
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where (1, v) are velocities, g is gravitational acceleration, p represents pressure, T represents
temperature, pg is density, « is heat diffusivity, B is thermal expansion coefficient, and v is
kinematic viscosity, respectively.

The initial and end settings are [11,12]

Inlet: v=0u=Uy, T=0
Outlet: v=0, % =0, L =0, p=0 )
Bottom: v =0,u =0; T = Ty,(x) = Sin (%) (T, — Tc) + Tc

Other sides & baffle: v =0,u = 0; ?TZ =0

7o

where “n” is normal to the surface. The non-dimensionalised equations are obtained using
the measures (X, Y) = (x,y)/L, (U, V) = (u,0)/Uy, P = p/(pU3),0 = (T — T.)/ (T, — T¢).
The following are the dimensionless system of equations [11,12,23]:

ou dVv
ax Tay =0 ©
ou ou oP 1 [/2’U U Gr . .
uax+vay__aX+Re(aX2+aY2>  ge2? Sin(®) @)
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20 20 1 (2% 9%

Usx +Vay = Repr(axz%yz) ©)
The non-dimensional parameters are, Gr = gﬁ(e”vifzef)ﬁ, Grashof number, Re = #,
Reynolds number, Pr = %, Prandtl number, and Ri = %, Richardson number. The stream
function is constructed by using U = ¥y and V = —Y¥x. The non-dimensional settings at

borders for the current problem are [11,12]:

Inlet: U=1,V=0,06=0
.oou _ 0 __ _

Outlet: 5% =0,V =0,5x=0,P=0 (10)

Lowerwall: U=0, V=0, 0=0,(X)=Sin(nX)
Other walls & baffle: U =0, V=0, g—z =0

Here, the physical measures of the current analysis are constructed. The non-dimensionally
average Nusselt number of the hot surface is computed as Nu = — fol g—idX, the drag

force is derived as, D = — 01 g—%/[dX and the average heat value of the liquid is defined as
Oa0g = [ 04V /V ,where V is the volume of the domain.

3. Numerical Method

The resultant mathematical models are evaluated numerically by using the finite
volume method. The discretised algebraic systems acquired here are solved iteratively.
To decide the appropriate size of the grid for the current work, a grid independence
examination is executed with Ri = 1. The several sizes of meshes (41 x 41 to 201 x 201) are
taken for this independence test. We did all the calculations with a grid size of 161 x 161
here. The numerical simulations are terminated after reaching the convergence of order,



Math. Comput. Appl. 2022, 27,9

40f13

10~°. The Trapezoidal rule is used to compute the physical quantities of transport rate
along the surface. The more detailed numerical procedure is found in [18,19].

4. Results and Discussion

The mathematical calculations are equipped for various angles of inclination of the
channel cavity and the length of baffle with several values of the Richardson number
(0.01 < Ri < 100). The value of the Grashof number is fixed as 10°, and the Reynolds
numbers are chosen as 31.6 < Re < 3162. The Prandtl number value used is 0.71. The
length of the baffle is used as Ly = 0, 0.25, 0.5, 0.75. The inclination angle is chosen as
0< ¢ <90.

Figure 2 shows the flow field for various inclination angles and Richardson numbers
with a length of the baffle, Lg = 0.5. It is evidently seen that the combined convection factor
(Ri) impacts greatly on the stream arrangement. The re-circulation eddies form beside the
partition in the forced convective region (Ri = 0.01) for every value of inclination angle.
Such behaviour does not appear in mixed and buoyant convective regimes for higher
inclination angles. The eddy occupies the majority of the open cavity when Ri < 1 in the
absence of inclination. When increasing the inclination angle, the eddy inside the cavity
shrinks in its size and the core region moves to the right end of the cavity at Ri = 0.01.
At Ri = 1, the eddy inside the cavity becomes very weak and moves towards the left
side of the cavity. However, there is no recirculating eddy inside the cavity in the free
convection regime. There exists a recirculating eddy at the right side of the baffle in a
free convection regime for inclination angles. Figure 3 portrays the thermal distribution
inside the channel cavity for various inclination angles and Richardson numbers with a
length of the baffle, Lp = 0.5. The vigorous thermal boundary layers formed along the
lower-heated wall. It shows that the convective type of energy transference is controlled in
all the cases considered here. There is no temperature change in the channel portion in the
mixed convective regime. However, significant changes in temperature are observed inside
the channel area with the free convective regime.

Figure 4 demonstrates the impact of baffle length on the convective stream inside
the channel cavity for several tilting angles with Ri = 1. The strong recirculating eddies
are formed within the cavity area in the nonappearance of a partition without inclination.
The strong recirculating eddies disappeared when the channel cavity is subjected to an
incline. When the baffle exists, small recirculating eddies are created on both sides of the
baffle. However, those recirculating eddies become weak or disappear when increasing the
inclination angle of the system. Figure 5 shows the corresponding thermal distribution for
the pertinent parameters in Figure 4. The temperature gradient is high inside the cavity
area than that of the channel area. The stream is not vigorously flowing inside the open
cavity in the absence of an adiabatic partition and heat transmission is feeble from the
source. The baffle aids the stream to travel along the cavity and disturbs the heat energy
conveyance. The energy transfer enhances on increasing the size of the partition because
the stream is forced inside the open cavity by the existence of the baffle and results in a
higher energy transference inside the open cavity.

Figure 6a-d establish the drag force for diverse values of Ri, inclination angle and size
of the partition. The drag force steadily rises with Richardson number for all inclination
angles when L < 0.25. The drag force behaves nonlinearly with the Ri number for all
inclination angles when Lg = 0.75. It reduces sharply until Ri = 1 and then it grows when
increasing the value of Ri for all inclinations. However, it diminishes sharply until Ri = 10
for the non-inclined case. The variation in drag force among the inclination angle is not
significant in the forced convective regime when Lg < 0.5. Figure 7a—d portray the average
temperature for various values of Ri, inclination and sizes of the baffle. The average
temperature performs non-linearly with the Ri number for all inclined cases when Lp < 0.5.
The average temperature enhances with the Richardson number for the case of Lg = 0.75.
However, there is no significant variation in the average temperature among the inclinations
for Lg = 0.75. The average temperature is high at Ri = 100.
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Figure 3. Isotherms for various values of Ri and inclination angles with Lz = 0.5.
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Figure 4. Streamlines for various Lg and ¢ values with Ri = 1.0.
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Figure 5. Isotherms for various Lg and ¢ values with Ri = 1.0.
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Figure 6. Drag force vs. Ri for variations of Lp and ¢ values.

Figure 8a—d demonstrate the local Nusselt number for numerous inclination angles of
the channel cavity, diverse Ri and two cases of the length of the baffle. The shapes of local
Nu evidently indicate the immediate influence of an imposed sinusoidal thermal condition
on the lower hot wall. The highest local thermal energy transference is attained near the
middle of the bottom wall with Ri = 100 for inclinations. However, the highest local heat
energy transport occurs around Y = 3/4 with Ri = 0.01. In addition, it is understood that the
local thermal energy transport is enhanced slightly when increasing the inclination of the
channel cavity for all values of Ri. The thermal energy transport is more pronounced with
the occurrence of the baffle in the forced convective regime more than that of the buoyant
convection regime. Figure 9a—d indicate the average energy transmission rate versus the
Richardson number for numerous values of inclination angle and lengths of the baffle. The
mean value of thermal energy transference reduces steadily till Ri = 1 and then it rises
for all inclination angles and lengths of the baffle. However, the average Nusselt number
declines until Ri = 10 for the non-inclined case. It is witnessed that increments in the baffle
size increase the average thermal dynamism. When comparing the inclination angles, no
constant angle provides a higher heat transport inside the channel cavity.
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Figure 7. Average temperature vs. Ri for variations of Lg and ¢ values.
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Figure 9. Average Nu vs. Ri for variations of L and ¢.

Figure 10a—c portray the increment in the average Nu between the presence of a baffle
and the absence of a baffle inside the channel cavity for distinct values of the angle of
inclination and Ri. Figure 10a demonstrates the comparison of the average Nusselt number
between Lp = 0 and Lg = 0.25. The increment in heat transport is observed in the occurrence
of a baffle in the forced convective regime for all tilting angles except at a Ri = 0.01 and
¢ = 90°. The mixed convection regime provides a decrement in energy transportation for
all inclined channel cavity cases. Figure 10b clearly shows that an increment in thermal
energy transportation is observed in all cases of Ri and inclination angles, except Ri = 100
and ¢ = 0°. The energy transfer increases by around 80% at Ri = 0.1 and ¢ = 90° with
Lp = 0.25 compared to the absence of a baffle. Figure 10c undoubtedly indicates that there
is no decrement in energy transfer with Lg = 0.75 compared with the absence of a baffle.
The highest amount of heat transport is about 450% with Lg = 0.75 at Ri = 0.1 and ¢ = 90°.
Further, it is concluded from these figures that the increment of energy transportation
grows when increasing the size of the baffle.
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5. Conclusions

The influences of the inclination angle and the length of the adiabatic baffle on con-
vective motion and thermal energy transportation in a passage with an open cavity are
inspected numerically. The bottom wall of the channel cavity is exposed to sinusoidal
heating. The results are scrutinised for numerous arrangements of baffle size, inclination
angle and Ri. The following conclusions are drawn:

O  The recirculating eddies beside the baffle become weak or disappear when increasing
the inclination angle of the channel cavity.

O The energy transfer enriches when enhancing the baffle size since the stream further
induces the inner part of the cavity with the existence of the partition, resulting in an
enormous energy transference within the cavity.

O  The average thermal energy transportation reduces steadily until the Ri = 1 and
then it rises for all inclination angles and lengths of the baffle. When comparing
the inclination angles, no constant angle provides a higher heat transport inside the
channel cavity.

O  The increment of energy transference enhances when increasing the size of the baffle.
The highest quantity of heat transport is found to be about 450% with the occurrence
of a baffle.
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