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Different placements of the heat source along the cavity's sidewalls were explored,
with the length of the heat source set at (€) (0.25<e<1). The cool, steady-speed air
came in through the sides of the canal. All other walls are adiabatic, while the vertical
walls on the inflow and outflow sides are isothermal. The governing equations were
solved using the finite element technique. For several different values of the
Richardson number (Ri=0.1-100), we estimated the flow and heat fields. While the
Prandtl number is held at 0.71 and the Reynolds number is maintained at 100. The
average Nusselt values, as well as the findings of the flow and temperature fields, were
reported. The findings demonstrate that both the Richardson number (Ri) and the

Keywords: distance from the heat source (g) positively affect the heat transfer rate. It was also
Opposing mixed convection; determined that for all Richardson numbers, the highest average Nusselt number is
parallelogram cavity; horizontal channel attained at the higher portion of the right wall of the hollow.
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1. Introduction

Because the mixed convection (also called combined convection) is used in so many different
kinds of industrial and technical processes. Ingot quenching, energy extraction, polymer
crystallization, and float glass processing are just some of the many applications of mixed convection
in cavities that have been reviewed in the literature recently. Compact heat exchangers, furnaces,
nuclear reactors, and the food sector are a few more places you could see heat exchangers in use. In
order to improve heat transmission in cavities, researchers have conducted a number of numerical
and experimental investigations, all of which demonstrate how to do so by various means (such as
altering the cavities' form or tilt). Air mixed convection within a conduit with a U-shaped open cavity
was investigated statistically by Mancaet et al., [1]. All other walls were maintained adiabatically cold,
and cold air was introduced into a horizontal channel with a constant heat flux at three distinct
heating modes. Experiments were conducted with a range of Reynolds (Re=100 and 1000),
Richardson (0.01< Ri<100), and inflow/outflow opening height to heat source length (H/D) ratios
(0.1<H/D<1.5). The maximum temperature was found to be lower when (Re) and (Ri) rose.

Mixed convection of air that entered the duct from the left at a constant speed and a low
temperature was later experimentally tested by Manca et al., [2]. The left wall of the channel or
hollow is assumed to be heated uniformly at heat flux q (50£9<250W/m?). The findings were shown
for various values of the aspect ratio of the cavity (0.5<AR<1.5) and the ratio between the height of
the channel and the height of the cavity (0.5<H/D<1). The range of Richardson numbers considered
was (30-110) for (Re =1000) and (2800-8700) for (Re =100). It was discovered that, for all values of
(Re) and (Ri) considered, the (Nuay) number rises as the cavity's aspect ratio rises. Convection within
the channel and convection in a cavity heated from below were both examined numerically by Leong
et al., [3]. For (1< Re<2000), (0<Gr<108), and (0.5<AR< 4), the findings were shown. They determined
that the flow field was governed by the ratio of Reynolds to Gustafson numbers (Re/Gr). For
(0.01<Ri<100) and (1<AR<5)at (Gr=10%), Numerical findings for a rectangular hollow with heat
sources on its left, right, and bottom sides were provided by Aminossadati and Ghasemi [4].
Increasing the cavity's aspect ratio was shown to boost heat transfer for all three heat source sites
while maintaining a constant (Ri) value.

The coupled convection in a horizontal channel with a rectangular chamber heated from below
was explored statistically by Rahman et al., [5]. The channel-cavity assembly was exposed to a
magnetic field from its right side. For (0<Ha<20), (10°<Ra<10°), (100<Re<500), and Pr=0.71, the
corresponding numerical findings were shown. They determined that a larger value for (Ha) resulted
in a smaller (Nuay), whereas larger values for (Re) and (Ra) resulted in larger (Nuay) values.

Mixed convection in an open rectangular cavity in a horizontal channel was studied numerically
by Rahman et al.,, [6]. The rectangular opening had a hollow cylinder at its core, which was heated
uniformly from the inside. While the (Re) was held constant at 100, the findings were shown over a
range of (0.2<K<50) and (103<Ra<10°) using a variety of fluids with Pr values (0.7<Pr<7). A higher (Ra)
number and higher thermal conductivities were found to raise the (Nuav) at the heated surface, but
a higher (Pr) number had no effect.

Laminar and steady forced and natural convection in a 2-dimensional channel with an open
triangular heated chamber below it was investigated numerically by Rahman et al., [7]. Joule heating
and the effects of a magnetic field were also studied. The study used the Joule parameter (0< J< 5)
and the specific heat capacity (10< Ha <100) of a wide range of fluids (1<Pr<10), with illustrative
findings shown for (103<Ra<10°) and (100<Re<2000). Heat transmission was shown to improve when
both (Re) and (Pr) were raised. While raising (Ha) and (J) lowered it. A numerical analysis of mixed
convection in a square enclosure with a forced air flow entering from the channel above it was given
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by Carozza et al., [8]. The cage was set up with hot and cold temperatures on the left and right walls.
Numbers in the range (Ri=0.1-1.7x10%) and (Re=10-1000) were used in the study. We looked at two
scenarios (flow that helps and flow that hinders). They concluded that in both situations, increasing
(Re) increased the (Nuav) value.

Selimefendigil [9] conducted a numerical investigation of laminar mixed convection in a two-
dimensional air-filled channel connected to a square open cavity, heating the cavity from below and
to the left. The bottom wall of the hollow was maintained at an isothermal high temperature while
the other walls of the cavity and channel were presumed thermally insulated in order to get the
findings shown here for Ri=0.01 to 20 and Re=400 to 800.At (Re=800), the researchers found that the
(Nuay) number was less for (Ri=10) than for (Ri=5). The numerical and experimental research of
numerically mixed convection of water (Pr=7) in a cubical cavity at the base of a square channel was
conducted by Abdelmassih et al., [10]. Except for the bottom wall of the hollow, which was heated,
the other walls of the cavity and the channel were considered to be adiabatic, and results were
reported for (100<Re<1500) and (0.1< Ri £10). For (Re 2 500) and (Ri = 1), it was determined that the
flow was unstable. However, at (Ri = 10), it became unstable for all (Re) values.

Unsteady MHD mixed convection within a horizontal channel with an adiabatic square
obstruction and an open cavity heated from below was numerically studied by Hussain et al., [11].
Al203-Cu water hybrid nanofluid was used to fill the void. The chilly, uniformly moving fluid entered
the tube from the left. The rest of the space within the hollow and along the channel sides was
assumed to be thermally insulated. The barrier was positioned at three distinct heights. The results
in terms of various values of the solid volume fraction (0.0£(<0.04), (0.01<Ri<20), (0<Ha<100),
(1<Re<200) were considered. They deduced that, the increase in (Ri), (Re) and (@) increased the rate
of heat transfer and entropy generation. Also, it was observed that the flow was deviated to the
channel when (Ha) number increased.

Garca et al.,, [12] quantitatively modelled the mixed convection of water in a slanted rectangular
duct with two symmetric open cubic chambers on opposite sides. It was assumed that the walls of
the cavities that faced the entrance were also isothermal. It was believed that the enclosing walls of
the channel and cavities were not adiabatic. We looked at these characteristics for the ranges
(100<Re<1000) and (0.01<Ri<100) and angles 0°<y< 90°). They came to the conclusion that the
double cavity's flow and temperature fields, heat transfer characteristics, and so on all depend
heavily on the cavity's acoustic resonant (AR) properties. Results for (Ri=0.1-100) and (g =0.16-1) at
Re=100 and Pr=0.71 from a numerical simulation by Laouira et al., [13] show the effects of heat
source length on combined convection in a channel with an open trapezoidal cavity heated at its base
by a discrete heat source. They drew the conclusion that more Nua,y meant more Nuav.

In a horizontal channel with an open trapezoidal cavity located below it, Mebarek- Oudina et al,,
[14] performed numerical simulations of 2D laminar mixed convection of air. A finitely long, locally
heated source was applied to the cavity's insulated walls. At (Re=100) and (Pr=0.71), the results were
shown for a range of (0.1<Ri<100) numbers and locations of heat sources (€=0.75). It was discovered
that the best heat transmission occurred when the heat source was positioned high on the left wall.
The (Nuav) number was also raised in tandem with the (Ri) rise.

Two-dimensional laminar mixed convection in a hollow connected to a horizontal channel was
investigated statistically by Ahmadi and Farsani [15]. A cavity-enclosed conduit was subjected to a
two-phase flow of a non-Newtonian fluid. It was decided to use a polymer solution and water in a
two-phase flow. All the walls of the hollow and channel were assumed to be thermally insulating
except for the bottom wall, which was kept at an isothermal high temperature. Fluids in the channel
and cavity were shown to be more sensitive to fluctuation in (Re) than in the rheological index (n), as
measured by changes in velocity, pressure, and volume fraction. With an open complicated cavity
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and a discrete heating source at its bottom wall, Al-Farhany et al., [16] examined numerically the
coupled convection within the channel. The air flowed in from the left side of the canal. At the same
time, the right side of the channel-cavity assembly was exposed to the a magnetic field. The data for
(Ha=0-15), (Ri=0.1-10), (Re=100), and (Pr=0.707) were shown. They reasoned that when (Ri) rose, the
(Nuay) would rise, and as (Ha) fell, the (Nuav) would fall. Mixed convection in a channel coupled to an
open cavity is discussed in more detail in Ref. [17-56]. Considering the research done, the aforesaid.
To the best of our knowledge, there is a dearth of literature on the topic of mixed convection in a
channel assembly with an open enclosure.

The purpose of this study is to investigate the impact that a discrete heat source with a variable
length and position has on the predominant mixed convection that occurs in a channel that has an
open parallelogram cavity. A tunnel was cut into the cavity's upper wall, and its walls were heated
using a (0.25<e<1) watt resistive heater. The channel is a horizontal entrance for cold air. Numerical
research on the impact of heated wall position and length on air mixed convection throughout a
broad Richardson number range was conducted. While the Prandtl and Reynolds numbers are held
constant at (Pr = 0.71) and (Re = 100), respectively, the findings are given as contours of velocities,
isotherms, and Nusselt numbers.

2. Geometry Description and the Governing Equations

The geometry under studied is shown in Figure 1. The channel of diameter (D) combined with an
open cavity. Le, the extra-cavity channel length, equals 1H. The cavity's height (H) and length (L=2H)
are shown. The cold air, travelling at a constant speed (uin) and temperature (Tc), enters the duct
horizontally from its left side. With discrete heat sources in two locations (the centre of the right wall
and the upper region of the same wall with different lengths of heat source), the right sidewall of the
cavity was heated to a high temperature (Th), while the other walls were assumed to be thermally
inert. The oversimplifications made for the sake of this investigation:

i Laminar, incompressible, steady, Newtonian, two-dimensional flow.
ii.  The effects of radiation and heat production are disregarded.
iii.  The air's thermo-physical properties remained unchanged. Additionally, the density-
temperature dependence was resolved using the Boussinesq approximation.

Fig. 1. Problem geometry

The non-dimensional version of the governing equations in this study are presented as Ref. [1,4]
in Cartesian coordinates.

U | v _

Ty =0 (1)
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The following non-dimensional variables were used to rewrite Eq. (1) through Eq. (4):

X, wv T-T, 9 uinH
xy=22 uyv=x ,9=—%t ,p=-L  pr=2 | Re, =2n"
H Uin Th—Tc PUin a u
_ Ly . _ Gr _ gHB(Th-Tc)
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in in

The Richardson number is the ratio of natural convection to forced convection, which is an
important factor to keep in mind. The current research shows that buoyant force created by cold and
hot temperature is responsible for the natural convection effect.The channel flow, however, is
responsible for the forced convection term in the Richardson number.

These are the boundary conditions:

- Channel inlet:
X=0 H< Y< H+D e=1, Upn=1 (6)

- Outlet of channel:

X=4H  HsysH+D, L=0, L=¥
0x ay

ax P=0 (7)

- Onthe heater: 6=1, otherwise, On (%) = 0, where (n) is the normal vector.
- Onthe solid fixed walls: U=V =0. (8)

The flow field within the horizontal channel with an open horizontal cavity may be characterised
by the dimensionless stream function (W), which is generated from the dimensionless velocity
components (U and V).

oy oy
U=— and V=-— (9)
Where ¥ = ¥

a

Since this is the case, we may combine Eq. (9) with the continuity equation (Eq. (1)) to get
Poisson's equation:

o0’y 9%y QU oV
gr oY _ou_ov (10)
ax? ay?2 ay o0x

122



Journal of Advanced Research in Numerical Heat Transfer
Volume 14, Issue 1 (2023) 118-135

Finding (W) requires first determining (U, V), and then solving Eg. (10) numerically with proper
boundary conditions. In order to get the mean Nusselt number, we may integrate the local
temperature gradient around the hot source, which gives us:

1 th a0

ooy Y (11)

Nug, = — 0 3%

Where L is the hot source length (g)
3. Validation and Grid Independency Analysis

Novel algorithms, calculation techniques, and user-friendly and powerful interfaces have all been
developed as a consequence of the development of scientific computing. These improvements, in
conjunction with the rapid development of technology, will lead to increased software efficiency and
a decrease in the required time for numerical computations. The numerical findings for the present
study were calculated using COMSOL. In order to solve the partial differential equations (i.e., Egs.
(21)-(4)) with boundary conditions, it is necessary to transform them into linear algebraic equations.
Algebraic linear equations are used to describe the physical domain of the issue, which has been
discretized into multiple parts connected by nodes. By plugging in the approximations into the
Navier-Stokes equations, the residuals of each conservation equation may be calculated. The first
step in choosing the optimal grid size for a calculation is verifying grid independence. The average
Nusselt number for each heat source was used to choose which of five element numbers to use in
the experiment. Table 1 shows the results of testing with a total of six grid sizes (Ri=0.1, 1, 10, 100,
Pr=0.7, and Re = 100). The Nuay values for G6 (44316 elements) grids were found to be within a little
margin of error (< 0.9%) from one another. Due to its time-economy benefit and minimal variances
in the average Nusselt number, a grid size of G6 (44316 elements) is used in the numerical solution.
As shown in Figure 2, the current model was used to re-solve the examples reported by Manca et al.,
[2], and a good agreement was found between the two sets of findings. Figure 3 shows the generated
grid G6.

Tablel
Variation of the average Nusselt number Nuay for various grids for heating from below at (Pr=0.7,e =1,
Ri=0.1, 1, 10,100and Re=100)

Ri
Grid Ri=0.1 [Error%] Ri=1 [Error%] Ri=10 [Error%] Ri=100 [Error%]
G1(1928) 2.4178 . 3.2635 . 5.1522 . 8.9287 .
G2(2988) 2.4279 0.416 3.2671 0.1102 5.0953 1.1044 8.4527 5.332
G3(4852) 2.4349 0.2875 3.2719 0.1467 5.0684 0.528 8.1844 3.1742
G4(11680) 2.4586 0.964 3.2981 0.7944 5.0845 0.31665 8.1302 0.663

G5(28634) 2.47207 0.5448 3.3119 0.41668 5.0955 0.21587 8.0517 0.965
G6(44316) 2.4702 0.0756 3.3113 0.01812 5.0916 0.0765 7.9805 0.884
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(a) Manca et al., [2] (b) Present study
Fig. 2. Streamlines and isotherms compared to Manca et al., [2] 's numerical analysis

Fig. 3. The generated grid G6 (44316 elements)

4. Discussion of Results

Using a heat source with a length of € (0.25<e<1), an aspect ratio of (AR=2), and Reynolds and
Prandtl numbers of (Re=100) and (Pr=0.71), we present and discuss results for 2D laminar combined
convection heat transfer and air flow inside the channel with the cavity from streamline, isotherm
contour, and (Nuay).

4.1 Flow and Thermal Field Characteristic
4.1.1 Richardson Number (Ri) effect

The effect of (Ri) on streamline and isotherm contours for opposing flow case was explained in
Figure 4 — 6. This effect was studied for (0.25<e< 1.0) and at (Re=100 and AR=2). As expected, the
variation in (Ri) has a clear effect on both the flow and thermal fields inside the channel-enclosure
assembly. Therefore, the increase of it from (Ri=0.1) to (Ri=100) causes to a dramatic increase in flow
disturbance inside the assembly. This can be evident from the growth of the flow vortices and the
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increase in their numbers. This behaviour was repeated for all considered range in (€). Also, the
increase in (Ri) accelerates from the process of the thermal exchange inside the assembly and makes
the air leaving process more fast. The same positive effect of the increase in (Ri) can be seen on
isotherm contours. So, the increase in it leads to increase the cold regions inside the assembly as a
signal a good flow mixing. Also, it increases the intensity of isotherms above the heat source
compared with the case at low values of (Ri). Moreover, the isotherm contours are accumulated
adjacent the heat source location in the middle of the right sidewall of the enclosure. This is due to
the sever temperature gradient at this region.

4.1.2 Effect of the heat source length (g)

Figure 4 — 6 illustrate also the effect of (€) on the flow and thermal fields for opposing flow case.
The result indicated that, the increase in (&) from (€=0.25) to (¢=1.0) does not effect on the flow field
pattern when the forced convection is dominant (i.e., Ri=0.1). While, at (Ri=1) or when the natural
convection becomes equivalent to the forced convection, the increase in (g) leads to construct a
minor vortices adjacent the heat source location in the right sidewall of the enclosure. Now, with the
increase in (Ri), a clear change in the flow pattern in both the channel and enclosure can be noted,
therefore, it can be concluded that the increase in (€) has a positive contribution on the flow mixing
between the channel and the enclosure especially at high value of (Ri).

With respect to the effect of (g) on the thermal fields. This results show that at (Ri=0.1), the
increase in (€) leads to extend the thermal plume far away from the heat source location towards the
left sidewall leading to increase the hot regions inside the enclosure. But, at (Ri=0.1) the thermal
plume begins to retard towards the heat source location and this retardation becomes more slow
with the increase in (g). Now, further increase in (Ri) causes the effect of (g) restricts with the region
above the location of the heat source. So, it can be noted from Figure 4 — 6, that the intensity of the
thermal plume at this region increases with the increase in (g) from (€=0.25) to (¢=1.0). Therefore, it
can be deduced that the increase in (g) helps the thermal plume to leave more fast through the
channel exit especially in the natural convection domain. Also, the increase in (€) leads to increase
the rate of the heat generation and increases the activity of the heat transfer by the natural
convection due to the increase in the buoyancy force.
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Streamlines Isotherms

Ri=0.1

Ri=1

Ri=10

TS

Ri=100
Fig. 4. Streamlines and isotherms for different Richardson numbers of opposing flow at 0.25 (centre of
right wall)
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Streamlines
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Fig. 5. Streamlines and isotherms for different Richardson numbers of opposing flow at €=0.755 (centre

of right wall)
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Streamlines Isotherms

Ri=0.1
Ri=1
Ri=10
——i, /r;J
Ri=100
Fig. 6. Streamlines and isotherms with different Richardson numbers of opposing flow at e=1 (centre
right)

4.1.3 Effect of the heat source location

Figure 7 and 8, and Figure 4 and 5 explain the effect of the heat source location on streamline
and isotherm contours when it location at an opposite direction to the flow enters the channel. These
figures are drawn at (0.1<Ri<100, Re=100, AR=2 and €=0.25 and €=0.75). To illustrate this effect, two
different locations were considered. The first location, at the top corner of the right sidewall of the
enclosure. While, the second location was assumed at the center of the same wall.

With respect to the effect of the heat source location on the flow pattern, it can be seen that the
change in it does not have a significant influence on the flow pattern when (0.1 <Ri<1 ). This can be
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approved from the similar flow pattern in Figure 7 and 4 for (€=0.25), Figure 5 and 8 for (e=0.75) for
this range of (Ri). While, this difference between the flow fields becomes more clear for (10< Ri<100)
especially at the heat source location in the right sidewall. Therefore, it can be concluded that the
effect of the heat source location is more pronounced for the natural convection domain than the
forced convection one. For the thermal field, the results show that the isotherms are clustered near
the heat source location which indicates a high temperature gradient in this place. Also, it can be
noted that the thermal plume can be seen when the heat source located at the center of the right
wall of the enclosure especially at (0.1<Ri <1). While, it was absent for another considered location.
Now, with the increase in (Ri) to (10<Ri £100), the effect of the heat source location begins to diminish
gradually except in the region above the heat source. This can be indicated from the high similarity
of the thermal fields in Figure 4, 7, 5, and 8 at (10<Ri £100).

Streamlines Isotherms

N

oo Ri=0.1

%10
1.4
1.3
1.2
1.1
1.0
é10
£ o8
0.7¢
- W e /

7 e 2 0.6
AN —— 0.55
/ 047
/ \ 0.4
/ R 0.32

‘?“ '

SRR

Hon

Ri=1

Ri=10

Ri=100 | :

Fig. 7. Streamlines and isotherm contours for different Richardson numbers of opposing flow
at €=0.25 (upper right wall)
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Streamlines Isotherms
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Fig. 8. Streamlines and isotherm contours for different Richardson numbers of opposing flow at
€=0.75 (upper right wall)

4.2 Heat Transfer Performance
4.2.1 Heat source length and average Nusselt number

The variation in the average Nusselt number with Richardson number for various value of (g) at
(Re=100 and AR=2) was described in Figure 9 and 10. In this case, the heat source was located
opposite to the direction of the flow enters the channel. In Figure 9, the heat source was located in
the center of the bottom wall of the enclosure, whereas in Figure 10, it walls located in left region of
the same wall. It can be seen for both figures that, the values increase in (€) and (Ri) increase the
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(Nuay). For (0.1<Ri<1.0). The (Nuay) varies linearly with (Ri), while a clear increase in it can be observed
beyond this range of (Ri). This logical result confirms the dominance of the natural convection for
high values on (Ri). This behaviour can be seen for all values of (€) and both location of the heat
source.

4.2.2 Heat source position affects average Nusselt number

The shift in the position of the heat source is also shown in Figures 9 and 10, which illustrate how
(Nuay) values are affected. It is clear from a comparison of the findings shown in these figures that
the values of (Nuay) started rising when the heat source was situated on the top part of the right wall.
This can be noticed when looking at the figures. This upward trend is discernible for any and all of
the aforementioned values of (g). Because this is where the heat source is placed, the cold fluid that
travels from the channel to the heat source much more quickly than it did when the heat source was
positioned in the middle of the right wall. Therefore, it can be determined that the optimal position
of the heat source for Case four was in the top part of the right wall of the enclosure. This can be
drawn from the discussion that has taken place so far.

Heating in the center of the right wall
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Fig. 9. Average Nusselt number variation with Richardson number of opposing
flow at (Re=100 and AR=2)
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Heating in the upper region of the nght wall
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Fig. 10. Average Nusselt number variation with Richardson number of opposing
flow at (Re=100 and AR=2)

5. Conclusion

In a parallelogram open cavity that was totally and partially heated from the right side wall of the

enclosure, numerical research was conducted to investigate the opposing mixed convection of heat
transfer. The following inferences are tenable in light of the discoveries that were made over the
course of this work:

The increasing in the Richardson number and the heat source length enhance the flow
circulation and the heat transfer. This behaviour was observed for all considered cases.

The streamline and isothermal contours were significantly affect by the variation of (Ri), the
length of the heat source and its location.

The average Nusslte number was increased with increasing the (Ri) and ().

The findings indicate that the largest possible average Nusselt number may be attained by
increasing the length of the heat source, and that the highest Richardson number can be
found in the top section of the right wall of the enclosure.
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