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Abstract: - The purpose of this paper is to study numerically laminar mixed convection in a multiple vented
cavity. This enclosure is continuously heated by constant temperature from the bottom wall, while the other
boundaries are presumably thermally insulated. The imposed water-Al,Oz nanofluid flow is injected or sucked.
The Influences of various control parameters, e.g.: Reynolds number Re, from 200 to 5000, the solid volume
fraction of nanoparticles, ¢, from 0to 7 %, and external flow mode (injection or suction) on the thermal
patterns, the flow and the heat transfer within the enclosure are studied. Numerical results revealed that the
presence of nanoparticles contributes to enhancement in the heat exchange and increase in the mean
temperature within a cavity. Also, it was found that the heat performance and Applying the suction mode
enhances the efficiency of cooling compared to the injection mode.
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1 Introduction Along these lines, many studies in heated enclosures
Because of numerous applications, mixed have been conducted. ,

convection heat transfer has become a significant Several articles have been published to promote
phenomenon in engineering systems. Enhancing the heat' exchagge via natural convection in the context
rate of heat exchange is crucial from an industrial of differentially heated cavities subjected to constant
and energy-saving standpoint system. For heating. The aqthor [2], numerically .studi.ed the
indication, a novel category of heat transfer fluid natural convection with HyO-nanofluids in  the
known as nanofluid is created by suspending inclined cavity. The ﬁndlngs led -to the.cor.lclusmn
nanoparticles in a base liquid like ethylene glycol or that nanoparticles in suspension significantly
water. It is anticipated that these nanofluids will improve the heat exchange rate. Moreover, the
perform better in terms of heat transfer than minimum / (maximum) heat transfer occurs at
traditional heat exchange fluids. The explanationis 6 =90° /(8 = 30° or 45°) according to Ra. In the
that the dissolved particles noticeably boost the same framework, the study [3], examined the effects
nanofluids thermal conductivity which increases of changing the nanofluid characteristics in
thermal transport and enhances heat transfer, [1]. rectangular cavities. They noted that according to
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the Rayleigh number, Ra, type (AlO3 or CuO), and
volume fraction of the nanoparticles, the mean Nu,
changed. In addition, it was discovered that Nu was
more responsive to the viscosity models than the
thermal conductivity models at high Ra. Recently,
the author [4], investigated the characteristics of
buoyancy-driven nanofluid heat transfer inside
differently heated rectangular cavities. According to
the study’s findings, there is a particle loading that
maximizes heat transfer. The same author [5], has
constructed two empirical formulas assessment of
dynamic  viscosity and  effective thermal
conductivity of nanofluids. Another study related to
a square enclosure with differential heating that is
filled with Al,Os-water nanofluids is analyzed, [6].
The results appear that nanofluids display higher
heat exchange rates than water. The natural
convection stream of CuO-water nanofluid in
inclined differently heated cavities was analyzed,
[7]. It was discovered that the heat exchange
efficiency was strongly based on particle diameter
rather than its concentration within the base liquid.
Also, the combination of aspect ratio and inclination
angle affects the heat exchange and hysteresis
region.

In most cases of natural convection in the
cavity, heating is varied and heaters are placed in
the cavity or on the side walls. When linear heating
is applied, such a problem was addressed, [8].
Authors have shown that linearly increasing wall
temperature has a higher heat exchange rate in
comparison with linearly decreasing wall
temperature. In this situation, the authors [9],
displayed a numerical study utilizing Cu-water
nanofluid. The existence of nanoparticles includes a
clear impact with wavering behaviors for the stream
and temperature areas. When the heater is used, we
quote the study [10]. It has been observed that as the
heater's length increases, Nu reduces. An additional
digital investigation was conducted, [11].
Simulations indicate that heat exchange can be
improved more effectively by expanding the number
of HACs than expanding the HAC's size.

Many studies on this subject are concerned
basically with applications involving forced
convection. In this context, an experimental and
numerical study was conducted, [12], [13] to
examine the cooling achievement of forced
convection with heat sink microchannel design
nanofluid. The results showed that nanofluid cooled
the heat sink better than water and had a superior
heat exchange coefficient. In the studies, [14], [15]
the same problem is examined experimentally and
declared that even while the heat sink's thermal
resistance dropped, scattering that dispersing
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nanoparticles in water significantly improved the
heat exchange coefficient overall.

Many studies on mixed convection in lid-driven
cavities  containing  nanofluids  in different
geometries have been conducted recently. In this
case, authors [16], [17], observed that when Re
increases, the effect of solid concentration
diminishes. Also, they found that the particle
distribution depends on Rayleigh and Richardson
numbers. The problem of nanofluid mixed
convection is treated, [18], in the case of the square
cavity with a lid powered by a heat source and
locally heated from below. They demonstrated how
the rate of heat transfer drops as the volume
percentage of nanoparticles increases for large Ra.
Furthermore, it was discovered that the rate of heat
transmission rises as the heat source moves toward
the walls on the cold side. The authors [19],
numerically analyzed mixed convection flow in a
cavity operated by the lid and filled with nanofluid
and heated by sinusoidal heating in a situation
where the latter is variable. They demonstrated that,
for a given Grashof number, the rate of heat
transmission rises when the volume percentage of
nanoparticles increases and the Richardson number
decreases. In some studies related to the geometry of
square cavities with mobile lids and heating is
localized inside, [20]. The results of this study
showed that, when the diameter of the nanoparticles
increases, a reduction of Nu for all Ri is observed.

Relatively little study has been done in the past
few decades on mixed convection for nanofluids in
vented cavities with constant heat flux or
temperature. This kind of issue is crucial for many
different kinds of technology applications.
Therefore, the authors [21], carried out a numerical
analysis of the situation with applying uniform heat
flow. The rate of heat transfers at the heat source
area increased and average bulk temperature
decreased as solid concentration increased,
according to the presented results. The authors [22],
reexamined the same topic for various port locations
in the event of completely continuous heating. It
was discovered that the Bottom-Top configuration
benefits more from the addition nanoparticles than
the other configurations that were taken into
consideration. Nanofluid mixed convective cooling
in a vented cavity locally heated on one side by a
heat source, was investigated numerically, [23].
Their results showed that a full entropy production
in the cavity when a heater is embedded in the
bottom wall compared with others. The authors
[24], carried out a numerical analysis of mixed
convection across a ventilated square cavity with
AL Os-water nanofluid under uniformly applied
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temperature. The results presented revealed that the
inclusion of nanoparticles increases the Nu and
value of the pressure dropping coefficient. In the
case of a hot obstacle in the enclosure, [25], the
study's findings showed that the heat transfer rate
was increased for various Ri and outlet port
placements by incorporating nanoparticles into the
base fluid. The same study was examined, [26],
where two hot square obstacles are situated in the
cavity’s bottom wall and they concluded the same
remarks. The authors [27], [28], studied mixed
convection heat exchange of an AlOs-water
nanofluid in ventilated cavities as a result of
incoming and outgoing flow by application of the
two modes of injection and suction for various
heating purposes. In these studies, adding
nanoparticles positively impacts the heat exchange,
but it also increase the average temperature in the
cavity.

The study of mixed convection in an enclosure
that is isothermally heated and vented by multiple
ports utilizing two separate modes and nanofluid has
not yet been studied, according to the research
currently available quoted in the literature review
above. Therefore, this research is focused on
studying such problems, because of many modern
processes, like design for solar collectors, the
thermal design constructions, cooling process for
electronic circuits and heat exchangers, [29], [30],
[31], [32]. Hence, the effects of key variables on
flow and energy fields are investigated and
analyzed. These parameters include the Reynolds
number, the concentration of nanoparticles, and
imposed flow (injection or suction).

2 Description of the Problem

Figure 1 displays a schematic illustration of a
studied configuration. It is made up of an A = 2
rectangular horizontally vented cavity. It is assumed
that all borders are thermally insulated, whereas the
lower wall is heated at constant temperature.
Throughout the two openings on the bottoms of the
right and left vertical walls, an external nanofluid
stream is forced through the cavity by injection
(Figure 1a) and suction (Figure 1b), subjecting the
physical system to the force. To ensure the
ventilation process, a third opening is situated in the
center of the upper wall. We assume that there is no
slip occurring between the two phases and pure
water and nanoparticles are in a condition of thermal
stability.
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Fig. 1: The problem's geometry: a) Injection mode
and b) Suction mode

As is shown in Table 1, [33], the
thermophysical characteristics of the alumina
nanoparticles under investigation and pure water are
evaluated during average nanofluid temperature
(T" = 32°C). With the exception of density with the
force of buoyancy, Boussinesq's approximation is
still correct, the parameters of the nanofluid are
taken to be constant. It is assumed that the flow in
this investigation is laminar and two-dimensional.
The nanofluid utilized is Newtonian and
incompressible. Moreover, thermal radiation and
viscous dissipation are not taken into consideration.

Table 1. Thermophysical characteristics of both

nanoparticles and water, T' = 32°C, [33]
(H20) (ALO3)

o x 102 (kg/m’) 9.95 39.70
¢, (kg K) 4178 765
A (W/mK) 0.62 36
B x 105 (K1) 32.06 0.846
g x 10 (N.s/m?) 769 -
po (kg/m?) at
T =293 K 998.29

3 Mathematical Modeling

The general equations governing the convection
processes for Newtonian nano-fluid are obtained
using the fundamental principles of conservation of
energy, momentum, and mass. Solving the problem
described by these conservation equations consists

Volume 18, 2023



WSEAS TRANSACTIONS on HEAT and MASS TRANSFER
DOI: 10.37394/232012.2023.18.19

of determining the various unknown quantities u’,
v', P" and T’ involved in these equations.

Considering the hypotheses previously cited, the
basic dimensionless formulas governing the
movement of the nanofluid and the heat transfers in
mixed convection are:

- The continuity equation:
ou'  ov'

! + ! =
ox' 0Oy

0 (1)

- The conservation of momentum equation

e Following ox’ direction:

du' 1P 1 M
—_—— T - Ty )+ u . du (2
dtr pnf axl pnf (pB)nf g( R) an |:ax!2 ay!Z}

e Following oy’ direction:

v’ 1P 1 . o o
—=— o+ —(pB) & (T' = Tp)+vy {_2"'_2}

dt pnf ay pnf 8x ay

(3)

With P’, designates the effective pressure of the
nanofluid.
- The energy conservation equation

' 2 2t
ar_, [or o @
dt, 87('2 ayrZ

Therefore, under the above-mentioned equations
and wusing the stream function and vorticity
definitions, the differential equation system that
controls the transport of a nanofluid in the cavity in
two dimensions may be expressed as:

o ,0Q 092 (pB), T’ 0'Q"  0*Q
U =4V —=—Tg—+vV, +
at' ox' o p, ox' ox'* oy

j )

oT’ ,OT’ ,OT' oT’ o’

+u +Vv =, | —Ft—F (6)
atl axl 6y! axl 6y!
oy oY’ ,
ot =42 (7
oxt oy

For a two-dimensional flow, the following
relations correlate the velocity components to the
vorticity and the stream function:

' ' o' o
U’=al, ; V’=—al, , 2 =—-— (8)
oy X ox' oy
The following correlations are the expressions
for Effective density, thermal diffusivity, heat
capacitance, and thermal expansion coefficient of
nanofluid, in that order, [11], [34]:
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Py =0p, +(1-9)p, )
a, = A 10

" (e, ), (10)
(ec, ), =0(ec,) +(1-9)(ec,), (11)
(pB), =dp, B.+(1-0)p, B, (12)

The following correlations, can be used to
predict effective dynamic viscosity, un, and
effective thermal conductivity, An: utilizing a vast
array of data from experiments collected by various
studies, [5]:

10 0.03
A =2 |1+4.4 ReM Pros [l] [j_j ¢ (13)
fr f

P 1 (14)
" 1-34.87(d, 1 d, ) g

The strength of equations (13) and (14) were
recently tested through an examination of
comparison using multiple experimental databases
compared to those employed in generating them.
The results showed a fairly good degree of
acceptance, in addition to the fact that both of them
precisely approximate the results from experiments
that form their basis, [35], [36].

Hence, the dimensionless variables listed below

should be used:
A=L/H', B=h'/H', x=x/H', y=y/Hu=u/u,
V=V UL b=ty LT =(T =TT, -T0), ¥ =PIH',
Re=u/Hv, @=Q'H'Iu ,Pr=v o, Ra=g g, (T, -T,)H la,v,,.

The equations that govern the problem without

dimensions formulation are provided by including
the variables without dimensions and given as:

Po, L jor 1
ﬂf ¢ P, | 6X Re (15)
7754_
(1-9) p;
#nf
N T (6_&8_9}
62 2
[¢ps+(1—¢)j oo
Pi
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ﬂ’nf
ar L, Tt 2,
ot o oy RePr (l_¢)+¢(pcp)s
(ﬂp)f (16)
T o°T
aXZ ayZ
oY o'y
Tt =0 (17)
ox: oy

Here are the definitions of vorticity and the
dimensionless stream function:

oY

u=a—¥, ; V=—— and .Q=Q—a—u
X oxX oy

18
Y (18)
3.1 Border Conditions
When used the two ventilation modes, the same
boundary conditions in the without dimensions form
are established as follows:

u=v=0 no-slip flow condition for the sides
T=1and ¥=0 in the lower horizontal hot side

6_T =0 in adiabatic sides

on

"n" The outside perpendicular to the proposed
adiabatic side

Suitable boundary conditions without dimensions

about suction or injection scenarios can be

expressed as:

Injection case:

u=1,T=v=0=0, ¥=y in cavity’s left
entrance

u=-1,T=v=0=0, ¥=-y in cavity’s right
entrance

¥=-B  within the top output and the right input
Y=B within the top output and the left input

Suction case:
T=0 in a top input
u=-1,v=0, ¥=-y,0=0 in a left output
u=1,v=0, ¥=y,02=0 in a right output
¥=-B  within a top input and a left output
¥=B within a top input and a right output

About the vorticity, which is unknown on the solid
boundary, the author, [37], found an approximation
relation, was used for its stability and accuracy, such
as:
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1 3

Q =—=Q -— (7, - 19
w 2 W+l A”z ( W+l W) ( )
Is utilized because of its precision and stability,
where w denotes a wall, An for a space step that is

taken in the wall's normal orientation.

3.2 Heat Transfer Calculation

In engineering applications, the total heat
transmission throughout the cavity is a crucial
metric. The mean Nusselt number, Nu, along a
bottom active wall is used to express it, and it is
assessed as follows [38]:

A
Nu:_l(knfj jar
A\ Xy )y Oy

4 Numerical Solution Procedure
A finite difference approach was utilized to
discretize equations that govern the system, which
are Egs. (15), (16) and (17), in combination with
their related boundaries. A second-order central
difference method approximated the diffusive terms'
first and second derivatives. In addition, a second-
order upwind differencing method was applied to
advection terms to prevent probable instabilities that
are often seen in mixed convection challenges.
Temporal integration for Egs. (15) and (16) were
then carried out using an alternating direction
implicit (ADI) approach. Using the point sequential
over-relaxation method (PSOR) at every time step,
the Poisson equation, Eq. (17), was solved. For a
grid (201x101) used in this work, the optimal over-
relaxation coefficient was 1.95. The agreement on
convergence criteria Z""i,?ﬂ—l[ji,? /z ¥ <107
ij i
this ¥} is the stream
function result for the n® execution level at node
(i,j). According to the governing parameter values, a
range of time stepping sizes 10° < & <10~ were
chosen.

dx (20)

y=0

was met for ¥ every step,

5 Validation of Code and Studies on
Grid Independence

In numerical modeling, computational code
validation is crucial. Verifying the accuracy of this
numerical code was done by contrasting our
findings with numerical results reported in the study
[21], of mixed convection flows in a vented square
cavity filled with CuO-water nanofluid that were
heated locally by a constant flux. Figure 2 displays
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comparative findings for Re = 100 based on Nu
assessed on the heated portion on the lower wall.
When changing ¢ from 0 to 5% and Ri = 0.1, 1, and
10, the highest variances seen stay under 1.02%.
Additionally, Our code was confirmed by
comparing it to the experiment results of the authors
[39], for natural convection in a square cavity
containing an alumina-water nanofluid and heated
differently for H' x L' = 25 mm x 25 mm, different
values of Ra and ¢ =0.1 %. Comparing findings
with the highest differences of about 4.5% are
shown in Table 2 and pertain to Nu assessed against
the hot wall. Therefore, these findings guarantee the
correctness of the current code used to investigate
the considered problem.

20
— — Shahi et al. [21]
18. Present work . =
16 -
Nu
14 -
12
10 T . T r
0 0.01 0.02 0.03 0.04 0.05
¢

Fig. 2: Comparing Nu, for Re = 100 and various
values of ¢ and Ri in vented square cavity exposed
to copper-water nanofluid

Table 2. Verification of the numeric code for
various values of Ra using Nu assessed on hot wall
in square cavity that contains Al,O3 and water

nanofluid
Ra Current  Ho et al. [39] percentage
study  (Experimental) variation
7.510° 7.91 7.6 4.08
1.5 10° 9.801 9.4 4.26
2.510° 11.79 11.3 433
3.310° 12.54 12 4.5
To wverify that the solution was grid-

independent, a full mesh testing process was carried
out. For both the x and y axes, a uniform size of grid
201x101 is employed in all calculations for this
investigation. By contrasting the findings from this
grid with those from a finer grid of 321x161, grid
sensitivity research has been carried out (Table 3).
Indeed, in terms of Wmax and Nu, the highest relative
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error generated is less than 1.06 percent and 1.76
percent, respectively.

Table 3. Examination results of grid independence
with 1 and 2 corresponds to (201x101) and
(321x161) respectively for various Re and ¢ values
for the suction and the injection forced flow

¢ =0.04 6 =0.07

'“Pmax Nu leax Nu

Injection | 1| 9279 | 18.892 | 0.279 | 19.327
flow

Re=600 | 2| 0.281 | 19.191 | 0.281 | 19.665

Injection | 1| 0.282 | 33.155 | 0.282 | 33.820
flow

Re=2000 | 2| 0.285 | 33.496 | 0.285 | 34.182

Suction | 1| (0297 | 23.987 | 0.297 | 24.423
flow

Re=200 | 2| 0.298 | 23.564 | 0.298 | 23.996

Slfllcﬁon 1| 0.284 | 96.540 | 0.284 | 98.717
ow

Re=3000 | 2| 0.284 | 97.214 | 0.284 | 99.575

6 Findings and Discussions

We conduct numerical simulations to investigate the
temperature and convective flow patterns in a multi-
vented enclosure, heated with uniform hot
temperature at the bottom horizontal wall. This
simulation are performed for a Reynolds number
(Re) varied between 200 and 5000 and a volume
fraction of nanoparticles (¢) that varies from 0% to
7%, while maintaining a fixed Rayleigh number of
Ra=10°. The analysis evaluates the conjugate effects
of Re, ¢ and the applied flow mode via the cavity on
temperature distribution, cooling efficiency, and
fluid flow. It will be noted that, low values of Re
(Re £ 500) in the injection mode lead to unsteady
solutions, which do not clearly show up as dynamic
and thermal structures in the region of the instability
zone.

Figures 3a-3d show streamlines and isotherms
plots for the two cases ¢ = 0 (continuous line — )
and ¢ = 0.07 (discontinuous line - - - ),
demonstrating the effect of Re on thermal fields and
dynamical in injection mode. Four closed-cell
structures are seen in the streamlines at the moderate
value of Re (Re = 600) (Figure 3a). Therefore, the
two cells in the highest part of the cavity on the
right (clockwise cell) and left (trigonometric cell)
correspond to those located above open lines of
forced flow caused by shear effects. Both with
heated walls, turning in opposite directions because
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of shear effects and free convection. By raising ¢
from 0 to 0.07, qualitatively, a very small effect in
the stream pattern can be seen. There is an adequate
convective heat transfer entre the liquid and the
active horizontal wall, as indicated by the matching
isotherms that tighten at that level. In addition, there
are two cold zones which are delimited by an inlet
opening and that of the exit.

These two zones are brought eventually to a
uniform temperature that is equal to that of the
external environment. The presence of this
characteristic attests to an absence of heat
transmission via the active wall and the surrounding
walls. Furthermore, because the comparable
isotherms for the pure water and ¢ = 0.07 are well
spaced, the impact of ¢ is greatly noticeable where
the two little bottom cells are located. As the
influence of forced convection increases, an increase
in Re up to 1000 (Figure 3b) causes a rise in the size
as well as the intensity of the two lower cells (which
are compared to the higher cells), which allows
straightening of the open lines and consequently
leaving enough space in favor of the two cells. Re is
subsequently increased to 3000 and eventually 5000
(dominant forced convection regime) in order to
support the bottom cell, as Figures 3c-3d illustrate.
This improvement is to detriment of open lines
which become relatively straight. However, for high
numbers of Re, the thermal and dynamic structures
grow insensitive to the quantity of nanoparticles.
Near the heated wall, all isotherms condense, as
indicated by the corresponding isotherms, by
forming a distinguished and very thin thermal
boundary layer. This behavior testifies an intense
heat released via the open lines to the exterior either
directly or through the two lower cells.

The streamlines and isotherms are also
displayed in the enclosure in the suction case in
Figures 4a—4e for both ¢ = 0 (continuous line —)
and ¢ = 0.07 (discontinuous line - - -) and different
Re wvalues. As illustrated in Figure 4a, the
streamlines observed at low Re values (Re = 200)
demonstrate that the forced flow is sucked vertically
through the opening situated in the middle of the top
wall, then leaving horizontally the cavity from the
two vertical outlets. Therefore, the lower hot wall is
in direct contact with the horizontal and parallel
open lines, which allows a strong thermal exchange
of this wall and the fluid. The existence of two
large, enclosed cells defines the structure with the
same size and opposite senses, surmounting the
promoted flow's open lines and whose formation is
mostly caused by shear force compared to the larger
cells that are visible on injection, such cells are
straight, big, and intense (Figure 3a). In addition, the
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dynamic structure is symmetrical about the middle
of the configuration, as demonstrated. The
associated isotherms are condensed as a beam in the
vicinity from the horizontal wall that is heated,
which forms a thermal boundary layer of low
thickness indicating a powerful convective heat
transmission from the fluid's wall. As a result, the
heat generated in the hot wall is immediately
evacuated via thermal boundary layer to exit. Maybe
said in this situation that the inertia forces dominate
over the forces of buoyancy. Besides, we note that
the thermally inactive zone (cold zone) occupies
almost the entire cavity. This behavior indicates that
the technique of suction is thermally stronger
compared to the injection mode. The two enclosed
cells sizes somewhat grow because of the increase
of the forced flow when Re is increased up to 600
and 1000 (Figures 4b-4c).

The isotherms demonstrate a reduction of the
cold zone relative to the boundary layer, indicating
an increase in the impact of forced convection. An
additional raise of Re up to 3000 and then 5000 does
not encourage the modification of the flow structure
(Figures 4d-4e) but contributes to the reduction of
the thermal border layer in favor of the cold region
and subsequently to the improvement of the thermal
transfer. In the end, it needs to be emphasized that
the existence of nanoparticles (from ¢ = 0 to ¢ =
0.07) does not modify the dynamic and thermal
structures, whatever the intensity of the forced flow.

We used Figure 5 to demonstrate the variation
between the Nu and the Re, and different values of ¢
along the wall that is heated, to show the success
that modes performed during the heat removal
process. Overall, Nu increase with Re in both
modes. At Re =500, the rate of this growth gains
significance (beyond this threshold, an increase in
the curve's slope is seen). The intensity of the flow
supports this pattern that occurs as a result of the
inertia forces generated by the rise in Re.

On the other hand, Nu in the injection situation
is nearly constant as long as Re < 500. The
explanation for this outcome is that, over this range
of Re, natural convection predominates and
therefore, for any given Re, the impact on the
transmission of heat is insignificant. This result is
because the appearance of two closed cells which
delays the transfer of heat in the situation of low-
velocity flow through the fluid and heated wall.

About the suction mode, this single point does
not exist because of the imposed flow keeps the
heated wall entirely in direct contact, resulting in a
constant rise in Nu with Re. When ¢ is increased to
0.07, for a fixed value of Re, the convection
increases noticeably in both mode conditions. This
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is because as ¢ increases, the nanofluid's effective
thermal conductivity also increases. More
specifically, Nu is raised for the more fortunate
scenario by raising ¢ from 0 to 0.07, used for
Re = 5000, from 106.26 / (49.43) to 116.17 / (53.55)
for the suction / (injection) case.
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It should be mentioned that the difference
between suction and injection, improves heat
transfer more, resulting in more cavity cooling for
all Re values, whether the cavity is packed with
either nanofluid or water.

Fig. 3: Streamlines and isotherms, for ¢ = 0 (—) and ¢ = 0.07 (- - -), various values of Re, with injection case:
a) Re = 600, b) Re = 1000, c) Re = 3000 and d) Re = 5000
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Fig. 4: Streamlines and isotherms, for ¢ = 0 (—) and ¢ = 0.07 (- - -), various values of Re, with suction case:
a) Re =200, b) Re = 600, ¢) Re = 1000, d) Re = 3000 and e) Re = 5000
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Furthermore, in mixed or forced convection
(moderate Re wvalues), the suction case thermal
performance is more noticeable. This revealed result
proves the originality of our work since the most of
earlier research examined the injection mode while
examining the ventilated systems' thermal
capabilities. Quantitatively, for ¢ = 0.04 and Re =
1000 Nu rises from 23.59 to 58.23 when switching
from injection to suction mode which corresponds
to a multiplication of the heat transfer rate of almost
2.5.

120

« Periodic solution -
>

1004
80

Nu 604

40/

201~

Injection

1000
Re
Fig. 5: Variations of Nu, with respect to Re for
various values of ¢ in both injection and suction
mode.

0
200 500 2000

It should be emphasized that oscillatory action
is frequently seen during the time of a shift from one
flow to another structure to another, when the
heating is applied by the bottom or when Ra is
sufficiently high and Re is less than the critical
value. Thus, in the mode of injection, unsteady
periodic solutions have been obtained; they are
marked by full circles in Figure 5. For such cases,
Nu is averaged over multiple flow cycles. When Re
rises over a critical value, these unstable solutions
vanish. For more precision, the existence of these
periodic solutions is restricted with
(200 < Re < 500) depending on ¢.

Figures 6a—6b provide an example of a typical
periodic solution and show the unsteady periodic
regime in terms of Wmin and Nu, in the injection
mode, for Re = 300 and ¢ = 0.04. The nature of the
For Nu, the fluctuations are sinusoidal, although this
sinusoidal behavior is lost for Wmin during a short
interval. Both variables (Wmin and Nu) oscillate at
identical periods in space and time. By the norm of
the author [40], the analogous trajectory in the
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(Wmin, Nu) phase plane is a straightforward closed
curve of the P;-type.

The cycle's limits are projected in the phase
plane in Figure 6¢. Figure 6b shows streamlines and
isotherms at specific moments that correspond to the
characters ‘a’ to ‘e’ throughout one flow cycle.

-0.2787

-0.27904
Tmin

-0.27934
a)

400

-0.2796
360

370 390

17.0

16.5

Nu
16.04

15.5

w

17.0

16.5

Nu
16.0.

155 : i . . g
-0.2796 -0.2794 -0.2792 -0.2790 -0.2788 -0.2786
\Pmin
Fig. 6: Periodic oscillations, obtained for Re = 300
and ¢ = 0.04 in the injection case: a) variations with
time of Wmin, b) variations with time of Nu and
¢) projection at a phase plane Wmin-Nu.

Figures 7a—7e show that as the cycle evolves,
there are minor changes to the temperature and flow
structure within the enclosure. But it is to indicate
that an alternation of appearance and disappearance
of the two cells below the forced lines is marked.
The existence of these convective cells is favored by
natural convection's significance. This observed
phenomenon is justified by the competition between
natural and forced convection, which causes the
appearance of an oscillatory regime. In addition, the
corresponding isotherms show clearly that, there is
some complication in the temperature distribution
within the cavity in the lower center section.
(Deformation of isotherms) because of this area’s
complicated flow structure, located where two small
cells are situated.
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Fig. 7: Streamlines and isotherms, during one flow cycle, in injection case, for Re = 300 and ¢ = 0.04
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The improvement of the heat exchange by the
suction mode’s accomplishment is demonstrated in
Figure 8 regarding the injection case, presents the
variation ~ with Re of the  parameter

Emod = [(Nu suction” Nu injection) / Nu injection] . 100 . For

any value of ¢, Enoa crosses as a monotonous way
with Re up to a maximum value that corresponds to
a critical Re (Re. = 1500). Quantitatively, in the
case of ¢ = 0.07, Enoa reaches its maximum value
which is approximately 150% (ie, the amount of
heat released is amplified by 2.5 times). Beyond
Re., any increase in Re involves a drastic reduction
of Emed. The consequence of this analysis shows the
contribution of the suction case is favored by Re as
Re < 1500. On the other hand, for a given Re, we
deduce that, the contribution of the suction case is
supported by ¢ for Re < 500.

160

1404

120

Emod% 100-

80 —$=0
; - —¢$=0.04
604 « Periodic solution ™ $¢=0.07
40 r
200 500 1000 2000 5000
Re

Fig. 8: Variations of the heat exchange improvement
by ventilation mode, Em., with Re, and various
values of ¢

The  heat-producing  potential of  the
nanoparticles transfer improvement, for the two
ventilation modes, is displayed in Figure 9
concerning variations with Re of the parameter
E; =[(Nu,-Nu;)/Nu;]x100 for ¢ = 0.04 and

0.07. In the injection mode, E, increases
monotonically through Re until a maximum amount
is reached, obtained for Re. = 600, which equals
6.5% / (9%) for ¢ = 0.04 / (0.07). Beyond Re., Exf
remains almost constant. For the suction mode, Ex¢
increases significantly with Re as long as the latter
is greater than 1000. Below this value, E.r is
insensitive to any disturbance of Re. It is useful to
mention that adding nanoparticles will make the
suction mode more advantageous for improving heat
exchange in comparison with the injection one for
low and high Re. Also, it is noted that the difference
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in term of En, resulting from the augmentation of ¢
from 0.04 to 0.07 keeps the same value for both
modes and which is equal to 2.5%. However, for the
injection case with Re < 500, this value is
approximately 0.3%.

10

» Periodic solution

84

_______

Enf % 6 T
4+ ——$=0.04
Injection 7 $=0.07
2 y
200 500 1000 2000 5000
Re

Fig. 9: Variations of the heat transfer improvement
by nanoparticles addition, E,s, with Re, for various
values of ¢ in both modes

It is essential to give particular consideration to
the assessment of the cavity's average temperature
in such situations. Therefore, Figure 10 shows
variations of this parameter relation to Re for the
two ventilation cases and various values of ¢.
Specifically, in the injection case, raising Re to a
critical number Re. = 500 raises the average

temperature T, which strongly depends on ¢. A
constant Nu value in this Re region justifies this
cavity reheating. (Figure 5 for the injection mode).
Beyond Re., this tendency is reversed because the
growing effect of Re is demonstrated by a drop of

T ; this conduct is the result of the prevailing forced
convection, which favors the evacuation of heat
towards the exit and consequently assists in keeping
the cavity cold. For the suction mode, the evolution

of the average temperature T is distinguished by a
notable reduction as Re increases. This is because of
the higher heat exchange by convection with the rise
in the flow velocity. Also, the positive impact of the
insertion of nanoparticles on average temperature is
observed. In addition, it is underlined to mention

that the results of T obtained in the suction mode
are lower than those obtained in the injection mode,
the suction case effectively cools the cavity. For
clarity, it should be mentioned that switching from

the injection to the suction type results of T in the

Volume 18, 2023



reduction of almost 86%

WSEAS TRANSACTIONS on HEAT and MASS TRANSFER
DOI: 10.37394/232012.2023.18.19

for Re = 1000 and

¢ =0.04.

=
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Fig. 10: Variations, of the mean temperature, T ,
with Re, for different values of ¢ in both modes.

7 Conclusions

Nanofluid mixed convection in a multi-vented
cavity heated from the bottom has been studied by
taking injection and suction cases of forced external

flows.

Considering the results, the following

conclusions have been drawn:

v" Increasing the volume fraction of nanoparticles

increases the rate of heat transmission for all
values of Re in both modes; such behavior is
weak for low values of Re in injection mode.
The mean temperature is significantly raised
with  dispersed
enclosure for the two modes of forced flow.

A higher thermal efficiency is achieved in the
suction mode by increasing heat transport
across the cavity, with or without nanoparticles.
Applying the suction mode usually results in
improved cavity cooling because it reduces the
average temperature values.

nanoparticles within the
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