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Abstract

Mixed convection of heat and mass transfer in an isosceles trapezoidal cavity
has been studied numerically. Constant heat flux is imposed through four
outlets and the grid is insulated. The inclined walls are maintained in natural
convection while the lower horizontal wall is adiabatic. These conditions re-
flect the air draft zone of the ASUTO charcoal stove. The governing two-di-
mensional flow equations have been solved by using the finite difference me-
thod and Thomas’s algorithm. The investigations are conducted for different
values of Richardson (R), Reynolds number (R,) and inclination angles of si-
dewalls. The results are presented in terms of streamlines, isotherms, mois-
ture contours. It was found that for Reynolds number (R,) equal to 100, the
flow pattern is strongly dependent on the inclination angle and Richardson
number. Thus, for high Richardson number (R, values (10, 100), the domin-
ance of natural convection over the flow structure decreases with the decreas-
ing of the inclination angle of sidewalls of the cavity. For R;= 1, an optimum
air draft corresponds to an inclination angle in the vicinity of 22° while for R;=
10 or 100 (in dominance of natural convection), the optimum inclination an-
gle for air draft is in the vicinity of 15°.
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Mixed Convection, Heat and Mass Transfer, Trapezoidal Cavity, ASUTO
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1. Introduction

The phenomenon of thermal convection has been the subject of numerous re-
search activities. On the one hand, energy efficiency in industrial or semi-industrial
processes has prompted a great number of authors to take interest in the subject.
On the other hand, it has been shown that the efficiency of combustion processes
in improved stoves depended primarily on their air draft [1]. Dr. Larry Winiasky
[2] in the “design principles for wood burning cookstoves”, proposes ten design
principles for an efficient biomass cookstove with low emission rates. In these
ten principles, five of them refer to an optimal draught of air in the cookstove.
An insufficient amount of air in the combustion chamber leads to incomplete
combustion with a high emission rate and little heat. Too much air flow also pre-
vents the combustion gas from burning in the stove: this is sometimes the case
with forced draught stoves. According to Kumar ef a/ [3], in a natural draught
stove, the best mixing of fuel gases could not take place. Therefore, the stove de-
veloper has to improve the combustion efficiency by means of better stove geo-
metry and new materials. Combustion in a solid fuel stove is largely dependent
on the flow of fluid through the fuel bed. MacCarty ef al. [4] studied the perfor-
mance of the Rocket stove and concluded that a well-designed stove with optim-
al geometry can result in better air distribution in the bed and drafting of flue
gases out of the kitchen. According to Baldwin [5]; the performance of the stove
can be improved by injecting air below the fuel bed for better air mixing, which
is necessary for clean burning of the fuel. This will increase the thermal efficien-
cy and reduce the emissions of the stove. The efficiency of the stove can be in-
creased by controlling the air flow to the combustion chamber. In addition, op-
timal flow not only improves combustion efficiency and temperature, but also
reduces emissions. Agenbroad et al [6], [7] proposed a simplified model of the
fundamental physics of the natural draft stove to predict the flow rate, tempera-
ture and excess air ratio as a function of stove geometry and firepower. They
demonstrated that these parameters are the fundamentals for the work on un-
derstanding and improving the emissions and heat transfer of biomass cooks-
toves. Buoyancy is one of the important input parameters for models of thermal
efficiency and heat transfer to the pot; whether the model is analytical, empirical
or numerical. On the other hand, excess air rate and oxygen flow rate affect
combustion chemistry and aerodynamics, and thus the resulting emissions and
heat transfer. Their results point to excess air rate as a promising tool for reduc-
ing carbon monoxide emissions. Sedighi and Salarian [1] presented in their lite-
rature review a holistic analysis of the parameters which influence the efficiency
and the emission rate of stoves. Their analysis shows that the air flow rate in the
charcoal cookstove and the heat produced by the charcoal vary in the same way.
When the air flow rate increases, the heat produced increases. With respect to
the above literature review, we concluded that the study of thermo convection in
the geometry of improved stoves would contribute to the optimization of their

energy efficiency and their emissions. Concerning the study of convection in cav-
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ities, there is a lot of works carried out by researchers. Some authors have stu-
died the phenomenon in simple geometries such as the square cavity [8], the
rectangular cavity and other more complex geometries [9] [10] [11] [12], but it
should be noted that, to date, few works have focused on the trapezoidal confi-
guration.

From 1989, Lam et al. [13] studied experimentally and numerically the natural
convection heat transfer in trapezoidal cavity having a hot horizontal base, a cool
inclined top and insulated vertical walls. The results are presented for width-to-
mean height ratio of 4, Rayleigh numbers from 103 to 107 and top surface incli-
nations from 0 to 25° to the horizontal. Nusselt numbers computed by the mod-
el are in good agreement with the experimental values. The results showed high-
er Nusselt than expected in the range of 8.103 < Ra < 2.105 for inclinations of 0
to 5°. The Nusselt number decreases overall, as the inclination increases. The
proportions of convective heat flow rate into the high side and low side of the
cavity were measured and show distinct maxima at particular Rayleigh numbers
independently to the top surface inclination angle. Mohammed Boussaid et al
[14] studied the natural transfer of heat and mass in a trapezoidal cavity heated
by the base and cooled by the upper inclined wall. The equations relating to the
transport of momentum, energy and concentration are solved by the finite vo-
lume method. The results showed flow patterns dependent on the inclination of
the top wall. Thus, for low angles of inclination, the flow was of the Ray-
leigh-Bernard type; and for strong inclinations, the flow was more akin to the
case of the rectangular cavity heated differentially. The increase in the elongation
of the cavity leads to an increase in the rates of heat and mass transfer. Acharya
et al. [15] investigated the effect of baffles placed on the inclined upper wall of
trapezoidal cavity. The results obtained with air as working fluid reveals a de-
crease in heat transfer in the presence of baffles. In general, the heat transfer de-
creases when the height of the baffles is increased. Fontana et al. [16] studied the
effect of two baffles placed at the floor wall of trapezoidal cavity heated differen-
tially on the vertical walls. The results reveal that the presence of the second baf-
fle decreases the cavity’s fluid flow and heat transfer. As the height of the second
baffle rises, the heat transfer drops drastically. Also, two baffles produce more
pronounced thermal stratification than only one. Da Silva et al. [17] take up the
work done by Fontana et al [16] but go further by proposing a correlation for
the average Nusselt number in terms of Prandtl and Rayleigh numbers, the in-
clination of the upper surface of the cavity and for each baffle height. In addition
to the previous results, it was observed that for a given baffle height, the total
heat transfer increased substantially with increasing Rayleigh numbers, while the
average Nusselt increased smoothly with an increasing tilt angle. Benzema et al
[18] present a numerical investigation of steady and laminar mixed convection
flow within an irregular ventilated enclosure, crossed by Cu-Water Nano fluid.
The bottom wall is maintained at a constant and uniform temperature, whereas
the top and the vertical walls are adiabatic. The inclined wall is kept at a lower
constant temperature. The governing coupled equations are resolved by the means
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of the finite volume technique. The computations are performed using a home-
made computer code, which was successfully validated, after comparison of the
results with pervious numerical and experimental works. The results are ana-
lyzed through dynamic and thermal fields with a particular attention to the
Nusselt number evaluated along the active wall. The results reveal that the flow
structure is more sensitive to both Richardson and Reynolds numbers variations.
Munshi et al [19] studied numerically the mixed convection in a lid-driven
hexagonal cavity with corner heater by employing finite element method. The
focus of the work is to investigate the effect of Hartmann number, Richardson
number, Grashof number and Reynolds number on the fluid flow and heat trans-
fer characteristics inside the enclosure. The results reveal that heat transfer rate
increases with increasing Richardson number and Hartmann number. The large
values of Richardson number lead to increase the lid-driven effect whereas the
small values of Richardson number lead to increase effect of presence of the heat
source on the flow and heat characteristics. Thus, heat transfer is enhanced by
the increase of Richardson and Reynolds numbers. Benzema et al [20] investi-
gate numerically the effect of an external magnetic field on heat transfer and en-
tropy generation of Ag-MgO/water hybrid nanofluid flow in a partially heated
irregular ventilated trapezoidal cavity. A finite volume Fortran code has been
written to solve the governing partial differential equations. The analysis has
been done for a wide range of Reynolds number, Hartmann number and total
nanoparticle volume fraction. The results reveal that the intensification of the
magnetic field tends to attenuate the heat transfer convection and to reduce the
thickness of the thermal boundary layer, close to the active walls. Globally, add-
ing nanoparticles to the base fluid improves the heat transfer but increases the
total entropy generation. This literature review on the study of thermoconvec-
tion in trapezoidal cavities shows that most works has been done on the trape-
zoidal cavity with a single inclined wall. But the case of an isoscele trapezoidal
cavity with several outlets has not been studied to date, at least to our know-
ledge.

In the present study, the case of heat and mass transfer in a trapezoidal cavity
representing the primary air draft zone of the ASUTO charcoal stove is pre-
sented. The Reynolds is fixed at 100 while the Richardson varies from 0.1 to 100.
Thus, the influence of the Richardson and inclination angle of sidewalls on the
flow structure, the distribution of temperature and moisture are investigated in
detail in order to predict the optimum inclination angle corresponding to the
best draft of primary air in ASUTO charcoal stove. This paper is structured as
follows: we first present the physical model and simplifying assumptions, then
the dimensionless theoretical model with boundary conditions, the numerical
methodology used, the results and discussions, and finally a conclusion report-

ing the main results.

2. Description of the Physical Model

The geometry of the problem under consideration is illustrated in Figure 1. This

DOI: 10.4236/mme.2022.122003

48 Modern Mechanical Engineering


https://doi.org/10.4236/mme.2022.122003

G. K. Apedanou et al.

YN

X

L

Figure 1. Geometry of the air draft zone
of the ASUTO charcoal stove.

is the air draft zone of an improved charcoal stove of isoscele trapezoidal section.
The side walls, inclined at an angle a with respect to the vertical, are stationary
and maintained in natural convection with the ambient air. An inlet is located
on the lower part of right sidewall where primary air enters in the draft zone of
ASUTO charcoal stove. The upper horizontal wall is a ceramic grate opening
into the combustion zone of the stove. This wall is modeled here by four outlets
of the same diameter above which is located a constant heat source q representing
the heat flow coming from the charcoal bed of the combustion chamber ac-
cording to Gogoi and Baruah [21]. The intermediate part of the outlets is kept
adiabatic due to its ceramic nature. The lower horizontal wall is assumed adia-
batic.

3. Simplifying Assumptions

To carry out the present study, the following simplifying assumptions are consi-
dered. Humid air is Newtonian, incompressible and obeys Boussinesq’s hypo-
thesis. The physical properties are constant, the Soret and Dufour cross effects
are negligible. The regime is laminar and the flow is two-dimensional. Radiant
heat transfer is negligible. The viscous dissipation and the pressure term in the

heat equation are negligible.

4. Mathematical Model

Taking into account the assumptions made previously, the equations of the ma-

thematical model in dimensionless form are as follows:

oU oV

=0 (1)
oX oY
2 2
a_U+Ua_U+Va_U=_a_P+L a_li_;_a_li (2)
or oX oY 0X R,\0X° oY
2 2
6—V+U6—V+V6—V=—6—P 1 62+6Z +RO+R.C (3)
or oX oY oY R \oX° oY
2 2
%+U%+V%=_l _8924,-_60; (4)
or oX 0Y RP\0X° 0Y
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(5)

oC oC oc 1 (&*c o'C
—+ U —+V—=— Tt ——
or oX oY S.\ox° orv

Using the stream function (y)-vorticity (w) formulation, Equations (2) and

(3) are reduced in the form:

dw dw _dw 1(dw o 00 oC
— U —+V—=—| —F+— [+ R —+Rc— (6)
or oX oY R, \o0X" oY oX oX
where:
v Ow
+ =-w 7
ox* or? 7)
U :5_l// (8)
oY
V = _a_l// (9)
oX
The dimensional variables are as follows:
T-T,
X:i;Y:l;sz—o;Uzi;Vzl;ez 0;
H H H u, u, qgh
A (10)
c u,H Gr qH*
C=—;R = 0 i R=—3;G. =g- o Sl
o v ' R & fr Vi

where Uand V are the velocity components in X and Y directions respective-
ly, P is the pressure, @ is the non-dimensional temperature, P, the Prandtl
number, . the Schmidt number, C the dimensionless concentration, 7 the di-

mensionless time and G, the Grashof number.

5. Boundary Conditions
5.1. Velocity Components Conditions

All the walls of the cavity have no-slip boundary conditions: on all the walls,
the velocities are set to zero:

U=V=0 (11)

The U component of the velocity is imposed on the inlet while the gra-

dients of the Uand V components of the velocity are zero on the outlets.

5.2. Thermal and Moisture Conditions

The experiment study of Biswajit Gogoi and DC Baruah [22] shows that the
primary air receives heat from the fuel bed when pulled upward [21]. In order
to take into account this experimental observation, a heat flux has been im-
posed through the outlets. The exits are separated by adiabatic wall.

- Exits

4B 3B 2B B B 2B
S X< or < X< or — < X <22,
9H 9H 9H 9H 9H 9H (12)
or 2B sX<£;a dy=1 %:1;6_(7: ’a_“)_
oY oY oY
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- Walls between exits:

—iSXS—4—B; or —3—B£XS—2—B; or —iﬁXﬁ+i;
2H OH OH OH 9H OH (13)
or ES)(Sﬁ; orﬁs)(ﬁi and Yzl:%:O;C:O;a)za—U
OH 9H 9H 2H oY oY
- On the side walls:
—1%=h9;a—c=0; and wza—V—a—U (14)
on on oX oY
With n the outgoing normal of the wall.
- Air inlet
vV
0=0;C=1; and wZ@__@_U (15)
oX oY
- On the lower horizontal wall
2
—LSXS+iandY=O:%:O;6—C=O;a)=—a—l/; (16)
2H 2H oY oX oY

6. Numerical Method

Transfer equations with boundary conditions are discretized using the implicit
finite difference method. The diffusion terms are approximated by the central
finite difference scheme while the time derivative is implicitly discretized. The
Thomas algorithm was used to solve the algebraic equations system. The simula-
tion is performed numerically using a computer code implemented in Fortran
language. The iterative process reaches convergence when the relative variation
of the dependent variables (U, V, 6, Cor y) between actual and the previous ite-

ration is not significant:

fn+l _ fn
fn+l

where fis the dependent variable, 11 the previous iteration and 2 + 1, the current

<10 (17)

iteration.

The transport equations are discretised on a uniformly structured computa-
tional domain. The inclined walls are approximated by a staircase shape which,
by densifying the mesh, significantly reduces the error generated by this shape.
Details of this approach can be found in Mahmoudi ef al. [22]. The 151 x 101
mesh size was chosen, for a cavity of elongation Al = 1, as providing results very
little dependence on the grid except for the case of a 15” inclination where 101 x
101 has been retained. The accuracy of the numerical model was verified by
comparing results from the present study with those obtained by Aydin et al
[23] and Mohammed Boussaid et al. [14].

First, we qualitatively compared the flow structure as well as the isotherms
obtained by Aydin et al. [23], for the case of mixed air convection filling a square
cavity with moving walls and heated from below and in the middle. As it can be

seen on Figure 2, a great similarity is noted between the streamlines and the
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Figure 2. Comparison of streamlines lines and isotherms of the present work (left) with that of Orhan Aydin (right).

isotherms, obtained by the present code and those of Aydin et al [23]. We com-
pared quantitatively on Figure 3, the nondimensional vertical velocity profiles at
the vertical midplane of the cavity for R;= 2 and for R; = 10.

Secondly, we also qualitatively compared the flow structure as well as the iso-
therms obtained by Boussaid et al [14], for the case of natural air convection
filling a closed trapezoidal cavity heated differentially. As shown on Figure 4,
one notes a perfect agreement between the steeamlines and the isotherms, ob-

tained by our calculation code and those of the reference Boussaid et a/. [14].

7. Results and Discussions

Throughout this paper, the Reynolds number and Prandtl number are fixed re-
spectively at R, = 100 and P, = 0.71. The effects of physical and geometrical
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Figure 3. Comparison of the nondimensional vertical velocity profiles at the vertical mid-
plane of the cavity for R, =2 and for R;= 10 (results of Aydin et al. and present work).

parameters on the heat transfer and the flow field that occur in the defined cavi-
ty are investigated. The analysis has been conducted for the various ranges of
non-dimensional parameters such as Richardson number (0.1 < R; < 100) and
the inclination angles (15° < a < 30°) of the sidewalls with respect to the vertical
axe. The value of Richardson number determines the dominance of the type of
convection. For Ri < 1, forced convection is dominant while R, > 10, the free
convection is significant. Lastly when 0.1 < R, < 10 both convections are signifi-

cant. This convection is qualified mixed convection.

7.1. Dominance of Forced Convection (R; = 0.1)

The flow structure, the thermal and moisture fields are respectively, presented by
the streamlines, isotherms and iso-values of moisture in Figure 5, for R, = 0.1
and for the inclination angle varying between 15° and 30°. It can be seen that the
streamlines, isotherms and iso-values of moisture patterns are strongly modified
by the variation of the inclination angle of sidewalls. The fluid flow is characte-
rized by opened lines spouting from the inlet, along the right inclined wall of the
cavity and exits through the closest outlet to this wall on the top grid of the cavi-
ty. It appears at the left of the jet of the forced flow observed along the right si-
dewall of the cavity, a recirculating cell occupying the major part of the cavity
(Figure 5(a)), when the inclination angle changes from 15° to 22°. The distribu-
tion of heat in the cavity conforms to the circulation of the fluid revealed by the
streamline’s patterns. The isothermal contour patterns are clustered near the top

wall and the left sidewall resulting in steep temperature gradient in this zone.
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Figure 4. Comparison of streamlines and isotherms of our work (left) with that of Mohammed Boussaid (right).

Indeed, the air moving near the hot grill heats up and by convection, transfers
the heat to the rest of the study domain. That is the reason why the values of
temperature are higher at the upper part of the cavity. The temperature at the vi-
cinity of the right sidewall where is located the inlet is lower because of the cold
jet entering in the cavity. This zone is characterized by the opened lines of stream-
lines contours dominated by forced flow. Near the left sidewall, it can be noticed
parallel isothermal lines denoting the loss of heat by convection trough the left
sidewall. By increasing the inclination angle @, the recirculating cell size grows
up and turns into opened lines (Figure 5(a)) denoting the dominant of forced
convection. The contours of moisture (Figure 5(c)), show that the moisture is
uniform in the zone located between the top grid, the left sidewall and the main
flow region where the temperature values are more important. However, it can
be observed the clustered contours of moisture in the main flow part. This re-

sult reveals the intensification of the diffusion of moisture promoted by the
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(b)

Figure 5. Streamlines (a), isotherms (b) and humidity contours (c) for R, = 0.1 and for different values of the inclination angles.

cold air jet from the inlet port.

7.2. Mixed Convection (R;= 1)

Figure 6 shows the streamlines, the isotherms and the iso-values of moisture,
respectively for R, = 1 and for the inclination angle varying from 15° to 30°. For
a Richardson number of R, = 1, the flow structure, isotherms and iso-values of
moisture are similar to those observed for R; = 0.1. While the open lines of the
flow structure take place from the inlet port go along the right sidewall of the
cavity toward the outlet port near to the upper part of the same wall, the recir-
culating cells appear in the lower part of the cavity limited by the left wall, the
top wall and the main flow zone. This zone is dominated by natural convection
which becomes more and more important when the inclination angle increases.
It can be observed in Figure 6(c) that the size of the zone occupied by moisture
contours decreases when the inclination angle increases from a = 15° to a = 22°

in opposite of those of temperature and streamlines. But for a = 30°, it can be
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(a)

(b) (c)

Figure 6. Streamlines (a), isotherms (b) and moisture contours (c) for R; = 1 and for different values of the inclination angles.

noticed an increase of moisture contours and the decreasing of temperature

contours due to the cold air resulting from the installation of forced convection.

7.3. Dominance of Natural Convection (R; = 10; 100)

Figure 7 shows the streamlines, isotherms and moisture contours for R;= 10 and
for the inclination angle varying from 15° to 30°. The flow is characterized by
open lines going from the inlet to the outlet ports along the right wall which
creates a clockwise cell in the cavity for all inclination angle values. Natural con-
vection is becoming less and less important by decreasing the inclination angle.
It is shown by recirculation cells of triangular shapes tending to occupy the cav-
ity from the top of the left sidewall passing through the lower left corner and
then along the lower horizontal wall. It can be noted the appearance of a sec-
ondary vortex in the center of these recirculation cells, but also in the upper
right corner of the cavity (Figure 7(a)). When the inclination angle decreases,
corresponding to a = 22° and a = 18° (Figure 7(a)), another cell appears in the
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(a)

(b)

Figure 7. Streamlines (a), isotherms (b) and humidity contours (c) for R;= 10 and for different values of the inclination angles.

upper left corner. The recirculation cells observed for all values of inclination
angle can be explained by the buoyancy forces of mass which are more impor-
tant in the lower zone of the cavity than the vicinity of the top grid (Figure
7(a)).

For a = 15° (Figure 7(a)), the open lines cross the cavity diagonally from the
inlet to the outlets. This value of the inclination angle seems to provide a better
draft, because promoting the intensification of the open lines. The isotherms are
weakly affected with respect to the increasing of the inclination angle (Figure
7(b)). They pile up near the heated upper wall with outlets. Figure 7(c) shows
de moisture contours which take place in the major part of the cavity. The dis-
tribution of moisture in the cavity is affected by the rise of the temperature and
the intensification of naturel convection transfer in the cavity resulting from the
gradient of temperature between the heated grid located at the upper wall and
the cold air laden with moisture entering inside the cavity.

In order to confirm the results for natural convection, the Richardson number
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is increased to 100. Figure 8 shows the streamlines (a), isotherms (b) and mois-
ture contours (c) for R;= 100 and for different values of the inclination angles. It
can be observed that as the inclination decreases, the main flow tending to cross
the cavity along the diagonal appears (Figure 8(a)). This main flow becomes in-
tense by reducing the size of the convective cell which is then located in the low-
er left angle promoting at the same time the shearing effect, which will lead to
the formation of a contrarotative cell above the jet (Figure 8(a) for a=22° and a=
30°). The development of the intense recirculating cells just at the entrance of
the cavity prevents a free draft of air towards the exits (Figure 8(a) for a = 30°
and for a=22°). It can also be noticed that, in the rest of the cavity, low intensity
recirculation cells appear. Figure 8(b) and Figure 8(c) illustrate the distribution
of temperature and moisture in the cavity for different inclination angle values.
The analysis of these figures shows that the isotherms and moisture contours

are tight near the top wall with exits. The moisture contours tend to take place in

(a) (b) (c)

Figure 8. Streamlines (a), isotherms (b) and moisture contours (c) for R; = 100 and for different values of the inclination angles.
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all the cavity when the inclination angle increases. They are tighter at the vicinity
of the sidewalls than in the middle of the cavity where their distortions are more

important due to the recirculation cells of air flow observed in this zone.

8. Conclusions

A numerical study of heat and mass transfer in mixed convection inside a tra-
pezoidal cavity with an inlet and a grid at the upper part is investigated. The
analysis focuses on the influence of the inclination angle on the structure of flow,
heat and moisture transfers for different Richardson values.

The results show that for a given Richardson number, the variation of the in-
clination is a control factor of the flow structure, the distribution of temperature
and moisture of air in the cavity. For all considered Richardson number, the
flow structure is characterized by open lines and recirculation cells denoting the
presence of forced convection and naturel convection. For low Richardson num-
ber (R;= 0.1 and R; = 1), the isotherms are developed in all the cavity while the
moisture contours are located near the right sidewall where the forced flow of
cold air is more important. When the Richardson number is higher (R;= 10 and
R; = 100), the isotherms are tight to the heated grid and the moisture contours
are developed in all the cavity. For all Richardson number considered, the de-
crease in the inclination angle leads to the disappearance of closed lines in favor
of open lines promoting the draft. For R; = 1, an optimum air draft corresponds
to an inclination angle of the sidewall of ASUTO charcoal stove draft zone is in
the vicinity of 22° while for R; = 10 or 100, the optimum inclination angle for air
draft is in the vicinity of 15°. This inclination angle is retained to promote the
best air draft into the combustion chamber of the stove when functioning in
natural convection.

In the future work, we will couple this primary air draft zone to the cookstove
combustion chamber considered as a reactive porous medium, in order to ac-
count for the global operation of the cookstove and then move on to the experi-

ment.
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