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Abstract-Heat and mass transfer in many systems is widely
accomplished by applying natural convection processes due to
their low cost, reliability, and easy support. Typical applications
include different mechanisms in various fields such as solar
energy, solar distillers, stream cooling, etc. This paper examines
the turbulent natural convection and mass transfer in an open
enclosure for different Aspect Ratios (AR = 0.5, 1, and 2) with
humid air. Mass fraction and local Nusselt number were
examined to investigate the heat and mass transfer. Heat flux
boundary conditions were subjected to the lateral walls, the
bottom one was an adiabatic wall while the top area was a free
surface. The effects of Rayleigh numbers (106 <Ra<108) on
natural convection and mass flow behavior were analyzed. The
governing equations were solved using the CFD Fluent code
based on the SIMPLE algorithm. Results showed that a cavity
with an aspect ratio of AR=2 enhanced the rates of both heat and
mass transfer. Maximum heat transfer rates were observed when
the Rayleigh number increased due to the more vigorous fluid
flow. However, mass transfer improved when the Rayleigh
number decreased.

Keywords-Rayleigh number; turbulent flow; moist air; CFD; fiee
convection

1. INTRODUCTION

Thermal turbulent flow is used in multiple applications of
different mechanisms and systems such as solar energy
collectors and evaporation, drying, distillation, and cooling
processes of electronic compounds [1-9]. Mass and heat
transfers induced by temperature and concentration gradients,
are generally applied in physical processes that involve the
convective and diffusive transport of chemical substances.
Thereby, these heat and concentration gradients are considered
to assist or oppose the performance of a system, depending on
the boundary conditions of a problem. Many researchers tried
to analyze extensively solutions on the heat transfer flow
within closed or open cavities [10-17]. Some studies used heat
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flux or temperature gradient fields to the cavity walls as
boundary conditions [18-20]. Several investigations and
experiments were conducted for various structural
configurations, such as rectangular and square cavities [21-25],
and non-structure enclosures such as sinusoidal and inclined
protuberances [14, 16, 19, 26]. The effects of Rayleigh [17, 24]
and Reynolds numbers on the behavior of free, forced, and
mixed convection were studied in [24-29]. Furthermore,
various studies were conducted on the conditions of mass
transfer and heat fluid motion for square cavities and
rectangular shapes in a closed system [7, 30-36]. The heat and
mass transfer induced by natural convection in a steady-state
square cavity was studied in [31], proposing a two-dimensional
cavity with different heated walls. The effects of the solute
momentum on the rates of heat and mass transfer and Lewis
number on fluid motion were investigated, suggesting
correlations between the properties of dimensional quantities
and rates of thermal and mass transfer. The natural double
diffusion convection in a square cavity with horizontal walls
was examined in [32], characterizing the mass transfer
parameters through the local and global Nusselt and Sherwood
numbers on all walls. The 3D aspect was compared to the 2D
in [37], finding a satisfactory agreement for low values of the
Rayleigh number.

Several researchers chose the rectangular configuration area
to study the heat and mass transfer in natural convection [38-
40]. The effect of humidity on the natural heat flow and their
characteristics between vertical walls in a differentially heated
cavity was discussed in [4, 41, 42]. A CFD study of heat and
mass transfer by natural convection in a 2D area with an air-
CO, mixture was presented in [43-44]. The effect of the
buoyancy ratio on mass and heat transfer was investigated in
[44] for different contexts. The thermal air quality behavior of
higher CO, concentration in the vertical walls was analyzed
under assisted and opposite flow conditions, considering
different values for the Rayleigh number. The temperature
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gradient inside the cavity for turbulent flow was observed more
homogeneous for all flow cases.

The effect of mass on heat transfer with radiation on the
double diffusion problems has been examined for Newtonian
and non-Newtonian fluids in [45] and [46] respectively
concluding that the radiative heat transfer inside the enclosure
gave better thermal results and did not affect the mass transfer
process. The humid air transfer for natural convection in a 2D
rectangular surface with a solid section was investigated in
[35], dealing with a set of different variables: Rayleigh thermal
number, partition thickness, inclination, and buoyancy ratio. In
[47], the impact of a heated plate on double-diffusive free
convection in a square closed cavity was examined. The
vertical walls maintained low temperatures while the horizontal
walls were adiabatic, and the vortex viscosity values reduced
both heat and mass transfer rates. A new vision on the mass
transfer behavior of moisture under the buoyancy-driven effect
for low turbulent flows was carried out in [35], using different
values of mass fraction and varying temperature gradients
between 20 and 60°C. The study concluded that the vapor
content in the humid air had an important impact on heat and
current fields inside the enclosure, and the variation of the
vertical wall temperature gradients showed the effect of
moisture concentration inside the cavity. The percentage of the
difference in heat transfer changed significantly depending on
the mass fraction of air moisture and the heat gradient between
the vertical sides. The air-steam mixture flow of the natural
convection inside a square cavity with vertical wall temperature
and concentration gradients was investigated in [48], proposing
a Prandtl number equal to 1.32 and a Rayleigh number equal to
4.05x10°. The influence of species spread was investigated
with Soret and Dufour mixture effects, finding that these
effects had little contribution for this binary mixture.

A parametric study of a differentially heated enclosure to
treat the natural convection flows that contained a mixture of
air and carbon dioxide was conducted in [49], analyzing the
effect of change in buoyancy rate on the mass transfer for a
laminar system. A new procedure for a solar system was
proposed in [3], considering a latent heat source of evaporation
condensation in the energy equation. The results proved that
the properties were uniformly distributed. The relative
humidity was almost 100% in the whole enclosure which
implied that the air was saturated everywhere. However, the
sudden change in the temperature or mass fraction was near the
evaporating surface. The free convection of thermo-solute with
mass lines and thermal flow in a rectangular area was
investigated in [36], where the vertical sides were isotherms
and the others adiabatic. The study examined Prandtl number,
Rayleigh number, buoyancy ratio, and Lewis number, finding
that these parameters significantly affect the overall rates of
heat and solute transfer. In [50], an experimental study was
conducted to examine the combined thermal flow caused by
mass transport and buoyancy in an open enclosure for various
aspect ratios. The results of retained condensate on mass
movement areas due to water's thermal stability were also
examined with no remarkable impacts.

In [51], the heat and mass transfer inside a ventilated cavity
in laminar flow was examined for fluid of air-CO, mixtures. A

comparative study was conducted to examine the thermal
behavior and the air quality inside a cavity, considering the exit
space location of the fluid mixture and three different values
for the CO; contaminant (1000, 2000, 3000ppm). The air inlet
space was located below the right vertical side of the cavity,
and the location of the mixture outlet was considered in four
different positions. In [33], double diffusion natural convection
for open square enclosures was investigated with constant
concentrations and temperatures imposed along the right and
the left walls. Results showed that the top thermal flow was the
most effective for heat transfer, while the middle heating was
the most stable for mass transfer. The effects of buoyancy ratio,
Rayleigh number, Soret and Dufour coefficients, and Lewis
number on heat and mass transfer in an open cavity were
simulated in [52]. The results showed that changing the Lewis
number had little influence on Sherwood and Nusselt numbers,
but when the Rayleigh number increased Lewis number
increased gradually.

Despite the importance of mass transfer flow, there are only
a few research efforts on the natural convection of open
cavities, especially with moist air as a working fluid. This
paper investigates the natural convection inside an open cavity
through humid-air passes for turbulent flow to examine the
impact of Rayleigh number and aspect ratios on the heat and
mass transfer at heat flux subjected to the vertical walls.

II.  MATHEMATICAL MODELING

A. Geometrical Description

The considered physical problem is shown schematically in
Figure 1. Humid-air occupies a two-dimensional rectangular
enclosure. The vertical parallel walls are subjected to uniform
flux (g) and the bottom side is considered impermeable and
adiabatic. The top domain is defined as a free surface. The
dimension of the open fluid at the bottom left wall was equal to
20% of the enclosure's height. Different cases of aspect ratios
(AR=H/L=0.5, 1, and 2) were proposed.
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Fig. 1. A schematic representation of an open cavity.

B. Governing Equations

The governing equations for heat and mass transfer inside
this open cavity are the continuity, momentum, energy, and
concentration of humid-air liquid equation for natural
convection [30]:
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¢ Concentration equation:
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where v is the kinematic viscosity, £ is the thermal expansion
coefficient, P is the fluid pressure, & and D are the thermal and
mass diffusivity, respectively. All the governing equations of
heat and mass transfer in the proposed open cavity were solved
in a turbulent regime using the CFD code. A second-order
upwind scheme was selected to solve the concentration and
momentum equations. The computations were simulated to be
converged at 10”7 of root mean square residual values.

C. Turbulence Model

A standard simple model of turbulence was proposed in
[53], named k—¢& which is based on the turbulent kinetic
energy equations k£ and the rate of dissipation of turbulent
kinetic energy & This model was used to analyze the flow and
heat transfer calculations due to its robustness, and consistent
precision. The generic form of this model is [16]:

d d

(6)
;—y[(u+ﬁ—;>%] + G+ G, —pe—Yy + 5
(pS) +o (psu) 3y [(u + ﬁ—:) Z—;] + "

2

&
(Gk + C£3 Gb) EZpI + SE

Elk

where u, is the Eddy viscosity, o; and o, are the turbulent
Prandtl numbers for k£ and &, S; and S, are user-defined source
terms, G, represents the kinetic energy production of
turbulence due to velocity gradients, G, is the kinetic energy
production of turbulence due to buoyancy, Y, represents the
contribution of the expansion of fluctuations, C,=0.09,
C.=144,C.~=192,0/~=1, and 5,~=1 3.

D. Boundary Conditions
The boundary conditions associated with the problem were:

¢ x=0;0<y<0.1H:
¢ x=0;01H<y<03H:

u=v=0qg=5w, C=1
u=v=0,qg=0, C=0

T =T,, P =P,
¢ x=0;03H<y<H: u=v=0 qg=5w, C=1
¢ x=L;0<y<H: u=v=0 g=5w, C=1

¢ y=0;0<x<L: u=v=0,0T/dy=0,0C/dy=0
¢ y=H;0<x<L:

T=T0,

u=v=0 qg=5wv C=0
AP = pgH

The following variables are dimensionless:
X =x/L, Y'=y/L, T*=T-T.)/(Ty —T¢)

E. Meshing Sensitivity Analysis

The region was covered with a meshing grid having a
further refinement in vertical sides. Different grids were used:
140x140, 160x160, 180x180, and 200x200 for a cavity with
aspect ratio AR=1. From Table I, it is clear that the 180%180
mesh produced more satisfactory results than the others, for a
maximum error of 0.02% and maximum values for the velocity
components u and v.

TABLE L. MESH SENSITIVITY TEST FOR MAXIMUM X, Y-
VELOCITIES, AND TEMPERATURE.
140x140 160160 180x180 200x200
umax | 0.100652 0.100668 0.100673
(m/s) (0.03%) (0.01%) (0.00%) 0.100678
ymax | 0.087004 0.036937 | 0.0869814
(m/s) (0.05%) (0.03%) (0.02%) 0.086962
Tmax 304.914 304.92 304.9246 304,929
(K) (0.005%) (0.003%) (0.001%) ‘

III.  RESULTS AND DISCUSSION

The effects of aspect ratios (AR=0.5, 1 and 2) and Rayleigh
number ( 10°< Ra < 10®) on heat and mass transfer of turbulent
humid-air flow for an open enclosure were investigated
parametrically. The thermophysical properties of the working
fluid were [54]:

e po,=115[Kg.m3]

e (p,=1005[.Kg 1. K]

e 1,=2.6510"2[W.m 1s™1]
e u,=18510"°[Kg.mts1]
e D =259.10"%[m?%s71].

A. Validation

The flow visualization of isotherms, streamlines, and iso-
concentration results for the heat and mass transfer (Ra=1 0
with different buoyancy ratios) were compared with those
obtained by [49], as shown in Figure 2. A second validation
was investigated with results from [31, 37, 51], concerning the
Nusselt number as a function of the buoyancy ratio (V). The
validations were satisfactory exhibiting good agreement, as
shown in Table II.
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Fig. 2. Qualitative validation: Comparison of isotherm, streamline and
iso-concentration contours for Ra=10" and N=1 and -5.

TABLE IL QUANTITATIVE VALIDATION; NUSSELT NUMBER AS
FUNCTION OF BUOY ANCY RATIO.
Nu

N -0.5 -0.8 -5.0

Present work 13.6 10.3 23.2

[51] 13.6 10.6 237

[37] 13.5 10.5 235

131] 13.6 10.6 237

Err % for [51] 0.7% 1.9% 1.2%

B. Discussion
Isotherms, streamlines, and mass fraction of H,O

visualizations are illustrated in Figures 3, 4, and 5 to examine
the hydrodynamic behavior and the heat transfer characteristics
for AR=0.5, 1, and 2, respectively. The main flow tended to
cross the cavity in a semi-vertical direction, creating a strong
vortex at the bottom right wall of each configuration and
indicating an accelerating mass transfer. The heat transfer
efficiency for the natural convection of humid-air inside open
enclosures was influenced by the Rayleigh number at the
lateral walls for all aspect ratios. For 4R=0.5, the small cell
found at the middle of the free surface was lost by the effect of
enhanced buoyancy forces. Another clockwise small rotating
vortex was created at the left bottom wall, where its size
became increasingly powerful, while the high temperatures
were localized in close spaces near the humid left wall, which
corresponded to the concentration of the thermal boundary
layer. For the square enclosure, three cells started to develop
compared to AR=2 geometries. The contours of the H,O mass

fraction for all aspect ratios showed that the mass transfer
dominated more as the Rayleigh number decreased. A close
observation of the isotherms and hydrodynamics contours
remarks that the mass and heat transfer processes were less
concentrated at the top free surface. The concentration of H,O
increased significantly on the left wall of the enclosure,
especially for AR=2.

_885588
In .

Ra=10%

Fig. 3. Contours of isotherms (left), streamlines (middle), and mass
fraction of H,O liquid (right) at AR = 0.5 for different Rayleigh numbers

(10°<Ra<10%).
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Fig. 4. Contours of isotherms (left), streamlines (middle), and mass
fraction of H,O liquid (right) at AR = 1 for different Rayleigh numbers
(10°<Ra<10%).

The effect of the Rayleigh number with a fixed wall heat
flux on the enhancement of thermal flow and mass transfer are
presented in Figures 6 and 7 respectively. The local Nusselt
number and mass fraction indicate the efficiency of the heat
and mass transfer processes. As the height of the cavity has a
significate role, the greater heat and mass transfers were found
at AR=2. For low values of the Rayleigh number, the mass
fraction of the humid-air increased while the Nusselt number
decreased due to the slowly moving fluid. The heat transfer
increased with the Rayleigh number, showing optimum thermal
performance due to the vigorous turbulent flow.
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Contours of isotherms (left), streamlines (middle), and mass

fraction of H,O liquid (right) at AR=2 for different Rayleigh numbers
(10°<Ra<10%).
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Evolution of local Nusselt number as a function of Rayleigh

number with different aspect ratios (4R=0.5,1, and 2).

IV. CONCLUSIONS
This paper examined the effective mass and heat transfer

efficiency for the natural convection of humid air inside open
enclosures, concluding the following:

Heat transfer efficiency for natural convection of humid air
inside open enclosures is influenced by the Rayleigh
number at the lateral walls for all aspect ratio cases. The
mass transfer decreases because of vaporization. Moreover,
as the Rayleigh number increased the flow visualization
revealed that the vortex created in each enclosure had more
vigorous intensity.

Fig. 7.

Mass fraction of H,O for various Rayleigh numbers with different

aspect ratios (4R = 0.5, 1, and 2).

The opening surface enhanced the mass transfer, while the
bottom wall was the most stable for a few mass transfers.

The mass transfer was reduced for the square cavity
compared to the preferable enclosure at aspect ratio AR=2.
Furthermore, higher rates of the Rayleigh number increased
the thermal enhancement rate and decreased the mass
fraction of humid air.

As a consequence, the thermal and mass transfer

performance in the cavity with AR=2 was greater than in

the other configurations for moist air as a working fluid.
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