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Abstract. The present paper investigates numerically heat transfer and fluid flow by binary
natural convection in a cavity filled with air and water vapor, and analyzes the effects of
varying inclination and aspect ratio on Nusselt number, Sherwood number and condensation
rate. The cavity has the top and bottom sides inclined and subject to temperature and
concentration gradients, while the vertical walls are adiabatic. Water vapor is considered at
the saturation state. The governing equations are conservation of mass, energy, momentum
and concentration. These equations are discretized by the finite volume method. The
conservation equations are coupled, and their solutions are based on the algorithm SIMPLE.
Velocity, temperature and concentration fields are obtained for a Rayleigh number range
where laminar flow prevails, and for different cavity inclination angles and aspect ratios.
Results show that for high Rayleigh number, an increase in cavity inclination causes Nusselt
number, Sherwood number and condensation rate increase. When aspect ratio is decreased,
Nusselt and Sherwood numbers decreases, however, condensation rate at the cold wall
increases due to the increment of the condensation area. From the results, a cavity of good
thermal performance has 60 degrees inclination and aspect ratio of 1/12 when thermal
Rayleigh number (Rar) is 10°.

Keywords: Binary natural convection, Finite volume method, Algorithm SIMPLE, Inclined
cavity, Condensation rate
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Numerical modeling and parametric study of a wet air flow between parallel plates

1 INTRODUCTION

Natural convection is a phenomenon that takes place in many engineering processes,
which enhanced numerical and experimental investigations. One of the first numerical studies
in natural convection field was elaborated by Vahl Davis (1983). In his work, a numerical
solution was obtained for a cavity at thermal Rayleigh number varying from 10° to 10°. He
considered a square cavity where the vertical walls were at different levels of temperature. His
results are benchmark and have been used for validation of other numerical studies.

When high thermal Rayleigh number range is desired, the classical Boussinesq 2-D
equations becomes unsteady, especially for values close to 10%. Le Quéré (1991) proposed a
solution using pseudo-spectral discretization to provide accurate solutions for values of
Rayleigh between 10" and 10°.

Many engineering applications involve not only fluid motion due to temperature
difference, but also due to gradients of other scalar quantities. This phenomenon is called
binary natural convection and occurs in refrigeration towers, pollutants dispersion
applications, drying processes and solar distillation.

Béghein et al. (1992) published a numerical study considering double-diffusion in a
closed square cavity filled with air and pollutants. In his work, thermal and solutal buoyancy
forces were studied and their effect compared through Nusselt and Sherwood numbers. If
flow in the cavity is solute dominated, the concentration boundary layer is thicker than
thermal boundary layer. Weaver and Viskanta (1992) elaborated a numerical-experimental
study that illustrates thermal and solutal forces. In their study it was verified the change in
flow direction when buoyancy parameters were reversed in direction.

Most of available investigations consider Boussinesq approximation and constant
thermophysical properties in the domain to represent natural convection effects. This
approximation is reasonable when temperature difference in the domain is not high enough to
cause significant properties changes. Chenoweth and Paolucci (1986), however, points out in
their study that, for large temperature differences, the flow becomes sensitive to property
variations making an incompressible analysis unreasonable. In this case, Boussinesq limit is
extrapolated and conservative equations strongly coupled to state equations and
thermophysical properties. Seizai and Mohamad (2000) investigated a cubic cavity for
opposing, horizontal, thermal and solutal gradients. It was found that secondary flow
structures develop on the planes perpendicular to the main flow, especially for high Rayleigh
number. Le Queré et al. (2005) presented results for a two-dimensional model with large
temperature differences and low Mach number using “non-Boussinesq” approach.

Alvarado et al. (2008) studied a slender tilted cavity where natural convection and surface
thermal radiation were considered. The authors concluded that total heat transfer changes
when aspect ratio and tilt angle are varied. De Paula and Ismail (2017) published results for
binary natural convection in an inclined cavity and concluded that Nusselt and Sherwood
numbers peaks exist at the hot wall in the regions of high gradients of temperature,
concentration and velocities.

This paper numerically investigates the effects of tilt angle and aspect ratio changes in a
cavity where binary natural convection takes place. The cavity contains two horizontal
adiabatic and impermeable walls and two vertical walls subject to temperature and species
concentration gradient. The cavity performance is evaluated through heat and mass transfer
parameters such as Nusselt and Sherwood numbers, and condensation rate. Temperature
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difference is considered low, thus, Boussinesq approach is applied along with constant
thermophysical properties. Two species are considered in the domain: air and vapor.

2 ANALYSIS

The domain considered for analysis consists in a two-dimensional cavity, as shown in
Fig. 1. Vertical walls are adiabatic and impermeable. Upper and bottom walls are at different
levels of temperature and concentration, so fluid motion is generated. The temperature of
bottom wall is slightly higher than upper wall. At the bottom, a liquid layer is present and
saturated vapor is generated. At lower temperature wall, the new species (vapor) condenses
out of the mixture inside the cavity.
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Figure 1. Cavity scheme

The representation of fluid dynamics, heat and mass transfer in the cavity is
accomplished considering conservative equations. These equations are expressed in terms of
differentials. The variables are the same as in pure convection problem, adding one additional
guantity: concentration of vapor. Considering Cartesian coordinate system, the continuity
equation is:

o, d(pu) . d(pv)
ot ox oy

-0, 1)

where p corresponds the density of main species (air), u and v corresponds to velocities
in x and y directions respectively in the local coordinate system. Momentum equations in X
and y are:

[+ asin(o) -2 Aot) 2ev) g
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Numerical modeling and parametric study of a wet air flow between parallel plates

0 o’v 0o o(vp) o(pu-v) o(pv-v
—§+y(¥+$]+(p—pmf)gcos(@)= (6t )+ (ax )+ (é’y ) (3)

where p is the pressure acting in the corresponding control volume, p,.; is the reference

density (density of air at Ty), g is the gravitational acceleration, 6 the cavity tilt angle and u
is the dynamic viscosity of air. Energy equation is:

2 2 . .
CK(Z;*Z sza(g D, 2ed) o), (4)
) y t Ox oy

where k and c, are the air thermal conductivity and specific heat respectively. The
temperature is referenced by T. Species concentration equation is:

2 2 . .
Dv(a c,;v+aczvj=a(cv)+a(u ¢,), o(vC) 6)
ox oy ot ox oy

where D, is the binary diffusive coefficient and C, is the concentration of the second
species (water vapor). Heat generation and chemical reactions have been neglected and the
fluid is considered Newtonian. The reference temperature (Tr) and concentration (Cy) are
given by (T, + T;)/2 and (Cy, + C)/2 respectively, where Ty, Cy, T and C, are the temperatures
and concentrations at hot and cold wall. .The buoyancy term is evaluated by Boussinesq
approximation:

(£=Pry )= PP (T =T)+ B (Cip =€) (6)

where S and B, are the thermal and solutal expansion coefficients respectively. They are
given by:

1(0 1

ﬁT:__(_PJ 1 @
P 8T 14 Tref
1(0 M —-M

B :__(_p) el i (8)
p\oC ), Co M, +C,M,

where M, and M, are the molecular weight of air and vapor respectively. The non-
dimensional variables to the local system are considered:

* T_T * * * H * H * C_C
T = <X :i,y :—,u:u—,v :V—,C: £, 9
T, -T, H H a a C,—C.

where H is the height of the cavity and L is the length. The thermal diffusive coefficient
is represented by a. The cavity aspect ratio is defined:
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A=H/L. (10)

The temperature difference between hot and cold wall is defined by the non-dimensional
temperature parameter €:

e=(T,~T.)/(T,+T.). (12)
Thermal and solutal Rayleigh numbers are defined as:

9B (T,-T)H’

Ra, . (12)
va
Cc,—C.)H?

Raszgﬁs( G (13)
vD

v

where v is the kinematic viscosity of the main species (air). Prandtl and Lewis number
are defined:

pr=2, (14)
a
(04
Le=—. 15
D (15)
The local Nusselt and Sherwood numbers are:
Nu=uT" _OT* . (16)
y
Sthezuf—iLQET. (17)
Le oy
The buoyancy forces ratio is defined by the dimensionless parameter:
N = M ) (18)
BrAT
Condensation rate can be obtained by the following relation:
. q
m =-2, 19
= (19)
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where Qew corresponds to the evaporative heat transfer rate and hgy the latent heat of
vaporization. The evaporative heat transfer rate can be calculated:

h M 1
] =|L—w—1p (P-P). 20
qew [Cp Ma PTJ CW( h C) ( )

where h.,, is the evaporation heat transfer coefficient, P, and P. are the partial vapor
pressure at hot and cold walls. Total condensation rate is obtained multiplying m,,, per
condensable area:

M,,, = MeyL. (21)

where L is the cavity length. Coordinate z is a unit.
2.1 Boundary conditions

The domain consists of a square cavity in which natural convection takes place. The
dimensions are 0 < x < L and 0 <y < H. The considered tilt angle range is 15°< 6 <60°
and aspect ratio 1/12 < A <1. The reference temperature is taken T, = 300 K and non-

dimensional temperature difference defined €=0.1 (thus, Boussinesq approximation can be
applied). Bottom and top walls are subject to 7, and T. respectively:

T, =T, (1+€). (22)
T.=T,(1-¢€). (23)

Air and vapor are considered to be ideal gases. Vapor concentration at the walls of higher
and lower temperatures can be obtained through the state equation for an ideal gas. Thus:

c, _Pu(T) (24)
RT,

CC — psat(Tc) ) (25)
RT

Cc
For adiabatic and impermeable vertical walls:

or_ec )
ay oy

Since walls are fixed and there is no income of fluid through them, the conditions are
valid:

CILAMCE 2017

Proceedings of the XXXVIII Iberian Latin-American Congress on Computational Methods in Engineering
P.O. Faria, R.H. Lopez, L.F.F. Miguel, W.J.S. Gomes, M. Noronha (Editores), ABMEC, Florianépolis, SC,
Brazil, November 5-8, 2017.



A. C. de Paula, K. A. Ismail

u Vya =0 (27)

wall = wa

Thermophysical properties considered in the domain are taken at the reference
temperature:

k=2.63x10"W /mK

¢, =1.007x10%J / kgK

p=1.1614kg /m’ . (28)
Pr=0.71

D,=0.26x10"m" /s

3 NUMERICAL TREATMENT

Equations (1-5) are numerically discretized using finite volume method. Convection
terms are approximated using upwind scheme while diffusive terms are approximated by
central difference. Fully implicit scheme is used for time discretization. A SIMPLE
(abbreviation for Semi-Implicit Method for Pressure-Linked Equations) algorithm was used to
couple momentum and continuity equations, as presented by Patankar (1980). False transient
formulation and variable under-relaxation were utilized to improve convergence. In the
mentioned procedure, velocities are iteratively corrected. Other quantities fields (such as
temperatures and concentrations) are calculated after velocities field is obtained.
Temperatures and concentrations are calculated in a 80x80 main grid while velocities
components are obtained in a staggered grid. Both grids are non-uniform and refined in the
regions close to the walls. The following transformation function is used by Sengupta (2011)
and is also used in this work:

45):%{1-%1(;)25)} (29)

where & corresponds to the dimensionless node number and ¢ the stretching factor. The
convergence of numerical algorithm is reached when the residues of conservation equations
are less than 10, The calculation procedure follows the steps presented in Fig. 2.
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Figure 2. Numerical method for binary natural convection
3.1  Validation of numerical method

The validation of the numerical code for heat and mass transfer in a square situation was
performed with the 2-D results published by Béghein et al. (1992) and the 3-D results
published by Seizai and Mohamad (2000). Comparisons were performed to a differentially
heated square cavity with species concentration difference between vertical walls. The
mentioned authors used nonuniform 45x45 and 80x80x80 grids respectively for Le=1, Ra=10’
and Pr=0,71 for different buoyancy ratios. The maximum difference in the Nusselt number
obtained was less than 0.9%. Despite the dimension difference (2-D to 3-D model), the above
conditions give a two-dimensional flow structure with negligible velocities in transverse
planes. Results of the quantitative verification can be found in Table 1. The results for the
qualitative comparison were performed for Ra;=10" and Ras=10" and can be found on Fig. 3.

Table 1. Nusselt number along a vertical axis for Rat = 10" and N from -0.01 to 5.0

N -001 -02 -0.8B -1.5 -5.0

Rag 10°  2x10° 8x10® 1.5%10° 5x107
Béghein et al. {1992) 16.4 15.5 10.6 13.6 237
Seizai and Mohamad {2000}  16.27 15.37 10.51 13.54 23.55
Present work 1636 1545 1061 13.62 23.66

CILAMCE 2017

Proceedings of the XXXVIII Iberian Latin-American Congress on Computational Methods in Engineering
P.O. Faria, R.H. Lopez, L.F.F. Miguel, W.J.S. Gomes, M. Noronha (Editores), ABMEC, Florianépolis, SC,
Brazil, November 5-8, 2017.



A. C. de Paula, K. A. Ismail

4 RESULTS AND DISCUSSION

Local Nusselt, Nu

—e— Béghein et al. (1992)
—0— Present work

Ra=10*
Ra,=10'
N=1.0
Le=1.0

0.0

Dimensionless Coordinate, y*

Figure 3. Validation of numerical code

This section discusses the numerical solutions and results for heat and mass transfer
inside a cavity subject to temperature and concentration gradients. All analysis is performed
for thermal Rayleigh number between 10° and 10° in order of keeping the flow at laminar
regime. The model applied is proper for low temperature gradient, thus properties can be
considered constant. Top and bottom walls are subject to vapor concentration gradient. Water
vapor is considered at saturate state and can be calculated through the state equation for ideal
gases. In this work, the cavity height was varied so that it was possible to work in terms of the
desired Rayleigh values. The cavity equivalent dimensions are presented in Table 2.

Table 2. Thermal Rayleigh numbers and equivalent cavity dimensions

L(m)
Rar H (m)
A=1 A=1/4  A=1/8 A=1/12
10° 0,009 0,009 0,036 0,072 0,108
10* 0,021 0,021 0,084 0,168 0,252
10° 0,045 0,045 0,180 0,360 0,540
10° 0,097 0,097 0,388 0,776 1,164

4.1  Aspect ratio variation
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Numerical modeling and parametric study of a wet air flow between parallel plates

This section treats a cavity of 15° inclination. For each thermal Rayleigh number, the
aspect ratio is varied from 1 to 1/12 and qualitative and quantitative comparison is made. The
qualitative analysis is performed comparing fluid dynamics inside the cavity through
temperature, species concentration and stream function contour lines. The quantitative
analysis is accomplished through Nusselt and Sherwood numbers and condensation rate
comparisons.

Figure 4 presents stream function contour lines inside the cavity for thermal Rayleigh
numbers of 10* (left) and 10° (right) when aspect ratio is varied from 1 to 1/12. When the
Rayleigh number increases from 10* to 10° streamlines become closer indicating large
velocity gradients in the region close to the walls.

It can be seen that for Rar = 10%, the increase in the aspect ratio results in the presence of
multiple convection cells in the cavity. For A = 1 a single cell pattern is observed, while for A
= 1/12, 7 convection cells are present. The lower the aspect ratio is, the higher are the
quantities of convection cells. This effect occurs because the buoyancy forces are not great
enough to maintain the flow in a single convection cell in the available cavity area. However,
for higher Rayleigh number (Rar = 10°% this multicellular pattern disappear due to the
increase in buoyancy forces.

Figure 4. Streamlines for Rar=10" (left) and Rar=10° (right) for different aspect ratios

Figures 5 and 6 present temperature and water vapor concentration contour lines inside
the cavity for Rayleigh numbers of 10* (left) and 10° (right) when aspect ratio is varied from 1
to 1/12. Due to the multicellular profile, it can be seen that for lower cavity buoyancy forces
(Rar = 10%), temperature and concentration contour lines are more parallel than for cavity
with high buoyancy forces (Rar = 10%). Also, temperature and concentration variations in the
center region are smaller for high Rayleigh number, indicating homogeneity of these
quantities in the center. The thermal and species concentration boundary layer become thinner
in the region close to the horizontal walls, therefore, greater gradients are present in this
region.

CILAMCE 2017

Proceedings of the XXXVIII Iberian Latin-American Congress on Computational Methods in Engineering
P.O. Faria, R.H. Lopez, L.F.F. Miguel, W.J.S. Gomes, M. Noronha (Editores), ABMEC, Florianépolis, SC,
Brazil, November 5-8, 2017.



A. C. de Paula, K. A. Ismail

——{a-1] et [A=1/4]- ————— (&1l | —————— =1

éilﬁf 2 — ~A=1/12

Figure 5. Temperature contour lines for Rar=10* (left) and Rar=10° (right) for
different aspect ratios
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Figure 6. Concentration contour lines for Rar=10" (left) and Rar=10° (right) for
different aspect ratios

Figure 7 shows the results for Nusselt and Sherwood numbers variations for different
aspect ratios. Now, the analysis will be made for thermal Rayleigh number varying between
10° and 10°. In general, it can be seen that the decrease in the aspect ratio causes a respective
decrease in Nusselt and Sherwood numbers close to the hot wall. When a cavity has its aspect
ratio reduced for the same values of Rayleigh number, a multicellular convection pattern
emerges because more area is available for fluid flow. A multicellular pattern creates more
shortcut paths for fluid flow, however, a certain quantity of fluid remains circulating at small
velocity in the cavity core. Consequently, this pattern is not desired because heat and mass
transfer from the hot to cold wall is reduced. For this reason, Nusselt and Sherwood numbers
at the hot wall decrease when aspect ratio is decreased. In a single cellular pattern, contour
lines are concentrated in the regions close to the walls. This effect enhances mass transfer
from the hot to the cold wall.
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Figure 7. Nusselt number (left) and Sherwood number (right) at the hot plate for
different aspect ratios

However, a different effect is observed for cavity total condensation rate. Despite Nusselt
number and convection coefficient are directly related, when the cavity aspect ratio decreases,
the condensation area increases, thus the total condensation rate increases. The highest total
condensation rate is found for A = 1/12. The effects of variation between total condensation
rate and aspect ratio can be found in Fig. 8, for different thermal Rayleigh numbers.

0.6
2 Ra, = 103 A
4 *Ra,=10*%
O Ray = 10*
- & -
0.4 - Ray =10 A J:
.'/f'
~
- D

Condensation rate (kg/h)

D T T T
1 1/4 1/8 1/12
Aspect Ratio (A)

Figure 8. Total condensation rate for different aspect ratio
4.2  Tilt angle variation

In this section the tilt angle is varied from 15° to 60° for A=1/12 including comparison of
the contour lines and heat transfer parameters.

Figure 9 presents stream function contour lines inside the cavity for thermal Rayleigh
numbers of 10* (left) and 10° (right) when tilt angle is varied from 15° to 60°. For Rar = 10%,
for low tilt angles, a multicellular convection pattern can be observed. For 8=15° inclination,
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7 convection cells can be observed. For 6=30° 3 convection cells can be observed and for
6 > 45° a single cell pattern is present. Therefore, when the tilt angle increases, multicellular
pattern tend to disappear. For Rar = 10°, multicellular pattern is not observed, however,
secondary cells can be found in the center of cavity for 8 > 45°.

Figures 10 and 11 present temperature and water vapor concentration contour lines inside
the cavity for Rayleigh numbers of 10* and 10° when tilt angle is varied from 15° to 60°. It
can be seen that the increase in cavity tilt angle decreases temperature and concentration
variations in the core region of the cavity. When thermal Rayleigh number increases from 10*
to 10° thermal and species concentration boundary layer become thinner in the region close
to the horizontal walls indicating greater gradients of these quantities.

Figure 9. Streamlines for Rat=10" (left) and Rar=10° (right) for different tilt angles

) - = :?Ao;ﬁffi ——— 7;2?'{);56"‘?;
0=15°} 6=30° _— e - : i '

p=as°]] [9=60°] - ——6=45°

Figure 10. Temperature contour lines for Rar=10" (left) and Rar=10° (right) for
different tilt angles
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Figure 11. Concentration contour lines for Rar=10* (left) and Rar=10° (right) for
different tilt angles

Figure 12 shows the results for Nusselt and Sherwood numbers variations for different
tilt angles. These dimensionless parameters do not follow the same pattern as when the aspect
ratio is varied. For Rar = 10° a single convection cell pattern can be observed for high or low
aspect ratio, thus, the inclination in the cavity causes an increase in temperature and
concentration gradients close to the walls. However, for lower thermal Rayleigh number, a
multicellular convection pattern is present and an increase in tilt angle results in extinction of
convection cells. This effect can be observed for the case where Rar = 10°. The number of
convection cells gradually decrease until one single cell pattern is present. Nusselt and
Sherwood numbers gradually decrease when tilt angle varies in the range of 15° > 0 < 45°
due to the change in flow pattern from a multicellular structure to a single cell structure. Once
a single cell pattern is achieved, the increase in the inclination angle has the effect of
increasing temperature and concentration gradients in the region close to the walls.

~* Ray = 10° —- Ray = 10°
6 - —*+Ra, =10* 6 | —+Ra,=10*
= O-Ray =10° = o Ra, =108
= 4 -*Ra, =10° Y e Ray; = 10°
' i
o 2
< 4 4 4 %
: :
i — 5 = T
: :
w
3 z 2 3
el R e
- [%5] 3
0 T T 0 T T
15° 30° 45° 60° 15° 30° 45° 60°
Tilt Angle (0) Tilt Angle ()

Figure 12. Nusselt number (left) and Sherwood number (right) at the hot plate for
different tilt angles
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A similar behavior is found for cavity total condensation rate, once there is no change in
aspect ratio and Nusselt number and condensation rate are directly related. The effects of
variation between total condensation rate and tilt angle can be found on Fig. 13. The biggest
total condensation rate was found Rar = 10° for & = 60°, where a single convection cell is
present.
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Figure 13. Total condensation rate for different tilt angles

5 CONCLUSIONS

Conservation of mass, momentum, energy and species concentration of an inclined
cavity were numerically studied for laminar convection considering the Rayleigh range
between 10° and 10°, tilt angle between 15° and 60° and aspect ratio between 1 and 1/12.
Results indicate that aspect ratio and cavity tilt angle variation cause changes in the fluid
dynamics and heat transfer inside the cavity. A multicellular convection pattern exists for
small aspect ratios and small thermal Rayleigh number. For small thermal Rayleigh number,
when aspect ratio is increased the quantity of convection cells inside the cavity also increases.
Once a certain quantity of fluid remains circulating at low velocity in the center of the cavity,
heat and mass transfer between hot and cold wall is decreased. Consequently, Nusselt and
Sheerwood numbers at the hot wall decrease when aspect ratio is increased. Total
condensation rate increases because there is more condensation area available.

On the other hand, the increase in cavity tilt angle results in the extinction of
multicellular pattern. Thus, Nusselt and Sherwood numbers gradually decrease for small tilt
angle due to the change in flow pattern from multicellular to single cell. Once a single cell
pattern is achieved, the increase in tilt angle causes increase in Nusselt and Sherwood
numbers and condensation rate. Finally, a cavity of good thermal performance has Rar = 10°,
aspect ratio of 1/12 (for increased condensation area) and tilt angle of 60° (because of desired
single cell pattern).
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