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ORIGINAL RESEARCH ARTICLE

Abstract- This study investigates numerically the 2D laminar natural convection in a Saltbox roof type geometry under summer climate
conditions as obtained in Africa, particularly Nigeria using ANSYS FLUENT to model the boundary conditions. The effects of Rayleigh number
(Ra) within the range of 10%-107 and pitch angles (top and base) on heat transfer, the flow structure, temperature distribution and entropy
generation within the geometry were analysed. Results show that the flow is nearly symmetric at lower Ra, while for higher Ra, the flow
becomes asymmetric. The Nusselt number (Nu) has a proportional relationship with the top pitch angle and an inverse relationship with the
base pitch angle when the Rayleigh number is fixed. The effect of the Ra on the Nu is insignificant at lower Ra, but becomes noticeable at
higher Ra. The total entropy generation increases with an increase in top pitch angle and a decrease in base pitch angles, at fixed Rayleigh
numbers. The physical implication is that, for a Saltbox roof type geometry, at fixed Ra, the best convective heat transfer process is achieved

by lowering the base pitch angle and increasing the top pitch angle.
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1 INTRODUCTION
atural convection is a vital mode of heat transfer
driven by density differences resulting from a
temperature gradient. It takes place within the
roofing structures and is influenced by the climate
condition, either winter or summer climate. Its study
helps in improving the energy efficiency of buildings and
structures.

Varol et al. (2006) studied the natural convective heat
transfer in Saltbox under summer and winter conditions.
They observed that lesser heat transfer occurred during
summer condition. Solomon and Kamiyo (2020) studied
the natural convection heat transfer in a right-angled
triangle-shaped rooftop subjected to isothermal heating at
the base wall. They observed that the heat transfer rate
and pitch angles had an inverse relationship. Increasing
the Rayleigh number and pitch angle reduced the number
of counter rotating cells. Akinsete and Coleman (1982)
studied the 2D laminar convection flow in a right-angled
triangular enclosure. They discovered that one-third of
the base wall was closer to the intersection of the
hypotenuse, and the base was responsible for about 60%
of total heat transfer at the base wall. Systems can be
optimized by reducing their entropy generation. Alnaqi
et al. (2020) studied the natural convection and entropy
generation in a cubical cavity and observed that total
entropy fairly increased with an increase in Rayleigh
number until a certain value, when it then rose
significantly.
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Similar studies have also been carried out (Bondareva et
al., 2017; Hussein et al., 2016; Yang et al., 2021; Zhang et
al., 2021; Ishak et al., 2021; Oztop et al., 2017). Natural
convection in Saltbox roof is analysed for a hot climate
region, with the aim of helping designers improve the
thermal comfort in such conditions. Results show that
under this condition, at fixed Ra, the best convective heat
transfer process is achieved by lowering the top pitch
angle (¢) and increasing the base pitch angle (a).

2 MATERIALS AND METHODS

2.1 PROBLEM FORMULATION

The physical model of the saltbox roof type geometry
currently under study is shown in figure 1. The physical
model entails a 3D view of the roofing geometry
consisting of roof, ceiling and wall.
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Fig. 1: 3D schematic diagram of saltbox roof type (Koca et al.,
2007)

This model is simplified and assumed to be a 2D model.
figure 2 shows the computational domain of saltbox roof
geometry in natural convective flow. The inclined roof
surfaces with top pitch angle (¢) have a constant hot
temperature, Tu, and the bottom surface (ceiling) with
base pitch angle (@) has constant cold temperature, Tc.
The vertical wall surface is kept insulated.
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Fig. 2: Computational domain of saltbox roof

This configuration is designed to simulate a hot weather
environment as obtainable in West Africa. Thus, the
inclined roofs behave as a heater, while the bottom wall
(ceiling) is colder than the inclined walls.

2.2 DESIGN EQUATIONS AND ASSUMPTIONS

The system is considered a steady state and two-
dimensional, having compressible laminar flow regime
and Newtonian fluid. The dimensionless forms of
governing equations of mass, momentum, and energy are
expressed in equations (1) — (4) as:
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The dimensionless thermal and frictional entropy
generation due to Iirreversibility are expressed in
equations (5) and (6) respectively as:

Sthermal = [(Z—f{)Z + (Z—z)z] ®)
(@ @] e

RCCRAN

Therefore, total entropy generation is expressed as:

Sfriction -

Stotat = Sthermal T Sfriction 7)

The boundary conditions in the dimensionless form are
given as:
i. Wall (roof) bottom T, U=V =0 =0
ii. Wall (roof) inclined Ty, 8 = 1, U=V =0
iii. Wall symmetry U = Z—}T( = Z—Z =0
dar

iv. Wall vertical (Insulated),q” =U =V = —=0

3 NUMERICAL METHOD AND VALIDATION
ANSYS FLUENT code based on the finite volume method
(FVM) and was employed to solve the governing
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linked equations (SIMPLE) scheme algorithm was
applied for the pressure-velocity coupling. A second-
order upwind scheme was used to discretize the
combined convection and diffusion terms in the
momentum and energy equations. The solution is
believed to have converged when the normalized
residuals of the mass and momentum equations fall
under 10"° and the residual convergence of the energy
equation was less than 108, A graphical display of the
residual converged solution was shown simultaneously
as the simulation was being ran. The results from this
simulation were displayed in isotherms and streamlines
which showed the temperature distribution across the
total surface of the geometry and the total heat transfer
rate was gotten for different conditions. A grid
dependence test was carried out to certify the accuracy of
the result with variation of Nusselt number (Nu). Nu is
expressed as in Varol et al. (2006). The convergence
criteria are expressed in equation (8). Figure 3 illustrates
the grid dependency test for ¢ = 18%a = 18%ndRa =
103, where the most suitable mesh was deduced to be the
15828 cells density.
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Fig. 3: Grid dependence graph

This current study is validated and compared with Koca
et al. (2007). figure 4 shows the graph of Nu against Ra.
Their results show a similar pattern and error deviation
of 17%.
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Fig. 4: Comparison of the present study with Koca et al

equations and imposed boundary conditions (Patankar & (2007)
Spalding, 1972). The semi-implicit method for pressure-
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4 RESULTS AND DiscussION

The results of the heat transfer analysis in terms of the
influence of pitch angles (top & base) and Ra on Nu and
entropy generation rate are presented here. Figures 5 - 6
show that for fixed Ra = 103 while a = 14° — 22%nd ¢ =
14° — 22°. Tt is observed that Nu increases as adecreases
while Nu slightly increases as ¢ increases. The physical
implication of this is that, for a Saltbox roof type
geometry, at fixed Ra, the best convective heat transfer
process is achieved by lowering a and increasing ¢, thus
improving the thermal comfort in the building.
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Fig. 6: « against Nu for different ¢ at fixed Ra=102.

Figures 7 - 8 show the effect of Ra on Nu at fixed a and ¢.
It is observed that Nu increases as adecreases and ¢
increases. Nu is fairly constant at low Ra and sharply
increases at Ra > 10° when « is fixed and slightly increases
at Ra > 10° when ¢ is fixed.

265 : ‘
—— 0
p=160 | 4=16" 4
= 5-18° /
264 | —o— o IE
=20
¢ /
/1 n
/
263 / ’/—
/
2 . !
4
26.2 - P /
S /
-
261 B
Hm— et —— e —— g ———
26 T T T T L
10" 10° 10° 10* 10° 10° 10’

Ra
Fig. 7: Ra against Nu at different ¢ and fixed a = 16°
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Fig. 8: Ra against Nu at different ¢ and fixed ¢ = 18°

This indicates that at the lower Ra < 10°, the heat transfer
effect is controlled by conduction. Then at Ra > 105, the Nu
is seen to have an increase, indicating the onset of
convection mechanism on the heat transfer effect in the
roofing geometry, as a result of stronger circulation at this
stage. It implies thermal comfort would be improved at
higher Ra. Figures 9 - 10 show the effect of a on the
various entropy generation at fixed Ra = 10° and different
@. It is observed that increasing acauses an increase in
Striction, and a decrease in Sypermaq and Stotq;. Since energy
losses in a system cause entropy generation, it implies
that the energy losses in the saltbox roof type can be
minimized by increasing a.
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Fig. 10: @ against Sy, for different ¢ at fixed
Ra=105
Figures 11 - 13 reveal the effect of Ra 0nSehermars Seriction
and Sy, at fixed @ = 18%and different a. It is observed
that as Ra increases, Sipermar and Sropq remain fairly
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constant until Ra = 10°, after which the effect of Ra on
Stnermar and Srotq; significantly increases. It is also noticed
that the effect of Ra on Sg,;.0n is insignificant before Ra =
104, after which its effect becomes significant and
Serictionincreases. Also, Sipermar and Sroeq decrease while
Striction INCreases as a increases.

It is seen that increasing Ra causes Sy,q,to rise. This is due
to increased heat transfer losses as the Ra rises, which
affects the Entropy generation by causing an increase in
irreversibility. This agrees with Hussein et al. (2016).
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Fig. 11: Ra against S,erma at fixed ¢ = 18° and different a
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Figure 14 shows the isotherms and streamlines at Ra = 10°-
107. It is observed that at lower Ra = 103 and 105, the
circulation inside the geometry is weak and unsteady,
and hence the buoyant forces are weak at this stage.
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Fig. 14: Isotherms and Streamlines at different Rayleigh
numbers for Saltbox

For a higher Ra = 107, the buoyant forces become more
effective as the circulation is seen to intensify more,
implying a better convective heat transfer process. In
addition, it is observed from the streamline; that at lower
Ra, the flow is nearly symmetric, with two counter-
rotating cells dominating the flow. However, at a higher
Ra, the flow becomes asymmetric and it can be seen that
a strong primary cell dominates the flow in this case.

8 CONCLUSION

A numerical study has been carried out for the 2D laminar
natural convection in saltbox roof type under summer
climate conditions to study the effect of pitch angles (top
and base) and Ra on heat transfer and entropy generation.
Itis observed that for fixed Ra, Nu increases as a decreases
while Nu remains fairly constant as ¢ increases. Also at
fixed Ra,Stpermar and Syoeqiincrease while Sgyiqri0n reduces
as a decreases and ¢ increases. The increase in Sryzq; 1S
due to thermal irreversibility.

However, the effect of Ra on Nu is not significant until Ra
>10% and Ra > 10¢ for fixed aand ¢ respectively. Also, at
Ra = 10'-10° the heat transfer effect is controlled by
conduction. At Ra > 105, the Nu increases, indicating the
onset of convection mechanism on the heat transfer effect
in the roofing geometry, resulting in stronger circulation.
From streamlines and isotherms, at Ra < 105, the flow field
is seen to be nearly symmetric, while flow becomes
asymmetric at Ra> 10° It implies thermal comfort is
improved at higher Ra. At fixed Ra, the best convective
heat transfer process is achieved by lowering a and
increasing ¢.
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