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ABSTRACT 

Attic spaces of residential as well as industrial pitched-roof buildings are commonly of 

triangular shape. Most of the past studies on natural convection within such spaces have 

focused on the isosceles triangular shape with few on complex shapes. Combination triangular 

shape is one of the complex shapes commonly found in attics of modern buildings. A finite 

volume analysis of laminar natural convective heat transfer in combination-shaped rooftops 

has been studied. Two sets of boundary conditions have been considered: enclosure heated 

from the horizontal bottom wall, and enclosure heated from the inclined top walls, for pitch 

angles 140, 200, 250 and 350for 106 Ra 2.7 x 107. The complex shape of the enclosure affects 

the structure of the flow and temperature fields. For the enclosures heated from below, at low 

Ra, quasi-symmetric flow was observed. A large central vortex drives smaller counter-rotating 

cells whose number and strength changes as the pitch angle increases. At low pitch, multi-

cellular flow structure formed results in uniform temperature due to thorough mixing of air. 

As the aspect ratio increases, the heat transfer coefficient decreases with mean temperature 

tending towards that of the cold wall. Mean Nusselt number is directly proportional to the 

Rayleigh number. When the enclosures are heated from above, there is essentially symmetric 

thermo-fluid solution with thermal stratification limited to the lower part in most enclosures. 

The results are useful in thermal management of combination-shaped enclosures and pitched 

roofs. 

 

KEYWORDS: Combination, natural convection, pitch angle, heat below, heat above. 

 

NOMENCLATURE 

g           Acceleration due to gravity,  m/s² 

h          Heat transfer coefficient,W/m²K 

H Height of enclosure, m 

L           Length of enclosure, m 

𝑁𝑢̅̅ ̅̅   Mean Nusselt number 

Nux      Local Nusselt number  

Pr         Prandtl number   

T Temperature, K 

TC        Temperature at the cold wall, K 

TH        Temperature at the hotwall, K 

u          Velocity in x-axis, m/s 

U, V Dimensionless velocity 

v Velocity in y-axis, m/s 

X, Y Dimensionless coordinates 

 

Greek symbols 

α          Thermal diffusivity, m²/s 

β coefficient of thermal expansion,0K 

θ          Dimensionless temperature 

λ           Thermal conductivity,  W/mK 

ν          Kinematic viscosity, m2/s 

ρ          Density,  kg/m³ 
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1.0  INTRODUCTION 

 

A significant amount of the cooling or heating 

load in either residential or industrial buildings 

is as a result of heat transfer across the ceiling 

from the roof through the attic. This implies 

that the thermal characteristics of the attic 

space influence the conditions of the space 

directly below it. For thermal comfort and 

energy efficiency, the roof attic is designed 

using the principles of heat transfer. To reduce 

the heating or cooling load of the building and 

to save energy, knowledge of pattern of heat 

transfer and flow field within attic is 

important. A comprehensive review carried 

out by Kamiyo et al. (2010) shows that past 

studies on triangular enclosures have 

concentrated on regular isosceles triangular 

shapes. Few complex-shaped roofs reported in 

the extensive review include parabolic (Talabi 

and Nwabuko, 1993), parallelogramic (Yao et 

al. 1995), trapezoidal (Moukalled and 

Acharya, 2001), dome (Das and Morsi, 2002), 

vault (Runsheng et al. 2003) and gambrel 

(Varol et al. 2007). 

Works on complex-shaped enclosures 

thereafter include that of Mustafa (2011) who 

numerically investigated the effects of vertical 

parabolic walls on natural convection in a 

parabolic enclosure. The bottom wall was 

heated isothermally, the vertical parabolic 

walls were maintained at a constant cold 

temperature and the top wall was insulated. 

Natural convection in a prismatic enclosure 

with inclined sides maintained isothermally 

and the vertical walls insulated was 

investigated numerically by Aich et al. 

(2011).They observed that the flow structure 

was sensitive to the aspect ratio and the heat 

transfer increases as the Rayleigh number 

decreases with increasing aspect ratio. 

Kamiyo et al. (2014) analyzed the effects of 

Rayleigh number and pitch angle on the flow 

structure and temperature distribution of 

natural convection within an asymmetric 

triangular enclosure heated from below for 

aspect ratio range 0.2 ≤ AR ≤ 1.0, and Rayleigh 

number (Ra) values 8 × 105 ≤ Ra ≤ 5 × 107.The 

counter-rotating cells observed at low pitch 

angles were noticed to change from horizontal 

to vertical arrangement as the pitch angle 

increases. 

Recent studies on triangular enclosures 

include the work of Triveni et al. (2015) that 

reported effect of different configurations of 

cold walls on a partially heated triangular 

cavity. Mirabedin (2016) formulated a 

correlation for Nusselt number in terms of its 

aspect ratio and Rayleigh number for heat 

transfer in a triangular enclosure and found 

that the Nusselt number increases with 

increase in aspect ratio. Sieres et al. (2016) 

reported analytical and numerical 

computations of laminar natural convection of 

air in vertical upright–angled triangular 

cavities for angles 150, 300, and 450 and for 0≤ 

Ra< 109. Results indicate that, for lower 

angles, heat transfer rate increases at low Ra 

but remains constant at high Ra. Moftakhari et 

al. (2017) reported the effects of the radiative 

and natural convective heat transfer on the air 

flow pattern and heat transfer within a 

triangular cavity with the aim of testing the 

efficiency of a Galerkin-based natural element 

methodology. Das et al. (2017) reported a 

review of studies on natural convection within 

enclosures of non-square shapes. Raj et al. 

(2018) performed combined natural 

convection and surface radiation experimental 

study on the influence of opening ratio (OR) 

on the temperature distribution within a vented 

triangular enclosure. The average air 

temperature in the enclosure decreases by 12% 

for OR of 0.25 and 13% for OR of 0.5. It is 

worthy of note that combination triangular 

roof shape considered in this study has not 

been covered. This study therefore aims to 

investigate natural convective heat transfer in 

combination-shaped rooftops while 
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considering two sets of boundary conditions 

viz., enclosure heated from the horizontal 

bottom wall, and enclosure heated from the 

inclined top walls, for pitch angles 140, 200, 

250 and 350 within the range 106 Ra 2.7 x 

107. The main objective is to know the effect 

of the attic combined-angles configuration on 

the heat and fluid flow within the attic bearing 

in mind engineering application benefits.

 

2.0 MATERIALS AND METHODS 

2.1 Computational Details 
A long, air-filled attic space with combination 

triangular cross-section, shown in Figure 1, is 

considered. The word ‘combination’ is due to 

the fact that the shape came out of two 

interwoven triangular cross-section with 

different angles. The enclosure extension in 

the direction perpendicular to the cross-

section is more than double its width so that 

the flow and the heat transfer are taken to be 

two-dimensional (Penot and N’Dame, 1992). 

 

 

Figure 1:  Physical model 

The enclosure is assumed filled with a viscous, 

incompressible, Newtonian fluid (air). There 

is no internal generation of heat. The flow is 

steady. The Boussinesq approximation is 

applied; the validity of which is corroborated 

by Gray and Giorgini (1976) and Ridouane et 

al. (2005). 

The roof size in real life depends on the 

dimensions of the building. Hence, the 

computational domain dimensions and 

boundary conditions are normalized. The 

governing equations for buoyancy-driven 

laminar flow under steady-state conditions are 

conservation of mass, momentum and energy. 

Subject to the Boussinesq approximation, the 

dimensionless forms of these governing 

equations are expressed as: 

 

𝜕𝑈
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+
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𝜕𝑌
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Eq. (1) is the continuity equation, eqs. (2) and 

(3) are the Navier-Stokes equations and eq. (4) 

is the energy equation. 
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Boundary conditions: As indicated in Fig. 1, 

two cases are considered – (i) when enclosures 

are heated from below (winter condition), and 

(ii) when enclosures are heated above 

(summer condition). 

 

For case (i): On the base wall, U=V=0; θ=1. 

            On the inclined walls, U=V=0; θ=0. 

 

For case (ii): On the base wall, U=V=0; θ=0 

             On the inclined walls, U=V=0; θ=1 

 

Four pitch angles, 14°, 20°, 25°, and 350, 

which falls within standard angle range for 

common pitch roofs from 3/12 (140) to 18/12 

(600) (Kamiyo, 2008), were considered as 

stated in Table 1.

 

 

Table 1:  Parametric details of the enclosures 

Pitch Angle (ϕ) 140 200 250 350 

Secondary Angle (ψ)  18.50 260 320 43.50 

Aspect Ratio, AR  0.25 0.36 0.47 0.7 

Rayleigh Number (Ra) 1.14 x106 3.71 x106 8.0 x106 2.74 x107 

 

Figure 2: Computational unstructured triangular grid for the 25o –pitch enclosure 

 

Unstructured triangular mesh was used for the 

computational domain. The finite volume 

based ANSYS FLUENT© code (V14.5) was 

used to carry out the steady-state flow field 

and heat transfer predictions. The SIMPLE 

algorithm as applied in the code was employed 

for solving the pressure- velocity coupling. 

The QUICK scheme was adopted for spatial 

discretization of the momentum and energy 

equations. Convergence criteria were fixed at 

10-5 for the continuity residual, and at 10-7 for 

the residuals of the momentum and energy 

equations. No slip condition was employed for 

velocity at the walls. 

A grid independence test was carried out using 

the value of the maximum velocity magnitude 

relative to the number of elements as shown in 

Table 2 for the 200-pitch enclosure.

 

Table 2: Grid independence test for the 20°-pitch enclosure 

Number of elements 45,446 57,608 75,286 

Umax(m/s) 0.22 0.23 0.23 
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3.0 RESULTS AND DISCUSSION 

The flow fields and heat transfer results of the 

enclosure at steady state are presented in the 

form of streamlines, isotherms, wall shear 

stress, and surface Nusselt number for top 

and bottom walls and the mean Nusselt 

number at different pitch angles and Rayleigh 

number when the enclosures are heated from 

below and from above. Along the length of 

the base wall, hot, less dense air from the base 

wall rises to hit the cold wall where it loses 

part of the heat content, become denser and 

descends to regain heat and repeat the cycle. 

Also, in reaction to the buoyant force, the 

inclined wall splits the upward fluid flows in 

right and left directions to form a set of 

adjacent recirculating cells that rotates in 

counter-clockwise motion depicting 

Rayleigh-Bernard instability. 

 

The streamlines in Fig. 3 show that, over the 

range of pitch angle and Ra studied, the flow 

field is characterized by multiple counter-

rotating cells. Although the computational 

geometry and the boundary conditions are 

symmetric about the midsection, the flow 

field is quasi-symmetric for the 140, 200 and 

250 but asymmetric for 350. Due to the space 

created by the upper vertex, a large, centrally-

placed cell rotating with a relatively high 

intensity in the clockwise direction 

characterizes the flow field in all the 

enclosures. The large cell drives smaller, 

secondary, counter-rotating convective cells 

whose number, size and rotating strength 

changes as the pitch angle increases.  

 

3.1 Enclosures Heated from Below 

 

 
(a) ϕ = 140 

 

 
(b) ϕ = 200 

 
(c) ϕ = 250 
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(d) ϕ = 350 

Figure 3: Streamlines for different enclosures when heated from below 

In the 140-pitch enclosure, Fig,3a, thirteen 

cells are formed; a large centrally-positioned 

vortex rotating clockwise with a relatively 

high intensity on either side of which are a 

number of smaller counter-rotating cells with 

size and strength reducing towards the 

bottom corners. In Fig.3b, for the 200-pitch 

enclosure, the large dominant cell has grown 

bigger while the small convective cells have 

reduced to nine with an additional one 

forming on top of the large cell at the upper 

vertex; a region expected to be quiescent. The 

top of the large cell with relatively warm air 

might have acted as a heating surface to cause 

a relatively low convection leading to 

formation of cells at the corner. 

At ϕ = 250, Fig.3c, formation of cells towards 

the three vertices of the enclosure has become 

pronounced. The dominant vortex in the 

central position has become bigger alongside 

other cells evolving at the three corners. In 

the 35°-pitch enclosure, Fig. 3d, the large 

central cell appears to have ‘swallowed up’ 

the smaller cells towards the left corner to 

form another one with an egg shape. With 

larger space to roam, the cells evolving at the 

bottom right and top corners has grown to 

moderately larger cells with higher intensity 

thereby making the three corners to play 

active roles in structuring the flow-field. In 

each enclosure, the strength of rotation 

decreases with the cell size. Due to the shape 

of the enclosure, the multi-cellular flow 

pattern obtained in this study is different from 

that observed by Holtzman et al. (2000) in 

their flow visualization experiments 

performed in an isosceles triangular 

enclosure heated from the base wall.

 

 

 

(a) ϕ = 140 
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(b) ϕ = 200 

 

 

(c) ϕ = 250 

 

 
(d) ϕ = 350 

Figure 4: Temperature field for different enclosures when heated from below 

The temperature field shows isotherms for 

the dimensionless temperature, θand, 

therefore, range from zero to one. The x-

coordinate is scaled with the base length, L, 

with the origin at the bottom left corner. 

Fig.4, showing isotherms within the 

enclosures, indicates that thermal field is 

controlled by the convection cells without 

thermal diffusion. Generally, isotherms in the 

enclosures show rising hot plumes from the 

bottom wall and cold jets falling from the 

cold, upper walls. Multiples of these form 

regions between two counter-rotating 
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adjacent vortices. The number and strength of 

the vortices is found to influence the transport 

processes within the enclosures with high 

temperature gradients at the boundaries and 

along the walls. In particular, in the 140-pitch 

enclosure (Fig.4a), there is a relatively high 

value of mean air temperature and high heat 

transfer coefficient attributed to the thorough 

mixing of air by virtue of the multi-cellular 

flow structure. 

 

For higher pitch angle and Ra, the 

temperature fields evolve to form two parts: 

the lower region with uniform, high mean 

temperature and the upper vertex region with 

low mean temperature that tends towards that 

of the cold wall. This latter region increases 

in area as pitch angle increases depicting the 

effect of the increased cold wall. 

 

 

Figure 5: Wall shear stress plot for 35o-pitch enclosure when heated from below. 

 

In Fig. 5, the wall shear stress plot shows 

variation of velocity gradient along the top 

and bottom walls. The wall shear stress is 

observed to increase from the conduction 

dominated tips of the bottom corners towards 

the point of intersection of the interwoven 

triangles and reduces thereafter towards the 

midsection. This observation is useful when 

considering rooftop drying of crops and 

rooftop storage of convection sensitive 

materials.  

 

3.2 Enclosures Heated from Above 

Results for enclosure heated from above are 

presented in Figs. 6 for streamlines and Fig.7 

for isotherms. In all the enclosures, for the 

pitch angle and Ra ranges considered, the 

flow pattern is similar; a single counter-

rotating vortex is formed in each half of the 

enclosures with, understandably, stagnant air 

at the upper vertex. Thus, the streamlines for 

140- and 350-pitch enclosures are only 

presented. As indicated, the gradient of the 

stream function is largest near the bottom 

corners. Therefore, the velocity is highest 

there. This relatively high velocity moves the 

fluid up along the inclined walls to the centre, 

then towards the base to repeat the process 

thereby forming a rotating cell. For higher 

pitch angles, the shape of the cells remains 

practically the same but rotate with higher 

intensity. This flow pattern is similar to that 

reported by Asan and Namli (2000) and 

Ridouane et al. (2005) for isosceles triangular 

cavity. The isotherms, Fig.7, are mainly 

characterized by thermal stratification; heavy 

cold fluid lying along the bottom wall and 

temperature gradient vertically towards the 

lighter hot air along the upper wall.  
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    (b)  ϕ = 350 

Figure 6: Streamlines for (a) 140-and (b) 350-pitch enclosures when heated from above. 

 
(a) ϕ = 140 

 

 

(b) ϕ = 350 

Figure 7: Temperature contours for (a) 140-and (b) 350-pitch enclosures when heated from 

above. 

 

 

 

 

3.3  Heat Transfer 

The local values of the heat transfer 

coefficient, hx, for the enclosures heated from 

below are reported in Fig. 8, in terms of the 

local Nusselt number,  



𝑁𝑢𝑥 =  
ℎ𝑥𝐿

𝜆
    (5) 


where λ is the thermal conductivity of air. 

The Nusselt number is defined such that the 

base length, L, is used as characteristic length 
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for direct comparison of results obtained for 

different geometries with a common base-

length. 

 

 

     
(a) ϕ = 140       (b) ϕ = 200 

   
                (c)  ϕ = 250       (d) ϕ = 350 

Figure 8: Local Nu plots for the four enclosures when heated from below 

For the enclosures heated from the base wall, 

the variations of Nusselt number along the 

base and inclined walls indicate connection 

between the attachment and detachment of 

the hot plumes and the rate of heat transfer 

along the walls. It is particularly observed 

that the crests and troughs in the local Nu 

plots match closely the attachment and 

detachment points respectively. The heat 

transfer rate reduces to almost zero at the 

detachment points because a region of near-

zero temperature gradient is created in-

between two counter-rotating vortices that 

pull away air at the wall temperature. The 

heat transfer rate reaches highest points when 

hot air from the base wall splashes on the cold 

inclined walls. The separation of the maxima 

at the midsection coincides with the diameter 

of the central vortex; which widens as ϕ 

increases (Fig.3a-d). In Fig. 8(a), for the 14°-

pitch enclosure, the multiple hot plumes 

brought up a well-ordered oscillatory 

sequence. This oscillatory sequence is 

maintained for the 200-and 250-pitch 

enclosures. But, at the 35° pitch angle, it is no 

longer the case as the trends become irregular 

with a few relatively high peak values. In all 

of the enclosures, high Nux values are found 

in the vicinity of the bottom corners, mainly 

due to the closeness of the hot and cold walls 

while it is quasi-zero at the upper corner, 

since air stagnates in its correspondence. 

 

The plots of the relation between the mean 

Nusselt number over the heated base wall 

with the enclosure Rayleigh number and the 

pitch angle are as presented in Fig.9. It is 

noted that the extreme values of Nux are of 

little practical significance in terms of the 

overall heat transfer efficiency of the system. 
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The 𝑁𝑢̅̅ ̅̅ ϕplot is quasilinear. The decreasing 

trend of  𝑁𝑢̅̅ ̅̅ ̅ as the pitch angle increases 

shows directly the total heat transfer rate, 

and, that the thermal power driven to the cold 

walls weakens while passing from the 14°-

pitch to the 20°-pitch enclosure, reducing 

further as increases. 

 

 

 

Figure 9: Plot of mean Nusselt number (Nu) of the base wall against pitch angle (ϕ) when 

heated from below. 

When the enclosures are heated from the 

inclined walls, the distribution of the Nusselt 

number along the walls is expectedly 

different. Convective heat transfer within the 

enclosures is understandably generally very 

low. In particular, in the 140-pitch enclosure, 

the heat transfer rate along the inclined walls, 

depicted by the local Nu plot shown in Fig. 

10, reduces at a constant rate from the bottom 

corners, where conduction dominates, to the 

upper vertex where air is relatively stagnant. 

 

 
 

Figure10: Local Nu variation for the 140-pitch enclosure heated from above 

For the base wall, heat transfer rate is 

relatively higher across the horizontal length 

with evidence of mixing of air at the 

midsection where the two vortices splashes 

hot air on the cold base wall. The mean Nu 

number for this enclosure, at Ra value of 106, 

is found to be 34.4. 

The practical significance of the results is that 

during winter or very cold weather conditions 

in which the main desire is to minimize heat 
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loss from the heated space below through the 

ceiling into the attic, the roof pitch should be 

made high enough. For low pitch roofs, 

appropriate insulation should be installed with 

special attention paid to the corners. But in the 

tropics, where roof heating by solar radiation 

is high in major part of the year, it is necessary 

for the pitch angle to be low. Also, if the focus 

is drying of agricultural produce as in the rural 

communities in the developing world, the roof 

pitch should be made as low as possible.  

 

5.0   CONCLUSION 

Two-dimensional laminar natural convective 

heat transfer of air in long, horizontal 

combination triangular enclosures heated 

from below and above has been investigated. 

The shape of the enclosure evidently affects 

the structure of the flow and temperature 

fields. For the case heated from below, at low 

Ra, quasi-symmetric flow was observed. A 

large central vortex drives smaller counter-

rotating cells whose number and strength 

changes as the pitch angle increases. At low 

pitch, multi-cellular flow structure controls 

the transport processes within the enclosures 

leading to thorough mixing of air. As the 

aspect ratio increases, the heat transfer 

coefficient decreases. For the case heated 

from above, the flow structure is symmetrical 

with a cell in each half of the enclosure for all 

the pitch angles. There is thermal 

stratification vertically across the enclosures. 

The practical significance of the results is that 

the flow pattern and heat transfer 

characteristics presented will be of great 

value to engineers engaged in the analysis 

and design of building attics. Also, 

knowledge of the flow pattern of the hot air 

within the attic enables agriculturalists in a 

tropical environment to predict the most 

appropriate positions for placing farm 

produce especially when the control of 

drying- and moisture-removal rates is 

important. 
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