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Abstract: Thermal characteristics of the attic space are known to influence the thermal comfort and energy efficiency within the space 
directly below it. Among past studies reported, very few have been on complex-shaped rooftops which are becoming common. This study 
therefore focused on steady-state, two-dimensional laminar natural convection heat transfer of air in long, scissors-shaped attic of 
selected pitch angles heated through the ceiling. A finite volume numerical simulation approach is adopted. Results obtained show that 
the streamlines depict multiple, recirculating, counter-rotating cells symmetrically positioned within the enclosures. The intensity and 
size of the vortices decrease from the middle of an enclosure towards the bottom corners and as the enclosure pitch increases. The 
pattern of the variation synchronizes with the detachment of the hot plumes from and the attachment of the cold jets to the hot wall. Heat 
transfer rate is high at locations where cold jets drop on the hot wall but low where hot air separates from the hot wall. The mean 
Nusselt number for the hot ceiling decreases with the pitch angle. Therefore, in temperate region, to minimize the rate of heat loss from 
a heated occupied space below into the attic above through the ceiling, the pitch angle of the roof should be relatively high. For low-
pitch roof buildings in such location, the ceiling insulation should be of appropriate quality and thickness. 
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1. INTRODUCTION 
Studies on the airflow and heat characteristics within enclosed surfaces have attracted attention over the years due to 

their relevance in the designs of rooftops, ventilation and air-conditioning systems, solar equipment and cooling of 
electronic boards. After the foundational studies carried out by Flack [1] on the experiment and simulation of pitched 
rooftop and Akinsete and Coleman [2] on the simulation of triangular rooftop models, heat and airflow distributions within 
the attic and heat flow across the ceiling have been the focus of research. Advances in numerical methods employed in 
computational fluid dynamic (CFD) packages have led to near-accurate predictions of natural convective heat transfer in 
enclosures. Extensive reviews of extant literature carried out by Kamiyo et al. [3] and Das et al. [4] on regular triangular 
and a few complex roofs discussed the effects of air properties and roof configurations on the flow pattern and heat 
distribution. 
 

     In the past decade, many studies on heat transfer within attics have been reported. In recent times, convective and 
radiative heat transfer analysis of fluid flow inside a regular triangular cavity was studied by Moftakhari et al. [5] using 
natural element numerical method. Basak et al. [6] used the Bejan’s heatline approach to investigate natural convection in 
porous right-angled triangular enclosures with a concave and convex hypotenuse. Thermal mixing is found higher in 
convex case than in the concave case for all parameters considered. Haghighi et al. [7] reported improvement in the 
thermal comfort in a building with vented vaulted roof. Using roof-integrated, radiative air-cooling system, Zhao et al. [8] 
were able to reduce the attic temperature of a building. Complex roofs studied so far include those by Das and Morsi [9] -
dome, Mahmoudi et al. [10] -inclined triangular cavity, Kamiyo et al. [11] -asymmetric triangular cavity, Saha and Gu [12] 
-baffled triangular enclosure, Sieres et al. [13] -vertical upright–angled triangular cavity, Amrani et al. [14] -gable roof, 
Cui et al. [15] -sectioned-triangular prismatic enclosure. Elnokaly et al. [16] -vaulted roof, Mehryan et al. [17] -trapezoidal 
and square cavities and Kamiyo [18] -raised ceiling attic. A number of other complex roofs have been investigated; 
nonetheless, there are still some other common ones that have not been studied sufficiently. Therefore, this study uses a 
finite-volume CFD package to investigate steady, natural convective airflow and heat transfer within the attic of a scissor-
shaped roof heated through the ceiling. 
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2. METHODOLOGY 
In this study, a long, horizontal attic space with scissors-shaped cross-section extending more than double its width, as 

shown in Figure 1, is considered. Penot and N’Dame [19] confirmed that the flowfield and heat transfer in enclosures with 
such geometry could be regarded as two-dimensional. 

 

 
Figure 1:  Physical model 

 
     The attic space is filled with air and there is no internal generation of heat. Since the size of a roof depends on the 

building dimensions, the physical domain, which matches the computational domain, with the boundary conditions are 
normalized. The dimensionless forms of the governing equations for steady laminar flow subject to Boussinesq 
approximation [20, 21] are expressed as: 
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Conservation of Energy 
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with the following boundary conditions:  
 
Hot lower wall,   U = V = 0; θ = 1. 
Cold upper wall, U = V = 0; θ = 0. 
That means no slip condition applies at all the walls. 
 
     Four angles within standard range for pitch roofs are arbitrarily selected; the details are as stated in Table 1. 
 

Table 1:  Parametric details of the enclosures 
Pitch Angle (ϕ) 14o 18o 30o 45o 

Aspect Ratio (AR)  0.25 0.325 0.58 1.00 
Rayleigh Number (Ra) 3 x105 7 x105 4 x 106 2 x 107 

 
     Unstructured very fine mesh was generated for the computational domain with attention paid to areas in proximity to 
the walls and corners to properly capture changes within the boundary layers. The grid for the 30o pitch is shown in Figure 
2. Using a finite-volume based ANSYS FLUENT© (Version 18) solver, the coupled, nonlinear governing partial 
differential equations (1) – (4) were solved numerically. The SIMPLE algorithm was used to resolve the pressure-velocity 
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coupling. Pressure interpolation was handled using the PRESTO scheme. QUICK scheme was used to spatially discretize 
the momentum and energy equations. To ensure proper convergence, 10-5 was fixed as convergence criterion for the 
continuity and 10-7 for the momentum and energy equations. The governing equations were solved iteratively to obtain a 
converged solution for each enclosure. 
 

 
Figure 2:  Computational grid for the 30o pitch enclosure 

      Many numerical runs were conducted for an enclosure at grids with different number of elements to test grid 
independence of the results. The maximum value of the velocity magnitude for each grid is shown in Table 2. The results 
show that a mesh size of 64,000 elements was sufficient to produce grid independence in the 18o enclosure. 

Table 2: Grid independence test for the 18o roof pitch enclosure 
Number of elements 56,424 64,291 70,673 
Umax (m/s) 0.04 0.05 0.05 

 
 

3. RESULTS AND DISCUSSION 
The results obtained in the simulation are shown in Figures 3-11 in the form of streamlines, contour plots of the 

magnitude of air velocity and isotherms, graphical plots of the variations of the air velocity and temperature across some 
selected sections, graphical plots of the local Nusselt number variation along the hot ceiling of the 45o enclosure and of the 
changes in the mean Nusselt number of the hot wall with enclosure pitch angle. 

 
3.1 Streamlines 

In Figure 3, the streamlines for different roof pitches are presented. The convection system shows streams of hot, 
buoyancy-driven air, in form of plumes, move up from the hot lower wall, smash on the cold upper wall and bifurcate in 
right and left directions. Losing a major part of the heat content, the air detach as cold dense jets, flows downward to be 
reheated by the hot lower wall to regain momentum and recur the convection process. As a result, at steady state, there 
forms a multiple of revolving cells, arranged quasi-symmetrically. The bifurcation of the plumes at the cold wall makes the 
cell on its right to rotate clockwise and that on the left to rotate anticlockwise thereby forming a system of counter-rotating 
adjacent cells. 
 

 
(a) 14o 

 

 
(b) 18o 

 
(c)  30o 
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(d)  45o 

Figure 3:  Streamlines for different pitch angles 
 

    In the 14o enclosure, there are sixteen recirculating vortices. The size of the vortices and their intensities are observed 
to reduce from the midsection to the lower corners. The number of the cells remains the same in the 18o enclosure but the 
sizes marginally increase. This is because the few degrees increase in the pitch angle could not cause merging or 
bifurcation of cells. However, in the 30o enclosure, the size of the cells has become bigger while the number has reduced to 
ten as some adjacent cells in the 14o enclosure appeared to have merged. In the 45o enclosure, with the pitch angle 
increased about three times, the number of cells is found to have reduced to about a third of that in the 14o enclosure. The 
multiple counter-rotating vortices obtained in this result is similar to that of Holtzman et al. [22] who reported multi-
cellular airflow pattern in their flow visualization experiments in isosceles triangular enclosures heated from the base wall. 

 
3.2 Velocity Distribution 

Distribution of air velocity in each of the enclosures is presented in Figure 4. In all the enclosures, values of velocity are 
relatively higher at locations where adjacent cells rub on each other or on the walls. The velocity is highest around the cells 
at the midsection and reduces towards the lower corners. As the roof pitch increases, average velocity across the attic 
reduces because the heating effect of the lower wall was also reducing. 
 

 
(a) 14o 

 

 
(b) 18o 

 

 
(c) 30o 
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(d) 45o 

Figure 4:  Air velocity distribution for different enclosures  
 
     Characteristically, the value of the velocity across a cell reduces from the outer circumference towards the core; 
depending on the relative intensity of the vortex. At the lower corners, conduction dominates. Therefore, there is no 
movement of air there. This stagnant area reduces with increase in the pitch angle.  
 

    
                      (a)  14o              (b)  18o 
 

    
                                            (c)  30o                     (d) 45o 

Figure 5:  Air velocity across Y = 0.6H within different enclosures 

     Figure 5 shows the variation of the values of the velocity at a cross-section slightly above the midheight (Y = 0.6H) for 
each enclosure. The sequence of the variation signifies the parts of the cells within the enclosure that fall on the cross-
sectional line. The peaks correspond to the parts of the plumes and jets while the troughs fall within the inner parts of the 
cells. In all the enclosures, the peak at the middle is for a plume. Hence, the peaks on either side of it correspond to that of 
jets followed by another plume and another jet in that order. Thus, the gap between adjacent peaks indicates a chord of a 
cell. The high number of peaks in Figure 5(a) is due to the number of plumes and jets in the 140 enclosure (Figure 7(a)). 
From the plot, it could be possible to predict the size of a cell and its strength at a point in the attic with a particular pitch 
angle.  
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      (a) 14o                     (b)  18o 
 

      
                                             (c) 30o                      (d)  45o 

Figure 6:  Air velocity across midlength (X = 0.5L) for different enclosures  
  

    In many cases, to vent the attic, attention is often paid to the midsection. Therefore, the values of the air velocity 
across the vertical centreline (X = 0.5L) for different enclosures are indicated in Figure 6. In some of the enclosures, the 
cross-section forms a chord on the cell at the midsection. But, in the 45o enclosure, it coincides with the central plume. Hot 
air, propelled by buoyant force, accelerates upwards to a maximum velocity and thereafter losing its strength as it moves 
towards the cold upper wall. The peaks connote locations with high velocities while the troughs fall within the core area of 
a cell. The plot along this vertical cross-section enables the velocity at a point at the midsection of any enclosure to be 
predictable. 

 
3.3 Temperature Field 
Figure 7 shows the contour plots of the dimensionless temperature, θ, in form of isotherms within the enclosures. The 
temperature distributions characteristically show hot air in forms of plumes rising from the hot lower wall and jets of cold 
air flowing downward from the upper wall in a pattern similar to the sequence of the streamlines. Combination of half of a 
plume and half of an adjacent jet form a vortex thereby making a plume or a jet to be between two counter-rotating cells. 
The thorough mixing of air within the 14o enclosure makes average temperature within the attic to be highest in 
comparison with other roof pitches. Also, as the pitch angle increases, the volume of air to be heated increases and hence 
the average temperature reduces. There is no evidence of thermal diffusion in any of the enclosures. 

 

 
(a) 14o 

 

 
(b) 18o 
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(c) 30o 

 

 
(d) 45o 

Figure 7:  Temperature field for different pitch angles  
 
     Figure 8 shows together the variation of the dimensionless temperature at a cross-section slightly above the midheight 
(Y = 0.6H) for all the enclosures. The pattern shown is synchronous with the flow field within each enclosure. The peaks 
correspond with the middle of the plumes while the trough falls on the middle of the cold jets. Hence, the span between a 
peak and an adjacent trough connotes the length of chord across a cell at a location. From the plot, it could be seen that the 
average dimensionless temperature along the cross-section is 0.45. 
 

  
Figure 8:  Air temperature across Y = 0.6H for different enclosures  

 
    Being a region of importance, attempt was made to know the variation of air temperature at the vertical centreline 
(X=0.5L) for all the enclosures is shown in Figure 9. For most of the enclosures, the plots show that temperature reduces 
gradually as the hot air in the central plume rises upward into colder volume of air, stabilizes at about the midheight and 
decreases steadily in the upper boundary layer within which there is high temperature gradient.  
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Figure 9:  Air temperature at midlength (X = 0.5L) for different enclosures. 

 
The profiles of the dimensionless temperature similar to those shown in midlength, at the midheight and other cross-

sections within enclosures of the same configuration could be used to predict the actual thermal condition at any point in 
the attic. 

 
3.4 Heat Transfer 
     The Nusselt number variation along the walls is mostly used to illustrate the rate of heat transfer from a surface. In 
Figure 10, the local Nu plot for the hot lower wall for the 450 enclosure is presented. 

4  

 
Figure 10:  Local Nu plot for the hot lower wall of the 450 enclosure 

 
    The pattern of the variation synchronizes with the detachment of the hot plumes and the attachment of the cold jets from 
and to the hot lower wall respectively. High thermal gradients that occur at locations where cold jets drop on the hot lower 
wall results in peak values of the Nux. The heat transfer rate is low at points where hot air separates from the hot wall 
thereby creating regions of near-zero temperature gradient.  

 

 
Figure 11:  Mean Nusselt number of the hot base wall against pitch angle  
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      In order to determine the average rate of heat transfer across the ceiling of a building, represented by the lower wall, 
the correlation between the mean Nusselt numbers of the hot wall with the enclosure pitch angle is presented in Figure 11. 
The plot is found to be negative-gradient. On the hot wall of the 45o enclosure, the rate of heat transfer drops considerably 
such that it is just 10.5% of that for the 14o roof pitch. For regular triangular attic space heated from below, Haese and 
Tuebner [23] reported similar rate of reduction of mean Nusselt number as the pitch angle increases. Practically, the Figure 
11 shows that, in temperate environment, to minimize the rate of heat loss from the heated occupied below space into the 
attic above through the ceiling, the pitch angle of the roof should be relatively high. For low-pitch roof buildings, the 
ceiling insulation should be of appropriate quality and thickness. 

 
 

4. CONCLUSION 
Steady-state, two-dimensional laminar natural convection heat transfer of air in long, scissors-shaped attic of selected 

pitch angles heated through the ceiling has been reported. The streamlines portrays multiple, recirculating, counter-rotating 
cells symmetrically positioned within the enclosures. The intensity and size of the vortices decrease from the middle of an 
enclosure towards the bottom corners and as the enclosure pitch increases. Heat transfer rate is high at locations where cold 
jets drop on the hot wall but low where hot air separates from the hot wall. The pattern of the variation of the local Nusselt 
number along the hot wall synchronizes with the detachment of the hot plumes and the attachment of the cold jets from and 
to the hot lower wall respectively. The mean Nusselt number for the hot ceiling decreases with the pitch angle. The 
practical application of the results is that, in temperate clime, the rate of heat loss from a heated space into the attic through 
the ceiling could be minimized when the pitch angle of the roof is relatively high. For low-pitch roof buildings, the ceiling 
insulation should be of appropriate quality and thickness. Also, knowledge of the airflow patterns in the attic space could 
serve as a guide to rooftop designers and building users.  
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