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ABSTRACT   

Natural convective heat transfer in M-shaped roofs has been investigated using CFD approach 

with the aim of determining the flowfield and thermal characteristics of the attic when heated 

through the ceiling for pitch angles 14o, 20o, 25o and 35o and Rayleigh number between 106 and 

107. The results show that the ‘M’ shape of the roof has strong influence on the airflow pattern 

and heat transfer. For all the roof pitches, counterrotating cells with varying intensities and 

thermal plumes are obtained. The air velocity variation laterally across the attic forms a 

sequence that mimics the flowfield thus enabling the relative size of a cell and its intensity at a 

position in an attic of a particular pitch to be predicted. The size of the twin vortices at the 

central area is found to increase by 4% with the roof pitch. As the pitch increases, the thermal 

plumes get thicker while their number reduces and heat transfer rate decreases.  
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1. INTRODUCTION 

Investigations on the problems of natural convection in enclosures is important due to their 

engineering applications in roof designs, air conditioning, solar systems, cooling of electronic 

circuits and heat exchangers among others. In particular, studies on heat and fluid flow 

mechanisms in rooftops have focused on the effects of enclosure shapes and boundary 

conditions. The works of Flack (1980) and Akinsete and Coleman (1982) on the experiment 

and simulation of pitched rooftop models, respectively, laid the foundation for more 

investigations on pitched roofs in form of triangular enclosures. Kamiyo et al. (2010), Saha 

(2011) and Das et al. (2017) presented broad reviews on regular pitched and some complex-

shaped roofs that cover the effects of roof configurations which result in various flow regimes. 

Thereafter, investigations based on different approaches have continued. However, with the 

development of advanced numerical methods that could accurately predicted problems of flows 

in enclosed surfaces, majority of the authors have used modelling approach. In the past decade, 

the numerical modelling studies reported include those of Wang et al. (2012), Wang and Shen 

(2012), Ching et al. (2012), Yesiloz and Aydin (2013), Kamiyo et al. (2014), Mirabedin (2016) 

and Amrani et al. (2017) while the few experimental studies are those of Anderson et al. (2010), 

Oztop et al. (2012), Yesiloz and Aydin (2013), Raj et al. (2018) and Michels et al. (2018). In 

most cases, sealed attics are considered but there are few reports on vented attics (Wang et al. 

(2012), Wang and Shen (2012), Raj et al. (2018)).  

In attempts to model different weather scenarios, a number of studies have considered different 

thermal boundary conditions. Enclosure heated from below only is reported by Asan and Namli 

(2001), Mahmoudi (2011), Kamiyo et al. (2014) and Cui et al. (2019). Enclosure heated from 

above only is studied by Akinsete and Coleman (1982), Asan and Namli (2000) and Amrani et 

al. (2017). Ridouane et al. (2005), Mahmoudi et al. (2013), and Yesiloz and Aydin (2013) 

considered both concurrently. Special boundary conditions are applied by Saha et al. (2010a) - 

periodic thermal forcing, Saha et al. (2010b) - instantaneous and ramp cooling, Saha and Gu 

(2015) - non-uniform cooling and Triveni et al. (2015) - partially heated walls. 

Recently, some complex roofs reported include dome (Das and Morsi, 2002), inclined 

triangular cavity (Mahmoudi et al., 2013), asymmetric triangular cavity (Kamiyo et al., 2014) 

and baffled triangular enclosure (Saha and Gu, 2015). Others are vertical upright–angled 

triangular cavity (Sieres et al., 2016), gable roofs (Wang et al., 2012; Amrani et al., 2017), 

sectioned-triangular prismatic enclosure (Cui et al., 2019) and trapezoidal enclosure (Mehryan 

et al., 2020). Many other complex-shaped roofs have been studied but there are still some 
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common ones that require further investigations. In this study, natural convective heat transfer 

in M-shaped roof heated from the horizontal bottom wall, as shown in Fig. 1, is investigated 

for pitch angles 14o, 20o, 25o and 35o within the range 1.14 x 106  Ra  2.74 x 107.  The 

objective is to apply a numerical technique to better understand the effect of the M-shaped roof 

on the airflow pattern and heat transfer within the attic bearing in mind engineering application 

benefits.  

 

 

Fig. 1. M-shaped roof house 

2. METHODOLOGY 

The physical geometry of the M-shaped pitched roof investigated in this study, which coincides 

as the computational domain, is as shown in Fig. 2 in two-dimensional form. According to 

Penot and N’Dame (1992), the geometry of a pitched roof could adequately be represented by 

a two-dimensional triangular shape provided the roof extension in the direction perpendicular 

to the cross-section is more than double its width. The geometry forms the ‘M’ shape with the 

upper vertex of a standard triangle inverted at four-fifth of its height. Hence, for a unit length 

L, height H is two-fifth of the tangent of the pitch angle or of the aspect ratio. This complex 

shape of the roof is expected to influence the airflow pattern and thermal characteristics of the 

attic. The full geometry is considered in order to avoid problems associated with symmetry 

assumptions highlighted by Holtzman et al (2000). The enclosure is filled with air and there is 

no internal heat generation. The flow is steady and Bousinessq model applies. The validity of 

invoking the Bousinessq model is substantiated by Gray and Giorgini (1976) and Ridouane et 

al., (2005). The computational domain dimensions and boundary conditions are normalized as 

real life roof sizes and weather conditions vary.  
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              Fig. 2.  Physical model. 

The dimensionless forms of the governing conservation equations for a buoyancy-driven, 

laminar natural convection under steady-state conditions are expressed in the forms: 

Mass: 

𝜕𝑈

𝜕𝑋
+

𝜕𝑉

𝜕𝑌
= 0                                (1) 
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using the following non-dimensional variables:                                  

 𝑋 =
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Boundary conditions:  

 

On the base wall,          U = V = 0;   θ = 1 

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

The four pitch angles considered and their corresponding aspect ratio and Rayleigh number are 

as stated in Table 1.      

Table 1.  Parametric details of the enclosures. 

Pitch Angle (ϕ) 14o 20o 25o 35o 

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 
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The governing partial differential equations were discretized and a finite volume based CFD 

code, ANSYS FLUENT© (V18), was used to carry out the steady-state flow field and heat 

transfer predictions. Unstructured, very fine tetrahedron mesh, shown in Fig. 3 for the 25o pitch 

enclosure, was used with special attention given to the regions near the walls in order to properly 

resolve rapid changes within the resultant boundary layers. SIMPLE algorithm was employed 

for 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.  

 

Fig. 3.  Computational mesh for the 25o pitch enclosure . 

Grid independence test was carried out to ensure the accuracy of the solution scheme and to 

determine an appropriate grid density. Many numerical runs were conducted for a given 

Rayleigh number at grids with different number of elements. A comparison of the maximum 

velocity magnitude to the number of elements was done as shown in Table 2. This implies a 

mesh with 76,000 elements was sufficient to produce grid independence in the 25o roof pitch 

enclosure. 

Table 2. Grid independence test for the 25o roof pitch enclosure. 

Number of elements 56,520 75,860 85,946 

Umax 0.20 0.21 0.21 

3. RESULTS AND DISCUSSION 

The plots of the predicted air velocity and temperature distribution within the attic are presented 

alongside the local and averaged Nusselt number variations among the results of the 

simulations. The velocity and temperature scales used are 𝑈 = √𝑔𝛽(𝑇ℎ − 𝑇𝑐)𝐻 and θ=T - 

Tc)/(Th –Tc) respectively; making them range from zero to one.  

3.1. Velocity Distribution 

The predicted velocity distribution in the attic is shown in Figs. 4 and 5 for different pitch 

angles. Critical observation of the airflow patterns shows that the M shape and the aspect ratio, 
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AR, which is proportional to the pitch angle, ϕ, of the enclosure have strong influence on the 

flow behaviour. At low pitch angle, rising hot air from the base wall hits the upper inclined cold 

walls quickly, splits in both directions and returns; thus forming counter-rotating cells. The 

number of the cells increases with decreasing pitch angle. The convection currents create a 

system that shows peak values of the flow velocity at the regions where the counterrotating 

cells rub each other. The strength of a rotating cell reduces from the outer circumference 

towards the centre.  

 

The results show that, in comparison with normal pitch roofs, the ‘M’ shape of the roof affects 

the velocity distribution. In the 14o-pitch enclosure, Fig. 4(a), twenty vortices are symmetrically 

arranged on each half of the roof as divided naturally by the inverted vertex. The size and 

strength of the vortices reduce from the midsection towards the bottom corners. In Fig. 4(b), 

for the 20o roof pitch, the number of vortices has reduced to sixteen while still maintaining the 

symmetrical arrangement. The 30o roof pitch, Fig. 4(c), has twelve rotating cells that have 

become generally larger. Fig. 4(d), for the 35o, still shows symmetric flow structure with four 

large counterrotating cells in each half of the enclosure. Though, the two new upper vertices 

are expected to be quiescent, in each half, a small cell is found to have developed above the 

largest cell. This may be as a result of the splashing of the vortices on the sides of the middle 

vee. Results obtained in this study are analogous to those in Holtzman et al (2000) that reported 

flow visualization experimental results for a smoke-filled isosceles triangular enclosure heated 

from below that the flow pattern becomes multi-cellular and the number of counter-rotating 

cells increases with Rayleigh number. 

         

        (a) 14o Pitch               (b) 20o Pitch 

          
(c) 25o Pitch           (d) 35o Pitch 

Fig. 4.  Velocity contour plots. 

In Fig. 5(a-d), plots of values of predicted velocity at the midheight (Y= 0.5H) of the attic for 

different pitch angles are presented. The velocity peaks where adjacent counterrotating cells 
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rub each other and lowest at the core of the cells thereby forming a sequence that mimics the 

flowfield. The distance between two peaks, which forms a cycle, corresponds to a cell diameter. 

As the roof pitch increases, the size of the twin vortices at the central area increase by 4%. Fig. 

5 thus enables the size of a cell and its intensity at a position in an attic of a particular pitch to 

be predicted. Such plot at a cross-section in an enclosure permits the prediction of the 

convection currents that could guide in the proper ventilation of the attic space and the best 

arrangement of food crops in the attic when used for drying. 

 

        
(a) 14o                       (b)  20o 

      
(c) 25o      (d) 35o 

Fig. 5. Air velocity across midheight (Y= 0.5H) of different enclosures 

Fig. 6 shows air velocity profile at the vertical centerline (X = 0.5L) of each enclosure presented 

together. In all the enclosures, the centerline coincides with a cold jet between the two central 

vortices. Velocity varies as heavy, cold air, under gravity, accelerates downward from the edge 

of the vee, reaches a peak at the midheight, and then gradually reduces to almost zero when it 

hits the basewall. Unlike the profiles in Fig. 5 that changes with the roof pitch, the vertical 

profile follows a similar parabolic shape irrespective of the roof pitch. This helps to predict the 

velocity value at any point along the cross-section and to know that maximum value is at the 

centre of each enclosure. 
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Fig. 6. Air velocity at midlength (X=0.5L) of different enclosures 

3.2. Temperature Field 

As shown in Figs. 7-9, the temperature distribution within the cavity shows a pattern of rising 

hot air from the heated base wall in form of thermal plumes, splashing onto the cold inclined 

walls above where a major part of the heat convected is lost, splitting in either directions and 

returning in form of cold jets to the base wall to form convection currents. The thermal plumes 

indicate regions where adjacent counterrotating cells rub each other. However, as part of the 

distinguishing features of the M-shaped roof, due to the middle vee, the two cells at the central 

portion rotate in such manner that they bring down a cold jet, unlike in a standard pitch roof 

where a thermal plume is formed. In all the enclosures, the number of thermal plumes is half 

the number of cells. As the roof pitch increases, the cell size increases, and the plume gets 

thicker while their number reduces.  

In Fig. 7(a) for the 14o roof pitch, the average temperature across the attic is high because the 

high number of rotating cells aid thorough circulation of hot air. The closeness of the cold wall 

to the hot ceiling enables the quenching effect of the cold wall to be limited to areas along the 

surface of the inclined wall leading to thin thermal boundary layer. As the roof pitch increases, 

the boundary layers along the walls thicken. In the 35o pitch cavity, Fig. 7(d), the temperature 

field remains the same with the number of plumes now reduced to only four and lower average 

temperature. The temperature within the upper vertices approaches that of the cold wall as the 

effect of the heating from the base wall reduces with roof pitch increase.  
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             (a) 14o       (b) 20o 

                

                                 (c) 25o                                         (d) 35o  

Fig. 7.  Temperature contour plots. 

Temperature profile across the midheight (Y = 0.5H) of each enclosure is presented together in 

Fig. 8. The distance between a crest, which connotes a point on the plume and a trough, which 

is a point on the cold jet forms the diameter of a cell. Therefore, the size of a cell could easily 

be determined from the plot. The mean temperature at that cross-section is seen to be θ = 0.54. 

Such profile at other cross-sections could be obtained to determine thermal condition at a region 

within similar enclosures. Fig. 8 also shows that the cold jet at the middle has the same 

dimensionless value in each enclosure and therefore, practical prediction of the thermal 

condition at the middle of the enclosures becomes possible. 

 

 

Fig. 8. Dimensionless temperature across midheight (Y= 0.5H) of different enclosures. 

At the midlength (X = 0.5L), air temperature as the cold jet drops for the enclosure is presented 

in Fig. 9. From the end of the middle vee, the temperature increases gradually as the cold jet 
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move towards the hot base wall and sharply increases within the thermal boundary layer of 

which its thickness is about 0.05 of the enclosure height. Similar to Fig. 6, the temperature 

profile follows a similar pattern irrespective of the roof pitch except for the 35o which deviated 

slightly due to low turbulence. This helps to predict the value of the temperature at any point 

along the cross-section.  

 

Fig. 9. Air temperature at midlength (X=0.5L) of different enclosures. 

3.3. Heat Transfer 

The local Nusselt number variation along the hot and cold walls which represents changes in 

the local heat transfer coefficient aids the understanding of the heat transfer within the 

enclosures. It can be defined as: 

Nux =  
hxL

k
                 (5) 

and, the averaged Nusselt number along a wall as: 

Nu̅̅ ̅̅
 =  

h̅L

k
                     (6) 

where the length of the base wall L, which is common to the enclosures, is chosen as the 

characteristic length.  

 

The variation of the values of the local Nusselt number along the hot basewall (Fig.10a) and 

cold roof (Fig.10b) of different pitch angles is presented. On both walls, the sequential 

sinusoidal patterns of the variation shows that the rate of heat transfer within the attic links 

directly with the attaching and detaching processes of the thermal plumes at the hot wall and 

the cold jets at the cold wall. Heat transfer rate goes to lowest value where two counter-rotating 

cells disconnected air at the same temperature as the walls thereby creating a region of near-
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zero temperature gradient at the point. The peak values correspond to points where cold jets 

splash on the hot horizontal base wall and thermal plumes splash on the cold roof. Near the 

lower corners, the values of Nu are relatively high due to the proximity of the cold and hot 

walls. Nevertheless, that does not affect the overall thermal efficiency of the system. 

Looking closely at the plots, specifically at the midlength of the enclosure, the vee formed by 

the ‘M’ shape of the roof affects the heat distribution at the midsection. In Fig. 10(a), the middle 

cold jet moving downward from the vee under gravity, with relatively high speed splashes on 

the basewall with a force that create a little disturbance which becomes more pronounce as the 

pitch angle increases. On the other hand, in Fig. 10(b), the plots form an ‘m’ at the middle, 

X=0.5. This is because the cell on the right side of the vee rotating anticlockwise after splashing 

on the roof at X=0.6, exchanging heat, again splashes on the vee to repeat heat exchange with 

it before flowing downward as a cold jet, having lost most of its heat. The same heat exchange 

process is similarly done by the cell on the left side of the vee. These together formed the ‘m’ 

shape on the Nu plots. 

       14o   

                                

      20o               
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        25o   

 

      35o  

                  (a)  Hot Basewall      (b) Cold Roof 

 

Fig. 10. Local Nusselt number plots along the (a) hot basewall, and (b) cold roof for 

different pitch angles. 

 

 

 Fig. 11. Mean Nusselt number with pitch angles. 

Fig. 11 shows the plot of mean Nu of the hot basewall against the roof pitch which correspond 

to the total heat transfer rate in the enclosures. The relation is quasi-linear. The thermal power 

driven by the vortices to the cold walls reduces significantly between 14o and 35o pitch angles. 

Specifically, the value of the mean Nu for the hot base wall in the 35o pitch is just about a third 

of that in the 14o pitch. The reason for this is apparent. As the pitch angle increases, the distance 

between the hot and cold walls increases. Also, the length of the inclined cold wall has increased 

by 20% and consequently the major part of the cavity becomes colder. As a result, the rate of 
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heat transfer between the walls reduces. The practical significance of the results is that when 

the aim is to minimize heat loss from heated space below the ceiling into the attic, the roof pitch 

should be made high enough. But if the focus is drying of agricultural produce as in the rural 

communities in the developing world, the roof pitch should be made low. 

4. CONCLUSION 

Natural convective heat transfer in M-shaped pitched roofs has been investigated using CFD 

approach with the aim of determining the flow field and thermal characteristics of the attic when 

heated through the ceiling for certain pitch angle range while keeping the enclosure base-length 

unchanged. The M-shaped of the roof and its pitch angle have strong influence on the results 

obtained. In all the enclosures, symmetrically-arranged multiple counterrotating cells and 

thermal plumes occurs. The number of the cells however decreases with increasing pitch angle. 

The size and strength of the rotating cells also reduce from the midsection towards the bottom 

corners. Unlike in a normal pitch roof where the cells at the central portion forms a thermal 

plume, the middle vee makes the two central cells to bring down a cold jet. As the roof pitch 

increases, the cell size increases, and the plume gets thicker while their number reduces. Heat 

transfer rate is enhanced with decreasing value of the roof pitch.  

The practical significance of the results is that when the aim is to minimize heat loss from 

heated space below the ceiling into the attic, the roof pitch should be made high enough. But if 

the focus is drying of agricultural produce as in the rural communities in the developing world, 

the roof pitch should be made low. This work will therefore be useful to rural farmers in 

developing countries and building designers in their choice and installation of insulation 

materials for controlling heat losses. 
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