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Abstract. Vegetation cover provides shading and protects the soil beneath them from 
warming. Vegetation can be used as passive cooling technique that reduces the thermal load 
of a building. A numerical study has been carried out on laminar double-diffusive mixed 
convection in a green roof enclosure. The model is equipped with inlet and outlet openings 
for air removal while the left vertical wall is heated and partially saturated with water for 
indoor air humidification. The mathematical model is governed by the two-dimensional 
continuity, momentum, energy and concentration equations. Transfer equations are solved 
using a finite difference scheme and Thomas algorithm. The model was applied for the 
simulation of a building with green roof in Togolese climate conditions. Results showed that, 
the flow structure is a mixed convection type, but the isotherms et iso-concentration 
distributions reveal a vertical stratification of the temperatures and the relative humidity.To 
predict heat transfers inside the cavity, a correlation has been established for the estimation 
of the average Nusselt number as a function of the Leaf Area Index and Reynolds number 
under solar heat flux of 350 W.m-2, the average in case of Togo. It was found that a larger 
Leaf Area Index reduces the solar flux penetration and therefore, reduces significantly heat 
transfer inside the enclosure and then stabilizes it temperature. For the LAI equal to 3, the 
indoor air fluctuates around 26°C and the relative humidity range is found to be 50% - 60% 
under solar heat flux of 350 W.m-2. 
Keywords: Leaf Area Index; Nusselt number; Sherwood number; passive cooling. 

Introduction 

Natural cooling techniques have been used over the centuries and their application has 
started to spread throughout the world, particularly in tropical regions where inside 
temperatures in buildings are far beyond the comfortable conditions. The introduction of 
mechanical air conditioning systems into the building, with their great energy expenditure, 
has become the standard alternative used to natural cooling. Many studies regarding this 
problematic are developed as ROOFSOL research project [1-4], which focused  on the 
theoretical and experimental analysis of different roof solutions for cooling in arid region, 
mainly based on evaporative and radiative cooling principles. The green roof technique is 
also able to reduce the energy consumption and to improve the internal comfort in areas 
characterized by high temperature and irradiance values during the day [5-7]. With rapid 
urbanization, there has been high growth in population and building construction in cities. A 
high concentration of buildings actually raises many environmental issues, such as the Urban 
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Heat Island effect. The Urban Heat Island effect started mainly because of the loss of green 
areas in the urban environment. Plants when strategically placed around roofs can be 
considered a complement of urban greens. This natural solution also contributes to the 
thermal benefits in buildings and their surrounding environments. Greenery placed around 
buildings serves to reduce the surface temperature through direct shading of hard surfaces 
as well as cool the ambient air through absorbing solar heat for transpiration and 
photosynthesis. The shaded surfaces also emit less long-wave radiation due to lower surface 
temperature [8]. All these contribute to lowering energy consumption for cooling and 
mitigating Urban Heat Island effect in the urban environment. Many studies concerning the 
energy effectiveness of green roofs are based on the development of complex mathematical 
models [9-11] which involve an understanding of the characteristics of the vegetation and the 
substrate [12-14]. On the contrary, research which is based on the observation of monitoring 
data often refers to short periods of analysis and the results obtained, although of great 
interest for understanding the behaviour of the type of roof analysed, are difficult to 
extrapolate for other contexts and for other solutions. Furthermore, in most studies the green 
roof is considered as a single unit made up of plants and substrate and is always studied 
when there is the greatest density of vegetation, without bearing in mind that, unless it is a 
pre-vegetated green roof system, the vegetation takes time to develop after being installed 
and that the plants may die and the roof may have no vegetation for a certain period of time. 
In West Africa context, green roof is not investigated or poorly investigated. So modeling a 
vegetalised roof should be useful for engineer in optimization of such a passive system in 
practical buildings. Therefore, the aims of this work are to analyse the impact of vegetation 
density on the dynamic of heat and mass transfer inside a vegetalised building under 
Togolese climate conditions. The green roof potential was explored through the 
determination of its effect on the Nusselt number and the indoor temperature fluctuations. 

Model description and assumptions 

The domain under analysis is as sketched in Figure 1, a square two-dimensional cavity 
under the influence of a gravitational field. The heat flux imposed at the top wall is a fraction 
of solar heat transmitted into the cavity by the planted roof.  

 
Figure 1. A schematic diagram for the problem. 
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The left vertical wall is partially heated and saturated with water. The bottom and the right 
vertical walls are assumed to be adiabatic. All side walls are impermeable. The inflow 
opening of size 𝑒 is located on the lower left vertical wall while the location of the equal sized 
outflow opening is at the top of the right vertical wall as shown in Figure 1. Fresh air is 
injected at low speed through the inlet opening in horizontal direction and then the polluted 
hot air eliminated from the outlet opening at the right side wall. In this paper, the planted roof 
model is characterized by the Solar Heat gain Factor (SHF) defined as the ratio of the 
transmitted solar energy into the interior of the enclosure (through the complex roof including 
the vegetation canopy, the substrate and the flagstone support) to incident solar energy. The 
previous studies [15] proposed a correlation to calculate SHF as a function of Biot number 
(Bi) and the Leaf Area Index (LAI).  

𝑆𝐻𝐹 = 𝜎𝑒𝑥𝑝 (−
𝐿𝐴𝐼

𝛿
) + 𝜂                                                                                                          (1) 

Where: 

𝜎 = 97.48257𝑒𝑥𝑝 (−
𝐵𝑖

3.27898
) + 8.07878 

𝛿 = −0.19839 + 0.14606𝐵𝑖 − 0.00693𝐵𝑖
2 + 0.00021𝐵𝑖

3 − 2.916210−6𝐵𝑖
4 

𝜂 = 1.98266 

𝐵𝑖 is the Biot number 
Inside the enclosure, the governing momentum, energy and water vapour conservation 
equations have been presented for double-diffusive mixed convective flows driven by the 
combined effect of the internal buoyancy induced by temperature and concentration 
differences and the external mechanically driven forced flow from the inlet opening.  
The following assumptions are made in the analysis: 

 The laminar airflow is two dimensional;  
 Fluids are incompressible and isotropic; 
 Thermo physical proprieties of the fluids are assumed to be constant except the 

density which obeys the Boussinesq approximation; 
 Viscous heat dissipation is neglected. 

Under these assumptions, the dimensionless governing equations are written in terms of 
vorticity and stream function formulation.  
The heat and mass transfer rates on heat and mass source walls are described by the 
Nusselt and Sherwood average numbers, respectively as follows: 

 on the top wall 

𝑁𝑢𝑎𝑣 = ∫ 𝑁𝑢1(𝑋)𝑑𝑋
1

0
                                                                                                               (2) 

where local Nusselt is calculated as follow: 

𝑁𝑢1(𝑋) =
1

Θ
|

𝑍=1
                                                                                                                       (3) 

 on the left wall 
Local Nusselt and Sherwood numbers are calculated as follows:  

𝑁𝑢2(𝑍) =
1

Θ
|

𝑋=0
                                                                                                                       (4) 

𝑆𝑐(𝑍) =
1

𝐶∗|
𝑋=0

                                                                                                                         (5) 

Reynolds number is defined as follow: 

𝑅𝑒 =
𝑢0𝐻

𝜈
                                                                                                                                  (6) 
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Numerical procedure and code validation 

Transfer equations with appropriate boundary conditions are solved numerically by using an 
implicit finite difference method. The Thomas algorithm is employed to solve the algebraic 
equations. The diffusion terms are approximated by the central finite difference scheme and 
the implicit procedure to discretize the temporal derivatives is retained. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Resolution flowchart 
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The determination of the optimum mesh which represents a compromise between the 
criterion of stability Thomas algorithm and Gauss-Seidel method and an acceptable memory 
occupation was carried out by analyzing the influence of several steps of space and time on 
the mean Nusselt and Sherwood numbers. The following time and spatial steps ∆t =0.0025 s 
and ∆X = 0.0025 m, ∆Z= 0.0025 m are respectively retained. Successive iterations were 
applied and the solution is considered satisfactory when the following convergence criterion 
is verified for each time: 

∑ |Ψ𝑖,𝑗
𝑛 − Ψ𝑖,𝑗

𝑛−1| Ψ𝑖,𝑗
𝑛⁄ ≤ 10−5                                                                                                    (7) 

where Ψ  is a stream function   
Figure 2 gives an overview of how the numerical resolution of the systems of algebrics 

equations associated with our problem is carried out.To ensure the convergence of the 
numerical solution to the exact solution, the grid size has been optimized, so results are 
independent of grid size. Furthermore, in order to verify the accuracy of our numerical 
procedure, we tested our algorithm based on the grid size 81x81 for a square enclosure with 
a discrete bottom wall heated and saturated with water. This computation of Sumon Saha 
[16] for mixed convection heat transfer inside a vented square cavity was validated and 
found to agree quite well. Similar distribution of streamlines is obtained as shown in figure 3. 
  

 
 
 
 
 
 

 

 

Figure 3. Comparison of streamlines with the results of Sumon Saha [16] 

Results and discussion 

Results were obtained for mixed convective flow and the Reynolds number is determined by 
the inlet wind speed. The Leaf Area Index (LAI) is chosen as the main parameter for the 
study. Then, particular attention is paid to the effects of this governing parameter LAI on the 
indoor air mixed convection. The range of LAI values used for the simulations is 1 ≤ 𝐿𝐴𝐼 ≤ 6. 
The objective of this study is to examine the heat transfer and the fluid flow characteristics 
due to mixed convection inside a square vented enclosure with a constant heat source on 
the top wall which represents the planted roof. The resulting flow structure is analyzed to 
provide a fundamental understanding of the effect of the Leaf Area Index and Reynolds 
number on the flow, thermal and water vapour concentration fields. Important dimensionless 
parameters for the present study are Nusselt and Sherwood numbers, on which the effect of 
the LAI and the Reynolds number is studied. The flow structure, the heat and mass transfers 
in the cavity are given in terms of streamline, isotherms and iso concentration lines. Figures 
4 and 5 showed the effect of Leaf Area Index on characteristics fields for different solar heat 
flux amount reaching the planted roof. The airflow is characterized by open lines and pockets 
of fluid formed at the lower part of the right insulated wall.  
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Streamlines Isotherm lines 

              
LAI=2 

              
LAI=6 

Figure 4. Streamlines and isotherm lines for 𝑅𝑛(𝑍𝑅) = 200 𝑊/𝑚2 

It can be seen from figure 4 that the natural convection effect is present but remains 
relatively weak for higher values of the Leaf Area Index since open lines characterizing the 
imposed flow are still slightly dominant. The lower recirculation zone spreads and thereby 
squeezes the induced flow path resulting in almost the same kinetic energy in the bulk 
induced flow as that of the inlet section. Convection heat transfer induces the growth of the 
recirculation cell resulting in the faster removal of heat and mass from the heat and water 
sources. When the buoyancy force increases with the increase of heat flux and concentration 
gradients, the recirculation zone begins to develop by absorbing thermal energy through 
induced forced flow. Thereby the squeezed induced flow covers the whole of the heat and 
water source at low LAI. Similarly, the effect of natural convection on the temperature and 
water vapour concentration distribution is characterized by the displacement of the isotherm, 
isoconcentration and isohumidity fronts throughout the cavity. But, since the induced flow 
sweeps over the heat and water vapour concentration level to the left upper corner of the 
cavity decrease indicating a better heat and water vapour transfer. As transfer numbers 
increase nonlinearily, isotherm, isoconcentration and isohumidity lines become higher and 
plume formation is profound, indicating a well-established natural convection double diffusive 
flow. In this case, heat conduction in the fluid becomes more important than convection heat 
transfer (isotherm lines of figure 4). Furthermore, the distributions of isotherms and 
isoconcentrations describe a vertical stratification of air temperatures and humidity. 
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Isoconcentration lines Isohumidity lines 

 
LAI=2 

 
LAI=6 

Figure 5. Isoconcentration lines and isohumidity lines for 𝑅𝑛(𝑍𝑅) = 200 𝑊/𝑚2 
 

Increasing in solar heat flux reaching on a building leads to intensify simultaneously heat and 
mass transfers between the hot walls and the air in the cavity. Thus, the local Nusselt and 
Sherwood numbers increase nonlinearly when the solar flux on the walls increases as shown 
in figures 6 and 7. 
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Figure 6. Effect of solar flux density on the variation of the local Nusselt number for upper 
wall of the cavity 

 
For LAI equal to 3, figure 8 shows the variation in average temperature and relative humidity 
inside the cavity for different values of the solar flux density. This variation clearly indicates 
that the internal temperature undergoes very few fluctuations around 26 °C for solar flux of 
350 W.m-2 while the relative humidity rate is between 50% and 60%. 
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Figure 7. Influence of solar flux density on the variation of local Nusselt and Sherwood 
numbers for wetted wall 
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Figure 8. Variation in average temperature and relative humidity 

To promote the technique of the vegetated roof, it seemed useful to establish a relation 
between the average Nusselt number, the Reynolds number and the Leaf Area Index. This 
relationship could contribute, during the architectural design, to facilitate the modeling and 
optimization of the characteristic quantities of this kind of building. The density of the solar 
flux being very variable during the day, heat exchanges between the vegetated slab and the 
indoor air has been expressed in the form of a heat transfer correlation as a fuction of the LAI 
and the Reynolds number for a solar flux density of 350 W.m-2 which represents an average 
value in Togolese climate conditions. According to profiles obtained, a polynomial expression 
has been proposed and tested. 

𝑁𝑢1𝑚𝑏 = 𝑁𝑢0𝑏 + 0
(𝐿𝐴𝐼) + 1. (2

𝐿𝐴𝐼)                                                                                   (8) 

Where: 

𝑁𝑢0𝑏 = 4.32328 + 0.01435 𝑅𝑒 

0 = 0,01173 − 0.00008 𝑅𝑒 + 1,7041. 10−10𝑅𝑒2 − 1,1285. 10−10𝑅𝑒3 

1 = −0,09443 + 0,00567 𝑅𝑒 − 3,5796. 10−6𝑅𝑒2 

2
̅̅ ̅ = 0,3248 
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Table 1 presents the values of the coefficients 𝑁𝑢0𝑏, 0 and 1 for different values of 
Reynolds number. Values of the Reynolds number are calculated with increments in inlet air 
velocity to take into account natural and forced airflows in the cavity. The range of the 
Reynolds number Re and the LAI are respectively: 100 ≤ 𝑅𝑒 ≤ 600 and  0.5 ≤ 𝑅𝑒 ≤ 7.5 . 

Table 1. Values of coefficients as a function of the Reynolds number. 

Re Nu0b 0 1 2 

100 5,65929 0,00546 0,45319 0,32516 

150 6,50321 0,00332 0,65562 0,32513 

200 7,08072 0,00201 0,91765 0,32502 

250 8,0435 8,5E-4 1,00832 0,32523 

300 8,74486 4,1E-4 1,38658 0,32488 

350 9,45462 2,2E-4 1,41504 0,32454 

400 10,0606 2,9E-4 1,61724 0,32499 

450 10,6813 5,3E-4 1,72380 0,32435 

500 11,39398 9,6E-4 1,85128 0,32488 

550 12,1831 0,00108 1,92126 0,32441 

600 12,99244 0,00152 2,02727 0,32506 

The coefficients 𝑁𝑢0𝑏, 0 and 1 given in the Table 1 are correlated as a function of the 
Reynolds number whereas, because of its weak variation, an average value is estimated for 
the coefficient 2

̅̅ ̅. As shown in Figure 9, acceptable agreement is observed between the 
prediction using the correlation and numerical values. 

Conclusion  

This work has shown mixed convective heat and mass transfer inside a square ventilated 
enclosure. The momentum equation is solved in terms of vorticity and stream function 
formulation. A numerical model based on an implicit finite-difference method was developed 
for discretizing time average Navier-Stokes equations. The Thomas algorithm and the 
Gauss-Seidel iterative method were used to solve the algebraic equations. The model was 
applied in the simulation of a végetalised building in hot-humid climate. The numerical 
investigation was carried out under Togolese climate conditions. Analysis of the flow 
structure obtained showed a mixed convection type, but the isotherms et iso-concentration 
distributions reveal a vertical stratification of the temperatures and the relative humidity. To 
predict heat transfers inside the cavity, a correlation has been established for the estimation 
of the average Nusselt number as a function of the Leaf Area Index and the Reynolds 
number under solar heat flux of 350 W.m-2, the average in case of Togo. It was found that a 
larger Leaf Area Index reduces the solar flux penetration and therefore, reduces significantly 
heat transfer inside the enclosure and then stabilizes it temperature. For the LAI equal to 3, 
the indoor air fluctuates around 26°C and the relative humidity range is found to be 50% - 
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60% under solar heat flux of 350 W.m-2. It is clearly proved that the foliage density and hence 
the vegetable canopy type selection greatly influence heat transfer inside green roof building. 
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Figure 9. Regression curves of the coefficients as a function of the Reynolds number 

Nomenclature  

𝜈 Kinematic viscosity ( 𝑚2. 𝑠−1)     

Θ Nondimensional temperature (-) 

Ψ Nondimensional stream function (-) 

𝜏 Nondimensional time (-) 

𝐵𝑖 Biot number (-) 

𝐶∗ Nondimensional concentration (-) 

e size of inlet and outlet (𝑚) 

H height of the cavity (𝑚) 

L width of the cavity (𝑚) 

LAI Leaf Area Index (-) 

𝑁𝑢(𝑋) Local Nusselt number (-) 

𝑁𝑢(𝑍) Local Nusselt number (-) 

𝑁𝑢𝑎𝑣 average Nusselt number (-) 

𝑅𝑛(𝑍𝑅) Solar heat flux (𝑊. 𝑚−2) 

𝑅𝑒 Reynolds number (-) 

𝑆𝑐(𝑌) Local Sherwood number (-) 
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SHF Solar Heat gain Factor (-) 

x, z coordinates (m) 

X, Z Nondimensional coordinates (-) 
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