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Résumé : Natural convection phenomena have been and continue to be the subject of much research activities. 

However, we note that in the context of the habitat where the Rayleigh number is usually higher (10
11

 order), the 

experiments are rare and few calculations. So it is necessary first to make an effort to establish an accurate 

experimental device to explore and better understand the turbulent natural convection flows that develop in a 

residential part, and the other developing numerical tools that predict realistically the movement of air inside 

buildings. The natural convection in the system studied is fairly complex; it changes from the laminar flow to the 

turbulent flow and the turbulent flow covers at least half the height of massive wall during the normal 

circulation. In this work simulation in three-dimensional (3D) on the flow in a room coupled with a facade of 

passive heating system type: (In-In), were conducted numerically to determine all the thermals parameters, 

dynamics and turbulence's according to the climate conditions of the area studied.  

 
Mots clés : Solar energy, Thermal models, Turbulence flows, Reynolds stress modeling. 

 

1. Introduction 
 

Considerable interest has been recently observed in passive solar heating systems, which combine the 

solar collection and thermal storage into the building structure and distribute the heat by natural methods. The 

Trombe wall is a kind of passive solar heating systems used for space heating. 

The Trombe wall system consists of the south massive wall and a glass cover. Vents are located at both 

the top and the bottom of the wall. Solar heat, absorbed by the darkened massive wall surface, is transferred to 

the room by heat convection and conduction. Relatively cool air in the room, drawn through the bottom vents, is 

heated up as it passes thought the channel and then delivered into the room through the top vents by stack-effect. 

The thermo-circulation provides a direct heat path to the room, while the conduction through the wall has a time 

delay. These two paths are interactive.  

Research on applications of solar heat in the home has been conducted on various devices, including 

prominently passive heating systems, which are quite relevant to the problem of thermal insulation from outside 

influences. [1] Passive heating systems are sensors that collect and store solar energy and contribute to thermal 

comfort in the building. The numerical approach is the use of the Navier–Stokes equations under certain 

simplifying assumptions to determine the air flow rate in this system. The mass conservation equations, speed, 

and energy are also used. Two numerical approaches have been used since the first numerical models of the 

1960s. The first, used by Aung et al. [2] and Kaiser et al., [3] uses the Boussinesq approximation by considering 

all the constant physical parameters, except for the bulk density.  

The rewriting of the Navier–Stokes equations then provides a problem, whose solutions can be 

calculated numerically relatively simply. The second considers the Navier–Stokes equations with non-constant 

parameters, such as those of Kaiser et al. [3] and Gan [4-5] This method is made possible by the development of 

computational tools and computational fluid dynamics (CFD) solving techniques. Several researchers have 

conducted studies on the numerical TROMBE wall and have developed models, which recognized the special 

nature of TROMBE walls with asymmetric heating channels and heat loss taking place through the glass, Burek 

et al. [6] and Ong [7] has developed a simplified thermal model based on the properties of the channel thickness 

and the thermal flux. Other thermal networks and simplified models have been developed to predict the 
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performance of the daytime solar chimney or TROMBE wall, especially Balocco[8]. Gan [4] for his part studied 

the movement of air in a ventilated room naturally through the use of a solar chimney or TROMBE wall for 

cooling buildings in summer. 

Bouchair [9] showed that there is an optimal chimney length/width difference of maximum airflow. If 

the stack is too large, there is a reverse flow of air, thus an air flow down through the center of the conduit.  

Bansal et al.[10] developed the mathematical model to predict the velocity of the air in a solar chimney 

from the prediction of the temperature of the absorbed, the air in the flow channel, and the glass plate. 

Experimental validation of the model was done using a solar chimney having an absorbed of 1 m height. The 

work carried out with three different combinations of air space and the air inlet in the fireplace dimensions 

showed good agreement between observed results and those calculated. The small size of the solar chimney 

analyzed opened opportunities to use the windows like solar chimneys, from flow velocities of more than 0.24 

m/s. In Aung et al. [2] the term motor is considered to the temperature difference between the surface 

temperature of the plates and the temperature of the outside air or the heat flux at the plate interface between the 

solid and air.  

The Grashof number is then defined accordingly. Similarly, CFD studies consider the boundary 

conditions of the air gap fixed temperatures, as do Chami and Zoughaib [11] or flow, as in Hami et al. [12] Then, 

the Nusselt number and the speed are calculated for different numbers of Rayleigh and aspect ratios. 

Correlations, to the convection coefficient and the average air speed, are then offered. Aung et al. [2] perform a 

number of calculations for Rayleigh numbers and selected flow rates. They then find an asymptotic relationship 

between Rayleigh number and Reynolds number and Rayleigh number on one hand and Nusselt number on the 

other.  

Zamora and Kaiser [13] studied the flow (laminar and turbulent) in a solar chimney for different 

Rayleigh numbers and different aspect ratios, using a numerical code. Correlations giving the aspect ratio value, 

which maximizes the Nusselt number for the Rayleigh number values between 105 and 1012, were prepared. 

The more the number of Rayleigh is raised, the more the report of the shape must be low to maximize the 

convective exchanges. The maximum speed is reached for the maximum value of the Nusselt, which is explained 

by the fact that turbulent flow reversals take place, favoring the convective exchanges, but not the air exchange.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Physical model studies. 

 
Gan [14] and Hami et al.[15] studied the solar chimneys, and provide general expressions for 

calculating first the Nusselt number as a function of the aspect ratio and the Rayleigh number, and second the 

Reynolds number based on the Rayleigh and Nusselt numbers, thereby obtaining the flow rate. It breaks these 

relations on the basis on which they are valid. Note that these relations are valid for flow from 100 to 1000 

W/m
2
and, for various distributions of flow between the two faces of the cavity. These methods have the 

advantage of a fine description of any flaw in the air space; they also help to analyze the nature of the flow 

locally including its potential heterogeneity along the canal. But these results are established for specific 

configurations and inputs, thereby limiting their use for modelling of exchanges in real configurations facade 

passive heating system coupled with the building. 

In this work, three-dimensional (3D) simulations on the flow in a room coupled with a facade of passive 

heating system type: In-In (Trombe wall), Fig. 1. was conducted numerically to determine the temperature and 

velocity fields in the influence of the variation of the modified Rayleigh number, which itself depends on the 

characteristics of the fluid and heat flow due to the sunshine. The behavior of boundary layers in natural 

convection is analyzed along the Trombe wall in our periodically heated imposed flow. Thermal and dynamic 

modelling of the problem was made by CFD calculation, based on the finite volume method to model both the 

fluid flow and heat transfer. To take account of the strong temperature gradient and velocity near the walls, we 
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chose a structured tight mesh near the walls and a little wider mesh elsewhere. The results have shown that for 

Grh< 4x10
8
, the flow regime is laminar, while for Grh> 10

9
, the flow regime becomes turbulent. 

 

2. Simulation Procedures 
 

2.1. Mathematical model 
 

2.1.1. Simplifying hypotheses 
 

In order to obtain a mathematical model for the physical phenomenon studied, we adopt the following 

assumptions: 

• The fluid is Newtonian and incompressible 

• The flow regime is unsteady, 
• The flow is generated transitional between laminar / turbulent along the Trombe Wall (hot wall), 

The physical properties of the fluid are constant except the density obeys the Boussinesq approximation   

in terms of the buoyancy. 
 

2.1.2. Equations of the problem 

The equations governing the problem addressed are those turbulent incompressible flows and written 

decaying Reynolds for pressure, speed and temperature with an average component and a fluctuation term (1): 
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The Reynolds stresses and heat turbulent flows respectively appear in the equations (3) and (4) are 

expressed in terms of dynamic and thermal fields means as follows [17] : 
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Where: νt (xi, t) is a turbulent kinematic viscosity. 

 
 


 

2k
Ct                                                        (7) 

85.0Pr 
t

t
t 


(for air) [17]                            (8) 

 



4 

 

To close the whole transport equations (2), (3) and (4), the turbulence model k-ε, (9) and (10) was used. 

This model has the advantage of not requiring very large computation times, especially for simple cases such as 

the one we are studying. 

We will therefore use this model of turbulence with improved treatment laws, walls (Enhanced wall 

treatment), with the intention to resolve the laminar sub-layer, it is important to have the order y + (y + ~ 1). 

However, a larger value is acceptable as long as it remains in the viscous sub-layer (y + < 4 or 5) [22]. 

The two modelled equations of turbulent kinetic energy k, and ε dissipation are described by the following 

transport equations (9) and (10): [17-18]. 
 

2.1.2. Equation of turbulent kinetic energy 
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2.1.3. Equation of dissipation 
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The constants called k-ε model are standards for values: [19] 
 

09.0C , 1k , 22.1 , 44.11 C 9.12 C  

Transport equations (2), (3), (4), (9) and (10) are resolved by the method of the control volumes and 

resolved by the simple algorithm Patankar [19]. In order to achieve a compromise between the computation time 

and accuracy of simulation results, an optimization study was made of the influence of no space and time 

(Courant-Friedrichs-Lewy (1928) or CFL condition. It is necessary and sufficient for stability) [20]. It is 

estimated that convergence is reached when the relative differences in all variables calculated at various nodes of 

the mesh, fall below (R = 10
-4

) between two successive iterations. 
 

2.2. Initial and boundary conditions 

 

At : t = 0, 0 kwvu  

CTT i  6
                      

 
 

 Condition of adherence to the walls (u, v, w) = (0,0,0); 

 The contest between the Trombe wall (w) and air (f) is assumed to be perfect in the air space; 
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 The estimated global solar radiation is expressed by the model of LUI&JORDAN [21] 
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 Geophysics of the city of Bechar: area selected in this work. 

• Latitude : 31 ° 62' N 

• Longitude : 2 ° 23' W 

• Altitude : 773m 

• Albedo : 0.2 
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 To : Lx  and Hy  cTT    (cold wall) ; 

 Other surfaces are adiabatic : 0



n

T
 

 For the k-ε model, the equation of the turbulent kinetic energy k is solved in the whole field with a 

condition imposed on the walls is : 0


n

k
 , n : is the normal local coordinate to the wall. 

 

Figure 2: Flowchart of simulation process. 

                                                         

3. Results and discussion 

All the thermals parameters, dynamics and turbulence’s are calculated according to the climate 
conditions of the area studied. The natural convection in the channel is fairly complex; it changes from the 

laminar flow to the turbulent flow and the turbulent flow covers at least half the height of massive wall during 

the normal circulation 

 

 



6 

 

 

 

3.1. Validation of results 
 

The problem of natural convection driven buoyancy in front of passive heating systems coupled with the 

building has been widely used by researchers in the field of heat the building as a test case for the validation of 

calculation methods [23 -24]. This same problem is here used to test this method. The results of this method for 

the number of local Grashof Grh depending on the height h relative to ref. [23-24] are shown in Figure 3. 

 

Grh is defined by the following equation (11): 
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Tableau 1: Nusselt for different correlations of the Ref. [23-24] 

Nulsset 

Grh 

 

10
7
 10

8
 10

9
 10

10
 

 Error 

(%) 

 Error 

(%) 

 Error 

(%) 

 Error 

(%) 

Present work 24.91 // 53.26 // 113.86 // 243.42 // 

ARHARAE  23.90 4.23 51.07 4.29 109.19 4.28 233.45 4.27 

Cibs  24.30 2.51 51.95 2.52 111.10 2.48 237.44 2.52 

Ferris  25.32 1.62 54.13 1.61 115.72 1.61 247.41 1.61 

 

Table 1 shows the values of average Nusselt according to local Grashof, these results are in good 

agreement in general, the values obtained by Ferris [23-24] are the closest to the results of this work. 
 

The error are expressed as:  %Error
exp

_exp

Nu

NuNu workprresent


           

(12)

            

                                                  

 

Figure 3. illustrates in good general agreement is found between experiment Ref. [23-24] and 

simulations of this work, but with a small difference between the maximum and minimum Nulsset according to 

local Grashof.   

 

 
Figure 3:Validation of simulation results with ref. [24-25] according Grashof means Nulsset. 

 
3.2. Independence of the mesh 
 

It appears according to the face Fig. 4. And Figure 5., that the obtained solution is independent from the meshing 

because we notice the existence of a low difference in the evolution of the velocity in the vertical plane in the 
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middle of the premises on one hand, and on the other hand the values of the number of Nulsset on the hot and, 

cold wall. We note however, that the grid M3 gives slightly more important values with regard to comparing 

with two others (M1, M2). In the simulations which follow, we should use exclusively the grid M3. 

 

Tableau 1: Meshes used for the simulation. 

Cases Size Type 1st Mesh 

M1 41616 cells structured 0.004 

M2 62592 cells // 0.002 

M3 104556 cells // 0.001 
 

 

Figure 4:Velocity U in the middle of the local. 

Figure 4 Represents the evolution of the speed you along the height in the middle of the room, we 

notice that there are three parts, the first is at the top (blowing zone hot air), the second is down (suction area of 

the cold air) and the third thermal laminating zone under the effect of volume forces, note here that in this area 

the speeds are negligible. 

 

Figure 5: Nullset on the hot and cold wall. 
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3.3. Flow classification 
 

Virtually the pressure is rendered no dimensional. As it depends on the flow velocity, it is presented in 

the form of a pressure coefficient Cp noted given by: �� = �−��భమ���మ                                                  (13) 

The pressure coefficient is relatively independent parameter of the flow velocity; it is related only to the 

geometry of the structure Fig. 6(b). 

  The action of the pressure does not represent all of the effort exerted by the air locally on the 

surface of the wall. In fact, air flow produces a boundary layer characterized by a velocity gradient in the wall. 

This gradient is the assumption of a linear Newtonian fluid with shearing stresses that result. This therefore adds 

to the pressure force, normal to the wall, a friction terms tangential due to the viscosity of air Fig. 6(a). This 

defines the coefficient of frictionCf: �� = ��భమ���మ                                     (14) 

Whereτwis the tangential stress at the wall. 

Practically for our case the structure of the flow is not the fat profileto the presence of openings in the 

passive heating system studied, so that friction term is negligible compared with the action of pressure. The 

magnitude of the friction coefficient is 10
-4

, compared to 10
-2

 for pressure coefficients (Fig. 6.). 

 

 
Figure 6: Coefficient of (a) frictionCf and (b) pressureCp, at the hot wall according sunshine. 

 

3.4. Field temperature 
 

The field simulated temperatures simulated inside were plotted in Figure 7. Note also that the injected 

air is warmer. The temperature at the ceiling of the enclosure is greater. The heat distribution appears more 

uniform, and more laminated. This result confirms the observations made by [26-27-28].  Colder areas are 

observedeven at the bottom of the enclosure which enters through the bottom opening. 

  
 

Figure 7: Average temperature field. 
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3.5. Analysis of the Flow Pattern in the Air Channel 
The results (Figure 8) show that the transition on massive wall side mostly occurs at the height between 

0.6m and 0.8m. When the natural convection is relatively weak, the transition occurs at the height between 0.8m 

and 1m. The airflow of both sides at least half height is turbulent. The airflow in the channel isn’t always laminar 
or turbulent and is a complex flow, with the transition from laminar to turbulent. 

 
 

Figure 8: The number of local Grashof along the Trombe wall. 

 

The exchange of the flow characteristics along the Trombe wall (h,Grh), we see that the flow is laminar 

in the area (h < 0.67 m, Grh< 4x10
8
), in the transitionalarea (0.67m < h < 0.8 m, 4x10

8
<Grh< 10

9
), and turbulence 

in the area (h > 0.8 m,Grh>10
9
). 

 

3.6. Velocity at the openings 

Figure 9. Represents the evolution of the speed to high and low  openings settings, we notice a profile of 

velocity under parabolic shape openings to low levels due to the channel effect (suction area of cold air), and 

detachment at the levels of top openings (outlet area of the hot air) due to the detachment of the hot boundary 

layer. 

 

 
 

Figure 9: Velocity at the openings a) low and b) high. 

 

The viscosity slows in particular flow near the wall. The positive pressure gradient helps to slow down 

the flow, slowing up to the cancellation of the velocity near the wall and its inversion is the case of separation of 

the boundary layer observed at the high opening, Figure 9. 
 

The Figure 10. shows the velocity contours in the direction of flow levels in the median planes (X, Y 

and Z) where it is clear that the flow is greatly accelerated in the hot zone and the cold zone. It is obvious that the 
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upper and lower openings through its presence’s in the channel reduce the flow area causing a strong 

acceleration of the flow. 

  
Figure 10: Velocity level median planes (X, Y and Z). 

 

3.7. Velocity and temperature near the hot and cold walls 
 

This section is to describe the changes in the different velocity profiles and temperature, depending on 

the height of the hot and cold wall. 

 

 

Figure 11: Profile of the Velocity and the Temperature, close to the wall: a) hot and b) cold, 

depending on the height h. 

 

Developments different profiles velocitys and temperatures, depending on the sunlight hours in, it is 

based on the numerical results, during which the simulations were made near the hot and cold wall. The study of 

flow approximately the walls Figure11. is necessary for the determination of heat transfer by convection between 

the wall and the air around it. Away from the hot surface, air at an average speed Vm and an average temperature 
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Tm. In the immediate vicinity of the surface, the air temperature is very close to that of the surface. The air 

velocity is almost zero. 

 

3.8. Effect (3D) of the flow 
 

The fields in the turbulent intensity and turbulent kinetic energy are shown in Figure 11. As output, we see 

that the flow is almost up, and is symmetrical with respect to the center enclosure. The minimum slightly shift 

the left and right side of the room, creating a slight asymmetry of the profiles. There is a slight 3D effect on the 

profiles of 1/4 shots (left) and 4/4 (right) side of the upper opening of the enclosure. This seems due to the 

interaction between the plume and the fresh air that enters the enclosure through the lower opening. In this case, 

the plans, profiles1/4 and 4/4 are deformed from the plane in the center of the room. 

 

Figure 12:. Effect 3D in the flow, a) turbulent kinetic energy, b) turbulent intensity 

Is at the upper opening and the hot and cold walls the velocity profiles differ most and 3D effects are 

most visible in Figure 12. The speeds pass through a maximum at the top of the opening higher. Negative 

velocities characterizing a fresh air inlet through the lower opening, the speeds are negative in the majority in the 

basic opening and positive in the high opening. This means there is simultaneously a cool flow of air that enters 

the enclosure from the bottom and a flow of hot air coming from the top, so it is the case of passive heating 

by thermal-circulation. 

 

Conclusion  
 

The simulation results shown in this work, they allow the presentation and exploitation of results 

obtained from simulations in 3D. They were made with a heating, condition due to sunlight by numbers of 

modified Grashof (Grh) between 10
7
 and 10

11
. All the thermal, dynamics and turbulence parameters are 

calculated according to the climate conditions of the area studied.  

The natural convection in the channel is fairly complex; it changes from the laminar flow to the 

turbulent flow and the turbulent flow covers at least half the height of massive wall during the normal 

circulation. The velocity profiles and the average temperature were presented and analyses. The study of these 

profiles based on the height in the channel has helped identify a flow regime change. This change in diet is 

characterized by increased convective transfer. Three zones have been defined along the hot wall (Trombe wall): 

a laminar, transitional and turbulent zone. 

The near wall region serves as a motor to flow, substantially all of the injected energy to the thermal 

wall remains confined in this region and serves to accelerate the fluid. The neutral zone (laminating zone), is 

driven by the near wall region and decelerated with the height retention rate. The flow prior the transition is a 

shearing flow, the velocity fluctuations are increases with shearing in the channel. 

Competition settles then between the heating walls which tends to increase shearing and turbulent 

mixing, created by shearing, which tends to equalize the flow and reducing the shearing. When this turbulent 

mixture becomes significant enough, a flow regime change occurs, it is the mixing zone. In this zone, located 

after the transition, the flow is mixed, homogenized by turbulent mixing; shearing decreases and the channel 

center is warming. Velocity fluctuations are no longer fed by the shearing, but directly from the turbulent flow of 

heat. Indeed, an analysis of the terms of production of turbulent kinetic energy shows a competition between 

theviscous origin production, which dominates in channel input and that of thermal origin which grows before 

the transition and after dominates. This behaviour analysis allows us to offer an explanation of the shape of the 

behaviour curves Figure 3, giving the Nusselt number (Nu) based on the Grashof (Grh) along the canal. 
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Nomenclature  
 

D diffusion coefficient [m
2
 .s

-1
] 

D
*
 diffuse solar flux [W/m²] 

S
*
 direct solar flux [W/m²] 

e wall thickness [m] 

fi body forces [kg.m s
-2

] 

I  local depth [m] 

J  width of the room studied [m] 

k turbulent kinetic energy [m
2
 .s

-2
] 

p pressure [Pa] 

P'i pressure fluctuation [Pa] 

H room height [m] 

h  height Trombe wall [m] 

hi  height of the lower opening [m] 

ho  height of the top opening [m] 

hc  convective exchange coefficient [W/m.K] 

t time [s] 

Tex outside temperature [°C] 

Tin inside temperature [°C] 

Tmoy average temperature [°C] 

ui velocity component [m.s
-1

] 

u'i fluctuation of the velocity 

u
+ 

 velocity of the boundary layer 

uτ velocity characteristic of friction 

y
+ 

 wall distance : y
+ 

=yuτ / Ȟ 

αt turbulent thermal diffusivity [m
2
.s

-1
] 

Ȝ thermal conductivity [W/m.K]
 

 density [kg/m
3
] 

β  volumetric expansion [K
-1

] 

į  thickness of the air gap [m] 

įij the Kronecker symbol 

İ dissipation rate [m
2
 .s

-2
] 

s  heat flux due to insolation [W/m²] 

τw  Constraint Ranking 

ȝ dynamic viscosity [m
2
 .s

-2
] 

Ȟ kinematic viscosity [m
2
 .s

-2
] 

 

Exhibitor, Index 
 

in inside 

ex outside 

s solar 

o high 

b low 

w wall 

f fluid 
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