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Abstract: Large Eddy Simulations of the anisothermal turbulent flows has been used in the context of interaction problems thermal 
fluid, structure. In this context, the aim of this work lies not only in identifying the various elements that may underestimate the 
temperature fluctuations at the interface fluid-solid but also the introduction of the models capable of reproducing the physical setting 
Thurs. At first, the choice of convection scheme <optimizing> the scalar transport has led to the adoption of an upwind scheme of 
theorem 2 order. The use of models with conventional walls showed weaknesses in the estimation of temperature fluctuations bet 
stalls in the case of boundary layers attached. This work presents a numerical validation of LES-WALE model using the results of the 
K-epsilon model, this study is based on 3D numerical simulation using FLUENT code calculates to determine the longitudinal 
velocity, the thermal fields for the configuration the and speed vectors (U, V, W) for configuration in the plane of the recirculation 
zones for the case of different values of flow Rayleigh. Therefore, the results have good agreement with those of k-epsilon model, as 
they show the difference between the cases of flows. 
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Nomenclature  
T:   Local temperature 
Tm:   Average temperature 
Th:   Hot wall temperature 
Tc:   Cold wall temperature 
x,y,z:  Cartesian coordinates 
u,v,w:  Components of velocity (not filtered 
Pr:   Prandtl number 
Ra:   Rayleigh number 

Greek Letters 
µ:   Dynamic viscosity 
µt:   Turbulent viscosity 
ρ:   Density 
Cp:   Heat capacity with constant pressure 
λ:   Thermal conductivity 
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ν:   Kinematic viscosity 
α:   Thermal diffusivity 

Abbreviations 
DNS:  Direct numerical simulation 
LES:  Large eddy simulation 
CFD:  Computational methods for fluid dynamic  

1. Introduction 

Natural convection in parallelepiped cavities with 
vertical walls and differentially heated constitutes a 
basis configuration of various industrial systems, and 
particularly a reference case very simple for the 
development and validation of numerical simulation of 
flows natural convection. 

The study of the natural convection of fluids in the 
cavities has been a very large number of both 
theoretical as experimental work. The interest of this 
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study reside in its involvement in many natural and 
industrial processes such as cooling of electronic 
circuits and nuclear reactors, building insulation, 
metallurgy, crystal growth for the semiconductor 
industry drivers, etc.. 

The fluid flow, whether laminar or turbulent, are 
described by the system of partial differential equations. 
Thus, all physical phenomena are governed by the 
system formed by the equations of continuity, moving 
amount and energy that must be resolved to know the 
characteristics of the temperature field and flow field. 
The main purpose of the numerical simulation is to 
determine the physical behavior of the system 
submitted to heat transfer and can be important and 
instationary. 

Concerning the system composed of anisothermal 
turbulent fluid flow and solid structure, problems 
related to thermal fatigue involve important features, 
other than a medium of temperature fields, such as 
frequency spectral and amplitude of temperature 
fluctuations. These temperature fluctuations depend 
mainly of investigated physical configuration (which 
can be very complex), the regime of flow (i.e., 
Reynolds number), the Prandtl number and the nature 
of the thermal coupling between the fluid and the solid. 

This work is based on many previous studies both 
experimental and numerical, including Mergui [1-2], 
Salat [3-4] Lankhorst [5], Tian [6] Ampofo [7] 
examined numerically flows turbulent natural 
convection in a parallelepiped cavity. Many numerical 
investigations have also been conducted with cavities 
of modest size or Rah <109 [8-9], beyond (RaH> 1010). 

We consider here a configuration of natural 
convection in a parallelepiped cavity fluid, where a 
temperature gradient is imposed between two vertical 
walls, and the other walls are assumed to adiabatic. 

There are examples of applications such a 
configuration in the solar systems, double glazed 
windows, or the description of the air flow within a 
room. 

The aim of this work is to compare the results of 

Fluent code to those proposed references. We study 
particularly the isothermal and vertical velocity profile, 
the calculation is performed from the temperature at the 
wall. 

2. Modeling of the Problem 

The physical model considered is shown 
schematically in Fig. 1 which is a three-dimensional 
parallelepiped cavity of large size (H = 2.46 m high, L 
= 0.385 m width, P = 0.72 m deep). 

The fluid within the cavity is considered 
incompressible and Newtonian. Because studying heat 
transfer appears only by natural convection, radiation is 
not taken into consideration in the numerical model. 
The dissipation of heat by viscous friction is neglected. 
The Boussinesq approximation is considered. The fluid 
within the cavity is air. 

For the boundary conditions of the walls, the two 
vertical walls are considered isothermal. Tc is the 
temperature of the hot wall and the Tf of the cold wall. 
Other surfaces delimiting the cavity are considered 
adiabatic, therefore null heat flux. 

The gravitational acceleration g is taken into 
consideration. The study is performed for different 
Rayleigh numbers obtained by variation of the 
temperature difference between the hot and cold walls. 
Tc, hot wall; Tf, cold wall; LD, right side wall; LG, left 
side wall; Pd, ceiling and Pc, floor. 
 

 
Fig. 1  Geometric configuration of the 3D model. 
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2.1 Boundary Conditions 
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3. Numerical Simulation of Turbulence 

Numerical simulation of turbulent and concepts 
related to the turbulence and that can provide adapted 
and effective modeling flows. We introduced the same 
equations governing our flows through this article and 
after posing problems of closing LES. 

3.1 Basic Equations 

The equations of evolution are used to describe the 
flow of an incompressible fluid in its movement. 
Firstly reflects the conservation of mass locally,    
the other is conservation of movement quantity, and 
the third equation takes to reflect the heat     
transfer in the case of isothermal flow: energy 
equation. 

The forms of these equations are different 
depending on the assumptions about the type of flow 
and fluid considered. In this study, we assume an 
incompressible fluid with constant thermodynamic 
properties (µ = const, ρ = constant, λ = constant, Cp = 
constant). 

By applying a low-pass filter to results equations 
and the above assumptions, the system of equations to 
be solved in a filtered LES approach [10] we obtain: 
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ijS : Corresponds to the rate tensor of resolved 
deformation given by: 
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The new terms ijτ and iΘ  from the filter 
respectively represent the tensor sub-mesh stress (or 
Reynolds stress) and heat flux sub-mesh and are 
defined by: 

juiujuiuij −=τ             (5) 

   iTuiuTi −=Θ              (6) 

Modeling constraints sub-mesh ijτ is based on an 
assumption of sub-mesh viscosity (Boussinesq 
hypothesis) linking constraints in the mesh 
deformation rate tensor resolved ijS  [10]: 

ijStkkijij ντδτ 2
3
1 =−          (7) 

Eq. (2) can be written as: 
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The Smagorinsky model is based on an assumption 
of mixing length in which it is considered that the 
viscosity is proportional to the mesh length scale (here 
associated with the filtering equations, namely the 
characteristic mesh size) denoted Δ and a velocity 
scale determined by the product Δ║Sത║, where ║Sത║ is 
the norm of the strain rate defined tensor and resolved 
by Ref. [10]: 

ijij SSS  2=             (9) 

Finally, writing the Smagorinsky model is as 

follows: 

( ) SCst
2=ν             (10) 

The constant Cs is determined from the assumption 
of local equilibrium between production and 
dissipation of turbulent kinetic energy. 

3.2 Numerical Schemes 

We use the following calculation: 
• The power-law schema: this one is best placed to 

capture the physical phenomena of heat transfer; 
• The discretization scheme of pressure velocity 
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coupling is SIMPLE; 
• The convergence criterion used is the 

under-relaxation. 

3.3 Mesh 

One of the asked questions is what kind of Mesh 
(regular or not tightened to the walls) used for different 
Rayleigh numbers and different configurations 
considered. This, because we consider the results as 

satisfactory as from the moment no further refine the 
space influences more significantly. 

We initially tried to use a mesh with no regular 
space, but the results are not very satisfactory. In 
addition, the knowledge of boundary layer phenomena, 
it became clear that it was preferable to use a finer 
mesh to the walls. This type of mesh has been used for 
the rest of the study. 

3.4 Validation  

In order to verify the accuracy of the numerical 
results obtained in the present work, a validation of 
the numerical code was made taking into account 
some numerical studies available in the literature. 
Ampofo results [11] obtained in the case of a square 
cavity containing air, were used to test our simulation 
by Fluent. The comparison was made by considering 
the Rayleigh number 1.58 × 109. Comparison of 
velocity profiles along the plane medium shows 
excellent agreement.    

4. Results and Discussion  

The natural convection was measured in an 
air-filled cavity, where the dimensions are: H = 
6,3896L in x, y and z directions. 

Isothermal vertical walls with a temperature 
difference of different ΔT. 

The accord between the DNS [12] and the LES 
model looks fairly good for the thermal field Fig. 3. 

The obtained profiles (Fig. 5 of velocity profiles 
and temperature with the LES model, DNS and 
experience) show the ascending flow in adjacent to the 

hot wall. The amplitude of the DNS in the layer near 
the wall and in the center of the cavity. Maximum 
amplitude issue from the experiment, for a Rayleigh 
number higher than 106 are slightly important. 

Betts and Daffa'alla [13, 14] indeed indicate the 
existence of a secondary flow directed from the cold 
to the hot wall. 

For the extension of the studied cavity, the intensity 
of convection differs depending on the value of the 
Rayleigh number. Indeed, more Ra increases, the 
convection is growing. This is explained in Fig. 3. by 
the longitudinal section z = 1.23 of the air gap, showing 
the different boundary layer flow. 
 

  
Fig. 2  Comparison of velocity profile V along the y = 0.36 
m. 
 

 
Fig. 3  Thermal fields for the configuration in the plane y = 
D/2 = 0.36 m, where: (a) Ra = 2.5 × 109, (b) Ra = 6.8 × 109, (c) 
Ra = 2.5 × 1010, (d) Ra = 6.8 × 1010 and (e) Ra = 1011. 
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Fig. 4  Speed vectors (U,V,W) for configuration in the 
plane y = D/2 = 0.36 m where: (a) Ra = 2.5 × 109 ,(b) Ra = 
6.8 × 109 , (c) Ra = 2.5 × 1010, (d) Ra = 6.8 × 1010 and (e) Ra = 
1011. 
 

 
Fig. 5  Profile of vertical velocity for different values of the 
Rayleigh number in the configuration with the plane y = 
D/2 = 0.36 m and z = H/2 = 1.23 m. 
 

Therefore the increase of Rayleigh correspondents to 
the increase of the natural convection. So we will fix 
the Prandtl number Pr = 0.71. 

Furthermore, the velocity profile shown in Fig. 2 for 
a mid-sectional height (H/2) extension of the cavity 
6.3896 L and 0.72 m in thickness is used to observe the 
enhancement of the convective in the cavity with 
increasing in imposed temperature variation. 

The results also show the velocity distribution along 
the gap between active walls, the three distributions 
represent the three types of flow, namely that the regime 

Table 1 Varying the Rayleigh number(Ra) based on the 
temperature of the gradient (ΔT). 
ΔT (°C) 2 5 20 50 80 
Ra 2.5 × 109 6.8 × 109 2.5 × 1010 6.8 × 1010 1011

 

of conduction, transition and boundary layer. It may be 
noted that the maximum value of the vertical velocity 
increases with the augmentation of the Rayleigh 

number. The vertical velocity increasing proportional 
to the increase of the Rayleigh numbers that is to say 
the increase of ΔT. 

4. Conclusions  

The flow of turbulent natural convection appears 
frequently in industrial applications, but relatively few 
studies have been conducted to describe it. Recently 
some Direct Numerical Simulation “DNS” were 
performed on simple configurations with control 
parameters (Ra) having moderate values. Thus, the 
experience is confronted with technical difficulties in 
measuring high-order correlations but especially in the 
boundary layer near the wall (inside layer) where the 
flow is completely different compared to the forced 
convection and again less well known. 

We note that the flow has a parallel appearance and 
thermal stratification pronounced inside the cavity and 
the major part of the flow moves at sidewalls, this 
reflected by the formation of a boundary layer to the 
proximity of these walls. This structure is accompanied 
by recirculation zones in the lower corner and the upper 
right corner of the cavity. 

We can confirm through this study the influence of 
the Rayleigh number so ΔT (since fluid characteristics 
rest unchanged), the convection and hence the trigger 
zone of turbulent instability. 

Given the consistency of our results with those 
established experimentally and numerically by other, 
we were able to validate the calculation for the studied 
configuration by LES model and finite volume. 
Therefore, we have already addressed this problem 
with the simulation method (k-ε strandart) [15-17]. 

The numerical study in the CFD code Fluent has 
enabled us to both validate the numerical simulations 
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by comparing the results to those obtained by the 
correlations used in the literature and secondly to 
define a convective heat transfer coefficient through 
the Nusselt number for some study conditions that 
(dimensions) were not studied in the literature that will 
be presented and discussed in Part II of this work. 

In conclusion, the results obtained are in good 
agreement with both experimental and numerical 
results. 
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