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Abstract. A large-scale experimental differentially heated cavity was built and instrumented. 
Rayleigh numbers up to 1.2×1011 can be obtained with a temperature difference, ∆T=20°C, 
between the hot and cold walls leaning in the range of validity of the Boussinesq 
approximation. Previous data obtained locally for mean velocity by 2D LDV in the range give 
rise to questions regarding the general air flow circulation in the cavity. Particularly, a 
downstream flow along the vertical boundary layer was observed. This reverse flow caused by 
the temperature stratification outside this layer is not present in the upstream parts and was not 
previously observed in smaller cavities. The question of the global circulation in this cavity is 
thus posed. Evolution laws providing Nusselt numbers are also given and when possible 
compared to the literature for a large range of Rayleigh numbers. 

1.  Introduction 
Natural convection phenomenon is the matter of many studies especially with differentially-heated 
cavities [1-7] and its applications are numerous, in particular in the building sector. Indeed, the energy 
consumption of this field represents 45% of the global French national energy consumption. And 
because natural convection is involved as soon as density gradients are present, it seems necessary to 
try to understand this phenomenon in order to control the resulting heat exchanges. That is the purpose 
of these studies and the differentially-heated cavity is an interesting device to consider natural 
convection [3]. Several investigations have been conducted on this phenomenon at low Rayleigh 
numbers [1]. However, many applications (aeronautics, buildings…) need an explanation of the 
phenomenon at higher Rayleigh numbers (~1011), for which the natural convection flow is turbulent. 
The purpose of this study is to provide a set of results concerning the thermal boundary layer in a 
cavity with a high Rayleigh number, including: temperature profiles (mean and fluctuating), some 
characteristics (thickness…) and correlations of the Nusselt number. 

2.  Experimental device 
The present experiments were conducted in a 4m-high cavity filled with air having two opposite 
vertical “active walls”. One of these walls is cooled and the other one is heated. Both are made of 
aluminum plate (AU4G, thermal conductivity: k=134 W m-1 K-1 and measured hemispheric global 
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emissivity: ε=0.15) and maintained constant temperature thanks to 2 cryothermostats and a glycol-
water flow. The other walls are made of 8 cm-thick polyurethane foam panels (k=0.035 W m-1 K-1) 
and the outer part of the cavity is bordered by additional 3cm-thick insulation panels. Moreover, to 
reduce surface radiation into the cavity, the inner side of the walls is covered by a 40µm-thick low-
emissivity film (ε=0.1). Figure 1 shows a schematic view of the inside of the cavity including real 
dimensions and the upper part of the experimental device equipped with a 2D LDV system. 
Temperature is measured by K type thermocouples with a diameter of 12.7µm. The thermocouples are 
moved inside the cavity thanks to a 3 meters-stick mobile along the Y and Z-axes. 

 
Figure 1. Scheme of inner cavity and 
photography of the upper part of the cavity. 

3.  Global flow circulation 
Figure 2 shows the global flow circulation within the upper part of the cavity by presenting velocity 
fields and streamlines obtained in this study using Particule Image Velocimetry (PIV). These results 
reinforce previous assumptions [8] on the flow circulation. The main circulation follows the edges of 
the cavity, a recirculation zone is formed at the top of the cavity and at the border of the hot thermal 
boundary layer (2/3 of the cavity) and downward flow feeds the cold boundary layer. Some numerical 
studies have been carried out [2] and require experimental results for comparisons. 

  
(a) (b) 

Figure 2. (a) Dimensionless mean velocity fields and (b) streamlines in the upper part of the cavity 
for a global Rayleigh number equal to 1.2×1011. 

4.  Temperature fields 

4.1.  Centrosymmetry property 
Temperature is measured at different heights along the upwards and downwards boundary layers, and 
in particular at two complementary locations (Z=z/H=0.70 and 0.30=1-Z), shown in Figure 3, 
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underlining that, due to perfect symmetry of the problem, the temperature repartition is 
centrosymmetric. Indeed, the temperature profiles show that the temperature of the ascending thermal 
boundary layer (Z=0.70) has the same behaviour than the descending one (Z=0.30) when considering 
centrosymmetry: the two opposite temperature profiles at the dimensionless height of Z=0.30 and 
Z=0.70 are symmetrical with respect to the cavity centre. As a result, the study of the flow can be 
conducted on only half of the cavity. The same trend is also observed on RMS values of the 

temperature. Dimensionless temperature is defined by � � ����
∆���	

, with T, the temperature, measured 

with an error of 0.07°C, 
� � ��
��
�  and ∆
��� � 
� � 
� knowing that 
� (30°C in this study) is the 

temperature of the hot wall and 
� (10°C in this study) the temperature of the cool one. 

  
(a) (b) 

Figure 3. (a) Mean of the dimensionless temperature, θ, (b) RMS fluctuation of the temperature, θ’. 
 

4.2.  Temperature field 

 

Figure 4. Dimensionless temperature, �, profiles in 
the cavity at different heights for a Rayleigh number 
RaH = 1.2×1011. 

The temperature profiles, presented in Figure 4, give another illustration of the centrosymmetry of 
the temperature repartition but also highlight the thermal stratification of the (stagnant) core for Z in 
[0.30, 0.95]. The detailed stratification along the centerline can be found in [8]. We notice here 
different behaviours in the hot thermal boundary layer:  
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• for Z= 0.30, the temperature across the boundary layer presents a monotonic decrease,  
• for 0.50<Z<0.95, temperature decreases first to a minimum value and then, increases up to 

the core temperature. This trend results from a slight return flow of cool air driven upwards 
by the hot boundary layer from the layers, which is a typical behaviour of natural boundary 
layers flow in thermally stratified environment. 

4.3.  Thermal boundary layer 
The usual definition of a thermal boundary layer thickness at a given elevation is the distance from the 
wall where the flow reaches a specific percentage of the core temperature at this elevation. Figure 5 
presents a graphical representation of this boundary layer thickness, δt, in the two cases encountered 
along the buoyant boundary layers, that is with or without temperature depletion zone. Figure 6 
presents the results obtained by applying these rules. It appears that the hot boundary layer gets thicker 
when moving upward until Z=0.40 where the local Rayleigh number, RaZ (eq.(1)), is about 7.36×109. 
Then, it is abruptly divided by two in the upper part of the cavity when the local Rayleigh number 
reaches 4.85×1010 (Z≈0.75) and then remains further unchanged up to Z=0.95, that is RaZ=9.86×1010. 
This thickness reduction could be explained by the development of vortex structures at the outer edge 
of the hot boundary layer. These vortices grow with the height and stop the development of the 
boundary layer. As expected for a centrosymmetric flow, the opposite-side cold boundary layer 
exhibits the same evolution in the opposite direction (i.e. 1-Z). The local Rayleigh number is defined 
with the following expression: 

  ��� �
������	��

��  (1) 

With g the acceleration due to gravity, � �  
��

, υ the air kinematic viscosity at 
� and α the thermal 

diffusivity of the air at 
�. 

 

  
Figure 5. Definition of the thickness of the 
thermal boundary layer. 
 

Figure 6. Evolution of the thermal boundary 
layers thicknesses versus the local Rayleigh 
number. 
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4.4.  Temperature RMS fluctuations. 
The temperature RMS fluctuations profiles across hot and cold boundary layers underline once more 
the centrosymmetry property of the flow. The fluctuations, shown in Figure 7, increase from the wall 
to reach a maximum at about Y=0.0018 (about 7 mm from the wall) and then decrease to become 
almost null outside the boundary layer. 

 
Figure 7. Profiles of the RMS fluctuation of the temperature, θ’, for RaH 1.2×1011. 

4.5.  High order temperature moments (kurtosis and skewness) 
The 3rd and 4th order moments of temperature (or velocity) fluctuations are usually used to statistically 
characterise turbulent flows. Turbulence is defined “homogeneous” if these probability density 
functions follow a Gaussian distribution [4]. The third central moment or skewness, θskew, and the 
fourth central moment or kurtosis, θkurt, tell us whether the distribution is Gaussian or not (θskew=0 and 
θkurt=3 for a Gaussian distribution). 

  
(a) (b) 

Figure 8. (a) Skewness and (b) kurtosis factor of the temperature fluctuations in the hot boundary 
layer at different dimensionless elevations for RaH=1.2×1011. 

4.5.1.  Temperature skewness. Figure 8-(a) shows different profiles of the 3rd order moment of the 
temperature fluctuation (skewness factor). This factor is understandably negative near the hot wall, 
because of the prescribed temperature condition. Then skewness values increase to reach a positive 
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maximum at about Y=0.015 (≈5-6 cm from the wall) whatever the elevation. This location 
corresponds to the edge of the thermal boundary layer. The skewness value is zero for two positions: 
Y=0.002 (about 7 mm from the wall) where the maximum of temperature fluctuation is achieved and 
Y=0.035 (at about 14 cm from wall), corresponding to the shear flow area. 

4.5.2.  Temperature kurtosis. Kurtosis factor (or the 4th order moment) is presented in Figure 8-(b). 
The kurtosis factor decreases from the wall to reach a minimum value of about 2 near Y=0.002 (7 mm 
from the wall) and increases to a maximum at Y=0.015 (i.e. 5 cm from the wall). 

We notice some similarities between skewness and kurtosis profiles. First, both have a maximum at 
Y=0.015 (about 5cm from the wall) and then the minimum values of kurtosis correspond to zero 
skewness values at Y=0.035. These two locations are related, respectively, to the (i) maximum of the 
vertical velocity, W and to (ii) the separation between the recirculating air flow at the outer edge of the 
boundary layer and the global airflow circulating around the whole cavity. These considerations could 
lead to another definition of the boundary layer, this time statistically speaking. These results could 
also eventually conduct to a rebuilding of the time signal and a discussion of the position of a shear 
zone (where skewness and kurtosis are maximum) between the global circulation flow and local 
recirculation flows. 

5.  Heat transfers along temperature-controlled walls 

5.1.  Determination of the Nusselt number 
Nusselt number is used to quantify heat transfer along the walls. This parameter has been obtained by 
two different ways. The first consists in temperature measurements in the conductive thermal 

boundary layer to get the slope at the wall, "#�#$%& and then the mean local Nusselt number as: Nuz, 

  '()�* � +
�� "

#�
#$%& (2) 

where, H is the height of the cavity and ∆T is the temperature difference between the active walls. A 
second method consists in measuring instantaneous differences of temperature with a double counter-
connected microthermocouple (12.7µm in diameter) with probes distance e=500±10µm, in order to 
obtain the instantaneous local value of the Nusselt number, Nuz(t): 

  ()�,-. � +
��

��,�,0.
�  (3) 

Knowing the acquisition time, the mean local Nusselt number is then easily calculated by: 

  '()�* �  
012 3 ()�,-.4-012

�  (4) 

Generally speaking, the relative error on the flux measurement thanks to both methods is below 
20% for each measurement point. 

5.2.  Results 
These two methods have been applied in the present study, and have led to the same profile of the 
mean local Nusselt number as a function of the local Rayleigh number, measured both in hot and cold 
boundary layers of the upper three quarters of the cavity. In addition, the second method gives access 
to the fluctuations of Nu and are plotted Figure 9. They are found to be quite significant, reaching up 
to 100% of the mean value measured at some elevations. A first part where the Nusselt number 
decreases (Z in [0 ; 0.2]) with small fluctuations. That corresponds to a laminar regime. Then the local 
Nusselt number increases (Z in [0.2 ; 0.3]) probably due to transition state where we notice a 
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progressive growth of the fluctuations. Finally, This value decreases again (Z in [0.3 ; 1]) with a 
maximum of fluctuations and extreme values of the Nusselt number, what can be explain by the 
turbulent state if the flow. 

 
Figure 9. Distribution of the mean, RMS and maximum 
values of the local Nusselt number along the vertical wall 
for a Rayleigh number of 1.2×1011. 

We can pick out four main trends when plotting Nuz as a function of the local Rayleigh number, 
Raz, Figure 10, four areas come up:  

• Nuz first increases following a laminar Raz
1/4 law for Z below 0.2 (Raz≤1.0×109), 

• then, a transition region occurs where Nuz increases of about 58% in the range 0.2<Z<0.33 
(1.0×109≤Raz≤4.0×109), 

• Nuz increases following a turbulent Raz
1/3 law for 0.33<Z<0.90 (4.0×109

≤Raz≤9.0×1010), 
• Nuz finally decreases from Z>0.9 up to the top of the cavity (Raz≥9.0×1010).  

The most likely hypothesis to explain the first three evolutions is that the flow successively passes 
through three zones: laminar, transient and turbulent. The fourth zone seems to result from the 
interaction of the flow with the top of the cavity. 

  
Figure 10. Evolution of the local Nusselt number 
according to the local Rayleigh number 
(∆T=20°C). 

Figure 11. Evolution of the mean Nusselt number 
as a function of the global Rayleigh number. 

 
Finally, two others RaH numbers were considered in this study (RaH=4.0×1010 that is to say 

∆T=7°C and RaH=8.1×1010 for ∆T=14°C) and the global Nusselt numbers were derived. Thanks to 
these three values and to the results from other previous works [5-7] and [9], we can provide the 
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evolution of the mean Nusselt number, <Nu>, as a function of the global Rayleigh number, RaH, 
Figure 11. A change of slope is observed between 1.5×109 and 5×109, indicating a change in the 
general flow regime in the cavity, from laminar to turbulent type. We also can notice that the 
experimental data match relatively accurately with the following correlations: 

 For RaH ≤ 1.0×109, <Nu> = 0.288×RaH
1/4 (5) 

 For 1.0×109 < RaH ≤ 1.2×1011 <Nu> = 0.046×RaH
1/3 (6) 

Correlation for the laminar regime (eq.(5)) fits very well the numerical values obtained for example by 
Henkes [10] (i.e. ()5555RaH

-1/4=0,30). 

6.  Conclusion 
The first observation of this paper is the perfect centrosymmetry of the flow within the cavity. It 
allows to conduct the studies over only one half of the cavity. Then, we noticed that the thermal 
boundary layer thickness along the temperature controlled walls thickness is affected by recirculation 
zones in the upper part of the cavity. Moreover, when observing temperature fluctuations, kurtosis and 
skewness, a specific position comes out in the thermal boundary layer where the fluctuations reach a 
maximum. 

Finally, a Nusselt correlation as a function of the local Rayleigh number has been derived for Z>0.3 
and a 20°C temperature difference between the two walls. Results from the present studies, added to 
those coming from previous works at lower Ra [5-7] provide a complete correlation for the Nusselt 
number over a wide range of Rayleigh numbers, from laminar to turbulent developed regimes. 
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