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Resum del projecte: cal adjuntar dos resums del document, l'un en anglès i l'altre en la llengua del document, on 
s'esmenti la durada de l'acció 
Resum en la llengua del projecte (màxim 300 paraules) 
La convecció natural en espais tancats es troba de manera habitual en sistemes naturals i industrials. És un tema de 
gran interès ja que en moltes ocasions esdevé la major resistència a la transferència de calor, en comparació amb 
d'altres mecanismes. En aquests casos, la convecció es dóna degut a un gradient de densitat en el fluid, ocasionat 
habitualment per una diferència de temperatura entre el fluid i les parets adjacents. 
 
A la industria petrolífera, el petroli, amb un Prandtl elevat, s'emmagatzema i es transporta habitualment en grans tancs a 
temperatures suficientment elevades per mantenir viscositats baixes, de manera que els requisits de bombeig siguin 
raonables. Una diferència de temperatura entre el fluid i les parets del tanc pot donar lloc a una força de  
flotació transitòria i, per tant, a una convecció natural no estacionària. Durant les primeres fases de refrigeració, la 
convecció natural domina sobre l'efecte de la conducció. A mesura que el petroli es refreda, augmenta la seva viscositat i 
això inhibeix la convecció. En aquest punt, la viscositat és massa elevada i la descàrrega del tanc es torna molt difícil. 
Per aquesta raó és de gran interès la capacitat de predicció de la velocitat de refrigeració del petroli.L'objectiu general 
d'aquest treball és desenvolupar i validar una eina de simulació capaç de predir les velocitats de refrigeració de fluids 
amb elevats números de Prandtl, considerant els efectes de viscositat variable. 

Resum en anglès (màxim 300 paraules) 
Free convection in enclosed spaces is found widely in natural and industrial systems. It is a topic of primary interest 
because in many systems it provides the largest resistance to the heat transfer in comparison with other heat transfer 
modes. In such systems the convection is driven by a density gradient within the fluid, which, usually, is produced by  a 
temperature difference between the fluid and surrounding walls. 
In the oil industry, the oil, which has High Prandtl, usually is stored and transported in large tanks at temperatures high 
enough to keep its viscosity and, thus the pumping requirements, to a reasonable level. A temperature difference between 
the fluid and the walls of the container may give rise to the unsteady buoyancy force and hence the unsteady natural 
convection. In the initial period of cooling the natural convection regime dominates over the conduction contribution. As 
the oil cools down it typically becomes more viscous and this increase of viscosity inhibits the convection. At this point the 
oil viscosity becomes very large and unloading of the tank becomes very difficult. For this reason it is of primary interest to 
be able to predict the cooling rate of the oil. 
The general objective of this work is to develop and validate a simulation tool able to predict the cooling rates of high 
Prandtl fluid considering the variable viscosity effects.  

 
 



           

 
 

Resum en anglès (màxim 300 paraules) – continuació -. 
  

 
 
 
 
2.- Memòria del treball (informe científic sense limitació de paraules). Pot incloure altres fitxers de 
qualsevol mena, no més grans de 10 MB cadascun d’ells. 
 
An Experimental Study of Transient Natural Convection in a Side-Cooled 

Cavity 
ABSTRACT 
 
Transient natural convection in a side-cooled cubical cavity of H= 10 cm, is experimentally investigated. 
The cavity is full of water, initially the fluid in the cavity is at rest at the initial temperature ( hT ). The 
shadowgraph technique is used to visualize the flow in the cavity. The results indicate that the flow 
development is characterized by the following distinct processes: (a) the initial growth of the vertical 
thermal boundary layers and horizontal intrusions; (b) the interaction of the intrusions and filling up of the 
cavity; and (c) the stratification and formation of double layer structures. 
 
INTRODUCTION 
 
Natural convection has attracted numerous researchers due to a great number of applications in industry. In 
particular, transient natural convection in cavities is a topic of primary interest because cavities of different 
geometries filled with fluid are central components of many engineering systems.  
The problem of Natural convection heat transfer has been studied experimentally as well as numerically 
and analytically during past decades. Ostrach [1] carried out similarity solution for laminar natural heat 
transfer boundary layer at different Prandtl numbers, his results were in good agreement with previous 
experiments. George & Capp [2] utilized the classical scaling arguments  to analyze the turbulent natural 
convection boundary layer next to a heated vertical surface. They divided the boundary layer into two 
parts.  
Experiments of the turbulent natural heat transfer boundary layer in air were conducted by Armfield & 
Patterson [3],Warner & Arpaci [4] and Cheesewright [5].  
Patterson and Imberger [6] numerically investigated the transient natural convection in a rectangular cavity 
with instantaneous cooling and heating of two opposed vertical sidewalls. They carried out scaling analysis 
and showed that a number of different initial flow types are possible. These types of flow have strong 
dependence on Pr and the aspect ratio of the rectangular cavity. Cotter and Michael [7]  numerically 



           

 
 

studied the influence of the external heat transfer coefficient and aspect ratio of the enclosure on the 
transient natural convection of a warm crude oil in a vertical cylindrical storage tank located in a cold 
environment. Recently Oliveski et al. [8]  investigated numerically and experimentally  the two 
dimensional transient natural convection in a tank of oil with constant viscosity. The thermal boundary 
conditions used in the simulations were determined experimentally. 
It is found that in the literature studies concerning natural convection cooling of an initially isothermal fluid 
in cavities are rare. A few numerical simulations were conducted [9, 10], but a very limited number of 
experiments were carried out [11]. In [11], a rectangular cavity with only one vertical wall cooled and the 
other three walls insulated was considered. The lack of experimental data for cooling of fluids in cavities 
has motivated this study. In the present study, the transient natural convection in a side-cooled cavity is 
studied experimentally. The shadowgraph technique is employed to visualize the development of the 
boundary layer flows adjacent to the cooled sidewalls. 
 
EXPERIMENTAL PROCEDURES 
 
1-Experimental setup 
We consider transient natural convection in a side-cooled cavity, as sketched in Fig. 1. The cavity is a cubic 
of 0.1 × 0.1 × 0.1 m3. All walls are made of Perspex except the two copper sidewalls used to cool the fluid 
in the cavity. The cavity is filled with preheated water, and the water temperature is kept constant using two 
constant temperature water baths attached to the copper sidewalls. This process lasts for a relatively long 
time to ensure that the fluid in the cavity is isothermal and motionless before the experiment starts. Two 
circulator systems are used to provide hot and cold water for the water baths, respectively. At the start of 
the experiment, the hot water valve is turned off and the cold water valve is turned on. As a consequence, 
the cold water replaces the hot water in the water baths in order to cool the two sidewalls adjacent to the 
water baths. Due to the presence of a temperature deference between the fluid in the cavity and the 
sidewalls, transient natural convection is initiated in the cavity.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2-Shadowgraph technique  
The flow field is visualized using the shadowgraph technique shown in Fig. 2. The shadowgraph is an 
optical method to reveal non-uniformities in transparent media. Temperature variation within a flow filed 
results in density variation and in turn refraction index variation. When the light passes such a flow filed, 
light rays are refracted so that they can cast shadows. Two identical spherical mirrors with a diameter of 0.3 
m and a focal length of 2.4 m are used, one to reflect the light from the light source through the cavity and 
the other to refocus the shadows on the CCD camera. A personal computer is connected to the camera in 
order to record the shadowgraph images (more details may be found in [12, 13]). 
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Fig. 1 Schematic of the experimental model. 



           

 
 

 

 
 

Fig. 2. Experimental setup 
 
 
 
RESULTS AND DISCUSSIONS  
 
The studied cases are presented in table 1. The experiments could be classified in to three groups a cording 
to their objective. 
1st group: experiments (1-7), the objective of this set is to study the general features of the natural 
convection cooling and the effect of the Rayleigh number.  
2nd group: experiments (8-13), the objective of this set is to study the effect of Prandtl number as well as 
the variation of the viscosity. 
3rd group: experiments (14-21), the objective of this set is to study the effect of the aspect ratio and the 
Rayleigh and Prandtl numbers. 
 

Number Fluid Δ T hT  cT  Cavity dimensions 

1 Water 10 20 10 0.1 × 0.1 × 0.1 m3 
2 Water 15 25 10 0.1 × 0.1 × 0.1 m3 
3 Water 20 30 10 0.1 × 0.1 × 0.1 m3 
4 Water 25 35 10 0.1 × 0.1 × 0.1 m3 
5 Water 30 40 10 0.1 × 0.1 × 0.1 m3 
6 Water 35 45 10 0.1 × 0.1 × 0.1 m3 
7 Water 40 50 10 0.1 × 0.1 × 0.1 m3 
8 Glycerin 30% 10 20 10 0.1 × 0.1 × 0.1 m3 
9 Glycerin 50% 20 30 10 0.1 × 0.1 × 0.1 m3 
10 Glycerin 70% 40 50 10 0.1 × 0.1 × 0.1 m3 
11 Glycerin 30% 5 15 10 0.1 × 0.1 × 0.1 m3 
12 Glycerin 50% 8 18 10 0.1 × 0.1 × 0.1 m3 
13 Glycerin 70% 20 30 10 0.1 × 0.1 × 0.1 m3 
14 Water 15 23.7 8.7 0.24 × 1 × 0.5 m3 
15 Water 9 22 13 0.24 × 1 × 0.5 m3 
16 Glycerin 50% 15 24.5 9.5 0.24 × 1 × 0.5 m3 
17 Glycerin 50% 9 19 10 0.24 × 1 × 0.5 m3 
18 Glycerin 40% 15 22 7 0.24 × 1 × 0.5 m3 
19 Glycerin 40% 9 19 10 0.24 × 1 × 0.5 m3 
20 Glycerin 30% 14.5 21.5 7 0.24 × 1 × 0.5 m3 
21 Glycerin 30% 9 20 11 0.24 × 1 × 0.5 m3 

 
Table. 1. The studied cases 



           

 
 

 
This report will consider only the 1st group of experiments. 
In the experiments, the two sidewalls are approximately isothermal and their temperatures ( cT ) are fixed at 

10oC. The initial temperature ( hT ) of the water in the cavity ranges from 20oC to 40oC with a step of 5oC 
for different runs. The corresponding Rayleigh number (Ra) ranges from 1.9×108 to 5.89×108 where Ra = 
gβ( hT - cT )H3/νκ, (g is the acceleration due to gravity, β is the coefficient of thermal expansion, ν is the 
kinematic viscosity and κ is the thermal diffusivity).  
Fig. 3 presents the development of the flow in the cavity following sudden cooling for Ra = 2.89×108. At 
early times, the boundary layers adjacent to the sidewalls are growing, and the two horizontal intrusions 
discharged from the vertical boundary layers are formed and travel towards each other, as shown in Fig. 
3(a) at times t = 10 and 18 s (These two images were processed by subtracting a background image 
recorded immediately before the start of the experiment so that the thermal boundary layers can be clearly 
identified in the images). 
As time increases, the two horizontal intrusions meet and interact at the center of the bottom boundary (see 
t = 22 s in Fig. 3(b)). Clearly, separations of the two intrusions arise near the downstream corners 
respectively (also see [13]). Due to the interaction of the two intrusions, they are drawn closer to the 
thermal boundary layer, forming an upright flow structure near the bottom corners (see t = 32 s in Fig. 
3(b)). It is also observed that the cavity starts to be filled with cold fluid discharged from the vertical 
thermal boundary layers, and the filling up process starts from the bottom and extends upwards. The 
continuous filling of cold fluid leads to stratification in the core, which also extends upwards (refer to 
numerical results in [9]). Due to the presence of stratification, double-layer structures of the vertical 
boundary layers, represented by two bright strips in the shadowgraph images in Fig. 3(c) (refer to [13]), are 
formed. As time increases further, the fluid in the cavity ultimately approaches an isothermal state, at 
which the temperature of the fluid is equal to that of the two sidewalls.  
 

 

 
                       t = 10 s                                                    t = 22 s                                                 t = 56 s 
 

 
                      t = 18 s                                                 t = 32 s                                                  t = 94 s 
                          (a)                                                       (b)                                                           (c) 

Fig 3. Development of the flow in the cavity for Ra = 2.89×108. 
 
The effect of the Rayleigh number on the double layer structures is shown in Fig. 4.  It is clearly shown 
that, as the Rayleigh number increases, the double layer structure becomes more distinct and grows faster 
(the measured length of the double layer structure is approximately 0.029 m, 0.034 m and 0.05 m for Ra = 
1.9×108, Ra = 1.9×108 and Ra = 1.9×108 respectively). A higher Rayleigh number means a higher 
temperature difference, and therefore more cold fluid is discharged into the core, leading to faster 
stratification and hence faster growth of the double layer structures.   
 



           

 
 

 

 
(a) Ra = 1.9×108                                  (b) Ra = 2.89×108                               (c) Ra = 5.89×108 

 
Fig. 4. Double layer structure at different Rayleigh number at t = 80 s. 

 
CONCLUSIONS 
 
Transient natural convection in a side-cooled cavity is experimentally investigated. The shadowgraph 
technique is used to visualize the flow in the cavity. The results indicate that the flow development is 
characterized by the following distinct processes: (a) the initial growth of the vertical thermal boundary 
layers and horizontal intrusions; (b) the interaction of the intrusions and filling up of the cavity; and (c) the 
stratification and formation of double layer structures. 
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