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Abstract— The flow topology for the onset of the convection 

has been studied experimentally applying time-resolved 2-D 

PIV (Particle Image Velocimetry) to the turbulent RBC 

(Rayleigh-Benard Convection) in a cubical enclosure with unit 

aspect ratio for Rayleigh number of 5.5×107 and Prandtl number 

of 6.98. Experiments have been undertaken over a time duration 

of 2800 s. The results of the mean convection are presented and 

compared with the instantaneous flow structures at the final 

state of the flow from 2450 s to 2800 s. Then, the flow topology 

at the onset of the convection is presented. A mean flow pattern 

is found for the onset of convection that contains two large scale 

circulating patterns. 
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I.  INTRODUCTION 

Buoyancy-driven flow in an enclosure heated from below 

and cooled from above is known as Rayleigh-Benard 

Convection (RBC) [1]. RBC is an idealized flow system to 

study the flow and heat transfer of a wide spectrum of 

phenomena and applications [2]. In engineering, RBC can be 

studied to investigate the natural convective turbulent flow in 

closed systems [2]. To understand the physics of the complex 

convective flows that occur in nature, such as the flow inside 

planets and their atmospheric flows, this simple system has 

been a focus of investigation [3, 4].  

For low and moderate Rayleigh numbers, it is shown that the 

steady-state roll structures form in RBC cell [5]. Pallares et al. 

[6] investigated the flow structures of a cubical RBC with the 

Rayleigh number changing in the range of  

5×103 ˂ Ra ˂ 8×104 applying PIV. For this range of Rayleigh 

number they reported formation of a steady-state single roll 

structure [6]. 

For high Rayleigh numbers, it is shown that the number of 

turbulent roll structures is time-dependent [13]. It is noteworthy 

that the heat transfer of the heat source and sink surfaces is 

dependent on the number of these turbulent structure rolls 

which is lower for the higher number of them [7]. This 

dependency is different for different scenarios. For example, for 

RBC enclosures with an aspect ratio lower than one (i.e. equal 

size of width and side both lower than the height of the 

enclosure), by decreasing the aspect ratio, the frequency of 

fluctuations in the number of the turbulent roll structures 

increases [8]–[13]. 

Although the size and numbers of the turbulent roll structures 

are time-dependent, the mean flow leads to a large-scale mean 

flow showing the single roll structure dominancy [14]. This 

large scale mean flow is known as large scale circulation (LSC) 

which sometimes is referred as the mean wind in RBC 

studies [14]. 

Both in laminar and turbulent RBC, it has been accepted that 

the formation of LSCs is due to the momentum of the thermal 

plumes added to the global flow from the heat and sink surfaces 

[15]–[17]. The final state of the thermal plumes temporal 

journey is known as the mean wind [16]. It is known that 

reaching the final state of the flow in turbulent RBC starts with 

the rising and falling of the hot and cold plumes [5]. Yet, the 

flow topology of the onset of the convection is missed due to 

the attention of studies to the final state of the turbulent RBC. 

Xi et al. [5] showed that the time scale of the onset of the 

turbulent RBC could be in the same order of the considered final 

state, tonset ~ 0.8 tmean wind which shows the importance of the 

onset of convection. 

In this paper, the flow topology of the onset of the convection 

has been studied experimentally applying time-resolved 2-D 

PIV in the turbulent RBC in a cubical enclosure with unit aspect 

ratio, Ra = 5.5 × 107, and Pr = 6.98. The aim of this 

investigation is to identify a possible mean flow at the onset of 

the convection in a time scale similar to the mean wind. 

II. PHYSICS OF RBC 

The regime of RBC is characterized by the Rayleigh number, 

Ra represents the ratio of the time scale for the thermal transport 

by diffusion to the time scale of the thermal transport by 

convection [1] and is defined as: 

𝑅𝑎 =
𝛼g𝐻3(𝑇𝐻 − 𝑇𝐶)

𝜈𝜅
 (1) 

Here, α is the thermal expansion coefficient, g is gravitational 

acceleration, ν is kinematic viscosity, and κ is thermal 



   

diffusivity of the fluid. In this equation, TH and TC represent the 

temperature of the hot and cold surfaces respectively. The 

Rayleigh number also depends on the height, H of the RBC cell.  

                       

Although the regime of the RBC could also be dependent on 

two other parameters, the Prandtl number defined as:  

𝑃𝑟 =
𝜈

𝜅
 (2) 

and the shape of the cell [2], most of the turbulent regimes 

are reported for Ra ˃ 105 [2].  

III. EXPERIMENT METHODOLOGY 

The enclosure used for this experiment is shown in Fig. 2. 
The enclosure is made by 6.3 mm thick acrylic sheet with the 
dimension of 50 × 50 × 50 mm3 for having optical access to 
apply PIV measurement technique on the flow. The hot and cold 
flow from two controlling water baths pass through two heat 
exchangers consisting of 3 mm copper sheets are used as the heat 
source and sink. The temperature of the cold flow is set to 5 °C 
and the hot flow is set to 35 °C. The working fluid is water with 
the initial temperature of the ambient and equal to 21.3 °C. The 
working fluid used for this experiment is distilled degassed 
water. The properties of the working fluid with the temperature 
condition of the two hot and cold surfaces are shown in Table. 
1. In this table, TM is the ambient temperature and the initial 
temperature of the fluid. 

 

Figure 1.  RBC enclosure used for the experiment 

To make sure that the heat source and sink used in this 

experiment generate a continuous distribution of the 

temperature, an IR camera (FLIR A35, FLIR Systems Inc.) is 

used to visualize the temperature distribution on the copper 

surface. Fig. 3 shows the non-dimensional temperature 

distribution on the copper surface. The standard deviation of the 

temperature distribution on the surface is found to be around 1.7 

%. Based on Fig. 3, there are four regions showing lower 

temperature in comparison to the average temperature 

distribution which are located where the 4 mm bolts fix the 

copper sheet to the base of the heat-exchanger. The temperature 

distribution of this region is found to be 7 % lower than the other 

region of the surface. 

Sidewalls of the enclosure are assumed to be adiabatic in 

RBC studies. The walls of the enclosure used in this experiment 

is made of acrylic sheet which has low thermal conductivity 

(0.2 W/mK). Furthermore, the temperature of the ambient is 

monitored during the experiment to make sure that the 

temperature difference between the sidewalls and the ambient 

is kept constant. To do this, a thermocouple is used located close 

to the surface of one of the sidewalls. At the start of the 

experiment, the temperature of the ambient is equal to 21.3 °C, 

the standard deviation of the temperature fluctuations during the 

experiment is ~ 2.3%. 

 

Figure 2.  Normalized temperature distribution on the copper plate. 

Fig. 4 shows a schematic of the optical measurement system 

used to apply PIV. A high-speed CMOS camera (Flare 

12M125, IO Industries Inc.) with a maximum frame rate of 220 

fps is used to capture the flow field. An external hard drive is 

synced with the camera for high-speed data transfer, making the 

long duration of continuous high-speed imaging possible. A 

standard SLR camera lens (50mm Nikkor, Nikon Inc) was 

connected to the camera to image the region of interest.  

 

Figure 3.  Experimental setup schematic. 



   

  

TABLE.I Working fluid and temperature and geometrical properties of the experiment 

Parameter TH (°C) TC (°C) TM (°C) 𝜶 (°C-1)  𝜿 (m2.s-1) 𝝂 (m2.s-1) H (m) Pr Ra 

Value 35 5 21.3 2.14×10-4 1.4×10-7 9.98×10-7 0.05 6.98 5.5×107 

To illuminate the seeded flow field, a continuous Argon-ion 

laser turned to operate at 488 nm wavelength was used. As is 

shown in Fig. 4, two biconvex lenses are also set to control the 

thickness of the laser beam. Two scanning mirrors were used to 

generate the laser sheet (scanning mirror 2) and control the 

location of it in the z-direction to be at z = 0. Biconvex lens 3 is 

used to make the laser sheet parallel to the x-y plane. Both 

scanning mirrors and the camera are connected to a function 

generator to sync the frequency of the camera with the scanning 

mirror 2, and to control the scanning mirror 1. This approach is 

further described in [19]. 

IV. RESULTS AND DISCUSSION 

A. Final State 

A false colour map of the magnitude of velocity is shown in 

Fig. 5 x-y plane at the half depth, z = 0 mm of the enclosure for 

t1 = 2450 s to t2 = 2800 s. Streamlines are overlaid to highlight 

the counterclockwise mean wind or LSC. With the hot source 

at the bottom of the images and the cold source at the top, the 

direction of rotation can be identified by the two small vortices 

at the top-right (labelled as A) and bottom-left (labelled as B) 

of the flow. A stagnation region skewed from the centre to the 

top-left (labelled as C) shows that the mean wind is occurring 

in a plane slightly angled from the x-y plane rotated around the 

y-axis. In confined enclosures, the stagnation area is typically 

found exactly at the centre showing rotation of the mean wind 

around the z-axis [15]. 

 

Figure 4.  Mean velocity of the flow field.  

Variation of the mean velocity profile, |�̅�| is shown in Fig. 

6 (a) at the two centre lines of x = 0 mm and y = 25 mm. From 

this plot and Fig. 5, it can be observed that the maximum 

velocity is occurring at the side walls close to the walls which 

reaches up to 3.4 mm/s. There are also two high-velocity 

horizontal regions at the top and bottom of the enclosure 

reaching the maximum velocity of 2.4 mm/s at the vertical 

centreline. At the horizontal centreline, minimum velocity 

reaches 0.3 mm/s and at the vertical centreline that is equal to 

0.05 m/s. The location of the stagnation point which is the 

centre of the LSC is at x = -6 mm and y = 30 mm. 

 

 

Figure 5.  (a) Mean velocity profile at the two centre lines.  (b) Mean 

vertical velocity profile at the horizontal centreline y = 0 and mean 

horizontal velocity profile at the vertical centreline x = 0 . 

The variation of the mean vertical velocity profile �̅�𝑦, at the 

horizontal centre line and the mean horizontal velocity �̅�𝑥, at 

the vertical centre line is shown in Fig. 6 (b). It can be observed 

that both of the mean velocity profiles are symmetric. The 



   

maximum value of the mean vertical velocity profile, �̅�𝑦 , is 

equal to 3.6 mm/s and it is equal to 2.4 mm/s for the mean 

horizontal velocity, �̅�𝑥. The measured velocity profile of both 

Fig.6 (a) and (b) have an agreement with both the shape of the 

velocity profile at the sidewalls and at the top and bottom 

reported by the Valencia et al. [17] for Ra = 7 × 107 which is 

close to the conditions of the conducted experiment. The value 

of the maximum velocities also have an agreement whit the 

experimental results of them. 

B. Initial flow development 

The mean velocity field distribution at x-y plane at the half 

depth, z = 0 of the enclosure for t1 = 200 s to t2 = 340 s is shown 

in Fig. 7. As can be observed, the mean flow structure is 

generally symmetric with respect to the vertical centreline, 

x = 0. Two large scale counter-rotating structure are formed at 

the half-bottom of the RBC cell. As a result of these two large 

scale vortices, a stagnation region is formed at the  

centre-bottom of the RBC cell. In the half-top of the RBC cell, 

as can be observed tracking the mean velocity vectors, the mean 

flow is moving to the top surface which is the cooling surface. 

Due to this, two small vortices are formed at the corners of this 

region. 

 

Figure 6.  Mean velocity of the flow field. 

The mean kinetic energy, 𝐾𝐸̅̅ ̅̅ =
1

2
|�̅�||�̅�| of the entire flow 

field is plotted as it varies with time Fig. 8. The mean kinetic 

energy convergence zone is considered from t = 200 s which is 

shown in Fig. 8 with the dashed line. The mean velocity field 

distribution shown in Fig. 7 is defined based on this criterion. 

At the start, flow is stationary and 𝐾𝐸̅̅ ̅̅ = 0. After the start of 

heating and cooling of the bottom and top surfaces, the thermal 

plumes start rising from the bottom surface and falling from the 

top surface [5].  

 

 

Figure 7.  Averaged kinetic energy fluctuations during the onset of 

convection. 

From Fig. 8 a mean flow with a mean flow structure can be 

expected. The time scale of the flow from the onset to the first 

mode of mean flow is on the order of a hundred seconds. 

However, the change in the mode of the flow has been reported 

in the time scale of thousands of seconds [5] to ten thousand 

seconds [18]. These different orders of the time scale show the 

existence of the LSC in different time scales even at the onset 

of the convection which is shown in this study. 

The starting state of the formation of the thermal plumes is 

shown as P1 in Fig. 8. The instantaneous velocity distribution 

for this state is shown in Fig. 9. The flow structure of this state 

can be divided into the top and bottom region result in the 

thermal plumes rising and falling from the hot and cold surface 

respectively. At each region, two primary plumes can be 

observed which each of them leads to the formation of a pair of 

counter-rotating flow structure. From the colour map, it can be 

inferred that the hot plumes carrying more kinetic energy in 

comparison with the cold plumes. This also can be observed in 

the mean flow structure in Fig. 7 which shows the dominancy 

of the hot plumes.  

 



   

 

Figure 8.  The instantaneous velocity of the flow field at the onset of 

convection. 

V.  CONCLUSION 

An experiment conducted to investigate the flow topology of 

the turbulent RBC (Rayleigh-Benard Convection) in a cubical 

enclosure with unit aspect ratio. The mean flow structure of the 

flow known as the mean wind compared with the mean flow 

structure at the onset of the convection showing the dominancy 

of the hot plumes in this experiment flow condition which led 

to the finding of a symmetrical flow structure during the start of 

the RBC. 
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