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Rayleigh Benard convection is an example of thermal instability where temperature difference
between the top and bottom caused by heating the fluid from below results in formation of rolls.
Rayleigh Benard convection is studied and the effect of change of aspect ratio and change of initial
condition is investigated through numerical simulation by the use of a commercial computational
fluid dynamics package Fluent. A 2d model of Rayleigh Benard convection was created. The 2d
domain was constructed with fixed temperatures on thetop and bottom with different aspect ratios.
The critical Rayleigh number was found in each case. The effect of initial condition change was
imposed in the form of an initial velocity in the whole domain with a fixed number of ralls. In the
end a 3 dimensional model was created to find out the change in spatial character of the roll
structuresin the domain.
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I. Introduction

Rayleigh Benard convection has been studied extelysbver the years. It occurs when a fluid hel@ icontainer is
heated from the bottom. A temperature gradiertius set up between the top and the bottom of the. When this
gradient reaches certain value convection rollsrbegform which indicates the onset of thermatadity of the
system. This instability occurs due to the inteyanong the viscous force, thermal dissipationyityand
buoyancy force. Due to the heating, fluid in thétdim layer becomes light in weight and tries te uigpward. This
upward motion is prevented by gravity, viscous ésrand thermal dissipation. But after a certairpnature
difference is reached the buoyancy force overcdraepposition of the stabilizing forces and thétifjuid layer
comes to the top. The heavy fluid layer from the $tart coming down to the bottom to occupy theamaplace,
afterwards this fluid layer also gets heated dad sising upwards. Thus a cycle of motion setwlich expresses
itself in the form of convection rolls. Convectianils also form in surface tension driven Benardxrihgoni
convection. At the onset we can describe convedtioa single Fourier mode. When Rayleigh numbesszs R,
more modes are generated through nonlinear intenad/hen there are only few modes (say 10 modesrone
gets convective patterns [1]. The patterns cargbarg, hexagonal, wavy etc. These patterns coutistilating as
well. When Ra is increased even further, the anondis of these modes become large resulting in@ticha
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behavior. A popular model called Lorenz equatignaiempts to capture this feature. In Lorenz eiqunathe
temporal behavior is chaotic, but the spatial $tnecis regular. In Lorenz model the horizontalgdlip direction of
rotation at random intervals, but the rolls do mmve in space. When Ra is increased further, masmg mmodes are
generated. In this case spatial and temporal vamgtan be observed. When Rayleigh number incseasee the
flow becomes turbulent, where many modes interdtt @ach other. The time series of temperaturestvoity
signal is random. This regime is called turbulehhe domain size is determined by the aspect vdtioh is equal
to L /d, where L is the length and d is the heigfthe domain. The effect of aspect ratio on theotic dynamics in
a system is of great scientific interest. Ahlerd 8ehringer [3] were one of the first to experinadiytstudy the
effects of aspect ratio on the dynamics of Rayl&ghard convection

This particular instability problem has many im@art applications in a number of engineering prollesach as in
oil extraction from porous media, energy storagmeiten salts, crystal growth in space and chengngineering
of paints, colloids and detergents. Apart from thét kind of convection is a crucial factor in tthgnamics of ocean
and atmosphere. Benard (1901) first reported emparial findings of convection rolls. SubsequenthyRigh [4]
and Jeffrey [5] came up with the mathematical sofubf the instability problem. The linear stabjldnalysis of
Lord Rayleigh or Sir Harald Jeffrey gives the magaé of the critical wave director, but it cannetdecided
whether the patterns above onset will consist li§,rbexagons, or squares. Indeed all three patseour in RBC.
Malkus and Veronis [6] predicted that the stablnfisrm for the case of free boundaries and Bousginenditions
should be straight rolls rather than e.g. squardégragons.

Afterwards there have been a number of attemptslte the instability problem both experimentalhyd
theoretically. A major aspect of these works wafirtd out the selection of patterns for various taery and initial
conditions. Most notable are the works of Chanddaae[7], Koschmeider [8], etc. The simplest geaieatase is
the rectangular enclosure. Though attempts have leele in past to investigate other shapes moabhyotircular
and square containers. It has been found thaptgat character of the rolls, i.e. their axisesifepends mainly on
the boundary condition and the non uniformity af tamperature distribution on the top and bottoateplin
number of the cases steady circular or hexagofial(for rectangular container) and circular cortcerrolls were
found for a circular container.

In the work presented here a commercial softwackge Fluent [9] was employed to simulate the Benar
convection. Various parameters like Nusselt numiere calculated and compared with the theoretighies In the
end a 3d model was constructed to find the chaiatits of 3d instability. The main aim of this vkowas to find
the effect of aspect ratio change and that of implatation of initial perturbation on the instalyiliegime.

1. Basic Parametersand Governing Equations

The basic parameter controlling the onset of iriktalis the Rayleigh number which is defined as

Ra =pATgd/v a. This ratio is a dimensionless number, which issailt of the competition between the destabilizing
mechanism and the stabilizing process. Convectieveldps when the buoyancy is more effective tham th
dissipative process and thus when Ra is large lifitiing condition after which convection sets mdalled critical
Rayleigh number. The governing equation for thebfmm is the continuity, momentum which is famoushown

as Navier Stokes equation and energy equation.
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To these equations of motion, Rayleigh applied®bassinesq approximation. The approximation stéiaisthere
are flows in which the density variation is nedlig due to small temperature variation. But thevflnay be driven
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by buoyancy. So the variation of density is negdaverywhere except in the buoyancy. On the lodshss
approximation for small temperature difference lestwthe top and bottom layer of fluid, we can write
p=po {1-B (T-Ty), where Ty is the temperature of the lower plate. This appnation works well for Benard
convection problem where the temperature differéssenall between the top and the bottom plate.

[11. Numerical Simulation

To simulate Benard convection numerically a commaéromputational fluid dynamics package Fluent wasd.
Two cases with aspect ratio 2 and 7 were investijathe mesh was generated in the preprocessoriG&ambthe
aspect ratio 2 case, a 2dimensional rectangulangeg was modeled with length 20 mm and height 1@ i
laminar model was applied since the flow in thedbgity regime is essentially laminar (unless Begyleigh
number is above 10000). An infinite horizontal spaas assumed for ease of solution and this assompts
implemented through periodic boundary conditiorttemside walls. The temperature of the bottom phate fixed
at 60° C and wall boundary condition was applied to th&he temperature of the top plate was determinmu fr
the temperature difference which was calculatethftioe formula for Rayleigh number. This process reaeated
with different Rayleigh numbers. The fluid for teienulation was always selected as water with ibpprties at 60
c. For the aspect ratio 7 case the width of thtargge was taken as 2 mm and length 14 mm. Thewoly table
shows the temperature difference applied betweetolr and the bottom plate for both aspect rats@saFor both
the laminar and turbulence case analysis SIMPLErélgn was used in Fluent.

Ra AT

700 0.0104
1700 0.03
2500 0.03722
3000 0.0447
6000 0.08932
10000 0.1488
30000 0.4467

Table 1: Temperature difference between the topbatihm plate for different Rayleigh numbers

A. Turbulence modeling:

Turbulent flows are characterized by fluctuatingpegy fields. These fluctuations mix transportagaqtities such
as momentum, energy, and species concentratiorgarsd the transported quantities to fluctuateeds &ince
these fluctuations can be of small scale and higdpuiency, they are too computationally expensiva@rtalate
directly in practical engineering calculations.te@d, the instantaneous (exact) governing equatiande time-
averaged, ensemble-averaged, or otherwise margpulatremove the small scales, resulting in a nexiget of
equations that are computationally less expensiwolive. However, the modified equations contaiditeahal
unknown variables, and turbulence models are neteddétermine these variables in terms of knowmtties. In
cfd a number of turbulence models are available. S¢iection of a particular turbulence model depandthe
problem definition and the flow characteristicseTdvailable options in Fluent are K-epsilon, K-omegpallart —
Allmaras model etc.

For Ra=10000 and 30000 case the turbulent casessteted for this problem. The K-epsilon turbukenmdel
was implemented with default coefficients and staddvall function approach. The K-epsilon mode isvo
equations, semi empirical model in which two sefgatansport equations are solved to obtain theired
turbulent velocity and length scale. K-epsilon nmdderery robust and it gives reasonable accuracyfwide class
of flow problems. .For the 3d simulation a 0.00®8X0.05 rectangular parallelepiped was createdaimi@t. The
Ra was fixed at 1760. In this case also the lamimadel was selected for viscosity.
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V. Resultsand Discussion

A. Effect of Aspect Ratio Change:

Figure 1 shows the static temperature contoursaat®O0. It can be clearly seen that the isothemmperfectly
horizontal without any distortion which signifidsat no instability has set up. This is in accor@éawih the theory
as it can be shown from linear stability analybest for small disturbances the critical Rayleigimiver for an
enclosure with aspect ratio 2 is approximately 17BBjure 2 shows that at Ra=1700 the instability et in which
is evident in the periodic nature of the staticpenature plot. The patterns formed are square asliadicated by
figure 3. Number of rolls in this case is two whimdrresponds to the minimum stable case. The wagtieof the
rolls can be found from figure 4 which shows tleg tvavelength of the variation of velocity magnéusd around
10 mm which is same as the depth of the fluidhenturbulent case with Ra=10000 the rolls appetrée less
clear (figure 5) and in figure 6 which is for Ra€80, the patterns are broken. This is due to theltref increased
perturbation in the turbulent case.

For the aspect ratio 7 case almost the same ragelliesobtained. The number of rolls formed wered the
wavelength of the rolls were almost 2 mm i.e. sathe depth of the fluid layer. But in this case anportant
deviation was periodicity in temperature profileRa 700 (figure 8) which signifies formation oflslISo it can be
concluded that the critical Ra nhumber comes dovih thie increase of aspect ratio. A reason forithibe increase
in surface area which allows more heating areanége heating area is available, the same temperdifierence
between the top and the bottom plate in the ineitaspect ratio case causes more heat flux to thetsystem. So
the fluid gets heated more quickly and the heatimgbles a fluid lump to overcome the stabilizinfgetfof
dissipation and viscous forces. As an effect theveotion rolls appear more quickly in the increaaspect ratio
case.

One prime aspect of Benard convection is the aaster between the top and bottom surface ofltie. Before
reaching the critical Rayleigh number, when thé&fia undisturbed the heat transfer takes placdiffysion only.
But after the system reaches instability heat feann the fluid is aided by convection also. Soskkit number
which is actually the ratio of heat transfer in fhud in the disturbed state to that of the undgibed state is always
greater than one after critical Rayleigh numbese ®hset of instability can also be identified by treak in the
instability curve. The first empirical formulas ftive heat transfer by convection were given byesgione (1958).
According to him for Nu=0.24(Ra) ~0.25. [1]. Fig®eshows a plot of Nusselt number vs. Rayleigminer in
which the aforesaid empirical relation was companvét the data obtained from the numerical studyafgpect
ratio 2 case. The data shows a good match in thiméa regime. But there is a tendency of deviatiothe
turbulent case i.e. as the Rayleigh number is &szd more and more.

B. Effect of initialization of the velocity in the problem domain:

To find out the effect of initial conditions on tBenard convection, an initial perturbation wasligpin the form

of an initial velocity to the whole domain. The f@tion selected to achieve the initialization washeaf form
v=A*(sin (pi*y/0.01))*(cos (N1*pi*x/0.02) + B* cogN2*pi*x/0.02)), where N1 and N2 are the numberalfs in
the x and y direction respectively. This particitairm of velocity is actually the result of a linestability analysis
for an infinitely spanned domain in the horizordakction. The initialization of the velocity wasmk by hooking a
user defined function to fluent. Through this impkntation the no of rolls in the x direction waeefil at 6 and in
the y direction it was 2.As the result of initiation 6 rolls formed in the domain which is visilihethe contour plot
of x velocities (figure 10). The contour plot ofetly velocity showed 2 rolls as before (figure IThe Rayleigh
number was arbitrarily selected to be 6000. Th#aiization case can be difficult to attain in piieal experiment as
it involves a periodic velocity profile.

Figure 12 shows the result from a 3dimensionaldasé with Ra = 6000. In case of a 3 d domain tiéhoundary
conditions were applied along the six faces. Sowlecity contour plot is actually from a cross ti&t of the
domain. It can be observed that there is a peiityditthe number of rolls (5 and 4 consecutivedigng the z axis.

One important finding from the results is all thettprns were square in shape. The structure ofmpafbrmation is
an active research topic in Benard convection. Bgualls are the result of the simplest boundanydition, i.e.
infinite span in the horizontal direction. As dissad previously the structure and shape of thedeglends on the
boundary condition, shape of the container etco A& presence of thermal noise affects its stractu
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A. Aspect Ratio 2

V. Figures
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Figure1l. Contour plot of static temperatureat Ra = 700.
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Figure2. Contour plot of static temperatureat Ra = 1700.
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Figure 3. Contour plot of velocity in x direction at Ra = 1700.
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Figure4. Variation of velocity magnitude along the central line of the rectangular domain along x axis at
Ra=1700
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Figure5. Contour plot of velocity in x direction at Ra = 10000.

Figure 6. Contour plot of velocity in x direction at Ra = 30000
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B. Aspect Ratio 7
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Figure7. Contour plot of velocity in x direction at Ra= 1700
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Figure 8. Contour plot of static temperature Ra = 700
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Figure9. Plot of Nusselt number vs. Rayleigh number
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C. Initialization of velocity
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Figure 10. Contour plot of velocity in x direction at Ra = 6000
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Figure 11. Contour plot of velocity in y direction at Ra = 6000
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Figure 12. Contour plot of the velocity in the 3 d case showing the cross section of the domain, Ra=6000
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V. Concluson

Raleigh Benard convection was simulated numeridaltgugh the commercial package Fluent. The bdsic a
was to find the effect of aspect ratio change anitihl velocity condition on the onset of convectidt was found
that increase in the aspect ratio brings down thieal Rayleigh number. But the wavelength of th# was always
consistent with the depth of the fluid layer. Theee dimensional simulation showed that along whth x and y
component of wavelength it has got a periodicitythe z direction also. The rolls formed in all tbases were
square rolls which are the ideal solution of thenml mode solution. The plot of Nusselt number Rayleigh
number showed good correspondence between theettoabrand fluent result. For turbulent convectibrwas
found that the plot shows divergence between tleordtical and computational result. A proper choide
turbulence model with appropriate coefficients reaive this problem
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