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Abstract— Numerical Investigations were carried out to study the Evolution of plume structure in Rayleigh-Benard convection at a
constant Pr = 5.2 (water) and over a range of Rayleigh number 4.43 x10%< Ran < 7.95 x 108, Three domains of cross-section 15 cm x
15 cm and height of 5 cm, 10 cm and 20 cm were used to study the plume structure rising from the thermal boundary layer over the high-
temperature bottom plate. Transient simulations were carried out in ANSYS Fluent to study the evolution of plume structures. Four
different regimes where observed viz, initiation phase; characterised by stable boundary layer across the planform, impingement phase;
characterised by the destabilisation of the boundary layer and impingement of bulk flow, plume formation phase; characterised by the
formation of line plume from the boundary layer, and plume dynamics phase; characterised by the lateral movement of plume, formation
of new plumes and merging of plumes. Total length of plume (Lp) and plume thickness (tp) were measured from the planforms, and mean
plume spacing (4) and plume area ratio (Ap/A) were calculated using 24 =A/ Lp and Ap/A = tpXLp/ A. Total length of plume was found to
increase with Ran, whereas mean plume thickness was found to decrease with Ran; these opposing trends result in plume area ratio
nearly independent of Ran.

Index Terms— Convection, Plume Structure, Boundary Layer, Plume Spacing, Length Of Plumes, Plume Thickness, And Plume

Area Ratio

I. INTRODUCTION

Natural convection is a type of heat transfer which occurs
due to an unstable density difference created by having a
high-temperature bottom plate and a low-temperature
medium up top; such convections are termed Rayleigh-
Bénard convections. In such convection, at high Rayleigh
number (Ran), the thermal boundary layer over the high
temperature bottom plate becomes unstable and erupts to
form plume structure carrying the majority of heat from the
bottom wall into the bulk Sparrow and Husar (1969), Pera and
Gebhart (1973), Tamai and Asaeda (1984), Solomon and
Gollub (1990). This plume structure exhibits transient
behaviour, exhibiting initiation from a new point, lateral
movement and merging (Gunasegarane and Puthenveettil,
2014). These plumes rise as sheets from the boundary layer
(Tamai and Asaeda, 1984) and appear as line plumes in a
horizontal plane adjacent to the bottom wall. The motion of
high-temperature plumes rising from the boundary layer into
the bulk alters the near-wall velocity and temperature
profiles. A theoretical estimate of velocity and temperature
profile was proposed by Ahlers et.al (2012), Shiskina and
Thess (2009), and Theerthan and Arakeri (1998). Roten and
Classen (1969) proposed a similarity solution for the
temperature and velocity fields of the boundary layer in
natural convection. The velocity and temperature scale for the
near-wall region in natural convection is proposed by
Townsend (1959), and similar scales for the bulk regime are
developed by Deardorff (1970).

For a wide range of Prandtl numbers 4 < Pr < 12500, Seki
et.al (1978) developed correlations for the boundary layer in
indirect natural convection. Plume rising from the boundary
layer creates a bulk circulation which imparts shear on the
boundary layer. The effect of large-scale shear on plume
structures in natural convection boundary layers was studied
by Puthenveettil and Arakeri (2005). The dynamics of line
plumes over a range of 10° < Ray < 10 was studied by
Gunasegarane and Puthenveettil (2014), and a common
lognormal distribution of merging velocity of line plumes
over the range of Ray was found. Using order of magnitude
analysis of boundary layer equations, Puthenveetil et.al
(2011) obtained a theoretical scaling of the total length of
plumes. The thickness of plumes erupting from the boundary
layer was estimated to have twice the thickness of the critical
velocity boundary layer (Van der Poel et.al, 2015), and the
area ratio of plumes in a planform was also observed to be
independent of Ray (Shevkar et.al, 2022). The effect of
advection into the boundary layer was investigated by Nield
(1969), Ramareddy et.al (2020), and Joshy et.al (2023) and
observed that a weak transpiration would alter the
characteristics of the boundary layer in natural convection.

Howard (1966) modelled plumes as periodic growth and
eruption of the conduction layer; however, results from the
experiments did not correlate with the model. Coles (1978)
described the flow as a repeating pattern of steady streamwise
vortices added on top of a basic flow. A numerical 2-D near-
wall model of plume structure in Rayleigh-Benard convection
was developed by Theerthan and Arakeri (1995); the results
of this model were found to be in good agreement with the
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experimental results. Numerical investigation of natural
convection boundary layer using a three-dimensional steady
laminar model was carried out by Praphul et.al (2019), and
they observed an inverse dependence of Ray on mean plume
spacing.

The paper is organised as follows: Three different
computational domains were used to simulate the transient
evolution of plumes at different Ray. The details of the
computational domains and meshing are discussed in Section
I1(A). The simulation details, governing equations and
boundary conditions are explained in Section 1I(A). The
transient evolution of plumes and the dependence of plume
characteristics on Ray and Pr are discussed in Section I11.

Il. COMPUTATIONAL MODELLING

A. Geometry Modelling and Meshing

Three different 3D models with a cross section of 15 cm x
15 cm and heights of 5 cm, 10 cm and 20 cm were used to
carry out transient simulations over five orders of Rayleigh
number given in Table 1. The geometry of the flow domain
was modelled using SpaceClaim.
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Figure 1: Three-dimensional models of the domain with
a structured grid used to simulate natural convection
from a high-temperature bottom wall; (a) 15 cmx15
cmx5 cm, (b) 15 cmx15 cmx10 cm and (c) 15 cmx15
cmx20 cm.

A structured grid was generated using edge sizing in
ANSYS meshing. Fine mesh was generated in the near-wall
region using a bias factor of 10. The concentrated fine mesh
near the bottom wall can be observed in Figure 1. The grid
independence was checked using a grid size of one million to
6 million cells. Grid independence was attained for a grid size
of 2.5 million, with the error in Nusselt number from bottom
bottom-heated wall to be less than 3%.

B. Simulation Details and Boundary Conditions

Transient simulations were carried out using ANSYS
Fluent to capture the near-wall plume structures rising from
the thermal boundary layer over the high-temperature bottom
plate. Wall boundary conditions were assigned to the side
walls and the bottom wall with a no-slip condition. The top
wall was set as a pressure outlet boundary with the
temperature as Tc and pressure as atmospheric pressure to
simulate an open-to-atmosphere condition. The details of the
isothermal boundary conditions are given in Table 1. Water
is used as the working fluid across the simulations to attain a

constant Pr of 5.2.

Table 1: Isothermal boundary conditions and domain used
to simulate natural convection at different Rayleigh

numbers.
Domain Ran Th(°K) | Tc(°K)
15 cmx15 cmx5 cm 4.43 x 10° | 304.13 303.87
15 cmx15 cmx5 cm 3.95x 108 | 305.16 302.84
15 cmx15 cmx10 cm 4.88 x 107 | 305.79 302.21
15 cmx15 cmx20 cm 7.95 x 108 | 307.65 300.35

The governing equations used to simulate natural
convection from a high-temperature (Tn) bottom plate are

Continuity equation:
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SIMPLEC method was used to achieve pressure-velocity
coupling, and density was modelled using the Boussinesq
approximation, and the viscous model was set to laminar. A
timestep size of 0.1 seconds was used to capture the transient
evolution of plumes from the boundary layer, and the
simulations were carried out for approximately 100 seconds.

I1l. RESULTS AND DISCUSSION

The evolution of plume structure is studied in a horizontal
plane at a height of 2 mm from the bottom plate, along which
the plume rises as a laminar sheet plume before dissipating
heat into the bulk. These laminar sheet plumes appear as thick
lines which move laterally and merge. The evolution of
plumes is numerically recorded, converted to frames and
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analyzed using MATLAB. The total length of the plume is
measured after calibrating using a pixel-based measuring
algorithm in MATLAB, plume lengths are extracted
manually by tracing each plume using ginput, which records
a sequence of points along the plume trajectory. The
summation of the length of each segment gives the total
length of the plume (Lp). The mean plume spacing (4) is then
computed using 4 = A/L,, where A is the total area of the
planform. The mean thickness of the plumes (tp) in the
planform is also computed similarly by measuring segments
of plumes at multiple locations where the plume thickness
visibly changes, ensuring the sample accurately measures the
spatial variability of plume morphology. The average plume
thickness t, is then computed by taking the average of the
samples.

A. Evolution of Plumes

Four different convection regimes were observed during
the evolution of plume structure from the boundary layer. The
evolution begins with a stable thermal boundary layer, which
appears as a high temperature region (in red) covering the
entire planform at a finite height. Due to the high Ray, after a
very short time period (t = 32 s for Ray = 4.43x10°), bulk flow
impinges over the boundary layer due to unstable density
difference, this marks the beginning of destabilization of the
boundary layer as shown in (a) in Figures 2, 3, 4 and 5. The
time taken for the initiation of convection increases with Ray.
At low Ray = 4.43x10°, the boundary layer remains stable for
about 32 seconds, whereas at a high Ran, convection was
initiated after about 15 seconds. During this initiation phase,
bulk flow impinges on multiple points over the boundary
layer as shown in (b) in Figures 2, 3, 4 and 5. During this
phase, the stable conductive layer at a finite height swiftly
transits to sheet plumes as shown in (c) in Figures 2, 3, 4, and
5. This marks the onset of the plume dynamics phase in which
plumes rise as sheets from the boundary layer, which appears
as coherent lines with varying thickness, encircling the bulk
flow impinging over the boundary layer. A fully developed
plume field exhibits plume initiation, lateral movement and
merging with adjacent plumes. Planform of plume structure
at different Ray in plume dynamic phase at t = 100 seconds is
shown in (d) in Figures 2, 3, 4 and 5.

Ran=4.43 x 10°:

(©) (d)

Figure 2: Evolution of plume structure with time at a
constant Pr of 5.2, Rap=4.43x10°, and AR=15x15x5;
(a)t=32s, (b) 45.4s, (c) 58.0s, and (d) 100s.
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Figure 3: Evolution of plume structure with time at a
constant Pr of 5.2, Ray = 3.95x106, and AR = 15x15x5; (a) t
=11.9s, (b) 17.2s, (c) 34s, and (d) 100s.
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Figure 4 Evolution of plume structure with time at a
constant Pr of 5.2, Ray = 3.95x106, and AR = 15x15x5; (a) t
=13.9s, (b) 17.9s, (c) 37s, and (d) 100s.
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Figure 5: Evolution of plume structure with t|me at a
constant Pr of 5.2, Rap = 7.95x106, and AR = 15x15x5; (a) t
= 15s, (b) 19.8s, (c) 27.5s, and (d) 100s.

B. Plume length and Mean plume spacing

Figure 6(a) shows the variation of L, with time, and Figure
6(a) shows the variation of 1 with time at different Ray. Even
though the transient variation of Lp and A doesn’t exhibit any
general trend, Lp was found to increase with Ray and 1 was
found to decrease with Ran. These observations are consistent
with the theoretical prediction of Lp and 1 by Puthenveettil
et.al (2011).
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Figure 6: (a) shows the variation of plume length (Lp) with
time at different Ran, (b) shows the variation of mean plume
spacing (A) with time at different Ran.
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The increase in Lp with Ran is likely due to the stronger
buoyancy forces at high Rau, accelerating the eruption of
plumes from the thermal boundary layer. Strong buoyant
forces also increase the shear due to circulation, which
elongates the plumes before merging, thereby increasing L,
with Rap.

C. Plume Thickness and Plume Area Ratio

Figure 6(a) shows the transient variation of mean plume
thickness (tp) at different Ray. At constant Ran, Ap/A remains
moderately constant with transient evolution of plumes, but
the mean plume thickness shows a noticeable decrease with
Ran. This observation is in line with the prediction of Van der
Poel et.al (2015), where t, ~ 2 xdyc, where dyc is the thickness
of the velocity boundary layer during onset convection. At
low Ran, Pr~ 5.2 inherently results in thicker plumes due to
a thicker thermal boundary layer. The increase in Ran results
in a reduction in dyc due to stronger near-wall shear, which in
turn results in a sharper velocity gradient near the high-
temperature bottom plate.
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Figure 7: (a) shows the variation of mean plume thickness
(tp) with time at different Ray, and (b) shows the variation of
Plume area ratio (Ap/A) with time at different Ran.

Plume area ratio is calculated as Ap/A = (t, x L, )/A; the
opposing trends of t, and L, on Ray make Ap/A essentially
constant with Ray. This can be observed from Figure 6(b),
where at a constant t, Ap/A doesn’t exhibit any monotonic
variation with Ran. Similar observations were made by
Prafulla etal (2022), where Ap/A Rayleigh-Benard
convection was observed to be a function of Pr independent
of Ran.

IV. CONCLUSIONS

We study the evolution and characteristics of plume
structure in Rayleigh-Benard convection at a constant Pr of
5.2 and over a range of Ran; 4.43x10°< Ray < 7.95x108. The
near-wall structures were found to be line plumes erupting
from the boundary layer, which appear as coherent line
plumes in a planform adjacent to the high-temperature bottom
plate. The evolution of plume structure exhibits four different
stages, viz, the Initiation phase, the impingement phase, the
plume formation phase and the plume dynamic phase. These
phases of evolution were found to have strong dependence on
Ran, with the time required for initiation of convection and

plume development decreasing significantly with an increase
in Ran. The low Pr of water results in thicker plumes at low
Ran, and the increase in shear due to circulation at high Ran
results in thinner and elongated plumes. Transient
measurement of L, and t, was carried out using pixel pixel-
based measuring algorithm. L, was found to increase with
Ran, and t, was found to decrease with Ran. This opposing
trend of L, and t, makes the plume area ratio (Ap/A)
independent of Ran.
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