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a b s t r a c t

This paper presents the results of numerical modeling of the evolution of thermal plumes in a fluid layer
heated locally from below. Special attention is paid to the development of a boundary layer that precedes
thermal plume generation. Equations for natural convection are solved using the ANSYS Fluent software
package. The calculated temperature fields are compared with the results of a full-scale experiment. The
variation of parameters of the numerical model gives two mechanisms of heat transfer from a local heat
source e conductive and convective. In the first case, uniform heating of fluid above the heater surface
leads to the formation of a single plume. In the second case, the boundary layer near the heater edges
experiences deformation that causes a convective jet to bifurcate. The purpose of the present work is to
study the effect of heat source shapes (triangular, square, pentagonal and circular) on the boundary layer
structure. For each heater shape, the critical value of the Rayleigh number determined. It is shown that
bifurcation of a thermal plume is initiated when the Rayleigh number exceeds a critical value.

© 2017 Elsevier Masson SAS. All rights reserved.

1. Introduction

Steady-state flows in enclosures [1e8] and the dynamics of
convective jets or plumes in relation to heating conditions [9e13]
are mainly considered in the problems of thermal convection
from a localized heat source. However, the approaches dealing with
these problems do not take into account the initial stage of
convective flow evolution, which may play an important role in the
cases when the processes associated with heat transfer proceeds
more quickly than the generation of steady-state flows.

It is known that under specific heating conditions (at the initial
stage of flow generation) the bifurcation of a thermal plume occurs
[14,15], which in turn is able to affect heat transfer conditions in the
system. For instance, in works [16e18], bifurcation has been
observed at the stage of formation of transient or turbulent plumes.
At sufficiently strong heating of the fluid by a localized heat source,
a convective plume loses its stability because of the establishment
of periodic vortex structures e puffs. The puffing is associated with
the growth of Rayleigh-Taylor instability arising in the fluid flux
adjacent to the heater surface. As a result, thermal plumes develop
like pulses [16]. Besides, there is experimental evidence [19] that
the vibration frequency of convective plumes is related to the
generation of convective rolls on the heater boundary.

Apparently, the temperature and shape of a heater and the ge-
ometry of a working cavity should have a strong impact on the
development of flow instability. Pioneer works devoted to inves-
tigating the effect of heat source shapes on heat transfer processes
date back to the mid 20th century [20e22]. In particular, the
analysis of the experimental results obtained for angulated objects
[23] has revealed that their angles have only a negligibly weak ef-
fect on the integral heat transfer characteristics.

Recent publications [24e26] offer a theoretical description of
steady-state flows adjacent to the surface of horizontal plates of
different shape and size. For example, in Ref. [25], the authors
conducted a study of heaters of triangle, square, hexagon and circle
geometries and proposed two theoretical models. The results pre-
dicted by one of these models agree well with the experimental
outcomes.

However, in the works mentioned above the mechanism
responsible for the generation of thermal plumes has not been
completely elucidated. Down to date the dependence of this pro-
cess on heat source shape remains to be investigated. Problem
solving by experiment is complicated by several factors. First of all,
local heating is often produced by electrical current passing
through a conductor [11,13], which, because of its inertia against
temperature fluctuations, has a negative effect on processes that
proceed faster than the heating-up time of a heat source. Further-
more, temperature field visualization techniques do not allow one
to monitor temperature distribution inside the layer with required
accuracy, and shadow and interference methods yield only an

* Corresponding author.
E-mail address: akon.psu@yandex.ru (A. Kondrashov).

Contents lists available at ScienceDirect

International Journal of Thermal Sciences

journal homepage: www.elsevier .com/locate/ i j ts

http://dx.doi.org/10.1016/j.ijthermalsci.2017.08.012
1290-0729/© 2017 Elsevier Masson SAS. All rights reserved.

International Journal of Thermal Sciences 122 (2017) 85e91

mailto:akon.psu@yandex.ru
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijthermalsci.2017.08.012&domain=pdf
www.sciencedirect.com/science/journal/12900729
http://www.elsevier.com/locate/ijts
http://dx.doi.org/10.1016/j.ijthermalsci.2017.08.012
http://dx.doi.org/10.1016/j.ijthermalsci.2017.08.012
http://dx.doi.org/10.1016/j.ijthermalsci.2017.08.012


average flow pattern [15].
One way to simplify the study of hydrodynamic systems is to

create a numerical model enabling the variation of problem pa-
rameters at low cost. This makes it possible to exclude any
dependence of the physical properties of fluid on different external
factors and to investigate the influence of boundary conditions on
the basic properties of heat transfer. Because the examined system
is highly idealized, the results of numerical modeling should be
verified by comparing with the full-scale experiment data.

With the advent of high-performance computers, different
physical and engineering processes can be successfully modeled
using computer-aided engineering (CAE) systems. The spectrum of
current tasks includes spatial modeling in continuum mechanics,
calculation of strength and dynamics of solids, investigation of
electromagnetic phenomena, etc. A comparison of the experi-
mental data with the numerical calculation results or the results
obtained by other models supports the reliability of the CAE sys-
tems. In our investigation, we use the ANSYS Fluent software
package for computational fluid dynamics that ensures high-
efficiency simulations.

Hence, it can be concluded that there is a gap in the under-
standing of flow generation above the localized heat sources of
different shape. By varying heating intensity, heater dimension and
shape, we have determined the regions in which the evolution of a
convective flow follows two different scenarios: a) the fluid layer
above the heater surface is heated uniformly, which results in the
formation of a single thermal plume; b) the boundary layer loses its
stability at heater edges, and therefore a plume starts to bifurcate.

2. Problem statement

We consider a flow in the liquid layer bounded by rigidwalls. The
flow occurs due to local heating from below. A computational
domain (Fig.1) has the form of a rectangular parallelepiped of height
hwith a square base of side l. The cavity is oriented so that its lower
side lies in the XY-plane of a Cartesian coordinate system, and the
gravitational acceleration vector g directed downward is parallel to
the vertical Z-axis. The flow is generated by a heater of radius r, the
center of which coincides with the origin of coordinates.

The evolution of a thermal plume is modeled by the finite vol-
ume method using the ANSYS Fluent software package. Fluid mo-
tion is assumed to be laminar, and, because of low flow velocities
(� 10�3 m/s), energy dissipation caused by internal friction is
ignored. In this approximation, the flow is described by the system
of dimensional Navier-Stokes equations containing:

- equation of momentum balance

vtui þ vj
�
uiuj

� ¼ �1
r
viP þ nvj

��
vjui þ viuj

��þ gbðT � T0Þez (1)

- heat conduction equation

vtT þ ðuiviÞT ¼ cv2i T (2)

- equation of continuity

viui ¼ 0: (3)

We use here the following notation: u e velocity vector,
P e pressure, T e temperature, r e density, n e kinematic viscosity,
b e thermal expansion coefficient, c e thermal diffusivity of fluid,
g e gravitational acceleration vector, T0 ¼ 300K e initial tempera-
ture of the fluid.

A no-slip condition is imposed on solid boundaries. The upper
boundary is taken to be isothermal and it serves as a cooler
Tðz ¼ hÞ ¼ T0. The temperature distribution is prescribed at the
lower boundary as

Tðz ¼ 0Þ ¼ T0 þ DT,
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: (4)

The function is taken so that the overheating of a heater DT is
localized inside the area of radius r with the center at the coordi-
nate origin. The parameter g in equation (4) is responsible for the
width of the region of transition from the local temperature dif-
ference of the source DT to the boundary temperature T0.

Simulations are carried out in a computational domain of height
h ¼ 24 mm and side length l ¼ 28 mm. The system of governing
equations is solved at the nodes of a rectangular mesh with a
maximal space step of 0:5mm, with bias to the lower boundary for
better resolution of gradients in the area of heating. Total number of
mesh nodes in the domain is 3:04,105. The number of elements on
the surface of a heat source of radius r ¼ 5:0 mm reaches the value
of 4:0,102.

The parametric analysis (Table 1) reveals that a two-fold in-
crease in the number of nodes changes the time it takes the plume
to reach the upper boundary by 0.6% and mean kinetic energy in
the system at the steady state by 1.4% at most, and therefore a
furthermesh refinement becomes unreasonable. The choice of time
step is based on the value of Courant number, not exceeding 0.8
during the simulations. We use SIMPLE algorithm for pressure-
velocity coupling and the second-order discretization upwind
scheme for the convection terms of each governing equation.

As a governing parameter characterizing the intensity of heat-
ing, a Rayleigh number is employed. The only parameter with the
dimension of length that affects the development of a boundary
layer at the initial stage of plume formation is the heater dimension
r. Thus, the expression for Rayleigh number takes the form:

Fig. 1. Schematics of a computational domain with boundary conditions. The origin of
coordinates coincides with the middle of the lower boundary.

Table 1
Mesh validation.

Total number of nodes Average kinetic energy, Pa

103200 2:6,10�6
200276 5:67,10�5
304290 5:176,10�5
650056 5:102,10�5
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