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a b s t r a c t

This paper presents a numerical study of heat transfer from spheres settling under gravity in a box filled
with liquid. Three-dimensional Lattice Boltzmann Method is applied to simulate fluid-particle interac-
tion. Firstly the developed numerical model is validated in comparison with experimental and numerical
data for a falling sphere in a box filled with liquid. Then the effects of Reynolds, Prandtl and Grashof
numbers (Re, Pr, Gr) are investigated for a settling particle at fixed/varied temperature. The time varia-
tions of velocity, height and Nusselt number of the settling particle are also investigated. The results
depict that the maximum settling velocity of the particle at varied surface temperature is higher at lower
Reynolds numbers. As the Reynolds number increases, the settling velocity of the particle for both cases
of constant and varied temperature is the same. However, the Nusselt number of the particle at varied
temperature is lower compared with that for the particle at constant surface temperature. Increasing the
Grashof number leads to slower settling and larger average Nusselt number. Finally sedimentation of 30
hot spherical particles in an enclosure and their hydraulic and heat transfer interactions with the sur-
rounding fluid are studied. The results depict how the presence of heat transfer phenomena can
significantly alter the behavior of settling particles.

� 2014 Elsevier Masson SAS. All rights reserved.

1. Introduction

Sedimentation of solid particles in a viscous fluid can be found in
many natural and biological situations as well as in industrial
applications, such as the sedimentation of sand particles in rivers,
the flow of blood cells in capillaries, fuel spray, separating particles
with different sizes or densities [1]. In many cases, the heat transfer
and momentum interaction between particles and fluid are of
interest to investigate. Over the years, fluid and stationary particle
interactions in non-isothermal situations have been studied
extensively [2e8]. These studies include different methods to
simulate particles with different shapes in two or three-dimension.
In addition, in the literature there are a wide variety of studies
regarding to sedimentation of a single particle in the fluid. A review
of the early works can be found in Clift et al. [9] Chhabra [10] and
McKinley [11]. Gan et al. [12] studied thermal interactions between
particle and surrounding fluid, using two dimensional Arbitrary
LagrangianeEulerian (ALE) finite-element method (FEM). They
showed that thermal convection may fundamentally change the

way that particles move and interact. Since the ALE/FEM is a body-
fitted method, a body-fitted mesh is needed and re-meshing is
usually required when the particles move. The ALE method is very
computationally expensive; especially for three-dimensional par-
ticulate flow that the re-meshing procedure would be very difficult
and time-consuming. Yu et al. [13] applied the fictitious domain
method to investigate two-dimensional particulate flow with
convection heat transfer for various temperature boundary condi-
tions on the particles. Mixed convection around a hot spherical
particle settling in a quiescent fluid was studied by Bhattacharyya
and Singh [14]. The authors solved the vorticity transport and en-
ergy equations to analyze the heat transfer phenomenon. Feng and
Michaelides [15] developed a numerical method to solve mo-
mentum and energy equations in two-dimensional particulate
flows by using direct numerical simulation (DNS). They computed
the effect of thermal interaction on vertical velocity of the particle
and also simulated sedimentation of 56 hot circular particles in a
two-dimensional enclosure. Dan and Wachs [16] used distributed
Lagrange multiplier/fictitious domain (DLM/FD) method to handle
three-dimensional problems and they simulated the sedimentation
of a single spherical particle with heat transfer in a semi-infinite
channel. Their study was based on the assumption of a constant
particle temperature. Wachs [17] investigated the problem of
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spherical catalyst particles rising in an enclosure due to the natural
convection phenomenon using DLM/FD method. Shao et al. [18]
combined fictitious domain and sharp interface methods to
handle particle motion with heat transfer effects. Some two and
three-dimensional test cases were simulated to valid the method.
Although the fictitious domain methods use a non-body-fitted
mesh and do not require re-meshing, however in these methods
the accuracy of boundary approximations is low, leading to a great
limitation in using such methods for solving three dimensional
problems containing fluideparticles interaction [19]. Deen et al.
[20] developed a DNS method to simulate flow field and heat
transfer in dense fluid-particle systems. Ström and Sasic [21] pro-
posed a multiphase DNS method based on the VOF (volume of
fluid) technique to simulate non-isothermal moving particles. They
showed that their proposed method is applicable for two- and
three-dimensional problems.

Particulate flow systems are moving boundary problems. In the
field of sedimentation problems, most of the conventional CFD
methods based on the finite element/volume methods need to
generate new, geometrically adapted grids. This process in partic-
ulate flows with large number of particles can be complicated,
especially in three-dimensional cases. In 1994, the Lattice Boltz-
mann method (LBM) was successfully applied to simulate fluide
particle interactions [22,23]. The results proved that LBM is an
alternative and efficient option for simulating particulate suspen-
sions [24e28]. The LBM provides a robust numerical scheme that
can efficiently treat the complex system of moving particles. A
further advantage of this method is that it can be parallelized at
high computational efficiency. It should be pointed out that, like the
Immersed Boundary [15] and Fictitious Domain [13] techniques,
the Lattice Boltzmann method is a non-body-fitted method which
employs a fixed mesh.

The objective of this paper is to use the three-dimensional
thermal LBM to investigate heat transfer from spheres settling
under gravity in a box filled with liquid. The three-dimensional
thermal LBM is combined with the equations of motion of the
particles according to Newtonian dynamic to study the fluidepar-
ticles interactions.

The earlier developed 2D TLBM computer code [29] is extended
to handle the three-dimensional flow fields with fluid-particle
interaction. The momentum-exchange method is used to evaluate
the hydrodynamic forces acting on the particle. The effects of
Reynolds, Prandtl and Grashof numbers are investigated for a
settling particle at fixed/varied temperatures. In addition, the
sedimentation of 30 hot spherical particles in a three-dimensional
enclosure is modeled.

2. Problem definition

In order to study the heat transfer from spherical particles
settling under gravity, a three-dimensional vertical channel is used.
A grid study is performed and a channel with height of 128 lattice
units (lu) and cross section of 80 � 80 lu, as sketched in Fig. 1, is
chosen. At t ¼ 0, hot spherical particles with fixed diameter of 14 lu
and different density ratios of 2.75, 4.1 and 5.48 are set in the
middle of the channel, 96 lu above from the bottom. The particle is
initially at rest in a fluid that fills the vertical channel. The solid
particles are assumed to have high thermal conductivity and, as a
result, uniform temperature in each instant.

Two different cases of settling particle at fixed and varied (time-
dependent) temperatures are investigated. The no-slip boundary
condition is used for channel walls and particle surface. For thermal
part of the problem the constant temperature boundary condition
is applied to channel walls and particle surface as well. The Bous-
sinesq approximation is employed for the coupling between the

temperature and flow fields and studying the momentum and heat
interactions between the particles and the fluid.

3. Numerical implementation

3.1. Simulation of surrounding flow field by TLBM

The LBM, which was proposed in 1980s [27,30,31], is a particle-
based numerical method for flow field simulations. In this method,
the macroscopic variables such as velocity, temperature and pres-
sure are not solved directly and a mesoscopic simulation model is
used. To apply this method, the fluid domain is discretized in reg-
ular square cells or lattices. Each lattice is connected to its neigh-
bors by some links. For D3Q19 model, Fig. 2, there are eighteen links
and fluid particles stream only on these links with eighteen
different velocities:

ea ¼
8<
:

ð0;0;0Þ a ¼ 0
ð � 1;0;0Þc; ð0;�1;0Þc; ð0;0;�1Þc a ¼ 1w6
ð � 1;�1;0Þc; ð0;�1;�1Þc; ð � 1;0;�1Þc a ¼ 7w18

(1)

where c is the lattice speed and determined by dx/dt and e0 shows
the moving particles with zero velocity, which remain at the node.

Fig. 1. A schematic of a spherical particle placed in a box.

Fig. 2. LBM D3Q19 model.
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