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Abstract

Heat transfer in fluid-solid fluidized beds is investigated using
a combined of computational fluid dynamics (CFD) and
discrete element method (DEM) approach, incorporated with a
thermal model. The approach has taken into account almost
all the mechanisms in heat transfer in fluidized beds. A
comparison and validation of hydrodynamic and thermal data
of fluidized bed obtained using CFD-DEM thermal approach
with experimental and numerical results data in the literature
is carried out. The simulations results reveal a good thermal
steady state during the simulation time for calculating the
thermal behaviors of fluidized beds like; the mean particle
temperature, bed porosity, heat transfer coefficient and mean
particle Reynolds number. The simulations results are showed
a good agreement and consistency with the experimental and
numerical data in the literatures. Thus, the integration of
combined CFD-DEM with the thermal model is a step toward
for the prediction, development the heat transfer efficiency in
fluid-solid system, and the decrease of energy consumption of
the industrial applications .

1. Introduction

radioactive waste materials, combustion, drying,
freezing etc., where knowledge of temperature

Many industrial processes and production units fields is very important. To realize the best

include fluidized beds reactors, so it has become
necessary to develop the performance of the

fluidization units in terms of

combustion

control and design of such processes, it is
necessary to understand the methods and
behavior of the heat transfer in fluidized bed

processes and the heat transfer process in them.
Heat transfer in fluidized (fluid-solid) beds
systems is a space rich of practical applications in
industrial processes. Typical examples of fluid-
solid systems include most food manufacturing
processes, safe handling and processing of

reactors. Since the development of computers in
early 1980°, the emergence of computer hardware
and software programs gave the solutions of
complexes problems in industrials sectors.
However, many methods (approaches) are
proposed to model the heat transfer in granular
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media by wusing kinetic theory, continuum
approaches (CFD), Lagrangian approaches (DEM),
and combine the Eulerian approach with
Lagrangian approaches (CFD-DEM). Modeling the
heat transfer in systems that contain Ilarge
numbers of particles remains a challenge,
especially when fluid-particle interactions are
taken into account. It is difficult to investigate
experimentally fluid-particle systems, a cause of
complexity of the system, and Ilimitations of
measurement techniques. This difficulty can be
overcome by numerical simulation a technique
using the combined CFD-DEM this was developed
by Tsuji et al. (Tsuji, Kawaguchi and Tanaka,
1993), this combined is used for the simulation of
gas-solid flow. In the CFD-DEM coupling method,
the Computational Fluid Dynamics (CFD) is solved
by locally-averaged Navier-Stokes equations. The
motion of discrete particles is treated by the DEM
approach, where the particle-particle and particle-
wall collision are solved by Newton’s second law
of motion. It is noted that the number of
researches of heat transfer process in the
fluidized beds which are based on combined (CFD-
DEM) are still very limited. Previously, the CFD-
DEM method is used for modeling the gas-solid
fluidized beds coupling for heat transfer.
Researchers have been proposed to study the heat
transfer in gas-fluidized beds can be found in the
literature (Patil, Peters and Kuipers, 2015)
(Wang, Zhong, Wang and Alting, 2015) (Zhou, Z.,
Yu, A. and Zulli, P. 2010). However, the coupling
of CFD-DEM has implemented in various areas of
research fields and industrial applications. Gan et
al. (Gan, Zhou, and Yu, 2016) extended a
combined approach of CFD-DEM, to study the heat
transfer in packed and fluidized beds. Tal et al.
(Tsory, Ben-Jacob, Brosh and Levy, 2013) studied
the heat transfer simulations for predicting the
effective thermal conductivity (ETC) of particulate
beds under compression. Malone, and Xu (Malone,
and Xu, 2008) examined the particle-scale flow
and heat transfer behavior, Li et al. (Li, Mason,
and Mujumdar, 2003) were developed A two-
dimensional numerical model to simulate heat
transfer in gas-solids flows through pipes, and

Kaneko et al. (Kaneko, Shiojima, and Horio,
1999) studied polymerization reactions in gas-
fluidized beds and convective heat transfer
between particles and the gas. Other authors
(Brosh and Levy, 2010) (Brosh, Kalman and Levy,
2010) (Shimizu, 2006) (Al-Arkawazi, Marie and
Coorevits, 2018) had proposed models of coupling
DEM-CFD, which was wused to simulate heat
transfer in a pneumatic conveying system,
fluidized beds, etc.

2. Aims of the study

The aims of the current paper are developing and
fluid-wall

convective heat transfer in a combined CFD-DEM

implementing particle-wall and
thermal approach. Then the thermal approach is
used to study and describe the behavior of heat
transfer in fluid-solid fluidized beds, predicting
the heat transfer coefficient between the solid
phase and the fluid phase, and optimize the heat
transfer efficiency in fluid-solid (particle) systems
for improving and decrease energy consumption
of the industrial applications.

8. Numerical model

A combined thermal CFD-DEM model was
developed for modeling and simulating heat
transfer in fluidized beds. The approach has taken
into account almost all the mechanisms in heat
transfer, including particle-particle conduction
and particle-fluid convection.

In this paper, the following assumptions were
made; the particles are  spherical and
incompressible; physical properties of particle and
fluid such a heat capacity, thermal conductivity,
density, and young modulus are considered to be
constant; there are no chemical interactions; and
radiation heating can be neglected at low

temperature (less than 400 °C) (Zabrodsky, 1966).
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3.1. Governing equations for fluid phase
(continuum approach CFD)

The fluid dynamics is a branch of fluid
mechanics, which deals with the fluid in motion.
The basic governing equations of fluid motion are
called the Navier-Stokes equations, which govern
the motion of a viscous, non-viscous, compressible
and incompressible fluid flows. In the present
study, numerical software Code Saturne (version
4) is used (Archambeau, Méchitoua and Sakiz,
2004). Code Saturne is generalist Computational
Fluid Dynamics (CFD) produced by Electricity De
France (EDF). The fluid flow fields are calculated
from the conservation equations; mass
(continuity) and momentum = (Navier—Stokes
equations) for an incompressible fluid (Launder,
B. E. and Spalding, 1974), which can be
expressed by,

Continuity equation (mass balance):

01 L% (pi.) =
— V. (ptif) =0 (1)
Momentum equation of the quantity of motion:

6pf l_l:f
at

+V. (4,Qtf) = —Vp+V.T+ prf @
Shear stress constitutive equation:

= — — 2 -
T=—u (Vuf + Vil fT — EVuf) 3)

Where ¢ is time, pg ,Uf and p are density,

velocity, and pressure of the fluid respectively, T

is the viscous stress tensor and | refers to other
body forces. In general most CFD codes are
required software for geometry design, meshing
and visualization, so the platform as Salome
(version 8) has been used in this work, which
provides a generic platform for Pre-Processing
and Post-Processing for numerical simulation.
The assumptions were no-slip boundaries and
unstructured meshes are used for the column
walls in the CFD model. The k€ model is used in

this work, which largely applied for its simplicity
(Launder, B. E. and Spalding, 1974).

3.2. Governing equations for solid phase
(discrete approach DEM)

The Lagrangian approach or Discrete Element
Method (DEM) are developed by Cundall and
Strack (Cundall and Strack, 1979), which they
used the discrete model for study the soil
mechanic. The DEM model, the trajectories and
rotations of individual particles are evaluated
based on Newton's second law of motion, using a
numerical time stepping scheme where contact
forces are calculated at each time step using
appropriate contact laws. So, the motion of the i
th particle is governed by the laws of linear
momentum conservation and angular momentum
(Cundall and Strack, 1979), expressed by:

dily; o 2
bl _ o nc
Mpi=ae = Fppi + My + X1 Feij @)
> > >
FC,i = Ft,i' t+ Fn,i- n (5)
dGpi _ e (T 7 —2 2
b= = Xj<a(Tesj + Tpyj) and L = Smprs; (6)

where m,; , r,; u,;and E)p.i represent the mass,
radius, the translational and angular velocities of
the 1 th particle, respectively. FD,p,i is the fluid-

particle interaction force (drag force), m,; g the
gravitational force, nc is the number of contacts
between the particles and the particle i, and

FC,ij is the inter-particle forces between particles

which include contact force ( Fn,i normal and Ft,i

tangential) (see Figure 1). I,;is the moment of
inertia of the particle. The torque acting on

particle i by particle j includes Tt.ij generated by

tangential force and Tf.ij is the rolling friction

torque. The DEM model has been used to simulate
the heat transfer between particle-particle, fluid-
particle, and particles-wall. The DEM model has
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been used to simulate the heat transfer between
particle-particle, fluid-particle, and particles-wall.

3.8. Hydrodynamic interaction fluid-solid
systems

Fluid-solid interaction force (exchange the
momentum between the fluid and the solid phase),
or drag force is determined for each particle. The
drag force is modeled and expressed by
considering these factors as follows (Helland,
Occelli and Tadrist, 2002):

FD,p,i = CDE;P.i T[pfdlzl,l”uf - up.i”(uf —

where Cp ,j is the drag coefficient, d,, is the

particle diameter, QP ,U;,&; are the density,

velocity, local porosity of the fluid respectively,
and m.n is a parameter, in this study (m.n=4,75)
(Al-Arkawazi, Marie and Coorevits, 2018). The
drag coefficient CD,p,i on a single sphere is a
function of Reynolds number of the particle (

Rep’i ), and CD,p,i is given by correlation of

Brown and Lawler (Brown and Lawler, 2003):

Cppi =
D,

24 0.681 0.407 _
Fer: (1+0.15Re)8") + —1+gz;0i and Re,);
erdpillug—up,ll @)

vf

Where V; is the kinematic viscosity of the fluid,
and the local porosity € is calculated by
Representative Elementary Volume (REV) method
is centered on the particle (Al-Arkawazi, Marie,
Benhabib and Coorevits, 2017).

4. Thermal model
When two solid particles of different temperatures

approach each other, they begin to exchange heat
(thermal energy) due to conduction, convection,

and radiation. There are a number of extra
parameters associated with the heat transfer
process, which depends on the thermal properties
of the particles (specific heat and thermal
conductivity), particle characteristics (density and
particle size). The thermal properties of the fluid
must be sufficiently low that the heat transfer
coefficient will be significant in thermal
processing, the flow rate of the fluid, and the
temperature difference between the particles and
the fluid (Vargas-Escobar, 2002). In the current
work, the mechanisms of heat transfers are
introduced in the thermal model (CFD-DEM
thermal approach).

Thus the energy balance is:

dr
mcC

P Dconda. + Peonw. (€©)]

Where;

- (DCond. is the thermal contact

conductance between two particles (O;
and O;), (see Figure 1):

®ona, = H (Tj = T;) and H =
1
25a = 24 (32“ )3 (10)

- Hg contact conductance between particles

O;and Oy, /1p is the thermal conductivity of

the particle, a is Hertzian contact radius, and

1 1 1 .
a is the equivalent radius - = —+— , F

a T
expresses an equivalent Young's modulus
between the particles in contact

1 o) ()

= + and V is Poisson’s
"~ ,
E Ei E j

ratio.
- (DConv is the heat flux transition by

convection, express by Newton’s law:

Deony. = hS(Ts —Ts) 1)
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where h is the convective heat transfer coefficient
between the fluid and particles/walls, S surface

area of a contact solid/fluid, Ts temperature of

the solid surface, and TOO temperature of fluid far

away from the solid surface. Many of authors
proposed empirical correlations to estimate the
value of convective heat transfer coefficient from
the calculation of the Nusselt number (/Nu) of
particles (Ranz and Marshall, 1952) (Li and
Mason, 1998) (Kemp, Bahu and Pasley, 1994),
and walls (Laguerre, Amara and Flick, 2006). One
of the most frequently quoted expressions is that
of Ranz and Marshall, to apply the Ranz-Marshall
equation to a system of several particles, one
needs to know the porosity function connecting
the Nusselt number for a particle in a fluidized
system, with that of a particle isolated at the
same superficial fluid velocity (Li and Mason,
2000). In this paper the value of heat transfer
coefficient between the fluid and the particles is
calculated from the correlation of Gunn;

Nuy,; = (7 — 10& + 5¢7)(1 + 0.7Re) 7Pr®3%) +

(1.33 — 2.4¢; + 1.2¢7)Rel Pro33 (12)
where the Nusselt number of the particle (
hidy; Cs-
Nug; =1"Pl ), Prandtl number (Pr= hd S ),
' A A
f f

and for heat transfer coefficient between the fluid
and the wall ( Laguerre, Amara and Flick, 2006);

ptusD
(Nuy =156Re}3Pro3%) (Rey =——— ) and (
Hs
hy, D . .
Nuy, = T ), where ¢; is the thermal capacity of
the fluid, D is the diameter of the column (pipe)
and h, is the wall heat transfer coefficient. Thus,
the energy balances of a particle O; which in
contact with (@) particles O; is given by the

following expression:

=Y [H(T; - T)+c1>”+cb +
q)é‘onv. (13)

Impact]

Equation 13 was integrated into the DEM model
for calculating the temperature of the particle O;
at time (¢+A¢) as follows:

T = Tf+ [Zj JHE(TF = TH] + Plomn] )
The other part of the thermal model for the heat
transfer between the particle and the fluid is done
by using a model of conduction-convection based
on the finite volume method. The system is
divided into rectangular elements which may
contain a plurality of particles or parts of
particles.

Tft+At fit ot fit

m Cf( I.]+Uf i+1,j T11]+
At 2Ax

ft _pft f _pftopft

UfTi,j+1_Ti,j—1 =/1fo Ti+11 Tz} i— 11+
y 20y Ax?

(15)

Ay? i=1""p

fit o fit, o fit
Tl]+1_TI.] +Tl] 1>+Zy hfo(Tk
l}

f f
where mi, C pi and A are respectively the

fluid mass contained in the element, the heat
capacity and the thermal conductivity of the fluid,

f

S represent the particle surface in contact with
p iy p

the fluid in the element, 7 is the temperature of

f
the particles, Ti, j the temperature of fluid is

considered constant in each element. Note that

fit, . .
Ti o is the fluid temperature at the inlet of the

1

f
model. At the exit, we consider Ti n s equal to

fit
T, n-1 - Thus, the computational tasks at each

time step (At) can be summarized as: (i) detect
the contact between particles, thus updating
neighbor lists, (7)) compute contact forces, (iii)
compute drag force on the particle, (iv) compute
the heat fluxes using thermal properties, (v) sum
all forces and heat fluxes on particles and update
particle position and temperatures, and (vi)
determine the trajectory of the particle using
Newton’s laws of motion.
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5. Results and discussions

The numerical simulations are becoming a strong
tool that helps to illustrate the precision of
coupling implementation efficiency for heat
transfer problems.

5.1. Validation with experimental results

In this part, validation has been done with a
thermal (heating and cooling) problem granular
material (fluidized beds), studied experimentally
and numerically (heating and cooling) by Ehsani
et al. (Ehsani, Movahedirad and Shahhosseini,
2016). A fluidized bed column with diameter (D =
8 cm) and height (H= 60 cm) is used. The bed is
composed of steel spheres (height of the bed at
rest h = 27 cm), and the thickness of the bed is
equal to one particle diameter (d, =3 mm), in
order to reduce the number of particles in the
simulation. The fluid (water) properties are
assumed to be constant all throughout the
simulations, and the material parameters are
detailed in Table 1. The initial temperature of the
particles were 25°C, which heated by hot water
flows upwardly through the granular with inlet
temperature 100°C through the bed. The particles
are fluidized and heated along the direction of
flow for 15 seconds (simulation time). Then
subsequently, after switching off the hot water,
the cold water enters the column with inlet
temperature 25°C for 15 seconds. For the two
periods of heating and cooling the water has a
constant inlet velocity (ur = 0.187 m/s). The outlet
temperature of the water (7,) is normalized, as
expressed;
To—To,min

T e — 16
o,Norm (16)
To,max_To,min

where To, norm. normalized outlet water
temperature, 7, min and T,m... are the minimum
and maximum water outlet temperatures in
heating or cooling period, respectively. Figure 2,
a and b for heating and cooling periods,
respectively shows the development of the fluid

outlet temperature along the bed for heating and

cooling periods as a function of flow time. Figure
2 reveals that the results of the proposed thermal
approach in this work are mnearest to the
experimental results than the simulations results
of Ehsani et al. (Ehsani, Movahedirad and
Shahhosseini, 2016). This can explain due to our
thermal model is based on the finite volume
method integrated into CFD-DEM (E-L) model,
whilst the Ehsani model is based on (E-E) model.
It is known that the multiphase (fluid-solid) flow
modeled by E-L model has an advantage on the E-
E model. The Eulerian models (E-E) take into
account all phases (fluid phase and solid phase) to
be continuous and interpenetrating, and the
equations employed are a generalization of the
Navier-Stocks equations. On the another hand,
DEM models solve the Newtonian equations of
motion for each individual particle, the effect of
collisions forces between particle-particle, and
forces acting on the particle by the fluid like the
drag force. Thus, the interactions between the
fluid and particles are treated more efficient in
terms of heat exchange between the particles, and
fluid-particles in the fluidized beds. To present the
heating/cooling heat transfer (exchange) between
the fluid and the particles or vice versa, Figures 3
and 4 show the particle’s positions and
temperature profile of the fluid (water) in the
column over time. The snapshots of Figures 3
and 4, state of the system during the simulation
of heat transfer for two cases (heating and
cooling) in the fluidization process. Initially, the
bed is static (Figures 3 and 4 at t = 0), where
velocities of particles are zero, and the changing
in the water temperature (heating or cooling) is
presented in the second plot. The water inter the
column uniformly in an upward direction,
passing through the interstitial distance between
the particles, producing the interaction fluid-
particles force (drag force) excite the particles to
fluidize. The snapshots in Figures 3 and 4 (0-2.0
s) are depicted that the bed trends to stability
when the forces, such as the fluid-particle
interaction force, the contact forces and the
buoyancy forces acting on individual particles are
balanced. The rate of heat transfer from the fluid
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to the particles and vice versa is accelerating with
the progress of the fluidization process (2.0-10s).
(Note: the temperature profile in Figures 3 and 4
is in Kelvin)

5.2. Heat transfer coefficient

The calculated values of the convective heat
transfer coefficient are plotted as a function of bed
voidage (porosity) in Figure 5, which depicted
that; the value of the heat transfer coefficient is
directly proportional to the value of porosity
obtained by using Equation 12. The results were
averaged over the steady-state simulation for
fluidized velocities (0.08, 0.12 and 0.16 m/s)
revealed that, the maximum values of heat
transfer coefficient at a bed porosity of (¢ =0.75,
h,;=2300 W/m®* K), (¢ =0.85, h;=4200 W/m* K), and
(& =0.92, h; =6092 W/m®K) respectively (see
Figure 5). Hence, the increase of inlet fluid
velocity makes the particles to dispersed in the
fluid, this process increase the bed voidage
(porosity) of the fluidized bed and develop the
convective heat transfer coefficient, this leads to
the enhancement of heat exchange between
particles and fluid by convection. Figure 6 shows
an increase in the convective heat transfer
coefficient value with the value of the mean
particle Reynolds number. Thus the high velocity
of fluidization is forced the particles to good
mixing, moving and heat energy to exchange
between the particles, and with fluid in the
fluidized space. It should be aware to the nature
of the industrial application, to identify and
diagnose the fluid velocity and temperature to be
applied.

6.Conclusions

In this study, a thermal approach has been
developed to take into account the convective heat
transfer between the fluid and the particles, and
the wall of the column. Comparison and validation
of thermal data for the thermal approach with
experimental and numerical results data in the

literature are carried out. The results showed that
thermal approach was well integrated with the
combined CFD- DEM model and has proven its
effectiveness for fluid-solid fluidized bed. The
simulations results show that the reveals a good
thermal steady state during the simulation time
for calculating the thermal behaviors for fluidized
beds like the mean particle temperature, bed
voidage (porosity), convective heat transfer
coefficient and mean particle Reynolds number.
The simulations results showed that; the increase
of the heat transfer coefficient value with the
value of bed porosity or mean particle Reynolds
number is not necessarily enhance the heat
transfer to or from the particle. This returns to
the physical properties of the particles and the
fluid, because it needs to provide sufficient time
for the exchange of the heat transfer process.
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Nomenclatures
m mass of particle [kg] Greek letters
r,a radius of particle [m] ) s
d diameter of particle [m] P dénmt.y [kg/m™ ]
D diameter of column (pipe)[m] H v1.scos1ty. [P%'S] ) )
S surface area of the particle [m?] v k11.1ema‘51c VIS.COSHY [m*s ]
g acceleration due to gravity [m/s®] v Poisson's ratio []
¢ time [s] T viscous stress tensor [N/m®, Pa]
u v velocity [m/s] w angular velocity [rad/s]
p pressure of fluid [N/m?], [Pa] ¢ porosity (void fraction) [-]
T Temperature [ °C], [K] A thermal conductivity [W/(m.°C)], [W/(m.K)]
c thermal capacity [J/°C], [J/K] ()] heat transfer energy [(N.m)/s], [J/s], [W]
f other body force [N] Dimensionless numbers
Fp drag force [N]
F, contact force [N] Re Reynolds number
ne number of contacts [-] Nu  Nusselt number
F, tangential (frictional) force [N] Fr  Prandtl number
F, normal force [N] Subscripts
Cp drag force coefficient [-]
n normal unit vector [-]
I moment of inertia [(kg-m?)/rad?] £ fluid phase
T, tangential torque [N.m] D particle (solid) phase
T, rolling torque [N.m] 1 for i-th particles (solid phase)
h heat transfer coefficient [W/(m?.K)] 1j  between particle i and particle j
E* equivalent young’s modulus, [GPa]
Table 1: Physical properties and dimensions of simulated system.
Particle properties (Aluminum) Fluid properties (Water)
Particle diameter, d p 1.5 mm Viscosity, U ¢ 0.001 kg/m.s
Density, Oy 2700 kg/m? Density, O f 1000 kg/m?
Heat capacity, C P 900 J/kg.K Heat capacity, Cf 4200 J/kg.K
Thermal conductivity, /1p 237 Wm.K Thermal conductivity, ﬂf 0.6 Wm.K
Number of particles 2244 Bed height 75 cm
Young modulus 69 GPa Bed width 5.1 cm
Poisson ratio 0.35 Bed thickness 0.15 cm

Friction coefficient, [/ 0.4 Time step, At 5x10° sec
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Fig.1: Discrete medium
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Fig. 2: Normalized outlet fluid temperature as a function of flow

time for,
(a) heating
(b) cooling periods with ur= 0.187 (m/s).
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Fig. 3: Snapshots of the heating period for fluidized bed with fluid velocity ur= 0.187 m/s.
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Fig. 4: Snapshots of the cooling period for fluidized bed with fluid velocity ur= 0.187 m/s.

- . _ - 7000
Q L)
g s000 ] § 6000 ]
E = 5
£ 5000 1 'E 5000 E
2 o
3 g
= 4000 1 F 4000 1
= o
8 o
5 2000 B 5 a0 4
K b
5 g
E 2000 9 £ 2o 1
E g
T 100 Heating for V=008 miz = 1000 Heating for V,=0.08 mis ——
ViD1ZmiE —o i2mis —a—
) Vellidmis — 0 . VTS g
& .
05 08 07 08 o8 1 o 50 100 150 200 250 200
Bed Voidage (Porosity) Mean Particle Reynolds number
Fig. 5: Heat transfer coefficient as a function of Fig. 6: Heat transfer coefficient as a function of Mean
bed voidage (porosity) for Timpose = 100 °C. particle Reynolds number for Timp =100 °C.
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