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Abstract: Several conceptual designs of the fluidized-bed nuclear reactor have been proposed due to advantages over
conventional nuclear reactors, amongst which the enhanced heat transfer and mixing, reduced risk of hot-spot, higher
burn-up of the fuel and increased safety. Accurate modeling of the particles and the coolant behavior is required to
reliably evaluate the thermo-hydraulic efficiency and margin of safety of these reactors. The two-way coupling between
solid and fluid can account for high-fidelity solid-solid interaction and reasonable accuracy in fluid calculation and fluid-
solid interaction. In this work, particles are modeled as a discrete phase following the DEM approach, while the fluid is
treated as a continuous phase, described by the volume averaged Navier-Stokes equations. The numerical approach was
applied to the simulation of a bubbling fluidized bed and the pressure drop results were compared to experimental data,
showing good agreement. The evaluation of the bed dynamics showed that the model was able to reproduce the expected
behavior of a bubbling fluidized bed formed by Geldart D particles and confirmed the particle temperature uniformity
within the bed.
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1. INTRODUCTION

Fluidized beds are widely used in many plant operations in chemical, energy production, oil and gas, mineral and
agricultural industries, mainly due to good mixing characteristics and high contact surface area between gas and solid
phases. Various conceptual designs of the fluidized-bed nuclear reactor have been proposed and their feasibility demons-
trated (Sefidvash, 1985; Sefidvash, 1980; Agung, 2007), due to advantages over conventional nuclear reactors, amongst
which the enhanced heat transfer and mixing, reduced risk of hot-spot, higher burn-up of the fuel and increased safety.
In general, a fluidized bed nuclear reactor consists of a graphite-walled tube partially filled with coated fuel particles,
arranged in the bottom part of the cavity, forming a packed bed. The coolant flows from bottom to top through the tube,
thereby fluidizing the particle bed.

In order to improve the design and scale-up of fluidized beds reactors it is critical that the hydrodynamics and trans-
port phenomena that occur in these systems are known. Despite their widespread application in both chemical and nuclear
industries, much of the development and design of fluidized bed reactors has been empirical as the complex flow behavior
of gas–solid flow in these systems makes flow modeling a challenging task (Taghipour et al., 2005). With the increase
in computational power, computational modeling of fluidized beds have been increasingly held as suitable to provide
complete information of granular flows (Chiesa et al., 2005; Deen et al., 2007; der Hoef et al., 2006), making it possible
to observe these systems with a wealth of details infeasible to be obtained experimentally, without the use of invasive
techniques and enabling the measuring of fluid and particles properties simultaneously. Moreover, the use of computa-
tional tools allows evaluation of different operating conditions and geometrical configurations without the need to build
experimental prototypes (or at least reducing their number), substantially reducing the cost and design time.

The major difficulty in the modeling of fluidized beds is the large-scale of lengths existing in the system, since the
major structures are order of magnitude of the device, ie meters, while the momentum, heat and mass transfer occur in
the micrometric scale of the interactions between particles and particle-gas. Existing approaches for describing hydrody-
namics of the gas and particulate phases can be classified into two categories in view of the particulate phase: continuous
approach, at the macroscopic level and the discrete approach, at the particles level. At the macroscopic level, the fluid and
solid phases are treated as continuous and interpenetrating in a computational cell that is much larger than the individual
particles, but still small compared to the size of process scale. Adopting location-based averaging techniques, local media
variables are used in the conservation equations, which are in turn resolved through computational fluid dynamics (CFD).
The advantage of this approach is its reasonable computational cost for practical application problems, making the most
currently used for modeling processes fluidization (Gidaspow, 1994). However, besides being unable to provide indivi-
dual particles flow information, the capacity of continuous approach to produce good results is directly dependent on the
constitutive relations adopted for modeling interactions between the phases and the rheology of the particulate material.

The Distinct Element Method (DEM), initially proposed by Cundall and Strack (1979) refers to the application of the
discrete particles method (DPM) in granular systems (Xu and Yu, 1997). In the discrete approach, the movement of the
particles is directly obtained by numerical integration of the equations that govern the translation and rotation of each of
the particles in the system. By taking into account the interactions that occur in the system (fluid-particle, particle-particle
and particle-wall), the discrete approach can be used to represent the interactions of the particulate phase at larger scales



(der Hoef et al., 2006) and produce close relations to the macroscopic approach.
The spatial scales for solving the fluid flow may also vary from smaller than the particle, which can be discrete (as in

the case of coupling Lattice-Boltzmann method with DEM) or continuous (such as coupling Direct Numerical Simulation
(DNS) with DEM) to the magnitude of the computational cell. The sub-particles models, despite being very expensive
computationally and thus unfeasible for practical applications in engineering, are of great value due to its ability to
determine the interaction forces between the fluid and particles.

The coupled CFD-DEM approach is a promising alternative for modeling granular-fluid systems, introduced by early
developers (Tsuji et al., 1993; Hoomans et al., 1996; Xu and Yu, 1997) and lies in an intermediate level between adopting
the sub-particle resolution to the fluid and particle phase (like DNS-DEM coupling) and using the cell resolution for
both particle and fluid phases (as in the case the continuous models based on granular kinetic theory). In the CFD-DEM
model, the particles are modeled as a discrete phase, following the DEM approach, whereas the fluid flow is treated as a
continuous phase, described by the averaged Navier-Stokes equations on a computational cell scale (Drew, 1993).

This approach has been recognized as an effective method to study particle–fluid flows (Zhu et al., 2008) and its
applicability for modeling fluidized beds has been verified through comparison with experimental results, which have
shown promising results. A fairly complete review of the modeling of fluidized beds using DPM can be found in the work
of Deen et al. (2007).

The DEM-CFD coupling has been used to study the bubbles dynamics in fluidized beds, including their formation,
coalescence and breakage (Yuu et al., 2000; Ouyang and Li, 2001; Xu and Yu, 1997; Xu et al., 2000). Goldschmidt et al.,
2002, Goldschmidt et al., 2004 and Chiesa et al., 2005 compared the results obtained using the coupling between DPM
with CFD and using the two-fluids model with experimental results of fluidized beds and reported better agreement using
the Lagrangian approach, despite the greater computational cost.

A series of studies analyzing the effect of the particles’ and gas’ properties in the fluidization was published by Ye
et al., 2004, Ye et al., 2005b and Ye et al., 2005a. Hoomans et al. (2001) used the DEM-CFD coupling to study a fluidized
bed and emphasized the importance of the collision parameters for the accurate reproduction of experimental data.

Hoomans et al. (2000) used the Euler-Lagrange approach to evaluate particles segregation as function of their sizes
and densities in a fluidized bed. Bokkers et al. (2004) subsequently applied this model to evaluate the separation of binary
mixtures of particles, obtaining good agreement with experimental results. Recently, Luo et al. (2015) published a study
using CFD-DEM coupling to study the mixing and dispersion of particles in a fluidized bed under different fluid flow
rates.

The heat transfer during fluidization is of great industrial importance and CFD-DEM coupling together with appropri-
ate model for heat transfer has been recently used to study the heat transfer mechanisms in fixed or fluidized beds, such as
Zhou et al., 2006, Zhou et al., 2007 and Zhou et al., 2010. Patil et al. (2014) adopted DEM to study the non-isothermal
effects on the formation and rise of bubbles in fluidized beds, obtaining good results for small particles when compared
to experimental results.

In this work, coupling between DEM package Rocky R© and CFD package Fluent R© will be demonstrated. The pro-
posed approach was applied to the simulation of a bubbling fluidized bed including heat transfer between particles and
particles and fluid. The numerical results were compared to experimental data and showed good agreement.

2. MODEL DESCRIPTION

In this section, governing equations for the fluid and solid phases are provided and the coupling methodology is
described in details. The fluid flow is obtained by the conventional continuum approach using ANSYS Fluent R©, in which
the conservation equations for mass, momentum and energy are solved by the finite volume method. The solid phase flow
is modeled using the discrete approach within Rocky. The coupling between solid and fluid is accomplished by interphase
momentum and heat transfer terms due to the interaction between phases.

2.1 Particle phase modeling

All particles within the computational domain are tracked in a Lagrangian way, by solving the equations that governs
translational (Eq. (1)) and rotational particle motion (Eq. (2)).

mp
dvp
dt

= Fc + Ff→p +mpg (1)

Jp
dωp
dt

= M (2)

where mp is the particle mass, g is the gravitational acceleration vector, Fc is the contact force that accounts for particle-
particle and particle-wall interactions, ωp is the angular velocity vector, Jp is its moment of inertia, M is the net torque
generated by tangential forces that causes the rotation of the particle and Ff→p, is the additional force accounting for the
interaction with the fluid phase, which calculation is further described in section 2.3.

Following the soft sphere approach, in which the particles can overlap slightly during the contact and the contact force
is calculated based on this overlap, the contact force, Fc, is decomposed into two orthogonal components, consisting of
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the normal force, FN , and the tangential force, FT . The normal contact force, FN , is calculated according to the Equation
3, using a hysteretic linear spring model (Walton (1993)).

FN =

{
min

(
F0
N +KU∆δ,KLδ

)
for ∆δ ≥ 0

max
(
F0
N +KU∆δ, 0.001KLδ

)
for ∆δ < 0

(3)

where F0
N is the normal contact force of the previous time step and KL e KU are the loading and unloading stiffness.

∆δ is the difference between the current normal overlap on collision, δ, and the overlap of the previous time step. The
particle stiffness is calculated accroding to Eq. 4 .

Ki = Eidi (4)

The loading stiffness, KL, and unloading stiffness, KU , are calculated as functions of the stiffness of the particles
(Ki, Kj) and the restitution coefficient of the contacting pair, ε, as shown in Equation 5 and Equation 6.

KL =
KiKj

Ki +Kj
(5)

KU =
KiKj

(Ki +Kj) ε2
(6)

For the tangential force calculation, FT , a elastic-frictional model is adopted, as shown in Equation 7:

FT =

{
min

(
F0
T +KLdsT , ηstFN

)
if slipping

max
(
F0
T +KLdsT , ηdFN

)
otherwise (7)

where F0
T is the tangential contact force of the previous time step, dsT tangential displacement during contact, ηst is the

static friction coefficient and ηd is the dynamic friction coefficient.
An additional equation for the energy balance is solved along with the equations governing the motion of the particle.

In the current implementation, the particle temperature is assumed uniform, i.e., no radial or circumferential temperature
variation is admitted. This approximation is reasonable for small or highly conductive particles. The temperature variation
of a particle can be obtained over time according to the Eq. 8:

mpcp
dTp
dt

= qc + qf→p (8)

where cp is the specific heat of the particle material. This heat transfer rate accounts for the heat transfer that occurs
during the contact with other particles or walls, qc, and the heat transfer between particle and fluid phase, qf→p, whose
calculations are shown in Section 2.4.

2.2 Fluid phase modeling

The fluid phases are described by the classical Navier-Stokes equations averaged in volume Drew (1993). The ave-
raged mass conservation equation is given by Eq. (9) whereas the momentum conservation equation is written as Eq.
(10), where αf stands for the fluid volume fraction, p is the shared pressure, ρf is the fluid density, uf is the fluid phase
velocity vector and Tf is the stress tensor of fluid phase.

∂

∂t
(αfρf ) +∇ · (αfρfuf ) = 0 (9)

∂

∂t
(αfρfuf ) +∇ · (αfρfufuf ) = −αf∇p+∇ · (αfTf ) + αfρfg + Fp→f (10)

In order to describe energy conservation, a separate enthalpy equation is written for each fluid phase, according to Eq.
(11), where hf is the specific enthalpy of the fluid phase, qf is the heat flux and Qp→f is the heat exchange between fluid
and particulate phases.

∂

∂t
(αfρfhf ) +∇ · (αfρfufhf ) = αf

∂pf
∂t

+ αfTf : ∇uf −∇ · qf +Qp→f (11)

In Eq. (10), Fp→f represents the source term of momentum from interaction with the particulate phase, calculated
according to Eq. (12), where VC is the computational cell volume and Ff→p accounts for the forces generated by the
fluid on the particles, calculated according to the section 2.3.

Fp→f = −
∑N
p=1 Ff→p

VC
(12)

The heat exchange with the particulate phase is analogously calculated according to Eq. 13, where qf→p is the heat
transfer rate between fluid and particle, which calculation is shown in section 2.4.

Qp→f = −
∑N
p=1 qf→p

VC
(13)
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2.3 Particle-fluid interaction forces

The fluid interaction force, Ff→p, is in general splitted into the drag force, FD, and a second term composed by the
remaining (non-drag) forces, amongst which the most common are the pressure gradient force, the added (virtual) mass
force and the lift force. Depending on the flow conditions, the majority of these forces can be neglected and only the drag
and pressure gradient forces need to be considered. Therefore, in the current case, the fluid interaction force is calculated
according to Eq. (14):

Ff→p = FD + F∇p (14)

The pressure gradient force, F∇p, is calculated according to the Eq. (15):

F∇p = −Vp∇p (15)

where Vp is the volume of the particle and∇p is the local pressure gradient.
The drag force, FD, acting on the particles is calculated using the definition of the drag coefficient, CD, (see Pritchard

(2010)), according to Eq. (16), where uf − vp is the relative velocity between particle and fluid and A
′

is the projected
particle area in the flow direction.

CD =
FD

1
2ρfA

′ |uf − vp| (uf − vp)
(16)

The Huilin & Gidaspow correlation was adopted to calculate the the drag coefficient as given by Eq. (17). A blending
function ψ, written in Eq. (18), is used to promote the connection based on the fluid volume fraction of the drag correlation
developed by Wen & Yu (Gidaspow (2012)), given by Eq. (19), and the correlation developed by Ergun (Crowe et al.
(2011)), given by Eq. (20).

CDHuilin&Gidaspow = ψCDErgun + (1− ψ)CDWen&Yu (17)

ψ =
arctan [150 · 1.75 (0.8− αf )]

π
+ 0.5 (18)

CDWen&Yu = max

{
24

αfRep

[
1 + 0.15 (αfRep)

0.687
]
α−1.65f , 0.44α−1.65f

}
(19)

CDErgun = 200
αs

αfφ2Re
+

7

3φ
(20)

2.4 Heat transfer between particles and between particles and fuid

The heat exchanged during contact between particle i and a particle or wall j, qc,ij , is calculated using a linear model
as shown in Eq. (21), where kc,ij is the effective contact thermal conductivity.

qc,ij = kc,ijdc,ij (Tj − Ti) (21)

The contact diameter, dc,ij , is considered much smaller than the geometric diameter of the contacting particles i and j,
and is calculated according to (Chaudhuri et al., 2006) using Eq. (22), where FN,ij is the contact normal force between i
and j and dij is the geometric mean of the colliding particles diameters. The contact equivalent Young’s modulus, Eij , is
calculated according to Eq. (23), where σ is the Poisson ratio of the particle or wall.

dc,ij =

(
4FN,ijdij

Eij

) 1
3

(22)

Eij =
4

3

1
1−σ2

i

Ei
+

1−σ2
j

Ej

(23)

The heat transfer rate between a particle and fluid, qf→p, can be calculated using the Newton’s law of cooling, given
by Eq. (24), where Tp is the temperature of the particle’s surface, Tf is the local fluid temperature and Ap is the particle
surface area.

qf→p = hAp (Tf − Tp) (24)

The average convective heat transfer coefficient, h, is calculated based on the Nusselt number, Nu, by Eq. (25), where kf
is the fluid thermal conductivity.

h =
Nukf
dp

(25)

The empirical correlation of Gunn (1978), shown in Eq. (26), was used for calculating the Nusselt number, where Pr is
the Prandtl number.

Nu =
(
7− 10αf + 5α2

f

) (
1 + 0.7Re0.2p Pr1/3

)
+
(
1.33− 2.4αf + 1.2α2

f

)
Re0.7p Pr1/3 (26)
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3. PROBLEM DESCRIPTION

3.1 Experimental facility

Experimental data of SSCP-I were obtained in a 7.62 cm x 22.86 cm x 121.92 cm bubbling fluidized bed with rec-
tangular cross section, as illustrated in Fig. 1(a). The bed material for the experiment was Geldart group D particles of
uniform size and high sphericity. A low frequency (1 Hz) transducer was used to measure the mean pressure drop across
two heights, as can be seen in Fig. 1(b).

(a) (b) (c)

Figure 1: (a) SSCP-I test facility, (b) Experimental facility showing pressure intakes and (c) numerical domain.

3.2 Simulation set-up

The experimental system was modeled by a column with rectangular cross-section. The gas distributor was not
included in the domain, so that the gas enters the domain through the bottom with uniform superficial velocity, as shown
in Fig. 1(c) and 10◦C. The gas leaves the domain through the top, which is under atmospheric conditions. A uniform grid
with an initial bed composed by 92949 spherical particles with diameter of 3.256 mm at 50◦C and initial height of 16.4
cm was prescribed at the beginning of the simulation. The geometry and simulation set-up details are given in Tab. 1 .

In order to monitor the particles and pressure drop response to increasing gas flow rate, the superficial velocity of the
gas was linearly increased from 0 to the target final velocity during 2 s and kept at this value after that. The time step of
the DEM simulations for the linear hysteresis normal force model is defined by material stiffness, mass of particles and
number of time step per loading cycle. The time step for the CFD simulations was recalculated as the closest value that is
a multiple of the DEM time step, based on an initial time step.

Tabela 1: Domain, particle and gas properties.
Property Value Unit

Domain Domain size (W × D × H) 23× 8× 123 mm
Grid cells 24× 8× 124 -

Particles Equivalent diameter (dp) 3.256 mm
Density (ρp) 1131 kg/m3

Inventary mass 1.9 kg
Particle-particle static and dynamic friction coefficients
(ηst,p−p , ηd,p−p )

0.3 -

Particle-walls static and dynamic friction coefficients
(ηst,p−w , ηd,p−w )

0.35 -

Particle-particle restitution coefficient (εp−p) 0.92 -
Particle-walls restitution coefficient (εp−w) 0.92 -
Particle Young’s modulus (Ep) 107 N/m2

Initial temperature (T 0
p ) 50.0 ◦C

Gas Density (ρf ) 1.20 kg/m3

Viscosity (µf ) 1.9E−05 Pa.s
Inlet temperature (T 0

f ) 10.0 ◦C

Inlet superficial velocity (Uf ) 2.18E−05 m/s
Time step (before correction) 1E−03 s
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4. Simulation results

4.1 Bed dynamics

In order to qualitatively assess the bed behavior before and after fluidization starts, particles were divided into seven
different groups according to their initial positions, as can be seen in Fig. 2(a) and monitored over time. Figure 2(b)
shows the moment in which fluidization is about to start, and as expected, virtually no activity is observed in the bed and
particles remain about the same initial position and the bed height did not change.

Figure 2(c) shows the fluidization process with the gas superficial velocity gradually increase, while Fig. 2(d) shows
the particles location at the moment in which final velocity is achieved. Bubbles formation can observed beyond minimum
fluidization velocity, as shown in Fig. 2(e), confirming the expected bubbly regime characteristic for fluidized beds
operation. Lastly, Fig. 2(f) displays the particles configuration after 5s of simulation, showing that particles are completely
mixed, which confirms one of the main advantages of the used of the fluidized bed concept on nuclear reactors.

Figure 2: Evolution of particle behaviour with time.

4.2 Pressure drop analysis

The simulated pressure drop between the two pressure intake locations is shown in Fig.3 and compared to the avera-
ged pressure drop value obtained experimentally (dashed lined). The fluctuating behavior of the pressure in a bubbling
fluidized bed was captured by the simulation, which oscillates around a mean value which is close to the experimental
average. Bokkers et al. (2004) reported that the use of a drag correlation combining the Ergun equation with the Wen and
Yu overestimated the drag force and the bubble size, while the use of the Koch and Hill model (Koch and Hill (2001)) for
calculating the drag coefficient produced results with a better agreement with the experiment.

At the same plot, the dotted line marks the moment at which the minimum fluidization velocity measured at experi-
ments is achieved. It can be seen that it coincides well with the point at which the behavior of the pressure drop changes
from linear to constant at simulation.

4.3 Particle velocity analysis

A dual recirculation pattern was observed when observing particles tracking along the simulation. The particles are
carried in the front of the gas bubbles along the central area of the bed. Upon reaching the top, the particles move to the
sides of the bed and then follow a downward path following the walls, returning to the central region, restarting the cycle.
The same pattern was found in the work Luo et al. (2015).

In order to quantitatively compare with experimental results, in which the average velocity of the particles in five
different regions of the bed (shown in Fig. 4(a)) was reported, the average velocity of the particles inside each one of
these regions was obtained and then averaged between 2 and 10s.
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Figure 3: Comparison between simulation and experimental results of pressure drop between the two pressure intake
locations.

Figure 4(b) shows that the vertical velocity profile obtained numerically has the same trend as the experimental one,
with positive velocity in the central region where the bubbles carry particles upward and negative values in the regions
near the walls, where the particles return to fill the empty region. The magnitude of the velocity is overestimated in the
simulation. It is expected that the use of Koch and Hill drag law produces lower velocity values in such regions, since the
drag force must be smaller.

(a) (b)

Figure 4: (a) averaging bins and (b) vertical velocity profile.

4.4 Particle temperature analysis

Figure 5 shows particles colored by temperature at five different instants. At the first second of simulation, shown
in Fig. 5(a), fluidization is about to start and particles are at the same position they were when the gas started to flow
through the bed. It can be seen that the first layers of particles have lower temperature then the remaining bed, due to heat
transfer with the flowing gas that enters the bed at 10◦C. This gas is heated and is not able to transfer heat with particles
positioned higher in the bed.

After fluidization process has started, those particles that are in the bottom and have lower temperatures go to upper
positions of the bed, as can be seen in Fig. 5(c), and new particles get in contact with the cooler gas entering the bed,
following the bed dynamics detailed in Section 4.1. This intimate mixing and agitation result in a uniform temperature
distribution throughout the bed, as can be seen after a few seconds at Fig. 5(e).

In addition to the enhanced heat and mass transfer capability of fluidized beds, the mixing is one of the main advantages
of using fluidized beds in industrial processes. In case of nuclear bed reactors, this mixing acts reducing the hot-spot factor
and yielding a high temperature of fluid without leading to an excessive fuel temperature. For the same reasons, there
results an even, and consequently high, burnup of all the fuel, irrespective of the shape of the neutron-flux distribution.

The temperature of the particles was monitored over time and an average value for the bed temperature, Tbed was
calculated at each time step. Figure 6 shows the evolution of the bed temperature along time. It is worth mentioning that
the Young’s modulus adopted to model the particles (107N/m2) in this work is small compared to real value for common
materials (which can be easily higher than 109N/m2). Although it is quite common to artificial softening the particles for
isothermal applications, since it does not impact post and pre-collision velocities and therefore do not significantly affect
the solution acuracy (of course, avoiding extreme softening in order to not affect non-real deformations), for systems in
which heat transfer is solved this can introduce significant errors. With the augment of the particle stiffness, both the
contact duration and particle contact area are increased, which act to increase conductive heat transfer between colliding
particles.
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(a) 1s (b) 2 s (c) 3 s (d) 5 s (e) 10 s

Figure 5: Temperature of the particles at 1, 2, 3, 5 and 10s of simulation.

Figure 6: Evolution of average bed temperature.

However, using realistic model parameters is unfeasible for large-scale simulation due to the high computational costs
(the greater the particle stiffness, the smaller the time step). As the next step, the correction terms recently proposed
by Morris et al. (2016) to eliminate the impact that artificial softening has on the simulated heat transfer are going to
be implemented, enabling the usage of collision softening to reduce computational cost without adverse effect on heat
transfer for dense systems.

5. CONCLUSIONS

In this work, coupling between DEM and CFD packages Rocky R© and ANSYS Fluent R© was implemented and de-
monstrated through a numerical example. Mathematical modeling was presented, focusing on DEM, CFD and the cou-
pling methods. The CFD-DEM coupling was applied to the simulation of a bubbling fluidized bed and the numerical
results showed good agreement when compared to experimental data, confirming the proposed approach as a suitable al-
ternative for modeling the fluid dynamics of fluidized bed nuclear reactors, providing detailed information of its behavior.
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