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HIGHLIGHTS

» A 2-D local CFD model for simulating the Cd vaporization process is presented.

» It includes a kinetic expression of Cd vaporization into the incineration process.

» Pyrolysis, volatiles’ combustion and residual carbon combustion are also taken into account.

» It fits very well the experimental results obtained on a lab-scale fluidized bed reported in literature.
» It also compares favorably with a model developed previously by the group.
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The emissions of heavy metals during incineration of Municipal Solid Waste (MSW) are a major issue to
health and the environment. It is then necessary to well quantify these emissions in order to accomplish an
adequate control and prevent the heavy metals from leaving the stacks. In this study the kinetic behavior
of Cadmium during Fluidized Bed Incineration (FBI) of artificial MSW pellets, for bed temperatures ranging
from 923 to 1073 K, was modeled. FLUENT 12.1.4 was used as the modeling framework for the simulations
and implemented together with a complete set of user-defined functions (UDFs). The CFD model combines
the combustion of a single solid waste particle with heavy metal (HM) vaporization from the burning
particle, and it takes also into account both pyrolysis and volatiles’ combustion. A kinetic rate law for the
Cd release, derived from the CFD thermal analysis of the combusting particle, is proposed. The simulation
results are compared with experimental data obtained in a lab-scale fluidized bed incinerator reported in
literature, and with the predicted values from a particulate non-isothermal model, formerly developed
by the authors. The comparison shows that the proposed CFD model represents very well the evolution
of the HM release for the considered range of bed temperature.
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1. Introduction

The problem of municipal solid waste disposal in landfill is
becoming more and more a key issue as a consequence of the
increasing amount of municipal solid waste produced worldwide
and the environmental contamination associated with it. In this
frame, fluidized bed incineration (FBI) appears as an effective waste
management alternative to landfilling - less and less possible.

This high-temperature process can handle all types of waste:
municipal solid waste, hazardous waste, medical waste, or
sewage sludge by transforming them into more homogeneous
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residues (flue gas, fly ash and bottom ash). When compared with
landfilling, municipal solid waste (MSW) incineration presents sev-
eral advantages such as reducing the solid waste volume by 80-90%,
decreasing its reactivity by destroying (almost completely) organic
compounds, biological threats (bacteria and viruses), and turning
MSW into inert matter [1]. Furthermore, the heat produced by FBI
method can be used to generate power and heat, achieving energy
recovery. Additionally, the combustion temperature in FBI units
rarely exceeds 1173 K, minimizing then, the formation of pollutants
such as NOy, VOC and dioxins.

Despite these advantages, there is a great environmental and
regulatory concern with respect to the metal emissions from waste
incineration plants and to their toxicity [2]. Metal species con-
tained in the waste are not destroyed during incineration; instead
they may concentrate in the solid residues (bottom ash and fly
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Nomenclature

Cp specific heat capacity, J/kgK

C molar concentration, kmol/m?3

dpore pore diameter, m

D diffusivity, m?/s

ep particle emissivity

Eq activation energy, J/kmol

I radiation intensity, J/m?2s

Lo particle length, m

k thermal conductivity, W/mK

ko pre-exponential Arrhenius’ factor

K permeability, m?

My molecular weight, kg/kmol

P pressure, Pa

q metal concentration in waste, mg/kg

qo initial metal concentration in waste, mg/kg
qar final metal concentration in waste, mg/kg
Qrad net radiative heat transfer rate, /s

ri reaction rate, kg/m?3s

Tpore mean pore radius, m

R universal gas constant

Ro particle radius, m

t time, s

T temperature, K

v gas velocity, m/s

X metal dimensionless concentration in waste
X solid component mass fraction

Sy specific surface area, m?/m3

Y; gas species mass fraction

Greek letters

o stoichiometric coefficients for municipal solid
waste pyrolysis

Babs absorption coefficient, m~1

Bsca scattering coefficient, m~!

y stoichiometric coefficient for carbon combustion

AH reaction enthalpy, J/kg

£ porosity

" gas viscosity, Pas

0 density, kg/m3

o Stefan-Boltzmann constant (5.672 x 108 W/m2K#)

T particle tortuosity

Subscripts

0 initial

b bed

C residual carbon

HM heavy metal

g gas

S solid

eff effective

K Knudsen

pore pore

ash), be emitted with the incinerator’s fumes, or even exit through
the stack as airborne aerosols. Additionally, the heavy metal con-
centration in MSW is relatively higher than that in other solid
fuels such as biomass and coal, and HM concentrations do vary
strongly in MSW themselves [3]. Therefore, incinerators must be
well designed and operated so as to minimize the risk associated
with metallic emissions. It is then necessary to be able to predict the
evolution of metal speciation and partitioning during this thermal
process.

1.1. Previous experimental and theoretical studies in heavy metal
vaporization

Several authors have studied, both experimentally [2,4-7] and
theoretically-by thermodynamic modeling - [3,8-10], the heavy
metal release from various particles. The metal speciation can be
predicted from the waste and the gas compositions, but the tran-
sient system cannot be predicted by thermodynamics calculations
only. Thus, the HM evolution must be investigated by kinetic stud-
ies.

Ho etal. [11] carried out experiments to study the metal behav-
ior during the thermal treatment of contaminated soil. Their model
kinetics parameters were identified with respect to experimental
results. Abanades et al. [12] studied the kinetics of HM vapor-
ization from model wastes in a fluidized bed. Both organic and
mineral model wastes were used to study the influence of oper-
ating conditions on the extent of HM release in fumes. Liu et al.
[13] determined the rate laws of toxic metal release during ther-
mal treatment of model wastes. A first-order rate was determined
for a mineral matrix, and a second-order rate was determined for
a model waste, of composition similar to that of real waste.

More recently, Asthana et al. [14] investigated the behavior of
three HM during the combustion of a waste bed traveling on an
incinerator grate. They took experimental vaporization kinetics
reported by Falcoz et al. [15], and coupled these laws to a previ-
ously developed mathematical model of the combustion of a MSW
bed.

In this context, two objectives are set in this work. The firstaimis
to present and validate a local CFD model for predicting HM vapor-
ization in front of experimental data published by Falcoz et al. [15].
The second one is to compare this CFD approach results against
those reported previously by Mazza et al. [16]. In the next two sub-
sections, the main characteristics concerning the HM vaporization
experiments performed by Falcoz et al. [15] and the local model
developed by Mazza et al. [16] are briefly described, respectively.

1.1.1. Previous experimental work: Falcoz et al.’s experiments [15]

These authors studied the kinetics of HM vaporization from so-
called realistic artificial waste (RAW) pellets made from MSW, in
a laboratory fluidized bed reactor. These synthetic pellets were
made from real MSW, sand, glue and metallic salt, then pressed
into cylinders and dried. The pellet physical properties along with
the ultimate analysis are shown in Table 1.

The experimental setup involved a high temperature,
electrically-heated fluidized bed reactor coupled to a customized
inductively coupled plasma optical emission spectrometer
(ICP-OES). Experiments were carried out with solid samples
impregnated with Cd at 923, 953, 983, 1013, 1043, and 1073 K.
Once at thermal steady state, a given mass of reactive metal-spiked
particles was injected into the bed composed of sand where
the concentration of the HM vaporized in the exhaust gas was
measured online by the ICP-OES technique.

After that, the vaporization rate at the particle level was deter-
mined from the experimental concentration profile in the fluid bed
outlet gas, by using the inverse method previously developed and
validated by Abanades et al. [17]. Finally, a kinetic law for metal
release from realistic artificial waste was identified and the kinetic
parameters were determined thanks to experiments carried out at
several temperatures.

1.1.2. Mazza et al’s non isothermal model [16]

Mazza et al. [16] developed a non-isothermal particulate model
for fluid bed MSW incineration combining solid waste particle com-
bustion and HM vaporization from the burning particles. The model
combines an asymptotic-combustion model for carbonaceous-
solid combustion and a shrinking-core model to describe the HM
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Table 1

Particle properties.
Property £0 Lo [m]
Value 0.65 1.5%x 1072
Ultimate analysis C H
Weight % (dry basis) 45.9 6.5

Ro [m] Tpore [vm] Papp,0 [kg/m?]

0.5x 102 100 614

0] N S Ash
30.5 1.0 0.3 15.8

vaporization phenomenon. It is in fact an improved version of the
local model formulated previously and dealing with isothermal
particle [10]. This improvement was necessary because, although
the maximum values of predicted HM vaporization rates fitted
well experimental results, the theoretical plots of HM vaporization
rate versus metal concentration in the waste particle (i.e. versus
time) were not in good agreement with experimental data. The
non-isothermal particulate model takes also into account pyrol-
ysis, combustion of pyrolysis gases, combustion of solid carbon,
and metal vaporization. The system was numerically solved in FOR-
TRAN (Compagq Visual FORTRAN 6.6), and their results showed that
conduction in particle strongly affects the transient vaporization
rate. Good fits were obtained with both the HM vaporization-rate
trends and the maximum rates for all bed temperatures.

1.2. Physicochemical phenomena taking place during MSW
incineration

The MSW thermal conversion includes complex chemical and
physical processes such as: moisture evaporation, devolatilization,
volatiles combustion, char gasification and char combustion and,
usually, heavy metal vaporization. The time required for each reac-
tion depends on the fuel size, its properties, and temperature and
combustion conditions. These processes may occur sequentially
or simultaneously, depending on particle properties and reactor
conditions. The phenomena related to the creation and emission
of pollutants during MSW combustion (NOy, dioxins and furans)
are not considered since the maximum operative temperature
achieved in this work is less than 1173 K and, below this tempera-
ture, these pollutants emissions do not form in significant amounts.

1.2.1. Drying

Due to the intense heat transfer, the solid waste particle tem-
perature rises rapidly after entering the fluidized bed. When the
temperature of 373 K is reached, an intense process of evaporation
and drying begins.

1.2.2. Devolatilization (pyrolysis)

As soon as the moisture is evaporated, the particle tempera-
ture rises up to 473-573 K and the devolatilization process starts.
During this stage, the organic matter is weakened. It decomposes
into a volatile fraction and a residual solid (char) as temperature
increases. Pyrolysis is a complex process that depends on many
different variables. The fundamentals of the process are still not
completely understood and it is experimentally difficult to quan-
tify the volatile species produced during this stage. Additionally,
the heterogeneous nature of MSW (since it is a mixture of several
components) induces thermal decomposition at various tempera-
ture levels. Di Blasi [ 18] presented a complete review of the existing
devolatilization models.

1.2.3. Homogeneous gas combustion

It is difficult to isolate the combustion time from the
devolatilization time because the two processes overlap. The pyrol-
ysis gas mixture contains reaction products that are mainly H,, CHy
and CO. The oxygen in the air may oxidize these species. Although
this is a complex set of reactions (as reported by Barbé et al. [19]),

mechanisms are not included in details but simplified by the fol-
lowing relations:

€O+ 10, — €O, (1)
Hy + 10, — H,0 (2)
CH4 + 30, — CO +2H,0 (3)

1.2.4. Residual carbon combustion

During the combustion of a char particle, oxygen from the
bulk stream is transported to the surface of the particle, where it
reacts with carbon to produce CO, and CO (oxidation). Nonetheless,
depending on the conditions (such as low temperatures), oxygen
may diffuse into the pores and oxidize the carbon on their inner
walls.

The combustion of both porous and non-porous particles has
been widely studied, since it occurs in several processes of interest
such as coal, wood, biomass, sludge and waste combustion [20-28].
Williams et al. [29] summarized the fundamental processes of solid
combustion such as heating up, devolatilization and heterogeneous
oxidation, and they outlined several models for these stages for coal
and biomass cases.

1.2.5. Char gasification

CO, and steam may react with residual carbon, thus influencing
the combustion, especially in oxygen-depleted zones. The reactions
are:

C+H,0 < CO + Hy (4)

(5)

The gasification reaction of residual carbon (Eq. (4)) is threefold
faster than the Boudouard reaction (Eq. (5)) [30]. Carbon may also
react with H, to produce methane; however, this reaction, which
is 300 times slower than the Boudouard reaction, is not likely to
occur [30].

C+CO, < 2CO

1.2.6. Metal vaporization
Several transformations may occur to the HM when incinerating
MSW, as described by Asthana et al. [14]. The HM may either:

—

. vaporize under a chemical form dictated by thermodynamics
that may differ from its original form,

. transform into another, more stable solid species,

. remain unchanged, or

. be released as the result of the thermal degradation of the
organic matrix in which it was trapped.

This study deals only with the events that comprise vaporization
—(I) and (IV)-. The heterogeneous process of HM vaporization can
be expressed as:

HMpsw(s) — HM(g) (6)

Many factors influence the heavy metal partitioning during inciner-
ation. Their reaction kinetics, as well as their vaporization, is related
to their physico-chemical properties. Some incineration conditions
have been identified as important parameters strongly affecting the
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HM behavior (for instance: operative temperature, chlorine con-
tent, moisture content, retention time or mixing conditions, etc.)
[15].

2. Cfd modeling approach

Fig. 1 shows the zoomed view of the adopted geometry along
with the boundary conditions (the computational domain is larger
than the particle). The porous waste particle is a cylinder of radius
Ry and height Ly. The direction of the inlet main flow - air - is
perpendicular to the longitudinal axis of the particle. In order to
avoid possible numerical complications, mainly gas backflow, the
computational domain is set significantly larger.

The thermal boundary condition at the sidewall is established
as the mean bed temperature reported in the experiments Tj, with
the emissivity of the dense phase of the bed. “Velocity inlet” bound-
ary condition is used for the gas entering the computational with
a value equal to the fluidizing velocity reported by Falcoz et al.
[31]-thus not in minimum fluidization conditions-and the fluid
bed mean temperature T,. The initial temperature of all system
components (gas and particle) is equal to the mean bed temper-
ature. Furthermore, the initial velocity inside the particle is set as
zero so as to let oxygen diffusion happen over time, meanwhile
“pressure outlet” is set at the exit of the geometry. Finally, symme-
try boundary condition is used to minimize computational time.

User-defined functions (UDFs) are programmed in C++ language
and coupled to the software in order to simulate the heterogeneous
processes of solid combustion and heavy metal vaporization. In
addition, UDFs mass sources for each gas species participating in the
residual carbon combustion, as well as UDFs for energy source due
to heterogeneous combustion, viscous resistance, porosity change,
absorption coefficient, effective diffusivities are also programmed.

2.1. Main assumptions

Modeling the combustion of a porous MSW particle with HM
vaporization requires various assumptions and simplifications.
They are as follows:

—

. MSW pellets are cylindrical and homogeneous.
. The main flow passing around the particle is laminar.

3. Local thermal equilibrium exists between the solid and gas
phases in the particle, so internal temperatures and their gra-
dients are the same for both the solid and gas.

4, Radiation heat transfer exists between the particle and the sur-
rounding environment.

5. The particle structure is isotropic.

6. The porosity changes proportionally to the residual carbon con-
version degree.

7. No ash remains around the particle after solid waste combus-
tion (it is swept away by attrition).

The assumptions concerning the Cd vaporization are:

8. Cd initial concentration is uniform.

9. Cd concentration in both the solid and the gaseous phases is
negligible. Therefore, its contribution to the global mass and
energy transport equations is not considered.

10. Cdvaporization begins in the residual carbon combustion stage.
Some assumptions may be more likely to deviate, e.g. it is con-
sidered that the particle is isotropic while in reality it may
present a non isotropic behavior. Also, it is assumed that the
particle is homogeneous while in fact there is a considerable
level of heterogeneity in its composition and pore distribution
that could affect the applicability of the model. Nonetheless,
if one wishes to consider the variations in structure, prop-
erties and concentrations within the particle, the model will

N

become too complex, with properties values difficult to obtain
along with a high computational cost, thus losing one important
aspect in modeling such as agility.

2.2. Modeling incineration stages

There is no particle drying phase because of the particle prepa-
ration procedure, which consists in impregnating the waste flakes
with metallic salt solution, pressing into pellets and drying them in
an oven, thus removing all the moisture content.

Ménard [32] treated pyrolysis by a “one step global mechanism”
model, where the following stoichiometry relation was applied:

1kg of pyrolizable material - aco kg of CO + aco, kg of CO,
+ap,0 kgof H,0+acy, kgof CHy +ap, kgofH, 4+ ackgof C
(7)

In the proposed CFD model, pyrolysis is supposed to be instanta-
neous with the coefficients given in Table 2, reported by Ménard
[32]. Consequently, the gaseous species composition generated by
this stage is set as the initial condition for CFD simulations. Also,
the particle is supposed to be initially at the same temperature as
the bed (Ts =Tp).

Various authors consider that a fuel particle may shrink dur-
ing pyrolysis [33-35], while others consider it enlarges [32,36,37].
Moreover, a few particles may present both behaviors through this
thermal degradation [38]. In addition, pyrolysis is even considered
as an endothermic reaction by some authors and as an exother-
mic reaction by others. Fortunately, it is negligible in front of the
other thermal processes. On this basis, the pyrolysis enthalpy is
assumed to be zero and the particle size is assumed to remain
constant through this stage.

The homogeneous combustion is treated by a simplified
approach that takes into account the main reactions only (Table 3).
This can be done because of the uncertainty in quantifying the
pyrolysis emissions and the slight importance of this step in the
model [10]. Kinetic relationships and parameters are identical to
those used by Ménard [32] (see Table 3). It is considered that these
reactions may take place in the volume of the particle’s pores as
well as outside of it.

The residual carbon combustion model comprises an effective
stoichiometry from the classical combustion reactions that lead to
a CO—CO, mixture as the product, as can be seen in Eq. (8).

C+y02 —» (2y — 1)CO, + 2(1 — y)CO (8)

The primary CO/CO, ratio is very significant for the calculation of
the particle temperature during combustion, because the lower the
CO/CO,, ratio, the higher the heat of reaction and the higher the
temperature of the burning particle [26]. Arthur’s law is used to
calculate the ratio CO/CO, [32]:

_ 2+f
Y20+

The kinetic expression is given in Eq. (10).

(9)

f Ceco =1340 exp (—

63, 500)
Ceo,

RT

re = ko, c.TeEac/RDCq S,(1 — €) (10)

It is a first order reaction, and its rate depends on the oxygen molar
concentration in the gas and on the local cell temperature. The
intrinsic pre-exponential factor and the activation energy are taken
from Cooper and Hallett [21].

The gasification reactions of the residual carbon are neglected
compared to its oxidation reaction because of the high temperature
and of the oxidizing atmosphere existing in the bed environment.

For modeling the Cd release, the vaporization rate is calcu-
lated as a function of local conditions in the particle, especially
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Velocity inlet I

Fig. 1. Particle geometry and computational domain characteristics.

Table 2
Stoichiometric coefficients for municipal solid waste pyrolysis.
Species co CO, H,0 CHy Hy C
«; [mass of i/mass of pyrolyzable material] 0.378 0.133 0.111 0.178 0.022 0.177

temperature. The rate of vaporization r¢gy, is:

10%Xca—q7 \ ",
erZkO,Cdef(EaCd/RT) — =) 10 6IOapp,o-i'
do—qr

re(Xca—10"%¢y)
XC,O
(11)

The Arrhenius kinetic parameters and the reaction order were
obtained from a thermal particle analysis by applying non-linear
regression technique, which gave:

ko.ca = 3.65119.10'* mg/(kg - s)
Eqqy = 273753415.2 ]/kmol
n=14

Two contributions to the Cd vaporization are considered. The first
term in Eq. (11) relates the Cd vaporization rate to the local tem-
perature level under an Arrhenius expression, and the second one
relates the Cd release rate to the thermal degradation of the waste
(in this case, char combustion).

2.3. Governing equations

The species mass transport equation for all gas phase compo-
nents (i=Njy, O;, CO, CO,, CHy, Hy, H;0) include the unsteady term,
transport by convection and diffusion along with the source terms
due to homogeneous and heterogeneous reactions as follows:

where r; is the net rate of production of species i by chemical reac-
tions. CHy, H, and H,O species are involved only in homogeneous
reactions. Then, r; is expressed as:
j=N
T =Mw,izfi,j (13)
j=1
For the gas species involved in both the homogeneous reactions and

the heterogeneous reaction of residual carbon combustion (05, CO,
CO,) the source term is given by:

j=N

MW 0,
=Yy Mo« + My, OZZrOZ,_} (14)
j=1
j=N
co .
rco, = 2y — Vre—"—= Mw.co, + My, cozzrcoz,j (15)
Mw,c
j=1
j=N
rco=2(1- )/)Tc +Mw cozrco,] (16)
j=1

where the first member in the right hand side of Eqs. (14)—(16) rep-
resents the consumption (for O,) or the creation (for CO and CO;)
rate due to residual carbon combustion, and the second member
stands for homogeneous reactions.

For heterogeneous reactions of porous particles at high temper-
ature, the overall rate of reaction becomes limited by diffusion in

d(epgY;) the pore structure of the particle, making the diffusion coefficient
BP0 4 V(pgvY;) = V(Deir i VYi) + i (12) p . p : 'S )
at ’ one of the main key parameters. For this reason, the influence of

Table 3
Homogenous reactions and rate expressions.

T Reaction description Reaction rate [kmolm—3s-1] ko Ea [J/kmol] Ref

1 CO+ 10, — CO, ke, 1e - CoCO5CE5, 1.3x 10" 1.255 x 108 [39]

2 H; + 10, > H,0 ko, ze %2 Cy, Co, 1.1x 1016 7.5 % 107 [40]

3 CH4 + %02 — CO +2H,0 ko, 3e RT C8H74 ngs 5.0122 x 10" 2.008 x 1098 [41]
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both Knudsen (Eq. (17-a)) and molecular (Eq. (17-b)) diffusion is
taken into account.

4/ srT \'?
D"~"=3<m\/1w,,-> Ko

0.001858T1-5M,, 45'/>
AB = PUABZQD

These two diffusivities are combined using the Bosanquet formula
(valid particularly for equimolar counter diffusion) [42] so as to
give an approximation value of the diffusion coefficients within
the porous solid, Dpore, as shown in Eq. (17-c). Finally, Eq. (17-d)
estimates the effective diffusivity taking into account the diffusion
coefficient in the pores through the porosity of the solid, &, and the
tortuosity of the pores, 7.

-1
1 1
Dpore = +
pore (Dm,i DK,i)

&
Dejf,i = (;) Dpore

The overall gas-phase continuity equation results from the sum of
these species transport equation and can be written:

el
Crs) | Vipgn) =1 (18)

The classical momentum equation for porous media is used in this
work, given by:

(17-a)

(17-b)

(17-c)

(17-d)

3
(Eaptg”) + V(pgtw) = ~Vp + V(1) + By — b

where the value for permeability K is calculated by employing
Darcy’s law:

(19)

- M (20)
150(1 — &)?

here, dpore is taken as the local pore diameter inside the particle.

For the residual carbon, the conservation equation is:
papp,O% =—TIc (21)
It can be seen that the loss of residual carbon in the particle through
time is due to heterogeneous combustion rate r.

Similarly, the mass balance for Cd in solid phase is given in Eq.
(22). Eq. (23) represents the mass balance for vaporized Cadmium.
It takes into account the unsteady term, mass transfer by convection
and diffusion along with vaporization rate rcq

dX

Papp,Ode =—Tcd (22)
Y

HELTC) | (e pgo¥es) = V(Degrca V¥ea) + et (23)

The Cd diffusion coefficient is taken by Asthana [43] which is cal-
culated as a function of temperature from the kinetic gas theory:

Dcg,n, = 5.3974 x 10-1071.7807 24

The temperature profile in both the porous particle and the gas
phase is obtained by solving the energy conservation equation.
It comprises the unsteady term, heat transfer due to convection
and conduction, the heat generated by the combustion of volatiles
species, by residual carbon combustion and also takes into account
radiation heat transfer expressed in the radiation source term S;44:

aT
(pcp )pm a +(pcp )f VT

j=N
= V(ke VT) + ZT‘]-(—AHJ-) 4 1e(=AHE) + Spaq (25)
j=1

with the specific heat capacity of the porous particle computed as:

(PCp)pm = €(pCp)p + (1 = €)(pcp)s (26)

and the effective thermal conductivity in the porous media, ke,
expressed as the volume average of the fluid conductivity and the
solid conductivity:

kefr = kg + (1 — &)ks (27)

Finally, the radiative transfer equation (RTE) for an absorbing, emit-
ting, and scattering medium at position 7 in the direction s is:

dl((;; 5) + (Baps + Bsca)I(7,5)

4
= iy B [T e vy (28)
abs T 4.7T 0 ) l

with the absorption coefficient 8, given by:

(1-¢)ep

Babs = 1.5 (29)

dpore

For each cell, the radiative source term S, is calculated as follows:
Srad = —VQad = _4n2,BabsUT4 + BabsG (30)

with the incident radiation G represented in Eq. (31).

G:/ - 1d$2 (31)
4

2.4. Numerical solution

The governing equations presented in the previous section are
solved in 2-D using the CFD software FLUENT 12.1.4, which uses
the finite volume discretization method. Although it is a 2D simu-
lation, the dimension in the Z-axis is set as the particle’s length in
order to account for its volume [44]. The software solves numeri-
cally the momentum equation, the species mass transport equation,
the local energy equation and the radiation heat transfer equation
in the fluid as well as in the porous particle. An extensive set of
UDFs subroutines was programmed and complemented to the code
so as to represent residual carbon combustion and heavy metal
vaporization.

The “pressure-based method” was applied to solve the momen-
tum equation due to the low gas velocity. Additionally, second order
discretization scheme was used for all scalars in order to obtain
more accurate results. Moreover, it should be pointed out that the
system is STIFF. The appropriate under-relaxation factors were set
to avoid possible instabilities in the solution, thus reaching conver-
gence in a lower number of iterations. The RTE was solved using
the discrete ordinates method (DOM). The pixelation and angu-
lar discretization required by DOM in the frame of FLUENT are
established at 2 x 2. Finally, the simulations were carried out in
transient state, with a step size of 0.1 s and 40 iterations per time
step.

3. Results and discussion

The Cd evolution during a typical MSW incineration process was
calculated applying the proposed model, which uses commercial
CFD code FLUENT 12.1.4 as the basic modeling platform to simulate
hydrodynamics, momentum transport and homogenous combus-
tion. In addition, all phenomena related to heterogeneous carbon
combustion and heavy metal vaporization were simulated by self
developed UDFs. The results of the CFD model are shown hereafter.
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Fig. 2. Transient particle temperature profile at 923 K (a) and 1073 K (b).

3.1. Particle combustion and non-isothermal effects

Fig. 2 illustrates the temperature gradients inside the particle
along with the decrement of the particle size at different simula-
tion times for the limits of the temperature range studied (923 and
1073 K). Logically, the higher the temperature, the faster the waste
particle shrinks. Results show that the time to completely burn
the particle out at 923 and 1073 K are slightly different (174 s vs
1705). This comes from the diffusion control of both processes, thus
provoking the non-catalytic heterogeneous reaction at the particle
surface. These results are in agreement with the observations stated
in [22] and [26].

The model’s prediction for the non-isothermal behavior inside
the particle agrees qualitatively with the experimental and the-
oretical remarks found in bibliography [25,26]. Fig. 2 shows a
wide temperature gradient, typical during combustion of large
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Fig. 3. Comparison between Cd vaporization rate temporal profile by CFD model
and experimental results.

biomass particle. In addition, it indicates that, logically, the highest
level of temperature is found at the particle’s bottom part sur-
face: it corresponds to the zone where the higher combustion rates
occur.

3.2. Influence of temperature on Cd vaporization

Fig. 3 plots the Cd vaporization rate versus time, for all oper-
ative bed temperatures analyzed. It can be appreciated that the
model represents well the strong influence of temperature on
the Cd vaporization dynamics. As expected, the higher the tem-
perature, the higher the vaporization rate and the higher the Cd
release (indicated by the area under the curve). The predicted metal
vaporization rate is very high initially, and then it slows down
during waste incineration, in accordance with experimental data.
The maximum rates are also well calculated, except for the case
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Fig. 4. Comparison between the predicted (CFD model) and the experimental Cd
concentration profiles in the solid phase, for temperature range 923-1073 K.
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Fig. 5. Comparison between the experimental values, and both CFD and FORTRAN models’ predictions: Cadmium, T=923K (a), 1013 K (b), 1043 K (c) and 1073 K (d).

where T, =1043 K where the model under-predicts the maximum
rate value. Nonetheless, the overall behaviors for all experimen-
tal cases are very well represented. Additionally, the temperature
influence on Cd vaporization rate is coherent and in agreement with
the proposed Arrhenius law.

Fig. 4 compares, for different temperatures, the predicted tem-
poral profiles of Cd concentration in the burning waste particle
with experimental profiles. The comparison is very satisfactory,
and results show how significantly temperature affects the metal
vaporization: the higher the operative bed temperature T}, the
lower the Cd residual quantity in the particle, gy.

Fig. 5 plots theoretical (from both FORTRAN and CFD models)
and experimental cadmium vaporization rates versus the dimen-
sionless metal concentration in waste (x), at bed temperatures 923,
1013, 1043 and 1073 K, where
x— qo — 4 (32)

qo — qf
It can be seen that both models predict satisfactorily the experi-
mental profile, and the CFD model represents better the initial stage
of the Cd release for all bed temperatures. In addition, the shapes
of the CFD theoretical curves are very similar to the experimental
ones. Therefore, the CFD model fits better the experimental results,
resulting more accurate than the FORTRAN model.

There are also some important features that support this CFD
model as a better alternative, mainly the fact that it can predict the
evolution of Cd behavior trough time by means of a kinetic expres-
sion whereas the FORTRAN model does not reproduce this aspect
since it is based on the existence of Cd equilibrium between the
gaseous and solid phases. Additionally, in contrast with FORTRAN
model, the CFD approach does not require the calculus of correla-
tions for heat and mass transfer. FORTRAN model does not evaluate

the fluidynamic behavior through the momentum equation but
adopts the simplification of perfect mix for the surrounding gas
along with correlations to calculate velocities when needed. On the
other hand, the new model developed by CFD solves the momen-
tum equation allowing obtaining the velocity profile all over the
computational domain.

In contrast, the main drawback of the CFD model is that it is high
PC time consuming as a consequence of the high quality results
demanded to the CFD model.

4. Conclusions

A model for predicting the heavy metal vaporization dur-
ing single particle MSW incineration in fluid bed has been
developed with commercial CFD tool ANSYS-FLUENT, using the
porous media approach along with an extensive array of UDFs
developed to evaluate the fundamental aspects of Kkinetic,
thermodynamic and structural characteristics of gas-solid reac-
ting systems. This approach accounts for local variations of
compositions and temperature occurring during the processes
of instantaneous pyrolysis, homogeneous and residual carbon
combustion.

Residual carbon combustion was modeled using an effec-
tive stoichiometry. Results suggest that, even for the lower
temperature simulated, residual carbon oxidation is primarily
diffusion-controlled. Moreover, model predictions showed that
significant temperature gradients exist in large biomass particles
during combustion.

A kinetic expression for Cd vaporization was obtained from CFD
particle thermal analysis. It considers a contribution represented
by an Arrhenius law and a second one due to residual carbon
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combustion. Simulation results were compared very satisfactorily
to experimental data obtained in a laboratory scale fluid bed incin-
erator, thus validating this methodology as a useful tool for better
understanding HM vaporization from burning fuel particle.

An average description of the waste particle was adopted, with
the HM uniformly distributed. However, despite the uncertainty
on waste particle properties along with its heterogeneous struc-
ture, the present CFD model predicts very well the MSW evolution
during its incineration.
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