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Abstract: A three-dimensional numerical model verified by
previous experimental data is developed to simulate the
fluidized bed gasification of refuse derived fuel (RDF). The
CaO dechlorination model obtained by the thermal gravity
analysis (TGA) is coupled to investigate the process of CaO
dechlorination. An Eulerian-Eulerian method is adopted to
simulate the gas-solid flow and self-developed chemical
reaction modules are used to simulate chemical reactions.
Flow patterns, gasification
efficiency are obtained by numerical simulation. Meanwhile,
simulations are performed to evaluate the effects of Ca/Cl
molar ratio and temperature on dechlorination efficiency. The
simulation results show that the presence of bubbles in the
gasifier lowers the CaO dechlorination efficiency. Increasing
the Ca/Cl molar ratio can enhance the
efficiency. However, with the temperature increasing, the
dechlorination efficiency increases initially and then decreases.
The optimal Ca/Cl molar ratio is in the range of 3.0 to 3.5
and the optimal temperature is 923 K.
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results and dechlorination

dechlorination

efuse derived fuel (RDF) utilization is an effective

method to solve the problem caused by solid waste
as it has the advantages of high calorific value, easy stor-
age and transportation'"’, and syngas can be obtained by
RDF gasification technology. However, the high chlorine
content is an important factor in secondary pollution dur-
ing RDF gasification. Chlorine in RDF presents in two
forms, including inorganic chlorides (HCl or Cl,) and or-
ganic chlorides ( chlorinated organics), and most of them
will transform into HCl when utilizing RDF™”'. HCI can
cause equipment heating-surfaces to become corrosive and
human respiratory systems to be affected. CaO sorbent is
one of the most promising candidates for dechlorination
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due to its low cost and relatively high chlorine capture ca-
pacity™'.

Generally, the method of experimentation is used to re-
search the characteristic of dechlorination, but it has limi-
tations in funding, operability and external conditions.
With the development of hardware and numerical meth-
ods, the application of numerical simulations has become
more extensive. It can help to obtain the data, optimize
the design and operation parameters. However, few sim-
ulations have focused on dechlorination. Zang et al. "™
simulated the flue gas dechlorination in the spray dryer of
a waste incineration power plant. However, compared to
the flue gas dechlorination, dechlorination in the gasifier
can effectively solve the corrosion problem caused by
Hence, it is necessary to develop numerical
models to study the dechlorination in the gasifier.

This paper focuses on the performances of CaO dechlo-
rination in a RDF bubbling fluidized bed gasifier. For
this, the CaO-HCI reaction model calculated by TGA was
coupled after validating the RDF gasification model. An
Eulerian two-fluid model using multiple phases was
adopted to simulate the gas-solid flow in the reactor. The
user-defined functions ( UDFs) were developed for reac-
tions along with the kinetics and diffusion based on reac-
tion rates. Meanwhile, the effects of Ca/Cl molar ratio
and temperature on dechlorination were analyzed.

chlorine.

1 Model Description and Simulation Method

Two phases are considered in the model. The gas phase
includes H,, CO,, CO, CH,, C,H,, HCI, H,0, O, and
N,. The solid phase includes RDF, char, ash, CaO,
CaCl, and dolomite (bed material). Gas flow, particle
motion, turbulent and chemical reactions are related to
multiphase flow, heat transfer and mass transfer.

1.1 Governing equations of the gas-particle flow

The continuity equations for gas and solid phases are
given by

Jd
E(agpg) +V.(a1§pgvg):‘ggs (1)
J
E(a§p§)+v. (aSpﬁyﬁ):SQg (2)

where « is the volume fraction, % ; p is the density,
kg/m’; » is the instantaneous velocity, m/s; S is the
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source term due to the mass transfer between the gas
phase and solid phase, kg/(m’ - s).
The momentum equations can be expressed as

d
E(agpgvg> +V - (aprp,) =

-a, VP, +apg-Bw,-v,) +V-7,+S, v (3)
lapw) +V - (apw) =

-, VP +apg-Bv,-v,) +V- -7 +S v (4)
where p is the average pressure of the mixed phase, Pa; 7
+8); g is the gravity,
m/s’; B is the interphase momentum exchange coefficient
between the gas and solid phase, kg/(m’ - s).

The governing transport equations for k and ¢ only take
the gas phase form .

is the stress-strain tensor, kg/(m’

Jd Mg et
E(agpzm +V- (O‘gpg”sk> =V (O‘g v k) ¥

k

T QP8 +11; (5)
%(agpgk) +V - (app,e) =V- (aglﬂv . g) +

k

agGk,g

&
kfg( CalagGk‘g - Cﬁagpgsg) +1, (6)
g

where II, and I, represent the influence of the solid
phase on the gas phase; G, is the production of turbulent
kinetic energy, kg/(m -« s’).

The enthalpy equations of each phase take the form

%(agngg) +V - (apw . H,) =

V- ()lg.effVTg) +0,+S.H, (7)
%(aspng) +V - (appH,) =

V- (/\aeffv T,) + 0, +S.H, (8)

where H is the specific enthalpy, kI/kg; A,  and A,

are the thermal conductivity, W/(m - K) ; Q is the heat
transfer between two phases, W/m’.

1.2 Species transport equations

The species transport equations are considered as

Sap ) +V e (app Y =V o, +R,, (9)

g g g g

%(a»*psyi.s) +V - (aspsv Y, ) =V : aSJi,S +R‘,s <]0)

st s i

where Y, is the local mass fraction of each species, % ; J,

is the diffusion flux of species, mol/( m’-s); R, is the

net rate, mol/(m’ - s).
1.3 Gasification reactions Kkinetics

The reactions in the process of gasification include RDF
pyrolysis and devolatilization, and heterogeneous and
homogeneous reactions. Assume that all chloride is con-
verted to HC1"”' and reactions with sulfur and nitrogen are
not taken into account. The major conversions are consid-

ered as follows:

RDF—¢,C + a,H, + «a;CH, + «,CO, +a;CO +

asH,0 + o, C Hy + agash (11)
RDF—q,HCl (12)

2C +1.50,—CO, +CO (13)
C + CO,—2CO (14)

C +H,0—-CO +H, (15)
CO +0.50,—CO, (16)

H, +0.50,—H,0 (17)
CH, +1.50,—CO +2H,0 (18)

The gas compositions after pyrolysis are determined by el-
emental analysis as show in Tab. 1'®'. The frequency fac-
tor and activation energy of Eqs. (11) to Egs. (18) are
obtained from Refs. [7 —9].

Tab.1 Proximate and ultimate analysis of RDF

Samol Ultimate analysis/ % Proximate analysis/ % Qi net/
ampre w(C) w(H) w(O0) w(N) w(S) w(Cl) w(M) w(A) w(V) w(FC) (MJ - kg™1)
RDF 44.58 5.46 39.43 0.23 0.14 0.292 8.41 1.74 67.97 21.86 14.40

36.5 x10°p,o R
1.4 Dechlorination reactions kinetics te = Pewcory (1 _x Y721 (20)
0.5k,C},
CaO dechlorination is considered as
cemOTInation 15 const where ¢ is the reaction time in CRC stage, s;p,, is the
CaO +2HCl ——CaCl, + H,0 (19)  molar density of CaO, mol/m’; R, is the particle radius

The relationships between the CaO conversion rate X
and reaction time obtained by TGA are shown in Fig. 1.
The CaO conversion rate is linear with reaction time and
the maximum conversion rate is achieved at 923 K. It is
concluded that the CaO-HCI reaction has been under
chemical reaction control (CRC) ",

The kinetics parameters shown in Tab. 2 are calculated
by the shrinking core model "’

of CaO,m;k, is the reaction rate constant, m/s; Cy is the
concentration of HCl, mg/m’; n is the order of reaction.

Tab.2 Kinetics parameters of the CaO-HCI reaction

Temperature/ K k/(10°m - s )
823 5.81
873 6.24
923 6.41
973 6.02
1023 5.76
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Fig.1 Relationships of CaO conversion rate and time

1.5 Numerical considerations

The simulations were carried out based on the experi-
mental setup'’’. As shown in Fig. 2, the width of the
bubbling fluidized bed is 50 mm and the height is 1 200
mm. The meshes composed of 185 820 cells were adopt-
ed after the sensitivity analysis of the grid. The encryp-
tion was used in the lower part of the fluidized bed. A
first-order upwind discretization was used for all solu-
tions. The equations were solved by the finite volume
method. The phase coupled SIMPLE was used to solve
the pressure-velocity coupling. The time step was 1.0 x
10" s.

Outlet

Y
N1

Diameter

50 mm

Reactor height

1 200 mm
Initial bed
height
300 mm
Inlet
(a) (b)

Fig.2 Object of numerical simulation. (a) Schematic of the flu-
idized bed gasifier; (b) Grids division

For the boundary conditions, the velocity-inlet and
pressure-outlet boundary were adopted. Initially, the bed
height was 300 mm and the particles in bed were packed
with the volume fraction of 0.55. The no-slip wall condi-
tion for both gas and solid phase was assumed.

Gas and particles flowed into the gasifier from the in-
let, and the gas generated by gasification outflow from

the outlet. The apparent density of bed material was 2
490 kg/m’ and its average particle size was 0.23 mm. In
accordance with the experimental conditions, the gas
made up of 45% O, and 55% N, was used as the fluidi-
zing agent. The flow rate of RDF and gas was 4.5 kg/h
and 0.36 m’/h, respectively.

2 Results and Discussion
2.1 Gasification model validation

The RDF gasification numerical model is validated be-
fore coupling the reaction of CaO-HCl. Fig.3 shows the
comparison of the main gas component from the simula-
tion and experiment. As can be seen, the variations of
simulation and experiment are basically the same. The
maximum relative error of all the data is less than 20% ,
suggesting that the model is appropriate for RDF fluidized
bed gasification.

U -~ H, (simulation),; -0 CO(simulation)
—£--C0, (simulation); v CH, (simulation)
401 —=—H, (experimental ); —e— CO( experimental )
< —a— CO, (experimental ); —v— CH, ( experimental )
2 30t
k3]
g
5 20r
3
=
10
0 1 1 1 ]
900 950 1 000 1 050 1100
Temperature/K
Fig.3 Comparison of simulation and experimental gasification
results

2.2 Dechlorination characteristics

Fig. 4 displays the variations of the HCI concentration
at the outlet. CaO is added under the conditions of a Ca/
Cl molar ratio of 3.0 at 8 s. The process of dechlorina-
tion can be divided into three sequential stages. In the
first stage (8 s < ¢=<<11 s), the HCI concentration has
slight fluctuations. However, it has a rapid decrease in
the second stage (11 s <7#=<19 s). The decrease rate
slows down, and the HCI concentration oscillates around
a fixed value in the third stage(19 s <¢t<<22 s). The de-
chlorination efficiencies of CaO are about 87.88% at 873
K and 95.78% at 923 K.

The comparison of the HCI concentrations and HCI-
CaO reaction rates inside a bubble and at the surfaces
where the bubble stays is shown in Fig. 5. As can be
seen, the position of the tracer bubble rises from 60 to
340 mm during its lifetime, and the HCI concentration in
the bubble is higher than that in the emulsion phase. On
the contrary, the HCI-CaO reaction rate in the bubbles is
lower than that at the sections where the bubble stays.
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The comparison result implies that bubbles lower the gas-
solid contact efficiency, and further lower conversions of
gas-solid reactions.
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Fig.4 Variation of the gas molar fractions at the outlet
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Fig.5 Comparison of characteristics inside a bubble and at the
sections where the bubble stays

2.3 Influence of the Ca/Cl molar ratio

Fig. 6 shows the effect of the Ca/Cl molar ratio on the
HCI concentration at the outlet. It can be seen that the
Ca/Cl molar ratio of 1.5 and 2. 0 corresponds to the wea-
ker dechlorination effect. The Ca/Cl molar ratios of 3.0,
3.5 and 4.0 correspond to a shorter time of being stable
and lowering HCI concentration after dechlorination. As
illustrated in Fig. 7, the dechlorination efficiency is great-
ly enhanced with the increase in the Ca/Cl molar ratio,
but this change retards after the Ca/Cl molar ratio is be-
yond 3.5. It is mainly because a smaller proportion of
particles can participate in the reaction with the increase
of CaO. These observations are in accordance with the
experimental results of Li et al'""’.

2.4 Influence of the temperature

The performances of CaO with the specified Ca/Cl mo-
lar ratio of 3.0 at different temperatures are illustrated in
Fig. 8. It shows that the HCI concentration is the lowest
and the time of being stable is the shortest at 923 K. Fig.
9 demonstrates the effect of temperature on dechlorination
efficiency. It shows that the dechlorination efficiency
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Fig. 6 Effect of the Ca/Cl molar ratio on HCI concentration at
the outlet (7'=923 K)
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Fig.7 Effect of the Ca/Cl molar ratio on dechlorination effi-
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Fig.8 Effect of the temperature on HCl concentration at the
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Fig.9 Effect of the temperature on dechlorination efficiency
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increases as the temperature increases from 823 to 923 K,
but it begins to decline dramatically when the temperature
exceeds 923 K. The maximum dechlorination efficiency
is obtained at 923 K. These observations agree with Ref.
[12].

3 Conclusions

1) The model is reliable in simulating RDF gasification
in a bubbling fluidized bed. The CaO dechlorination
model is successfully coupled into the RDF gasification.

2) The HCI concentration in the bubbles is higher than
that at the sections where the bubble stays. However, the
HCI1-CaO reaction rate in the bubbles is lower than that in
the emulsion phase, indicating that the existence of bub-
bles may lower the contact efficiency of HCl and CaO,
and further decrease the efficiency of HCI-CaO reactions.

3) Increasing the Ca/Cl molar ratio can enhance the
CaO dechlorination efficiency. With the increase in tem-
perature, the efficiency first increases and then decreases.
The optimum Ca/Cl molar ratio is in the range of 3.0 to
3.5, and the optimum dechlorination temperature is 923 K.
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