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Abstract

Due to complexity in interactions between solid
particles and between particles and carrier fluid,
modeling of biomass gasification kinetics has been
shown to be very challenging. Some commercial
packages such as Barracuda VR describe the process
using a complicated Eulerian-Lagrangian approach of
modeling gas - solid multiphase flow. Since chemical
reactions play the major role in the gasification process,
this paper focuses on a simplified model that describes
the influence of reaction kinetics on the process in a
bubbling fluidized bed reactor with circulating bed
material. The developed model assumes that the system
is ideally mixed with a constant bed temperature. Two
different set of reaction rate constants are applied to test
the model, and their results are compared with that from
Barracuda. The model is used to study the effect of
steam-biomass ratio on char conversion, and the results
show that the conversion of char increases with steam-
to-biomass ratio. Sensitivity analysis shows that the
output of the model strongly depends on temperature
and slightly depends on the bed material particles size.

Keywords: Simplified Model, Biomass, Gasification,
Fluidized Bed, Kinetics

1 Introduction

Biomass gasification process is a technology that has
attracted the interest of many researchers recently. This
is due to its potential as an alternative to fossil fuels that
are major contributors to the environmental
degradations. Aside being used as a fuel source for heat
and power production, biomass gasification product,
called syngas (a mixture of CO and Hy) can be used as a
feedstock for chemical synthesis.

Gasification of biomass involves its partial
combustion in the absence or limited amount of oxygen,
mainly with a gasifying agent such as CO, or steam. In
the gasification process, series of physical and chemical
activities take place. The process usually begins with
drying process, and then followed by pyrolysis. The
pyrolysis process leads to breaking down of the biomass
into solid matter (charcoal), gaseous mixture (mainly
CO,, CO, CH4 and H») and liquid matter (tar). The main
focus in biomass gasification process is to efficiently
convert all the char constituent into gaseous product of
the syngas by using either steam or CO».

Because of the complexities in particle-fluid and
particle-particle interactions, modeling a complete set of
biomass activities has been proven to be somewhat
challenging. However, with introduction of appropriate
assumptions, several attempts have been made with
some successful results. Most of the existing models are
centered around chemical kinetics, thermodynamics and
transport of species in the reactor. Chemical kinetics
play the largest role in the process since the conversion
of char is mainly by chemical means. By inclusion of
transport of mass, momentum and energy, the
concentration gradient of the reacting species over the
reaction chamber can be well captured.

The main objective of this paper is to study the
reaction kinetic influences on the gasification process in
bubbling fluidized bed reactor with circulating bed
material. The bubbling fluidized bed reactor ensures a
uniform heat distribution, and with a circulating bed
material, a constant heat supply is maintained. The basic
arrangement for such a system is shown in Figure 1.

Among several studies, (L et al, 2008; Fiaschi and
Michelini, 2001) studied the gasification kinetics based
on steady state 1-D model for two-phase systems
distinguished by bubbling and emulsion phases. The
studies consider the effects of hydrodynamics of the
species in the reactor. (Farooq et al, 2013) uses CO- as
a gasifying agent to study the influence of temperature
and partial pressure on char conversion rate. (Xu et al,
2011) studied the conversion rate of char with a 1-D
dynamic model that accounts for the effects of mass and
heat transfer, and concluded that the char conversion
depends on the exposed surface area and the micro-pore
size of the particles in a fixed bed reactor.

In this work, char conversion rate with steam as the
gasifying agent, and influences of steam-biomass ratio
on the conversion rate in bubbling fluidized bed reactor
with circulating bed material, are studied. A simplified
model describing the concentration of each species over
time is developed. The model accounts for mass fraction
of char particles in the outflow of the bed material, and
effective porosity of the total solid in the system. The
proposed model excludes the influence of convective
and diffusive transport of conserved properties. The
model is used to investigate the influence of kinetics rate
constants on reaction mechanism of the gasification
process by comparing its results with those from a
detailed 3-D model based on Barracuda VR. The model
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sensitivities to temperature and bed material’ particle
size are also analyzed.
In the following sections, the governing equations

are presented and a complete model for an ideally mixed
reactor is developed. The model results based on two
different reaction rate constants are compared for both
variations in time and in steam-biomass ratio. Finally,
some conclusions are drawn.

Product gas
outlflow

o o H,
Hy

U Steam inflow j Biomass inflow

J
| Dy W

Bed material °
inflow ° g e
———

Bed material
outlet flow

Figure 1. Bubbling Fluidized Bed Reactor with
Circulating Bed Material.

2 Governing Equations

The model describing the gasification process in the
reactor (Figure 1) is formulated based on a one-step
pyrolysis process and the competitive reactions of
gaseous species in both heterogeneous and
homogeneous phases.

e Pyrolysis

r

Biomass — wvolatile R1
Biomass E char R2

Here, the tar concentration is neglected. It is assumed
that the product of complete pyrolysis contains 91%
volatiles and 9% char by weight (Thapa et al, 2014). The
only gases considered among the volatiles are CO2, CO
and H», and their compositions are given in Table 1
(Thapa et al, 2014).

Table 1. Light Gases from Biomass Pyrolysis.

Volatile Component | Composition, v (Wt%)
CH,4 0.1213

co 0.6856

CO, 0.1764

H> 0.0167

H,O 0.0

e Heterogeneous reaction

e Homogeneous reaction
s

CO + H,0 - (CO, + H, R5
2.1 Model Formulation

The following further assumptions are applicable in
formulating the model.

(1). Both the bed material and char particles have
constant sizes.

(2). The temperature of the reactor is constant and
uniform across the reactor axis, which is achievable with
constant particle sizes and sufficient bubbling effect of
fluidization including homogeneity in the mixture.

(3). There is no phase separation for the same species
involving in both heterogeneous and homogeneous
phase reactions.

(4). The pyrolysis process is very fast, and all the
biomass is converted into char and volatiles as it is being
introduced into the reactor.

Applying a species mass balance for an ideally mixed
system

am _ . . .

dat M — Moyt + Mgen-

For biomass, m = pgVj,, ey, = 0 and mge, =V Rp,
and these give

dﬂ_mB,in
el + Rp. (1)

Here, pp is the mass concentration of biomass in the
reactor. V}, is the reaction volume and Ry is the rate of
biomass pyrolysis described by reactions R1 and R2.
Mg in is mass flow rate of biomass into the reactor.

The reaction rate constants r; and r, in R1 and R2

respectively are given in Arrhenius form (Haseli et al,
2011)

E; .
1; = Ajexp(— E) ;=12 2)

Here, T and R are temperature in Kelvin and gas
constant in J/(mol.K). The pre-exponential rate constant
A and the activation energy E of the reactions according
to (Fantozzi et al, 2007) are given as 1.44x10* s’ and
88.6x10° J/mol, respectively for R1, and 7.38x10° s!
and 106.5x10° J/mol, respectively for R2. Ry is given as

Rp = —(ry + 12)pp. 3)

For the reactions R3-R5, the species concentrations are
given in mol/m?. Equation (4) gives the general species
balance in the reactor.

T dc; . .
C + H,0 ?3’ CO + H, R3 2= Ciin = Coue + Ry (4)
C+C0, - 2C0 R4 j=C,H,0,C0,,CO0, H,
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For char, C particles
CC,in = WpcrzpB/MC- &)

Here, wy, is the weight fraction of char in the pyrolysis
product and M, is the molecular weight of carbon. The
outflow concentration of char depends on circulation
rate of the bed material. Assuming a homogenous
mixture of char and bed material particles in the reactor,

wemp
VpMc'

(6)

CC,out =

Here, w, is the weight fraction of char in the solid
mixture, and 7, is mass circulation rate of the bed
material. Based on a uniform distribution of solid
particles in the reactor, the expression for w,. is derived
and given by

_ McCc
(sr=1)(Bc—McC)+pc’

We

)

Here, s, = pp,/pc is solid mass loading ratio, p, = &,pp
is bulk density of the bed material, and p. = gcpc is
bulk density of char. p, and p. are the densities of bed
material and char, respectively, and their respective
volume fractions are &, and &.

Again, the effective volume fraction &; of the solid
particles in the reactor is given by

McCc
Pc

& =& +

(1—e&p/ec)- ®)
Since the amount of char decreases as the reaction goes,
the total reaction volume decreases with char
conversion. Assuming that circulation of the bed

material is in steady state, the instantaneous reaction
volume can be obtained from

V= () ﬁ ©)

Here, V,, = Ay H, is the solid volume of bed material,
with Hy its solid height and A, = wDZ/4 the reactor
cross sectional area, where D), is the bed diameter. & is
the average voidage of the bed under bubbling
influence. It should be noted that because of lack of
space, derivations of Eq. (7)-(9) are not part of this
paper.

The decrease in char residue concentration due to its
conversion is expressed as

For steam, H,0
WpyVH,071PB + Msteam (1 lb)

Mpy,o0 VpMp,o'

CHZ 0,in —

Here, wy,,, is the weight fraction of total volatile matters
in the pyrolysis product and M; is molecular weight of
the j species. v; is weight fraction of the species in the
volatiles after pyrolysis. Mgteqm 1S steam mass flow rate
into the reactor.

The decrease in concentration of each species due to
gas product outflow from the reactor depends on
concentration of the species at exit of the reactor, and on
the fluidization velocity. Assuming ideal gas behaviour,
and that the gas outlet is subjected to atmospheric
pressure,

. X iP, v,
Coue = (6 —5) 72 (12)

X = (/3G (13)

x; is the mole fraction of species j in the gas phase
mixture and P, is the atmospheric pressure. The
. v, . . . .
reciprocal of V—g defines the reaction residence time. The
b

gas volumetric flow rate V; is given by

Vg = Ap(uo — Umy)- (14)
Here, uy = % is superficial gas velocity of the

approaching gasifying agent (steam) and U, is the
minimum fluidization velocity. uy,s can be obtained

from Eq. (15) (Radmanesh et al, 2006). f is a reduction
factor of the bed cross sectional area which ensures high
fluidization velocity. In this work, a value of 0.2 is used.

)23
Uy = dng\/(27.22 + 0.04084r) — 27.2 (15a)
3 -
A‘r‘ — dppg(zs‘3 pg)g (15b)

Here, p4 and p, are gas mixture viscosity and density,
respectively. d,, is solid particle diameter, and g is
acceleration due to gravity.

The gas mixture density can be obtained from Eq.
(16). The viscosity of gas mixture is given by Eq. (17)
(Herning and Zipperer, 1936), in which u; is the
individual species viscosity.

R, =—(r3 +1y). (10) 1
=0t pg = 2 G E(GM) (16)
For each of the gaseous species,
. Uy = M (17)
Cjin = WpuViT1pp/M; (11a) S SN
j = C02,C0, Hz.
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The average bed voidage at bubbling fluidization can be
obtained from
The minimum fluidization voidage &p,f is given by Eq.
(19) and the bubble fraction in the bed § can be obtained
from Eq. (20).

1

ot ~ 14 (19)
_ Yo~ Ums
§="0" (20)

Here, u;, is the bubble rise velocity, which can be
obtained by

Up = Uy — Uy + 0.711/ gDy, 21

Dy, is the average bubble diameter over the bed, and can
be obtained by

_0.30(ug—tmy) " Hp*®

D
b go2

(22)

H,, is the initial bed height. The overall generation rates
of the species, assuming forward reactions as given in
R3 -R5 are

Ry,o = —(r3 +713) (23a)
Rep, =1+ 715 (23b)
Reo=m3+2r,—1% (23c¢)
Ry, =13 +15. (23d)

2.2 Reaction Rate Constants

The success of every chemical kinetic model depends on
rate constants of the reactions. Several models for
reaction rate constants are published in the literature.
Since the main objective of this paper is to investigate
the influence of reaction rate constants on biomass
gasification, two set of models used in (Xie et al, 2012)
and (Braun et al, 1981) are utilized, and their results are
compared. The rate constants given for the pyrolysis
process are applied in both cases. Table 2 gives a
summary of these models as applied in each of the cases.
The rate constants are expressed in mol/(m3.s).

The models in Case 1 account for reversibility, and
for influence of char residue in the heterogeneous
reactions R3 and R4. In addition to effects of char
residue in the heterogeneous reactions, Case 2 takes into
account the porosity of total solid particles in the
homogeneous reaction. The generation rates of the
species in Case 1 are given by

Re = (r3y + 14p) — (137 + 145) (24a)

Ry,0 = 13 — (135 +75) (24b)
Rco, = (Tar +15) — Tuf (24¢)

Reo = (35 + 2145) — (13 + 21 +75)  (24d)
Ry, = (rsp +15) — 131 (24e)

mg in Case 1 model is the mass of a single carbon
particle, and it is modeled as in Eq. (25).

dmg
dac

dce
dt

(1~ ec) 5ims (25)

Based on the ideal gas behaviour, Eq. (26) gives the
pressure, P in the reactor.

P =RT % (26)
j = H,0,C0,,CO, H,

2.3 Char Conversion Factor

Char conversion factor, X, describes the progress and
efficiency of biomass gasification process. X, given by
Eq. (27), expresses how much of char is converted
relative to its original concentration in the reactor.

X, = SeoCe @7)

Cco
Here, C¢  is the initial char concentration.

2.4 Initial Conditions

Assuming that the bed is initially filled with hot bed
material and product of biomass pyrolysis (char and
volatiles), the initial concentration of species in the
reactor are obtained as follows.

14
Coo = &ciy e (28)

The volume ratio, % can be obtained from Eq. (29)
b

L= — (M5, 4 1)_1 (29)

Vp Tm

Here, 1;, is the solid mass mixing ratio of bed material
to biomass.

For each of gas species, assuming the pressure in the
reactor is initially atmospheric,

0P
Cio = Z22(1 - £50) (30a)
X0 =12/3 (%) (300)

Mgo = %d?pc, where d is the diameter of single char
particle. pg o = 0.
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Table 2. Kinetic Rate Constants for Biomass Gasification Reaction

Reactions Case 1 (Xie et al, 2012) Case 2 (Braun et al, 1981)
R 22645 k. P 2
3 r3p = 1.272mTexp (— ) H,0 . 1 H0 L
6319 1 + k2PH2 + k3PH20 CC,O
— -4 2 _ 28000
13y = 1.044x10*m,T exp( = J, = 1.25x105 exp (_ - )
- 1729) CHZCCO k2 = 326x10_4
10120
k; = 0.313exp (— )
R4 22645 k4C
13y = 1.272mgTexp (— —) Ceo = ———
T 2 14+ -—=€0
B 2363 keaxco,
Tyr = 1.044x10"*m T?exp (—— 50130
T ks = 3.6x10° exp (— —)
- 20.92) Ceo? Ta2b
k. = 4.15x103 exp (— T )
RS 1510 Xco. X P\?
Ty = 2.78x1036xp (_ T) [CCOCHZO s = kS (xCO'xHZO — CZZ H2> (ﬁ) gf
- CCOZCHz/kC3] C%3OO
3968 ks = 377 exp (— —)
ke; = 0.0265exp (T) 44Too
ke.s = 0.017exp (T)

3 Results and Discussion

The parameters used in this work are given in Table 3,
where the variable, S, is the steam-to-biomass ratio.
The simulation is based on constant solid mass mixing
ratio 13,.

3.1 Comparison with Barracuda Results

The gas-particle flow in the reactor is simulated in
three dimensions using the
Barracuda VR 15. The Computational Particle Fluid
Dynamic model is based on the Eulerian-Lagrangian
approach of modeling gas-solid multiphase flow (Snider
and Banerjee, 2010). The approach treats solid phase as
discrete elements. The motion of individual particle is
tracked using Newton’s law. The particle-particle,
particle-wall and fluid-particle interactions are taken
into account (Boyalakuntla, 2003). The approach makes
it possible to solve the gas-particle system with a wide
range of particle size distribution (Amsden et al, 1989).

The evolution of mole fractions of the gas
composition in the reactor based on the developed
simplified (ideally mixed) model and based on the
Barracuda (3D) model are compared in Figures 2 and 3,
for a steam-biomass ratio of 0.6. The Barracuda result is
obtained by simulating the 3D model in a reactor of 2 m
high including the freeboard space under the same cond-

itions as given in Table 2. The 3D model results shown
are the composition of the gaseous product just at the
top of the bed.

Figure 2 shows that Case 1 model seems to show
little or no conversion. Except water, all other
compositions show decreasing trend with time, which
differ widely from the 3D model results. On the other
hand, Figure 3 shows that Case 2 model gives a similar

Table 2. Parameters for Model Computation.

Parameters Values Units
commercial solver d, 0.5 mm
d. 2.0 mm
&p 0.6 -
& 0.3 -
H, 0.40 m
Dy 0.55 m
T 1100 K
Py 1.01 bar
Tm 40 -
Op 2960 kg/m3
Oc 200 kg/m3
Psteam 0.204 kg/m?
Msteam 4.0x10-3 kg/s
mB,in Msteam kg/s
Sbr
My, rmmB,in kg/s
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trend to Barracuda and predicts except Ha, compositions
of CO,, CO and H,O closer to the 3D model. The high
discrepancy in the mole fraction of H; (Case 2) could be
due to non-inclusion of CHy in the simplified model
simulation, which was considered in the 3D model.
Because of similarities in the result trends, the proposed
model can be used to study the effect of variables such
as steam-biomass ratio that influence the gasification
process.

09

U] B

o7 B

06 1

Mole Fraction
o
i .
!

i 10 20 30 AID EID BID Yh BID a0 100
Time [sec]
Figure 2. Comparison with 3D Model for Case 1.

Green = H,0, Blue = H,, Red = CO, Black = CO;
Ideally mixed: Solid lines; 3D model: Saw-toothed

o7

06

Male Fraction

Tirne [sec]

Figure 3. Comparison with 3D model for Case 2.

Green = H,0, Blue = H», Red = CO, Black = CO;
Ideally mixed: Solid lines; 3D model: Saw-toothed

3.2 Conversion versus Time

Using the parameters in Table 3 and steam to biomass

ratio of 0.25, the model developed in this paper is
simulated using MATLAB ode solver. Figure 4
compares the char conversion factor obtained from both
models in Case 1 and Case 2. The Case 1 result shows
that less than 10% conversion can be achieved in 10
minutes. In Case 2, the result shows an appreciably
increase in conversion factor, giving over 45%
conversion at the end of 10 minutes. Figure 5(a) shows
that the concentration of unconverted water in the

system is higher in Case 1 than in Case 2, and this
confirms why the difference in the conversion factor
obtained in the two cases.

Figures 5(b-d) show the evolution of concentration
of CO,, CO and Ho, respectively for both cases. Both
cases show similar trends in CO;, concentration, but
Case 2 gives higher values over time. It can be seen from
the results that the concentrations of CO;, CO and H; in
Case 1 remain the same after 1 minute. This indicates
that the product gas is mainly from pyrolysis process
with little or none from gasification process. The
corresponding concentrations in Case 2 are higher over
time, possibly due to higher char conversion and more
activities in the water gas shift reaction (RS5). The slight
decrease in H in this case after attaining maximum
concentration may be due to a decrease in char residue
and retardation in water gas shift reaction due to
decreasing CO concentration within this period as
shown in Figure 5(c).

0.5

Case 2
045 —— Case 1 J

04} k

0351 q

03f q

025 q

02f q

Char Conversion Factor

015 q

01f El

0.05F q

0 1 1 I 1 1 I 1 1 I
0 1 2 3 4 5 6 T 8 9 10

Time [min]

Figure 4. Evolution of Char Conversion Factor.

3.3 Conversion versus Steam-to-Biomass Ratio

The effect of steam-biomass ratio, Sy, is represented by
the results in Figures (6-8). The results for each Sy,
correspond to the values at the 10th minute. Figure 6
compares the trend of char conversion with steam-
biomass ratio for both cases. The result trends from both
cases are exactly opposite. Case 1 show a decreasing
conversion factor as steam-biomass ratio increases.
However, in Case 2, X increases as Sp,- increases. The
increasing value of conversion factor in Case 2 can be
attributed to the reduction in amount of biomass into the
reactor since higher S;,. indicates lower biomass flow
rate.

Comparing Figures 7 and 8 (variation of mole
fractions of the product gas composition withSy,.), it can
be seen that both have similar trend. Both show decrease
in amount of CO,, CO and H; and increase in amount of
water, but Case 2 gives higher values for CO,, CO and
Ha, and lower values for H>O due to higher conversions.
The decrease in the gas compositions may be due to less
contribution from pyrolysis as S, increases.
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Figure 5 (a-d). Evolution of Product .
Gas Concentration.
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Figure 6. Effect of Steam-Biomass Ratio on Char. Figure 7. Effect of Steam-Biomass Ratio on Product
Composition (Case 1).
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Figure 8. Effect of Steam-Biomass Ratio on Product
Composition (Case 2).

3.4 Model Sensitivity

There are certain parameters of the model that are not
certainly correct based on the simplified assumptions.
Such parameters include temperature distribution and
particle sizes of the bed material and char. The results
obtained from the simplified model are based on the
average bed material’ particle diameter and on the mean
reaction temperature. Sensitivity of the model to
deviation of these parameters from the mean values, and
to uncertainty in the parameter measurement, is
analyzed here. The sensitivity measures the relative
change in any output of the model due to relative change
in any parameter of the model as expressed in Eq. (31).

—
=&
N—

€2y

~—
NE
SN—|

Here, S is the sensitivity, X, and Y, are the model output
and parameter, respectively, at the operating point. AY
is the deviation of the parameter from the operating
point and AX is the corresponding deviation of the
model output.

Figures 9 and 10 show the relative change in char
conversion factor, and in CO and H» concentrations, due
to relative change in temperature and bed material’
particle diameter, respectively, based on Case 2 model.
From Figure 9, the sensitivity of the model in response
to temperature change is 6.82 for char conversion, 7.27
for CO and 2.07 for H». This implies that for every 1%
change in temperature, keeping other parameters
constant, the char conversion increases by 6.82%, and
CO and H concentrations increase by 7.27% and
2.07%, respectively. The result in Figure 10 suggests
that output of the model decreases for any increase in
the bed material’ particle size, keeping other parameters
constant. The sensitivity to change in the material
particle size is very low, giving 0.015%, 0.040% and
0.016% decrease in char conversion, CO and H»

concentrations, respectively, for every 1% increase in
the particle size.

18

—+— Converted Carbon
—+—CO
00 —4—H2

Composition rel. change [%]

25 -2 -1.5 -1 05 0 05 1 15 2

20 ! L L

Temperature rel. change [%]

Figure 9. Model Response to Temperature Deviations.

—+— Converted Carbon
—+—C0

—+—H2

Composition rel. change [%]

2 1 1 1 1
20 -10 0 10 20 30 40
Bed material diameter rel. change [%)]

Figure 10. Model Response to Deviation of Bed Material’
Particle Diameter.

4 Conclusions

In this paper, a model for predicting the kinetics of
biomass gasification in a constant temperature bubbling
fluidized bed reactor with circulating bed material is
developed. In developing the model, effects of
convection and diffusion of species in the reaction zone
are neglected, and ideal mixing condition is assumed.
The influence of bed material circulation on char residue
reduction and the total reaction volume change due to
char conversion and bubbling of the bed are captured.
Two kinetics rate constants (Case 1 and Case2) are used
to test the model and their results show that conversion
of char and composition of the product gas depend on
the kinetic rate constants. Case 2 model gives results
closer to a 3D model based on Barracuda VR. The
sensitivity analysis shows that the output of the model
strongly depends on temperature and slightly depends
on the bed material particles size.

The proposed model forms a basis for further work
to develop a more detailed model that takes into account,

88 Proceedings of the 56" SIMS DOI

October 07-09, 2015, Linképing, Sweden

10.3384/ecp1511981



Session 3B: Session B

diffusion and convection of the reacting species as well
as the dynamic of temperature.
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