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Mathematical modelling and numerical simulation of second-order reaction kinetics for fast and slow
exothermic reactions has been applied with the aim to estimate the development of composition and
temperature profiles downstream of the flame reaction zone. The effects of slow and fast exothermic reactions
on the formation of the flame composition and temperature profiles are specified and analysed with account of
the combustion of CO and Hz. The effect of the reaction rates on the formation of the flame reaction zone is
estimated by comparing the results of numerical simulation with the results of experimental study to assess
the main factors controlling the combustion characteristics at gasification and combustion of biomass. An
experimental study of the two-stage process of biomass thermo-chemical conversion was conducted using a
pilot device with an integrated biomass gasifier and a water-cooled combustor. The primary stage of biomass
thermal decomposition provides the formation of an axial flow of product gas entering the combustion section
from the gasification section. The secondary swirling air provides mixing of the axial flow of combustible gas
with the swirling air flow and initiates the formation of a reaction zone downstream the combustor. The
complex local measurements of temperature and composition at different stages of biomass thermo-chemical
conversion confirm a faster burnout of hydrogen downstream of the flame reaction zone, determining the
dominant combustion of combustibles at the primary stage of the swirling flame formation.

1. Introduction

Understanding the effect of inlet swirl on the development of swirling flow field and combustion dynamics
during biomass gasification and combustion is important because swirling flows may affect stabilization of
combustion dynamics due to the formation of a toroidal recirculation zone (Gupta et al., 1984), which provides
enhanced mixing of the flame components improving combustion conditions and completing fuel combustion
(Driscoll et al., 2011). Flame stabilization and control of the combustion characteristics is very important if
different biomass types with dissimilar elemental and chemical composition are used as a fuel. The process of
biomass thermo-chemical conversion starts with thermal decomposition of biomass particles producing a fuel-
rich flow of the main combustible gases (CO, H,). The axial flow of combustible gases must be perfectly mixed
with the air to provide their complete combustion (Houshfar, 2012). Flame stabilization was found to depend
on the air co-flow swirl strength (Saediamiri et al., 2014) promoting the combustion with recirculation of heat
and chemically active species, which enhances fuel ignition and combustion. The investigations of swirling
flows with secondary swirling air supply at the bottom of the combustor provide evidence that the development
of combustion dynamics can be affected by air swirl reversing determining the formation of an upstream air
swirl (Abricka et al., 2014). The upstream air swirl provides enhanced mixing of the axial flow of combustible
gases with the air close to the biomass layer by enhancing their ignition and combustion and by varying the
development of the main flame characteristics downstream of the reaction zone. A specific objective of the
presented paper is the study of the development of flame composition and temperature profiles with
accounting for slow and fast second - order chemical reactions developing at thermal decomposition of
biomass and at the combustion of CO and H,. A mathematical model has been developed for numerical study
of the effect of slow and fast exothermic chemical reactions on the formation of flame composition and
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temperature profiles. Boundary conditions are specified considering the characteristic parameters of the
experimental device, which allow comparison of the results of numerical simulation with the results of
experimental study. The main factors controlling the combustion dynamics of swirling flame flow at biomass
gasification and the combustion of CO and H; are estimated and analyzed.

2. Experimental

The development of combustion dynamics at biomass (wood pellets) gasification and combustion of gases
released from thermal decomposition of biomass was studied experimentally using a small-scale pilot device
(Barmina et al., 2015). The main parts of the pilot device are: a biomass gasifier (1), which is filled with
biomass pellets with a total mass of 250 g and the sections of the combustor (2) of inner diameter D = 60 mm
and total length up to L = 900 mm, downstream of which the dominant burnout of the combustible gases
develops (Figure 1). Additional heat energy is supplied by propane flame flow (3) with the average rate 1-1.2
kJ/s into the upper part of the biomass to initiate thermal decomposition of the biomass pellets. The primary air
at the average axial mass flow rate 0.4 g/s is supplied below the biomass layer (4) to support the process of
biomass gasification which develops under fuel-rich conditions a = 0.3-0.5 with the average biomass weight
loss rate 0.15-0.2 g/s. The biomass gasification produces the axial flow of combustible gases with the typical
composition: 20 % CO, 20 % Hz and 2 % CH4. The swirling air supply above the biomass layer (5) at the
average mass flow rate 0.8-0.9 g/s initiates the swirl-enhanced mixing of the axial flow of volatiles with the air
determining thus the development of the slow and fast reactions at chemical conversion of combustible gases
downstream of the combustor at the average air excess ratio a = 1.3-1.5.

The experimental study of the thermo-chemical conversion of biomass pellets complexly combines the local
measurements (6, 7) of the flame composition and temperature. The flame composition was measured online
using a gas analyzer Testo 350 XL. Pt/Pt-Rh thermocouples were used for the local online measurements of
the flame temperature using a data recording PicoLog — 1012 plate. The online measurements of the main
parameters were made with an average accuracy up to + 5 %. The average values of all parameters were
estimated from 30 measurements.

Figure 1: The batch-size experimental device for experimental study of biomass thermo-chemical conversion:
1. - gasifier; 2. - water-cooled sections of the combustor; 3. —primary air supply; 4. — secondary swirling air
supply; 5. — propane flame inlet; 6.,7. — diagnostic tools.
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3. Mathematical modeling

Mathematical modelling of the combustion processes downstream of the combustor of radius r’ = rp and length
z = zp was performed using a diffusion approximation considering the development of two (fast and slow)
exothermic second-order reactions and the Arrhenius equation describing the temperature dependence of
reaction rates (Kalis et al., 2015). With this approximation, the mathematical model for swirling flow (Choi et al,
2007) reduces to a system of three dimensionless non-linear partial differential equations:

oT oT oT Le ) o
 rulrwE = AT C -4 A,C - %2y
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Where: Pe = poUoro/D, Le = M(c,D) (po = 1 [kg/m?], Up = 0.01 [m/s], ro = 0.05 [m], D = 510°° [m?/s], ¢, = 1000
[J/(kg'K), A = 5102 [ J/(mK's)]), Pe and Le are, respectively, the Peclet and the Lewis numbers; C; and C; are
the corresponding mass fractions of the two reactants; T'l=o = To = 300 [K] (T = T/To); By =1.510°, B, =
0.1510° [J/kg]; A’y = 10*, A’z = 10° [1/s] (A = A'ro/ Up); E1 = 2.510, E2 = 510 [J/mol] are the corresponding
initial temperature, specific heat releases, the reaction-rate pre-exponential factors, and the activation
energies for two reactions; B+ = 5, B2 = 0.5 (B = B/(cpTo)) are the dimensionless heat release parameters, &1 =
10, 82 = 20 are the scaled activation energies(d = E/(R To); R = 8.314 [J/(mol K)]); p = 1/T; and x = z/rp

€ [0,2] (x0=2),r=rlp € [0,1].

The approach seeks a steady solution as the time asymptotic limit of the solutions of the unsteady equations.
Discrete problems were solved with the finite difference and Douglas and Rachford (Douglas et al.1956) ADI
methods using uniform grid 80x160 in the space.

For the 1D reaction-diffusion equation 2 (w = 0, T = T(x), C4 = C4(x), C2 = Cx(x), Xe& [0,2]) with BCs T(0) = 1,

aT(2) _aCc(2) _

C4(0) = 0.8, C,(0) = 0.2, 0 (rq = ro = o0), by multiplying both second equations with B4, B2

oX X
and summarizing the equations yield: LeT”(x)+ B,C(x)+ B,C5(x) =0, ,
LeT"(x) =—-AC{(X) — B,C5(X) and, in the limit case, we obtain that the maximum temperature is
C,(0)+4,C,(0
T(X,) =1+ PiCA( )L’BZ 2(0) . Using the Matlab solver “bvp4c” it was also found that an increase in axial
e

velocity results in an increase in maximum value of the temperature for Le > 1 and in a decrease for Le < 1.
4. Results and discussion
4.1 Results of numerical simulation

For numerical simulation the boundary conditions (BCs) are the following:
1) along the axis of the combustor r = 0: IT _9C _ o (symmetry conditions);

oa or
2) at the wall of the combustor r = 1: 8l+ Bi(T —1) zﬁ =0;
or or
3) atthe combustor outlet x = xo: T = 9G =0
ox  ox

4) atthe combustorinletx=0:u=0,w=T=1,C1=0.8;C>,=02; Ie [O,I’l]; u=w=0,T=0.5,C =C,
=0, re [rl ,1] - uniform jet flow by r < ry, X€ [0, XO] and both reactants by r <rq, x =0; herei = 1; 2,

Bi =h% =01 (h=0.1 [J/(SZK]) is the Biot number, ri = 0.5.
For 2D numerical simulation the following parameters were used: Pe = 10; Le = 1; 1 = 0.0001; It = 3000, where
It, T are the number of iterations and time step. The maximum differences between two iterations are
VT =1e-4,VC,=VC,=1e-8.
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Figure 2: Formation of (a) the flame composition and (b) temperature profiles downstream of the flame with
the development of slow and fast reactions at fuel combustion.

Numerical analysis of the distribution of dimensionless temperature for r = 0; 0.1; 0.5; 0.75 and 1 showed that
the development of the two reactions downstream of the combustor caused the faster decrease of the mass
fraction for the reactant 2 with lower activation energy (Figure 2-a).

The formation of the temperature maximum value close to the inlet of the combustor was observed, which
refers to the maximum value of the heat energy release at the combustion of reactants (Figures 2-b).

The formation of the reaction zone at combustion of the gases, which are released from biomass thermal
decomposition, can be expressed as a global reaction (van Oijen, 2011):

CH1,400,6 +1.050, —» CO3 + 0.7H50 + heat (2)

In fact, the process of biomass gasification and combustion proceeds via a large complicated chain of
branched endothermic and exothermic, slow and fast reactions developing at thermal decomposition of
biomass and combustion of H, and CO. The dominant combustion reactions which lead to the formation of the
main products (H20, CO,) and their rate constants are as follows:

H+ O, —OH+0, A=265(16) (cm’mol)/s; E = 71.35 (kJ/mol); AH =+58.61 kJ/mol (3)
OH + H; - H+ HO, A=2.16 (08) (cm3/mol)/s; E = 14.36 (kJ/mol); AH = -74 kJ/mol (4)
CO + OH — CO, + H, A= 9.6 (11) (cm*mol)/s; E = 30.78 (kJ/mol); AH =-104 kJ/mol (5)
CO+0,—>C0O,+0,A=253(12) (cm3/mol)/s; E =199.71 (kJ/mol); AH = -29.8 kJ/mol (6)

With the aim to specify the effect of the slow (6) and fast (4) reactions occurring at the biomass gasification
and combustion of CO and H; on the time-dependent variations of flame composition and temperature, a
numerical simulation with account of these two reactions was carried out for the average temperature of
product gas entering the combustor T5,=950K. The main rate-constant parameters used in the numerical
simulation of the reaction rates are: A = 2.16(08) (cm3/mol)/s; E = 14.36 (kJ/mol) for reaction (4) and A =
2.53(12) (cm3/mol)/s; E =199.71 (kJl/mol) for reaction (6) (Mueller et al., 1999).

The results of the numerical simulation of kinetics confirm the faster burnout of hydrogen with a relatively slow
linear decrease of the CO mass fraction (Figure 3-a). In addition, the more intensive heat-energy release is
observed from the hydrogen combustion (Q4), which assisted as a heat source initiating and supporting the
combustion of CO. This is confirmed by a decrease of Q4 with correlating increase of the heat release from the
combustion of CO during the primary stage of thermo-chemical conversion of the volatiles (t < 1 s). Moreover,
during this stage of the combustion of CO and H an increase of the total amount of the heat release up to the
peak values is observed (Figure 3-b). The stabilization of the flame characteristics occurs after the burnout of
Ha, when the heat release due to the combustion of CO dominates (Figure 3-b).



131

1.2

c 21
S a =N
3 AN b
e \
o 0.8 4 14 & \\
© \
IS 9 \
E 0.4 - ; | Kt ————— M —
©
2 0 A ‘ i 0 N +
0 3 time,s ¢ 0 1 2 time, s 3
—e— CO;950K —a— H2;950K ——950K-Q1 (Q2) — —=—-Qsum

Figure 3: Time-dependent variations of the mass fraction of volatiles (a) and heat energy release (b) at
thermo-chemical conversion of volatiles.

4.2 Results of experimental study

The results of the experimental study show that the formation of the swirling flame composition and
temperature profiles downstream of the combustor are determined by the evolution of the processes of
biomass thermo-chemical conversion. This includes the primary stage of biomass thermal decomposition
developing in the gasifier with the formation of the axial flow of volatiles and the next stage of upstream air
swirl-enhanced mixing of the axial flow of volatiles with the air. It was found that the upstream air swirl
formation (Figure 1) and reflection from the biomass layer (Abricka et al., 2014) enhances the mass transport
of the mixture downstream the flow axis (r/R = 0-0.2). This leads to the formation of a sharp peak of the mass
fraction of the combustible gases (CO, H) near the flow axis r/R < 0.5 (Figure 4-a). The average temperature
of the mixture entering the combustor (L/D = 2.6) was about T = 950-1000 K with a peak flame temperature
near the flame axis (Figure 4-b).

Further development of the flame temperature profiles caused radial expansion of the flame temperature
profiles with a gradual decrease of the temperature peak value downstream of the flame axis with a correlating
decrease of the mass fraction of the combustible volatiles (Figure 5-a,b). Stabilization of the flame
temperature profile was observed at L/D = 6.

From Figure 5-b it follows that the process of thermo-chemical conversion of the main combustible gases (CO,
H2) proceeds with a faster burnout of hydrogen downstream of the flame reaction zone, as it follows from the
results of numerical simulation (Fig. 3.-a). The dominant combustion of H, and CO occurs at the primary stage
of the formation of the flame reaction zone, close to the combustor inlet: L/D < 1, where an intensive heat —
energy release (Fig. 3-b) results in the formation of a peak flame temperature (Fig.5-a).
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Figure 4: Radial profiles of the mass fraction of volatiles (a) and of flame temperature (b) at the primary stage
of thermo-chemical conversion of volatiles.



132

1300 3000
a b
< 3
g 1100 - < 2000
= e
@ 8
o —
e 900 = 1000 |
& \ g
=
700 \ 0 \
0 4 LD g 0 4 LD 8

—— CO;R=0 —— H2;R=0

Figure 5: Formation of the axial profiles of temperature (a) and mass fraction of the combustibles (CO, H,) (b).

5. Conclusions

Based on the results of mathematical modelling, numerical simulation and experimental study a correlation
between the development of slow and fast exothermic reactions and the formation of the flame composition
and temperature profiles has been observed and considered at biomass gasification and combustion of the
product gas.

It is established that the formation of the swirling flame composition and temperature profiles is influenced by
the upstream swirling flow formation determining the swirl-enhanced mixing of the axial flow of combustible
gases (CO, Hy) with air and the mass transport of the mixture downstream the flow axis.

The results of numerical simulation and experimental study confirm that the fast exothermic reaction of
hydrogen combustion helps as a heat source initiating and supporting the combustion of CO. Further
development of flame reaction zone is determined by the progress of the slow reaction, which at thermo-
chemical conversion of biomass pellets, can be related to the combustion of CO.
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