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BioMASS SYNGAS, A LOW-CALORIFIC GAS continuously produced in the process of
biomass pyrolysis and gasification, a relatively little-known fuel, can be used for heat
production in an industrial plant. However, stringent emission norms have to be
fulfilled at all times. In this paper, we present numerical simulations of turbulent
combustion of the biomass syngas. They show that strict norms can be kept and
that the process does not need any additional oil-burners to sustain the mandatory
temperature. We have created a 3D model of the real industrial syngas combustion
chamber of complex geometry involving an axial co-flow jet and six additional air
inlets to enhance the swirl and to promote the generation of vortices. We have run
a series of non-premixed combustion simulations for the syngases produced from wood
chips and from turkey feathers.
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Notations

Cy dissipation constant,

molecular diffusion coefficient,

Favre-averaged turbulent kinetic energy,

scalar dissipation rate,

Sc turbulent Schmidt number,

ur k-component of the velocity vector,

Y. mass fraction of the specie «,

€ Favre-averaged energy dissipation,

Veurb  turbulent viscosity,
¢ mixture fraction,
¢ mean value (in sense of Reynolds averaging) of the quantity ¢,
qg mean value (in sense of density-weighted averaging) of the quantity ¢,

2~ U
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fluctuation of ¢ from the Reynolds averaged value,

fluctuation of ¢ from the density-weighted averaged value,
¢st  value of quantity ¢ where the mixture fraction equals its stoichiometric value,
we production term of the specie a.

1. Introduction

GASIFICATION APPEARS TO BE THE MOST ECONOMICALLY promising way of
thermal treatment of the solid biomass waste [11, 18, 10]. An in-house industrial
installation enables clean waste disposal, which would otherwise require costly
outside contracting, and, in the simplest version, generates heat used in the
plant’s technological process. The combination of the two benefits makes even
the simplest gasifier-combustor-boiler systems commercially viable provided the
process is carefully designed to be clean enough, so that the composition of the
flue gases meets the environmental norms (|1, 2|) and the cost of their additional
purification is limited. Electric power co-generation can considerably improve the
economy of the whole process but any efficient co-generation, whether with a gas
turbine or internal combustion engine, requires much bigger initial investment
in a system of syngas cleaning.

All three components of the gasifier-combustor-boiler system must be indi-
vidually designed for different types of solid biomass waste. Of those three, it is
the combustor which has the main effect on the composition of the flue gases. It
has to be individually designed for the target flow rate and for the particular syn-
gas composition determined by the kind of biomass fed into the gasifier [8]. Some
of the pollutants present in the flue gases are robust. Their content is determined
by the chemical composition of waste biomass and they have to be removed from
the flue gases by the specific chemical treatment. This is the case, for example,
with sulphur for which stable and reliable removal processes are known and ready
desulphurisation installations are available. Other pollutants are highly sensitive
to the details of the combustion process and their concentration in the flue gases
may vary by more than one order of magnitude depending on the apparently
small change in the design of the combustion chamber, burner, oxidant supply
configuration, etc. This is the case with the NO, which are extremely sensitive to
the details of the reacting flow inside the combustion chamber [9, 6]. Their con-
centration measured in the flue gases may vary greatly without any noticeable
change in the control parameters of the industrial process [14].

To somewhat lesser extent this is also the case with carbon monoxide (CO).
Its chemistry is more robust and predictable than that of the NO, but its emis-
sion may be affected by possible irregular dynamics of the flow causing puffs of
unburned CO to exit the combustion chamber from time to time. A straight-
forward countermeasure would be to raise the temperature of the combustion
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process but this is antagonistic to the reduction of the NO,. Another limit on
lowering temperature is the requirement imposed on the combustion of syn-
gas originating from waste material. Such syngas and all exhaust gases must
be subject to temperature no less than 850°C for at least 2 seconds (|1, 2]).
This requirement has to be ensured by an additional oil burner, which, in case
of temperature decrease, has to be switched on automatically. Since changing
temperature in the combustion chamber is restricted by such opposing environ-
mental constraints the question arises whether these conditions are possible to
fulfil in industrial devices.

In the present work we focus on two different kinds of low-calorific biomass
syngases, the first produced during the gasification of wood chips, the second
produced during the gasification of poultry feathers. We show, using numerical
simulations, that even such low-calorific gases can be burnt in an industrial
combustion chamber without any additional burners, with pollutant emissions
comfortably below the legal emission limits.

2. Materials

2.1. The biomass syngas

The process of biomass gasification produces a unique combustible gas called
biomass syngas. This fuel is fully renewable and contains mainly nitrogen (un-
less gasification was done in pure oxygen and biomass was nitrogen-free when
nitrogen would be absent), hydrogen and carbon monoxide. Detailed composi-
tions are shown as mass fractions in Table 1. The compositions of these syngases

Table 1. Composition (mass fraction) of biomass syngases produced in the
gasification of wood chips [8] and turkey feathers [7].

Notation reference syngas®) | wood syngas | wood syngas | feather syngas | feather syngas
RS WS1 WS2 FS1 FS2
Nitrogen 0.568 0.567 0.583 0.549 0.599
Carbon Mono. 0.281 0.268 0.280 0.030 0.068
Hydrogen 0.015 0.006 0.005 0.005 0.003
Carbon Di. 0.110 0.096 0.071 0.396 0.299
Oxygen 0.005 0.023 0.025 0.000 0.014
Water 0.000 0.014 0.014 no data no data
Methane 0.020 0.019 0.015 0.020 0.015
Ethane 0.000 0.001 0.001 no data no data
Propane 0.000 0.005 0.005 no data no data
LHV [MJ /kg] 5.65 4.66 4.46 1.91 1.80

) Biomass syngas. Source: www.treepower.org.




514 K. KwiaTkowskI, K. BAJER, K. WEDOLOWSKI

were measured in two industrial gasification plant: the first, located in Szepie-
towo [8], utilising wood chips; the second, located in Olsztyn, close to a poultry
slaughterhouse [7, 14], utilising turkey feathers.

Due to its relatively low mean calorific value, strongly fluctuating composition
and admixture of soot and other solid components, the syngas is most often
burnt in combustion chambers. More advanced applications, like for example
using syngas as fuel for the IC engines, are in their infancy. The syngas contains
methane and other hydrocarbons, so in order to perform proper modelling of
combustion in a chamber the scheme for chemical reactions must go beyond the
combustion of only hydrogen and CO (|9]) and include hydrocarbons.

The syngas generally contains only trace amounts of hydrocarbons with more
than three atoms of carbon (Table 1). The energy contained in CoHg and C3Hg
is around 6% of the total chemical energy of wood-derived syngases. Hence, we
can use the GRI3 [19] detailed mechanism of chemical reactions and thermody-
namic data for reaction calculations. It is based on 6 elements and 53 species
appropriate for syngas and includes more than 300 reactions.

2.2. Syngas combustion

Combustion of biomass syngas differs from combustion of other gaseous fuels.
Gasifiers, especially fixed-bed, produce low-calorific gases at the temperature
around 1000 K [7]. In the combustion chamber these hot fuels are mixed with
cold air. The stoichiometric value is typically close to 0.5, i.e., the proportion of
air and gas is close to one.

Environmental regulations require that the combusting gases spend no less
than 2 seconds in the region of high temperature (minimum 850 °C). For a given
gas volume flux at the inlet, determined by the production rate of the gasifier,
this imposes a lower bound on the volume of the combustion chamber, which in
the installation we are modelling is about 36 m?. In such a large-scale industrial
syngas device turbulence occurs naturally. The estimated values of the Reynolds
number spanning the range of flows in our simulations of the non-reactive case,
i.e. ‘cold’ flow, are of the order of 10°. Hence, the flow is clearly turbulent and
turbulence modelling must be used. The highest value of the Reynolds number,
based on the diameter of the fuel inlet and on the fuel inlet velocity, is equal
1.87 x 10°.

A sketch of the simulated combustion chamber is presented in Fig. 1. It
consists of a vertical cylinder with a system of fuel and air inlets installed in the
top surface and an outlet located near the bottom of the cylindrical side wall.
The position of the outlet in the wall makes for a major departure from axial
symmetry. The axial (vertical) cross-section which includes the centre of the
outlet pipe is denoted (z-z) plane. Another asymmetry is due to the additional
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swirl-enhancing air inlets in the top surface. Symmetrically placed on a circle
concentric with the main axial jet those alone would make only small, possibly
negligible, departure from axial symmetry. However, due to the combination of
discrete auxiliary inlets at the top and the fixed position of the outlet, the system
has neither planar nor axial symmetry.

a)

b) fuel inlet
swirl air inlets \ \

main air inlet @ /n l

(serew inside the pipe)”

Fic. 1. The 3D model of the syngas burner. Six additional inclined inlet pipes mounted in
the top wall induce swirl. Details of the inlets are presented in the lower picture.

In our simulations the values of the gas and air inlet velocities correspond
to the typical values measured in the industrial devices (particularly in the in-
dustrial installation for thermal waste conversion in operation in Olsztyn). The
boundary conditions are explained in Fig. 1. The values of the boundary condi-
tions are listed in Table 2. Since the cold flow simulations include no chemical
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Table 2. Boundary conditions for turbulent non-premixed combustion.

Boundary Vaxial [m/8] | Viadial [m/s] | Vawirt [m/s] | € [—] 5/2 [=] | Temp [K]

Fuel inlet 10 0 0 1 0 800
Main air inlet 2 0 3 0 0 300
Swirl air inlets 6 0 6 0 0 300
Walls 0 0 0 0 0 1000

reactions, and the density of the syngases is comparable with the density of air,
we assume air as the working fluid for both the oxidiser inlets and for the fuel
inlet.

3. Methods
3.1. Conserved scalar approach

All species present in the combustion chamber obey the advection-diffusion
equation with the nonlinear source terms describing the chemical conversions of
the species.

Under the assumption of equal diffusivities of all species — a reasonable as-
sumption for turbulent flow, we can use the conserved scalar approach to sepa-
rate the modelling of the flow from that of combustion [4]. For turbulent, non-
premixed combustion it is convenient to introduce the mixture fraction variable,
¢ (sometimes denoted by f), defined at every instant over the whole domain,
to be the mass fraction of the material that originated from the fuel stream.
The origin of the material is an invariant during the chemical reactions, so the
mixture fraction is conserved (Eq. (3.1)).

apE) | Ipukf) 0 ¢
(3:-1) ot " oz,  0an < Da:sk)'

If combustion does not occur, the mixture fraction simplifies to the fuel mass
fraction.

We usually normalise mixture fraction, so that £ = 1 in the fuel stream and
& = 0 in the oxidiser stream which simplifies the boundary conditions for fuel
and oxidiser inlets (see Table 2). Mass fractions of the particular species of fuel
are presented in Table 1. The sum over all species should be 1.

For large-scale complex flows with turbulence the conservation equation
(also Eq. (3.1)) has to be averaged.

The Favre-averaged version of the equation of mixture fraction conservation
takes the following form:
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For a non-reacting scalar the gradient assumption can be used for the last term
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on the right hand-side (see [16]), so u}{" = —Dt%. In a turbulent flow the
turbulent diffusion coeflicient D; is much larger than molecular diffusivity, so
the latter is usually neglected.

As we shall see later, the second moment of the mixture fraction, £”2, is
a parameter in the assumed probability density function (PDF), so we must
solve an additional equation for its temporal evolution (Eq. (3.3), [5, 17]).

o(pe") | O(pixt"?)

(3.3) 4
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The mean values of the reacting scalars (mass fractions of all species) can be
calculated from Eq. (3.4) using the presumed shape of the PDF of the mixture
fraction, P(§), and integrating over the whole mixture fraction space,

1
(3.4) Vo= [ Ya(©P(e)de
0

The shape of P(£) is an empirical result of many experiments (cf. [12]). In
the numerical simulations of turbulent combustion mainly two kinds of PDFs
are used: the clipped Gaussian function or a beta function, both parametrised
by the mean value of the mixture fraction (obtained by solving Eq. (3.2) with
a CFD code) and by the root mean square of the fluctuation of mixture fraction
(obtained by solving Eq. (3.3)). Alternatively, the whole set of equations for the
reacting species should be solved directly, which is a lot slower and less conve-
nient. An example of such computations for simplified reactions in a developing
mixing layer was given in |20].

3.2. Laminar flamelet

Combustion takes place when two conditions are fulfilled. Firstly, the value of
the mixture fraction should be close to stoichiometric, which ensures the appro-
priate proportion of fuel and oxidiser. Secondly, there should be a large gradient
of the mixture fraction, which distinguishes the case when fresh fuel is mixing
with oxidiser from the case when fuel and oxidiser are already burnt [4|. Often
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Fiag. 2. Typical mixture fraction distribution near the inlets.

such zones (flamelets) are considerably thinner than the smallest characteristic
length scale of turbulence (the Kolmogorov scale) and can be treated as a wrin-
kled sheet of constant, stoichiometric value of the mixture fraction [15|. Locally
it is possible to introduce the coordinate system with two coordinates parallel
to the isosurfaces of the mixture fraction (see Fig. 2) and with mixture fraction
as the transversal coordinate.

Peters [16] reviewed the formal introduction of this coordinate transforma-
tion and derived the equations for the mass fractions of all species (Eq. (3.5)) and
for temperature (Eq. (3.6)). The main processes in the ‘mixture fraction space’
are diffusion and chemical reactions. The influence of the fluid flow on mix-
ing is accounted for by considering the quantity called scalar dissipation rate,
N =2DV¢ - V€, which may be interpreted as the inverse of the characteristic
time scale of diffusion [3].

1 0%Y,
(3.5) §PN(§)8—£2 + wa =0,
1 o*r

Boundary conditions for these equations are like those for the counter-flowing
jets of fuel and oxidiser with a stagnation point.

The great advantage of the methods based on tabulated chemistry, like the
laminar flamelet method, is the possibility of doing all calculations of the chemi-
cal reactions once, before running the fluid-mechanical simulations. The flamelet
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library built in such a way consists of the solutions of Egs. (3.5) and (3.6) de-
pending on the values of the mixture fraction and the scalar dissipation rate.
Both these quantities, and also the variations of the mixture fraction that are
necessary for the beta-function PDF, are computed in the CFD code.

4. Results and discussion

4.1. Flamelet properties

We calculated the flamelet library for combustion of the biomass syngases
produced from wood chips and from turkey feathers (see Table 1). Two values of
temperature of the inlet syngases are considered, the typical value of 1000 K and
the low value of 800 K. In Fig. 3 we plot the maximum temperature observed
within the reaction layer as a function of the scalar dissipation rate for the
four syngases (two types of gasified biomass and two inlet temperatures). The
results depend strongly on the syngas calorific values. The wood syngases sustain
the combustion even for high values of the scalar dissipation rate (higher than

2200
2100
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1900 [ ¥
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1700

maximum temperature [K]

1600 |,
1500

1400

1300

0 100 200 500 200 500 500 700 800

scalar dissipation rate [1/s]
F1G. 3. Dependence of syngas combustion on the scalar dissipation rate for different kinds of
syngases. Solid lines — wood syngas (WS1), dashed lines — wood syngas (WG2), dotted lines
— feathers syngas (FS1), dash-dotted lines — feather syngas (FS2). The initial temperatures of
the syngases are marked with colour: blue lines — initial temperature equal 1000 K; red lines —
initial temperature equal 800 K.
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200 s~!) while the syngases produced from feathers are prone to extinction for
such values. Increasing of the initial temperatures of the feathers syngases helps
to maintain combustion for lower values of the scalar dissipation rate. According
to our simulations the scalar dissipation rate does not exceed 50 s~!. Hence, even
for the gas obtained from the gasification of feathers extinctions do not occur
spontaneously. From the flamelet chemistry it follows that when temperature of
the fuel exceeds 1000 K the process is stable and no extinctions occur. This is
confirmed in working gasification plants.

The flamelet library tabulates the dependence of temperature and of the mass
fractions of the species on the mixture fraction. In Fig. 4 the temperatures in the
mixture fraction space are presented for the scalar dissipation rate equal 0.01 s~ 1.
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Fi1ac. 4. Solutions of the flamelet equations show the dependence of temperature on the mixture

fraction. Solid lines — wood syngas (WS1), dashed lines — wood syngas (WG2); dotted lines —

feathers syngas (FS1), dash-dotted lines — feather syngas (FS2). The initial temperatures of

the syngases are marked with colour: blue lines - initial temperature equal 1000 K; red lines —
initial temperature equal 800 K.

The profiles vary in maximum temperatures of reaction from around 1500 K
for the syngas from feathers at initial temperature 800 K, through 1600 K when
the initial temperature is 1000 K, to 2000 K for the wood-chip syngas at initial
temperature 800 K. For hot wood-chip syngas this value increases to 2100 K.

The dependence of carbon monoxide, nitric oxide and nitrogen dioxide mass
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fraction on the mixture fraction is plotted in Fig. 5. For NO, whose production
is correlated with temperature, the values for wood-chip syngases largely exceed
those for the feather-derived fuels (see Fig. 5b). Strong dependence on the initial
temperature is also visible. The higher is the initial temperature, the higher the
NO mass fraction. In contrast the production of NOs for both kinds of syngas is
similar and low (see Fig. 5c¢).

0.25

co []

. ,
0 0.1 02 03 04 05 06 07 0.8 09 1 0 01 0z 03 0.4 0.5 0.6 07 08 09 1
mixture fraction [] mixture fraction []

. . o>
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 |
mixture fraction []

Fic. 5. Solutions of the flamelet equations for the scalar dissipation rate of 0.01 s~'. The

panels show the dependence of (a) carbon monoxide, (b) nitric oxide and (c) nitrogen dioxide

concentrations on the mixture fraction. Solid lines — wood syngas (WS1), dashed lines — wood

syngas (WG2), dotted lines — feathers syngas (FS1), dash-dotted lines — feather syngas (FS2).

The initial temperature of syngases is marked with colour: blue line — initial temperature
equal 1000 K; red lines — initial temperature equal 800 K.
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4.2. Combustion

The results are obtained using the steady-state and transient pressure-based
Fluent solver. Among the simulated processes are turbulent flows, energy trans-
fer, radiation and non-premixed combustion. The details of the fluent setup are
listed in Table 3. The simulations were done on two meshes: fine mesh with 106
nodes and coarse mesh with 0.5 - 10° nodes.

Table 3. Summary of the fluent setup for the simulations
of turbulent combustion.

Models
Turbulence Realizable & — €
Radiation P1

Non-premixed combustion | Steady Flamelet

Solver Steady-state
Pressure based

The steady-state simulations were performed first to reproduce the main
features of the combustion process. Even those steady simulations are in good
agreement with the observations in the working industrial burner. The length of
the jets is consistent with observations — they reach down, roughly, to the middle
of the combustion chamber (see Fig. 6). Also, the simulations in all cases predict
the presence of an updraft near the wall of the chamber. In the real, working
combustion chamber the effect of this updraft is clearly visible in the observed
pattern formed by the solid particles deposited on the wall.

Visual observations, as well as the analysis of the high-speed camera record-
ing, show the combustion process to be unsteady. The time dependence of the
flow and the effects of unsteadiness cannot be captured by the steady-state
(RANS) simulations. In particular we are not able to predict any time-dependent
phenomena, like oscillations of the length of the jet or jet precession. We have
analysed theses effects of unsteadiness using both Unsteady RANS simulations
and Large Eddy Simulations (LES). The jet precession, as we show in Fig. 8,
has been observed. The unsteady, oscillatory character of the solution explains
the differences between the steady-state solutions presented in panels a) and b)
in Figs. 6 and 7. The steady-state solution poorly converges and is sensitive to
the numerical details, such as even small changes in the mesh size, because it is,
presumably, unstable and would have the tendency to become oscillatory if not
the steadiness imposed by the RANS method. The details of the LES results are
presented and compared elsewhere [13].
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F1a. 6. The steady-state results. Colour map of the velocity magnitude in the z-z plane sections:
a) fine mesh (10° nodes), b) coarse mesh (0.5 - 10° nodes).
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Fia. 7. Steady-state results of the combustion simulations computed with Fluent. Colour
maps of temperature in the z-z plane sections: a) fine mesh (10° nodes), b) coarse mesh
(0.5 - 10° nodes).
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Fi1a. 8. The results of the Unsteady RANS. The isosurface of the stoichiometric value of
mixture fraction coloured by temperature. The time interval between the snapshots is equal 0.6 s.
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Fic. 9. The results of the Unsteady RANS. The fraction of the combustion chamber
volume where temperature exceeds 850 °C at two times.

The main result of this work, which is observed for both steady and unsteady
cases, is that the temperature in almost entire volume of the combustion chamber
is higher than the required 850 °C. In Fig. 9 we show, at two times, the fraction of
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the combustion chamber volume where temperature is higher than required. The
precession of the marked volume reflects the precession of the jet. The average
temperature at the outlet is 980 °C with standard deviation of 50 °C. This is in
good agreement with the temperature at the outlet of the combustion chamber
measured in the feathers gasification plant in Olsztyn (see Fig. 10).
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1000 $4—0——
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Temperature [°C]
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0 1440 2880 4320 5760 7200 8640 10080 11520 12960 14400
Time [min]

Fi1c. 10. The temperature at the outlet of the combustion chamber where the syngas from
feathers is burnt. The data for 10 days (1.03.2011-10.03.2011) are plotted. The average value
(grey line) is close to 1000 °C. The standard deviation is smaller than 50 °C.

5. Conclusions

In the present paper we have shown that biomass syngas, whose popularity as
an energy source increases, is a valuable fuel useful for heat production. The fuel
supplied to the combustion chamber is hot, which is rather unusual compared
with other combustion processes. Therefore, the properties of the flame are not
readily and have to be calculated and tabulated. Such special conditions enable
burning the low-calorific biomass syngas without additional oil burner and with
almost no post-processing of the flue gases. This is possible even for low-calorific
biomass syngas due to the fact that almost half of the total energy of the gas
is in the form of heat. The rest of the energy, contained mostly in hydrogen,
carbon monoxide and methane, is sufficient to sustain combustion. The process
is practical in industrial heat production and economically viable even for low-
calorific syngas produced from feathers [7, 14|, where combustible gases comprise
less than 10% of the mass of the syngas.
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