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The application of homogeneous reactor models to examine tle®nversion of
Polycyclic Aromatic Hydrocarbons in biomass derived fuel gses

L.M. Verhoeveri, J.A. van Oijen, L.P.H. de Goey
Mechanical Engineering, Eindhoven University of Technology, Tkérlands
www.combustion.tue.nl

Abstract

The removal of tar from biomass derived fuel gases is consitl® be a bottleneck in the widespread application of
biomass gasification. Tar is made up of Polycyclic Aromatycfdcarbons (PAHS) consisting of fused aromatic rings.
Past research has proven the possibility to remove the PAElespnaphthalene from producer gas at high temperature
by means of introducing a limited amount of oxidizer € 0.2). This process, which also can be regarded as partial
combustion, is not yet fully understood. By conducting adamental study of the mechanisms involved it will be
possible to optimize the process conditions and the regeometry. In the work presented here it is examined if
partial combustion can be described by homogeneous reactbe PAH species representing the tar content of the
producer gas is naphthalene (in correspondence with theuted experiments). Chemical equilibrium calculations
indicate that, if time scales approach infinity, it is posito convert naphthalene to lighter hydrocarbons at small
values of) (the equivalence ratio). For < 0.2 soot is produced. The influence of chemical kinetics is erauhi
with Perfectly Stirred Reactor (PSR) calculations. Thelitsgeveal that the time scales involved in the conversion o
naphthalene at small values of the equivalence ratio @ < 0.2) are considerate. This leads to the conclusion that the
process of tar cracking by partial combustion cannot beridest by homogeneous reactors alone. The experimental
results are not fully explained by the presented resultss ifldicates that heterogeneous effects should be taken int
account. This requires full 2D simulations in which moleautansport is included.

Introduction this work is to gain additional knowledge of the working

The reduction or decomposition of tar in biomass derinciples behind this process.
rived fuel gases is considered to be the bottleneck in the
application of biomass gasification [7]. A study of theroducergas  Mixing Tars are converted
different methods available to convert or remove tars hag, ; AHT’W‘;’;“;ISA h‘y‘gfolc‘ffgggs
led to an interesting observation. All the currently most _ _ _ _ _ _ _ _ - _._._
promising technologies experience a significant increase
in tar conversion when small amounts of oxygen are added — | —
to the process [2,3,7,8,10,12-15, 22, 24, 27]. _CloHs. Q cotts
For instance, when a non-thermal plasma is used to cIe@r]\mOa?g b. ot
producer gas originating from a biomass gasifier, the tar 0
content of the gas is reduced by approximately 70%. Ex-
periments have shown the positive influence of oxygen-
radicals on the conversion rate in this process [13, 14]. ) ) )
Also catalysts make use of oxygen/air/steam injection fégure 1: Converting tars by means of partial combustion
improve the tar reduction levels [4,5,27,28]. And rd8:23]
search has proven more than once that tar is reduced by
secondary air or steam injection directly into the gasifier
[2,7,15]. - I

pecific Objectives

A study by Houben [8,9] and van der Hoeven [23? To gain fundamental knowledge of the process it is

24] demonstrates the possibility to remove the Polycyclic . . ; i
: . Important to investigate the separate influence of thermo
Aromatic Hydrocarbon (PAH) species naphthalene fron namics and chemical kinetics. These phenomena play

producer gas at high temperature by means ofintroducg{g‘; important role during partial combustion and there-
a limited amount of oxidizerX < 0.2). The experimental P gp

- . ._fore several situations are simulated. As a first approach
results indicate the prominent role of oxygen and radlcz?ts

. . ) X . Is assumed that the process can be modeled by ho-
in partial combustion of contaminated synthetic producer . S

as. The oxidizer is fed continuously through several oz deneous reactors. - The analysis tool applied is the
gas. CHEMKIN I chemical simulation package. Chemical

zles into a reactor creating multiple diffusion flames (seee uilibrium simulations are conducted to study the ther-
figure 1). The working mechanism behind this heterogegI y

NOUS Drocess is not vet fullv understood. The pur osems!)dynamics of the process. Perfectly Stirred Reactor
P y y ' purp (BSR) calculations reveal which time scales are involved.

Several reaction mechanisms are assessed to give infor-

N mation about the differences in kinetics between the em-
Corresponding author: I.m.verhoeven@tue.nl ployed mechanisms.
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Table 1: Producer gas composition from the Milena indi-  Table 2: Initial conditions EQUIL calculations
rect gasification technology

Parameter Value
Species Name Mole fraction (-) Pressure 1.0 atm
H>0 Water vapor 0.312 Inlet temperature 1173 K
H, Hydrogen 0.212 Species included 160 (159 +1)
CcO Carbon monoxide 0.182 Tar content 2&/Nm?
COq Carbon dioxide 0.149 Naphthalene&’;oHg 0.52 vol%
CHy4 Methane 0.095
Ny Nitrogen 0.009
g2§2 é;:r:etlylene 88% The working pressure is atmospheric because an open sys-
CQH4 Ethy ene 0'031 tem is considered. The inlet temperature is based on the
CQHﬁ B ane 0‘ 005 temperature of the product gas (fu) after it leaves the gasi-
Cng T;:Zir;e 0.0004 fier. The parameter of interest is the equivalence ratio
Lol G G "
TG G
Thermodynamic analysis where m represents the mass amdthe amount of

Chemical equilibrium is the state in which thenoles. The subscripy; indicates that the conditions
chemical activities or concentrations of the reactanfsthin the brackets are to be considered at stochiometric
and products have no net change over time. Duriggnditions. The oxygen factor is varied from O to 0.3.
this process of rearrangement the enthalpy, presspgey = 1 complete conversion will take place. Consider-
and elements are preserved. Determining the chemigg the energy cost and the research conducted in the past
equilibrium is an iterative process where the Gibbs energifly small values of\ are considered. The type of oxi-

G = H - TSof the system is minimized. In this relatiorgizer (ox) is pure oxygen. Indirect gasification produces a
the enthalpy is represented By, the temperature by gas with a low content of nitrogen. If air is chosen as an

T and the entropy by Within the simulation packageoxidizer the product gas would be diluted with nitrogen,
CHEMKIN 11 the equilibrium solver EQUIL is applied \which is not desirable.

to execute the simulations. The 159 species (and their
thermodynamic data) present in the MSR mechanism &esults and Discussion
included in the simulations. This mechanism originates The purpose behind applying partial combustion is to
from Pope and Miller [16]. It contains 159 species ambnvert the tar content to smaller hydrocarbons. The pro-
773 reactions [20][21]. The consumption and producti@ess of aromatic species growing to soot, which is called
of the major species of fuel-rich oxidation of methangolymerization, is undesired. Polymerization is likely to
can be fairly accurately described with this kinetiappear at environments of high temperature and where
model [19]. The growth of PAHs is modeled by HACAow to no oxygen is present. It is assumed that the sum-
(Hydrogen-Abstraction-§H,-Addition) up to pyrene mation of all species with a higher molar mass than the
from Appel et al. [1] (the ABF mechanism), furthemdded naphthalene can be considered as the soot concen-
growth by cyclopentadienyl addition from Marinov etration (excluding fixed carbon). In addition in examining
al. [11], and combinative growth of aromatics followinghe thermodynamic route from PAHs to soot the creation
Bohm and co-workers [19]. For further information thef fixed carbon is regarded.
reader is referred to the stated literature. So all major gas The results are presented in figure 2. The upper left
species and the aromatic species varying from toludigure shows that for every oxygen factoall the present
to pyrene (a 4-ring PAH) are present in this set. Twaphthalene disappears. Even when no oxygen is added
examine the possibility of the formation of fixed carboall naphthalene disappears. To investigate if naphthalene
this species, along with its available thermodynamic datmdergoes the process of polymerization a summation is
is added to the set of species. made of all bigger species which is referred to as soot. In
the upper right figure it can be seen that polymerization
does not occur for any value af The figure on the bot-
Initial Conditions tom on the left side shows that for\a< 0.2 a considerate
Since this research project is executed in close collamount of fixed carbon is formed. Which indicates that
oration with the Energy Research Center of the Nethéne formation of soot actually is favored for small values
lands (ECN) the producer gas of the indirect gasificatiafi A. Lets consider the results of the major gas species
technology Milena is chosen as the gaseous fuel of intpresent in the Milena product gas.
est. Its composition and initial conditions are stated rhe results for four major species (methane, carbon
table 1. The tar content of 28/Nm? is represented by monoxide, hydrogen and carbon dioxide) can be seen in
naphthalene({;oHs), a 2-ring aromatic species. figure 3. The methane present in the product gas disap-
Several other initial conditions are listed in table Zears even when no oxygen is added. Likely, a big part is
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Figure 3: Major specie€H,, CO, Hy andCO,

converted to fixed carbon. For carbon monoxide and hy-
drogen there is always an increase visible. There is also
an increase in carbon dioxide visible for a small range of

A

The chemical equilibrium results of the other species
present in the product gas are now shortly discussed. The
concentration of water vapor decreases (in respect to its
initial concentration) for the smaller values of the oxygen

Analysis of chemical kinetics

The chemical equilibrium calculations have shown
that the thermodynamics of the system favor the path of
cracking the naphthalene to lighter hydrocarbons like hy-
drogen and carbon monoxide, but at the same time a con-
siderate amount of fixed carbon is formed. Of course
these calculations describe a model environment where
time scales and chemical kinetics do not play arole. To in-
vestigate the time scales that are involved Perfectlyestirr
Reactor (PSR) calculations are executed. These calcula-
tions are performed using the PSR code of the CHEMKIN
Il software package. A reactor made up of a fixed volume
with both a feed and a product stream is considered. When
the reactants enter the reactor they are instantaneously
mixed. The walls are non-catalytic and insulated. The
r[ﬁ(gw through the atmospheric constant-volume reactor is
characterized by a residence timeConstant enthalpy is
assumed. The following stationary relation for species is
solved.

wiT
P

In this relation the change of species determined
as a function of residence time chemical source term;
and the density.

- (Yl - Yi,inlet) (2)

Initial conditions

Since chemical kinetics play the leading part in PSR
calculations the applied reaction mechanism determines
the outcome. For the first calculations the MSR mecha-
nism is applied. In this case the reaction paths involving
fixed carbon are not taken into account, since they were
not available. Calculations with other mechanisms have
also been performed and will be discussed later on in this
section. A short overview of the initial conditions can be
seen in table 3.

Table 3: Initial conditions PSR calculations

factor A. All smaller hydrocarbon§’ H,, are not present

at chemical equilibrium. By combining the trends visible
in the results it can be concluded that the tar content in the
product gas, represented by naphthalene, is converted into
fixed carbon (for\ < 0.2), carbon monoxide, hydrogen

Parameter Value
Constant Pressure 1.0 atm
Constant Volume 1.6m3
Constant Enthalpy -
Inlet temperature 1173 K
Reaction mechanism MSR
Species included 159
Reactions included 773
Tar content 28&/Nm3
Naphthalen&;oHgs  0.52 vol%

The oxygen facton is again varied from 0 to 0.3, us-

and carbon dioxide. This also accounts for the smaller ligg pure oxygen. In addition the residence time is var-
drocarbons like acetylene, ethylene and benzene. A crigie from 10~° to 10* seconds. A reactor residence time
cal note must be placed by the type and amount of speciasying from10~2 to 10! seconds would indicate that
included in these calculations. If fixed carbon is not takéine process can be economically feasible. If the residence
into account different results are achieved. For it is ntitne would become any longer the required volume in-
possible to include all species a choice is made to inclucteases to unrealistic values. The results are presented in
all major gas species, a range of PAHs and fixed carbothe next section.
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Results and Discussion
In figure 4 the PSR results for the added naphthale
and the formed soot can be seen.
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) observed. For acetylene an interesting trend can be no-

ticed. Before the acetylene is consumed at larger time
) scales an increase up to 1500 percentXer 0.3 is ob-

Figure 4: a) Naphthalene b) Soot formed by growth @hryeqd. This increase can probably be explained by re-
PAHs garding the nature of the reaction mechanism. The mech-
anism applied in these calculations is developed to simu-

The decrease of haphthalene as a function of the OJ(?-G the soc_)t formatio!"n during methane oxidation. A_‘S was
gen factor\ and the residence timeis represented as &S ated earllgr the main soot formation submechanism in-
percentage of the initial concentration. The initial maS9rPorated is the so-called Hydrogen-Abstracidm,-
fraction of naphthalene at = 0 is equal to 0.03. Since”ddition (HACA) mechanism [25] [6]. The growth pro-
there is no soot present at= 0 the soot concentration jscessis Qescrlbed by the abstrgctlon of hydrogen to activate
represented as an absolute mass fraction. For all valgEynatics (3), followed by adding acetylene (4).
of A\ considered the fraction of naphthalene goes to zero
when the residence timeincreases, just as the chemical Ai+H— A +H @)
equiI!brium calculations predicted. Fi_gure 4(b) shpwst tha A;_ + CyHy — products )
soot is produced and consumed again as a function of res-
idence time. This process is accelerated when more oxy-In this case the production of acetylene can thus be
gen is added. These results show that, as was indicategharded as the driving mechanism behind the growth of
by the chemical equilibrium calculations, the concentraromatics to soot. The other smaller hydrocarbOnH,
tion of the added naphthalene goes to zero when snaalt consumed in time. The addition of more oxygen
amounts of oxygen are added. In the same time sootixelerates this process.
produced and consumed again. The results indicate that
the time scales which are involved are relatively big to aphe PSR calculations confirm that naphthalene dis-
ply the principle of a PSR in reality. Now lets consideappears for small values of The involved time scales
the major species (figure 5). The top left figure shows thee relatively big to apply the principle of a PSR in
behavior of methane as a functionJofindr. In compar- reality. The route to bigger aromatic species which leads
ison with the chemical equilibrium results an increase tf the formation of soot is also clearly visible in the
methane for small values of can be observed. The factesults. Larger time scales show that the formed soot is
that the route to fixed carbon is not taken into account eeensumed again which is in correlation with the chemical
plains this effect. When more oxygen is added almost afjuilibrium results. Some remarks must be placed here.
methane is consumed at large values.o€arbon monox- First of all, the applied mechanism is developed for soot
ide and hydrogen show an increase, in respect to their ifgrmation. The results confirm this. Secondly, no soot
tial concentration, under all modeled conditions. The cooxidation reactions are included in the mechanism. The
centration of carbon dioxide decreases forlsigger than added naphthalene is only able to react i{tOH, CoH
0.1 at longer residence times. andCsH. This probably also contributes to the large time
As was indicated by the calculations conducted lsgales necessary for the soot to be consumed.
EQUIL the water vapor content increases at any addihe same PSR calculations are performed with the ABF
tional amount of oxygen. Only for the larger time scalemd the Richter2 mechanism. The ABF mechanism con-
involved a decrease in the water vapor content can dists of 101 species and 544 reactions and was developed

4



to model soot formation during natural gas combustidrhese two variations can also be observed when the re-
[26]. The Richter2 mechanism is developed by Hennisglts from the Richter2 mechanism are compared to those
Richter et al. [17] and was initially developed for thef the MSR mechanism. In addition to these variations a
oxidation of benzene () by Shandross et al. [18]. Itshift can be seen in the location of the peak values. For the
consists of 158 species (up to three condensed aromkiger values of soot is produced and consumed earlier.
rings - phenanthrene and anthracene) and 872 reactiénsthermore, it can be seen that the effect between adding
The results have been compared with the results achiemedoxygen & = 0) and adding little oxygen\(= 0.1) is

with the MSR mechanism. much bigger in respect to the other two mechanisms.
Comparison with two other reaction mechanisms ABF
In this section the agreements and differences of the 00 /,;‘;z;\\ r=0
PSR results of the three assessed mechanisms will be dis- £ o0 /75'” \
cussed. The results of the concentration of added naph- £ //f%‘"
H H . 0 0.01 /III
thalene for all mechanisms can be regarded in figure 6. s | ,’;/Zéi'géi\\
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Figure 7: Soot results from the a) ABF mechanism b)
MSR mechanism c) Richter2 mechanism

Concentration [%]

w0’ Residence tilr%er[s]
© In regard to the major species there are no big dif-
ferences noticeable. The resulting trends for the major
Figure 6: Naphthalene results from the a) ABF mech@Pecies and the smaller hydrocarbons can be considered

nism b) MSR mechanism c) Richter2 mechanism to be the same for every mechanism. For benzene and
toluene some differences are observed in absolute concen-

trations, but the general trends can be considered to be the
The naphthalene decreases as a function of tinsame.

Adding oxygen accelerates this process. This trend is vis-
ible in the results achieved with every mechanism. Ti@onclusions
rate at which this process accelerates does differ. WhenThe chemical equilibrium calculations have shown
increasing the oxygen factorless time is needed to dethat the thermodynamics favor the cracking of the added
crease the naphthalene to zero according to MSR mechaphthalene without the occurrence of polymerization to
nism in respect to the ABF and Richter2 mechanism. Th&gger aromatic species. Although, far< 0.2 a con-
ABF and Richter2 mechanisms also predict the prodwiderate amount of fixed carbon is formed. To investigate
tion and the subsequent consumption of soot (see figthie time scales involved Perfectly Stirred Reactor (PSR)
7). Two distinctive differences are noticeable in the realculations have been executed. Results have shown that
sults. The absolute mass fraction of the produced stio¢ time scales involved are relatively bitp¢ — 10 s),
and the time scales involved in the consumption. Therespect to the desireld—3 — 10~ s, to apply the prin-
ABF mechanism predicts that less time (in regard to tgle of a PSR in reality to convert tars in product gas.
MSR mechanism) is needed to consume the soot agéinaddition to the MSR mechanism two additional mech-



anisms have also been applied, the ABF and the Richter2 matic and polycyclic aromatic hydrocarbon formation in a
mechanism. The results show that all three mechanism laminar premixed n-butane flam€ombustion and Flame,
express the same trends. A remark must be made by the 114:192-213, 1998.

fact there are no oxidation reactions present in the thiéél T- Milne, R. Evans, and N. Abatzoglou. Biomass gasifier

mechanisms. The assessed mechanisms are all developed@'s -

to model the growth of PAHs to form soot without tak-
) S . . o 13]
ing oxidation into account. By including oxidation reac[-
tions it can be possible that the time scales involved will

change. From the presented results it can be concluded

that the process of tar cracking by partial combustion cgnz)

not be described by homogeneous reactors alone. The ex-

perimental results are not fully explained by the presentad]
results. This indicates that heterogeneous effects should
be taken into account. This requires full 2D simulations
in which molecular transport is included. These 2D sim{i6]
lations are part of the current work.
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