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A reactor concept was studied to reduce the fuel NO at conditions rele®ant to cat-x
alytic combustion of gasified biomass containing ammonia. A hybrid reactor is modeled
with passi®e and acti®e channels, where only part of the fuel is combusted catalytically
in the acti®e channels. The completion of the reactions is carried out in the subsequent
homogeneous zone. The air � fuel ratio is found to be the most important parameter for
the NO emission le®el. When the primary zone is operated fuel-lean, no fa®orablex
conditions are established for selecti®e noncatalytic reduction reactions in the homoge-
neous zone, and the fuel nitrogen is largely oxidized to NO. Howe®er, if the air supply to
the monolith is staged rich-lean, a 95% reduction in NO is possible. The NO reduction
is facilitated by the remaining fuel components, CO and H .2

Introduction
As a result of the growing concern for the effects of in-

creasing emissions of CO caused by the extensive use of fos-2
sil fuels, the use of biomass for power production is becom-
ing more important. One possibility is to use gasified biomass
in gas turbines. Compared to natural gas, the fuels from gasi-
fication of biomasses are quite complex mixtures, consisting
of CO, H , CH , and to a minor extent C H as combustible2 4 2 4
components along with gasification byproducts, CO and2
H O, and N . Also present are minor amounts of N- and2 2
S-containing compounds, tars, and aerosols. For example,
biogas contains NH , H S, and alkali compounds. Ammonia3 2
may be oxidized to nitrogen oxides, leading to increased NOx
emissions, and the sulfur gives rise to SO during the com-2
bustion. The use of gasified biomass is often considered for
scales andror locations where ultralow NO emissions are notx
required. However, it is reasonable to expect that future
emission standards for NO will be more stringent even forx
these applications.

Some of the available techniques to control NO emissionsx
from heavy-duty industrial gas turbines are diluents injection
in the combustor reaction zone, and lean premixed dry low

Ž .NO DLN combustion. For ultralow emissions require-x
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ments, these must be combined with selective catalytic reduc-
Ž .tion SCR De-NO systems in the gas turbine exhaust. AlsoŽ x .

high-temperature catalytic combustion for gas-turbine appli-
cations has been investigated in recent years because of its
potential to minimize NO , unburned hydrocarbons. and COx

Žemissions for example, Johansson et al., 1999; Forzatti and
.Groppi, 1999; Groppi et al., 2000 . While catalytic combus-

tion of natural gas has been developed for the purpose of
ultralow emission of NO , the catalytic combustion of gasi-x
fied biomass may have other motives. Gasified biomass is a
low-heating-value gas, and catalytic combustion may be at-
tractive compared to conventional combustion due to its
higher combustion stability and safer ignition. However, spe-
cial attention must be paid since sulfur and alkali compounds
may be poisonous to the catalyst.

The considerable levels of NH in the gasified biomass3
cause fuel-NO to be the dominant source of nitrogen oxides.x

Ž . Ž .Johansson 1998 and Burch and Southward 2000, 2001 re-
viewed previous work on fuel-NO reduction in catalyticx
combustion of gasified biomass. In an earlier work on fuel-

Ž .NO abatement, Clark et al. 1982 performed a bench-scalex
testing of three pressurized combustion chambers: a catalytic
combustor, a diffusion flame, and a perfectly stirred reactor.
They used a synthetic low-heating-value gas simulating gasi-
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fied coal with the addition of NH to simulate fuel-N. The3
catalytic reactor converted 14% of the ammonia to NO ,x
compared to 22�33% and 50% to NO for the diffusion flamex
and the perfectly stirred reactor, respectively. The lowest
conversion of NH to NO was achieved when the catalyst3 x
was staged fuel rich�fuel lean with reduction of NO in thex
fuel-rich region, and a PtrNiOrZrO -catalyst was superior2
compared to a PtrAl O -catalyst. Recent work has mainly in-2 3
vestigated the possibilities for selective oxidation of ammonia

Ž .to nitrogen by the combustion catalyst. Lietti et al. 1999
studied Pd-based catalysts and attributed a fairly low NOx
reduction effect solely to reactions in the gas phase. The best

Ž .results so far seem to be those of Burch and Southward 2001 .
They used fuel-rich catalytic combustion of biogas at atmo-
spheric pressure and could obtain selective oxidation of am-
monia to nitrogen over Rh and Ir catalysts for temperatures

Ž .above 873 K 99.5% NO reduction . They attributed the NOx x
reduction effect to reactions on the catalyst surface.

High-temperature catalytic combustion also has to deal
with the problem of the instability of catalyst materials at
high temperatures. This problem is discussed in several re-

Žviews on high-temperature catalytic combustion for example,
.Johansson et al., 1999; Forzatti and Groppi, 1999 . One im-

portant method to solve this problem is to use a combustion
Žchamber with catalytic stages up to a limited temperature for

.example, 1,000 K followed by a homogeneous combustion
zone without catalyst for the combustion up to the inlet tem-

Žperature for the turbine for example, 1,573 K, as used in this
.work . This is called a hybrid catalytic combustion chamber

and avoids the necessity for very sophisticated catalyst mate-
Žrials for the catalytic segments Groppi et al., 1995; Dalla

.Betta et al., 1995 .
In this work we have for the first time to our knowledge, by

using a mathematical simulation with detailed combustion ki-
netics, investigated the possibilities of obtaining fuel-NO re-x
duction in hybrid combustion chambers fueled with biogas.
We simulate a ceramic monolith where part of the fuel is
combusted in active channels, followed by a homogeneous
zone where the combustion is completed. Our main objective
has been to search for favorable conditions for minimizing
NO emissions from the hybrid combustion chamber. The ap-x
proach is to use the potential reducing agents present in the
gasified biomass to convert NO to N in the homogeneous2
combustion section of the combustor. The reducing agents
are NH , which may react with NO under conditions favor-3

Ž .able for selective noncatalytic reduction SNCR , or the fuel
components, which may reduce NO in reburn-type reactions.
We have investigated various designs and operational condi-
tions of hybrid catalytic combustors for that purpose.

Numerical Model
The gas-turbine combustion chamber model is outlined in

Figure 1. With the assumption that there is laminar flow,
negligible heat dispersion, and uniform distribution of the gas
properties at the inlet to the monolith, a single two-dimen-

Ž .sional 2-D channel has been modeled using the program
Ž .CRESLAF Coltrin et al., 1993 , which is part of the

Ž .CHEMKIN Collection Kee et al., 2000 . CRESLAF solves
the boundary-layer equations, and a cylindrical channel is
used here to approximate the actual shape of the channels.

Figure 1. The gas-turbine combustion-chamber model.

The governing equations for a steady flow are
Mass continuity

��u 1 � r� ®Ž .
q s0 1Ž .

� z r � r

Axial momentum

� u � u � p 1 � � u
�u q � ® q y �r s0 2Ž .ž /� z � r � z r � r � r

Cross-flow momentum

� p
s0 3Ž .

� r

Species continuity

� Y � Y � rJ1j j j, r
�u q � ® y y� W s0˙ j j� z � r r � r

js1, . . . , K 4Ž .Ž .g

Energy

� T � T 1 � � T
�c u q® y rkp ž / ž /� z � r r � r � r

K Kg g� T
q c J q h � W s0 5Ž .˙Ý Ýp , j j , r j j j� rjs i js1

State

p 1
�s 6Ž .K gRT

YrWÝ j j
js1

Due to computational advantages, in CRESLAF the
boundary-layer equations are recast using the Von Mises

Ž .transformation see, for example, Kee et al., 2003 . More-
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over, the cylindrical channel is discretized into 30�60 radial
mesh points from the centerline with the mesh points con-
centrated near the wall.

In Eqs. 4 and 5 the mass flux in the radial direction is
given by

W � X 1 � Tj j TJ sy � D yD 7Ž .j, r j ,m j� r T � rW

Inlet conditions
Each individual channel in the monolith has the height of

one millimeter. The pressure and velocity after the compres-
sor is 1.5 MPa and 1.0 mrs, respectively, and air and fuel are
mixed to different primary �-values, where � denotes the ex-
cess air ratio

actual airyfuel ratio
�s 8Ž .

stoichiometric airyfuel ratio

The inlet temperature to the monolith is 753 K, a typical
inlet temperature for the catalytic section of hybrid combus-

Ž .tors Groppi et al., 1995 . To obtain a final gas temperature
to the turbine of �1573 K, the overall excess air ratio is 2.5.

Boundary conditions
Ž .At the catalytic walls active channels the composition is

described in terms of surface-species site fractions. The site
fraction for species j is at every axial position determined by
equations

Ns
ss s � r s0 js1, . . . , K y1 9Ž .Ž .˙ Ýj i j i s

is1

K S

Z s1 10Ž .Ý j
js1

For one surface species, the steady-state condition given by
Eq. 9 is not solved, but instead Eq. 10 is used, which requires
that the site fractions sum to unity.

The flux of gas-phase species j to the wall is balanced by
surface production and destruction of the species by surface
reactions

s W s J q �Y � js1, . . . , K 11Ž .˙ Ž .j j j, r j s t g

Ž .The Stefan velocity � is the surface-normal fluid velocityst
that is associated with a net mass change at a reacting sur-
face.

Ž .On the chemically inert walls passive channels a zero-
gradient Neumann boundary condition is used for each
species mass fraction

� Yj s0 js1, . . . , K 12Ž .Ž .gž /� r rs 0

For an adiabatic wall, the boundary condition for the temper-
ature is determined with an energy balance

K Kg s� T
k q J h y s W h s0 13Ž .˙Ý Ýj, r j j j jž /� r rs 0 js1 js1

For the nonadiabatic wall, the boundary condition for the
surface temperature is TsT . Moreover, the axial velocity iss

Ž .assumed to be zero at the wall the nonslip condition . Sym-
metry is used to specify the boundary conditions at the chan-
nel center line in the axisymmetric channel. In a hybrid cat-
alytic combustor, the configuration with active and passive
channels results in heat transfer from the active channels to
the nonactive channels, thereby significantly lowering the exit
temperature from the monolith compared to an adiabatic

Ž .channel Groppi et al., 1995; Dalla Betta et al., 1995 . The
approach adopted here to estimate the axial temperature
profile of the catalyst surface is to first assume an adiabatic
channel, that is, without any cooling from adjacent passive
channels. Then the surface temperature profile is reevalu-
ated assuming that the actual temperature rise with respect
to the gas inlet temperature is a fraction of the adiabatic
temperature rise equal to the fraction of active channels. We
assume that there is temperature equilibrium between the
active and passive channels, and that the temperature rise
and conversion is proportional according to the equation

K gm 1˙ A
�Ts �h �	 14Ž .Ý R , j jm qm c˙ ˙A P p js1

Ž . Ž .In Eq. 14 m and m denote the mass flow in the ac-˙ ˙A P
Ž .tive and passive channel, respectively, and �	 denotes the

Ž .conversion factor for each fuel CO, H , CH . This method-2 4
ology, although somewhat simplified, is a way to estimate the
species and temperature profiles in the monolith. For the
purpose of this investigation, this should be a sufficient ap-
proximation, considering that the reactions in the active
channels are largely completed.

Homogeneous zone
The gas from the active and passive channels is assumed to

mix instantaneously at the entrance to the homogeneous zone.
If, for example, one-half of the channels are active, then it is
assumed that for each species one-half of the exit mole frac-
tion from the active channels is mixed with one-half of the
exit mole fraction from the passive channels.The subsequent
homogeneous zone after the monolith is modeled using

Ž .SENKIN Lutz et al., 1988 , which is part of the CHEMKIN
Ž .Collection Kee et al., 2000 . It is assumed that the homoge-

neous zone can be modeled with a plug-flow model, that is,
mixing effects in the homogeneous zone after the monolith
are negligible. Perfect mixing after the monolith may be a
simplified hydrodynamic assumption, and the usability of a
plug-flow model to model the homogeneous zone is further
addressed in the Results and Discussion section of this arti-
cle.
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( )Table 1. Composition of Gasified Biomass mol %

Synthetic Gas
Typical Real Synthetic Mixed with

� Ž .Species Gasified Biomass Gas Air �s2.5

N 41�50 44.9 69.82
O 0 0 15.32
H 9�14 10.0 2.72
CO 14�18 15.0 4.1
CO 11�20 14.0 3.82
CH 5�7 5.0 1.44
H O 10�12 11.0 3.02
NH 0.02�0.3 0.1 0.0273

�Composition used in the calculations.

ŽThe equations solved in SENKIN are adiabatic system with
.constant pressure :

Species continuity

dY � W˙j j jy s0 js1, . . . , K 15Ž .Ž .gdt �

Thermal energy

K gdT 1
c q h � W s0 16Ž .˙Ýp j j jdt � js1

The state expressed by Eq. 6 has to be added to the system.

Model fuel
The composition of biogas varies with the method of gasifi-

cation and the composition of the raw biomass material. The
composition of gasified biomass listed in Table 1 is, there-
fore, an attempt to summarize the distribution of the main
components. The synthetic gas is used in all simulations, in
order to simplify the numerical treatment. C -C hydrocar-2 12

Žbons and trace components that is, HCN, H S, and alkali2
.components were not included.

Chemical kinetic model
Both the gas-phase chemistry and the reactions on the cat-

alyst surface were described in terms of detailed reaction
mechanisms. The gas-phase chemistry is described with a
chemical kinetic model for hydrocarbon�ammonia�nitric ox-

Žide interactions Glarborg et al., 1998; Miller and Glarborg,
.1999 . This consists of 460 reactions among 66 species. In a

hybrid catalytic combustor the thermal stress of the catalytic
material is reduced. This means that Pt, which otherwise may
not be the preferred active component for catalytic combus-
tion of biomass, can be used. Consequently, the heteroge-
neous reactions in the active channels, which are assumed to
take place on a polycrystalline Pt-surface with a site density
of 2.71�10y9 molesrcm2, were adopted from Deutschmann

Ž .et al. 1996 . This mechanism describes the catalytic ignition
of CH , CO, and H oxidation at atmospheric pressure. We4 2
have extrapolated the mechanism for at least a qualitative
prediction of the behavior at elevated pressures. Pore diffu-
sion effects are not accounted for. More catalyst washcoat
would lead to a higher site density and a higher reaction rate.

To take into account that NH is oxidized on Pt, we have3

Table 2. Reaction Mechanism for NH Oxidation on Pt3
� �A Ea

��Ž . Ž . Ž .1. NH q2 Pt s ™NH s qH s 0.1 03 2
21Ž . Ž . Ž . Ž .2. NH s qPt s ™NH s qH s 3.7�10 202
21Ž . Ž . Ž . Ž .3. NH s qPt s ™N s qH s 3.7�10 20
21Ž . Ž . Ž . Ž .4. N s qO s ™NO s qPt s 3.7�10 20
13Ž . Ž .5. NO s ™NOqPt s 1.0�10 20

�Arrhenius parameters for the rate constants written in the form: k sf
Ž .A exp y E rRT . The units of A are given in terms of moles, cubica

centimeters, and seconds; E is in kJ � moly1.a��Sticking coefficient.

Ž .added an NH subset in this study see Table 2 . In the3
Ž . Ž .mechanism, Pt s denotes a free Pt site, X s an adsorbed

species, and X a gas-phase species. The mechanism was con-
structed with the assumption that at higher temperatures the

Žpredominant product of ammonia oxidation on Pt is NO for
.example, Cook, 1975 . As the process is mass transfer lim-

ited, the details of the individual steps on the surface are less
significant. The sticking coefficient for NH was set to 0.1 in3
all calculations, and the presence of NH did not significantly3
affect the oxidation of the other combustibles on the Pt sur-
face.

Results and Discussion
The advantage with our reactor concept is that only part of

the fuel is catalytically converted in the monolith and thereby
provides safe ignition of the low-heating-value gas. The use
of passive channels in the monolith controls the temperature
profile and avoids homogeneous ignition. After the monolith
the unreacted gas from the passive channels are mixed with
the partly reacted gas from the active channels. No reac-
tantsrreductants have to be added, as they already are part
of the incoming fuel gas.

In the catalyst of a hybrid combustor fueled with natural
gas, the homogeneous reactions play a minor role. However,
in gasified biomass there is a considerable amount of H ,2
which facilitates homogeneous ignition in the passive chan-
nels. Therefore, in order to avoid homogeneous ignition, the
ratio of active to passive channels in the monolith has to be
varied, depending on the stoichiometry in this region.

In the following we discuss two overall strategies to oper-
ate the hybrid catalytic combustor overall fuel-lean for maxi-
mum gas turbine efficiency and emitting low concentrations
of CO, hydrocarbons, and NO . The first strategy is to workx
fuel-lean both in the monolith and in the subsequent homo-
geneous zone, and to use the SNCR reactions to reduce the
formed NO in the active channels. The second strategy is tox
work fuel-rich in the monolith and then to add air down-
stream in the homogeneous zone. We thereby obtain a high-
temperature reducing zone after the catalyst, where a reduc-
tion of NO may be favored.

Lean primary �

First the reduction potential for a lean primary excess air
ratio of 2.5 was estimated. This corresponds to the overall
stoichiometry and results in the adiabatic temperature to the
turbine without need for additional air. To avoid homoge-
neous ignition in the passive channels, the ratio of active to
passive channels was 1:5 for the chosen value of �.
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Table 3. Estimated Temperature Profiles in the Monolith�

Axial Temp. Temp.
Distance Adiabatic 1r5 Active
Ž . Ž . Ž .cm Channel K Channels K

0 753 753.0
0.01 802 762.8
0.02 1,179 946.2
0.03 1,694 941.2
0.04 1,682 938.8
0.05 1,673 937.0
0.06 1,667 935.8
0.07 1,661 934.6
0.08 1,657 933.8
0.09 1,653 933.0
0.10 1,650 932.4
0.11 1,647 931.8
0.14 1,639 930.2
0.20 1,627 927.8
0.30 1,611 924.6
0.40 1,599 922.2
0.50 1,590 920.4
0.60 1,586 919.6
0.70 1,583 919.0
0.80 1,580 918.4
0.90 1,580 918.4
1.00 1,579 918.2
2.00 1,575 917.4
5.00 1,575 917.4

�Primary �s 2.5; T s 753 K ; u s1 mrs.in in

The predicted surface temperature profile in a monolith
with 20% active channels under adiabatic conditions is shown
in Table 3.

A contour plot of the temperature and selected gas-phase
species concentrations in the active channels of a monolith
with length 5.0 cm is shown in Figure 2. The length of the
monolith was chosen to avoid significant conversion in the
passive channels. The conversion is almost complete for CO,
H , and NH , but only 35% for CH as a result of the lower2 3 4
temperature rise compared to an adiabatic channel. The NO

( )Figure 2. Contour of the temperature K and selected
( )species mole fractions in the monolith chan-

nel.
�s 2.5; u s1 mrs; T s 753 K; lengths 5 cm; active chan-in in
nelsrpassive channelss1r5.

formed in the catalytic combustion of NH is converted to3
NO at the conditions studied. The elevated pressure facili-2
tates the NO formation; at atmospheric conditions the main2
product is NO. The estimated gas-phase composition after
the monolith is shown in Table 4.

The NH oxidation chemistry and the SNCR reactions are3
strongly dependent on the reaction temperature and compo-
sition. Without combustible components in the gas mixture,
at below roughly 1,050 K, little or no reaction between NO
and NH takes place. As the temperature is increased, the3

Ž .following simplified reaction sequence becomes active

NH qOHsNH qH O 17Ž .3 2 2

NH qNOsN qHqOH 18aŽ .2 2

NH qNOsN qH O 18bŽ .2 2 2

HqO sOqOH 19Ž .2

OqH Os2OH 20Ž .2

Since the key amine radical, NH , reacts almost solely with2
NO, a significant reduction in NO can be obtained. A further
increase in temperature beyond an optimum value promotes
oxidation of NH radicals to NO, resulting in an increase ini
NO. If combustibles like CO, H , and CH are present in2 4
the gas mixture, the optimum temperature for the SNCR re-
actions is decreased. This can be attributed to the increased
generation of chain carriers caused by the oxidation of these

Ž .species, as shown for CO by Alzueta et al. 1997 . The opti-
mum temperature for the SNCR reactions is decreased with
increased concentration of combustibles. However, when the
combustible reactants are oxidized, the adiabatic tempera-
ture rise is significant, increasing the temperature above the
window for the SNCR reactions. Instead of reacting with NO,
the NH is largely oxidized to NO, as seen in Figure 3. A3
parametric study indicates that the total reduction potential
is below 6%. The conclusion is that the NH content in the3
biogas cannot be used actively for NO reduction under these
conditions due to the large fraction of combustibles in the
biogas.

Figure 3. Profiles of temperature, NH , NO, and NO as3 2
a function of residence time in the homoge-
neous zone after the monolith; the inlet com-
position is taken from Table 4.
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( )Table 4. Estimated Composition mole fractions of the Gas
at the Exit of the Monolith�

Active Passive After
Species Channels Channels Mixing

N 0.722318 0.697429 0.7024072
O 0.113000 0.153000 0.1450002
H 0.000000 0.027000 0.0216002
CO 0.000197 0.040600 0.032519
CO 0.086100 0.038100 0.0477002
CH 0.008810 0.013600 0.0126424
H O 0.069300 0.030000 0.0378602
NH 0.000004 0.000271 0.0002183
NO 0.000260 0.000000 0.0000522
NO 0.000011 0.000000 0.000002

�Primary �s 2.5; T s 753 K; u s1 mrs; lengths 5 cm; active chan-in in
nelsrpassive channelss1r5.

Rich primary �

If the primary excess air ratio is decreased below stoichio-
metric to 0.8 the situation changes. The adiabatic tempera-
ture of the mixture is significantly increased, requiring a re-
duction of the ratio of active to passive channels in order to
avoid homogeneous ignition in the passive channels. The pre-
dicted surface temperature profile in a monolith with adia-
batic and 1r6 active channels is shown in Table 5. In Figure 4
a contour plot of temperature and selected gas-phase species
in the monolith is shown. In principle it should be possible by
trial and error to find a condition such that temperature rise
and conversion become proportional according to Eq. 14.
Here we have compared two surface temperature profiles: In
the first case the temperature rises faster than the conversion

Ž .of combustible species length 1.5 cm , and in the second case
Ž .it rises slower than the conversion length 2.5 cm . As can be

seen the final composition does not differ significantly for the
two cases. The limiting reactant oxygen is consumed in both
cases, but for different residence times.

The conversion in the active channels is almost complete
for H and NH , but only 60% for CO and 70% for CH as2 3 4
a result of the rich conditions and the temperature profile in

Ž .the monolith see Table 6 . Compared to the conditions just
given with a lean primary stoichiometry, the conversion of
methane has increased and no NO is formed due to the air2
deficit.

The results from the subsequent homogeneous zone after
mixing are shown in Figures 5�7. The temperature rises very

Table 5. Estimated Temperature Profile in the Monolith�

Axial Temp. Temp.
Distance Adiabatic 1r6 Active
Ž . Ž . Ž .cm Channel K Channels K

0 753.0 753.0
0.1 778.0 757.2
0.2 812.0 763.0
0.3 1,945.0 955.6
0.4 1,953.0 957.0
0.5 1,956.0 957.5
0.6 1,956.7 957.6
0.7 1,956.9 957.7
0.8 1,957.0 957.7
1.5 1,957.5 957.8

�Primary �s 0.8; T s 753 K: u s1 mrs.in in

( )Figure 4. Contour of the temperature K and selected
( )species mole fractions in the monolith chan-

nel for two different wall temperature profiles.
�s 0.8; u s1 mrs; T s 753 K; active channelsrpassivein in
channelss1r6.

rapidly in the main reaction zone where all methane and am-
monia are consumed, and then it has an almost constant value.
First a significant amount of NO is formed from oxidation of
NH before all oxygen is consumed. The NO is subsequently3
reduced to N , and the reduction is better for longer resi-2
dence times.

A reaction path analysis in the high-temperature regime
Ž .�1900 K reveals that there are two major channels for
consumption of NO in the absence of oxygen

Channel I

NOqH™NqOH 21Ž .
NqNO™N qO 22Ž .2

Channel II

NOqHqM™HNOqM 23Ž .
HNOqH™NHqOH 24Ž .

( )Table 6. Estimated Composition mole fractions of the Gas
at the Exit of the Monolith�

Active Passive After
Species Channels Channels Mixing

N 0.638839 0.607006 0.6124182
O 0.006020 0.096400 0.0810352
H 0.000004 0.053100 0.0440742
CO 0.034000 0.080200 0.072346
CO 0.152000 0.075900 0.0888372
CH 0.007600 0.026900 0.0236194
H O 0.161000 0.059900 0.0770872
NH 0.000012 0.000537 0.0004483
NO 0.000525 0.000000 0.000089
C H 0.000000 0.000002 0.0000022 6
H O 0.000000 0.000024 0.0000202 2
CH O 0.000000 0.000031 0.0000262

�Primary �s 0.8; T s 753 K; u s1 mrs; lengths1.5 cm; active chan-in in
nelsrpassive channelss1r6.
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Figure 5. Profiles of NO and N as a function of resi-2
dence time in the homogeneous zone after the
monolith.
The inlet composition is taken from Table 6. A significant
amount of NO is formed from oxidation of NH before all3
oxygen is consumed. The NO is subsequently reduced to N .2

NHqNO™N OqH 25Ž .2

N OqM™N qOqM 26Ž .2 2

The reduction of NO is facilitated by the presence of the
unburned fuel components CO and H , as they produce the2
H radical needed in the two channels

COqOH™CO qH 27Ž .2

H qOH™H OqH 28Ž .2 2

The participation of CO and H is shown in Figure 6, where2
their concentration declines slowly even after all the oxygen
is consumed. The reduction of NO by CO and H was also2

Ž .shown in a laboratory study Glarborg et al., 2000 .
To burn out the remaining CO and H , additional air is2

Ž .added downstream of the rich primary zone see Table 7 .
The final NO concentration depends on the residence time
in the reducing zone; under the present conditions it is 13

Ž .ppm, that is, a reduction efficiency of 95% see Figure 8 .
If the inlet velocity is increased to 7 mrs, the ignition dis-

tance in the monolith is increased from 0.3 cm to 1.7 cm. But

Figure 6. Profiles of CO and H as a function of resi-2
dence time in the homogeneous zone after the
monolith.
The inlet composition is taken from Table 6. Under the oxy-
gen deficit conditions prevailing after the reaction zone, CO
and H help to reduce the formed NO by forming H radi-2
cals.

Figure 7. Profiles of temperature and distance as a
function of residence time in the homoge-
neous zone after the monolith: the inlet com-
position is taken from Table 6.

the same composition after mixing can be achieved, indicat-
ing the same reduction potential in the homogeneous zone.
Reducing the inlet temperature to 673 K also increased the
ignition distance in the monolith significantly, from 0.3 cm to
12.3 cm, but the NO reduction potential in the homoge-x
neous zone was not changed significantly. A recuperate reac-
tor to generate higher inlet temperatures would therefore de-
crease the precious-metal cost with the same reduction effi-
ciency.

The combustion chamber designs studied here have been
simulated for realistic conditions regarding temperature and
pressure for gas turbines. A primary � of 0.8 gave a NOx
reduction efficiency of 95%. However, even higher reduction
efficiencies may be achieved if an optimum primary � can be
found that is rich enough to keep NO low and lean enough to
avoid excessive HCN formation. The temperature in the ho-
mogeneous zone should be high enough for fast NO reduc-
tion, but low enough to avoid thermal NO production. Thex
configuration of activerpassive channels in the monolith has
to be adjusted accordingly to avoid homogeneous ignition in
the passive channels of the monolith.

The final parameter to consider is that a high residence
time is needed in the homogeneous combustion section for
the NO reduction to reach the desirable extent. This may bex
possible, using a combustion chamber of a tubular design for
which residence times of several seconds are possible at least

Ž .in principle Perry et al., 1999 .
Obviously, the mixing region after the monolith is critical,

and here a plug-flow model may not be able to catch all the
details of the mixing process. We performed calculations with

Table 7. Estimated Composition into the Secondary Zone�

Species Before Mixing After Air Addition

N 0.633855 0.7045622
O 0 0.0950892
CO 0.040636 0.022236
H 0.010539 0.0057672
H O 0.164386 0.0899502
CO 0.150567 0.0823882
NO 0.000016 0.000009

�Air at 753 K is added downstream of the primary zone to burn out the
remaining CO and H . The overall � after mixing is 2.5 and the resi-2
dence time is 1.2 s.
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Figure 8. Profiles of temperature, CO, H , and NO after2
air-addition.
Inlet composition is according to Table 7. Close to 13 ppm
NO remains after combustion, which means an overall re-
duction of 95% for a primary � of 0.8.

Ž .OPPDIF Lutz et al., 1996; Kee et al., 2000 and the compo-
sition in Table 6 to study the influence of mixing. A diffusion
flame was established in the mixing layer at the outlet of the
active and passive channels. However, the concentration of
NO predicted by OPPDIF was not higher than the concen-
tration predicted with the plug-flow model shown in Figure 5.

Ž .In the NO reduction zone T �1,900 K the Reynoldsx
number is around 1,000, clearly in the laminar flow regime.
At higher inlet velocities the Reynolds number will be in the
turbulent regime where plug-flow models usually are valid
Ž .Raja et al., 2000 . We performed additional calculations with
CRESLAF and PREMIX to compare the plug-flow model

Žwith models that include diffusion Kee et al., 1985; Kee et
.al., 2000 . These calculations predicted a similar or even a

faster NO reduction than the plug-flow model.
ŽThe additional calculations for both the mixing zone tem-

.perature from 953 K to 1900 K and subsequent NO reduc-x
tion zone show that a plug-flow model, with its assumptions
regarding mixing, is able to reasonably predict the behavior.
This implies that the chemical kinetics is of more importance
than the flow model used.

Conclusions
A design concept for a catalytic combustion chamber de-

sign, with the ability to reduce the fuel-NO at conditionsx
relevant to catalytic combustion of gasified biomass, has been
proposed. This design consists of a monolith with passive and
active channels, where only part of the fuel is combusted cat-
alytically in the active channels. The completion of the reac-
tions is carried out in the subsequent homogeneous zone.

The primary fuel�air ratio is found to be the most impor-
tant parameter for the NO reduction potential. A criticalx
factor in the design is the ratio between active and passive
channels. When a lean primary stoichiometry is used, no fa-
vorable conditions are established for the selective noncat-

Ž .alytic reactions SNCR due to the large fraction of com-
bustibles in the biogas. When they are oxidized, the adiabatic
temperature rise is significant, increasing the temperature
above the window for the SNCR reactions. However, if the
air supply to the monolith is staged rich-lean, a 95% reduc-
tion of NO is possible.

The NO reduction is facilitated by the presence of the fuel

components CO and H , as they produce the H radicals2
needed in NO reduction reactions.

A plug-flow model, with its assumptions regarding mixing,
is able to reasonably predict the behavior in the homoge-
neous zone after the monolith.

Acknowledgments
The work is supported financially by the Swedish Foundation for

Strategic Research, The Center for Combustion Science and Tech-
Ž .nology, and the Swedish Energy Agency. One of the authors J.A. is

Žgrateful for the stay at the CHEC Combustion and Harmful Emis-
.sion Control Research Center at DTU during the spring of 2002.

Finally, the authors thank Professor Bob Kee at Colorado School of
Mines for his valuable comments.

Notation
c sspecific heat, J
kgy1 �Ky1

p
D smixture�average diffusion coefficient of species j in mix-j, m

ture, cm2
sy1

DTs thermal diffusion coeffcient, g
cmy1
sy1
j

h sspecific enthalpy of species j, J
kgy1
j

ksthermal conductivity, W
cmy1
Ky1

K snumber of gas-phase speciesg
K snumber of surface speciess

m smass flow in active channel, g
sy1˙ A
m smass flow in passive channel, g
sy1˙ P
N snumber of surface reactionss
pspressure, Pa
rscross-flow coordinate, cm

r ss rate of ith surface reaction, mol
cmy2 � sy1
i
Rsuniversal gas constant, J
moly1 �Ky1

s schemical production rate of species j by surface reaction,j̇
mol �cmy2
 sy1

usaxial velocity, cm
sy1

Ts temperature, K
®sfluid velocity in the radial direction, cm
sy1

J smass flux in radial direction, g
cmy2
sy1
j, r

Wsmolecular weight of species j moly1
j ,

y1Wsmean molecular weight of the mixture, mol
X smole fraction of species jj
Ysmass fraction of gas-phase species jj
zsaxial coordinate, cm

Z ssite fraction of species jj

Greek letters
�h sheat of reaction for fuel j, J
kgy1

R , j
�	 sconversion factor for fuel jj

�sexcess air ratio
�s viscosity, g
cmy1
sy1

�smass density, g
cmy3

� sstoichiometric coefficient of jth species in ith reactioni j
� sStefan velocity, cm � sy1

s t
� schemical production rate of species j by gas-phase reaction,˙ j

mol
cmy3 
sy1

Superscripts and subscripts
gsgas
isreaction
jsspecies
sssurface
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