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INTRODUCTION

The rolc of both homogenous and heterogencous reactions in usc of solid fucls such as coal for
NO, reduction has becn discussed in some previous studics 24, However Wendt *, and Mcrch
and Wendt © have discounted heterogencous reactions showing that they have minor contribution
towards rcbuming. The rcduction potential of a fucl depends on its ability to produce CH;
radicals 1o rcact with NO. Assuming only homogcncous gas phasc reactions o participate in
reduction, a higher volatilc matier content of the fucl will cnhance the NO, reduction. In the
recent past, the rebuming proccss is rcasonably well understood for usc of coal and natural gas as
rcburn fucls 2 * 7 & % 101 However pyrolysis products of biomass and biomass pyrolysis_oils
(bio-oils) havc also bcen shown to causc NOyx reduction by mechanisms similar to rcbuming'z‘ -
Biomass and biomass bascd products offcr the advantage of not only reduccd SO, NO,
cmissions because of low nitrogen and sulfur content but also reduced green housc gascs (N0
and CO;). Howcver somc fundamental questions such ,as the relative importance of
homogencous gas phasc reactions in the process still need to be addressed.

In the present study, gas composition from flash pyrolysis of BioLimc™ from an carlicr study'*
was used to model NO reduction through homogencous gas phasc rcactions when BioLime!™ is
uscd as a rcbum fucl. The numerical predictions were then compared with the NO, cmissions
from a down-fircd combustor (DFC) to validatc the model. A difference in NO, reduction was
obscrved by using two diffcrent BioLime™ samples as rcbum fucl under similar operating
conditions. This was belicved to be duc to dilference in yicld of flash pyrolysis products of the
diffcrent BioLimc™. With this in mind thc modcl was further uscd to study the relative
contribution of cach of thc pyrolysis gas specics in NO reduction through homogencous
reactions. The predictions were then verified by experimicntal results from the flow reactor.

EXPERIMENTAL

Raw Materials

Two biomass bascd malcrals called BioLimc™ 1 and I were obtained from DynaMotive
Technologics Corporation. BioLimc™ was produced by rcacting pyrolysis oils from biomass
with air, and lime/water slumry in a stired. BioLime™ I and 111 had approximatcly 7 and 14 wt.
% calcium, respectively. Compositional analysis of the samples is shown in Table 1.

BioLinmc™ 1| BioLime™ 111
. (As Dctemiined) (As Determined)

Carbon (wt. % dal) 48.5 38.7
Hydrogen (wi. % daf) 77 84

Nitrogen (wt. % dal) 0.23 0.21
Sulfur (wt. % daf) 0.01 0.02
Oxygen (wi. % daf by diff) 435 52.6
Ash (wt. % db) 20.9 48.5
Moisturc (wi. %) 797 4.11

Table | Compositional analysis on as determined and dry basis for two BioLime™ samples

Down Fired Combustor

The DFC is 10  high with a 20-inch intcmal diamcter rated at a nominal firing ratc of 0.5
million Buwh.. Several 4-inch sampling ports arc located along the combustor. Sample ports are
numbered 1 through 10 staning at the top. BioLime™ is introduced through port 5 into the rcbum
zonc. The rebum zonc parameters are shown in Table 2 . The fluc gascs from the heat cxchanger
pass through a pulsc jet baghousc for particulatc matter collection. The BioLime™ is prepared,
stored in a day tank and pumped to the burner by a Moyno™ progressive cavity pump. The
gascous cmissions data during the stcady statc was averaged.
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_DFC Reburn zone parameters Valucs with the units

Diamcter 50.8 cm

Total length 96.52 cm
Volume 195600 cm’
Pressure 1 atm
Residence time 1.127 scconds
Inlct tempcrature at the center 1415 K

Inlet tempcerature at the wall 1426 K

Tablc 2 Down fired combustor rebum zonc parantcters
Modeling NO, Reductions

All nunicrical calculations were done using a PSR computer code'®, which runs in conjunction
with the Chemkin library'é, The reverse rate constants were obtained from the forward ratc
constants and thce thermodynamic data, mainly taken from the Sandia Thermodynamic
Databasc'”. The code computes specics concentrations (rom the balance between the net rate of
production of cach spccics by chemical reaction and the diflcrence between the input and output
flow raics of s ccncs The modcl uscd 1o predict NO cmissions was taken from the studics of

Kilpinen er al."*, Glarborg et al.'®, and Prada and Miller®. In gencral the mechanism includes

generation of hydmcarbon radicals from C; and C; parcnt hydrocarbons, oxidation micchanisms

for HCN, and NH;, togcther with a subsct of the interactions between the hydrocarbon radicals
and thc nitrogenous species. The nitrogen-hydrocarbon  chemistry is cssentially an cxtension of
the Miller and Bowman mechanism?

The procedurc and assumptions in the above study arc

(1) Only homogencous gas phasc reactions arc responsible for NO reduction, The cffect of
hetcrogencous reactions is neglected. Gases from pyrolysis of BioLime™ react with NO, in
the reburn zone to form N, and nitrogenous intermediate specics such as HCN and NHa.

(2) Gas concentrations arc calculated from the yiclds reported in an carlicr study'*

(3) Reburn fucl is mixed rapidly and perfectly with the products of combustion from the primary
zonc. This is achicved by usc ol high-pressure injection nozzlc for feeding the rebun fucl.

(4) Rebum fucl is pyrolyzed instantly on cntcring thc combustor and therefore pyrolysis kinctics
docs not control the NO, reduction Kinctics.

(5) The kinctics of rcbuming is controlled by the ratc constants for the hydrocarbon-NO reaction
system. The cffect of mass transfer is ncglecied. This follows from the previous two
assunmptions.

(6) An avcrage of thc wall and bulk tcmipcraturc at thc point of rcburn fucl injection is used as
the inlet temperature for the calculations.

(7) Gas densitics arc calculated at the rebum zonc inlct temperatures.

(8) The fluc gas in rcbum zonc consists of 14% CO,, 2.0% O,, and 497 ppm of CO in nitrogen
basc. These concentrations of CO,;, O,, and CO arc chosen to be consistent with thosc of a
coal primary flamc operated at stoichiometric ratio of 1.0-1.1.

(9) A residence time of 1.127 seconds is used for the calculations, which is consistent with the
residence ime in rebum zone of the down- fired combustor.

RESULTS AND DISCUSSION

Predictions of NO, cmissions from thc modcl aiong with thc down-fired combustor data arc
shown in Table 3. Thc rcbum zonc stoichiometry was bascd on the total amount of fucl and
oxidizer that cntered the down fired combustor in the first two zoncs of the combustor divided by
the stoichiometric requircment for the primary and rcbum fucf. The predictions from modcl
match closely with the DFC data. The results showed a higher NO, reduction for BioLime™ |
than I11. However, stoichiometry was different for different runs when BioLime™ 1 and 111 arc
uscd as rebumn fucl. Thercfore, to further compare the performance of BioLime™ 1 and 1II, NO,
reduction was cstimated for both BioLime™ for cach run. The results arc shown in Figure 1. It
can bc scen that BioLime™ [ produced a higher NO, reduction Lhan BioLimc™ 111, and is
attributed to the higher yicld of total pyrolysns gascs for BioLime™ These results arc in
agreement with the studics of Kicherer er. al. 22 who have shown that lhc main reduction cllect
is duc to thc volatiles of the rcbuming fucl. Therclore,- a higher yicld ol pyrolysis gascs will
result in @ higher NO. reduction. Diflerent pyrolysis gases can have different NO, reduction
potential. Howcver as seen [rom Table 3, the rclative percentage of pyrolysis gascs added was
different  for different runs, Knowledge of rclative contribution of pyrolysis gascs in NO
reduction would help to choosc a biomass (cedstock that increases the yicld of desired speeics.
With this in mind a parametric analysis is donc using thc modcl to study the cflect of varying
concentration of hydrocarbons, CO,, CO, H,.
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Run Swoichi % of % CO, % CO % H, % NO, % NO,
(BioLimc™) omciry Hydro added added added Reduction  Reduction

carbon (DFC) (Modcl)

added
Run I(D) 0.501  0.13 14.88 025 023 170 16.0
Run 2(1) 0517  0.14 1492 026 024 162 16.8
Run 3(1I1) 0.549  0.09 14.50  0.18 020 136 11.2
Run 4(1I1) 0.652  0.04 1420 0.10 008 1.6 4.4
Run 5(111) 0.656  0.05 1427  0.12 0.11 12.5 72
Run 6(111) 0717 0.05 1427  0.12 0.11 12.6 6.3

Table 3. Modc! predictions for percentage NO, reduction with NO, reduction from DFC.
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Figure 1. Influcnce of BioLime™ uscd on NO, reduction. The % NO, reduction is predicted from
mode! for both BioLime™ for cach run condition.(Serics | — BioLime™ |, Serics 2 - BioLimc™
11

The results were then verified using the flow reactor. The sclup of the flow reactor is discussed
in an earlicr study'®. CO;, CO, and H had very little cffect on NO, reduction. Hydrocarbons
were seen to be mainly responsible for causing reduction in cmissions of NO,. Kilpinen er. al. #,
Chen et. al. ** | Merch and Wendt 2* have also shown that for natural gas reburning CO, and H
are uscablc as rcbum fucls, cven though the raics of reaction for NO reduction by CO and H are
significantly slower comparcd 1o NO-hydrocarbon reactions. Two main stages arc considered 1o
be mainly responsible for nitric oxidc reduction. First is the conversion of NO to N, through
reaction with CH; and HCCO.

NO+HCCO HCNO+H HCN
NO +CH; HCN +OH
NO+CH: H.CN+M HCN
NO+CH: HCN+HO

The second stage is the reaction of HCN with the oxidizing specics (O, OH) to form NHi, N,
and NO. HCN is first converted to isocyanic acid and HNCO primarily by

HCN+OH HOCN+H HNCO
and to a lesser extent also through the direct reaction
HCN+OH HNCO+H
The HNCO reacts further to NH;. This oceurs primarily by the reaction with H radical

HNCO+H NH;+CO
The NH; radical depending on the conditions can be converted to Ny, NHs, or NO.
Burch er. al. ?* in their study of different fuels (methanc, hexane, benzene, and coal) have also
shown that NO, reduction cfficiency can also be related to C/H ratio for the fucl. Carbon rich
fuels producc more CH; fragments, leading to a lower NO; concentration. BioLime™ | had a C/H
ratio of 6.3 whereas BioLime™ 111 had a C/H ratio of 4.6. Therefore, a BioLime™ with a higher
CH ratio will help to increase the NO, rcduction.
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CONCLUSIONS

)] Pc_rccnlagc of NO, rcduction using BioLime™ as a rcburn fucl was accurately predicted
using thc homogencous gas phasc reaction model. For most of the conditions, the pereentage
NOx reduction predicted from model was well within the allowablc variation from the
cxperimental results from down fired combustor and Mow reactor. However in some studics
like thosc of Smart and Morgan 27 Chen and Ma * have also shown the rolc of char reactions
in NO reduction.

2) The higher NO, reduction potential of BioLime™ 1 over BioLimc™ 111 was attributed to the
higher yicld of total pyrolysis gascs.

3) The paramctri¢ study from (low rcactor showed that the CO, CO,, and H; have very little
cffect and hydrocarbon reactions arc mainly responsible for NO, reduction. Hence a fucl with
higher C/H ratio will producc morc CH; fragments, and thercfore, result in a better NO,
reduction,
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