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ABSTRACT

A 2Kg/h pulverized fuel plane flame combustor was used to deter­
mine time resolved NO profiles under fuel rich and staged com­
bustion conditions. Seven solid fuels, including two coal chars, 
were investigated. Results show that at all fuel rich condi­
tions NO is formed rapidly and then is slowly destroyed. The 
peak NO value and the rate of destruction are strong functions 
of coal composition and stoichiometry. Under staged combustion 
conditions NO may increase or decrease at the staging point, 
depending on the fuel and on the quantity of NO formed in the 
first stage. Use of artificial oxidants confirmed that the NO 
formed in the first and second stages consisted of Fuel NO.

Heterogeneous formation and reduction of NO during char combustion 
was modeled by a two-reaction scheme. Heterogeneous reduction 
was less than first order in NO and had an activation energy of 
47 kcal/mole. The roles of devolatilization and homogeneous 
reactions are discussed, in the light of the data presented.
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1.0 OBJECTIVES AND SCOPE

The objectives of this research contract are to:
1) Establish quantitatively the dependence of total and 

fuel NOx emissions on combustion zone temperature, coal composi­
tion and local oxygen level in swirling, turbulent pulverized 
coal flames.

2) Define the optimum application of classical staged com­
bustion as a means of lowering pollutant emissions from pulver­
ized coal firing.

3) Estimate the relative importance of thermal NO, volatile 
NO and char NO under a variety of normal and staged combustion 
conditions.

4) Analyze resulting data in order to obtain general insight 
into fuel nitrogen conversion during pulverized coal combustion 
with a view of developing scale up criteria to be used for N0x 
abatement from practical combustion units.

In order to meet these objectives the program work scope was 
divided into three identifiable tasks shown in Table 1. Task 
1, NOx Formation in Swirling Turbulent Pulverized Coal Flames 
has been completed and results reported elsewhere in reports 
FE1817-1 and FE1817-2. Task 3, except for correlation devel­
opment, is also complete and results have been reported in 
FE1817-3. Portions of Task 2 are reported in FE1817-4. This 
report is concerned with the remainder of Task 2, and focusses 
on Mechanism Characterization and Effect of Coal Composition.
Some correlation is also included. Therefore, this report 
is concerned with Contract Tasks Numbers 4,5 and 6 as shown on 
Table 1.

Mechanisms governing the fate of fuel nitrogen during pulverized 
coal combustion are often controlled by events occurring in a 
fuel rich environment. This is especially true for staged 
combustion, which, although known to be effective for N0X abate­
ment, still requires its optimum configuration to be determined.
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TABLE 1.1 TASK COMPLETION CHART FOR CONTRACT E(49-18)-1817

Technical Program Organization Contract Task Numbers Percent Completed Results Reported
4/30/78

TASK 1.0 NO Formation-Swirling, 
Turbulent Pulverized
Fuel Flames

1.1 Combustor Characterization Tasks 1 & 2 100% FE1817-1 & 2
1.2 Fuel N0X Definition Task 9 100% FE1817-1 & 2
1.3 Coal Composition Studies Task 10 100% FE1817-2
1.4 Temperature Investigation Task 11 100% FE1817-2

TASK 2.0 NO Formation-Staged 
Combustion Systems

2.1 Staging Evaluation Task 3 100% FE1817-4
2.2 Mechanism Characterization Task 4 80% FE1817-4 and 

this report
2.3 Effect of Coal Composition Task 6 80% This report

TASK 3.0 Analysis
3.1 Char and Volatile

Nitrogen Definition
Task 12 100% FE1817-3

3.2 Local ©2 Dependence Task 13 100% FE1817-1, 2 & 3
3.3 Correlation Development Task 5 80% FE1817-3 and

this report



The focus of this research is to identify experimentally the 
phenomenological N0X formation mechanism that play critical roles 
under fuel rich and staged pulverized coal combustion conditions 
and that control the effectiveness of staged combustion for pol­
lutant abatement. Of interest are a) experimental comparison 
of time-resolved formation and destruction rates of Fuel NO from 
various pulverized coals, b) determination of global rates of 
formation and destruction of Char NO and c) the influence of 
first stage (fuel rich) parameters on the origin and magnitude 
of "Second Stage (fuel lean) NO".

While previous research^ established the critical factors
influencing exhaust NO emissions from swirling turbulent coal
flames, this paper focusses on time resolved measurements of NO
under "premixed", one dimensional flow, conditions. We thus
attempt to fill the gap between small laboratory scale experi- 

2)3)ments which elucidated the effect of equivalence ratio, 
particle heating rate and temperature on the evolution of nitro- 
geneous species during coal pyrolysis and large pilot scale

4)experiments which found that increased residence times at fuel 
rich conditions led to lower exhaust NO values after staging.
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EXPERIMENTAL COMBUSTOR

A schematic of the experimental combustor is shown in Fig. 1. 5)In essence, the "premix" burner arrangement pioneered by others 
was incorporated into a 15 on ID, 2Kg/h plane flame combustor 
system that allowed second stage air to be injected through opposite 
pairs of sidewall injectors, while still allowing axial profiles 
of species to be obtained*^ . Combustion of all fuels was self 
sustaining and radial traverses at various axial positions con­
firmed^ the one dimensional nature of the flow. Second stage
injectors were so designed to distribute the second stage air ra-

7)pidly and uniformly in the plane of injection. In-situ sampling 
was accomplished through an insulated, water jacketed, water 
quenched probe.^ ^

Bulk flame temperature profiles were obtained using a specially
designed suction pyrometer and by sheathed thermocouples placed
in the stream, and in the walls. A heat balance on the furnace,
and on the pyrometer or thermocouple then allowed the corrected

8)temperature to be estimated 7. This corrected temperature, 
reported subsequently herein, differed from that directly measured 
by 140°K at 1500°K and negligibly at 1100°K. Residence time was 
calculated using the corrected temperature, C^, CO and CO2 pro­
files, and a partial equilibrium for the other species, such as and 
H2O, not measured.

Compositions of pulverized fuels are shown in Table 1. Ranges 
extend over various nitrogen and sulfur contents as well as over 
rank and volatile matter. The high volatile bituminous Western 
Kentucky coal constituted our "base fuel". Fuels #1, 2, 3 and 
4 were identical to those investigated in previous work^ ^.
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Ultimate Analysis 
(2 Dry) Colorado

Pittsburgh
m

Western
Kentucky

Montana 
Powder River

Texas
Lignite

FMC Char 
(Low Volatile)

IGT Char
(High Volatile)

C 73.1 77.2 73.0 67.2 60.44 72.8 66.3
H 5.1 5.2 5.0 4.4 4.61 0.9 1.75
N 1.16 1.19 1.4 1.1 1.21 0.99 0.72
S 1.1 2.6 3.1 0.9 1.75 3.5 1.78
0 9.7 5.9 9.3 14.0 14.38 0.7 6.57

Ash 9.8 7.9 8.2 11.7 17.61 21.2 22.88

Heating Value
Btu/lb wet 12,400 13,700 12,450 8,900 6,677 - -

Proximate
Analysis Z

Volatile Matter 38.9 37.0 36.1 30.5 28.68 3.6 13.6
Fixed Carbon 52.6 54.0 51.2 39.0 24.08 73.8 57.5
Moisture 3.3 1.2 4.8 21.2 35.96 1.8 7.8
Ash 8.9 7.8 7.8 9.2 11.28 20.8 21.1

TABLE 1: Pulverized Fuel Compositions
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Fig. 1. Schematic of Experimental Combustor
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RESULTS

Time-Resolved Profiles: Western Kentucky Coal

Time-resolved profiles of NO, O^, c02' C0' unburned carbon (obtained 
by difference) and temperature are shown for the base coal on Figs.
2 and 3. Throughout this paper NO values are reported after having 
been reduced to stoichiometric, that is, with correction for all 
dilution effects due to fuel rich combustion, staging, etc. Fig.
2 shows data for Western Kentucky Coal at a fuel rich stoichio­
metric ratio, SR = 0.8. NO is rapidly formed in less than 200 ms 
and then reduced slowly. Some reduction occurs even in the 
presence of . At SR = 0.4 (Fig. 3) NO is again formed some­
what less slowly but then very slowly reduced over 3 secs. Other 
results at SR =1.2 (fuel lean) showed that, there, 1100 ppm (stoich) 
NO are formed rapidly within 200 ms but not subsequently reduced.
At SR = 0.95 the peak was 900 ppm at 2 0 0 ms reducing to 650 ppm 
after 1.2 seconds.

Thus, the peak NO decreases with decreasing stoichiometric ratio, 
but it is the rate of NO destruction rather than its formation 
that determines, in part, the effect of first stage residence 
time under staged conditions.

Time Resolved Profiles: Coal Char

Time resolved measurements of NO and other species from FMC coal 
char combustion are shown in Fig. 4, and were made with a view 
to determinating the role of heterogeneous reactions in NO for­
mation and reduction under fuel rich conditions. Data in Fig.
4 show that this char was slow to ignite and formed a flame some 
distance down the combustor (at about 0.5 secs). At both SR = 0.8 
and SR = 0.4, NO is formed and then reduced, even though volatile 
matter is very small (Table 1). At SR = 0.8 a reproducible
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rise in NO was measured even after all O2 had been consumed.
A similar phenomenon was observed for some of the coals, but 
only at the less fuel rich stoichiometries.

The absence of volatiles allows the assumption that heterogeneous 
formation and reduction of NO are important in this experiment. 
Analogous profiles obtained with the IGT (high volatile) char 
were more similar to the coal profiles than those of the FMC char, 
and showed high peaks (450 ppm at SR =0.8; 230 ppm at SR = 0.4)
followed by very rapid decline, (to 190 ppm in 0.7 secs and to 
50 ppm in 1.2 secs respectively). This implies that heavy vola­
tiles, presumably characteristic of those initially in the IGT char, 
play an important role in NO reduction.

Staging:Time Resolved Profiles

Second stage air was injected through the opposing sidewall injectors 
and NO profiles were measured both upstream and downstream of the 
staging point. In Fig. 5 (Western Kentucky coal) the staging posi­
tion is denoted by the vertical dashed line. The dashed profile is 
that of the unstaged fuel rich profile shown in Fig. 2. Stoichio­
metric ratios quoted are those of the first fuel rich stage. The 
second stage was maintained at SRT = 1.2. Although there is some 
scatter in the data at short residence times the following phenomena 
exist: 1) at each staging point NO is suddenly reduced (after cor­
rection for dilution, 2) this may be followed by a slow increase in 
NO in the second stage. Other experiments^ in which air was sub­
stituted by an ArA^A^ mixture indicated that these were Fuel NO 
profiles.

At SR = 0.4 (Fig. 6), the converse was true. As expected, Fuel 
NO increased at the staging point, although the quantity of 
second stage Fuel NO was insensitive to first stage residence time. 
This indicates the importance of the reduction of NO (and of volatile 
NO precursors) in the first stage. Fig. 6 shows data resulting 
from substitution of air by a mixture containing 21%02r 18%C02
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Fig. 6. Staged Combustion: NO Profiles. Western Kentucky Coal:
First Stage SR. = 0.4, Second Stage SR,p = 1.2. Data show results of 
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and Ar, which allows flows and temperatures to be identical to 
those with air as the oxidant. The data show that both the first 
stage and second stage NO measured consisted essentially of Fuel NO.

The various influences of coal composition are shown in Figs 7. 
and 8, where the vertical lines again denote the staging positions.
In each case the base fuel rich profile was obtained with no staging, 
while the staged profiles correspond to that staging position 
denoted by their starting position. At SR^ = 0.8 the data show 
that:

1. The base, fuel rich, NO rates of formation and destruction 
are strong functions of coal composition.

2. Whether NO is destroyed or formed at the staging point
is a function of both composition and first stage 
residence time. Large reductions (140 ppm at x^, 190 ppm 
at in NO at the staging point were observed for the
Colorado coal where the peak was high (1000 ppm) while a 
large increase (240 ppm at x^) is found in the Pittsburgh 
data where the peak was low (365 ppm). The Montana coal 
had negligible (positive or negative) Second Stage NO.
Except for the Montana Coal the NO value at the first 
staging position is independent of the very different 
base profiles and has an approximate value of 600 ppm.

The profiles at SR = 0.4 are even more dramatic in showing the 
influence of coal composition. The FMC char showed negligible 
Second Stage NO, while the Montana coal showed the greatest 
fcapid formation of Second Stage NO (560 ppm at x^, 460 ppm at 
In fact, comparison of Figs. 7 and 8 for the Montana coal shows 
that exhaust NO emissions after staging are greater at SR^ = 0.4 
than at SR^ = 0.8 because of Second Stage NO formation. The 
Pittsburgh base NO profile at SR = 0.4 had very low values together 
with and probably because of a very rapid consumption of O2.

-16-



Colorado

Pittsburgh

— 400

P 200

Montana

RESIDENCE TIME, SEC.

Fig. 7. Staged Combustion: Effect of Coal Composition on NO 
Profiles at SE. = 0.8 (Staging positions denoted by 
vertical dashea lines)

-17-



N
O

, pp
m

 (ST
O

IC
H

IO
M

ET
R

IC
)

FMC Char

Pittsburgh

Montana

RESIDENCE TIME, SEC.

Fig. 8. Staged Combustion: Effect of Coal Composition on NO Profiles
at SRjl = 0.4. (Staging positions denoted by vertical dashed lines)

-18-



DISCUSSION

Heterogeneous Mechanisms

The FMC Char NO profiles (Fig 4) at both SR = 0.8 and SR = 0.4 
can be correlated well with a simple heterogeneous reaction scheme

« . . ,.7 , 54500, „ 0.4 „“no = 3-3 X 10 exp <- -RT-’ P02 CN

a n i/ 47000. v 0.6 - 4.7 x 10 exp<—gj-) XNQ WASH .moles . 'cc secJ (1)

where
= local partial pressure of oxygen (atm)

'N = moles N in char/(-volume of reactor) (assumed to
be proportional to char N surface/unit volume)
.moles1 3 )cm

X„_. = mole fraction NO NO

WASH
gm ash^m3 reactorj (assumed to provide the time
invariant area for NO reduction and assumed to be

a 3proportional to surface area/unit volume) ("/cm )

The formation reaction activation energy is higher than that
9)obtained by Hamor for coal char combustion, since the data 

show that NO is formed more slowly than O2 is consumed. The
reduction of NO is less than first order in NO, also with an 
appreciable activation energy.
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Devolatilization

The large influence of coal composition on base NO profiles is
likely to be due to different devolatilization characteristics
of different coal. It is reasonable to speculate that, for
coal, the peak NO value is determined by the quantity of early
nitrogen-free volatiles available to consume oxygen prior to
significant nitrogen specie evolution. It is to be expected
that devolatilization rates depend on coal rank and composi-

2)3)tion . The Pittsburgh coal data indicate rapid devolatiliza­
tion of a large quantity of nitrogen-free volatiles and corre­
sponding low NO peaks.

Correlation of coal data is therefore not likely to be a simple 
matter. Attempts to find one consistent set of four kinetic 
parameters for all the Western Kentucky data were unsuccessful 
because a) devolatilization of nitrogen may be a function of 
not only temperature, b) nitrogeneous species evolved may not 
be similar for all stoichiometric ratios even for one coal, c) 
homogeneous formation and reduction mechanisms are likely to 
involve hydrocarbons, and not just nitrogeneous species, d) 
particle size effects may be important and e)some sophistication 
is required to model when surface reactions begin to become im­
portant. Clearly, more data on intermediate species are required.

Homogeneous Mechanisms

In addition to heterogeneous reduction of NO, our data show that
homogeneous reduction mechanisms also play a role. The reduction
of NO at the staging point in the presence of 0^ points to reactionz10)of NO and some coal-derived nitrogeneous species . However, 
a supplementary experiment in which a small quantity of CH^ was 
injected in a fuel rich coal stream after the had been consumed, 
showed that hydrocarbon fragments effectively lowered NO from 425 
to 200 ppm. Therefore, NO reduction through the Myerson^^
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reaction is also likely, since hydrocarbons can be supplied by 
the larger coal particles devolatizing after 0^ has been con­
sumed. It would appear that all three heterogeneous and homogen­
eous reduction mechanisms can play a role in determining the fate 
of coal nitrogen under staged conditions.

Comparison of Second Stage NO values of the Montana, Lignite and 
Pittsburgh data, in Fig. 8, indicate that coal composition influences 
the rate at which NO precursors (volatile nitrogeneous species) 
are destroyed in the first stage. The Montana coal forms the 
greatest quantity, followed by Lignite and Pittsburgh, a trend 
which cannot be correlated with temperature. In each case the 
precursors, once formed, are stable and are not significantly 
destroyed by increasing the first stage residence time. These 
data suggest that different coals evolve nitrogeneous species 
that are distinguishable insofar as NO precursors are concerned.

Under fuel lean conditions (SR = 1.2) the NO measured (1100 ppm,
stoich) correspond to a 51% conversion of volatile coal nitrogen,
where the volatilized fraction of total coal nitrogen (70% at 1430°K) was

3)obtained from weight loss data 1 on the same coal. Literature 
12)data on yields of NO in premixed, fuel lean, flames indicate 

that minimum conversions of similar quantities, of fuel nitrogen 
are approximately 75% or higher. Therefore, our data suggest 
that, even when pulverized coal is burned under overall "premixed" 
fuel lean conditions, volatile nitrogen is oxidized in a non-pre- 
mixed environment, probably in a diffusion flame attached to each 
particle. This may cause difficulty in attempts to relate homo­
geneous fuel nitrogen kinetics to results from heterogeneous mixtures 
such as the ones investigated in this work.
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NOMENCLATURE

SR

SR,

SR,

T

T2

WASH

g-moles N in char/unit volume of reactor

Partial pressure of oxygen atm

Gas Constant = 1.987 ca^/gmol °K

Rate of formation of NO ^mo^es/cc sec

Stoichiometric Ratio

First Stage Stoichiometric Ratio

Overall stoichiometric ratio at Second Stage

Absolute temperature °K

First Staging position

Second staging position

gm ash/unit volume of reactor ^m/cm^
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