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ABSTRACT

The objectives of this investigation were to determine the effects
of temperature and fuel/oxygen equivalence ratio on the overall con-
version of coal-nitrogen to NOx and to elucidate the roles played by
the oxidation of char-nitrogen and the nitric oxide/char reaction on the
NOx emissions. Experiments were carried out in a laboratory muffle tube
furnace under conditions pertinent to pulverized coal combustors.

Data on the overall conversion of coal-nitrogen to NOx were obtained
at 1250 K and 1750 K for a residence time of one second. The conversion
of coal-nitrogen to NOx decreased monotonically with increasing fuel/
oxygen equivalence ratio and decreased sTightly with increasing tempera-
ture. Oxidation experiments were also carried out on char in order to
identify the individual contributions to NOx emissions of volatile and
char. The char used was prepared by the pyrolysis of coal at the
temperature and residence time corresponding to those of oxidation
experiments. The conversion to NOx of char-nitrogen was lower than the
corresponding value for coal-nitrogen while the char-nitrogen followed
a trend similar to that of coal-nitrogen. It was found that volatilized
nitrogen compounds accounted for a major fraction of NOy produced from
coal-nitrogen especially at high temperatures and low fuel/oxygen
equivalence ratios. The results suggest that in order to favor a Tow
NOx emission from pulverized coal combustors it is optimal to operate
the first stage of a stage combustor at high temperature and fuel-rich
condition and then complete the combustion of residual char at latter
stages under low temperature and fuel-lean condition.

Kinetic parameters of oxidation of char and char-nitrogen were
determined at temperatures of 1250, 1500 and 1750 K and oxygen partial
pressures of 0.2 and 0.4 atm for residence times varying from about
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100 to 500 milliseconds. The char used was produced by pyrolyzing
lignite particles at 1750 K for a residence time of one second. The
results showed that the overall char burnout process was controlled
primarily by internal pore diffusion. The reaction order with respect
to oxygen was found to be 0.98 and the intrinsic rate constant per unit
B.E.T. surface area was given by

sec 3

0.02
kg = 2.8 x 107 - exp(-22,100/RT) <O [9—mo1es]
cm

The time-resolved variations of nitrogen to carbon ratio of char samples
were obtained. No selectivity between nitrogen and carbon loss was
observed during oxidation but char-nitrogen was found to undergo pyroly-
sis in parallel with oxidation. The oxidation rate of char-nitrogen was
given by the product of the char oxidation rate and the mole ratio of
nitrogen to carbon in the char. The pyrolysis rate of char-nitrogen

was correlated by a first order kinetics and the rate constant was given

by

kpy = 5.8 x 103 » exp(-29,100/RT) sec'1

The results indicated that the pyrolysis rate and oxidation rate of
fuel-nitrogen were additive and separable during pulverized coal combustion.

The kinetic studies of char/NOx reaction were carried out at
temperatures of 1250, 1500 and 1750 K for a residence time of one second.
The reaction was found to be first order with respect to NOyx. The
intrinsic rate constant per unit B.E.T. surface area was given by

k = 5.0 x 107 » exp(-32,700/RT) e
(sec)(m™)(ppm)

The reduction of NOx was strongly dependent upon the temperature level
and the char availability. The results showed that a significant
fraction of NOx could be reduced by the contact with char under pulve-
rized coal combustion conditions.
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Professor of Chemical Engineering
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CHAPTER 1

SUMMARY

1.1 Introduction

Nitrogen occurs in coal, ranging from 0.5% tao 2.0% by weight, bound
primarily in heterocyclic rings (Beet, 1940). During combustion part of
this nitrogen is oxidized to nitric oxide, and without the development of
improved control technoiogy this source of NOx emissions will become
unacceptably large {Mason et al., 1977). It is desirable to examine the
behavior of the coal-nitrogen during combustion.

In the initial stages of coal combustion, the coal-nitrogen is par-
tially released in volatiles and partially retained in char. Previous
studies at M.I.T. (Pohl, 1976; Pohl and Sarofim, 1976) have shown that
under the conditions in pulverized coal flames the split of the nitrogen
between volatiles and char is kinetically controlled, with higher tempera-
tures and higher residence times in the pyrolysis zone favoring the
conversion of coal-nitrogen to volatile-nitrogen. The volatile
products are initially in the forms of heavy tars and hydrocarbon (Solomon,
1977; Blair et al., 1977) but these subsequently decompose to yield
mostly HCN and NH3. The times for the secondary pyrolysis are short,
estimated to be Tess than a millisecond at flame temperatures based on
studies of model nitrogen compounds (Axworthy, 1975). The volatile-
nitrogen will be oxidized either in partially premixed or diffusion
flames or heterogeneously with the char when ignition occurs at the coal
particle surface prior to complete devolatilization. (The processes of vola-

tiles evolution and particle ignition have been studied by Howard and Essenhigh



-26-

(1967a, 1967b)}. Some insight on the conversion of gas phase volatile-
nitrogen to NOx can be gained from studies of oxidation of fuel nitrogen
compounds to NOx in premixed and diffusion flames (Fenimore, 1972;
De Soete, 1973, 1975; Sarofim et al., 1975; Martin et al., 1972; Bartok
et al., 1972; Flagan et al., 1974). These studies indicate that the fractional
conversion of fuel nitrogen to NOx in gasecus flames is insensitive to the
chemical form of the nitrogen, decreases with increasing fuel nitrogen
concentration, and decreases with increasing fuel/air ratio. Some information
on the detailed mechanism leading from the fuel nitrogen to NOx has been
obtained (Haynes et al., 1975) but the kinetics are not sufficiently well known
to completely model the fuel nitrogen conversion to NOX in complex
system.

The nitrogen retained by the char is partially converted to NOx
during oxidation. Limited data are available on the efficiency with
which char-nitrogen is converted to NOx but 1ittle is known on the
kinetics of oxidations of char-nitrogen.

Another factor of unknown importance is the reduction of NOx to N,
by char. Such reaction has been shown (Pereira, 1975; Gibbs, Pereira
and Beér, 1976) to appreciably reduce the emissions of NOx from fluidized
bed coal combustors but Tittle is known about the significance of this
reaction in pulverized coal flames.

The processes that influence the conversion of the coai-nitrogen to
NOX are summarized in Figure 1.1. The two paths to NOX can be seen to
be by way of intermediate volatile-nitrogen compounds or char-nitrogen.
The objective in the current thesis is to determine the effects of

temperature and fuel/oxygen equivalence ratio on the conversion of
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coal-nitrogen to NOx by both the homogeneous and heterogeneous paths.
In addition, kinetic data were obtained on the oxidation of char-
nitrogen and the Char/NOx reactions which are necessary inputs for a
complete NOx emissions model of pulverized coal flames. It is hoped
that the data obtained in the present study would provide quantitative
guidelines for the designer in planning NOx control strategies for

pulverized coal combustors.

1.2 Experimental Apparatus and Procedures

The experiments were conducted in an Astro Model 1000 A electrically
heated furnace with an alumina muffle tube. The main gas was preheated
and fed to the working section of the furnace through a honeycomb
straightener. The coal/char particles were fed along the axis in a small
carrier gas stream, The furnace was operated in two modes. When studying
the effects of temperature and fuel/oxygen equivalence ratio on overall
fuel nitrogen conversion the products were withdrawn, after passage
through a water-cooled section, from the bottom of the furnace (see
Figure 1.2). Residence time in the hot zone simulated those in a proto-
type industrial furnace (i.e., approximately one second). When obtaining
data on char oxidation kinetics sampies were withdrawn through a water-
cooled collector probe positioned at varying distances from the char
injector (see Figure 1.3). The particles were quenched by injecting gas
at the probe tip in an amount sufficient to reduce the mixed cup
temperature to about 300 C.

In the studies of overall fuel nitrogen conversion, the air mixture

was‘simulated by 21% oxygen in helium. The main gas flow rate was varied
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between 1 1/min and 3 1/min from run to run in order to obtain different
overall fuel/oxygen equivalence ratios. The product gases were withdrawn
continuously from the bottom of the furnace for gas phase éna]yses.

In the kinetic studies of char oxidation, the oxidant stream of
oxygen in helium (P02 = 0.2 or 0.4 atm) was supplied to the furnace at a
sufficiently fast rate (i.e., 6 1/min) to prevent significant depletion
of the oxygen during reaction.

The kinetic studies of Char‘/NOx reaction were carried out using
the entire furnace Tength. Certified gas of NOX in helium or argon was
used as the main gas and the flow rate was typicaliy set at 3 1/min. The
NOx concentration in the off-gas from the furnace was continuously
monitored throughout the run.

The coal particles used in the overall fuel nitrogen conversion
stuides had a nominal size of 38 to 44 microns. The char used in both
kinetic studies of Char/O2 and Char/NOX reaction was produced by pyrolyz-
ing lignite coal particles at é furnace temperature of 1750 K for a
residence time of one second. The char produced was then size-graded
for further experiments. The char was designated “1750 K Tlignite char".
The proximate and ultimate compositions of the coals and chars used are
summarized in Table 1.1. The physical characterizations which include
the specific B.E.T. surface area, pore volume, average pore diameter

and bulk densjty of the 1750 K lignite char are presented in Table 1.2.



TABLE 1.1

CHEMICAL PROPERTIES OF COALS AND CHARS

Proximate UTtimate
Analysis Analysis
A.R. Wt#% A.R. Wt%
Type Specification VM H20 Ash C H N S 0
(by Diff.)
Montana Lignite-A Savage 36,20 13.60 7.80 54,80 4.96 0.88 0.84 17.42
Montana _ Powder 35.16 21.23 9.34 53.26 3.35 0.87 0.78 11.17
Sub-Bituminous River
Region
1250 K NM* 4,20 12.08 66.94 2.09 1.02 0.56 13.11
Lignite Char
1750 K NM 2.02 18.03 76.42 0.69 0.55 1.06 1.23
Lignite Char**
1750 K NM 2.10 19.00 76.11 0.36 0.58 1.11 0.74

Litnite Char***

*NM = Not Measured

**|Jsed in parametric studies

***|Jsad in Char/O2 and Char/NOX kinetic studies

_ZE_



TABLE 1.2

PHYSICAL PROPERTIES OF 1750 K LIGNITE CHAR
Average B.E.T. - Average
Type Particle Diameter Surface Area Pore Volume Pore Diameter Bulk Density
U m2/g cmd/g g/cm®
1750 LC-1* 30 110.0 0.160 57.7 1.71
1750 LC-3* 30 121.6 0.157 51.6 1.71
1750 LC-4** 30 175.0 0.184 42.2 1.64

*Used in Char/O2 kinetic studies

**|jsed in Char/NOX kinetic studies

-ES..
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1.3 Results and Discussion

1.3.1 Conversion of Coal-Nitrogen to Nitric Oxide

The percentages of the nitrogen in a Montana lignite that are
converted to NOX for a hot zone residence time of one second as a function
of fuel/oxygen equivalence ratio are shown in Figures 1.4 and 1.5 for
furnace temperatures of 1250 K and 1750 K, respectively. Also shown at
the top of the figures are the total solid weight loss (on a dry-ash-free
basis) and, in the middle, the fraction of the original coal nitrogen
retained by any unburned char. Oxidation experiments were also carried
out on the char in order to identify the individual contribution of char-
nitrogen and volatile-nitrogen to the total NOX emission, The char used
in the oxidation studies was prepared by pyrolyzing the coal at the
temperature and residence time corresponding to those of the oxidation
experiments. Results of char-nitrogen conversions at 1250 K and 1750 K
are presented in Figures 1.6 and 1.7. As can be seen from Figures 1.4
to 1.7, the conversion to NOx of char-nitrogen was lTower than the
corresponding value for coal-nitrogen while both coal- and char-nitrogen
conversion to NOx were found to decrease monotonically with increasing
fuel/oxygen equivalence ratios. In both cases of coal and char oxidations,
the percentages of solid weight loss decreased and the percentages of
the nitrogen retained in the unburned char increased as the fuel/oxygen
equivalence ratio increased. The effect of temperature on fuel nitrogen
oxidation was small. In order to better evaluate the effect of tempera-
ture on the conversion of coal-nitrogen to NOx, a series of experiments
were conducted in which the fuel/oxygen ratios were fixed and the furnace

temperature was varied. The data in Figure 1.8 were obtained for a
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Montana sub-bituminous coal in this manner. The NOX yields were
essentially the same at 1250 K and 1500 K while they decreased by about
20 to 25 percent as the temperature was increased from 1500 to 1750 K.
This is consistent with results shown in Figures 1.4 and 1.5. Comparison
of the data in Figure 1.8 with those in Figures 1.4 and 1.5 show very
little difference even though different coals are involved. This is
consistent with the findings of Pershing {1976) and results obtained
by Poh1l (1976), both of whom reported that the conversion efficiency of
coal-nitrogen to NOx at a particular temperature and fuel/oxygen
equivalence ratio was approximately independent of coal type.

A simplified scheme that represents the fate of the fuel nitrogen
during combustion of coal has been suggested previously (Pohl, 1976;
Poh1 and Sarofim, 1976 and Song, Beér and Sarofim, 1977), and is

summarized helow:

b ——= NO,
Volatiles
1 - yp N2 + others
o
Coal
Ny NOx
T-a Burned Char
Y
Char 1 - Ny N2 f others
T -y

Unburned Char
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By a first order approximation which assumes that the volatile-nitrogen
conversion to NOX and char-nitrogen conversion to NOX are independent,

the overall conversion, n*, of coal-nitrogen to NOX is then given by:

n* = an, + (1 - a)ynz (1.1)
overall volatile char

conversion contribution  contribution

to NO

X
where

o = fraction of the coal-nitrogen that is released as volatiles
1 - a = fraction of the coal-nitrogen that is retained in the char
Y = fraction of the char-nitrogen that is consumed
N, = fraction of the char-nitrogen that is converted to NOx
n = fraction of the volatile-nitrogen that is converted to NOx
n* = overall conversion of coal-nitrogen to NOx

The values of (1 - o) have been found to be 0.75 at a temperature
of 1250 K and 0.27 at 1750 K. The values of n* were reported as functions
of fuel/oxygen equivalence ratio in Figures 1.4 and 1.5 for 1250 K and
1750 K, respectively, and the values of Mo in Figures 1.6 and 1.7. The
values of Nys the efficiency of conversion to NOX of the volatile-
nitrogen and E%}, the percentage of the total NOX contributed by volatile-
nitrogen haveTLeen derived from the above information for temperatures of
1750 K and 1250 K and are reported in Figure 1.9. The efficiency of
conversion to NOx of volatile-nitrogen and the percentage of the total

NOx contributed by the volatile-nitrogen were found to decrease monotonically
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with increasing fuel-oxygen equivalence ratios. As expected, the
contribution to NOx by the volatiles increased with temperatures. The
conversion to NOx of the volatile-nitrogen, however, decreased with
increasing temperature. These two effects tend to compensate and
partially explain the small dependence on temperature of the conversion
to NOX of coal-nitrogen. In this study, a small net decrease was
observed. In an independent study, Pershing (1976) has found practically
no effect of temperature on the conversion of coal-nitrogen to NOX.

It is of interest to note here that the present results of volatile
combustion are in good agreement with the generalizations derived from
studies on idealized Taboratory flame systems (Fenimore, 1972; Sarofim,
Williams, Modell and Slater, 1975; etc.). The present study showed that
the volatile-nitrogen conversion efficiency decreased with increases in
fuel/oxygen equivalence ratio. This result is in general agreement with
those reported in flame studies. We have also demonstrated that the
volatile-nitrogen conversion to NOx decreased as the temperature increased.
This is because the volatile phase has a higher volatile-nitrogen
concentration at higher temperature for any given fuel/oxygen eguivalence
ratio, and this in turn results in a lower conversion to NO which is
consistent with flame studies that show that the conversion of fuel-nitrogen
to N0x decreases with increases in concentration of fuel nitrogen.

The interactions between the devolatilization and oxidation steps
in pulverized coal combustion complicate the development of NOX control
strategy. For any given temperature, the conversion efficiency to NOx
by volatile-nitrogen is usually higher than the conversion efficiency

by char-nitrogen. This is very distinctly demonstrated especially at



-44-

fuel lean conditions. With increasing temperature, the extent of coal-
nitrogen devolatilization increases but the conversion of the volatile-
nitrogen to NOx decreases. These two effects tend to compensate each
other and partially Tead to the small dependence on temperature of the
total coal-nitrogen conversion to NOX. Although the results from this
study revealed that the total NOx yields were decreased by about 20% as
the furnace temperature was increased from 1500 to 1750 K, it is evident
that the combustion modification by changing temperature alone does not
have a very significant effect on the total NOx emissions.

The conversion of fuel-bound nitrogen is most strongly dependent
upon oxygen availabiTlity. The results above have shown that the conversion
efficiencies to NOx of both volatile-nitrogen and char-nitrogen decreased
very significantly with increasing fuel/oxygen equivalence ratioc. This
suggests that the reduction of NOx emissions from pulverized coal
combustors can be best accomplished by varying the fuel/oxygen equivalence
ratio and temperature at different stages of the combustion process. It
is optimal to operate the first stage of a combustor at high temperature
and fuel-rich conditions to favor the completion of the devolatilization.
The residual char with T1ittle nitrogen content (the nitrogen content of
residual char depends on the extent of nitrogen-devolatilization at
first stage) is then transported to the second stage of the combustor to
complete the combustion at relatively fuel lean conditions and low
temperature. In this manner, a stage pulverized coal combustor will
significantly reduce the NOx emissions while maintaining a high combustion

efficiency.
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1.3.2 Oxidation of Char-Nitrogen

The above results have provided a general guidance on control
strategies. In order to implement such strategies detailed information
on the rate controlling kinetic steps is needed. One rate controlling
step is the oxidation of the char, as a result of which nitrogen in char
may persist beyond the fuel rich first stage of a staged combustor and
be oxidized with a higher efficiency of conversion to NOX in the Tean
second stage. In order to design the second stage to achieve acceptable
levels of char burnout data are needed on the kinetics of char-nitrogen
oxidation. Of particular interest is any selectivity that oxygen may
show in attacking carbon and nitrogen atoms in a char particle.

Oxidation experiments were carried out on a 1750 K Tlignite char at
temperatures of 1250 K, 1500 K, and 1750 K and oxygen partial pressures
of 0.2 atm and 0.4 atm. The time-resclved char retentions are presented
in Figure 1.10, In this semi-logarithmic plot, the char retention
appeared to level off after the retention became less than about 55%,
indicating the decrease of reactivity of char with the extent of burnout.

Selected char samples were further analyzed to determine both the
physcial characteristics and chemical compositions. Figure 1.11 shows
the behaviors of the normalized specific B.E.T. surface area and the
normalized average pore diameter. (They were normalized against the
initial properties of the original char.) Up to approximately 45% char
burnout, the specific B.E.T. surface area increased and the average pore
diameter decreased, implying the opening-up of small pores in the initial
stages of char oxidation. In the latter stages, the char burned both

externally and internally until, at an advanced stage, it fragmented as
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has been observed previously (Anson, Moles and Street, 1971). This is
corroborated by the present results showing decreasing specific B.E.T.
surface area and increasing average pore diameter in the latter half
of the burnout process, which can be interpreted in terms of the
destruction of the micropores.

The variation of nitrogen to carbon ratio is reported in Figure 1.12.
The plot of the logarithm of nitrogen-to-carbon ratioc versus reaction
time yields a straight Tine. The nitrogen to carbon ratio was found to
decrease with temperature but to be insensitive to oxygen partial pressure
during char burnout.

The initial rates of char oxidation were calculated by determining
the initial siopes in Figure 1.10. The derivation of the apparent
kinetics for char oxidation requires the knowledge of particle tempera-
tures (TP) and surface oxygen concentrations. Values of TP were calcula-
ted from the steady-state heat balance which assumed that the primary
product at the surface was CO (Ayling and Smith, 1972, Field et al.,
1967). The estimated surface temperatures were found to be higher than
the surrounding gas temperatures by about 10 to 40 K. The surface
oxygen concentrations were estimated by taking into account the external
gas phase diffusion. Finally, the apparent kinetics was obtained based
on the above information. The apparent reaction order with respect to
oxygen was found to be 0.99. The intial apparent rate constant per unit

external surface area was found to be

= 5.0x103-exp {-11,200/RT) Sl

kE sec

3

g-moles
cm

]0.01
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This is shown in Figure 1.13.

The internal pore diffusion (Mulcahy and Smith, 1969) has to be
taken into account in order to distinguish the intrinsic reaction
kinetics from the apparent kinetics. For simplicity, a porous char with
a flat-plate geometry was assumed for the mathematical analysis. The
reaction order'with respect to oxygen was found to be 0.98 and the

intrinsic rate constant per unit B.E.T. surface area was found to be

kg = 2.8¢10%-exp (-22,100/RT) (1.3)

sec 3

cm [g-moles
cm

]0.02

This is shown in Figure 1.14,

The intrinsic activation energy found in the present study appears
slightly low (see Smith, 1971a, 1971b; Smith and Tyler, 1972, 1974;
Field et al., 1967; Mandel, 1977), nevertheless, the absolute overall
reaction rates are comparable to those reported by Smith and Tyler
(1974} for a pulverized brown coal char over a wide range of temperatures.

It has been pointed out earlier that the reactivity of the char
changed during the oxidation process. This is shown in Figure 1.15.
The reactivity of the char remained constant in the early stage of the
burnout process and dropped dramatically in the late stage. This behavior
was successfully explained by a pore-mouth poisoning model (Wheeler,
1951, 1955) which has proved to be physically consistent with the
combustion process. The details of the pore-mouth poisoning model are
not included in this digest but may be found in the text of the thesis.

- In regard to the behavior of the char-nitrogen, the nitrogen to

carbon ratio was found to decrease with temperature but to be insensitive
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to oxygen partial pressure during char burnout. It has been previously
shown {Poh1, 1976) that during coal pyrolysis, the carbon loss
reached an asymptotic value within a time of 100 milliseconds at
1750 K, the temperature used to produce the char in this study, but
that nitrogen release continued for longer times. The rationalization
of these results was that while carbon is present in relatively stable
compounds in the char, no comparabie stabilized nitrogen structures are
formed; consequently, char-nitrogen continues to be released until it is
completely eliminated from char. Therefore, when a char particle is
oxidized, nitrogen Toss will be due to both devolatilization and oxidation,
but the carbon loss will be exclusively due to oxidation.

Since the pyrolysis loss and oxidation loss of char-nitrogen are

additive, the consumption rate of char-nitrogen can be written as

total consumption-rate _ {consumption-rate of
of char-nitrogen char-nitrogen due to +
pyrolysis

(1.4)

char-nitrogen due

consumption-rate of
to oxidation

or in symbols

9N

(1.5)
at]oxidation

Qﬁ:[ﬂ] +[
dt ot pyrolysis

Assuming the fuel-nitrogen is uniformly distributed throughout the char,

the oxidation rate of the nitrogen should therefore equal the product of
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the iinstant oxidation rate of the carbon and the mole ratio of the fuel
nitrogen to carbon in the char in that instant (Wendt and Schulze, 1976).

We have

aC

_ N] (
= |ar = 1.6)
]oxidation [at]oxidation [C

aN
ot

The carbon 1oss during combustion is exclusively due to oxidation, i.e.,

dac _ [ﬁ] - [EQ] (1.7)
t dt pxidation at oxidation
Combining Equation (1.5), (1.6) and (1.7), gives
dN {Qﬂ] + (QQ] : Fﬂ (1.8)
dt at pyrolysis dt € -
A first-order fuel-nitrogen pyrolysis kinetics (Pohl, 1976) gives
qu = k. - N (1.9)
[at pyrolysis Py
Substituting Equation (1.9) into equation (1.8) yields
dN o Ly (N[
at = kpy N F [C] [dtJ (1:10)

The carbon oxidation rate, %%3 can be obtained directly from the

rate of char-oxidation described previously. The char-nitrogen pyrolysis
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rate constant, kpy can be obtained from the time dependence of nitrogen

to carbon ratio. The slope of the lines in Figure 1.12 yields d In{N/C)/dt.

This may be equated to kpy as follows.

Y- 18- 1)

Multiplying both sides by C and rearranging the terms, we obtain

[=NE=T
=

_~d (N} . N}, ([dC
beogr (f) ¢ (819 (3.12)
Comparing Equation (1.170) and (1.12), gives

ci[%] = kN (1.13)

Upon rearrangement, we have

TN%T g Vo) - “Kpy (114
or

d 1. M) -

3ol -

Figure 1.16 shows the Arrhenius-type correlation for kpy and gives the

following expression:
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3 1

k.. = 5.8x10

. -29,7100/R B
by exp (-29,100/RT) sec

(1.16)
The comparison of present data with Pohl's coal-nitrogen pyrolysis data
shows a good agreement (Figure 1.17).

In summary, the reaction rate of char-nitrogen during combustion

can be described by the following rate expression:

N Ly (A9 N
where kpy is given by Equation {1.16) and %% is the char oxidation rate.

1.3.3 Reduction of Nitric Oxide by Char

It is evident that the Char/NOx reactions are important in
determining the net NOx emissions from fluidized bed coal combustors
(Gibbs, Pereira and Beér, 1976). In parametric investigations of this
study, the conversion efficiency of char-nitrogen to NOx was found to
be lower than that of volatile-nitrogen under corresponding conditions.
This is possibly a consequence of the reduction of NOx by char. It
is essential to take into account the reduction of NOX by char in
mode]ling the char-nitrogen conversion to NOX. In addition, a better
understanding of the Char/NOX reaction will, of course, provide
information pertinent to the reduction of NOx emissions by the modification
of the combustion process.

Assuming a reaction first order in nitric oxide (Edward, 1972;
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Pereira et al., 1976; Furnsawa et al., 1977) the rate constant may
be given by:
1 u. 2 [Nojin

(n-k)=K'A.HoT.TF-1.n[m—; (].]8)

Bt ou

where
k = intrinsic rate constant per unit B.E.T. surface area
n = effectiveness factor

AB = specific B.E.T. surface area of char

W = mass of char fed
T = feeding time of char
Uiy = volumetric flow rate of main gas
¥ = working volume of furnace
TF =_furnace temperature
[NO]= concentration of NOx
K =1.372 x 10710 12%%%%%3, is a constant
u, * [NO],
The values of W%%—- Tn [Nﬁj:§t- were calculated from experimental data

and were found to be independent of [No]in (see Figure 1.18) implying
that the char and NOx reaction is indeed a first order reaction with
respect to NOX.

The effectiveness factor, n, and intrinsic rate constant, k, were
evaluated from Equation (1.18) with following equations of n and ¢S,

the Thiele modulus, by a trial-and-error method.
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1 1 1
h= L 1 _ (1.19)
¢s [tanh 3¢s 3¢S]
and
r keA_+p
s B "B
d)s =T beD (1.20)
a
where
re = radius of particle
PR = bulk density of particie
De = effective diffusivity
b =4.1x 10" ——31@919——-, is a conversion factor

(cm®) (ppm)
A plot of k versus 1/Tg (Figure 1.79) yields an expression for k to be

5 . exp(-32,700/RT) —Mmoles

(sec)(m?) (ppm)

k = 5.0x10°

The results obtained from present studies are in general agreement with
the trend of high temperature results by Furusawa et al. (Figure 1.20).
Comparison between the Char/NOX and Char/O2 reaction shows that the
intrinsic reaction rate for Char/NOX is much slower than that for
Char/D2 system, but this is partially offset by differences in effective-
ness factors.
Figure 1.21 was produced using the above results. The reduction
of NOX is strongly dependent upon the temperature level and char

availability. A significant fraction of the NOx can be reduced by
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Comparison of Rate Constants for Nitric Oxide Reduction by Char
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the contact with char at high temperature and/or long gas residence
time. Brown et al. (1977) have observed that at a high fuel load, the
increased first stage residence time had a major effect on NOX reduction
in coal fired boilers. The present model certainly provides an explana-

tion to their experimental finding.

1.4 Conclusions

The major contributions of this thesis are the determination of
the effects of temperature and fuel/oxygen equivalence ratio on the
conversion of fuel nitrogen to NOx and the elucidation of the roles
played by the oxidation of char-nitrogen and the nitric oxide-char
reaction on the overall coal-nitrogen conversion.

The data on coal and char oxidation show that the volatile-nitrogen
accounts for the major fraction of the NOX produced from coal-nitrogen
at high temperature and low fuel/oxygen equivalence ratio. Increasing
temperature increases the volatile contribution but decreases the
efficiency with which it is converted to NOX. For the combustor in this
study, there is a net decrease in emissions with increases in both the
temperature and the fuel/oxygen eguivalence ratio in the first stage
of a stage combustor.

The overall char burnout is found to be controlled primarily by
internal pore diffusion. No selectivity between nitrogen and carbon
10ss is observed during oxidation but char-nitrogen is found to
undergo pyrolysis in parallel with oxidation. The resuits indicate that
the pyrolysis rate and the oxidation rate of the fuel-nitrogen are

additive and separable during pulverized coal combustion.
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The data on Char/NOX experiments show that a significant fraction
of NOx can be reduced by the contact with char, especially at high

temperature and/or long gas residence time.
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CHAPTER 2

INTRODUCTION

As the U.S. oil production is declining, proved gas reserves are
dwindling, and nuclear power is facing an uncertain future, coal is
expected to play a more and more important role in the energy market.
Furthermore, among all the energy resources, coal seems to be the most
secure, because it is the most abundant domestic energy resource. The
nation's prodigious coal reserves - on third of the world's known deposits -
have hardly been tapped. Even at today's price and with today's mining
methods, 437 billion tons of the fuel can be recovered in states from Texas
to Alaska, from Pennsylvania to California. That is equal to a 340 year
supply at the current rate of consumption. At the projected 1985 consump-
tion levels, the coal reserves are still enough to Tast at least 200 years.

One of the major obstacles that prevent the extensive utilization of
the enormous coal reserves is the emissions of nitric oxides (NOX) from
coal-burning facilities of current design. Of the five emitted pollutants
for which National Ambient Air Quality Standards (NAAQS) have been
promulgated (particulate matter, NOX, SOX, hydrocarbons, and CQ, termed
criteria poilutants), NOx constitutes one of the most difficult problems
to deal with. NOx takes part in complex atmospheric reactions resulting
in the formation of photochemical oxidants and other pollutants. Most
of the anthropogenic NOx emissions originate from combustion. Although
combustion process modification is the least costly control technique,

care must be taken that the controls should not produce such undesirable
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results as lower fuel efficiency and increased hydrocarbon and CO emissions.
As a result of the rapid growth rate projected for combustion sources,
combustion generated pollutant emissions are also expected to increase. Of
the major pollutants, NOx is the one the emission of which can be effectively
controlled by combustion modifications. Sulfur emission has to be controlled
either by burning low sulfur or desulfurized fuels or by scrubbing the fiue
gas. Organic particulates should not be emitted from a well designed plant
and the inorganic particulates have to be precipitated from the flue gas.
In the following Sections, we shall present an overview on the depen-
dence on coal as an energy resource and discuss NOx as a health hazard. We
shall also discuss briefly NOx control technologies and, finally, the

motivation for this study.

2.1 Coal - An Energy Resource

The United States has vast reserves of coal amounting to three times
the energy contained in the Middle East's oil reserves, and currently
accounting for more than 90% of U.S. proven energy reserves. The nation's
coal industry began in the 18th century. Coal production increased steadily
throughout the 19th century. By the turn of this century coal suppiied 90% of
the U.S. energy consumption. However, after more convenieht and competi-
tively priced 0il and natural gas became available, coal consumption grew
less rapidly than total energy consumption. The energy consumption
suppltied by coal dropped to 38% by 1950, and to less than 18% by 1974.

Today., more than 75% of national energy consumption is supplied by

0il and gas, which constitute only less than 7% of the national energy
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reserves (see Figure 2.1). The U.S. - with 6% of world population - uses
35% of world energy. Yet the Nation depends upon its least abundant
energy resources to provide most of its energy needs. As a result of
the 0il embargo by the Organization of Petroleum Exporting Countries in
late 1973, a national goal to double the production of coal by 1985 was
announced by the federal government in early 1975.

Figure 2.2 shows the trend and the forecast of the national energy
consumption. Energy demand grew at a rate of 3.6% in the 20 years
before the 1973 embargo, and in 1975 the U.S. consumed about 73 quad-
rillion Btu's. By 1985, as a result of higher prices, energy demand is
expected to be much lower than the average growth rate of the last
twenty years. Total domestic supply is forecasted to increase by 40%
between 1974 and 1985 (see Figure 2.3) with a large role played by coal:
coal production will increase to over one billion tons from 1974 levels
of 611 million tons. Most of the new coal production will be used by
electric utilities. Because net generation of electricity is expected
to double by 1985, coal used for power generation is expected to increase
from the 1974 annual level of 388 million tons to some 715 million tons
in 1985, as shown in Table 2.1 (Federal Energy Administration, 1976).

Total U.S. coal resources, as shown in Figure 2.4, are well
dispersed throughout the country. Additional deposits are located in
Alaska. A coal reserve base has been established in 30 states. The total
coal reserve base of 437 billion tons consists of about 28 billion tons
of lignite, 168 billion tons of subbituminous coal, 233 biTlion tons of
bituminous coal and 7 billion tons of anthracite. As shown in Table 2.2,

of the total coal reserve base, about 202 billion tons occurs east of the
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TABLE 2.1

COMPARISON OF

1974 LEVELS AND 1985

FORECASTS OF U.S. CONSUMPTIONS OF COAL
(Mi1lion Tons)

Absolute Compound Annual
Sector 1974 1985 Increase Percent Growth Rate

Electric Utilities 388 715 +327 5.7
Household/Commercial 9 5 - 4 -5.5
Industrial 64 124 + 60 6.2
Coke and Gas 90 100 + 10 1.0
Synthetics - 16 + 16 -

Exports 60 80 + 20 2.6
Total 611 1,040 +429 5.0

Source: Federal Energy

Administration
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TABLE 2.2

DEMONSTRATED U.S. COAL RESERVE

Billion Quadrillion
Tons Percent Btu Percent
East of
Mississippi River 202.3 46.3 5,000 52.1
West of
Mississippi River 234.4 53.7 4,600 47 .9
Total U.S. 436.7 100.0 9,600 100.0

Source: Based upon Bureau of Mines data.
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Mississippi River, which represent about 5,000 quadrillion Btu's, and
about 234 billion tons occurs west of the river, which represent about
4,600 quadrillion Btu's (Scollon, 1977).

In summary, the U.S. has enormous coal reserves. Coal production
is projected to increase from 611 million tons in 1974 to almost double
the rate in 1985 in order to meet the growing U.S. energy demands. At
these rates of consumption, the reserves are sufficient to last at least
200 years. Coal will undoubtedly play an important role in the future

energy market.

2.2 Nitric Oxide - A Health Hazard

As mentioned earlier, one of the major drawbacks for coal burning is
the emission of NOX. Nitric Oxide (NO) is generally considered as
non-toxic. However, in the presence of sunlight and ozone, it is readily
converted to nitrogen dioxide (NOZ) which is corrosive and toxic. In
addition, nitrogen dioxide will participate with ozone and atmospheric
hydrocarbons in the complex chain reactions that lead to the production
of photochemical smog.

The specific health hazards of NO2 have been studied extensively by
researchers. It is known that in living species, NOé irritates the
sensory organs, inflames lungs, oxidizes lung tissue and changes lung
morphology (Mueller and Hitchcock, 1969). It is suspected that NO2 tends
to settle on the hemoglobin in the blood and has a tendency to form
dilute nitric acid when it comes in contact with the moisture in the
lungs. Significant plant damage has also been attributed to NOZ'
Photochemical smog is formed when nitric oxides absorb sunlight then
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react with atmospheric hydrocarbons to yield air pollutants such as
peroxyacyl nitrates, aldehydes and ozone. These products are known to
cause eye and throat irritation, decreased visibility, odor, and plant

damages (Patterson and Henein, 1972).

2.3 Nitric Oxide Control Technologies

Nitric oxides are harmful to human health. The Environmental
Protection Agency has established national air quality standards that
allow no more than an average of 0.055 ppm NOX in ambient air. NOx
emissions from new coal-fired facilities is Timited to 0.7 pounds per
million Btu which transiates into a stack gas concentration of 500 - €00
ppm in NOx (Federal Register, 1971). The emphasis on the utilization of
coal will undoubtly increase the total NOx emissions. More stringent EPA
regulations on the control of NOx emissions are essential. The
improvements in the efficient use of the enormous U.S. coal reserves in
an environmentally acceptable manner therefore becomes an important
challenge.

We shall discuss, in detail, the NOX formation mechanisms in the
Chapters that follow. In brief, NOx is formed in stationary sources by the
following two mechanisms:

1. Thermal NOx is formed by the fixation of the atmospheric

nitrogen_due to high temperature of the combustion processes.

2. Fuel NOX is formed by the oxidation of chemically bound nitrogen

in the fuel.
Thermal NOX can be effectively eliminated by operating the coal combustor

at lower temperatures. Fuel NOX is a problem more difficult to deal with.
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This is the probtem the author addresses in this thesis.

At present, the control technologies for NOx emissions applicable to
combustion sources can be summarized in following categories:

* Existing Clean Fuels

* Fuel Cleaning

* Combustion Modifications

* Flue Gas Cleaning

* Combinations of the above

The nitrogen content of American coals ranges from 0.5% to 2.0% by
~ weight. Although not all of the nitrogen is converted to NO,, the
uncontrolled NOX emissions still 1lie above the acceptable Tevel. There is
no economical method known at present that can remove fuel-nitrogen before
the coal is burned or that can effectively scrub NOx after it is formed
from coal combustors. Fortunately, there exists a potential for reducing
the fuel-nitrogen conversion to NOx by modifications of the combustion
processes. Combustion modifications have been the most economical and most
promising approaches for reducing the NOx emissions from coal-fired
facilities.

There exists an urgent need to have a better understanding of the
mechanisms of coal-nitrogen behavior during combustion in order td
establish an optimum strategy for the control of NOx emissions. This
provides the motivation for this thesis work. The author hopes that this
thesis will provide a better understanding on the fate of the coal-nitrogen
and provide a basis for the development of the control technologies for

NOx emissions.
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CHAPTER 3

PREVIOUS WORK

Coal combustion is a complicated high temperature process. The NOX
emissions during coal combustion can possibly be contributed by the
oxidation of both atmospheric nitrogen and any nitrogen contained in the
fuel. The review of past work will therefore first concentrate on the
contribution of fuel NOX and thermal NOX. This is given in Section 3.1.

Regarding the combustion process, a coal particle undergoes complex
physical and chemical changes during combustion. The processes involve
both homogeneous and heterogeneous chemical reactions; multicomponent
mass transfer; and conductive, convective and radiative heat transfer.
Coal may first undergo rapid devolatilization by heating in the products
of combustion recirculated to the burner. The volatiles may subsequently
burn either in the boundary Tayers of individual particles or in the
flames engulfing clouds of particles. The char will ultimately burn out
in the tail of the flame. Alternatively, ignition may precede complete
devolatilization and char and volatiles may burn contemporaneously. In
summary, the combustion of pulverized coal particles occurs in three main
stages: a stage of evolution of the volatile components, or devolatiliza-
tion, followed by the homogeneous volatile combustion and then finally
the heterogeneous combustion of residual char. Although the stages may
overlap to some degree (Howard and Essenhigh, 1967a, 1967b), it is well
recognized that the char combustion is generally of much longer duration.

Based on this information, the conversion of coal-nitrogen to NOX can
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also be regarded as a three-stage process: coal-nitrogen devolatilization,
volatile-nitrogen combustion and char-nitrogen combustion. The
devolatilization prior to ignition and the distribution of nitrogen
between char and volatiles will undoubtedly influence NOX emission. The
review on the coal-nitrogen devolatilization process will be given in
Section 3.2; and the review on the contributions of volatile NOX and
char NOx will be presented in Section 3.3.

Finally, since the destruction of NOX is as important as the formation
of NOX in determining the net NOX emission from coal combustors, a review

on the reduction of NOX by char will also be included.

3.1 Fuel NOx and Thermal NOX

An early investigation of the source of nitrogen for the production
of NOx during the fluidized bed combustion of coal has been made by
Jonke et al. (1970). An experiment was performed in which after
steady-state combustion had been reached with a synthetic air mixture of
nitrogen and oxygen, argon was substituted for the nitrogen. They found
that the NOx level of the flue gas was not materially affected by the
substitution of argon for the nitrogen. This indicated that the major
source of nitrogen for the production of NOX was the nitrogeneous content
of coal. However, this conclusion derived from experiments at the Tow
operating temperature of a fluidized bed may not necessarily apply at the
high temperatures prevalent in pulverized coal flames.

Pershing (1976) and Pershing and Wendt (1976) have isolated fuel NOx
in pulverized coal flame using, instead of air, a synthetic oxidant

mixture containing 21% 02, 18% CO2 and 61% Ar. Comparison between total
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NOx with preheated air as the oxidant and fuel NOx with synthetic
mixture as the oxidant was accomplished under nearly identical conditions.
From the studies of four different coals and one coal char, they found
that, under typical combustion conditions, fuel NOX contributed over 80%
of the total NOX emissions. It should be noted, however, that the
combustor used by Pershing et al. was a relatively small one and was
subject to major heat loss through the walls. Estimates of the contribution
to total NOx by the fuel-nitrogen are lower for larger combustors and
range from 30 to 55 percent (Habelt, 1977). These values obtained on
larger scale units are, however, subject to errors of interpretation.
In addition, Pershing et al. have also concluded that fuel NOx formation
was relatively insensitive to flame temperature over a wide range of
practical interest.

An understanding of the formation of thermal NOx will certainly
help to explain why the fuel NOx was predominant in the systems mentioned
above. The reaction mechanism for the formation of thermal NOX, which
arises from the fixation of atmospheric nitrogen, was first proposed by
Zeldovitch {1947). This mechanism has since been confirmed and modified
by a number of investigators (see Baulch, Drysdale and Lloyd, 1967-70).
The Zeldovitch mechanism is highly temperature dependent so that in a
typical pulverized coal flame, Tittle thermal NOx is expected due to the
comparatively low flame temperature in a small-scale combustor with cold
walls. This explains why Tittle thermal NOx was observed and fuel NOx
contributed the major fraction of the total NOx emission in most small-

scale coal-fired systems.
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3.2 Devolatilization of Coal-Nitrogen

There are some data available in the literature on the distribution
of the nitrogen in coal among pyrolysis products at coking conditions.
(Feilder and Davis, 1934; Kirner, 1945; Hi11, 1945.) The coking data,
however, are not applicable to pulverized coal flames because of
differences in heating rates, final temperatures, residence times, and
particle interactions.

Since control of the nitrogen evolution provides one method of
controlling total NOX emissions, the mechanism and rates of devolatiliza-
tion of coal-nitrogen have been extensively studied by Pohl (1976). The
pyrolysis of the nitrogen content of coal was studied by rapidly heating
dispersed pulverized particles of Montana lignite and Pittsburgh bituminous
coal to temperatures of 1000 and 2700 K.

Time resolved measurements of nitrogen loss during pyrolysis were
obtained and the evolution of nitrogen from coal was found to be
kinetically controlled for conditions encountered in typical pulverized
coal flames. The early stages of pyrolysis of coa]-nitrogen was
empirically correlated with a psuedo-first order Arrhenius-type rate
equation.

A corre]atioﬁ between nitrogen Toss and total solid weight loss
during pyrolysis was also obtained. Little nitrogen was lost until
10-15% of the coal had been devolatilized. After this initial period
associated with loss of side chains and scission of aliphatic bridges in
coal, the rate of fractional nitrogen loss was found to be proportional
to the rate of fractional total weight loss. This correlation, if it

is found to have general validity provides a base for evaluating the
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kinetics of nitrogen evolution from that of the more readily determined
total volatile evolution.

Another important feature from Pohl's studies is the asymptotic
behavior of devolatilization. When coal was slowly heated in crucibles
to different temperatures, most of the volatile matter evolution
occured at temperatures below that of the ASTM Proximate Analysis test
(1023 K) whereas most of the nitrogen was evolved at higher temperatures.
ATthough carbon formed a stable compound in char, no comparable stabilized
nitrogen structures were formed, consequently, nitrogen could continue
to be released until it was completely eliminated from char.

Pohl's studies represent the most compiete and best available

information on the kinetics of coal-nitrogen devolatilization.

3.3 Char NOx and Volatile NOx

At present, there is limited information on the contribution of the
nitrogen devolatilized from the coal and the nitrogen oxidized from the
char to total NOx emissions. By the use of fragmentary data,

Sternling and Wendt (1972) drew up a schematic diagram for the
distribution of coal-nitrogen between volatiles and char during pyrolysis
and oxidation. They indicated that a significant portion of the nitrogen
in the coal may not be volatilized but will appear in the char; hence the
oxidation of nitrogen in the char may contribute significantly to total
NOx emissions.

Coal char combustion is a complicated process. Since the char
structure is porous, both internal and external combustion would occur

(Anson, Moles and Street, 1971). In addition, pore diffusion may sometimes
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play an important role in the combustion process (Smith and Tyler, 1972,
1974; Mandel, 1977). Physical and chemical characteristics that
influence the conversion of fuel nitrogen to NOX during coal char
combustion were theoretically examined by Wendt and Schulze (1976). They
showed that diffusion-reaction interactions were important in determining
the selectivity of the char particle toward NOx production. Their model
predicted that char combustion was a potentially rich source of NOX.

| The work by Blair et al. (1976) has also shown that a Targe fraction
of nitrogen may remain in the char after devolatilization, and
may be responsible for the major portion of the NOx emissions. The
results on the behavior of fuel-nitrogen under simulated combustion
conditions by Pohl and Sarofim (1976) and Song, Beér and Sarofim (1977)
also support this picture for temperatures below 1750 K but the trend of
the data suggests that much of the fuel-nitrogen may be volatilized at
higher temperature so that volatile-nitrogen may become the major
contribution to total NOX emissions.

By means of a fluidized bed combustor, Pereira and Beér (1975) and
Pereira (1975) have assessed the influence of temperature on the relative
contributions of char-nitrogen and volatile-nitrogen to the total NOx
emissions. They found that the char-nitrogen contribution to the total
NOx emissions predominated at low temperatures, whereas at higher
temperatures the contribution of the volatile fraction became more
important.

.In summary, results from past work have suggested that the relative
importances of volatile-nitrogen and char-nitrogen contribution to fuel

NOx are temperature dependent. Char-nitrogen is important when temperature
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is low and volatile-nitrogen is important when temperature is high.
However, the information available has been only qualitative and there
has been no information obtained at conditions encountered in pulverized

coal flames.

3.4 Reduction of NOX by Char

Since the destruction of NOx is as important as the formation of NOx
in determining the net NOX emission from coal combustors, we shall devote
this Section to the reduction of NOx by char.

In an experimental effort to investigate the NOX emissions from a
fluidized bed coal combustor, Gibbs, Pereira and Beer (1976) observed a
reaction between NOx and char during the combustion of coal. Although
the char was known to react easily with NO in the absence of oxygen
(Edwards, 1972), it was not expected up until then that this reaction
could also occur under oxidizing conditions. An investigation was then
conducted to explore the reaction between NOx and char in a fluidized
bed operating over a temperature range of approximately 600 to 900 C.
They reported that the reaction had a relatively low activation energy
(about 16 Kcal/mole) and a reaction order of unity with respect to NOX.
They also found that the nitric oxide reduction was strongly dependent
on the char particle size with increasing conversion as particle size
decreased.

These observations were partially supported by the recent work done
in Japan (Furusawa, Kunii, Oguma and Yamada, 1977). The Japanese
researchers have conducted a kinetic study of NOX reduction in a fixed

bed reactor with a dilute mixture of carboneceous materials (e.g., char
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or activated carbon) over a wide range of temperature (750 - 1250 K).

They also found that the reduction of NOx was first order with respect

to NOX concentration. Interestingly enough, they observed three
temperature ranges with different activation energies: 17.3 Kcal/mole

for 773 K to 993 K; 57.1 Kcal/mole for 993 K to 1056 K; and 389.7 Kcal/mole
for 1056 K to 1183 K. Evidently, in modelling NOx emission from coal
combustion systems, any extrapolation as well as interpolation of

Char/NOx kinetics has to be done with great care.

Apparently, the Char/NOx reaction is analogous to Char/O2 reaction,
and in fact, NOX may compete with O2 for the char gasification reaction.
In determining the net NOx emissions from a coal combustor, the Char/NOx
reaction should not be neglected. A better understanding on the Char/NOx
reaction will, of course, provide information pertinent to the reduction

of NOx emission by the modification of the combustion processes.
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CHAPTER 4

GENERAL_SCOPE OF THE THESIS

The overall objectives of this thesis work were twofold. First of
all, it was aimed to provide an engineering and parametric overview on
the NOx emissions during coal combustion. It was desired to identify
and investigate those factors and parameters which are important in the
formation of NOx in pulverized coal flame. These studies were directed
at finding the range of practical conditions under which NOx formation
was minimized. The second half of this thesis work was devoted to
developing a better understanding of the kinetics of the processes that
control the formation and destruction of NOx during the combustion of
coal, in order to provide quantitative guidelines for the designer.

In order to achieve the various goals of the study, two types
of investigations were conducted in this thesis work: parametric
investigations of the gross NO, emissfons and kinetic studies. The
parametric investigations included the determinations of the effects of
both the fuel/oxygen equivalence ratio and the temperature on NOx
emissions, and also the identification of the separate contributions of
char-nitrogen and volatile-nitrogen to total NOX emissions. The kinetic
investigations included the studies of the intrinsic kinetics of
formation of NOX during coal char combustion and the intrinsic kinetics
of reduction of NOx by char.

The approaches were both experimental and theoretical. The

experimental data were obtained under simulated coal combustion conditions
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to facilitate the direct application of the results to real systems.
Theoretical models were derived to generalize the experimental results
and to predict the rates of both the fuel-nitrogen consumption and NOx
formation during coal combustion. These theoretical models can provide
the fundamental information necessary for the design of combustion
process modifications for NOx control.

The experimental apparatus and procedures will be described in
Chapter 5. The parametric investigations are discussed in Chapter 6.
The kinetic studies of the formation of NOX during coal char combustion
are presented in Chapter 7, while the kinetic studies of the reduction
of NOx by char in Chapter 8. Each of Chapters 6, 7 and 8 is designed
to be self-contained. The format in each chapter will start with a
brief review on past work, it is then followed by the presentations of
experimental results, the derivation of theoretical models, and finally
the conclusions and the discussions on practical implications. The
information contained in the individual chapter is therefore inter-
related with that in other chapters, but can also be treated
independently. The overall conclusions of this thesis work are
presented in Chapter 9. Finally, suggestions for the improvement of
the experimental procedures and recommendations for future studies are

given in Chapter 10.
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CHAPTER 5

EXPERIMENTAL APPARATUS AND PROCEDURES

5.1 Experimental Apparatus

Flow furnaces have been widely used for coal studies because of
their similarity to actual coal combustor systems. A wide range of
simulations can be achieved by controliing both gas and wall temperatures,
consequently, the results may be readily applicable to real systems. A
flow furnace system was chosen for this study because of the flexibility
it provided for carrying out both parametric studies and kinetic studies
on the fate of the fuel-nitrogen during coal combustion. The system
consists of a temperature controlled tubular furnace, a coal/char
particle feeder, particle collector, a gas preheater, and a vacuum system.

The basic design of this system is given by Kobayashi (1976).

5.1.1 The Furnace

The schematic of the furnace system is shown in Figures 5.1 and 5.2.
Figure 5.1 shows the furnace in laminar-flow mode and Figure 5.2 shows
the furnace in free-fall mode (see Sections 5.1.3 and 5.2). The system
is built around an ASTRO model 1000A furnace (ASTRO Industries, Inc.,
Santa Barbara, California). The furnace is a graphite resistance furnace,
j.e., the heating is done by supplying electricity to a 3 1/2 in I1.D.,
72 in long graphite resistance heating element. The furnace shell is
anodized aluminum with water cooling channels in the central section of

the shell. Thermal insulation between the heating element and central
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shell is provided by carbon powder. The insulation pack is retained by
a radiation shield which surrounds the tubular heating element. Two
coaxial aluminum oxide muffle tubes are used as reaction chambers, which
permit operating the furnace in an oxidizing atmosphere. The outer
alumina muffle tube, 24 in long, 3 in 0.D., 2 1/2 in I.D., is used to
shield the graphite heating element from the reaction zone. The inner
alumina muffle tube, 15 in long, 2 1/4 in 0.D., 2 in I.D., is used to
support a ceramic honeycomb gas flow straightener. The honeycomb, made
by E.I. du Pont de Nemours and Co. {Wilmington, Delaware) with a trade
name of TORVEX, is 1 in thick and has a nominal pore diameter of 1/16 in.
The furnace is equipped with a 14 KVA power supply (230 V and 65 A)
which consists of a stepdown transformer, a manually operated SCR power
controller, and an automatic temperature programmer. The temperature
programmer allows temperature changes to be made at desired rates.
This feature is particularly important when using the alumina muffle tubes,
since the alumina tubes are so sensitive to temperature changes that the
heating rates and cooling rates must be siow enough to avoid thermal
shock to the material. The furnace temperature is controlled and
monitored by a boron-graphite/graphite thermocouple which is located in
the center of the furnace just outside the heating element. The wall
temperature of the outer muffle tube can also be checked by an optical
pyrometer through an observation port with a diameter of 1/2 in. The
temperature within the reaction zone immediately below the honeycomb
is monitored by a platinum/platinum-rhodium thermocouple to indicate
whether there is proper heating of the main gas. Since the melting

temperatures of alumina muffle tube and honeycomb are 2100 K and
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1900 K, respectively, the maximum operating temperature is set at

1750 K for the reason of safety.

5.1.2 Coal/Char Feeder

The coal/char feeder is composed of two sections: the particle-
feeding control section and the water-cooled particle injection probe.
The feeding control section, as depicted in Figure 5.3, employs a
mechanical vibrator, partial fluidization of the particles, and an
adjustable needle valve to obtain uniform feed rates of particles.

The particles are then transported by a carrier gas and injected along
the axis of the furnace through the water-cooled injection probe.

The main body of the control section is made of polished plexiglas
to facilitate the direct visual inspections of coal Tevel and feed rate.
The plexiglas section is 3 1/2 in long and 1/2 in I.D. and is capable
of loading up to 3 grams of pulverized coal/char sample. A 1/8 in 0.D.
stainless steel needle valve (i.e., a stainless steel tubing with a
closed, tapered end) extends axially through this part down to another
smaller plexiglas section which has been machined internally to form a
cone-shaped funnel. The feed rate is controlled by the needle valve
opening, the vibrator strength and the carrier gas flow rate. The
carrier gas is introduced through the hollow needle valve and injected
radially through six equally spaced 0.010 in holes near the tip of the
needle vaive just next to the tapered end. The carrier gas flows at
high velocity (but Tow flow rates) through these holes so as to
fluidize the particles locally, thus preventing packing and clogging in

the narrow region. An adjustable mechanical vibrator which is attached
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to the throat of the funnel oscillates the entire feeder assembly to
help the feeding.

The particles are then carried by both gravity and the carrier gas
into the water-cooled injection probe which is connected to the bottom
of the feed control section. The water-cooled particle injection probe
consists of three concentric stainless steel tubes together with 1/4 in
0.D. in outermost tube and 1/16 in 0.D. in innermost tube. The annular
space between the tubes is used for circulating water to cool the probe
which carries the particles in its innermost tube. The injection probe
extends axially into the center of the furnace with its tip about 1/2
in below the bottom level of the honeycomb.

The feed rate can be adjusted between 0.01 gm/min and 1.0 gm/min.
In normal operations of this study, about 1 gm of coal or char samples

are fed at 0.15 gm/min with carrier gas flow rate about 30 cc/min.

5.1.3 Particle Collection Systems

The furnace can be operated in two different modes: laminar-flow
mode and free-fall mode. Accordingly, two different particle collection
systems are used. In the laminar-flow mede, the particles are injected
along the axis of the furnace and carried down by the Taminar flow
stream of the main gas, and finally the reacted particles are quenched
and collected in the water-cooled collector probe. In free-fall mode,
the particles are allowed to fall freely by gravity through the hot zone
of the furnace then onto the bronze disc collector placed in the cooled

section of the furnace.
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5.1.3.1 Collector Probe Used in Laminar-Flow Mode Experiments

Figure 5.4 shows the design of the particle collector probe used
in laminar-flow mode experiments. It consists of three concentric copper
tubes with 1 3/8 in 0.D. in outermost tube and 1/2 in I.D. in innermost
tube. The two outer passages are used to circulate the external cooling
water and the center passage is used to withdraw the quenched gaseous
and solid reaction products. Eight 1/8 in 0.D. copper tubes pass
through the space between the inner two tubes to carry the cool quenching
gas. The quenching gas is injected toward the axis through the porous
bronze at the bevelled portion of the collection filters. The sintered
bronze filters (specially manufactured by Thermet, Inc., Gloucester,
Massachusetts) are used to retain the reacted char while the quenched
gases are drawn through the filter and the center passage of the probe
by the vacuum system of the furnace. The bronze filter is 0.740 in 0.D.
at the open end, 0.4 in 0.D. and 4 in long at the straight section,
and the wall thickness is 0.060 in. The average particle size of the
sintered bronze shot is about 15 microns and the average pore size of
the bronze filters is about 5 microns.

Water has been tried in the quenching system. However, based on
the following reasons, the gas quenching has been proved to be more
advantageous than the water quenching in the present studies:

(1) With water quenching, the bronze collecting filter quickly
becomes clogged due to the tendency of water to wash small ash
particles off the char surface into the filter pores. With

gas quenching, the tendency of the ash particles being washed

away is minimized.
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(2) The use of gas quenching simplifies the experimental
arrangements and procedures. First of all, with gas quenching,
large reservoir required to separate gases from water is
eliminated. Secondly, with gas quenching, there is no need to
dry the filter and collected sample before weighing and other
analysis.

(3) Elimination of the water quenching assures higher accuracies
of gas phase analyses by avoiding the possibilities of gas

Tosses due to dissolution in the excess water.

5.1.3.2 Bronze Disc Collector Used in Free-Fall Mode

Experiments

Figure 5.2 shows the furnace in free-fall mode. In free-fall mode,
the char particles are collected in a 3 in diameter, 1/8 in thick
sintered bronze disc at the bottom of the cooling section of the furnace.
The sintered bronze discs were manufactured by Thermet, Inc., Gloucester,
Massachusetts. They have an averaage pore diameter of about 5 microns.
The gas exits through a 1/4 in pipe fitting under the center of the

bronze disc.

5.1.4 Gas Preheater

In most of the experiments, the main gas is introduced to the
furnace at room temperature. The main gas then passes through the
honeycomb gas straightener and enters the reaction zone. Heat transfer
calculations revealed that at the maximum gas flow rate of 6 1/min

(measured at room temperature) the main gas temperature would approach
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that of the honeycomb. These predictions were confirmed by the direct gas
temperature measurement with the platinum/platinum-rhodium thermocouple
extending just below the honeycomb as described in Section 5.1.1 Therefore,
the honeycomb, in addition to serving as a gas fiow straightener, also
serves as a main gas preheater. Nvertheless, the system has been equipped
with a packed bed das preheater for use in experiments with higher gas
flow rate. The preheater, located at the upstream of the furnace main gas
inlet, is a2 18 in lbng, 1 in 0.D. stainless steel tube packed with 3/16 in
alumina pellets. A Lindberg "Hevi-Duty" model 55081-A tubular furnace
{120 v, 8.5 A) (Lindberg, Inc., Watertown, Wisconsin) is used as the heat
source. The stainless steel tube is placed in the tubular furnace in a
vertical position with 12 in of its length enclosed by the furnace. It

is capable of reaching a temperature of 1000 C.

5.1.5 Vacuum System

The vacuum system consists of two Cenco "Megavac" pumps connected in
parallel. These pumps (115 V and 6 A) are rated at 1/3 h.p., with
individual maximum capacities of 57 1/min at 0 psig. The suction rate
is regulated by a control valve located downstream of the furnace. All

vacuum lines are 1/2 in 1.D. or larger to minimize the pressure drop.

5.2 Experimental Procedures

5.2.1 Parametric Investigations

In the parametric studies, coal and char oxidation experiments
under a fixed residence time of one second are carried out in the furnace

in a free-fall mode. In this mode, the particles are allowed to fall



-101-
freely through the hot zone and then onto the bronze disc collector
placed in the cooled section of the furnace. The time for the particles
travelling through the hot zone is about one second. The chars used in
the oxidation studies are prepared by pyrolyzing the coal at the
temperature and residence tfme corresponding to those of the coal
oxidation experiments. The procedure for the oxidation experiments is
as follows.

The furnace is heated to the desired temperature level at a heating
rate of 250 C/hr to 350 C/hr, using the temperature controller and
programmer. The wall temperature is also measured by a Land optical
pyrometer and by the platinum/platinum-rhodium thermocouple extending
just below the honeycomb. Once the furnace has reached the final steady
state temperature, a pre-weighed bronze disc collector js placed at the
bottom flange. About 1 gram of coal (or char) is weighed and placed in
the feeder. The main gas is then introduced into the furnace. As soon
as the main gas flow becomes steady, the feeder vibrator is turned on
and the particles are fed to the furnace with a helium carrier gas of
30 cc/min. The total particles are fed fairly uniformly for 6 to 7
minutes or at a rate of 0.15 gm/min. The main gas is a simulated air
mixture, i.e., 21% oxygen in helium mixture. The main gas flow rate is
varied between 1 1/min and 3 1/min from run to run in order to obtain
different fuel/oxygen equivalence ratios. The off-gas is withdrawn
continuously from the furnace for gas phase analyses. After all the
particles are fed, the bronze disc collector is removed and weighed and
the solid weight loss of the coal (or the char) is obtained. The

collected char is transferred to a sample bottle for further analyses
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of chemical composition and for physical characterizations.

5.2.2 Kinetic Studies

Two different kinetic studies are conducted in this thesis work:
a kinetic study of the Char-/O2 reaction and a kinetic study of the
Char/NOx reaction. The char used for these kinetic studies are
specially prepared to meet specific requirements. We shall present the
procedures for the preparation of the char in Section 5.2.2.1. The
procedures for Char‘/O2 experiments and the procedures for Char/NOx

experiments are presented in Sections 5.2.2.2 and 5.2.2.3, respectively.

5.2.2.1 Preparation of Char

In selecting char for the kinetic studies, two criteria have to be
met. First, the char produced should be relatively "volatile-free", or
more specifically, it should have reached asymptotic solid weight loss
due to pyrolysis. When this char is subjected to further Char/O2 or
Char/NOX studies, there should be no or very little volatile interference.
Secondly, the pyrolyzed char produced should have retained a significant
portion of the nitrogen from the original coal, so that the fate of
the char-nitrogen during oxidation can be accurately studied.

In order to meet the above criteria, the char is specially
produced by pyrolyzing lignite coal particles at a furnace temperature
of 1750 K for a residence time of one second. The char production is
made in the furnace in the free-fall mode of operation with a minor

modification to permit a direct and continuous collection of the char
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in a flask. During the char production process, 3 1/min helium gas 1is
used as the main gas. The char so produced is then size-graded to

seiect particles in the 38 to 44 micron size range for further experiments.

h.2.2.2 Char/O2 Experiment

The kinetic studies of Char'/O2 reaction are carried out in the
furnace in a laminar-flow mode. In this mode, the char particles are
injected along the axis of the furnace and then carried down by the
laminar-flow stream of the main gas. The oxidant stream of oxygen in
helium is supplied through the honeycomb straightener at a sufficiently
fast rate to prevent significant depletion of the oxygen during
reaction. The reacted particles are quenched and collected in the water-
cooled collector probe. The residence time of the particles can be
varied by adjusting the distance between the feeder tip and the collector
probe. The experimental procedures for the kinetic studies of Char/O2
reaction are as follows.

The furnace is first heated using the temperature controller and
programmer as described in Section 5.2.1. About 1 gram of char is
weighed and loaded to the feeder after the furnace has reached the
desired temperature. The gquenching gas, argon, is set to about 25 1/min
after a pre-weighed bronze filter is placed in the collector probe. The
vacuum is adjusted continuously so that the furnace pressure is
maintained at about 0 psig as the collector probe is put into muffle
tube. The collector probe is then raised into the furnace and secured
at a certain distance from the char feeder. The main gas, a mixture

of oxygen and helium with a desired okygen partial pressure, is then
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supplied to the furnace. The main gas flow rate is always set at & 1/min
{based on room temperature and atmospheric pressure). By the adjustment
of a side tube regulating rotameter and the main vacuum valve, half of
the main gas fed to the furnace is withdrawn through the collector probe
and another half of the main gas is removed from the bottom of the
furnace to ensure efficient quenching and proper collection of the
reacted particles. The furnace pressure is monitored and maintained at a
s1ightly positive pressure (Tess than 1 psig) throughout the run again
by the adjustment of the vacuum. After all the gas flow rates and
furnace pressure have reached steady state, the feeder vibrator is turned
on and the char particles are fed to the furnace with a helium carrier
gas of 30 cc/min. The particle feeding rate is, as in free-fall mode,
consistantly at about 0.15 gm/min. As soon as the feeding is finished,
the main gas is turned off and the collector probe is removed from the
furnace. The quenching gas and vacuum are then turned off and the
bronze filter is quickly removed from the probe and weighed and the
solid weight loss of the char is obtained. Finally, the collected char

is transferred to a sample bottle for further analyses.

5.2.2.3 Char/NOx Experiment

‘The kinetic studies of Char/NO, reaction are carried out in the
furnace in a free-fall mode as the parametric studies described in
Section 5.2.1. Certified gas of NOx in helium or argon, supplied by
Matheson Gas Company (Gloucester, Massachusetts), is used as a main gas.

The main gas flow rate is typically set at 3 1/min. A chemiluminescent



-105-
NO—NOX Gas Analyzer and a chart recorder are used to monitor the NOx
concentration in the off-gas from the furnace throughout the run {see
Section 5.3.1).

The main gas is first introduced into the furnace through the
honeycomb straightener. About 2 to 3 minutes is the typical length of
the time for the NOx concentration in the off-gas to stabilize and reach
the same Tevel as that in the inlet gas. After steady state has been
reached, the feeder is turned on and char particles are fed along the
furnace axis. A sudden drop of NOx concentration in off-gas is observed
as soon as the particles are fed. The concentration of NOx in the off-
gas decreases to a certain steady level during the run. When the
char feeding is finished, the NOX concentration in off-gas starts to
go back to its original level with certain time Tag. After the NOx
concentration in the off-gas has returned to its original level and
stabilized, the main NOx gas is turned off and a secondary helium gas
is introduced into the furnace to purge the system until no more NOx
can be detected. The NOX concentration in the off-gas from the furnace
is monitored continuously using a chart recorder. Finally, the secondary
helium gas is turned off and residual char is removed from the sintered
bronze disc filter for analysis.

A summary of operating conditions for all experiments is shown in

Table 5.1.

5.3 Gas Phase Analyses

The species of primary interest in the gas phase during the course

of this thesis work is, of course, NOX. Other prevailing
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TABLE 5.1

SUMMARY OF OPERATING CONDITIONS

Parametric Studies

Furnace Temperature (K):
Fuel/0, Equivalence Ratio (9):
Main Gas Flow Rate {&/min):

1250 1500
0.2 ~ 4

varied in accordance with ¢

1750

Carrier Gas Flow Rate (cc/min): 30

Char/O2 Kinetic Studies

Furnace Temperature (K): 1250 1500 1750
Partial Pressure of Oxygen (atm): 0.2 0.4

Main Gas Flow Rate (&/min): 6

Quenching Gas Flow Rate (&/min): 25

Side-tube Gas Flow Rate (&/min): 3

Carrier Gas Flow Rate (cc/min): 30

Char/NOX Kinetic Studies

Furnace Temperature (K}: 1250 1500 1750
NO, Concentration (ppm): 530 1100 6400
Main Gas Flow Rate (&/min): 3

Carrier Gas Flow Rate (cc/min): 30
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nitrogen-containing compounds in the gas phase include NZ’ NH3 and HCN.
In addition to nitrogenous species, CO, CO2 and hydrocarbon compounds
are also of interest in the coal combustion system. The concentrations
of all the species mentioned above are measured by different techniques:
1. Nitric oxide emission is monitored using a chemiluminescent
detector.
2. Ammonia concentration is measured by colorimetric analysis.
3. Hydrogen cyanide concentration is determined ﬁsing a specific
ion electrode.
4. Molecular nitrogen and methane are analyzed by gas chromatography.
5. Carbon monoxide and carbon dioxide are analyzed by both gas
chromatography and non-dispersive infrared analysis.

We shall discuss all the techniques of measurements in detail.

5.3.1 Chemiluminescent Gas Analysis of NOx

A Thermo Electron Model 10B Rack Mounted Chemiluminescent NO-NOx
Gas Analyzer (Thermo Electron Corp., Waltham, Massachusetts) is used for
the analysis of nitric oxide (NOX). Combustion gases are withdrawn
continuously from the furnace, passed through a filter to remove soot
and tar, then fed into the analyzer for NOx analysis. For the purpose
of systematic measurement, any nitrogen dioxide (NOZ) present is
converted to nitric oxide (NO) by a molybdenum converter prior to
nitric oxide detection, although the concentration of nitrogen dioxide
(N02) is always negligible (i.e., less than 3% of NO concentration) in
our combustion system.

This instrument has a typical response time of 1.7 seconds and an
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operating range of 2.5 to 10,000 ppm with an accuracy of #1% of full-
scale. The meter response to NOx is recorded on a strip chart
recorder and integrated over time for the total yield. This technique
allows the fraction of the nitrogen in the coal that is converted to
NOx to be determined.

The chemiluminescence meter is calibrated at the operating conditions
used during actual sampling using nitrogen gas as a zero gas and a series
of certified nitrogen oxide in helium calibration gases supplied by
Matheson Gas Company (Gloucester, Massachusetts). The concentrations of
calibration gases are confirmed by independent Saltzman analysis for

the total nitrogen oxides in accordance with ASTM procedures (D 1607-69).

5.3.2 Colorimetric Analysis of NH3

A gas sampling unit is used to collect NH3 from the furnace off-
gases. The basic gas sampling unit consists of two bubblers containing
0.1 N H2504 solution, a fiow regulator to control the flow rate, and a
wet test meter to measure the total volume of gas. The gas sampling
system is first checked for its collection efficiency by passing a known
concentration and known volume of NH3 through the bubbler. 0ff-gases
from the furnace are then bubbled through the bubbler containing fresh
0.1 N H2804 solution to absorb NH3. A sample aliquot from the bubbler
is then tested with a Nessler reagent in accordance with ASTM

procedures (D 1426-74) for the ammonia content.
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5.3.3 Standard Specific lon Electrode Analysis of HCN

Hydrogen cyanide from furnace off-gases is first collected in a
gas sampling unit. The gas sampling unit is basically identical to the
unit used for NH3 sampling except that the absorbing agent in the
bubbler is now changed to 0.1 N NaOH solution. After absorption has
been completed, an aliquot of 0.01 N Pb(N03)2 is added to the sample
solution for the removal of the potential interference by S°~ ion
originated from coal. The cyanide content in the sample solution is
then measured by an Orion cyanide ion electrode model 94-06 (Orion
Research, Inc., Cambridge, Massachusetts). The electrode is
calibrated frequently against a series of standard NaCN solutions

prepared daily. The reproducibiiity of the electrode is +2%.

5.3.4 Gas Chromatographic Analysis of N2, co, CO2 and CH4

A five-Tlayer material gas sampling bag manufactured by Calibrated
Instruments, Inc. {Ardsley, New York) is used to collect the off-gas
from furnace. The sampiing bag is then connected to a gas chromato-
graphic system and a known volume of gas from the bag is introduced into
a sample loop for gas chromatographic analyses. The gas chromatographic
system is a Fisher/Hamilton Model 29 Gas Partitioner manufactured by
Fisher Scientific Company {Pittsburgh, Pennsylvania). This instrument
is equipped with two columns. Column No. 1 is a 6 ft x 1/4 in aluminum
tubing packed with 30% Di-2-ethylhexylisebacate (DEHS) on 60/80 mesh
Chromosorb P. Column No. 2 is a 6 1/2 ft x 3/16 in aluminum tubing
packed with 40/60 mesh Molecular Sieve 5 A. Both columns are operated

at room temperature. Alternatively, the packing materials in both
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columns can be simultaneously replaced by Porapak Q, with Column No. 1
operating at room temperature and Column No. 2 operating at dry jce
temperature, i.e., -78 C. The gas chromatograph is calibrated against
a standard gas before and after each sample run to ensure a good
accuracy. The standard gas, supplied by Matheson Gas Company
(Gloucester, Massachusetts) consists of known concentrations of CO, C0,,
CH,y> Ny, and Hy in a helfum mixture. Total CO, €05, CH4, and N, emissions

from the furnace can be determined by comparing the gas chromatographic

response to that of the standard gas.

5.3.5 Non-Dispersive Infrared Analyses of CO and C02

The concentrations of CO and CO2 are also measured by Beckman
non-dispersive infrared analyzers (Beckman Instruments, Inc. Fullterton,
California). Model 315 A is used for CO2 analysis and Model 315 B for
0. These analyzers allow automatic and continuous concentration
determinations of CO and CO2 in a complex gas mixture. The analysis is
based on a differential measurement of the absorption of infrared energy
by the particular component of jnterest. These instruments are
frequently calibrated against a dry nitrogen zero standard gas and a
series of certified carbon monoxide in argon calibration gases and
certified carbon dioxide in argon calibration gases. The repeatability
of the instrument is 2% of the full scale. The off-gases from the
furnace are withdrawn, diluted with a secondary argon stream if
necessary, and then introduced directly into these analyzers for a
continuous monitoring of CO and CO2 concentrations. The meter response

15 recorded on a strip chart recorder as a function of time. Since the
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meter response is nonlinear, the total yield of CO or 002 js determined
by a differential graphical integration. The non-dispersive infrared
analyses of CO and CO2 provide a second check on the analyses of CO and

602 by gas chromatography.

5.4 Proximate Analysis

The proximate analysis of coal was developed as a simple means for
determining the distribution of products obtained during heating under
standard conditions. It is the most commonly used type of analysis for
characterizing coals in connection with their utilization. The
proximate analysis includes the determinations of: (1) water or moisture;
{2) ash; (3) volatile matter; and (4) fixed carbon. Brief descriptions

of each procedure are given as follows.

5.4.1 Moisture

A Labline Model 3620ST drying oven is used for the determination of
the moisture content. Coors ceramic crucibles containing the samples
are heated in the oven for one hour at a temperature of 110 C, i.e., a
temperature slightly higher than the boiling point of water. The oven
is continuously purged with nitrogen to sweep the water vapor away from
the samples when the samples are being dried. Finally, the moisture
content of the sampie is determined by measuring the loss in weight

after heating.
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5.4.2 Ash

The ash content is determined using a home-made magnesium brick
furnace. The heat is supplied to the furnace by four silicon carbide
electrodes which are connected in parallel to a Variac. Coors ceramic
crucibles containing the samples are first placed in the furnace at room
temperature. The Variac is set to heat the furnace gradually so that
the temperature reaches 500 C in one hour. The Variac is then
readjusted so that the temperature reaches 750 C at the end of the second
hour, The samples are continuously heated to constant weight at 750 C.
The furnace is purged with an ample supply of air at all times. Finally,
the ash content is determined by weighing the residue remaining in the
crucible after burning under these rigidly contrclled conditions

mentioned above.

5.4.3 Volatile Matter

A Hoskin Model 303 cylindrical furnace with a continuous purge of
nitrogen is used for the determination of volatile matter. A loosely
covered platinum crucible containing the samples to be analyzed is
suspended in the hot zone of the furnace which is maintained at a
temperature of 950 £ 20 C. After heating for exactly 7 minutes, the
crucibie is removed from the furnace and allowed to cool. The sample
is weighed as soon as it is cold. The percentage loss of weight minus

the percentage moisture equals the volatile matter.

5.4.4 Fixed Carbon

The fixed carbon is a calculated figure obtained by subtracting
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from 100 the sum of the percentage of moisture, ash and volatile matter.

5.5 Elemental Analysis

The ultimate analysis of the raw coals, the original char used for
Char'/O2 ar Char/NOx studies, and selective residual char samples were
performed by the Galbraith Laboratories, Inc., Knoxville, Tennessee.
The ultimate analysis includes the determinations of carbon, hydrogen,
nitrogen and sulfur. The oxygen content is obtained by difference.
Only brief summaries of each individual analysis method will be given

here.

5.5.1 Carbon and Hydrogen

A weighed quantity of dry sample is burned in a stream of oxygen
at 800 to 900 C and the products of combustion passed over heated cupric
oxide, which insures complete conversion of all of the carbon to carbon
dioxide and all of the hydrogen to water. After the purification from
interfering substances, the combustion products are passed through a
train for the absorption of 002 and H20. The percentages of carbon and
hydrogen in the sample can then be calculated from the increases in
weight of the absorbants used to collect the water and carbon dioxide.

The expected error by this method is about 0.5%.

5.5.2 Nitrogen
The Kjeldahl method (or it is often referred to as the Kjeldahl-

Wilfarth-Gunning method) is used for the determination of nitrogen

content in the sample. 1In this procedure, nitrogen is converted into
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ammonium Salts by destructive digestion of the sample with a hot,
catalyzed mixture of concentrated sulfuric acid and potassium sulfate.
A 24-hour digestion time is specially requested for all the analyses
to ensure a complete digestion, although a digestion period of 3 to 6
hours is suggested by ASTM procedures (D 3179-73). After the complete
digestion of the sample, the ammonium salts are then subsequently
decomposed in a hot alkaline solution from which the ammonia is
recovered by distillation into a acid solution. Finally, the ammonia
content is then determined titrimetrically. The expected error of the

Kjeldahl method is about 5%.

5.5.3 Total Sulfur

The method used for the total sulfur determination is based on the
combustion of the sulfur compounds to form sulfate ions. Then the
concentration of suifate ions is determined either gravimetrically or

volumetrically. This method gives an expected error of 2%.

5.5.4 DOxygen

No direct oxygen analysis was requested during the course of the
thesis work. Instead, the oxygen content was determined indirectly by
subtracting ash and all other elements from 100%. This procedure can
lead to rather substantial errors in the oxygen concentration because
mineral matter changes weight when sulfides and carbonates react during

ashing.
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5.6 Physical Characterization of Char

Physical characterization of the original char used for Char/O2 or
Char/NOx studies and selective residual char samples were performed by
the Quantachrome Corp., Greenvale, New York. The physical characterization
includes the determinations of specific B.E.T. surface areas, total pore
volumes, average pore sizes and true powder densities. The Quantasorb
Surface Area Analyzer is used for the determinations of specific B.E.T.
surface areas, total pore volumes and average pore sizes. The Null-
Pycnometer is used for the measurements of true powder densities. Brief

descriptions on the principle of operations are given as follows.

5.6.1 Specific B.E.T. Surface Area

Mixtures of helium and nitrogen gas are passed through a small
U-shaped cell containing the sample. At Tiquid nitrogen temperature,
helium will not adsorb on any surface while nitrogen will physically
adsorb on all substances. The amount of nitrogen adsorbed at various
partial pressures can then be used to calculate the sample's surface
area and pore structure.

Adsorption and desorption occur when the sample is immersed into
and then withdrawn from a 1iquid nitrogen filled Dewar Flask. Changes
in the ratio of He to N2 in the flowing stream, due to adsorption and
desorption, are sensed by a specially designed thermal conductivity
detector. The signals delivered by the detector are nearly Gaussian
in shape. The instantaneous signal height §s proportional to the rate
of adsorption or desorption and the total integrated area under the curve

is proportional to the quantity of gas adsorbed. This area is
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automatically digitally integrated by the Quantasorb Surface Area
Analyzer.

In this manner, the quantity of adsorbate that corresponds to a
molecular monolayer on the solid surface can, therefore, be obtained
by the application of B.E.T. equation (i.e., by either multi-point
B.E.T. analysis or single-point B.E.T. analysis) (see Gregg and Sing,
1967). Combining this with the cross-sectional area occupied per

adsorbed molecule, usually taken to be about 16.2 A2

for N2, gives the
total surface area of the sample. Finally, the specific B.E.T. surface
area is obtained by dividing the total surface area by the total weight
of the sample analyzed. A1l the specific B.E.T. surface areas reported

in this thesis work are obtained by the single-point B.E.T. analysis.

5.6.2 Total Pore Volume

Vapors in equilibrium with liquid contained in fine capillaries
or pores will have depressed vapor pressures. In fact, if the pore is
adequately small in diameter, the vapor will condense at pressures far
below normal. As indicated by the Kelvin Equation (see Gregg and Sing,
1967), nitrogen gas will condense into all pores with radii less than
500 R at a relative pressure {defined as the ratio of the gaseous pressure
to the saturated vapor pressure over the liquid phase at the same
temperature) of 0.99. Based on this principle, the total pore volume
of the sample can be measured by the following procedures.

After thoroughly outgassing a sample, adsorb a concentration of
adsorbate (N2) corresponding to a relative pressure of 0.99 (the

practical range is 0.96 - 0.99). When the adsorption is complete,
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remove the Tiquid nitrogen bath and let the adsorbate desorb.

Calibrating the signal with pure adsorbate gives the volume adsorbed in
terms of gaseous volume of N2. Finally, converting the volume of gaseous
nitrogen adsorbed (or desorbed) to the volume of 1liquid nitrogen held

in the pores yields the total pore volume of the sample.

5.6.3 Average Pore Size

The exact pore size is difficult to determine unless a careful
study is made regarding the behaviors of both complete adsorption and
desorption isotherms. However, a logically defined average-pore-diameter
can be calculated with prior knowledge of the surface area and total
pore volume by assuming that cylindrical pores constitute the nature of
the entire surface. With this assumption and a knowledge of simple
geometry, the average pore diameter can therefore be calculated as four
times the ratio of total pore volume to total surface area. The average
pore diameters of char samples reported in this thesis are obtained in

this manner.

5.6.4 True Powder Density

The true powder density of the char is measured by the Null-
Pycnometer. The Null-Pycnometer uses a differential and null principle
to rapidly and accurately measure the true powder volume of the samples.
Operation is based on a gas displacement method which is achieved by
jncreasing the pressure on the sample side of a sensitive differential
gauge and then observing the pressure required to zero or nuil the

differential gauge when pressure is applied to the opposite side.
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Helium gas is used since it exactly obeys the ideal gas equation. The
readings of the pressure required to null the differential gauge, once
with sample in the cell and once with the cell empty, are then used to

calculate the powder volume, and in turn, the powder density.

5.7 Chemical and Physical Properties of Coal and Char Used for Study

Two coals were used in this study: Montana lignite-A and Montana
subbituminous coal. The Montana lignite-A from the Savage mine in
Richland county, Montana is a low rank, low sulfur, non-caking western
coal. The Montana subbituminous coal containing significant moisture
is from Powder River region, Montana.

The Montana lignite was received as 1/8 inch particles. These
particles were ground in a ball mill and separated through roto-tapped
Tyler screens to produce a 38 to 44 micron size range for further
studies. Figure 5.5 shows the Tignite particie size frequency
distribution. The cumulative mass distribution was found to fit well
with the Rossin-Rammler (1939) distribution function. This is shown
in Figure 5.6.

The Montana subbituminous coal was pulverized prior to shipment to
M.I.T. The subbituminous coal was also size-graded to select particles
in 38 to 44 micron size range for oxidation experiments.

The Montana lignite-A was used to produce char for both parametric
and kinetic studies (see Sections 5.2 and 6.3). The char produced by
pyrolyzing lignite at a temperature of 1250 K for a residence time of 1
second is called 1250 K lignite char and the char produced at 1750 K

for 1 second is called 1750 K Tlignite char. In the parametric studies,
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both 1250 X lignite char and 1750 K Tignite char were used as produced.
In kinetic studies, the 1750 K lignite char was size-graded to select
particles in the 38 to 44 micron size range for further experiments,
however, the final average particie size was found to be 30 microns.
Figure 5.7 shows the particle size distribution of the 1750 K lignite
char particles.

Both proximate and ultimate analyses of the coals and chars used
for the study were performed in accordance with the procedures described
in Sections 5.4 and 5.5. The chemical properties of the coals and
chars are summarized in Table 5.2.

Physical characterizations of the original char used for Char/O2
or Char‘/NOx kinetic studies were performed according to the procedures
presented in Section 5.6. The specific B.E.T. surface area, pore volume,
average pore size, and powder density of the 1750 K Tignite char are

summarized in Table 5.3.
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TABLE

5.2

CHEMICAL PROPERTIES OF COALS AND CHARS

Proximate Analysis

Ultimate Analysis A.R. Wt¥

AR, Wt%
Type Specification VM HZO Ash C H N S 0
(by Diff.)
Montana Lignite-A Savage 36.20 13.60 7.80 54.50 4.96 0.88 0.84 17.42
HMontana Powder 35.16  21.23 9.3¢4 53.26 3.35 0.87 0.78 11.17
Sub-Bituminous River
Reaion
1250 K NiM* 4.20 12.08 66.94 2.09 1.02 0.56 13.11
Lignite Char
1750 K NM 2.02 18.03 76.42 0.69 0.55 1.06 1.23
Lignite Char**
1750 K NM 2.10 19.00 76.11 0.36 0.58 1.11 0.74

Lignite Char***

*NM = Not Measured

**Used in parametric studies

*¥**[ged in Char'/O2 and Char/NOx kinetic studies

-€¢L-



TABLE 5.3

PHYSICAL PROPERTIES OF 1750 K LIGMNITE CHAR

Average B.E.T. Average
Type Particle Diameter Surface Area Pore Volume Pore Diameter Bulk Density
2 3 M 3
u m-/o cm /g A a/cm
1750 LC-1% 30 110.0 0.160 57.7 1.71
1750 LC-3* 30 121.6 0.157 51.6 1.71
1750 LC-4** 30 175.0 0.184 42.2 1.64

*Used in Char/O2 kinetic studies

**|jsed in Char/NOx kinetic studies

%
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CHAPTER ©

PARAMETRIC INVESTIGATIONS

6.1 Introduction

When a pulverized coal particle is injected into a hot furnace, it
may first undergo rapid devolatilization by heating in the products of
combustion recirculated to the burner. The volatiles may subsequently
burn either in the boundary layers of individual particles or in the
flames engulfing clouds of particles and the char will ultimately burn
out in the tail of the flame. Alternatively, ignitjon may precede
complete devolatilization so that char and volatiles may burn concurrently.
Based on these models of the coal combustion and other fragmentary data,
conceptual paths that could be taken by the coal nitrogen during combus-
tion can be depicted as shown in Figure 6.1,

The nitrogen in the coal, upon heating, may first be volatilized
to become'vo]ati]e-nitrogen. The volatile-nitrogen compounds yield
transient species such as N, NH, NH2, CN, etc. (Pereira, 1975) during
their decomposition within the non-equiTibrium flame reaction zone,
which are then oxidized to form NOx or other nitrogeneous species.

The nitrogen in the coal could also be retained in the char during
pyrolysis to become char-nitrogen. Since the char is going to be
consumed either partially or completely during the final char burnout
process, the char-nitrogen will ulatimately be oxidized to form NOX or
to be reduced to form N, and other nitrogenous species. The original

char-nitrogen could also be further retained in the unburned char.
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In viewing the conceptual paths of coal-nitrogen, several questions

arise:

1. What is the contribution of the coal-nitrogen to NOX?

What fraction of the nitrogen in the coal is converted
to NOX?

2. What is the distribution of the coal-nitrogen between
volatiles and char? 1Is the coal-nitrogen oxidized as
volatiles or in char?

3. For low NOx emission, is it preferable for the coal-
nitrogen to go to the char or volatiles? What are
the effects of stoichiometry and temperature on NOX
formation? How do combustion modifications affect
the split of nitrogen between volatiles and char?

Answers to these questions are essential to the studies of the fate of
the coal-nitrogen during coal combustion. Answers to these questions
are also pertinent to the design of low NOx emission coal combustion
systems. Consequently, these questions underlay the approach and
design for the parametric investigations.

In view of the above considerations, the following goals were

selected for the parametric investigations:

1. To determine the effect of the fuel/oxygen equivalence
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ratio* on NOX emissions.
2. To determine the effect of the temperature on NOx emissions.
3. To identify the individual contribution of char-nitrogen and
volatile-nitrogen to the total NOX emissions.
The information obtained would then be very useful for the development
of control strategies for coal combustion systems.

In order to achieve the various goals of these parametric
investigations, five different types of experiments were designed to
simulate industrial coal combustion conditions as indicated in the
following tabulation.

Reaction
Experiment Time o) Temperature

(1) Oxidation of Montana Lignite ~1 sec 0.2-4.0 1250, 1750 K

(2) Pyrolysis of Montana Lignite ~1 sec — 1250, 1750 K

(3) Oxidation of 1250 K Lignite ~1 sec 0.2-4.0 1250 K
Char

(4) Oxidation of 1750 K Lignite ~1 sec 0.2-4.0 1750 K
Char

(5) Oxidation of Montana ~1 sec 0.7-1.3 1250, 1500
Sub-bituminous Coal 1750 K

*For the purpose of this study, the fuel/oxygen equivalence ratio (¢)
is defined as follows:

(Fe/Fy)
= TFIF

actual

o
IH

o)stoichiometric
(Fo)stoichiometric

(7,7
where Fr is the feed-rate of the fuel and F, is the feed-rate of the
oxygen. The values of (Fg)gtgichiometric Were obtained by calculating
the total amount of the oxygen which was required to oxidize completely
a1l the elements in the fuel to form the most stable oxides of every
element, then subtracting the amount of the oxygen which existed in the
original fuel used for the study.

actual



-129-

The premise of conducting oxidation experiments on both coal and char
produced by pyrolysis of the coal at the temperature and residence time
corresponding to those of the oxidation experiments, was that if the
volatile-nitrogen conversion and the char-nitrogen conversion could be
treated independently, then the volatile-nitrogen contribution to NOx
could be obtained by subtracting the char-nitrogen contribution to NOX
from the overall NOx emissions obtained from the oxidation experiments

of coal.

6.2 Oxidation of Lignite

In order to avoid the complication by thermal NOX, arising from
the fixation of atmospheric nitrogen, simulated air (i.e., 21% oxygen
in helium) was used for all the oxidation experiments. Montana lignite
particles with a nominal size of 38 to 44 microns were burned in this
simulated air at varying fuel/oxygen equivalence ratios at two different
temperature levels according to the procedures described in Chapter 5.
~ The unburned char-was recovered. The nitrogen retained in the unburned
char was determined by elemental analysis. The conversion of coal-
nitrogen to NOx was obtained by measuring the concentration of the off
gas.from the furnace.

The results obtained from oxidizing raw coals at various fuel/oxygen
equivalence ratios in a furnace temperature of 1250 K and a residence
time of 1 second are shown in Figure 6.2. As shown at the top of the
figure is the total solid weight loss (on a dry-ash-free basis) as a
function of fuel/oxygen equivalence ratio. The solid weight loss was

nearly 100% at very fuel lean conditions, however. it started to decrease
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as the fuel/oxygen equivalence ratio started to increase. The solid
weight loss continued to decrease until an asymptotic value of about

50% at a fuel/oxygen equivalence ratio of about 3 was obtained. The solid
weight loss could also be viewed as a solid combustion efficiency. As
expected, the combustion efficiency was very high at very fuel lean
conditions. The combustion efficiency became poorer and poorer as the
flame became richer and richer.

In the center of the figure shows the fraction of the original coal
nitrogen retained by any unburned char as a function of fuel/oxygen
equivalence ratio. The nitrogen retention curve is complementary to the
solid weight loss curve. When solid burnout was complete, there was
obviously no nitrogen retained in the char. The nitrogen retained in
the unburned char increased as the sotid burnout decreased or as the
fuel/oxygen equivalence ratio increased. The retention reached an
asymptotic value of about 55% at fuel/oxygen equivalence ratios above 3.

In the bottom of the figure is the conversion curve of coal-nitrogen

to NOX. Again it was correlated with fuel/oxygen equivalence ratio.
The coal-nitrogen conversion to NOx was found to decrease monotonically
with increasing fuel/oxygen equivalence ratios. At very fuel lean
conditions, about 60% of the original coal-nitrogen was converted to NOX.
The conversion decreased to about 22% at fuel/oxygen equivalence ratio
of 0.8. At stoichiometric condition, conversion is about 18%. The
conversion reached an asymptotic value of about 5% at fuel/oxygen
equivalence ratios above 2,

Similar results obtained in a furnace temperature of 1750 K are

shown in Figure 6.3. The trends of the results at 1750 K were more or
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Tess the same as those at 1250 K. However, there were alsg some

apparent differences between the oxidation of coal at 1250 K and 1750 K:

1.

The solid weight loss at 1750 K was much higher than that

at 1250 K especially at high fuel/oxygen equivalence ratio.

At 1750 K, the solid burnout was complete even at a fuel/oxygen
equivalence ratio of 2 and even at a very rich condition, say
fuel/oxygen equivalence ratio of 4, the solid weight loss was
still 95%.

Since the solid weight l1oss was much higher at higher
temperature, therefore, the retention of the nitrogen in

the unburned char was correspondingly lower than that at

Tower temperature. Only about 5% of the original coal-nitrogen
was retained in unburned char at a fuel/oxygen equivalence
ratio of 4.

At 1750 K, the conversion efficiency of coal-nitrogen to NOx
was marginally lower, say about 5 percent absolute, than that
at 1250 K. The conversion to NOx was about 55% at very lean
conditions and decreased to an asymptotic conversion efficiency

of about 1% at very rich conditions.

6.3 Pyrolysis of Lignite

The purpose of the pyrolysis experiments was to produce char at

different temperature levels for use in further oxidation experiments.

The char was prepared by the pyrolysis of the coal at the temperature

and residence time corresponding to those of oxidation experiments.

The details for the production of char for use in oxidation ekperiments
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were outlined in Chapter 5. The char produced by pyrolyzing lignite at
a temperature of 1250 K and residence time of 1 second will be designated
1250 K lignite char and the char produced at 1750 K and 1 second will be
designated 1750 K lignite char. The characterizations of 1250 K lignite
char and 1750 K lignite char are tabulated in Table 5.2. It is of
jnterest at this time to point out that the nitrogen content (as
received weight percent) of 1250 K lignite char was 1.02% and this value
represented a retention of 75% of the original nitrogen in the raw
lignite. The 1750 K Tignite char had nitrogen content of 0.35 weight
percent and that represented 27% nitrogen retention from the raw lignite.
They were in good agreement with the values previously reported by

Poh1 (1976).

6.4 Oxidation of Lignite Char

Section 6.3 described the production of lignite char. The char so
produced was then subjected to further oxidation experiments at each
corresponding temperature. Figure 6.4 shows the oxidation results of
1250 K lignite char at a furnace temperature of 1250 K and a residence
time of 1 second. Figure 6.5 is the results of 1750 K Tignite char at
1750 K. Both results showed similar trends, but with some differences,
to oxidations of the raw coal at corresponding temperature.

The solid weight loss of lignite char was lower than the solid
weight loss of raw coal at a given condition. This was because the
char had already been devolatilized at the corresponding temperature
for 1 second and had very little volatile matter left to lose. While

for the case of raw coal, the solid weight loss was due to not only
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oxidation but also pyrolysis. Since there was more unburned char
remaining during the oxidation of lignite char at any given condition,
the retention of the nitrogen in the residual char was also found to be
higher than that found for raw coal.

The conversion of char-nitrogen to NOx followed a trend similar to
the one observed for oxidation of raw coal. Both char-nitrogen and
coal-nitrogen conversion to NOx were found to decrease monotonically with
' increasing fuel/oxygen equivalence ratios. However, as can be seen from
Figures 6.2 to 6.5, at fuel Tean conditions, the conversion to NOX of
char-nitrogen was much Tower than the corresponding values for coal-
nitrogen,while at high fuel/oxygen equivalence ratio, the difference
between char-nitrogen and coal-nitrogen conversion became less apparent.
At 1250 K and at strongly lean condition, for example, the conversion
of coal-nitrogen to NOx was about 60% while the conversion of char-

nitrogen to NOx was slightly less than 40%.

6.5 Oxidation of Montana Sub-Bituminous Coal

In Section 6.2, it has been pointed out that at 1750 K the conversion
efficiency of coal-nitrogen to NOx was marginally Tower than that at
1250 K. The effect of temperature on fuel nitrogen oxidation was small
and it was feared that the results might be influenced by day-to-day
variations in operating conditions. In order to critically test the
effect of temperature on the conversion of coal-nitrogen to NOX, a
series of experiments were conducted in which the fuel/oxygen ratios
were fixed and the furnace temperature was varied. The data shown in

Figure 6.6 were obtained for a Montana sub-bituminous coal in this
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manner, The fue]/okygen equivalence ratios were fixed in a range of

0.7 to 1.3 because it is the range of interest to practical coal
combustors. On the Teft of Figure 6.6 is the conversions of coal-nitrogen
to NOx as a function of fuel/oxygen equivalence ratio obtained at

furnace temperatures of 1250 K, 1500 K, and 1750 K, respectively. No
distinction could be made for data obtained at 1250 K and 1500 K,
although the conversion at 1750 K was lower as compared to the conversion
at 1250 K or 1500 K at any given fuel/oxygen equivalence ratio. Compari-
sons of data obtained at 1250 K with those in Figure 6.2 and data at

1750 K with those in Figure 6.3 show very little differences even though
different coals were involved. This is consistent with the findings of
Pershing (1976) and results obtained by Pohl (1976).

The information on the left-hand diagram of Figure 6.6 was
transiated into the right-hand diagram which shows the conversion of
coal-nitrogen to NOx as a function of temperature at three specific
fuel/oxygen eguivalence ratios of 0.8, 1.0 and 1.2, the ratios of interest
to practical combustors, to emphasize the temperature effect on the
conversion efficiency of coal-nitrogen to NOX. The NOx yields were
essentially the same at 1250 K and 1500 K for all three fuel/oxygen
equivalence ratios, while they decreased by about 25% for the lower
fuel/oxygen equivalence ratio and by about 20% for the higher fuel/oxygen

ratio, as the temperature was increased from 1500 K to 1750 K.

6.6 Contribution of Volatile-Nitrogen and Char-Nitrogen to Nitric Oxide

In order to identify the individual contribution of char-nitrogen

and volatile-nitrogen to the total NOx emission, the experiments were
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designed, as indicated in previous sections, in such a way that overall
contribution of coal and contribution of char, produced by pyrolysis
of the coal at the temperature and residence time corresponding to those
of the oxidation experiments, were obtained directly. Then the volatile-
nitrogen contribution could be obtained by subtracting the char-nitrogen
contribution to NOx from overall coal-nitrogen contribution. Figure 6.2
shows the conversion to NOX of lignite at 1250 K and Figure 6.4 shows
the conversion to NOx of 1250 K lignite char at 1250 K. Therefore, the
data from Figures 6.2 and 6.4 can be used to estimate the fraction of
the NOX emissions that are contributed by the volatiles and char for a
pulverized coal combustion system at 1250 K. In the same manner, the
contribution to NOX of volatiles and char at furnace temperature of
1750 K can be estimated by manipulating the data from Figures 6.3 and
6.5.

A simplified scheme that represents the fate of the fuel nitrogen
during combustion of coal has been suggested previously {Pohl, 1976;
Poh1 and Sarofim, 1976 and Song, Beér and Sarofim, 1977), and is

summarized on the next page:
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Volatiles

Mo
Burned Char

-I"nz

Unburned Char

NO

N2 + others

NOX

N2 + others

By a first order approximation which assumes that the volatile-nitrogen

conversion to NOx and char-nitrogen conversion

to NOx are independent,

the overall conversion, n*, of coal-nitrogen to NOX is then given by:

n* oy t (1 - o)y,
overall volatile char
conversion contribution contribution
to NOx

where
o = fraction of the coal-nitrogen that
T-oo = fraction of the coal-nitrogen that
Y = fraction of the char-nitrogen that
YN, = fraction of the char-nitrogen that

is released as volatiles
is retained in the char
is consumed

is converted to NOx
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=
—
1

= fraction of the volatile-nitrogen that is converted to NOx

=
*
1]

overall conversion of coal-nitrogen to NOx

The values of (1-a) have been found to be 0.75 at a temperature of
1250 K and 0.27 at 1750 K (see Section 6.3). The values of n* were
reported as functions of fuel/oxygen equivalence ratio in Figures 6.2 and
6.3 for 1250 K and 1750 K, respectively, and the values of YNo in Figures
6.4 and 6.5. The values of e the efficiency of conversion to NOX of
the volatile-nitrogen, and :2}3 the percentage of the total NOx
contributed by volatile-nitrogen have been derived from the above
information for temperatures of 1750 K and 1250 K and are reported in
Figure 6.7. The efficiency of conversion to NOX of volatile-nitrogen
(bottom diagram of Figure 6.7) and the contribution to the total
emissions of the volatile-nitrogen (top diagram of Figure 6.7) were found
to decrease monotonically with increasing fuel/oxygen equivalence ratios.
As fuel/oxygen equivalence ratio increased from 0.2 to 2, the contribution
to the total NOX by the volatile-nitrogen decreased from about 80% to
40% at 1750 K, and from about 50% to 10% at 1250 K. As expected, the
contribution to NOx by the volatiles increased with temperatures. The
conversion to NOx of the volatile-nitrogen, however, decreased with
increasing temperature. These two effects tend to compensate and
partially explain the small dependence on temperature of the conversion
to NOX of coal-nitrogen. In this study, a small net decrease was
observed (see Section 6.5). In an independent study, Pershing (1976)
has found practically no effect of temperature on the conversion of

coal-nitrogen to NOX.
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We shall address the analogy between the combustion of coal-volatiles
and the ordinary gaseous flames in Chapter 7. Nevertheless it is of
interest to note here that our results of volatile combustion are in good
agreement with the generalizations derived from studies on idealized
laboratory flame systems (Fenimore, 1972; Sarofim, Williams, Modell and
Slater, 1975; etc.). Our results showed that the volatile-nitrogen
conversion efficiency decreased with increases in fuel/oxygen equivalence
ratio. This result is in general agreement with those reported in flame
studies. We have demonstrated that the volatile-nitrogen conversion to
NOx decreased as the temperature increased. This is because the volatile
phase has a higher volatile-nitrogen concentration at higher temperature
for any given fuel/oxygen equivalence ratio, and this in turn results in
a lower conversion to NOx which is consistent with flame studies that
show that the conversion of fuel-nitrogen to NOx decreases with increases

in concentration of fuel-nitrogen.

6.7 Practical Implications

Nitric oxide produced by the oxidation of bound nitrogen in coal is

a consequence of the oxidation of both nitrogenous compounds evolved
with coal volatiles and nitrogen retained by char residue. The
interactions between the devolatilization and oxidation steps in
pulverized coal combustion complicate the development of NOx control
strategy. For any given temperature, the conversion efficiency to NOx
by volatile-nitrogen is usually higher than the conversion efficiency
by char-nitrogen. This is very distinctly demonstrated especially at

fuel Tean conditions. With increasing temperature, the extent of
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coal-nitrogen devolatilization increases but the conversion of the
volatile-nitrogen to NOX decreases. These two effects tend to compensate
each other and partially lead to the small dependence on temperature of
the total coal-nitrogen conversion to NOx. Although the results from
this study revealed that the total NOX yields were decreased by about
20% as the furnace temperature was increased from 1500 to 1750 K, it is
evident that the combustion modication by changing temperature alone
does not have a very significant effect on the total NOx emissions.

The conversion of fuel-bound nitrogen is most strongly dependent
upon oxygen availability. Our results have shown that the conversion
efficiencies to NOX of both volatile-nitrogen and char-nitrogen
decreased very significantly with increasing fuel/oxygen equivalence
ratio. Our results have suggested that the reduction of NOx emissions
from pulverized coal combustors can be accomplished by modications of
combustion processes by varying the fuel/oxygen equivaience ratio and
temperature at different stages of the combustion process. It is optimal
to operate the first stage of a combustor at high temperature and
fuel-rich conditions to favor the completion of the devolatilization.
The residual char with little nitrogen content (the nitrogen content
of residual char depends on the extent of nitrogen-devolatilization at
first stage) is then transported to the second stage of the combustor
to complete the combustion at relatively fuel lean conditions and low
temperature. In this manner, a staged puiverized coal combustor will
significantly reduce the NOX emissions while maintaining a high

combustion efficiency.
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6.8 Conclusions

Montana l1ignite was burned in 21% oxygen in helium mixture at
furnace temperatures of 1250 K and 1750 K. It has been found that the
conversion of coal-nitrogen to NOX decreased monotonically with fuel/
oxygen equivalence ratios. Oxidation experiments were also carried out
on char in order to identify the separate contributions to NOx emission
of the volatiles and char. The char used in the oxidation studies was
prepared by pyrolysis of coal at the temperature and residence time
corresponding to those of oxidation experiments. The conversion to NOx
of char-nitrogen was also found to follow a trend similar to that
observed for oxidation of raw coal. However, the char-nitrogen
conversion to NOX was lower than the corresponding values for the coal-
nitrogen.

Volatile-nitrogen contribution and char-nitrogen contribution were
obtained by a first order approximation which assumed that the volatile-
nitrogen conversion to NOx and char-nitrogen conversion were 1ndependent.
It was found that volatilized nitrogen compounds accounted for a major
fraction of NOx produced from coal-nitrogen especially at high
temperatures and low fuel/oxygen equivalence ratios. Nevertheless,
the char-nitrogen contribution could not be neglected particulariy at
high fuel/oxygen equivalence ratios and low temperatures. Increasing
temperature increased the volatile contribution but decreased the
efficiency with which it was converted to NOK. These two effects tended
to compensate each other and partially explained the small dependence

on temperature of the conversion of coal-nitrogen. For the combustor
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in this study, there was a net decrease in emissions with increases in
temperature above 1500 K, suggesting that NOx emissions could be
reduced by increases in both the temperature and the fuel/oxygen

equivalence ratio in the first stage of a staged combustor.
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CHAPTER 7

KINETIC STUDY I. FORMATION OF

NITRIC OXIDE DURING COQAL CHAR COMBUSTION

7.1 Introduction

In Chapter 6 we examined the conversion of coal-nitrogen to
NOX and identified the separate contribution of char-nitrogen and
volatile-nitrogen to total NOX emissions. We also determined the
effects of both the fuel/oxygen equivalence ratio and the temperature
on NOx emissions. The question arises, however, of what the reaction
mechanism of the coal-nitrogen conversion to NOx is.

An approach to this problem might be through a close examination
of the coal combustion processes. The combustion of pulverized coal
particles can be imaged to occur in three main stages: a stage of
evolution of the volatile components, or devolatilization, followed by
the homogeneous volatile combustion and then finally the heterogeneous
combustion of residual char. Although the stages may overlap to some
degree {Howard and Essenhigh 1967a, 1967b), it is clear the char
combustion is generally of much Tonger duration. Based on the above
information, the conversion of coal-nitrogen to NOx can, therefore, also
be regarded as a three-stage process: coal-nitrogen devolatilization,
volatile-nitrogen combustion and char-nitrogen combustion.

We shall discuss coal-nitrogen devolatilization in Section 7.1.1,
volatile-nitrogen combustion in Section 7.1.2 and char-nitrogen combus-

tion in the sections follow.-
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7.1.1 Coal-Nitrogen Devolatilization

The control of the nitrogen evolution provides one method of
controlling total NOx emissions. The mechanism and rates of nitrogen
devolatilization from coal have been extensively studied by Pohl (1976).
The pyrolysis of the nitrogen content of coal was studied by rapidly
heating dispersed pulverized particles of Montana lignite and Pittsburgh
bituminous coal to temperatures of 1000 and 2100 K. This study provides
the most complete information on the kinetics of coal-nitrogen
devolatilization.

Time resolved measurements of the nitrogen retention from Pohl's
studies are presented in Figure 7.1. The data at times up to 300
milliseconds were obtained using the fast flow furnace and the data at
one second were obtained in the drop tube furnace. Evolution of the
nitrogen from coal was kinetically controlled for conditions encountered
in typical pulverized coal flames. The early stages of pyrolysis of the

two coals studied can be empirically correlated by a psuedo-first order

rate constant with the value

k =9.3x 103-exp (-22,700/RT) sec'1

Correlation between nitrogen retention and solid weight loss (dry-
ash-free) was also obtained and is shown in Figure 7.2. A Tinear
correlation was found between fractional total solid weight Toss and
fractional nitrogen loss for the two coals studied. Nitrogen evolution
paralleled that of the total volatiles with the notable exception that

1ittle nitrogen was released until 10 to 15% of the coal had been
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devolatilized. After the initial delay, the nitrogen loss became more
rapid than total weight loss. The slope of the nitrogen Toss versus
total weight loss was 1.25 for the lignite and 1.50 for the bituminous
coal studied. This correlation, if it is found to have general
validity provides a base for evaluating the kinetics of nitrogen
evolution from that of the more readily determined total volatile
evolution.

Another important feature from Pohl's studies is the asymptotic
behavior of devolatilization. Measurements were made of the various
elements retained in char produced by heating samples of coal in
crucibles until the weight approached a constant value. Heating times
varied from 20 minutes at 2100 K to 12 hours at 600 K. The results
from the lignite samples held in crucibles are summarized in Figure 7.3.
When coal was slowly heated in crucibles to different temperatures, most
of the volatile matter evolution occured at temperatures below that of
the ASTM Proximate Analysis test (1023 K} whereas most of the nitrogen
was evolved at higher temperatures. Although carbon formed a stable
compound in char, no comparable stabilized nitrogen structures were
formed, consequently, nitrogen could continue to be released until it

was completely eliminated from char.

7.1.2 Volatile-Nitrogen Combustion

As soon as the volatiles are released from the coal, they will
counter-diffuse and mix with the air. The temperature in this study
generally exceeded the spontaneous ignition value, and therefore the

volatiles are expected to burn in a mode that is governed by the rate
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of release of volatiles. At very high rates of release, a detached
diffusion flame will be produced. At low rates of volatile evolution,
the volatiles will be consumed at the particle surface simultaneously
with the char. Under certain conditions volatiles may premix with the
char to yield a mixture outside the flamability 1imits and then ignition
wili be deTayed until the composition of the mixture is brought into

the flammable range by further mixing with volatiles or oxygen.

It is apparent that the processes that occur during the combustion
of coal volatiles are analogous to those occuring in gaseous flames.
Therefore, the data that have been obtained by the addition of model
nitrogen compounds to Taboratory premixed or diffusion flames are per-
tinent to the understanding of the oxidation of volatile-nitrogen.

The earliest flame study performed by Shaw and Thomas (1965) is
only historically significant and the data must be reinterpretated to
include in the fuel equivalence ratic the amount of oxygen necessary
to burn the nitrdgen additive. Subsequent studies by Fenimore (1971, 1972)
De Soete (1972) and Sarofim, Williams, Modell and Slater (1975) have
reached the following conclusions:

1. The conversion of fuel-nitrogen to NOx is close to unity

under fuel Tean conditions but decreases dramatically
under fuel rich conditions.

2. An increase in fuel nitrogen concentration results in an
increase in total NOx emissions but a decrease in the
conversion efficiency to NOX.

3. The conversion increases only slightly with increasing

flame temperature.
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These conclusions, derived from studies on idealized laboratory systems,
are also supported by the results obtained on practical industrial
combustion systems (Martin and Berkau, 1972; Turner et al., 1972; and
Bartok et al., 1972).

The flame study of nitrogen compound has been a widely studied
topic in the past and at present there exists a large amount of
information in the 1iterature. Since it is not within the scope of this

study, no further discussion will be presented.

7.1.3 Char-Nitrogen Combustion

This section is concerned with the kinetics of char-nitrogen
oxidation.

We have addressed, in Chapter 6, the problem of combustion process
modification by staged combustion for reducing NOx emission. The
results of parametric investigations discussed in Chapter 6 suggested
that it was optimal to operate the first stage of a combustof at high
temperature and under fuel-rich conditions. In staged combustion, the
addition of oxygen required to complete the coal combustion is delayed
until after much of fuel nitrogen has reacted, thus it involves char
burnout in the Tate stage of the combustion (Pershing et al., 1975;
Armento et al., 1975). Char combustion has recently been identified
by a number of investigators as a potentially high source of NOx emission
and thus can not be ignored (Wendt et al., 1974; Pohl, 1976). The
contribution to NOx emission by the nitrogen in the char increases with
decreasing combustion temperature and with increasing fuel/oxygen

equivalence ratio (see Chapter 6) and complicates the development of
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control strategies.

Since the char structure is porous, both internal and external
combustion would occur (Anson et al., 1971). In addition to chemical
reactions, external gas film and ash layer diffusion and internal pore
diffusion may sometimes also play important roles in the combustion
process (Mulcahy and Smith, 1969). It is therefore, important to
identify the control regimes of the char burnout process in order to
obtain the intrinsic kinetics.

In considering the kinetics of char-nitrogen combustion, a
pressing problem is to supply a quantitative answer to the question:
"During char combustion, are both nitrogen and carbon in char equally
vulnerable to the attack by oxygen?" More specifically, the selectivity
of oxygén attacking nitrogen and carbon in a char particle has to be
considered.

So far, all our considerations have been focussed on the formation
of NOx during the combustion of coal char. There exist, however, also
processes which lead to the partial or total reduction of NOX. Recently,
in an experimental effort to investigate the NOx emissions from char
and volatiles, Gibbs, Pereira and Beér (1976) observed a reaction between
NOx and char during the combustion of coal in a fluidized bed. Although
the char was known to react easily with NOx in the absence of oxygen
(Edwards, 1972}, it was not expected that the same reaction would occur
under oxidizing conditions. The reduction of NOx by char which may
begin soon after NOX is formed within a pore may reduce a significant

fraction of the NOx formed before it entirely diffuses cut of the porous
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char structure. Another destruction reaction to be considered is the
reaction between NOx and C0. The homogeneous reaction between NOX and
CO is probably not very important. However, this reaction may be
significantly enhanced if it is heterogeneously catalyzed by char.

In view of all the above consideration, the formation and

destruction of NOx during the combustion of coal char can be summarized

as follows.
oxidation
Char{C,N) CO + NO
2 NG + Char = N2 + 2 CO
Char
2 N0+ 2 CO N2 + 2 CO2

In this chapter we shall deal in detail with the kinetics of
oxygen/char reaction. In Chapter 8 we shall consider NO/char
reaction. Finally, since the NO/CO reaction is not within the scope

of this thesis work, it is recommended for further investigations.

7.2 Scope and Objectives

For the kinetic study of the formation of NOx during coal char
combustion, the goals are:
1. To evaluate the effects of external and pore diffusion processes
in order to obtain the intrinsic kinetics of char/oxygen

reaction.
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To study the selectivity of oxygen attacking nitrogen and
carbon in a char particle.
To determine experimentally the kinetics parameters for char-

nitrogen oxidation.

The char used for this study was produced by the pyrolysis of

Montana Tignite particles at a temperature of 1750 K for a residence

time of one second. The char was purposely produced at this temperature

and residence time because:

i.

1.

the char so produced has reached asymptotic solid weight Toss
(about 59% d.a.f.) due to pyrolysis. Therefore, when this

char 1s'subjected to oxidation at the same or lower temperatures
and shorter residence times, there will be very little

volatile loss.

the char so produced retains a significant portion of the
nitrogen from the original coal (about 27% of the original

nitrogen content), to permit char-nitrogen oxidation studies.

The char so produced was designated 1750 K 1ignite char. Its

characterizations are given in Tables 5.2 and 5.3.

7.3 Results

Time-resolved weight loss measurements of char during oxidation

were made by the rapid quenching of samples taken at different

distances from the char injector according to the procedures described

in Chapter 5. The oxidant stream of oxygen in helium was supplied

through a honeycomb gas straightener at a rate sufficiently fast to
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prevent significant depletion of the oxygen during reaction. Oxidation
experiments were carried out at temperatures of 1250 K, 1500 K, and
1750 K and oxygen partial pressures of 0.2 atm and 0.4 atm.

Time-resolved weight Toss measurements are tabulated in Appendix B.
Figure 7.4 summarizes these results in a semi-Togarithmic piot of Char
Retention versus Reaction Time. The time history of the retention at a
temperature of 1250 K and oxygen partial pressure of 0.2 atm was a
straight line. When the temperature and/or oxygen partial pressure
increased, the retention appeared to level off after the retention
became less than about 55%. Since the slopes of this semi-logarithmic
plot represent the reaction rate per unit mass of char, the “leveling-
of f" phenomenon indicated the decrease of reactivity of char with the
extent of burnout. This phenomenon will be discussed in detail in
Section 7.7. Broken straight lines were drawn for the entire range
of the data of 0.4 atm at both 1500 K and 1750 K to indicate some
uncertainties on the initial rate.

Selected char samples were further analyzed to determine both
physical characteristics (B.E.T. surface area, average pare size, etc.)
and chemical compositions (ash, carbon, hydrogen, sulfur, and nitrogen
content). These results are summarized in Appendix B. The specific
B.E.T. surface area and average pore diameter of solid products were
measured as a function of percent char burnout (d.a.f.). Figure 7.5
shows the behaviors of the normalized specific B.E.T. surface area and
the normalized average pore diameter. (They were normalized against
the initial properties of the original char). Up to approximately

45 percent char burnout, the specific B.E.T. surface area increased
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and the average pore diameter decreased, implying the opening-up of small
pores in the initial stages of combustion. In the latter stages, the
char burned both externally and internally at approximately constant
diameter until, at an advanced stage, it fragmented as has been observed
previously (Anson, Moles and Street, 1971). This is corroborated by

our data showing decreasing specific B.E.T. surface area and increasing
average pore diameter in the latter half of the burnout process, which
can be interpreted in terms of the destruction of the micropores.

The variation of nitrogen to carbon ratio was also obtained as a
function of reaction time. This is shown in Figure 7.6, where the
nitrogen/carbon ratio is expressed in terms of the percentage of the
original nitrogen/carbon ratio in the 1750 K lignite char. For the
temperatures of 1250 K and 1500 K, data for both oxygen partial pressures
of 0.2 atm and 0.4 atm were included in the figure. For 1750 K, only
data for an oxygen partial pressure of 0.2 atm were reported.

As can be seen, little difference is apparent in the nitrogen to
carbon ratio obtained at the two oxygen partial pressures studied at
both 1250 K and 1500 K. The time history of this nitrogen to carbon
ratio was found to be linear, for any given temperature, on this
semi-logarithmic plot. At 1250 K and for both 0.2 atm and 0.4 atm
oxygen partial pressures, the nitrogen/carbon ratio remained very close
to its initial value; however, the ratio was found to decrease with
increasing temperature. As can be seen in Figure 7.6, for a reaction
time of 500 milliseconds, the nitrogen/carbon ratio remained at about
97% of the original ratio at 1250 K. It decreased to about 78% at
1500 K and dropped to about 43% at 1750 K.
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7.4 Apparent Kinetics of Char/Oxygen Reaction*

Curves in Figure 7.4 show the time history of solid char retention
in char/oxygen experiments. As indicated in the last section, the
"leveling-off" phenomenon was observed, implying a decrease in reactivity
of the char in the late stages of burnout. As a first attempt to
determine the apparent kinetics, the initial rates of reaction will be
used by measuring the initial slopes of these curves. We shall address

the problem of the change in reactivity of char later in Section 7.7.

7.4.17 Initial Rates

Figure 7.4 provides the time history of solid retention in
a semi-logarithmic plot. The slope of a tangent to any curve at any

time in Figure 7.4 is therefore:

(=

W
o (7.1)

= —

slope = & -

where
Z = % char retention, d.a.f.
W = mass of the char
%%-= consumption rate of char

Since the slope represents the reaction per unit mass of char, the
initial rate can be calculated by determining the initial slope

of the tangent to the curve. The initial rate of reaction can also

*The calculation approach in Sections 7.4 and 7.5 are analogous to the
one used by Mandel (1977).
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be expressed in various forms for the convenience of different calculations
as follows.

Per unit particle,

< _ Gm 1
Ry = =3 s PR .~ dt (7.2)

Rg = - Mg Ag  dt (7.3)

Per unit external surface area,

o 1 d(1nZ)
R = - 375 P M. dt (7.4)

where
R. = char oxidation rate per particle
RB = char oxidation rate per unit B.E.T. surface area
RE = char oxidation rate per unit external surface area
r_ = radius of particle
Pg = bulk density of char
MC = molecular weight of carbon

AB = specific B.E.T. surface area of char

Values for res Pp and AB are given in Table 5.3.

Table 7.1 summarizes the initial rates of reaction in term of

Equations (7.2), (7.3) and (7.4) for different experimental conditions.
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TABLE 7.1

INITIAL RATES OF REACTION FOR CHAR/OXYGEN EXPERIMENTS

Te dZ/dt R R R

0, p B 3

atm K sec'1 g-moles g-moles g-moles
sec-particle sec-cm2 sec-cm2

0.2 1250 -1.460 2.941x10"%  1.049x1077 1.041x107%

0.2 1500 -2.372 4.780x10°°  1.704x1077 1.691x107%

0.2 1750 ~3.596 7.245x1070  2.583x1077  2.563x107%

0.4 1250 ~3.090 6.225x10°2  2.220x1077 2.203x107%

0.4 1500 _5.009 1.009x10°8  3.599x10™7 3.570x107%

0.4 1750 ~7.513 15131078 5.397x1077 5.355x107%
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7.4.2 Approximate Particle Temperatures

No direct measurement was made on the particle temperature though
it was our original intention to measure the particle temperature by
two-color pyrometry. Fortunately, the particle temperature can be
calculated to a certain degree of accuracy if it is known what the
primary product of the reaction is (Ayling and Smith, 1972).

The rate of heat generation within a particle is given by
Q, = Rp * M (7.5)

where

=
1]

P rate of reaction

AH heat of reaction

The rate of heat loss by a particle is governed by the combined

effects of the heat loss by convection and the heat loss by radiation:

- 3
Q.l ht AE (TP - TF) + 4c AE T (TP -T (7.6)

Avg F)

where
ht = external heat transfer coefficient between the particle
surface and the main gas
A. = external surface area of the particle
o = Stefan-Boltzmann constant

TP = particle temperature
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TF main gas temperature

(Tp + Tp)/2

TAvg

At steady state,

Qg = -0 (7.7)

Therefore, Tp can be solved by combining Equations (7.5) and (7.6):

Ry = AH
Tp = Tp - ——t (7.8)
Ac (ht + 4OTAvg )

The value of AH in Equation (7.8) depends on whether CO or C02 is the
primary product.

Ayling and Smith (1972) have developed a two-color radiation
pyrometer to measure the particle surface temperature for their char
burnout experiments., They found that the measured particle temperatures
were in satisfactory agreement with what would be calculated if CO
rather than C02 were the primary product based on their observed rates
of reaction. On this basis, with the lack of direct particie tempera-
ture measurement and gas analyses, the primary product is assumed to
be CO, and therefore, AHr = -26.6 kcal/g-mole. (The value of AHr will
of course vary slightly with combustion temperature. However, the
allowance for this small variation is not included in our analysis.)

To evaluate ht’ the following correlation for forced-convection

heat transfer can be used (Bird, Stewart and Lightfoot, 1960):
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t S .9 40.60 « (Re)VZ . (Pr)1/3 (7.9)

ht = Ag/rs {(7.10)
where

lg = thermal conductivity of the gas to be evaluated at

TAvg (see Appendix G)
Therefore, Equation (7.8) becomes
26.6 x 10° + R,
Tp = Tp + —— 3 (7.17)
4r r: (;\g/rS + 4o TAvg )

For given rates, TP may be found by an iterative solution assuming
values for TAvg' Table 7.2 summarizes the particle temperatures using

Equation {7.11) and the initial rates from Table 7.1.

7.4.3 Surface Oxygen Concentration

The most commonly used rate expression for a gas-solid system is

a power law kinetic expression:

Rate

f {temperature, composition)

n
k(T) - Cg
n

k_« exp {(-E/RT) - CS

0 (7.12)
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TABLE 7.2

APPROXIMATE PARTICLE TEMPERATURES FOR CHAR/OXYGEN EXPERIMENTS

o, T, Ay Tp
cal
atm K cmesec-K K
0.2 1250 7.53x10°% 1255
0.2 1500 8.60x107" 1508
0.2 1750 9.65x10"" 1760
0.4 1250 5.62x10"% 1265
0.4 1500 6.33x10°" 1522
0.4 1750 7.05x107% 1779
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where CS is gas concentration at the solid surface. Therefore, our
next task is to evaluate the true value of the surface oxygen concentra-
tion, Cs.

A mass balance on an external spherical shell in the boundary gas

film region leads to

L) =0 (7.13)

where Nr is the mole flux of 02 per unit area through an external shell

of radius r. From Fick's First Law, ﬁr may be given as

. -aD dC
=9 _r

Ne = o+ C. dr (7.14)

and
P
a = R—.%—" (7.15)
Avg

where

Cr = oxygen concentration at radius r

Dg = binary gas diffusivity for 02—He (see Appendix E)

Pt = total system pressure

=
1

gas constant

substituting Equation (7.14) into (7.13), we have
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d
= == 54 =0 (7.16)

As CO has been assumed to be the primary product, the total rate of 02
transport to the particle surface shall equal half of the observed
reaction rate. Equation (7.16) may now be solved using the following

boundary conditions:

-aD_ dC 1 RP
B.C. 1 N, = = - 5 atr=r
{7.17)
B.C. 2 Cp = Cg at r =
where Cg is the oxygen concentration at the outer edge of the
boundary layer evaluated at TAvg’ or
P02
C = (7.18)
g R TAvg

and P0 is, of course, the oxygen partial pressure in the main gas.
2

This gives:
B
8mraD
C,p = (o + C e 9 _¢q (7.19)

At the particle surface r = re and Cr = CS, we then have
Rp

“8mr_aD

Co = (a+Cy)e 579 _ (7.20)

g
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Therefore, for the rates given in Table 7.1, values of CS may be
obtained at the experimental conditions used. Table 7.3 summarizes

the calculations.

7.4.4 Apparent Kinetics

Having estimated particle temperatures and surface oxygen concen-
trations, the apparent reaction order, n, rate constants, k, and activation
enerqy, E, of the rate expression given by Equation (7.12) can be
found for the oxidation reaction of 1750 K lignite char.

The calculation involved iterative solutions and was rather
tedious. Figure 7.7 shows the flow diagram for the computation scheme.

The results are summarized in Table 7.4 and Figure 7.8. The apparent
rate constant based on the consumption rate of char per unit external

surface area, for the oxidation reaction of 1750 K lignite char was

0.01
kg = 5.0 x 10% exp (-11,200/RT) %[QLQQS—] (7.21)
cm

7.5 Effectiveness Factor and Intrinsic Kinetics

In section 7.4 we have identified the resistance due to the
external diffusion of oxygen to the particle surface and obtained
the apparent kinetics. We shall now deal with the resistance due
to the internal pore diffusion in order to determine the intrinsic
reaction kinetics. To measure how much the reaction rate is lowered

because of the resistance to pore diffusion, it is common practice to
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TABLE 7.3

FOR CHAR/OXYGEN EXPERIMENTS

0, Tr a C, Dg C,

atm K g-mo;es g-mo;es % g—mo;es
cm cm cm

0.2 1250  9.727x107° 1.945x107° 7.65 1.933x107°

0.2 1500  8.104x107° 1.621x10°%  10.95 1.607x107°

0.2 1750  6.945x107° 1.389x10°%  14.25 1.373x10°°

0.4 1250  9.688x10°° 3.875x107° 7.80 3.845x107°

0.4 1500 8.066x10°° 3.226x107%  11.10 3.192x107°

0.4 1750  6.905x107° 2.762x107°  14.40 2.723x107°
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TABLE 7.4

APPARENT KINETIC CONSTANTS FOR CHAR/OXYGEN REACTION

4
P02 TF kE 10 /Tp
atm K _Em_[g-moles]o'm ¢l
sec 3
cm
0.2 1250 47.22 7.968
0.2 1500 92.08 6.631
0.2 1750 163.10 5.682
0.4 1250 50.58 7.905
0.4 1500 98.55 6.570
0.4 1750 173.01 5.621
_ 3 cm {g-moles 0.01
=5 0x107 —
E,Q sec 3
cm
= (0.99

11,200 g%glﬁ
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estimate the effectiveness factor, n, which is defined as follows:

Observed Rate

N = Rate in Absence of Pore Diffusion Limitation
R
- (7.22)
Vgoky Ly
where
RP = pbserved reaction rate per particle
Vs = yolume of the particle
kv = intrinsic rate constant per unit volume of particle
m = intrinsic reaction order

By determining a value for n, the intrinsic rate constant can be
obtained from the experimentally-determined rates reported in
Section 7.4.1.

For simplicity, a flat-plate geometry will be used for the
mathematical analysis. Considering pore-diffusion and reaction in a

flat plate of porous char, the differential equation to be solved is
p, ==k (" (7.23)
where C is the oxygen concentration within the porous structure at a

distance r from the center of the particle, and De is the effective

pore diffusivity. The boundary conditions are:
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B.C. 1 C-= CS at r = re
(7.24)
dC _ _
B.C. 2 ar 0 atr =20

For the sake of convenience, the system equation is often written in

dimensionless form by letting

£ = ¢~ and y o= — (7.25)

and
k
- v m-1
6 =g / o " G (7.26)
: e
so that the system equation becomes
5 _
4L - g (7.27)
dy?
with boundary conditions
B.C. 1 £ =1 at ¢ =1
(7.28)
de _ -
B.C. 2 q 0 at = 0

Note that ¢ is often called the Thiele modulus. Solving Equation

(7.28) for %%3 utilizing the second boundary condition, gives
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172
& = ¢-[ : ] o (g™ g M 172 (7.29)

d
dy mt1 0

where Eo is the dimensionless conceniration at the center of the
particle. Note that for pore diffusion control, Eo + 0 and Equation

(7.29) reduces to

dg _ 2
& qg,.[mj C (7.30)

At steady-state, the rate of reaction must equal the flux of reactant

at the particle surface. Therefore,

1
_R = D . — (7'31)*
Ac P e drf .

Where AE is the external surface area.

*To be consistent with Equation (7.17}, a factor of 1/2 should be
applied to the left hand side of Equation (7.31) to account for the
earlier assumption that CO is the primary product of reaction at both
external and internal reaction surfaces. However, the factor of 1/2
is no longer necessary if the reaction is assumed to proceed to

completion by the sequential reaction of CO with 02:

1
= —_—
co =+ 5 02 CO2
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Or in dimensionless form

- dg
Ys T d (7.32)

r. R

where vy = E—f%Hé%f-is the dimensionless reaction rate. Substituting
e s

E
Equation (7.32} into (7.30) and utilizing the first boundary condition,
yields
5 1/2
R

Analogous to Equation (7.22), the effectiveness factor is given in

dimensionless terms as

n=—>- 8 (7.34)
¢2
Ac T
_ E's
where BS =y
s
maniputating Equation (7.34), gives
1/2
2 _ 2 — 2 2 ]_
ngs = ¢ Bs[m T 1] = Lﬁ—;—T] Be n (7.35)
Note that n¢® can also be expressed as
3 RP
ng? (7.36)
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by combining the definition of n (Equation (7.22))and ¢ (Equation (7.26)).
Finally, combining Equations (7.22), (7.35), and (7.36) yields

R 1/2
__P_ 2 m+1
T [m 2] 0 K, € ] (7.37)

where RE is the observed reaction rate per unit external surface area.
th

Thus, the m "-order reaction behaves like a reaction of order (m+1)/2,
i.e., the apparent reaction order observed in Section 7.4. In addition
the temperature dependency of reactions is affected by strong pore
resistance. From Equation (7.37) the observed rate constant for an mth-

order reaction is

2 1/2
Kob = lm+ 1 ° kV'De} (7.38)
Taking logs and differentiating with respect to temperature gives
d{1n kob) i l_d(]n kv) , d(In Des] (7.39)
aT 2 dT dT _J )

With Arrhenius temperature dependencies for both reaction and diffusion

we have

~
1]

E
v
v kv,o EXP[' ﬁT}

and

=
1

E
D exp|- D
e e,o0 RY
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and replacing in Equation (7.39) gives

E +E
_ Vv D
EOb - 2 (7.40)

Since EV is generally much larger than ED, we have

N Ev
> (7.41)

Eob =
In Section 7.4.4, the apparent reaction order was found to be
0.99. Therefore, the true order of the oxidation reaction of 1750 K
lignite char is m = 0.98.

Solving Equation (7.37) for k, gives

2
R 0.02
— E 1 [g-moles
ky =0.99 D .c 1-98 sec[ I ] (7.42)
e ’s
The intrinsic reaction rate constant based on unit specific B.E.T.
surface area can also be obtained
kv
k =
B DB'AB
2
- RE ¢m [g-moles 0.02
= (.99 (7.43)
1.98 sec 3
pB-AB-De-CS cm

Substituting Equation (7.42) into Equation (7.22) gives
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S
r. 10.99 R (7.44)

Note that values for De are determined in Appendix F assuming Knudsen
diffusion in fine pores. Table 7.5 and Figure 7.9 summarize the results of
intrinsic kinetic constants and effectiveness factors for the oxidation
reaction of 1750 K Tignite char. The intrinsic activation energy

obtained from Figure 7.9 was 22,100 cal/g-mole. As expected, this was
approximately twice the apparent activation energy observed in Section
7.4.4, The intrinsic rate constant, based on the consumption rate of

char per unit B.E.T. surface area, for the oxidation reaction of 1750 K

Tignite char was therefore given by

0.02
kg = 2.8 x 10° exp(-22,100/RT) %“Eﬂﬂéﬁ] (7.45)
cm

7.6 Comparison of the Intrinsic Kinetics of Present Study with Those

of Others

The intrinsic kinetic parameters of Char/O2 reaction have been
obtained through the development of a pore diffusion model. It is
of interest to compare the intrinsic kinetics obtained from the present
study with those of others.

Smith (1971a,1971b) studied the kinetics of combusticn of four
pulverized fuels (i.e., petroleum, coke, anthracite, bituminous coal
char and semi-anthracite) at temperatures between 1200 K and 2270 K.

He observed that particle combustion rates were controlled by the
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TABLE 7.5

4
PO2 T D, n g 1077,
atm K cm_ cm [g-moles 0.02 K—1
sec sec 3
cm
0.2 1250 2.257x107° 8.466x107  4.930x107" 7.968
0.2 1500 2.474x107° 4.749x107%  1.711 6.631
0.2 1750 2.673x1073 2.892x107%  4.967 5.682
0.4 1250 2.266x10™° 7.989x107%  5.635x10" 7.905
0.4 1500 2.486x107° 4.490x10™2  1.950 6.570
0.4 1750  2.688x107° 2.761x107%  5.558 5.62]
0.02
= 2.8x10° Eng-moles
B,0 sec Cm3

I

0.98

22,7100 &

g-mole
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combined effects of oxygen diffusion into the pore structure of the
particles and reaction at the pore walls. The apparent activation
energies were found to be in the range of 16 to 18 Kcal/mole which
corresponded to intrinsic activation energies of 32 to 36 Kcal/mole.
Other studies on the combustion of puiverized coal and pulverized coal
char have given intrinsic activation energies ranging from 30 to 50
Kcal/mole (Field, 1969, 1970; Smith and Taylor, 1972, 1974). Field,
Gi11, Morgan and Hawksley (1967) have reviewed the data on carbon
oxidation rates determined between 900 and 1650 K in four investigations
and shown that the rates could be correlated by an empirical expression
with an activation energy of 35.7 Kcal/mole, Although the intrinsic
activation energy of 22.1 Kcal/mole obtained from the present study is
somewhat Tower than these values mentioned above, it is comparable to
the intrinsic activation energy of 25.2 Kcal/mole found in a separate
MIT study of oxidation of a pulverized Montana Rosebud coal char
(Mandel, 1977). The influence of impurities which exist in the coal
chars could account for the low activation énergies.

(Thring and Essenhigh, 1963; Field, 1969; Mulcahy and Smith, 1969.)

The intrinsic rates from the present study should also be compared
with those of others. Smith and Tyler (1974} have studied the
reactivity of a pulverized brown coal char to oxygen and correlated
the intrinsic oxidation rate per B.E.T. surface area of the char, RB’
with temperature over the range 630 to 1812 K by the empirical relation:

Ry = 1.34 exp(-32,600/RTp) a/(cmé sec)
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taking the true order to be zero over the whole temperature range. At
176C K, this yields an intrinsic reaction rate of 1.198x10"5 g-moles/
(cm2 sec). The intrinsic rate of present study at 1760 K calculated
from Equation (7.44) with CS = 1.373x10_6 g-m01e/cm3 and m = 0,98
(see Table 7.3) is 9.070x10'6 g-mo]e/(cm2 sec). Thus, the rate calculated
from present study is different from the rate of Smith and Tyler merely
by a factor of 1.3 under above conditions. Rates calculated under other
conditions within the range of present study also show similarly good
agreement with those calculated from the rate expression of Smith and
Tyler.

In summary, the intrinsic activation energy found in the present
study appears slightly low, nevertheless, the overall reaction rates

are comparable to those found by Smith and Tyler for a pulverized

brown coal char over a wide range of temperatures.

7.7 Change in Reactivity of Char During Combustion

In Figure 7.4 the retentions of char under different experimental
conditions were plotted. As indicated before, the retentions appeared
to level off after the retentions became less than 55%. To make it
easier to be visualized, this problem can be restated from the point
of view of solid weight loss. The solid weight loss appeared to level
off considerably after the char reached a certain extent of burnout.
This indicated the decrease of the reactivity of the char during the
burnout process. In order to investigate this phenomenon quantitatively,

the rates (or equivalently, the slopes) were taken at different stages
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of burnout under different experimental conditions (i.e., 1250 K, 0.2
atm; 1500 K, 0.2 atm; 1750 K, 0.2 atm; and 1250 K, 0.4 atm). The rates
were then normalized individually by the initial rates under the same
experimental conditions. Thus, the relative reactivities, R*, of char
as a function of solid burnout (d.a.f.) were obtained. The R* is given
by R* = (d Tn Z/dt)/(d In Z/dt)i. Table 7.6 and Figure 7.10 summarize
the results. Interestingly enough, the reactivity of char remained
constant in the first half of the burnout process, i.e., from the
beginning of the combustion to approximately 45% of total solid burnout.
The reactivity then decreased dramatically in the second half of
burnout process. From 45% to 50% burnout {d.a.f.), the reactivity
dropped to almost only half of the initial reactivity. From 50% to 60%
burnout (d.a.f.), the reactivity dropped further down to almost

a quarter of the original reactivity. In order to monitor the entire
process of the char combustion, it is therefore essential to couple the
initial intrinsic kinetics discussed in Section 7.5, with the variation
of reactivity of char during the burnout process.

The decrease in reactivity with the progress of the reaction could not
be explained simply by the change in B.E.T. surface area alone. (See
Figure 7.5 for the behavior of the normalized specific B.E.T. surface
area.) It can, however, be a consequence of several other factors.
Some of the possible reasons are:

1. The build-up of a "protective" ash layer on the particle

external surface inhibits oxygen diffusion to the unreacted

core at the center of the particle,
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TABLE 7.6

RELATIVE REACTIVITIES OF CHAR DURING OXIDATION

Solid Burnout

% d.a.f. R*

T (K) 1250 1500 1750 1250
Poz(atm) 0.2 0.2 0.2 0.4

0 1 1 1 1

10 1 1 1 1

20 1 1 1 1

30 1 1 1 1

40 1 1 1 1

45 1 1 1 1
50 1 0.524 0.480 0.571
55 - 0.326 0.316 0.357
60 - - 0.916 0.253
65 - - - 0.215

70
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2. Poisoning by ash or metals or other contaminants at the pore
mouth diminishes the overall activity. The diffusion through
this poisoned mouth can, in the case of a fast reaction, become
rate determining, hence the addition of a small amount of
poison can cut down the overall activity by a large factor.

3. Particle surface annealing with time causes the deactivation
of char.

4. The consumption, destruction, deterioration, or transformation
of the active sites, Tocalized in certain spots, due to
reaction results in a decrease in reactivity.

No attempt was made to test the Tast two hypotheses. A mathematical
model was set up to check the validity of the ash-layer build-up theory.
The ash-layer build-up model can predict a marked drop in reactivity,
but only with an unreasonably thick build-up of an ash layer. The ash-
layer build-up model has therefore been discarded.

A pore-mouth poisoning model has been successfully proved to be
able to rationalize the behavior of the char reactivity as a function
of burnout and has been shown physically consistent with the combustion
processes. We shall discuss the pore-mouth poisoning model in the

next section.

7.8 Pore-Mouth Poisoning of Char

In Section 7.5 we have dealt with the problem of diffusion-
reaction in porods char with a simplified flat-plate geometry. In the

development of the pore-mouth poisoning model, a somewhat more realistic
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geometry, utilizing single cylindrical pore, will be used for a
rigorous treatment. Since the intrinsic reaction order for the oxidation
of 1750 K lignite char is 0.98 (see Section 7.5), a first-order reaction

kinetics can be used without Tosing any accuracy.

7.8.1 Reaction in Single Pore

Consider a single c¢cylindrical pore, as shown in Figure 7.17(a), with
a first-order reaction (with respect to oxygen) taking place at the
walls of the pore:

Starting with the material balance for the elementary slice of the

pore, and rearranging the balance, we obtain

2 2 k
oo —Bc-o (7.46)
dx? K'p
where
kB = intrinsic rate constant per unit B.E.T. surface area

-
[}

pore radius

o
1]

K Knudsen pore diffusivity (see Appendix F}.

Examining the physical limits of the conceptual pore, we find

B.C. 1 C=2¢C at x

[}
o

(7.47)

I}
—

B.C. 2 =0 at x (7.48)
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Solving Equation (7.46) with the boundary conditions given by Equations
{7.47) and (7.48) we obtain

cosh [¢[1 - %}]

£ _
f;-— cosh & (7.49)
where
2 kB
$p =L ) (7.50)
p K

]

Thiele modulus

Note that, at steady state, the rate of reaction, R, must equal the

flux of reactant at x = 0. Thus

dC
R=xr 2D [- ——J (7.51)
P KL dxj, g
2 (bCS
=T, Dy * —— -tanh ¢ (7.52)
=T ¢, /2 rpkBDK tanh ¢ (7.53)
By definition, the effectiveness factor n, is then given by:
¢ C
2 5
o T rp DK T tanh ¢
2w rp-L-kBaCS
- tanh ¢ (7.54)

¢
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Note that, tanh ¢ - 1 for ¢ larger than 2, thus

n for ¢ > 2 (7.55)

=1
¢

7.8.2 Reaction with Poisoned Pore Mouth (after Wheeler, 1951, 1955)

We shall now consider the reaction with a poisoned pore mouth.
Looking at Figure 7.11(b), we assume that the concentration of reactant
at the pore mouth is again Cs’ and we wish to find the rate of reaction
in a pore which has its initial length ol poisoned. We assume the
transport of reactant through the poisoned portion to be by diffusion.
Under steady state conditions this will occur with a Tinear concentration

gradient, i.e.,

Qv _av . s 1 (7.56)

where C] is the (unknown) concentration at the end of the poisoned
region. The rate of this diffusion through the poisoned length ol must
equal the rate of reaction in the clean region of length (1 - a)L, and
this rate for first order reaction is given by Equation (7.53) with

C, substituted for Ci. Thus

Rate of Diffusion - Rate of Reaction (7.57)
thru Poisoned Section on the CTean Section )

or in symbols
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et b =t = rp Gy V2T kg Dy tanh [4,(1-)] (7.58)
Note that ¢, is the value of ¢ for the unpoisoned pore, so that ¢0(1-a)
is the value of ¢ for the unpoisoned portion of length L (1-a).

Solving Equation (7.58) for C1 and substituting this value back into
the expression for the rate of diffusion through the poisoned section,
i.e., Teft hand side of Equation {7.58),gives the desired rate in the

poisoned pore:

. - T rp CS V2 rp kB DK « tanh [¢0(1—&)]

po 1 + ag, -tanh [¢0(1—a)]

{7.59)

The ratio (F) of the activity of the poisoned pore (Rpo) to that of

the unpoisoned pore (R ) is then given by

un
R

F = PO
R
un

tanh [¢0(1-a)i] 1
tanh 9 _J 1+ ag, tanh [¢0(1-_)]]

(7.60)

For a reactive solid with small pores, ¢0 is very large. Assuming that
' ¢, and ¢0(1-a) >> 2, we can approximate tanh [¢0(1—u)] and tanh 9y by

unity. Therefore

1 ]
F = = (7.61)
1+ u¢0 1+ a 1

Tig
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F can be obtained as function of o if Ny the unpoisoned effectiveness
factor is known. We have caiculated n in Section 7.5 based on the

initial rates. Since in the pore-mouth poisoning model it is arbitrarily
assumed that the pores in the original char are not poisoned, therefore,
the values of n in Table 7.5 can be regarded as values for Mg - The
average value of %— for the conditions of interest, i.e., 1250 K, 0.2 atm;
1500 K, 0.2 atm; 1?50 K, 0.2 atm; and 1250 K, 0.4 atm, are estimated

to be 20. Thus, for our system,

B 1
F = T + 200 (7.62)

Figure 7.12 is the plot of a versus F.

7.8.3 Validity of Pore-Mouth Poisoning Model

Having obtained the model of pore-mouth poisoning, we can now

relate the reaction rate of char at any time, RB £ to the initial

rate, RB,i’ as:
R, ¢ = Ry, ;°Fla)-G(8)
or
RB t
R¥ = g2t = Fla) -6(8) (7.63)
B,i
where

B = % char burnout, d.a.f.
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R* = R*(g8), the overall relative reactivity as shown in
Figure 7.10.
G{R) = normalized B.E.T. area as shown in Figure 7.5.

F(a) = poisoning effect as given by Equation (7.62).

Assuming the poisoning phenomenon is related to the ash released during
char burnout process, the fraction a of a pore that is poisoned should
be proportional to the ash-released {H) per unit B.E.T. surface area.

In other words, the pore-mouth poisoning model would be valid if it can

be proved that
=i
a=K G (7.64)

where K is a constant. We shall prove Equation (7.64) as follows.
Since R* and G have been determined experimentally as functions of

burnout as shown in Figure 7.10 and Figure 7.5, respectively, F can

then be obtained also as a function of burnout by rearranging Equation

(7.63) i.e.,

F(B) = %(@B)— (7.65)

Figure 7.13 summarizes the results, Coupling the information from

Figure 7.13, F = F(B), and Figure 7.12, a = afF), gives

o = afB)
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The results are shown in Figure 7.14. WNoting that G = G(8), shown

in Figure 7.5 and

H = (Ash Content of Char Used) x B

therefore, we have

Figure 7.15 shows the plot of %—versus R or Burnout. Finally, by

coupling the information from Figure 7.14, a = «f{8), and Figure 7.15,

= f(B) we obtain

ol

This is shown in Figure 7.16. A linear correlation was found for

o =:1EH, therefore, we have proved that
_xH
a =K G (7.64)

Thus, the pore-mouth poisoning model is physically consistent and provides
one hypothesis for the decrease in char reactivity with increasing
char burnout.

In summary, the reaction rate of char at any time can be related

to the initial rate by
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Ryt = Rg,5-F(B)-G(8) (7.65)

where G can be found experimentally, F can be estimated from the pore-
mouth poisoning model, and RB ; can be estimated from initial intrinsic

rate constant for a char.

7.9 Kinetics of Char-Nitrogen Combustion

Having discussed the overall char burnout kinetics in previous
Sections, we shall now consider the behavior of char-nitrogen during
coal char combustion.

The following observations can be drawn from the variation with
time of the nitrogen/carbon ratio in char, as shown in Figure 7.6.

1. The nitrogen to carbon ratio decreased with increases in

temperature during char burnout.

2. The nitrogen to carbon ratio was insensitive to oxygen

partial pressure during char burnout.

3. A plot of the logarithm of the nitrogen/carbon ratio versus

reaction time yields a straight line.

In order to explain the behavior described above, we should first
examine the characteristics of the char used. The char was produced
by pyrolyzing lignite partic1es at 1750 K for a residence time of one
second in the drop tube furnace. It has been previously shown {Pohl,
1976) that during coal pyrolysis, the carbon loss reached an
asymptotic value within a time of 100 milliseconds at 1750 K, the tempera-

ture used to produce the char in this study, but that nitrogen release
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continued for longer times. The rationalization of these results was
that while carbon is present in relatively stable compounds in the char,
no comparable stabilized nitrogen structures are formed; consequently,
char-nitrogen continues to be released until it is completely eliminated
from char. Therefore, when a char particle is oxidized, nitrogen loss
will be due to both devolatilization and oxidation, but the carbon loss
will be exclusively due to oxidation.

Since the pyrolysis loss and oxidation Toss of char-nitrogen are

additive, the consumption rate of char-nitrogen can be written as

total consumption-rate consumption-rate of)
of char-nitrogen char-nitrogen due

to pyrolysis

consumption-rate of)

char-nitrogen due (7.67)

to oxidation

or in symbols

oN

(7.68)
Bt]m-cidation

@ (2 |
dt ot pyrolysis
Assuming the fuel-nitrogen is uniformly distributed throughout the

char, the oxidation rate of the nitrogen should therefore equal the

product of the instant oxidation rate of the carbon and the mole ratio
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of the fuel nitrogen to carbon in the char in that instant (Wendt and

Schulze, 1976). We have

oN aC N

= = |== .= (7.69)
[atJoxidation [at]oxidation [C]

As it has been mentioned eariier, the carbon loss during combustion is

exclusively due to oxidation, i.e.,

3C

| (.70
oxidation oxidation

at g

dc _ [dc
dt

Combining Equations (7.68), (7.69), and (7.70), gives

] (%%]pyrolysis ' [g%}.[g] (7.71)

A first-order fuel-nitrogen pyrolysis kinetics (Pohl, 1976) gives

[aNYal
| =

oN =
il = -k N (7.72)

( ]pyro1ysis by

Substituting Equation (7.72) into Equation (7.71) yields

ey (08

As indicated by Equation (7.73), in order to describe the reaction

rate of char-nitrogen during combustion, %%3 both kpy, the rate constant

of char-nitrogen devolatilization, and %%, the carbon oxidation rate,
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have to be determined. In previous Sections, char oxidation kinetics
has been obtained. Since the intrinsic oxidation rate of the char was
obtained on a dry-ash-free basis and a dry-ash-free char is virtually
carbon (note that 1750 K lignite char has a carbon content of 96.46%
d.a.f.), the reaction rate of char can with good approximation

be regarded as the reaction rate of carbon. The carbon oxidation rate,
%%3 can therefore be obtained directly from Equation (7.65). OQur

immediate task here is then to find char-nitrogen pyrolysis rate
constant, kpy' It can be obtained from the time dependence of nitrogen
to carbon ratio. The slopes of the lines in Figure 7.6 yields d 1n{N/C)/dt.

This may be equated to kpy as follows:

oY - e - (9 710

Multiplying both sides by C and rearranging the terms, we obtain

jal

ey - (48

Comparing Equation (7.73) and (7.75), gives

o

d(N| -

Upon rearrangement, we have
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ey aE (V) = Koy (7.77)
or
é%—[]n[%}}= Koy (7.78)

In this manner, we can obtain kpy by determining the slope of the semi-
logarithmic plot of N/C versus time. The results are tabulated in
Table 7.7. Finally, an Arrhenius-type correlation for the pyrolysis

of char-nitrogen can be obtained by plotting In k. versus 1/TP. (Note

Py
that the particle temperature, TP is slightly different from the gas
temperature, TF, see Section 7.4.2). This is shown in Figure 7.17.

The char-nitrogen pyrolysis rate constant is therefore given by the

following expression:

kK =5.8x 10° ;ggllggl sec”] (7.79)

py "exp [ RT
The kinetics of pyro1ysis so obtained can be compared with that obtained
by Pohl {Section 7.1.1).

[t should be noted that Pohl's pyrolysis kinetics were derived from
the initial stage of coal-nitrogen devolatilization while in this study
the data were obtained on char that has already lost 73% of the coal-
nitrogen during the char production process. Pohl's pyrolysis kinetics
has an activation energy of 22.7 Kcal/mole which is slightly lower than

the activation'energy obtained in this study, i.e., 29.1 Kcal/mole. This
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TABLE 7.7

PYROLYSIS RATE CONSTANTS OF CHAR-NITROGEN

Te %, Koy
K atm sec'l
1250 0.2 0.06
1250 0.4 0.06
1500 0.2 0.51
1500 0.4 0.51
1750 0.2 1.72
1750 0.4 1.72

_ 3 -]
kpy,0 5.8x10° sec

- cal
E = 29,100 g-moTe
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difference may be explained by the fact that pyrolysis can be modelled

by parallel reactions with different activation energies (Anthony,

1974; Anthony, Howard, Hottel and Meissner, 1975). The activation
energies for the initial stages of devolatilization are expected to be
Tow. As the devolatilization proceeds toward completion, the pyrolysis
rate slows down as a consequence of the increase in-the activation energy
of the controlling reaction. This explains why the observed activation
energy (in fact, that is the average activation energy} in Pohl's

studies was found to be slightly lower than the observed activation
energy in this study.

Pohl's time-resolved measurements extended to a time of 1 second
while the measurements in this study started from a time of 1 second.
Both sets of data should be compared at the transition time of ]
second. The data on nitrogen retention in Figure 7.6 are combined with
those obtained by Pohl {1976). The combined results are shown in
Figure 7.18. Pohl's data points in Figure 7.18 are directly reproduced
from Figure 7.1, The data points of this study in Figure 7.18 are
obtained by translating the information in Figure 7.6 in the following
manner:

T. Multiplying (N/C)f/(N/C)i in Figure 7.6 by 0.27 to obtain

the values for nitrogen retention based on original coal-
nitrogen. (Note that the fresh char has retained 27% of
the original coal-nitrogen).

2. Adding 1000 milliseconds to the time scale in Figure 7.6

because, before the oxidation, the char has been pyrolyzed for
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1 second during the char production process.
Only the results obtained at furnace temperature of 1750 K are compared
in Figure 7.18. As expected, there is a good agreement between the
absoTute value of the pyrolysis kinetics constant obtained in this
study and the constant obtained by Pohl.  The absolute value of the
pyrolysis kinetic constant obtained in this study at 1750 K and 1000

1 while the kinetic constant from Pohi's

1

milliseconds is 1.72 sec”
study has been calculated to be 1.06 sec” ' at the same reaction time.

The good agreement between the pyrolysis kinetics obtained from
combustion experiments with the corresponding values from pyrolysis
experiments indicates that combustion experiments can be designed to
yield data on both pyrolysis kinetics and oxidation kinetics for coal-
nitrogen. Therefore, separate studies of coal-nitrogen devolatilization
can be bypassed.

In summary, the reaction rate of char-nitrogen during combustion,

%%, can be described by the following rate expression:

P - o Y ]
ey (£

where kpy is given by Equation {(7.79) and g%-is the oxidation rate of

carbon, given by Equation (7.66).

7.10 Conclusions
Char burnout experiments were conducted to determine parameters of

the char-nitrogen oxidation kinetics. The char used was produced by
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pyrolyzing lignite particles at 1750 K for ohe second so that it was
practically "volatile-free" but retained a significant portion of the
nitrogen from the coal and therefore, was suitable for char-nitrogen
oxidation studies. Time-resolved weight loss measurements were
obtained at temperatures of 1250 K, 1500 K and 1750 K and oxygen
partial pressures of 0.2 atm and 0.4 atm. Selected char samples were
further analyzed for both physical characteristics and chemical
compositions.

For the overall char burnout process, pore diffusion has been
identified as the rate determining step. A pore diffusion model was
developed and the effectiveness factors based on the initial rates were
found to have values between about 0.03 and 0.09 over the entire range
of conditions studied. From the model, an intrinsic reaction order
with respect to oxygen was found to be 0.98. This reaction order was
used to calculate an activation energy of 22,100 cal/g-mole. The overall
intrinsic rate constant per unit B.E.T. surface area for the char

oxidation was determined as

22,100] cm fg-mo]es\o'o2

= 3. -
kg = 2.8 x 10 exp[ RT sec[ 3

From the variation during combustion of the B.E.T. surface area and
the average pore diameter, it was evident that in the initial stage of
the combustion, small pores were opening up, while in the latter stage,
the char burned both externally and internally at an approximately

constant diameter until it fragmented. The reactivity of the char
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remained constant in the early stage of the burnout process but dropped
dramaticaily in the late stage. This behavior was successfully explained
by a pore-mouth poisoning model which has proved to be physically
consistent with the combustion process. The reaction rate of char at
any time could be determined from its initial reaction rate with a
correction of reactivity change due to both the poisoning in the pore
mouth and the change in total B.E.T. surface area.

As to the behavior of char-nitrogen during combustion, there was
no selectivity between nitrogen and carbon loss during oxidation. The
char-nitrogen, however, could undergo pyrolysis in parallel with oxidation.

Parameters of the kinetics of char-nitrogen evolution were obtained
from experimentally determined, time resolved nitrogen to carbon ratios
in the residual char during combustion. The first-order pyrolysis rate
constant of char-nitrogen was given by the following expression:

kpy = 5.8 x 103-exp [;ggﬁ%gﬁJ sec”!

This kinetic constant of char-nitrogen pyrolysis obtained from
combustion experiments has been found to be in a good agreement with
that obtained from pure pyroiysis studies.

The oxidation rate of char-nitrogen was correlated to the oxidation
rate of carbon, %%3 with a factor equal to the mole ratio of the fuel

nitrogen to carbon, i.e.,

CI
at-oxidation dtf {C
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Since the pyrolysis rate and the oxidation rate of char-nitrogen

are additive, the total consumption rate of char-nitrogen during

combustion, %%3 is finally described by the following formula:
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CHAPTER 8

KINETIC STUDY II. REDUCTION

- OF NITRIC OXIDE BY CHAR

Having focused cur attention on the formation kinetics of NOX from
char in the last Chapter, we shall consider in this Chapter the destruc-
tion kinetic of NOx - more specifically, the reduction kinetics of NOX

by char.

8.1 Previous Work

In an experimental effort to investigate the NOx emission from a
fluidized bed coal combustor, Gibbs, Pereira and Beér (1976) have observed
a reaction between NOx and char resulting in significant reduction of
_NOx during the combustion of coal. Although the char was known to react
with NOx in the absence of oxygen (Edwards, 1972), it was not expected
up until then that the reaction would occur also in the presence of
oxygen. So they decided to further explore this problem - the reduction
of NOx by char in fluidized bed combustor under simulated conditions,
and have reached the following conclusions:

The reaction between NOX and char in fluidized bed,

1. had a relatively Tow activation energy (16 kcal/g-mole)

2. was first order with respect to NOx

3. was strongly dependent on the char particle size.

The above generalizations were partially supported by Furusawa, Kunii,
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Oguma and Yamada (1977}, who studied the reduction of NO, in a fixed
bed reactor with a dilute mixture of carboneceous materials (e.g., char
or activated carbon) in the temperature range of 750 to 1250 K. They
also found that the reduction of NOX was first order with respect to

NOX concentration. Interestingly enough, they observed three tempera-
ture ranges with different activation energies. The activation energies
for the reaction between NOK and a Taiheiyo coal char are tabulated

below:

Temperature Range Activation Energy
Kcal/mole
1183 - 1056 39.7
1056 - 993 57.1
993 -~ 773 17.3

We shall provide, in Section 8.9, a comparison of these results with
those from the present study and the results from a recent paraliel
study at M.I.T. (Chan, 1977).

Figure 8.1, which is reproduced from Furusawa et al., summarizes

the NOX reduction rate constants from different investigators.

8.2 Objectives and Scope

It is evident that the NQ/Char reactions are imporfant in deter-
mining the net NOx emissions from fluidized bed coal combustors. 1In
Chapter 6, the conversion efficiency of char-nitrogen to NOX was found

to be Tower than that of volatile-nitrogen under corresponding conditions.
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This is possible by a consequence of the reduction of NOx by char. In
mode11ling the char~nitrogen conversion to NOX, it is therefore essential
to take into account the reduction of NOx by char, which may begin soon
after NOx is formed on the pore walls and before it diffuses out of the
porous char structure. In addition, a better understanding of the NO/Char
reaction will, of course, provide information pertinent to the reduction
of NOx emissions by combustion modification. |

Most of the previous studies have been carried out at relatively
Tow temperatures (< 1250 K) in either fluidized beds or fixed beds. It
has, therefore, been our intention to obtain kinetic information at
temperature levels and for time intervals of interest in pulverized
coal combustors.

Our immediate goal for this NO/Char study is to obtain kinetic data
that would facilitate the determinations of reaction order, activation
energy and effectiveness factor and thus to develop a kinetic model for
the reduction of NOx by char. To this end, the experiments were conducted

under the following conditions:

Temperature NOx Concentration, ppm, with
K baTance gas of He or Ar
1250 530 {(He) 6400 (He)
1500 530 (He) 6400 (He) 1100 {Ar)
1750 530 (He) 6400 (He) 1100 (Ar)

Three different inlet concentrations of NOx were employed to enable
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the determination of the reaction order. In addition, helium and argon
were used as the inert constituents in the oxidant stream to test the
effect of the diluent. Experiments were conducted at three tempera-

ture levels to facilitate the calculation of activation energy.

8.3 Kinetic Model of the Reduction of Nitric Oxide by Char in a Flow

Furnace

It has been shown that the reaction between NOx and char is
thermodynamically favorable {(Edward, 1972) and the favorable products
are N,, CO and CO,. The overall reaction can be written as (Chan,

1977; Pereira, 1975)
(ath) € + (a420) N0 >3 €O + b €O, + 3+ b] Ny (8.1)

Apparently, the Char'/NOX reaction is analogous to the Char/O2 reaction
that has been dealt with in the Tast Chapter. In fact, NO may compete
with 02 for the char gasification reaction.

As it has been discussed in Chapter 7, the overall reaction
process in a gas-solid system involves several steps. In developing
a rate expression for a single porous solid particle, we must account
for the various processes that may cause resistance to the reaction.
For our present system, we may visualize these resistances as follows.

1. External gas film diffusion resistance

2. Internal pore diffusion resistance

3. Surface reaction resistance.
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Both external gas film diffusion and internal pore diffusion have to
be determined in order to obtain the intrinsic reaction kinetics. In
the previous Chapter, on the'Char/O2 system, the surface oxygen concen-
trations were first evaluated in order to obtain the apparent kinetics,
then the effectiveness factors were calculated and finally the intrinsic
kinetics were determined. For the Char/NO system, we shall use a similar
approach with following modifications:
1. The external gas film diffusion resistance is first assumed to
be negligible, the validity of this assumption will be tested
as described in Section 8.7.
2. The internal pore diffusion resistance will be incorporated
in the intrinsic kinetics rate expression by employing the -

effectiveness factor, n, defined as

Apparent Rate
~ Intrinsic Rate (8.2)

8.3.1 The Rate Equation for the Reduction of Nitric Oxide by Char

For Char/NO reaction, a simple empirical rate expression is given

as;

- [} - n
-WO-I<n[m] (8.3)
where
o T consumption rate of NO per unit B.E.T. surface area

of char
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-
1l

intrinsic rate constant for Char/NQ reaction

effectiveness factor due to internal pore diffusion of

=
I

the system
[NO]= NO, concentration in ppm

n = reaction order with respect to [NO]

Since it has been suggested in most of the previous work that Char/NO
reaction is a first order reaction (Edward, 1972; Pereira et al., 1976;
Furursawa et al., 1977), n is assumed to be unity. The validity of

this assumption will be checked later (see Section 8.5). Therefore,

“ryg = nk-IN0] (8.4)

8.3.2 Flow Furnace Reactor Model

Since our empirical rate expression, Equation (8.4), is relatively
simple, an integral reactor analysis method will be employed here.
Furthermore, a plug-fiow approximation for the gas is assumed. The
material balance of NOx across a differential cross sectional segment

of the furnace, at steady state, can be written as

Fyo = (Fyo * dFp) + (ryg) = dA (8.5)
where

FNO = input molar flow rate of NOX to the segment

FNO + dFNO= output molar flow rate of NOX from the segment
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dA = total B.E.T. surface area of char in this segment

Noting that

4o = 9o, in 1 - Xnold = ~Fuo,in o (8.6)
where

FNO,in = inlet molar flow rate of NOx to the furnace

XNO = conversion of NOx

We obtain on replacement

dXNO

NO,1in 'PNO

dA = F (8.7)

Since the density of the present system can be considered as constant,

we have

dX

. 4|M0,in ~ Cwo
NO CN0,1'n

[NO]in - [NO]
= d
I:No]in

d[No]
- - T (8.8)

m
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where

CNO in = inlet molar concentration of NOx in moles per volume

gas

CNO = concentration of NOx in moles per volume gas
]:N0]1-rl = inlet concentration of NO, in ppm

[NO] = concentration of NOx in ppm

Also note that

Fno,in = ONoLin © Yin (8.9)

where

Uiy = volumetric flow rate of NOx to the furnace

Substituting Equations{3.4), (8.8), (8.9} into Equation (8.7), we have

C ,
_ “No,in 1 (. d[No]
dA = tﬁﬁ];;A' Ui, —v [ N0 ] (8.10)

If the ideal gas law is assumed to hold, we can relate CNO in’ in

mole/liter, to [NOJin by
. 298) 106 -
CNo,in (22'4)‘[273] 107 = [NOJ;,

or
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7
Cyo,in *(2:445x10) = [NOT, (8.11)

Combining Equations {8.10) and (8.11), we have

1 T
dA = ————— U, - « (-d 1n[NO]) (8.12)
2.4455107 10 (nek]

Now, as to the B.E.T. surface area, dA, of the char in this differential

segment, it can be expressed as follows:

dA = AB dW
- LW
= AB p. dtg (8.13)
where
AB = specific B.E.T. surface area of char used
did = weight of char in the segment
W = total weight of char fed to the furnace
T = total time required to feed W to the furnace
dtg = residence time of NOx in the segment

Note that a steady state feeding rate of char has been assumed in
Equation (8.13). Substituting Equation (8.13) into Equation (8.12), we

obtain
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W 1 ' 1
A . [ﬂ}.dt B S « d In[NO] (8.14)
B U 9 5 assxe’ I (nek)

Equation {8.14) may be integrated and with the substitution of the

following expression for ty:

) v
t, T (8.15)

Yin * 273 + 25

where V is the effective volume of the furnace and Te is the furnace

temperature, and upon rearrangement, we finally obtain

(n+k) 1 TS Te o1 M0J; (8.16)
no = - - - » n .
7.286x10° AB-¥- voF [NOT ¢

Providing that

1) Char/NO reaction is a first order reaction

2} external gas film diffusion resistance is insignificant
Equation (8.16) can be used to evaluate the products of intrinsic rate
constant and effectiveness factors, i.e., {n+k), under different

conditions.

8.4 Experimental Results

Data on Char/NO reaction were obtained in the flow furnace,
according to the procedures described in Chapter 5. The char was
produced by the pyrolysis of a Montana lignite at a temperature of 1750 K

for a residence time of one second, i.e., the same char used in Char/O2
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kinetic studies. Nitric oxide reduction experiments were carried out
at temperatures of 1250 K, 1500 K and 1750 K, and inlet NOX concentra-
tions of 530 ppm, 1100 ppm, and 6400 ppm, with helium or argon as the
inert constituent in the oxidant stream. No significant difference was
observed between the results with helium and argon as a diluent. As
indicated earlier, three different iniet concentrations of NOX were
employed to enable the determination of the reaction order and three
different temperature levels were investigated to facilitate the calcu-
lation of activation energy.

The results were summarized in Table 8.1.

8.5 Test for the First Order Reaction Between Nitric Oxide and Char

A reaction mechanism is first order if the conversion of the
reactant is independent of the inTet concentration. According to

Equation (8.16), the values of

2
uin < In [No]in
W/t [NOIOUt

at any given temperature, should be independent of the inlet concentra-
tion of NO , i.e., [NO]in’ if the assumption that the Char/NO reaction
is first order with respect to NOX is valid. Table 8.2 and Figure 8.2
summarize the results of calculations. According to Figure 8.2,

at any given temperature, the values of
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TABLE 8.1

EXPERTMENTAL RESULTS OF CHAR/NITRIC OXIDE STUDY

T [Najin [NO]OUt Uip W T

K ppm npm 1/min q min
1250 530 447 3 0.60097 1
530 459 3 0.€073 1

6400 5800 3 0.6042 1.2

6400 5800 3 N.6100 1.2
1500 530 311 3 0.6194 1
530 320 3 0.6130 1
6400 3810 3 N.6117 1
5400 4030 3 0.€171 1

1190 675 2.86 0,8059 1.5
1100 766 3.15  0.4550 1
1100 ga4 3.40  0.4343 1
1750 530 €6.5 3 0.6086 1
530 65.5 3 0.6121 1

6490 877 3 0.6110 1.1

6400 1574 3 0.6116 1.6

6400 1145 3 0.6058 1.3

1100 388 3.35 0.4636 1.3

1100 413 3.30  0.4306 1.3
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TABLE 8.2

CALCULATED RESULTS FOR CHAR/NITRIC OXIDE EXPERIMENTS

Uinzr [No]in
TF [NO:lin N/'F = In mou—t
K pom 12/ (min)(g)
1250 530 2.52
530 2.11
6400 1.77
6400 1.74
1500 530 7.74
530 7.41
6400 7.62
6400 6.75
1100 7.44
1100 7.88
1100 7.71
1750 530 30.75
530 30.72
6400 33.66
6400 33.03
6400 33.24
1100 32.77

1100 32.25
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2
Yin .« In [NO]in
W/t |NO|out

are independent of [N0]1n' Therefore, the char and NOx reaction is

indeed a first order reaction with respect to nitric oxide.

8.6 Estimation of Effectiveness Factors and Intrinsic Rate Constants

8.6.1 Calculation of {n-k)

We have developed a kinetic model of the reduction of NOX by char
in a flow furnace in Section 8.3. The values of the product of the
effectiveness factor, n, and the intrinsic rate constant, k, under
different experimental conditions, can therefore be evaluated by
Equation (8.16) and the results tabulated in Table 8.1. The results

of (n+k) under different conditions were summarized in Table 8.3.

8.6.2 Estimation of n and k

OQur next task is to estimate the effectiveness factors, n, under
different conditions so that the intrinsic rate constants can be

calculated by the expression

_ {n-k)
= o (8.17)

For a first-order reaction on a spherical porous pellet, the effectiveness

factor, n, is given by (Smith, 1970)
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TABLE 8.3

RESULTS OF PRODUCTS OF n AND k

‘ _ 10
Te [nol;, (n-k) x 10
K ppm mu%es
{sec)(m”)(ppm)
1250 530 1.233 & 0.140
6400 0.926 + 0.006
1500 530 4.811 + 0.154
6400 4.562 + 0.401
1100 4.873 £ 0.140
1750 530 22.77 + 0.02
. 6400 24.67 * 0.23
1100 24.08 + 0.28
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=1 1 o)
n ¢S [tanh 3¢S 3¢SJ (8-18)

and ¢s is the Thiele-type modulus for a spherical particle, and is

defined as
r keA,*p
_Ts /X TsPe
b5 = 3 v// 5+D (8.19)
e
where
re = radius of particle
k = intrinsic rate constant
AB = specific B.E.T7. surface area of char

g = bulk density of char

D = effective pore diffusivity (see Appendix F)

= 4.1x10'1] ——Qémglg——-, is a conversion factor
(cm”) (ppm)

o
|

Therefore, with Equations (8.17), (8.18), and (8.19) and values of
(n-k) in Table 8.3, the effectiveness factors, n, and the intrinsic
“rate constants, k, can now be evaluated by trial-and-error and an
jterative solution. Figure 8.3 shows the flow diagram for the computa-
tion scheme. The results were summarized in Table 8.4.

The effectiveness factor for the NO/Char system was close to
unity at 1250 K. It decreased to 0.8 at 1500 K and decreased further
to 0.4 at 1750 K. The decrease in effectiveness factor with increasing

temperature implied the transition from a regime of chemical reaction
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Evaluate (n-<k) from Equation (8.16)
+

Nassumed 1

¥

k = (ﬂ'k)

Nassumed

1 1 1
n i -
calculated ¢S[tanh 3¢S 3¢S]

¥

. ?
Check: "calculated = Nassumed

Let n Stop Calculation

assumed = "calculated

n+k

n=n ; k=
L assumed Nassumed

Figure 8.3
Flow Diagram for the Computations of Effectiveness Factors and Intrinsic

Rate Constants for Char/NOx Reaction
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TRBLE 8.4

INTRINSIC RATE CONSTANTS AND EFFECTIVENESS FACTORS FOR CHAR/NITRIC
OXIDE REACTION

. 10
K ppm m01§s
(sec){m”)(ppm)
1250 530 0.04 1.312
6400 0.94 0.986
1500 530 0.80 6.015
6400 0.80 5.702
1100 0.80 6.092
1750 530 0.40 56.92
6400 0.40 61.67

1100 0.40 60.22
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control to a regime of internal pore diffusion control as the temperature

of the system increased.

8.7 External Gas Film Diffusion Versus Chemical Reaction

In developing the kinetic model of the reduction of NOx by char
in a flow furnace, we have assumed that the external gas film diffusion
resistance is negligible as compared to that of surface reaction
(see Section 8.3). Our task in this Section is therefore to check the
validity of that assumption. We shall estimate the external mass
transfer coefficients for the NO/Char system for any given condition,
then compare their magnitudes with those of the corresponding intrinsic
rate constant obtained in Section 8.6 to prove the insignificance of
‘the external mass transfer resistance.

To evaluate the external mass transfer coefficient of a gas-solid
system, the following correlation for a flow past single spheres can

be used (Bird, Stewart and Lightfoot, 1960).

Sh =_595E§ =2+ 0.6 (5¢) /3 (re)¥/2 (8.20)
9
where
kg = external mass transfer coefficient
dS = diameter of spherical particle
Dg = buTk diffusivity of the fluid system
S¢ = Schmidt number
Re = Reynolds number
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Sh = Sherwood number
Since the bulk diffusivity, Dg, for NO-He system can be calculated by

the Chapman-Enskog formula (see Appendix E), the external mass transfer

coefficient, kg, can therefore be estimated by the following expressions:

2D
k 22 (8.21)
g dg
or
2,
(kg)1ower bound ~ ds (8.22)

The results of kg and their comparisons with the rate constants,
k, and the products of n and k were summarized in Table 8.5. Note that,
for the purpose of comparison, the unit of the rate constant, k, has
been converted to the same unit as that of kg by the following

expression:

3 T 2

les cm F m 1 m
k' [ﬂ] = k mo X 22400[ ]x———x x—PBm
sec (SEC)(mz)(ppm) mole|~273 104 sz -IO-

As can be seen from Table 8.5, the external mass transfer coefficients
are about six to seven orders of magnitude larger than the reaction
rate constants.

This proves the validity of our early assumption that the
external gas film diffusion resistance is negligible as compared to

that of the surface chemical reaction. Therefore, the reaction rate
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TABLE 8.5

COMPARISON OF KINETIC RATE CONSTANTS WITH
EXTERNAL MASS TRANSFER COEFFICIENTS

T, K n -k q
" cm. com. cm
seC sec séc

-3 -3
1250 1.178 x 10 1.107 x 19 5233
1500 7.371 x 1073 5.897 x 1072 7106
1750 8.558 x 1072 3.423 x 1072 0273

Note: The unit of the kinetic rate constant, k, has kteen ceonverted to the

same unit as that of k(1 by the following expression:
J

30T 2
KoM mole x 22400 £ F o dm 1 ppm

X X
Sec (sec)(m®) (ppm) mole " 2737444 27 4476
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constants obtained in Section 8.6 are indeed the true intrinsic kinetic

rate constants for the conditions under investigation.

8.8 Intrinsic Activation Energy

Our kinetic model of the reduction of NOx by char in a flow
furnace has provided the possibility of the interpretation of our
experimental results and the estimation of the intrinsic kinetic rate
constants. The intrinsic activation energy of the reduction of NOx by
char can therefore be obtained from the slope of a plot of In k versus
%%n This is shown in Figure 8.4.

The intrinsic activation energy of the reduction of NOX by char
has been estimated to be 32,700 cal/g-mole. The reduction rate constant

per unit B.E.T. surface area is given by the following expression:

5

exp (-32,700/RT) moles (8.23)

k =5.0x 10° 5
(sec)(m”}{ppm)

8.9 Comparison of the Intrinsic Kinetics of Present Study with that of

Previous Work

As we have mentioned earlier, most of the previous work has
heavily concentrated on a rather low temperature range and most of the
kinetic data were obtained in either a fluidized bed or a fixed bed.
No kinetic information on the reduction of NOX by char obtained in a
flow furnace under high temperature conditions pertinent to the

pulverized coal combustors is available in the literature. The results
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obtained by Furusawa et al. in a fixed bed reactor represented the
most complete information for the temperature conditions encountered
in most of the fluidized bed coal combustors. Their results covered
three different temperature ranges with different activation energies
(see Section 8.1).
It is of interest to compare, in Figure 8.5*%, the trend of the results
from the present studies with that of the results by Furusawa et al.
and the results obtained from a recent paralle] $tudy done at M.I.T.
(Chan, 1977). |
The results obtained from the present studies show an excellent agree-
ment with the trend of high temperature results (1056 - 1183 K) by
Furusawa et al. On the other hand, the results obtained from the
parallel study at M.I.T. by Chan match well with the low temperature
results (773 - 993 K) obtained by Furusawa et al.
In the Tight of the significant variation of intrinsic parameters
with temperature it can be concluded that in modeliing NOx emission
from coal combustion systems, the extrapolation as well as inter-

polation of NO/Char kinetics has to be done with great care.

*For the purpose of comparison, the unit of the rate constant, k,

obtained from the present studies has been converted to fﬁg%l%%gT

by the following expression:

2 3
¥ moles  _ K moles x 175 ™y 10”7 gm , 3600 sec xl ppm

{hr) {Kg) (sec)(mz)(ppm) gn” T Kg =T hr -6

10
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8.10 Comparison of Char/NOx‘Reaction.with Char/O2 Reaction

It is of interest to compare the intrinsic reactivity of Char to
NOx reported in this Chapter with that of Char to oxygen reported in
Chapter 7.

The intrinsic rate constants per B.E.T. surface area and the orders

for both reactions are summarized below:

For Char/O2 reaction:

0.02
ko = 2.8 % 10° exp (-22,100/RT) -SM[g=moles
3 sec 3
cm
m = 0.98
For Char/NOx reaction:
k= 5.0 x 107 exp (-32,700/RT) —101eS
(sec)(m®)(ppm)
n=1.0

As expected, the activation energy is higher for Char/NOx reaction
than that for Char‘/O2 reaction.

To compare the absolute reaction rates, let us consider a
reaction system at 1500 K and a total pressure of 1 atm. Let us also
assume that the partial pressures for both O2 and NOX are 0.1 atm

respectively. Thus, the absolute rates can be calculated to be
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1.814 x 107 motes C/(cm2 sec) for Char/0, reaction and 8.594 x 1077
moles C/(cin2 sec) for Char/NO, reaction. As can be seen, the rate
for Char/O2 reaction is about two orders of magnitude higher than the
rate for Char'/NOx reaction under the conditions specified above.

[t is to be noted that the effectiveness factors for both reactions
are distinctly different, and effectiveness factors have to be taken
into account when considering the overall reaction rates. For the
conditions specified above, the effectiveness factors are about 0.04
for Char/O2 reaction in this study and about 0.8 for Char/NOx reaction.
In addition, the reactivity of char to 02 decreased with char burnout
while no decrease in the reactivity of char to NOx was observed, for
there was no appreciable consumption of char in the Char/NOx study.

In summary, the Char/NOx reaction is analogous to the Char'/O2
reaction. The NOx might compete with 02 for the char gasification
reaction, although the intrinsic rate for Char/NOx is much sTower

than that for Char‘/O2 reaction,

8.11 Practical Implications

This Chapter has been devoted to the study of the reaction between
NOX and char, The purpose of the study was to gain insight into the
kinetics of NOx reduction by char under conditions encountered in
pulverized coal flames. The results from this study indicate that
NOx can, indeed, significantly be reduced by the contact with char,
but the importance of this reduction under practical conditions has

yet to be established.
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The reduction of NO, is strongly dependent upon temperature level
and char availability. Figure 8.6 shows the effects of temperature
and char loading using data obtained from this study. The residence
time of gas has been assumed to be one second.

This figure predicts that at 1750 K, about 40% of NOX can be

321072 g/1).

reduced with a practical char loading {i.e., 5 x 10°
At lower temperature levels, i.e., 1500 K or 1250 K, however, the
reductions of NO  are not so significant as that at 1750 K. To reach
40% veduction of NOx at these low temperature levels, it requires

an unrealistically high char loading, unless the residence time can

be extended to a longer duration.

Brown, Mason and Neubauer (1977), who studied staging parameters
for NOx control in coal fired boilers, have observed that, at a high
load, the increased first stage residence time had a major effect on
NOx reduction. OQur model certainly provides an explanation to their
experimental finding.

The kinetics obtained in the present study have also been
extrapolated to reasonably higher temperatures. Figure 8.6 also shows
the NOX reduction at 2000 K and 2250 K using the extrapolated rate
constants and effectiveness factors. The NOx reduction is very
significant at these high temperature levels even with Tow char
loading. 1t is hoped that this information can provide a useful guide-

line for the designers of high temperature combustion systems, e.g.,

coal-fired magnetohydrodynamic (MHD} power generation combustors.
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8.12 Conclusions

It has beer shown that the NO/Char reaction plays an important

role in determining the net NOX emissions from a combustion system,

therefore, for the completion of the modelling of NOx emissions from

coal combustors, it is necessary to take into account the reduction of

NOx by char.

Experiments were conducted in the flow furnace under high tempera-

ture conditions pertinent to the pulverized coal combustors to enable

the calculation of kinetic constants for the model. The following

conclusions have been reached from the present studies.

1.

The external gas film diffusion resistance is of no significance
in the NO/Char system under conditions of interest in pulverized
coal combustors.

Reduction of NO, by char is a first order reaction with

respect to NOX.

The effectiveness factor for the NO/Char system is close to
unity at a temperature as low as 1250 K. It decreases as

the temperature increases. This implies the transition from

a regime of chemical reaction control to a regime of internal
pore diffusion control as the temperature of the sytem
increases.

The activation energy for the NO/Char reaction is calculated to
be 32,700 cal/g-mole and the intrinsic rate constant per

unit B.E.T. surface area is given by
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° exp (-32,700/RT) —Moles

k=5.0x10 5
(sec)(m”)(ppm)

The present results appear to fit the overall trend of previous
work, although no previous data have been obtained in a

temperature range as high as that of the present studies.
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CHAPTER 9

CONCLUSIONS

The major contributions of this thesis are the determination of

the effects of temperature and fuel/oxygen equivalence ratio on the

conversion of fuel nitrogen to NOx and the elucidation of the roles

pilayed by the oxidation of char-nitrogen and the nitric oxide-char

reactions on the overall coal-nitrogen conversion. Data developed

during this thesis work allow the following conclusions to be drawn:

Coal-Nitrogen Conversion

1.

The conversion of coal-nitrogen to NOx decreased monotonically
with increasing fuel/oxygen equivalence ratios.

The conversion of char-nitrogen to NOX followed a trend similar
to that of the raw coal, however, the char-nitrogen conversion
efficiencies were lower than the corresponding values for the
coal-nitrogen.

VoTlatilized nitrogen compounds accounted for a major fraction
of NOX produced from coal-nitrogen especially at high temperatures
and low fuel/oxygen equivalence ratios.

The char-nitrogen contributions to NOX emission could not be
neglected particularly at high fuel/oxygen equivalence ratios
and low temperatures.

Increasing temperature increased the volatile contribution to

NO, but decreased the efficiency with which it was converted to
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NOX.

For the fuel/oxygen equivalence ratios in a range of interest
to practical coal combustors, the total cocal-nitrogen conversion
to NOx remained constant when the temperature increased from
1250 K to 1500 K, while it decreased by about 20% to 25% when

the temperature increased from 1500 K to 1750 K.

Coal Char Oxidation

1.

For the overall char burnout process, the internal pore diffusion
was identified to be the rate determining step. A pore diffusion
model was developed and the effectiveness factors based on the
initial rates were found to have values between about 0.03 and
0.09 over the entire range of conditions studied.

From the model, an intrinsic reaction order with respect to
oxygen was found to be 0.98. This reaction order was used to
calculate an activation energy of 22,100 cal/g-mole., The

overall intrinsic rate constant per unit B.E.T. surface area

for the char oxidation was determined as

k

_ 3
g = 2.8x10 exp[— RT Ssec 3

22100] cm [g-moles 0.02
cm

The reactivity of the char remained constant in the early
stage of the burnout process but dropped dramatically in the
late stage. This behavior was successfully explained by a

pore-mouth poisoning model.
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There was no selectivity between nitrogen and carbon loss
during oxidation but the char-nitrogen could underge pyrolysis
in parallel with oxidatioﬁ.
A first-order pyrolysis rate constant of char-nitrogen was
obtained from the time-resolved nitrogen to carbon ratio in
the residual char during combustion, and was given by the
following expression:

oy = 5-8 % 10° - exp{%} sec”!
The oxidation rate of char-nitrogen was correlated to the
oxidation rate of carbon, %%—, with a factor equal to the mole

ratio of the fuel nitrogen to carbon, i.e.

) - (&1
8t oxidation dt) (L

The pyrolysis rate and the oxidation rate of char-nitrogen
were found to be additive. The total consumption rate of
char-nitrogen during combustion, %%3 was successfully described

by the following formula:
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Reduction of Nitric Oxide by Char

1.

The external gas film diffusion resistance was of no signifi-
cance in the NO/Char system under conditions of interest in
pulverized coal combustions.

Reduction of NOX by char was a first order reaction with

respect to NOX.

The effectiveness factor of the NO/Char system was close to unity
at a temperature as Tow as 1250 K. It decreased as the tempera-
ture increased. This implied the transition from a regime of
chemical reaction control to a regime of internal pore diffusion
control as the temperature of the system increased.

The activation energy for NO/Char reaction was found to be
32,700 cal/g-mole and the rate constant per unit B.E.T. surface
area was given by

k=5.0x 107>

exp[ -32,700} moles
RT (sec)(mz)(ppm)
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CHAPTER 10

RECOMMENDATIONS

The results of this investigation have provided numerous

suggestions for the improvement of the experimental procedures and

recommendations for future studies. They are listed as follows.

A. Suggestions for the Improvement of the Experimental Procedures

1.

The particle surface temperature should be measured by a
two-color pyrometer or other technique which is adaptable
to the furnace system.

The particle velocities and residence times under any
experimental conditions should be determined experimentaily

by some practical techniques.

B. Subjects Recommended for Future Studies

1.

The interactions between volatile-nitrogen and char-nitrogen
should be studied to check the validity of the first order
approximation in our parametiric studies which assumes no
interference between volatile-nitrogen and char-nitrogen. Or
more specifically, the dependence between volatile-nitrogen
conversion and char-nitrogen conversion should be investigated.
In addition to the pore-mouth poisoning model, other possible

rationalizations that can explain realistically the dramatic
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change of char reactivities during combustion should also be
investigated. Experiments should be designed in such a way
that the hypothesis of surface annealing or active sites change
can be tested.

The importance of the char-catalyzed reaction between NOx and
CO should be assessed. The kinetic data should be obtained

for the modelling of NOx emissions from coal combustors.
Kinetic studies of the reduction of NOx by coal should be
carried out to explore the perturbations on the overall NOx
destruction mechanism in coal combustors.

The models for the competing NOX formation and NOX destrucfion
reactions should be used to explain the experimental observations
on the net conversion of coal-nitrogen to NOX.

Data on kinetics of both devolatilization and oxidation of
coal-nitrogen should be obtained directly from time-resolved
combustion experiments of other coals in order to verify the
generality of the hypothesis formulated in this study that

the pyrolysis rate and the oxidation rate of the coal-nitrogen

are additive and separable during pulverized coal combustion.
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APPENDIX A

RESULTS OF PARAMETRIC INVESTIGATIONS

The experimental data of the parametric investigations are
summarized in Tables A.1 to A.5. Tables A.1 and A.2 are the results
of oxidation experiments of Montana Tignite at 1250 K and 1750 K,
respectively. Table A.3 is the results of oxidation experiments of
1250 K lignite char at 1250 K and Table A.4 the results of 1750 K
lignite char af 1750 K. Nitrogen analysis was performed only on
selective residual char samples. Table A.5 summarizes the results of

oxidation experiments of Montara sub-bituminous coal.
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TABLE A.1

RESULTS OF OXIDATION EXPERIMENTS OF MONTANA LIGNITE AT 1250 K

Run Number ) Solid Height Loss % of Fuel-N % of Fuel-N
% d.a.f. Converted to NOx Retained in Char

YLL-201 3.22 53.02

YLL-204 1.36 78.12 13.35 26.51

YLL-205 1.12 85.07

YLL-206 0.33 94.50

YLL-209 2.78 56.16 4.70 55.87

YLL-211 3.58 52.04 5.41 56.88

YLL-213 2.98 59.50

YLL-218 0.23 100.00 45,35

YLL-220 0.38 52.07 35.05 10.72

YLL-221 0.61 84.05 26.29

YLL-222 1.04 84.13 19.42 24.19

YLL-223 1.10 91.50 20.78

YLL-224 0.59 90.11 27.67 13.67
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TABLE A.2

RESULTS OF OXIDATION EXPERIMENTS OF MONTANA LIGNITE AT 1750 K

Run Mumber ¢ Solid Ueight Loss, % of Fuel-N % of Fuel-N
% d.a.f. Converted to NOX Retained in Char

YLL-013 3.16 95,31 0.30

YLL-014 0.31 100.00 40.34

YLL-015 1.37 150.09 11.00

YLL-016 1.21 100.00 £.69

YLL-017 3.75 95.70 0.64 4.45
YLL-018 N.96 99.40 20.35

YLL-019 0.43 100.00 32,95

YLL-020 1.49 100.00 0.51

YLL-251 1.26 100,00 15.95

YLL-252 1.73 93.21 7.8¢6

YLL-253 1.67 100.00 5.€9

YLL-254 1.27 100.00 10.22

YLL-256 0.75 100.00 23.67

YLL-257 0.38 100.00 30.51

YLL-258 G.85 10n.00 18.35

YLL-259 0.31 100.09 28.41

YLL-Z60 0.70 100.00 27.17

YLL-261 1.88 100.00 4,75

YLL-262 1.72 100,00 €.95

YLL-263 8.36 89.50C 0.20

YLL-264 3.38 95.25 0.54 3.37
YLL-266 1.38 4,50 c.42

YLL-267 4.14 96.13 0.87 3.90
YLL-268 4.35 94,51 0.65 4.03
YLL-269 5.34 93,02 0.57

YLL-270 3.92 97.06 0.65 2.70
YLL-271 3.49 93.15 0.53
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TABLE A.3

RESULTS OF OXIDATION EXPERIMENTS OF 1250 K LIGNITE CHAR AT 1250 K

Run Number ¢ Solid teight Loss, % of Fuel-N % of Fuel-N
% d.a.f. Converted to NOx Retained in Char

YLL-281 0.30 69.61 29.89

YLL-282 0.57 63.64 25.81

YLL-284 0.31 65.96 27.77

YLL-285 0.48 73.03 30.00

YLL-286 0.69 60.65 24.18 48.55
YLL-287 1.01 52.67 22.27 h2. 14
YLL-289 0.66 70.19 27.69

YLL-290 0.77 64.75 24.38 42.83
YLL-291 0.93 63.25 20.32

YLL-292 2.18 43.14 12.€3 68.46
YLL-293 1.61 47.82 15.29 64.51
YLL-294 2.19 47.25 14.10

YLL-295 1.33 51.5¢6 16.2 58.30
YLL-297 2.85 40. 31 5.68

YLL-300 3.48 6.57

YLL-302 3.80 42.47 4.86 68.51
YLL-304 4,20 42.99 5.04

YLL-305 .54 69.85 29.34 36.59
YLL-306 0.34 75.11 32.06 33.56
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TABLE A.4

RESULTS OF OXIDATION EXPERIMENTS OF 1750 K LIGNITE CHAR AT 1750 K

Run Number ¢ Solid Weight Loss, % of Fuel-N % of Fuel-N
% d.a.f. Contained to NOX Retained in Char

YLL-231 1.44 80.23 27.16 19.22
YLL-232 1.05 87.16 24.48 20,58
YLL-233 0.65 100.00 23.25

YLL-234 0.63 100.00 25.5€

YLL-235 0.66 100.00 26.56

YLL-236 0.59 100.00 28.83

YLL-237 0.92 95.01 23.12 12.01
YLL-238 3.61 56.74 3.35 34.44
YLL-239 1.37 84.86 13.68

YLL-240 2.97 64.12 2.91 22.08
YLL-241 3.16 62.12 3.58 30.69
YLL-242 3.52 63.70 3.76

YLL-243 0.02 40.49 1.63

YLL-244 6.34 50.44 2.88

YLL-245 0.31 100.00 29.60

YLL-246 0.19 100.00 31.47

YLL-247 1.80 78.92 11.37 20.93
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TABLE A.5

RESULTS OF OXIDATION EXPERIMENTS OF MONTANA SUB-BITUMINOUS COAL

Run Number Temperature o) Solid Weight Loss % of Fuel-N
K % d.a.f. Converted to NOX

YLL-404 1250 0.98 60.67 15.25
YLL-405 1250 0.75 78.97 22.43
YLL-406 1250 0.58 76.62 22.59
YLL-407 1250 0.76 65.55 18.77
YLL-408 1250 0.74 82.73 24.87
YLL-409 1250 0.97 69.94 18.88
YLL-410 1250 1.01 67.16 17.39
YLL-411 1250 0.99 68.26 18.32
YLL-421 1500 0.85 87.51 22.72
YLL-422 1500 0.54 74.16

YLL-423 1500 0.83 85.19 22.01
YLL-424 1500 1.32 63.07 11.41
YLL-426 1500 0.96 80.20 19.42
YLL-427 1500 0.97 79.04 18.57
YLL-428 1500 0.79 78.84 19.18
YLL-43] 1750 1.08 87.12 11.48
YLL-432 1750 0.43 96.46

YLL-433 1750 0.68 97.09 18.80
YLL-434 1750 0.91 92.80 14.09
YLL-435 1750 0.73 99.02 20.17
YLL-436 1750 0.79 96.15 17.02
YLL-437 1750 0.81 97.22 17.72
YLL-438 1750 1.01 92.61 14.59
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APPENDIX B

RESULTS OF CHAR/OXYGEN EXPERIMENTS

Tables B.1 to B.3 summarize the results on the solid weight Toss
of 1750 K lignite char oxidation experiments at various temperatures
and oxygen partial pressures. The distances between the tip of the
feeder and the mouth of the collector probe were converted to residence
times according to the definition in Appendix D. Tables B.4 to B.6
are the results of the ultimate analysis of selective char samples
from oxidation experiments. Table B.7 is the physical characterization

of selective char samples.
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TABLE B.1

RESULTS OF OXIDATION EXPERIMENTS OF 1750 K LIGNITE CHAR AT 1250 K

Run Number PO Distance Solid Weight Loss Char
2
atm in % d.a.f. Batch Number
TLR-256 0.2 5 46.73 LC-1
TLR-258 0.2 5 £2.69 LC-1
TLR-260 0.2 6 47.12 LC-1
TLR-261 0.2 3 25.77 LC-1
TLR-262 0.2 4 35.56 LC-1
TLR-263 0.2 5 44.83 LC-1
TLR-264 0.2 6 52.34 LC-1
TLR-265 0.2 3 21.17 LC-1
TLR-266 0.2 4 37.44 LC-1
TLR-312 0.4 3 62.53 LC-3
TLR-313 0.4 6 69.21 LC-3
TLR-314 0.4 5 58.52 LC-3
TLR-315 0.4 5 63.74 LC-3
TLR-316 0.4 3 55.48 LC-3
TLR-321 0.4 4 65.96 LC-3
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TABLE B.2

RESULTS OF OXIDATION EXPERIMENTS OF 1750 K LIGNITE CHAR AT 1500 K

Run Number P0 Distance Solid Weight Loss Char
2
atm in % d.a.f. Batch Number
TLR-213 0.2 5 41.44 LC-6
TLR-214 0.2 5 49,16 L.C-6
TLR-215 0.2 5 44 .25 LC-6
TLR-216 0.2 5 41.39 L.C-6
TLR-223 0.2 4 43.93 LC-5
TLR-224 0.2 3 30.32 LC-6
TLR-225 0.2 6 54.14 LC-6
TLR-231 0.2 5 50.33 LC-6
TLR-232 0.2 4 48.94 LC-6
TLR-236 0.2 3 37.18 LC-6
TLR-245 0.2 3 42.90 LC-1
TLR-246 0.2 4 41.70 LC-1
TLR-248 0.2 6 53.85 LC-1
TLR-251 0.2 3 28.67 LC-1
TLR-211 0.4 5 79.06 LC-6
TLR-212 0.4 3 69.94 LC-6
TLR-292 0.4 4 78.43 LC-3
TLR-301 0.4 5 84,32 LC-3
TLR-303 0.4 6 89.87 LC-3
TLR-305 0.4 4 81.48 LC-3
TLR-306 0.4 3 78.92 LC-3
TLR-308 0.4 6 84,28 L.C-3
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TABLE B.3

RESULTS OF OXIDATION EXPERIMEMTS OF 1750 K LIGNITE CHAR AT 1750 K

Run Number P0 Distance Solid Weight Loss Char
2
atm in % d.a.f. Batch Number
TLR-271 0.2 6 58.34 LC-1
TLR-272 0.2 4 51.88 L.C-1
TLR-274 0.2 3 47.54 LC-1
TLR-276 0.2 5 561.23 LC-1
TLR-277 0.2 5 54,59 LC-1
TLR-203 0.4 5 82.32 LC-6
TLR-204 0.4 5 78.63 LC-6
TLR-208 0.4 5 83.81 LC-6
TLR-280 0.4 3 78.42 LC-3
TLR-281 0.4 4 85.79 LC-3
TLR-283 0.4 6 34.26 LC-3
TLR-284 0.4 5 79.70 LC-3
TLR-285 0.4 & 85.15 LC-3
TLR-287 0.4 4 84.41 LC-3
TLR-288 0.4 5 86.87 LC-3
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TABLE B.4

CHEMICAL PROPERTIES OF CHAR SAMPLES FROM OXIDATION EXPERIMENTS AT 1250 K

Ultimate Analysis Wt% (dry)

Run Number PO Distance C H N S Char
2
atm in Batch Mumber
TLR-148 c.2 1 75.75 0.82 0.65 1.15 LC-5
TLR-147 0.2 3 66.18 0.45 0.54 1.12 LC-5
TLR-175 0.2 4 61.44 0.53 0.50 1.07 LC-5
TLR-144 0.2 5 51.87 0.19 0.44 1.03 LC-5
TLR-256 0.2 5 69.46 0.86 0.53  1.17 LC-1
TLR-264 0.2 6 67.49 0.72 0.53 1.38 LC-1
TLR-173 0.2 6 53.89 0.64 0.44 1.16 LC-5
TLR-316 0.4 3 75.72 0.10 0.53 2.36 LC-3
TLR-321 0.4 4 59.73 D.26 0.45 1.20 LC-3
TLR-315 0.4 5 61.77 n.23 n.51 1.35 LC-3
TLR-314 0.4 5 64.20 0.98 0.49 1.17 LC-3
TLR-313 0.4 6 61.22 0.24 0.45 1.15 LC-3
LC-1 77.86 0.46 0.595 1.16
LC-3 77.84 .38 0.667 1.16
.88 0.660 1.33

LC-5 74.86
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TABLE B.5

CHEMICAL PROPERTIES OF CHAR SAMPLES FROM OXIDATION EXPERIMENTS AT 15C0D K

Ultimate Analysis Wt% {dry)

Run Number P0 Distance C H N S Char
Z
atm in Batch Number

TLR-134 0.2 3 58.47 0.43 0.49 1.1% LC-5
TLR-153 0.2 5 46.44 0.33 0.35 0.88 LC-5
TLR-156 0.2 6 37.22 0.20 0.28 0.71 [.C-5
TLR-151 0.2 7 53.38 0.30 D.38 1.06 LC-5
TLR-306 0.4 3 46.35 0.37 0.29  T1.64 LC-3
TLR-301 0.4 5 49,49 0.22 n.28 0,93 LC-3
TLR-211 0.4 5 59.16 0.94 D.38 0.9 L.C-6
TLR-308 0.4 6 49_68 0.17 0.31 1.14 LC-3
LC-3 77 .84 0.38 0.567 1.16

LC-5 74.86 .88 0.660 1.33

LC-6 79.38 D.34 0.620 0.92
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TABLE B.6

CHEMICAL PROPERTIES OF CHAR SAMPLES FROM OXIDATICN EXPERIMENTS AT 1750 K

Ultimate Analysis Wt% (dry)

Run KNumber PO Distance C H N S Char
2
atm in Batch Number

TLR-126 0.2 0.5 72.91 0.70 .63 1.09 LC-5
TLR-119 0.2 2.5 68.63 0.26 0.50 1.45 LC-5
TLR-165 0.2 3 5Z.38 .14 0.32 0.90 LC-5
TLR-167 0.2 4 54,54 0.21 0.30 1.08 LC-5
TLR-164 0.2 5 59.53 0.23 0.31 1.0€ LC-5
TLR-277 0.2 5 65.80 0.68 0.28 1.24 LC-1
TLR-271 0.2 6 64.78 0.61 0.28 1.35 LC-1
TLR-124 0.2 6.5 4¢.84 0.1n .21 1.15 LC-5
TLR-162 0.2 7 44,69 n.15 0.20 0.98 LC-5
LC-1 77 .86 565 1.16

o0
[0+]
co
o0
o
2]
jan
—
w
w

LC-5 74.86




TABLE B.7

PHYSICAL PROPERTIES OF CHAR SAMPLES FROM OXIDATION EXPERIMENTS

B.E.T. Average Char
2un Number P TF Distance Surface Area Pore VYolume Pore Diameter Batch Humber
2 °
atm K in m2/g cm3/q A
TLR-261 0.2 1250 3 208.0 0.160 30.8 LC-1
TLR-249 0.2 1500 3 149.1 0.255 68.4 LC-1
TLR-252 Q.2 1500 5 177.2 0.172 38.8 LC-1
TLR-273 0.2 1750 3 234 .1 (.193 33.0 LC-1
TLR-277 0.2 1750 5 213.1 0.211 39.6 LC-1
TLR-316 0.4 1250 3 187.9 0.171 36.4 LC-3
TLR-315 0.4 1250 5 136.2 0.125 36.7 LC-3
TLR-290 0.4 1500 3 126.2 0.145 46.0 LC-3
TLR-293 0.4 1500 5 136.4 0.142 41.8 LC-3
TLR-280 0.4 1750 3 127.7 0.108 33.8 LCc-3
TLR-284 0.4 1750 5 130.9 0.139 42.5 LC-3

-1ie-
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APPENDIX C

RESULTS OF CHAR/NITRIC OXIDE EXPERIMENTS

The results of nitric oxide reduction experiments at various
temperature and nitric oxide inlet concentrations are summarized in

Table C.1.
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TABLE C.

1

RESULTS OF NITRIC OXIDE REDUCTICN EXPERIMENTS

_ Char

Run Number TF [NOJin [NO]Out in W T Batch Number

K ppm ppm 1/min q min

RLR-203 1250 530 447 3 0.6097 1 LC-4
RLR-204 1250 530 459 3 0.6073 1 LC-4
RLR-207 1250 6400 £800 3 0.6042 1.2 LC-4
RLR-208 12850 6400 5800 3 0.6100 1.2 LC-4
RLR-216 1500 530 311 3 0.6194 1 LC-4
RLR-217 1500 530 320 3 0.6130 1 LC-4
PLR-212 1500 6400 3810 3 0.6117 1 LC-4
RLR-213 1500 6400 4030 3 0.6171 1 LC-4
ELR-102 1500 1100 675 2.86 0.8059 1.5 LC-4
RLR-103 1500 1100 766 3.15 0.4550 1 LC-4
RLR-104 1500 1100 824 3.40 0.4343 1 LC-4
RLR-223 1750 530 66.5 3 0.6086 1 LC-4
RLR-224 1750 530 65.5 3 0.6121 1 LC-4
RLR-226 1750 6400 877 3 0.6110 1.1 LC-4
RLR-227 1750 6400 1574 3 0.6116 1.6 LC-4
RLR-228 1750 6400 1145 3 0.6058 1.3 LC-4
RLR-111 1750 1100 388 3.35 0.4636 1.3 LC-4
RLR-T112 1750 1100 413 3.30 0.4306 1.3 LC-4
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APPENDIX D

CALCULATION OF REACTION TIMES IN CHAR/OXYGEN REACTION

The reaction time is defined as the length of the duration in
which char particles expose to gas concentrations and the high tempera-
ture environment of the furnace. In the kinetic study of Char/O2
reaction, it is the traveling time of char particles from the tip of
the feeder to the mouth of the collector probe. As soon as the
particles are injected into the hot environment of the furnace, they
could be accelerated or decelerated by the main gas flow stream,
depending upon the relative initial particle velocity. In laminar
flow experiments, the char particles are entrained and accelerated by
the faster main gas flow, and approach the centerline velocity of
the main gas flow. Kobayashi (1976), using essentially the same
system, was able to measure the particle velocities directly by a
laser doppler anemometer through several observation ports along the
furnace axis which gave visual access to the inside of the muffle
tube. He concluded that the average particle velocity could be
approximated by 1.4 times the average main gas velocity. The rationali-
zation is as follows.

In laminar flow, the velocity profile is parabolic and the average

main gas velocity, <vz>g is given by:
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R (D.1)

Due to the velocity gradient of the fluid, particles near the wall
receive aerodynamic 1ift toward the center of the tube resulting in a
centralized particie flow field. Assuming that the particles are
uniformly distributed within 0.8 radius of the muffle tube, the average

particle velocity can then be given as:

2w :0.8R
J ( v, T dr d 8

. ‘0’0
Vz’p ¥ 72n0.8R (D.2)
J [ rdr d§
o’o

The velocity distribution for the laminar flow is given by (Bird,

Stewart, and Lightfoot, 1960):

(P -P)
. —‘h}— R% - 1] (D.3)

v
Substituting Equation (D.3) into Equations (D.1) and (D.2) and
integrating, the following relation can be obtained:

<v.> = 1.36 <v_> (D.4}

Zp g

Or, as indicated by Equation {D.4), the average particle velocity is

about 40% larger than the average main gas velocity.
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One of the major drawbacks of the present system is the lack of
internal observation pdrts, which makes the direct measurements of
particle velocity difficult. To avoid the problem of attempting to
model exact flow fields and velocity distributions in such a complex
system, particularly when it is not possible at this time to make
experimental checks, Kobayashi's approximation is used to estimate
the reaction times of the experiments.

Based on above information, the calculation of reaction times
become straightforward. The volumetric flow rate of the main gas at
the furnace temperature, QF’ can be first related to the inlet flow

rate, Qo’ by ideal gas law:

G = O T (0.5)

The average main gas velocity is then simply QF divided by the
cross-sectional area of the muffle tube, AM' Finally, the reaction

time is given by

t = (D.6)

where L is the distance between the tip of the char feeder and the
mouth of the collector praobe.
For Q0 =6 1/min and T0 = 300 K, the results with reaction

times reported in milliseconds are summarized on the next page.
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Distance, inch

Temperature, K 3 4 5 6 7
1250 256 340 427 512 599
1500 213 283 356 426 500

1750 183 243 305 365 428
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APPENDIX E

CALCULATION OF BINARY DIFFUSION COEFFICIENTS FOR

OXYGEN/HELTUM AND NITRIC OXIDE/HELIUM SYSTEMS

The Chapman-Enskog formula has been found suitable for evaluating
the bulk diffusivity at moderate temperatures and pressures {Hirsch-

felder, Curtiss and Bird, 1954). The equation is

13/2 (1/My + 1/MB)”2
ap,q = 0-001853 (£.1)

2
Pt 9ng” “ap

o
n

where

DAB,g = bulk diffusivity, cmz/sec

—
1]

temperature, K

MA’MB = molecular weights of gases A and B

Pt = total pressure of the gas mixture, atm

Opg = collision diameter or constant in the Lennard-Jones
potential energy function for the molecular pair AB, E

QAB = collision internal, function of kT/EAB for real gases

(k = Boltzmann's constant)

The Lennard-Jones constants for the unlike molecular pair AB can be

estimated from the constants for like pairs AA and BB:
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on =/ ()Y

The values of Lennard-Jones constants of He, 02 and NO are given in

the Titerature and are summarized as follows:

M o] e/k

(A) (K)
He 4 2.576 10.2
02 32 3.433 113.0
NO 30 3.470 119.0

Therefore, for 02/He system:

opg = 3.005

EAB/k = 33.95

For NO/He system:

= 3.023

eAB/k = 34.84
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The collision integral QAB is given as a function of kT/eAB in the

following table:

e “ag

30.0 0.623
40.0 0.596
50.0 0.576
60.0 0.560
70.0 0.546

The bulk diffusivities can therefore be calculated based on the
above information. Figure E.1 summarizes the results of the binary
diffusion coefficient as a function of the temperature for OZ/He system.

Figure E.2 summarizes the results for NO/He system.
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APPENDIX F

CALCULATION OF EFFECTIVE PORE

DIFFUSIVITIES FOR OXYGEN AND NITRIC OXIDE

The mass-transport rate within the pore volume for most gaseous
diffusions w%thin porous materials is contributed by both bulk and
Kundsen diffusion. If the gas density is low, or if the pores are
quite smail, or both, the molecules collide with the pore wall much
more frequently than with each other. Under these conditions, inter-
molecular collisions may thus be neglected, and a molecule travels
within the pore by a series of random flights interrupted by collisions
with the pore wall. More specifically, the Knudsen diffusion becomes
dominant, when the magnitude of the pore radius is much smaller as
compared to the length of the mean-free-path of molecules between
intermolecular collisions.

To specify more closely the conditions under which Knudsen
diffusion is operative, we recall that the mean-free-path, X, of a
gas molecule is given by the kinetic theory (Bird, Stewart and

Lightfoot, 1960) as

As (F.1)
Y2 m g% n*

where o is the molecular diameter and is 3.433 A for 02 and 3.470 A

for NO (See Appendix E), and n* is the molecular number density and can
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be expressed in terms of T and P as:

n* = 6.023 x 107 & (F.2)
The condition for Knudsen diffusion is that X must be considerably
Targer than the pore radius, rp.

For the char used in the present study, the average radius of
the pores is about 20 R to 30 E. The mean-free-paths, from 1250 K to
1750 K can be calculated by Equation (F.1) to be in the range of
3,000 R to 5,000 R. Since the mean-free-paths are about two orders of
magnitude larger than the average pore radius of the char used, Knudsen
diffusion is assumed to be dominant in pore diffusion of the present
study.

The kinetic theory provides the following relation for determining
the Knudsen diffusivity of gases in a straight round pore (Satterfield,
1970; Smith, 1970):

D, = 9.7 x 10 " TP/M (F.3)
where DK is in square centimeters per second, rp the average pore
radius in cm, TP the temperature in K, and M the molecular weight.

The effective diffusivity based on Knudsen diffusion is given as:

0
p =2 p
T

. (F.4)

K
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where ep is the porosity and t the tortuosity. Note that the porosity,

ep, is obtainable from the density and the void volume of the particle

by the expression

void (or pore) volume

ep ~ total particle volume (F.5)

B (F.6)

= F.6
1/DB

where vp is the pore volume per gram of char and PR is the bulk density
of the char. There is no unigue relationship between the tortuosity, T,
and the porosity, ep, for porous materials. Values of T of 2 to 7 are
readily reconciled with physical reality (Satterfield, 1970). A value
of T equals 2.0 is assumed for the purpose of calculation.

Finally, combining Equations (F.3), (F.4) and (F.6) and the
information summarized in Table F.1, working expressions for evaluating

effective diffusivities are obtained:

For Char/O2 experiments

2
O -5 cm
De = 6.372 x 10 © / TP sec (F.7)
For Char/NOx experiments
D, = 5.644 x 107° /7T o (F.8)
e ) w/_h;; sec )
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TABLE F.1

PERTINENT INFORMATION FOR THE EVALUATIONS
OF THE EFFECTIVE DIFFUSIVITIES

For Char/O2 Experiments For Char/NOx Experiments
M 32 30
-7 -7
p cm 2.733x10 2.110x10
Pgs g/cm3 1.71 1.64
Vo /g 0.159 0.184
ep 0.272 0.302

T 2 2
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APPENDIX G

CALCULATION OF THERMAL CONDUCTIVITIES

FOR OXYGEN AND HELIUM MIXTURES

The thermal conductivities of gaseous helium and oxygen at various
temperatures are given in Perry and Chilton (1973). A more detailed
table which shows the thermal conductivities of helium can also be
found in Weast (1972). The information is used to construct Figure
G.1 which shows the thermal conductivities of pure helium and oxyagen
as functions of temperature.

The thermal conductivities of gas mixtures may be most conveniently
calculated from component conductivity values with the equation

(Perry and Chilton, 1973):

1/3
_ Dy; dg (My)

I Yy, '3

A (G.1)
where Yio Ki and M_i are the mole fraction, thermal conductivity, and
molecular weight respéctive]y of the individual component. Combining
Equation (G.1) with the information given in Figure G.1, the thermal
conductivities for various mole fractions of He and 02 mixtures can.
therefore be obtained as a function of temperature, and are shdwn in

Figure G.Z2.
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APPENDIX H

NITROGEN AND CARBON BALANCES DURING PYROLYSIS OF LIGNITE

H.1 Coal-Nitrogen Distribution During Pyrolysis

Previous research at M.I.T. on the fate of coal-nitrogen during
pyrolysis was heavily concentrated on the nitrogen behavior in the
solid phase (Pohl, 1976). One area that remained untouched in previous
research was the nitrogen distribution in gas phase. Nitrogen
distribution during pyrolysis of lignite was obtained in this study
to complement previous pyrolysis results. Figure H.1 shows the
distribution of coal-nitrogen during pyrolysis at a residence time
of one second and temperatures of 1250 K and 1500 K. The data are
plotted as percent of the original coal-nitrogen that remains in char,
is volatilized and collected as ammonia, hydrogen cyanide and molecular
nitrogen. The ammonia, hydrogen cyanide and molecular nitrogen are
determined in accordance with the procedures described in Section 5.3.
As indicated by Figure H.1, the nitrogen material balances have been
closed to an average value of 98% at both 1250 K and 1500 K. There
are few words of caution. The muffle tube wall has been known to
have some catalytic effect on the decomposition of HCN (see Appendix
J) and NH3. Thus, the HCN and NH3 observed in the off-gases may not
be the primary pyrolysis products. This, in turn, changes the
original nitrogen distribution among gaseous components. Nevertheless,

the data in Figure H.1 represent the rudimentary information on coal-
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nitrogen distribution during pyrolysis. They requivre careful inter-

pretation and further confirmation.

H.2 Carbone Distribution During Coal Pyrolysis

Carbon distribution during pyrolysis of lignite at a residence time
of one second was determined by measuring carbon conversions to methane,
carbon dioxide and carbon monoxide (according to the procedures described
in Section 5.3) as well as carbon retention in char. Data were obtained
at temperatures of 1250 K and 1500 K are shown in Figure H.2.

Carbon retention in char remains constant at about 72% at both
1250 K and 1500 K. This is because the carbon has reached its asymptotic
value of weight loss and forms stabilized compound in char. Carbon
conversion to CO2 increases slightly (from 3% to 4%) and carbon
conversion to CO increases significantly (from 5% to 11%) as the
temperature increases from 1250 K to 1500 K. Although CH4 is the only
hydrocarbon measured in present study, other hydrocarbons are also
believed to exist.

Suuberg (1977) has also investigated the carbon balance for
Tignite pyrolysis. His results are summarized in Table H.1. The
- present results and Suuberg's results are in general agreement even
though different heating rates are involved. (103 C/sec in Suuberg's
study and 104 C/sec in present study.)

The carbon material balances are closed up to about an average
of 85%. The undetected carbon exists most likely in tar as well as

hydrocarbons other than CH4.
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TABLE H.1

CARBON DISTRIBUTION DURING PYROLYSIS OF
LIGNITE AT P = 1 atm AND HEATING RATE = 1000 C/sec

Weight % of the Original Carbon in Lignite

Pyrolysis Peak Temperature

Products 1183K 1273 K
CO2 3.88 4.05
€0 5.73 5.40
HC 3.54 4.05
Tar 7.42 7.25
Char 80.10 74.54
Total 100.67 95.29

Source: Suuberg (1977)
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APPENDIX I

NITROGEN AND CARBON BALANCES DURING

COMBUSTION OF LIGNITE AT FUEL RICH CONDITION

In Chapter 6, we observed that, during oxidation of lignite at
1750 K, the solid burnout was complete even at fuel/oxygen eqguivalence
ratio of 2 and the solid weight loss was still 95% even at a richer
condition when the ratio was 4. It is of interest to study how the
carbon and nitrogen are distributed at this high temperature (T = 1750 K)
and rich condition (¢ = 3 to 4).

Table I.1 summarizes the carbon distributions. The carbon
material balance has been closed up to an average vaiue of 93%. Only
small fraction of the original carbon (about 5%) has been retained in
char. Significant portion of the carbon (about 72% to 75%) has been
oxidized and converted to CO at this extremely rich condition. This
is somewhat expected because that the ultimate analysis has shown that,
for Montana 1ignite, the carbon content is 54.5 Wt% and the oxygen
content is 17.4 Wt%. However, the increase in total solid weight loss
to 95% (d.a.f.) in this "oxidative" pyrolysis as compared to the total
solid weight loss (about 59% d.a.f.) in "pure" pyrolysis implies an
important implication. The implication is that the pyrolytic gasifica-
tion of coal can be significantly improved by a small additive of
oxygen to the gasifier.

Table I.2 is the coal-nitrogen distribution during lignite
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TABLE I.1

CARBON DISTRIBUTION DURING COMBUSTION OF
LIGNITE AT T=1750 K and $=3~4

Combustion Weight % of the Original
Products Carbon in Lignite
co 72 ~ 75
€0, 1 ~ 16
CH4 1 ~2
Other CH Not Measured
TAR Not Measured

Char 4 ~ 5§

Total 88 ~ 98
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TABLE 1.2

NITROGEN DISTRIBUTION DURING COMBUSTION OF
LIGNITE AT T=1750 K AND ¢=3~4

Combustion Weight % of the Original
Products Nitrogen in Lignite
N2 71 ~ 75
HCN 6~ 8
NH3 Trace
NOX 1~3
Char 3~5

Total 81 ~ 91




-298-

combustion at temperature of 1750 K and fuel/oxygen ratio of 3 to 4.
Major fraction of the coal-nitrogen {about 71% to 75%) has been
converted to gaseous nitrogen molecules. Only about 3% to 5% of the
nitrogen has been retained in char. About 6% to 8% and 1% to 3% of
the nitrogen have been detected as HCN and NOx’ respectively. The
overall nitrogen material balance has been closed up to an average of

86%.
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APPENDIX J

THERMAL DECOMPOSITION OF HYDROGEN CYANIDE

A certified standard gas containing 116 ppm HCN in He was run
through the furnace and checked for HCN recovery. Two different ways
were emplioyed to feed the HCN gas into the furnace. First, this 116 ppm
HCN gas was used as the main gas and fed to the furnace through the
main furnace inlet. In this manner, the whole muffle tube was filled
with the HCN gas. This was called a "straight run". The second way to
feed the HCN gas was by injecting this 116 ppm HCN gas through the coal
feeder (no coal was fed, of course) into the center of the furnace while
He gas was fed to the furnace through the main inlet as main gas. The
HCN gas would diffuse radially toward the muffle tube wall, even though
the centered HCN gas stream was initially surrounded by the main He gas.
The time required for HCN to diffuse from the center of the furnace
to the muffle tube wall has been estimated by an order-of-magnitude
calculation to be about the same as the residence time of the HCN gas
in the furnace. The second method was called a " simulated run" (to
simulate the HCN generated by coal pyrolysis). In straight run
experiments, the HCN flow rate was 3 1/min. In simulated run experi-
ments, 1 1/min HCN gas was injected along with 3 1/min He main gas.

The rest of the procedures for both experiments were the same as free-
fall experiments described in Chapter 5 except that no coal was fed.

The results of the recovery of 116 ppm HCN are shown in Figure J.1.
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For simulated runs, no significant decomposition of HCN was observed up
to a furnace temperature of 1100 K. About 90% of HCN was recovered

at 1250 K. The recovery of HCN decreased to about 40% at 1500 K and to
about 20% at 1700 K. Less recovery of HCN was found for straight runs.
It is conceivable that the muffle tube wall might have some catalytic
effect on the decomposition of HCN.

No attempt was made in this study to further investigate the
thermal decomposition (both catalytic and non-catalytic) of HCN. The
preliminary results were presented here (i.e., Figure J.1), because
the author believes that this information might have some importance

in the practical implication for HCN reduction.
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NOMENCLATURE

area

specific B.E.T. surface area of char
external surface area of a char particle
conversion factor; see Equation (8.19)
gas concentration

molar concentration of carbon in char
gas concentration at radius r

gas concentration at solid surface
effective pore diffusivity

buik diffusivity of fluid system
Knudsen pore diffusivity

diameter of pore

diameter of spherical particle
activation energy

activation enerqgy for diffusion
observed activation energy

ratio of poisoned reaction rate to unpoisoned reaction rate
molar flow rate of NO

feed rate of fuel

feed rate of oxygen

normalized specific B.E.T. surface area
ash released

enthalpy change for a reaction



Nu
[NO]
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heat transfer coefficient

constant; see Equation (7.63)

Boltzmann's constant

intrinsic rate constant for Char/NO reaction

char oxidation rate constant per unit B.E.T. surface area
char oxidation rate constant per unit external surface area
char oxidation rate constant per particle

external mass transfer coefficient

observed char oxidation rate per unit external area
pyrolysis rate constant of fuel-nitrogen

intrinsic char oxidation rate constant per unit volume of
particle

rate constant; see Section 8.7

rate constant; see Section 8.9

distance between the tip of char feeder and the mouth of the
collector probe

length of a pore

molecular weight of carbon

molecular weight of oxygen

molecular weight of NO

intrinsic reaction order

molar concentration of nitrogen in char

mole flux of gas

Nusselt number

NOx concentration in ppm
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reaction order
molecular number density
total pressure

oxygen partial pressure

volumetric flow rate of main gas at furnace temperature

inlet volumetric flow rate of main gas

rate of heat generation per particle

rate of heat loss per particle

gas constant

radius

rate

char oxidation rate per unit B.E.T. surface area
char oxidation rate per unit external surface area
char oxidation rate per particle

Reynolds number

initial rate

rate at any time t

reaction rate in poisoned pore

reaction rate in unpoisoned pore

overall relative reactivity of char

radius

radius of pore

radius of spherical particle

consumption rate of NO per unit B.E.T. surface area of char

Schmidt number
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Sherwood number

arithmetic average of TP and TF
main gas temperature or furnace temperature
room temperature or reference temperature
particle temperature

time

residence time of gas

inlet volumetric fiow rate of NO

effective volume of furnace

total volume of particle

pore volume of particle

average main gas velocity

average particie velocity

mass of char

conversion of NO

distance from pore mouth

mole fraction

% char retention, d.a.f.

fraction of coal-nitrogen that is volatilized
fraction of pore surface that is poisoned
melar concentration; see Equation (7.15)

% char burnout, d.a.f.

dimensionless volume; see Equation (7.33)
fraction of char-nitrogen that is consumed

dimensionless reaction rate; see Equation (7.31)
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Lennard-Jones parameter

effectiveness factor

efficiency of conversion to NOx of volatile-nitrogen
efficiency of conversion to NOX of fuel-nitrogen in burned char
efficiency of conversion to NOX af coal-nitrogen
porosity

mean-free-path of gas molecule

thermal conductivity

viscosity

dimensioniess concentration; see Equation 7.24
3.1416

bulk density of char

Stefan-Boltzmann constant

collision diameter

tortuosity

feeding time of char

fuel/oxygen equivalence ratio

Thiele modulus (in general)

Thiele moduius for unpoisoned pore

Thiele modulus for spherical particie
dimensionless radius; see Equation (7.24)

collision integral
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