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A COMPREHENSIVE KINETICS MODEL FOR CO OXIDATION DURING CHAR COMBUSTION
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INTRODUCTION:

The most important parameter in representing energy feedback to a particle
during char combustion concerns the oxidation of CO to COy. If substantial oxida-
tion of CO occurs near a particle, then the greater heat of combustion for the
complete oxidation of carbon to CO, (94.1 kcal/mole vs. 26.4 kcal/mole for oxida-
tion to CO) is available for energy feedback mechanisms. “"Energy feedback”™ 1s here
defined as any situation in which an individual particle recieves a significant
fraction of its heat of combustion directly, through the localized oxidation of
emitted combustible species, i.e. CO. Conversly, if the oxidation of CO does not
occur near a particle, then energy feedback will only occur indirectly, through
heating of the bulk gas. The primary reaction product at the particle surface
during char combustion is generally considered to be CO, and the location of the
subsequent CO oxidation zone plays a very important role in determining the parti-
cle temperature. Ayling and Smith (1) performed experimental and modeling work
which indicates that CO oxidation is not of major importance under-the conditions
they investigated, although they noted a need for improved accuracy in measuring
char reactivities, as well as for better modeling of the gas phase CO oxidation
kinetics. The modeling work presented in this paper attempts to develop an
improved understanding of the boundary layer oxidation of CO through the use of a
comprehensive set of kinetics expressions. It is hoped that the use of a funda-
mental set of kinetics expressions will more accurately represent the transcient
conditions occuring around an oxidizing char particle, when compared to the use of
global kinetics expressions. The transport and energy equations are solved, gener-
ating both specles and temperature profiles surrounding a single particle.

MODEL DEVELOPMENT:

The CO oxidation model developed at Stanford currently employs a number of
assumptions, which are listed in Table l. One critical assumption used is the
restriction that the only mass fluxes at the particle surface are CO and 0y. The
specles mass transport equation used assume convective and diffusive transport
only, with source terms calculated from the kinetics expressions. The gas phase
reactions are modeled through the use of a subset of a set of expressions devel-
oped by Westbrook, et al (2) to study the pyrolysis and oxidation of ethylene.
This subset is listed in Table 2. The success of this model in predicting the

properties of a laminar ethylene flame suggests that it is also valid for the more
simple fuels contained as subsets (i.e. CO ).

The basic equation for mass transport in the particle boundary layer is
below.
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where

pi = Mass fraction of species 1 R

p = Density of local gas mixture, gm/cm

ﬁ; = Carbon flux at particle surface, gm/cmz/sec

a = Particle radius, cm

Di = Diffusion coefficient for species 1, c% /sec

bi = Source term for species i (from kinetics), gm/c% /sec

Equation 1 is non-dimensionalized through the use of the parameters below.

y = a/r Non~-dimensional coordinate
(py/0)
Xy = T3I737m Non-dimensional mass fraction
Bi = (pi/p)mpDi/(aﬁ; Non-dimensional diffusion coefficient
Sy = abi/ (yAﬁz) Non-dimensional source term

The resulting form for the transport equation is:

dxi
F = (pi/p)wx1 + 8, FM 2a)
dF
i
iy T 2b)

In equation 2a, the term F; represents a non-dimensional flux, for species 1. The
two equations above are solved, with the boundary conditions being:

xi(y=l) =1

Fi(y=l) = 0 except for: Fco(y=l) = 28/12
F_ (y=1) = -16/12
%

For 1 = €0,C0,,0,,Ar,H,0,0,H,0H,H,

The mass transport equations in the boundary layer are solved along with a simple
form of the energy equation, which is similar to the transport equation used.
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Cg = The average bulk heat capacity, erg/gm X

As with the specles transport equation, this equation is transformed into non-
dimensional coordinates.

The average bulk thermal conductivity, erg/cm sec K
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The solution procedure utilized to solve the mass and energy transport equations
is outlined in Table 3. The solution is first broken down into two components. The
first part, x; ,(y) represents the solution to the homogenous portion of equations
2a and 2b, i.e. with no gas phase reactions occuring (§; = 0). In this case the
homogeneous solution takes a particularly simple analytical form.

F F ~(p,/0)
) = et b [ ] exp[ ) 5)
SO OO oy 7o), * **PLTB)

The complete solution is then represented as the sum of this homogeneous term and
an inhomogeneous term, xj(y). The boundary conditions on this inhomogeneous term
now become particularly simple, being x{{y=1) = 0 . One nice feature of this solu-
tion technique is that it allows the general character of the solution to be cal-
culated immediately (the homogeneous solution) , while the more difficult inhomog-
eneous portion can be dealt with seperately. The inhomogeneous portion represents
a very stiff equation, and a relaxation technique is applied to reach a solution.
The ‘species and energy equations are solved in series, as indicated in Table 3,

and this procedure is repeated until a desired convergence criterion has been
achieved.

MODEL RESULTS:

The input parameters required for this model, and the typical "base case”
values used, are listed in Table 4. The values for the base case have been chosen
to match conditions measured experimentally in the Stanford flow-tube reactor, in
which the independent variation of many of the important reaction parameters is
possible, in particular the bulk gas temperature, the oxygen concentration, and
the particle size. For the current modeling results the input parameters have been
independently varied around the single base case determined from the flow-tube
reactor, without attempting to represent the interdependencies of the parameters.
The base case value for the char reactivity at 1800K of 0.03 gm carbon/cm“/sec
agrees very well with typical values measured for char reactivities (Smith (3)),
although the free stream species concentrations in the Stanford flow-tube reactor
can be significantly different that those found in typical pulverized coal combus-
tion applications. The importance of this will be discussed later.

A typical temperature profile in the particle boundary layer is presented in
Figure 1. The lower curve is the solution with no gas phase reactions, while the
upper curve shows the effect of CO oxidation in the boundary layer. The case
chosen is one in which the greatest effect of boundary layer CO oxidation was
observed, although all cases show similar profiles. In both curves the particle
temperature 18 substantially above the bulk gas temperature (by about S500K), with
this temperature overshoot increased by about 60K when gas phase CO oxidation was
included. Figure 1 indicates that one way to represent the effect of CO oxidation
on the particle temperature would be to look at the increase in the particle sur-
face temperature over that with no gas phase CO oxidation. This parameter has been
calculated while parametrically varying the variables listed in Table 4, and the
results are discussed below.

The dependence of the bulk gas oxygen concentration is seen in Figure 2. The
dependence is a reasonably strong one, although for the conditions studied the
temperature increase due to CO oxidation in the boundary layer is fairly low. Thus
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the energy feedback due to CO oxidation, while not negligible, is not considered
to be a dominant mechanism under these conditions. It 18 important to note that
although the base case chosen indicates little CO oxidation in the boundary layer,
the trends observed will given the relative importance of the various parameters
studied.

The dependence on the bulk gas water concentration is seen in Figure 3. This
parameter 1s important due to the limiting gas phase reaction CO + OH + Co, + H
At low concentrations there is a strong dependence of the temperature increase due
to CO oxidation in the boundary layer on the bulk gas water concentration, and
this dependence talls off at higher concentrations. One reason that the temper-
ature increase 1s relatively low for the base case considered in the current study
is that the water concentrations present in the Stanford reactor are relatively
low. The only source of water in the Stanford flow-tube reactor is the moisture
and hydrogen present in the coal fed into the reactor, and the relatively low
particle concentrations present ( < 10 particles/cm” ) results in low water
concentrations. Future work will consider conditions in which the water
concentrations are at higher values, since this looks like a crucial parameter in
studying gas phase CO oxidation, and many pulverized coal combustion environments
involve water concentrations substantially above those seen in the Stanford flow-
tube reactor.

The dependence of the temperature increase on the char reactivity is seen in
Figure 4., The temperature increase is a relatively strong function of the char
reactivity, but eventually becomes less important. This leveling off of the curve
is the result of two competing processes. As the char reactivity is increased, the
amount of CO present in the particle boundary layer increases, which increases the
energy release due to CO oxidation near the particle. A competing effect with this
i1s the resulting increase of the convective term in the heat transfer equation,
which tends to reduce the feedback of energy released in the boundary layer back
to the particle as the char reactivity increases. The net effect of these two
processes 1s the leveling off the the curve seen in Figure 4.

The dependence on the particle radius is seen in Figure 5. It is important to
note that the char reactivity has been held constant in this parametric run, while -
in reality the char reactivity is a strong function of the particle radius, and
this must be taken into consideration in order to better represent the true effect -

~of the particle radius. For a fixed reactivity, however, the temperature increase

due to CO oxidation 1s a strong function of the particle radius, a quadratic type
ot dependence. This is due primarily to the increased heat transfer from a smaller
pa ticle to the surroundings, which tends to lessen the effect of boundary layer N
CO yxidation. The actual effect of particle size is some combination of this 1
effeet with the strong increase in the particle reactivity as the radius is
decreased. These two effects result in opposing trends, so the net effect of the
particle radius is not clear at this point.

The dependence on the bulk gas temperature is seen in Figure 6. Again there
is an intégdependence between this parameter and the char reactivity, a very stong
influence which is not represented in the current modeling work. As expected, the
effect of CO oxidation in the boundary layer is a very strong (exponential) func- R
tion of the bulk gas temperature. A temperature increase of about 60K is seen at a
bulk gas tempetrature of 2000K. When the accompanying effect of the char reactivity
dependence on the temperature is included, an even stronger dependence of the
temperature incraase due to CO oxidation 1is expected.




CONCLUSIONS:

For the conditions studied, the effect of CO oxidation in the boundary
layer during char combustion does not appear to be of major importance.
It is important to note that the model input parameters studied were
designed to simulate conditions present in the Stanford flow-tube reac-
tor, and that the importance of boundary layer CO oxidations in typical

pulverized coal combustion environments has not yet been studied with
this model. :

The interdependencies between the model input parameters need to be
modeled in order to better represent the actual processes occuring during
CO oxidation. In particular, the parameters which indicates the possibil-
ity of a strong synergistic interaction are the water concentration,

oxygen concentration, and/or the bulk gas temperature with the char reac~
tivity.

The model results indicate the relative importance of the various
parameters. The water concentration is considered to be a crucial para-
meter for two reasons. First, it has a strong influeuce on OH concentra-
tion in the particle boundary layer, which in turn plays a dominant role
in the oxidation kinetics of CO. Secondly, many pulverized coal combus—
tion environments are expected to have substantially higher water concen-
trations than that chosen for the base case condition used with this
model. Other parameters which appear to be very important are the bulk
gas temperature and the oxygen concentration, especially when their
influence on the char reactivity is taken into account.
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TABLE 1. ASSUMPTIONS

Steady State.

Diffusive and convective transport only.

Constant particle radius.

Spherical symmetry.

Surface mass flux is given.

CO and Oz.are the only surface fluxes.

Quiescent atmosphere.

HO, and Hy0, are unimportant at the temperatures studied.
Convective and Conductive gas phase heat transfer only.

TABLE 2. REACT10ONS CONSIDERED

i. H + 0, ¥ 0o + oH
2. 4, + o ¢ + OH
3. H0 + 0 ¥ OH + OH
4. H0 + H ¥ H, + OH
5. Hy0 + M tf H + OH + M
6. O+H+M t on + M
7. 0, + M ¥ o0 + 0 + M
8. Hy M ¥ H + 1 + M
9. c0 + on ¥ CO,+ H
10. co+o+m ¥ cop+ M
11. €0, + o0 ¥ co + 0,




TABLE 3. SOLUTION PROCEDURE

SOLVE FOR A "FIRST CUT" VERSION, x 1(y)
’

dxi
Bi o + (pi/p)un = Fi 1)
with F, = 0  except Fg, = 28/12 , Fop = -16/12

NOW WRITE THE SOLUTION AS x 15Xy 1+ X'i
’

where xi satisfies the equation ...

dxi
Di E;— + (91/9)m = Fi(y) 2)

with all xi(y=0) =0

Use xi(y) and the current temperature profile to calculate

the terms Si(y) and q'''(y) from the kinetics expressions.

Integrate Si(y) to get a new Fi(y)

SOLVE EQUATION 2) USING THIS Fi(y) y 4th Order Runge-Kutta Routine Used
THE SOLUTION IS THE NEW VALUE FOR xi(y)

SOLVE THE ENERGY EQUATION, GIVEN §'''(y) (See next page)

REPEAT UNTIL THE SYSTEM CONVERGES




TABLE 3. SOLUTION PROCEDURE (cont.)

The Energy Equation:

2 cCa" a 2

T .
S lE-IG - (P lire - o »
dy g Kgy

Given a particle temperature, the temperature gradient at the

particle surface [ %% (y=1) ] is calculated from an energy balance.

am aeaT
g—T(y=l) = Kc (factor) - —K—-p— + %‘1'1‘:
y g g g
where factor = ergs released per gram carbon oxidized to CO
€ = emissivity of the char particle (taken as 0.9)
o = the Stefan-Boltzman radiation constant

G%ﬁen these initial conditions, Equation 3 is solved with a
4 order Runge—Kutta routine, marching fromy = 1 to y = 0,

The calculated value T(y=0) is compared with the bulk gas temperature, and
the procedure is repeated until convergence 1s obtained., (Shooting method).

TABLE 4. INPUT PARAMETERS

= .0l ,.02 ,.03 , .04 ,.05 gm/cm?/sec

Tg = 1600 ,1700 ,1800 ,1900 ,2000 K

a = 10,20 ,30 ,40 ,50 ,60 microns

Specles Mass Fractions at infinity:

0, = .0040 ,.0820 ,0.124 ,0.167 ,0.211

H,0 = 0.00046 ,0.0023 ,0.0046 ,0.0116 ,0.0236

€Oy = 0.0056

€0,0,H,0H,H, = Calculated from chemical equilibrium.

Ar = The balance.

NOTE: The underlined quantities represent the “base case”,

measured from experimental results with the Stanford reactor.
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DETERMINATION OF OVERALL KINETIC RATES AND
OXYGEN REACTION ORDER FOR SARAN CHAR COMBUSTION

*
B.J. Waters, R.E. Mitchell , R.G. Squires and N.M. Laurendeau

Purdue University, West Lafayette, IN 47907
* - Sandia Natiopal Laboratories, Livermore, CA 94550

Introduction

Recent work by Mitchell and co-workers {1,2,3] on a novel
entrained flow reactor has demonstrated the feasibility of extracting
kinetic rate parameters from the simultaneous measurement of the

These rate parameters are obtained by solving the conservation
equations for a coal particle as it burns in a laminar, coflowing gas
stream. In this analysis, assumptions must be made about the
devolatilization processes which occur during particle heatup.
Specifically, the char density, ash composition and heat gain of the
particle due to homogeneous combustion of volatiles become parameters
in the reactor model that depend on the parent coal.

In this work, the entrained flow reactor is used to investigate
the combustion of Saran char, a very low ash, high surface area,
amorphous carbon. The highly irregular Saran char particles offer a
coal analog without the complicating effects associated with
devolatilization and catalytic impurities. We report overall particle
burning rates, apparent rate coefficients, and the apparent reaction
order with respect to oxygen.

Experimental Procedure

The combustion of Saran char particles is followed in a
transparent, rectangular, entrained flow reactor which is described in
deteil elsewhere [4]. Briefly, the particles are entrained in a cold
N_ stream and are then injected along the centerline at the base of

the 40 cm high reactor. Particle loadings are kept low to imnsure that
their presence has no influence on the free-stream gas properties. A

two-color pyrometer is used to measure the temperature of the burming
particles at discrete heights in the reactor. As the particle
traverses the focal volume of the collection optics, the radiant
emission passes through two different sized slits. The first slit is
wider (1000 um) than the diameter of the largest particle and the
second 'is narrower (45 um) than the diameter of the smallest particle.
The ratio of the intensity of the radiant emission measured in the
first slit to that measured in the second slit is directly
proportional to the diameter of the particle. The temperature
measurements are calibrated with a tungsten strip lamp; the size
measurements are calibrated by comparison with the size distribution
of well-characterized Spherocarb particles. The particle temperatures
measured in this work ranged from 1440 20 K in 12 kPa 0, to 2100 %150
K in 36 kPa 02. The measured particle diameters ranged %rom 80 to 170

12



um which corresponds well with the -100/+4170 mesh (90-150 um)
particles used to feed the reactor. The velocity of each particle is
determined by measuring the time it takes the particle to traverse the
large slit. The particle velocities measured in this work ranged from
2.40 to 3.10 (*0.05) m/s depending on the gas temperature.

To reduce the influence of spurious signals, 200 to 300 particles
were monitored at each height and the particles were grouped in bins
approximately 10 um apart, based on their measured diameter. In this
paper, a measured particle diameter refers to the diameter at the
center of a bin containing at least 10 particles. A measured particle
temperature or velocity refers to the average temperature or velocity
for all of the particles in a given bin.

A hot, one-dimensional, laminar oxidizing gas environment is
generated by a 5 cm x 5 c¢m array of 0.2 cm diameter CH4/H2/02/N
diffusion flamelets. The total pressure in the reactor is conmstant
and equal to 10l kPa. Post flame O, partial pressures from 3 to 36
kPa and gas temperatures from 1400 %o 1900 K are attained by careful
control of the inlet gas mixture. During analysis of the experimental
data, we found that Saran char had a negligible burning rate in 3 and
6 kPa O environments. Therefore, in the remainder of this paper, we
only présent data obtained at 12, 24, and 36 kPa O,. Typical post
flame partial presures of HZO and CO2 are 16 and 2 kPa, respectively.

Gas temperatures, T , are determined from radiation-corrected
measurements using a Pt-%t/l3%Rh thermocouple. The gas velocity in
the reactor can be modeled as,

- 0.68
|v — (2T
T—g = ¢ + 0.5\!c2z'rg°‘68 R - E_ m
\M'e 8\'C1
where 2z is the height in the reactor, C, and C, are coBsggnts that are
fit to the data for each gas condition, and the two T terms

account for the influence of T on the gas viscosity.® Eqm. (1)
represents the solution of the“conservation equation governing one-
dimensional flow in a square conduit, assuming that the boundary layer
along each wall develops independently and that the fraction of the
total mass flowing in the boundary layer is proportional to the
boundary layer thickness. Cl and C, are chosen to give the best fit
between the measured particle velocities and the particle velocities
calculated by solving the particle momentum balance (see Eqmn. (3)
below). An important implicit assumption in this analysis is that the
density of the particles are approximately independent of burning
time. This assumption is consistent with the rtesults of the kimetic
analysis discussed below.

The Saran char is made by heating Saran co-polymer (supplied by
the Dow Chemical Company) to 1300 K in flowing NZ for three hours. The
exact procedure used to manufacture the Saran char is described
elsewhere [5]. Saran char contains no volatiles and approximately 0.5
wt% ash. Its apparent bulk density is 0.35 g/ml and its total surface
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area is 1260 mzlg, as determined by CO, adsorption at 298 K analyzed
using the Dubinin-Radushkevich isotherm. The only impurities detected
by Proton Induced X-ray Emission Spectroscopy (PIXE) are 2300 ppm Cl,
22-30 ppm Ti, 10 ppm Fe, 7.2 ppm Cu, 1 ppm Zr, and 1 ppm Re.

Theorx

The equations used to follow the mass, velocity and temperature
of a particle as it burns in the laminar flow reactor are given below:

dm 2 (2)
v — = -pud
p dz
d
nv —12 = -mg - 3mud (v_ - v ) (3)
p dz & P P g

-mv C dT 2k(T - T ) 4 4

—PP PP & e (rt-TY (4)
2 dz d PP w
ﬂdP P

The momentum equation (Egn. (3)) accounts for gravitational and Stokes
forces and the energy balance (Eqn. (4)) accounts for the thermal
inertia of the particle, the heat of reaction, gas phase conduction,
and radiation. The mass, m, of the char particle is determined from
its apparent density and diameter, d_. The particle velocity is v
and p is the particle burning rate per unit external surface area.

The velocity of the gas is given by v and g is the gravitationmal
constant. The heat capacity of the pa%ticle, C , is taken to be that
of graphite and the physical properties of Nz,pthe major compoment in
the gas stream, are used for the free-stream gas properties. The
viscosity, u, and thermal conductivity, k, of the gas are evaluated at
the mean temperature (T ) between the gas and particle temperatures.
The temperatures of themparticle, the gas, and the medium to which the
particle radiates are given by T , T and T (500 K), respectively.
The Stefan-Boltzmann constant is’denSted by o, and €¢_ denotes the

particle emissivity (taken as 0.85). The heat releaded per gram of
carbon consumed, H, is calculated assuming that CO is the primary
combustion product.

The overall burning rate of the particle is described by:

n (5)
po=ky (B - R) =k P,

where P and P are the oxygen partial pressures in the bulk stream
and at &he surface of the particle, respectively, ks and k., are the
chenical rate and diffusion coefficients, respectively, and n is the
apparent oxygen reaction order. The chemical reaction rate
coefficient includes contributions from intraparticle diffusion
limitations and the intrinsic reactivity of the Saran particle. Im
the Arrhenius form, ks is given as,
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ks = A exp(E%f), (6)

where A is the preexponential factor, E is the activation energy, and
R is the universal gas constant. The external diffusion rate
coefficient is given by:
ZM D

- __ & ox

d RTd4_ '
mp

where M is the molecular weight of carbon and Dox is the diffusion
coefficient of oxygen evaluated at Tm.

K N

The computational scheme employed to obtain the overall particle
burning rate parameters, A, E, and n, is initiated by setting dT_/dz
equal to zero in Eqn. (4) and then using the measured d_ and T_ Yo
calculate p. Using Eqms. (5) and (7), PS can be calculBted £r8a [
The rate parameters are then obtained from Eqms. (5) and (6) by
fitting T and P_ to the calculated rate using a linear least-squares
routine. PThese parameter values are used as the first guess in the
numerical integration of Eqms. (2), (3) and (4), where p is obtained
from an implicit expressiom which is independent of P_ by
rearrangement of Eqn. (5). The integration employs the measured T
profile. The initial conditions used for the integration are T_ = 300
K and v_. = 0.3 m/s. A range of initial particle diameters (frof 90 um
to 190uﬁ) in 5 um intervals is used. When the integration reaches a
height (2z) where experimental measurements have been taken, the
calculated relationship between dT /dz and d_ is used to find dT_/dz
for each measured particle size. his measuged dT _/dz is then uSed in
Eqn. (4) to obtain a mnew p, from which updated vallies of the kinetic
parameters are obtained for the next numerical integratiom.
Successive iterations of this strategy are used to converge on the
rate parameter values that best describe the behavior of the Saran
particles. The quality of fit can be judged from the agreement
between the calculated and measured T_as a function of d_. Both
constant density and constant diameter burning are considgred as
limiting cases for effectiveness factors of approximately zero and one
respectively. The particle ignition temperature is taken as 1000 K
below which the particle burning rate is set equal to zero. Changing
the ignition temperature from 300 K to 1100 K does not affect the
results of this analysis.

Results and Discussion

Equations (2), (3) and (4) can be solved to calculate the
predicted relationship between particle temperature and size for a
given gas environment. For the 12 kPa O, environments at a peak gas
temperature less than 1700 K and in all 62 environments less than 12
kPa, the measured particle temperatures c&n be fit by setting p equal
to zero. This is in direct contrast to the burning characteristics of
an hvb-bituminous coal observed by Mitchell and co-workers [2], which
exhibited appreciable reaction rates in O, environments as low as 3
kPa. This may be attributed to two factors: (1) the homogeneous
combustion of the volatile matter (33% by weight) in the coal
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increases the temperature of the resulting char and (2) the catalytic
properties of the ash (21% by weight) increase the burning rate of the
char.

If the measured particle temperature does not exceed the
calculated zero-burning temperature by the approximate error in our
temperature measurement (*¥20-150 K), we can not calculate a
statistically significant burning rate. Defining x as the ratio of
the calculated burning rate to the diffusion-limited burning rate
(x=p/kd P ), we observed that the difference in particle temperature
between x®s of 0.0 and 0.l approximately corresponds to the error im
the measured particle temperature. Therefore, no measurements which
give a ¥ below 0.1 are considered in the determination of the rate
coefficients and oxygen reaction order. For the conditions of these
experiments, values of x ranged from 0.1 to 0.6 which indicates that
the overall burning rate has a high sensitivity to the kinetic rate.

For an 0_ partial pressure of 36 kPa, 100 pm particles are
predicted to %urn out at approximately 10 cm in the reactor, if
constant diameter burning is assumed. This contradicts the
experimental observation of particles as small as 90 um at 19 cm in
the reactor. While a constant diameter model may be more applicable
at lower O pressures, this model was not used in our analysis of the
combustion“kinetics. An analysis incorporating an effectiveness
factor into the particle burning rate expression will be considered in
future work.

Constant density burning gives good fits to the experimental data
at bulk oxygen pressures of 12 and 24 kPa and poor fits to the 36 kPa
data (see Figures 1, 2 and 3). A least squares fit of the kimetic
rate parameters and oxygeu reaction order to the calculated reaction
rates at 12, 24 and 36 kPa gives

-3 -27000 0.8
p = 6.3x10 ~ exp( RTp ) P (8)

where R is given in cal/mol K and P 1is given in Pa. An Arrhenius

plot of the rate coefficient, k , versus 1/T_ is presented in Figure
4. The relationship between (p7ks) and P, i8 depicted in Figure 5.

A possible reason for the discrepancy between the calculated and
experimental rates for the 36 kPa data set is that the simple
diffusion model considered here does not account for the large amount
of CO0 which must diffuse out of the particle boundary layer at higher
burning rates (Stefan flow). We do note, however, that when the 36
kPa data is analyzed alone, the calculated rates fit the data better,
but the activation energy is lower (~17000 cal/mol) which is
indicative of intraparticle diffusion limitations.
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Effect of CaCl, on Char Reaction Kinetics

M. A. Serageldin and W. P. Pan

Department of Chemistry and Chemical Engineering
Michigan Technological University
Houghton, MI 49931

INTRODUCTION

This work describes the effect of CaCl, on coal char reactivity; it is the third part in a
series of studies related to boiler application (1,2) involving this metal-based salt. The
information obtained in this work should be useful in understanding the effect of similar
materials on the oxidative behavior of coal-char. The char was combusted in a
thermogravimetric analyzer, TGA, under different partial pressures of oxygen (0.16 - 70% by
vol.) in nitrogen and at constant temperature. The furnace temperatures (isothermal) varied
between 673 and 1223 K. The sample mass and volumetric flow rate were close to 2 mg and 5
ml/s, respectively, This temperature range should cover the regions where oxidation occurs
mainly by diffusion and mainly by chemical control (3,4).

EXPERIMENTAL

Materials

Lignite coal from Velva Mine, North Dakota, was used in this work; its proximate and
ultimate analysis is given in Table 1.

Char preparation

The coal was placed in a boat made of ceramic material and pyrolyzed in a Hoskin
electric furnace (Hoskin Co.), which was regulated by an Omega 6000 temperature controller.
The boat was made by splitting a length, 1, of high purity alumina tube (1 = 75 mm and
ID. = 10 mm); it was positioned in the center of the furnace. A shielded Chromel Alumel
thermocouple (d = 3 mm) was placed approximafely 5 mm above the boat to measure the sample
temperature. The sample thermocouple reading (in the absence of a sample) was a few degrees
lower than that of the furnace set temperature; for example, at the set temperature of 1248 K,
the sample thermocouple (inside the furnace) recorded 1223 K.

Coal pyrolysis in a constant stream of nitrogen (0.425 ml/s at S.T.P.) was achieved over a
number of steps (5). The sample was first purged at room temperature for 900 s (0.9 ks). The
furnace was then switched on, setting the maximum temperature to 1248 K (which was reached
in about 2.58 ks). It was left for one hour at the maximum temperature. The furnace was then
turned off and left to cool in nitrogen for one hour, after which the remaining part of the coal
sample, i.e. char, was emptied in a clean, dry container which was subsequently stored in a
dessicator for later use.

Aopparatus

The char was burned in a DuPont 951 thermogravimetric analyzer (TGA) coupled with a
DuPont 990 recorder unit. Each sample (2 mg) was spread evenly on the platinum pan to avoid
establishing a thermal gradient in the sample. O, and N, were mixed by different proportions.
The total gas flow made by O and N, was mamtamed at 5 ml/s. This provided a linear
velocity of 18 mm/s. The percentage of O in the O /Ny mixture depended on the isothermal
temperature: at the higher isothermal tempcrature (12‘223 K ), the lower concentration (or partial
pressure) of oxygen was used, ie. 0.16% by volume, whereas a concentration of 70% O, was used
when the isothermal temperature was set to the lowest value investigated, i.e. 683 K. guch
combinations were necessary to maintain the value of the time to 50% decomposition, to.5 above
1200 s, thus ensuring that the effect of temperature gradient is negligible (4). Lastly, bélore
pushing the sample into the furnace, the latter was heated to the desired isothermal temperature
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and left to equilibrate for 300 s. This procedure helped to reduce the time-lag before the sample
reached the desired temperature.

RESULTS

Information regarding the influence of CaCl, on char reactivity, reaction mode, and
kinetic parameters is presented in this section,

Reactivity

The influence of oxygen concentrations and temperature on char reactivity is shown in
Figure 1. A greater effect (on conversion) was produced as a result of increasing the
temperature by a small percentage than by an equivalent increase in oxygen percentage in the
gas. Treating the char with CaCl2 also increased its level of conversion, Figure 2. Considering
that conversion vs. time plots for chars under different atmospheres are similar in appearance, a
more satisfactory representation, in terms of reactivity, can be achieved by replotting conversion
against a dimensionless time, t/t 5 (6). Such a plot is given in Figure 3 and indicates that CaCl,
produces an insignificant cffcctqiclow a conversion of ~0.58 which would suggest that the
mechanism of reaction is not altered within this zone. Between 0.58 conversion and up to ~0.68
the "master curve" separated into two curves, one for char and the other for char plus CaCl,.
Above a conversion of 0.68 each of the above curves split into three curves, producing a total of
six curves. Such a spread was not observed when char from demineralized coal was carbonized
at around 1273 (6). However, evidence showing the effect of naturally occurring mineral matter
in coal-char may be found (beyond a char conversion of 0.7) in Figure 1 of Tseng and Edgar’s
paper (4). It is, therefore, understandable that in the presence of additional mineral matter (i.e.
CaClz), as in this study, a more pronounced effect occurs. This is clearly indicated (Figure 3) by
a greater shift of the catalyzed reaction to the left, i.e. towards a pore diffusion mode of
reaction (Figure 4). The spread in the curves may be attributed to the effect of particle
temperature rise (7).

Reaction Mode of Control

To determine the mechanism controlling the reaction the data used to plot Figures 3 and 4
was replotted in terms of specific rate, dC/dT and tj 5, the time to 50 percent conversion.
Values of dC/dT were obtained using the cubic splin€ interpolation technique (8) and the cubic
spline smoothed technique. Figure 5 illustrates tie extent of scatter when the cubic spline
smoothed technique was not applied (white circles) to the data from Figure 3. This method was
previously used by Tseng and Edgar (4) to compare the reactivities of different chars in the
absence of catalysts. Figure 6 shows a number of curves obtained using this procedure for char
combusted at several of the low temperatures investigated and different oxygen levels. A
maximum occurred in all cases at around 0.25 conversion, which indicates that the control
mechanism is chemical (3,4). Beyond 0.58 the curves delineating the different experimental
conditions separated and were therefore clearly identifiable. From this presentation one can see
that the maximum specific rate at a given temperature was somewhat increased by treatment
with CaCl,. It should be stated that when the conversion was less than 0.5, Figure 6 provided
more dctaﬁ than Figure 3.

Figure 4 was obtained by treating the data corresponding to the runs at high temperature
(>1123 K). The data for the six experiments followed very closely the film diffusion theoretical
curve (dotted line). The theoretical lines in Figure 4 were calculated using the equations
provided in reference 4.

Kinetic Paramete

The order of reaction in the kinetic control regime was determined by plotting tg 5
against oxygen partial pressure (0.16 - 70 KPa) on log-log paper (4) and measuring the s ope.
Figure 8 shows such plots obtained at different temperatures for untreated char. The slope of
the different lines was practically the same, suggesting that the average value of n for the char
was 0.84. This figure is somewhat higher than 0.70 reported by a number of workers for lignite
coal (see ref. 4). The value of n for char treated with CaCl, was 0.73. Both values of n are
valid for a limited temperature range, i.c. 683 - 723 K. In tﬁc diffusion control regime n equals
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one (9). The activation energy was obtained by plotting t*oﬁ, against 1/T on semi-log paper as
o

is illustrated in Figure 9. The former value is defined as follows (4):

thy.5 = (Poy/Proy)M.ty ¢ 1)

where t, 5 corresponds to the value at a base of reference partial pressure of oxygen, Po,. This
was chosén to be 0.005 MPa in the present study. On the other hand, the values marked with an
asterisk correspond to char reacted at the same temperature under other partial pressures of
oxygen. n is the reaction order. Figure 9 illustrates results for both the high temperature runs
(lower left of figure) and the low temperature runs (upper right of figure). Each circle shown in
Figure 9 represents the average of four runs at different Poz, i.e. the points at a given
temperature fall within the bounds of such circles. However, for calculating the activation
energy, all the points were used. For example, all the runs shown in Figure 8 were used to
calculate the activation energy, E, in the kinetic regime. This was equal to 154 KJ/mol for char
and was reduced to 141 KJ/mol when the char was treated with CaCl,. However, for the higher
temperature runs where the mode of control was diffusional, the value of E for the untreated
char was 29.5 + 0.5 and for the treated char was 28.0 + 0.5 KJ/mol. The fact that the difference
is insignificant suggests that char combustion under such a regime is independent of the nature
of the catalyst, a point made before by others (3,10). The activation energy in the chemical
control regime may also be obtained using the following equation:

logg(Po,m.t*y 5) = logA' + E/RT 2)

where A" is a2 measure of the char reactivity (4) and can be expressed as :

.5
A' = (1/“50)[0 (So/8)dc 3)
o

A in Equation 3 is the Arrhenius pre-exponential factor; S_, is the specific surface area at time
zero and dC is the fraction converted. Values of A! and E obtained using Equation 2 are shown
in Table 2 and indicate that the reactivity of the treated char was significantly increased as a
result of adding CaClz. The higher reactivity can also be deduced from Figure 10.

To evaluate the mass transfer resistance the Sherwood number of the char samples were
calculated (Appendix 1) (4) for the data in the film diffusion controlled regime and summarized
in Table 3. These values are significantly increased in the presence of CaCl, and by
temperature; however, they have a value less than 2 which refers to a spherical particle
suspended in stagnant air. The occurrence of a lower Sherwood number was attributed by Tseng
and Edgar (4) to a reduction in mass transfer efficiency by the sample pan (4). They also
concluded that the mass transfer resistance around a single large particle would be lower than
that around smaller particles on a pan. In the latter case the particle packing is also important.

DISCUSSION

This work shows that CaC12 promotes the overall decomposition of coal-char, i.e. it occurs
during a shorter time, at constant temperature. This is in agreement with previous results but
under temperature programming (non-isothermal) conditions (11). In this case the same level of
conversion occurred at a lower temperature which indicates agreement between isothermal and
non-isothermal studies.

Since changes in porosity and density prior to oxidation can influence reactivity, these
were measured for char prepared from coal and that for coal mixed with CaCl, (12). From
Table 4 we can dsduce that there is no significant change in density, total pore volume and
porosity prior to combustion. Therefore the effectiveness of the additive in promoting char-
oxygen reaction may be explained in terms of the following carbon-oxygen reactions (13,14):

ca0 + 1/2 0, —> Ca0 4)
ca0, + C —=> Ca0 + C 5)

In the above model the catalyst promotes the dissociation of the oxygen molecule adsorbed
making it thus more reactive. In other words, dissociative adsorption is promoted (14). Such a
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meghanism could account for the observed decrease in activation energy in the chemical control
regime,

In the diffusion control regime E did not vary significantly, which would suggest that the
above explanation is not applicable in this case. However, the fact that E was ~28 KJ/mol, i.c.
higher than the usually accepted range of 8 - 12 KJ/mol (9), would suggest that it is possible that
the regime is not totally film dif fusion controlled, but that pore diffusion may also be important
during the initial decomposition stage, Figures 7 and 9. (E for pore diffusion is around half of
the intrinsic activation energy.) This reasoning could account for the observed shorter char
decomposition time, which is indicated by lower values of t 5e The significance of the
Sherwood numbers in Table 3 is now questionable. The resulfs indicate that CaC12 increases this
number significantly and, therefore, under these conditions, mass transfer resistance was
reduced. However, we can see that the values of the constant b for the film diffusion controlled
regime was not significantly altered by CaClz. The theoretical value of b is 0.55 (4). The use
of this form of the Sherwood number may bé misleading considering that we do not have single
spherical particles as assumed in the derivation by the authors (4) and considering that we have
reason to believe that pore diffusion may also be involved.

CONCLUSIONS

1. CaC12 decreased the activation energy and increased the reactivity of coal char in the
chemical control regime. It did not, however, have an important effect the dif fusion control
regime.

2. In the kinetic control regime the mechanism was not altered below a conversion of 0.58.
However, at higher conversion the reaction was moved towards the pore diffusion regime.

3. At the higher temperatures pore diffusion may also play a role during decomposition, which
explains why the activation energies obtained were higher than that for a totally film
diffusion controlled regime.
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Appendix 1: Sherwood Number
(1-Xg)o prozRT

Sh = e——————e————— (1l =~ 1/4) 1)
Db“’P°2t0.5 :
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where Xa is the ash yield; p., particle density; o initial particle radius; Dy, bulk diffusivity; R
the gas constant; T, the absolute temperature; Poz, partial pressure of oxygen; to.5 time to 50%
decomposition and w= 12, assuming all C —> CO,. :

Table l: Analysis of lignite coal (~100, +270) mesh

Proximate analysis Ultimate Analysis

As received Moisture-Ash free
Moisture(wt%) 34.00 Carbon 64 .55
Fixed Carben 27.46 Hydrogen 4.72
Volatiles 32.86 Nitrogen 1.02
Ash 5.68 Sulfur 0.33
Oxygen#* 29.38

*by difference

Table 2: Values of A' and activation eneray

Sample A! Activation energy (KJ/mol)
untreated char 9.3x10'¥f 154 + 1
caCl, treated char 68.4x10710 141 * 4

Table 3: Sherwood number and film diffusion constant (b)
of char samples

Sherwood number dc/dt = b(l—c)l/3
Temperature Untreated CaCly tréated untreated CacCl, treated
(K) char Char char char
1123 0.76 1.11 0.59 + 0.03 0.56 + 0.02
1173 0.91 1.23 0.59 + 0.02 0.57 + 0.02
1223 1.26 1.52 0.57 + 0.03 0.57 + 0.02

Table 4: Density, total pore volume and porosity (12)

Sample Density (g/cm3) Total pore Porosity
Helium Mercury volume (cm’/g) (%)

untreated char 2.12 1.30 0.298 38.7

CaCl, treated char 2.14 1.32 0.29 38.5
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Figure 8: The reaction order of char.
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INFLUENCE OF METAL IONS AND PYROLYSIS CONDITIONS ON
CARBON DIOXIDE GASIFICATION OF WOOD CHARS

William F. DeGroot and G.N. Richards
Wood Chemistry Laboratory, University of Montana, Missoula, MT 59812
INTRODUCTION

The rate of biomass gasification is limited by the reaction rate of the
thermally stable char which forms as a result of the initial pyrolytic degradation.
This char also represents a large proportion of the energy content of the original
biomass (1), and efficient conversion of the biemass should recover the energy value
of this fraction. This can be achieved by reaction with oxygen, steam, or carbon
dioxide, and the intent of this research was to investigate the effects of reaction
conditions and inorganic catalysts on the gasification of wood chars. These chars
also provide an excellent model for studying the gasification reactions of coal,
since sample pretreatment and pyrolysis conditions can be varied to provide a wide
range of chemical functionality in the resulting chars. Studying the chemical
structure and reactivity of these chars can provide important insight into parallel
reactions in coal and other carbonaceous materials.

Previous work in our laboratory on the gasification of biomass chars indicated
that the inorganic species naturally present in wood were effective gasification
catalysts (2). and that some of the natural inorganic species were exchangeable with
cations of salts added to the wood in solution. We have studied this ion exchange
process further and have found that the wood sample used in these studies contains
approximately 8 meq/100 g of carboxylic acid groups, primarily as 4-O-methyl-
glucuronic acid groups associated with the hemicellulose fraction of the wood (3).
In this study we have added catalysts to previously acid-washed wood through ion
exchange in order to incorporate a single catalytic species in a highly dispersed
form and at a reproducible level. Selected samples were also treated beyond the ion
exchange capacity in order to distinguish the effects of exchanged cations as
opposed to adsorbed salts.

EXPERIMENTAL

The wood sample used in this study was black cottonwood {(Populus trichocarpa),
a low-grade western hardwood. The heartwood and sapwood were separated and the
sapwood was the primary sample studied. The wood was ground in a Wiley mill, and
the 20/30 mesh fraction was retained for analysis.

Acid-washing (H*-exchange) and ion exchange treatments were carried out by
column percolation. The wood was degassed in a small quantity of the solution used
for ion-exchange and transferred to a glass chromatography column. A 0.01 M solu-
tion of the acetate salt of the cation to be exchanged (at least a ten-fold excess)
was then washed slowly through the column. The column was washed thoroughly with
distilled, deionized water to remove any of the salt which was not bound by ion
exchange. In order to add catalytic species beyond the exchange capacity of the
wood, the wood was soaked in a 0.01 M solution of the acetate salt and then
air—dried. A1l of the catalyst treatments were carried out using acid-washed wood
in order that the treated samples contain only a single catalytic species. !

The inorganic constituents of the wood samples were analyzed by inductively
coupled argon plasma (ICP) emission spectroscopy, except for nickel which was
analyzed by atomic absorption (AA) spectroscopy. Ash contents were determined by
thermogravimetry (TG) at 550°C in air.




Chars were prepared in a tube furnace purged with flowing nitrogen. The wood
sample was held in a porcelain boat which was pulled into the preheated furnace.
After heating for a prescribed time the sample was pulled into a water condenser at
the downstream end of the furnace tube, where it was cooled to approximately 10°C
before being exposed to the air. Samples were stored in nitrogen- or argon-purged
containers,

Cross po]arizati?g/magic angle spinning 13¢ nuclear magnetic resonance
spectrometry (CP/MAS !3C n.m.r.) of the chars was carried out at the Colorado State
University Regional N.M.R. Center.

Gasification was carried out in the gasification reactor/detector system
depicted in Figure 1, The reactor consisted of a 1/8" 1.D. alumina tube (99.8%
alumina) heated by an external nichrome wire coil. The sample (3-10 mg) was
confined within a 1,0 cm section of the tube by 1/8" 0.D. 4-hole ceramic insulators,
which also carried gas flows into and out of the reactor. The lower insulator
contained a chromel-alumel thermocouple that extended 3-4 mm into the reactor and
provided a reliable measure of the sample temperature throughout the reaction. The
reactor was purged with a 30 cc/min flow of Np for inert conditions and an equiva-
lent flow rate of COp for gasification. Switching of gas flows and reactor
temperature were under control of a data acquisition/control system.

Effluent gases from the reactor were mixed with a 10 cc/min air flow, causing
the oxygen level of the air flow to be reduced by the stoichiometric quantity of
oxygen required for combustion of any combustible gases formed by pyrolysis or
gasification of the sample. The oxygen concentration of the combined gas streams
was monitored by a 1/4" 0.D. zirconium oxide oxygen sensor tube maintained at
900-950°K. This sensor was enclosed in a 1/2" 0.D. quartz tube and produced an
output proportional to the differential pressure of oxygen across its inner surface
(flowing air reference gas) and outer surface {combined reactor and combustion air
flows). The output of the oxygen sensor was converted to oxygen concentration
during data acquisition according to the Nernst equation:

E = X 1n(P/Pref)

where R and F have their usual meanings, T is the detector temperature (°K) and P
and P.of are the partial pressures of oxygen in the sample and reference gases,
respectively.

For the purposes of this study it was assumed that all of the combustible gases
produced were CO, and the removal of one molar equivalent of 02 from the gas stream
was therefore due to the gasification of one molar equivalent of carbon. The extent
of gasification determined in this manner was consistently within 10Z of the
measured change in char weight.

The rate of gasification of a char (HTT 800°C) prepared from cottonwood is
shown in Figure 2. The detector output can be integrated over the entire run to
give the total extent of gasification, or it can be integrated above the baseline
defined by the rate of pyrolytic gasification to give the extent of gasification due
to reaction with COp.

RESULTS AND DISCUSSION

The ash contents and composition of the inorganic fraction of the samples used
in this study are shown in Table 1. The heartwood of the cottonwood has a very high
ash content, approximately four times higher than the sapwood taken from the same
tree. The main components of the natural inorganic fraction are calcium, potassium,
and magnesium; in addition to these elements the lignite sample has a high concentra-
tion of iron. A1l of these elements are potentially active gasification catalysts.

29




Table 1. Composition of cottonwood, treated cottonwood and lignite samples.

Composition of Ash (I, dry weight)

Sample Z Ash K Mg Ca Fe Co Ni Cu
COTTONWOOD
Untreated
Heartwood 2.01 0.32 0.08 0.50 — - - -
Sapwood 0.51 0.10 0.02 0.12 -— - - -—

Ton-exchanged
Sapwood

Acid-washed 0.02 - - 0,00 - — nadb -
K+-exchanged 0.41 0.28 - 0.02 -— - n.d. -
Mg*<¢-exchanged 0.17 - 0.03 0.0 - - n.d. --
Cat¢-exchanged 0.34 - - 0.14 — - n.d., --
CotZ-exchanged 0.34 - -—  0.00 — 0.23 n.d. -—
Ni+Z-exchanged 0.33 — — — - - 021 --
Cut€-exchanged 0.42 - - - - - n.d. 0.32
Acetate Salt-treated
Sapwood (0.01 M)
KAc 0.9 0.38 - 0.02 — - n.d. --
Ca(Ac)2 0.83 -— - 0.36 - - n.d. --
Co(Ac)2 0.89 - - 0.01 - 0.40 n.d. —
LIGNITES (PSOC-837) 11.88 0.04 0.64 1.81 0.39 -- — -

aTon-exchanged samples were acid washed (Ht-exchanged) prior to treatmemt.
bn.d. = "not determined"; no value (--) = <50 ppm.
CLignite sample and analysis provided by the Penn State Coal Data Base.

Table 2. Conversion due to pyrolysis (P) and gasification (G) of chars prepared
from cottonwood and lignite at various heat treatment temperatures (HTT)
and pyrolysis times. Chars were gasified for 30 minutes at 800°C in
90.9 kPa CO7.

HIT Time Char Yield % Conversion at 800°C

Sample (°c) {min) (Z2) p G Total

COTTONWOOD 800 10 13.1 1.6 32.5 34.1

(Sapwood) 900 10 1.5 1.7  30.9 32.6
1000 10 10.4 1.2 15.9 17.1 .
800 5 13.2 3.2 32.9 36.1 :
800 30 12.6 1.7 31.9 33.6 !
800 60 12.3 1.2 34.0 35.2

LIGNITE 800 10 61.5 3.6 66.5 70.1
900 10 59.0 1.9 51.8 53.7
1000 10 58.0 1.6 34.7 36.3
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Acid-washing of the cottonwood sapwood removed most of the inorganic fraction,
with the exception of a small quantity of residual calcium. When the acid-washed
wood was treated by ion exchange with dilute salt solutions, the resulting samples
contained 7-8 milliequivalents/100g with the exception of the Cu*z—exchanged sample,
which was treated at the 10 meq/100 g level. This is in agreement with the carboxyl
content of 8 meq/100 g found previously for this sample, and indicates that ion
exchange provides a high level of control for addition of inorganic cations to wood.
The overall ash contents of the treated samples were all lower than that of the
untreated sapwood. When the salt solution was dried onto the acid-washed wood
without removing the free salts, the level of cation addition was 1.5-2.5 times
higher than in the ion-exchanged samples.

Table 2 shows the effects of heat treatment temperature (HTT) and pyrolysis
time on the char yields and reactivities of the resulting chars toward COp
gasification at 800°C. The char yields of the wood and lignite do not vary
significantly within the temperature range and pyrolysis times studied. However, it
is important to notice the differences in char yields between the wood and lignite
samples, especially with respect to the concentration of inorganic species in the
chars. The char yields from wood suggest that the ash is concentrated by a factor
of 7-10, resulting in an ash content of 4-5Z in the char. Similarly, the ash
content of lignite char would be concentrated to nearly 20Z of the weight of the
char,

Reactivities of both the wood and lignite chars decreased by a factor of
approximately two as the HTT was increased from 800°C to 1000°C. The contribution
of pyrolysis to the gas yields in both samples was relatively small and it did not
vary significantly under the conditions shown. Lignite char reactivity decreased
approximately linearly between 800° and 1000°C. The reactivity declined more
sharply above 900°C in the wood sample. This may indicate that one of the natural
catalytic species in wood undergoes a specific transformation above 900°C, rendering
it inactive, and that the reactivity of wood char is otherwise less dependent on HTT
than is that of coal char. The extent of wood char gasification is independent of
time of pyrolysis between 5 and 60 minutes. The dependence of reaction rate on HTT
found in this study is somewhat less than that reported by Hippo et al. for a raw
lignite gasified in steam (4). These workers report nearly a three-fold increase in
reactivity in steam at 750°C as the HTT is reduced from 900° to 800°C.

The rates shown in Table 2 for the lignite char gasification are similar to
data reported previously by other workers for C0 gasification of lignite chars
prepared under similar conditions (5,6). Rates of wood char gasification indicate a
substantially higher reactivity than reported previously for another
lignocellulose-derived char gasified in COp at 900°C (7). The lignite char was
nearly twice as reactive as the wood char over the temperature range studied, which
is no doubt due in part to its higher ash content. The lower reactivity of the wood
char is also explained in part by the CP/MAS 13¢ num.r. spectrum of the char
prepared by 10 minutes pyrolysis at 600°C, shown in Figure 3. This spectrum
contains a single peak centered at 130 ppm, corresponding to aromatic carbon. The
spectrum is nearly identical to that of an anthracite coal (8), and anthracite coals
have been shown to be more than ten times less reactive than lignite under
gasification by COp (5). Hood chars prepared at higher temperatures contained
insufficient hydrogen to provide for transfer of spin polarization to carbon, as
required in the cross-polarization n.m.r. technique, and they did not give
well-resolved spectra. However, it is clear that chars prepared above 600°C are
highly aromatic and their gasification will require effective catalysis if it is to
be carried out at lower temperatures. These n.m.r. data are somewhat surprising in
view of earlier work on the n.m.r. spectroscopy of wood chars which showed a
significant aliphatic component in chars prepared at temperatures up to 400°C (9).
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The char yields and reactivities of chars (HTT 800°C) prepared from untreated
cottonwood and catalyst-treated samples are shown in Table 3, The catalysts were
added by ion exchange to the acid-washed sapwood as described earlier. Acid washing
had a dramatic effect on the char yield, reducing it by a factor of more than two.
Addition of transition metal and alkaline earth metal catalysts had little effect on
the char yield, but the alkali metal catalysts restored the char yield to near the
level found for the untreated wood. Acid-washing also resulted in complete loss of
the cellular structure of the wood during pyrolysis. A1l of these effects parallel
those reported previously for the effects of inorganic species on the carbonization
of the cottonwood (10).

Table 3. Ash content and char yields (HTT 800°C) of untreated and ion-exchanged
cottonwood samples and extents of conversion due to pyrolysis (P) and
gasification (G) of cottonwood chars gasified for 30 minutes at 800°C
in 90.9 kPa COy.

Ash Content Char Yield Percent Conversion
Sample (%, d.a.f.) (Z,.d.a.f.) P G Total
Cottonwood Heartwood
Untreated 2.01 16.8 (100% in <20 min)
Cottonwood Sapwood
Untreated 0.51 14.8 2 40 42
Acid-washed <0.02 7.1 2 <« 2
Nat-exchanged 0.3 14.0 4 16 20
K*—exchanged 0.40 13.9 2 13 15
Mg+2_exchanged 0.17 9.4 3 15 18
Ca‘*l-exchanged 0.34 9.7 5 102 1072
Co+2_exchanged 0.33 9.5 9 73 8
Ni+2_exchanged 0.32 8.0 3 3 37
Cu+2-exchanged 0.40 7.3 1 3 4

aPercent of conversion determined by integration of combustible gas detector
signal was consistently 100-110Z of weight of samples which gasified completely.

The most reactive sample was found to be the untreated cottonwood heartwood.
The reactivity of this char reflects its higher ash content, and further illustrates
the catalytic properties found previously for the natural inorganic fraction (2).
The most effective ion-exchanged catalysts were found to be calcium and cobalt,
which gave reactivities intermediate between the untreated sapwood and heartwood
samples. Chars containing alkali metal catalysts were supprisingly unreactive in
view of the excellent catalytic properties of these catalysts for lignite chars
gasified in steam (4) and in air (11). Alkali metals are known to be lost during
pyrolysis and gasification at these temperatures (12), but the char from
potassium-treated wood contained 2.3Z of ash by TG, suggesting that a large
proportion of the catalyst was retained, at least during char formation.

The catalytic activities of the alkaline earth metals in wood gasification more
closely parallel effects reported in the €O, gasification of coal char (5). The
high catalytic activity of calcium suggests that it is the dominant factor
controlling the reactivity of the untreated cottonwood sapwood and heartwood samples
(see metals analysis in Table 1).

The transition metals are known to be active catalysts of COp gasification,
although they are often deactivated by oxidation during reaction (13). We have
previously found this to be the case in the €0, gasification of wood chars (HTT
1000°) as well (2). The wide range of reactivities shown in Table 3 for the
gasification of wood chars catalyzed by transition metals could, therefore,
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represent the inherent activity of the catalyst or the activity of the catalyst
under these specific conditions of pyrolysis and gasification. However, the high
catalytic activity of the cobalt indicates the potential utility of these catalysts,
and we are continuing to investigate the effects of pyrolysis and gasification
conditions on catalysis of wood char gasification by cobalt.

The effects of different catalyst treatments are further illustrated by the
reaction rate profiles shown in Figures 4-6. Figure 4 shows the rate of CO?
gasification of char prepared from Kt-exchanged wood. The rate is nearly constant
throughout the reaction, suggesting that the reaction is zero order with respect to
the mass of the char. The reaction does not appear to undergo the initial induction
period which is often observed in gasification reactions. By contrast, Figure 5
shows that the gasification of the char containing calcium does exhibit an induction
period, and the rate decays in a more nearly first order manner following the
induction period. The char was completely gasified in this case. A third type of
behavior is exhibited in catalysis by cobalt, as shown in Figure 6. In this case
the: reaction is very rapid at the outset and decays more rapidly than would be
expected for a reaction which is first order with respect to the char. The rate
approaches zero well before the char is depleted, indicating that the catalyst is
being deactivated during reaction, and that a very high level of catalysis could be
attained if this deactivation could be avoided.

We have also determined the rates of gasification of chars prepared from wood
treated beyond the exchange capacity with the acetate salts of potassium, cobalt and
calcium. Gasification rates of these chars are compared to those of the chars from
ion-exchanged wood in Figure 7. In all three treatments the reactivity increased at
least Tinearly with the quantity of added catalyst. This implies that the catalyst
dispersion afforded by ion exchange is lost during carbonization, or that the
catalyst added as the aqueous salt solution was equally well dispersed, presumably
on the hydrophilic carbohydrate portions of the wood cell wall.

Loss of dispersion of ion-exchanged catalysts has been conclusively
demonstrated in calcium-exchanged coals heated at 1000°C (14). Although the
temperatures-employed in the current study were somewhat lower, it is possible the
same processes occur, and the potential advantage of the ion-exchanged catalyst is
lost due to catalyst agglomeration. If this is the case, the relative effectiveness
of the ion-exchanged catalyst should be enhanced by reducing the carbonization
temperatures, and studies now underway should provide additional information on the
nature of these processes.

The most surprising feature of Figure 7 is the dramatic increase in reactivity
of chars prepared from wood treated beyond the ion exchange capacity with cobalt
acetate. This sample was so reactive that the reaction rate at 800°C could not be
accurately measured in our system. The two cobalt-treated chars (HTT 800°C) were
therefore gasified at 600°C with similar results, as indicated by the dotted line in
Figure 7. It is difficult to envision a mechanism whereby the acetate salt would be
a more effective catalyst than ion-exchanged carboxylate salts. It is possible that
the two forms of the catalyst decompose to different products, which could have
different catalytic activities, although it is not clear at this time what these
forms might be. In any case, the catalytic efficiency of the higher level of cobalt
treatment is very promising. The reactivity at 600°C is much higher than that found
previously for CO7 gasification at 650°C of wood chars treated with even higher
levels of iron and nickel salts (2), and it appears to be less subject to
deactivation during gasification. Cobalt has previously been studied with respect
to its effects on CO gasification of graphite (13) and a highly carbonized
cellulose char (HTT 1000°C) (15). 1In each case it was found to be similar in
effectiveness to nickel and iron catalysts. The results reported here indicate a
unique catalytic capacity for cobalt, which may also indicate unique properties of
wood chars formed in the temperature range employed in this study.
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Figure 1. Schematic diagram of gasification reactor and combustible gas detector
system.
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Figure 2.

Reaction rate profile for the gasification of untreated cottonwood char
in 90.9 kPa COZ at 800°C.
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Figure 3. CP/MAS 13¢ n.m.r. spectrum of char prepared from untreated cellulose
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OXYGEN-ENRICHED COMBUSTION OF A COAL-WATER FUEL

by
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INTRODUCTION

Several successful test firings have been performed with coal-water fuels
(CWF's) in industrial boilers. However, even with advances in atomization and
burner design, there are still inherent limitations associated with CWF's which

cause decreased combustor performance. These include:

1) Temperatures and heat liberation from CWF flames are lower than those of oil
flames. This is due, mainly, to the high water concentrations, which must
be vaporized.

2

~

Successful ignition and flame stabilization of CWF's usually require high
primary air preheat temperatures and/or a pilot flame.

3) Ignition delay and burnout times of CWF droplets are longer than those of
oil droplets. The residence time of CWF droplets in oil fired boilers ie
usually not sufficient for complete carbon burnout. Thus, the CWF firing

rate must be reduced, resulting in a derating of the boiler.

One means of overcoming, or at least reducing, the combustion problems
associated with CWF's 1s oxygen enrichment of the combustion air. Moderate amounts
of oxygen enrichment, usually between 1-4 volume percent, have been used in industry
to either boost production levels or improve combustion efficiency in pulverized
coal and oil fired boilers (1). Oxygen enrichment increases the partiasl pressure of
oxygen leading to acceleration of the combustion rate and, thus, the rate of char

burnout of the CWF droplets. Correspondingly, there is a decrease in the total
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amount of nitrogen in the combustion air, which reduces the volume of the air and

flue gases. This in turn, causes an incressed residence time of the CWF droplets
because of lower gas velocities. Both increased combustion rate and longer
residence time will help offset some of the derating associated with converting to
CWF'as. This study is aimed at determining the effect that a 2% increase in the
oxygen content of the primary combustion air will have on the combustion

characteristics of a CWF.
EXPERIMENTAL

A horizontally fired laboratory scale combustor, designed and built at Penn
State to fire fuel oil, was modified to fire CWF's (2,3). Using this combustor, the
effect of enriching the oxygen content of the primary air on the heat distribution
in the furnace, the quantity of unburned carbon in the flyash and pollutant
formation (NOx and soz) were investigated.

The CWF used was supplied by The Atlantic Research Corporation, Fredericksburg,
Virginia. Analyses of the CWF and parent coal are given in Table 1. The origin of

TABLE 1
ANALYSES OF THE CWF

AS RECEIVED (wtX) DRY BASIS (wtZX)
(4 57.4 80.8
H 3.4 4.8
N 1.1 1.6
S 0.5 0.7
0 (by difference) 4.3 6.0
ASH 4.3 6.1
H20 28.9 - '

Higher Heating Value 2.44 x 107

J/kg (10,500 BTU/1b)
PROXIMATE ANALYSIS (DRY BASIS) .
V™ ASH FIKED CARBON

30.92 6.12 63.0% 1
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the parent coal is unknown but the analyses are typical of a high volatile eastern

bituminous coal. The CWF has a solids loading of 70 wtX and a higher heating value
of 2.44 x 107 J/kg (10,500 BTU/1b). Thus, the CWF is typical of many of those that
are currently under consideration by industry. The furnace was operated at a firing
rate of 48 kW (164,000 BTU/1b). Oxygen enrichment was achieved by combining a
stream of pure oxygen with the combusticen air in order to increase the oxygen
content to the desired 23% concentration. The oxygen/fuel ratio was varied from 95%
to 1152 theoretical oxygen. Centerline furnace temperatures were measured at
various axial distances along the combustor using shielded thermocouples. Stack

gases were continuously monitored for 02, C°2’ co, NOx, and S0,. Flyash samples

2
were analyzed for carbon content.

Furnace preheat and CWF ignition were achieved by a methane pilot flame. It
should be noted that stable CWF flames were not able to be maintained without pilot

flame support. Thus, the methane pilot flame was maintained during all trials and

provided approximately 25X of the total heat input to the combustor.
RESULTS

Combustion trials were performed on the CWF with normal air and air enriched
to 23% oxygen (2% oxygen enrichment). A 2% increase in oxygen content of the
primary combustion air provided an 8.7% decrease in the volume of combustion air
required and a 7.9% decrease in the volume of flue gases produced. Figure 1 shows
higher furnace temperatures for the oxygen enriched case. There was approximately a
60 K increase at 5% excess oxygen. This increase in temperature appears to be quite
constant over the length of the combustor. The amount of carbon in the flyash was
reduced by about 5% at this excess oxygen level. The oxygen enriched flames also
appeared visually brighter and closer to the burner (i.e. a shorter ignition delay).

Sulfur oxides are formed when sulfur in the fuel is oxidized during the
combustion process. Figure 2 shows SO2 emissions as a function of excess air
(normalized to a 0% excess air basis and taking into account the reduced volume of
flue gas in the -oxygen enriched cases). It was found that S0, concentrations were

2
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virtually independent of amount of excess air or oxygen enrichment for the fuel lean

flames. However, the SO2 concentrations appear to be increased for the oxygen
enriched fuel rich flame.

As 1is well known, NOx is formed in two ways during combustion; that is by
oxidation of atmospheric nitrogen (thermal Nox) and oxidation of nitrogen in the
fuel (fuel Nox). The formation of thermal Nox is very temperature dependent and is
not considered to be & significant source of NOx formation at temperatures below
about 1770 K (4). The maximum temperature reached in the experimental combustor was
about 1450 K therefore, most of the Nox was assumed to be fuel Nox- Figure 3 shows
the variation of NOx with percent excess air for both the normal and oxygen enriched
combustion. NOx concentrations were approximately 70 PPM higher in the fuel lean
oxygen enriched flames. As the flames become more fuel rich the NOx concentrations
in the oxygen enriched flames somewhat approach the concentrations found in the

ambient air flames.
CONCLUSIONS

Oxygen enriched combustion of a CWF was studied in a small scale (48 kW)
combustor. It was found that a 2% increase in oxygen content of the combustion air

produced:

1) Increase of about 60 K in furnsce temperature,
2) More luminous flame with shorter ignition delay. !
3) Approximately a 5X reduction of carbon in the flyash

4) No effect on So2 formation in fuel lean flames.

S) Somewhat higher NOx emissions for fuel lean flames but only slightly higher

NOx concentrations for fuel rich flames.
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Secondary Atomization of Coal-Water Fuel Droplets Resulting from
Exposure to Intense Radiant Heating Environments

Daniel J. Maloney and James F. Spann (ORAU)

U.S. DOE, Morgantown Energy Technology Center
P.0. Box 880, Morgantown, WV 26505

Introduction

The use of coal-water fuels (CWF) for direct firing in heat engines presents
some challenges because conventional turbine combustors and diesel engines
require short duration, intense combustion processes. It is generally under-
stood that burning times required for efficient carbon utilization in these
systems is a function of the fuel droplet size. For CWF droplets, the early
stages of heating are critical. Under certain heating conditions, water is
evaporated from a droplet leaving a relatively slow burning agglomerate of coal
particles. Under other heating conditions, however, fuel droplets may boil
explosively producing many small fragments having characteristically shorter
combustion times. The behavior of CWF in a combustor depends on a number of
factors including droplet size, the amount and size distribution of coal parti-
cle inclusions, and the primary mode and rate of droplet heating. A detailed
knowledge of slurry droplet evaporation mechanisms is required, therefore, for
accurate prediction of slurry droplet combustion times and for the design of
CWF-fired heat engines.

The objective of this work is to determine the radiant energy flux conditions
required to achieve explosive boiling of CWF droplets. Radiant heating is
important because, when considering coal particle sizes typical of highly bene-
ficiated micronized CWF (2 to 3 microns mean radius) proposed for use in heat
engine applications, the black body radiation prevalent in combustion environ-
ments can penetrate into the droplet. The resulting internal heating of coal
particles can result in superheating of the water within the droplet and thereby
establish conditions necessary for explosive boiling.

Experimentally, conditions required to achieve explosive boiling were deter-
mined by electrodynamically suspending and irradiating single CWF droplets with
well characterized radiation pulses. Droplet behavior in these experiments was
monitored using high-speed cinematography. The energy flux required for explo-
sive boiling was determined at ambient temperature and pressure as a function
of incident radiation intensity and CWF droplet size and composition. The
results were then compared with theoretical predictions of the explosive boil-
ing threshold for CWF droplets in high-temperature black body radiation fields.
The primary question we wish to address is: do sufficient conditions exist, or
can they be made to exist, to cause explosive boiling of CWF droplets ranging
from 20 to 200 microns in diameter in realistic combustor configurations?

Experimental

Single CWF droplets were isolated and held in an electrodynamic balance appara-
tus which was designed and fabricated based on the work of Davis and Ray (1).
The balance, as illustrated in Figure 1, is a quadrupole trap consisting of two
hyperboloidal endcap electrodes and a central ring electrode. When an AC volt-
age is applied between the ring and the two endcap electrodes the resulting
field has a well defined null point at the geometric center of the balance. A
charged droplet in the electric field is subject to a time averaged force
directed toward the null point. The droplet is held at the aull point by
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applying a DC field across the endcap electrodes to counterbalance gravita-
tional forces.

CWF droplets are delivered to the balance chamber from a CWF droplet generator
developed specifically for use in these experiments. The basic device consists
of a cylindrical piezoelectric transducer element with a capillary tube attached
to one end and a fuel supply line attached to the other. The operating princi-
ple is the same as that used in ink-jet printers. Voltage pulses applied to
the transducer cause sudden volume contractions which force fuel through the
capillary orifice. The extruded fuel forms a monodisperse stream of droplets
of uniform composition with the droplet size being determined by the capillary
diameter and by the amplitude and duration of the voltage pulses. Details of
the design and operating characteristics of the CWF droplet generator are pro-
vided elsewhere (2). Droplets are inductively charged by passing the droplet
stream through an orifice in a charged plate prior to delivery into the elec-
trodynamic balance chamber.

The droplet mass tc charge ratic {m/q) is directly proportional to the DC voi-
tage required to bring the droplet to the null point. For CWF droplets the
mass (and so m/q) is continuously changing due to water evaporation and the
balance voltage must be adjusted to hold the droplet at the null point during
an experiment. To facilitate droplet position control and to provide accurate
and precise measurements of changes in droplet size and mass, a microprocessor
controlled, droplet imaging system (DIS) was developed. The DIS utilizes a
Vidicon (video camera) detector to monitor droplet position and size. A micro-
processor scans the vidicon every 17 ms and image processing techniques are
employed to determine the droplet location and size. A control signal is then
generated to maintain droplet position at the balance null point. Digital
values corresponding to droplet cross-sectional area and balancing voltage
(proportional to droplet mass) are generated at a rate of 60 Hz. The droplet
size information is used to trigger the high-speed camera and to activate the
pulsed radiation (laser) source. In addition, droplet diameter, mass and com-
position (percent coal by mass) are determined from the droplet size and
balance control data. Figure 2 illustrates the capabilities of the DIS for
droplet size and mass determination. The data shows the strong dependence of
the droplet mass with changing droplet radius. Since droplet density increases
as water evaporates from the CWF, the droplet mass dependence deviates slightly
from the r3 relationship expected for a constant density droplet. The confi~
dence interval (95 percent) for droplet size resolution with the DIS is

t 3 microns for droplets ranging in diameter from 50 to 200 microns. The
confidence interval for mass resolution is * 50 nanograms.

The CWF used in these experiments was a physically beneficiated (3 percent ash)
micronized (3 micron mean particle radius) slurry having a composition of

62 percent coal by mass. During a typical experiment a water or dilute CWF

(1 to 20 percent coal by mass) droplet was delivered to the balance chamber.
The droplet size and weight were monitored by the DIS until a preselected size
was attained. The high-speed movie camera was then activated and the laser was
pulsed. A schematic of the experimental configuration is provided in Figure 3.

CWF droplets delivered to the balance chamber were on the order of 250 microns
in diameter. Droplet size and composition were controlled by changing the
initial coal composition in the droplet and by carefully monitoring the water
evaporation. In this manner droplet sizes (50 to 200 microns in diameter) and
compositions (50 to 70 percent coal by mass) of interest for combustion appli-
cations could be easily accessed.
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Results

Experiments were conducted using an eximer laser (wavelength 0.248 microms) to
determine explosive boiling thresholds for water and CWF droplets at radiation
pulse times of 10 nanoseconds. The test variables included droplet size and
composition and radiation intensity. Single droplets of water and CWF (25 and
50 percent coal by mass) with radii of 25, 50, and 75 microns were irradiated
from two sides (see Figure 3). The geometric cross section of the droplets
then was twice nr? and the incident radiation intensity was varied from

2.5 x 107 W/em? to 5 x 108 W/cm? by defocussing the laser beam. At the most
intense radiant heating conditions the beam cross section was larger than

300 microns so that in all cases the droplets were completely blanketed by the
incident radiation.

The results of experiments performed on CWF droplets containing 50 percent coal
by mass are presented in Figure 4. The results can best be described in the
context of Figure 5. Over the range of conditions employed CWF droplet behav-
ior varied from oscillatory distortions to violent fragmentation as the radiant
intensity was increased. The onset of fragmentation occurred over a narrow
range of intensities from about 5 x 107 to 1.5 x 108 W/ecm?2 . Figure 5 shows
high speed film records for 75 micron radius droplets containing 50 percent
coal by mass. The framing rate was 5,000 frames per second. Figure 5A illus-
trates the oscillatory behavior observed for these droplets when irradiated at
an intensity of 2.5 x 107 W/cm?. At this radiant intensity no droplet frag-
mentation was observed. Lower radiation intensities resulted in no observable
fragmentation or oscillation. When the radiant intensity was increased to

5 x 107 W/cm? (Figure 5B) droplet fragmentation was observed. The first frame
in sequence 5B shows the CWF droplet prior to initiation of the radiation pulse.
The second frame of the sequence shows the droplet 0.2 ms later, after the
laser pulse. The droplet appears to be a large prolated sphere suggesting the
possible growth of vapor bubbles within the droplet. However, the time resolu-
tion available was not sufficient to conclusively show the existence of vapor
bubbles. The third frame in the sequence shows the collapse of the prolated
sphere and the formation of fuel "ligaments" attached to a central droplet
core. This is followed by the breakup of the droplet to form three fragments.
At this radiant heating intensity we consistently observed the formation of one
or two small satellite fragments and a larger core droplet. After breakup, the
fragments moved with a minimum velocity of 1 m/s. Figure 5C illustrates that
as the radiant intensity was increased to 1.2 x 108 W/cm? the fragmentation of
the droplets was more violent resulting in the formation of many small fuel
droplets having minimum velocities ranging from 0.5 to 2 m/s. At higher radi-
ant intensities (Figure 50), fragmentation was evident, however, droplet frag-
ments had velocities in excess of 3 m/s and resolution of droplet fragments was
poor.

Based on the different behavior evident in the high-speed film records modes of
droplet behavior have been arbitrarily defined as: NF, no fragmentation of the
droplets, F, fragmentation of the droplets to form a few relatively large drop-
let fragments, and EF, explosive fragmentation of the droplet to produce many
small droplet fragments. Figure 4 summarizes the results of experiments using
CWF droplets containing 50 percent coal by mass. The dashed line in the figure
represents the theoretical predictions of Sitarski (3-5) for explosive boiling
thresholds for CWF droplets exposed to high-temperature black body radiation.
The theoretical predictions illustrated in Figure 4 have been modified to
reflect the fact that the droplets were irradiated from two sides with a geo-
metric cross section of 2 mr2. Figure 4 illustrates that explosive boiling
thresholds decreased as droplet size was reduced. Experiments performed on
droplets with 25 percent coal by mass showed a similar trend with decreasing
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droplet size. Within the error of the experiment there was no observable dif-
ference between the behavior of CWF droplets as the coal loading was increased
from 25 to 50 percent coal by mass. The presence of coal in the droplet did
play an important role, however. Pure water droplets showed no evidence of
oscillation or fragmentation at radiation fluxes of 5 x 108 W/cm? and below.
This observation is consistent with the fact that pure water is essentially
transparent to radiation at 0.248 micron wavelength.

Discussion

The theory developed by Sitarski (4) assumes that electromagnetic radiation is
absorbed uniformly within the droplet causing strong superheating of the liquid
at the center of the droplet where thermodynamic conditions approach those on
the spinodal line. The sudden burst of vapor bubbles produced at the spinodal
temperature then leads to disruption of the droplet. The experimental observa-
tions are consistent with this physical description of the explosive boiling
phenomena and the agreement between the experimentally determined thresholds
for explosive fragmentation are in excellent agreement with the explosive boil-
ing thresholds predicted by Sitarski.

Two alternative mechanisms for droplet breakup were also considered. They were
the effect of radiation pressure and the potential for significant ionization
and plasma formation. Calculations were performed to evaluate the radiation
pressure associated with the laser pulse. The momentum imparted to the droplet
due to the light pressure was found to be two orders of magnitude lower than
the observed momentum (determined from the velocity of the fragments). There-
fore, the contribution due to radiation pressure was insignificant. At radia-
tion intensities similar to those employed in the present study, plasma
formation has been observed for aerosol particles in air (6, 7). The accom-
panying laser breakdown depends on a number of factors including, the radiation
wavelength, intensity and pulse time and the optical properties and size of the
aerosol particles. Plasma formation and growth is usually accompanied by a
characteristic flash of light followed by an acoustic pressure pulse (shock
wave) as the plasma cloud expands at a rate of 2 to 3 km/s. Over the range of
radiant heating conditions reported in Figure 4 there were no observations
supporting the formation of a plasma cloud. At radiation intensities above

10% W/cm?, however, the characteristic signs of plasma formation were evident.

Conclusion

Capabilities have been developed to determine radiant intensities required to
achieve explosive boiling (secondary atomization) of CWF droplets of well
defined size and composition. The system has been used to determine explosive
boiling thresholds for CWF droplets at short duration high intensity radiant
heating conditions. The experimental results are both qualitatively and quan-
titatively in good agreement with theoretical predictions for explosive boiling
thresholds. Attention has now been directed toward applying these techniques
to make measurements of explosive boiling thresholds at radiation wavelengths
in the infrared region of the energy spectrum with millisecond heating times to
address conditions which are representative of combustion applications.
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Figure 5. High-Speed Motion Picture Records of CWF Droplet Response to
High-Intensity Radiant Heating. Radiant Intensity: A - 2.5 x 107 W/cmz,
B-5x 107 Wem2, C - 1.2 x 108 W/cm?, D - 2.5 x 108 W/cm?.
Framing Rate of 5000 fps.
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INTRODUCTION

Bi-dimensional fluidized beds have been since long adopted for studying
fundamentals of fluidization. Optical accessibility has been a valid tool for
analysis of bubbles and their interaction, in spite of the existing behavioural
difference between three and two dimension experiments. A bi-dimensional bed
has been recently used for application of mass spectrometric analysis of gas
concentration profiles in single bubbles rising through a bed kept at minimum
fluidization velocity (l).

Coal combustion and gasification 1in fluidized bed 1is now actively and
intensively studied. Models of coal combustion process, including
volatilization have been proposed. However lack of optical access into
traditional fluidized bed combustors, renders difficult the comparison between
model prediction and experimental result.

The idea of developing a bi-dimensional combustor, fitted with mass
spectrometric probe seemed very appealing, though of not easy design and
construction.

In this paper design and construction of a bi-dimensional fluid{ized bed
combustor (F.B.C.) and result of first experiments performed are reported.

F.B.C. DESIGN

Very crude and preliminary calculations show that it is not possible to
operate steadily a bi-dimensional fluidized bed coal combustor normally exposed
to ambient. Assuming for a quartz sand bed (70-600 um size) a temperature of
1150-1200 K, radiant heat transfer reaches values of B0 kW/sqm, which cannot be
carried by enthalpy of fluidizing gas. Generation of this substantial power is
not possible by means of combustion itself, owing to the small amount of coal
in the bed. Consequently it is necessary to feed the F.B.C. with extra power in
order to dbtain a steady operation. Hypothesis of adopting Vycor"%ilica glass
covered wifth thin tin oxide layer has been discarded, since its application at
these temperatures are not known, neither it was possible to assess the
semiconductivity properties at high temperature of tin oxide layer.

The obvious solution to the problem was to design a furnace, fitted with
windows, in which the bed had to be enclosed. The furnace essentially consists
of a parallelepipedic enclosure, the dimension of which are 1070 mm height, and
890 mmx1440 mm base. Starting from the inside, furnace walls are made of Triton
Kaowall V“. which is particularly suitable for high temperature, of Calsil (™),
which has good insulating ﬂgfoperties and 1s asbestos free and, for the
outer layer, of Monolux 500, which has good mechanical properties, but can
stand lower temperatures. The bottom has been made of CER 2I/M (rn which
presents good mechanical properties even at high temperature. Thickness of
insulation has been calculated on the basis of following assumption: outer wall
temperature <333 K, inner wall temperature equal to maximum operation
temperature, linear temperature gradient through walls. Constant thermal
conductivity for each material, averaged on temperature has been used in
calculations. Front, rear and top walls are removable, Furnace top possesses a
slot, which coincides with highest level of bed free-board and can be connected
to an exhaust line. A square window, 250 mmx250 mm, made of polished Vycor (Y’S
glass as been made on front and rear panel. Windows are parallel to the
bed and permit its optical observation. Four electrical resistances, each
providing 3.6 kW, are immersed into a ceramic support, which is 50 mm thick,
300 mm wide and 600 mm high, These resistances give the necessary power to
furnace, for every possible regime of operation, since several series and
series-parallel insertions are possible. Calculations show that at steady state
about 4 kW are necessary for keeping furnace at 1223 K. However resistances are
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capable of producing l4.4 kW, which are useful for shortening apparatus start
up.

A proportional, integral temperature controller has been designed which
features a thyristor power unit, and safety set points which can be triggered
by maximum and minimum temperature and which can be overridden during start up
procedure. For safety reasons, thermocouple failure triggers the power off.
Owing to large heat capacity of furnace and prevalent radiant heat transfer
within enclosure, uniform temperature is achieved throughout the bed.

The bed 1s confined by means of two polished Vycor (™) glass walls, 18
mm apart, inserted into slots created on furnace sides. The transparent walls
are made of a double layer of sheets mm thick, 300 mm wide and 300 am high.
Owing to the limited size of Vycor (7" sheets the two layers are skintled in
order to prevent air and solid materials leakage during operation. Vycor (rn
glass walls continue up to the top of furnace, consequently free board is kept
at the same temperature of the bed. Figure 1 shows the apparatus.

Even gas distribution at bottom of bed 1s achieved by means of a
distributor made of aluminum silicate, which practically consists of a porous
plate (140-200 pm pore size) 20 mm thick. Great care has been taken to seal the
junction between distributor and bed. To this end a special Triton Kaowall({™*,
cement has been used.

Flow of fluidizing gas is measured by means of conventional rotameter.
Inlet gas pressure 1is measured by conventional open tube manometers.
Temperature of bed is measured by means of thermocouple. On each side of the
bed at different heightsthree channels have been drilled and fitted with 12 mm
alumina tubes for coal feeding and gas sampling. .

ArrifleX cine camera, 16 mm, at 50frames per second has bees used for
optical observation and recording of F.B.C. behaviour. Analysis of singlem
frames has been carried out by means of a graphic tablet hooked to an Apple Ile
personal computer. Bubble areas were evaluated by means of specific software.
Time variation of dimension of coal and char particles was also analyzed by
means of the same technique.

A continuous sampling CO2
combustion.

The whole apparatus performed as expected. The bed could be kept steady at
temperature of 1223 K as long as necessary.

analyzer was also used for monitoring coal

RESULTS

To the best of authors' knowledge, the bi-dimensional F.B.C. is the first
that has been ever constructed. Consequently it seems that up to now no direct
optical test has been made yet on general fluidodynamics behaviour of fluid
beds at high temperatures. Results reported in the following refer to a bed 260
mm wide and 140 mm high of sand (density 2.6 g/cm”). Mass of solids was kept
constant at 1 kg. The first set of experiments that has been run was aimed at
assessing the possibility of testing these fundamental aspects of fluidization.

Minimum fluidization velocity U _ has been experimentally evaluated for
sand of two different sizes: 300+400n}lun and 850:1000 pm. In fig. 2 U _ values
measured at experimental conditions are reported against temperature.m{‘or both
sizes U decreases with increasing temperature. Results are in accord with
those og)gained by Botterill and Teoman (2) and can be easily explained on the
basis of viscosity increase with increasing temperature. Comparison with
available theoretical models has not been fully accomplished yet, owing to the
limited number of data. However first trials seem to indicate that for smaller
size, available theory extrapolated at operation temperatures underestimate
U .» whereas for larger size U _ is nearly correctly estimated at temperatures
lower than 673 K and is overestimated at higher temperatures.

Several films have been shot by means of cine camera with the aim of
measuring bed expansion and bubble volume fraction at different temperatures.
Results refer to bed of sand 300+400 ym size. In fig. 3 bed voidage is reported
against relative fluidization velocity U/U for different bed temperatures.
Bed voidage was evaluated by measuring on lH.lm frame bed height at different
U/Umf' Data show that bed voidage depends on temperature.
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Experimental technique features the possibility of measuring bubble size
on film frame by means of graphic tablet digitization. In fig. 4 an example
of digitized frame is reported. Bubble fraction at different U/U £ and
temperatures have been measured by means of the above technique. Results are
reported in fig. 5.

Combustion at 1123 K of batch of five particles of South African char,
approximately spherical, of 130 mg mass and 6 mm diameter each, has been
followed by cine camera recording and by monitoring CO, concentration in
exhaust gases. Burn-out time has been determined by observation of particle
disappearance and by CO, monitoring. Same experiment has also been performed
with batch of three particles of South African coal, each of 400 mg mass and of
9 mm diameter. Data are reported in fig. 6. Cine camera was run at immission of
particles into the bed and after 228 s and 552 s. In fig. 7 char particle
diameter against time 1s reported as evaluated by the two methods. Data
obtained by film frame analyses and data obtained by calculation of particle
diameter reduction from CO, concentration measurement, to compare fairly well.
On the same diagram theore%ical variation of char particle diameter with time
has been reported. Curve is drawn assuming shrinking particle model and
diffusion control.

Combustion of a batch of three South Africal coal particles tested alsc
apparatus capabilities of following devolatilization. Coal particles were
spherical with 9 mm diameter and with a weight of 400 mg each. Devolatilization
phase could be followed at ease and flamelets generated by gas combustion were
observed.

CONCLUSIONS

The first results confirm that the apparatus that has been developed can
be a powerful tool for studying high temperature processes in fluidized beds.
Specifically fundamental fluidodynamics of beds can be investigated and
combustion process of coal can be followed, even during devolatilization phase.
Hypotheses of current models can also be checked, though with the limitation
deriving from bi-dimensionality.
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Fig. 1 - Furnace ‘encloses F.B.C.
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Intra-Particle Sulfur Capture During Battelle Treated Coal
Combustion Under Simulated Turbine Conditions
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Introduction

For the last several years, Battelle Columbus Laboratories has been actively
conducting research on the development of a practical, cost-effective process
for improving both the fixed-bed gasification(1) and the boiler combustion(2)
characteristics of high-sulfur, agglomerating, low-reactivity bituminous coal.
The product of this research is a calcium-impregnated coal called Battelle
Treated Coal (BTC), given the acronym BTC. The properties of BTC are much
different from those of the raw coal from which it is processed(1,2). Spe-
cifically, these differences are:

o Increased ASTM volatile matter content.
Higher char reactivity.
Reduced tar formation tendency.
Hotter ash fusion temperatures.
Diminished coal particle agglomeration tendency.
Enhanced sulfur retention by the ash.

As near-term markets for gasifier and boiler coal diminish or stabilize, respec-
tively, Battelle has expanded the search for other old or new applications

for bituminous coal that would also benefit from the alterations that could

be given it by the Battelle calcium impregnation process. Recent planning

studies by the United States Department of Energy (U.S. DOE) have forecast

a need for coal-fired combustion turbines for the repowering of electric utilities
when they become capacity-limited or deficient in the early-to-mid 1990s(3).

The purpose of the program reported here is to demonstrate the promise of utilizing
BTC as a fuel in advanced, coal-capable combustion turbines.

This paper is the second(4) in a series to present the results of a U.S. DOE-
sponsored program designed to determine the intra-particle sulfur capture efficiency
of BTC under simulated combustion turbine conditions. The BTC consisted of

either of two high-sulfur (>4 percent by weight) I11inois No. 6 coals that

had been impregnated with calcium-containing catalysts using a proprietary

Battelle process., The simulated turbine combustion conditions consisted of
super-atmospheric pressure, ultra-high excess air levels, average firing temperatures,
and near-quantitative carbon conversion. Combustion test results reported

here will focus on the parametric and comparative effects of raw coal organic

sulfur content, calcium source, and calcium impregnation technique on sulfur
capture efficiency. The effects of pressure and temperature on sulfur capture
efficiency, as well as on ignition, burnout, and ash deposition, were the subjects
of the earlier report(4).
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Experimental

A coal-fired combustion turbine simulator was constructed at Battelle by converting
a continuous high-pressure reactor from a gasifier to a combustor{4). A schematic
of the combustion turbine simulator is shown in Figure 1. This device is capable
of simulating(3,4) the following combustion turbine conditions:
¢ Super-atmospheric pressure: 4 atmospheres.
Maximum coal flame temperature: 2600 F.
Maximum firing temperature: 1900-2100 F.
Maximum liner temperature: 1000-1500 F.
Primary fuel/air ratio: 20 percent excess air.
Overall residence time: 150-300 milliseconds.
Carbon conversion efficiency: 99+ percent.

A premixed methane/air pilot flame was first used to ignite the down-flowing
pulverized coal feed at atmospheric pressure. The coal firing rate was then
adjusted to about 40,000 Btu/hour. Primary air amounted to 20-30 percent of
the total air required for combustion at 20 percent excess air. Secondary

air made up the remainder. Temperatures were continuously monitored down the
vertical axis of the combustor at locations in the pre-to-post flame zones
using Inconel-sheathed Chromel-Alumel thermocouples. Firing temperature was
adjustable over a 200 F range by either varying the amount of tertiary dilution
air introduced or by oxygen enriching the secondary air to various levels.
After combustion was completed within the 12-foot long, 6-inch diameter combustion
chamber, samples of gaseous and solid products were collected using an uncooled
stainless steel probe or a cyclone mounted in the exhaust, respectively. Flue
gases were analyzed for €07, €0, 02, and SOz using conventional analytical
instrumentation(4). Once the diagnosis of atmospheric-pressure combustion
conditions was completed, the system was pressurized to 65 pounds per square
inch absolute (psia) and the gas/solid sampling procedure repeated.

The combustion test plan consisted of experiments designed to determine the
comparative in situ sulfur capture efficiency, under simulated combustion turbine
conditions of: (a) raw pulverized bituminous coal, (b} pulverized BTC prepared
from this raw coal, and (c) a physical mixture of the raw pulverized coal and
pulverized 1ime with the same amount of calcium added as for the BTC.

The two raw bituminous coals used were both from the I11inois No. 6 seam.

As Table 1 shows, both had total sulfur contents of greater than 4.50 weight
percent. The difference between them was that one's total sulfur was predominately
organic, whereas the other's consisted of a near-equal split between organic

and inorganic sulfur.

The raw coals were first dried to about 2 percent moisture, pulverized to 85-90
percent minus 200 mesh (75 microns), and then fired.

To produce BTC, coarse raw coal, 100 percent minus 20 mesh (850 microns), was

first treated via the proprietary Battelle calcium impregnation process (1)

to increase its molar Ca/S ratio to the levels Tisted in Table 1. Either commercial
grade or technical grade Time was used as the source of the calcium. The difference
between these calcium sources is purity and cost with the commercial grade

being Tess pure and less expensive. The BTC was then dried to 2-3 percent

moisture, pulverized to 85-90 minus 200 mesh, and then fired.
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For the third fuel, finely-pulverized (85-90 percent minus 200 mesh) raw coal
was physically mixed with either the commercial or the technical grade lime,
each having a particle size of 100 percent minus 325 mesh (45 microns), and
then fired. The physical mixtures' molar Ca/S ratios were adjusted to be as
equivalent as possible to that of the BTCs (see Table 1).

Results

The following are the significant new results regarding sulfur capture of these
Tatest combustion tests, the results of which are documented in Table 1:

e Inherent sulfur capture by raw I11inois No. 6 seam coal appears to
be independent of sulfur form, i.e., organic vs inorganic.

e Sulfur capture by I1linois No. 6 seam coal treated via the Battelle
calcium impregnation process (BTC) apepars to be independent of sulfur
form and grade of 1ime at both low and high Ca/S ratios.

e Sulfur capture by BTC made from I11inois No. 6 seam coal is at least
50 percent more efficient than that achievable upon physically mixing
raw coal and either grade of lime.

e Sulfur capture by BTC at low Tevels of calcium impregnation exhibits
a positive pressure dependence over the entire range of pressures studied.

e A1l other positive effects of Battelle calcium impregnation on raw
coal combustion performance(4) -- higher ash fusion temperatures, Tower
free-swelling indices, smaller fly ash, negative pressure dependence
for NOy -- are observed for the organic sulfur enriched I11inois No.
6 seam coal.
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Mechanism Of Radical-Radical Reactions:
The Reaction Of Atomic Hydrogen With The Formyl Radical

Lawrence B. Harding and Albert F. Wagner

Chemistry Division, Argonne National Laboratory,
Argonne, IL 60439

Abstract
The addition and abstraction reaction pathways on the potential energy surface for H+HCO have
been characterized by an ab inirio four electron, complete active space, self-consistent field
electronic structure calculation. The elimination pathway to go from the excited adduct H2CO* to
products Hy+CO has already been characterized by others[1]. All this information is used in
variational transition state theory and RRKM calculations to calculate a rate constant as a function of
temperature and pressure. The room temperature value agrees with the lowest of three experimental
measurements. The results indicate that abstraction is the dominant process.

L. Introduction

While the dissociative dynamics of HoCO have been well studeid[1,2], the reverse reactions of the
dissociation products are less well known. In particular the three measurements[3-5] of the rate of
H+HCO differ by almost an order of magnitude and have only been done at room temperature. Like
many radical-radical reactions, H+HCO has several possible pathways to reaction:

H+HCO - H, +CO (1a)
H + HCO - HyCO* —— H, + CO (1b)
H,CO (10)

M]

Reactions (1a) and (1b) are disproportionations by either direct, bimolecular abstraction or
addition-elimination. Reactions (1¢) is recombination by pressure stabliztion of buffer gas [M]. In
this theoretical study, the reaction pathway of abstraction (1a) and of adduct formation in (1b) and (Ic)
are characterized by electronic structure calculations. Then this information along with the
characterization of the elimination of (1b) are used in dynamics calculations of the rate constant.

11 Potential Surface Calculations
The calculations reported here employ the Dunning([6], valence, double-zeta contractions of the

*Work performed under the auspices of the Office of Basic Energy Sciences, Division of Chemical
Sciences, U. S. Department of Energy, under Contract W-31-109-Eng-38.
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Huzinaga[7] (9s,5p) sets of oxygen and carbon centered primitive Gaussians. For the hydrogens the
(4s/2s) contraction was used with a scale factor of 1.2. In addition sets of d polarization functiions
were centered on the carbon and oxygen (a=0.75, a=0.85) and one set of p polarization functions
on each of the hydrogens (a=1.0).

With this basis set, four electron, four orbital complete active space, self-consistent field
(CASSCF) calculations were carried out. In this wavefunction the four electrons invioved in the two
CH bonds of formaldehyde are correlated with all possible orbital occupations of four orbitals, a total
of 20 configurations. The remaining electrons are not correlated. With the exception of minor
differences in the basis set, this is the same wavefunction used by Dupuis et al[1].

The calculations were carried out with the Argonne QUEST-164[8] programs, SOINTS and
UEXP. An average calculation on a planar point took approximately 11 minutes on the FPS-164 while
a typical nonplanar point required 16 minutes. The energy was evaluated at a total of appoximately 300
points.

Initially it was assumed that the addition and abstraction reaction coordinates could be approximated
by the distance between the carbon and the incoming hydrogen. The grids of points were calculated at
0.5 auincrements in this CH distance along the two paths. A total range of CH distances from 5 to 10
au was covered. Variations in the inactive geometrical parameters of 0.05 au for bond lengths, 5°-10°
for bond angles and 10°-20° for the dihedral angle were used. These grids of points were then fit
separately to Simons-Parr-Finlan type expansions, using the program SURVIB[9], inorder to obtain
local representations of the potential surface in the region of the abstraction and addition reaction paths.
The dependence of the energy on the angle of approach is depicted in Figure 1. From this figure it
can be seen that there are two distinct reactive channels, one corresponding to abstraction and one to
addition. The calculations predict no significant barrier in either channel.

The two reaction paths were then obtained by following steepest descent paths in mass-weighted,
atomic cartesian coordinates. The starting points for the two paths were obtained by freezing the CH
distance at 8 au and optimizing the remaining geometrical parameters. Two minima were found in this
procedure (see Figure 1), one in which the incoming hydrogen is trans to the HCO hydrogen and a
second in which the two hydrogens are cis, these were used as starting points for the addition and
abstraction paths respectively. A plot of the energy along the two reaction paths is given in Figure 2.
Vibrational frequencies were obtained along the reaction paths by numerically calculating the second
derivative matrix in mass-weighted atomic cartesian coordinates, projecting out the translations,
rotations, and gradient vector, and then diagonalizing the resulting 5 dimensional matrix. Plots of the
vibrational frequencies along the two reaction paths are given in Figures 3 and 4.

ML Rate Constant Calculations

The calculated frequencies, structures and energetics as a function of distance along the reaction
path can be used directly in a variational transition state theory (VTST) calculation to produce the
abstraction rate constant, ie., for Reaction (1a). In this calculation, the rate constant at each
temperature is that one which is a minimum with respect to position along the reaction path. Two of
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the vibrational frequencies go to free rotations of the HCO in the reactant asymptote. The partition
function used in the VTST expression for these two degrees of freedom is approximated as the
minimum of the vibration or free rotation partition function. Subsequent calculations will include the
hindered rotor effects. The resulting abstraction rate constant is shown in Fig. 5 along with the three
rate constants measurements refered to in the introduction.

The measurements include both abstraction and addition processes. The VTST rate constant for
addition is also in Fig. 5. This rate constant was determined in the same way as for abstraction, only
with the calculated addition frequencies, structures and energetics. However, unlike abstraction, this
rate constant can not be directly compared to experiment because it is only an adduct formation rate
constant to form metastable, highly vibrationally excited H2CO*. H2C0* may decay back to
reactants, may go on to products by eliminating H,, ie., Reaction (1b), or may be stabilized by buffer
gas to thermalized HyCO, ie., Reaction (1¢). That fraction of the adduct formation rate constant that
corresponds to elimination or stablization is what is needed for comparison to experiment. To
determine that fraction, characterizations of the potential energy surface in the region of the HCO
equilibrium and the elimination transition state H-+"H+-CO are required. Then the stablization rate
constant and variational RRKM theory can be used to calculate the rate constant for Reactions (1b) and
(1c).

In electronic structure calculations of comparable quality, Dupuis et al.[1] characterized the
structure and frequencies of both HyCO at equilibrium and the H--‘H--CO elimination transition state.
The calculated properties at the equilibrium are very close to the experimental values and for
consistency are used in the rate constant calculations. In a careful study of the energetics, the best
estimate of the calculated barrier height to elimination is 8113 kcal/mole with the zero point energy
correction. Experimental values[2] for the energetics give a number of about 8421 kcal/mole. The
expeimental value for the energetics of HyCO dissociation to H+HCO is about 8612 kcal/mole and is
due to thermochemical measurements with the uncertainity from the heat of formation of HCO[10].
These experimental values for the enegetic placement of asymptotes and barrrier heights will be used in
the rate constant calculations.

With the transitition states selected at each temperature by the VIST calculation for formation of the
adduct, chemically activated RRKM calculations were be performed to determine the subsequent fate
of the adduct. These calculations are of a standard form[11] with total angular momentum
approximately included only as a thermally averaged value. A direct count Beyer-Swinehart
algorithm[12] is used. Tunneling through the elimination barrier is included in in an Eckhart
manner[13]. The final pressure dependent rate constant produced is in the high pressure limit the
adduct formation rate constant in Fig. 5.

The calculations require as input the rate constant for stablization of the HpCO* by buffer gas. In
the three experiments, the buffer gas differs. CO, HyCO, and Ar were used at pressures ranging from
a few torr to atmostpheric. Under these conditions, stablization of the adduct turns out to be an
unlikely event and the calculations are not particularly sensitive to detailed specifications of the
stablization rate constant. The rate constant used is the the Lennard-Jones gas kinetic rate constant
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times an efficiency factor for stablization. The Lennard-Jones parameters are taken from the tabulation

of Ref. 14 with the values for ethylene used for HyCO*. The efficiency factor is determined in a way
to empirically mimic a master equation solution[15] and requires as input the average energy <AE>
transferred between buffer gas and metastable adduct per up and down collision. This value used (-20
cm'l) were those measured[ 16] for CS,, the only triatomic where direct measurement of <AE> have
been published. <AE> was presumed to be independent of temperature[17].

To complete the input for the chemically activated RRKM calculations, the external rotations of the
equilibrium and saddle points must be classified as either active or adiabatic. The external rotations are
presumed similar to those of a symmetric top. The conserved total angular momentum and its
projection on a space fixed axis are associated with the two larger moments of inertia and are treated
adiabatically. The projection of the total angular momentum on the molecular axis is associated with
the smallest moment of inertia and is not necessarily a conserved quantity. If there is substantial
vibration-rotation interaction through centrifugal stretching or Coriolis coupling, the energy associated
with this projection becomes active[18]. The amount of vibration-rotation interaction in H+HCO is
unknown and so in the calculations this degree of freedom was treated both ways, either actively or
adiabatically. Fortunately the results are not particularly sensitive to the choice and only those for the
active treatment will be discussed.

In Fig. 5 the final calculated rate constant for reactions (1b) and (1¢) as a function of pressure in Ar
buffer gas is displayed for two different choices of the energetics of dissociation of formaldehyde. As
mentioned above the experimental uncertainties in both the height of the elimination barrier and the
H+HCO asymptote relative to the bottom of the HyCO well are a few kcal/mole. The two cases in
Fig. 5 are for the difference between the asymptote and barrier (ie., AE) being as large or as small as
these uncertainties atlow. The pressure dependence of the calculated rate constants show that
stabilization (1¢) is a minor process relative to elimination (1b) although, as expected, it is more
important if the elimination barrier and the H+HCO asymptote are very close to one another. The
importance of elimination should increase with changing the buffer gas to CO or HyCO but not so as
to qualitatively change the results. The figure also shows by comparison to the adduct formation rate
that the most likely fate of the adduct is to decompose back to reactants. This is due to the fact that the
elimination transition state is a tight, constricted configuration and the lifetime of the adduct (which
controls stablization) is short because it is only a 4 atom system. As a result, direct abstraction is the
dominant process. The sum of abstraction, addition-elimination, and stablization rate constants gives a
total rate constant at or slightly below (depending on the choice of energetics) the lowest and most
recent experimental value[5].
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Abstract

We use ab initio potential energy surfaces, including new parametrizations of
the bending potentials for the two lowest electronic states, to calculate the rate
constants for the reaction 0(3P)+H2. The dynamics calculations are based on
variational transition state theory with multidimensional semiclassical tunneling
corrections. We present results for the temperature range 250-2400K. In general
the calculated rate constants for the thermal reaction are in excellent agreement
with available experiments. We also calculate the enhancement effect for exciting
H2 to the first excited vibrational state. For the reaction of vibrationally
excited H2 the rate constant is based on a dynamical bottleneck of 7.2 kcal/mol,
as compared to a saddle point value of 12.6 kcal/mol, and it is in good agreement
with experiment. The good agreement of theory and experiment for the excited
state rate provides a dramatic demonstration of the reality of dynamical bottle-
necks at locations far from the saddle point.

1. Introduction

Theoretical advances in chemical kinetics often require integration of several
kinds of information. The combination of electronic structure and chemical dyna-
mics calculations provides one particularly fruitful way to gain a detailed under-
standing of the forces responsible for observed kinetic phenomena. In our own
work we have made several calculations of chemical reaction rates based on
potential energy surfaces derived in whole or in part on ab initio electronic
structure theory. Systems studied have included the reactions H+H2, OH+H2, 0+0H,
F+H2, and 0+H2.

The 0+Hp reaction, unlike all the others on the above list, has more than one
Tow-1ying potential energy surface. In addition to the 1A' water surface, that
does not correlate adiabatically to the 3P state of 0, there are two 3A' surfaces
and a 3A" one that do. One 3A' surface and the 3A" surface form a degenerate I
state for all collinear goemetries but have different bend potentials: The 3" state
has a significantly broader bending valley, and hence it dominates the thermal rate
at most temperatures of interest, although the 3A' state may make a non-negligible
contribution at high temperature (1,2). The second 3A' state is unimportant for the
thermal reaction rate. In our previous calculations (3,4) we included only the
contributions from reaction on the lowest-energy 3A" surface. The collinear part
of this surface was treated by the modified rotated Morse oscillator spline fit of
Lee et al. (5) to the ab initio calculations of Walch et al. (1,2,6) and the bend
potential was treated Dy an anti-Morse bend model (7-9) with one parameter adjusted
to reproduce the harmonic bend potential at the saddle point for the same ab initio
calculations. In the present paper we include both electronic states, and the
potential energy surfaces are treated by an improved parametrization. The improved
parametrization consists, for each of the two surfaces, of a three-parameter fit to
the bend potential so that it agrees with the newest ab initio calculations (10)
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for large-amplitude (45°) bends at three points along the reaction path, including
both the saddle point and a point close to the vibrationally adiabatic ground-
state barrier maximum. We use the PolCI calculations of Walch et al. (1,6,10)
because (i) they are available at enough geometries to determine both potential
energy surfaces in the regions important for the reaction rate and (ii) they appear
reasonably accurate. We note that in our previous study (4) of the 0+H2 reaction,
we calculated rate constants for five potential energy surfaces. Two of these,
called surfaces P and M, were based on the Pol1CI calculations, and the results
appeared to show that these were the most accurate of the five.

The procedure used to fit the bend potential in the present study is a
specific example of a strategy that may be very useful in many cases (11), namely
the fitting of a globally defined potential in the wide vicinity of a reaction path
with speciai emphasis on dynamical bottleneck locations (12) as determined by
Yar;ationa1 transition state theory (13,14) or the adiabatic theory of reactions

15).

Having obtained a representation of the potential energy surface, we calcula-
ted both thermal rate constants and state-selected rate constants for vibrationally
excited H2 by variational transition state theory with semiclassical ground-state
transmission coefficients (3,16-18). These methods have been shown to provide
reasonably accurate estimates of the quantum mechanical local-equilibrium and state-
selected reaction rates for most chemical reactions (3,13,14,19,20). In general we
believe we can use these methods to calculate rate constants that are reliable for
a given potential energy surface to within a factor of two or better at room tem-
perature and above. This is sufficient to compare computed rate constants to
experiment, to test ab initio potential energy surfaces, and to draw useful conclu-
sions about which features of the potential energy surface are significant for
determining the magnitudes of observed rate constants and kinetic isotope effects.

2. Potential Energy Surfaces

The 3 potential energy surface is represented by the rotated Morse oscillator
spline function of Lee et al. (5) for collinear geometries augmented by an anti-
Morse bend (AB) potential (7-9). The parameters of the bend potential are adjusted
to ab initio calculations (1,6,10) in the region near the saddle point and the
vibrationally adiabatic ground-state barrier maximum {the maximum of Vg(s) in the
notation used previously (12,17)}. Further details are given elsewhere (21).

3. Dynamical Calculations

We calculated a separate rate constant for each potential energy surface.
Denoting these results by kas and ka' respectively, the thermal (i.e., canonical
ensemble) rate constant is

k = kA' + kA" 1)

Each of the single-surface rate constants includes a multiple-surface coefficient
(22) equal to 3/Q§ where 3 is the electronic degeneracy of the generalized transition
state and 081 is the electronic partition function of atomic 0.

The single-surface rate constants were calculated by improved canonical varia-
tional transition-state-theory (ICVT) with semiclassical ground-state transmission
coefficients. The methods are described in detail elsewhere (3,16-18). First we
calculate the minimum energy path (MEP) by following the negative gradient of the
potential in mass-scaled coordinates. Then for each distance s along the MEP we
calculate the improved generalized standard-state free energy of activation
AGIGT,0(T,s) for a generalized transition state at this s, where T is the tempera-
ture. The hybrid ICVT rate constant for temperature T is then given by

74




1) = min &0 ¢ Oerp-a6"8T:0(7,5)/k7] 2)
S

kICVT(

where k is Boltzmann's constant, h is Planck's constant, and K0 is the reciprocal

of the standard-state concentration. This rate constant is a hybrid because the
reaction coordinate is treated classically but other degrees of freedom are all
treated quantally. In the final step we add quantal effects on the reaction coordin-
ate by a ground-state (G) transmission coefficient «G(T):

kICVT/G(T) - KG(T)kICVT(T) 3)

We consider two methods to approximate «G(T): the minimum-energy-path semiclassical
adiabatic method (MEPSAG) (17) and the least-action method (LAG)(18). The latter
accounts for the shortening of the tunneling path due to the system "cutting the
corner” of the curved MEP through mass-scaled coordinates by finding the dynamically
optimal tunneling path by evaluating an imaginary-action functional along a one-
parameter sequence of trial paths. These vary linearly between the MEP at one
extreme and a straight line through mass-scaled coordinates from the translational
turning point on the MEP in the entrance channel to the translational turning point
on the MEP in the exit channel at the other extreme.

Anharmonicity is included as discussed elsewhere (3,17).

The evaluation of state-selected rate constants for H2 in the n=1 excited
vibrational state requires further assumptions. Figure 1 shows the vibrationally

adiabatic potential curves for n=0 and 1 for the 3A” surface. The potential curves
in Fig. 1 are defined by

VI(n,s) = Vyep(s) + ey (ns) + 268 () 4)

where VMep(s) is the Born-Oppenheimer potential on the MEP, egtp(n,s) is the local
vibrational energy of the stretching mode orthogonal to the MEP and in quantum state
n, and Zegend(s) is the local zero point energy of the twofold-degenerate bending
mode. Figure 2 shows the same quantities for the 3A' state. In both cases we
also show the curvature x(s) of the MEP through mass-scaled coordinates (17). We
will consider two limits for the excited-state rate constants. The first is the
adiabatic limit (4,16,18,23), in which case we perform calculations identical to
those for the thermal reaction rate except that in both AGIGT,0(T,s) and the
tunneling calculation we neglect all stretching vibrational states except the n=1
stage. The second treatment is a sudden nonadiabatic model explained elsewhere
(21).

We will consider three reactions:

0+ H2 +0H + H R1)
0+ D2 +0D+D R2)
0+HD+OH+Dand OD+H R3)

4. Results

Table I shows results for two methods of calculating transmission coefficients.
The MEPSAG results are based on a semiclassical adiabatic treatment of tunneling
along the minimum energy path (17). As compared to the LAG method this underesti-
mates the rate constrant by a factor of 24 at 200K and a factor of 3.3 at 300K. This
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confirms, as first discovered for the H+H2 reaction (24) and then found in many

cases (4,13,16-19,25-31), that multidimensional effects on the tunneling probabilities
are very important and reduction to a one-dimensional problem by simply straightening
out the minimum-energy reaction path seriously underestimates the extent of tunneling.

Table I also compares the final thermal rate constants of this study for reac-
tion R1) to a selection of experimental (32-34) results. For 297-472K, the table
shows only the most recent experimental data (32). The ICVT/LAG rate constants are
usually larger than these results but agree within 25%. Rate constants in this tempera-
ture range are very sensitive to the barrier height, and the uncertainty in the ab
initio potential energy surface is certainly great enough to yield larger errors.
Thus the agreement of the present calculations with experiment is better than could
have been expected. Furtherimore the other recent experimental measurements in this
range do not all agree with those of Presser and Gordon within a factor of two. The
most recent evaluation (33) of experimental data for the 0+H2 reaction concludes
that for T>400K the expression of Baulch et al. (34) fits most of the data within
experimental error. We use this expression for the experimental values at 600-1500K.
In this temperature range the present calculated rate constants are all larger than
these experimental results, but the ICVT/LAG results are high only by factors of 1.2-
1.5. At 2400K the agreement with experiment (35) is excellent.

We also calculated thermal rate coefficients for the isotopic analog reactions
and the kinetic isotope effects and compared them to experimental (32,34-37) results.
Because of space limitations we simply point out here that the calculated results
agree with the experimental ones within the reliability of the latter. We also cal-
culated kinetic isotope effects by conventional transition state theory (TST)}. These
are qualitatively similar to the ICVT/LAG results, and hence also to the experimental
results, but that is at least partly fortuitous since TST greatly underestimates the
individual isotopic rate constants. For example for reaction R1) the TST rate con-
stant is a factor of 9.3 lower than the ICVT/LAG one at 300K and a factor of 2.5
smaller at 400K. The LAG transmission coefficients are even larger, 12.6 at 300K and
3.1 at 400K, but the lack of quantal effects on reaction-coordinate motion in con-
ventional TST is partly compensated by the lack of variational minimization of the
hybrid rate constant with respect to the location of the generalized transition state.
Then a further cancellation of errors occurs in the kinetic isotope effect ratio.

The adiabatic and sudden nonadiabatic rate constants for reaction R1) with
vibrationally excited Hy are very similar for the present potential energy surface;
thus we tabulate only the adiabatic values. The rate constants calculated by the
adiabatic theory for reaction R1) when H2 is excited to the n=1 vibrational state
are given in Table 1I. We see that the transmission coefficients (ratios of ICVT/LAG
tunneling-corrected rate constants to ICVT hybrid ones) are 2.6-2.7 at 302K, which
are very significant factors but are smaller than for the thermal reaction rate.

At 302K the calculated vibrational enhancement factor in the ICVT/LAG approximation
is 1.4x103 by Light (38), but it is only 8.2x 102 times larger than the interpolated
¥au1e of Presser and Gordon (32). The agreement of theory with experiment is satis-
actory.

Table IIT shows some of the properties of the dynamical bottlenecks for the
vibrationally excited reaction. The variational. transition states are farther from
the saddle point (s=0Q) for the vibrationally excited reaction than for the thermal
reaction. Similar results have been found previously for H+H2 (23) and OH+H2 (39)
for vibrationally excited reactants. This means that the improved parametrization
of the bend potential for geometries far from the saddle point becomes more important
for n=1. It also means that conventional TST becomes worse. Conventional TST pre-
dicts a vibrational enhancement factor of 2.5x105 at 302K, which is two orders larger
than the accurate values. The good agreement of the ICVT/LAG values with experiment
provides a dramatic demonstration of the reality of dynamical bottlenecks at locations
far from the saddle point.
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TABLE 1. Thermal rate constants (cmomolecule™'s™) for 0+Hp » OH+H.

T(K) ICVT ICVT/MEPSAG ICVT/LAG Exp.

250 2.94(-20) 2. 1.77(-18 T a
297 8.45(-19) 3. 1.15(-17 1.0(-17)
318 2.76(-18) 8. 2.38(-17 1.9(-17)a
370 2.93(-17) 6. 1.20(-1 1.1(-16)a
422 1.75(-16) 3. 4.70(-1 3.8(-16)a
472 6.84(-16) 1. 1.83(-1 1.2(-15)a
600 8.21(-15) 1. 1.24(-1 1.0(-14)b
1000 3.89(-13) 4. 4.45(-1 3.4(-13)b
1500 3.31(-12) 3. 3.52(-1 2.3(-12)b
2400 2.10(-11) 2. 2.15(-1 2.1(-11)¢

3 presser and Gordon (32).
® Baulch et al. (34).
 pamidimukkala and Skinner (35).

TABLE II. Rate constants (cm3molecu1e']s_]) for the state-selected reaction
0+H2(n=1) -~ OH+H.

T(K)

ICVT/LAG

250
302
400
1000
2400

1.0(-14)

3 from Light (38).



TABLE III. Bottleneck properties at conventional and canonical variational
transition states for O+Hp(n=1) » OH+H.2

S n= - 9
Surface F S Mz a3 Viep Valn=1) gy (nel) Zhend
(ao) (ao) (ao) (kcal/mo1)  (kcal/mol)  (kcal/mol)  (kcal/mol)

3pn .. 0.00 2.29 1.74 12.58 19.07 4.89 1.61
300 -0.55 2.95 1.45 7.22 23.02 14.74 1.07

1000 -0.51 2.91 1.45 7.64 22.96 14.22 1.10

3a s 0.00 2.2%9 1.74 12.58 20.00 4.89 2.53
300 -0.54 2.93 1.45 7.36 23.92 14.57 1.98

1000 -0.51 2.90 1.45 7.69 23.87 14.14 2.04

a ri2 and r23 are the nearest-neighbor OH and HH distances at the saddle point
(s=0) or the variational transition state for the temperature indicated.
1 ag=1 bohr=0.5292 &.

(M
(2)
(3)
(4)
(5)
(6)

(7)
(8)
(9)

(10)

(1)

(12)
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Fig. 1. Vibrationally adiabatic potential curves (solid curves with scale at left)
defined by eq. 4) for n=0 and 1 and curvature of the reaction path
(dashed curve with scale at right) as functions of the distance s along
the minimum energy path through mass-scaled coordinates for the
potential energy surface. The saddle point is at s=0.
marks on the ordinate scales denote the energies of 0+Hz(n=1), left
side, and OH{n=1) +H, right side.
Fig. 2. Same as Fig. 1 except for 3A' surface.
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FUNDAMENTALS OF NITRIC OXIDE FORMATION IN FOSSIL FUEL COMBUSTION

Thomas J. Houser, Michael E. McCarville and Gu Zhuo-Ying

Chemistry Department, Western Michigan University
Kalamazoo, MI 49008

INTRODUCTION

Combustion of fossil fuels in Tlarge stationary furnaces causes the
emission of nitrogen oxides, a large fraction of which arise from the
nitrogen-containing components in the fuel, producing a major pollution problem
which is expected to increase in severity in the future. The results being
reported in this paper are part of those obtained from a continuing study
to determine the mechanism by which these oxides may form. Because studies
have shown that most of the nitrogen in heavy oils is in the form of
heterocycles (1-3) and it is believed that the nitrogen components of coal
are similar, pyridine was selected as representative of these components.
It was assumed that the radical fragments formed during pyridine pyrolysis
and rich, low temperature oxidation would be similar to those obtained from
the same reactions of fossil fuels that occur during the pre-flame stages
of combustion. Later experiments emphasized HCN oxidation since several
studies indicated that it was the key volatile, nitrogen-containing
intermediate formed during fuel nitrogen combustion (4-8). In addition,
HCN used with several fuel additives allowed a greater control of the chemical
nature of the reaction environment. We have previously reported on the inert
pyrolysis kinetics of pyridine (9), the rate of formation of HCN during
pyridine pyrolysis (10), the oxidation kinetics of cyanogen (11), and of
pyridine (12) and HCN (13) at low temperatures.

EXPERIMENTAL

A flow system designed to operate at atmospheric pressure was constructed
for the study of the oxidation of the pertinent nitrogen-containing reactants.
The system is suitable for the introduction of volatile 1liquids (reactants
and solutions with additives) into a heated helium stream through the use
of a syringe pump to drive a calibrated, tuberculin syringe. The system
can also utilize gaseous species; these reactants and additives, mixed with
helium at the desired concentrations, are maintained in steel storage tanks.
The flow stream is examined by a quadrupole mass analyzer equipped with
capillary probe atmospheric sampler which functioned as an on stream monitor
for the consumption of reactants. Helium is used as the carrier gas because
it is chemically inert and has a very high thermal conductivity, thus providing
rapid heating and quenching. The system has a group of removable Vycor
reactors heated by an electric furnace. One reactor was a stirred-flow design
(40 cc) which had been previously tested for stirring efficiency (14}, the
others were plug-flow type (10 to 40 cc). A flow line which bypasses the
reactor was used so that entrance and exit concentrations of reactants could
be measured. A Thermo Electron Chemiluminescent NO/NOy analyzer with on
stream sampling was used for the oxidation studies of pyridine, HCN and N20.
A modification of the flow stream was required to obtain direct samples from
the reactor effluent to measure the light gases with a gas chromatograph.
A linear switching valve was used to provide a series-bypass capability with

82



constant back pressure for the two columns. A molecular sieve 5A column
was used for 02, Ny and CO while a porous polymer Chromosorb 101 column was
used for COp and Np0. In order to determine the amounts of HCN and NH3
produced from the oxidation of pyridine and HCN, dilute solutions of NaOH
or HC1 in the bubble towers were used in separate experiments to trap the
HCN or NH3 respectively, for ion-specific electrode analysis. A second bubbler
in series with the first was found to be unnecessary.

RESULTS AND DISCUSSION

The current study has shown that in order to produce significant yields
of NO from the oxidation of pyridine or HCN-fuel mixtures, conditions which
promote a flame must exist in the flow reactor. The existence of a flame
was confirmed by visual observation in several, but not all, experiments.
The capability of producing a flame depends on the nature of the fuel (Tables
1, 2 and 3, all data are stirred-flow), temperature (Tables 1, 2, 3 and 5),
concentrations (Tables 1-5), reactor design (stirred - or plug-flow, Table
5), and flow rate (Tables 1 and 5). The conditions which promoted NG formation
where characterized by complete consumption of fuel-nitrogen at all flow
rates in the stirred-flow reactor, however, the plug-flow reactor exhibited
an inverse consumption at intermediate temperatures, at first decreasing
from complete consumption at high flows, passing through a minimum then
increasing again (Table 5, CgHgN and HCN/CgHe mixtures at 800 C and HCN/CO
at 700 C) while the NO yield continually decreased. After a threshold
temperature was reached in the plug-flow reactor, the NO yield did not appear
to depend on temperature significantly (Table 5). The non-flame conditions,
at relatively 1low temperatures and/or concentrations of fuels, were
characterized by a flow rate dependent consumption of fuel-nitrogen which
was converted essentially completely to N» and Np0 (maximum yield of about
50% of the latter) (12, 13). This was observed in both types of reactors,
however, the flame condition persisted to a much lower temperature in the
entrance of the plug-flow reactor as evidenced by visual observation and
NO production. The observed dependence of NO yields on flow rate, first
increasing to a maximum then decreasing (Tables 1, 2 and 5) in the stirred-flow
reactor was not observed with plug-flow, thus is thought to be an anomaly
due to reactor-induced flame instability. However, other yield dependencies
are qualitatively the same in both types of reactors. The transition between
flame and non-flame reaction was abrupt as evidenced by a rapid increase
in fuel nitrogen consumption and shift in products, thus is attributed to
a change in mechanism rather than a sequential process.

Specifically it was found that pyridine and benzene/HCN mixtures give
similar results (Tables 1, 2 and 5) while CO (Tables 2 and 5) and acetylene
(13) added to HCN promoted NO formation at Tower temperatures and
concentrations (on an atom or heat equivalent basis), than the other fuel
combinations.  Mixtures of Hp/HCN were very different from other fuel
combinations, producing Tower extents of HCN consumption and very Tow to
negligible yields of NO at conditions which normally gave high yields of
NO with other fuels (Table 1). Finally, it has been clearly established
that N20 was the prevalent oxide of nitrogen at Tow temperatures (Table 5
and Reference 15) and/or equivalence ratios (Table 4), whereas NO became
prevalent at higher temperatures and fuel concentrations (up to stoichiometric
mixtures) and that their concentrations were inversely related. 1In order
to further check the possibility of NO/N,0 interconversion experiments were
performed by adding NO2 (NO did not exist in our reactant storage tank) to the
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reaction mixture at low temperatures and by oxidizing NoO in the presence
of various fuels (Table 7). The results with NO were somewhat inconclusive
since some experiments showed some increase in N0 and others did not (16).
The relatively small increases observed indicate that NO/NO» could not be
a major source of Np0 at those conditions. The results with N0 clearly
show that NO is not formed from N0 in large yields.

In addition to the volatile products observed, it was noted that a
white solid was formed (about a 3% yield) at non-flame conditions with lean
mixtures of HCN/CO/0p and HCN/Hp/02. Samples of these solids were examined
by infrared and elemental analyses which indicated that those from HCN/CO

\igNCO, wnhereas most, but not all, of those from HCN/Hp were urea
(Table 8%. It was also found that a room temperature sublimate from NHgNCO
was urea, indicating an easy conversion was possible. These solids show
the presence of NH3 and HNCO in the reactor at non-flame conditions. In
an attempt to determine the nature of the intermediate that leads to N0
formation, oxidation studies of methylisocyanate and dimethylhydrazine, with
and without additive fuels, were made. No increase in Ny0 formation was
noted from these over that obtained from HCN.

CONCLUSIONS

The conclusions reached from the above observations are: (1) That
N20 and NO are probably formed from a common precursor in the mechanistic
chain, although possibly not the same immediate intermediate, and neither
are formed from each other. The data strongly shows that NO does not form
at those lower temperatures which promote N0 ‘formation and N0 does not
oxidize to NO. In addition, the equivalence ratio dependence shows that
N0 forms at leaner conditions than does NO, which is most likely due to
maintainance of flame conditions at the more rich condtions. Thus, the
reported mechanism steps for the formation of N20 from NO, at least at our
conditions, are not applicable (17). (2) That NO. formation cannot occur
primarily by an interaction between NH or N and OH, as usually assumed in
mechanisms {17), because of the observed influence of different fuels on
the conditions necessary to produce NO.
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TABLE 1 Fuel Type Effects on NO Yields (% of Reacted N) at 950 C
Reactants - Initial Concentrations (mole %)
.9CgHEN/70p 1HCN/.5CgHE/70p  1HCN/3C0/707 1HCN/ 3H2/702 1HCN/3H2/602b
Time(sec)\ERA .87 .79 .46 .46 .54
0.375 \ER 13 18 42 -- 0.4
0.5 12 26 35 0.5 0.3
0.75 27 67 34 -- --
1.0 69 66 32 0.3 0.2
2.0 44 42 19 -- --
4.0 6 14 5 - -
.5C5HEN/702 . 2HCN/.25CgHE/3.50p 2HCN/SCO/70, 2HCN/1402 2HCN/70p
Time(sec)\ER® .48 .64 -86 .25 50
0.375 17 -- -- -- --
0.5 24 24 70 2.0 2.1
1.0 32 26 60 2.2 5.0
2.0 44 52 35 1.1 5.5
4.0 24 29 14 0.5 2.8
(a) Equivalence ratios were calculated on the basis of C0, Hp0 and NO as products
(b} These were run at 900 C

TABLE 2 Temperature Effects on NOy Yield (% of Reacted N) for Various Fuels

-9C5HsN/70(.87)8 -5C5H5N/702(.48) 1HCN/ . 25CgHg/70( . 52)

Time(sec) 900 C 950 C 300 C 350 C 500 C
0.5 6 12 13 24 5
0.75 14 27 -- -- -
1.0 20 69 13 32
1.5 10 54 -- 56 -
2.0 7 44 9 44 5
4.0 -- 6 12 24 3

.25HCN/ . 2CgHg/3.502(.53) 2HCN/4C0/702(.79)
925 ¢ 950 C 1000 C 800 C 900 C 1000 ¢
0.5 15 24 -- 8 40 56
1.0 15 26 96 8 41 52
2.0 12 52 80 2 30 48
4.0 -- 29 44 -- -- 26
1HCN/6€0/120,( . 40) 1HCN/8C0/1205( . 48)
700 ¢ 800 C 900 € 700 C 800 C
0.5 2 29 70 7 46
1.0 4 62 66 27 80
2.0 2 56 56 70 69
4.0 -- 20 20 1 27

(a) Reactant concentrations and (equivalence ratios) are the same basis as in Table 1
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HNO—-O

TABLE 3 Fuel Rich NOy Yields (% Reacted N)

.65C5HEN/3.505(1.25)a 1HCN/8C0/302(1.92)
Time(sec) 1000 cb 800 C 900 ¢
5 12 6 55
.0 22 7 51
.0 22 1 30
0 12 0.2 8
1HCN/4C0/205(1.88) 1HCN/5C0/405(1.06)
1000 € 800 C 900 C
3 10 48
4 33 44
2 24 32
- 3 10

oOOoOOoOwm

See Table 1 footnote (a) for ER calculation
Yields were negligible for this mixture at 900 C

TABLE 4 Equivalence Ratio Effects on NOy/NoO Yields
Yield NOy/Ny0b

% CgHg? ER Stirred (775 C) Plug (800 C)
0 0.25 0.7/29 0.2/30
0.12 0.38 0.5/39 --
0.25 0.52 0.4/40 0.2/28
0.5 0.79 0.5/34 12/14
0.75 1.05 1.1/23 26/2
1.00 1.32 2.5/1.2 24/--
(a) Reactants are 1HCN/702 plus benzene in mole % - ER as in
Table 1, footnote (a)
) Both stirred and plug flow reactors were used with one second contact

time for all experiments
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TABLE 5

Comparison of Plug and Stirred-Flow Data:
NO/N20 Yields in % Reacted Nitrogen

1HCN/ . 25CgHg/ 7052

Time(sec) 800 C 900 C 950 C
Plug Stirred Plug Stirred Plug Stirred
0.25 40/13 -- 39/22 -- 39/10 10/--
0.5 16/25 n/45 16/22 5/41 29/13 15/--
1.0 n/30 n/40 3/45 6/39 10/15 46/--
2.0 n/34 n/43 n/8 5/33 7/n 28/--
4.0 n/28 n/40 n/8 3/31 n/s 11/--
.5C5HN/702
725 C 800 C 900 C 950 C
Plug Plug Stirred Plug Stirred Plug Stirred
0.25 .- 56/6 -- -- -- 56/6 --
0.5 n/n 34/18 n/-- 42/12 13/28 40/8 24/--
1.0 4/3 9/33 -- 18/24 13/30 19/13 32/--
2.0 3/32 n/37 - 4/26 9/30 5/10 44/--
4.0 5/43 n/40 -- -- 12/26 1/5 24/--
1HCN/4C0/60,0
700 C 750 C 800 C
Plug Stirred Plug Stirred Plug Stirred
0.25 40/5 -- - -- 35/1 --
0.5 17/11 n/-- 21/7 1/37 32/3 9/13
1.0 3/26 n/28 21/ 2/31 16/22 33/18
2.0 n/32 n/27 n/14 1740 n/36 23/22
4.0 n/22 n/25 n/-- -- n/23 2/22
(a) Compositions in mole %, n is for negligible amounts

For CO added fuels below 700 C the HCN consumption dropped drastically
and was time dependent, whereas, above 700 C the HCN was more than 90%

consumed at all

flow rates
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TABLE 6 Low Temperature - Pyridine Oxidation (Plug Flow Reactor)
% Yields of HCN/N20
.5C5HsN/70,8
Time(sec) 750 C 725 C
0.25 68/n -- -~
0.5 11/48 30/n --
1.0 2/55 58/3 47/n
2.0 -- 16/32 9/50
4.0 -- 2/43 7/48
800 C

NOy high at .25 and .5 sec. HCN negligible at all flows

(a) Concentrations in mole %

TABLE 7 No0 Oxidation Data
% N20 Reacted/NOy Yield (% of Reacted Ny0)2

2.2N20/70,b

2.2N50/8C0/70,

2.2N20/.5CgHg/702

Time(sec) 900 C

0.5 10/13
1.0 20/9
2.0 33/9
4.0 54/3

1000 ¢ 900 C
53/12 84/14
80/9 79/
91/7 76/9
92/5 83/5

1000 C 1000 C
94/18 --
91/14 91/9
98/8 -~
99/6 99/3

(a) Similar low yields of NOy were found at 800 and 750
(b) Concentrations in mole %

#N-Fuel Reacted

TABLE 8

Temperature (C)

Solids Formation

Principal Solid Product
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2HCN/8C0/70

650
650
650
675

2HCN/4H/70;

650

700

600
2C5HgN/707

750

NHgNCO
NHgNCO
NHgNCO
NHgNCO

Urea
Urea
NHgNCO

NHgNCO
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Kinetics of the Reaction of NCO with Ethene and Oxygen
Over the Temperature Range 295-662K

Robert A. Perry

Sandia National Laboratories
Combustion Research Facility
Livermore, California 94550

Introduction

The NCO radical is intimately connectedlvith nitric oxide formation
from fuel-bound nitrogen in combustion systems.’ In order to
model nitrogen chemistry in combustion systems, it is essential
to explore the possible chemical reactions that might enter into any
extensive model of nitrogen chemistry in these systems. While little
has been done toward understandiggsthe detailed chemistry of the NCO
radical with combustion species,” ~ certain reactions can be
anticipated to occur based upon analogous electrophilic radical/molecule
reactions. One of these reactions is the reaction of NCO with ethene.

NCO + CZHA + M 2 products 1)
Unsaturated hydrocarbons are found extensively in combustion, with
ethene being a major component after pyrolysis of larger fuels.
This reaction was chosen to facilitate predictions of NCO radical
reactions with unsaturated hydrocarbons and hence to understand more fully
nitrogen chemistry in rich combustion systems. To the extent that this
reaction occurs at combustion temperatures, it is a pathway to
recycle reactive nitrogen radicals back into fuel-bound nitrogen i.e.,
HCN.

Other possible important reactions, if they occurred, are the
exothermic reactions of NCO with oxygen.

NCO + O > NO + CO 2a)

NCO + 02 > NO2 + C% 2b)
Besides being of potential importance in combustion systems, these reactions
could be important in atmospheric oxidation of HCN. An upper limit
has been placed on the exothermic, although sterically restricted,
reactions betwveen NCO and oxygen.

In this paper current research that employs a laser
photolysis/laser-induced fluorescence technique to measure absolute rate
constants for the reaction of NCO radicals with ethene and oxygen over the
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temperature range 295-662K is discussed. In addition, the pressure dependence
of the reaction between NCO and ethene is explored at room temperature. The
implications for combustion modeling will be addressed.

EXPERIMENTAL

The technique is essentially identical to tha& vhich was
developed to study the products of the reaction of O0(°P) with HCN.~ NCO
radicals are produced from the excimer laser photolysis of HNCO that was
introduced along with the reactant of interest in a flowing gas mixture of
HNCO:Ar:reactant at total pressures (primarily argon) of 10-372 Torr. The NCO
radicals result gither directly from the photolysis of HNCO or, as suggested by
Drozdoski et al.’, from the rapid reaction of NH(!4) with HNCO.

(Recent experiments _at 157 nm and 193 nm suggest that the latter is the
dominant mechanism.”) Both 193 nm and 157 nm radiation are used to
photolyze HNCO in order to check for interference due to photolysis products.

An argon ion pumped ring dye laser, operating with stilbene-3 dye at
416.8 nm (100mV), is used to pump the A2£(1 0.0 X2 0,0,Q)
transition of NCO. The resulting fluorescehcé ls mon&tbrb% using an EMI 9789QA
photomultiplier tube fitted with an interference filter at 438.5nm
(FWHM=8.0nm) mounted at right angles to the crossed laser beams. The
intersection of the detection system aperture and the laser-induced
fluorescence radiation defined a fluorescence vieving zone at the center of the
reaction vessel vhose cross section wvas ~2cm in diameter. This region was
vell separated from the reaction vessel walls, minimizing wall losses of the
NCO radicals. The reactor consisted of a quartz reaction vessel enclosed in a
ceramic furnace that could be heated to temperatures as high as 1200K. The
temperature of the furnace was monitored by Chromel/Alumel thermocouples
mounted inside the reaction vessel, with the temperature of the vessel
maintained to 5K over the entire temperature range. 9

The HNCO was synthesized according to the procedure of Okabe.

Cyanuric acid was heated in an evacuable pyrex vessel to 400K. The HNCO
generated was passed through a P205 and Agzo trap to remove the

vater, and HCN and was then condensed in a liquid nitrogen trap. The liquid
vas vacuum distilled using a dry-ice/acetone trap until constant vapor
pressure (0.88 Torr) resulted. Argon was bubbled through the liquid and

the resulting Ar/HNCO mixture was flowed to the reaction vessel. The flow
rate vas monitored by use of a rotameter. All other flows were monitored
by the use of Tylan flow controllers that were calibrated prior to use.

The excimer laser intensity was varied by a factor of 2 using a purge
tube situated between the excimer laser and the reaction vessel. Mixtures of
nitrogen and oxygen vere used to attenuate the 157 nm radiation, while nitrous
oxide and air vere used to attenuate radiation at 193 nm. All
experiments vere performed at a repetition rate of 0.3Hz. Signals vere
obtained by photon counting in conjunction with multichannel scaling.

Decay curves of NCO radicals were accumulated from 25-500 pulses
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depending on the signal strengths. NCO half-lives ranged from 2.43-200
msec, and the NCO radical concentrations were followed for at least
three half-lives.

Al11 experiments were carried out under slow-flow conditions so that
the premixed reactant gas mixture could be replenished between laser pulses,
thereby avoiding the accumulation of photolysis or reaction products. The
partial pressure of HNCO was approximately 1.8-19 mTorr. The gases used had the
following purity levels according to the manufacturer: Ar 299.995%; C2H4299.OZ;
o, 299.9995%.

RESULTS AND DISCUSSION

Over the entire temperature range 295-652K, and in the presence
of excess reactant gas, pseudo-first order kinetics is observed, and
the bimolecular rate constant is obtained using the expression:

In [NCO]O/ [NCO]t = 1n SO/St = (ko + ki [Reactant])((—to)

Here [NCO] and [NCO), are the concentrations of NCO radicals at times

t and t, respectively, S and S_ are the corresponding fluores-

cence intensities, k_ is the first order rate coefficient for removal of
the NCO in the absence of added reactant, and k, is the rate constant for
reaction with the added reactant, i.e., ethene or oxygen.

The decay was analyzed following a ~1 ms delay after the excimer laser
pulse to minimize interference from laser-induced emission from the silica
vessel and to ensure that secondary reactions of other radical species formed
during the photolysis event, such as NH(!A) would not
interfere with the reaction of interest.’ In all experiments exponential decays
vere observed after the first millisecond supporting the contention that
secondary reactions were not important. Also, at low pulse energies
(£.1n3/pulse) no effect, within experimental uncertainty, due to laser
intensity was observed with a factor of two change. (Without attenuating
the excimer laser radiation the apparent rate was measured to be faster and
decays were nonexponential.)

The data were analyzed by numerical least squares fitting of the
decays. The measured decay rates were found to depend linearly on the
concentration of added reactant for fixed total pressure and temperature. The
absolute rate constants vere determined by plotting the measured decay rate
against reactant concentration and performing a least squares fit to obtain the
slope, k..

ate constants, k,, for the reaction of NCO with ethene were
determined over the temperature range of 295-652K with the total pressure
being varied from 10-372 Torr at 295K. Figures 1 and 2 show the plots of the
data at 295K and higher temperatures, respectively, while Figure 3 shows a plot
of the pressure dependence. Table I gives the rate constants determined for
this reaction by least squares analysis over the entire temperature range.
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Figure 4 shows an Arrhenius plot of the rate constants k1 vith the region
from 295-447K being described by the following Arrhenius expression:

—12e(2301300)/RT 3 -1 -1

k1 = 3.0 x 10 cm” molecule “s 7,

vhere the error limit in the activation energy is the estimated overall
error limit,

The pressure dependence observed at 295K (figure 3) is best explained
by a Lindemann mechanism.

NCO + C2H4 - complex* (a,-a)
«

complex* + M - complex + M (b)

vhere complex* is the complex formed by the terminal addition
of NCO to ethene. The pressure dependent rate is given by the expression:

kpy= kg ky[H] /7Ck_, + ky[H])

In the high pressure region vhere k, [M] is much greater

than k__, k. ,= k_, vhile in the lov pressure region
ke =k R, (M3
Rt temperatures greater than 447K a dramatic reduction

in the bimolecular rate constant was observed. As seen in Figure 4
the reaction rate drops by greater than two orders of magnitude
from 447K to 652K. This reduction in bimolecular rate constant
apparently occurs due to the very rapid decomposition of the complex
formed between NCO and ethene. Although such a dramatic
reduction in reacti821£atg has been observed in the past for OH
radical reactions, nonexponential decays (after lms) were not apparent
in these experiments. The absence of nonexponential decays suggest that
the life time of the complex formed must be short in comparison to the
experimental observation time. A proposed reaction mechanism whereby the
thermalized adduct, [complex], begins to dissociate on a time scale that is
comparable to the time frame of the experiments, analogous to the explaination
of the effect189§2rved for OH radical reaction with unsaturated
hydrocarbons, could explain the sharp drop in rate with increasing
temperatures (2 447K), but in order to explain fully the essentially
exponential decays observed in all of the experiments, competitive reactions
that turn off at higher temperatures (or a different reaction mechanism that
regenerates NCO radicals at higher temperatures) is required. Calculations are
presently under vay to address the possible alternate channels, such as ring
closure to form the ethylene imine analog.

Using 193nm photolysis of HNCO, with a mixture of nitrous oxide
and oxygen as a UV attenuator/filter, the reaction of NCO vith oxygen was not
observed to occur at room temperature and 372 Torr argon with

93



2.27 x 1016 molecule/cm3 of oxygen added. In aTgition no reagtion

was observed at 662K and 389 Torr when 2.4 x 107" molecule/cm™ of

oxygen was added. From these daETGtheSrate of Efacfion vith oxygen was
estimated to be less_{yan x 10 _im Tglecule s ~ at 295

and less than 5 x 10 cm molecule © s © at 662K. These data

suggest that under the conditions that exist in combustion environments or in
the stratosphere, it is unlikely that the reacti?g of NCO with oxygen will be
important. As suggested by Cicerone and Zellner™~, the primary fate of NCO
in the atmosphere is most likely photolysis at wavelengths less than 300 nm.

CONCLUSIONS

At lov temperatures the NCO radical will react with ethene to form a
complex. At temperatures greater than 450K a marked decrease in the rate of
reaction occurs until finally at 650K the reaction has decreased by two orders
of magnitude. This effect suggests that the reaction with ethene, or, by
inference, other unsaturated hydrocarbons, will not serve to recycle the NCO
radical in combustion environments.

At the temperatures of this study NCO radicals do not react with
molecular oxygen. The reaction of NCO with oxygen should be unimportant in
combustion or atmospheric systenms.
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Table I. Rate constants, kl for the reaction of NCO radicals with ethene.
The indicated error limits are the estimated overall error limits; they
include the least squares standard deviations (2.0-152), as well as the
estimated accuracy limits of other parameters such as pressure and reactant

concentrations.
Temperature (K) Total Pressure kl 1012
(Torr) (cm molecule™) s_l)
295 10.5 3.37 + 0.57
295 25.0 3.78 3+ 0.38
295 53.3 4.37 4 0.44 ;
296 102.0 4.39 4 0.44
296 204.0 4.58 1 0.46 !
295 372.0 4.69 3 0.47
330 198.0 4.00 : 0.40
381 203.0 3.99 :+ 0.40
447 200.0 3.88 3 0.39
487 202.0 2.56 3 0.64
535 201.0 1.30 + 0.26
585 372.0 0.112 4+ 0.02
652 372.0 0.027 s+ 0.005
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Figure 1. Plots of the decay rate against ethene concentration for the
reaction on NCO vith ethene at 295K. The solid lines represent
best fit to data at 25 Torr, 53 Torr and 372 Torr.
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Figure 2. Plots of the decay rate against ethene concentration.
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Figure 3. Plot of the rate constant versus pressure at room temperature.
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Pyrolysis of CGHG

by
M. B. Culket, III

United Technologies Research Center
Silver Lane, East Hartford, CT 06108

Introduction

Several mechanisms for the pyrolysis of benzene at elevated temperatures
have been previously proposed. Unfortunately, none of these mechanisms is
entirely satisfactory when both experiments and thermodynamics are considered.
Yet, knowledge of benzene decomposition will increase the understanding of the
breakup and formation of other aromatic compounds. Consequently, a
single-pulse shock tube (SPST) investigation of the pyrolysis of benzene has
been performed over the temperature range of 1200 to 2400K. 1In addition,
thermochemical estimates and detailed chemical kinetic modeling have been
performed to evaluate the previously proposed mechanisms for benzene
pyrolysis.

Description of Facilities
and Model

The 3.8 cm (i.d.) single-pulse shock tube (SPST) used in this experiment
utilizessthe "magic hole” technique for quenching pyrolyzed samples at rates
above 107K/sec. SPSTs were developed by Glick, Squire, and Hertzberg (1)
and the UTRC facility has been described by Colket (2). Gas samples, after
dwell times of approximately 700 microseconds, were automatically collected
and analyzed for reactant and products using heated gas sampling valves and a
Hewlett Packard 5880A gas chromatograph. With a CP Sil 5 CB (from Chrompack,
Inc.) capillary column and a silica gel packed column, H2 and hydrocarbons
up to C10 were identified and quantitatively analyzed.

Argon (99.999% pure) was obtained from Matheson and LC-grade benzene was
obtained from the Burdick and Jackson Laboratory. The initial mixture
concentration was 130 ppm benzene in argon and was prepared gravimetrically.
Gas chromatographic analysis indicated that Impurities included unidentified
C., C, and C, hydrocarbons as well as toluene, although the total
concentration of impurity was less than 0.2% of the initial benzene.

Detailed chemical kinetics calculations are performed using CHEMKIN(3),
LSODE (4), and a version of a shock tube code (5) which has been modified to
include the quenching effects in a SPST. Quenching rates varied with shock
strength and were calculated using measured pressure traces and assuming
isentropic expansion. The modified code also allows monitoring of
time-dependent contributions from each reaction to the formation and/or
destruction of each species.

98




Proposed Mechanisms

Mechanisms for the decomposition of benzene are listed in Table 1. It is
important to note that most are not single-step mechanisms. Radical
intermediates equilibrate rapidly and their concentrations are sufficiently
lov to render them (nearly) undetectable in many systems. Experimental
results from the present and previous high temperature works (6,7) suggest
that primary stable products are acetylene, diacetylene, and hydrogen and the
initial production rate of acetylene is two to three times higher than that of
diacetylene. Unfortunately, this information is of minimal use in sorting out
the mechanisms since benzene pyrolyzes at high temperatures (relative to
pyrolysis temperatures of other hydrocarbons) and all intermediates shown in
Table II rapidly pyrolyze to the approximate mixture of acetylene and
dlacetylene that has been observed.

Mechanism A is the generally accepted reaction sequence; however, only
Reaction 1 is understood. The breaking of the C-H bond is believed to be the
initiation step in both pyrolytic and some oxidation studies. Its rate has
been determined from D-atom production (in pyrolysis of C D6) (8) and from
detailed modeling studies of both pyrolysis (9) and oxidagion (10). An RRKM
fit has been performed by Kiefer, et al (9) using available expei§m§ntal data
and is consistent witblthermodynamics. Their kP, is given by 10°°"
exp(-118 kcal/RT) sec ~. Knowledge of the mechanism for phenyl
decomposition is substantially less than that for Reaction 1. Some
information is available on the overall rate, k,; yet the details of the
ring fracturing process have not been defined. “The thermochemical estimate by
Fujii and Asaba (11) has been until recently the most often quoted rate for
this process. More recent modeling (8,9) of benzene pyrolysis has produced
similar rates as Ref.ll; however, since Reaction 1 is rate limiting over most
of the temperatures regimes examined, the modeling results for k, are
expected to be lower limit estimates with large uncertainties in”the
teTEetature dependence. The Fujii and Asaba (11) estimate, k, = 3.16 x
10" exp (-86 kcal/RT) sec ~, was based on an "old" value for the heat of
formation for 1-C H3 of 102 kcal/mole (12); however, more recent estimates
using group add1t2v1ty (13) and BAC-MP4 (14) techniques fix this value closer
to 115 kcal/mole. In addition, n-CAH , which has a AH_ of 126 kcal/mole,
is the preferred isomer for phenyl décomposition. Comnsequently, Reaction 3 is
over 100 kcal/mole endothermic. If this process involves direct C2H
elimination, then the previous modeling efforts that produced lower %i?ig
rates strongly suggest that the high pressure A-factor is at least 107 ",
This value is orders of magnitude higher than what would be expected for this
multibond process. Consequently, it must be assumed that Reaction 3
represents an overall process or that processes involving radicals other than,
or in addition to, phenyl are important to benzene decomposition.

One alternative route for benzene decomposition is direct CH
elimination (Mechanism B) and has received recent support (6,8); fowever,
Kiefer, et al (9) have shown it is not necessary to invoke this step to
describe experimental profiles. In addition, it should be noted that the
direct elimination is a multibond process which should be unlikely, and
presumably involves the intermediate formation of the C H, diradical. For
this intermediate, the effective activation barrier to ﬁeaction 4 may be as

high as 180 kcal/mole.
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Another possible pyrolysis route involves the production of benzyne, which
subsequently decomposes. Unimolecular decomposition of phenyl (Reaction 5) to
benzyne is endothermic by 93 kcal/mole, which is nearly as much as Reaction 3.
Similar thermochemical arguments can eliminate this decomposition route. The
other route, Reaction 6, is a radical termination step and would produce an
overall slowing of benzene pyrolysis. Knudsen cell pyrolysis experiments (7)
have shown the formation of a C H, compound. Assuming this compound is
benzyne or another product of pgenyl decomposition, Smith and Johnson (7)
argued that C H, is an important intermediate during benzene
decomposition, especially at elevated temperatures. At least some of the
product, however, may be composed of the chained isomers of C_H, . These
isomers may be produced via hydrogenation of triacetylene, whgcg was also
observed in significant concentrations. Consequently, no clear evidence of
the importance of Mechanism C is apparent.

Mechanism D appears to be very attractive, since an extrapolation of the
rate coefficient (15) for H-atom addition to benzene (Reaction 8) is
approximately an order of magnitude higher (Ref. 9) than H-atom abstraction
(Reaction 2) at 1600 K. The addition reaction, however, competes with its
reverse reaction. Using thermodynamics for ¢-C_H, derived from
measurement of the forward and reverse rates of Reaction 8 (15), Mechanism D
can be shown to have a negligible impact on benzene pyrolysis. However, a
different set of thermodynamics for c-C6H reported in Ref. 15 suggests
that Mechanism D may play an important roze at low temperatures. Detailed
modeling calculations using Mechanism D were limited, due to what appears to
be rather large uncertainties in both the heat of formation and entropy.
Nevertheless, there are attractive features of this decomposition mechanism,
especially at low temperatures, and it should be explored further. It is
worth noting that Reaction 8 is not sufficiently energetic (only 16 to 26
kcal), that it can be followed immediately by Reaction 9 (71-81 kcal
required). Instead, c¢-C_H, will collisionally thermalize prior to its
decomposition to products.’ Only a minimal acceleration in rate due to the
formation of an excited complex can be expected. Further exploration of this
route (Mechanism C) should be performed.

With no fully satisfactory alternatives, and the expectation that phenyl
must decompose to aliphatics at sufficiently elevated temperatures (when
production of phenyl via Reaction 1 is fast), it is prudent to re-examine
Mechanism A. One can separate Reaction 3 into the following sequence:

6“5 < 1-C HS 3a
-CSHS - n-CAH3+C2H2 3b

This sequence is the reverse of the processes suggested for the formation
of phenyl during acetylene pyrolysis (17) and has been shown to compare
favorably with recent experimental data (2). If one assumes that the ring
breaks at the single bond as shown

[+
1

. H
Cq %’
P N /
B oM He
" fer T4
HC cH c c
H H
AN V. \N 2
c? c?
H H
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then this is a relatively straightforward process analogous to the
decomposition of nC Hs; i.e. CH:CH.CH:CH, + C2H2+C H3. Breakage

of either of the otﬁer two single-bonds would requgre a more complex process
involving H-atom shifting or the formation of energetic intermediates. The
resultant linear compound would be expected to decompose to acetylene and
n-C,H, or re-cyclize to phenyl. Detailed chemical modeling was perfo.med
using the reaction sequence in Table II coupled with an acetylenic mechanism
similar to that reported (17, 18). A comparison of the model and single-pulse
shock tube data is presented in Figure 1 for a series of shocks at an initial
concentration of 130 ppm benzene in argon. In this figure, final
concentrations produced after a dwell time of 700 microseconds followed by
quenching are plotted as a function of initial post-shock temperature. Total
pressure for these experiments is approximately seven atmospheres.

The comparison is quite reasonable. The higher fractional decomposition
at low temperatures observed in the experiment may be due to impurities from
the wall initiating the reaction at low temperature. The residual benzene
observed experimentally at elevated temperatures may be caused by sampling a
portion of the boundary-layer near the walls of the shock tube. The mechanism
proposed in Table II is essentially consistent with Kiefer et al's except that
Reaction 3 has been separated to 3a and b. An effective rate constant for
Reaction 3 can be estimated by assuming & steady-state concentration for

1-C H_, i.e.
675 k3 [CGHSJ
[1- c6“5]5.5. = _3
(k_3a+k3p)
effective .
therefore k3 - k3 kap
k-3a+k3p

This curved evalution is depicted as a solid line in Fig. 2 over the
temperature regime where sensitivity to this rate was observed. The curve is
extrapolated to both low and high temperatures to facilitate comparisons teo
otg%feggi%gations. The relatively high values obtained in this work for kjand
k3 are not surprising since the rate constant determined in these
eXperiments are expected to be close to the high pressure limiting value.

Conclusions

Previously proposed mechanisms for the pyrolysis of benzene at high
temperatures have been reviewed using detailed chemical modeling and a brief
thermochemical examination. The most widely accepted sequence,

Cellg = CGH5(+H) —-ChH3+C2H2, is slightly modified to

C_H, - C_H.(+H) =~ 1-C H5-¢ n-ChH +02H2 and the structure

og ghe léngar CH ingermediate 25 proposed. Forward and reverse rates
are consistent gigh thermochemistry and experimental data. A benzene
decomposition route involving c-C6H7 and 1-C H7 was examined, yet
sufficiently accurate thermochemistry was not available to reach final
conclusions.
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3a.
3b.
11.
12.

13.

CeH # CH+ H
H+CgHg % CgHs+ Hy
CeHg 24-CgHs
£-CgRs % n-CyH3+CoH,
n-C,Hy THHC H,
n-C,Hj ~ C,H+C,H,

CoH+CgHg + CoH+CeH 5

H+

H+

H+

TABLE I
Previous Mechanisms for
Benzene Pyrolysis

c6H6 —- C6H5+H

c6H6 - C6H5+H2

C6H5 - C‘.H3+C2H2

C6H6 - C‘.H‘.+C2H2

CGHS - CGHA+H

C6H5 - CGHA+H2

CGHb - ch2+c2H2
CGHG-» c-C6H7

c-CGH7 - 1-66H

1~CGH

7

7~ -G Hg+CH,)

TABLE 11

Proposed Reaction Sequence

for Benzene Pyrolysis

Forward rate

1)
)
3)

)

(3)
(6)
)

(8)
(¢))
(10)

Reverse Rate

108101\ cal?mole IOSIOA i calimole
16.18 107,900. 10.05 0.98 -5690.
14.40 16,000. 8.35 1.12  6420.
14.00 65,000. 13.11 -0.68 3300.
15.34 38,000. 5.97 1.97 -3610.
12.43 37,000. 11.29 0.44 -2790.
14.60 54,000, 7.89 1.66 -3120.
13.30 0 12.00 0 12520,
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The Chemical Structure of Methane/Air Diffusion Flames:
Concentrations and Production Rates of Intermediate Hydrocarbons.

J. Houston Miller

" Department of Chemistry
George Washington University
Washington, DC 20052

and Kermit C. Smyth

Center for Fire Research
National Bureau of Standards
Gaithersburg, MD 20899

INTRODUCTION:

The production of intermediate and large hydrocarbon species
is common to most combustion systems. These products range in size
from acetylene, benzene and polynuclear aromatic hydrocarbons (PAH)
to very large soot particles. Radiation from particles is the
dominant mode of heat transfer in large fires. In addition, sampled
particles often have PAH adsorbed onto them. Many of these molecules
are known carcinogens and their presence on inhalable soot particles
poses an obvious long-term health hazard. Despite the important role
that such species play in flames and the danger they present as
combustion byproducts, the mechanism for their formation is as yet
unknown.

Extensive profile studies have led to a detailed
understanding of the chemical structure of premixed flames [1l].
This information has been combined with the time-temperature
history in these one-dimensional systems to produce simple models
for the condensation chemistry of premixed flames. Modelling
efforts have also been undertaken in shock tubes, although the
data set available as input has generally been less extensive
[2,3]. Despite the significant progress towards an understanding
of soot formation which has resulted from these studies, most
practical combustion devices are diffusion flames, and chemical
stucture data for these environments has only recently been
available. Workers in this [4] and other [5] laboratories have
recently reported concentration measurements for molecular
species, including intermediate hydrocarbons, in laminar
diffusion flames. Our work has shown that a knowledge of the
local chemical composition alone is not sufficient to predict the
concentrations of PAH and soot. We have therefore also collected
profile data for temperature and convective velocity in our flame
system., In this paper, results for the chemical structure of a
methane/air diffusion flame are reviewed. Species concentrations
are combined with profiles of velocity and temperature to
calculate production rates for intermediate hydrocarbons. The
relevance of these calculations to an understanding of soot
formation chemistry is discussed.
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EXPERIMENTAL APPROACH:

The experimental system has been described in detail elsewhere
[4], and will be discussed only briefly below. Laminar methane/air
diffusion flames were burned at atmospheric pressure on a Wolfhard-
Parker slot burner. Fuel exits a central 8mm wide slot and air flows
through two 1l6mm wide adjacent slots. Thus, two flame sheets are
formed near the fuel/air interfaces, which are symmetric about the
burner centerline. The flame is stabilized by wire screen "gulls"
located 45mm above the burner surface. Concentration profiles of
numerous stable flame species were collected via a direct-sampling
mass spectrometer equipped with a quartz microprobe [6].
Calibrations were perfomed by measuring the signal for a particular
molecule sampled from a mixture of known composition of the species
with argon at room temperature. Calibration factors were then
corrected for the variation of the mass flow through the sampling
orifice as a function of temperature. For species which could not be
calibrated directly, factors for similar species were adjusted by
multiplying by the ratio of their respective ionization cross-
sections.

Temperature profiles were measured with an uncoated fine
wire Pt/Pt-10%Rh thermocouple. Corrections due to radiation
effects are less than 7% at the highest temperatures in this
flame [4], while catalytic effects are expected to be small [7]
and in the opposite direction, Horizontal and vertical components
of the convective velocity were determined using laser Doppler
velocimetry. These measurements were made by seeding the flow
with nominal 1 um diameter aluminum oxide particles. The
temperature and velocity profiles were obtained at heights
ranging from near the burner surface to 20 mm above the burner.
Mass spectrometric measurements were limited to a minimum height
of 3 mm above the burner (due to the 6émm diameter of the
microprobe) and a maximum height of 15 mm above the burner. Above
15 mm, clogging of the probe orifice by soot particles was
observed and quantitative sampling was no longer possible. The
gradients in concentration and temperature in this flame are
steepest in the horizontal direction. Therefore, profile data
points were collected every 0.2 mm in the lateral direction and
every 2 mm in the vertical direction.

RESULTS:

Figure 1 illustrates the temperature and velocity fields for
this flame. Shown in solid lines are isothermal contours
determined from the thermocouple profles. Note the bowing out of
the flame along the 1900 K contour away from the slot separators
located at #4 mm with respect to the burner centerline. Also
shown are streamlines of convective velocity calculated from the
two measured velocity components. The streamlines exhibit
trajectories which begin in the lean region of the flame, cross
the high temperature reaction zones, and continue into the fuel-
rich regions.

Figure 2 shows mass—spectrometric profiles of the

concentrations of a variety of stable flame species at a height of 9
mm above the burner. A number of points are noteworthy in comparing
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Figures 1 and 2. First, the concentrations of oxygen and methane
disappear near the high temperature reaction zone at *6 mm from the
burner centerline, where the concentration of water is at a maximum,
Second, the high concentration of nitrogen near the burner
centerline reveals that significant entrainment of air (as shown by
the velocity measurements in Fig. 1) and diffusion of nitrogen
toward the burner centerline occur. Also shown in Fig. 2 is a
summation of mole fractions for all species present in the flame at
a concentration of 1% or greater. The close agreement to an ideal
mass balance of 1 throughout the flame is a measure of the success
of our calibration scheme.

Figure 3 illustrates profiles collected at 9mm above the burner
surface for a variety of intermediate hydrocarbons: acetylene,
benzene, diacetylene, and butadiene. Peak concentrations at this
height for these species are 6200, 800, 570, and 110 parts per
million, respectively. Profiles for a large number of additional
intermediate hydrocarbons were obtained, and all have concentration
maxima in the same region of the flame.

DATA ANALYSIS

One of the primary goals of our work is the application of
kinetic modelling to a methane/ air diffusion flame. The approach we
have adopted is to compare the predictions of models which have been
used successfully in premixed flames and shock tubes with our
experimental results. A successful model must not only account for
the steady state concentrations of species involved in the soot
formation process, but also for the net rate of reactions for these
species in the flame. Therefore, as a first step in the application
of detailed kinetic modelling to our flame we have sought to derive
the net chemical flux for profiled species from our concentration,
temperature and velocity measurements. The procedure for this
calculation is described below.

A laminar flame is a steady-state system: the value of any
macroscopic variable (such as a species concentration) does not
change with time at a particular spatial location [6]. Because there
is a flux into and out of a given volume element due to mass
transport, there must be a corresponding change in the species
concentration due to chemical reactions:

Ry = VINg (v + V)] 1)

Here, Ry is the net chemical rate, N; is the species concentration,
v is the mass average (convective) velocity, and V; is the
diffusion velocity of the species into the local mixture. This
diffusion velocity can be calculated by first computing the
effective diffusion coefficient, D{,mx , where contributions from
all species present in the flame with a concentration greater

than 1 % are included:

V. == Dimx , Vx{ . 2)
Xt
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Figure 4 illustrates this calculation for acetylene production
rates at a height of 9mm above the burner. Contributions from the
convective and diffusive velocities to the net chemical rates are
shown. Note the strong diffusive velocity away from the burner
centerline into the high temperature reaction zone, where acetylene
is oxidized. Figure 5 indicates that the chemical role of acetylene
changes with height above the burner. Low in the flame the
destruction rate exhibits a maximum value (R; =-1.0x10"?
molecules/(ccrsec)) near the high temperature, primary reaction
zone, and the production rate feature (R{ = 1.5x 10’7 molecules/(cc-
sec)) occurs slightly toward the fuel side. This peak in the
production rate is located on the high temperature side of the
observed maximum in the concentration profile (see Fig. 3). Higher
in this flame it appears that the production rate peak is diminished
by a new destruction feature (see arrow in Figure 5). An additional
loss mechanism for acetylene higher in the flame is consistent with
the proposed importance of this intermediate hydrocarbon in particle
growth chemistry. The location of this new feature coincides with
the peak concentrations of very small soot particles detected in our
earlier work {4].

CONCLUSIONS AND FUTURE DIRECTIONS:

We have made quantitative species concentration measurements
and analyzed these profile data to obtain chemical rates for
production and destruction of intermediate hydrocarbons in a
methane/air flame. In the near future detailed kinetic models will
be evaluated at specific flame locations in an attempt to verify
their application to diffusion flame systems. Specifically, can the
models {(given as inputs measured concentrations, temperature, and
mass transport) predict net chemical fluxes which agree with our
measured production rates? An analysis such as this will indicate
possible shortcomings in both our knowledge of the chemical
structure of these systems (i.e., radical concentrations are not
well ;nown) as well as deficiencies in proposed models for chemical
growth,

108




REFERENCES:

1) J.D. Bittner, Ph, D, Dissertation, Massachusetts Institute of
Technology, 1982.
2) M. Frenklach, D.W. Clary, W.C. Gardiner,Jr., and S.E. Stein,
Twientieth Symp (Intnl) on Combustion. (The Combustion Institute,
Pittsburgh, 1984). p. 887.

3) M. Frenklach, D.W. Clary, and M.K. Ramachandra, NASA

Contractor Report 174880, May 1985,

4) K.C. Smyth, J.H, Miller, R.C, Dorfman, W.G. Mallard, and R.J.
Santoro, Combust. Flame 62, 157 (1985).

5) K. Saito, A.S. Gordon, and F.A. Williams, ASME/AIChE National
Heat Transfer Conference, 1985,

6) R.M. Fristrom and A.A. Westenberg, Flame Structure, (McGraw-
Hill, New York, 1965).

7) S.M. Schoenung and R.K. Hanson, Comb. Sci. Tech. 24, 227 (1981).

109




20

-
(=)

-
N

HEIGHT ABOVE BURNER, mm
-]

LA S S S It B S R LR RN R B AR L

RS U SN WA T N ST TN A

2] 5
LATERAL POSITION, mm

10

Figure 2: Mass spectrometric

measurements of some of the

MOLE FRACTION x'100
o
o

major species. The N, profile

has not been corrected for the z
small amount of CO detected at ¢
the same mass. At the top of &
the figure the sum of the mole &
fractions of all of the by
species present in the flame ]

at a concentration of 1% or

greater is shown. The dashed
line represents the average

value of 1.01%0.04.

0.0L

a o]
o [CHgxs
o [CHIx3

o [CH]xt0

L !
LATERAL POSITION, mm

-5 0

110

Figure 1l: Isothermal contours
(so0lid lines) calculated from
uncorrected thermocouple
measurements and streamlines
(dashed lines) calculated from
the velocity measurements for
the methane/air flame.

1.0

e
n

4 W PR b
-5 [s) 5
LATERAL POSITION, mm

-10

Figure 3: Mass spectrometric
profile measurements of several
minor species: acetylene,
benzene, diacetylene, and
butadiene at a height of 9mm
above the burner.



Figure 4: Contributions to the net chemical production rate (the
connected circles) from diffusive (squares) and convective

2x10-3

PRODUCTION RATE, mo!/(cc-sec)
0

1

| —2x107%

-
[=]

-5

LATERAL POSITION, mm

10

(triangles) terms in Eq. 1 at 9mm above the burner.

Figure 5:
acetylene
the flame

1 | |

- - o o
5] [} 4] (=4
S ARA amas! g

i

| s

NET PRODUCTION RATE, 10" molecules/(cc-sac)

-10

Profiles of the net chemical production rate for
at two heights in the flame; only the left hand side of

is shown.

-5 -10 -
LATERAL POSITION, mm

5




SULFUR TRIOXIDE FORMATION IN HIGH SULFUR RESIOUAL OIL FLAMES
Peter M. Walsh, Walter F. Farmayan,* Thomas Kolb,+ Jinos M. Beér

Energy Laboratory and Oepartment of Chemical Engineering
Massachusetts Institute of Technology
Cambridge, MA 02139

INTRODUCTION

Heavy residual fuel oils usually contain between 1 and 4 wt% sulfur. Although
S0, is the principal product of fuel sulfur oxidation, as much as 8 to 10 mol% of
thg sulfur oxides are present as SO, in the flue gas arriving at the cold end of the
convective section in an electric uEility boiler. Sulfur trioxide is quantitatively
converted to sulfuric acid vapor in the presence of typical flue gas water vapor
concentrations at temperatures below about 500 K (Halstead and Talbot, 1980).
Condensation of sulfuric acid on surfaces at temperatures below the acid dewpoint is
responsible for corrosion of cold end components, especially the air preheater. The
accumulation of unburned carbon particles on the wet surfaces and reentrainment of
their agglomerates is the source of acid smuts (Blum, Lees and Rendle, 1959; Conolly
and Kelsell, 1982). The adsorption of sulfuric acid on ash and unburned carbon may
make a significant contribution to the mass of stack gas particulates.

The most severe acid deposition and sulfate emissions problems are associated
with catalytic oxidation of SO, to SO, over vanadium-containing deposits on tubes in
the convective section. Howevér, 1 t% 2 mol% of the sulfur oxides are thought to be
present as SO, in the furnace exit gas. Reidich and Reifenhduser (1980) reported 2
mol% of the siilfur oxides as S0. (25 mol ppm of total gas) at the furnace exit in a
300 MW, tangentially fired boilar operated at 0.6 mol% excess 0, with 2 wt% sulfur
fuel. This is an amount sufficient to cduse troublesome acid deéposition and make a
significant contribution to particulate loading, even in the absence of additional
S0, formation in the convective section. Experience has shown that SO, formation
call be controlled by reducing excess air, but this is accompanied by aR increase in
unburned carbon{coke cenospheres). Sulfur trioxide formation in the furnace is one
component of a set of coupled processes making contributions to acid deposition and
stack particulates (Cunningham and Jackson, 1978; Harada, Naito, Tsuchiya, and
Nakajima, 1981).

Substantial progress has recently-been made in the quantitative description of
sulfur chemistry in flames(Muller, Schofield, Steinberg, and Broida, 1979; Kramlich,
Malte, and Grosshandler, 1981; Smith, Wang, Tseregounis, and Westbrook, 1983; Wendt,
Wootan, and Corley, 1983). Squires (1982) combined a detailed chemical kinetic
description of reactions in the furnace with a global model for heterogeneous oxida-
tion of SO2 over tube deposits in the convective section. The predictions of this
mode) were in good agreement with observed levels of SO, in the flue gases of 500 MW
and 60 MW boilers. The present paper describes the 1n1§1al steps of an investiga-
tion in which the results of fundamental kinetic studies are applied to the inter-
pretation of direct measurements of SO3 in boiler-type turbulent diffusion flames.

*Present address: Chemical Engineering Department, Shell Development Co.,
Westhollow Research Center, Houston, TX 77001

tPresent address: Engler-Bunte-Institut, University of Karlsruhe, West Germany
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EXPERIMENTAL

The measurements were made in the 1.2 x 1.2 m combustion tunnel in the MIT
Combustion Research Facility (Beér, Jacques, Farmayan, and Taylor, 1981). The fuel
was a mixture of residual oils produced by the Exxon refinery at Aruba. Its
analysis was (wt%): carbon 85.80, hydrogen 10.86, nitrogen 0.47, sulfur 2.15, oxygen
0.57, and ash 0.10. Asphaltenes (IP 143/57) were 10.5 wt%, and the metal contents
(wt ppm) were: vanadium 421, nickel 51, iron 15, sodium 9.8, calcium 20, and magne-
sium 4.8, Ths heating value was 42.5 MJ/kg and viscosity was 213 Saybolt Furol
seconds at 50°C. The fuel was heated to 389 K, fired at 0.05 kg/s (2 MW thermal),
and atomized by a 70 (full angle) six-hole "Y" jet nozzle with air as the atomizing
medium, Combustioa air was preheated to 560 K and supplied through a 0.176 m dia-
meter duct to a 50 (full angle) divergent quarl mounted flush with one end wall of
the combustion chamber. Several parameters were varied in order to examine their
effects on carbon burnout and So3 formation: atomizer position, atomizing air/fuel
ratio, combustion air swirl, andexcess air. Five different commercial preparations
designed to promote carbon burnout were added to the fuel; these contained compounds
of the metals iron, zirconium, and cerium. One run was made with fuel emulsified
with 7 wt% water. The experimental conditions are given in Table 1.

Gas temperature and composition {0,, COZ' €0, S0,, NO) were determined using
standard techniques. The axial componeﬁt of “the gas eelocity was measured using a
two-hole impact probe. A representative set of gas temperature, velocity, and
composition profiles is shown in Fig. 1. Axial positions are measured from the exit
of the 0.176 m diameter combustion air nozzle. For calculation purposes, the tem-
perature, velocity, and carbon monoxide profiles in the region following the peak
flame temperature at z = z_ = 0.95 m were fit by the following relations, shown as
solid lines in Fig. 1:

T= To - a(z-zo) 1)
u=g/z 2)
Xeo = Xco,0 exPl-v(z-2,)] 3)

Table 2. Data used in the calculations. The mole fractions of CO,, 0,,
and SO, are calculated flue gas values {wet) based on thg fu§1
analysgs and air/fuel ratio.

Run To a 8 xCO,o ¥ Xco2 X X

)
No. (K) (k/m) (m2/s) (m") 2

(ppm)

212 2005 175 16 .0133 1.517 .131 .0133 1220
213 2045 172 16 .0319 1.499 .131 .0133 1220
214 2000 138 15 .0435 1.992 .134 .00885 1250
215 2000 131 15 .0319 1.859 .134 .00885 1250
216 1975 130 15 .0291 1.829 .134 .00885 1250
217 1985 143 15 .0319 1.925 .133 .00878 1240
218 2005 133 15 .0368 1.906 .134 .00885 1250
219 2000 130 15 .0338 1.776 .134 .00885 1250
220 1990 133 15 .0338 1.776 .134 .00885 1250
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Values of the parameters are given in Table 2. A mean gas residence time of 1 s,

typical of a tightly designed oi1-fired utility boiler, is reached at a distance of
about 2.9 m from the combustion air nozzle.

S0, in the flame gases was determined using the Severn Science Ltd./Marchwood
Enginee%ing Laboratories(Central Electricity Generating Board, UK) continuously
recording S0,/H,S0O, monitor (Jackson, Hilton, and Buddery, 1981). This instrument
is intended 8r1%ar11y as a flue or stack gas monitor. The 2 m long heated sampling
probe supplied with the instrument was adapted for sampling in the flame by enclos-
ing it in a water-cooled sheath. The glass sampling tube was replaced with one made
g: qugrtz. The indicated mole fractions of SO3 along the flame axis are shown in

g. 2.

After making a measurement, brown, orange, black, and yellow deposits were
observed over 60 mm of the inside wall at the tip of the quartz sampling tube. Most
of the.deposit was soluble in 0.05 M H,S0,(aq). If this deposit contains vanadium
it may catalyze the oxidation of SO tg 56 . Even though the composition and
physical properties of the probe desosit have not been determined, the available
information can be used to place some approximate 1imits on the change in SO
content of the gas during sampling. Kinetic studies of related systems have been
reviewed by Urbanek and Trela (1980), although most of this work has been conducted
at relatively high S0, and 0 Eorder of 10 mol%) and in the temperature range (650
to 850 K) over which Eonvers?on of SO, to SO, is greatest in flow reactors. The
portion of the sampling tube coated w?th depgsit was treated as a one-dimensional
tubular reactor with catalytic wall. The wall temperature was assumed to decrease
linearly from a value equal to the gas temperature at the probe tip to the melting
point of V, 0. (943 K) at the end of the deposit. The sample enters the quartz tube
at high teapgrature and with SO, at greater than equilibrium concentration.
Conversion near the tube entranze was assumed to be controlled by boundary layer
diffusion of S0, to and from the deposit surface, where S0, is in equilibrium with
excess amounts gf S0, and 02. The composition of the bulk“gas then shifts until it
is equal to the equi?ibrium composition at the deposit. When the entering gas is at
1625 K and contains 10 mol ppm SO,, 1250 mol ppm. SO,, and 1 mol% 0,, this occurs at
a distance of 20 mm into the prob2, at which point Ehe mole fraction of SO, has
decreased to 7 mol ppm. Production of SO, from this point onward is assuméd to be
kinetically controlled, with a rate propo?tional to the deposit geometric surface
area. The mechanism of Mars and Maessen (1968) was used with activity per unit area
estimated from the total areas and effectiveness factors reported by Livbjerg and
Villadsen (1972). This calculation resulted in SO, equal to 27 mol ppm at a
distance of 60 mm from the tube entrance. Therefoire, in the event that the deposit
has an activity comparable with that of an industrial alkali-promoted vanadium
catalyst whose kinetic parameters are the same at 1400 K as at 800 K, SO, could be
altered by the sampling procedure. Inspection of the SO, profiles shows that
amounts of about 10 mol ppm were observed in 6 of the 9 guns under the conditions of
the above calculation (z = 3 to 4 m). This indicates that the greatest errors would
have occurred if SO, in the entering gas had actually been near equilibrium, with
most of the observea S0, produced in the probe. Based on these observations the
limits of error in the %easurements are tentatively estimated to be plus 100% and
minus 50% of the indicated values. Further study of this problem is warranted, not
only by its importance to the sampling technique, but because the situation is
analogous to that encountered in the convective section of a boiler, where vanadium
and alkali metal tube deposits catalyze the oxidation of 502 as the flue gas is
cooled.

CALCULATIONS
Notwithstanding the uncertainty in the accuracy of the 503 measurements, it is

worthwhile to compare the observations with calculations based”on a simple set of
assumptions. The objective is to determine if SO3 in the furnace exit gas of a
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utility boiler might be correlated with flame characteristics which are known or can

be estimated, such as fuel sulfur content, peak flame temperature, furnace exit gas
temperature, excess air, and carbon monoxide.

A set of reactions which might account for the behavior of SO3 in the present
system is (Kramlich, Malte, and Grosshandler, 1981):

k
°1
S0, + 0 +M i, S0y + M R1)
)
SO3 +0 = SO2 + 02 R2)
SO, +H = S0, + OH R3)

The rate coefficient for Reaction 1 is given by Troe (1978); that for Reaction 2 by
Smith, Wang, Tseregounis, and Westbrook (1982). The reverse of Reaction 2 has a
negligible rate under the conditions of interest here. Reaction 3 is neglected in
the present calculation, although Kramlich et al. provide evidence that it is impor-
tant in lean hydrocarbon combustion. The concentration of third bodies, M, is taken
equal to the total gas concentration, C (but see Kramlich et al., 1981). The net
rate of SO, production, apparently quite small over much of the region of the
measuremen%s, is then:

r Ky Cepn CaC = Kk 1Cen € = KoCen €o % 0 a)
50, 1650,%C = k.1Cs0,C - k2Cs0,0
Cso,  *so, K Gl

= 1 5)
csoz Xsoz LRI P

Under the above assumptions the ratio of SO3 to SO2 is limited to the range

3ca

1C,eq € T € ¥

c ’ 6)

as long as the system is not frozen. The total equilibrium mole fractions of SO,
shown as dashed lines in Fig. 2, are everywhere less than the measured values, which
are, in turn, much less than the right hand side of Equation 6, especially near the
furnace exit. In order to apply Equation 5 we require an estimate of the oxygen
atom concentration. In discussing this same problem Merryman and Levy (1979) sug-
gested that an estimate of the oxygen atom concentration might be obtained by assum-

ing equilibration of the principal reactions by which they are formed during CO
oxidation:

CO + OH = CO2 +H

H + 02 =0H + 0

o + 02 = CO2 +0 R4)
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The mole fractions of 0,, CO 27 and S0, were taken constant and equal to the outlet
values, given in Table E. Sulfur trngide mole fractions calculated using Equations
1, 3, 5, and 7 are shown as solid lines in Fig. 2.

The calculated profiles satisfactorily reproduce the magnitude of the SO
measurements near a mean residence time of 1 s (z = 2.9 m) in most of the 10wgr
excess 0, (1 mol%) cases. Large discrepancies are observed in two instances (Runs
212 and 513); these are distinguished by low temperature (212}, high levels of CO
(213), and high.excess 0, (both). The calculated values are especially sensitive to
temperature. Most impor@ant is the fact that the calculation predicts SO, increas-
ing with distance near the furnace outlet, while most of the measurements”show a
tendency of SO, to approach equilibrium. The assumption of equilibration of Reac-
tion 4 was not originally intended by Merryman and Levy (1979) to be applied at
points so far into the postflame region, but at shorter times. As the rate of CO
oxidation slows, due to CO consumption and decreasing temperature, Equation 7
becomes a progressively poorer approximation. The CO mole fractions at z = 3.1 m
are in the range 320 to 950 ppm, no longer sufficient to maintain significant super-
equilibrium concentration of oxygen atoms against competition with recombination,
for example, by Reactions 1 and 2 themselves. Because the calculation is least
reliable near the furnace exit, it would be unwise to use this approximation to
estimate SO, in furnace exit gas. The steady state approach (Equation 5) might
still be usgful however, if the decay of oxygen atoms at long times can be related
to CO and stable species concentrations.

SUMMARY

Mole fractions of sulfur trioxide were measured along the axis of a confined
turbulent diffusion flame, under conditions simulating those in electric utility
boilers. The fuel was a No. 6 residual oil containing 2.2 wt% sulfur, fired at the
rate of 0.05 kg/s or 2 M(thermal), - The sulfur trioxide mole fractions were in the
range from 3 to 25 mol ppm; representing 0.2 to 2% of the total sulfur. An estimate
was made of the contribution of catalytic SO, formation by ash constituents
deposited in the probe. The uncertainty 1nt;oduced from this source was estimated
to be plus 100% and minus 50% of the indicated value. The observed mole fractions
were approximately steady and everywhere greater than the local total equilibrium
values. Sulfur trioxide mole fractions were calculated by assuming that the steady
state is determined by atomic oxygen reactions,with atomic oxygen in partial
equilibrium with carbon monoxide, carbon dioxide, and molecular oxygen. The results
of this calculation approximately reproduced the experimental measurements under
most, but not all, sets of conditions investigated.Because of its sensitivity to
temperature, carbon monoxide, and oxygen this approximation is not recommended for
the estimation of SO3 in furnace exit gases.
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NOMENCLATURE

total gas concentration, kmol/m3

c

Ci concentration of gaseous species i, kmol/m3

kj rate coefficient of Reaction j in forward direction, various units
k_j rate coefficient of Reaction j in reverse direction, various units
Kj equilibrium constant for reaction j, = kj/k_j

net rate of production of species i by chemical reaction, kmol/m3s
Sw combustion air Swirl Number

T temperature, K

axial component of gas velocity, m/s

mole fraction of species i

-

axial distance from the combustion air nozzle, m

mean temperature gradient along the flame axis, Equation 1, K/m
gas velocity decay constant, Equation 2, mz/s

carbon monoxide decay constant, Equation 3, m'1

- ™ @ N X

Subscripts

3} evaluated at z = z, = 0.95 m from the combustion air nozzle

eq total equilibrium concentration

REFERENCES

J.M. Ber, M.T. Jacques, W. Farmayan, and B.R. Taylor, Eighteenth Symposium
(International) on Combustion, The Combustion Institute, Pittsburgh, PA, 1981, p.

H.A. Blum, B. Lees, and L.K. Rendle, J. Inst. Fuel 32(1959)165.
R. Conolly and P.H. Kelsell, J. Inst. Energy 55(1982)47.

A.T.S. Cunningham and P.J. Jackson, J. Inst. Fuel 51(1978)20.
W.D. Halstead and J.R.W. Talbot, J. lnsf. Energy 53(1980)142.

Y. Harada, S. Naito, T. Tsuchiya, and Y. Nakajima, Problems of Low Grade 0il Firing
Boilers and their Solutions, Mitsubishi Technical Review 18(1981)85.

P.J. dJackson, 0.A. Hilton, and J.H. Buddery, J. Inst. Enérgy 54(1981)124.

J.C. Kramlich, P.C. Malte, and W.L. Grosshandler, Eighteenth Symposium (Inter-
national) or Combustion, The Combustion Institute, Pittsburgh, PA, 1981, p. 151.

H. Livbjerg and J. Villadsen, Chem. Eng. Sci. 27(1972)21.

E.L. Merryman and A. Levy, Seventeenth Symposium (International) on Combustion, The
Combustion Institute, Pittsburgh PA, 1979, p. 727.

P. Mars and J.G.H. Maessen, J. Catal, 10(1968)1.




C.H. Muller III, K. Schofield, M. Steinberg, and H.P. Broida, Seventeenth Symposium
éé?ternanonal) on Combustion, The Combustion Institute, Pittsburgh, PA, 1979, p.
H. Reidick and R. Reifenhduser, Combustion, Feb. 1980, p. 17.

0.I. Smith, S.-N. Wang, S. Tseregounis, and C.K. Westbrook, Combustion Science and
Technology 30(1983)241.

R.T. Squires, J. Inst. Energy 55(1982)41.

J. Troe, Ann. Rev. Phys. Chem. 29(1978)223.

A. Urbanek and M. Trela, Catal. Rev. Sci. Eng. 21(1980)73.

J.0.L Wendt, E.C. Wootan, and T.L. Corley, Combustion and Flame 49(1983)261.

119




2100

T T T T
[ o TEMPERATURE j
x 18009 | _
- ZO .
1500 Y L ] ]
20 T T T !
- VELOCITY
< 9o 09
£ ! .
o i ] 1
2 i I T T
L ! oo o0 o]
(_Dl i 0o fe) 00 O
= oL O i | ] !
e 20 M T T T
° o o Q 0000 O O A
J — —
a 10 o : COz i
=z 0 il 1 i |
< 20 5 T T T T
o - -
] 10 ] co —
o o i
= 90 Toooin ) -
€2000 ——
a [eXe) T T T
r o (oNe} o
21000 E ©o so, o ]
= 0 il i ] L]
A
R 3 B
a o 20 0 o o
] -
2 o 4 O ! L
0 | 2 3 4

DISTANCE FROM AR NOZZLE (m)

Figure 1. Measurements of gas temperature, axial component of gas velocity, and
mole fractions (dry basis) of 0,, CO,, CO, SO,, and SO, along the axis of a 2 MW
residual ofl spray flame. Run ﬁo. 2%4, combuStion air Swirl No. = 0.5, The
location of the peak flame temperature, z_ = 0.95 m, is taken as the starting point
for calculations. Solid lines are fits of Equations 1, 2, and 3 to the data points.
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RAMAN STUDIES OF HALON FIRE RETARDANTS.

J. H. May, F. S. Allen, M. R. Ondrias, R. E. Tapscott,
H. D. Beeson, and D. M., Zallen.

Chemistry Department, and New Mexico Engineering Research Institute,
University of New Mexico, Albuquerque, New Mexico 87131.

Raman spectroscopy can be used as a passive probe for the study
of active systems. Various types of analytical determinations can be
made with-out perturbing the system under study. Of interest is the
elucidation of the extinction processes employed by Halon type extin-
guishing agents. Raman has in the past been used to study molecules
such as ip0, N2, and COp in flames (1). Halons and pyrolyzed pro-
ducts, having vibrations that are more polarization sensitive than the
above molecules, should then be readily analyzed in flames. As an
initial approach to this problem we are studying the pyrolysis of
Halon 2402 (1,2 dibromotetrafluoroethane). The pyrolysis products are
isolated using vacuum line techniques, and identified using GC/MS and
Raman. A library of the Raman spectra from each component is being
formed for subsequent use in flame analysis.

Experimentally, we use a tube furnace with a specially desig-
ned tube, having detachable nitrogen traps on each end, and also
capable of holding a vacuum. To simulate the combustion process,
Halon 2402 is frozen in one of the nitrogen traps, and the whole
system is brought to high vacuum. The Halon is then allowed to vacuum
transfer through the pyrolysis tube, which is at approximately 790°C,
to the other nitrogen trap. This process is repeated several times.
The products are then vacuum distilled, capturing fractions as they
come over, in different, sealable cuvettes. Presently all fractions
are studied in the gas phase at room temperature.

The Raman data are collected on an instument made up of:

1) An EGRG Princeton Applied Research model 1420 intensified
silicon photodiode array tube coupled with its model 1218 solid state
detector controller, and the model 1215 computer console.

2) A SPEX model 1877 triplemate monochromater.

3) A Coherent model CR-4 Argon ion laser, capable of
producing over 3 watts of continuous wave power at the 488.0 nm. line.

Spectra, in the range of 100 cm(-1) to 1000 cm(-1) can be obtained at
a single setting of the monochromater. Since Raman spectra of many of
the thermal degradation products are not available, we have used a
Finnigan, series 4900, GC/MS to identify the products that are obtain-
ed from the pyrolysis experiment. Raman spectra collected on these
components will subsequently form a spectral library of the pyrolysis
products.

Figures 1. and 2. are the Raman spectra of the first fraction
collected from the vacuum distillation process on the pyrolyzed 2402.
The complexity of the spectra suggests that more than one component is
present. The GC/MS revealed that the gas contained only tetrafluoroe-
thylene, and bromotrifluoromethane ( Halon 1301) in significant
concentrations. Figures 3. and 4. are the Raman spectra of pure 1301,
and it is evident that its spectral bands match many of the bands in
the distilled fraction.
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Pure tetrafluoroethylene will be examined to identify its spectral
contribution to pyrolysis products spectra. The vacuum distillation
was done at 500 millitorr, later distillations using higher pressures
should provide better separation of the fractions.

Each of these spectra took thirty minutes to collect, fifteen
minutes for the signal spectra, and another fifteen for the background
( Raman spectra normally require the subtraction of the background
spectra, taken with the exitation source off, from the signal spectra.
This is especially true for photodiode array detectors.). Accurate
spectra, to within 2 cm(-1), of all but the weaker bands can be taken
in a minute or less if desired ( This includes background spectra.).
Using pulsed, or higher intensity C.W. lasers, spectra could be taken
in less time with even better signal to noise ratios.

As a result of these preliminary studies, we will build a li-
brary of Raman spectra for the stable products produced by the
simulated combustion of the Halon 2402 in a vacuum, as well as in oxi-
dizing and reducing environments. This library will then be used in
subsequent studies to identify which of the products are present in
flames near extinction due to the presence of Halon 2402.
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Figure 1. Raman spectrum of the first fraction collected from the vacuum
distillation process, for the products of the pyrolyzed Halon 2402,
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Figure 3. Raman spectrum of pure Halon 1301 ( Bromotetrafluoromathane ).
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Figure 4. Raman spectrum of pure Halon 1301 ( Bromotetrafluoromethane ).
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