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Abstract

A field-scale rotary kiln incinerator is used to obtain data on the processing of toluene
contaminated sorbent contained in plastic packs. The solids bed in the kiln exhibited
slipping motion during these experiments. Evolution rates for toluene are determined from
experimental data, and cumulative evolution curves are generated. These cumulative evolu-
tion curves are very nearly approximated by an exponential function, and as such can be
characterized by an exponential time constant. The average time constant for toluene
evolution is 141 seconds. This time constant is not dependent upon either kiln rotation rate
or turbulence air addition. Unmetered air infiltration was calculated to be between 2.8 and
3.5 times the metered air flow rates. Mass balances on the toluene are performed, yielding
good results which are also independent of experimental conditions. The data suggest that
stack oxygen concentrations and stack flow rates may be the preferred data for these
purposes because they are monitored in existing rotary kiln incinerator facilities. A compari-
son of contaminant evolution during slipping and slumping bed motion is also discussed.

Introduction

An extensive study of an industrial scale rotary kiln incinerator is being
conducted by a team of researchers from Louisiana State University and
the University of Utah. The focus of the study is a 17 MW rotary kiln inciner-
ator operated by the Louisiana Division of The Dow Chemical Company,
in Plaquemine, LA. This facility has been described in several previously
reported studies [1-6]. The experimental details of the most recent study
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described here, as well the entire data set obtained during this study, were
presented by Leger et al. {7, 8]. In these experiments the kiln rotation rate was
either 0.1 rpm or 0.25 rpm (slow or fast, respectively), and the kiln was operated
with or without the addition of turbulence air (compressed air injected in the
front of the kiln to induce mixing and swirl). The four experimental conditions
(fast, turbulence air off; fast, turbulence air on; slow, turbulence air on; slow,
turbulence air off) were repeated on a second day of testing. During each
experimental condition, six plastic packs containing toluene-contaminated
clay sorbent were incinerated, one every ten minutes. The transient responses
measured throughout the incinerator system for the six packs were ensemble
averaged to produce an average response for a single pack under each
operating condition. These averaged responses are presented in a companion
paper [8].

In previous studies [9, 10] continuous gas analyzers were used to monitor
conditions only at the kiln exit. Contaminant evolution rates and mass bal-
ances were performed using these data, although some very restrictive assump-
tions were necessary. The primary difficulty was the use of measurements from
only two points at the kiln exit to predict the overall species flow rates even
though large gradients in species concentrations and temperature are known
to exist there. A system of weighting factors was developed to assign a fraction
of the overall flow to the concentrations measured at each probe location.
Using these methods, mass balances obtained during operation without turbu-
lence air were quite good. When turbulence air was added to the system,
however, the mass balances were not as good.

From the previous work it became clear that measurements taken at the kiln
exit, although informative, were not sufficient for calculating contaminant
evolution rates and closing mass balances without making gross assumptions.
The poor mixedness of the gas stream at the kiln exit does not allow one to
calculate accurately the total flow rate of a species without measuring both the
species concentration and the gas velocity at numerous locations over the exit
cross-section. Otherwise, only gross assumptions about the species and flow
distribution can be made. The need for better data with which to calculate
contaminant evolution rates was one of the motivations for adding continuous
measurements of O, and CO, in the afterburner and O, in the stack. The
assumption of a well-mixed gas stream characterized by a uniform concentra-
tion of each gas species seems much more realistic at these locations. Measure-
ments taken at a single location can then be used to calculate contaminant
evolution rates and close mass balances without resorting to complicated
weighting factor schemes. Thus, the techniques used in this work are similar to
those used in the previous mass balance work, except for the use of different
monitored variables and less restrictive assumptions.

In this paper, the averaged data from the companion paper [8] are used,
together with input air and natural gas flow rates, to calculate the average
leak air flow rates and the time dependent toluene evolution rates. Using these
results, mass balances are performed and the characteristic times for toluene
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evolution are determined. The first step in this process is to determine the
baseline O, and CO, concentrations in the afterburner and the baseline O,
concentration in the stack. These, together with the metered natural gas and
air flow rates into the system, are then used to calculate the rate of air leakage
into the system. The total air and natural gas flow rates, together with the
stoichiometric equation for methane and air combustion, are used to calculate
the total flow rate of combustion gas through the system (from the afterburners
to the stack). Then, using the combustion stoichiometry of toluene and air, and
the deviation of the O, and CO, concentrations from baseline, the time re-
solved toluene combustion rates are calculated. Integrating the toluene com-
bustion rate over time, a mass balance on toluene is performed for the system.
Using the cumulative toluene evolution curve, a characteristic time for the
evolution process is determined. The toluene evolution rate curves are com-
pared to the xylene evolution rate curves obtained earlier [9], and the differ-
ences, presumably caused by the different types of bed motion, are discussed.
Finally, the implications of this work are summarized.

Baseline estimation and flow rate determination

The first step in calculating toluene evolution rates and performing toluene
mass balances is to establish the gas flow rates in the system. Incinerator
systems operate at a slight vacuum to prevent fugitive emissions; this causes
unmetered air infiltration. Because air leakage into the system is not known
explicitly, the flow rates must be established from experimental measurements
of the baseline combustion products. The term “baseline” refers to the steady
conditions existing in the incinerator system without any contaminant or pack
combustion. The baseline levels of CO, and O, measured in the afterburner and
stack are produced only by the natural gas and air introduced into the kiln and
afterburner. Even when combustion of toluene perturbs these concentrations,
they return to the baseline levels before the next pack is inserted.
Figure 1 shows a typical ensemble averaged CO, trace from the afterburner.
The peak in CO, due to toluene combustion is seen, as well as a drop in CO,
mole fraction below baseline shortly before the combustion begins. This drop
in CO; corresponds with the opening of the loading chute door in the kiln to
insert the pack and the resulting inrush of leak air above the baseline flow rate.
Although a double-door system is used during the loading process, the seal is
imperfect. The CO,; mole fraction approaches the baseline level before the
loading chute door is opened, and it is seen to resume momentarily the baseline
value after the loading chute door closes, but before toluene combustion
begins. For this work, the baseline mole fraction of CO, or O, is the average of
the values exhibited immediately before the loading chute door opens and
immediately before pack combustion begins. This value is determined by first
graphing the data, drawing a best estimate horizontal line through the data
immediately before and after the loading chute door perturbation, and reading
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Fig. 1. Typical averaged CO, response curve showing important features and baseline. The
data were obtained on 3 October 1990 during fast kiln rotation rate with no turbulence air
addition.

the coordinate of this line from the vertical axis in terms of mole fraction. This
line and the corresponding value are also shown in Fig. 1. Although this is
a manual procedure, it is the most reliable method available and it is not
entirely arbitrary thanks to the presence of the loading chute door perturba-
tion that is used as a marker.

The following assumptions are made in determining the baseline air leak
rate and the total flow rate:

1.
2.

e

The natural gas is assumed to be pure CH,.

The CH, undergoes complete combustion with air, providing baseline levels
of O, and CO, against which transients due to toluene combustion can be
measured. ‘

Combustion of all toluene in a pack is completed before the next pack is
inserted 600 seconds later, so that baseline O, and CO, concentrations may
be estimated at the beginning and end of each transient response.

No air leakage occurs downstream of the afterburner sampling location.
Metered air and natural gas flow rates, together with the calculated air leak
rate, yield a total flow rate that is constant under baseline conditions. This
assumption is known to be incorrect when the loading chute door is open;
however, neither baseline values nor toluene evolution rates are calculated
during that period of time.

The flow at the afterburner and stack locations is homogeneous with respect
to the CO, and O, concentrations under baseline conditions. Thus, the
measured concentrations are representative of the entire flow at these
locations.
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The following derivation is used to calculate the baseline air leak rate and
the total flow rate, and the terms are defined in the glossary. The stoichiometry
for complete CH, combustion with oxygen is given as:

The combustion process for the kiln and afterburner together, under baseline
conditions, may be represented by the following stoichiometric equation:

MCH4 CH4 + (Mair + Mleak) (0.20802 + 0.792N2 )—)
Mcy, CO2 +2Mey, Ho O + (M, + Mgy ) (0.2080,4-0.792N, ) —2Mcy, O, (2)

The total molar dry flow rate after the combustion process is obtained from the
right hand side of eq. (2) by summing all coefficients except that for H,O to
yield:

Mdry flow — Mair + Mleak - MCH4 (3)
The dry flow rate is of interest because the instruments used to measure the
CO, and O; concentrations required dry gas samples. From the stoichiometric
coeflicient for the CO, produced in eq. (2), and by using eq. (3) for the total

molar flow rate of products, the mole fraction of CO, in the products on a dry
basis is:

[CO1=Mcy,/ (M, + Mo — Mcg,) @

Here the bracketed species, [CO,], indicates dry mole fraction. Solving eq. (4)
for the air leak rate yields:

Mieax = My, (1 +1/[CO;]) — My, )

An alternative approach for determining the air leak rate is to solve eq. {2) in
terms of the O, mole fraction on a dry basis. The result is:

[02] = (0°208 (Mair + Mleak) - 2MCH4)/ (Mair + Mleak - MCH4) (6)
Equation (6) is then solved for the air leak rate as:
Miear = Mcu, (2—10,])/(0.208 — [0,]) — M., (7)

Equation (5) may be used to calculate the baseline leak rate of air using
metered flow rates and the baseline CO, mole fraction measured at the after-
burner. Equation (7) will also yield the baseline leak rate of air; it can be
applied using either the baseline O, mole fraction measured in the afterburner
or measured in the stack. Regardless of the method used to calculate the leak
rate of air, eq. (3) gives the total dry molar flow rate through the system at
either the afterburner sampling location or the stack.

Table 1 shows the metered air and natural gas flow rates, as well as the
measured baseline mole fractions of CO, and O, at the afterburner and stack,
for each operating condition and date. In the table, the experimental condi-
tions are abbreviated, so that the condition of “fast kiln rotation rate with
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TABLE 1

Natural gas and air flow rates, and measured baseline mole fractions of O, and CO, as
a function of experimental conditions (fast or slow kiln rotation rate, turbulence air on or off,
data taken on 3, 4 October 1990)

Experimental Natural gas Metered Air [O;]? [CO,]*® [0,]®
condition Mg,,? M,,® Afterburner  Afterburner Stack
Fast off 3. 840 4200 0.123 0.050 0.132
Fast off 4 870 4480 0.130 0.045 0.127
Fast on 3 1060 6610 0.133 0.043 0.134
Fast on 4 1060 7450 0.136 0.044 0.136
Slow off 3 870 3920 0.116 0.053 0.127
Slow off 4 860 4480 0.125 0.049 0.127
Slow on 3 1060 6570 0.132 0.039 0.134
Slow on 4 1050 7450 0.137 0.040 0.135

*Standard cubic meters per hour. To obtain kmol/s, multiply by 1.24 x 10~5,
bMeasured baseline mole fraction.

turbulence air off on 3 October 1990 becomes “Fast Off 3. Notice that when
the turbulence air is on, the natural gas flow rate is increased, and the metered
air flow (which includes both the burner air and the turbulence air) is also
increased. This increase in natural gas input is required to heat the added cool
turbulence air to maintain the system operating temperature according to the
facility thermocouple located at the kiln exit. The values given in Table 1 are
those necessary to solve for leak air flow rates using eqgs. (5) or (7).

Table 2 shows the leak air flow rate calculated using each approach, and the
resulting total flow rate using each leak rate. These total dry flow rate
calculations are based upon:

1. Leak rate estimated from baseline afterburner O, mole fraction,

2. Leak rate estimated from baseline afterburner CQO, mole fraction,

3. Leak rate estimated from baseline stack O, mole fraction, and

4. Total flow rate correlated from pressure across the induced draft fan at the
stack.

Observe that the calculated leak rates are very large; for operation with

turbulence air off the leak air flow rate averaged 3.5 times the metered air flow

rate, while for operation with turbulence air on the ratio is 2.8. The total dry

flow rates calculated from the three leak air flow rates agree rather well;

however, the dry flow rate measured across the induced draft fan, even after

correction for density and moisture, is generally higher.

Toluene evolution rates

Once the total flow rates and baseline values for O, and CO, concentrations
have been established, the rate of toluene combustion as a function of time may
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TABLE 2

Leak air flow rates and total dry flow rates of combustion products as a function of
experimental condition and calculation method

Experimental Calculated leak air flow Calculated total dry flow Measured
condition M,..* M., 0w Dry flow*®
ABP? AB® Stack? AB® AB*© Stack? My flow”
0, CO, 0, 0, CO, 0,
Fast off 3 14300 13500 16300 17700 16900 19700 25300
Fast off 4 16200 15600 15500 19900 19200 19100 24900
Fast on 3 19600 19200 20000 25100 24700 25600 29800
Fast on 4 20000 17700 19800 26400 24100 26200 30500
Slow off 3 13900 13300 16100 16900 16300 19200 25000
Slow off 4 14900 13800 15500 18600 17500 19100 25400
Slow on 3 19300 21200 19900 24800 26700 25400 29600
Slow on 4 20300 20000 19500 26700 26400 25900 30700

*Standard cubic meters per hour. To obtain kmol/s, multiply by 1.24 x 1073,
®Based upon baseline afterburner O, mole fraction.

‘Based upon baseline afterburner CO, mole fraction.

4Based upon baseline stack O, mole fraction.

¢Total dry flow rate correlated from pressure rise across the induced draft fan.

be calculated. The following additional assumptions are necessary before

proceeding:

1. The toluene undergoes complete combustion, forming CO, and H,O, and
consuming O,. Concentrations of incomplete combustion products such as
CO, hydrocarbons, and soot are negligible.

2. The perturbation of the measured CO, and O, mole fractions caused by
combustion of the plastic pack itself is negligible [7].

3. The flow at the afterburner and stack locations remains homogeneous with
respect to the CO; and O, concentrations during the combustion of toluene
in the kiln.

4. The combustion of toluene has only a negligibly small effect on the dry gas
flow rate at the afterburner and stack. In other words, the flow rates
calculated from baseline conditions remain representative during the com-
bustion of toluene [10].

5. There is no delay between the evolution of toluene from the sorbent and its
subsequent combustion, making the evolution rate of toluene equal to the
calculated rate of toluene combustion.

The rate of toluene combustion can be calculated from the measured re-
sponse of the CO, mole fraction in the afterburner or the O, mole fraction in
the afterburner or the stack. The deviation of the CO, or O, concentrations
from baseline values represents the effect of toluene combustion. The
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stoichiometry for complete toluene combustion is:
Cng +902—>7002+4H20 (8)

Thus for every mole of toluene burned, 7 moles of CO, are formed and 9 moles of
O, are consumed. On the basis of measured CO, mole fraction, we can then
express the toluene combustion rate (in kmol/s) as:

MC7H5 = [( [COZ] - [COZ]baseline)Mdry f]ow}/(7 X 3600) (9)

Similarly, the toluene combustion rate based upon measured O, mole fraction
is:

MC7H3 = [( [02] - [O 2] baseline )Mdry flow ]/(9 x 3600) (10)

Note that since the CO, and O, concentrations were measured as a function of
time, egs. (9) and (10) can be applied to give toluene evolution rates as
a function of time.

As seen in Table 2, there are four ways to obtain the total dry flow rate
(calculation based upon measured afterburner CO, mole fraction, calculation
based upon measured afterburner O, mole fraction, calculation based upon
measured stack O, mole fraction, and direct measurement from pressure drop
across the induced draft fan). Similarly there are three ways to calculate the
toluene evolution rate (based upon the mole fraction response of the after-
burner CQO,, afterburner O,, and stack O,) once the total dry flow rate is
specified. This yields 12 possible combinations of flow rate and species response
to calculate toluene evolution rate. To reduce the number of combinations, the
flow rate and species response methods were grouped in a logical manner. The
same data that were used for the total dry flow rate calculation were also used
for the toluene evolution rate calculation. Ultimately, four toluene evolution
calculation approaches were compared. They are:

1. The dry flow rate, obtained from eq. (7) using the baseline afterburner O,
mole fraction, is used in eq. (10) together with the response of the after-
burner O, mole fraction to obtain the toluene evolution rate.

2. The dry flow rate calculated using eq. (5) from the afterburner CO,; baseline
mole fraction is used in eq. (9) to obtain the toluene evolution rate.

3. The dry flow rate, obtained from eq. (7) using the baseline stack O, mole
fraction, is used in eq. (10) together with the response of the stack O, mole
fraction to obtain the toluene evolution rate.

4. The dry flow rate from the induced draft fan measurement is used in eq. (10)
together with the stack O, mole fraction response to give a fourth estimate
of the toluene evolution rate.

Figure 2 shows the resulting toluene evolution rate calculated using method
(1) from the CO, mole fraction curve shown in Fig. 1. The toluene evolution
rate is normalized by the total amount of toluene initially present in a pack.
Notice that the time dependent toluene evolution rate curve is directly
related to the CO, mole fraction curve. Very similar results are obtained using
the O, concentrations measured in the afterburner and stack. Since the time
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Fig. 2. Normalized toluene evolution rate (with respect to the total amount of toluene
initially present in a pack) obtained from the afterburner CO, response shown in Fig. 1.

dependent toluene evolution rate curves are intermediate results, they are not
all shown. However, the toluene evolution curves obtained from the after-
burner CO, data are presented later in this paper for comparisons with xylene
evolution curves from Lester et al. [9].

Toluene mole closure

Once the instantaneous toluene evolution rates are obtained, the calcu-
lation of mole balances on toluene is straightforward. One must simply inte-
grate the toluene evolution rates over time to obtain the cumulative toluene
evolution. The toluene evolution rate always return to zero within 600 seconds,
so the cumulative toluene evolution should always approach the total moles of
toluene initially present in a single pack. The cumulative toluene evolution
curves generated from the afterburner CO, data and normalized by the total
moles of toluene initially present in a pack are shown in Fig. 3. Similar curves
were generated based on the afterburner and stack O, responses.

Each toluene-laden pack incinerated in the system contained 0.178 kmol of
toluene. The final values of calculated cumulative toluene evolution were
normalized, dividing by 0.178 kmol to obtain the closure on toluene. This mole
closure is expressed as the ratio of calculated toluene evolution to the toluene
content of a single pack. The calculated fractional toluene closures are given
in Table 3 for each method of calculation and each operating condition. These
fractional toluene closures are also shown graphically in Fig. 4 for each
calculation method and operating condition. Overall, the toluene closure is
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TABLE 3

Toluene mass closure fraction obtained for each experimental condition for each calculation
method. See also Fig. 4

Experimental Toluene closure Average Standard
condition deviation

ABO,! ABCO,?2 Stack O,° Stack

flow*

Fast off 3 0.90 1.09 0.76 0.98
Fast off 4 1.13 1.33 0.84 1.10 1.02 0.18
Fast on 3 0.97 1.08 0.88 1.03
Fast on 4 0.73 0.79 0.92 1,07 0.93 0.13
Slow on 3 0.54 0.95 0.78 0.90
Slow on 4 0.57 0.81 0.63 0.75 0.74 0.15
Slow off 3 0.80 1.04 0.73 0.95
Slow off 4 0.79 0.87 0.59 0.79 0.82 0.14
Average 0.80 0.99 0.77 0.95 0.88°
Standard dev. 0.20 0.18 0.12 0.13 0.18°

! Using the afterburner O, mole fraction for total flow rate and toluene evolution rate.

2 Using the afterburner CO, mole fraction for total flow rate and toluene evolution rate.

3 Using the stack O, mole fraction for total flow rate and toluene evolution rate.

4 Using the total dry flow rate measured in the stack together with the stack O; mole fraction
to get toluene evolution rate.

@ Average and standard deviation of all 32 values of toluene closure.
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Fig. 4. Mole closures on toluene as a function of operating condition and calculation
method. Parenthetical numbers in key correspond with those in Table 3.
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quite good considering the nature of these experiments. Table 3 also shows the
average toluene closures for each calculation method and experimental condi-
tion, and the standard deviation of these values. Based on the data of Table 3,
the overall average toluene closure is 88% and the overall standard deviation
of the data is 18%. An analysis of variance (ANOVA) test showed that the
variation of toluene closure between consecutive days was not statistically
significant (99% significance level). The variation in toluene closure as a func-
tion of turbulence air addition was also not statistically significant. The
variation between calculation methods was significant as was the influence of
rotation rate. Although the calculation methods influence closure, the results
of one method can not be selected over another. While we intuitively agree that
calculation method will have an influence on calculated mass closure, it was
unexpected that kiln rotation rate would influence mass closure. Changing the
kiln rotation rate from fast to slow caused a decrease in average mass closure
from 98% to 78%. The reason for this influence remains unclear.

In earlier studies on xylene and dichloromethane using measurements at the
kiln exit only [9, 10], closure was not good during operation with turbulence air
addition. Since this dependence was not observed in the current experiments,
poor closure with turbulence air addition in previous work may have occurred
because the turbulence air influenced the quality of the assumptions used in
the analysis and not because the ultimate evolution of each species was
reduced.

Characteristic time for evolution

In previous work [9, 10] the time necessary for the contaminant to evolve was
characterized by the evolution interval, defined as the time required for the
middle 80% of the ultimate contaminant evolution to occur. This definition
was used because the cumulative evolution curves tended to be irregular,
particularly near the beginning and end, due to pack breakdown and bed
motion effects. From Fig. 3 one observes that the shape of the cumulative
evolution curve for toluene from a slipping bed is very smooth and repeatable
for all the data. In fact, the cumulative evolution curves for toluene shown in
Fig. 3 can be closely approximated by an exponential function, with the
exponential time constant representing the characteristic time for con-
taminant evolution. If the cumulative evolution curves of Fig. 3 are normalized
by their final values, yielding N¢,4,(¢), the resulting curves will begin at 0,
approach 1 at the end, and can be readily fit by the expression:

NC';Hs(t):l_exp(—t/r) (11)

Figure 5 shows the application of eq. (11) to fit a typical normalized cumulative

evolution curve, with a resulting evolution time constant of 120 seconds.
Since the data have been normalized and only the time constant is being

extracted, the results are only dependent upon the species response used. In
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Fig. 5. Typical cumulative evolution curve. The fitted curve follows the data very closely
over the range of the fit. Data was obtained on 3 October 1990 from the afterburner CQ,
response at fast rotation with no turbulence air addition (the same data used in Figs. 1 and 2).

other words, differences in the total dry flow rate are normalized out, and there
are only three remaining independent normalized evolution rate calculation
methods (based upon afterburner O, response, afterburner CO, response, and
stack O, response). The cumulative evolution curves obtained from these three
methods are fit using eq. (11), and the resulting time constants are given in
Table 4 and shown in Fig. 6. Table 4 also shows the averages and standard
deviations of the time constants over the four experimental conditions and
over the three calculation methods. The overall average time constant for
contaminant evolution is 141 seconds, with a standard deviation of 23 seconds.
Statistical analysis (ANOVA) showed that the time constants were indepen-
dent of either the kiln rotation rate or turbulence air addition. This is very
different from previous studies on xylene and dichloromethane, where both
experimental variables were seen to influence the evolution interval. Figure
6 also shows that the use of stack O,, afterburner O,, or afterburner CO, in the
calculations had no clear effect on the evolution time constant, although the
use of afterburner O, caused more scatter in the results than did the others.

From the comparisons between calculation methods for obtaining toluene
closure and evolution time constants, no single calculation method stands out
as clearly better than the others. However, the calculation methods are not
equivalent in terms of measurement and calculation difficulty. Measurement of
the O, and CO, concentrations at the afterburner location is far more difficult
than at the stack location. Using these measurements to calculate air leak
rates is also somewhat troublesome. Furthermore, the total dry flow rate is
simply measured at the stack. The simplest method for obtaining toluene
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TABLE 4

Evolution time constants for each experimental condition and calculation method. See also

Fig. 6

Experimental Time constant (seconds) Average Standard

condition deviation
AB Oza ABCOZb Stack Ozc

Fast off 3 137 120 117

Fast off 4 141 127 143 131 11

Fast on 3 190 140 155

Fast on 4 116 103 129 139 31

Slow on 3 95 138 162

Slow on 4 141 160 153 142 25

Slow off 3 157 130 128

Slow off 4 183 151 158 151 20

Average 145 134 143 141¢

Standard dev. 32 18 17 234

2 From the afterburner O, mole fraction response.
b From the afterburner CO, mole fraction response.
°From the stack O, mole fraction response.

9 Average and standard deviation of all 24 values of the time constant.
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Fig. 6. Evolution time constants as a function of operating condition and originating data.
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evolution rates, therefore, is to use the stack O, measurements together with
flow rates obtained from the induced draft fan at the stack (calculation method
4). Capability for obtaining both of these measurements (stack O, and stack
flow rate) is standard on rotary kiln incinerator facilities since these data are
routinely used to certify that the system is operating within permit guidelines.
Since the waste evolution rates obtained with these measurements (calcu-
lation method 4) are equivalent to those obtained with the other methods,
future evolution rate characterization studies could make use of existing
facility instrumentation for waste evolution rate calculations.

The effects of bed motion on evolution rate

As discussed in the companion paper [8], the bed of solids was exhibiting
slipping motion during the toluene experiments, in contrast to the slumping
motion observed previously during the xylene experiments [9]. This difference
in bed motion regime is a result of either the presence of a thermocouple in the
solids bed, or a change in the surface roughness of the slag-coated rotary kiln
walls. In the slumping motion regime, solids intermittently tumble down the
free surface of the bed, and then follow the wall in a layer below the surface
before reemerging to tumble across the surface again. This motion causes the
solids to mix, and each part of the bed is repeatedly exposed at the surface.
During the toluene experiments, the bed exhibited a slipping motion. With this
type of motion, the entire bed slips relative to the wall, and it essentially moves
as if it were a solid piece, with the same particles remaining on the surface. In
the slipping bed motion regime, the solids mix very slowly. The differences in
the bed motion regimes preclude the use of this toluene data in the scaling
analysis presented by Lester et al. [9] as was originally intended. It does,
however, allow a comparison of evolution characteristics between slipping and
slumping beds. Toluene and xylene have similar physical and combustion
characteristics, and the experimental conditions were very similar for each
contaminant. Since the only major difference between the experiments was
the bed motion, comparisons between the xylene and toluene evolution
behavior should show the influence of bed motion.

The toluene and xylene evolution rate data are shown in Fig. 7 for the four
operating conditions. The normalized toluene evolution rates obtained from
the afterburner CO, are shown. Each graph also contains the normalized
xylene evolution rate obtained from ensemble averaged CO, measurements at
the kiln exit using CO, weighting factors [9]. All the evolution curves are
normalized so that the integral of the curve over time is unity.

The toluene data show good overall repeatability between the duplicate tests
at each operating condition, although the magnitude of the initial spike in
evolution shows some variation. For all operating conditions, the toluene
evolution curves show essentially the same behavior: a quick rise to the
maximum followed by a gradual decay back to the baseline. In contrast, the
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xylene evolution curves show a broader maximum followed by a rapid decline.
Also, the xylene data show a marked difference between fast and slow kiln
rotation rates, with the slow rotation rate resulting in a much broader, less
intense period of evolution. The xylene data for the slow rotation rate show
three distinct evolution peaks in each case, with a separation of approximately
80 seconds between the peaks. This separation appears to correspond with the
time necessary for a particle to circulate through the bed and return to the
surface. None of this behaviour is observed in the toluene evolution data,

From the comparisons between evolution for a slipping bed and a slumping
bed, some practical observations can be made. First, the evolution behavior
observed from the slumping bed is generally better from a kiln operational
perspective because of the broader, less intense waste evolution, with less
propensity for causing transient “puffs”, as defined by Linak et al. [11]. This
difference in evolution behavior may be caused primarily by the action of the
hot, clean sorbent material present in the kiln from previous packs. Puring
slumping bed motion, the preexisting bed material repeatedly buries the fresh
charge from a new pack. This appears to cause an increased resistance to mass
transfer from the buried charge, and possibly reduces the rate of heat transfer to
the buried charge as well, resulting in a decline in evolution rate. When the
fresh charge is reexposed due to circulation of the bed, the evolution rate
increases again. This is in contrast to the slipping bed case, where apparently
the fresh charge is never buried by preexisting bed materials but rather lies on
top of these materials. For volatile wastes such as toluene and xylene, the
slipping bed motion is much less preferable because it causes higher peak
evolution rates which could, if the magnitude is great enough, lead to a transient
“puff”. However, if the waste is much less volatile or if it is present in low
concentrations, a slipping bed motion may be acceptable because rapid evolu-
tion of the waste is unlikely. For these wastes, a slipping bed motion may even be
advantageous because the contaminated solids do not become buried in the bed,
and so could theoretically be cleaned of their hazardous components more rapidly.

Leger et al. [8] observe that the type of bed motion exhibited may be
controllable by the drag exerted by stationary protuberances extending into
the bed, or by controlling the roughness of the kiln’s inner walls. In addition to
hazardous waste, this has important implications in remediation of con-
taminated soil in rotary-type units. Depending on the level of contamination,
moisture content, and the soil type, one bed motion may be preferred to another.
This study has shown that, to some degree, control over the bed motion may be
possible using techniques not previously considered. More extensive work is
needed to better characterize the controllability of bed motion and its effects on
a variety of waste/soil materials in field-scale rotary units.

Summary and conclusions

In this study, a field-scale rotary kiln incinerator is used to obtain data on
the processing of toluene contaminated sorbent contained in plastic packs. The
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incinerator is probed in several different locations with instruments which
continuously monitor species concentrations, temperatures, and pressures.
Visual observations indicate that the bed exhibited slipping motion during
these experiments. Evolution rates for toluene are determined from experi-
mental data, and cumulative evolution curves are generated. These cumulative
evolution curves are very nearly approximated by an exponential function,
and as such can be characterized by an exponential time constant. The time
constants for toluene evolution average 141 seconds and are not dependent
upon either kiln rotation rate or turbulence air addition. Air leak rates into
the system are calculated to be between 2.8 and 3.5 times the metered air flow
rates. Mass balances on the toluene yielded good results, although slower kiln
rotation rate appears to decrease the mass closure. Evolution time constants
and toluene closure calculations were comparable regardless of the calcu-
lation method used. This suggests that stack oxygen concentrations and stack
flow rates may be the preferred data for these purposes because they are
monitored in existing rotary kiln incinerator facilities.

Comparisons with evolution data taken previously suggest that the slipping
bed motion exhibited during these toluene tests caused the toluene evolution
rate (as measured by the evolution time constant) to be independent of kiln
rotation rate. The slumping motion exhibited during earlier xylene tests appar-
ently restricted mass transfer thus causing the xylene evolution to occur over
a longer time with lower peak evolution rates. From an operational perspect-
ive, the slumping motion may be preferable for high concentration volatile
wastes because it results in a more steady waste evolution. However, for low
volatility wastes or low concentration wastes, the slipping bed motion may be
advantageous by reducing the mass transfer resistance thus reducing the time
to remove the waste from the solids. More work needs to be done to address
these possibilities.
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Nomenclature

CH,, 0,, CO,, methane, oxygen, carbon dioxide, water, and toluene spe-

H,O, C;H, cies, respectively, used in stoichiometric equations.

[0.], [CO,] measured mole fraction of oxygen and carbon dioxide on
a dry basis as a function of time.

[O:] vasetine » measured mole fraction of oxygen and carbon dioxide on

[CO;] paseline a dry basis under baseline conditions (no waste combus-
tion).

Mcy, metered molar flow rate of methane into the kiln and
afterburner. (kmol/s)

M.;. metered molar flow rate of air into the kiln and after-
burner. (kmol/s)

Mok molar flow rate of air leaking into the kiln and after-
burner. (kmol/s)

My flow total molar flow rate of all product species except water.
(kmol/s)

Mc.u, molar flow rate of toluene evolution from the sorbent.
(kmol/s)

Neyg () molar evolution rate of toluene at time ¢, normalized by
0.178 kmol. (1/s)
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