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ABSTRACT

Radicactive waste incinerator development at the Savannah
River Laboratory has been augmented by fundamental combustion
studies at the University of South Carolina. The objective was
to measure and model pyrolysis and combustion rates of typical
Savannah River Plant waste materials as a function of incinerator
operating conditions. The analytical models developed in this
work have been incorporated into a waste burning transient code.
The code predicts maximum air requirement and heat energy release
as a function of waste type, package size, combustion chamber
size, and temperature. Historically, relationships have been
determined by direct experiments that did not allow an engineering
basis for predicting combustion rates in untested incinerators.
The computed combustion rates and burning times agree with
measured values in the Savannah River Laboratory pilet {1 lb/hr)
and full-scale (12 1b/hr) alpha incinerators for a wide variety of
typical waste materials.
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SOLID WASTE COMBUSTION FOR ALPHA WASTE INCINERATION

INTRODUCTION AND BACKGROUND

The development of technology for the incineration of combus-
tible solid radiocactive wastes is of current national interest.
Incineration development at the Savannah River Laboratory (SRL)!
has been augmented by fundamental combustion studies at the Center
for Industrial Research at the University of South Carolina.

The design of incinerators for the volume reduction of radio-
active combustible solid waste requires the determination of maxi-
mum heat release rates and air requirements for limiting case
waste materials. This report discusses the development of an
analytical model which predicts burning rates and off-gas
composition in the Savannah River Laboratory's Incinerator
Components Test Facility (ICTF) primary combustion chamber.

The objectives of the present work were to

1. Measure and model pyrolysis2 and burning rates of melting-
noncharring waste polymers (polyethylene and latex) and a
nonmelting-charring waste polymer (cellulose) as a function of
incinerator operating conditions. These conditions included
incinerator primary chamber wall temperature and primary
chamber air upstream Reynolds number.

2. Compare the predictions of the burning rate model with
experimental ICTF burning rate data supplied by SRL.

3. Measure and interpret off-gas products from the combustion
of polyethylene in the laboratory-scale incinerator.




SUMMARY

The analytical model requires thermophysical data which are
specific to each waste material. To obtain these data, and test
the analytical model, a laboratory-scale incinerator was developed.
Experiments were conducted on the following typical solid waste
materials: plastic bags (polyethylene), rubber gloves (latex), and
atomic wipes (cellulose). Experimentally measured and predicted
burning rates in the laboratory—-scale incinerator agreed for
polyethylene (Figure 1). The burning rate prediction for latex and
cellulose provides an upper bound to the experimental rates
(Figures 2 and 3). To test scaling assumptions in the analytical
model, burning times on the ICTF were measured and used to generate
average experimental burning rates as a function of primary
temperature and waste type. The analytical model was used to
predict burning rates in the ICTF, and these were compared to the
experimental values (Figures 4, 5, and 6). The values for burning
rates for polyethylene and latex agree, and the theory provides an
upper bound for the case of cellulose,

In addition to predicting the burning rate in the ICTF
primary combustion chamber, the analytical model also predicts the
mass fraction of off-gas from the primary. Typical ICTF operating
conditions of high temperature and low primary air flow favor fuel-
rich combustion in the primary (Figures 7 and 8). Such operating
conditions necessitate additional combustion in the incinerator
secondary chamber. The amount of secondary combustion air required
may be determined from the mass fraction of unburned fuel in the
primary chamber off-~gas and the chemical identity of the unburned
fuel. Off-gas analysis as a function of time on the laboratory-
scale incinerator, for the case of burning polyethylene, showed
that the process will become fuel rich (Figure 9). Similar results
are often observed from oxygen percent vs. time measurements in the
secondary of the ICTF. The infra-red spectra of a sample taken on
the laboratory-scale incinerator is shown in Figure 10. The un-
burned fuel in the off-gas from the combustion of polyethylene in
the incinerator primary chamber is composed of intermediate
molecular weight hydrocarbouns (toluene, hexane, and benzene) and
lower molecular weight hydrocarbons {methane, ethylene, and
acetylene).

LABORATORY-SCALE INCINERATOR (TEST UNIT)
Pyrolysis and Combustion Rate

A laboratory-scale incinerator was designed to provide the
required burning rate data. A schematic of the laboratory-scale
incinerator and support equipment is shown in Figure 11. The test
unit provided a controlled air mix and mass flow rate of gas over
the heated waste polymer sample,
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Oxygen concentrations of the inlet gas were controlled at
zero or 21 mol %Z by using high pressure cylinders of air and
nitrogen. The flow of both air and nitrogen were measured by
rotameters. The inlet gas was straightened by an aluminum honey-
comb located upstream of the electrically heated section of the
incinerator. The temperature of the inlet gas was continuously
monitored by a thermocouple located downstream of the honeycomb.
Based on the effective diameter of the incinerator, 0.11 m, and
an average inlet gas temperature of 100°C, an upstream Reynolds
number, Rey, range of between 100 and 1000 could be obtained
by varying the inlet gas flow rate.

The test unit was equipped with a weighing system which
provided continuous polymer sample weight vs. time data during
the experiments. The weighing system consisted of a strain gage
load cell and four strain gages which were monitored by a bridge
and recorder.

The weighing system was connected to a stainless steel
platform located inside the electrically heated section of the
incinerator. An open ended stainless steel sample tray which
contained the polymer sample was placed on top of the steel plat-
form. The pressure difference between the combustion chamber and
the weighing chamber (containing the strain gage load cell) was
moniteored by a capacitance manometer,

The pressure difference between the two chambers was main-
tained less than 0.03 mm Hg by application of a variable speed
vacuum pump connected to the lower chamber. This precaution was
taken so that leakage into or out of the incinerator from the
lower chamber was minimized.

The internal heated section of the incinerator was lined on
the top and the two sides by electrically heated alumina plates
with a total surface area as seen from the sample of 0.0552 m?.
The wall temperature was measured by a platinum vs. platinum 10%
rhodium thermocouple which was in contact with the upper wall
surface.

Off-Gas Sampling and Analysis

Figure 12 shows a schematic of the sampling and analysis
system used to measure the off-gas composition from the combus-
tion of polyethylene in the laboratory-scale incinerator. An
unquenched sample was taken from the region of the quartz window
(Figure 11) through an unheated stainless steel line to the
analysis system. Soot and condensible liquids were trapped at
the filter so that the analysis could be performed on a dry basis.
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As temporal resolved concentration profiles were required, the
combustion of large 50-g initial sample weights of polyethylene
was necessary. Data were obtained at low inlet Reynolds numbers
to maximize the relative concentration of each species as compared
to nitrogen and to ensure fuel-rich combustion., Two columns were
routinely used to separate and quantify the gaseous species. A
60/80 mesh molecular sieve 5A stainless steel column was used for
H,, 0, Ny, CH,, and CO, and a 80/100 mesh chromasorb-102 stain=-
less steel column was used to measure COz.

EXPERIMENTAL PROCEDURES
Pyrolysis and Combustion Rates

The test unit shown in Figure 1l was used to measure the
pyrolysis and combustion rates of 10-g samples of atomic wipes
(cellulose), 20-g samples of plastic bags (polyethylene), and
20-g samples of rubber gloves (latex) having initial densities
of 60 kg/m®, 516 kg/m3, and 98 kg/m3, respectively. The experi-
mental procedures used to measure the pyrolysis and combustion
rates are listed below:

1. Preheat furnmace wall to desired temperature.

2. Set inlet gas flow composition and Reynolds number.

3. Calibrate weighing system with dead weights,

4., Weigh sample holder by using precision balance,

5. Add known weight of polymer to sample holder.

6. Insert sample on platform in the incinerator and record
a. Strain gage output vs, time
b. Furnace wall temperature vs. time.

7. Remove sample holder with ash and weigh by using precision
balance; record ash weight.

8. Calibrate weighing system with dead weights.

Dead weights were used to calibrate the automatic weighing
system before and after each experiment. This precaution was
taken because the calibration curve shifted as a function of time.
Repeated experiments showed that the strain gage output for a
particular constant weight varied linearly with time during one
experiment. The experiments also showed that the change in output
per change in weight was time independent., These facts were used
to develop computer software to account for the calibration
shift.3 Figure 13 shows typical weight vs. time data for the
combustion of polyethylene in air,
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Furnace wall temperature, T, and instantaneous burning rate
are also plotted vs. time. The instantaneous burning rate was
determined by numerical differentiation of the weight vs. time
curve. An average burning rate was also determined by fitting a
straight line by the method of least squares to the weight vs.
time data. Data for the average burning rate were taken from the
middle 60% of the weight loss. Rate data reported are the average
burning rate unless otherwise specified. Polyethylene typically
has a no-weight loss period during which the polymer completely
melted prior to ignition. Latex showed partial melting before
ignition, and cellulose ignited rapidly after insertion into the
experimental incinerator, The average measured burning rates are
assumed to represent steady~state burning for the middle of an
otherwise transient process, That process includes melting,
pyrolysis, ignition, burning at steady state, and extinction {and
slow oxidation of remaining char in the case of cellulose).

Off-Gas Sampling and Analysis

The system shown in Figure 12 was used to measure the partial
pressures of several components in the dry off-gas from the
laboratory-scale incinerator. The experimental procedure was to
identify each effluent species by injecting a pure gas sample into
the gas chromatograph. The retention time as recorded on the
strip chart recorder was then used to identify that species in
subsequent gas mixtures; the mixtures were to be analyzed by the
gas chromatograph. A single calibration mixture containing ten
percent by volume CO, CO,, H,, and CH, in helium was used at
different total pressures between 200 and 1000 torr to obtain peak
area vs, species partial pressure. The response was linear for
all species calibrated. To test for possible shifts in calibra-
tion with time, the gas chromatograph was calibrated before and
after each experiment. WNo calibration shift was observed. 1In
addition to the gas chromatograph, a scanning infrared analyzer
was used to identify the components of batch samples when required.

EXPERIMENTAL DATA
Laboratory-Scale Pyrolysis and Combustion Rates

Tables 1 through 6 represent the results of experiments in
the laboratory-scale incinerator for polyethylene, cellulose, and
latex. The tables indicate the composition of the inlet gas to
the incinerator {nitrogen or air), the inlet gas Reynolds number
(Rey), the initial weight of the sample measured by the
precision balance prior to introduction into the incinerator, and
the ash weight measured by the precision balance after the sample
was removed from the incinerator. The tables also indicate the
average rate determined by the procedures described in "Pyrolysis
and Combustion Rates,” and the incinerator wall temperature, T,
measured at fifty percent weight loss.
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TABLE 1

Laboratory-Scale Pyrolysis of Polyethylene (in Nitrogen)

Initial Ash

Weight, Eiﬂ_ EE: : geight, g/g:z sec)
20 200 542 0 ) 4,18
20 400 538 0 4.21
20.4 300 616 0.4 11.35
20.4 600 603 0.4 10.70
20.4 300 519 0.4 3.41
20.3 600 526 0.4 4,08
20.4 1000 528 1.15 3.22
20.2 300 545 0.2 5.74
20.8 300 505 0.9 2.73
20,2 300 502 Q.8 1.97
20,3 1000 .539 1.0 3.30
20.1 joo0 594 0.1 8,91
TABLE 2

Laboratory-Scale Combustion of Polyethylene (in Air)

52%;&%{ R Tw, aggght, Rate
g ‘R 'c g g/(m sec)
20 150 604 0 16.86
20 150 583 0 15.72
20 300 587 0 20,02
20 600 589 0 15.38
20 900 593 0 21,28
20 150 530 0 11,28
20 150 530 0 11.39
20 300 520 0O 11.25
20 150 502 0 9.97
20 600 537 0 13.25
19.8 300 532 0 11.74
20.2 150 503 0.1 5.41
20.1 600 507 0.1 12.97
20.1 150 483 0.1 5.06
20.1 300 567 0.1 16.38
20,1 300 s511 0.1 15.40
20.2 300 484 0 9.41
0 17.61

20 300 608
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TABLE 3

Laboratory-Scale Pyrolysis of Cellulose (in Nitrogen)

égiéﬁil Tw %Z?ght Rate
g © Rey °c’ g ' g/(m sec)
11.55 360 560 0.9 5.54
10.30 300 550 0.6 6.11
10.60 600 540 1.0 5.22
10.20 1000 525 0 5.82
10.50 200 387 1.9 3.31
11,1 400 381 2.8 2.35
10.7 300 448 1.7 2,16
11.3 300 523 1.0 6.47
9.8 300 556 0.6 5.44
TABLE 4

Laboratory-Scale Combustion of Cellulose (in Air)

%2%;&%} Re Tw, aggght Rate
g ) H °C g © g/ {w sec)
11,55 300 580 0.45" 9,88
11.6 300 571 0.45 9.93
12.0 600 540 0,45 9.89
10.7 150 550 0.3 9.36
10.2 300 550 0 9.99
10.0 600 550 0.2 10.76
10.1 900 535 0 9.51
11.1 300 483 0.3 7.34
11.2 300 580 0.1 8.138
0.1 10.58

9.4 300 579
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TABLE 5

Laboratory-Scale Pyrolysis of Latex (in Nitrogen)
ReH = 300

Initial Ash

Weight, T, Weight, Rate,
g °c g g/(m? sec)
20.3 401 2.0 4.51
20.4 407 0.4 5.87
20.4 446 0.4 9,20
20.4 468 0.5 11.27
20.3 502 0.3 11.86
20.3 453 0.4 12.06
20.4 493 0.5 15.98
20.3 495 0.4 16.96
20.35 503 0.3 16.86
20.4 543 0.4 22.16
20 534 0.35 30.29
20 533 0.4 29.02
20.3 519 0.2 35.10
TABLE 6

Laboratory-Scale Combustion of Latex (in Air)
ReH = 300

Initial Ash

Weight, Tws Weight, Rate,
g C_ 8 g/(n? sec)
20.3 456 0.4 14,61
20.4 440 0.4 18.92
20.3 455 0.3 13,10
20.4 565 0.2 19.30
20.4 548 0.2 25.78
20.5 530 0.3 23.53
19.6 530 0.4 24.51
19.6 520 0.4 33.04
19.2 487 0.2 5.78
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ICTF Combustion Rates

Tables 7 through 9 represent the results of burning rate
experiments performed by SRL personnel on the ICTF. In these
experiments, the cylindrical primary of the ICTF was loaded with
single packages of polyethylene, cellulose, or latex enclosed in
paper bags. The dimensions of the bags and primary chambers are
shown in each table. 1In all cases, the primary air was maintained
‘at 12 cfm with no steam addition. The burning time was measured
by recording the time from ignition to extinction as observed
visually through a site glass in the ICTF primary. The average
combustion rate was determined by dividing the initial sample
weight by the burning time,

ANALYTICAL MODELS

Two interdependent models are developed in this section: a
phenomenoclogical model and a mass burning rate model. The phenom-
enological model of polymer pyrolysis is used in the absence of
oxygen. This model, along with the experimental results, may be
used to deduce an effective heat of gasification and character=-
istic polymer surface temperature. These results were used in a
mass burning rate model to predict burning rate as a function of
incinerator wall temperature.

Pyrolysis Rate

Although a kinetic model, as described in the earlier work?
on Teflon® (Du Boant GCo.), could be extended to several polymers,
this approach was abandoned in favor of a ﬁhenomenological
approach, Review of pyrolysis literature, =5 indicated that
some polymers have been found to degrade at a constant rate
proportional to the radiant heat flux incident on the polymer
surface. Early pyrolysis experimentss'7 on porous samples of
materials discussed in this report also showed this relationship.
Recent experimental work at Factory Mutual Research® 12 has
indicated that the concept of an effective heat of gasification,
L,, and characteristic polymer surface temperature, Ty, during
tgermal degradation may be used for melting and charring polymers.
These assumptions are valid as long as the phenomena under study
are of a quasi-steady nature.!l
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TABLE 7

ICTF No-Steam Experimental .Combustion Rate Data

Cellulose - Air (12 cfm)

Primarv _ _ Burn

Temp. , Initial dy, d2’ L, Time, Rate,
°C Wt., g inch inch inch sec g/sec
500 200 3.0 4.0 8.0 838 0.24

500 200 3.5 4.5 7.5 652 0.31

600 200 3.5 4.5 7.5 765 0.26

600 200 3.5 4.5 7.5 660 0.30

700 200 3.5 4.5 8.0 581 0.34

700 200 3.5 4.5 9.0 345 0.58

800 200 3.5 4.5 7.5 447 0.45

900 200 3.5 4.5 8.0 216 0.92

800 200 3.0 3.75 8.0 477 0.42

900 200 3.5 4.5 7.0 420 0.48

300 200 3.5 3.5 7.5 600 0.33

900 200 3.0 3.5 8.25 448 0.45

900 200 3.0 3.75 8.0 498 0.40

Rate = Initia% Weight
Burn Time

TYPICAL VALUES

L = sample length = 0.1968 m
32 = sample width =0.1143 m
d) = sample height =0.0889 m

= primary chamber diameter
= 0.2160 m

(=1
|
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TABLE 8

ICTF No-Steam Experimental Combustion Rate Data

Polyethylene ~ Air (12 cfm)

Primary d L, Burn

Tewp. , Initial Dia., Length, Time, Rate,
:9 Wt, g inch inch sec g/sec
500 200 2.0 10.5 805 0.25

600 200 2.5 10.0 705 0.28

600 200 2.25 11.0 405 0.49

700 100 3.0 6.5 255 .39

700 100 2.25 7.0 280 0.36

700 200 3.0 10.5 341 .59

800 100 2,25 6.0 157 0.64

800 100 2.0 6.5 173 0.58

300 100 2.0 6.5 153 0.65

900 100 2.5 6.75 135 0.74

500 200 2.5 10.0 465 0.42

Rate = Initial Weight
Burn Time

ol
"

sample diameter

ol

primary chamber diameter
0.216 m

- 28 -



TABLE 8 (Continued)

ICTF No-Steam Experimental Combustion Rate Data

Polyethylene ~ Air

Primary d L, Burn

Tenmp. , Initial DNia. Length, Time, Rate ,
°C Wt., g inch inch sec g/sec
500 100 1.75 10.5 352 0.28
500 100 1.75 10.0 341 0.29
600 100 1.50 10.0 246 0.41
600 100 1.75 10.0 225 0.44
700 100 “1.50 10.0 251 0.40
700 100 L.75 10.5 220 0.45
800 100 1.75 9.5 160 0.62
800 100 1.50 10.0 174 0.57
900 100 1.75 10.0 114 0.88
900 100 1.75 9.5 140 0.71

¢

Rate = Initial Weight

Burn Time
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TABLE 9

ICTF No-Steam Experimental Combustion Rate Data

Latex - Air

Primary d L, Burn

Temp. , Initial Dia., Length, Time, Rate,
°C Wt., g  inch inch sec gl/sec
500 100 2,25 6.0 162 0.62

500 100 1.50 6.75 162 06.62

600 100 1.25 1.5 127 0.79

600 100 1.50 6.0 123 0.81

700 100 1.50 7.0 79 1.26

700 100 1.50 6.0 79 1.26

800 100 2.0 5.0 65 1.54

800 100 1.75 5.25 110 0.91

900 100 1.75 5.50 60 1.67

900 100 1.75 5.0 55 1.82

Rate = Initial Weight
Burn Time

TYPICAL VALUES

L= 0,1524 m
d = 0.0425 m
D = 0.2160 m
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1f the net heat flux to the charring polymer surface is
assumed to be uniform (Figure 14), the pyrolysis is steady, and
the nonreacting char residue is at a uniform temperature, Tg

Gnet = T (Pp =P 1Cpp (Tp = Ta) + 1 ) + -

™ Cpoe (T, - Tw)

It will be assumed that heat transfer within the porous char
is rapid; therefore

= Tg (2)

The net heat flux to the polymer surface is

Qper = 9 Fug % [Tw‘* - TS'*) + h(Tg - Ts) (3)
s

where h is the heat transfer coefficient for combined forced and
free convection over the polymer surface. For the experiments
reported, the second term in Equation 3 may be neglected in
comparison to the first term. Combining the above equations and
rearranging yields

o F %(TL’—T“]

wa'K;
=CPPTS-—T°°)+LS+
[po - pc) r (4)

pC
- - \NC T =
(po-%) pel Tg = To)

Using continuity at the polymer char surface, the pyrolysis rate
is given by

hp =1 A, [do - pc] (5)
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FIGURE 1l4. Schematic of Pyrolysis Process
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Combining Equations 4 and 5 yields

0 Fu (1 - 7Y)

ot ws ]
" = EI_R = 5 (6)
A P -
8 \'CPP(TS - Tno) + Ls.l * "'"—'_c__ Cpc (TS T@J
Po = Pe

For the case of a charring polymer, cellulose, the denominator of
Equation 6 is a material property defined as the effective heat of
gasification

Lg = I-Cpp (TS - TonJ + LsJ + ‘__C""" CPC (Ts - TW) (7)

Po ™ Pc

For the case of a melting noncharring polymer, polyethylene, or
latex, the denominator of Equation 6 is again a material property
defined as the effective heat of gasification, where p, is zero
by definition. Equation 7 is then

L.=¢_ (T . -T,) +L (8)

;ﬂ." = _Ii = wa AS v s (9)
AS

Implied in this phenomenological approach is the approximation
that independent of the heat flux to the polymer surface, the
characteristic surface temperature remains fixed at Tg.

Combustion Rate
The mass burning model, which is developed, assumes that the
rate of combustion is steady and that the chemical reaction rate

of the diffusion flame above the burning polymer is fast compared
to the diffusion of oxygen into the flame front.
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Figure 15 shows a schematic of the incinerator and defines
the dimensional constants to be used in the analytical model.
Glassmanl* has derived the following mass burning model under
conditions of no external radiation.

m' = [%DJ in (1 + B) (10)
The mass transfer number, B, may be conveniently defined as,

i[M02]5 BH, + €y (1g - )

(11)
LR

B =

where the mass stoichiometric index, i, is defined by the single
step stoichiometric relation!®

i g of fuel + 1 g of oxygen + (1 + i) g of
product (CO, + H,0) (12)

In the gas phase, it may be assumed that the Lewis number is
unity.

=} (13)

Then
o =D (14)

where by definition

a = K (15)
DCD
Therefore
pa = pp = X (18)
CP
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FIGURE 15. Schematic of the Laboratory-Scale Incinerator
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o

Equation 16 with Equation 10 yields

1 R K
S a1+ oB) (17)
P

For the case of an externally applied heat flux, Equation 17
may be modifiedql®,18718 g4

o= X omm{1+ B3 (18)
8¢, 1 - E

The radiation heat transfer parameter E is defined in terms of the
net vadiation heat flux Qg to the polymer surface.

Q
E = .R (19)
" L
w Ty

- -

Qr = Qrp * Q5 - O (20)

In studiesl!Ss17721 of polymer combustion, radiation from the
flame to the polymer surface has been considered. Some authoral™s22
have argued that in some cases, flame radiation may be neglected.

In the present experiment, a large portion of the flame radiation
will be incident upon the incinerator walls, and will be absorbed and
re-emitted by those walls at the measured wall temperature T.
Therefore, most of the flame ragdiation is already accounted for

in the external radiation term Qp. The state of the art, in
predicting flame radiation, requires knowledge of soot concen-
tration and combustion product concentrations.?3:2% These data,

for the present experiments, are unavailable; therefore,, the

radiant heat flux from the flame to the polymer surface Qgpy will

be neglected in the analysis.

Qgp * 0 (neglected) (21)
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Combining Equatioms 19, 20, and 21 yields

0n - O
g = _&_ L
ml’T Lg

in a
Equation 22 may be expressed as

. - Aw [T H

v - T ")
W s
AS

and Kirchhoff's identit

Eg = 1

Based on radiation abso;gtion measurements for various polymers

(22)

Earlier work on the pyrolysis of porous samples of Te flon®?
similar furnace geometry has shown that the numerator of

(23)

(24)

25

(25)

Using Fquations 24 and 25 and the following dataj on the

laboratory-scale incinerator,
be
Fus = 0.137

where

A,
A, = 0.0102 ?

0.0552 m?

1}

€y = 0.55

Combining Equations 11, 18, 22, and 23 yields
burning equation
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the following mass




R SAU I i(Moz)‘S Mo+ G (75 - ) , (27). )
.- ( (/) Uy - J)
2 *n
m

In the present experimental test unit, experiments with an
oxygen mass fraction of zero indicated that the primary air is
preheated to a temperature just slightly less than the incinerator
wall temperature by the time it reaches the heated section of the
furnace. Therefore

(28)

also
M = M ©

Equation 27 may be used to predict mass burning rates if the
term K/8§C, can be evaluated, For the case of combined free and
forced convection in a horizontal tube, Holman2® suggests the
following criteria for determining if free convection dominates.

Gr
if, £ > 1 (then free convection dominates) (29)
ReL
P UL o 172
where Re; = L2 and Re, = _L Y (L) (I)  re (30)
L= L u
Hf l-lf H 4

and where the density and viscosity are taken as those of the
inlet gas evaluated at the film temperature, Tgiip.

Tey + Ty

(31)
2

Teiim =

The Grashof number is also evaluated by using the gas properties
as described above, The Grashof number is defined?® as
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(32)

where

d = (33)

For all the experiments reported, the criteria of Equation 29
were satisfied, and the diffusion layer thickness might be derived
neglecting forced convection.

Standard heat transfer data®® give the following Nusselt
number correlations for free convection over a horizontal
rectangular isothermal plate.

ﬁuf = 0,54 [GrfPr)llq laminar case

2 x 10" € GrgPr < 8 x 108 (34)
ﬁuf = 0,15 [GrfPr)1/3 turbulent case

8 x 105 < GrgPr < 10%! (35)

For the experiments reported, the laminar case holds. As a
consequence of the unity of the Lewis number, the Prandtl number
has also been assumed to be unity.

For the laminar case:
ﬁl]f = O.Sh (fopr]llh (36)

By definition of the Nusselt number

combining Equations 36 and 37 yields
E_d = 0.54 (Grg)t/* (38)
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Assuming an ideal gas in the gas phase above the burning polvmer

1

Tey
AT = Tf]. - TS ' (LIO)
pe ol ™ (41)
R Teitm

where M is the molecular weight of the inlet eas and P is the
absolute pressure within the incinerator. Combining Equations
39, 40, and 41 into Rquation 32 vyields

Grg = % - : ° 3 t (L + 2} (42)
RU ¢ f TerlTey + T 5

By the definition of the heat transfer coefficient h

h=2X (43)
é
Combining Fquations 33, 38, and 43 yields
K _h K¢ 1 174
—_=.=1,08 | — {Grf} (44)
GCP C, Cp L+ &
Then, comhining Fquations 42 and 44 vields
- 1/4
X _ g \ [em 2 |(Tg - T)
— =091 [} |- ” (45)
%Cs o/ \Rug Tey(Tep + Te)*(0 + 2)
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Recalling Equations 27 and 28

w' = 3‘2" m )t i(M, )w 28c * Cp (Ty - 7o) (46)
T _ o b
p L oF, (a,/a,) (T, T ")
& *u
m
or
. T _ * 1
f_z_g o' - 1n b l(Mon“’ AHem™ ¥ CP(TW T n" o (47)

o' Ly - oF (Aa,/a,) (T, - T %)

Equation 45 may be substituted into Equation 47 and m" solved by
the Newton-Rhaphson method. At low—-to~moderate furnace wall tem—
peratures, combustion can play an important role in the burning
rate. At high furnace temperatures, thermal radiation dominates;
consequently, burning rates at very high temperatures are pre-
dicted by Equation 9 alone.

0ff-Gas Composition

The calculation of the composition of the off-gas from the
laboratory-scale incinerator is complicated. The problem may be
attempted on three model levels of increasing difficulty and
accuracy. In order of increasing difficulty these models would be
listed as follows:
1. Stoichiometric

9. Chemical Equilibrium

3. Chemical Kinetic

Stoichiometric Model
The stoichiometric model follows directly from the assump=
tions used in the combustion rate model discussed previously where

the mass flux.of polymer being consumed, m", is calculated. From
the value of m", the mass flow rate of fuel, mp, may be calculated.
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If the primary air Reynolds anumber is known, then the mass flow
rate of air into the incinerator may be calculated as

my = Rey u, H (%)1’2 (49)
where p,, the viscosity of the primary air is taken at a temper-
ature Tg Z 100°C. Assuming all of the fuel is either converted

to CO, and Hy0 or remains as unburned fuel, the following off-gas
mass fractions may be calculated.

[1 - (Moz)a]ég

(My ) =~ : (50)
2 0.G. mA + mF
mp - i (M n

M L (o, )5 ma . (51)

NBURNED R

FUEL 0.G. Ta * W :
"compusTION =1- (MNZ)O .~ | MunBURNED (52)

PRODUCTS /4 o ‘G- \ FUEL 0.G.

In the case where there is more than the stoichiometriec oxygen
requirement, then O, will exist in the off-gas in place of
unburned fuel. The following off-gas mass fractions may be
calculated,

1= ()]
(MNz)o G. =3 O % 2 | (53)
e m, + mg
. Mg
(p,) o ole®m 0
0.6 T I a
M =1- (Mg ) - (M) (55)
COMBUSTION N
pR§§HCTS o.c. 2°0,G. 0270.c.
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DISCUSSION OF RESULTS AND CONCLUSIONS
Pyrolysis in the Laboratory-Scale Incinerator

The pyrolysis rate data as tabulated in Tables 1, 3, and 5
for polyethylene, cellulose, and latex were fitted to the pyroly-
sis model, Equation 9, to obtain values of L, and T, for each
material. Figures 16, 17, and 18 show the experimental pyrolysis
rate vs. incinerator wall temperature and the fitted curves. It
was observed that inlet gas Reynolds number, Rey, has no effect
on the observed pyrolysis rate. This result is consistent with
the assumption in the pyrolysis model that convective heat trans-
fer is negligible compared to energy transfer by thermal radia-
tion. This is true because the convective heat transfer h is a
function of Rey, which is proportional to Rey by Equation 30.
Table 10 lists the fitted values for Ly and T; of this study,
and values obtained for similar polymers by Tewarson.l2 The
results of this study agree with Tewarson's data.

TABLE 10

Effective Heats of Gasification and Characteristic
Polymer Surface Temperature

Effective Heat Characteristic
of Gasification, Surface Temperature,
kJ/g °K
Material Tewarson!? This Work Tewarson This Work
Cellulose 3.55 2.54 - 521
Polyethylene 2.32 1.13 761 748
Latex - 0.292 - 683
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FIGURE 16. Average Pyrolysis Rate of Polyethylene
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FIGURE 17. Average Pyrolysis Rate of Cellulose
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FIGURE 18. Pyrolysis Rate of Latex
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Combustion in the Laboratory-Scale Incinerator

Table 11 shows the physical data used with the mass burning
rate formulation of Equations 45 and 47. The burning rate solu-
tion was found to be weakly sensitive to the assumed flame temper=
ature and heat of combustion. The fact that they were taken
from the literature for similar materials does not appear to be
critical. Computer solutions for the case of polyethylene, cellu-
lose, and latex combustion with primary air oxygen concentration
of 21 mol % are shown in Figures 1, 2, and 3. Also shown in the
same figures are the experimental combustion rates at different
primary air Reynolds numbers, Rey. Burning rates are observed
to be independent of the primary air Reynolds number; therefore,
the burning rate of any waste material will be independent of the
mase flow rate of primary air as long as free convection dominates
forced convection (Equation 29). Experimental burning rates and the
theory agree for polyethylene. For latex and cellulose, the theory
exceeds the experimental burning rate.

It should be noted that although burning rate is independent
of inlet gas Reynolds number, the composition of the off-gas from
the primary stage of the incinerator will be affected by the mass
flow rate of primary air and, conseguently, by the primary air
Reynolds number. This effect is illustrated by the calculated
off-gas mass fractions from the combustion of polyethylene at a
Reynolds number of 100 and 600 (Figures 19 and 20).

Combustion in the Primary of the ICTF

The ultimate value of the burning rate model, and computer
code based on that model, can only be judged by comparing the
results of the model with experimental data from the full-scale
ICTF. Experimental burning rate data for the three polymers of
interest as obtained on the ICTF by SRL staff are tabulated in
"Experimental Data." These experiments were performed under
conditions of constant primary air of 12 scfm at several primary
wall temperatures, Figure 21 shows the geometry of the ICTF
primary. Also shown is the assumed initial configuration of the
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TABLE 11

Physical Data Used in Theory

Data Polyethylene Cellulose Latex

Text Reference Reference Reference
Symbol Units VYalue Source Value Source Value Source

Aq m? 0.0102 Measured 0.0102 Measured 0.0102 Measured

A, n? 0.0552 Measured 0.0552 Measured 0.0552 Measured

g m/sec? 9.800 - 9,800 - 9.800 -

H m 0.1016 Measured 0.1016 Measured 0.1016 Measured

AH,. J/g 47,088 - 18,681 - 43,575 -

i 0.292 Equation 12 0.844 Equation 12 0.3041 Equation 12
2 m 0.0762 Measured 0.0762 Measured 0.0762 Meagured

L m 0.1397 Measured 0.1397 Measured 0.1397 Measured

Lg kJ/g 1.130 Experimental 2.54 Experimental @.292 Experimental
P N/m2 101,353 Measured 101,353 Measured 101,353 Meagured

i N-w/(mole K} 8.314 - 8.314 - 8.314 -

Tg 'K 373 Typical 373 Typical 373 Typical

Ty °K 1,800 Assumed 1,800 Assumed 1,800 Assumed

Tg K 148 Experimental 521 Experimental 683 Experimental
€, ~ ~ 0.55 - 0.55 - 0.55 -

o kJ/(m? sec “K*)  5.669 x 10711 - 5.669 x 1071} - 5.669 x 10711 -
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waste prior to combustion. 1In order to use the analytical model,
which is based on constant waste surface area during combustion,
the following definitions have been used to develop a computer
code:

2 =md/2 (56)
A, = ®OL - (57)
Ag = wdL/2 (58)

where for the ICTF

0.86
0.216 m

Ew

D

Table 12 gives the average value of the waste packet diameter
and length for each of the polymer samples whose rates are tabulated
in Tables 7, 8, and 9. Figures 4, 5, and 6 show the experimental
burning rates plotted versus primary wall temperature for polyeth-
viene, latex, and cellulose samples. Also shown in the figures are
the burning rates as predicted by the computer code with the dimen-
sional modifications as indicated in Equations 56, 57, and 58. The
code and experiments agree for polyethylene and latex, and the code
provides an upper limit for the case of cellulose.

Rased on the stoichiometric model ("0Off-gas Composition" of
this section), the mass fraction of the off-gas products from the
ICTF primary may be calculated, Figures 7 and 8 show the primary
off-gas compositions calculated for the case of 1l scfm primary
air. Results for 200-g samples of polyethylene and 100-g samples
of latex are shown. It is clear that fuel-rich combustion occurs
in both cases thereby requiring secondary air. The secondary air
required may be easily calculated, assuming that the unburned fuel
in the primary chamber off-gas has an average composition identical
to the original solid waste. This method should provide an adequate
estimation of the air requirement; however, it must be realized that
the unburned fuel from the primary chamber off_gas will actually
consist of several species. Gas-phase pyrolysis, recombinations,
and incomplete combustion will result in soot formation, carbon
monoxide, and a multitude of hydrocarbon species, which with the

- 52 .




TABLE 12

ICTF Calculational Parameters

Material Lg Ts AH, i

Polyethylene 1.13 748 47,088 0.292

Cellulose 2.54 531 18,681 0.844

Latex 0.292 683 43,575 0.3041
d, m L, m

Material Average Average

Latex

(100 g) 0.0425 m 0.2524 m

Cellulose

(200 g) 0.1073 m 0.1988 m

Polyethylene

(200 g) long 0.0622 m 0.2642 m

Polyethylene

(100 g) long 0.0425m 0.2540 m

Polyethylene

(100 g) short 0.0593 m 0.1661 m
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details of the secondary will determine secondary air required for
complete combustion. The next section reports the results of gas
sampling experiments in which the off-gas products from the
laboratory—~ scale incinerator have been measured under fuel-rich
combustion conditions,

Off-Gas Analysis from the Laboratory-Scale Incinerator
Preliminary Pyrolysis Experiments

Early experiments on the pyrolysis of polyethylene in an
argon environment were performed in the experimental facility
described in earlier reports.®:7 The sampling and analysis
methods used were the same as discussed in "Experimental
Procedures,”" except that the sample line was heated to 110°C, and
no filter was provided between the sample line and the gas
chromatograph. Therefore, condensation of high molecular weight
hydrocarbons was prevented in the sampling system before -the
hydrocarbons were injected into the gas chromatograph.

The experiments were performed in an initial environment of
argon with no flow into the furnace from the outside. A gas vent
in the furnace allowed the pyrolysis products to be vented to the
outside. Figure 22 shows the composition of the off-gas from the
furnace as a function of time. Summing the mole fractions to one
indicated that unidentified species had been formed during the
initial part of the pyrolysis process. Figure 23 shows this
result. In the absence of oxygen, pyrolysis is kinetically con-
trolled. 1In particular, high molecular weight species are formed
in the initial part of the pyrolysis process, and as time goes on,
these species react in the gas phase above the polymer to form
methane and hydrogen.

Combustion of Polyethylene

The off-gas from the combustion of 50-g samples of polyethy-
lene, in the laboratory-scale incinerator, was sampled as a func-
tion of time as described in "Off-gas Sampling and Analysis.”
Typical composition profiles are shown in Figures 24 through 26,
With a larger initial sample weight and subsequent longer burning
time, the furnace wall temperatures could not be maintained con-
stant. This is, of course, due to heating of the walls by the
combustion process. Figure 9 shows a qualitative composite of the
off-gas from polyethylene combustion. The cooled sample was
filtered, and only trace amounts of condensibles would be expected.
As the burning rate increases to a peak and then decreases, oxygen
also varies, with time, reaching a minimum at a time when one would
observe a maximum instantaneous burning rate. As oxygen becomes
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FIGURE 24, Off—-Gas Analysis of the Laboratory-Scale
Combustion of Polyethylene, First Test
(Reg = 100) (Sample Weight = 50 g)
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depleted, less oxygen is available for the complete combustion of
CO to CO, so that the CO, profile drops off while the CO profile
continues to peak when 02 reaches its minimum.

Two unidentified peaks were observed on the chromosorb™—102
(Johns-Manville Corporation, Denver, C€O.) column, when the O, peak
was at its minimum, These peaks were determined .to be species other
than CH,, N,, 0,, CO, CO,, and H,0 by injection of pure samples of
these species into the column, A batch sample was taken, however,
which was later analyzed by a scanning infrared analyzer (the IR
spectra are shown in Figure 10). Using tabulated spectra for
various species, the sample was found to contain toluene, hexane,
benzene, ethylene, and acetylene, These species are believed to
make up the unburned fuel that is predicted as an off-gas product
in the stoichiometric model of "O0ff-Gas Composition'" of this
section.
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o
NOMENCLATURE
Ag Polymer surface area exposed to the radiant heat flux, m?
Ay Surface area of incinerator walls, which is seen by the
polymer surface, m?
B Spalding's mass transfer number
Cp Specific heat at constant pressure of gas phase, kJ/(g °K)
Cpe Specific heat of the char, kJ/(g “K)
Cop Specific heat of the pyrolyzing polymer, kJ/(g °K)
D Mass diffusivity of gas phase, m? /sec |
d Average polymer characteristic length, m
Fua Angle factor between the incinerator walls and the
surface of the polymer
Gr¢ Grashof number at the film temperature
g Acceleration of gravity, m/sec?
h Heat transfer coefficient
i Mass stoichiometric index
K Thermal conductivity of the gas phase, kJ/(m sec °K)
L Characteristic length of polymer surface, m
Lg "Effective" heat of gasification of the polymer, kJ/g
Lg Heat of gasification of the polymer, kJ/g
% Characteristic width of polymer surface, m
| M Molecular weight of inlet gas, g/mol

M02)5 Mass fraction of 0, in the free stream
Mass flux of polymer being consumed, g/(m? sec)

Wwp Rate of mass loss of polymer due to the pyrolysis
process, g/sec
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NOMENCLATURE (Continued)

P

AH

Pressure inside incinerator, N/n?

Prandtl number

External radiative heat flux to the polymer surface
Radiative heat flux lost from polymer sﬁrface

Net radiative heat flux to the polymer surface

Radiative heat flux from the flame to the polymer surface
Universal gas constant

Regression rate, m/sec

Reynolds number for polymer sample

Reynolds number for incinerator primary

Flame temperature, 'K

Film temperature, °K

Pyrolysis temperature, °K

Polymer surface temperature, K

Incinerator wall temperature, °K

Free stream gas temperature, 'K

Free stream gas velocity parallel to polymer surface, m/sec
Thermal diffusivity of the gas phase, w? /sec

Expansion coefficient, °K7

Heat of combustion per unit mass of fuel, kJ/g
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NOMENCLATURE (Continued)

Diffusional layer thickness, m

Density of gas phase, g/t

Density of the virgin porous polymer, g/m?

Density of the porous char, g/u@

Kinetic viscosity of primary air at 100°C, m?/sec
Viscosity of gas phase at film temperature, g/ (m sec)
Density of gas phase at film temperature, g/n@
Stefan—-Boltzman constant

Emissivity of the incinerator wall surface

Emissivity of the polymer surface
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