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The report gives results of a study
to determine the feasibility of an in-
cinerator performance measuring
methodology based on real-time
continuous exhaust measurements of
combustion intermediates; i.e.,
carbon monoxide, total hydro-
carbons, and methane. The key issue
was the correlation that exists
between destruction and removal
efficiency (DRE) and these inter-
mediates. The study consisted of five
steps:

1. A review of methods for moni-
toring intermediate species in the
exhaust gases.

2. Selection of instruments for eval-
uation.

3. Evaluation of the instruments for
response and potential interfer-
ences.

4. An experiment in which test
organic compounds were incin-
erated in a laboratory-scale turbu-
lent diffusion spray flame.

5. An analysis of the exhaust gas for
both destruction efficiency (DE)
of the waste compounds and the
emission of intermediate species
over a range of operating condi-
tions from high- to low-efficiency
operation.

This Project Summary was devel-
oped by EPA’s Air and Energy
Engineering Research Laboratory, Re-
search Triangle Park, NC, to announce
key findings of the research project

that is fully documented in a separate
report of the same litle (see Project
Report ordering information at back).

introduction

A number of programs sponsored by
the U.S. Environmental Protection
Agency (EPA) have shown that thermal
destruction is an effective technique for
eliminating organic hazardous waste.
Both field tests of operating incinerators
and bench scale tests on turbulent
diffusion spray flames have indicated that
properly operated incinerators are very
efficient. They have been found to
destroy compounds to typically
>99.99% destruction and removal effi-
ciency (DRE) when operated correctly.
However, there is currently no way to
continuously monitor the DRE perform-
ance of the hazardous waste incinerator.

More than 300 organic wastes have
been identified by the EPA as being
hazardous. A particular waste stream
may consist of a number of these com-
pounds, and assurance must be given
that the incinerator is not releasing any of
them during normal operation. Because
of the wide range of compounds and the
low concentration levels that need to be
measured, direct real-time continuous
monitoring is beyond the state-of-the-art
of measuring techniques. EPA’s licensing
procedure requires that high efficiency
operation (DRE >99.99%) be demon-
strated prior to operation for a selected
set of constituents in the waste stream.
After licensing, the incinerator is main-
tained within the range of operating
conditions stipulated in the permit. During



routine operation, it is desirable to
monitor the destruction efficiency (DE) of
the unit and thereby allow corrective
action to be initiated at the onset of
unsafe performance. Methods available to
measure specific hazardous waste com-
pounds that are used during licensing
trial burns (e.g., organic trapping and gas
chromatography separation and analysis)
are suitable for routine performance
monitoring. They are both skill- and
labor-intensive, noncontinuous, and the
results are not immediately available after
sampling.

Thus, there is a need for the devei-
opment of an indirect real-time con-
tinuous monitoring methodology for haz-
ardous waste incinerator performance. A
number of indirect methodologies have
been proposed. For this discussion, the
potential methodologies can be cate-
gorized as:

e Tracer measurements (within waste
stream composition or added).

® System parameter measurements
{pressure, temperature, flow rate).

e Combustion intermediate species
measurements (e.g., CO, hydro-
carbons).

® Combustion product measurements
(CO,, 0z, NO,).

Methodologies which rely on these
measurements are largely untested and
not completely developed. This study will
concentrate on the use of intermediate
species as a measure of incinerator
performance since they appear most
feasible at this time. Field tested and
relatively low cost instrumentation is
commercially available for several of the
stable species.

Combustion of Organics

The combustion of organic molecules
is a complex series of elementary
reaction steps involving a myriad of
intermediate species. For example, to
completely describe the oxidation of the
simplest organic (methane) requires more
than 100 reactions and involves 25 inter-
mediate species. For more complex
organics, the numbers increase geo-
metrically with the molecular weight.
However, only a few of the species are
stable; e.g., lower molecular weight
hydrocarbons, methane (CH,), carbon
monoxide (CO), and formaldehyde. Aiso,
these stable intermediates are common
to the combustion of most organic
compounds including hazardous waste
and auxilliary fuels.

Organics burn in a complex series of
fundamental reaction steps that even-
tually lead through CO as the principal
intermediate before the completely oxi-
dized state (CO;) is reached. CO is a
thermally stable compound, compared to
hazardous waste organics. Since it is a
intermediate, large amounts of CO are
produced in the flame zone that will be
eventually destroyed if mixing is good. If
mixing is poor, CO can escape the flame
by mechanisms of thermal gquenching.
Excessive CO emissions usually reflect
poor mixing or incorrectly set combustion
air. The CO level measured in the stack
depends on many factors; e.g., waste
properties, spray nozzle design and
operation, combustion air mixing pattern,
and incinerator chamber design. CO can
be measured continuously, using nondis-
persive infrared analyzers, to concen-
trations of a few parts per million (ppm).

Exhaust emissions of hydrocarbons
have three sources: (1) the unburned
hazardous organic constituents due to a
low DE, (2) unburned hydrocarbons from
the auxiiliary fuel, and (3) intermediate
hydrocarbons generated during the com-
bustion of the hazardous waste and
auxilliary fuel. Which of these is dominant
depends on the operating condition of the
incinerator. However, the dominant
source is likely the intermediate and, in
particular, the light intermediates such as
methane that are typically more thermally
stable than the hazardous and fuel
constituents. Total hydrocarbons can be
measured with a flame ionization detector
(FID) down to a few ppm, while CH, can
be measured with similar sensitivity using
a nondispersive infrared analyzer (NDIR).
Formaidehyde, another hydrocarbon
intermediate, is somewhat less stable
than CO or CH, and no suitable instru-
mentation is currently available for
routine continuous monitoring.

Study Obijective

The objective of this study is to
determine the feasibility of an incinerator
performance monitoring methodology
based on real-time continuous exhaust
measurements of combustion intermedi-
ates, specifically: CO, total hydrocarbons,
and CH,4. The key issue is the correlation
between destruction and removal efti-
ciency (DRE) and these intermediates.
The study involved five steps:

1. A review of methods for monitoring
intermediate species in exhaust
gases.

2. Selection of instruments for evalua-
tion.

3. An evaluation of the instrument:
response and potential interferenc

4. An experiment in which a set of
organic compounds are incinerate
a laboratory-scale turbulent diffu
spray flame.

5. Analysis of the exhaust gas for
DE of the waste compounds and
emission of intermediate species
a range of operating conditions 1
high- to low-efficiency operation.

Study Approach

This approach was designed
determine if correlation exists betw
the level of combustion intermediates
the DE in the turbulent spray flame.
turbulent flame reactor (TFR) can
operated under conditions where [
are very high (>99.999%). The |
conditions investigated covered a ral
of low-efficiency conditions and f
failture modes: tuel rich, excessively i
lean, poor atomization quality, and fla
quench. These failure modes were ¢
sidered to be representative of p
operation conditions that might exist
liguid injection incinerators.

The exhaust concentrations of the t
hazardous waste compounds were me
ured along with the concentrations of tc
hydrocarbons, CHy, and CO for each
the conditions delineated above in or
to assess the correlation between DE &
the concentration of intermediate speci
The test compounds were mixed to @
by mass with diesel fuel and introduc
to the reactor. The compounds usec
acrylonitrile, benzene, chloroform, a
chiorobenzene —were selected becau
they are EPA-listed hazardous orgar
compounds and because they are €
pected to represent a broad range
incinerability behavior.

The purpose of this study was
determine the feasibility of utilizing re:
time continuous exhaust measuremen
of combustion intermediates as a way
monitor incinerator performance. The ke
issue was to determine if a dire
correlation exists between DE ar
intermediate species concentration mea:
urements. DE was based on exhau
measurements for specific input was!
compounds using a Tenax cartridge fi
capture and gas chromatography, flam

*This report distinguishes between waste
destruction efficiency (DE) and waste destructior
and removal efficiency (DRE). DE is based or
measurement of input and output concentrations
of a species across a thermal treatment reactol
but upstream of any control device whick
removes that species form the flow exhaust.



ionization detection for sample analysis.
The intermediate species measurements
were selected to be continuous and real-
time. A comparison of the potential
intermediate measurements with the
availability of commercial instruments
resuited in the seiection of a Beckman
402 Total Hydrocarbon Analyzer (THC), a
Beckman 864 NDIR methane analyzer,
and an Anarad AR-500 NDIR CO
analyzer. The response of each instru-
ment was compared to DE measure-
ments from a turbuient spray flame in
order to experimentally determine if
flame zone correlation exists.

The TFR was designed so that the
processes controlling DE in the flame
(e.g . atomization quality, ballishc trans-
port, turbulent mixing, flame quench, and
flame-surface impingement) simulate
those that control DE in the flame zone of
a liqud injection incinerator The cold
walls of the TFR were designed to
emphasize flame zone performance by
quenching post-flame reactions. As such,
the TFR data do not directly address how
post-flame processes such as after-
burners and gas cleaning equipment
affect the flame-zone correlations.

The data presented are cross-plotted to
produce the DE/continuous monitoring
correlations shown in Figure 1 These
represent a broad range of operating
conditions form high flame efficiency to
low DE failure conditions. Two general
correlations were observed between DE
and the intermediate species measure-
ments:;

1. THC and CHj, The correlation be-
tween DE, THC, and CH4 1s nearly
proportional; i.e., a linear increase in
the intermediate concentration cor-
responds to a proportional increase in
the hazardous component concentra-
tion.

2. CO: The CO correlation indicates
that a significant increase in CO
emissions is necessary before the
exhaust concentration of waste com-
pounds increases substantiaily.

Fundamental combustion kinetic studies
(e.g., laminar flat-flames) indicate that
hydrocarbon flames can be divided into
two partially overlapping regions. In the
first,, hydrocarbon fuel is rapidly con-
sumed Dby reaction with flame radicals
(O,H,OH) to produce CO and water. In
the second region, the CO 1s oxidized to
CO; at a relatively slow rate. The flame
can be made to operate inefficiently by,
for example, a reduction in temperature
or the addition of flame inhibiting
compounds. The first manifestation of

this inefficisncy is tho reiease of CO
because the hydrocarbon destruction
reactions remain sufficiently fast to
quantitatively remove organic molecules.
it is only after the flame has become
extremely inefficient that hydrocarbons
are released, by which time the CO
emissions are substantial.

Although & direct comparison between
laminar fiat-flame and turbulent flame
results is difficult due to the fundamental
difference between the processes, the
reactions occurring in each are the same.
These reactions are simply super-
imposed on different fluid dynamic back-
grounds. Thus, a qualitative explanation
for the flame zone correlations observed
here would include:

® Since the hydrocarbon intermediates
and the model waste compounds are
made up of organic molecules, the
flame destruction rate of each is
similar, at least relative to the slower
CO destruction rate.

® Decreased flame efficiency is evi-
denced by CO release while hydro-
carbon intermediates and the waste
compounds are shll quantitatively
destroyed.

® Further decreases in flame efficiency
bring about a concurrent release of
hydrocarbon intermediate and organic
wastes due to the (relative to CQ)
similarity in their flame destruction
rates.

Conclusions
These data support the following
conclusions:

® A turbulent spray flame operating
without afterburners or postflame gas
cleaning can achieve a DE of 99.99%
This implies that careful design ot
efficient burners can cause the flame
zone of a liquid injection incinerator to
perform most, if not ail, of the legally
required waste destruction.

e The data indicate that flame conditions
which minimize CO, THC, and CH,
emissions result in optimum waste DE.
This indicates that maximum flame
efficiency, defined by the release of
fuel and fuel fragments, also resuits in
maximum waste destruction.

® lLess than optimum DE performance
was accompanied by an increased
release of intermediate species. This
means that, for all conditions
examined in this study, a change in
DE toward lower efficiency was always
accompanied by an increase in CO,
THC, and CH,.

e The range of conditions for optimum
flame parformance, as defined by CO,
THC, and CH,4, was found to be less
than or equal to the range for high DE.
This means that, under sume condi-
tions, the flame performance could
decrease withou a significant de-
crease in DE.

¢ CO was found to increase signiiicantly
under some conditions in which the DE
remained high.

Application of these rcsults to the
continuous monitoring behavior of a full-
scale incinerator requires scme assess-
ment of how the postflame zone process,
such as afterburners or scrubbers, affect
the flame zona correlations. Due to the
very low solubiity of hydrocarbons and
CO in aqueous solutions, incinerator
scrubbing systems would not be
expected to alter the continuous moni-
toring correlations for organic wastes.
However, the afterburner may be
expected to impact the postftame zone
correlations. The aliphatic hydrocarbons
that make up the buik of THC, in
particular CF,4, are generally equally or
more resistant to nonflame thermal
destruction than the waste corm pounds
upon which thermal testing has been
performed. This indicates that monitoring
THC and CH, approach is potentially
more conservative than indica‘*~¢ by the
flame measurements. Thermal testing
has not been performed on CO. However,
detailed chemical kinetic predictions indi-
cate that the nonflame thermal destruc-
tion rate of CO is approximately ii.e same
as that for hydracarbons (as opposed to
the flame destruction rates in which the
hydrocarbons predominz e). Thus, no
large alteration of the f. me zone corre-
lation would be expected.

The correlations shown in Figure 1
suggest that CO is possibly an overly
conservative indicator of flame perform-
ance. That is, a) incinerator shutdown
procedure based on response of a CO
monitor may be environmentally safe but
economically impractica! The resuits of
this study suggest the following approach
to incinerator monitaring and control:

® Use CO as an indicator of flame per-
formance, but not as an incinerator
shutdown criterion. This should pro-
vide a way to tune the flame
operating parameters.

® Use THC as a shutdown alam to
indicate potential waste compound
release.

Use of these two nstruments in tandem
provides, through CO, a way to tune for
flame efficiency and, through THC, a way



to indicate incipient waste emission and
direct shutdown.
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Figure 1.  Fraction of hazardous compound remaiming in the exhaust as a function ot
intermediate species concentrations.
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