
SULFUR HEXAFLOURIDE AS A
_ _ ~TRACER FOR THE VERIFICATION OF .

WASTE DESTRUCTION LEVELS IN AN
INCINERATION PROCESS

C.L. PROCTOR II, M.C. BERGER, D.L. FOURNIER JR.,
S. ROYCHOUDHURY

UNIVERSITY OF FLORIDACOMBUSTION LABORATORY

MECHANICAL ENGINEERING DEPARTMENT
GIAINESVILLE, FL 32611

APRIL 1987

I FINAL REPORT DT1fZ
MAY 1984 - APRIL 1986 JUNE TI9 E8

D A

APPRVEDFORPUBLIC RELEASE: DISTRIBUTION UýNLIMMITED

ENGINEERING & SERVICES LABORATORY 9

AIR FORCE ENGINEERING & SERVICES CENTER
TYNOALY I FORCE BASE, FLORIDA 32403

d9 ___ ______



.DICLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE i

REPORT DOCUMENTATION PAGE
I 9.1 Ft. I.- IUAl U I.*IAII6t lb RESTRICTIVE MARKINCS

Unclassified
2a. SECURITY CLASSIFICATION AUTHORITY 3. OISTRIBUTIONIAVAILAOILITY OF REPORT

b . . SApproved for public release
I; OECLASSIFICATIOIOCWOAOINOSCIEOULE Distribution untimitted

-. P.RFRMISG ORGANIZATION REPORT NIUBERIS 5. MONITORING ORGANIZATION RPIIFRT NUMBERIMI

ESL-TR-86-47
NAME OF PERFORMING ORGANIZATION 6. OFFICE SYMBOL 7. NAME OF MONITORING ORGANIZATIOVsity of Florida OFFIESYMB1OL

Combustion Laboratory Air Force Engineering and Services Center
Br. ADDRESS (City. Serpe md ZIP Code) 70. ADORESS (ry. Stole und ZIP Code)

Mechanical Engineering Department HQ AFESC/RDVS
Gainesville FL 32611 Tindall AFB FL 32403

4. NAME OF FUNDINGISPONSORING b. OFFICE SYMSOL B. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION IIWPIN.&I. -

F08635-0136

9-. ADDRESS (Iy. Stw nd ZIP C&) 10. SOURCE OF FUNING NOS

I PRGRATASK WORK UNIT
NO NO... NO

11 TITLE (ilude S-,.ty 0n.,,fano. Sulfur nexaflourice, 62601F 1900 70
as a Tracer for the Verification of Waste Des .ction Lava g an T iTn , -.
12. PE•RONAL AUTHORCS)
C.L. Proctor 1I, M.C. Berger, D.L. FL er Jr. S. RovcbOudhurV
13. TYPE OF REPORT 113b. TOE COVERE 14. DATE OF REPORT IY,. 31o. Day, 15 PAGE COUNT

Final FROM Ma TO AD2L._2 April 1987 24
1I. SUPPLEMENTARY NOTATION

Availability of this report is ified on reverse of front cover.

17. COSATi CODES SUBJECT TERMS (CO.6t1 o ,M I nrf t •lnd Iden.bf, by block -6-0t,,
Lo Rup I sus GR. azardous waste)incineration; destruction removal efficiercy51•/ ! OZ [ surrogates; tracers; iidastrial boilers, 'AZa .9 ,

LABSTR.def by black I Ja-The use of sulfur hexafluoride (SF6 ) as a tracer for the verification of hazardous waste
destruction levels in an incineration process is discussed. This study determined the
relationships between fuel flow, air flow, temperature, and mixing, and the destruction
removal efficxency (DRE) of SF6 in a laboratory natural gas burner. The motivation for the

* study was the need to establish fundamental relationships which could be used in later
studies concerned with using SF6 as a tracer in combustion procer as. SF6 was mixed with
natural gas and burned in a turbulent diffusion flame, typical. industrial boiler flames.
The SF6 DRE was determined for various air and fuel flow rates, and for two diffrrent burner
mixing conditions. Laboratory samples of chree compounds typically found in Air Fjrce
hazardous wastes were also vaporized and burned. The compounds were toluene. benzene, and
trichloroethylene. The DREs of these compounds were greater than the DRE of SF6 when burned
under the same conditions. An empirical relationship was developed, relating the DRE of SF6
to a characteristic time, based on fuei flow and adiabatic flame temperature, and an
-groirical rate constant, baned nn thSRiahnj1 fl. - Q% r-1 Gel
20, OtSTRISUTIONIAVAILABILITY OF ABSTRACT -1 ABSTRACT SECURIY•CT9ICATIO. .

UNCLASSSFIEO.UNLIUITED 2) SAME AS RPT U OTIC USR 0 UNCLASSIFE k,- I W- 1 r
22. NAIIE OF RESPONSIBII•LE I:NDIVIDUAL 226 TELEP-ONE NUMBER 122c OFFICE SYMBOL

0I~hl.d, SA Me',SURENDRA B. JOSHI (904) 283-4235 RDVs
DD FORM 1473,83 APR EOITION OF I JAN 73 IS OBSOLETE utNCUASSIFIED

- SECURITY CLASSIFICATION Of THIS PAGE



-wUCLASSIP1ED!i-
SSECURSTY CLASS.FICATION OF THIS PAGE

relationiships wiliprovide a starting point for analyzing data from future studies in
bench-'sca]e -and full-scale incineration systems.

"SECURITY CLASSIFICATION Of THIS PAGE



PREFACE

This report was prepared by the University of Florida Combustion Laboratory,
Mechanical Engineering Department, Gainesville, Florida 32611, under contract
Humiber F08635-0136, Task 84-03, for the Air Force Engineering and Services
Center, Engineering and Services Laboratory (AFESC/RDVS), Tyndall PF5, Florida
32403.

This report summarizes work done at the University of Florida Combustion
Labordtory between May 1984 and April 1986. The work was performed under the
direction of Dr C.L. Procter, 11, Principal Investigator. The contributions
of 1.L. Berger, D.L. Fournier, Jr., and S. Roychoudhury are acknowledged in
the completion of this report. The HI AFESC/RDVS project officer was Mr
SjurendraB. 4oshi.

This report has been reviewed by the Public Affairs (PA) Office and is
releasable to the National Technical Information Service (NTIS). At NTIS, it
will be available to the general public, including foreign nationals.

This technical report has been reviewed and is approved forublication.

SURENlA B. °J; ill KENNETH T. UENBLEYKER, Maj, USAF
Project Officer Chief, Environmental Sciences Branch

ROBERT F. OLFEBUIVL, Lt CotiUSAF, BSC JAMES R. VAN ORMAN
Chief, Environics Division Deputy Director of Engineering and

Services Laboratory

AEc•e•on For

I NTIS CRA&I
013C TAR 0-
U- ar.,.oir ced 0

I- ..-- :

iii(The reverse of this page is blank.)



TABLE OF CONTENTS

Section Title Page

INTRODUCTION .................................. 1

A. OBJECTIVE ................................. I
B. BACKGROUND ................................ 1
C. SCOPE ..................................... 2

II FACTORS AFFECTING DESTRUCTION
REMOVAL EFFICIENCY ............................. 3

A. DESTRUCTION REMOVAL EFFICIENCY ............ 3
B. TIME AND TEMPERATURE CONSIDERATIONS ....... 4
C. MIXING .................................... 4
D. OTHER CONSIDERATIONS ...................... 7

III USE OF TRACERS ................................ 8

A. DESIRABLE CHARACTERISTICS OF A TRACER ..... 8
B. CANDIDATE TRACERS ......................... 10
C. SUI.FUR HEXAFLUORIDE AS A TRACER ........... 11
D. RATIO TECHNIQUE ........................... 12
E. OTHER INDICATORS OF DRE ................... 12
F SELECTION OF A TRACER ..................... 13

IV EXPERI?!ENTAL APPROACH ......................... 14

A. TRACER-MIXING SYSTEM ...................... 14
B. WASTE-MIXING SYSTEM ...................... 16
C. BURNER DESIGN ............................. 16
D. EXHAUST SYSTEM ............................ 19
E. EXHAUST SAMPLING SYSTEM ....................... 19
F. PHASE 1: SULFUR HEXAFLUORIDE

EXPERIMENTAL PROCEDURE ........................ 22
G. PHASE 2: SULFUR HEXAFLUORIDE AND

SURROGATE WASTES PROCEDURE ................ 27

V ANALYSIS AND RESULTS .......................... 32

A. PHASE 1 DATA ANALYSIS ..................... 32

1. Initial Analysis ...................... 32
2. Problems With Air Leaks ............... 34
3. Calculation of Adiabatic Flame

Temperature ........................... 34

B. PHASE I RESULTS ........................... 36

1. Effects of Flow Rate .................. 36
2. Carbon Monoxide Emissions and

Equivalence Ratio ..................... 36

v



TABLE OF CONTENTS
(Continued)

Section Title Page

3. Temperature Effects ................... 36
4. Combined Time and Temperature Effects. 49
5. Review of Phase I Results ............. 57

C. PHASE 2 DATA ANALYSIS ..................... 63

1. Initial Analysis ...................... 63
2. Problems With Waste Detection ......... 63

D. PHASE 2 RESULTS ........................... 64

1. Mixing ................................ 64
2. Destruction Removal Efficiency ........ 64

VI CONCLUSION .................................... 67

A. REVIEW OF RESULTS ......................... 67
B. SULFUR HEXAFLUORIDE AS A TRACER ........... 67
C. SULFUR HEXAFLUORIDE AND MIXING ............ 68
D. PRACTICAL APPLICATIONS .................... 68

VII RECOMMENDATIONS ............................... 69

A. IMPROVING PHASE 2-OF THE EXPERIMENT ....... 69
B. TRIALS IN FULL-SIZED INCINERATORS AND

BOILERS ................................... 69
C. DUAL TRACER TECHNIQUE ..................... 70
D. MIXING RATE ............................... 70
E. INCINERATION OF CHLORINATED COMPOUNDS ..... 70

APPENDIX

A. PROGRAM TO ANALYZE PHASE I SF6 DATA ........... 71

B. SUBROUTINE STOICH ............................. 74

C. SUBROUTINE TADIAB ............................. 77

D. PROGRAMS USED FOR PHASE 2 ..................... 80

E. SAMPLE DATA ................................... 85

REFERENCES .................................... 90

vi



LIST OF FIGURES

Figure Title Page

1 Incinerability Curves ........................ 5

2 Incinerability Curves With Tracers ........... 9

3 Gas-Handling System Used for SF6 ............. 15

4 Gas-Handling System Used for the Surrogate
Wastes ....................................... 17

5 Burner and Exhaust System .................... 18

6 Photograph of Flame .......................... 20

7 Temperature Measurement Locations ............ 21

8 Gas-Sampling System .......................... 23

9 CO/0 2 -Sampling System ........................ 24

10 Gas Chromatograph Calibcation Curve fo:
SF6 in Phase 1 ............................... 26

11 Gas Chromatograph Calibration Curve for
SF 6 in Phase 2 ............... 29

12 Gas Chromatograph Calibration Curve for
7richloroethylene ............................ 30

13 Calculated vs. Measured Oxygen ............... 35

DRE vs. Air Flow ............................. 37

15 DRE vs. Fui •low ............................ 38

16 DRE vs. 'Tr,; Flow ........................... 39

17 DRE vs. Carbcnr Monoxide ...................... 40

18 DRE vs. Equivalence Ratio .................... 41

19 DRE vs. Temperature at Location 10 ........... 42

20 DRE vs. Temperature at Location 15 ........... 43

21 DRE vs. Adiabatic Flame Temperature .......... 44

22 Temperature Profile; Minimum Air,
Minimum Fuel ................................. 45

vii



LIST OF FIGURES

(Continued)

Figure Title Page

23 Temperature Profile; Maximum Air,
Minimum Fuel ................................. 46

24 Temperature Profile; Minimum Air,
Maximum Fuel ................................. 47

25 Temperature Profile; Maximum Air,
Maximum Fuel ................................. 48

26 DRE vs. Characteristic Time
(based on total flow) ........................ 51

27 Rate Constant (based on total flow) vs.
Adiabatic Flame Temperature .................. 53

28 DRE vs. Characteristic Time
(based on fuel flow) ......................... 54

29 Rate Constant (based on.fuel flow) vs.
Adiabatic Flame Temperature .................. 55

30 -ln(l - DRE) vs. Rate Constant *
Characteristic Time (based on fuel flow) ..... 56

31 Actual vs. Predicted DRE ..................... 58

32 Rate Constant (based on fuel flow) vs.
1/(Adiabatic Flame Temperature) ............. 59

33 -ln(l - DRE) vs. Rate Constant (based on
1/adiabatic flame temperature) *
Characteristic Time (based on fuel flow) ..... 60

34 Profile of DRE Measurements.................. 62

35 Rate Constant vs. Adiabatic Flame Temperature
With Flame Holder'Diameters of 1.27 cm and
22.54 cm ...................................... 65

36 -!n(l - DRE) vS. Mixing Rate (based on SF 6
data) * Characteristic Time, for Sulfur
Hexafluoride, Benzene, and Trichloroethylene. 66

viii



SECTION I

INTRODUCTION

A. OBJECTIVE

The objective of this research was to investigate the use of
sulfur hexafluoride (SF6) as a tracer for the verification of
waste destruction levels in an incineration process. The effects
of the fundamental combustion parameters of fuel flow, air flow,
and mixing on SF 6 destruction levels were studied. The
destruction levels of SF 6 were compared with the destruction
levels of four surrogate hazardous wastes in a laboratory-scale
natural gas burner. The surrogate wastes were benzene, toluene,
trichloroethylene, and methylene chloride.

B. BACKGROUND

The disposal of hazardous wastes is a serious environmental
problem. Incineration is known to effectively destroy many
combustible and partially combustible wastes. Many wastes are
suitable for cofiring with conventional fuels in industrial
boilers. In fact, many wastes are suitable for use as fuels.
Incineration of wastes in industrial boilers reduces
transportation costs and fuel requirements, while simultaneously
destroying the waste.

The EPA will soon require that both boilers and incinerators
demonstrate through test burns that they can meet LPA
regulations, which require a 99.99 percent destruction removal
efficiency (DRE) for each waste. Test burns are expensive anu
the testing procedures are subject to large uncertainties.
Furthermore, once a unit is approved for waste incineration,
there is no provision for constant exhaust monitoring to insure
effective operation. These two factors have been partly
responsible for keeping incineration from becoming a more widely
used waste disposal option.

The Air Force, like private industry, generates hazardous

wastes and is considering cofiring the wastes with conventional
fuel in their boilers (Reference 1); Reference 2 Aiscusses the
segregation of Air Force wastes for energy recovery.

The use of tracers has been suggested to reduce the cost of
test burns and to proviJe a means of continuously monitoring oz-
line units. Compounds introduced into the incineration unit
could serve as tracers for the purpose of verifying waste
destruction removal efficiency. Sulfur hexafluoride offers
several advantages as a tracer, including high thermal stability
and ease of detection. The use of tracers and the advantages of
SF 6 as a tracer are discussed in Section III.



C. SCOPE

This study sought to identify the relationships between
several combustion parameters and the destruction removal
efficiency (DRE) of SF 6 in a laboratory flame. Exhaust samples
were analyzed using gas chromatography. Careful control of
experimental parameters under laboratory conditions permitted the
development of relationships that would be difficult to evaluate
using data from a full-scale boiler or incinerator. These
relationships could provide a starting point for analyzing
similar data from larger-scale systems.

The ultimate goals of this research were to verify the
potential of SF 6 as a tracer for DRE verification and to
determine if full-scale testing in a boiler is warranted.
Successful analysis of the SF6 data would show trends leading to
failure mode operation (DREs less than 99.99 percent) or,
possibly, a means of DRE prediction. In addition, the potential
use of SF 6 as an indicator of mixing was examined. Since mixing
is an important parameter affecting waste DRE, a mixing indicator
would be useful in optimizing waste destruction.
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SECTION II

FACTORS AFFECTING DESTRUCTION REMOVAL EFFICIENCY

A. DESTRUCTION REMOVAL EFFICIENCY

Destruction removal efficiency (DRE) is the term used most
often to describe hazardous waste destruction in a thermal
processing facility. Thermal incineration uses high-temperature
oxidation as the primary means to change the chemical or
physical, character or composition of the waste (References I and
3). The wastes are generally one or more hazardous compounds
diluted in a larger mass; thereby, greatly increasing the total
quantity of material to be destroyed. The actual hazardous
compounds, principal organic nazardcus constituents (POHCs), have
been defined by the EPA under the Resource Conservation and
Recovery Act (RCRA).

Products of incomplete combustion (PICs) are another
concern. In a properly designed and operated incinerator, PICs
are emitted only in insignificant amounts and are not considered
hazardous (Reference 3). Dioxins, also PICs, are dangerous even
at low levels. Studies have been conducted on dioxin formation
in incinerators, and information cn its formation is available
(References 3, 4, 5, 6, and 7).

Products of incomplete combustion can also be formed during
the combustion process. Hexachlorobenzene is an example of a
compound that has a high-temperature formation process. It can
sometimes be measured as a PIC even when it is not present in the
waste stream.

Destruction removal efficiency, or DRE, of the POHC is based
on the combined effects of thermal destruction in the incinerator
and removal from the exhaust by air pollution control devices
(reference 3). It is measured on a mass basis, as shown below

DRE = w(in) - w(out)
w(in)

where w = mass flow of POHC

The ash, scrubber water discharge, and other discharges are
not inclueed in the DRE measurements, but they are often
hazardous mat.rials themselves. Also, DRE does not apply to
metals or other noncombustibles (Reference 8). A DRE of 99.99
percent for each POHC in the waste is required. Measurement of
the small amount remaining can be difficult.

Four main factors affect DRE: residence time, temperature,
excess air, and mixing. The time, temperature, and excess air

3



can all be measured and compared between incinerators. mixing
cannot be measured and is generally achieved through experience
and overdesign. Each incinerator and waste have different mixing
characteristics (Reference 3). For instance, liquid-phase wastes
require a nozzle capable of atomizing the waste. This is not a
problem for gas or solid wastes.

B. TIME AND TEMPERATURE CONSIDERATIONS

The fundamental rate of destruction of a given compound can
typically be described by the first-order Arrhenius equation.

dm/dt = -km

k = Z exp(-E/RT)

where m = mass of POHC
T = absolute temperature
t = time at temperature T
E = activation energy
k = kinetic rate constant
Z = preexponential factor
R = gas constant

Solving, and using the definition of DRE defined above gives

ln(l-DRE) = -Z exp(-E/RT) t

For a given DRE value, time versus temperature plots can be
constructed for any given POHC. The curves shown in Figure I are
oxidation curves for typical waste materials assuming a DRE of
99.99 percent. These curves can be used to estimate the
residence time req.iired at a given temperature, or the
temperature required for a given residence time. Boiler
operating profiles can also be superimposed on the graph to
detcrmine under what operating conditions the boiler can be used
as an incinerator for a given waste or class of wastes
(References 9 and 10). Conservative estimates nay be t -ained by
using pyrolysis instead of oxidation curves.

Figure 1 shows Lhat, at higher temperatures, shorter
residence times are required. Conversely, low temperatures
require longer residence times for a given compound.

C. MIXING

Temperature and residence time are both definable,
measurable properties; however, the kinetic equation model
described above assumes that the reactants are completely mixed
(Reference 3). Mixing involves the combining of fuel, waste, and
oxygen so that complete combustion occurs at the proper time and
temperature.

4
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Plotting residence time versus temperature profiles for
typical incinerators or boilers will show that most have
adequate time/temperature profilesto destroy nearly all wastes.
In many cases, however, the reaction rate does not control the
rate of incineration. Since the reaction rates are high at
normal flame temperatures, it is the mixing characteristics that
become rate-limiting. Unfortunately, the evaluation and control
of mixing is difficult (References 3 and 9). The current state
of the art allows determination of mixing only through past
experience or by testing (Reference 8).

Since mixing can never be perfect, excess air is added to
the combustion chamber to assure oxygen contact with the waste
during combustion. The poorer the mixing, the more excess air is
needed (Reference 11). Too much air is undesirable because of
reduced incinerator/boiler tempezature and increased heat loss
through the exhaust.

An important factor affecting mixing is the degree of waste
atomization achieved by the atomizing nozzle. The nozzle should
be able to atomize the waste into a fine spray. In a properly
designed spray nozzle, the individual droplets do not burn, but
vaporize and burn as a diffusion flame (Reference 3, 11, and 12).
Vaporization is affected by the atomizing ability of the nozzle.
Factors affecting the degree of atomization are the viscosity,
surface tension, and solids content of the liquid being atomized.
The properties of the air or steam used to atomize the fuel/waste
mixture, the relative velocities between the waste and atomizing
air or steam, and the waste pressure also have an effect on
atomization. Density of the waste has little effect and the
effect of surface tension is small compared to viscosity
(References 8, 11, and 13).

It is important to maintain proper atomization of the
fuel/waste mixture. Large droplets with high momentum can cross
the flame boundary and burn as individual droplets outside the
flame zone or impinge on the furnace walls. This can be a major
source of products of incomplete combustion. Many nozzles have
this problem when burning wastes whicn were not designed to
atomize (References -4 and 15).

Tnrbulence is also an important parameter affecting mixing.
Increasing turbulence increases heat transfer, mass transfer,
vaporization rates, and flame propagation rates. This leads to
more efficient mixing of the waste with oxygen, and higher
destruction (References 8 and 11). Swirl vanes are often
en.ployed to increase turbulence and promote mixing (References 3
and 11). The short, stibby flames produced in turbulent burners
will reach flame temperatures faster and producc higher average
incinerator temperatures than a long flame under the same
conditions. Reference 3 describes this effect.

6



High-heat-release vortex burners are reconmmended for waste
incinerationon (Reference 3, 16, and 17). Vortex burnersfulfill
the high-turbulence requirement.

Finally, furnace geometry can also affect waste DRE. The
furnace should be designed for long residence times. Burners
should be placed in such a way that there is no flame impingement
on the walls, or, if other burners are present, the flames should
not touch one another. Flow through the furnace should promote
mixing, even after the flame. The surface-to-volume ratio in the
furnace should also be minimized. Dec-easing this ratio reduces
the effect of wall-quenching and its effect on 3RC (Reference
18),

D. OTHER CONSIDERATIONS

Problems occur when burning wastes containing metals,
sulfur, chlorine, or halogenated compoundz. These can produce
acids or particulate matter that require scrubbers or particulate
removal systems. For some wastes, an alternative to incineration
iray be required (References 3, 8, 19, and 20). Alternatives
include physical, chemical, and biological processes.

7



SECTION III

USE OF TRACERS

A tracer compound could be used to determine an
incinerator's ability to destroy a given class of waste, thereby
reducing the costs and difficultien associated with determining
DREs of 99.99 percent for each of the POHCs in a waste stream.

Ordinarily, concentrations of each POHC in the waste must be
known before incineration. Then, concentrations of the same
POHCs must be determined after incineration to determine the DPEs
of each POHC. Since the incoming concentrations can be very
small, it is difficult to measure the minute quantities of the
POHCs remaining after incineration, especially when these are
then further diluted by mixing with the fuel. Finally, this
mixture is further diluted by atomization with the combustion
air. During zombustion, 99.99 percent or more of the PGHC is
destroyed. Additional dilution occurs during combustion. This
leaves a final concentration so small that detection becomes
aifficult, if not impossible.

Use of a tracer, injected in place of, or combined with the
POHC could reduce many of the problems associated with DRE
verification. For inscance, a tracer could be injected instead
of the waste, and its MRE could be measured. The DRE of the
tracer could then indicate the DRE that would be obtained for a
given POHC, under the same conditions, with similar reaction
chatacteristics.

A. DESIRABLE CHARACTERISTICS OF A TRACER

The residence time and temperature required to destroy a
given POHC can be ostimated using the first-order Arrhenius
expression described earlier. After obtaining appropriate values
for the rate constant and the preexponential term for a given
POHC, it is possible to calculate the required temperature for a
given residence time and DRE. Alternatively, one could calculate
the residence time required at a given temperature to achieve a
prescribed DRE. Examples of such residence times have been
plotted for several typical waste materials (Figure 2). The
plotted values are for oxidation and a DRE of 99.99 percent.
Pyrolysis curves could be plotted in a similac manner.

If a tracer is used, it should be more difficult to destroy
than any of the POHCs within the waste. There are several
reasons for this. First, a DRE of 99.99 percent for a compound
that is difficult to destroy would assure a DRE greater than
99.99 percent for a compound that is easier to destroy (based on
first-order time and temperature considerations). Second, if the
tracer is more difficult to destroy, there will be more of it to
measure after incineration. Finally, a smaller amour.t of the
tracer could be injected.

8
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SF 6  and CF 4  are included in Figure 2 and represent
desirable tracers from a time-temperature point of view. The
curves for SF 6 and CF 4 are pyrolysis curves. They are not
expected to change significantly for oxidation and are,
therefore, treated as oxidation curves (References 21, 24, 28,
and 26).

A tracer used for eitermining DRE on a continuous basis
should be absent from aay hazardous waste. This would permit
testing DRE while burning a wide variety of wastes. If the
tracer were present in a waste, an erroneous DRE measurement
would be made.

The greatest advantage of using a tracer is the opportunity
to choose the most convenient one. It should be more thermally
stable than the POHCs, and comparatively easy to detect. An
advantage of easy detection is that smaller concentrations are
required on injection.

Any tracer chosen should be nontoxic. Release of hazardous
compounds during test burns would not be desirable, especially
if testing is done on a continuous basis.

The tracer should be in the same phase as the waste.
Gas-phase surrogates should be used for gas-phase wastes.
Liquid or solid surrogates should be used for liquid or solid
wastes. For instance, a gas-phase surrogate could not model
the atomization characteristics of a given nozzle. If a liquid
waste could not be properly atomized, it could be blown through
the flame without appreciable destruction. A gas-phase tracer
could not predict this. When a liquid tracer is used for a
liquid waste, the relevant aspects of its behavior should be
similar to the waste; i.e., variables affecting atomization and
evaporation rates should be similar.

B. CANDIDATE TRACERS

Until recently, little data existed on the use of tracers
for incinerator testing. Many tracers have been proposed. One
possibility is the use of a waste material that is difficult to
destroy, such as hexachlorobenzene. This liquid is also easy
to measure with an electron capture detector (ECD) on a gas
chromatograph (GC). Successful destruction of this compound
would assure destruction of all less stable species (based on
first-order time and temperature considerations). It has the
disadvantage that it is a hazardous material and should not be
used on a continuous basis. It also occurs in many hazardous
waste streams and verification of DRE would be simplified if
the tracers were not originally present in the waste. In that
sense, hexachlorobenzene is actually a poor choice because it
is a product of incomplete combustion (PIC) and can be formed
in the combustion process (References 24. 25, and 26).

10



Hexachlorobenzene is nct the only possioility of this type.
Other researchers have used various mixtures of typical hazardous
w-aste materials during verification burns and tests. These will
not be discussed here.

Freon 113 has been tested as a tracer (References 4, 24, 27,
28, and 29). Being a liquid, Freon 113 was capable of modeling
the atomization characteristics of the nozzle, as well as the
time/temperature history within the furnace. Also, it was readily
mixed with the waste material. These were significant advantages.
Freon 113 is also low in toxicity and easy to detect (Reference
28).

Results showed that the Freon 113 could be used as a tracer
for liquid wastes and that it was as difficult to destroy as the
POHCs used in the tests. Reference 28 also studied sulfur
hexafluoride as a tracer. Comparison with Freon 113 suggested
that SF6 could be used in much lower concentrations and determine
DRE to an even higher degree, even on a continuous basis. The
ease of measurement made SF 6 an attractive surrogate.

C. SULFUR HEXAFLUORIDE AS A TRACER

Reference 23 recommended perfluorinated compounds as
candidate tracers, in particular, CF4 , C2 F6, C3 F8 , C4 FI 0 , CF3 Cl,
and SF 6 . References 27 and 28 also recommended SF 6.

Sulfur hexafluoride, a gas, is a particularly good candidate
tracer for several reasons. First, it is more stable than most
wastes (Figure 2). If SF 6 can be destroyed to a 99.99 percent
DRE in an incinerator or boiler, then a hazardous waste material,
that is less thermally stable, should be destroyed to greater
than 99.99 percent DRE (based on first-order time and temperature
considerations). Second, SF 6 is not present in most hazardous
waste streams. This eliminates the possibility of an erroneous
DRE measurement caused by tracer compounds in the waste material.
Third it is easy to detect. Concentrations as low as four parts
in l014 have been detected using an electron capture detector in
a gas chromatograph (Reference 30). An advantage arising from
the use of an ECD is that it is insensitive to most hydrocarbons
or other products of combustion normally present in the sample.
Since SF6 is so thermally stable, compared to most POHCs, and
since it is relatively easy to detect, little is needed in the
input waste line. Reference 23 suggested using as little as 1
ppm SF 6  in the fuel line. A final advantage of SF 6 is its
nontoxicity.

Due to the high thermal stability and ease of detection, SF 6
would seem to be an ideal gas-phase tracer. Specifically, it
appears to be the ideal tracer for testing boilers or
incinerators for their ability to obtain a given DRE, or even for
continuous monitoring of DRE (Reference 28). Tracer Technologies
has designed an instrument capable of providing continuous
measurements of SF 6 concentrations as low as 50 ppt. Such tests
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could be performed more easily and at lower costs than measuring
the POHCs directly. Since most incinerators and boilers have an
adequate residence time for their temperature levels to destroy a
given waste, the mixing characteristics often determine a POHCs
DRE. SF 6  is well-suited to measuring both the time and
temperature histories of the waste, as well as the mixing
characteristics.

One disadvantage of SF 6 as tracer is that it is not in the
same phase as most waste materials. Most wastes are in the
liquid phase, whereas SF 6 is in the gas phase. A liquid-phase
tracer would indicate the time, temperature, and turbulence, and
the nozzle's atomization chararcteristics. Reference 28
recommends Freon 11 and Freon 113 for volatile POHCs and Freon
22BI for solid wastes. If complete vaporization of the waste is
assumed to occur before the flame front, then SF6 becomes the
tracer of choice. This assumption should be valid when using
modern, high-efficiency vortex-type burners.

SF 6 has been used as a tracer compound for many years. It
has been used in meteorological studies of the atmosphere
(Reference 30 and 31), studies of pollutant dispersal from smoke
stacks (References 32, 33, and 34), studies of air infiltration
in mobile homes (Reference 35), and studies of the mixing
characteristics of gases in diesel engines (Reference 36).

D. RATIO TECHNIQUE

As described earlier, exhaust flow must be known to determine
DRE from the concentration measurements. An alternative is the
use of a ratio of two tracers. One tracer is chosen that is
completely stable in the incinerator environment, whereas the
other (SF 6 ) reacts so that it will be partially destroyed
(Reference 23). Such a procedure could eliminate the need for
absolute concentration measurements. That is, when a known ratio
is injected and a ratio is measured after incineration, exhaust
flow measurements become unnecessary. This eliminates a large
source of error.

E. OTHER INDICATORS OF DRE

Methane and total hydrocarbon emissions have also been
investigated for use as indicators of DRE (References 15, 37, 38,
39, and 40). Since many incinerators use methane as the primary
fuel, and since methane is more difficult to destroy than many of
the hazardous wastes, it was determined that methane DRE could
indicate the degree of destruction of the POHC. Among the
studies cited above, References 39 and 40 found a nearly linear
relationship between either total hydrocarbons or methane and
DRE. Further work is needed in this area.

Carbon monoxide has also been studied as an indicator of poor
DRE. Two investigators report that CO must increase to
substantial concentrations before DRE begins to degrade

12



(References 15 and 39). Others report little or no correlation
between DRE and CO (References 37 and 41).

Finally, Reference 18 has suggested NOx formation as a
predictor of incinerability in a given boiler. The author argues
that any boiler capable of producing significant NOx
concentrations should also have the environment necessary to
destroy the POHCs.

F. SELECTION OF A TRACER

Based on the information cited in this section, it was
decided to conduct an indepth experimental evaluation of sulfur
hexafluoride as a tracer. The study was conducted on a
laboratory scale where careful control of the experimental
parameters allowed the development of relationships that would be
more difficult to derive with raw data obtained from a full-scale
boiler or incinerator. These relationships could provide a
starting point for analyzing similar data from bench-scale or
actual incineration systems.
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SECTION IV

EXPERIMENTAL AFPROACH

The experiment was conducted in two phases. The first phase
consisted of a detailed examination of the parameters affecting
SF6 DRE. Parameters of interest were fuel flow, air flow, carbon
monoxide emissions, and temperature. The second phase was
concerned with comparing the DRE of SF6 with the DRE of the four
surrogate wastes, and to observe the effects of altered mixing on
SF 6 DRE. Because of the nature of experiment, the procedure for
each part will be discussed separately.

The experimental apparatus for the first experimental phase
consisted of four subsystems: the tracer-mixing system, burner,
exhaust system, and exhaust-sampling system. The apparatus was
adjusted in the second phase to include a waste-mixing system.
The burner was also altered to change the mixing characteristics
in the flame zone. SF 6 was burned in both parts of the
experiment. The surrogate wastes were burned only in the second
part.

The tracer-mixing system was responsible for mixing the
tracer (SF 6 ) with the fuel and supplying fuel and air to the
burner. Similarly, the waste-mixing system mixed a waste with
the fuel and supplied fuel and air to the burner. The burner and
exhaust systems were responsible for combustion of the fuel and
removal of the exhaust gases. The exhaust-sampling system was
responsible for withdrawing representative samples for analysis.

A. TRACER-MIXING SYSTEM

It was desirable that the tracer mixing system be kept
simplet however, the requirement of a low tracer flow rate caused
some difficulty. The layout of the gas flow system is shown in
Figure 3. AS shown, the fuel flow was controlled by a valve at
the inlet to the mixer. Flow was measured by means of a Fisher &
Porter rotameter (model FP-l/4-20-G-5/36), calibrated for the
pressures and flow rates used. Fuel flow rates varied from 100
to 235 ml/s.

The compressed air flow was measured using a Fisher & Porter
rotameter (model FP-3/4-21-G-10/83). Factory calibration curves
(+ 2 percent of full scale) were used. Flow was controlled in
the range from 2300 mL/s to 3800 mL/s using two pressure
regulators in series. No vdriation in flow rate was observed.

The SF 6 , 99.7 percent pure, was supplied from a pressurized
cylinder at approximately 300 psi. A pressure regulator reduced
the pressure to 40 psi before enterig the tracer-mixing system.
A valve was installed near the end of the line to keep the SF 6
within the line pure when the flow was turned off. The SF 6 flow
rate was controlled using a fine-metering valve (Nupro, S-
series). Even with the fine-metering valve in place, flow
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control at the low flows required was difficult. Adjusting the
fine-metering valve to its nearly closed position allowed flow
rate of about 1 mL/min. This created a final concentration,
after mixing with both the air and fuel, of between 2 ppm and 4
ppm. This was considered sufficient. In principle, lower flows
could have been obtained by reducing the pressure of the SF 6 ;
however, when tested, this led to poor flow control.

The SF 6 was injected directly into the fuel line by use of a
tee in the line. From the mixer, the fuel/tracer mixture went
directly to the burner. This system was used for the SF 6 in both
parts of the experiment.

B. WASTE MIXING SYSTEM

At the time of this experiment it was not possible to
simultaneously analyze for both the SF 6 and the surrogate wastes.
This problem is discussed in greater detail later in this
section. The analysis constraints required that the SF 6 and the
surrogate wastes be burned at different times. Figure 4 shows
the system used with the surrogate wastes.

During the waste burns the SF 6 supply was disconnected from
the fuel line. The waste was introduced into the fuel line by
bubbling the gas through approximately 1 liter of liquid waste in
an Erlenmeyer flask. The waste could not enter the burner as a
liquid because of the possibility of droplets passing through the
flame zone unburned. The flask was kept immersed in a bucket of
water to maintain tne liquid wasLe at a constant temperature
throughout the experiment.

The flask was installed in the fuel line, downstream of the
rotameter, which was recalibrated for the new flow configuration
of the waste burns. The fuel line then passed through a hole in
the stopper in the top of the flask and into the liquid waste.

Based on saturation pjessure, the waste evaporated into the
fuel line as the gas was bubbled through it. The four surrogate
wastes under consideration had different evaporation rates;
therefore, it was possible to use only one waste compound at a
time.

C. BURNER DESIGN

The burner was originally designed as a bluff-body burner
for use with high air flow to stabilize the flame. It had an
all-metal design (Figure 5). Because of the low air flows used
in this experiment, the flame was not stable at the higher fuel
flows required. The small nozzle within the burner produced such
high jet velocities that the flame would *blow off" at all but
the lowest fuel flows. Rather than design a new burner, a simple
flame holder was developed to hold the flame at all flow levels.
It consisted of a 1.27 cm diameter steel ball bearing placed 1 cm
above tne nozzle (Figure 5). This produced a recirculation zone
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behind the ball that slowed the flow enough to permit combustion.
The resulting flame was stable and resembled a natural gas boiler
flame, but on a smaller scale (Figure 6).

For the second phase of the experiment, a 2.54 cm ball-
bearing was used to change the-mixing characteristics in the
flame zone.

The combuqstion zone was enclosed by a 4-inch diameter steel
duct, directly connected to the exhaust system. Around the 4-
inch duct was a 6-inch duct, sealed at the top to prevent air
circulation 4ith the outside air (Figure 5). This outer duct,
and the open air space between, were used as insulation for the
combustion chamber, allowing the wall temperature of the inner
duct to reach levels closer to those experienced in a
refractory-lined incinerator or boiler.

D. EXHAUST SYSTEM

The burner exhaust continued through the 4-inch diameter
duct to an exhaust vent iading outside the lab building. The
exhaust was vented using a forceC-draft fan for the first phase.
For the second phase, the exhaust was simply vented to the
atmosphere. To permit temperature and pressure measurement during
the tests 1/16-inch holes were positioned at 8-inch intervals
through the exhaust piping. In addition, a set of 1- by 2-inch
taffles were installed in one 2-foot section of the duct to
fa.cilitate mixing of the exhaust gases before sampling (Figures 5
and 7). A temporary exhaust system, made from a 10 cm diameter
section of Pyrerg tubing, was used to observe the flame during
operation (Figure 6).

E. EXHAUST-SAMPi.ING SYSTE11

As mentioned above, the exhaust system had numerous small
holes for temperature probe insertion or pressure measurement.
Temperature measurements were made using a Type K (chrome!-
alumel) grounded thermocouple housed in a 1/16-incn diameter
stainless steel probe. Temperature measurements up co 1170 K were
possible. A shielded thermocouple was installed permanently in
one locacion and surface temperature measurements were made using
a surface probe. Figure 7 shows the location of the permanently
mounted theimocouple and temperature measurement locations.
Temperatures were recorded only in the first part of the
experiment.

Gas samples were extracted through a 1/4-inch diameter
section of copper tubing near the end of the exhaust system
!Figure 8). Here the temperatures were low, typically 525-630 K.
The gases were then routed through a copper coil, submerged in
water, to cool them to near ambient conditions. After cooling,
the gases were routed through a gas-sampling bottle. The purpose
of the bottle was to collect water that condensed during the
cooling process. A self-sealing septum on the side of the bottle

i9



0 0
X -4 $ 0

00 0
C 40 0

•E

•0"4 0

c 0• -j

0 c C" "

0

2 0 -04

3 4 r.0
04 a 00

13-4.a

4J 0 zi
010 0 V w

202

0 - -- -- - - -



INTERNAL TEMPERATURES

6 5 4 3 2 1

,-SHIELDED SAMPLE
@?IJTHERMOCOUPLE PROBEWt

E4

10 E3

0.1

1

r2 9

E-'2

Figure 7. Temperature Measurement Locations. Internal
duct temperatures were recorded at 10 locations
and surface temperatures were recorded for an
additional 10 locations. A shielded thermocouple
was used for daily comparisons of data.
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permitted samples to be taken using a syringe. A vacuum pump was
attached to the outlet side of the sampling bottle to extract
samples from the exhaust pipe.

The same sample withdrawal system could not be used for the
surrogate wastes. Some of the waste compounds would be absorbed
into the condensate du:ing cooling; therefore, the sample to be
analyzed for waste compounds was removed with a syringe directly
from the stack (Figure 8). This method of sampling was not
expected to noticeably affect the sample measurements.

Sample analysis was done using a Perkin Elmer, model Sigma
300 gas chromatograph (GC). An electron capture detector (ECD)
was used for SF 6 analysis; a flame-ionization detector (FID) was
used for the surrogate waste analysis. The ECD is sensitive to
water, requiring the use of the water removal system; however,
the FID is not sensitive to water, and the samples could be
withdrawn directly from the stack. The GC was not able to analyze
samples using both detectors either simultaneously or
alternately. This limitation required that the SF 6 and the
sur:ogate wastes be burned at different times. However, careful
control of the experimental parameters allowed comparison of the
exhaust samples collected at different times. The GC has since
been modified to allow alternate use of both detectors.

A stainless steel, 24-foot by 1/8-inch diameter, 45/50 mesh
molecular sieve (SA) column was used to separate the SF 6 from
oxygen. (This gave long retention times indicating a need for a
shorter column.) A 30-meter by 0.75-millimeter diameter wide-bore
capillary column was used to separate the waste compounds. The
data were integrated automatically using a Perkin Elmer, LCI 100
laboratory integrator. The syringe used was a 1 mL gas-tight
syringe with a locking valve for sample storage.

A Teledyne, model 990, portable flue gas analyzer was also
connected to the gas sample line (Figure 9). The analyzer is
digital and is capable of measuring 0.0 to 25.0 percent oxygen
and 0 to 1000 ppm carbon monoxide. The analyzer had a built-in
pump for sample withdrawal. The oxygen analyzer was shown to be
accurate by comparison uith measurements made on the GC; however,
the CO analyzer was not as reliable and a large random
uncertainty existed with these measurements, typically 5 to 10
ppm.

All data were entered into an Integrated Solutions, UNIX-

based computer to be analyzed.

F. PHASE 1: SULFUR HEXAFLUORIDE EXPERIMENTAL PROCEDURE

The wet- and dry-bulb temperatures of the compressed air
supply were measured. In addition, a sample of the air was
injected into the gas chromatograph (GC) to detect any SF 6
present in the air supply.
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Problems were encountered with the gas-tight syringes. It
was found that the SF 6 was strongly absorbed in the Telfor?
plunger and valve parts. For this reason, a pure outdoor air
sample, containing no SF 6 , was taken and injected into the
GC. If an SF 6 peak was detected, a new syringe was used.
These proolems only occurred during sample preparation
involving high concentrations of SF 6 .

Finally, the CO/O 2 analyzer was calibrated. Ambient air
was used to calibrate the oxygen analyzer to 20.9 percent 02
and a 940 ppm CO-in-nitrogen calibration standard was used for
the carbon monoxide.

The GC was operated at ambient temperature (oven/injector
temperature approximately 300 C) using nitrogen as the carrier
gas. Column flow was accurately maintained at 30 mL/min with
an additional 30 mL/min makeup gas for the ECD. All analyses
were done using a detector temperature of 300" C and a current
range setting of 2. This detector current proved to be
unsatisfactory for some of the low concentrations obtained. A
maximum detector current and a shorter column are recommended
for future work. The septa were replaced regularly and were of
the non-Teflon& variety. Teflon was avoided because of
problems with SF 6 absorption.

Peak area and height were automatically measured, using a
Perkin Elmer, LCI 100 laboratory computing integrator. Since
the peaks to be measured were small, the area sensitivity was
changed from its default value of 10 to a re'uced value of 2.
Otherwise, the peaks obtained were well-resolv-d and generally
required no special treatment in integration.

An external calibration standard consisting of 1.02 ppm
SF 6 in nitrogen was used to calibrate the ECD. Injecting
1-milliliter-size or smaller samples into a 1000 mL
gas-sampling bottle with a self-sealing septum enabled accurate
concentrations to be prepared ranging from 1.02 ppm down to
less than 0.1 ppb. This covered the full range of
concentrations to be measured and provided an accurate
calibration curve (Figure 10). This was especially important
since the data were outside the linear range of the detector.
Samples made from the pure SF 6 were attempted, but many
problems were encountered. Use of the calibration standard
eliminated these problems.

The SF 6  flow was measured using a 10 mL soap-film
flowmeter. A 5 mL volume was timed for accurate flow
measurement. SF 6 flow rates were maintained at 1.2 mL/min
and not varied through the test. At the end of the lay the
flow was measured again and averaged with the initial value.
The error introduced by using this average was less than 0.08
mL/min. This averaged value was used in all celculations.
After setting the SF 6 flow, the air flow was adjusted to the
desired value, using the Fisher & Porter rotameter.
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Once the SF 6 and air flows were set, the fuel flow was set
to the desired value and the flame was ignited. Approximately 15
minutes were required before the burner and exhaust system
reached steady state. During the entire experiment the vacuum
pump was left running to continuously draw fresh samples and
maintain a representative gas sample in the sampling bottle.

Once a steady-state condition existed, a 0.4 mL sample of
the exhaust was withdrawn from the sample bottle using the gas-
tight syringe. This sample was then injected into the GC for
oxygen and SF 6 peak area measurements.

Oxygen and carbon monoxide content of the exhaust was
measured using the Teledyne CO/0 2 analyzer. The instrument used
was a digital model and required a certain amount of "visual'
averaging of the readout. Similar problems were encountered with
the digital thermocouple.

After injecting the sample in the GC and recording the CO/02
measurements, the fuel flow was varied and the procedure repeated
for all desired fuel flows. The air flow was varied only after
the full range of fuel flows had been exhausted.

Temperature measurements were taken at 11 locations within
the burner/exhaust system and another 10 measurements at other
locations (Figure 7). The Type K (chromel-alumel) thermocouple,
described in Section IV, was inserted into the duct for internal
measurements, and a surface probe was used for surface
measurements. Temperature measuremen. was slow and required time
for equilibration from measurement to measurement. This time
delay for each of the 21 locations affected all other
measurements. Since increased time between samples meant fewer
samples per day, this affected the GC measurements. Because it
was desirable to have as many area measurements as possible on a
given calibration curve, and since the curve varied slightly from
day to day, it was decided to do the temperature measurements at
a later time. The temperature measurements were not expected to
vary significantly for a given set of conditions; however, to
verify consistency of the temperature profiles from day to day,
measurements were repeated at one location using the permanently
mounted thermocouple.

G. PHASE 2: SULFUR HEXAFLUORIDE AND SURROGATE WASTES PROCEDURE

At the start of the experiment, the ambient temperature and
barometric pressure were recorded. For the waste burns, the
temperature of the water in the bucket was also recorded.

. The injector and oven temperatures of the GC were set at
40 C. Ambient values were not used as in Phase 1. Using set
values for injector and oven temperatures gave more reproducible
retention times, while not affecting detecion accuracy. The
detector temperature of the ECD was set at 300 C. Nitrogen was
used as the carrier gas. Colurn flow was maintained at 30 mL/min
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with an additional 30 mL/min makeup gas for the ECD. A detectot
current range setting of two was used. Non-Teflonmsepta were
again used to avoid problems with SF 6 absorption.

The GC settings were modified for the surrogate waste
analysis. The ijjector temperature used was 150°C; the oven
temperature was 60 C; and the detector temperature of the FID was
250 eC. Nitrogen was used as the carrier gas. Column flow ,as
maintained at 6 ml/min. The detector current range was set at
1 to give the greatest sensitivity. The integrator attenuation
was set at 1024 for analysis of the nonflame samples and for Zhe
calibration samples. For the analysis of the postflame gases the
integrator was adjusted to its greatest possible sensitivity.
This permitted detection of concentrations as low as 5 ppb.

The ECD was calibrated for SF 6 using the method of the first
experiment. The resulting calibration curve is shown in Figure
11.

Development of an accurate calibration curve for the liquid
wastes proved to be much more difficult. Calibration standards
were not available in the laboratory at the time of the
experiment. However, the FID is linear for a range of over 107;
therefore, it was necessary only to verify the FID linearity for
the range of interest. Concentrations could then be linearly
related to the LCI 100 area values.

Liquid waste samples were injected into the 1000 ml bottle
through the self-sealing septum. A microliter syringe was used
for the liquid injection. Once the liquid had evaporated, a
sample was withdrawn and injected into the GC/FID. This method
allowed the development of a relative calibration curve for
concentrations ranging from 0.5 to 10 parts per thousand. The
curve for trichloroethylene is shown in Figure 12. This curve
could not be used as an absolute calibration curve because of the
large uncertainty involved in accurately measuring the liquid
sample. It did, however, demonstrate that the concentrations of
interest were within the linear range of the detector.

The portion of the second part of the experiment concerned
with SF 6 was conducted in the same manner as was done in the
first part. The SF 6 flow was measured using a soap-film flow-
meter. SF 6  flow rates were maintained at 1.75 mL/min and not
varied throughout the test. As in the first part, the SF 6 was
introduced into the fuel line.

The parameters varied during the experiment were fuel flow
and air flow. Air flow rates were varied from 2300 to 3800 mL/s.
Fuel flow rates were varied from 110 to 250 mL/s Five air flows
and five fuel flows were used to give a total of 25 data values
for each compound burned. The burner was allowed to reach steady
state before sample analysis was begun.
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For the waste burns, the SF 6 line was disconnected and the
fuel was bubbled through the liquid waste. Considerable
difficulty was encountered in introducing the proper amount of
waste into the fuel line. Too much waste in the fuel adversely
affected the flame; too little waste in the fuel did not permit
detectable amounts of the waste to survive the flame. Some
control over the amount of waste evaporated into the fuel stream
was achieved by adjusting the amount of waste in the flask.

Once a steady-state condition existed, the gas-tight syringe
was used to withdraw a sample of the exhaust at the point where
the SF probe was inserted. A 0.4 mL sample was injected into

the GUIFID for analysis. After samples were analyzed for all
flame conditions, the process was repeated without a flame. This
process was repeated for each of the four surroaate wastes.

Nonflame concentrations of the surrogate waste in the burner
were required because there was no accurate way of measuring the
amount of waste put into the burner. The nonflame data provided
a means of determining the flow rate of the waste into the
burner. The SF6 flow into the burner was accurately measured, so
nonflame concentration measurements of SF 6 were not required.
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SECTION V

ANALYSIS AND RESULTS

This section is divided into four parts, corresponding to the
two experimental phases. The first two parts cover the analysis
and review the results of the first phase SF 6 data. The second
two parts cover the analysis and describe the results from the
second phase SF 6 data. The results of the second-phase SF6 data
are compared with the results from the first-phase data to
observe the effects of altered mixing on SF 6 DRE. Also, the last
two parts of this section review the analysis and describe the
results for the surrogate wastes.

Nearly all of the results have been presented graphically.
Because of the large amount of data obtained, and the large
number of interrelated parameters, it was impossible to show how
all points were related on a single graph. Instead, many graphs,
each showing a particular trend jor lack of trend) were prepared.
Where practical, a third parameter was included to increase their
usefulness.

The final results were more important; therefore, extra care
was taken to present these data in the most useful manner. Error
bars, rather than a third parameter, were considered more
important on these plots. The complete set of data is available
through the University of Florida Combustion Laboratory.

A. PHASE 1 DATA ANALYSIS

1. Initial Analysis

The experimental data were entered into the computer.
A program was then developed to analyze the collected data
(Appendix A). Subroutine Stoich (Appendix B) was used for -nany
of the calculations. It assumed a fuel (natural gas) consisting
of 97.6 percent CH4 (methane) and 2.4 percent C2 H2  (ethane).
Other components of .he fuel were present in small quantities and
were not expected to affect the results. Air and fuel flows were
obtained from the rotameter calibration curves discussed earlier.

The analysis begins with the assumption of a chemical

equation of the form

aCH4 + bC2 H6 + dO 2 + eN2 + fH20

gCO 2 + hCO + iH 2 0(liq) + jH 2 0(vap) + k02 + IN 2 + mc

where a and b were obtained from the fuel compositiu.' and flow
rate. The variables, d, e, and f, were obtained from the air
flow rate and composition. The amount of water vapor was
determined using the wet- and dry-bulb temperatures of the air in
the air line.
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Using a species balance. the saturation pressure of
the water vapor at the temperature of the sample bottle, and
the carbon monoxide concentration from the CO/O 2 analyzer
provided the equations needed to solve for the zemaining
unknowns. The sets of equations were prepared. One set was
used for equivalence ratios less than one. This ct included
moles of oxygen in the products and is listed belo The other
set accounted for equivalence ratios greater t in one and
included moles of carbon (soot) in the products. A sample
listing of these values is included in Appeneix E.
CO concentration:

h 106
ppm CO h=0

g + h• + ] + k + I

Saturation peessure (P) of water vapor:

.M P(total)

Psat,H 20 g + h + i + j +7k +1

Species balance (carbon, oxygen, hydrogen):

a + 2b = g + h
2d + f = 2g + h + i + j + 2k

4& + 6b + 2f = 2i + 2j

Subroutine Stoich also determined the air-fuel ratio,
equivalence ratio, and the DRE of tee Sr 6 . DREs were
calculated using the area measurements from the GC. Four of
the 121 sets of data had no SF 6 peak, so a detection Umit
peak area of 18 was ECD at its maximum current range and using
a shorter column should increase the detection limits.

Uncertaibties of the values obtained were calculated
numerically in the main program (Appendix P) using the equation

2 Z(1~)2
where w = uncertainty of value.

y = calculated value
x = measured value

Derivatives were done numerically using a central difference
technique.
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2. -Problems With Air Leaks

One problem was discovered shortly after initial
analysis of the data with Subroutine Stoich. When the actual
percent of oxygen measured by the CO/02 analyzer was compared with
that calculateu by the subroutine, an obvious discrepancy was
revealed (Figure 13).

An air leak into the system was the cause. The vent
used to draw the exhaust gases to the outside created a slightly
lower than ambient pressure within the burner and exhaust system.
This reduced pressure (less than lmm H20 below atmospheric)
created an influx of ambient air through the connections between
the stovepipes and through the small temperature measurement
holes. An attempt was made to correct this problem using ip~cl&i
beat-rasiztant tape but the high temperatures allowed only par-
tial success. For future work, a damper should be installed at
the exhaust exit. This could be employed to keep the pressure
inside the exhaust slightly above ambient, thus, eliminating the
cause of the air influx.

The next alternative was to measure the leak rate.
99.99 percent pure nitrogen was blown through the air line of the
burner/stovepipe assembly. With the exhaust ventilation fan
turned off, the CO/0 2 analyzer showed minimal (<0.5 percent) oxy-
gen within the system. The exhaust fan was then turned on and
the rxygen analyzer showed 5.6 percent to 8.8 percent oxygen,
depending on the nitrogen flow rate. This corresponded to leak
rates of 1374 to 1386 mL/s, respectively. Assuming the total air
influx was proportional to the volume flow rate of gases within
the system, allowed the leak rate to be estimated from the meas-
ured total volume flow rate.

The air influx was unimportant when considering condi-
tions at or near the combustion zone since most of the air influx
occurred after the flame. It was important, however, when calcu-
lating the concentration of the SF6. This air influx was, there-
fore, accounted for in the DRE calculations. Similar problems
occur in boilers (Reference 25).

3. Calculation of Adiabatic Flame Teeperature

The adiabatic flame temperature was calculated using
the energy equation

(N , h - h298)i = .. Ni(Ahf,298 + hT - )
4__ _ hf,298 - b28) 2D +29 i

react prod
where , Ni = moles

"hf,2 9 8 = enthalpy of formation (298 K, 1 atm)
hT = enthalpy at temperature T, K
h 2 9 8  = enthaipy at 298 K
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Enthalpy, heats of formation, and other values were taken from
Reference 42. Data for C2 H6 were taken from Reference 43. The
adiabatic flame temperature was calculated in Subroutine
Tadiabatic (Appendix C).

B. PHASE 1 RESULTS

Plots of the data obtained from the initial analysis show
trends not easily accounted for without further analysis.

1. Effects of ?low Rate

Figure 14 shows DRO as a functicon of air flew. Data
point OV-i-hin i 33 K of a given adiabatic flame temperature '.ave
b--zn 7o3nected _,with a leait-squai-as fou 2_-od~r polynomial.
Figure 15 is a similar plot, showing DRE as a function of fuel
flow. Figure 16 shows DRE plotted as a function of total flow
(air plue fuel) with lines of constant adiabatic flame
temperature. These graphs show that high DRE can be obtained
sith either high or low fuel flow, high or low ai- flow, or high
or low total flow.

2. Carbon Monoxide Emissions and Equivalence Ratio

Figure 17 shows no correlation between CO and DRE.
However, the CO meter was not designed for the low concentrations
measured, therefore, these measurements should be interpreted
only in a general sense. Figure 18 shows no apparent correlation
between equivalence ratio and the DRE of the SF 6  (not without
considering other effects).

3. Temperature Effects

Figure 19 shows DRE plotted as a function of the
temperature just above the flame, T(10) (refer to Figure 7 for
temperature measurement locations). Contrary to the expected
results, if only kinetics were considered, higher temperatures
seem to indicate lower DREs. Similarly, Figure 20 shows DRE as a
function of the wall temperature of the combustion chamber,
T(15). One would expect lower DREs with lower wall temperatures
(lower wall temperatures indicate cooler flame conditions). This
figure does not show this effect.

Figure 21 shows DRE plotted as a function of the
adiabatic flame temperature of the fuel/air mixture. Again, one
would expect higher DREs at higher temperatures, a trend not
shown here.

Finally, an analysis of the DRE caused by the
downstream (beyond the flame) conditions was done using the
measured tenperature profiles. Figures 22 to 25 show typical
temperature profiles. Using first-order kinetics and a flame
temperature equal to the adiabatic flame temperature allowed tne
estimation of the DRE caused by the flame itself. Using the
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temperature at any given location in the duzt allowed the calcu-
lation of the residence time and DRE up to that point, including
that caused by the flame. A computer program was written to use
the temperature profiles measured to calculate the postflame DRE
effects. Surprisingly, there was almost no effect; the adiabatic
flame temperature seemed to be the controlling factor in the SF 6
DRE. Postflame effects were many orders of magnitude lower.

A closer examination of Figure 2 and the temperature
profiles of Figures 22 to 25 immediately reveals this effect.
Figure 2 shows that temparatures below 900 K require over 107
seconds for a DRE of 59.99 percent. Flame temperatures, on the
other hand, require as little as 10-• s for a 99.99 percent DRE.
Figures 22 to 25 show that the downstream conditions are at tem-
peratures far too low for appreciable destruction.

4. Combined Time and Temperature Effects

The previous section showed that temperature alone
could rot predict SF 6 destruction. Some of the figures may even
be misinterpreted to suggest that poor mixing of the
fuel/air/tracer mixture is the source of the poor DRE.

The one variable not quantitatively measured in this
experiment was time. DRE is a function of both time and tempera-
ture and both must be considered. Starting with the basic rate
equation (assuming first-order kinetics) and solving gives

ln(l - DRE) = -kt (1)

As described earlier, time (t) is an unknown quantity.
Many analyses use a residence time based on the volume of the
furnace and the total flow into it as shown in the next equation
(References 8 and 24).

t = V/Q

where t = mean residence time
V = volume of furnace
Q = total volume flow at furnace exit

This equation assumes complete mixing at uniform temperature of
perfect gases. The first two of these conditions, especially
temperature, is not rigorously satisfied in this case.

Referenca 9 used the equation for time shown below.

t a * V 1 -
49QeTm)
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where t = residence time above temperature T, s
V = volume of process temperature zone, ml
Q = volumetric flow rate, nl/s
Te = exit temperature, K
Tm = maximum temperature, K
a = 294.4 K

Reference 24 has done work using the time for an inert
gas (helium), to travel through the furnace. This gives total
residence time in the furnace.

it is rossible, however, to obtain a time value based
on the gas flow rate in th: combustion chamber using a slightly
different approach. The time required to travel through an
arbitrary volume surrounding the flame is given as

t = (I V~ (Ii~ (11V'f (RT~ => C Ti(2IRT W PR T f PTf (2)

where t = time
P = pressure
R = gas constant
Ti = inlet temperature
Tf = adiabatic flame temperature
V = volume
w = mass flow rate of gas
0 = volume flow rate of gas
C = constant

subscripts:
f = flame zone
i = inlet conditions

The time should be thought of as the time within an
arbitrary high tenperature zone surrounding the flame, rather
than the time in the furnace. Also, the effect of temperature is
included. The calculatior of this time value would be difficult,
so a characteristic time is defined in which the constant terms
are all set to one. This constant will be determined later by
the measured data. For the purposes of this work, the inlet
temperature was also constant and treated as such in all
calculations.

This method of estimating time assumes that the
destruction outside an arbitrary hot zone surrounding the flame
is negligible. Given that SF 6  is difficult to destroy and
requires high temperatures for appreciable destruction, this is a
reasonable assumption.

Using the total volumetric flow of air and fuel t-o
calculate the characteristic time in Equation (2), and plotting
the results generates Figure 26. Here DRE is shown as a function
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of the charauteristic time given by Equation (2). Points of
constant idiabatic flame temperature have been connected with a
least squares exponential curve fit. The results follow the
expected trends except that the constant temperature lines are
not all in the proper sequence.

Using the characteristic time obtained above and
solving for k in Equation (1), then assuming that k is a function
of the adiabatic flame temperature gives Figure 27. This figure
shows no correlation of k with temperature. This can be
explained by the time value as defined. The time is actually the
residence time of the SF 6 in an arbitrary hot zone surrounding
and including the flame. Since the SF 6 is mixed with the fuel,
the time is given as the total time required for the fuel to flow
through the hot zone of the flame. This time is a function of
the fuel flow, flame temperature, and the volume of the hot zone
of the flame. Since the flame is a diffusion flame, air flow has
no effect. Only the flow entering the flame is important.

Instead of using total flow (air plus fuel) into the
combustion chamber, it was decided to use fuel flow alone to
calculate the characteristic time value. When fuel flow was used
to calculate the characteristic time, Figare 28 was obtained.
This figure shows DRE as a function of time. Data points with
constant adiabatic flame temperature have been curve-fit to an
exponential curve. This figure emphasizes that the higher
temperatures produce higher DRES in shorter times than the lower
temperatures.

Solving Equation (1) for k, as before, and assuming k
is a function of the adiabatic flame temperature gives Figure 29.
These data points can be curve-fit with a least squares
exponential curve.

k(s-1 ) = 521000 s-l exp(9.12E-4 K-1 * T(K)) (3)

where k = rate constant
T = adiabatic flame temperature

Note that the preexponential factor has absorbed the constant in
the characteristic time equation.

Plotting kt versus -ln(l-DRE) gives Figure 30 which
shows the fit of the data. Ideally, the slope of the least mean
squares line should be cne and the intercept zero. Instead, the
slope is 0.94 and the intercept is 0.49 showing a slignt error.
The r-squared value is 0.93.

Using the k value obtained in Equation (3) above and
the characteristic time based on fuel flow Equation (2) enables
the prediction of DRE from Equation (1).
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DRE = I - exp(-kt) (4)

where k = 521000 s-I exp(9.12E-4 K-1 * T(K))
t = (ml*K) / (Q(ml/s) * T(K))
T = adiabatic flame temperature
Q = volume flow of fuel

Figure 31 compares the actual DRE to that predicted
using the above technique. Agreement is not perfect, but high
DREs are predicted accurately. Since the purpose is not to
predict DRE, but to predict failure mode operation (DREs less
than 99.99 percent) of an inciner-tor, the above equation is more
than satisfactory.

5. Review of Phase 1 Results

Comparison of the rate constant equation derived above
with that reported in the literature (References 22 and 23) show3
some differences.

Equation (3) k(s-1 ) = 521000 s-I exp(9.12E-4 K-1 * T(K))

Reported in k(s- 1 ) = 3.16E14 s-1 exp(-46300 K / T(K))
Literature

Ar attempt was made to create a more conventional
equation by plotting k vs. I/T (rather than k vs. rj. This
produced Figure 32 and gave the equation for k below.

k(s- 1 ) = 8.738E6 s-l * exp(-2075 K / T(K)) (5)

This figure shows that this exponential curve does not
fit the data as well, even though the form of the equation is
more traditional. Figure 33 shows the error involved in using
this value for the rate constant in Equation (1). Comparison
with Figure 30 shows that the latter fits the data much better.

Note the large difference in the experimentally
determined rate constant and the chemical reaction rate constant
from the literature. The much lower experimental value indicates
that chemistry is not the rate-controlling parameter. It is
known, however, that in a turbulent diffusion flame, mixing is
the rate-controlling parameter. The rate constant developed here
for SF6 is, therefore, fundamentally related to mixing.

Tracer Technologies has recently completed work of a
similar nature. They injected SF6 into a circulating -bed
combustor (CBC) and monitored it on a semicontinuous oasis
(Reference 27 and 28). SF 6 DREs of 80 percent to 99.5 percent
were measured. Concentrations as low as a few ppt were made on
site using routine chromatographic methods (Reference 4).
Reference 28 commented on how easily and rapidly the samples were
obtained.
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Another test was done at a rotary kiln where DREs gredter than
99.9999 percent were obtained (Reference 4).

Their results suggest that SF6 DRE is a function of the
bed temperature only. Fuel and air flow rates apparently had no
effect. They obtained the regression equation below

-ln(l - DRE) = 15990 exp(-9260 KI (6)

Note the lack of a time value. Figure 26 shows
that the characteristic time value described in this work has a
definite effect on the SF 6 DRE. It would be interesting to test
the proposed methods on the data described above. Perhaps a
characteristic time based en total flow would work better for a
CEC.

The equation for DRE prediction (Equation 4) is of the
form

In(l - DRE) = -A exp(-BTf) t

where t = (C*Ti)/(Q*Tf)
Tf = adiabatic flame temperature
Ti = fuel inlet tEmperature
Q = volumetric fuel flow
C = constant, set equal to one

Here A and B are constants to be determined. Theoretically, it
should bt- possible to determine these constants using just two
sets of DRE data obtained under different operating conditions
(mcre data is recommended). The ability to predict failure mode
operation with so few data would greatly reduce the time and
effort required for DRE verification in incinerators and boilers.

To the naked eye, the flame appeared nearly the same
under all conoitions. Color photos showed, however, that the
flame structure changed slightly from a closed, opaque yellow
flame at the lower fuel flows to an almost open, translucent blue
flame at the high fuel flow rates (Figure 6). Flame height
varied slightly and air flow had no visible effect. Pockets of
burning gases escaping the main body of the flame and rising
upward were occasionally obsexved uhder all Elana conditions.

The only visible effect was near the flame-stabilizing
ball above the nozzle. At low fuel flows the flame engulfed the
ball; however, at high fuel flows (high jet velocities) the flame
rose above the ball. This effect can be seen in Figure 6. The
dead air space surrounding the combustion chamber appeared to do
its job, keeping the wall temperature as high as possible.

Overall, 42 percent of the DRE measurements were over
the 99.99 percent level. Figure 34 shows the distribution of the
measurements. The lowest DREs occurred at the highest fuel flows
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(shortest characteristic times) and the highest air flows (lower

adiabatic flame temperatures due to excess air).

C. PHASE 2 DATA ANALYSIS

1. Initial Analysis

A computer program similar to that developed earlier
was used for the data analysis (Appendix D). Some simplifying
assumptions were made in analyzing the combustion chemistry.
Assuming dry inlet air, complete combustion, and no condensation
of water in the exhaust, the chemical equation for combustion
becomes

aCH4 + bC 2 H6 + c02 + dN2 - eCO2 + fH 2 0 + g02 + hN2

The values for a and b were obtained from the fuel composition
and flow rate. The variables, c and d, were obtained from the
air flow rate. To test the validity of these assumptions, the
experimental data from the first phase were analyzed with the
program developed using these simplifying assumptions; the final
results were within 3 percent of the values obtained using the
more detailed chemical analysis.

Uncertainty calculations were not repeated for this
analysis. The adiabatic flame temperature was calculated using
the subroutine in Appendix C.

2. Problems With Waste Detection

Detection of the surrogate wastes in the exhaust was
very difficult, even with the FID adjusted to its greatest
sensitivity. Detection of toluene in the exhaust was never
achieved as the concentrations in the exhaust were below the
detection limit of the ",C. This indicates that the destruction
level of toluene in the burner was very high; however, no attempt
was made to quantify the toluene destruction level other than to
observe that it was greater than 99.99 percent.

methylene chloride also presented a problem. No
attempt was made to measure the amount of the surrogate wastes
added to the fuel supply. However, by knowing the saturation
pressure and fuel supply temperature it was estimated that the
fuel line contained approximately 5 percent waste after bunbling
through the liquid waste. Even at these low concentrations,
methylene chloride prevented the fuel from igniting. An attempt
was made to reduce the amount of methylene chloride evaporating
into the fuel line by having the fuel pass only through the
methylene chloride vapors. This method proved unsatisfactory
because the low corcentrations in the exhaust were Lndetectable.
As a result, no further attempt was made to quantify the
destruction levels of methylene chloride in this experiment.
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The benzene and the trichloroethlene were successfully
detected in the exhaust, but not at all run conditions. Benzene
was detected during nine different experimental runs;
trichloroethylene was detected during 16 different experimental
runs.

D. PHASE 2 RESULTS

The analyzed SF6 data were compared to the results obtained
in the first phase of the experiment. The analyzed surrogate
waste data were compared to the SF 6 data obtained in this phase
of the experiment. The semiempirical parameters used in
analyzing the data were those developed in the first phase.

In analyzing the first phase experimental data a
relationship for SF6 DRE as a function of a semiempirical mixing
rate was developed. This relationship accounts for the effects
of time, temperature, and mixing on SF 6 DRE

In(! - DRE) = -kt

where k = Ae(Tad/B), mixing rate constant, (ml*K/s)
t = l/(Qf*Tad), characteristic time, (ml*K/s)-l
Tad = overall adiabatic flame tempe:ature, (K)
Qf = volume flow rate of fuel, (ml/s)

The values, A and B, are mixing parameters and should vary only
as a function of burner geometry. The product, kt, is a
representation of flame conditions; it is effectively a function
of fuel flow, air flow, and fuel composition.

1. Mixing

The mixing ratt constant, as defined above, was
determined using the SF 6 data from thi3 experiment. It is
plotted as a function of the adiabatic flame temperature in
Figure 35. Also shown is the curve obtained with the 1/2-inch
flame holder from the first phase. The analyzed data from this
part of the experiment also fit an exponential curve, but with
different constants. The exponential equations are given in
Figure 35.

2. Destruction Removal Efficiency

The DREs of both benzene and trichloroethylene are
plotted in Figure 36 as a function of the product, kt, developed
from the SF 6 data. The product kt is nothing more than a complex
function of the fuel and air flow rates, for a given fuel type.
As such, it provides a good axis for plotting DRE data.

The DREs of both the benzene and the t:ichloroethylene
wcre grcater than 99.99 percent in all cases. Also, in all
cases, their DREs were greater than That of the SFC.
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SECTION VI

CONCLUSION

A. REVIEW OF RESULTS

The results of the first part of the experiment show that
temperature alone can not predict DRE. Higher temperatures
produce higher DREs, but only when considering the same time
scales. Time alone cannot be used either. Both time and
temperature are important in the analysis of DRE.

Forty-two percent of the first phase SF 6 DRE measurements
were above the 99.99 percent level. The large number of failure
mode measurements was due to the wide range of operating
conditions possible in the laboratory burner. This permitted
analysis of a wide range of carefully controlled conditions that
would be difficult to maintain in a full-sized furnace. The
lowest DREs occurred at the highest fuel flows (shortest
characteristic time values) and the highest air flows (lowest
temperatures due to excess air). Also, ccmbustion chamber wall
temperature had no effect on DRE; but, since SF 6 is a gas,
impingement on walls is not a serious problem.

Postflame effects were found to have a negligible effect on
the SF 6 DRE. Many wastes that are difficult to destroy would
probably follow this trend, therefore, postflame effects should
be ignored for wastes of this type.

B. SULFUR HEXAFLUORIDE AS A TRACER

For all the experimental runs from which data were obtained
in the second part of the experiment, the DREs of benzene and
trichloroethylene were greater than ti e DREs of SF 6 . This
indicates that SF 6 is more difficult o destroy than benzene
and trichloroethylene. when burned in the same environment. This
supports the contention that SF 6 would be good tracer for these
waste compounds. Although toluene DREs were not determined. the
high toluene destruction levels indicate that SF 6 would also be
a good tracer for toluene.

The surrogate wastes were prevaporized and burned with
natural gas. This experiment demonstrates that SF 6 is suitable
for use as a tracer for these wastes when burned under these
conditions. However, its suitability for use as a tracer for
liquid wastes burned with liquid fuels remains to be determined.

No correlation could be drawn between SF 6 DRE and methylene
chloride DRE. The bond energy- of methylene chloride is 99 kcal/
mol; the bond energy of sulfur hexafluoride is 92 kcal/mol.
Methylene chloride may be one of the few partially combustible
compounds that is more stable than SF 6 . Due to the energy re-
quired for methylene chloride incineration, a zo-aparison of SF 6
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DRE and methylene chloride DRE must be conducted in a larger

burner.

C. SULFUR HEXAFLUORIDE AND MIXING

The only parameter altered by changing the flame holder in
the second part of the experiment was the mixing conditions
within the burner. The change in the SF6 reaction rate indicates
that the reaction rate is related to mixing. Additional burns
with different flame holders are required to confirm these
preliminary results.

The higher DRE values of benzene and trichloroethylene
indicate that mixing is not the only rate-controlling parameter.
The mixing conditions for the waste burns were the same as for
the SF 6 burns; the only parameter affected was the chemical
reaction rate, which differs for each compound. Whether the
higher DRES were a result of higher reaction rates within the
flame, or a result of decomposition beyond the flame remains to
be determined. It was verified in the first phase, however, that
there was no further decomposition of SF 6 beyond the flame zone.
The temperatures downstream of the flame zone ranged from 600 to
1100 K. While these temperatures were not sufficient for further
SF6 decomposition, they may have been sufficient for further
decomposition of the less stable compounds.

Although preliminary, these results indicate that the
overall reaction rate affecting DRE is a function of mixing and
chemistry, but is dominated by mixing. For the case of burning
liquid wastes, the rate of vaporization cf the fuel would also
become a factor. An important result of this experiment is that
the mixing rate dominates SF 6 DRE. In other words, postflame
chemistry has no effect on SF6 DRE. This suggests that SF 6 may
be used as an indicator of mixing in a turbulent diffusion flame.

D. PRACTICAL APPLICATIONS

Use of the semiempirical equation (Equation (4), Section V)
requires the determination of two constants. This could,
theoretically, be done by taking just two DRE measurements under
different conditions (more data are recommended). Following this
procedure for an incinerator or boiler would allow prediction of
failure mode operating conditions with a minimum of testing.

If SF6 is used as a tracer in the above procedure, as done
in this work, the tests become simple. SF6 is very easy to
detect and is difficult to destroy. Since it is more difficult
to destroy than most waste materials, the prediction of failure
mode operation would be a conservative one, assuring greater than
99.99 percent destruction for all less thermally stable POHCs.
Use of sulfur hexafluoride as a tracer with the analysis
techniques described, could save considerable time and effort in
DRE verification.
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SECTION VII

RECOMMENDATIONS

A. IMPROVING PHASE 2 OF THE EXPERIMENT

Although this experiment was useful in establishing relative
DRE values for SF 6 and several typical wastes, it provided
insefficient data to estabjish definite trends. The main prcblem
was the inability to detect the low concentrations of the
surrogate wastes in the exhaust. Also, accuracy is compromised
when operating the GC/FID at its greatest sensitivity. These
problems could be overcome by concentrating the sample. This
would require measuring the exhaust flow rate, which should not
be difficult.

Using the ECD for the detection of the chlorinated compounds
would also increase detection capabilities. The molecular sieve
column connected to the ECD was not suitable for use with the
surrogate wastes of this experiment. Adaptation of the wide-bore
capillary column for use with the ECD would allow it to be used
to detect the chlorinaed compounds.

Determination of DRE by relating area measurements is
suitable for first approximations; however, suitable calibration
curves are required for accurate results. Calibration standards
are commercially available or may be developed in the lab.

Control of the waste input into the burner should be
improved. Perhaps the use of commercially available gaseous
samples would give better flow control.

The SF 6 and the wastes should be burned simultaneously to
insure that they all see the same burner environment. This
requires adapting the GC to operate with both the ECD and the
FID. As mentioned, this modification has since been completed.

B. TRIALS IN FULL-SIZED INCINERATORS AND BOILERS

SF 6 DRE data should be obtained for a full-sized incinerator
or boiler ard analyzed, using the methods developed here. The
characteristic time value obtained for the laboratory burner
depended on both the adiabatic flame temperature and fuel flow
rate. Total flow, rather than fuel flow, might work better for
flames that are not diffusion-controlled. Also, the actual flame
temperature may give more accurate results. The mixing rate
constant was found to depend on the adiabatic flame temperature.
Thp actual flame temperature might work better in an
incin'rator/boiler.

Tracer and POHC DREs need to be compared in a full-size
unit. A 99.99 percent DRE for a given POHC may correspond to
less than 99.99 percent D"' for a given tracer. This is
expected; however, the requ. ment of a 99.99 percent DRE for a
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tracer that is difficult to destroy (such as SF6) may be too
conservative. For instance, a DRE of 99.00 percent for SF6 may
be the equivalent of a 99.99 percent DRE for a less thermally
stable species. A lower tracer DRE may be sufficient for many
POHCs.

Finally, although this experiment was valuable in
establishing trends and creating a basis for developing SF6
tracer technology, additional research is required to determine
the suitability of sulfur hexafluoride as a tracer for liquid
waste/liquid fuel incineration in a boiler environment.

These topics need further study. University of Florida
boilers have been used for similar research (References 45 and
46) and may provide an excellent opportunity for full-scale
testing.

C. DUAL-TRACER TECHNIQUE

Dual-tracer studies should be initiated. Dual-tracer DRE
measurements would permit accurate DRE measurements without
knowing fuel flow, air flow, or exhaust composition. Only the
ratio of the two tracers before and after incineration needs to
be known. Increasea accuracy would be an added benefit of this
method (limited only by the accuracy of the ratio measurements).

The dual-tracer concept can be used with the characteristic
time and empirical mixing rate constant approach discussed
earlier. Work should continue towards developing a simple,
inexpensive method of testing incinerators and boilers for their
incineration abilities, and in developing a simple relationship
to predict DRE.

D. MIXING RATE

Experimental research should be conducted to establish the
relative effects of mixing, chemistry, and evaporation on DRE.
Also, the use of SF 6 as an indicator of mixing should be further
investigated.

E. INCINERATION OF CHLORINATED COMPOUNDS

While burning trichloroethylene, detecLable amounts of
chlorine and acid were released. This problem also occurs when
burning chlorinated compounds in boilers and incinerators not
equipped with scrubbers. Chlorine and hydrochloric acid
formation must be considered when burning chlorinated compounds.
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APPENDIX A

PROGRAM TO ANALYZE PHASE 1 SF6 DATA

C ..... D(AIR,FUEL,K)
C.....D CONTAINS ALL INPUT AND CALCULATED DATA
C.....NEWDAT CONTAINS INPUT DATA ONLY AND IS OF
C..... THE SAME FORM AS D.
C ..... THE VARIABLES IN D ARE NAMED IN SUBROUTINE
C ..... STOICH.
C .....
C ..... AIR=5*I+45
C ..... FUEL=-J+21
C....
C....

DIMENSION D(11,11,44),WW(9)
REAL NCOUNC,NlCO,N2CO
OPEN(1,FILE='NEWDAT")
READ(1,*)(((D(I,J,K),K=1,13),J=1,11),I=1,11)
CLOSE(I)

C.....
C ....
C ..... INITIALIZE UNCERTAINTY OF VARIABLES
C .....
C ..... UNCERTAINTY OF AIRROT

WW(1)=2.
C ..... UNCERTAINTY OF GASROT

WW(2) =0.2
C ..... UNCERTAINTY OF PPMCO

W4(3)=20
C ..... UNCERTAINTY OF SF6FLO (ML/S)

WW(4)=0.004
C ..... UNCERTAINTY OF W (MASS H20 VAPOR/MASS DRY AIR)

V-(5)=0.0004
C ..... UNCERTAINTY OF PAMB (MM HG)

IJW(6)=0.5
C ..... UNCERTAINTY OF PSAT (MM HG)

WW(7)=5
C ..... UNCERTAINTY OF SF6FIN (AREA COUNTS)
C.....WW()=SF6FIN*0.25
C ..... UNCERTAINTY OF TAMB (DEGREES KELVIN)

WW(9 )=4
C. ..

DO 10 1=1,11
DO 5 J=1,11

C ..... UNCERTAINTY OF SF6 AREA
WW(8)=0.25*DAT(!,J,8)

C .....
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C....CALCULATE UNCERTAINTY AT I,3

DREUNC='O.
DRECUN=O.
NCOUNC=O.
EAUNC=O.
O2UNC=O.
TADUNC=O.
AFUNC=O.
PHIUNC=O.

DO 4 K=1,9
YY=D( I,J,K)
YY2=D(I,J,K)
IF(K.EQ.3.AND.YY.LE.0) YY=O.5
xx=YY*o.o1

CALL STOICH(D(I,J,2) ,D( I,J,1),D(I,J,3) ,D(I,J,12),
&D(I,J,9),D(I,J,11),D(I,J,1C),D(I,J,8),D(I,J,4),
&D(I ,J,13),D(It,3,5) ,D(I,J,6),D(I,J,7) ,D( 1,J,14),
&D(I ,J,15),D(I,J,16),D(I,J,20),D(I,J,19),D(I,J,21),
&D(I ,J,23),DCI,J,24) ,D(I,J,22) ,D(I,3,29),D(I,J,26),
&D(I ,J,27),D(I,J,28) ,D(I,3,30),D(I,J,33) ,D(I,J,34),
&D(I,J,35) ,D(I,J,17) ,D(I,J,18),D(I,J,31) ,D(I,J,32),
&D(I,J,25),D(I,J,43))

C...
DREI=D(I,J,35)
DRECI=D(I,J,43)
NlCO=D(I,3,20)
EA1=D(I,J,30)
O2CAL1=DCI,J,32)

AF'ACT1=D(I,J,26)
PHI1=D(I,J,28)
D(I,JK)=YY+XX

C...
CALL STOICH(D(I,3,2' ,D(I,J,1),D(I,3,3-),D(I,J,12),
&D{I,J,9),D(I,J,11) ,A t,J,1O),D( I,J,8),D(I,3,4),
&D(I ,J,13) ,D(I,J,5) ,O(i,J,6) ,D(I,J,7) ,D( 1,J,14),
8D(I,J,15),D(1,3,16),D)(1,J,20),D(I,J,19),DCI,J,21),
&D(I,J,23),D(I,J,24),D(I,J,22),D(I,J,29),D(I,J,26),
&D(I ,J,27) ,D(I,J,28),D(I,J,30) ,D(I,J,33) ,D(I ,J,34),
&D(I,J,35),D(I,J,17),D(I,J,18),D(I,J,31),D(1,J,32),
&D(1 ,3,25) ,D(I,3:43))

C ...
D(I,3,K)=YY2
DRE2=D(I,J,35)
DREC2=D(I,3,43)
N2CO=D(1,J,20)
EA2=D(I,J,30)
O2CAL2=D(I,J,32)
TAD12=D(I,J,33)
AFACT2'=D(I,J,26)
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PH12=D(I1,J,28)

DREUNC=DREUNC+( CDRE2-DREI)/(2.*XX)*WW(K) )**2
DRECUN=DRECUN+C (DREC2-DREC1)/(2. *xx)*WW(K) j**2
NCOUNC=NCOtJNC+C CN2CO-NlCO)/(2.*XX)*WW(K) )**2
EALUNC=EAUNC+((EA2-EAI)/(2.*XX)*WW(K))**2
O2UNC=OZUNC+C 1O2CAL2-O2CAL1)/C2.*XX)*WW(K) )**2
TADUNC=TADUNC+((TAD12-TADI1)/(2.*Xx)*WW(K))**2
AFUNC=AFUNC+( CAFACT2-AFACT1)/(2.*XX)*SWWCK) )**2
PHIUNC=PHIUNC+((PHI2-EHI1)/(2.*XX)*WWI(K))**2

4 CONTINUE
C ...

D(I,J,36)=DREUNC**O.5
DCI,3,44)=DRECUN**O.5
D(I,J,37)=NCOUNC**O.5
DC I ,3,38 )=EAUNC**O .5
DC I,J,39)=O2UNC**0.5
D(I,J,40)=TADUNC**0.5
D(I,J,41)=~AFUNC**O.S
DC I,J,42)=PIIIUNC**0.S

C...:.CALCULATE ACTUAL VALUES

CALL STOICHCD(I,J,2),DCI,J,1),D(I,J,3) ,D(I,J,12),
&D(I,J,9),D(I,J,11),DCI,J,10),DCI,J,8),D(I,j,4),
&D (1,3,13), 0(1,J,5) ,DCI ,J, 6), D I ,3,7), D( 113,14),
&D(I ,J,15),DCI,J,16),DCI ,J,20) ,D(I,J,19) ,D(I,J,21),
&D(I ,J,23),DCI,J,24),D(I,J,22) ,D(I,J,29 ),D(I,J,26),
&DCI,J,27),D(I,J,28),D(I,J,30) ,D(I,J, 33) ,D(I,J,34),
&D(I,J,35),D(I,J,17),D(I,J,18) ,D(I,J,31 ),D(I,J,32),
&D (1,3,25), DCI, 3,43))-

5 CONTINUE
10 CONTINUEU
C...
C....WRITE RESULTS TO FILE
C...

OPEN(2,FILE=' ANALYZEDDATA')a
WRITEC2,*) CCCD(I,J,K),K=1,44),J=1,11),I=1,11) Z
CLOSE(C2)
STOP
END
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APPENDIX B

SUBROUTINE STOICH

C .... PROGRAM TO DETERMINE STOICHIOMETRIC EQUATION, EXCESS AIR,
C .... AF RATIO, EQUIVALENCE RATIO, THEORETICAL AIR, AND DRE
C..
C.....VARIABLES:
C ..... GASROT = FUEL ROTAMETER VALUE
C ..... AIRROT = AIR ROTAMETER VALUE
C..... PPMCO = PPM CARBON MONOXIDE
C..... O2PCT = PERCENT OXYGEN (BY ANALYSER)
C ..... TAMB = AMBIENT TEMPERATURE
C..... TEXH = EXHAUST TEMPERATURE
C.... I.TSMPL = SAMPLE TEMPERATURE
C..... SF6FIN = SF6 PEAK AREA MEASUREMENT
C ..... SF6FLO = SF6 FLOW RATE
C..... O2FINL = OXYGEN PEAK AREA MEASUREMENT
C..... W = MASS OF WATER VAPOR/MASS DRY AIR
C..... PAMB = AMBIENT PRESSURE
C..... PSAT = SATURATION PRESSURE OF WATER AT TSMPL
C..... NCH4 = MOLES CH4, ETC.
C..... TA = THEORETICAL AIR
C..... AFACT = ACTUAL AIR FUEL RATIO
C..... AFSTOI = STOICH!OMETRIC AIR FUEL PATIO
C..... PHI = EQUIVALENCE RATIO
C ..... EA = EXCESS AIR
C ..... TADI = ADIABATIC FLAME TE:IPERATURE
C ..... DRE = DRE OF SF6 (NOT CORRECTED FOR LEAK)
C ..... GCO2 = PERCENT 02 FROM GC AREA MEASUREMENTS
C..... O2CALC = CALCULATED PERCENT OXYGEN FROM INPUT DATA
C ..... SOOT = SOOT FORMED IN FL.AME
C ..... DRECOR = DRE OF SF6 (CORRECTED FOR AIR LEAK)
C ....

SUBROUTINE STOICH(GASROT,AIRROT,PPMCO,O2PCT,TAMB,TEXH,
&TSMPL,SF6FIN,SF6FLO,O2FINL,W,PAMB,PSAT,NCH4,NC2H6,NO2R,
&NCO,NCO2,NO2P,NH2OPV,NH2OPL,NN2P,TA,AFACT,AFSTOI,PHI,
&EA,TADI,QLOSS,DRE,NN2R,NH2OR,GCO2,02CALC,SOOT,DRECOR)

C.....
REAL NCH4,NC2H6,NO2R,NN2R,NCO,NCO2,NO2P,NH2OR,

&NH2OPV,NH2OPL,NN2P,NH2OP,NSF6P
C.....
C.....EQN TO CALCULATE FUEL FLOW (ML/S),VALID FROM 10 TO 20
C ..... ON FUEL ROTAMETER

FUELFL=42.75+2.50438*GASROT+0.354i84*GASROT**2
C .....
C ..... EQN TO CALC AIR FLOW (ML/S)

AIRFLO=38.13*AIRROT
C .....

SF6CON=SF6FLO/(FUELFL+AIRFLO)*I.E09
NCH4-.976*FUELFL
NC2H6=.024*FUELFL

C ..... W=MASS OF H20 VAPOR/MASS OF DRY AIR
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NH2OR=l.6077*W*AIRFLO/(l+l .6077*W)
DRYAIR=AIRFLO-NH2OR
NO2R=. 2099 *DRYAIR
HIN2R= .7901 *DRYA .R-
NN2P=NN2R

C...
C...ASSUME NO CONDENSATION OF WATER VAPOR
C ...

NH20PV=2*NCH4+3*NC2H6+NH20R
NCO=PPMCO/(2.E06-PPMCO)*(2.*NN2R+NH20PV+2.*No2R+NH20R)
NC02='NCH4+2. ZNC2H6-NCO
.102P=( 2. *NO2R+NH20R2.*NC02-NCO-NH20PV)/2.
PH2O=NH2OPV*PAMB/( NH2OPV+NN2P+NO2P+NCO+NCO2)
NH20PL=0.
!F(PH2O.LE.PSAT)GOTO 500

C...IF CONDENSA~TION OCCURS (PH2O .GT. PSAT)
C...

R=1.-PAMB/rSAT
IF(PPMCO.hE.)lIGOTO 50
NCO=0.
GOTO 60

50 NCO=( (1.-R)/:.*(2.*NO2R-2.*NCH4-3.*NC2H6)+(l.-R)*

60 NICO2=NCH4+2. *NC2H6..NCO
NO2P=( 2.*NO2R-2.*NCH4-3.*NC2H6-NCO-2.*NC02)/2.
NH20PV=(1.E06-PPMCO)*( (1.-R)/2.*(2.*NO2R-2.*NC1H4-3.

&*NC2I6 )+( I. R)N2R/((2.-R/2.*PP;CO-P li .EO6-PPMCOi
6-PPMCO) -NN2P-NO2P-NCO2

90 NIH2OPL=2.*NCHi41-3. *NC2H6+NH2OR-NH2OPV
SOOT=0

C...
IF(NO2P.GE.0)GOTO 500

C ...
tC.I..F N02P IS LESS THAN ZERO, SET NO2P=0 AND CALCULATE
C...MOLES PRODUCTS AGAIN BUT INCLUDE MOLES CARBON (SOOT)
C...

U=PAMB/PSAT-1.
N02P=~0.
NC02=-(PPMCO*(U+1. )*NN2R+("PPMZ'O-U*(l.E06-PPMCO)*C2.

&*N02R-..*NCH4-3.*NC2H6)!)/(PPMCO*(U+I.)-2.*(PPMCO-U*
&(1.E06-PPMCO)))
NCO=2. *NO2R-..2*NCH4-.*3NC2H6-2. *Z4CO2
SOO'I=NCH4+2. *NC2H6-NCO2-NCO
NH2OPV=( NCO2+NCO+NN2R) /U
NH20PL=:.. . NCH4+3. *NC2H6+NH20R-NH20OPI

C....CALCULATE DRE
C...
C...PPB SF6 MEASURED IN GAS CHROIATOGRAPH
C...2.34067E-04*SF6FIN-.6.67068E-10*SF6FIN**2
C...
JOO NSF6P=(2.34C ?E-04*SF6FIN-6.67068E-l0*SF6FIN**2)

&*1 .E-09'(NCO2P+NCOP+NO2P+NN2P+NH2OPV)
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DRE= . -NSF6P/SF69LO

C...CALCULATE ORE INCLUDING EFFECTS OF DILUTION AIR
C. ...

XLEAK=6. O61I1E-O3*(AIRFLO+FUELFL)+1362.68
NSF6P=(2. 34O67E-O4*SF6FIN-6. 67O6OE-1O*SF6PIN**2)
&* E-O9* (NCO2P+NCOP+NO2P+NN2P+NH2OPV+XLEAK)
DRECOR=1 .-NSF6P/SF6FLO

C...
C...CLCULATE AIR-FUEL RATIO, ACTUAL AND STOICHiIOI4ETRIC,

4C....XCESS AIR, THEORETICAL AIR, AND EQUIVALENCE RATIO
C ...

AFACT=(N02R*32.0+NN2R*28 .608)/(NCH4-16 .04+NC2H6*30.07)
AFSTOI=( (4.*NCH4+7.*NC2H6)/2.*(32.O+3.764*28.Q08))

&/(INCH4*x'6. 04+NC2H6*30.07)
PHI =AFSTOI /AFACT
TA=100 ./PHI
EA=TA-1OO,

C...
C...CALCULATE PERCENT 02 USING G.C. DATA

GCO2=02FINL*3. 5449E-05
C .. CALCULATE PERCENT 02 FROM MOLES PRODUCTS

02CALC=NO2P*100 . / NO2P+NN2P+NH2OPV+NCO+NCO2)
C ...
C....CALL ADIABATIC FLAME TEMPERATURE ROUTINE
C...
777 NH2OP=NH2OPV+NH20PL-NH2OR

CALL TADIABCNCH4,NC2H6,NO2R,NN2R,NH2OR,NCO2,NCO,NH20P,
&NO2P,NN2P,TAMB,TAMB,TEXII,TkDI ,QLOSS)
RETURN
END
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APPENDIX C

SU8ROUTINE TADIAB

C.... THIS PROGRAM CALCULATES THE ADIABATIC FLAME
C.... TEMPERATURE FOR A MIXTURE OF CH4 AND C2H6 AT ANY
C.... TEMPERATURE > 298K WITH AIR AT ANY TEMPERATURE
C.... > 220K. THE FOLLOWING VALUES ARE INPUT:
C...
C.... NCH4 MOLES CH4
C.... NC2H6 .. C2H6
C .. NO2R MOLES 02 IN REACTANTS
C.... NN2R .. N2
C.... NH2OR H20
C .. CO2 MOLES C02 IN PRODUCTS
C.... NCO .. CO
C.... NH2OP .. H20
C.... NO2P .. 02
C.... NN2P .. N2
SC.... TAIR AIR TEMPERATURE
C .. TFUEL FUEL TEMP
C... TEXH EXHAUST TEMP
C... H(I,J) A MATRIX CONTAINING VALUES OF ENTHALPY FOR THE
C... ABOVE GASES AT VARIOUS TEMPERATURES: I=I,N2; 2,02;

3,CO; 4,CO2; 5,H20. ThE VALUES ARE TAKEN FROM
C... WARK (1983)
C..... J=155 STORES THE VALUE FOR T=298K
C..... J=156 STORES THE INTERPOLATED VALUE FOR T-REACTANTS
C..... J=157 STORES THE INTERPOLATED VALUE FOR T-PRODUCTS
C,,.... THE OUTPUT VALUES ARE:
C ..... TADIAB- ADIABATIC FLAME TEMPERATURE FOR GIVEN
C ..... CONDITIONS
C ..... QLOSS- ACTUAL HEAT LOSS TO COMBUSTION CHAMBER
C .....

SUBROUTINE TADIAB(NCH4,NC2H6,NO2R,NN2R,NH2OR,NCO2,NCO,
&NH2OF,NO2P,NN2P, TAIR,TFUEL,TEXH,TAD:;,QLOSS)

DIMENSION1 H(5,157)
REAL NCH4,'C2H6,NN2R,NO2R,NN2P,N02P,NCO,71CO2,•;H2OP,

&NH2OR
HFCO2=-393520
HEH20=-241820
HFCH4=-7485C
HFC2H6=-84680
HFCO=-110530
OPEN(I,FILE='HDATA')

50 FORMAT(IX,5fI3.2)
CLOSE(C)
CALL INTERP(TAIR,J,FRACT)
DO 100 1=1,2

100 H(I,156)=FRACT*(H(I,J3i)-H(I,J))+11(i,j3
H(5,156 =FRACT*(Hf5,J+!)-Hf(5,JI))+H(5,J)

C..... DHCH4 IS TAKEN FROM WARK (1983)
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DHCH4=8.314*(3.826*TFUEL-1 .9895E-03*TFUEL**2+8.186E-06
&*TFUEL**3-5.6832E-09*TFUEL**4i1. 3926E-12*TFUEL**5-
&1138.55)

C...DIIC2H6 IS TAKEN FROM4 OBERT (1973)
DH4C2H6=16. 7879*TFUEL+0 .0616423*TFUEL**2..10476. 88
SUN.=-NCH4kCHFCH4+DHCH4 )-NC2H6*(HFC2'H6+DHC2H6 )-NN2R*

&H(1,155)-NO2P*H(2,155)+NCO*(HFCO-H(3,155))+?JCO2*(HFCO2

&-H(4,155))+NH2OP*(HFH2O-H(5,155))-NH2ORA(HFiI2O+
6H( 5,156)-H(5,155))

C....ASSU14E ALL PRODUCTS ARE N2 FOR INITIAL ESTIi
4
ATE

HASSUM=-SUM/ (NN2P+.NO2P+NCO+NCO2+NH2OP)
DU. 150 N=1,154
I=N+l
IF(H(1,N).GE.HASSUN!)GO-lG. 200

150 CONTINUE
C....ITERATE AT LOWER AND LOWER TEMPERATURES UNTIL A
C....NEGATIVE VALUE OF EL IS REACHED. INTERPOLATE BETWEEN
C....THE POSITIVE (RH) AND NEG;.TIVE (RL)
C....VALUES FOR THE CORRECT TEMPERATURE AT A VALUE OF ZERO.
200 RL=NCO2*H(4,I)+NCO*H(3,I )+NN2OP*H(5,I)+N02P*H(2,I)+

&NN,2P*H(1, I)'SUM
IF(RL.LE.0)GOTO 225
RH =RL

TF(I.LE.0) STOP 200
GOTO 200

C.... IND TEMP CORRESPONDING TO 1,1+1 CTLOWTHIGH)
225 :P(T.GE.79)GOTO 250

TLO*4=310*I+210
TiiIGH=10*(l!+)+210
COTO 350

250 IF(I.GE.129)GOTO 300
TLOW=20*I-580
THIGH=2O*( I-I)-580
GOTO 350

300 Ir(I.GT.154!STOP 300
TIOW=50*I-4450
THIGH=5C*( 1+13-4450

C....iNTERPOLATE TO GET TADIAB
350 TADI=-RLi(RH-RL)

t
(THIGH-TLCr;V-TLOW

C...

C...
C...

CALL !NTPERP(TEXH,3, FRAC-T)
DO 400 1-1,5

400 P(I,1.57)-FRACT*(H1(1,.7+1)-H(l,i))+H(I,J)
QLOSS=NN2P;*H(1, 157) j2P2H( 2, 157 )+NCO*P( 3, 157) ýNCOI

&*H(4,l157 )+NH21O?*H( 5,1571) +SUM
RETURN
END
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c .....

C...T (TEMP) IS INPUT, J AND FRACT ARE ru OUPTFR

C... INTERPOLATION
SUBROUTINE INTERP(T,j,FRACT)
IF(T.GE.1000)GOTO 100
X= (T-210 )/10
GOTO 200

100 IF(T.GE.2000)GOTO 150
X=(T+580)/20
C-OTO 200

150 lr(T.GI'.3259)STOP 150
X= CT+4450)/50

200 i=X
FRACT=X-J

C..... iERPOLhTEDII VALUE OF H "AS THE FOLLOWING FCRM':
C.... (I,1-56)a-FRACT*(H(I,J+I)-1HCI,J))+H(I,.7)

RETURN I
END
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APPENDIX D

PROGRAMS USED FOR PHASE 2

C.....THIS PROGRAM WAS USED TO ANALYZE THE SF DATA FROM
C...THE SECOND PHASE. IT INCORPORATES THE SIMPLIFYING
C ..... ASSUMPTIONS DESCRIBED IN SECTION V.
C-o.
C .....

C ..... D(AIR,FUEi.,K)
C ..... D CONTAINS ALL INPUT AND CALCULATED DATA.
C.....NEWDAT CONTAINS INPUT DATA ONLY AND IS &F
C ..... THE SAME FORM AS D.
C.....THE VARIABLES IN D ARE NAMED IN SUBROUTINE STOICH.
C .....

C ..... AIR=5*I+50
C ..... FUEL=-2J322
C.....
C ....

DIMENSION D(5,5,41)
OPEN (1,FILE=ýNEWDAT")
READ (1,*)(((D(I,3,K),K,13),J=I,5),I=1,5
CLOSE (1)

C .....

DO 10 T=1,5
DO 5 J=1,5

C ....
CALL STCICH(D(I,J,2),D(I,3,1),D(I,J,9),D(I,J,11),

&D(I,J,10),D(I,J,8),D(I,J,4),D(I,J,13),
&D(I,J,6),D(I,J,7),D(I,J,14),D(I,J,15),D(I,J,16),
5D(I,J.20),D(I.J,19),D(I,J,21),D(I,J,23),D(I,J,24),
&D(I,J,22),D(I,J,29),D(I,J,26),D(I,J,27),D(I,J,28),
&D(I,J,30),D(I,J,33),D(I,J,34),D(I,J,35),D(I,J,]7),
&D(I,J,18),D(I,.J,31),D(I,J,32),D(I,J,36),D(I,J,37),
&D(I,J,38),DZI,J,39),D(I,J,40),D(I,J,41})

5 CONTINUE
10 CONTINUE
C .....
C ...... WRITE RESULTS TO FILE
C .....

OPENC(2,FILE="ANALYZEDDATA')
WRITE(2,*)(((D(I,J,K),K=1,41),J-1,5),I=I,5)

20 FORMAT(E12.6)
CLOSE(2)
STOP
END

C .....
C .....
C .....
C ..... THIS SUBROUTINE DETERMINES THE STOICHIOPETRIC EQUATION,
C.....DRE, EXCESS AIR, AF RATIO, EQUIVALENCE RATIO, THEORETICAL
C ..... AIR
C .....
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C ..... VARIABLES:
C..... GASROT = FUEL ROTAMETER VALUE
C ..... AIRROT = AIR ROTAMETER VALUE
C ..... TAMB = AMBIENT TEMPERATURE
C ..... . EXH = EXHAUST TEMPERATURE
C ..... TSMPL = SAMPLE TEMPERATURE
C ..... SF6FIN = SF6 PEAK AREA MEASUREMENT
C ..... SF6FLO = SF6 FLOW RATE
C..... O2FIVL = OXYGEN PEAK AREA MEASUREMENT
C..... PAMB = AMBIENT PRESSURE
C ..... PSAT = SATURATION PRESSURE OF WATER AT TSMPL
C ..... NCH4 = MOLES CH4: ETC.
C ..... TA = THEORETICAL AIR
C ..... AFACT = ACTUAL AIR FUEL RATIO
C..... AFSTOI = STOICFIOMETRIC AIR FUEL RATIO
C ..... PHI = EQUIVALENCE RATIO
C.......EA = EXCESS AIR
C ..... TADI = ADIABATIC FLAME TEMPERATURE
C,. DRE = DRE OF SF6
C..... GCO2 = PERCENT 02 FROM GC AREA MEASUREMENTS
C..... O2CALC = CALCULATED PERCENT OXYGEN FROM INPUT DATP
C..... FUELFL = FUEL FLOW
C..... K = RATE CONSTANT
C..... T = CHARACTERISTIC TIME VALUE
C..
C..

SUBROUTINE STOICH (GASROT,AIRROT,TAMB,TEXH,TSMPL,SF6FIN,
&SF6FLO,O2FINL.PAMB,PSAT,NCH4,NC2H6,NO2R,NCO,NCO2,NO2P,
&NH2OPV,NH2OPL,NN2P,TA,AFACT,AFSTOI,PHI,EA,TADI,QLOSS,
&DRE,NN2R,NH2OR,GCO2,O2CALC,FUELFL,K,T, LG,DR,KT)

C.....
REAL NCH4.NC2H6,NO2R,NN2R,NCO,NCO2,NO2P,NH2OR,

&NH2OPV,NH2OPL,NN2P,NH2OP,NSF6P,K,LG,KT
C .....
C ..... EON TO CALCULATE FUEL FLO4 (ML/S)

FUELFL=42.-5s2.50438*GASROT+O.354184*GASROT,*2
C°....
C ..... EQN TO CALC AIR FLOW (HL/S)

AIRFLO=38.13*AIRROT
c .....
C...
C ..... EQNS TO SOLVE THE CHEMICAL REACTION EQN AND SFt, :2iCEN:PATI'C'N
C ..... ASSUME: ALL H GOES TO H20, ALL C GOES TO CO-, DRY :NLET AI.i,
C ..... SO NCO=O AND NH2OR=O.
C .....

SF6CON=SF6FLO!(FUELFLO+AIRFLO)*l.E09
NCH4=.976*FUELFL
NC2H6=.024*FUELFL
NO2R-.2099*AIRFLO
NN2R=.79O1*AIRFLO
NN2=J=tN2R

C .....

C ..... A.SUMb NO CONDENSATION OF VATER VAPOR
Co .....
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NH2OPV=2. *NCH4+3.*NC2H6
NC02=NCH4+?. *NC2JH6
N02P=(2. *NO2R-.2 C-. *NCHj4-3.*NC2H6 )/2.
PH2O=NH2OPV*PAMB/(NH2OPV+NN2P+N02P+NCO2)
NH2OPL=0.
IF(PS20.LE.PSAT)GOTO 500

C...

C....PPB SF6 MEASURED IN GAS CHROMATOGRAPH=
C...21801E-02 + 2.7263E-04*SF6FIN - 9.1195E-~11*SF6FIN**2
C...
500 NSF6P=( 2. 1801E-02+2. 7263E-04*SF6FIN-9.1 195E-11*

6SF6FiN**2)*1. E-09*(NCO2P+NCOP+NO2P+NNýP+NH2OPV)

DRE= . -NS_-6P/SF6FLO

C...CALC.ZLATE AIR-FUEL RATIO, ACTUAL AND STOICHIOMETRIC,
C...EXCESS AIR, Th14SRETICAL AIR, AND EQUIVALENCE RATIO.
C...

AFACTi=(NO2R*32. 0INN2R*28.008)/(NCH4*16.04+NC2H6*3C.07)
AFSTOI=(t4.*NCH4+7.*NC2H6)/2.*(32.0+3.764*28.O08))

£/(NCH4*16.04+rC2H6*30.07)
PHI'=AFSTOZ/AFACT

EA=TA-100.
C...

C. .CAL- ADIABATIC FLA-ME TEMPERATURS SUBROUTINE
C. (SEE APPENI:DX 'S R THIS SUBROUTINE,

C-._

CAL.- TADZ:$4tNZAi,NC2*6,UIOZR,NN2RNh2OR,,NCO2,NCO,NH20P,
uN02?,NW.2P ~'*PB,?AM8B.TEXHTADI,QLQGSS)

-. CAC'-ATECIAEI-I TIME VALUE AND RITE CONSTANT
... AS 1DEVSLOPEZ A ýN fO V

T=' UKjELFL*TAZKZ
DR=(1.-DRE)
WG-ALOGt DR)
K=LG/'Zr
KT~T*309439AEXP(0.ý'01258*TADI)
RETURN
END
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C ..... THIS PROGRAM WAS USED TO ANALYZE THE WASTE DATA
C....
C .....

C ..... D(AIR,FUEL,K)
C ..... D CONTAl4S ALL INPUY AND CALCULATED DATA.
C.....THE VARIABLES IN D ARE NAMED IN SUBROUTINE STOICH.
C .....

C ..... AIR=60+20(I-1)
C ..... FUEL=12+4(J-1)

C .....

DIMENSION D(5,5,20)

C .....

DO 10 1=1,5
DO 5 J=1,5

C.....
D(I,J,5) = 757.0
D(E,J,6) = 298.0
CALL STOICH(D(I,J,1),D(I,J,2 ,D(I,°J,3),D(I,J,4),

&D(I,J,16),D(I,J,17),
&D(I,J,18),D(I,J,19),D(T.-J,20))

5 CONTINUE
10 CONTINUE
C .....
C ..... WRITE RESULTS TO FILE
C .....

STOP
END

C .....
C .....
C .....

C .. ... THIS SUBROUTINE lH=ERXM!NES TEE--- 3TOlCH:OMET-?l Q--•AT:--,
C ..... DREE, AND MIXING RATE fTUSING S--=6 DATA)
C .....
C ..... NCH4 = n9LES C114, --TC.
C ..... TADI = ADIA.TT FIAME TEMPERATURE
C ..... DRE = 11RE :7 SF6
C ..... FUELFL = FU•EL FLOW
C... K = RATE =NSTAT

C ..... T = CE-ý-= -IUSR•T-!C .:,'E 7ALUE
C..... AIN = IN-=q WASTE AREA YEASUREMEN:
C ..... AOUT = E--IAUS-- WAS-z APEA M-EASURE.-'N::
C .....
c .....
C ..... SUBROUTIRE STOICH AIS- HTA iT•,

&NCH4,NC2H6,NO2R,NEC2R,NCON)zP,NN2P,
&NH2OP,TAD!,DRE,K,T,LG,FTA

C.....
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REAL NCH4,NC2H6,NO2R,NN2R,NCO2,NO2P,
&NP2OP,NN2P,NPT,K,LG,KT

C....EON TO CALC AIR FLOW (ML/S)
AIRFLO=38. 1

3
*AIRROT

C....EONS TO SOLVE THE CHEMICAL REACTION EON
C....ASSUME: ALL H GOES TO H20, ALL C GOES TO C02, DRY INLET AIR
C...

NCH4=. 976 *FUELFL
NC2H6= .024*FUELFL
N02R= .2099*AIRF-'0
NN2R=.79O1*AIRFLO
NN2P=NN2R

C...
C....ASSUME MO CONDENSATION 0F WATER VAPOR
C...

NH2OP=2.*?JCJ4+3.*NC2H6
NC02=NCH4+2. *NC2H6
NO2P=(2.*NO2R-2.*NC02-2.*NCH4-3.*NC2H6)/2.
NPT=NH20P*NC02+NO2P

C...

C...CALL ADIABATIC FLAME TEMPERATURE SUBROUTINE
r.. .

CALL TADIAB(NCH4,NC2H6,NO2R,N4N2P.,NCO2,NH2OP,
&NO42P,.'JN2P,TAMB,TAMB,TADI)

C...CALCULATE CHARACTERISTIC TIME VALUE, RATE CONSTANT
C...AND DRE
C ...

DPE1..-(AOUT*NPTi)/(AIN*(FUEL.FL+AIRFLO))
T=!/,(FUELFL*TADI)
DR=("--DRE)
LG=-ALOGt;))

.KT=*30000*EXP(TADI/782)
RETURN
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APPENDIX E

SAMPLE DATA

?he following pages contain a sample of the measured data
and rany of the calculated values from Phase I of the experiment.
Phase 2 values are very similar and are not iaclude- here. The
section labeled "Measured Data' contains the data obtained
directly from the experiment. The section r abeled "Equation of
Reaction' contains the reaction equation where the reactants are
Szveu in mL/s. EZO(v) and H2 0(l) represent water in the vapor and
.iýid states,respectively.

The *Calcula•-.A Data" section includes the percent oxygen as
measured by the gas chrortatograph. These values have oeer used to
,,e-rify the oxygen measurements obtained from the CO/0 2 ana-yzer.
"The calculated :-acent oxygen value does not include trne effect

t the dLaluz-_on a-r and, therefore, does not nitch that of the
M/02 analyzer o= ZC. The SF6 DRE value- inclutdes the effects of
"li-e C-iiaon air.

F--lly, the "=perature Data" section includes the ter-
perature znesi-.remEn-s f a2. 21 locations shown in Figure - A
zero va'1euf ot:np-tur ,E indicates that the temperat., waa; over
the range of the temperat-ure probe (1170 K). These tempera--ure
measurements vee tatten an different days. To verify consistancy
in 7he -erzerature data, the temperature at Location 21 was
repeated wnen. tfe actua- =RE data was oeing collected. This
repeat measuremet is shown in the "Measured Data' sect-n.
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SAMPLE DATA

Measured Data

Air Rotameter 100.0 Ambient Temp (K) 297.
Fuel Rotameter 20.0 Ambient Press (mmHg) 762.5

CO (ppm) 9. Wet Bulb Temp (K) 284.3
O (%, by analyzer) 12.6 Dry Bulb Temp (K) 296.5
S Flow (ml/s) 0 020588 SF6 Peak Area 49003.
TeAp(21) (K) 699. 02 Peak Area 331005.

Equation of Reaction (Reactants in mL/s)

228.9 Cu 4 + 5.6 C2 H6 + 796.1 02 + 2996.8 N2 + 20.1 H120

- ) 240.1 CO 2 + 0.329e-01 CO + 318.7 02 + 2996.8 N2 +

103.3 H2 0(v) + 391.5 H 20(1) + 0.0 C

Calculated Data

Air/Fuel Ratio = 28.5 +/- 0.5
Equivalence Ratio 0.600 +/- 0.000
Excess Air (%) = 66.7 +/- 4.1

C. (%, From GC ALea) = 11.73
C& (%, Calculated) 8.71 +/- 0.31
Afliabatic Flame Temp (K) = 1636. +1- 27.

SF 6 DRE =0.997696 ÷/- 0.000659

Temperature Data (K)

Temp( 1 630. Temp( 8) = 918. Temp(i5) = 660.
Temp( 2) = 660. Temp( 9) = 969. Temp(16) = 655.
Temo( 3) = 690. Temp(10) = 939. Temp(17) = 588.
Temp( 4) = 737. Tenp(ll) = 514. Temp(18) = 525.
Temp( 5) = 754. Temp(12) = 516. Temp(19) = 545.
Temp( 6) = 858. Temp(13) = 540. Temp(20) = 469.
Temp( 7) = 900. Temp(14) = 574. Temp(21) = 686.
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SAMPLE DATA

Measured Data

Air Rocameter 60.0 Ambient Temp (K) 297.
Fuel Rotameter 20.0 Ambient Press (mmHg) 162.5

CO (ppm) 15. Wet Bulh Temp (K) 284.3
0 (%, by analyzer) 7.2 Dry Bula Temp (K) 296.5
Sý Flow (ml/s) 0.020588 SF 6 Peak Area 5965.
Te~p(21) (K) 644. 02 Peak Area 191688.

Equation of Reaction (Reactants in mL/s)

228.9 CH 4 + 5.6 C2 H 6 + 477.7 c2 + 1798.0 N2 + 12.1 H2 0

- 240.1 CO2 + 0.315e-01 CO - 0.2 02 + 1798.0 N2 +

59.2 H2 0(v) + 427.5 H 20(1) + 0.0 C

Calculated Data

Air/Fuel Ratio = 17.1 +/- 0.4
Equivalence Ratio = 1.000 +/- 0.001
Excess Air (% = 0.0 +/- 3.6

02 (%, From GC Area) = 6.80
O (%, Calculated) = 0.01 +/- 0.43
Ahiabatic Flame Temp (K) = 2299. ./- 26.

SF 6 DRE =0.999784 +/- 0.000068

Temperature Data (K)

Temp( 1) = 600. Temp( 8) = 1034. Temp(15) = 819.
Temp( 2) = 620. Temp( 9) = 1099. Temp(16) = 823.
Temp( 3) = 649. Temp(10) = 0. Tenp(17) = 589.
Temp( 4) = 685. Temp(1) = 538. Temp(18) = 642.
Temp( 5) = 751. Temp(12) = 595. Temp(19) = 630.
Temp( 6) = 766. Temp(13) = 627. Temp(20) = 470.
Temp( 7) = 941. Temp(14) = 695. Temp(21) = 648.
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SAMPLE DATA

Measured Data

Air Rotameter 100.0 Ambient Temp (K) 297.
Fiel Rotameter 10.0 Ambient Press (mmHg) 762.5

CO (ppm) 3. Wet Bulb Temp WK) 284.3
0 (%, by analyzer) 17.1 Dry Bulb Temp (K) 296.5
SF low (ml/s) 0.020588 SF 6 Peak Area 150.
Temp(21) (K) 546. 02 Peak Area 493123.

Equation of Reaction (Reactants in mLls)

100.7 CH 4 + 2.5 C2 H6 + 796.1 02 + 2996.8 N 2 + 20.1 H120

- ) 105.7 CO 2 + 0.114e-01 CO + 586.0 02 + 2996.8 N12 +

107.1 H2 0(v) + 121.9 H 20(1) + 0.0 C

Calculated Data

Air/Fuel Ratio = 64.7 +1- 3.1
Equivalence Ratio = 0.264 +1- 0.000
Excess Air (%) = 278.9 +/- 10.3

S%, From GC Area) = 17.48
O (%, Calculated) = 15.44 +1- 0.17
Aýiabat-c Flane Temp (K) = 945. +1- 18.

SF 6 DRE =0.999991 +/- 0.000003

Temperature Data (K)

Temp( 1) = 536. Temp( 8) = 715. Temp(15) = 520.
Temp( 2) = 543. Temp( 9) = 744. Temp(16) = 513.
Teirp( 3) = 560. Temp(10) = 751. Temp(17) = 461.
Temp( 4) = 576. Temp(ll) = 408. Temp(18) = 426.
Temp( 5) = 6G8. Temp(12) = 431. Temp(19) = 421.
Temp( 6) = 653. Temp(13) = 433. Temp(20) = 370.
Temp( 7) = 691. Temp(14) = 467. Temp(21) = 558.
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SAMPLE DATA

Measured Data

Air Rotameter 60.0 Ambient Temp (K) 297.
Fuel Rotameter 10.0 Ambient Press (mmHg) 762.5

C9 (ppm) 1. Wet Bulb Temp (K) 284.3
0 (%, by analyzer) 15.3 Dr'_ Bulb Temp (KM 296.5
Si Flow (ml/s) 0.020588 SF 6 Peak Area 83.
Te~p(21) (K) 534. 02 Peak Area 416329.

Equation of Reaction (Reactants in mL!s)

100.7 CH4 + 2.5 C2H + 477.7 02 + 1798.0 N, t 12.1 H2 0

-- 105.7 CO 2 + 0.223e-02 CO + 267.5 0, + 1798.0 1- +

63.1 H2 0(v) + 157.9 H 20(1) + 0.0 C

Calculated Data

Air/Fuel Ratio = 38.8 +i- 2.2
Equivalence Ratio = 0.440 +/- C.000
Excess Air (%) = 127.3 +/- 8.7

02 (%, From GC Area) = 14.76
0 (%, Calculated) = 11.97 +1- 0.35
Agiabatic Flame Temp (K) = 1327. +/- 3S.

SF 6 DRE =0.999997 +/- 0.000001

Temperature Data (K)

Temp( 1) = 509. Temp( 8) = 749. Temp(15) = 598.
Temp( 2) = 521. Temp( 9) = 824. Temp(16) = 623.
Temp( 3) = 538. Temp,10) = 854. Temp(17) = 523.
Tenp( 4) = 555. Temp(ll) = 430. Temp(18) = 478.
Iremp( 5) = 590. Temp(12) = 467. Temp(19) = 493.
Temp( 6) = 611. Temp''" = 471. Temp(20) = 406.
Temp( 7) = 706. Temt .. = 511. Temp(21) = 539.
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