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ABSTRACT

INVESTIGATION OF HALON 1301 INTERACTIONS IN METHANE
COMBUSTION

Name: Matthew G. Getz
University of Dayton, 1997

Thesis Advisor: Dr. Jamie Ervin
Research Advisor: Dr. Steven Zabamick
Academic Advisor: Dr. Kevin J. Myers

An understanding of the interactions of halon 1301 in methane combustion will 

aid in the search for a replacement fire inhibitor. First, improvements are made to the 

experimental sampling system of the well stirred reactor (WSR). A new modeling 

scheme using Chemkin (Kee et al., 1989a) simulates the sampling probe as a series of 

isothermal perfectly stirred reactor (PSR) elements and predicts the consumption of CO 

and THC (total hydrocarbons) occurring within a probe design. An optimal probe is 

designed to recover more than 90% of the CO and to prevent complete consumption of 

THC. More importantly, the measurements taken with any probe are now predicted 

accurately with this new modeling scheme. This allows for the correlation of WSR 

measurements to the modeling predictions of the PSR code (Glarborg et al., 1988). 

Therefore, modeling of halon 1301 (CF3Br) interactions is performed with the Battin- 

Leclerc et al. (1994) mechanism. Methane combustion is modeled at equivalence ratios 

of 0.7 and 1.2 with the Miller and Bowman mechanism (1989), and a 2 molar percent 

addition of halon 1301 is used for inhibition studies. Halon 1301 is found to both initiate 

and prolong the consumption of methane. The initiation is caused by the dissociation of 

halon 1301 into the CF3 and Br radicals, which abstract a hydrogen atom from methane to 

form CHF3 and HBr. Prolongation of methane consumption occurs as a result of the 

delay in the accumulation of the radical pool (O, H, and OH radicals). This delay is 

caused by the consumption of the H radical by HBr to produce H2.
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CHAPTER 1

INTRODUCTION

Halogenated hydrocarbons are collectively called halons, and are classified as 

halon abcde according to the formula CaFbClcBrdIe (Gann, 1975a). They have been used 

for fire suppression purposes since the late 1800’s when CCI4 (halon 104) was used 

world-wide (Ford, 1975). In the 1920’s, methyl bromide (halon 1001) was found to be 

more effective, but was never used extensively in the U. S. because of its toxicity (Pitts, 

1990). During World War II, Germany discovered that a less toxic chlorobromomethane 

(halon 1011) was as effective as halon 1001 in suppressing flames. The U. S. Air Force 

adopted halon 1011 as an aircraft fire inhibitor after the war ended, but recognized that 

significant toxicological problems remained. Thus, the Air Force and the U. S. Army 

Corps of Engineers began an extensive search for new fire-fighting agents (Ford, 1975). 

Trifluorobromomethane (halon 1301) and bromochlorodifluoromethane (halon 1211) 

were found to be the most effective inhibitors, and have been utilized extensively (Pitts, 

1990). However, by the late 1980’s there was sufficient evidence to conclude that ozone 

depletion was occurring as a result of reactions involving Cl and Br atoms introduced into 

the stratosphere by man-made chlorofluorocarbons (CFCs) and fire suppressing halons 

(Pitts, 1990). It was also discovered that halons accounted for up to 19% of the depletion 

despite the fact that CFC production was nearly 50 times greater than that of halons 1301 

and 1211 (Battin-Leclerc, 1994).

In 1987, the U. S., Canada, members of the European Economic Community, and 

23 other countries signed the Montreal Protocol (Anderson, 1995). This legislation 

limited the production of halons and CFCs. An amendment to the protocol required 

commercial halon production to cease in 1994 (Grosshandler, 1994). As a consequence, 

industry and government agencies were forced to find a replacement for the halons.



Unfortunately, the Air Force has relied on halon 1301 for fire suppression on 

aircraft for decades (Grosshandler, 1994). It has an inherent ability to inhibit flames at 

low concentrations with a low toxicity and low cost. Other advantages of halon 1301 are 

a high level of stability to aid in its production, a high liquid density for storage, and a 

low boiling point to assist in gaseous use. Other advantages include low electrical 

conductivity for use in electrical fires and low corrosion potential to its container and the 

fire area. Replacements with comparable characteristics have not been found 

(Freemantle, 1995). Replacement candidates often do not inhibit a flame at relatively 

low concentrations as found with halon 1301. As a consequence, a larger quantity of the 

potential replacement is added to inhibit the flame; thus, the inhibitor has a greater 

tendency to deplete the ozone. The search for a suitable replacement for halon 1301 must 

begin with a fundamental understanding of how halon 1301 inhibits a flame.

The objectives of this thesis are to first explain the difference between species 

concentration measurements from the WSR and the model predictions of Chemkin II and 

the PSR code. This objective will be followed by a computational study of halon 1301 

inhibition of methane combustion using the PSR code. The future of the project includes 

the analysis of experimental data from pulse experiments with fire inhibitors and the 

comparison of the data to the computational study provided here. First, however, a 

number of the previous studies that consider the chemical inhibition process of halon 

1301 are described in the next section.
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CHAPTER II

BACKGROUND

Biordi et al. (1974, 1975a, 1977, 1978) conducted a series of experiments with a 

low-pressure flat flame burner. Using a molecular-beam sampling system coupled to a 

modulated-beam mass spectrometer, Biordi et al. (1974) determined concentration 

profiles of various species (CF3Br, HF, Br, HBr, COF2, H2CO, OH, H2O, CO2, CO and 

H2) within a CH4-O2-Ar flame, both with and without 0.3% CF3Br. The concentration 

profiles were used to propose elementary reactions that characterized the production and 

consumption of the species. The reaction rates were later reported (Biordi et al., 1975a). 

However, the interactions resulting from the decomposition of halon 1301 were not well 

understood because the CF3 radical was difficult to detect with the addition of 0.3% halon 

1301. Thus, Biordi et al. (1977) increased the concentration of CF3Br to 1.1%. The more 

pronounced effects of the inhibitor were used to clarify the mechanisms in the complex 

reaction system, and the rates for the reactions involving the CF3 radical were reported 

(Biordi et al., 1978).

Westbrook (1983) performed a computational study of halon 1301 inhibition of 

methane laminar flame propagation. His model consisted of a one-dimensional system of 

mass and energy conservation equations solved simultaneously in finite difference form. 

The time-dependent system of equations used the steady state propagation of a laminar 

flame as the time-asymptote. The inhibition mechanism was based upon the set of 

elementary reactions proposed by Biordi et al. (1975a, 1978). Verification of the 

computations was accomplished by comparing the results to the species and temperature 

profiles measured by Biordi et al. (1974, 1977). Westbrook extended his study of 

inhibited flames into otherwise difficult experimental regimes and considered the effects 

of equivalence ratio, pressure, and temperature. Burgess (1995) labeled the Westbrook 

mechanism as the first comprehensive chemical kinetics mechanism to describe the



detailed reaction chemistry of CF3Br for the modeling of inhibition in hydrocarbon 

flames. The Westbrook mechanism was used to model inhibition in other experimental 

systems, such as coflow and counterflow diffusion flames (Masri, 1994, Trees et al., 

1995, and Hamins et al., 1994). Different fuels were combusted and simulated with this 

mechanism, including propane (Masri, 1994), hydrogen, methanol, ethylene (Trees et al., 

1995), and liquid hydrocarbons (Hamins et al., 1994).

Modeling with the Westbrook mechanism requires the solution of a system of 

simultaneous ordinary differential equations, which is conveniently handled by Chemkin 

(Kee et al., 1989a). Additional Fortran code is used to define the governing equations for 

the experimental systems and to designate a method of solution. Babushok et al. (1996) 

used Chemkin to study high temperature methane combustion in a plug-flow reactor 

(PFR). The PFR was modeled as a homogeneous gas mixture in a closed system at 

constant pressure with a time-varying temperature (Lutz et al., 1988). They compared the 

results of these calculations to those obtained for a steady laminar one-dimensional 

premixed flame (Kee et al., 1989b). Babushok et al. (1996) defined a measurement 

technique to evaluate the suppression power of an inhibitor, yielded insight into flame 

inhibition by CF3I, and examined ignition delay.

Battin-Leclerc et al. (1994) also used Chemkin and the Westbrook inhibition 

mechanism. However, new thermochemical data was used to modify the mechanism. 

Studies were performed using a continuous stirred tank reactor (CSTR) and modeled as a 

perfectly stirred reactor (PSR) (Glarborg et al., 1988). The CSTR was operated at a 

constant temperature of 1070 K maintained by an external heat source. Thus, the 

experiment is described as an oxidation study of methane in the presence of helium. 

(Combustion environments self-regulate the temperature with their exothermic reactions.) 

The oxidation was conducted at a pressure of 1 bar, with residence times varying from 1 

to 7 seconds. Battin-Leclerc et al. (1994) concluded that the inhibiting effects of halon 

1301 are attributed to the presence of Br radicals, which leads to additional termination 

reactions for the CH3 and H radicals.

One objective of this thesis is to study the inhibition mechanism of Battin-Leclerc 

et al. (1994) at combustion conditions. These conditions are characterized by higher 

temperatures (-1600 K) and shorter residence times (-6 milliseconds) than those of the

4



past oxidation study. Modeling of halon 1301 interactions is performed with Chemkin 

(Kee et al., 1989a) and the PSR code (Glarborg et al., 1988). Another objective is to 

improve the experimental measurements of the well stirred reactor (WSR), which is used 

to perform combustion studies. Presently, a large discrepancy exists between model 

predictions and experimental data for methane combustion (Zelina, 1996a). The WSR 

will be used to perform an experimental study of halon 1301 and several replacement fire 

suppressants, thus these errors must be corrected. A description of the WSR facility is 

found in the next section.
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CHAPTER III

EXPERIMENTAL

The experiments were performed using the WSR facility (Figure 1). The flow 

and thermal characteristics of the WSR approximate those of a PSR, which has a uniform 

temperature and species concentration. This spatial uniformity allows chemical kinetics 

to control the overall reaction rates because it eliminates the influence of mass transfer. 

Thus, the WSR provides a nearly ideal environment in which to study the chemical 

kinetics of combustion (Zabarnick and Zelina, 1994), and is used in this work to study the 

chemical inhibition mechanism of halon 1301. The reactor is contained within a steel 

housing that directs the effluent gases upward into a fume hood. Volumetric flow rates of 

methane and air are measured with rotameters before entering the reactor as a premixed 

feed. The temperature of the combustion environment is measured using a thermocouple, 

and the combustion gases are drawn through a probe to the emissions analyzers using a 

pump. The various components of the WSR facility are described in more detail in the 

following paragraphs.

Fig. 1: WSR test facility and associated instrumentation.
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The WSR is a modified version (Zelina and Ballal, 1994) of the original reactor 

(Nenniger et a t, 1984). The fuel and air are supplied to the WSR by a stainless steel jet 

ring (Figure 2), which has 32-1 mm ID alumina jets angled 20 degrees from a radial line 

of the jet ring. The alumina jets are sealed between the two halves of the reactor with 

alumina paste, and both the WSR and the jet ring are secured within steel housing with 

alumina packing. The heat loss to the alumina packing has been estimated at 100 calories 

per second (Zelina, 1996a). The 250-ml toroidal reactor (Figure 3) is comprised of two 

alumina halves. The bottom half has three ports that provide access to the combustion 

environment. With the two halves placed together, the inner wall of the toroid contains 

eight flow passages leading to the flow straightener. This flow straightener causes the 

exhaust to flow axially upward.
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Fig. 3: 250-mI toroidal WSR.

Volumetric flow rates for air and methane are measured with rotameters 

(Gilmont) (up to 600 slpm and 58 slpm, respectively). The uncertainty in the flow rate 

measurement is ±2 percent. The equivalence ratio (0) (equation 1) is varied from 0.4 to 

2.2, and is calculated within ±3.5 percent. The residence time (t) (equation 9, p. 13) is 

varied from 5 to 18 milliseconds, and is maintained with an accuracy of ±0.6 

milliseconds. The air is preheated by a 3 kW air heater (Hotwatt), and is premixed with 

the fuel in a chamber. This chamber also serves as a vaporizer for liquid fuels (Blust et 

al., 1997b). A fast-pulse solenoid valve (General Valve) is attached just prior to the jet 

ring feed tube (Ballenthin et al., 1997), and is used to pulse fire suppressants into the 

WSR.

F moles of fuel 
O / moles of oxidant

(1)

(2)
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The WSR ports provide access to the combustion environment for a sampling 

probe, thermocouple, and ignitor. The combustion gases are drawn through a quartz air­

cooled probe (Blust et al„ 1997a), which despite being fragile prevents catalytic reactions 

that would otherwise occur in the stainless steel design. The temperature of the WSR is 

measured with a type B thermocouple (platinum-6% rhodium, platinum-30% rhodium) 

coated with alumina ceramic paste. Radiative heat loss corrections are made to the 

temperature measurements (Blust et al., 1997b). Temperatures range from 1300 K to 

2000 K, and are measured with a ±50 K accuracy. A spark ignitor is removed 

immediately after igniting the methane-air mixture.

Sample analysis is performed with a jet exhaust mass spectrometer (JEMS) 

(Ballenthin et al., 1997). The JEMS requires a corrosion resistant pump (Air Dimensions 

Inc.) to direct WSR combustion gas past the JEMS sampling cup at a rate of 8 slpm. The 

sampling line is heated prior to the mass spectrometer to prevent water condensation. 

However, prior to the sampling pump, an impinger condenses the water and soluble acids 

to prevent damage to the pump. The acidic water is collected, neutralized with NaOH, 

and stabilized with CaCh. The pump exhaust is directed into a fume hood.

The temperature profile of the sampling probe is measured using a 0.02-inch OD 

type K thermocouple, which is placed in the probe through a 14-inch tube tee attached 

directly to the probe (Figure 4). The tube tee is sealed with a rubber septum. The 

sampling pump is used to draw combustion gas through the perpendicular port at a flow 

rate of 8 slpm. The thermocouple wire is bent into an “S” shape to keep the bead from 

touching the walls of the probe (Figure 5), and to ensure a measurement of the sample 

gas temperature. The bead is placed at the tip of the probe as it enters the WSR 

combustion environment, and is retracted down the probe to record the temperature 

profile. The measurements are taken with a hand-held digital thermometer (Omega 

model HH82) with an accuracy of ±2 percent of the reading.

9



Fig. 4: Vi-inch tube tee used to measure probe temperature profile.

probe outer wall

thermocouple wire

Fig. 5: Placement of the thermocouple bead in the sample gas.
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The axial flow from the flow straightener is directed through a scrubber by an 

additional airflow (Figure 6). The carrier air passes the WSR effluent over water 

spraybars that collect the acids produced by the fire inhibitors. A screen prevents the 

acidic water from leaving the scrubber, and the water is drained into a plastic tank for 

neutralization (NaOH) and stabilization (CaCy. The scrubbed gases pass through the 

screen and enter a fume hood.

Fig. 6: Water scrubber used for the acidic effluent gas of the WSR.
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CHAPTER IV

SIMULATION

Chemkin II (Kee et al., 1989a) is used to simulate methane combustion in the 

WSR. Because of the spatial uniformity of the temperature and species concentrations in 

the WSR, the PSR code (Glarborg et al., 1988) is used to model the effluent conditions. 

The steady-state mass conservation for each species (equation 3) and the conservation of 

energy (equation 4) are solved simultaneously. (Kinetic and potential energy are 

neglected.)

m(Yt -  I f ) -  oj,lV.V=0 (3)

m l ( l 'A - l 'X ) + a „ . = 0  (4)
k= l

The subscript k represents a particular species, with K representing the total number of

species in the system. The superscript * indicates an inlet condition. Mass flow rates are
•

represented with a total mass flow rate (m ) and the species mass fractions (Yk). The

accumulation of mass is defined with a molar production rate per unit volume ( (Ok), and 

is converted into a mass production rate with the species molecular weight (Wk) and the 

reactor volume (V). The energy flow rates are expressed with the species enthalpies (hk), 

and a characteristic heat loss (Qioss) is assigned to the reactor. The conservation equations 

form a set of K+l nonlinear algebraic equations and are solved with a Newton-Raphson 

method (Glarborg et al., 1988). This method requires an initial guess for the temperature 

and species mole fractions, which can be supplied by an equilibrium calculation. If the 

guess is inadequate, the transient conservation equations are solved with a finite number 

of time steps to better approximate the steady-state solution. The transient conservation

12



of mass (equation 5) and transient reactor energy balance (equation 6) are combined with 

the definition of transient energy in terms of temperature (equation 7) to form equation 8, 

which is solved with the finite number of time steps. (The reactor pressure and volume 

are assumed to be constant, and the gas mixture is assumed to behave as an ideal gas.)

dt TV '  p (5)

dt PV
(6)

dh dT v , dYk
—  = c„— + L K  
dt P dt dt

(7)

c , — =1 1 k (h-, -  h,) - 1p dt p pN
(8)

The residence time of the reactor (t) is defined by equation 9. This definition requires

the mass-averaged density and molecular weight of the combustion gas to be calculated

by equations 10 and 11. The specific heat represents a mass-

equation 12.

averaged value defined in

m
(9)

PW
P ~ RT (10)

t=l
(11)

i=J (12)p w

The evaluation of the conservation equations requires both thermodynamic and 

kinetic rate data. The thermodynamic properties for all species can be determined by 

correlations developed by a least-squares fit of measured data (equations 13, 14, and 15).

13



Gordon and McBride (1976) defined the format of these polynomials in their NASA 

Chemical Equilibrium and Transport Properties Calculations code.

C°
R

H?

— aik + d^T + a^T + a^T  + a5kT

—  = n + ^ T + ^  T2 T 3 T'
RT k 2 3 4 5 T

I T 1 . -T  . Oik T2 . a*k 'Ti . ^k  - r 4 .= a u ln r+ f l2jtr +  2 T + T + + alk

(13)

(14)

(15)

The temperatures are given in Kelvin, and the reference temperature is 298 K. Seven 

coefficients (a^ -  a7k) are used as input to define temperature relationships of the 

standard heat capacity (C°k), enthalpy (H°k), and entropy (S°) for each species.

The rate of production of a species is expressed as the sum of the rate-of-progress 

variables (qO (equation 16), where the subscript i is used to indicate a particular reaction 

in the set of I reactions. The symbol Vki is defined as the difference in product (") and 

reactant (') stoichiometric coefficients (equation 17). This variable selects the reactions 

that involve the production or consumption of species k. Rate-of-progress variables (qj 

are defined as the difference of the forward and reverse reaction rates (equation 18), 

which are the product of their respective rate constants (kfj and kri) and reactant molar 

concentrations ([Xk]) raised to the power of their stoichiometric coefficients (vu).

<»* = L m
i=i

*=1 *=1

(16)

(17)

(18)

Chemkin assumes a modified Arrhenius form for the forward rate constants (kf) of each 

elementary reaction (equation 19).

14



A
RT (19)

The Arrhenius parameters include a pre-exponential factor (A;), an exponent for the 

temperature dependence (Pi), and an activation energy for the reaction (Ej). The reverse 

reaction rates (kr) are calculated using the molar concentration equilibrium constant (KJ 

(equation 20), which is related to the partial pressure equilibrium constant (Kp) by 

equation 21.

=-
K,

K - K
Ci Pi

patm

RT J

(20)

(21)

The pressure is estimated as atmospheric (Patm). The partial pressure equilibrium 

constant is calculated using thermodynamic properties and equation 22.

r< kKPi =exP[_[^1 (22)
\*=1' r ) RT j j

The kinetic rate data for methane combustion in air is represented by the Miller 

and Bowman mechanism (1989), which accounts for Ci and C2 species. Additional rate 

data describes the formation of NOX in methane combustion (Zabamick, 1991). Wamatz 

(1983) provides reactions that involve C3 species for future approximation of propane 

combustion. The interactions of halon 1301 are represented with the Battin-Leclerc 

mechanism (1994). The compilation of these mechanisms is found in Appendix A. The 

input for a simulation of a PSR includes a temperature, pressure, reactor volume, 

residence time, and inlet mole fractions. Sample input data are recorded in output files 

provided in Appendices B and C.
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CHAPTER V

RESULTS OF PROBE INVESTIGATION

DISCREPANCIES IN WSR MEASUREMENT

Past WSR modeling attempts reveal a discrepancy between model predictions and 

experimental measurements (Zelina, 1996b). These discrepancies must be corrected prior 

to the study of halon 1301 interactions. Therefore, methane combustion is simulated for 

various equivalence ratios and compared to the simulations of an established Allied- 

Signal Engines PSR model (AE PSR) and the experimental measurements of the WSR. 

The calculated results from both models are comparable, but the experimental results do 

not agree with model predictions. Specifically, the measured mole fraction of CO is an 

order of magnitude lower than the model predictions (Figure 7). The experimental 

sampling system includes a quartz air-cooled sampling probe, which is designed to 

terminate combustion reactions of the WSR by cooling the combustion gas. However, 

the termination of the consumption of CO and reduction of THC (total hydrocarbons) 

requires a relatively low temperature. Thus, the cooling rate of a sampling probe 

determines the recovery of CO and THC. Therefore, a study of probe designs is 

conducted to understand the limitations of the quartz probe.
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Fig. 7: CO versus equivalence ratio for methane combustion with t=6 ms.

MODELING PROCEDURE FOR PROBE DESIGNS

The investigation of sampling probe designs is reported in “Probe Design 

Optimization for the Well Stirred Reactor” (Blust et al., 1997a, Appendix D). The result 

of the investigation is a rationalization of the differences between modeling predictions 

and experimental measurements with different probe designs. In addition, an optimal 

probe is designed to deliver a sample gas that best represents the WSR effluent gas. The 

correlation of experimental measurements to model calculations uses a new modeling 

scheme.
To predict the consumption of CO and THC prior to their measurement, the probe 

is modeled as a series of isothermal PSR elements. The probe’s quenching ability is 

studied while maintaining its PFR characteristic. The combustion gas (-1600 K) is 

cooled to as low as 400 K within the probe, and the temperature profile is measured and 

plotted as a function of distance down the probe (x). This profile is approximated as a 

series of isothermal elements (Figure 8). Calculations are performed using an Excel 

spreadsheet (Appendix E), and the procedure for defining these probe elements follows.
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Fig. 8: Approximation of isothermal PSR elements.

Temperatures are arithmetically averaged to define an isothermal element, and 

densities are calculated at these average temperatures using the ideal gas law (equation 

23). The pressure (P) is 1 atmosphere, and the molecular weight (W) is estimated as 

28.168 g/mole (representative of combustion frozen at <|>=0.7).

Pavg
PW
RT

(23)
avg

The average velocity (uavg) (equation 24) is tabulated for each bin using a volumetric 

flow rate (Qmeas) measured with a flowmeter in the slpm units and adjusted for Tavg.

u =avg
Q,_ x-'meas (24)

This average velocity (uavg) is then used to define the residence time (t) of each 

individual PSR element, identified by a subscript n (equation 25).
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T.. = ' k z  Lui (25)

2

The input for each PSR element includes a volume (V) and volumetric flow rate 

(Q) (equations 26 and 27, respectively).

(26)

Q„=^L (27)

The average of the individual volumetric flow rates is used as the flow rate for 

every PSR element to simplify the modeling effort. The Reynolds number (Re) is 

calculated for each PSR element (equation 28), and the viscosity of air at the average 

temperature is used as an estimate (Incropera and DeWitt, 1990).

Pavf! H g ig  D
P

(28)

The probe designs are qualitatively compared by plotting their temperature 

profiles versus both the distance down the probe and the cumulative residence time 

(Figures 9 and 10). The probe designs compared in the plots are outlined in Appendix D 

(Blust et al., 1997a). The former plot is used to define a length of the probe used to cool 

the combustion gas, and the latter is used to estimate the length of time that the 

combustion gas is reacting at higher temperatures. The plots indicate that the water- 

cooled probe designs made of stainless steel (SS) cool the combustion gas to 

approximately the same temperature (-450 K), but the quartz air-cooled probe cools only 

to -750 K (liquids generally have better heat transfer characteristics than gases). The plot 

of temperature versus residence time illustrates that the small-bore stainless steel probe 

achieves the highest cooling rate, which is therefore the optimal design.

A more quantitative comparison is achieved by simulating the PSR elements in 

series as illustrated in Figure 11. The WSR is first simulated, and its products are used as 

input for the first probe PSR element. This element is simulated to compute input for the
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next probe PSR element, and this is repeated for each probe PSR element. The output 

from the last PSR element simulation represents the analyzer readings.
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Fig. 9: Temperature profile in probe versus distance from WSR.

Fig. 10: Temperature profile in probe versus cumulative probe residence time.
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Fig. 11: PSR tanks-in-series simulation of a probe design.

However, the repeated simulation of PSR elements requires some additional 

programming because the PSR code only simulates a single PSR. The code is modified 

to perform this repetitive modeling with a single input file for the WSR and probe PSR 

elements. A description of the modified code is presented in Appendix F.

PROBE DESIGN MODELING

The simulated probe profiles of CO and THC are presented as a function of 

distance and residence time in Figures 12-15. The profiles illustrate that the probe 

designs cannot completely prevent the consumption of CO and THC. The highest 

recovery of both species is achieved with the water-cooled, small-bore stainless steel 

probe, which requires a sampling pump to overcome the pressure drop of its inner 

diameter of 0.152 centimeters. The recovery of CO improves to greater than 90%, and 

THC is no longer completely consumed within the probe. The use of this new probe 

design allows the experimental measurements for CO to be plotted on the same scale as 

the modeling predictions (Figure 16).

The PSR tanks-in-series modeling scheme can be used to deduce the WSR 

effluent species concentrations from the quartz probe measurements. These approximate 

effluent concentrations are used to make observations about the kinetics of the 

combustion environment, which lead to the proposal of new mechanisms or reactions.
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Fig. 12: Simulated CO versus distance from WSR.

Fig. 13: Simulated CO versus cumulative probe residence time.
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Fig. 14: Simulated THC versus distance from WSR.
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Fig. 15: Simulated THC versus cumulative probe residence time.
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Fig. 16: Measured CO versus equivalence ratio for methane using small-bore 
stainless steel probe with pump.
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CHAPTER VI

RESULTS OF HALON 1301 MODELING

CHOICE OF METHANE CONSUMPTION MECHANISM

The modeling study of halon 1301 inhibition of methane combustion is performed 

with the Miller and Bowman (1989) mechanism. The mechanism is intended for 

modeling the short residence times and high temperatures of methane combustion. This 

mechanism differs from the one used by Battin-Leclerc et al. (1994) because of the 

differences in experimental systems. They studied the interactions of halon 1301 in a 

CH4-O2-He mixture at 1070 K in a quartz flow reactor. The temperature was maintained 

by an external heat source, thus the conditions represent an oxidation of methane. (The 

term oxidation is used when an environment’s temperature is maintained by an external 

heat source, as opposed to the self-sustained temperature of a combustion environment 

due to its exothermic reactions.) Consequently, Battin-Leclerc et al. used a methane 

consumption mechanism presented by Tsang et al. (1986), which is intended to apply to 

the initial stages of Ci and C2 hydrocarbon combustion similar to the conditions of 

oxidation. Since the intention of this study is to model halon 1301 interactions in a 

combustion environment, the Miller and Bowman mechanism (1989) is the proper 

choice.

INITIAL OBSERVATIONS OF HALON 1301 INHIBITION

The investigation of halon 1301 interactions in a combustion environment 

includes the simulation of lean and rich methane combustion in air, represented by 

equivalence ratios (<)>) of 0.7 and 1.2. A 2 molar percent addition of halon 1301 is used, 

which was the concentration studied by Battin-Leclerc et al. (1994). The modeling
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procedure begins with the solution of the steady-state energy and mass conservation 

equations for a residence time of 6 milliseconds and a heat loss of 100 calories per second 

to represent the WSR environment (Zelina, 1996a). The solution temperature is then 

used to solve the steady-state mass conservation equations at different residence times. 

The simulated species concentrations are plotted versus residence time and represent the 

species concentration profiles.
The profiles of methane, oxygen, and the major combustion products (H2O, CO, 

and CO2) are plotted for each simulated condition and used to define a time interval in 

which these species are being produced or consumed. Reactions of methane combustion 

at 0=0.7 occur within the first 50 psec (Figure 17), but the addition of halon 1301 extends 

this time interval to 100 psec (Figure 18). The same extension of the reaction time 

interval occurs at 0=1.2 (Figures 19 and 20). The higher temperatures of combustion at 

0=1.2 cause the reactions to occur faster, but the addition of halon 1301 still extends the 

reaction time interval from 20 to 50 psec. Comparison between the uninhibited and 

inhibited methane profiles provides more specific observations about the inhibition 

phenomena.

Fig. 17: Profiles for methane combustion at 0=0.7.
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Fig. 18: Profiles for methane combustion at 0=0.7 with halon 1301.
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Fig. 19: Profiles for methane combustion at 0=1.2.
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Fig. 20: Profiles for methane combustion at <|>=1.2 with halon 1301.

Figures 21 and 22 illustrate methane consumption profiles with and without halon 

1301 for equivalence ratios of 0.7 and 1.2, respectively. The temperature of combustion 

decreases with the addition of halon 1301, qualitatively indicating that inhibition is 

occurring. Methane consumption is initially accelerated before it is slowed down by 

halon 1301. Once again, the higher combustion temperatures at <(>=1.2 cause the 

consumption of methane to occur faster than at <(>=0.7. The initiation of methane 

consumption was experimentally observed by Babushok et al. (1996) in a plug flow 

reactor and by Battin-Leclerc et al. (1994) in a quartz flow reactor.
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Fig. 21: Methane profiles for methane combustion at 0=0.7.
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Fig. 22: Methane profiles for methane combustion at 0=1.2.
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To simplify the analysis of the data, the following discussions present data from 

modeling combustion at <|>=0.7. A comparison of the bond strengths in the reactant 

species results in a possible explanation for the initiation of methane consumption. The 

C-Br bond of halon 1301 has the weakest bond strength at 70.6 kcal per mole (Lide, 

1991). The next lowest bond strengths are found in the C-H bond of methane [104 kcal 

per mole (Benson, 1976)] and the C-F bond of halon 1301 [107 kcal per mole (Glassman, 

1987)]. This comparison suggests that halon 1301 dissociates faster than methane is 

consumed, and the plot of the consumption of both species supports this suggestion 

(Figure 23). Further, Gann (1975b) reported that CF3Br decomposition can be expected 

to occur within periods of the order of a microsecond at temperatures higher than 1500 K. 

The accelerated methane consumption is apparently caused by the accumulation of the 

CF3 and Br radicals. The concentration profiles of CHF3 and HBr (Figures 24 and 25), 

which are products of hydrogen abstraction reactions with methane, illustrate that both 

species behave as intermediates that are accumulated at the time of initiated methane 

consumption. The bond strengths and profiles suggest that the CF3 and Br are most likely 

responsible for the accelerated consumption of methane.

Fig. 23: Consumption of methane and halon 1301 for <]>=0.7.
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Fig. 24: Profile of CHF3 at 0=0.7.
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An investigation of radical concentration profiles assists in an understanding of 

the prolonged consumption of methane. The radicals of most importance in a combustion 

system are O, H, and OH radicals which abstract a hydrogen atom from methane at high 

rates (Glassman, 1987). Thus, the rate of methane consumption is determined by the 

abundance of O, H, and OH radicals, which will be collectively referred to as the radical 

pool. Figures 26, 27, and 28 illustrate that the addition of halon 1301 prevents the 

accumulation of these radicals for 90 |±sec, by which time methane is consumed. A delay 

in the accumulation of the radical pool was experimentally observed by Biordi et al. 

(1975b). The prevention of radical accumulation is responsible for the slower 

consumption of methane.
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Fig. 28: Profiles for the OH radical.
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ANALYSIS OF INHIBITION PHENOMEMA

A rate-of-progress (ROP) analysis is used to identify the reactions responsible for 

the initiation and prolongation periods of methane consumption (Glarborg et al., 1988). 

(This analysis is included in the Chemkin PSR code, and a sample output is provided in 

Appendix G.) The uninhibited combustion of methane is analyzed at x=25 psec, the 

initiation period of inhibited combustion is analyzed at t=5 psec, and the prolongation 

period is analyzed at x=80 psec. Each analysis is used to create a reaction path diagram 

for methane consumption and the activity of the radical pool. A solid arrow is used to 

indicate a major reaction pathway, a dotted arrow represents a minor reaction pathway, 

and a large dashed arrow represents a reaction resulting in the net consumption of a 

radical.

The reaction path diagram for uninhibited combustion of methane is illustrated in 

Figure 29. The consumption of methane is attributed to the radicals OH and H, and the 

propagation of all major reactions involves the radical pool. The OH and H radical 

concentrations peak at a residence time of 20 psec (Figures 26-28), thus the methane 

consumption begins to occur rapidly at this time. The reactions responsible for the 

accumulation of radicals (x<20 psec) are illustrated in Figure 30. The combustion 

sources for radicals are indicated by the species not in bold, such as HCO and CH3O 

thermally decomposing to produce the H radical and CH3 reacting with O2 to produce the 

O radical. The consumption of the H and OH radicals occurs as they react with methane. 

The radical pool activity during methane consumption (x=25 psec) is illustrated in Figure 

31. The reactions do not involve the net consumption of radicals, and this stability in the 

radical pool is responsible for the high rate of methane consumption.

ch3o
*  \o2 /  \  M

OH, H o  OH, H M OH
CH4 -------► CH3 -------kC H zO -------- ►HCO------- k C O ------- kC O !

Fig. 29: Reaction path diagram for uninhibited methane combustion.
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Fig. 30: Radical pool activity for uninhibited methane combustion (x<20 psec).
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Fig. 31: Radical pool activity during uninhibited methane combustion (x=25 psec).

Inhibited methane consumption at x = 5  psec is represented by the reaction path 

diagram in Figure 32. Reactions with the CF3 and Br radical are responsible for the 

initial consumption of methane, as was proposed earlier. Further, the consumption of the 

CH3 radical is altered from the uninhibited case. Due to an extended delay in 

accumulation of the radical pool, the CH3 radical reacts with itself to produce the species 

C2H6, and with the CF3 radical to produce C2H3F3. Both reactions represent new 

pathways introduced during the initial stages of halon 1301 inhibition.

CH,Br ch2o
CBrF,

CF,. Br CH,. Ma,---- >c Br oh, o2
■> C2H6-------► C 2H s ------- ► C2H4------- ► C2H3-------- ► HCO-------► C O --------► CO2

M M

CF,

t
c2h3f3

Fig. 32: Reaction path diagram for inhibited methane combustion at x=5 psec.
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Inhibited methane consumption at t=80 psec is represented by the reaction path 

diagram in Figure 33. The Br radical still abstracts a hydrogen atom from methane, but 

the H and OH radicals are comparably responsible for this consumption. The CH3 radical 

still reacts with itself, but it also reacts with the O radical. This latter reaction would 

proceed slowly because the O radical is not very abundant (Figure 26), thus the formation 

of C2H6 is once again observed in the inhibited system. The activity of the radical pool 

affects both the initiation and prolongation of methane combustion, thus the activity of 

these radicals is discussed next.

M OH
CH4

Br, H, OH Br, H

Fig. 33: Reaction path diagram for inhibited methane combustion at t=80 psec.

The reactions that prevent the accumulation of the radical pool at t=5 psec are 

illustrated in Figure 34. An additional radical consumption reaction is introduced with 

the addition of halon 1301, and this is the reaction of HBr with the H radical. As in 

Figure 30, the combustion sources for the H radical are represented by the species not in 

bold. The analysis is also performed at 80 psec to determine the activity of the radical 

pool during the prolonged consumption of methane. The reactions are illustrated in 

Figure 35, and HBr still consumes the H radical. Thus, this reaction is responsible for the 

delay of radical pool accumulation and the prolongation of methane combustion.
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Fig. 34: Initial radical pool activity for inhibited methane combustion at t=5 psec.
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Fig. 35: Radical pool activity during the inhibited methane combustion (t=80 gsec).

ADDITIONAL OBSERVATIONS OF HALON 1301 INHIBITION

In anticipation of experimental data from the WSR, the effects of halon 1301 on 

the species concentrations for a residence time of 6 milliseconds are studied. The 

accumulation of C2 species increases with the addition of halon 1301. The species of 

C2H6, C2H4, and C2H2 are produced to a concentration of parts-per-thousand as opposed 

to the part-per-million level observed without the inhibitor. The formation of these C2 

species is accounted for by the reaction of CH3 with itself, therefore the concentration 

profile of the CH3 radical (Figure 36) is studied to provide insight into this formation 

process. The CH3 radical concentration decreases rapidly at the time of O radical 

accumulation (Figure 26), both with and without the addition of halon 1301. With the 

addition of halon 1301, however, the CH3 radical is consumed prior to this time as it
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reacts with itself (Figures 32 and 33). The rate of consumption of CH3 during this time, 

indicated by the slope of the concentration profile, and despite the consumption of two 

CH3 radicals in a single reaction, is slower than at the time of high concentrations of the 

O radical. This indicates that the formation of C2H6 is slower than the reaction of CH3 

with the O radical.

Inhibition changes the profiles of the combustion products CO, CO2, and H2 

(Figures 17 and 18). Initially, the absence of the OH radical accelerates the accumulation 

of CO by preventing the formation of CO2. As a result, both CO and CO2 are maintained 

at a higher concentration with the addition of halon 1301 (Table 1). The profile of the 

hydrogen molecule (Figure 37) reflects an increase in production as the H radical reacts 

with HBr, but the concentration after 6 milliseconds decreases with the addition of the 

inhibitor (Table 1).
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Table 1: Combustion products at t=6 milliseconds.

CO mole fraction CO2 mole fraction H2 mole fraction

Uninhibited 3.41E-3 6.44E-2 1.16E-3

Inhibited 3.69E-3 6.69E-2 8.44E-4

Major products (mole fraction > IE-3 at a residence time of 6 milliseconds) of the 

interactions of halon 1301 include HF, COF2, Br, and HBr (Table 2). Minor products 

(mole fraction > IE-5) include CF3Br, Br2, CH3Br, and FO (Table 2). Products such as 

HOF, F, CF3 and CHF3 are detectable in the range of IE-6 to IE-5 (Table 2). The profile 

of C2H3F3 indicates that it behaves as a post-consumption (t>100 (isec) intermediate 

(Figure 38).
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Table 2: Products of halon 1301 interactions at t=6 milliseconds.

Major products Minor products Detectable products

Species Mole fraction Species Mole fraction Species Mole fraction

HF 2.94E-2 FO 5.82E-5 chf3 9.17E-6

Br 1.66E-2 CH3Br 2.83E-5 cf3 5.42E-6

cof2 1.18E-2 CF3Br 2.30E-5 HOF 4.43E-6

HBr 1.06E-3 Br2 2.03E-5 F 1.41E-6
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CHAPTER VII

CONCLUSIONS AND FUTURE DIRECTION

The measurements of the WSR combustion environment have improved, with a 

90% recovery of CO and the prevention of total consumption of THC. This is achieved 

with a new probe design, a small-bore stainless steel design that is water-cooled. In 

addition to the new probe design, a PSR-in-series modeling procedure allows for any 

probe design to be modeled with the WSR to predict the experimental measurements.

Halon 1301 has been shown to act as both an initiator and inhibitor of methane 

combustion at equivalence ratios of 0.7 and 1.2. It initiates the consumption of methane 

as it dissociates into the CF3 and Br radicals, which abstract a hydrogen atom from 

methane to form the intermediates CHF3 and HBr. Halon 1301 impedes the consumption 

of methane by increasing the delay in radical pool accumulation (O, H, and OH radicals). 

This is achieved by the consumption of the H radical by HBr to produce H2.

Additional simulation studies may be useful. The probe limitations on the 

measurement of product species of halon 1301 can be investigated. Also, halon 1301 can 

be modeled at concentrations other than 2 percent to investigate its behavior at lower 

concentrations. This is especially interesting since the temperature was experimentally 

observed to increase with the addition of halon 1301 at low concentrations.

This project will continue with data from the past experiments in the WSR with 

pulses of halon 1301 (1996). The PSR-in-series estimation of the quartz probe will be 

modified to accept a transient input, and comparisons will be made to the experimental 

data. The ultimate goals of this experiment are to gain some insight into the phenomena 

involved in flame inhibition with halon 1301 and to apply this knowledge to the 

experimentation with other fire-suppressants. Additional experiments were conducted 

with CF3I and C2HF5 for comparison to CF3Br (1996), and investigation into their 

inhibition mechanisms is possible.
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Appendix A: Listing of complete reaction mechanism.
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elements
H O C F B r HE 

END
SPECIES

CH4 CH3 CH2 CH H HE O OH HO2 H2O 02 CH20H CH30 C02 CO
CH20 C2H2 C3H2 C2H3 C2H4 H2 H2O2 C C2H C2H6 C2H5
HCCO CH2C0 HCCOH C4H2 CH2(S) C3H3 C4H3 HCO
C3H8 C3H6 N*C3H7 I*C3H7 B r Br2 HBr CH3Br CBrF3
CHF3 CF3 C0F2 COF F2 F FO C4H4 CH30H C2H5Br C2H3Br C2HBr
C2H3F3 C2H2F2 HF HOF

END
REACTIONS Ai (cm-mol-s-K) Pi Ei(cal/mole)
CH4 + 0 = CH3 + OH 1 .0 2 E 9 1 .5 8 6 0 4 .
CH4 + 02 = CH3 + H02 7 .90E13 0 .0 5 6 0 0 0 .
2CH3(+M) = C2H6(+M) 9 .03E 16 - 1 .2 6 5 4 .
LOW /1 .7 E 3 8  - 6 .0 5  1 2 9 2 . /
TROE /0 .6 0 4  6 9 2 7 . 1 3 2 . /
H 2 /2 /  C O /2 / C O 2/3 / H 2O /5/
CH3 + H(+M) = CH4{+M) 6 .0E 16 - 1 .0 0 .0
LOW /8 .0 0 E 2 6  - 3 .0  0 . 0 /
SRI / 0 .4 5  7 9 7 . 9 7 9 . /
H 2 /2 /  C O /2 / C O 2/3 / H 2O /5/
CH4 + H = CH3 + H2 2 .20E4 3 .0 0 8 7 5 0 .
CH4 + OH = CH3 + H2O 1 .60E 6 2 .1 2 4 6 0 .
CH4 + HO2 = CH3 + H2O2 1 .80E 11 0 .0 1 8 7 0 0 .
CH3 + HO2 = CH3O + OH 2.00E 13 0 .0 0 .0
CH3 + 02 = CH3O + 0 2 .0 5 E 1 9 - 1 .5 7 2 9 2 2 9 .
CH3 + 0  = CH2O + H 8.00E 13 0 .0 0 .0
CH2OH + H = CH3 + OH 1 . OOE14 0 .0 0 .0
CH3O + H = CH3 + OH 1 .0 0 E 1 4 0 .0 0 .0
CH3 + OH = CH2 + H2O 7 .5 0 E 6 2 .0 5000 .
CH3 + H = CH2 + H2 9 .00E 13 0 .0 1 5 1 0 0 .
CH3O + M = CH2O + H + M 1 .0 0 E 1 4 0 .0 2 5 0 0 0 .
CH2OH + M = CH2O + H + M 1 .0 0 E 1 4 0 .0 2 5 0 0 0 .
CH3O + H = CH2O + H2 2 .00E 13 0 .0 0 .0
CH2OH + H = CH2O + H2 2 .00E 13 0 .0 0 .0
CH3O + OH = CH2O + H2O 1.00E 13 0 .0 0 .0
CH2OH + OH = CH2O + H2O 1.00E 13 0 .0 0 .0
CH3O + 0  = CH2O + OH 1.00E 13 0 .0 0 .0
CH2OH + 0 = CH2O + OH 1.00E 13 0 .0 0 .0
CH3O + 02 = CH2O + HO2 6 .30E 10 0 .0 2 6 0 0 .
CH2OH + 02 = CH2O + H02 1 .48E 13 0 .0 1 5 0 0 .
CH2 + H = CH + H2 1 .00E 18 - 1 .5 6 0 .0
CH2 + OH = CH + H2O 1 .13E 7 2 .0 3 0 0 0 .
CH2 + OH = CH2O + H 2 .50E13 0 .0 0 .0
CH + 02 = HCO + 0 3 .30E13 0 .0 0 .0
CH + 0 = CO + H 5.70E 13 0 .0 0 .0
CH + OH = HCO + H 3 .00E 13 0 .0 0 .0
CH + CO2 = HCO + CO 3 . 40E12 0 .0 6 9 0 .
CH + H = C + H2 1 .5 0 E 1 4 0 .0 0 .0
CH + H2O = CH20 + H 5 .72E 12 0 .0 -7 5 5 .0
CH + CH2O = CH2C0 + H 9.46E 13 0 .0 -5 1 5 .
CH + C2H2 = C3H2 + H 1.00E 14 0 .0 0 .0
CH + CH2 = C2H2 + H 4.00E 13 0 .0 0 .0
CH + CH3 = C2H3 + H 3 .00E 13 0 .0 0 .0
CH + CH4 = C2H4 + H 6.00E 13 0 .0 0 .0
C + 02 = CO + 0 2 .00E 13 0 .0 0 .0
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C + OH = CO + H 5.00E 13 0 .0 0 .0
C + CH3 = C2H2 + H 5.00E 13 0 .0 0 .0
C + CH2 = C2H + H 5.00E 13 0 .0 0 .0
CH2 + CO2 = CH2O + CO 1 .10E 11 0 .0 1 0 0 0 .
CH2 + 0 = CO + 2H 5.00E 13 0 .0 0 .0
CH2 + 0 = CO + H2 3 .00E 13 0 .0 0 .0
CH2 + 02 = C02 + 2H 1.60E 12 0 .0 1 0 0 0 .
CH2 + 02 = CH20 + 0 5 .00E 13 0 .0 9 0 0 0 .
CH2 + 02 = C02 + H2 6 .90E 11 0 .0 5 0 0 .
CH2 + 02 = CO + H20 1 .90E 10 0 .0 -1 0 0 0
CH2 + 02 = CO + OH + H 8 .60E 10 0 .0 -5 0 0 .
CH2 + 02 = HCO + OH 4 .30E 10 0 .0 -5 0 0 .
CH20 + OH = HCO + H20 3 .43E9 1 .1 8 -4 4 7  .
CH20 + H = HCO + H2 2 .1 9 E 8 1 .7 7 3 0 0 0 .
CH20 + M = HCO + H + M 3 .31E16 0 .0 81000
CH20 + 0 = HCO + OH 1.80E 13 0 .0 3 0 8 0 .
HCO + OH = H20 + CO 1 .00E 14 0 .0 0 .0
HCO + M = H + CO + M 2 . 50E14 0 .0 16802

C O /1 .9 /  H 2 /1 .9 /  C H 4 /2 .8 /  CO2/3,.0 /  H 2 O /5 .0 /
HCO + H = CO + H2 1 .19E 13 0 .2 5 0 .0
HCO + 0  = CO + OH 3 . 00E13 0 .0 0 .0
HCO + 0  = C02 + H 3 .00E 13 0 .0 0 .0
HCO + 02 = H02 + CO 3 .30E13 - 0 .4 0 0 .0
CO + 0 + M = C02 + M 6 .1 7 E 1 4 0 .0 3 0 0 0 .
CO + OH = C02 + H 1 .51E 7 1 .3 0 -7 5 8 .
CO + 02 = C02 + 0 1 .60E 13 0 .0 41000
H02 + CO = C02 + OH 5.80E 13 0 .0 22934
C2H6 + CH3 = C2H5 + CH4 5 .5 0 E -1 4 .0 0 8 3 0 0 .
C2H6 + H = C2H5 + H2 5 . 40E2 3 .5 5210 .
C2H6 + 0  = C2H5 + OH 3 .0 0 E 7 2 .0 0 5115 .
C2H6 + OH = C2H5 + H20 8 .70E9 1 .0 5 1810 .
C2H4 + H = C2H3 + H2 1 .1 0 E 1 4 0 .0 8 5 0 0 .
C2H4 + 0  = CH3 + HCO 1 .60E 9 1 .2 0 7 4 6 .
C2H4 + OH = C2H3 + H20 2 .02E 13 0 .0 5 9 5 5 .
CH2 + CH3 = C2H4 + H 3 .00E 13 0 .0 0 .0
H + C2H4(+M) = C2H5(+M) 2 .21E 13 0 .0 2 0 6 6 .
LOW /6 .3 7 E 2 7  - 2 .8  - 5 4 . /
H 2 /2 /  C O /2 / C O 2/3 / H 2O /5/
C2H5 + H = 2CH3 1 .0 0 E 1 4 0 .0 0 .0
C2H5 + 02 = C2H4 + H02 8 .43E11 0 .0 3 8 7 5 .
C2H2 + 0 = CH2 + CO 1 .02E 7 2 .0 0 1 9 0 0 .
C2H2 + 0  = HCCO + H 1 .02E 7 2 .0 0 1 9 0 0 .
H2 + C2H = C2H2 + H 4 .09E 5 2 .3 9 8 6 4 .
H + C2H2(+M) = C2H3(+M) 5 .54E 12 0 .0 2 4 1 0 .
LOW /2 .6 7 E 2 7  - 3 .5  2 4 1 0 . /
H 2 /2 /  C O /2 / C O 2/3 / H 2O /5/
C2H3 + H = C2H2 + H2 4 .00E 13 0 .0 0 .0
C2H3 + 0 = CH2C0 + H 3.00E 13 0 .0 0 .0
C2H3 + 02 = CH20 + HCO 4 .00E 12 0 .0 -2 5 0 .
C2H3 + OH = C2H2 + H20 5 .00E 12 0 .0 0 .0
C2H3 + CH2 = C2H2 + CH3 3 . 00E13 0 .0 0 .0
C2H3 + C2H = 2C2H2 3 .00E13 0 .0 0 .0
C2H3 + CH = CH2 + C2H2 5.00E 13 0 .0 0 .0
OH + C2H2 = C2H + H20 3 .37E7 2 .0 0 14000
OH + C2H2 = HCCOH + H 5 .04E 5 2 .3 0 13500
OH + C2H2 = CH2C0 + H 2 .1 8 E -4 4 .5 0 -1 0 0 0
OH + C2H2 = CH3 + CO 4 .8 3 E -4 4 .0 0 -2 0 0 0
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HCCOH + H = CH2CO + H 1.00E 13 0 .0 0 .0
C2H2 + 0 = C2H + OH 3 .16E15 - 0 .6 1 5 0 0 0 .
CH2CO + 0 = CO2 + CH2 1.75E 12 0 .0 1 3 5 0 .
CH2CO + H = CH3 + CO 1.13E 13 0 .0 3 4 2 8 .
CH2CO + H = HCCO + H2 5 .00E 13 0 .0 8 0 0 0 .
CH2CO + 0 = HCCO + OH 1 .00E 13 0 .0 8 0 0 0 .
CH2CO + OH = HCCO + H2O 7.50E 12 0 .0 2 0 0 0 .
CH2CO(+M) = CH2 + CO(+M) 3 . 00E14 0 .0 7 0 9 8 0 .
LOW /3 .6 0 E 1 5  0 .0  5 9 2 7 0 ./
C2H + 02 = 2CO + H 5.00E 13 0 .0 1 5 0 0 .
C2H + C2H2 = C4H2 + H 3 .00E 13 0 .0 0 .0
H + HCCO = CH2(S) + CO 1 .00E 14 0 .0 0 .0
0 + HCCO = H + 2CO 1 .00E 14 0 .0 0 .0
HCCO + 02 = 2CO + OH 1.60E 12 0 .0 8 5 4 .
CH + HCCO = C2H2 + CO 5.00E 13 0 .0 0 .0
2HCCO = C2H2 + 2CO 1.00E 13 0 .0 0 .0
CH2(S) + M = CH2 + M 1 .00E 13 0 .0 0 .0

H / 0 .0 /
CH2(S) + CH4 = 2CH3 4.00E 13 0 .0 0 .0
CH2(S) + C2H6 = CH3 + C2H5 1 .20E 14 0 .0 0 .0
CH2(S) + 02 = CO + OH + H 3 .00E 13 0 .0 0 .0
CH2(S) + H2 = CH3 + H 7 .00E 13 0 .0 0 .0
CH2(S) + H = CH2 + H 2 .0 0 E 1 4 0 .0 0 .0
C2H + 0  = CH + CO 5.00E 13 0 .0 0 .0
C2H + OH = HCCO + H 2 .00E 13 0 .0 0 .0
2CH2 = C2H2 + H2 4 .00E 13 0 .0 0 .0
CH2 + HCCO = C2H3 + CO 3 . 00E13 0 .0 0 .0
CH2 + C2H2 = C3H3 + H 1.20E 13 0 .0 6 6 0 0 .
C4H2 + OH = C3H2 + HCO 6.66E 12 0 .0 -4 1 0 .
C3H2 + 02 = HCO + HCCO 1 .00E 13 0 .0 0 .0
C3H3 + 02 = CH2C0 + HCO 3 .0 0 E 1 0 0 .0 2 8 6 8 .
C3H3 + 0  = CH20 + C2H 2 .00E 13 0 .0 0 .0
C3H3 + OH = C3H2 + H20 2 .00E 13 0 .0 0 .0
2C2H2 = C4H3 + H 2 .00E 12 0 .0 4 5 9 0 0 .
C4H3 + M = C4H2 + H + M 1 .00E 16 0 .0 5 9 7 0 0 .
CH2(S) + C2H2 = C3H3 + H 3.00E 13 0 .0 0 .0
C4H2 + 0 = C3H2 + CO 1.20E 12 0 .0 0 .0
C2H2 + 02 = HCCO + OH 2 .0 0 E 8 1 .5 0 3 0 1 0 0 .
C2H2 + M = C2H + H + M 4 .20E 16 0 .0 107000
C2H4 + M = C2H2 + H2 + M 1 .5 0 E 1 5 0 .0 5 5 8 0 0 .
C2H4 + M = C2H3 + H + M 1 .40E 15 0 .0 8 2 3 6 0 .
H2 + 02 = 20H 1.70E 13 0 .0 4 7 7 8 0 .
OH + H2 = H20 + H 1 .17E 9 1 .3 3 6 2 6 .
0  + OH = 02 + H 4 .0 0 E 1 4 - 0 .5 0 .0
0 + H2 = OH + H 5 .0 6 E 4 2 .6 7 6 2 9 0 .
H + 02 + M = H02 + M 3 . 61E17 - 0 .7 2 0 .0

H 2 O /1 8 .6 / C O 2 /4 .2 /  H 2 /2 .9 /  CO/2,.1 /
OH + H02 = H20 + 02 7 .50E 12 0 .0 0 .0
H + H02 = 20H 1 .4 0 E 1 4 0 .0 1073 .
0  + H02 = 02 + OH 1 .40E 13 0 .0 1073 .
20H = 0  + H20 6 .00E 8 1 .3 0 .0
2H + M = H2 + M 1 .00E 18 - 1 .0 0 0 .0

H 2 /0 .0 /  H 2 0 /0 .0 /  C 0 2 /0 .0 /
2H + H2 = 2H2 9 .20E 16 - 0 .6 0 0 .0
2H + H20 = H2 + H20 6 .00E 19 - 1 .2 5 0 .0
2H + C02 = H2 + C02 5 .49E 20 - 2 .0 0 0 .0
H + OH + M = H20 + M 1.60E 22 - 2 .0 0 0 .0
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H 2 O /5 .0 /
H + O + M = O H + M 6 .20E 16 - 0 .6 0 0 .0

H 2 O /5 .0 /
20 + M = 02 + M 1.89E 13 0 .0 -1 7 8 8
H + H02 = H2 + 02 1 .25E 13 0 .0 0 .0
2HO2 = H2O2 + 02 2 .00E 12 0 .0 0 .0
H2O2 + M = 20H + M 1 .3 0 E 1 7 0 .0 45500
H2O2 + H = H02 + H2 1 .60E 12 0 .0 3 8 0 0 .
H2O2 + OH = H20 + H02 1 .00E 13 0 .0 1 8 0 0 .
C3H8 + H = N*C3H7 + H2 1 .30E 14 0 .0 9699
C3H8 + H = I*C3H7 + H2 1 .00E 14 0 .0 8337
C3H8 + 0  = N*C3H7 + OH 3.00E 13 0 .0 5757
C3H8 + 0  = I*C3H7 + OH 2 .60E 13 0 .0 4467
C3H8 + OH = N*C3H7 + H20 3 .70E12 0 .0 1648
C3H8 + OH = I*C3H7 + H20 2 .80E 13 0 .0 860
N*C3H7 + H = C3H8 2 .00E 13 0 .0 0 .0
I*C3H7 + H = C3H8 2 .00E 13 0 .0 0 .0
N*C3H7 + 02 = C3H6 + H02 1 .00E 12 0 .0 4992
I*C3H7 + 02 = C3H6 + H02 1 .00E 12 0 .0 2986
N*C3H7 = C2H4 + CH3 3 .00E14 0 .0 32991
N*C3H7 = C3H6 + H 1 .00E 14 0 .0 37291
I*C3H7 = C3H6 + H 2 .0 0 E 1 4 0 .0 38677
C3H6 + 0 = CH3 + CH3 + CO 5.00E 12 0 .0 454
C2H5 + CH3 = C3H8 7 .00E 12 0 .0 0
HBr + M = H + B r + M 3 .5 0 E 2 1 - 2 .0 87670

R E V /6 .00E 20 - 1 .9 0 /
HBr + 02 = B r + H02 1 .2E 12 0 .0 41530

R E V /1 .50E 12 0 .0 1 1 6 8 /
HBr + CH3 = CH3Br + H 3 . 00E12 0 .0 22600

R E V /1 .50E 14 0 .0 5 2 3 9 /
HBr + CH3 = CH4 + Br 5 .37E 12 0 .0 1604

R E V /4.70E 13 0 .0 1 8 1 8 0 /
HBr + C2H5 = C2H5Br + H 9 .61E 10 0 .0 21420

R E V /1 .36E 13 0 .0 5 0 0 0 /
HBr + C2H5 = C2H6 + Br 6 .03E 11 0 .0 809

R E V /7.47E 13 0 .0 1 2 9 4 0 /
HBr + C2H3 = C2H3Br + H 3 .87E 12 0 .0 16310

R E V /0 .28E 14 0 .0 5 0 0 0 /
HBr + C2H3 = C2H4 + Br 6 .00E 11 0 .0 500

R E V /7.00E 13 0 .0 2 1 0 5 0 /
HBr + C2H = C2H2 + Br 6 .00E 11 0 .0 500

R E V /3.70E 13 0 .0 3 8 0 5 0 /
HBr + HCO = CH2O + Br 2 . 84E11 0 .0 244

R E V /1.02E 13 0 .0 1 5 8 4 /
HBr + H = H2 + Br 6 .25E 13 0 .0 2396

R E V /1 .70E 14 0 .0 1 9 0 9 0 /
HBr + O = B r + OH 2 .40E12 0 .0 2693

R E V /2.75E 12 0 .0 1 7 3 2 0 /
HBr + OH = H2O + Br 2 .09E 12 0 .0 0

R E V /1.97E 13 0 .0 3 1 8 4 0 /
HBr + HO2 = B r + H2O2 6 .89E 11 0 .0 3770

R E V /6.03E 12 0 .0 5 9 4 0 /
HBr + B r = Br2 + H 2 .72E14 0 .0 43540

R E V /2 .27E 11 1 .0 4 3 5 /
Br + B r + M = Br2 + M 7.48E 13 0 .0 -1 6 9 5

R E V /1.15E 14 0 .0 4 2 8 3 0 /
Br + CH3 = CH3Br 1 .55E 12 0 .0 0
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R E V /7. 65E13 0 .0 7 0 3 0 7 /
B r + C2H5 = C2H5 + Br 2 .4 0 E 1 1 0 .0 0

REV/6 . 55E12 0 .0 6 7 2 0 8 /
B r + C2H3 = C2H3Br 2 .45E11 0 .0 0

R E V /1.30E 13 0 .0 7 8 8 0 4 /
B r + C2H = C2HBr 2 .5 0 E 1 1 0 .0 0

R EV /2.65E 13 0 .0 1 0 5 1 7 3 /
CH3Br + B r = Br2 + CH3 1 .2 6 E 0 9 0 .0 17700

R E V /1 . 00E13 0 .0 1 0 0 0 /
CBrF3 = CF3 + Br 2 .00E 13 0 .0 64500

R E V /3 .80E 11 0 .0 5 0 0 /
CBrF3 + CH3 = CH3Br + CF3 5 .75E 12 0 .0 5200

R E V /4.70E 11 0 .0 4 2 6 0 /
CBrF3 + H = CF3 + HBr 2 .20E14 0 .0 9306

R E V /2. 46E11 0 .0 2 5 7 2 0 /
CBrF3 + B r = Br2 + CF3 9 .37E 09 0 .0 26060

R E V /5 . 80E12 0 .0 1 0 0 0 /
CHF3 + M = CF3 + H + M 3 .26E 15 0 .0 107800

R E V /5 . 48E13 0 .0 0 /
CHF3 + CH3 = CF3 + CH4 5 .97E 15 0 .0 13930

R E V /2 . 00E12 0 .0 1 1 0 0 0 /
CHF3 + C2H5 = CF3 + C2H6 2 .8 5 E 1 1 0 .0 10980

R E V /8.70E 11 0 .0 8 0 1 9 /
CHF3 + C2H3 = CF3 + C2H4 7 .32E 10 0 .0 2100

R E V /2 .00E 11 0 .0 2 6 0 0 /
CHF3 + H = CF3 + H2 5.00E 12 0 .0 5000

R E V /2 . 95E11 0 .0 8 6 0 0 /
CHF3 + OH = CF3 + H2O 6 .76E06 1 .8 4270

R E V /2.90E 11 0 .0 1 5 7 7 0 /
CHF3 + 0  = CF3 + OH 5.00E 12 0 .0 10800

R E V /1.32E 11 0 .0 5 3 0 0 /
CHF3 + B r = CF3 + HBr 2 .00E 13 0 .0 23000

R E V /4.67E 11 0 .0 2 6 6 0 /
CF3 + 02 = C0F2 + FO 1 .20E 13 0 .0 12500

R E V /7.85E 12 0 .0 2 7 1 0 0 /
CF3 + CH3 = C2H3F3 6 .76E 13 0 .0 0

R E V /3 . 90E17 0 .0 9 1 6 8 0 /
C2H3F3 = C2H2F2 + HF 3 . 60E13 0 .0 70000

R E V /2.12E 11 0 .0 1 0 2 4 5 0 /
CF3 + OH = C0F2 + HF 3 .98E12 0 .0 0

R E V /4.90E 13 0 .0 1 1 5 6 5 0 /
CF3 + 0  = C0F2 + F 1 .2 8 E 1 4 0 .0 2000

R E V /5.00E 14 0 .0 8 3 4 2 0 /
C0F2 + CH3 = C2H2F2 + OH 6.60E 12 0 .0 53950

R E V /2 . 00E12 0 .0 1 0 0 0 /
C0F2 + H = COF + HF 7 .7 2 E 1 0 0 .0 2300

R E V /2.34E 09 0 .0 8 5 0 0 /
C0F2 + OH = COF + HOF 1 .58E 12 0 .0 71380

R E V /6 .20E 10 0 .0 1 0 0 0 /
C0F2 + 0  = COF + FO 3.00E 13 0 .0 77100

R E V /9 .60E 10 0 .0 1 0 0 0 /
COF + M = F + CO + M 2 .1 0 E 1 6 0 .0 33490

R E V /1.20E 16 0 .0 0 /
COF + H = HF + CO 2 .00E14 0 .0 0

R E V /3 . 63E14 0 .0 1 0 5 0 0 0 /
COF + OH = CO + HOF 1 .00E 14 0 .0 0

R E V /4 .67E 14 0 .0 1 9 1 8 0 /
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COF + OH = CO2 + HF 3 .4 7 E 1 1 0 .0 750
R E V /1 .00E 14 0 .0 1 2 8 0 0 /

F2 + M = F + F 2 .12E 13 0 .0 33600
R E V /3 . 25E08 1 .0 -6 1 3 6 /

F2 + H = HF + F 8 .80E 13 0 .0 2396
R E V /1.33E 13 0 .0 1 0 0 3 0 0 /

F2 + OH = HF + F + 0 7 .0 0 E 1 3 0 .0 18000
R E V /1.15E 13 0 .0 1 3 6 9 0 /

F2 + 0  = FO + F 9 .7 7 E 1 2 0 .0 11290
R E V /2.43E 12 0 .0 2 5 9 0 0 /

F + CH4 = HF + CH3 1 .8 0 E 1 4 0 .0 800
R E V /5.25E 12 0 .0 3 2 8 8 0 /

F + C2H6 = HF + C2H5 6.03E 13 0 .0 280
R E V /1 .30E 10 0 .0 3 7 8 8 0 /

F + C2H4 = HF + C2H3 1 .51E 07 2 .0 6000
R E V /3 . 60E05 2 .0 3 1 8 0 0 /

F + H2 = HF + H 2 .7 0 E 1 2 0 .5 631
R E V /1.65E 12 0 .6 3 2 4 0 0 /

F + H + M = HF + M 9 .5 5 E 1 7 - 1 . 0 0
R E V /2.50E 22 2 .0 1 3 4 0 0 0 /

F + H2O = HF + OH 2 .53E 13 0 .0 800
R E V /7.50E 12 0 .0 1 7 3 0 0 /

F + HO2 = HF + 02 5 .00E 13 0 .0 0
R E V /1 .13E 14 0 .0 8 8 7 0 0 /

F + HBr = HF + Br 3 .3 0 E 1 3 0 .0 1000
R E V /9.20E 13 0 .0 4 9 3 4 0 /

F + CHF3 = HF + CF3 1 .0 0 E 1 4 0 .0 1000
R E V /4 .47E 11 0 .0 2 9 0 0 0 /

FO + FO = F + F + 02 1 .26E 13 0 .0 0
R E V /3 . 30E11 0 .0 1 4 1 9 0 /

END
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Appendix B: Sample output with energy conservation.
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PSR: Perfectly Stirred Reactor Code
CHEMKIN-II V e r s io n  1 .1 ,  M arch 1989 
DOUBLE PRECISION

WORKING SPACE REQUIREMENTS

PROVIDED REQUIRED
LOGICAL 245 239
INTEGER 10000 8128
REAL 17500 17009
CHARACTER 200 170

CKLIB: C h e m ic a l K i n e t i c s  L i b r a r y
CHEMKIN-II V e r s io n  1 .9 ,  O c to b e r  1989 
DOUBLE PRECISION

KEYWORD INPUT
ENRO
TINL 300
TEMP 1740
PRES 0.9989
TAU 0.006
VOL 250
QLOS 100
REAC CH4 0.06816
REAC 02 0.1956865
REAC N2 0.7361535
REAC CBrF3 0.00
XEST N2 0.74
XEST CO2 0.06
XEST H2O 0.14
XEST 02 0.06
PRNT 0
END

RESIDENCE TIME 6 .0 0 E -0 3 SEC
MASS FLOW RATE 8.09E + 00 GM/SEC
PRESSURE 9 .9 9 E -0 1 ATM
MASS DENSITY 1 .9 4 E -0 4 GM/CM3
VOLUME 2 . 50E+02 CM3
TEMPERATURE (INLET) 300.00 K
TEMPERATURE 1746.55 K
HEAT LOSS 1.00E+02 CAL/SEC
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INLET MOLE FRACTIONS
CH4 = 6 .8 2 E - 0 2 CH3 = . OOE+OO CH2 = . OOE+OO
CH = •OOE+OO H = . OOE+OO 0 - . OOE+OO
N = . OOE+OO OH = . OOE+OO H02 = . OOE+OO
H2O = . OOE+OO 02 = 1 .9 6 E - 0 1 CH20H = . OOE+OO
CH3O = . OOE+OO C02 = . OOE+OO CO = . OOE+OO
CH2O = •OOE+OO C2H2 = . OOE+OO C3H2 - . OOE+OO
C2H3 •OOE+OO C2H4 = . OOE+OO H2 = . OOE+OO
H2O2 = •OOE+OO C = . OOE+OO C2H - . OOE+OO
C2H6 St . OOE+OO C2H5 — . OOE+OO HCCO = . OOE+OO
CH2CO - . OOE+OO HCCOH .OOE+OO C4H2 = . OOE+OO
CH 2(S) - . OOE+OO C3H3 - . OOE+OO C4H3 = . OOE+OO
HCO = . OOE+OO H2CN = . OOE+OO HCN = •OOE+OO
HCNO = . OOE+OO NO = •OOE+OO N02 - . OOE+OO
HOCN = •OOE+OO HNCO = . OOE+OO NH2 = •OOE+OO
NH = •OOE+OO NCO = . OOE+OO C2N2 = •OOE+OO
N2O = •OOE+OO HNO - •OOE+OO NNH = •OOE+OO
NH3 s . OOE+OO N2 - 7 .3 6 E - 0 1 CN = . OOE+OO
HONO S t . OOE+OO HNO 3 •OOE+OO NO 3 = . OOE+OO
C3H8 tt . OOE+OO C3H6 = •OOE+OO N*C3H7 •OOE+OO
I*C 3H 7 = . OOE+OO B r = . OOE+OO B r2 = . OOE+OO
HBr = . OOE+OO CH3Br = •OOE+OO CBrF3 - •OOE+OO
CHF3 . OOE+OO CF3 = . OOE+OO C0F2 - . OOE+OO
COF = . OOE+OO F2 = . OOE+OO F - . OOE+OO
FO = •OOE+OO C4H4 = . OOE+OO CH30H = •OOE+OO
C2H5Br - . OOE+OO C2H3Br = . OOE+OO C2HBr = . OOE+OO
C2H3F3 = . OOE+OO C2H2F2 = . OOE+OO HF = . OOE+OO
HOF = .OOE+OO

EXIT MOLE FRACTIONS
CH4 = 5 .8 8 E -0 5 CH3 = 1 .2 1 E -0 5 CH2 - 3 .6 9 E -0 7
CH = 5 .7 3 E -0 9 H = 4 .8 2 E -0 4 0 - 1 .0 9 E -0 3
N = 3 .6 8 E -1 0 OH = 3 .3 4 E -0 3 H02 - 1 .6 6 E -0 5
H20 = 1 .3 3 E -0 1 02 = 6 .0 3 E -0 2 CH20H = 4 .7 4 E -0 7
CH30 = 4 .3 6 E -0 8 C02 = 6 .4 4 E -0 2 CO 3 .4 1 E -0 3
CH20 = 1 .2 6 E -0 5 C2H2 = 4 .1 2 E -0 9 C3H2 8 .9 7 E -1 5
C2H3 = 5 .6 6 E -1 0 C2H4 = 1 .9 7 E -0 8 H2 = 1 .1 6 E -0 3
H2O2 = 1 .3 3 E -0 6 C = 3 .0 2 E -1 0 C2H = 3 .8 7 E -1 2
C2H6 - 4 .3 0 E -0 9 C2H5 = 1 .9 7 E -1 1 HCCO = 5 .4 0 E -1 0
CH2C0 = 2 .1 4 E -0 9 HCCOH = 1 .5 6 E -1 0 C4H2 = 1 .7 8 E -1 7
CH2(S) = 1 .1 0 E -0 8 C3H3 = 4 .5 7 E -1 4 C4H3 = 1 .5 2 E -1 9
HCO = 4 .0 0 E -0 7 H2CN = 5 .5 1 E -1 3 HCN = 1 .1 3 E -0 8
HCNO = 2 .7 6 E -0 9 NO = 8 .9 3 E -0 6 N02 = 3 .4 3 E -0 9
HOCN = 3 .1 6 E -1 0 HNCO = 5 .2 4 E -1 0 NH2 = 4 .2 9 E -1 1
NH = 2 .3 4 E -1 0 NCO = 3 .8 4 E -1 0 C2N2 - 1 .9 9 E -1 6
N20 = 4 .7 2 E -0 7 HNO = 9 .7 7 E -1 0 NNH = 3 .0 2 E -1 1
NH3 ss 3 .5 4 E -1 1 N2 = 7 .3 3 E -0 1 CN = 3 .0 6 E -1 1
HONO = 8 .3 9 E -1 0 HNO 3 = 9 .7 1 E -1 4 N03 — 1 .4 1 E -1 6
C3H8 = 8 .2 5 E -1 5 C3H6 = 3 .6 1 E -1 3 N*C3H7 - 9 .5 4 E -1 8
I*C3H7 = 4 .6 6 E -1 8 Br = . OOE+OO Br2 - . OOE+OO
HBr = •OOE+OO CH3Br = •OOE+OO CBrF3 = . OOE+OO
CHF3 = . OOE+OO CF3 = . OOE+OO C0F2 = . OOE+OO
COF = •OOE+OO F2 = •OOE+OO F =s . OOE+OO
FO = . OOE+OO C4H4 = . OOE+OO CH30H - . OOE+OO
C2H5Br - . OOE+OO C2H3Br = •OOE+OO C2HBr = . OOE+OO
C2H3F3 . OOE+OO C2H2F2 = . OOE+OO HF - •OOE+OO
HOF = . OOE+OO
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Appendix C: Sample output without the energy equation.
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PSR: P e r f e c t l y  S t i r r e d  R e a c to r  Code
CHEMKIN-II V e r s io n  1 . 
DOUBLE PRECISION

1, M arch 1989

WORKING SPACE REQUIREMENTS

PROVIDED REQUIRED
LOGICAL 245 239
INTEGER 10000 8128
REAL 17500 17009
CHARACTER 200 170

CKLIB: C h em ica l K i n e t i c s  L ib r a r y
CHEMKIN-II V e r s io n  1 .9 ,  O c to b e r  1989 
DOUBLE PRECISION

KEYWORD INPUT

TGIV
TEMP 2020.2
PRES 0.9986
TAU 0.00001
VOL 250
REAC CH4 0.0669131
REAC 02 0.1921061
REAC N2 0.722685
REAC CBrF3 0.0182958
AROP
PRNT 0
END

STANJAN: V e r s io n  3 .8 C , May 1988
W. C. R e y n o ld s , S ta n f o r d  U n iv .

EQINIT: WORKING SPACE REQUIREMENTS 
PROVIDED REQUIRED

INTEGER 1690 1690
REAL 2154 2154

FIRST SOLUTION ESTIMATE IS EQUILIBRIUM

RESIDENCE TIME 
MASS FLOW RATE 
PRESSURE 
MASS DENSITY 
VOLUME
TEMPERATURE (FIXED)

1 .0 0 E -0 5
4.30E + 03
9 .9 9 E -0 1
1 .7 2 E -0 4
2.50E +02

2 0 2 0 .2 0

SEC
GM/SEC
ATM
GM/CM3
CM3
K
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INLET MOLE FRACTIONS
CH4 = 6 .6 9 E - 0 2 CH3 = . OOE+OO CH2 - . OOE+OO
CH . OOE+OO H = . OOE+OO 0 . OOE+OO
N = . 00E+00 OH = -OOE+OO H02 = . OOE+OO
H2O = . OOE+OO 02 = 1 .9 2 E - 0 1 CH20H ■- . OOE+OO
CH3O = . OOE+OO C02 = -OOE+OO CO = . OOE+OO
CH2O - . OOE+OO C2H2 = -OOE+OO C3H2 = . OOE+OO
C2H3 = . OOE+OO C2H4 = . OOE+OO H2 . OOE+OO
H2O2 = . 00E+00 C = -OOE+OO C2H = . OOE+OO
C2H6 = . OOE+OO C2H5 = . OOE+OO HCCO = . OOE+OO
CH2CO = . OOE+OO HCCOH = . OOE+OO C4H2 = . OOE+OO
CH 2(S) = . OOE+OO C3H3 = . OOE+OO C4H3 = . OOE+OO
HCO = . OOE+OO H2CN = -OOE+OO HCN = . OOE+OO
HCNO = . OOE+OO NO = . OOE+OO N02 = . OOE+OO
HOCN . OOE+OO HNCO = . OOE+OO NH2 - . OOE+OO
NH = . OOE+OO NCO = -OOE+OO C2N2 = . OOE+OO
N20 = -OOE+OO HNO = -OOE+OO NNH = -OOE+OO
NH3 = -OOE+OO N2 = 7 .2 3 E -0 1 CN = . OOE+OO
HONO = . OOE+OO HN03 = . OOE+OO NO 3 = -OOE+OO
C3H8 = . 00E+00 C3H6 = -OOE+OO N*C3H7 = -OOE+OO
I*C3H 7 a: . 00E+00 B r = . OOE+OO B r2 = -OOE+OO
HBr = . 00E+00 CH3Br = . OOE+OO CBrF3 = 1 .8 3 E -0 2
CHF3 = . 00E+00 CF3 = -OOE+OO C0F2 - . OOE+OO
COF as . 00E+00 F2 = . OOE+OO F . OOE+OO
FO = .OOE+OO C4H4 = -OOE+OO CH30H -OOE+OO
C2H5Br = -00E + 00 C2H3Br = . OOE+OO C2HBr = -OOE+OO
C2H3F3 = -OOE+OO C2H2F2 = . OOE+OO HF = -OOE+OO
HOF = . OOE+OO

EXIT MOLE FRACTIONS
CH4 - 7 .5 6 E -0 3 CH3 = 4 .6 7 E -0 3 CH2 = 1 .3 9 E -0 4
CH = 2 .0 0 E -0 6 H = 3 . 05E-03 0 = 1 .1 1 E -0 3
N = 2 .9 6 E -0 8 OH = 2 .8 4 E -0 3 HO 2 = 2 .3 7 E -0 4
H20 = 6 .0 1 E -0 2 02 = 1 .1 6 E -0 1 CH20H =t 8 .5 4 E -0 5
CH30 = 6 .7 5 E -0 5 C02 = 4 .7 4 E -0 3 CO = 4 .1 7 E -0 2
CH20 1 .6 9 E -0 3 C2H2 = 2 .4 6 E -0 4 C3H2 = 1 .1 3 E -0 7
C2H3 = 2 .5 1 E -0 5 C2H4 = 5 .9 9 E -0 4 H2 = 2 .6 2 E -0 2
H2O2 - 4 .9 3 E -0 7 C = 3 -30E -07 C2H = 4 .0 8 E -0 7
C2H6 =, 6 .2 4 E -0 5 C2H5 = 4 .4 9 E -0 7 HCCO = 1 .4 3 E -0 5
CH2C0 = 2 .3 7 E -0 5 HCCOH = 1 .9 3 E -0 6 C4H2 - 6 .5 5 E -0 8
CH2(S) 8 .8 8 E -0 6 C3H3 = 1 .4 5 E -0 6 C4H3 2 .4 2 E -1 0
HCO - 1 .1 5 E -0 4 H2CN = 3 .2 9 E -0 9 HCN = 8 .2 7 E -0 7
HCNO - 1 . 17E -08 NO = 9 .0 8 E -0 7 N02 = 6 .3 4 E -1 0
HOCN = 4 .5 5 E -0 9 HNCO = 1 .2 6 E -0 8 NH2 = 3 .6 5 E -0 9
NH = 9 .5 8 E -0 9 NCO = 1 .7 4 E -0 8 C2N2 = 1 .7 0 E -1 3
N20 = 4 .1 5 E -0 7 HNO = 2 . 83E-09 NNH = 5 .1 1 E -1 0
NH3 = 3 -34E -09 N2 = 6 .8 3 E -0 1 CN = 2 .9 5 E -0 9
HONO = 1 .1 5 E -1 1 HNO 3 = 2 .3 6 E -1 5 NO 3 -2 .8 9 E -1 8
C3H8 = 5 .1 2 E -0 9 C3H6 = 1 .1 4 E -0 6 N*C3H7 - 4 .5 9 E -1 1
I*C3H7 - 1 .2 5 E -1 1 Br = 1 .0 4 E -0 2 Br2 = 2 -0 2 E -0 6
HBr = 6 .0 1 E -0 3 CH3Br = 2 .4 2 E -0 4 CBrF3 = 6 . 65E -04
CHF3 = 3 .4 9 E -0 3 CF3 = 8 .9 5 E -0 4 C0F2 - 1 .1 8 E -0 2
COF = 2 .8 1 E -0 7 F2 = 5 .4 6 E -1 0 F = 2 .1 4 E -0 5
FO = 1 .1 9 E -0 3 C4H4 = . OOE+OO CH30H = . OOE+OO
C2H5Br = 5 .4 4 E -1 1 C2H3Br = 4 .4 5 E -0 6 C2HBr = 6 .3 6 E -0 8
C2H3F3 = 3 .4 2 E -0 4 C2H2F2 = 9 .3 1 E -2 0 HF 1 .0 9 E -0 2
HOF - 4 .3 3 E -0 7
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PR O BE D ESIG N  O PTIM IZATIO N FOR THE W ELL STIRRED REACTOR

J. W. Blust*, M. G. Getz and S. Zabarnick 
University of Dayton, Dayton, OH

Abstract

To correctly analyze emissions from a combustion 
experiment, efforts must be made to guarantee that the 
sample gas composition is not altered as it is extracted from 
the process. A sampling probe must terminate reactions as 
it draws the sample gas to the emissions analyzers. It is on 
this basis that a probe was designed for the analysis of the 
combustion of methane in air in a toroidal well stirred 
reactor (WSR). The WSR provides a laboratory 
idealization of an efficient, highly compact primary zone 
of a gas turbine combustor. During previous experiments, 
it was undetermined if this probe terminated reactions of 
CO and UHC species. With the use of the PSR code using 
the CHEMKIN-II formalism, a simulation of four probe 
designs was conducted to determine the optimum probe for 
quenching CO and UHC reactions. The probes were 
simulated as a series of PSR volume elements with 
temperature defined by a temperature profile measured 
with a 0.508 mm O.D. type K thermocouple. A water- 
cooled small-bore stainless steel probe was proven to be 
the most efficient quenching probe. Experimental data was 
collected illustrating a recovery of 99 percent of the CO 
and 43 percent of the THC that was simulated as the WSR 
products. The probe also proved to be robust and 
compatible with the analyzers with the aid of a sampling 
pump. Future work with the WSR will be conducted using 
this small-bore design.

Nomenclature
atm = pressure in atmospheres
CO -  carbon monoxide
I.D. = inside diameter
LP = loading parameter (gm/sec-L-atm)
M = Mach number
N. D. = nominal diameter
NOX = oxides of nitrogen
O. D. = outside diameter
PFR = plug flow reactor
ppmC = parts per million carbon
ppmV = parts per million by volume
PSR = perfectly stirred reactor
slpm = standard liters per minute
t = time
T -  temperature

THC = total hydrocarbons
UHC = unburned hydrocarbons
WSR = well stirred reactor
0 = equivalence ratio
x -  residence time

Subscripts
eb = eddy breakup
f -  flame
tm -  turbulent mixing

1. Introduction
Experiments which require the analysis of 

emissions data, particularly combustion experiments, often 
rely on the use of a probe to withdraw a gas sample from 
the process. Gas samples are typically pumped to an 
infrared spectrometer, flame ionization detector, 
paramagnetic analyzer, or a chemiluminescent analyzer to 
provide near real-time analysis of the emissions 
composition. This data can inform experimenters whether 
an aircraft engine meets emissions standards or provide 
insight to the fundamental combustion process.

Often, however, a probe may fail to terminate the 
chemical reactions associated with the combustion process 
in the sample. The data is no longer indicative of the 
combustion emissions. This “probe effect,” if unchecked, 
may lead to an incorrect analysis of the chemical process in 
a flame, or the misevaluation of an engine’s performance 
on the test stand. Thus, the design of a sampling probe is 
fundamental to any emissions test.

The use of a probe is often associated with 
emissions testing from both a model gas turbine combustor 
or a combustion kinetics experiment with large flame 
volume. In such tests, the combustion process is uniform 
over a relatively large volume, and the small-scale spatial 
resolution of the emissions is not essential. Therefore, a 
probe drawing a large volume of sample gas as compared 
to the typical laser diagnostic technique is justified. Many 
large flame volume combustion experiments have been 
performed with numerous probe designs (Brezinski et al1, 
Dagaut et al.2. Horning et al.3, Lam et al.4, Prado et al.5, 
Thornton et al.6, Zelina and Ballal7). Additionally, model 
gas turbine combustor tests with various probe designs 
have been performed (Drennan et al.8, Shouse et al.9). The

* Ph.D. Student, Member AIAA.
Copyright ©1997 by Authors. Published by the American 
Institute of Aeronautics and Astronautics, Inc. with 
permission.
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toroidal well stirred reactor (WSR) (Zelina and Ballal10, 
Nenniger et al.11) represents both a model gas turbine 
combustor and typical combustion kinetics experiment with 
large flame volume, and provides a laboratory idealization 
of an efficient, highly compact primary zone of a gas 
turbine combustor to facilitate the study of combustion and 
emissions. For this reason, the WSR was selected for the 
study of probe design.

2. Motivation
Previous emissions studies were made with a 

variety of fuels and test conditions in the WSR using an 
air-cooled quartz probe. This probe was constructed of 
three concentric tubes with an I.D. of 0.267 cm for the 
sample gas flow. The outer two tubes provided a 
passageway for cooling air. This design is illustrated in 
Fig. 1. Quartz was chosen because of the concern for high 
temperature catalytic reactions occurring on the surface of 
a metal probe. During these experiments, concentrations of 
O2, CO2, NOX, CO and UHC were measured. The flow 
rate of the cooling air was 50 slpm.

Cooling Air

Fig. 1: D esign o f  quartz probe.

Zabarnick and Zelina12 previously compared WSR 
measured emissions from methane-air combustion to 
predicted values calculated by the PSR code (Glarborg et 
al.13'14) using the CHEMKIN-II kinetics formalism. PSR 
and WSR results were comparable for the concentration 
profiles of O2 and CO2 varying with 0, and also for 
temperature vs. <j) data. This indicated that the probe had 
no effect on these profiles. However, no comparison was 
drawn for the concentration profiles of CO and UHC. It 
was unknown whether a probe effect was occurring with 
these species.

Subsequently, Zelina15 compared WSR measured 
CO data to the calculated data of the 28-Step Allied-Signal 
Engines PSR code and the equilibrium compositions from 
the Gordon-McBride code16 in addition to the PSR code 
using CHEMKIN-II. This comparison was made for a 
setting of T = 6 ms and varying 0. These results are shown

in Fig. 2. Not surprisingly, for 0 < 0.8, the measured CO 
values are much higher than equilibrium because a short 
residence time does not provide sufficient time to complete 
oxidation of CO. However, for <|> > 0.8, the measured CO 
concentration closely resembles equilibrium data despite 
the non-equilibrium conditions of the WSR. This indicates 
that the probe was providing a long enough residence time 
to allow the species to reach an equilibrium state. Further, 
the measured CO is not even the same order of magnitude 
as the predicted values from PSR/CHEMKIN-II and AE 
PSR, whereas both models agree closely. (100 cal/sec heat 
loss was utilized by the models because this loss was 
previously shown to give closest agreement of reactor 
temperature to model temperature at a given 0. This 
corresponds to a 3-5 percent heat loss from the reactor.) 
Thus, it was proven necessary to design a probe that 
provided better quenching, reducing the amount of probe 
effect on CO.

Fig. 2: M easured CO versus equivalence ratio for  
m ethane using quartz probe (diam ond). S im ulated CO  
versus equivalence ratio using PSR /C H E M K IN -II 
(square) and A E PSR  (triangle). R esidence tim e is 6 
ms. Also shown are equilibrium  values for m ethane 
(X).

3. Experimental Setup
1. WSR Test Facility

The 250-ml toroidal WSR test facility and 
instrumentation is shown in Fig. 3. The Horiba Emissions 
Analyzers were comprised of the following units: model 
MPA-510 oxygen analyzer (0 to 50 percent), model FIA- 
510 total hydrocarbon analyzer (0 to 10,000 ppm carbon), 
model VIA-510 CO (0 to 20 percent) and CO2 (0 to 100 
percent) analyzer, and model CLA-510 SS NO and NOX 
analyzer (0 to 2000 ppmV). These units were calibrated 
with gases of the following concentrations: THC = 404 
ppmV propane, NO = 92.0 ppmV, NO2 = 1.6  ppmV, CO = 
0.4 percent, O2 = 4.03 percent and CO2 = 11.06 percent. 
Emissions readings were delivered on dry basis. The units 
required a total of 2 slpm gas sample, with a pressure 
within +10 cm of water of ambient. A gas sample was 
drawn from the WSR by a probe design and pumped into
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each unit through a heated sampling line to be analyzed for 
the various product species. To measure combustion 
temperature, Tf, a type B thermocouple (platinum-6% 
rhodium, platinum-30% rhodium) coated with an alumina 
ceramic glue was used. This coating served two purposes: 
(i) it reduced catalytic activity on the thermocouple surface, 
and (ii) it protected the thermocouple from its environment, 
because platinum-rhodium alloys are subject to high- 
temperature contamination that can embrittle the alloy. 
Temperature measurements were corrected for radiation 
heat loss.

Fig. 3: W SR  test facility and associated
instrum entation.

The WSR test facility was operated at atmospheric 
pressure. Air and methane flow rates to the WSR were 
measured via rotameters. In this facility, the air rotameter 
was rated at 0 to 493 slpm and fuel rotameter at 0 to 57 
slpm range. Gas sample temperature within a probe was 
measured using a 0.508 mm O.D. type K thermocouple 
connected to an Omega HH82 handheld digital 
thermometer. Sample flow rate was measured using a 
rotameter rated 0 to 25 slpm. An additional single speed 
corrosion resistant pump rated 12 slpm was connected to 
the sampling line for some experiments.

The reactor was typically operated over a range of 
equivalence ratios 0.56 < <J) < 0.97, residence times t = 6 or 
7 ms, loading parameter LP ~ 1 gm/sec-L-atm, and reactor 
temperatures Tf = 1559 to 2043 K. Hot mixture velocity in

the torus was calculated to be 58 m/s, with calculated 
turbulent mixing time tun = 0.0196 ms, and eddy breakup 
time teb = 1.01 ms when the reactor residence time t  = 6 ms 
at Tf = 1834 K, and methane was burning in air at 0 = 0.7. 
These represent typical operating conditions.

2. Error Analysis
Methane flow was monitored to within 4 percent 

using a Gilmont rotameter. Air flow was monitored to 
within 5.5 percent using a Brooks rotameter. The 
combined error produced an uncertainty of 7 percent in <(). 
The Tf measurements, after correcting for heat loss, were 
accurate to within 50 K. The thermocouple inserted into 
the probe was accurate to within 3 K after correction for 
heat loss. The Horiba emissions analyzers quote an 
accuracy to within 1 percent of full scale. For these WSR 
experiments, this represented an error of: 2 ppmV NOx, 50 
ppmV CO, 10 ppmV carbon for THC, 0.25 percent O2, and 
0.5 percent CO2.

3. PSRCode
The PSR code of Glarborg et al. incorporates the 

CHEMKIN-II formalism to predict steady-state 
temperature and species composition. The PSR theory 
assumes that the reactor temperature and species 
concentrations are spatially uniform, and that mixing 
occurs infinitely fast. Other key assumptions in the PSR 
code include: (i) non-catalytic reactor walls; (ii) a reactor 
flow characterized by a nominal residence time; and (iii) a 
constant reactor heat loss controlled by the user. For this 
work, the PSR output was used as a simulation of methane 
in air combustion for both the WSR and the probe designs.

4. Probe Design Principles
Ultimately, for a probe to be successfully 

implemented in an emissions test, it must meet three 
criteria:
1. The probe must be robust enough for repeat use.
2. The probe must be compatible with the emissions 
analyzers.
3. The probe must successfully quench the gas 
sample to terminate chemical reactions.
These criteria are discussed below:
1. Robustness

A literature search (see Introduction) suggested 
that most probes in current use feature three concentric 
tubes, the outer two of which provide a passageway for a 
cooling fluid, while the innermost carries the sample gas. 
Operation with an air-cooled quartz probe showed no 
weakness in this basic design.

However, quartz is fragile and requires careful 
considerations in its installation. Also, devitrification17, or 
recrystallization of the probe due to high combustion 
temperatures, was observed to occur at the probe tip where 
the three concentric tubes were fused. This led to
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weakening and rupture of the tip following several hours of 
operation. For this reason, numerous quartz probes must 
be constructed at a time, and treated as expendable items. 
Due to these inherent difficulties, the quartz probe did not 
pass criterion (1.).

2. Compatibility with Analyzers
The Horiba analyzers required that sample gas be 

delivered to the pumping units within +10 cm of water in 
pressure (+0.00966 atm) from ambient. Failure to work 
within this pressure limitation caused erroneous emissions 
readings. This sensitivity to vacuum is common among 
real-time instrumentation. This condition limited the 
allowable pressure drop in the sample line, thereby limiting 
the inner diameter of the probe or causing the need for a 
pump to overcome a large probe pressure drop. Thus, this 
is not so much a criterion placed on the probe itself as it is 
on the entire sampling system.

3. Quenching
Since the quartz probe was shown to fail in 

quenching CO reactions (Fig. 2), it was of interest to 
prevent the continued oxidation of CO in the probe during 
lean methane-air combustion. In lean, premixed 
combustion CO is consumed in the following reaction steps 
at high temperatures (>500 K)18:

CO + O2 ->C O 2 + O (1)

O + H2O —> 2 OH (2)

CO + OH —> CO2 + H (3)

H + O2 -»  OH + O (4)

To prevent CO consumption it becomes necessary 
to reduce the time the gas sample remains hot. This can be 
accomplished by the combination of rapid removal of heat 
from the gas sample, and minimizing time the sample 
spends in the hottest section of the probe. Thus, a high 
overall heat transfer between the hot sample and probe 
cooling fluid and a high probe gas velocity are required for 
excellent quenching of the sample.

Additionally, the concentration of UHC is 
proportional to CO . Any method utilized to prevent CO 
oxidation will also reduce UHC oxidation.

5. Results and Discussion
For quenching of the CO reaction in the probe to 

be successful, it was essential that: (i) emissions data 
acquired from the WSR for given combustion conditions be 
as close as possible to the values determined by the reactor 
simulation created using PSR/CHEMKIN-II; and (ii) that if 
a discrepancy existed, a PSR/CHEMKIN-II probe 
simulation be able to account for the difference between 
WSR and reactor simulation.

Four probe designs, including the quartz probe, 
were constructed for use in the WSR to test quenching. 
The three additional probes are illustrated in Fig. 4 and are 
described below:

Cylinder w/ 0 .1 1.D.

Dimensions in centimeters

Fig. 4: Stainless steel probe designs.

(a) Stainless Steel Probe: This probe was 
constructed of three concentric tubes, with I.D. of the 
sample tube 0.457 cm, and O.D. 1.295 cm. The three tubes 
were welded at the tip to create a passageway for cooling 
fluid. Heated water (70 C) demineralized by reverse 
osmosis was used as cooling fluid, with typical flow rate 
0.2 1pm. This probe was designed to rapidly remove heat 
from the sample through conductive metal walls.

(b) Stainless Steel Probe with Alumina Tip: This 
probe was constructed similarly to the previous model, 
except that an 1/8” NPT nipple was welded to the tip. A 
replaceable 1.295 cm outside diameter stainless steel 
cylinder was screwed onto the nipple. A 1 mm I.D., 3.02 
cm long alumina tube was glued along the axis of the 
cylinder to serve as the sample gas pathway. 
Approximately 0.5 cm of the tube protruded from the 
cylinder. The probe was cooled by the heated, 
demineralized water. However, the alumina tip received no 
cooling. This probe was designed to provide high sample 
velocity, and hence short residence time, at the tip where 
temperature was highest. This was accomplished in the 
narrow bore of the alumina tube.
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(c) Small-Bore Stainless Steel Probe: This probe 
was essentially a miniature of the first stainless steel probe, 
with I.D. of the sample tube 0.152 cm, and O.D. 0.953 cm. 
It was similarly cooled by heated, demineralized water. 
This probe was designed to rapidly remove heat through 
the walls, as in the first probe, and have high sample 
velocity to minimize sample residence time, as in the 
second probe.

For each probe design, a temperature profile was 
measured during methane combustion at <J) = 0.6 using a 
0.508 mm O.D. type K thermocouple. The thermocouple 
was inserted into the sample gas flow so that the tip of the 
thermocouple was located along the centerline of the tube 
at all times. This ensured a temperature measurement of 
the sample gas rather than the temperature of the walls of 
the probe. The thermocouple was advanced to the tip of 
the probe through a 1/4-inch tube tee, sealed with a septum 
and nut, and the perpendicular port was used for drawing 
the sample gas. The length of the thermocouple wire 
external to the tube tee was recorded to determine the 
position of the thermocouple down the probe. It was 
extracted down the probe until the temperature readings 
approached a single reading, and a temperature profile of 
the probe was created. The flow rate of the sample gas was 
recorded via rotameter for each temperature profile. These 
temperature profiles are depicted in Fig. 5(a) as a function 
of the distance down the probe and in Fig. 5(b) versus 
cumulative residence time in the probe.

(b)
Fig. 5: (a) Tem perature profile in probe versus
distance from  W SR. (b) Tem perature profile in  probe 
versus cum ulative probe residence tim e for stainless 
steel probe (square), stainless steel probe with alum ina  
tip (triangle), sm all-bore stainless steel probe (X), 
quartz probe (diam ond), and sm all-bore stainless steel 
probe with pum p (circle).

The temperature profiles facilitated creation of a 
PSR simulation of the probes. In particular, probes 
were modeled as a series of small PSRs in series, each 
element of which was characterized by a temperature and 
volume, while the mass flow rate through each PSR 
remained constant. This tanks-in-series simulation, 
illustrated in Fig. 6, was believed to be an accurate model 
of the probe. The probe would be best approximated as a 
plug flow reactor (PFR) with varying temperature, since 
the sample flow in general was turbulent, and turbulent 
flow approaches the PFR residence time distribution. 
However, a long series of PSRs approaches the PFR 
residence time distribution. Further, incrementing this 
simulation with a series of PSRs at varying temperature is 
computationally simple.

For each pair of temperature readings, average 
temperature and reactor volume for each PSR was defined. 
The PSR-simulated products of the WSR were

exhaust

of the probe

Fig. 6: PSR tanks-in-series sim ulation o f  a probe 
design.
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used as inputs for the first probe PSR. The products from 
this PSR were then used as the inputs for the next element, 
and this was continued until emissions concentrations 
within an element were unchanged. The output of the final 
PSR was then the simulated analyzer
readings corresponding to the given WSR conditions using 
the simulated probe design. The modeled profiles of CO 
versus distance down the probe and cumulative residence 
time are depicted in Figs. 7 (a) and (b), respectively. 
Similarly, modeled profiles of THC versus distance down 
the probe and cumulative residence time are shown in Figs. 
8 (a) and (b). The THC concentration includes species 
such as methane, ethane, and the C-H-0 compounds 
exceeding the 0.1 ppm threshold.

The results of these simulations were informative. 
The simulations showed that three probe designs were 
incapable of allowing the analyzers to read concentrations 
indicative of the WSR products. The small-bore stainless 
steel probe proved to be the only capable design (Table 1); 
this probe was capable of retaining approximately 99 
percent of the CO concentration simulated to be the WSR 
product concentration. The next best quenching occurred 
in the quartz probe with nearly 66 percent recovery, 
followed by the stainless steel probe with the alumina tip 
at 41
percent, and then the worst being the 24 percent 
recovery using the stainless steel probe. The THC recovery 
was also the greatest for the small-bore stainless steel 
probe. These results indicate that an

(a)

Probe Residence Time (ms)

(b)
Fig. 7: (a) Sim ulated CO versus distance from  W SR. 
(b) Sim ulated CO versus cum ulative probe residence 
time for stainless steel probe (square), stainless steel 
probe with alum ina tip (triangle), sm all-bore stainless 
steel probe (X), quartz probe (diam ond), and sm all­
bore stainless steel probe with pum p (circle).

Table 1: CO and THC Recover) for Each Probe Design
Probe [CO ]o„t

(ppmV)
[CO ]in

(ppmV)
Recovery
(Percent)

[THC]0U,
(ppmC)

[THC]i„
(ppmC)

Recovery
(Percent)

Stainless steel 683 2836 24 0 126 0
Stainless steel w/ alumina tip 1218 2961 41 0.2 131 0.2

Quartz 1889 2880 66 3.1 138 2.2
Small-bore stainless steel 2548 2863 89 64 131 49

Small-bore stainless steel w/ 
pump

2706 2738 99 48 112 43
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Probe Residence lim e  (ms)

(b)
Fig. 8: (a) Sim ulated THC versus distance 
from  W SR. (b) Sim ulated THC versus 
cum ulative probe residence tim e for (square) 
stainless steel probe, (triangle) stainless steel 
probe with alum ina tip, (X) sm all-bore 
stainless steel probe, (diam ond) quartz probe, 
and (circle) sm all-bore stainless steel probe 
with pump.

optimal probe should have short probe residence 
time with effective temperature reduction. Both 
of these characteristics are illustrated for the 
small-bore stainless steel probe in Figs. 5 (a) and 
(b).

Directed by the results of the probe 
simulations, the small-bore stainless steel probe 
was implemented to collect data. Initially, the 
probe caused the sampling system to be 
incompatible with the Horiba analyzers. 
Pressure in the sample line was too low (- 
0.029 atm from ambient) and the analyzers did

not respond to changes in the WSR combustion 
conditions.

As suggested in the probe design 
principles, the small diameter of the probe was 
causing too large of a pressure drop, so a pump 
was used to return the sample gas pressure to 
near ambient. Once this was done, the analyzers 
responded to the changing conditions, and data 
was collected over a range of 0 with T = 6 ms. 
This data closely resembled the modeled data 
from both the AE PSR and the CHEMKIN-II 
PSR codes, as shown in Fig. 9. The order of 
magnitude of the CO concentrations are all the 
same, therefore the logarithmic scale is no longer 
necessary for comparison. The experiment 
succeeded in producing data that best 
represented the true WSR product concentration 
of CO.

Fig. 9: M easured CO versus equivalence ratio 
for m ethane using sm all-bore stainless steel 
probe with pum p (diam ond). Sim ulated CO  
versus equivalence ratio using 
PSR /C H EM K IN-II (square) and AE PSR  
(triangle). Residence tim e is 6 ms.

6. Summary and Conclusions 
A study of the probe effect on CO and

UHC in four probe designs was completed. It 
was shown that
the small-bore stainless steel probe provided 
excellent quenching of CO and UHC reactions 
when connected in series with a pump. Using a 
pump permitted this probe to be compatible with 
the analyzers. Further, because this probe was 
constructed of stainless steel, it was more robust 
than similar designs using quartz.

A few points need to be addressed 
concerning the above analysis:
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1. Mach number (M) through the small­
bore stainless steel probe was estimated using 
the measured mass flow rate and temperature 
profile. At the entrance, M = 0.78, which 
implies that the sample gas was compressible. 
Thus, gas density, velocity and residence time in 
each modeled PSR were not exact. Error in the 
residence time in the highest temperature region 
was estimated to be 33 percent. Compressibility 
was ignored because of difficulty in accurately 
determining the actual velocity in the probe.

2. Emissions of UHC are difficult to 
measure because UHC concentrations from 
methane drop off an order of magnitude between 
<|> = 0.58 and 0.62. Thus, modeling UHC to 
within 50 percent is fortunate.

3. The effects of surface catalysis of CO 
reactions with the metal probe have not been 
investigated. Certainly, this effect is minor 
compared to the effect of poor quenching. 
Gouldin and Tacke20 claimed that catalytic 
effects did not appear to be important in 
temperature measurement using a platinum, 
platinum-10% rhodium thermocouple in several 
burner types. If no catalysis effect on 
temperature were detected, perhaps catalysis 
effect on CO reactions is similarly negligible.

To investigate this possibility, two 
small-bore stainless steel probes will be 
constructed, and one will be passivated with 
phosphoric acid while the other will be 
untreated. Differences between emissions from 
each probe will be monitored.

4. Additionally, the effect of the 
equivalence ratio upon the performance of the 
probe will be determined. All the current 
temperature profiles and PSR probe simulations 
were run for methane in air at an equivalence 
ratio of 0.6.
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Appendix E: Excel spreadsheet used to define probe PSR elements.
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Appendix F: Manual to the modified Chemkin PSR code.
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USING CHEMKIN II / PSR CODE FOR THE WSR AND ITS PROBE

Chemkin is modified to model the WSR and sampling probe sequentially with a single input 

file. This leads to better modeling of the WSR measurements taken by analyzers. The modified code 

is used to evaluated new probe designs (Blust et al., 1997a) and to predict measurements taken with 

any probe (halon 1301 studies with a quartz probe). The temperature profile of the probe is measured 

and used to define the probe as a series of PSR elements (pp. 17-20). The information is assembled 

into a single input file and a single output file records the output from the WSR and each probe PSR 

element. These files are described in detail next.

The modifications to the Chemkin code cause the simulated species concentrations to be 

written to additional files (matt.dat and matt3.dat) in a format to be used as an input file. A counter 

variable designates which file is to be used as input for the next run, and another indicates when the 

last element is simulated. The output for each simulation is written to the Chemkin default output file 

(psrout.dat).

However, due to the formats used in writing the next input files, the modified algorithm is 

limited in its applications. The input for the first PSR is defined by a residence time, and the ensuing 

PSR elements are defined by a single flow rate. This applies well to the WSR and its sampling probe, 

but may model other systems well. However, research done with the WSR will always require the use 

of a probe and this strict modeling format. Therefore, this modified algorithm should prove very 

useful modeling studies of the WSR.
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INPUT FILES

The input file “psrin.dat” is retained as the primary input file. However, additional information 

must be supplied in this file. The format of this file can be seen in the example supplied with this 

explanation. The input file has no new requirements from “TGIV” to “END,” and should contain very 

similar information as the example file. However, prior to the “TGIV” keyword, an integer input must 

be supplied to indicate the number of WSR approximations that will be used for the probe. This 

number will coincide with the first entry for the number of probe approximation explained next. After 

the “END” statement, the following five numbers are repeated:

description units format

temperature of the next probe PSR approximation (K) 14

pressure of the next probe PSR approximation (atm) F5.4

flowrate of the gas sample through the probe (gpm) F6.5

volume of the next probe PSR approximation (cm3) F7.6

the number of the probe PSR approximation 12

(0 means the information given was for the last probe PSR approximation) 

(the number equals the number of PSR approximations that are to follow)

NOTICE: Despite giving information for (n) PSR elements for the probe, the algorithm will only 

calculate the output for (n-1) PSR elements. The last set of PSR parameters is written in one of the 

output files without being simulated.
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OUTPUT FILES

Once again, the output file “psrout.dat” has been retained as the primary output file. This file 

will contain the output from each and every simulation from the WSR and the probe. Trends can be 

followed and plotted as the gas sample travels through the probe. The amount of each set of output is 

defaulted as “PRNT 0” and can only be changed if the Fortran code is changed. However, this is very 

trivial and can be requested. There exists two more output files, “matt.dat” and “matt3.dat.” These 

files are the input files created for the current simulation and the next one. When the algorithm is done 

with a simulation, one of these files will contain the input for the (n)th PSR approximation while the 

other will contain the (n-1) PSR approximation information that was used to compute the last set of 

output. The (n)th PSR information is in a format ready for use with the unmodified algorithm, and can 

be cut and pasted as it is for such a purpose. However, this file would require manipulation prior to 

use with this modified algorithm. It would have to be accompanied by another set of data for the (n+1) 

PSR approximation. SUGGESTION: A probe simulation generally does not need to extend past 500K, 

therefore supplying an (n)th PSR approximation of 500K or less should give sufficient confidence that 

the composition calculated as coming out of the (n-1) PSR is in fact the effluent composition of the 

probe. This also generally corresponds to 75% of the distance down the probe, so that there should be 

no concern for finding an (n) number of data sets.
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P S R I N . DAT

2
TGIV
TEMP 1822
PRES 0 .9 9 8 9
TAU 0 .0 0 7
VOL 250
REAC CH4 0 .0 6 6 6 6 6 6 6 6 6
REAC 02 0 .1 9 6 0 7 8 4 3 1 4
REAC N2 0 .7 3 7 2 5 4 9 0 2
PRNT 0 
END 
1705 
0 .9 8 8 6  
0 .0 3 8 9 3  
0 .0 1 3 7 0 9  
2
1500
0 .9 8 8 6
0 .0 3 8 9 3
0 .0 1 3 7 0 9
1
1250
0 .9 8 8 6
0 .0 3 8 9 3
0 .0 2
0

72



PSROUT. DAT

PSR: P e r f e c t l y  S t i r r e d  R e a c to r  Code
CHEMKIN-II V e r s io n  1 .1 ,  M arch  1989
DOUBLE PRECISION

WORKING SPACE REQUIREMENTS

LOGICAL
PROVIDED

245
REQUIRED

239
INTEGER 10000 8128
REAL 17500 17009
CHARACTER 200 170

CKLIB: C h e m ic a l K i n e t i c s  L i b r a r y
CHEMKIN-II V e r s io n  1 .9 ,  O c to b e r  1989 
DOUBLE PRECISION

KEYWORD INPUT

TGIV
TEMP 1822
PRES 0 .9 9 8 9
TAU 0 .0 0 7
VOL 250
REAC CH4 0 .0 6 6 6 6 6 6 6 6 6
REAC 02 0 .1 9 6 0 7 8 4 3 1 4
REAC N2 0 .7 3 7 2 5 4 9 0 2
PENT 0
END

STANJAN: V e r s io n  3 .8 C , May 1988
W. C. R e y n o ld s ,  S ta n f o r d  U n iv .

EQINIT: WORKING SPACE REQUIREMENTS 
PROVIDED REQUIRED

INTEGER 1690 1690
REAL 2154 2154

FIRST SOLUTION ESTIMATE IS  EQUILIBRIUM

I  KNOW THERE ARE NO MORE INPUT FILES

RESIDENCE TIME
MASS FLOW RATE
PRESSURE
MASS DENSITY
VOLUME
TEMP (FIXED)

7 .0 0 E -0 3
6 .65E + 00
9 .9 9 E -0 1
1 .8 6 E -0 4
2 .50E + 02

1 8 2 2 .0 0

SEC
GM/SEC
ATM
GM/CM3
CM3
K
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INLET MOLE FRACTIONS
CH4 = 6 .6 7 E -0 2 CH3 = . OOE+OO CH2 = . OOE+OO
CH = •OOE+OO H = . OOE+OO 0 = . OOE+OO
N = . OOE+OO OH = .OOE+OO H02 = . OOE+OO
H2O = •OOE+OO 02 = 1 .9 6 E -0 1 CH20H = . OOE+OO
CH3O = . OOE+OO C02 = . OOE+OO CO - •OOE+OO
CH2O - . OOE+OO C2H2 = . OOE+OO C3H2 = . OOE+OO
C2H3 = . OOE+OO C2H4 = . OOE+OO H2 •OOE+OO
H2O2 = . OOE+OO C = •OOE+OO C2H - . OOE+OO
C2H6 = . 00E+00 C2H5 = •OOE+OO HCCO = . OOE+OO
CH2CO = . OOE+OO HCCOH = . OOE+OO C4H2 = . OOE+OO
CH2(S) = . OOE+OO C3H3 = . OOE+OO C4H3 = . OOE+OO
HCO = . OOE+OO H2CN = . OOE+OO HCN = . OOE+OO
HCNO = .OOE+OO NO = . OOE+OO NO 2 = . OOE+OO
HOCN = .OOE+OO HNCO = . OOE+OO NH2 = . OOE+OO
NH = . OOE+OO NCO = •OOE+OO C2N2 = . OOE+OO
N2O = . OOE+OO HNO = •OOE+OO NNH = . OOE+OO
NH3 = . OOE+OO N2 = 7 .3 7 E -0 1 CN •OOE+OO
HONO = .OOE+OO HN03 = •OOE+OO N03 = •OOE+OO
C3H8 = .OOE+OO C3H6 = . OOE+OO N*C3H7 = •OOE+OO
I*C3H7 = •OOE+OO Br = . OOE+OO Br2 = •OOE+OO
HBr = .OOE+OO CH3Br = •OOE+OO CBrF3 •OOE+OO
CHF3 = .OOE+OO CF3 = •OOE+OO C0F2 = •OOE+OO
COF = . OOE+OO F2 = . OOE+OO F = . OOE+OO
FO = . OOE+OO C4H4 = . OOE+OO CH30H = . OOE+OO
C2H5Br = •OOE+OO C2H3Br = •OOE+OO C2HBr = . OOE+OO
C2H3F3 = . OOE+OO C2H2F2 = . OOE+OO HF = . OOE+OO
HOF ss . OOE+OO

EXIT MOLE FRACTIONS
CH4 4 .0 4 E -0 5 CH3 = 9 .1 4 E -0 6 CH2 = 3 .1 8 E -0 7
CH = 6 .0 4 E -0 9 H = 4 .6 6 E -0 4 0 = 1 .1 9 E -0 3
N = 6 .3 6 E -1 0 OH = 3 .8 1 E -0 3 H02 = 1 .4 3 E -0 5
H2O = 1 .2 9 E -0 1 02 = 6 .3 3 E -0 2 CH20H s 4 .0 7 E -0 7
CH3O = 4 .1 6 E -0 8 C02 = 6 .3 2 E -0 2 CO = 3 .1 7 E -0 3
CH2O = 9 .4 0 E -0 6 C2H2 = 2 .0 4 E -0 9 C3H2 = 4 .2 0 E -1 5
C2H3 = 2 .4 8 E -1 0 C2H4 = 8 .7 9 E -0 9 H2 1 .1 4 E -0 3
H2O2 = 9 .6 1 E -0 7 C = 2 .9 0 E -1 0 C2H = 2 .5 6 E -1 2
C2H6 = 1 . 55E -09 C2H5 = 5 .6 9 E -1 2 HCCO - 3 .2 9 E -1 0
CH2CO = 1 .1 5 E -0 9 HCCOH = 1 .0 7 E -1 0 C4H2 = 5 .1 3 E -1 8
CH2(S) - 1 . 03E -08 C3H3 = 1 . 87E-14 C4H3 = 3 . 98E -20
HCO = 2 .9 2 E -0 7 H2CN = 6 .7 9 E -1 3 HCN = 1 .2 9 E -0 8
HCNO = 4 .3 1 E -0 9 NO = 1 .9 1 E -0 5 N02 = 6 .6 6 E -0 9
HOCN = 4 .5 8 E -1 0 HNCO = 8 .2 5 E -1 0 NH2 = 5 .9 5 E -1 1
NH = 3 -00E -10 NCO = 5 .3 4 E -1 0 C2N2 = - 7 .2 0 E -1 7
N2O = 4 .7 9 E -0 7 HNO = 1 .5 4 E -0 9 NNH = 4 .4 0 E -1 1
NH3 = 4 .8 5 E -1 1 N2 = 7 .3 4 E -0 1 CN = 4 .3 0 E -1 1
HONO = 1 .1 5 E -0 9 HN03 = 1 .2 2 E -1 3 NO 3 = 8 .1 9 E -1 1
C3H8 = 9 .3 4 E -1 6 C3H6 = 1 .2 2 E -1 3 N*C3H7 = 2 .4 2 E -1 8
I*C3H7 = 7 .3 2 E -1 9 Br = . OOE+OO Br2 = . OOE+OO
HBr = .OOE+OO CH3Br = . OOE+OO CBrF3 = . OOE+OO
CHF3 = . OOE+OO CF3 = . OOE+OO C0F2 = . OOE+OO
COF = . OOE+OO F2 = •OOE+OO F = . OOE+OO
FO = . OOE+OO C4H4 = . OOE+OO CH30H = 2 .7 0 -1 2 0
C2H5Br = . OOE+OO C2H3Br = •OOE+OO C2HBr = . OOE+OO
C2H3F3 = •OOE+OO C2H2F2 = . OOE+OO HF = •OOE+OO
HOF = . OOE+OO
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PSR: P e r f e c t l y  S t i r r e d  R e a c to r  Code
CHEMKIN-II V e r s io n  1 . 
DOUBLE PRECISION

1, M arch 1989

WORKING SPACE REQUIREMENTS

PROVIDED REQUIRED
LOGICAL 245 239
INTEGER 10000 8128
REAL 17500 17009
CHARACTER 200 170

CKLIB: C h e m ic a l K i n e t i c s  L i b r a r y
CHEMKIN-II V e r s io n  1 .9 ,  O c to b e r  1989 
DOUBLE PRECISION

KEYWORD INPUT

TGIV
TEMP 1705
PRES .9 8 8 6
FLRT .0 3893
VOL .0 1 3 7 1
REAC CH4 4 .0 4 E -0 5
REAC CH3 9 .1 4 E -0 6
REAC CH2 3 .1 8 E -0 7
REAC CH 6 .0 4 E -0 9
REAC H 4 .6 6 E -0 4
REAC O 1 .1 9 E -0 3
REAC N 6 .3 6 E -1 0
REAC OH 3 .8 1 E -0 3
REAC HO2 1 .4 3 E -0 5
REAC H2O 1 .2 9 E -0 1
REAC 02 6 .3 3 E -0 2
REAC CH2OH 4 .0 7 E -0 7
REAC CH3O 4 .1 6 E -0 8
REAC CO2 6 .3 2 E -0 2
REAC CO 3 .1 7 E -0 3
REAC CH2O 9 .4 0 E -0 6
REAC C2H2 2 .0 4 E -0 9
REAC C3H2 4 .2 0 E -1 5
REAC C2H3 2 .4 8 E -1 0
REAC C2H4 8 .7 9 E -0 9
REAC H2 1 .1 4 E -0 3
REAC H2O2 9 .6 1 E -0 7
REAC C 2 .9 0 E -1 0
REAC C2H 2 .5 6 E -1 2
REAC C2H6 1 .5 5 E -0 9
REAC C2H5 5 .6 9 E -1 2
REAC HCCO 3 .2 9 E -1 0
REAC CH2CO 1 .1 5 E -0 9
REAC HCCOH 1 .0 7 E -1 0
REAC C4H2 5 .1 3 E -1 8
REAC CH2(S) 1 .0 3 E -0 8
REAC C3H3 1 .8 7 E -1 4

75



REAC C4H3 3 .9 8 E -2 0
REAC HCO 2 .9 2 E -0 7
REAC H2CN 6 .7 9 E -1 3
REAC HCN 1 .2 9 E -0 8
REAC HCNO 4 .3 1 E -0 9
REAC NO 1 .9 1 E -0 5
REAC NO2 6 .6 6 E -0 9
REAC HOCN 4 .5 8 E -1 0
REAC HNCO 8 .2 5 E -1 0
REAC NH2 5 .9 5 E -1 1
REAC NH 3 .0 0 E -1 0
REAC NCO 5 .3 4 E -1 0
REAC C2N2 -7 .2 0 E -1 7
REAC N2O 4 .7 9 E -0 7
REAC HNO 1 .5 4 E -0 9
REAC NNH 4 .4 0 E -1 1
REAC NH3 4 .8 5 E -1 1
REAC N2 7 .3 4 E -0 1
REAC CN 4 .3 0 E -1 1
REAC HONO 1 .1 5 E -0 9
REAC HNO 3 1 .2 2 E -1 3
REAC NO3 8 .1 9 E -1 1
REAC C3H8 9 .3 4 E -1 6
REAC C3H6 1 .2 2 E -1 3
REAC N*C3H7 2 .4 2 E -1 8
REAC I*C3H7 7 .3 2 E -1 9
REAC B r •00E+00
REAC Br2 .00E+00
REAC HBr •00E+00
REAC CH3Br .00E+00
REAC CBrF3 .00E+00
REAC CHF3 •00E+00
REAC CF3 .00E+00
REAC COF2 .00E+00
REAC COF •00E+00
REAC F2 .00E+00
REAC F •00E+00
REAC FO .00E+00
REAC C4H4 ■00E+00
REAC CH3OH 2 .7 0 -1 2 0
REAC C2H5Br •00E+00
REAC C2H3Br •00E+00
REAC C2HBr .00E+00
REAC C2H3F3 .00E+00
REAC C2H2F2 .00E+00
REAC HF .00E+00
REAC HOF .00E+00
PRNT 0
END

CAUTION.. -REACTANT MOLE FRACTIONS SUM TO .9 9 9 3 7 0 8 9 9 0 4 3 0 9 6 9
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STANJAN: V e r s io n  3 .8 C , May 1988
W. C. R e y n o ld s ,, S t a n f o r d  U n iv .

EQINIT:: WORKING SPACE REQUIREMENTS
PROVIDED REQUIRED

INTEGER 1690 1690
REAL 2154 2154

FIRST SOLUTION ESTIMATE IS EQUILIBRIUM

I  KNOW THERE ARE NO MORE INPUT FILES

RESIDENCE TIME 6 .9 4 E -0 5 SEC
MASS FLOW RATE 3 .8 9 E -0 2 GM/SEC
PRESSURE 9 .8 9 E -0 1 ATM
MASS DENSITY 1 .9 7 E -0 4 GM/CM3
VOLUME 1 .3 7 E -0 2 CM3
TEMP (FIXED) 1 7 0 5 .0 0 K

INLET MOLE FRACTIONS

CH4 = 4 .0 4 E -0 5 CH3 = 9 .1 5 E -0 6 CH2 3 .1 8 E -0 7
CH = 6 .0 4 E -0 9 H = 4 .6 6 E -0 4 O = 1 .1 9 E -0 3
N a 6 .3 6 E -1 0 OH = 3 .8 1 E -0 3 HO2 a 1 .4 3 E -0 5
H2O = 1 .2 9 E -0 1 02 = 6 .3 3 E -0 2 CH2OH a 4 .0 7 E -0 7
CH3O - 4 .1 6 E -0 8 CO2 = 6 .3 2 E -0 2 CO = 3 .1 7 E -0 3
CH2O as 9 .4 1 E -0 6 C2H2 = 2 .0 4 E -0 9 C3H2 a 4 .2 0 E -1 5
C2H3 = 2 .4 8 E -1 0 C2H4 = 8 .8 0 E -0 9 H2 = 1 .1 4 E -0 3
H2O2 = 9 .6 2 E -0 7 C = 2 .9 0 E -1 0 C2H = 2 .5 6 E -1 2
C2H6 a 1 .5 5 E -0 9 C2H5 = 5 .6 9 E -1 2 HCCO a 3 .2 9 E -1 0
CH2CO 1 .1 5 E -0 9 HCCOH = 1 .0 7 E -1 0 C4H2 a 5 .1 3 E -1 8
CH2(S) - 1 .0 3 E -0 8 C3H3 = 1 .8 7 E -1 4 C4H3 = 3 .9 8 E -2 0
HCO a 2 .9 2 E -0 7 H2CN = 6 .7 9 E -1 3 HCN = 1 .2 9 E -0 8
HCNO = 4 .3 1 E -0 9 NO = 1 .9 1 E -0 5 NO2 a 6 .6 6 E -0 9
HOCN = 4 .5 8 E -1 0 HNCO = 8 .2 6 E -1 0 NH2 = 5 .9 5 E -1 1
NH a 3 .0 0 E -1 0 NCO = 5 .3 4 E -1 0 C2N2 = - 7 .2 0 E -1 7
N2O - 4 .7 9 E -0 7 HNO = 1 .5 4 E -0 9 NNH = 4 .4 0 E -1 1
NH3 a 4 .8 5 E -1 1 N2 = 7 .3 4 E -0 1 CN = 4 .3 0 E -1 1
HONO a 1 .1 5 E -0 9 HNO3 = 1 .2 2 E -1 3 NO3 a 8 .2 0 E -1 1
C3H8 a 9 .3 5 E -1 6 C3H6 = 1 .2 2 E -1 3 N*C3H7 a 2 .4 2 E -1 8
I*C3H7 = 7 .3 2 E -1 9 Br = .00E+00 Br2 a •00E+00
HBr a •00E+00 CH3Br = •00E+00 CBrF3 = .00E +00
CHF3 = . 00E+00 CF3 = •00E+00 COF2 a . 00E+00
COF a . 00E+00 F2 = . 00E+00 F = . 00E+00
FO a . 00E+00 C4H4 = . 00E+00 CH3OH a 2 .7 0 -1 2 0
C2H5Br a . 00E+00 C2H3Br = ■00E+00 C2HBr = •00E+00
C2H3F3 a . 00E+00 C2H2F2 = . 00E+00 HF = . 00E+00
HOF a . 00E+00
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EXIT MOLE FRACTIONS

CH4 = 3 .2 2 E -0 6 CH3 7 .3 8 E -0 7 CH2 = 2 .0 7 E -0 8
CH = 2 .7 9 E -1 0 H - 4 .3 0 E -0 4 0 = 1 .0 6 E -0 3
N 1 .8 3 E -1 0 OH = 3 .0 9 E -0 3 H02 = 1 .4 5 E -0 5
H2O = 1 .3 0 E -0 1 02 6 .3 2 E -0 2 CH20H = 2 .6 7 E -0 8
CH3O = 2 .5 0 E -0 9 C02 6 .3 8 E -0 2 CO - 2 .7 2 E -0 3
CH2O = 9 .9 0 E -0 7 C2H2 = 2 .4 9 E -1 0 C3H2 - 8 .3 6 E -1 7
C2H3 = 2 .3 6 E -1 1 C2H4 - 8 .4 5 E -1 0 H2 - 9 .8 8 E -0 4
H2O2 = 1 .5 7 E -0 6 C = 1 .3 1 E -1 1 C2H = 1 .9 8 E -1 3
C2H6 5 .9 5 E -1 1 C2H5 = 4 .2 5 E -1 3 HCCO = 3 .6 8 E -1 1
CH2CO = 1 .9 5 E -1 0 HCCOH 1 .7 3 E -1 1 C4H2 = 4 .4 2 E -1 9
CH2(S) = 5 .7 5 E -1 0 C3H3 = 5 .9 4 E -1 6 C4H3 1 .9 2 E -2 0
HCO = 3 .2 1 E -0 8 H2CN = 6 .6 9 E -1 4 HCN - 6 .4 3 E -0 9
HCNO = 2 .4 6 E -0 9 NO = 1 .9 2 E -0 5 N02 - 7 .6 7 E -0 9
HOCN = 2 .2 0 E -1 0 HNCO = 5 .1 1 E -1 0 NH2 3 .8 5 E -1 1
NH = 1 .8 4 E -1 0 NCO = 2 .1 7 E -1 0 C2N2 = 5 .5 4 E -1 7
N2O = 4 .8 2 E -0 7 HNO = 1 .9 1 E -0 9 NNH = 2 .2 5 E -1 1
NH3 it 3 .2 6 E -1 1 N2 = 7 .3 5 E -0 1 CN = 1 .5 2 E -1 1
HONO - 2 .3 1 E -0 9 HNO 3 - 2 .5 3 E -1 3 NO 3 = 8 .1 2 E -1 1
C3H8 - 1 .0 8 E -1 7 C3H6 = 2 .3 3 E -1 4 N*C3H7 5 .3 1 E -2 0
I*C3H7 = 2 .2 8 E -1 9 Br = .OOE+OO Br2 - . OOE+OO
HBr = . OOE+OO CH3Br = . OOE+OO CBrF3 - .OOE+OO
CHF3 = .OOE+OO CF3 = .OOE+OO C0F2 - . OOE+OO
COF = . OOE+OO F2 = . OOE+OO F = .OOE+OO
FO = .OOE+OO C4H4 = . OOE+OO CH30H = - 3 .8 7 E -3 5
C2H5Br — . OOE+OO C2H3Br = .OOE+OO C2HBr = .OOE+OO
C2H3F3 = .OOE+OO C2H2F2 = . OOE+OO HF = .OOE+OO
HOF = .OOE+OO

PSR: P e r f e c t l y  S t i r r e d  R e a c to r  Code
CHEMKIN-II V e r s io n  1 .1 ,  M arch 1989 
DOUBLE PRECISION

WORKING SPACE REQUIREMENTS

LOGICAL
PROVIDED

245
REQUIRE

239
INTEGER 10000 8128
REAL 17500 17009
CHARACTER 200 170

CKLIB: C h e m ic a l K i n e t i c s  L ib r a r y
CHEMKIN-II V e r s io n  1 .9 ,  O c to b e r  1989 
DOUBLE PRECISION

KEYWORD INPUT

TGIV
TEMP 1500
PRES .9886
FLRT .03893
VOL .0 1 3 7 1
REAC CH4 3 .2 2 E -0 6
REAC CH3 7 .3 8 E -0 7
REAC CH2 2 .0 7 E -0 8
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REAC CH 2 .7 9 E -1 0
REAC H 4 .3 0 E -0 4
REAC 0 1 .0 6 E -0 3
REAC N 1 .8 3 E -1 0
REAC OH 3 .0 9 E -0 3
REAC HO2 1 .4 5 E -0 5
REAC H2O 1 .3 0 E -0 1
REAC 02 6 .3 2 E -0 2
REAC CH20H 2 .6 7 E -0 8
REAC CH30 2 .5 0 E -0 9
REAC C02 6 .3 8 E -0 2
REAC CO 2 .7 2 E -0 3
REAC CH20 9 .9 0 E -0 7
REAC C2H2 2 .4 9 E -1 0
REAC C3H2 8 .3 6 E -1 7
REAC C2H3 2 .3 6 E -1 1
REAC C2H4 8 .4 5 E -1 0
REAC H2 9 . 88E -04
REAC H2O2 1 .5 7 E -0 6
REAC C 1 .3 1 E -1 1
REAC C2H 1 .9 8 E -1 3
REAC C2H6 5 .9 5 E -1 1
REAC C2H5 4 .2 5 E -1 3
REAC HCCO 3 .6 8 E -1 1
REAC CH2C0 1 .9 5 E -1 0
REAC HCCOH 1 .7 3 E -1 1
REAC C4H2 4 .4 2 E -1 9
REAC CH2(S) 5 .7 5 E -1 0
REAC C3H3 5 . 94E -16
REAC C4H3 1 .9 2 E -2 0
REAC HCO 3 .2 1 E -0 8
REAC H2CN 6 .6 9 E -1 4
REAC HCN 6 .4 3 E -0 9
REAC HCNO 2 .4 6 E -0 9
REAC NO 1 .9 2 E -0 5
REAC N02 7 .6 7 E -0 9
REAC HOCN 2 .2 0 E -1 0
REAC HNCO 5 .1 1 E -1 0
REAC NH2 3 .8 5 E -1 1
REAC NH 1 .8 4 E -1 0
REAC NCO 2 .1 7 E -1 0
REAC C2N2 5 .5 4 E -1 7
REAC N20 4 . 82E-07
REAC HNO 1 .9 1 E -0 9
REAC NNH 2 .2 5 E -1 1
REAC NH3 3 .2 6 E -1 1
REAC N2 7 .3 5 E -0 1
REAC CN 1 .5 2 E -1 1
REAC HONO 2 .3 1 E -0 9
REAC HN03 2 .5 3 E -1 3
REAC NO 3 8 .1 2 E -1 1
REAC C3H8 1 .0 8 E -1 7
REAC C3H6 2 .3 3 E -1 4
REAC N*C3H7 5 .3 1 E -2 0
REAC I*C3H7 2 .2 8 E -1 9
REAC Br .OOE+OO
REAC Br2 . OOE+OO
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REAC HBr . 00E+00
REAC CH3Br . 00E+00
REAC CBrF3 .OOE+OO
REAC CHF3 .00E+00
REAC CF3 •OOE+OO
REAC COF2 . 00E+00
REAC COF . 00E+00
REAC F2 . 00E+00
REAC F . 00E+00
REAC FO . 00E+00
REAC C4H4 . OOE+OO
REAC CH3OH -3 .8 7 E -3 5
REAC C2H5Br .00E+00
REAC C2H3Br .OOE+OO
REAC C2HBr . 00E+00
REAC C2H3F3 •OOE+OO
REAC C2H2F2 . OOE+OO
REAC HF .00E+00
REAC HOF •00E+00
PRNT 0
END

CAUTION. . .  REACTANT MOLE FRACTIONS SUM TO 1 .0 0 0 3 2 8 8 0 6 5 7 9 2 7  
STANJAN: V e r s io n  3 .8 C , May 1988

W. C. R e y n o ld s , S ta n f o r d  U n iv .

EQINIT: WORKING SPACE REQUIREMENTS
PROVIDED REQUIRED

INTEGER 1690 1690
REAL 2154 2154

FIRST SOLUTION ESTIMATE IS  EQUILIBRIUM

I  KNOW THERE ARE NO MORE INPUT FILES

RESIDENCE TIME 7 .9 0 E -0 5 SEC
MASS FLOW RATE 3 .8 9 E -0 2 GM/SEC
PRESSURE 9 .8 9 E -0 1 ATM
MASS DENSITY 2 .2 4 E -0 4 GM/CM3
VOLUME 1 .3 7 E -0 2 CM3
TEMP (FIXED) 1 5 0 0 .0 0 K

INLET MOLE FRACTIONS

CH4 = 3 .2 2 E -0 6 CH3 = 7 .3 8 E -0 7 CH2 = 2 . 07E -08
CH = 2 .7 9 E -1 0 H = 4 .3 0 E -0 4 O 1 .0 6 E -0 3
N = 1 .8 3 E -1 0 OH = 3 .0 9 E -0 3 HO2 = 1 .4 5 E -0 5
H2O = 1 .3 0 E -0 1 02 = 6 .3 2 E -0 2 CH2OH = 2 .6 7 E -0 8
CH3O = 2 .5 0 E -0 9 CO2 = 6 .3 8 E -0 2 CO = 2 .7 2 E -0 3
CH2O - 9 .9 0 E -0 7 C2H2 = 2 .4 9 E -1 0 C3H2 = 8 .3 6 E -1 7
C2H3 = 2 .3 6 E -1 1 C2H4 = 8 .4 5 E -1 0 H2 = 9 .8 8 E -0 4
H2O2 = 1 .5 7 E -0 6 C = 1 .3 1 E -1 1 C2H = 1 .9 8 E -1 3
C2H6 = 5 . 95E -11 C2H5 = 4 .2 5 E -1 3 HCCO = 3 .6 8 E -1 1
CH2CO = 1 . 95E -10 HCCOH = 1 .7 3 E -1 1 C4H2 = 4 .4 2 E -1 9
CH2(S) = 5 .7 5 E -1 0 C3H3 = 5 .9 4 E -1 6 C4H3 = 1 .9 2 E -2 0
HCO — 3 .2 1 E -0 8 H2CN = 6 .6 9 E -1 4 HCN = 6 .4 3 E -0 9
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HCNO = 2 .4 6 E -0 9 NO = 1 .9 2 E -0 5 NO2 = 7 .6 7 E -0 9
HOCN 2 .2 0 E -1 0 HNCO = 5 .1 1 E -1 0 NH2 = 3 .8 5 E -1 1
NH = 1 .8 4 E -1 0 NCO = 2 .1 7 E -1 0 C2N2 = 5 .5 4 E -1 7
N2O = 4 .8 2 E -0 7 HNO - 1 .9 1 E -0 9 NNH = 2 .2 5 E -1 1
NH3 = 3 .2 6 E -1 1 N2 = 7 .3 5 E -0 1 CN - 1 .5 2 E -1 1
HONO = 2 .3 1 E -0 9 HNO3 = 2 .5 3 E -1 3 NO3 - 8 .1 2 E -1 1
C3H8 = 1 . 08E -17 C3H6 = 2 .3 3 E -1 4 N*C3H7 5 .3 1 E -2 0
I*C3H7 = 2 .2 8 E -1 9 Br = . OOE+OO Br2 = . OOE+OO
HBr = . OOE+OO CH3Br = . OOE+OO CBrF3 - . OOE+OO
CHF3 = . OOE+OO CF3 = . OOE+OO COF2 = . OOE+OO
COF = . OOE+OO F2 = . OOE+OO F - . OOE+OO
FO = . OOE+OO C4H4 = . OOE+OO CH3OH = - 3 .8 7 E -3 5
C2H5Br = •OOE+OO C2H3Br = . OOE+OO C2HBr = . OOE+OO
C2H3F3 = . OOE+OO C2H2F2 = •OOE+OO HF = •OOE+OO
HOF = •OOE+OO

EXIT MOLE FRACTIONS

CH4 = 4 .4 2 E -0 7 CH3 = 6 .7 8 E -0 8 CH2 = 1 .0 7 E -0 9
CH = 6 . 89E -12 H = 3 .5 0 E -0 4 0 = 7 .7 2 E -0 4
N = 3 . 94E -11 OH = 1 .9 0 E -0 3 H02 = 2 .0 8 E -0 5
H2O = 1 .3 1 E -0 1 02 = 6 .3 3 E -0 2 CH20H = 1 .3 5 E -0 9
CH3O = 1 .3 9 E -1 0 C02 = 6 .4 3 E -0 2 CO = 2 .2 8 E -0 3
CH2O = 1 .1 3 E -0 7 C2H2 = 2 .7 0 E -1 1 C3H2 = 1 .3 0 E -1 8
C2H3 = 1 .9 3 E -1 2 C2H4 = 9 .4 8 E -1 1 H2 = 7 .5 3 E -0 4
H2O2 = 3 .7 8 E -0 6 C = 2 .8 0 E -1 3 C2H = 7 .8 0 E -1 5
C2H6 = 3 .2 8 E -1 2 C2H5 = 1 .1 7 E -1 3 HCCO = 3 .2 4 E -1 2
CH2CO = 3 .3 8 E -1 1 HCCOH = 2 .2 6 E -1 2 C4H2 = 4 .1 0 E -2 0
CH2(S) = 2 .1 2 E -1 1 C3H3 = 1 .7 8 E -1 7 C4H3 = 8 .3 6 E -2 1
HCO = 4 . 59E -09 H2CN = 3 . 41E -14 HCN = 4 .0 8 E -0 9
HCNO = 1 .6 1 E -0 9 NO = 1 .9 2 E -0 5 N02 = 1 .3 0 E -0 8
HOCN = 8 .0 5 E -1 1 HNCO = 2 .7 3 E -1 0 NH2 = 2 .1 9 E -1 1
NH = 8 .6 3 E -1 1 NCO = 8 .2 7 E -1 1 C2N2 = 2 .2 6 E -1 7
N2O = 4 .8 9 E -0 7 HNO = 2 .6 1 E -0 9 NNH = 7 .1 6 E -1 2
NH3 = 1 .9 9 E -1 1 N2 = 7 .3 5 E -0 1 CN = 4 .5 2 E -1 2
HONO = 9 .8 8 E -0 9 HNO 3 = 1 .9 4 E -1 2 N03 = 8 .0 1 E -1 1
C3H8 = 1 .2 7 E -1 8 C3H6 = 4 .7 3 E -1 5 N*C3H7 = 2 .4 3 E -2 0
I*C3H7 = 1 .8 9 E -1 9 Br = . OOE+OO Br2 = . OOE+OO
HBr = . OOE+OO CH3Br = . OOE+OO CBrF3 = .OOE+OO
CHF3 = •OOE+OO CF3 = .OOE+OO C0F2 = . OOE+OO
COF = . OOE+OO F2 = . OOE+OO F = . OOE+OO
FO = •OOE+OO C4H4 = . OOE+OO CH30H = -8 .4 2 E -3 5
C2H5Br = . OOE+OO C2H3Br = . OOE+OO C2HBr = . OOE+OO
C2H3F3 = . OOE+OO C2H2F2 = . OOE+OO HF = . OOE+OO
HOF = . OOE+OO
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MATT. DAT

TGIV
TEMP 1250
PRES .9 8 8 6
FLRT .03 8 9 3
VOL .0 2 0 0 0
REAC CH4 4 .4 2 E -0 7
REAC CH3 6 .7 8 E -0 8
REAC CH2 1 .0 7 E -0 9
REAC CH 6 .8 9 E -1 2
REAC H 3 .5 0 E -0 4
REAC 0 7 .7 2 E -0 4
REAC N 3 .9 4 E -1 1
REAC OH 1 .9 0 E -0 3
REAC HO2 2 .0 8 E -0 5
REAC H2O 1 .3 1 E -0 1
REAC 02 6 .3 3 E -0 2
REAC CH2OH 1 .3 5 E -0 9
REAC CH3O 1 .3 9 E -1 0
REAC CO2 6 .4 3 E -0 2
REAC CO 2 .2 8 E -0 3
REAC CH2O 1 .1 3 E -0 7
REAC C2H2 2 .7 0 E -1 1
REAC C3H2 1 .3 0 E -1 8
REAC C2H3 1 .9 3 E -1 2
REAC C2H4 9 .4 8 E -1 1
REAC H2 7 .5 3 E -0 4
REAC H2O2 3 .7 8 E -0 6
REAC C 2 .8 0 E -1 3
REAC C2H 7 .8 0 E -1 5
REAC C2H6 3 .2 8 E -1 2
REAC C2H5 1 .1 7 E -1 3
REAC HCCO 3 .2 4 E -1 2
REAC CH2CO 3 .3 8 E -1 1
REAC HCCOH 2 .2 6 E -1 2
REAC C4H2 4 .1 0 E -2 0
REAC CH2(S) 2 .1 2 E -1 1
REAC C3H3 1 .7 8 E -1 7
REAC C4H3 8 .3 6 E -2 1
REAC HCO 4 .5 9 E -0 9
REAC H2CN 3 .4 1 E -1 4
REAC HCN 4 .0 8 E -0 9
REAC HCNO 1 .6 1 E -0 9
REAC NO 1 .9 2 E -0 5
REAC NO2 1 .3 0 E -0 8
REAC HOCN 8 .0 5 E -1 1
REAC HNCO 2 .7 3 E -1 0
REAC NH2 2 .1 9 E -1 1
REAC NH 8 .6 3 E -1 1
REAC NCO 8 .2 7 E -1 1
REAC C2N2 2 .2 6 E -1 7
REAC N2O 4 .8 9 E -0 7
REAC HNO 2 .6 1 E -0 9
REAC NNH 7 .1 6 E -1 2
REAC NH3 1 .9 9 E -1 1
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REAC N2 7 .3 5 E -0 1
REAC CN 4 .5 2 E -1 2
REAC HONO 9 .8 8 E -0 9
REAC HNO3 1 .9 4 E -1 2
REAC NO3 8 .0 1 E -1 1
REAC C3H8 1 .2 7 E -1 8
REAC C3H6 4 .7 3 E -1 5
REAC N*C3H7 2 .4 3 E -2 0
REAC I*C3H7 1 .8 9 E -1 9
REAC B r .00E+00
REAC Br2 •00E+00
REAC HBr ■00E+00
REAC CH3Br .00E+00
REAC CBrF3 .00E+00
REAC CHF3 .00E+00
REAC CF3 .00E+00
REAC COF2 .00E+00
REAC COF .00E+00
REAC F2 .00E+00
REAC F .00E+00
REAC FO .00E+00
REAC C4H4 .00E+00
REAC CH3OH -8 .4 2 E -3 5
REAC C2H5Br .00E+00
REAC C2H3Br .00E+00
REAC C2HBr .00E+00
REAC C2H3F3 .00E+00
REAC C2H2F2 .00E+00
REAC HF .00E+00
REAC HOF •00E+00
PRNT 0
END
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M A T T 3. DAT

TGIV
TEMP 1500
PRES .9 8 8 6
FLRT .0 3 8 9 3
VOL .0 1 3 7 1
REAC CH4 3 .2 2 E -0 6
REAC CH3 7 .3 8 E -0 7
REAC CH2 2 .0 7 E -0 8
REAC CH 2 .7 9 E -1 0
REAC H 4 .3 0 E -0 4
REAC 0 1 .0 6 E -0 3
REAC N 1 .8 3 E -1 0
REAC OH 3 .0 9 E -0 3
REAC HO2 1 .4 5 E -0 5
REAC H2O 1 .3 0 E -0 1
REAC 02 6 .3 2 E -0 2
REAC CH2OH 2 .6 7 E -0 8
REAC CH3O 2 .5 0 E -0 9
REAC CO2 6 .3 8 E -0 2
REAC CO 2 .7 2 E -0 3
REAC CH2O 9 .9 0 E -0 7
REAC C2H2 2 .4 9 E -1 0
REAC C3H2 8 .3 6 E -1 7
REAC C2H3 2 .3 6 E -1 1
REAC C2H4 8 .4 5 E -1 0
REAC H2 9 . 88E -04
REAC H2O2 1 .5 7 E -0 6
REAC C 1 .3 1 E -1 1
REAC C2H 1 .9 8 E -1 3
REAC C2H6 5 .9 5 E -1 1
REAC C2H5 4 .2 5 E -1 3
REAC HCCO 3 .6 8 E -1 1
REAC CH2CO 1 .9 5 E -1 0
REAC HCCOH 1 .7 3 E -1 1
REAC C4H2 4 .4 2 E -1 9
REAC CH2(S) 5 .7 5 E -1 0
REAC C3H3 5 .9 4 E -1 6
REAC C4H3 1 .9 2 E -2 0
REAC HCO 3 .2 1 E -0 8
REAC H2CN 6 .6 9 E -1 4
REAC HCN 6 .4 3 E -0 9
REAC HCNO 2 .4 6 E -0 9
REAC NO 1 .9 2 E -0 5
REAC NO2 7 .6 7 E -0 9
REAC HOCN 2 .2 0 E -1 0
REAC HNCO 5 .1 1 E -1 0
REAC NH2 3 . 85E -11
REAC NH 1 .8 4 E -1 0
REAC NCO 2 .1 7 E -1 0
REAC C2N2 5 .5 4 E -1 7
REAC N2O 4 .8 2 E -0 7
REAC HNO 1 .9 1 E -0 9
REAC NNH 2 .2 5 E -1 1
REAC NH3 3 .2 6 E -1 1
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REAC N2 7 .3 5 E -0 1
REAC CN 1 . 52E -11
REAC HONO 2 •31E -09
REAC HNO3 2 . 53E -13
REAC NO3 8 . 12E -11
REAC C3H8 1 .0 8 E -1 7
REAC C3H6 2 .3 3 E -1 4
REAC N*C3H7 5 .3 1 E -2 0
REAC I*C3H7 2 .2 8 E -1 9
REAC B r .00E+00
REAC Br2 .OOE+OO
REAC HBr .OOE+OO
REAC CH3Br .00E+00
REAC CBrF3 .00E+00
REAC CHF3 .OOE+OO
REAC CF3 .00E+00
REAC COF2 .00E+00
REAC COF .OOE+OO
REAC F2 . 00E+00
REAC F .00E+00
REAC FO .00E+00
REAC C4H4 .00E+00
REAC CH3OH -3 •87E -35
REAC C2H5Br .OOE+OO
REAC C2H3Br .00E +00
REAC C2HBr .00E+00
REAC C2H3F3 .OOE+OO
REAC C2H2F2 .OOE+OO
REAC HF .OOE+OO
REAC HOF .OOE+OO
PRNT 0
END
1250
.9 8 8 6
.0 3 8 9 3
.0 2 0 0 0 0

0
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Appendix G: Partial ROP analysis output from Appendix C.
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NORMALIZED AND ABSOLUTE RATE-OF-PRODUCTION COEFFICIENTS

1 . CH4

2 . CH3

1 . CH4+O<=>CH3+OH
NORMALIZED

- .0 9 3
(MOLES/CC-SEC

(-3 .1 6 E -0 3 )
2 . CH4+O2<=>CH3+HO2 .086 ( 2 .8 8 E -0 5 )
4 . CH3+H(+M)<=>CH4(+M) . 877 ( 2 .9 2 E -0 4 )
5 . CH4+H<=>CH3+H2 -  .3 9 8 ( - 1 .3 5 E -0 2 )
6. CH4+OH<=>CH3+H2O - .1 6 5 ( - 5 .5 8 E -0 3 )

6 6 . C2H6+CH3<=>C2H5+CH4 .037 ( 1 .2 2 E -0 5 )
2 7 1 . HBr+CH3<=>CH4+Br -  .213 ( - 7 .2 0 E -0 3 )
2 9 4 . CHF3+CH3<=>CF3+CH4 - .1 0 5 ( - 3 .5 5 E -0 3 )
3 1 8 . F+CH4<=>HF+CH3 - .0 2 5 ( - 8 .6 3 E - 0 4 ,

NET RATE-OF-PRODUCTION (MOLES/CC-SEC) = 3 .3 3 E -0 4
NET RATE-OF-CONSUMPTION (MOLES/CC-SEC) = 3 .3 9 E -0 2

1 . CH4+O<=>CH3+OH
NORMALIZED

.085
(MOLES/CC-SEC 

( 3 .1 6 E -0 3 )
3 . 2CH3(+M)<=>C2H6(+M) - .0 4 1 ( - 1 .4 3 E -0 3 )
5 . CH4+H<=>CH3+H2 .3 6 0 ( 1 .3 5 E -0 2 )
6 . CH4+OH<=>CH3+H2O .1 4 9 ( 5 .5 8 E -0 3 )
8 . CH3+HO2<=>CH3O+OH - .0 2 3 ( - 8 .0 3 E -0 4 )
9 . CH3+O2<=>CH3O+O - .0 2 0 ( - 6 .8 1 E -0 4 )

1 0 . CH3+O<=>CH2O+H -  .4 3 6 ( - 1 .5 1 E -0 2 )
1 1 . CH2OH+H<=>CH3+OH - .1 3 4 ( -4 .6 4 E -0 3 )
12 . CH3O+H<=>CH3+OH .019 ( 7 .0 4 E -0 4 )
13 . CH3+OH<=>CH2+H2O - .1 1 8 ( -4 .0 8 E -0 3 )
14 . CH3+H<=>CH2+H2 - .0 2 7 ( - 9 .2 0 E -0 4 )
73 . CH2+CH3<=>C2H4+H - .0 2 0 ( -7 .0 5 E -0 4 )
7 5 . C2H5+H<=>2CH3 - .0 2 6 ( -8 .9 3 E -0 4 )

1 1 1 . CH2(S)+H2<=>CH3+H - .0 6 0 ( - 2 .0 9 E -0 3 )
2 7 0 . HBr+CH3<=>CH3Br+H .0 1 5 ( 5 .6 8 E -0 4 )
2 7 1 . HBr+CH3<=>CH4+Br .193 ( 7 .2 0 E -0 3 )
2 8 4 . Br+CH3<=>CH3Br - .0 1 6 ( - 5 .4 0 E -0 4 )
2 9 4 . CHF3+CH3<=>CF3+CH4 .0 9 5 { 3 .5 5 E -0 3 )
302 . CF3+CH3<=>C2H3F3 -  . 063 ( -2 .1 9 E -0 3 )
306 . COF2+CH3<=>C2H2F2+OH .053 ( 1 .9 8 E -0 3 )
3 1 8 . F+CH4<=>HF+CH3 .023 ( 8 .6 3 E -0 4 )

NET RATE-OF-PRODUCTION (MOLES/CC-SEC) = 3 .7 4 E -0 2
NET RATE-OF-CONSUMPTION (MOLES/CC-SEC) = 3 .4 6 E -0 2

6 . 0
1 . CH4+O<=>CH3+OH

NORMALIZED
- .1 0 4

(MOLES/CC-SEC 
( - 3 .1 6 E -0 3 )

9 . CH3+O2<=>CH3O+O .022 ( 6 .8 1 E -0 4 )
1 0 . CH3+O<=>CH2O+H -  . 494 ( - 1 .5 1 E -0 2 )
4 7 . CH2+O2<=>CH2O+O .0 9 9 ( 3 .1 1 E -0 3 )
55 . CH2O+O<=>HCO+OH - .0 1 9 ( -5 .6 9 E -0 4 )

133 . O+OH<=>O2+H .866 ( 2 .7 0 E -0 2 )
1 3 4 . O+H2<=>OH+H - .1 9 3 ( -5 .9 1 E -0 3 )
139 . 2OH<=>O+H2O - .0 2 7 ( -8 .1 6 E -0 4 )
3 0 5 . CF3+O<=>COF2+F - .0 9 2 ( -2 .8 1 E -0 3 )

NET RATE-OF-PRODUCTION (MOLES/CC-SEC) 3 .1 2 E -0 2
NET RATE-OF-CONSUMPTION (MOLES/CC-SEC) = 3 .0 5 E -0 2
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5 . H

8 . OH

5. CH4+H<=>CH3+H2
NORMALIZED

-  .179
(MOLES/CC-SEC)

( - 1 .3 5 E -0 2 )
10 . CH3+O<=>CH2O+H .1 9 5 ( 1 .5 1 E -0 2 )
11 . CH2OH+H<=>CH3+OH .0 6 0 ( 4 .6 4 E -0 3 )
14 . CH3+H<=>CH2+H2 - .0 1 2 ( - 9 .2 0 E -0 4 )
46 . CH2+O2<=>CO2+2H .019 ( 1 .4 6 E -0 3 )
53 . CH2O+H<=>HCO+H2 - .1 8 2 ( -1 .3 7 E -0 2 )
57 . HCO+M<=>H+CO+M .273 ( 2 .1 1 E -0 2 )
5 8 . HCO+H<=>CO+H2 -  . 014 ( - 1 .0 2 E -0 3 )
63 . CO+OH<=>CO2+H .0 1 9 ( 1 .4 6 E -0 3 )
7 0 . C2H4+H<=>C2H3+H2 - .0 1 1 ( -8 .4 3 E -0 4 )
7 4 . H+C2H4(+M)<=>C2H5(+M) .0 1 5 ( 1 .1 3 E -0 3 )

1 1 0 . CH2(S)+02<=>C0+0H+H .015 ( 1 .1 2 E -0 3 )
1 1 1 . CH2(S)+H2<=>CH3+H - .0 2 8 ( -2 .0 9 E -0 3 )
132 . OH+H2<=>H2O+H .2 4 4 ( 1 .8 8 E -0 2 )
133 . O+OH<=>O2+H - .3 5 9 ( - 2 .7 0 E -0 2 )
1 3 4 . O+H2<=>OH+H .0 7 6 ( 5 .9 1 E -0 3 )
137 . H+HO2<=>2OH - .0 3 7 ( -2 .8 1 E -0 3 )
2 7 8 . HBr+H<=>H2+Br - .1 0 9 ( -8 .2 5 E -0 3 )
2 9 1 . CBrF3+H<=>CF3+HBr - .0 2 1 ( -1 .5 9 E -0 3 )
3 2 1 . F+H2<=>HF+H .0 2 7 ( 2 .0 6 E -0 3 )

NET RATE-OF-PRODUCTION (MOLES/CC-SEC) = 7 .7 2 E -0 2
NET RATE-OF-CONSUMPTION (MOLES/CC-SEC) = 7 .5 4 E -0 2

1. CH4+O<=>CH3+OH
NORMALIZED

.0 6 5
(MOLES/CC-SEC) 

( 3 .1 6 E -0 3 )
6 . CH4+OH<=>CH3+H2O - .1 1 9 ( -5 .5 8 E -0 3 )
8. CH3+HO2<=>CH3O+OH . 017 ( 8 .0 3 E -0 4 )

11 . CH2OH+H<=>CH3+OH - .0 9 9 ( -4 .6 4 E -0 3 )
12 . CH3O+H<=>CH3+OH .015 ( 7 .0 4 E -0 4 )
13 . CH3+OH<=>CH2+H2O - .0 8 7 ( -4 .0 8 E -0 3 )
52 . CH2O+OH<=>HCO+H2O - .1 1 4 ( -5 .3 0 E -0 3 )
55 . CH2O+O<=>HCO+OH .012 ( 5 .6 9 E -0 4 )
56 . HCO+OH<=>H2O+CO - .0 2 5 ( - 1 .1 9 E -0 3 )
63 . CO+OH<=>CO2+H - .0 3 1 ( -1 .4 6 E -0 3 )

1 1 0 . CH2(S)+O2<=>CO+OH+H .023 ( 1 .1 2 E -0 3 )
1 3 2 . OH+H2<=>H2O+H - .4 0 3 ( -1 .8 8 E -0 2 )
133 . O+OH<=>O2+H .5 5 8 ( 2 .7 0 E -0 2 )
1 3 4 . O+H2<=>OH+H .1 2 2 ( 5 .9 1 E -0 3 )
137 . H+HO2<=>2OH .1 1 6 ( 5 .6 3 E -0 3 )
139 . 2OH<=>O+H2O .0 3 4 ( 1 .6 3 E -0 3 )
2 8 0 . HBr+OH<=>H2O+Br - .0 2 3 ( -1 .0 8 E -0 3 )
2 9 8 . CHF3+OH<=>CF3+H2O - .0 1 5 ( -7 .0 4 E -0 4 )
3 0 6 . COF2+CH3<=>C2H2F2+OH - .0 4 2 ( - 1 .9 8 E -0 3 )
323 . F+H2O<=>HF+OH .0 1 8 ( 8 .6 8 E -0 4 )

NET RATE-OF-PRODUCTION (MOLES/CC-SEC) = 4 . 84E -02
NET RATE-OF-CONSUMPTION (MOLES/CC-SEC) = 4 .6 7 E -0 2
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14 . C02

1 5 . CO

3 4 . HCO

5 9 . Br

3 1 . CH+CO2<=>HCO+CO
NORMALIZED

- .3 2 5
(MOLES/CC-SEC) 

( - 9 . 8 4E -07)
4 3 . CH2+CO2<=>CH2O+CO - .6 7 5 ( -2 .0 5 E -0 6 )
46 . CH2+O2<=>CO2+2H .2 5 5 ( 7 .2 9 E -0 4 )
48 . CH2+O2<=>CO2+H2 .1 2 4 ( 3 .5 6 E -0 4 )
6 0 . HCO+O<=>CO2+H .049 ( 1 .4 0 E -0 4 )
63 . CO+OH<=>CO2+H .5 1 1 ( 1 .4 6 E -0 3 )
6 4 . CO+O2<=>CO2+O .0 3 6 ( 1 .0 3 E -0 4 )
65 . HO2+CO<=>CO2+OH .0 2 4 ( 6 .8 7 E -0 5 )

NET RATE-OF-PRODUCTION (MOLES/CC-SEC) 2 .8 6 E -0 3
NET RATE-OF-CONSUMPTION (MOLES/CC-SEC) = 3 .0 3 E -0 6

4 4 . CH2+O<=>CO+2H
NORMALIZED

.0 1 0
(MOLES/CC-SEC)

( 2 .8 0 E -0 4 )
5 6 . HCO+OH<=>H2O+CO .0 4 5 ( 1 .1 9 E -0 3 )
57 . HCO+M<=>H+CO+M .788 ( 2 .1 1 E -0 2 )
5 8 . HCO+H<=>CO+H2 .0 3 8 ( 1 .0 2 E -0 3 )
6 1 . HCO+O2<=>HO2+CO .0 2 9 ( 7 .6 4 E -0 4 )
63 . CO+OH<=>CO2+H -  . 893 ( -1 .4 6 E -0 3 )
6 4 . CO+O2<=>CO2+O - .0 6 3 ( -1 .0 3 E -0 4 )
6 5 . HO2+CO<=>CO2+OH - .0 4 2 ( -6 .8 7 E -0 5 )

1 1 0 . CH2(S ) +02<=>C0+0H+H .042 ( 1 .1 2 E -0 3 )
NET RATE-OF-PRODUCTION (MOLES/CC-SEC) = 2 .6 7 E -0 2
NET RATE-OF-CONSUMPTION (MOLES/CC-SEC) = 1 .6 4 E -0 3

2 8 . CH+O2<=>HCO+O
NORMALIZED

.0 1 1
(MOLES/CC-SEC)

( 2 .7 8 E -0 4 )
52 . CH2O+OH<=>HCO+H2O .217 ( 5 .3 0 E -0 3 )
53 . CH2O+H<=>HCO+H2 .5 6 2 ( 1 .3 7 E -0 2 )
55 . CH2O+O<=>HCO+OH .023 ( 5 .6 9 E -0 4 )
56 . HCO+OH<=>H2O+CO - .0 4 9 ( - 1 .1 9 E -0 3 )
57 . HCO+M<=>H+CO+M - .8 6 6 ( -2 .1 1 E -0 2 )
58 . HCO+H<=>CO+H2 - .0 4 2 ( -1 .0 2 E -0 3 )
61 . HCO+O2<=>HO2+CO - .0 3 1 ( -7 .6 4 E -0 4 )
7 1 . C2H4+O<=>CH3+HCO .0 1 2 ( 2 .9 7 E -0 4 )
83 . C2H3 +02<=>CH20+HC0 .018 ( 4 .5 1 E -0 4 )

277 . HBr+HCO<=>CH2O+Br .153 ( 3 .7 3 E -0 3 )
NET RATE-OF-PRODUCTION (MOLES/CC-SEC) = 2 .4 4 E -0 2
NET RATE-OF-CONSUMPTION (MOLES/CC-SEC) = 2 .4 3 E -0 2

2 7 1 . HBr+CH3<=>CH4+Br
NORMALIZED

- .6 1 5
(MOLES/CC-SEC) 

( - 7 .2 0 E -0 3 )
277 . HBr+HCO<=>CH2O+Br - .3 1 9 ( - 3 .7 3 E -0 3 )
278 . HBr+H<=>H2+Br .459 ( 8 .2 5 E -0 3 )
279 . HBr+O<=>Br+OH .0 1 4 ( 2 .5 8 E -0 4 )
2 8 0 . HBr+OH<=>H2O+Br .060 ( 1 .0 8 E -0 3 )
2 8 4 . Br+CH3<=>CH3Br - .0 4 6 ( -5 .4 0 E -0 4 )
289 . CBrF3<=>CF3+Br .4 5 9 ( 8 .2 4 E -0 3 )

NET RATE-OF-PRODUCTION (MOLES/CC-SEC) 1 .8 0 E -0 2
NET RATE-OF-CONSUMPTION (MOLES/CC-SEC) = 1 .1 7 E -0 2
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61 .

62 .

63 .

6 4 .

6 5 .

78 .

HBr NORMALIZED (MOLES/CC-SEC)
2 7 0 . HBr+CH3<=>CH3Br+H .043 ( 5 .6 8 E -0 4 )
2 7 1 . HBr+CH3<=>CH4+Br .5 4 0 { 7 .2 0 E -0 3 )
277 . HBr+HCO<=>CH2O+Br .280 ( 3 .7 3 E -0 3 )
2 7 8 . HBr+H<=>H2+Br - .8 4 9 ( -8 .2 5 E -0 3 )
279 . HBr+O<=>Br+OH - .0 2 6 ( - 2 .5 8 E -0 4 )
2 8 0 . HBr+OH<=>H2O+Br - .1 1 1 ( - 1 .0 8 E -0 3 )
2 9 1 . CBrF3 +H<=>CF3+HBr .120 ( 1 .5 9 E -0 3 )
325 . F+HBr<=>HF+Br - .0 1 2 ( - 1 .1 8 E -0 4 )

NET RATE-OF-PRODUCTION (MOLES/CC-SEC) 1 .3 3 E -0 2
NET RATE-OF-CONSUMPTION (MOLES/CC-SEC) = 9 .7 2 E -0 3

CH3Br NORMALIZED (MOLES/CC-SEC)
2 7 0 . HBr+CH3<=>CH3Br+H -1 .0 0 0 ( - 5 . 6 8E -04)
2 8 4 . Br+CH3<=>CH3Br .7 5 6 ( 5 .4 0 E -0 4 )
2 9 0 . CBrF3+CH3<=>CH3Br+CF3 .2 4 4 ( 1 .7 4 E -0 4 )

NET RATE-OF-PRODUCTION (MOLES/CC-SEC) 7 .1 4 E -0 4
NET RATE-OF-CONSUMPTION (MOLES/CC-SEC) = 5 .6 8 E -0 4

CBrF3 NORMALIZED (MOLES/CC-SEC)
289 . CBrF3<=>CF3+Br -  . 823 ( - 8 .2 4 E -0 3 )
2 9 0 . CBrF3+CH3<=>CH3Br+CF3 - .0 1 7 ( -1 .7 4 E -0 4 )
2 9 1 . CBrF3+H<=>CF3+HBr - .1 5 9 ( -1 .5 9 E -0 3 )

NET RATE-OF-PRODUCTION (MOLES/CC-SEC) = ■00E+00
NET RATE-OF-CONSUMPTION (MOLES/CC-SEC) = 1 .0 0 E -0 2

CHF3 NORMALIZED (MOLES/CC-SEC)
2 9 4 . CHF3+CH3<=>CF3+CH4 1 .0 0 0 ( 3 .5 5 E -0 3 )
297 . CHF3+H<=>CF3+H2 - .2 9 8 ( -4 .3 2 E -0 4 )
298 . CHF3+OH<=>CF3+H2O - .4 8 7 ( - 7 .0 4 E -0 4 )
299 . CHF3+O<=>CF3+OH - .0 3 1 ( -4 .5 5 E -0 5 )
3 0 0 . CHF3 +Br<=>CF3+HBr - .0 3 8 ( -5 .5 5 E -0 5 )
3 2 6 . F+CHF3<=>HF+CF3 - .1 4 5 ( - 2 .1 0 E -0 4 )

NET RATE-OF-PRODUCTION (MOLES/CC-SEC) 3 .5 5 E -0 3
NET RATE-OF-CONSUMPTION (MOLES/CC-SEC) = 1 .4 5 E -0 3

CF3 NORMALIZED (MOLES/CC-SEC)
289 . CBrF3<=>CF3+Br .719 ( 8 .2 4 E -0 3 )
2 9 0 . CBrF3+CH3<=>CH3Br+CF3 .015 ( 1 .7 4 E -0 4 )
2 9 1 . CBrF3+H<=>CF3+HBr .1 3 9 ( 1 .5 9 E -0 3 )
2 9 4 . CHF3+CH3<=>CF3+CH4 - .3 2 5 ( - 3 .5 5 E -0 3 )
297 . CHF3+H<=>CF3+H2 .038 ( 4 .3 2 E -0 4 )
2 9 8 . CHF3 +OH<=>CF3+H2O .0 6 1 ( 7 .0 4 E -0 4 )
3 0 1 . CF3+O2<=>COF2+FO -  .1 8 4 ( - 2 .0 1 E -0 3 )
302 . CF3+CH3<=>C2H3F3 -  .200 ( - 2 . 1 9E -03)
3 0 4 . CF3+OH<=>COF2+HF -  . 034 ( - 3 . 6 7E -04)
305 . CF3+O<=>COF2+F -  .257 ( - 2 .8 1 E -0 3 )
3 2 6 . F+CHF3<=>HF+CF3 .018 ( 2 .1 0 E -0 4 )

NET RATE-OF-PRODUCTION (MOLES/CC-SEC) 1 .1 5 E -0 2
NET RATE-OF-CONSUMPTION (MOLES/CC-SEC) = 1 .0 9 E -0 2

HF NORMALIZED (MOLES/CC-SEC)
303 . C2H3F3<=>C2H2F2+HF .303 ( 1 .9 8 E -0 3 )
3 0 4 . CF3+OH<=>COF2+HF . 056 ( 3 .6 7 E -0 4 )
3 1 8 . F+CH4<=>HF+CH3 .132 ( 8 .6 3 E -0 4 )
3 2 1 . F+H2<=>HF+H .3 1 4 < 2 .0 6 E -0 3 )
323 . F+H2O<=>HF+OH .133 ( 8 .6 8 E -0 4 )
3 2 5 . F+HBr<=>HF+Br .018 ( 1 .1 8 E -0 4 )
326 . F+CHF3<=>HF+CF3 .032 ( 2 .1 0 E -0 4 )

NET RATE-OF-PRODUCTION (MOLES/CC-SEC) = 6 .5 5 E -0 3
NET RATE-OF-CONSUMPTION (MOLES/CC-SEC) = . 00E+00
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