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ABSTRACT 

Th • tlterbumlng of hydrogen and carbon monoxide ln'rocket plume gases Is Inhibited by 

the addition of potassium salts to the l"OCket propellant forrrulatlon . The mechanism of the 

Inhibition Is not completely understood, but it Is believed to Involve chain breaking of H and OH 

' reactions by K0
, KOH, and KO2• The present study Is directed toward clarifying the reactions 

Involved. Inhibition effects are reported of K0 and K~ vapor on the combustion of prehea1ed 

nitrogen-diluted hydrogen-oxygen opposed-jet diffusion flames for various lean to rlc mixtures with 

overall stoichiometric ratios(+) ranging from 0.72 to 1.21 . These effects are Interpreted from th~ 

spectral emission measured from Incremental scans of a flat flame In the 3800 - 3000 cm·' range 

for water and OH bands. It Is concluded that K0 vapors Inhibit the combustion of hydrogen over 

the range studied of 0.1 to 1692 molar ppm for lean to rich flames with t's of 0.98 to 1.21 . KO 2 

Inhibits at concentrations equivalent to its equlllbrlum vapor pressure at 160° to 320°C for ifs of 

0.72 to 1.21 . 
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INTRODUCTION 

Visible primary and secondary smoke has been largely eliminated from solid rocket plumes 

by the removal of ammonium perchlorate oxldlzer and most of the other solid energy and ballistic 

modifier additives from the propellant fomulatlon. The combustion gases from these propellants, 

however, contain significant concentrations of hydrogen and carbon monoxide. When mixed with 

ambient air In the plume, they react to form water and carbon dioxide with visible flash and 

increased infrared and ultraviolet radiation. Also, some of the secondary smoke advantago of 

these so-called minimum-smoke propellants over reduced-smoke propellants (formulations 

containing ammonium perchlorate oxldlzer and low content of solid energy and ballistic modifiers) ,.­

is lost since the additional water formed by afterbumlng is available for condensation to smoke. 

The research reported here was directed toward preventing or at least Inhibiting the signatures 

related to atterbumlng. 

It Is known that potassium salts Inhibit the reaction of hydrogen and carbon monoxide to 

water and carbon dioxide. Potassium salts, such as KNO3 and KzSO,, have been added to 

propellant charges at a level of 1 - 3 wt pct to suppress gun rruzzle flash and rocket plume flash 

and Infrared signatures. The mechanism by which the potassium salts inhibit afterbuming Is not 

completely understood, bu1 it probably Involves K0
, KOH and KO2 reacting with Hand OH radicals 

to break the chain reactions controlling the combustion of hydrogen and carbon monoxide. 

Experimental evidence suggests that the reactions take place in the vapor phase. 

in the present research, the effects of K0 and KO2 vapor on the afterbuming reactions of 

hydrogen were evaluated in the flat diffusion flame of Ni-H/O2-N2• An opposed-jet burn , modified 

from one described by Hahn, Wendt and Tyson', was used to produce the flame. An Infrared 

spectrophotometer, to which was added an external optical system and a staged slit, recorded 

incrementally the emission spectra of narrow segments of flame zone in the 3800 - 3000 cm·' water 

and OH band range. The spectra were used to interpret the effects of the K0 and KO2 . 
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THEORETICAL BACKGROUND 

The most ll'Tl)Ortant reactions Involved In afterbumlng are, 

H + 0 2 .. OH+ 0 

H + OH + M .. HzO + M*t 

OH+ H2 .. HzO + H 

(1) 

(2) 

(3) 

(4) 

(5) 

2 

There has been disagreement about the correct mechanism for the suppression of afterbuming by 

potassium. Jensen, Jones and Mace2 concluded from their experiment with premixed fuel-rich H2-

02-N2 flames that atomic potassium reacts as follows: 

K0 + OH + M .. KOH + M0 

(6) 

(7) 

On the other hand, Friedman and Levy3 found atomic potassium to be ineffective for a 

methane-air diffusion flame and stated that reaction (6) was unlikely to occur early enough In the 

reaction sequence to be ll'Tl)Ortant. They suggested that potassium salts first form molten KzO 

which reacts with water to form gaseous KOH. They argued that the formation rate for the KOH 

by the reverse reaction of equation (7)' Is orders of magnitude greater than the rate of equation 

(6) for K0 and OH. 

Kaskan5 proposed an alternative mechanism, 

(8) 

1 M Is any third body; • Indicates activated, having higher energy 
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and 

(9) 

based on observations of hydroxyl radicals In a lean flame . Jensen In a later paper, however, was 

able to explain Kaskan's results without resorting to the postulation of the reactions of KO2. 

Plume calculations were made by Jensen & Jones7 from which they concluded that the 

reverse reaction (9) was a significant source of OH, enhancing afterbumlng. They noted, however, 

that there Is a lack of reliable thermochemical data for K~ making speculations about its effects 

uncertain . 

One other reaction of KO2 is relevant to the present study, and it too can be a significant 

source of OH . This reaction is 

KO2 + ~ .,. KOH + OH . (10) 

.. 
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PREVIOUS RESEARCH 

Friedman and Levy3 Investigated the effect of sodium and potassium metal vapors on 

opposed-jet methane/air diffusion flames (1963) . They found that neither of these two were 

effective Inhibitors, as Judged by the criterion of "flame strength", described below. They also 

Investigated the effects of organic halides on similar flames and found these to be effective . 

Friedman and Levy utilized an opposed-jet technique that had been developed by A. E. Potter et 

al. 11 for studying diffusion flames In which the parameter measuring the stability of the flame , the 

flame strength, was defined. Since the opposed-jet technique had not previously been applied to 

a study of the flame Inhibition by potassium, Friedman and Levy found It prudent to perform 

preliminary experiments with known gaseous Inhibitors , I.e. organic halides, before Investigating 

the alkali metal vapors. Previous research had demonstrated inhibition of premixed methane 

flames by the same organic halides13
• (See Appendix 6 for a discussion of the inhibition of 

methane/air flames by bromine compounds.) 

Their experimental technique Involved the observation of a hole formation in the central 

region of a flat, circular diffusion flame between the opposing gas Jets. Potter et al. dascrlbed how, 

if the flame Is maintained centered between the two jets while the flows are progressively 

increased, a hole appears on the flame axis at a reproducible flow rate.enlarges if the flows are 

Increased, and disappears again if the flows are reduced. Friedman and Levy used the criterion 

of first detectable appearance of a hole as the measure of "flame strength". They made 

comparisons of hole-point fuel flow rate with and without Inhibitor a1 constant burner geometry. It . 

appears from their paper that the air flow rate was varied In a manner to some extent 

independently of the flow rate of fuel , thus varying the fuel-to-air ratio . 

With ~thyl bromide as the fuel additive, Friedman and Levy found the flow rate of fuel 
• 

for hole-point at room tel11)erature to be approximately 78% of V,at for no additive and at 733 

• 
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Kelvin found It to be approximately 85%. In both cases the methyl bromide concentration was 1 O 

mole percent he fuel flow. No change In fuel flow rate for hole' formatlon was noted for sodium 

concentrations up to 0.26 mole percent. Likew!se, no change In fuel flow rate for hole format ion 

was noted for potassium concentrations up to as high as 3.5 mole percent. 

Friedman and Levy concluded, based on this evidence, that there was tack of any inhibitory 

effect by elementary potassium (or sodium) Introduced Into the fuel side of a methane-air diffusion 

flame at concentrations corTl)arable to those at which bromine Inhibitors exert easily measurable 

effects In the same apparatus. This behavior must be contrasted with that reported for potassium # 

salts in premixed flames, which are at least as potent in reducing burning velocity as bromine 

Inhibitors. They go on further to say that ·we therefore conclude that the known inhibitory effects ,,. 

of alkali metal salts must arise from species other than the alkali metal atoms and we propose that 

the effective species Is the gaseous alkali metal hydroxide." Based upon kinetic data available at 

the time, their calculations Indicated that three-body reactions of potassium metal with H, OH , and 

0 at atmospheric pressure would be several orders of magnitude slower than any competing two-

body reactions of very low activation energy. Therefore 

K0 + OH + M .,. KOH + M* 

could not occur early enough In the flame to affect the propagation. Instead they suggested that 

potassium salts are decomposed to molten K20 which reacts with water to form 2KOH. KOH then 

reacts to scavenge radicals by such means as 

KOH + H .,. HOH + K0 

KOH + OH .,.HOH+ KO 

In their discussion Friedman and Levy state that "Even though the inhibitor potassium 

hydroxide does not regenerate Itself by the proposed sequence, the concentration of inhibitor 

necessary to be effective is comparable with the concentrations of H and OH in the equilibrium 

products, and a single functioning of each inhibitor molecule may be quite adequate for the 

• 
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observed effects." Thus the thennal decomposition of potassium carbonate, for Instance, to 

potassium oxide, followed by reaction h water to potassium hydroxide, and then reaction with 

the H or OH radlcal to fonn K0 or KO, respectively , was predicted to proceed at a rate ·several 

orders of magnitud.;" rnore quickly than the three-body reaction ol elemental potassium and OH 

to fonn KOH. 

Watter E. Kaskan6 (1965) Investigated the reaction of alkali atoms In lean premixed 

H/0/Ni flames. It had been proposed by other researchers that the major equilibrium reaction 

of alkali metals In these H:tair premixed flames was : 

A0 + HOH .,. AOH + H 1 

Kaskan's results did not indicate this to be correct and he suggested that the appropriate reaction 

was 

AC + 0 2 + M .. A02 + M· . 

He also suggested that there was an analogy between this reaction and that for fonnlng H02 . Most 

of the previous wor1< was done on fuel rich or near-stoichiometric H/alr flames. 

Hydrogen atom concentrations were detennined by a method which correlates [H] to the 

Intensity of the Lithium resonance line. OH , Na0
, and K0 concentrations were detennlned by 

photometric methods. The sources were a discharge In water vapor for OH me,,su1ement, and a 

tungsten-strip filament lal11) for alkali-atom measurements. Alkali atoms were d_etennlned by 

resonance-line absorption, employing the Na0 5889 , 5896 A doublet, and the K0 7665, 7699 A 

doublet. Flame gas temperatures were generally measured with silica-coated thermocouples , and 

occasionally were checked by a Na0 -reversal measurement. 

The procedure followed consisted of burning various lean H/alr flames and following the 

absorption of both OH and alkali atoms as a function ol distance from the burner. In all of the 

flames studied both the concentrations of OH and Na0 or K0 decreased with Increasing distance 

1 A° represents an alkali metal atom. 

• 
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from the burner. The rate of decrease of both OH and the alkali atoms was faster the leaner the 

flame, but more so for alkali at s. Most runs were made in duplicate. The first Mame was a lean 

H:lalr flame which provided an observable, but relatively slow, decay of alkali, and the second 

would differ only In that a small amount of 0 2 was added to speed up the decay. 

The rates of decay were shown to be directly proportional to alkali atom concentration, 

Indicating the observed effects were first order In alkali atoms. If, as proposed by the previous 

researchers, the main reaction was 

A0 + HOH .,..AOH + H , 

it was shown that the relation of [A) to [OH] should be cubic In [OH). However the plot of 

log (AY([A)tot-(A)) against log (OH) was linear, but had a slope of 2, not 3. The remainder of 

the analysis suggested that the data are better Interpreted by assuming the reaction responsible 

for alkali atom concentrat ion decay is : 

A0 + 0 2 +M.,.. A02 + M· 

In 1978 D. E. Jensen and G. A. Jones published "Reaction Rate Coefficients for Flame 

Calculations"' which contained an updated list of recommended rate coefficients for chemical 

reactions occurring In flames . The rate coefficients were expressed as functions of tempera!ure 

for the range 1000 < T < 3000 Ketvln, and were either taken from experiments described in the 

scientific literature or estimated by cofrl)arlson with rate coefficients for an~logous reactions . An 

estimate of the uncertainties of the values fisted was also included, as were reaction equilibrium 

constants as functions of temperature. An emphasis was placed on reactions of metal derivatives. 

They note two particularly difficult points In the description of the chemical klnetics In the 

case of reactions involving "third bodies· or "collision partners· - typically denoted "M" . The first 

Is that different third bodies have different efficiencies In these reactions. The list gives rate 

coefficients averaged for the more effective third bodies such as CO2 , ~o. and N2 , present In 

-
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typical flames. The ooncentratlon [M) Is taken as the sum of ooncentratlons of all gas phase 

species present. A s nd difficulty Is that the third body reactions (and their reverse reactions) 

actually take place via stepwise processes Involving excited molecular or atomic states, vibrational 

and electronic. They additionally state that the "oolllsion frequencies· to which klneticlsts often refer 

rate coefficients are generally those calculated on the assumption that all chemical species are In 

ground electronic, vibrational , and rotational states, and that this common usage Is ·sometimes 

rather misleading". 

In the following year (1979) D. E. Jensen, G. A. Jones, and A. C. H. Mace2 published the 

results of an investigation of fuel-rich, premixed H/ 0 2-N2 flames with a potassium compound 

additive. They hoped to test the validity of the proposed reaction scheme for recombination of H 

and OH radicals In the flames 

KOH + H .. K0 + HOH 

and 

K0 + OH + M .. KOH + M· . 

In addition they hoped to derive more accurate rate coefficients for the forward and reverse 

reactions of these two . Upon publication of their previous list of rate coefficients it was clear that 

the values presently accepted were only ·order-of -magnitude estimates based on flame 

experiments not specifically designed for kinetic measurements·. The previously reported values 

for these two forward reactions were 4•10·12exp(-1000fT) cm3molecuIe·1sec·1 and s·10·~ 1 

cm8rnolecuIe·2sec·1 respectively . The more accurate values which they provide In this work are 

1.a·10- 11exp(-1000fT) and 1.s·102·21T 1
, respectively . 

The flames used were atmospheric-pressure, laminar, shielded, cylindrical , premixed, fuel­

rich H2 + 0 2 + N2 flames in which the distance above (downstream of) the primary reaction zones 

was a linear measure of reaction time available for recombination of the free radicals produced in 

... 
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above-equlllbr1um amounts In these zones. The authors state that under the conditions of this 

work, the only flame radicals sent In significant quantities were H and OH, with the 

concentrations of other species such as O and H02 being extremely low. Calculations based on 

JANAF Thennochernlcal Tables (1971) and supplemented for such species as I<' and K02 by 

kinetic data from tfilt lr list of rate coefficients of the previous year suggested that no potassium­

containing species other than K0 and KOH would be formed In the flames used at concentrations 

high enough to contnbute significantly either to reaction rates or to the total potassium 

concentration. Therefore they assumed that [Kl-ror-.i. • [K] + [KOH] . 

Potassium was added to the flame as potassium dipivaloylmethane in the form of vapor 

from a supply reservoir. Deposition of additive in the supply system and burner was minimized by 

the heating of both. Photometric determinations of [HJ and [K] were performed on the flame . [OH] 

and [KOH] were calculated assuming that (H] and (OH] were related by 

H + HOH .. OH + H2 

and that [K] and [KOH] were in equilibrium through 

KOH + H .. K0 + HOH 

For the purposes of these determinations, potassium was first supplied to the flames at known 

concentrations from a calibrated atomizer and the curve of growth of the Integrated emission 

Intensity of the 766.5 nm wavelength potassium resonance line, against [K] was constructed using 

the above relations . Hydrogen atom concentrations were measured by the Li0 /Na 0 comparison 

method, lithium and sodium being supplied In known proportions from the atomizer. 

In tests of similar flames with and without potassium additive it was seen that potassium 

accelerated the rate of hydrogen atom removal and that the fraction of the recombination due to 

the presence of the potassium Is proportional to the total concentration of potassium, which they 

claim Is consistent with a homogenous acceleration process. The researchers tabulated the rate 

• 
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coefficients derived from this work for both the forward and reverse directions and state that the 

values obtained are consistent with ear1i thermochemical studies of K and KOH In flames '. They 

further conclude that the mechanism for flame radical removal consisting of the react ions 

mentioned above Is cyclic ; the observed decreases In [HJ and [OH] caused by addition of 

potassium exceed [K]total , which ifr4)1ies that K0 and KOH must be ~uccessively regenerated 

during the acceleration process. In that sense, the acceleration of radical removal could be loosely 

termed a catalysis , although not strictly so. 

Jensen and Jones published again In 1981 , "Theoretical Aspects of Secondary Combustion 

In Rocket Exhausts· 1
. This was a corTl)l.Jtatlonal technique based on a two-equation turbulence 

model, coupled with detailed nonequilibrium chemistry , used for predictions of whether or not 

secondary combustion of excess fuels would occur in the exhaust from an additive-modified 

double-base (nitrocellulose-nitroglycerin) propellant rocket motor. The purpose of the paper was 

to describe In outline a method of predicting whether or not secondary combustion occurs in the 

exhaust of any low attitude rocket.to summarize results of applying this method to a particular 

rocket motor with small proportions of potassium additive incorporated in it s solid propellant , and 

to discuss both method and results in a manner that brings out the need for ifr4)roved predict ion 

techniques. 

They found that the concentrations of the major species H2, CO, CO2, H2O , and Nz do not 

vary significantly with the proportion of potassium-containing additive In the propellant . Those of 

the minor species were found to vary with additive level , and the higher the level , the greater the 

rate of recorrblnation In the noule of the free radicals present . Slight variations of exit 

temperature and pressure w ith additive level were also apparent. With potassium excluded from 

the calculations In a particular exhaust stream, a significant rise In gas temperature with Increasing 

axial distance occurs near the nozzle exit . This Indicated that secondary corrbustion of hydrogen 

and carbon monoxide was taking place. For the same conditions except with 0.8 percent by weight 

• 
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potassium In the propellant, a decrease of 400 to 500 Kelvin was noted In the maximum 

temperature found I e secondary combustion zone; 1.0 percent totally eliminated the region of 

temperature Increase and hence, suppressed the secondary combustion. In calculations of a 

variety of other exhausts, it was found that the minimum concentration of potassium necessary to 

compl tely suppress the secondary cont>ustion under most conditions would be more nearty 2.5 

percent by weight . 

The authors list six reactions containing potassium which were considered in their analvsis : 

KOH + H .,. K0 + HOH 

,< 0 + OH + M .,. KOH + M· 

KO2 + ~ .,. KOH + OH 

K0 + HO2 .,. KO2 + H . 

One Interesting aspect of the work was that the inclusion of reactions Involving KO2 led to 

promotion of secondary combustion. As oxygen from the air Is mixed with the propellant products, 

the reaction 

KOH + 0 2 .,. KO2 + OH 

Is predicted to be a slgnHlcant source of active free radicals . They qualHy this analysis with the 

comment that much of the uncertainty in the Influence of KO2 stems from the lack of reliable_ 

thermochemical data for this species. Overall they view their approach to the analysis of the 

chemistry of the rocket exhausts as adequate as used within this method. 

W. A. Hahn, J . 0. L. Wendt, and T. J . Tyson published a paper in 1981 entitled "Analysis 

• 
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of the Flat Laminar Opposed Jet Diffusion Flame with Finite Rate Detailed Chemical Kinetics·'. The 

fuel In their flame was moist CO, w~ h was burned with 0 2 and~- The main Intent ~f the won< 

reported was to study pollutant formation. Their stated objectives were to mathematically model 

the flame and to develop procedures to solve the model, to gather experimental data for 

comparison with the predicted results, and ti the previous two objectives were accomplished and 

In agreement, to Introduce small quantities of an additive (fuel Impurity) Into the flame and compare 

predictions to measured values. 

The model was solved for combustion of a moist carbon monoxide opposed-jet diffusion 

flame. The reaction set Included seven elementary reactions and eight chemical species. 

H + 0 + M .,. OH + M· 

OH + OH .,. 0 + HOH 

H + 0 2 .,.0 + OH 

H + HOH .. OH + H2 

H + OH + M .,. HOH + M• 

OH + CO ,... CO2 + H 

The forward and reverse rate coefficients were taken from Engleman 12
. The concentrations of 

carbon monoxide and water In the fuel stream were 36.2 percent and 3.0 percent, respectively, the 

diluent being nitrogen, while the oxidizing stream contained 19.1 percent oxygen in nitrogen. The 

Initial guess elll)loyed for the solution of the dtfferentlal equations used In the model was the 

solution of the equivalent Bur1<e-Schuman flame (infinitely fast reactions assumed) . This approach 

provided the basic profiles of CO, 0 2, CO2, and tel'Tl)8rature. The temperature profile calculated 
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matched the measured profile (after correcting measured values for radiation heat losses) in 

maximum t erature (approximately 1540 Kelvin) quite wel!, but the rest of the temperatures 

tended to be 200 - 300 Kelvin too high In the model (except where the flame zone transition to inlet 

gases occurred, of oourse) . The predicted versus measured profiles for CO, CO2 , 0 2 , H2, and HP 

, were in very good agreement at selected points In the flame, but In other locations deviated 

significantly . The Interpretation of this fact is that the free radical ooncentratlons were far above 

those predicted by the equilibrium calculations in the model which tended to alter the reactant 

profiles. The measured reaction zone thickness, which the authors state is a key parameter in th~ 

prediction of the formation of trace species in this type of flame, was in close agreement with that 

predicted. II was noted that water decofl'4X)ses In the fuel-rich region , and the so-formed free 

radicals and ~ molecules diffuse into the fuel-lean side of the flame where, in a very narrow 

region , water is formed again. The predicted peak values of the free radicals varied from 1000 to 

3000 parts per million, existing mainly on the fuel-lean portion of the flame zone . No measurement 

of the actual free radical concentrations were carried out , although as stated above, rt was inferred 

that they generally were higher than predicted , as evidenced by the measured values of the major 

species. In general , the authors felt that there was sufficient agreement between predicted and 

measured characteristics of the flame to claim the model a success . 

"Kinetic Investigation of the Third-order Rate Processes between K0 + 0 2 + M by Time­

resolved Atomic Resonance Absorption Spectroscopy-8, published in 1982 by David Husain and 

John M.C. Plane, compared rate constants for this reaction obtained from the pulsed photochemical 

method following the flash photolysis of Kl vapor to those reported by Kaskan and Carabetta from 

their atomic resonance absorption studies on premixod, fuel-lean H/O/ N2 flames; This 

Investigation found the rate oonstants determined by Kaskan for potassium were three orders of 

magnitude too low. A prior report by these authors similarly found that the rate constants reported 

by Kaskan for sodium were also three orders of magnitude too low. The tests were undertaken 

In a very rigorous method, and three different third bodle~ were Investigated : He, N2 , and CO2. 
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A table of the results for the third-order rate constants (k/cm8 molecule·2 sec·1
) for 

(l' 0 ,Na0
) + 0 2 + M follows : 

.M.. K0 (753-873 Kl Na0 (724-844 Kl 

He 1 .3x 1 o-xi (784 K) (6±1)x10·31 

Nz 2.2x1Q°XI (784 K) (1±0.2)x10·3:l 

CO2 s .ox10·XI (784 K) 2x10·XI 

(Hz + Nz + HzOt• 1.02x10-3:I 8.2x10- 34 

•• Kaskan·s name 

David E. Jensen In 1982, published the paper "Alkali-metal Col'll)Ounds In Oxygen-rich 

Flames : A Reinterpretation of Experimental Results.e. Jensen reviewed principally the work of 

three teams of Investigators who had previously published research on premtxed oxygen-rich 

H/O/ Nz flames. These Investigators were Kaskan and Carabetta, McEwan and Phillips, and 

Husain and Plane. Kaskan had at his disposal rate coefficients for the formation of the superoxides 

of both sodium and potassium that were in error by three orders of magnitude. Both Kaskan and 

Carabetta and McEwan and Phillips introduced some errors Into the conclusions drawn from their 

work by utilizing alkali metal concentrations that were too low and by not recognizing some Inherent 

bias In techniques used to calculate the concentrations of some of the chemical species in the 

flames . Husain and Plane provided evidence supporting Jensen's Interpretation of the earlier work . 

The researchers studying these flames have variously considered compounds formed In 

significant proportions to be the hydroxides, AOH , the monoxides, AO, and the superoxldes, AO2• 

One difficulty associated with this work, however, Is thal the nature of the compounds ~ormed had 

generally been Inferred from dependencies of depletions of free alkali atom concentrations upon 

flame composition and temperature rather than established by direct observation. The evidence 

for formation of hydroxides appears strong because of the self-consistency of interpretations 

lnvoklng their presence and because flame determlnatl_ons of hydroxide bond energies agree with 

,.. 
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the results of Independent experiments. Evidence for fonnation of AO2 Is less convincing, partly 

_because the measurements performed on alkall·sveded oxygen-rich flames for certain parameters 

present greater experimental dlffk:ultles than do the corresponding detennlnations perfonned on 

fuel-rich flames. The earlier experiments were also Interpreted based upon reaction rate data 

which was later seen to be In error. 

Jensen took Kaskan·s data from the potassium experiments and assumed that the only 

alkali species present In slgnttlcant quantities were K0 and KOH. He then took the OH 

concentrations and Increased them by 50% to bring them "Into line with a preferred value for the 

oscillator strength of the appropriate OH band". After calculations based upon recent (and more 

accurate kinetic data) , Jensen compared the predicted results to the experimental results and found ,,. 
good agreement . Thus the experimental data reported by Kaskan for potassium could be 

quantitatively Interpreted on the basis of the up-to-date kinetic work on the reactions 

A° + HOH .,. AOH + H 

and 

A0 +OH+ M .,. AOH + M• , 

without the need for Inclusion of any compound other than the hydroxide . 

The reinterpretation of the sodium experiments of Kaskan met with greater dttflculty. When 

the same techniques mentioned above were applied to the sodium flame data, the predicted 

sodium concentrations [Na] were found to be too low near the main reaction zone and too high 

further downstream. Inclusion of NaO2 in the model reportedly gave even worse agreement. 

Kaskan reported measured OH concentrations to be higher in cooler flames , which is contrary to 

expectations . Jensen took this discrepancy as Justification to Increase the measured values for 

[OH] at all points by a factor of two. He also reduced the forward and reverse rate coefficients for 

A0 + OH + M .,. AOH + M. 

by a factor of 2.5 (within the uncertainty bounds). The predictions were recalculated, and this time 

• 
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good agreement was achieved. Almost In passing, Jensen notes that this model could not be 

applied to McEwan and Phillip's data due to a lack of data correlatlgg [OH] at atmospheric pressure 

to [OH) at other pressures. He does state that McEwan had assumed that the concentration of 

NaOH would be equal to the concentration of H based solely upon the reaction 

A0 + HOH ... AOH + H . 

McEwan had found low concentrations of H, which led them to the conclusion that NaOH was not 

the main compound fonned and that significant proportions of NaO2 must be present. The 

concentration of H was determined by the Li/Na comparison method. According to Jensen, this 

method yields erroneously low H concentration values In this type of flame . 

Summarizing, Jensen felt that his Interpretation of the results of these experiments on ,,. 

sodium and potassium in oxygen-rich H/O/N2 flames removes the conflict between the rate 

coefficient for the superoxide fonnations obtained by Husain and Plane and the original apparent 

values derived by the previously mentioned Investigators. Husain and Plane 's worl< yielded revised 

values for Na-O2 and K-02 bond energies and reaction rate coefficients. He suggests that further 

experiments of widely varying temperature and composition be undertaken to more rigorously test 

his hypotheses. Addltionally, in such worl< It would be necessary to detennine flame radical 

concentrations with great precision and highly desirable to observe compounds directly (either by 

spectrophotometric means or by mass spectrometric safll)llng) rather than to infer their presence 

by indirect methods. 

J . A. Silver, M. S. Zahniser, A. C. Stanton, and C. E. ~~olb published the results of similar 

worl< "Tefll)erature Dependent Termolecular Reaction Rate Constants for Potassium and Sodium 

Superoxide Fonnatlon"" in 1984. They measured the rate constants as a function of tempe ure 

in the range of 300 to 700 Kelvin in the low pressure third order limlt from 1 to 8 torr total pressure 

with N2, He, and Ar as third bodies. Laser induced fluorescence was used to monitor the 

disappearance of Na0 or K0 as a function of 0 2 and M. Their findings were in agreement with the 

results of Husain and Plane. 
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"Aftert>umlng Suppression Klnetlcs"1
' by T. S. Singh, D. P. Weaver, and J. D. Eversole and 

"Kinetic Mechanisms for Ionization and Attert>u , ng Suppresslon"16 by Weaver and Singh both ' 

address the Inhibition effects of KOH on premixed HJO/N2 flames . The effect of KOH addition on 

laminar burning velocity, peak mole fractions for Hand OH, the rate of fuel and oxidizer decay, the 

rate of production of product spec es, and the rate of temperature rise were studied theoretically . 

Computations were performed for both fuel rich and fuel lean flames. The researchers also 

performed their analyses with HBr as the suppressant additive. The predictions resultant from the 

computational model developed for the base-line H/0/~ flames and for the flames Inhibited by 

either HBr or KOH were CXHT'4)ared to predictions of other corfl)utatlonal models and experimental 

data reported previously by other researchers . 

Weaver modified computational models previously developed by Coffee et al. 18 and Kee 

et at. 17 for the base-line flames and found the predicted characteristics to be In good agreement 

with the experimental results of Dixon-Lewis 18 and Eversole and Singh,;_ Supplementing the model 

with reactions Involving HBr and related species yielded predictions In good agreement with 

experimental results reported by Dixon-Lewis et ar.2021 and Charles Westbrook22-23. 

Weaver found that a 5-step reaction scheme Involving potassium-containing species (with 

associated chemical, physical, and thermodynamic parameters) ex>rmined with the base-line flame 

model accurately predicted the experimental data reported by Jensen et al.2 and Mitani et al.2
' , but 

not so for Hynes et al.2&_ The 5-step reaction scheme Included the forward and reverse reactions 

KOH + H .,. K + HOH 

K + OH + M .,. KOH + M. 

H + K02 .,. KO + OH 

• 
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It Is of Interest that both Weaver and Jensen concluded that the first two reactions were of primary 

Importance In fl e Inhibition by potassium COITl)Ounds, while Hynbs concluded (as had Friedman 

and Levy') that reaction two was of negligible slgnHlcance . 

• 
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RADIATION PROCESSES'0 

The radiation from any system In equlllbrlum wm be continuous and the same as for a 

black body at the same te!ll)8rature as the system. Fully aerated flames usually show an emission 

spectrum of discrete bands. In small flames the emission of radiation by molecules and particles 

is not balanced by the absorption of radiation , so that there Is a steady deactivation of excited 

molecules and radiation cooling of particles (if present) which has to be made up b;· collision 

processes within the flame gases. If these collision processes are not sufficiently efficient then the 

distribution of energy among excited molecules or the temperature of solid particles may differ from 

that for equilibrium at the temperature of the flame gases . 

The distribution of radiation with wavelength (in cm) Is given by Planck's radiation law. In 

a constant temperature enclosure at temperature T (Kelvin) , the radiation density between 

wavelengths A and A+dA Is equal to 

8JdlCA.6dAI( exp( cj).. T) -1) 

where c is the velocity of light, h is Planck's constant, and~ is the second radiation constant ( ~ 

- 1.438 cm deg) . 

For practical use , Wlen's law will give the intensity of radiation, in ergstsec per unit solid 

angle normal to the surface of a black body 

ll - 2ElAc,A·5exp(-cfA. T)dA 

where c, Is the first radiation constant, 0.588x10·5erg cm2 sec·' , and A Is in cm2
. 

This holds with sufficient accuracy as long as AT is less than 0.2 cm deg. It begins to fall for long 

wavelengths or very high temperatures. For a black body the emissivity El is equal to 1 for. all 

wavelengths. !n practice, flames do not usually approximate a black body. For fully aerated flames 

El 1!: close to zero for most values of A but may reach fairly high values, near 1, for a limited 

01.1mber of emission bands, the strongest of which are in the Infra-red. For a black body the 

,~~velength A,,,.. for maxlrrum Intensity varies with temperature, and is given by Wien·s 

• 

,·· 
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displacement law, 

·- ).,,..T-2.89x107 ,cmK . 

The total radiation (over a hemisphere) from unit area of a black body at temperature T 

Is given by the Stefan-Boltzmann law, 

W • oT' - 5.67x10-'~ . watts cm·2 
. 

The four previous fundamental laws are most useful for dealing with bodies emitting a continuous 

spectrum. bu1 their application to small flames , which emit discrete banded spectra. is limlted. 

However. it should be remembered that tt the flame gases are in thermodynamic equilibrium, in 

which the energy is equally partloned among Its various possible forms, then the emissivity at any 

wavelength E1 cannot be greater than 1, and the Plancx radiation law and Wien·s law may be used 

to predict the maximum possible brightness at any wavelength. 

For molecules In the gaseous state, the energy of each molecule ts restricted to a limlted 

nurrber of possible values.Le. Is quantized, and the wavelengths of radiation which the molecule 

can emit or absorb are limited to a relatively small number of lines In the spectrum. Spectra in the 

visible and ultra-violet regions are generally due to changes of electronic energy, I.e . to a transition 

of an electron from one energy level within the molecule to another. This change determines the 

position of the band system as a whole. Accompanying changes in the vibrational energy of the 

atoms of the molecule determine the position of individual bands within the band system. 

Accompanying changes of rotational energy of the molecule as a whole determine the fine 

structure of Individual bands. Band spectra In the near Infra-red are due to changes of vibrational 

and rotational energy of the molecules, while spectra In the far Infra-red are due to changes of 

rotational energy. 

None of the ordinary molecules which are stable products of combustion of hydrocarbon 

flames, such as f-½O, CO2 , CO, 0 2, or N2 radiate strongly In the visible or ultra-violet regions. The 

only product of corrt>ustlon which has an appreciable equilibrium concentration which does give 

a strong visible/ultra-violet spectrum Is the hydroxyl radical, OH, which ghres a band system in the 

• 

,,.. 
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ultra-violet, with a band maximum at 3064 A. In some very hot flames there may be weak 

emission at the Schumann-Runge bands of 0 2 giving band ~tructure from the blue Into the ultra­

violet. Generally speaking, we may say that burnt flame gases do not give appreciable emission 

or absorption In the visible region and the only strong feature In the ultra-violet Is the OH band 

system. 

Several chemical species do radiate significantly in the infrared region, including f-½O, CO2, 

CO, and OH. f-½O has strong vibration bands at 1.8, 2.7, and 6.3 µm and a rotational band that 

covers the region from 10 to about 100 µm. The OH vibrational bands cover the near infra-red 
--

area to about 4 µm, with a strong peak at 2.8 µm. It follows from Wien·s displacement law that at 

typical flame telll)eratures the maximum emission for H2 flames will tend to be in the near infra-red 

between about 3 µm and 1 µm, depending upon the telll)erature of the flame. For small premixed. 

laboratory flames the radiation is mainly in the near infra-red. For fuel-lean flames about 10% of 

the heat of combustion is lost by radiation , rising to about 18% for stoichiometric flames , and then 

falls off for increasingly fuel-rich flames. For clear flames the radiation in the visible and ultra-violet 

usually accounts for less than 0.4% of the heat of combustion. 

When a chemical reaction leads directly to the formation of an atom or a rnolerule In an 

electronically excited state, from which radiation may occur, then we may have a light emission (in 

the visible or ultra-violet regions) out of all proportion to that to be expected from thermal emission 

at equilibrium. This phenomenon is referred to as chemiluminescence. Chemiluminescence 

phenomena result from mechanisms involved when the flame is in a state of either non-thermal 

equilibrium or non-chemical equilibrium. For OH there are at least two recognized processes for 

chemiluminescence. In low pressure (0 .01 atm) hydrogen-oxygen flames the pre-association of 

0 plus H is thought to occur2" and produces a high-energy , low-stability OH state : 

O+H~OH('T) . 

The OH {4r) concentration depends upon the product of the concentrations of free atoms 

(approximately 11% for Hand 4% for 0) . By a radiatiol'lless transition, 

,·· 
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le ·'.ihg to selecttve excitation to vibrational levels v· ·= 2 and 3, from which radiation may occur. 

At the base of premixed, iow-te~erature hydrogen flames the recombination 

H + OH + OH .. HOH + OH" 

occurs; this has an Intensity proportional to the cube of the concentration of free atoms or radicals 

but gives a fairty normal distribution of rotational and vibrational energy . 

Departures from equilibrium in flame gases have an effect upon flame radiation , but there .. 
are also other effects. The most obvious type of failure to reach equilibrium will be through 

inco~lete combustion. The main chemical processes are normally co~leted in a very short time 
,.,. 

during passage through the reaction zone of the flame, but in some cases the chemical reactions 

are not complete. This is especially the case with low-temperature flames, wherein reactions 

requiring large activation energies may not take place with sufficient speed. Thus reactions are 

most likely to be Incomplete for flames with inactive dlluents such as nitrogen, or those with excess 

fuel or oxidizer. Apart from these major chemical effects, there Is evidence for other chemical 

abnormalities . Many of these may be due to the slowness with which free atoms recombine. The 

main reactions are probably of the chain type, proceeding by bimolecular collisions ; this applies 

to both chain propagation and chain branching. Chain termination lnvotvlng removal of free atoms 

or active radicals usually, however, requires a surface or a three-body reaction and tends to be 

less rapid . Thus free atoms or radicals may persist past the main reaction zone. The abnormally 

• high intensity of the (2, 1) and (3,2) bands of OH in ~air flames at atmospheric pressure is due 

to an excess populatlon of free atoms ; In this case, H and O atoms recombine directly through 

inverse predissoclatlon to form OH in the vibrational levels with v· = 2 and 3. 

The measurements made in this research were in the near IA, in the vibrational-rotational 

regime . Although various non-equilibrium phenomenon have been cited (Gaydon, above) , most 

studies have indicated that the spectra of OH, HzO, CH, CO, and CO2, in the wavelengths studied, 
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are In thermal and chemical equilibrium. These experiments were performed on hydrogen-oxygen-

nitrogen flames, and the spedra of H20 , and OH was record~ as a measurement of the effects 

of K, K02, and preheat temperature. 
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EXPERIMENTAL APPARATUS 

A schematic sketch of the opposed-jet burner and optical system arrangement used Is 

shown In Figure 1. One half of the burner pair was utilized to vaporize the K0 and KO2. The 

heated burner Is shown In Figure 2., It was 2-lnch diameter by 16-inch long, and made of schedule 

40 cold-drawn pipe (pickled and annealed) of lnconel Alloy 600 for corrosion resistance at high 

temperatures. It was concentric at the heating end with an 8-lnch long Coors rrullite alumina tube 

(2.66-inch ID by 3.14-lnch OD) bonded to it with Sauereisen Electric Heater Cement No. 6 Powder. 

Nichrome wire was wound around the periphery of the rrullite tube and heated electrically. Power 

was supplied to heat the burner by a VWR Powerstat variable transformer with a Oto 140 volt, 10 

Amp output. The other end of the burner was cooled by water in a copper-tube coil heavily silver­

soldered (solder thickness approximately one-half copper tube diameter) to the lnconel tube . 

Gases entering the cool end of the burner passed through a plenum chamber into the heated 

section packed with 990 grams of 1/16-inch Coors Type M rrullite alumina balls held in place at 

both ends with stainless steel screening. The balls served two purposes - to provide a flat velocity 

profile needed to obtain the flat flame, and to hold the potassium additives in place in an 

evaporation boat while being vaporized and mixed with the other gases. The additive boat was 

2.5 Inches long by 0.5 Inch wide, oriented with the long axis parallel to the tube axis, and located 

near the tube midplane between 3.5 and 6 inches on the thermocouple location scale. The boat 

temperature was assumed equal to that of the surrounding gas/packed bed. The ex1erior of the 

burner was insulated with a Nomex blanket. Thermocouples were used to measure the 

temperature of the gases In the vaporization section and at the exit of the burner. The 

thermocouples were Omega ChromeVAlumel type K In a 1/8-lnch diameter, 12-inch long, shielded 

caln (caln-18E-12; shielded probe) . Omega series 7000 analog pyrometers (7045-K-2000). 

provided the te"1)8rature Indication for a range of 0 to 1100 degrees Celsius. The pyrometers 

were factory calibrated for ten ohms ex1emal thermocouple resistance and were provided wit!} a 
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ten ohm calibrating resistor bobbin. Resistor bobbin calibration was per1ormed in the laboratory 

on the a bled system. 

The other half of the burner pair was similar In design but did not Include the heating coils 

nor the cooling jacket. The packing In this burner was 3 mm Klmax glass beads. A 2.5-inch by 4-

lnch long schedule 80, AISI 316 stainless steel pipe nlpple fitted on the gas Inlet end with a 2.5-

lnch, AISI 316 stainless steel pipe was utlllzed. The outlet end was configured to provide a jet of 

gas of similar diameter to the jet of the opposing burner. 

An external optical system was used to convert a Beckman 4240 IR spectrophotometer .,. 

with a thermopile detector from absorption to emission measurements. A single-path mode was 

utilized. The optlcal system comprised front surface 2-in plane mirrors (one stationary, one 

adjustable) and a 6-ln spherical mirror of 1/1 .8 (stationary) all from Oriel Optics. The mirrors were 

held In adjustable mounts on an optical bench and positioned by means of rod carriers . These 

permitted positioning of the burner and optics easily and reproducibly . The slit used was variable 

In width between 0.05 and 4 mm. and was 12 mm high. It was mounted on a translating base in 

the sarfl)le compartment of the spectrometer. Magnification of the Image on the slit was 0.8. The 

flame image was focused on the spectrometer slit , and the flame scanned by translating the slit . 

The slit width in all the tests was 0.25 mm. Scans were made over seven increments of 0.637 mm 

starting at the flame edge. The spectrometer was capable of detecting spectra from the near-to 

the far-Infrared. However, the most Important effects were noted In the water-OH bands In the 

spectral region 3800 - 3000 cm·' . 

A conventional metering system incorporating calibrated rotameters. valves and tubing was 

used for introducing N2, ~.and~ into the burners. Brooks Instrument Model 1355-8506 ;Sho-Rate 

·1 so· fiowmeters with R-6-15-A tubes were used to meter the fuel-side nitrogen and both oxygen 

and nitrogen on the alr-side flows. Stainless steel floats were used to measure the fuel-side 

nitrogen and the air-side oxygen ; a Carboloy float, for the air-side nitrogen. The maximum flow, 

expressed in liters per minute of air at STP, for the stalnlpss steel floats was 16.4; for the carboloy 
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float, 23.0. A Matheson model 7631T flowmeter with a 603 tube and stainless steel float was used 

to meter the hydrogen gas flow to the fuel-side. The maxirrum flow for this unit w as 19.5 liters per 

minute of hydrogen at STP. Flow meters were calibrated with a Curtin Matheson Scientific 

Precision Sclent,lflc wet test gas meter accurate to ± 0.5%. The flow system and burner 

arrangement provided the stable flat flame required to make measurements of the effects of the 

additives. 
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EXPERIMENTAL PROCEDURE 

Once all systems were prepared (see Appendix 1 and Appendix 2 for detalls), the gas 

flows were established and the flame ignited. The temperature of the exit ends of the burners 

Increased r&?>ldly from ambient as heat was transferred from the flame to the burners. To maintain 

a uniform temperature distribution throughout the additive burner, hea1 was applled to the central 

portion of this burner. This Insured that the bead-filled section had a uniform temperature over the 

additive area, and that the gases flowing through it were heated to temperatures close to the wall 

temperatures (See calculations In Appendix 4) . Terll)erature distributions had to be known for 

additive and no-additive runs to separate thermal and chemical effects on the flame. The natural 

temperature Increase of the exit end of the additive burner was asymptotic, approaching 300°C 

after two hours. The temperature rises approximately 3°C per minute Initially, then rises more 

slowly as the maximum temperature is approched. The highest temperature rise rate utilized 

during experimental runs was generally about 2°c per minute . As the rise rate decreased to 

approximately 0.5°C per minute, use of a secondary heating element on the exit end of the burner 

was irll)lemented. The corrblnatlon of the two heating elements and flame heating were used to 

cover a range of •gas preheat· (or "burner exit", or "flame Inlet") temperatures from 150° to 350°C. 

The gas preheat temperature and additive temperature were determined by thermocouple 

measurements of the wall (lnconel 600 pipe) terll)erature at two locations on the burner. For the 

potassium additive experiments, the locations were 7.75" and 6"; for the potassium superoxide 

additive experiments, a· and 5" (See Figure 2 for burner configuration and Figure 3 for 

thermocouple location scale) . Sufficient heat transfer occurred within the packed bed of the burner 

to bring the gas temperature to within 5 degrees Celsius of the wall temperature at the locations 

measured. Calrulatlons which justify this statement are Included in Appendix 4. 

• 
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An Initial scan was per1orme approximately 30 minutes after flame Ignition. , A scan 

consisted of eight Individual determinations of flame emission Intensity versus wavenumber (3800 

to 3000 cm·1). made at evenly-spaced increments from the flame edge, through the main reaction 

zone, to the opposite flaQ'l8 edge. An entire scan across the flame was accofr4)llshed In 8 minutes. 

Two minutes time between scans was allowed for temperature measurement and recording , and 

gas flow rate checks. Subsequent scans were conducted at progressively higher gas-preheat 

temperatures. The flame conditions (fuel to air ratio , temperature rise rate and actual 

temperatures) were the same for runs with or without additive. This ensured that the effect of the 

additive upon the flame was the only variable. Repetitive tests were made to verify reproducibility . 

For duplicate tests per1ormed with this apparatus, reproducibility of ±5% In spectral Intensity vs 

wave number and ±5 degrees Celslus In temperature was demonstrated. The following table 

Illustrates the capability of this system to reproduce a particular iemperature versus time" for 

duplicate tests . Experimental data from all the tests can be found in Appendix 5. As mentioned 

above, Appendices 1 and 2 have detailed Information regarding apparatus and procedures. 

Run #1 Run #2 

Time Temperature .. Temperature .. 

(minutes) (degrees C) (degrees C) 

0 120 120 

11 155 155 

21 175 180 

31 200 205 

41 220 225 

51 230 240 

•• Temperatures recorded at 7.75 Inches on therrrocouple location scale; Indicated tefTl)eratures 

were accurate to approx. ±2.5"C and were reported to the nearest rrultiple of five d~rees Celsius. 
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EXPERIMENTAL RESULTS 

Since the HJN2 or the ~02 gases were heated during vaporization of the K0 or K02, it 

was necessary to establish first the Intensity of radiation of the flame In the spectral range of 

Interest as a function of temperature of the gases exiting the heated burner. Subsequently, the 

spectra were measured with additives in the flame. 

A. N2-H/02-N2 flames, No additives : 

Tests were condJcted with the following COn"l)OSitions : 

Flow, L per min 

Fuel- H2, 5.2 

Side Nz, 4.1 

Oxidizer- Nz, 8.7 

side Oz, 2.5 $ • 0.98 

2.4 $ = 1.08 

2.15 $ = 1.21 

The HJN2 gas mixture was heated to a temperature ranging from 118°C to 350°C. 

The oxidizer-side gases were at room tefll)erature . 

The results of the measurements are given In Figure 4 where the spectral area for 

the 3800 - 3000 cm·1 range In arbitrary units are plotted as a function of the burner exit gas 

temperature, I.e. the inlet fuel gas tefll)erature to the flame zone. The lines correlating the 

data were derived by a least square fit with a standard error of estimate of 0.225 spectral 

area units. 

For tests with K02 additive , the K02 was added to the oxygen-side of the flame to 

avoid decomposition of the K02 and reaction with H2 in the heater. Therefore, an 

additional series of tests was made in which the ~02 gases were heated to a range of 

... 

,,. 
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temperatures from 190° to 313°C. In these tests the Hi!Ni gases exited the burner tube 

at room temperature. These resdlts are plotted In Figure 6. The standard error of 

estimate of the correlation Is 0.049 spectral area units. The flame widths for these tests 

were approximately one scan Interval less than when the fuel gases were heated. 

B. N2-H2·K0 /02-N2 Flames: 

The vaporization temperature of the potassium was always lower than the burner 

exit temperature. The overall stoichiometric ratio, q, , burner gas exit temperature , 

potassium vaporization temperature, and the potassium concentrat for the tests are 

given In Table 1. Figure 5 Is a plot of the spectral area for the 3800 - 3000 cm·' range as 

a function of the Inlet fuel gas te"l)erature and ci,. For clarity of present&tk>n only the 

regression lines for no-addition are shown. 

K0 depressed the combustion uniformly in the flame, i.e . there was no change in 

the width of the flame zone or the shape of the spectral area as a function of location. 

Spectral area was reduced at all q, values studies. Greater reductions were observed as 

q, was reduced . 

C. N2-H/N2-02·K02 Flames: 

Overall stoichiometric ratio, q,, burner g&s exit temperature, and K0 2 vaporization 

temperature for this series are given in Table 2. Concentrations of K02 in the flarne are 

unknown since vapor pressure data are unavailable. The results obtained for ci, of 0.72 

and 1.21 are given In Figure 7; the Integrated spectral area for the 3800 - 3000 cm·' range 

is plotted as a function of Inlet oxidizer gas temperature and ci, . K02 , as was the case with 

the K0 additive, depressed combustion uniformly throughout th~ flame . Greater reductions 

In spectral area also were observed for the lower q,'s . 

• 
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TABLE 1 

Gas Exit Tef11)8rature , K0 Vaporization 
Degree C Temperature, K0 Concentration, 

q, ~ Degree C Molar ppm .. 

0.98 188 158 1.7 

235 218 27.7 

255 245 60 .0 

292 282 292.3 

325 320 892.3 

350 343 1692.0 

1.08 163 128 0.3 

223 205 16.9 

248 232 49 .2 

272 270 200.9 

315 313 723.1 

345 335 1338.5 

1.21 133 100 0.1 

205 185 6.8 

245 228 43.1 

260 255 115.4 

318 300 492.3 

333 328 1107.7 

•• Molar ppm - mole fraction x 108 

• 
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TABLE 2 

~ Gas Exit Te"l)erature, K02 Vaporization 
Degree C Temperature, De~i,;e C - -

0.72 173 83 

173 88 

215 115 

233 128 

243 138 

253 153 

258 168 

269 179 

298 198 

308 208 

1.21 181 108 

218 123 

228 133 

238 143 

245 148 

275 175 

298 200 

298 213 
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DISCUSSION 

The reaction rate coefficients of equations (1) through (1 O) for both the forward and reverse 

reactions , taken from references 4, and 7, are given in Table 3 for temperatures of 1000 and 

2000 K. The kinetic coefficients for equation (10) , the reaction of K0 + 0 2 + M were Increased by 

three orders of magnitude, In conformance with the more recent results reported by references 8 

and 9. The reaction rate coefficients, considered together with concentration of the reactants, give 

some Insight Into the relative Importance of the flame reactions taking place. The reaction numbers 

referred to in what follows are taken from Table 3. 

A. N2-H/N2-O2 Flames - No Additives : 

As the overall stoichiometric ratio is reduced, and the flame becomes leaner, the 

increased 0 2 and O concentration should drive reactions (1) , (4) , and the reverse reaction 

of (5) to produce more OH radicals. This is what was observed, as shown in figures 4 and 

6. At a~ of 1.21, less OH was developed when the O2-N2 gases were preheated than 

when the H2-N2 gases were preheated. This suggests that the reverse reaction of ( 1) is 

more Important when the O2-N2 are preheated. 

B. N2-H2-K
0 /N2-O2 Flames: 

K0 Inhibits the formation of OH and water in the range of ~ between 0.98 and 1.21 , 

even at low concentrations of K0 vapor. Since OH concentrations in the flame are higher 

at the lower values of ~. the observed larger quenching effects of K0 under these 

conditions may only be relative to these larger concentrations. 

Friedman and Levy argue that reaction (6) for K0 Is too slow to be significant In the 

Inhibition reactions. The inhibition by K0 may indeed be through a KOH mechanism, as 

they propose, but possibly by a different path. The reverse reaction of K0 with Hp to 

produce KOH+ H, equation (7), the subsequent reactions of KOH + OH to KO2 and H by 

equation (10), and KO2 + OH to KOH and 0 2 by equation (9) would be ~apid enough to 
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explain the Inhibition by K0
• This argument Is supported by an examination of the 

magnitudes of t action rate constants In Table 3. This path Is more llkely than their 

proposal of the formation of solid KP, its vaporization, and reaction with water to form 

KOH . It Is not clear why K0 did not inhibit in the Friedman and Levy experiments . They 

also used an opposed diffusion flame bu1 at a much larger, value, abou1 3.5. Perhaps, 

their flame had a higher concentration of H which would Inhibit the reverse reaction (7) -

effectively preventing Inhibition by the K0
• Further, their use of flame strength, I.e. the flow 

rate of air to methane at which a hole appears on the flame axis , may not be a sensitive 

enough measure of the effect of K0
• 

N2-H/N2-02-K02 Flames: 

K02 Is relatively stable, that Is Its decomposition reaction rate constant becomes 

comparable to the reactions of K02 with OH and ~ at higher temperatures well into the 

flame zone. At the flame edge, K02 Is avallable to react with the OH and H to quench the 

hydrogen chain reaction. In the lean flame studied, at an , of 0.72, the forward reaction 

rate of reaction (9) dominates in the removal of OH, augmented further into the flame zone 

by the decomposition of K02 to K0 by equation (8) and the further reactions of K to deplete 

OH. For the richer , of 1.21 , there Is competition between the depletion of OH by 

equation (9) and Its formation by equation (10) . At lower K02 concentrations, at~ - 1.21 , 

and lower burner exit gas temperatures, K02 is not effective in Inhibition. 

The experimental conclusions do not support Jensen and Jones7 computations that 

K02 promotes the cormustlon of hydrogen In their paper, however, they acknowledged 

a need for more precise characterization of the K02 reactions. The more recent 

experimental results of Hussain and Plane8 and Silver et al9 indicate the forward reaction 

coefficient of K0 + 0 2 + M to be three orders of magnitude larger than the value used by 

Jensen and Jones. 

• 

,,. 
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Jensen9 also took exception to Kaskan's hypothesis6 that KO2 was il'Tl)Ortant in the 

Inhibition • lean hydrogen premixed flames. The present studies support Kaskan·s 

argument that KCi could be Important In such flames. 

• 
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TABLE 3 

Fl • ,e Chemical Reactlons and Rate Coeff!Clents·· ' 

Forward Forward Reverse Reverse 
Eq. No. ' Reaction Rate Rate Rate Rate 

Coef. Coef. Coef. Coef. 
1000 K 2000 K 1000 K 2000 K 

(1) H + 0 2 ,..OH+ 0 6.3x10· 1
• 3.9x10- 12 1.4x10 11 1.7x10- 11 

(2) H + OH + M ,.. HOH + M* 1.5x10·31 3.8x10·32 8.0x10·33 2.2x1 o·2D 

(3) OH + H2 ,.. HOH + H 2.4x10- 12 1.5x10·11 5. 7x10- 16 1.5x10·12 

(4) 0 +~,..OH+ H 3.4x10·13 6.4x10·12 4.2x10- 19 5.8x10·22 
, •' 

(5) OH + OH ,.. HOH + 0 5.ax10·12 7.6x10·12 1.1x1Q·U 1.ox10·12 

(6) K0 + OH + M ,.. KOH + M* 1.5x1 o·:Kl 7.5x10·31 a.1x10·22 7.1x10·' 3 

(7) KOH + H ,.. K0 + HOH 6.6x10- 12 1.1x10-11 1.ox10·18 2.3x10·1
• 

(8) K0 + 0 2 + M ,.. K02 + M• 3.0x10-:xi 1.5x10·:Kl 9.6x10·'7 1.8x10·10 

(9) K02 + OH ,..KOH+ 0 2 
2.0x10- 11 2.0x10- 11 2.4x10·15 1.7x10- 13 

(10) K02 + ~ ,.. KOH + OH 1.4x10·'9 2.ox10·1
• 5.0x10·18 5.7x10·'9 

**Bimolecular rate coefficients In units of ml-molecule·1-seconcf 1
; termolecular rate 

coefficients In mf-molecule ·2 -seconcf'. 

• 
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CONCLUSIONS 

Both additives, K0 and KO2 Inhibit atterbumlng of hydrogen, the magnitude of the observed 

effects depending on the overall mixture ratio In the diffusion flame. K0 Inhibits afterbumlng for rich 

($ • 1.21) and near-stoichiometric mixtures (4' • 0.98-1.08) . KO 2 Is effective, even at low 

concentrations, at a lean mixture, +. 0.72, and at higher concentrations for 41. 1.21 . While K0 

and KO2 appear to be more effective for leaner mixtures, the observed greater reduction in the 

spectral Intensity may be a consequence of the larger concentrations of OH for the lean mixtures. 

The present research confirms the Jensen, Jones and Mace conclusion that potassium Is 

effective as an after burning Inhibitor for hydrogen premixed flames. It is not clear why Friedman 

and Levy observed no effect when potassium was added to their methane-air diffusion flames. 

Further, the present results support Kaskan's pro1,.'0sed mechanism of Inhibition by KO2. They are 

not In agreement with the Jensen & Jones COIT1)uter prediction of enhancement of afterbuming by 

KO2• The latter computations were completed, however, before the experimental data of 

references 8 and 9 were available, which gave improved rate constant values. 

• 
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APPENDIX 1 Previous re arch with experimental detail Included. 

Friedman and Levy3 Investigated the effect of sodium and potassium metal vapors on 

opposed-Jet roethane/alr diffusion flames (1963) . They found that neither of these two were 

effective Inhibitors, as judged by the criterion of "flame strength", described below. They also 

Investigated the effects of organic halides on slmllar flames and found these tc be effective . 

Friedman and Levy utilized an opposed-jet technique that had been developed by A. E. Potter et 

al. 11 for studying diffusion flames in which the parameter measuring the stability of the flame , the 

flame strength, was defined. Since the opposed-Jet technique had not previously been applied to 

a study of the flame Inhibition, Friedman and Levy found It prudent to per1orm preliminary 

experiments with known gaseous inhibitors, I.e. organic halides, before investigating the alkali metal 

vapors. Previous research had demonstrated inhibition of premixed methane flames by the same 

organic halides. 

Their experimental technique involved the observation of a hole formation in the central 

region of a flat, circular diffusion flame between the opposing gas Jets. The methane, air, and 

gaseous additives were metered by calibrated critical-flow orifices and accurate Oto 200 lh/sq. in. 

Heise pressure gages. Sodium and potassium vapors were metered by bubbling the methane 

stream through the molten metal additive in a nickel saturator device . The, saturator and feed lines 

were Immersed in a fused-salt bath operated at temperatures up to nearly 773 Kelvin. The burner 

consisted of opposed coaxial vertical tubes of 3 .86 mm bore and variable separation (typically 

about 1 cm). The lower fuel jet was mounted In a copper block not quite entirely submerged In the 

bath. Thermocouple probing Indicated that the effluent gas was essentially at the bath 

temperature. The upper tube, carrying a downward flow of air, was Jacketed with water at 

ap'proximately 338 Kelvin, reportedly to provide a constant temperature while avoiding 

,, 
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condensation from the flame. The flame was shielded from drafts with a metal sleeve having a 

replaceable pyi x window consisting of a microscope slide. Freq·uent replacement of the window 

was found necessary due to a solid deposit formed during the experiments with alkali metal 

addition . They found the mass ratio of air to methane for satisfactory flames to be about 2.7 both 

;.,hen the methane was at room temperature 3nd when the methane was at about 733 Kelvin. 

Potter et al. described how, tf the flame Is maintained centered between the two jets while the flows 

are progressively Increased, a hole appears on the flame axis at a reproducible flow rate , enlarges 

if the flows are increased, and disappears again if the flows are reduced. Friedman and Levy used ., 

the criterion of first detectable appearance of a hole as the measure of "flame strength". They 

made comparisons of hole-point fuel flow rate with and without Inhibitor at constant burner 

geometry. It appears from their paper that the air flow rate was varied In a manner to some extent 

independently of the flow rate of fuel, thus varying the fuel-to-air ratio . 

With methyl bromide as the fuel additive, Friedman and Levy found the flow rate of fuel 

for hole-point at room telll)erature to be approximately 78% of that for no additive and at 733 

Kelvin found it to be approximately 85%. In both cases the methyl bromide concentration was 1 O 

mole percent of the fuel flow. No change in fuel flow rate for hole formation was noted for sodium 

concentrations up to 0.26 mole percent. Likewise, no change In fuel flow rate for hole formation 

was noted for potassium concentrations up to as high as 3.5 mole percent. 

Friedman and Levy concluded, based on this evidence, that there was lack of any inhibitory 

effect by elementary potassium (or sodium) introduced into the fuel side of a methane-air diffusion 

flame at concentrations COlll)arable to those at which bromine Inhibitors exert easily measurable 

effects In the same apparatus. This behavior must be contrasted with that reported for potassium 

salts in premixed flames, which are at least as potent in reducing burning velocity as bromine 

Inhibitors. They state that "We therefore conclude that the known inhibitory effects of alkali metal 

salts must arise from species other than the alkali metal atoms and we propose that the effective 

• 
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species Is the gaseous alkali metal hydroxide.· Based upon klnetic data available at the time, their 

calculations Indicated that three-body reactions of potassium metal with H, OH, and O at 

atmospheric pressure would be several orders of magnitude slower than any competing two-body 

reactions of very low activation energy. Therefore 

K0 + OH + M .. KOH + M• 

could not occur earty enough In the flame to affect the propagation. Instead they suggested that 

potassium salts are decomposed to molten K20 which reacts with water to form 2KOH. KOH then 

reacts to scavenge radicals by such means as 

KOH + H .. HOH + K0 

KOH+ OH .. HOH+ KO 

In their discussion Friedman and Levy state that "Even though the inhibitor potassium 

hydroxide does not regenerate itself by the proposed sequence, the concentration of inhibitor 

necessary to be effective is co~arable with the concentrations of H and OH in the equilibrium 

products, and a single functioning of each Inhibitor molecule may be quite adequate for the 

observed effects." Thus the thermal deco~sltlon of potassium carbonate.for Instance, to 

potassium oxide, followed by reaction with water to potassium hydroxide, and then reaction with 

the H or OH radical to form K0 or KO, respectively, was predicted to proceed at a rate ·several 

orders of magnitude" more quickly than the three-body reaction of elemental potassium and OH 

to form KOH. 

Watter E. Kaskan5 (19~) Investigated the reaction of alkali atoms In lean premixed 

H/0/~ flames. It had been proposed by other researchers that the major equilibrium reaction 

of alkali metals In these t-9alr premixed flames was: 

A0 + HOH .. AOH + H 

Kaskan's results did not indicate this to be correct and he suggested that the appropriate reaction 

... 

• 
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was 

He also suggested that there was an analogy between this reaction and that for forming H02. Most 

of the previous wor1( as done on fuel rich or near-stoichiometric f-Valr flames. 

His experimental apparatus consisted of a gas-handling system and a cooled porous metal 

burner providing a flat flame three Inches In diameter, surrounded by an annular shield flame 0.5 

Inch wide. Solutions of either sodium chloride or potassium chloride were Introduced Into the inner 

flame through an atomizer. The burner was moveable in the vertical direction. The optical system, 

consisting of sources, mirrors, and a monochromator with photoelectric recording, providing a 

narrow beam of probing llght. The beam passed over the burner parallel to its surface and 

perpendicular to the flow. The spatial resolution was reported to be approximately 1 mm. 

Hydrogen atom concentrations were determined by a method which correlates [HJ to the intensity 

of the Lithium resonance line. OH, Na0
, and K0 concentrations were determined by photometric 

methods. The sources were a discharge In water vapor for OH measurement, and a tungsten-strip 

filament lall'l) for alkali-atom measurements. Alkali atoms were determined by resonance-line 

absorption, employing the Na 0 5889, 5896 doublet, and the K0 7665, 7699 doublet . Flame gas 

temperatures were generally measured with silica-coated thermocouples, and occasionally were 

checked by a Na0 -reversal measurement. 

The procedure followed consisted of burning various lean f-Valr flames and following the 

absorption of both OH and akall atoms as a function of distance from the burner. In all of the 

flames studied both the concentrations of OH and Na0 or K0 decreased with increasing distance 

from the burner. The rate of decrease of both OH and the alkali atoms was faster the leaner the 

flame, but more so for alkali atoms. Most runs were made In duplicate. The first flarne was a lean 

H/alr flame which provided an observable, but relatively slow, decay ol alkali , and the second 

would differ only in that a small amount .:>f 0 2 was added to speed up the decay. 

• 
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The rates of decay were shown to be Independent of alkali atom concentration , Indicating 

that the observed effects were first order in' alkali atoms. tf , as proposed by the previous 

researchers, the mal!)--reaction was 
/ 

A0 + HOH .. AOH + H , 

it was shown that the relation of (A) to (OH] should be cubic In (OH) . However the plot of log 

(AY([A}tot-{A)) against log [OH] was linear, but had a slope of 2, not 3. The remainder of the 

analysis suggested the data are better interpreted by assuming the reaction responsible for alkali 

atom concentration decay is : 

,-· 
In 1978, D. E. Jensen and G. A. Jones published "Reaction Rate Coefficients for Flame 

Calculations_. which contained an updated list of recommended rate coefficients for chemical 

reactions occurring In flames. The rate coefficients were expressed as functions of temperature 

for the range 1000 < T < 3000 Kelvin , and were either taken from experiments described in the 

scientific literature or estimated by colll)arison with rate coefficients for analogous reactions . An 

estimate of the uncertainties of the values listed was also Included, as were reaction equilibrium 

constants as functions of temperature. An emphasis was placed on reactions of metal derivatives. 

They note two particularty difficult points in the description of the chemical klnetics in the 

case of reactions involving ihird bodies" -or "collision partners· - typically denoted "M". The first 

is that different third bodies have different efficiencies In these reactions. The list gives rate 

coefficients averaged for the more effective thim bodies such as CO2, Hp, and N2, present in 

typical flames. The concentration (M] Is taken as the sum of concentrations of all gas phase 

species present. A second difficulty Is that the third body reactions (and their reverse reactions) 

actually take place via stepwise processes involving excited molecular or atomic states, vibrational 

and electronic. They additionally state that the "collision frequencies· to which kineticists often refer 

• 
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rate coefficients are generally those calculated on the assumption that all chemical species are In . 
ground electronic, vibrational , and ,otatlonal states, and that this common usage Is "sometimes 

rather misleading". 

In the following year (1979) D. E. Jensen, G. A. Jones, and A. C. H. Mace2 published the 
.... 

results of an investigation of fuel-rich, premlxed H/02-N2 flame& with a potassium compound 

additive. They hoped to test the validity of the proposed reaction scheme for recombination of H 

and OH radicals In the flames 

KOH + H ,.. K0 + HOH 

and 

K0 + OH + M ,.. KOH + M* . 

In addition they hoped to dertve more accurate rate coefficients for the forward and reverse 

reactions of these two. Upon publication of their previous list of rate coefficients it was clear that 

the values presently accepted were only "order-of -magnitude estimates based on flame 

experiments not specifically designed for kinetic measurements". The previously reported values 

for these two forward reactions were 4•10- 12exp(-1000/T) cm3 moIecuIe·1 sec·1 and 6·10·~· cm6 

molecuIe·2 sec·', respectively. The more accurate values which they provide in this work are 

1.a·10- 11 exp(-1000/T) and 1.5*10-27T' respectively . 

The flames used were atmospheric-pressure, laminar, shielded, cylindrical, premixed, fuel ­

rich H2 + 0 2 + N2 flames in which the distance above (downstream of) the primary reaction zones 

was a linear measure of reaction time available for recombination of the free radicals produced In 

above-equilibrium amounts In these zones. The authors state that under the conditions of this 

work, the only flame radicals present In significant quantities were H and OH, with the 

concentrations of other species such as O and H02 being extremely low. Calculations based on 

JANAF Thermochemical Tables (1971) and supplemented for such species as K· and K02 by 

• 
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kinetic data from their 11st of rate ooefflcients of the previous year suggested that no potassium-

oontainlng species other t K0 and KOH would be fonned in the flames used at concentrations 

high enough to contrb.rte significantly either to reaction rates or to the total potassium 

concentration. Therefore they assumed that [KlrorAL •[K] + [KOH] . 

Po\assium was added to the flame as potassium dipivaloylmethane in the form of vapor 

from a supply reservoir. Deposition of additive in the supply system and burner was minimized by 

the heating of both. Photometr1c detennlnations of (HJ and [K] were per1onned 011 the flame. [OH) 
~- , 

and [KOH] were calculated assuming that (HJ and [OH) were related by 

H + HOH .,. OH + H2 

and that [K] and [KOH] were in equilibrium through 

KOH + H .,. K0 + HOH 

For the purposes of these detenninations, potassium was first supplied to the flames at known 

concentrations from a calibrated atomizer and the curve of growth of the integrated emission 

intensity of the 766.5 nm wavelength potassium resonance line, against [K] was constructed using 

the above relations . Hydrogen atom concentrations were measured by the Li0 /Na 0 comparison 

method, lithium and sodium being supplied in known proportions from the atomizer. 

In tests of similar flames with and without potassium additive it was seen that potassium 

accelerated the rate of hydrogen atom removal and that the fradion of the recorroination due to 

the presence of the potassium is proportional to the total ooncentration of potassium, which they 

claim is consistent with a homogenous acceleration process. The researchers tabulated the rate 

coefficients derived from this wor1( for both the forward and reverse directions and state that the 

values obtained are consistent with earlier thermochemical studies of K0 and KOH in flames. They 

further conclude that the mechanism for flame radical removal consisting of the reactions 

mentioned above is cyclic; the observed decreases in [HI and [OH] caused by addition of 

., / 
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potassium exceed [K]total , which implies that K0 and KOH must be successively regenerated 

during the acceleration cess. In that sense, the acceleration of radical ~movai could be loosely 

termed a catalysis , although not strictly so. 

Jensen and Jones published again In 1981, "Theoretical Aspects of Secondary Combustion 

in RockQI Exhausts"7
. This was a co"l)Utational technique based on a two-equation turbulence 

model, coupled with detailed nonequlllbrium chemistry, used for predictions of whether or not 

secondary combustion of excess fuels would occur in the exhaust from nn additive-modified 

double-base (nitrocelluiose-nltroglycerin) propellant rocket motor. The purpose of the paper was 

to describe in outline a method of predicting whether or not secondary combustion occurs In the 

exhaust of any low altitude rocket, to summarize results of applying this method to a particular 

rocket motor with small proportions of potassium additive incorporated in its solid propellant, and 

to discuss both method and results In a manner that brings out the need for lrrl)roved prediction 

techniques. They utilized equations for conservation of the axial component of momentum, the 

radial component of momentum, the stagnation enthalpy, chemical species, turbulence kinetic 

energy, eddy energy dissipation rate, the ideal gas equation of state, and the continuity equation 

applied to a local elementary fluid volume. The assumptions used In the method were that the flow 

is quasi-steady (the average motion is steady and the governing equations are time averaged), the 

flow is treated as locally inCX>ITl)ressible, turbulent density fluctuations are neglected, the Reynolds 

stresses are taken to be expressible in terms of mean velocity gradi~nts, molecular transport is not 

a rate-determining process, the laminar viscosity is small by COITl)arison with the turbulence eddy 

viscosity, coupling of fluid dynamic and chemical effects can be accomplished legitimately by 

rombining local time-mean values, the flow is adiabatic, and turbulence is locally isotropic. 

They found that the roncentratlons of the major species H2, CO, CO2, H2O, and~ do not 

vary significantly with the proportion of potassium-containing additive in the propellant. Those of 

the minor species were found to vary with additive level, and the higher the level, the greater the 
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rate of recorrbinatlon In the nozzle of the free radicals present . Slight variations of exit 

temperature and pressure with tttve level were also apparent. With potasslum•excluded from 

the calculations In a particular exhaust stream, a significant , rise In gas tel'll)erature with increasing 

axial distance occurs near the nozzle exit. This Indicated that secondary combustion of hydrogen 

and carbon mono~ide was taking place. For the same conditions except with 0.8 percent by weight 

potassium In the propellant, a decrease of 400 to 500 Kelvln was noted In the maxlrrum 

temperature found in the secondary corrbustlon zone ; 1.0 percent totally eliminated the region of 

temperature increase and hence, suppressed the secondary corrbustion. In calculations of a 

variety of other exhausts, It was found that the minimum concentration of potassium necessary to 

completely suppress the secondary corrbustion under most conditions would be more nearly 2.5 

percent by weight . 

The authors list six reactions containing potassium which were considered In their analysis : 

KOH + H .., K0 + HOH 

K0 + OH + M .., KOH + M• 

KO2 +~..,KOH+ OH 

One interesting aspect of the wor1( was that the inclusion of reactions involving KO2 led to 

promotion of secondary combustion. As oxygen from the air is mixed with the propellant products , 

the reaction 

-
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Is predicted to be a slgnHlcant source of active free radicals. They qualify this analysis with the 

• comment that rruch of the uncertal 'Y In the Influence of KO2 stems from the lack of reliable 

thermochemical data for this species. Overall they view their approach to the analysis of the 

chemistry of the rocket exhausts as adequate as used within this method . 
... 

W. A. Hahn, J. 0. L. Wendi , and T. J. Tyson published a pap3r in 1981 entitled "Analysis 

of the Flat Laminar Opposed Jet DHfuslon Flame with Finite Rate Detailed Chemical Klnetlcs"1
. 

The fuel In their flame was moist CO, which was burned with 0 2 and N2 . The main Intent of the 

wot1( was to study pollutant formation . The objectives were to mathematically model the flame and 

to develop procedures to solve the model, to gather experimental data for comparison with the 

predicted results, and H the previous two objectives were accomplished and In agreement, to 

Introduce small quantities of an additive (fuel i!Tl)Urity) Into the flame and compare predictions to 

measured values. Most of the prior work they cited was thought to have not included proper sets 

of kinetic data. This did not allow the older models to be useful In studying the formation of trace 

species. Earty models also suffered from the assurll)tlon of inviscid, incompressible jets. To meet 

their stated objectives they had to corrblne the following features Into one coherent model of the 

flat , laminar, opposed-jet diffusion flame : 1) coupling of momentum and energy conservation 

equations; 2) inclusion of detalled finite-rate combustion chemistry, with no restrictions on high or 

low activation energies or on fast or slow reaction rates ; 3) lncluslon of variable transport and 

thermodynamic properties; and 4) determination of the correct ratio of velocities of the opposing 

Jets In order to provide a laboratory flat flame with a specHled stretching rate . The specific flame 

to be examined utilized moist carbon monoxide as the fuel, and the fuel Impurity and pollutant 

considered were ammonia and nitric oxide, respectively. 

Metered amounts of fuel (CO; Matheson, C.P. grade), oxygen, and nitrogen are mixed and 

fed to the two opposing burners through Teflon tubing. The flow rate of these gases Is measured 

with critical flow orifices of size ranging from ).1 to 0.625 mm; the flow range that could be covered 
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with these orifices was 0.3 llter/mln to 25 llter/mln of Ni- Water was Introduced Into the fuel gas 

• by bubbling It t tuough a flask. Chemically bound nitrogen oontalned In the fuel was slrrulated by 

the addition of anhydrous ammonia to the fuel stream. The flow rate of this additive was measured 

with a restriction and an Inclined differential manometer. The fluid used in the manometer was a 

llght oil, which did not absorb ammonia to a m&asurable extent. 

The corrt>ustion chamber was a 30x30x30 cm, sealed aluminum box which contained the 

two vertically mounted opposed burners , an unoooled quartz probe (I.D. = 0.06 cm). a platinum 

ignition wire, and a Pt, Pt/10% Rh thermocouple, mounted on the probe. The thermooouple bead ' 

was 0.15 mm in diameter and uncoated. The two burners were made of 6.25 cm diameter 

stainless steel tubes filled with glass beads and sealed at the ends with a stainless steel porous 

disk. The burners were mounted on Independent screws to allow variation of their separation and 

positioning with respect to the sample probe . Two gliding bars on each burner kept them aligned 

to within 0.25 cm. The quartz probe, with attached thermocouple , was mounted on a two­

dimensional traversing mechanism, to allow both vertical and radial ooncentratlon and temperature 

profiles. 

A sample was drawn with a vacuum pump at approximately 0.13 liter/min. This 

represented a residence time of 7 msec In the tip of the probe before the sample was quenched. 

The sample lines were kept warm with heating tape, and water contained in the sample was 

condensed in a flask immersed in an ice bath only after passing through a gas chromatograph 

sampling loop. The sample loop was filled at the same time that the sample flowed through a 

Thermo Electron Model 10-A, sett-contained, Chemiluminescent NO/NO, analyzer with stainless 

steel and molybdenum converters . When the NO reading reached a steady value, the sampl oop 

was assumed full and was pressurized to 15 psig, and then Injected into a Pen<in-Elmer, Sigma 

II Gas Chromatograph, where It was analyzed for CO, CO2, 0 2, H2, Hp, and HCN using a 3-m 

mole sieve and a 1.8-m Porapak T column. The oven temperature was set at 11 O degrees C and 

• 



59 

the carrier gas was 0.999999 helium at a flow rate of 10 mVmin. The sensors used were a hot-

wire detector and a nit n-phosphorus detector. 

The model was solved for combustion of a moist carbon monoxide opposed-jet diffusion 

flame . The reaction set included seven elementary reactions and eight chemical species . 

H + 0 + M .. OH + M" 

OH + OH .. 0 + HOH 

H + HOH .. OH + H2 

H + OH + M .. HOH + M" 

OH + CO .. CO2 + H 

The forward and reverse rate coefficients were taken from Engleman 12
• The concentrations of 

carbon monoxide and water In the fuel stream were 36.2 percent and 3.0 percent , respectively , the 

diluent being nitrogen, while the oxidizing stream contained 19.1 percent oxygen in nitrogen. The 

initial guess erll)loyed for the solution of the differential equations used in the model was the 

solution of the equivalent Buri<e-Schuman flame (Infinitely fast reactions assumed) . This approach 

provided the basic profiles of CO, 0 2, CO2, and te"l)erature. The temperature profile calculated 

matched the measured profile (after correcting measured values for radiation heat losses) in 

maximum terf1)8rature (approximately 1540 Kelvin) quite well, but the rest of the temperatures 

tended to be 200 - 300 Kelvin too high In the model (except where the flame zone transition to inlet 

gases occurred, of course) . The predicted versus measured profiles for CO, CO2, 0 2 , H2 , and ~O 

were In very good agreement at selected points in the flame, but in other locations deviated 
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significantly. The interpretation of this fact Is that the free radical roncentrations were far above 

those predicted by the equ . r1um calculations in the model which tended to alter the reactant 

profiles. The measured reaction zone thickness, which the authors state is a key parameter in the 

prediction of the fonnatlon of trace species in this type of flame. was in close agreement with that 
... 

predicted . It was noted that water decomposes in the fue-1-rich region , and the so-fonned free 

radicals and ~ molecules diffuse into the fuel-lean side of the flame where, In a very narrow 

region, water is formed agaln. The predicted peak values of the free radicals varied from 1000 to 

3000 parts per million, existing mainly on the fuel-lean portion of the flame zone . No measurement 

of the actual free radical roncentratlons were carried out, although as stated above, it was inferred 

that they generally were higher than predicted, as evidenced by the measured values of the major 

species. In general, the authors felt that there was sufficient agreement between predicted and 

measured characteristics of the flame to claim the model a success. 

The model was applied to the prediction of nitric oxide levels resultant from the addition 

of small quantities of ammonia to the flame. The CXlrll)arisons from this effort indicated varied 

dependent upon to which flow (fuel or oxidizer) the ammonia was added. First , addition of 

ammonia to the fuel wouid cause the pyrolysis reactions to dominate and the garnered information 

pertained primarily to those reactions. Second, addition of ammonia to the oxidizer would focus 

the information on those reactions dealing with the oxidation process rather than pyrolysis. In the 

first set of tests the theoretical and measured profiles of NO, especially as a function of the 

concentration of ammonia in the fuel showed poor agreement . In the serond set of tests , good 

agreement between the experimental and rorTµJter simulated values was found. This is 

interpreted to indicate that If some kinetic Information In the reaction set representing the formation 

of NO were in error, it is In the reactions that become important under fuel-rich ronditions , thus, 

the pyrolysis reactions. 

"Kinetic Investigation of the Third-order Rate Processes between K + Ci + M by Time-

• 



61 

resolved Atomic Resonance Absorption Spectroscopy-8, published In 1982 by David Husain and 

John . C. Plane, compared rate constants for this reactioh obtained from the p1Jlsed photochemical 

method following the flash photolysis of Kl vapor to those reported by Kaskan and Carabetta from 

their atomic resonance absorption studies on premixed, fuel-lean HJO/N2 flames. This 

Investigation found the rate oonstante determlned by Kaskan for potassium were three orders of 

magnitude too low. A prior report by these authors similarly found that the rate constants reported 

by Kaskan for sodium were also three orders of magnitude too low. The tests were undertaken 

In a very rigorous method, and three different third bodies were Investigated : He, ~ . aoo CO2. 

A table of the results for the third-order rate oonstants (k/cm9 molecuIe·2 sec·') for 

(K0 ,Na0
) + 0 2 + M follows : ,,. 

JL K0 (753-873 Kl Na0 (724-844 Kl 

He 1 .3x 10-31 (764 K) (6±1)x10·31 

N2 2.2x1o·X> (764 K) (1±0.2)x10·X> 

CO2 5.0x10·31 (784 K) 2x1 o·X> 

(H2 + N2 + ~0)** 1.02x10-33 a.2x10·:k 

•• Kaskan 's flame 

David E. Jensen, In 1982, published the paper "Alkali-metal Compounds In Oxygen-rich 

Flames : A Reinterpretation of Experimental Results.e. Jensen reviewed principally the wot1( of 

three teams of Investigators who had previously ·published research on premixed oxygen-rich 

H/O/~ flames. These Investigators were Kaskan and Carabetta, McEwan and Phillips , and 

Husain and Plane (W. E. Kaskan, 10th Int. SylTl) . Combustion (The Combustion Institute , 

Plt1sburgh, 1965), p 41; R. Carabetta and W. E. Kaskan, J. Phys. Chem., 1968, 72, 2483 ; M. J. 

McEwan and L. F. Phillips, Trans. Faraday Soc., 1966, 62, 1717; D. Husain and J. M. C. Plane , 

J. Chem. Soc., Faraday Trans. 2, 1982, 78, 1s:4 and 1175.). Kaskan had at his disposal rate 

coefficients for the formation of the superoxides of both sodium and potassium that were in error 
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by three orders of magnitude. Both Kaskan and Carabetta and McEwan and Phillips introduced 

some errors Into the co slons drawn from their wor1( by utilizing too low alkali metal 

concentrations and by not recognizing some inherent bias in techniques used to calculate the 

concentrations of some of the chemical species in the flames. Husain and Plane provided 

evidence supporting Jensen's Interpretation of the earlier wor1(. 

The researchers studying these flames have variously considered compounds formed in 

significant proportions to be the hydroxides, AOH, the monoxides, AC, and the superoxides, AO2. 

One difficulty associated with this wor1(, however, Is that the nature of the compounds formed had 

generally been inferred from dependencies of depletions of free alkali atom concentrations upon 

flame composition and temperature rather than established by direct observation. The evidence 

for formation of hydroxides appears strong because of the self-consistency of Interpretations 

invoking their presence and because flame determinations of hydroxide bond energies agree with 

the results of Independent experiments. Evidence for formation of AO2 Is less convincing, partly 

because the measurements performed on alkali-seeded oxygen-rich flames for certain parameters 

present greater experimental difficulties than do the corresponding determinations performed on 

fuel-rich flames . The earlier experiments were also interpreted based upon reaction rate data 

which was later seen to be in error. 

Jensen took Kaskan·s data from the potassium experiments and assumed that the only 

alkali species present in significant quantities were K0 and KOH . He then took the OH 

concentrations and Increased them by 50% to bring them "into line with a preferred value for the 

oscillator strength of the appropriate OH band". After calculations based upon recent (and more 

accurate kinetic data), Jensen co"1)ared the predicted results to the expertmental results and found 

good agreement. Thus the experimental data reported by Kaskan for potassium could be 

quantitatively interpreted on the basis of the up-to-date kinetic wor1( on the reactions 

A0 + HOH .,. AOH + H 

• 
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and 

A0 + OH + M .,. AOH + M" , ' 

without the need for Inclusion of any compound other than the hydroxide . 

The reinterpretation of the sodium experiments of Kaskan met with greater difficulty. When 

the same techniques mentioned above ware applied to the sodium flame data, the predicted 

sodium concentrations [Na) were found to be too low near the main reaction zone and too high 

further downstream. Inclusion of NaO2 in the model reportedly gave even worse agreement. 

Kaskan reported measured OH concentrations to be higher In cooler flames, which Is contrary r6 

expectations. Jensen took this discrepancy as justification to increase the measured values for [OH] 

at all points by a factor of two. He also reduced the forward and reverse rate coefficients for 

A0 + OH + M .,. AOH + M" 

by a factor of 2.5 (within the uncertainty bounds) . The predictions were recalculated, and this time 

good agreement was achieved. Almost In passing, Jensen notes that this model could not be 

applied to McEwan and Phillip's data due to a lack of data correlating [OH] at atmospheric pressure 

to [OH] at other pressures. He does state that they had assumed that 

A0 + HOH .,. AOH + H 

was balanced in their flames, which led them to the oonclusion that NaOH was not the main 

compound formed and that significant proportions of NaO2 must be present. He concludes that 

the reaction would not be balanced, that NaOH would be the dominant species , and that their 

conclusion is thus false . The irrt>alance of this reaction is also taken to irll)ly that attempts to 

apply the L1°/Na0 comparison method for measuring radical concentrations in this type of flame, 

will result in erroneous data. 

Summarizing, Jensen felt that his Interpretation of the results of these experiments on 

sodium and potassium In oxygen-rich Hz'O/N:i flames removes the conflict between the rate 
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coefficients for the superoxlde formations obtained by Husain and Plane and the original apparent 

. values derived by the previously mentioned investtoators. Husain and Plane's work yielded revised 

values for Na-~ and K-02 bond energies and reaction rate coefficients. He suggests that further 

experiments of widely varying temperature and composition be undertaken to more rigorously test 

his hypotheses. Additionally, in such work it would be necessary to determine flame radical 

concentrations with great precision and highly desirable to observe compounds directly (either by 

spectrophotometric means or by mass spectrometric sampling) rather than to infer their presence 

by Indirect methods. 

J. A. Silver, M. S. Zahniser, A. C. Stanton, and C. E. Kolb published the results of similar 

work "Tell'4)8rature Dependent Termolecular Reaction Rate Constants for Potassium and Sodium ,,. 
Superoxlde Formation~ In 1984. They measured the rate constants as a function of te~erature 

In the range of 300 to 700 Kelvin In the low pressure third order limit from 1 to 8 torr total pressure 

with N2, He. and Ar as third bodies. Laser Induced fluorescence was used to monitor the 

disappearance of Na0 or K0 as a function of 0 2 and M. Their results were in agreement with those 

of Husain and Plane. 



APPENDIX 2 Experimental Apparatus: Standard Operating Procedure 

1. Burner preparation 

1 .1 No additive 

' 1 .1 .1 Stand empty burner on exit end (long axis vertical). 

1.1.2 Insert exit end screen, 20 mesh. 

1.1 .3 Load ceramic beads two inches deep. 

1.1.4 Insert 40 mesh screen. 

1.1.5 Load ceramic beads to 1 0 13/16" total depth. 

1.1.6 Insert 20 mesh screen. 

1.1.7 Insert spring 

1.1.8 Lubricate o-rings on brass end-plug with stopcock grease. 

1.1.9 Insert brass end plug. 

1.1.10 Insert retainer snap ring in to groove. 

1 .1.11 Mount burner on rail and secure. 

1.2 With additive 

1.2.1 Stand emp1y burner on exit end (long axis vertical) . 

1.2.2 Insert exit end screen: 20 mesh. 

1.2.3 Load ceramic beads two Inches deep. 

1.2.4 Insert 40 mesh screen. 

1.2.5 Lubricate o-rings on brass end plug with stopcock grease. 

1.2.6 Load sample boat. 

1.2.6.1 Spread ou1 2.75 ± 0.25 grams of additive evenly across bottom of sample boat. 

1.2.6.2 Fill remainder of salll)le boat with ceramic beads. 

1.2. 7 Set burne~ with long axis horizontal. 

• 
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1 .2.8 Raise inlet end until long axis is approximately 20° above horizontal. 
. . 

1.2.9 Load beads o a depth of one-half Inch below midpoint of screen. 

1.2.1 O Insert load sample boat and hold in place against screen. Top of boat should have one 

Inch clearance. 

1.2.11 Holding sample boat long axis parallel to long axis of burner, add additional ceramic beads 

to cover sample boat and screen. 

1.2.12 Raise Inlet end until long axis is about 45° above horizontal. 

1.2.13 Load remainder of ceramic beads to a total fill depth of 11 inches. 

1.2.14 Insert 20 mesh screen. 

1.2.15 Manipulate burner and screen as required to obtain secure screen placement 

perpendicular to long axis with a minimum of loose beads. 

Note: Avoid raising Inlet end of burner higher than 45° from horizontal and 

minimize vibration of burner. This is especially important in cases where 

the additive Is a fine, or free-flowing powder. It is not desirable to allow 

the additive to escape the sa"l)le boat. 

1.2.16 Insert spring. 

1 .2.17 Insert brass end plug 

1.2.18 Insert retainer snap ring Into groove. 

1.2.19 Secure burner onto mounting rail. 

2. System Operation 

2.1 Start up. 

2.1.1 Tum on spectrometer to standby mode. 

2.1.2 Tum on exhaust system and open Inlet gate above burners. 

2.1.3 Tum on Burner cooling water. 

2.1 .4 Set 0 2 and N2 flows to air side burner. 
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2.1.5 Set Ni and H2 flows to full side burner. 

' 2.1. Ignite flame. 

2.1. 7 Tum on electric heater(s) and adjust. 

2.1.8 Set translating slit width. 

2.1.9 Observe burner temperatur0s (two locations) . 

2.1 .1 0 Adjust electric heater(s) as needed for proper balance of 1n1emal and exit temperatures. 

2.1.11 Check air side and fuel side gas flows . 

2.1.12 Check spectrometer. 

2.1.12.1 Switch from standby to on mode. 

2.1.12.2 Set wave number to 3400 cm·' . 

2. 1.12.3 Set micrometer to 0.300 inch (3.00 ten1hs of inch). 

2.1.12.4 Observe maximum ln1enslty displayed by recorded pen position . 

2.1.13 Evaluate overall system function . If satisfactory, proceed to 2.2. 

2.2 Scanning 

2.2.1 Check gas flows and not any deviations ; adjust tt necessary. 

2.2.2 Check and Record temperatures. 

2.2.3 Set micrometer position. 

2.2.4 Adjust paper to proper location reference to recorder pen. 

2.2.5 Set cm·1 selector to 3800 cm·1
. 

2.2.6 Depress recorder pen. 

2.2.7 Start Scan. 

2.2.8 Stop scan at 3000 cm·' . 

2.2 .9 Raise recorder pen. 

2.2.10 Repeat steps 2.2.3 through 2.2.9 for three additional scans. 

2.2.11 Run chart paper ahead to new location. 
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2.2.12 Repeat steps 2.2.3 through 2.2.9 for four additional scans. 

• 2.2.13 Repeat 2.2.1 thro.ugh 2.2.12 as required for completion of test matrix . 

2.2.14 Set spectrometer to standby mode. 

2.3 Shut down 

Note: This Is a minimum duration shut down procedure acceptable for burner 

temperatures of 300°C or less. If burner temperature Is between 300°C 

and 400°C at start of shut down, increase waiting periods in 2.3.5 and 

2.3.9 by five additional minutes each . If burner temperature is greater 

than 400°C, perfonn steps 2.3.6 through 2.3.9 two times before 

proceeding to step 2.3.10, as well as increasing the waiting periods as 

mentioned previously. 

2.3.1 Reduce electric heaters to 50% of present settings . 

2.3.2 Tum off H2 and 0 2 flows. 

2.3.3 Tum off spectrometer. 

2.3.4 Remove recorded scans from spectrometer; put lab notebook and scans in proper storage. 

2.3.5 Walt five minutes. 

2.3.6 Reduce electric heaters to 50% of present settings . 

2.3.7 Reduce Ni flows to 50% of present value. 

2.3.8 Reduce cooling water to 50%. 

2.3.9 Wait five minutes. 

2.3.10 Tum off electric heaters. 

2.3.11 Tum off N2 flows. 

2.3.12 Monitor burner temperature until oooled to 50°C or less. 

2.3.13 Tum off cooling water. 

2.3.14 Allow apparatus to cool for one additional hour If disassembly Is required. 

• 
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2.3.15 Inspect all gas cylinders to ensure closed and secure. 

2.3.16 Tum ott ex st system. 

,, . 
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APPENDIX 3 SOP Comments (Nunt>ers In parentheses are from operatirllf procedure) 

1.0 Burner Preparation: Only one burner Is described here - The elongated burner wrapped 

with heating coils for additive evaporlzation. There are two other burners which were utilized in 

the re);earch, but did not require any "preparation", as such, - just an Initial set up and securing to 

the mounting rail . 

1.1 No Additive 

Screens : ( 1 .1.2, 1.1 .4, 1.1.6) Screens are cut from wire cloth stock of the proper mesh of stainless 

steel. The diameter should be slightly larger than the internal diameter of the burner to aid in 

maintaining proper placement of the screen. Screens should be kept In good shape. No plugged 

holes are allowed, and screens should be replaced If oxidation or loss of physical dimensions 

becomes a problem. 

Loading Ceramic Beads: ( 1.1 .3, 1.1 .5) Once the volume or weight of beads required has been 

detennlned by trial and error with repeated screen placement and removal, etc., the technical 

should develop a technique for rapid premeasurement of the necessary quantity of beads. I find 

that a volume measurement with a graduated cylinder Is adequate. Generally, tt one is setting up 

the burner for a · no additive" run, the previous configuration contained an additive . Complete 

removal of all beads from the previous run is required. Beads used in a ·no additive" run can be 

used over tt the supply is lirnted, either for a subsequent ·no additive" run, or for use with 

additives. The used beads should be stored separately with proper labels indicating history . 

Lubrication : (1.1.8) Before any operation of burner prep or disassembly, remove all traces of 

lubricant from the gas Inlet end . Lubricant on the ceramic beads will contaminate them, as it will 

screens or any other of the internal pieces. 

1.2 Wrth additives 

Screens: (1 .2.2, 1.2.4, 1.2.14) Se comments under 1.1 No additive. 

• 
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Ceramic Beads: (1 .2.3, 1.2.6.2, 1.2.9, 1.2.11 , 1.2.13) See comments above under 1.1 No 

additives. Also, some judgement Is wlll be required here to decide what beads a"3 suttable for 

use or reuse with additives. All o1 the beads from any additive run should be segregated from 

beads used with other additives or without additives at all. They can be reused for subsequent 

runs with the same"1lddltlve, provided the beads are not clulll)ed together, etc., and provided that 

residues from the Initial experiment will not react during storage to fom, another compound that 

could confuse results (for Instance: beads that are covered initially with potassium will be found 

to potassium hydroxide on them after a storage period In humid air. These would probably be 

more suitable for a subsequent KOH run Instead of another K0 run.) 

Lubricant: (1 .2.5) See comments under 1.1 No additive. 

Final Screen Placement : (1 .2.15) K02 Is especially of concern since It is fine and free following 

and can likely be poured out of the sample boat If the burner Is tilted up too high. This out-of­

position K02 may then be blown towards the flame by drag forces from the moving gases. 

2.0 System Operation : This section assumes that each subsystem has been set up and 

checked out, and Is ready to run. These subsystems are described else where and include: 

exhaust system, gas flow and metering system, burners, electric heating system, optic system, 

cooling water system, and spectrometer. 

2.1 Start up 

Exhaust System: (2.1 .2) The exhaust system should always be functioning before any gas flow 

Is commenced at any step of experimentation or set up. 

Cooling Water: (2.1.3) The cooling system should function well even at low water flows . The 

purpose of the cooling system Is to protect the o-ring seal on the brass end plug. The water itself 

will have an Inlet temperature of 20°C to 25°C and the outlet temperature should be kept below 

50°C for safety reasons. Generally, 5 cnr/sec of water should be adequate for burner 
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temperatures below 300°C. Flows of 10 cm3/sec should be adequate for burner temperatures 

between 300°C and 600°C. Lower flows may be utijlzed if the outlet water te!Tl)erature and brass 

end plug temperature do not exceed 50°C. In case of loss of cooling water, a burner shut down 

should be Implemented but the cool-00wn should not be rushed, as breakage of the ceramic 

materials may occur. A moderate flow of N2 (equal to same flow as used during experimental runs) 

wlll provide some cooling. If brass end plug te!Tl)erature becomes too high the o-rings may 

deteriorate causing difficulty in disassembly, but no serious equipment damage should resu lt . Use 

caution when wor1<ing around high temperature materials at all times. 

Caution : The burner heating elements carry large currents and voltages. Electric shock may resu lt 

If water Is allowed to contact any of the exposed wiring or to contact the burner insulation. ,,.. 
Immediately shut off and disconnect power to heating elements in case of cooling system leakage 

or water spillage In vicinity of burners. Water contacting the heated burner will cause immediate 

release of steam and sever damage to brittle col"r4)0nents (mullite tube, ceramic cement , ceramic 

wire insulation) . 

Oxygen Flow: (2 .1 .4) High concentrations (>21%) of oxygen can cause serious fire and explosion 

hazards. 

Hydrogen Flow: (2.1.5) High concentrations of hydrogen (>4%) can cause serious fire and 

explosion hazards. 

Flame Ignition: (2.1.6) Match holders for llghtlr,,g gas pilot lights of gas ranges, water heaters, and 

furnaces are readily available . The match holder should be 6 Inches or more in length. Light the 

flarne as soon as possible after commencing hydrogen flow. An Increased hydrogen flow will aid 

In initial Ignition; 25% Increase In ~ should be sufficient. Light the flame from the lower side of 

the burner gap. Reduce the hydrogen flow to nominal setting after Ignition. 

Electric Heaters: (2.1.7, 2.1.10) Electric heating elements are used to provide a more uniform 

temperature gradient through the ceramic bead bed, and to elevate the bead temperature as 
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desired for sar1"4)1e evaporation. Two separate sections of heating coils are used: The flame end 

section, and the central additive section. The power to these sections Is controlled Independently. 

To avoid condensation of additive In the exit end of the burner, the temperature of the flame end 

section should be kept higher than the additive section. When possible. a constant temperature 

difference between additive section and flame end section should be maintained throughout a given 

experimental run, and In a repeat with or without additive. The heaters may be used to preheat 

the burner if desired, either with or without gas flow. The burner will self-heat with a burning flame , 

with the ter1"4)erature being highest of course on the flame end. This flame end temperature rises 

quickly at first and will keep rising for a period In excess of two hours. The rate of increase falls 

off with time . The temperatures cannot be controlled independently of this self-heating 

phenomenon and rrust always be oontrolled in conjunction with it. Do not heat the burners at an 

excessive rate of rise, as t Is will also cause thermal shock that can cause damage to the 

equipment . 

Spectrometer: (2. 1. 12) The spectrometer check out Is also a check out of the entire experimental 

apparatus. Try to determine at this point if the flame signal Is steady, the maximum intensity Is 

reasonable and located at a typical micrometer position . See if the flame edges are where they 

should be and that total flame width Is normal. Debug the system if any anomalies show up at this 

point . Factors to examine : gas flows, burner alignment, burner gap, burner location, optic system 

components set property, spectrometer settings normal, temperature profile of burner. 

2 .2 Scanning 

Gas Flows: (2.2 .1) Gas flows will deviate upon occasion, In either an Increasing or decreasing 

directional. Small variatk:ms In gas flow will alter the flame Intensity, so it Is very ifllX)rtant to 

check, verify, or adjust the flow settings throughout the experimental runs . Each deviation or 

adjustment required should be recorded for Input In Interpreting experimental data. 

Temperatures: (2.2 .2) Temperatures are tracked at two positions In the burner; near the flame 
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end, and In the midpoint of the additive region . The thermocouple sensing end lies against the 

lnconel 600 burner tube, on the exterior surface . When eight scans have been COrll)leted. 

Immediately read the te~ratl.Jre Indicated on the display for that location . Record the value and 

location. Relocate the thennocouple to the other position and carry out other activities while the 

thermocouple comes to equilibrium. Usually one to two minutes Is required . Before proceeding 

with the next eight scans, read and record the temperature at this location . The telll)eratures 

obtained (I.e. at 5" and 8j will be the final temperatures for run number X, and the starting 

temperatures for run number X + 1. 

Scan Duration: (2.2.7 to 2.2.8) The recording of the signal on any scan from 3800 cm·1 to 3000 

cm·1 at 1000 cm·1 per minute takes less than one minute to complete . During this time , the 

technician should always pay close attention to the scan trace being recorded , as it will be his 

window on the status of the entire system. Also, occasional problems with the 

spectrometer/recorder may develop, and early detection results In mlnirrum loss of data. 

2.3 Shut Down: No additional comments. 

• 
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Appendix 4 Heat transfer calculations; thermocouple errors. 

The following calculations are based upon methods supplied in "Heat Transmission" Third 

Edition, by William H. McAdams, 1954; McGraw-HIii Chemical Engineering Series 1°. The question 

being asked Is "Does the wall thermocouple temperature g.va an accurate Indication of the gas 

temperature at those same locations?" 

Page 293 (McAdams) : "Vershoor and Schuit (Verschoor, H., and G. C. A. Schuit, "Appl. 

Sci. Research, A2., 97-119 (1950)) obtained data for heating of air In tubes containing glass beads, 

lead and steel balls, crushed pumice, and terrana tablets . The values of K. computed from the 

data were correlated by 

KA a 1.72(k/kg)0
.211 + 0.1 (aDJ°·6(Gjµa)°-811 

within 16 percent. For spherical particles, this gives 

KA ., 1.72(k.lkv)0
.211 + 0.071 (DPGjµ}°-811/((D/DJ°·6(1-E) 0

· '~ 

The variables are defined as : 

EON 11-19. 

EON 11-20. 

K. = apparent thermal conductivity of a fluid-solid system, Btu/(hr)(sq ft)(deg F per ft) 

kv = true thermal conductivity of gas, Btu/(hr)(sq ft)(deg F per ft) 

k. • true thermal conductivity of solids, Btut(hr)(sq ft)(deg F per ft) 

DP "' diameter of particle, feet 

D, - diameter of tube, feat 

G0 - superficial mass velocity of the gas, i.e., the mass rate of flow divided by the cross 

of the empty tube , pounds/(hr)(sq ft) 

µ - viscosity of gas, lbl(hr1(ft) 

a - surface area of packing per unit volume of packed bed, sq ft/(rublc ft) 

e - average fraction void In bed, dimensionless 

For the experimental system employed, the known values of the variables were : 

kv = 0.0438 (McAdams page 458) 
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(Coors Cerarrics data) 

(measured) 

(measured) 

(McAdams page 469) 
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k. = 2.0 

DP = 0.0052 

D, • 0.1719 

µ • 0.0215 

e - 0.413 (calculated from measured weight of beads, known volume of tube , 

and Mulllte density reported by Coors) 

G0 = (mK2 + rn.d;/A 

rT\Q = mass flow rate of hydrogen .. 5.2 I/min = 0.0614 lb/hr 

11'\.a - mass flow rate of nitrogen - 4.1 I/min .. 0.6TT9 lb/hr 

A = tube cross sectional area .. 0.0232 sq ft 

G
0 = 31 .87 lb/(hr)(sq ft) 

Substituting the known values into EON 11 -20 and solving for K. gives : 

K. = 0.2845 

The telll)erature gradient ls described by : 

6V6x • (KJG.,<;) ((61/6r2) + (16Vr6r) + (61/6x2)) 

,·· 

EON 11 -11 

If axial conduction is neglected, 62tt6x2 dlsaJ)Mars from EON 11-11 , which then becomes integrable 

for constant wall telll)8rature and uniform mass velocity . Toe integrated expression for rodlike 

flow , with an appropriate change of variable, gives : 

(t_-ti}/(t_-t,) - 0.692exp(-23.1X) + 0.131exp(-122X) + 0.0535exp( -300X) EON 11 -12 

in which 

EON11 -13 

For values of X greater than 0.04, or for (t_-ti)/(t_-t,) less than 0.28, onty the first term of EON 11-

12 need be elll)loyed for accuracy within 1 1>!3rcent. 
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Additional variables to be defined : 

t.. = temperature at wa , degrees Fahrenheit 

t, • temperature at Inlet, deg F 

'2 - temperature at outlet, deg F 
.... 

.. . 

c;, = specific heat of fk.Jld at constant pressure, Btu/{lb)(deg F) 

L • length of exchanger or packed bed, feet 

n 

As noted In the text of the ·experimental procedure· section of this thesis (page 25) , the gas 

temperature was desired to be within 5 degrees Celsius of the wall temperature to accept the wall 

temperature as an accurate indication of the gas terll)8rature. 

Solving equations 11-12 and 11-13 for the following case : 

t.. = 572°F {300°C) 

t, = 72°F { 22°C) 

'2 = 567°F {297°C) 

~ = 3.5 

c;,,.a - 0.26 

{McAdams page 464) 

{McAdams page 464) 

{calculated) 

{t..-ti}/{t_-t ,) • {572-567)/(572-72) .. 51500 = 0.01 

Since this value Is less than 0.28, only the first term of EON 11-12 was employed. 

0.01 • 0.629exp{-23.1X) 

X .. 0.179 

This value Is greater than 0.04, which verifies the use of first term only. 

Now, solving EON 11 -13 

L .. 0.313 feet • 3.76 inches 

Thus, If the tube wall Is at 300°C for a length of 3.76 inches prior to the location of temperature 
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measurement, the gas temperature will be at 297°C at that location. The gas 1.:imperature would 

be 295°C after 3 .13 Inches of length. 11 takes e final 17% of the tube length to obtain the flnar 

1% of the temperature Increase within this region investigated . 

Wall temperature measurements made for a typical run are tabulated below: 

Thermooouple 
Location 
Scale (Inches) 

-3 

-2 

-1 

0 

2 

3 

4 

5 

6 

7 

8 

I 

Indicated 
Temperature 
(degrees C) 

25 .. 

55•• 

go·· 

125 

175 

225 

260 

290 

305 

305 

300*** 

305 

•• Indicates estimated values. The wall temperature was not measured at these three 

locations, bu1 was assumed to decrease linearty from the temperature at O irities to the edge of 

the cooling coils at -3 Inches. 

•• • Thermocouple temperature measurements were rounded to the nearest 5 degrees 

Celsius. The actual difference In temperatures between locations 7 inches and 6 or 8 inches could 

have been less than one degree C (I.e ., 302.4°C at 7 In., 302.6°C at 8 In.). 
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This case Is not so straight forward as the problem wori<ed, because the wall temperature is not 

constant at 300°C. At the burner lnl it was approximately 75°C too low at 2 Inches and 125°C 

too low at 1 Inch. To answer the question more accurately, the gas temperature versus wall 

temperature and tube length problem was broken Into one inch segments, and sotved as above . 

Indicated Gas 

Thermocouple Wall Temperature 

Location Temperature Calculated 

Scale (Inches) (degrees C) (degrees C) 

-3 25 25 

-2 55 49 

-1 90 81 

0 125 116 

175 163 

2 225 212 

3 260 250 

4 290 282 

5 305 300 

6 305 304 

7 300 301 

8 305 304 

This analysis Indicates that wall temperatures reported at locations of 6 inches and greater would 

accurately reflect the gas temperature, but at the 5 Inches location, wall tell1)erature appears to 

-
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exceed gas temperature by 5 degrees Celslus. The worst case temperature error encountered was 

for a wall telll)erature of ° C at -3 In., Increasing to 350°C at 5 Inches alld beyond. The wall 

temperature exceeded the gas temperature by 6°C at 5 inches; 1°c , at 6 inches. 

The additive evaporation boat temperature was assumed equal to that of the surrounding 

gas/packed-<>ed . The boat was 2.5 Inches long by 0.5 Inch wide, oriented with its long axis parallel 

to the tube axis, and located near the tube midplane between 3.5 and 6 Inches on the 

thermocouple scale . In the worst case example, cited above, it's telll)erature varied end-to-end 

by 44°C - from 305°C at 3.5 In. to 349°C at 6 Inches. The telll)erature at 6 inches was used to 

correlate vapor pressure In the potassium addit ive experiments ; at 5 Inches, in the potassium 

superoxide experiments. 

The previous calculations contribute to answering the question of whether the wall 

temperature accurately reflected the bed temperature, and hence, the gas temperature . However, 

the burner was not operated In an equilibrium state , that Is, the temperature of the burner 

Increased during an experimental run . Perhaps a more fundamental question to be posed then, 

would be what happens to the packed bed and gas temperature as the burner wall temperature 

Increases at the rates of Increase elll)loyed In this experimentation? This is especially ill'4)0rtant 

since the concentration of additive in the gas stream Is dependent upon the additive temJ)erature, 

which is equal to the boat temperature, which is equal to the telll)erature of the surrounding gas 

and packed bed temperature. Thus we seek to determine the additive .telll)erature as a function 

o1 wall temperature and time . The following calculations will serve to answer this question. 

McAdams page 41 : Fig. 3-8.(not reproduced here) Gurney-Lurie chart {Gurney, H.P., and 

J . Lurie, Ind. E.og. Chem., 15, 1170-1172 (1923) for long cylinder; values of Y, the dimensionless 

ratio of temperature differences {t.-t)/(t_-tJ; X, the dimensionless term (k0tdc;,(rm2
)) ; and m, the 

dimensionless term {k/hr.,,). 
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Variables to be defined : 

t. ., temperature ot surroundings (wall), deg F 

lt, .. original uniform (base) te"l)8rature of solid (packed bed), deg F 

t. .. temperature at surface for n=- 1, deg F 

' t • temperature at position n at time T, deg F 

k • thermal oonductlvlty of solid, Btu/(hr)(sq ft)(deg F per ft) 

8 .. time from start of heating, hours 

d - density of packed bed, pounds/cubic foot 

c;, - specific heat of solid, Btu/(lb)(deg F) 

rm: normal distance from midplane to surface , feet 

81 

h = ooefficient of heat transfer between surroundings and sur1ace, Btu/(hr)(sq ft)(deg F) 

n = position ratio (r/r ,,J 

r = radius , normal distance from mldplane to point in body, feet 

Solution : 

First, calculate m: Since the wall te"l)erature Is established by the heating wire, the external heat 

transfer ooefficlent Is Infinite. 

k = K., and rm - 0.0859 ft . 

m = KJ(oo)(r,,J - 0 

Second, calculate X, with k - K., d • 102.6, cP = 0.21 , rm = 0.0859, for v arious values of 8 . 

X . 0.298 for 8 - 0.1667 hr (10 minutes) 

X - 0.596 for 8 • 0.3334 hr (20 min.) 

X .. 0.894 for 8 - 0.5001 hr (30 min.) 

Third, refer to Gurney-Lurie chart for values of Y, as Indicated below. 

Fourth , calculate temperatures at specified locations in packed bed versus time for given 

temperature of burner wall. 

• 
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At this point, some discussion Is required to explain the procedures to accofll)llsh the third 

and fourth steps. Y is a f nction of X, m, and n. X and m were calculated above. The values of 

n available on the chart are 0, 0.2, 0.4 , 0.6, 0.8, and 1. These values represent positions within 

the packed bed expressed as a ratio of (normal distance from mldplane to point)/(normal distance 

from mldplane to surface) , or the fractional radial distance from center of the packed bed towards 

the outer surface. n • 0 is the mldplane location , n .. 0.5 would be one half the way out , and n = 

1 Is the location of bed/tube-wall Interface. The top of the additive boat was located approximately 

at the midplane location (n • 0) . The bottom of the boat was located approximately at then = 0.5 

location. 

For a given value of m, there Is a family of six lines representing the n locations. Four of 

these families a;e graphed, each one corresponding to a different value of m; m = 0, m = 0.5, m 

= t , and m = 2. The procedure that was followed involved determining graphically a value of Y 

at X for each n value at m - 0. Thus six values of Y were determined, one for each of the six 

locations within the packed bed to be modeled, for each value of X (X varied with 0 - time of 

exposure) . 

Values Values Values 

Values of Y of Y of Y 

of n (10 min) (20 min) (30 min) 

0.0 0.30 0.057 0.01 

0.2 0.275 0.050 0.009 

0.4 0.23 0.045 0.0075 

0.6 0.16 0.028 0.005 

0.8 0.08 0.015 0.0025 

1.0 0.0 0.0 0.0 

. -- ........... 

• 
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Substituting 100°C for wall temperature, and 25°C for initial telll>erature yields : 

Temperature Temperature Temperature 

Values Degrees C Degrees C Degrees C 

of n (10 min) (20 min) (30 min) 

0.0 77.5 95.7 99.3 

0.2 79.4 96.3 99 .3 

0.4 82 .8 96.6 99 .4 

0.6 88 .0 97 .9 99 .6 

0.8 94.0 98.9 99 .8 

1.0 100 100 100 
,,• 

Substituting 200°c for wall temperature, and 25°C for initial te!ll>erature yields : 

Temperature Temperature Temperature 

Values Degrees C Degrees C Degrees C 

of n (10 min) (20 min) (30 min) 

0.0 147 5 190.0 198.3 

0.2 151 .9 191 .3 198.4 

0.4 159.8 192.1 198.7 

0.6 172.0 195.1 199.1 

0.8 186.0 197.4 199.6 

1.0 200 200 200 

• 

• 
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Substituting 300°C for wall temperature, and 25°C for Initial te~erature yields : 

Temperature Temperature 'Temperature 

Values Degrees C Degrees C Degrees C 

of n (10 min) (20 min) (30 min) 

0.0 217.5 284.3 297.3 

0.2 224.4 286.3 297.5 

0.4 236.8 287.6 297.9 

0.6 256.0 292.3 298.6 

0.8 278 .0 295 .9 299.3 

1.0 300 300 300 ,,. 

Then= 0 location Is always the position of minimum predicted te~erature . In all three cases (wall 

temperature = 100°, 200°. 300°C; Initial bed te~erature = 25°C), 

the temperature Increase (t-tJ at each location was a specific percentage of the initial temperature 

differ:;"'e, (t.-tJ . for the specified duration of exposure. This table gives the values for 

1 00(t-t.)/(t.-tJ : 

Values 10 minutes 20 minutes 30 minutes 

of n (percent) (percent) (percent) 

0.0 70 .0 94 .1 99.1 

0.2 72 .5 95 .1 99 .1 

0.4 77.1 95 .5 99 .2 

0.6 84.0 97.2 99 .5 

0.8 92 .0 98 .5 99 .7 

1.0 100 100 100 

• 
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The additive boat (positioned between n = 0.0 and 0.5) tenl)erature increase was 70 - 80 percent 
. . 

of the initial wall-to-mldplane temperature difference over the first 1 O minute exposure . It can be 

shown that the average temperature Increase at n • 0 .0 for any 10 minute increment Is linear with 

respect to the telll)8rature difference between the wall and the temperature at n - O at the start 

of that time Increment. Consequently the average temperature rise rate at n .. 0 Is fixed for a given 

temperature difference. Alternatively, the temperature difference is fixed for a given average 

temperature rise rate at n • 0. 

The percentage data In the above table is correlated at n = 0.0 in time by 

(100 - %) - exp{-0.1407T) , 

where T is expressed In minutes, over the range studied of zero to 30 minutes. Solving for T = 

one minute,% • 13. That Is, the telll)8rature increase at n .. 0.0 is equal to 13 percent of the 

temperature difference between n - 0.0 and the wall (n .. 1 ), in any one minute Increment . 

The rate of temperature increase, A (deg C/mln) , is equal to 0.13(t.-t) . By equating the rate of 

temperature Increase at the wall to the rate of temperature Increase at n - 0, the differential 

temperatures remain fixed . Thus, we can ascribe a tenl)erature difference to any temperature 

Increase rate by the relation 

0.13(1..-t) = A , 

or, (t.-t) - 7.69{A) , where t - temperature at n = 0, and A= the rate of tenl)8rature increase 

at both n .. O and n • 1 (the wall) . For A • 1, (t.-t) - 7.7°C; for A = 2, 15.4°C. The average rate 

of temperature increase for potassium additive experiments was 1.2°c per minute, indicating the 

average midplane te"1)8rature (and hence, the additive temperature) , was approximately 9° 

Celsius below the measured wall temperature. 

One other problem that needs to be addressed is correction of the pyrometer temperature 

values for heat losses from the thermocouple . The case studied was for a thennocouple inclosed 

in a protective tube, as was used in the present research. The quasi-empirical equation given 
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below corrects for conduction losses In a shielded {low radiative loss system) thermocouple 

inserted varying distances Into the area be sensed . 

McAdams page 265 : Rizlka and Rohsenow (Rizlka, J. W., and W. M. Rohsenow, Ind. Eng . Chem., 

44, 1168-11 71 (1952)) derived an equation for calculating the temperature lg of a fluid from the 
... 

temperature\, of a thermocouple In a protecting tube Immersed a distance x1 in the fluid : 

where 

t. = temperature of ambient air, deg Fahrenheit 

\, ~ temperature of pyrometer (thermocouple) In protective tube, deg F 

~ "' actual temperature of area to be sensed, deg F 

h,, = heat transfer coefficient from high temperature heat source 

{gas/Wall) to thermocouple , Btu/(hr)(sq ft){deg F) 

h. • heat transfer coefficient from thermocouple to air 

~ = dimensional term - (h,,blkS)0
·
5

, teer 1 

Xi = distance inserted Into high temperature gas, feet 

b = 1tdoo = circumference of protective tube, feet 

doo"' outside diameter of protecttve tube, feet 

d10 - (do0 -2th,,,) • Inside diameter of protective tube, feet 

th.,• wall thickness of protective tube, feet 

k = thermal conducttvity of protecttve tube, Btu/{hr)(ft){deg F per ft ) 

S • (nd0 1,2/4)-{11d,:/l4) - cross sectional area of protecttve tube , sq ft 

For the particular case of our experimental apparatus, 

t. = 72 

h,, = 2 

h. = 2 

{measured) 

{contact heat transfer coefficient) 

(coefficient for convective heat transfer) 

EON 10-5 
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Xi • 5/12, 6112, or 8/12 (depending on thermocouple location) 

k • 10.2 (McAdams page 447) 

dao• 0.0125 (Inch) 

dao-= 0.0104 

(measured, 1/8 Inch tube) 

(conversion of units, inches to feet) 

th,,• 0.028, 0.035 (Inch) (standard w II thicknesses, 304 stainless steel tube) 

th,,- 0.0023, 0.0029 (conversion of units, Inches to feet) 

d,0 • 0.0058, 0.0046 (calculated) 

b - 0.0327 (calculated) 

S = 5.93E-5, 6.87E-5 (calculated) 

8i, = 108.2, 93.3 (calculated) 

Substituting these values Into EON 10-5, and setting x = 5/12, 

for~ • 662°F (350°C), 

lg • 662°F (350°C) , 662°F (350°C). 

For Ip "' 212°F (100°C), 

lg= 212°F (100°C), 212°F (100°C) . 

Setting x = 6/12, 

for~ = 662°F (350°C), 

lg .. 662°F (350°C), 662°F (350°C). 

For~ - 212°F (100°C), 

lg= 212°F (100°C), 212°F (100°C). 

Setting x - 8/12, 

for~• 662°F (350°C) , 

lg .. 662°F (350°C) , 662°F (350°C) . 

For~"' 212°F (100°C) , 

lg= 212°F (100°C), 212°F (100°C) . 
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The conclusions to be drawn from all of these calculations are : 

1. Thermocouple meaf,I rements accurately reflect wall tel'Tl)eratures 

2. Gas temperatures on exit of the burner are equal to wall temperatures at 7.75 or 8 inches 

3. Additive temperatures average 1 O"C below wall telll)8ratures at 5 or 6 inches. 

,_ 
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APPENDIX 5 Experimental settings, temperatures, data, and spectra scans. 

,·· 

• 



90 
- --. . . FUEL SIDE HEATED . I . 

. -
SPECTROPHOTOMETE~ : f·U>:: 1.iAIR 

SETTINGS ----· ' (actual) 
-

TIME SCAN SL11 f , ,,, ,, FUEUAIR - -TEST PERIOD SPEED W!r>TH _-. !"ING (stoich) FLAME 
(SEC) GM-1tMIN Ii -. ··---

"PHI" ADDITIVE NO. GAIN 1NITIAL 
. - ,- - --- _.__ I 1 200 n.i . -.~11 ·- o--~,.-- 1.95 1.21 NONE 

2 200 . . : --.oo:o- -t---:,~ 1.95 1.08 NONE 
3 200 I ~8-- 1000-- --if."25 1.95 0.98 !'!CINt: 
4 200 · --Ts · ,ooo 0.25 1.95 1.21 NONE 
5 200 18 1000 0.71!!:> 1.95 1.21 N1..1NI: 
6 200 

' 
18 1000 0.25 1.95 1.08 NONE 

7 200 J 18 1000 0.26 1.95 0.98 NONE 
8 200 18 1000 0.25 1.95 1.21 NONE 
9 200 18 1000 0.25 1.95 1.08 NONE 
10 200 18 1000 0.25 1.95 0.98 NONE 
11 200 18 1000 0.25 1.95 1.21 NONE 
12 200 18 1000 0.25 1.95 1.08 NONE 
13 200 18 1000 0.25 1.95 0.98 NuNE 
14 200 18 1000 0.25 1.95 1.21 NONE 
15 200 18 1000 0.25 1.95 1.08 NUNE 
16 200 18 1000 0.25 1.95 0.98 NONE 
17 200 18 1000 0.25 1.95 1.21 NONE 
18 200 18 1000 0.25 1.95 1.21 K 
19 200 18 1000 0.25 1.95 1.08 K 
20 200 18 1000 0.25 1.95 0.98 K 
21 200 18 1000 0.25 1.95 1.21 K 
22 200 18 1000 0 25 1.95 1.08 K 
23 200 18 1000 0.25 1.95 0.98 K 
24 200 18 1000 0.25 1.95 1.21 K 
25 200 18 1000 0.25 1.95 1.08 K 
26 200 18 1000 0.25 1.95 0.98 K 
27 200 18 1UUO 0.G!:> 1.~!:> 1.21 K 
28 200 18 1000 0.25 1.95 1.08 K 
29 200 18 1000 0.25 1.95 0.98 K 
30 200 18 1000 0.25 1.95 1.21 K 
31 200 18 1000 0.25 1.95 1.08 K 
32 200 18 1000 0.25 1.95 0.98 K 
33 200 18 1000 0.25 1.95 1.21 K 
34 200 18 1000 0.25 1.95 1.08 K 
35 200 18 1000 0.25 1.95 0.98 K 
36 200 18 1000 0.25 1.95 1.21 NONE 
37 200 18 1000 0.25 1.95 1.21 NONE 
38 200 18 1000 0.25 1.95 1.21 NONE 
39 200 18 1000 0.25 1.95 1.08 NONE 
40 200 18 1000 0.25 1.95 0.98 NONE 
41 200 18 1000 0.25 1.95 1.21 NONE 
42 200 18 1000 0.25 1.95 1.08 NONE 
43 200 18 1000 0.25 1.95 0.98 NONE 
44 200 18 1000 0.25 1.95 1.21 NONE 
45 200 18 1000 0.25 1.95 1.08 NONE 
46 200 18 1000 0.25 1.95 0.98 NONE 

• 



91 ~ - . . FUEL SIDE HEATED . . 
BURNER TEM ~ TURE 

(DEGREES CELSIUS) 
INITIAL INITIAL FINAL FINAL AVERAGE AVERAGE 

TEST TEMP TEMP TEMP TEMP TEMP TEMP 
NUMBER AT 6" AT7.7S' ATS" AT 7.7'3' AT 6" AT 7.7'3' 

1 155 1BC 175 195 165 188 
2 ~ 210 215 225 208 218 
3 230 ~o 245 250 238 245 
4 255 ~ 265 .!t>(] 260 258 
5 135 155 150 175 143 165 
6 155 185 170 195 163 190 
7 175 200 180 215 178 208 
8 190 215 200 220 195 218 
9 200 225 210 225 205 225 
10 210 230 220 240 215 235 
11 225 240 235 245 230 243 
12 240 245 250 255 245 250 
13 255 255 265 265 260 260 
14 265 270 275 275 270 272 
15 280 280 300 300 290 290 
16 300 305 325 325 312 315 
17 325 330 345 350 335 340 
18 090 120 110 145 100 133 
19 120 155 135 170 128 163 
20 145 175 170 200 158 188 
21 175 200 195 210 185 205 
22 200 220 210 225 205 223 
23 210 230 225 240 218 235 
24 225 245 230 245 228 245 
25 230 245 235 250 232 248 
26 240 255 250 255 245 255 
27 250 260 260 260 255 260 
28 265 270 275 275 270 272 
29 275 280 290 305 282 292 
30 295 315 305 320 300 318 
31 310 315 315 315 313 315 
32 315 320 325 330 320 325 
33 325 330 330 335 328 333 
34 330 340 340 350 335 345 
35 340 350 345 350 343 350 
36 080 105 105 130 092 118 
37 115 145 130 170 122 158 
38 275 280 270 290 272 285 
39 280 300 280 295 280 298 
40 300 325 310 335 305 330 
41 100 120 125 150 113 135 
42 130 155 150 175 140 165 
43 155 180 180 200 168 190 _ ..... 
44 190 205 205 220 198 213 
45 215 225 225 235 220 230 
46 225 240 235 250 230 245 

• 
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92 . . . FUEL SIDE HEATED . . 
r • 

INTEGRATED SPECTRAL AREA AREA 
TEST SCAN SCAN SCAN SCAN SCAN SCAN SCAN SCAN CALC'D 
NO. 1 2 3 4 5 6 7 8 1 - 8 

1 0.1 21 0.358 0.592 0.tsUU.~ 0.818 0.607 0.310 0.030 3.651 
2 0.171 0.438 0.755 0:957 -0.964 0.723 0.383 0.047 4.474 
3 0.272 O.wu 0.987 1.195 1.162 0.833 0.414 0.051 5.586 
4 0.125 0.352 0.610 0.801 0.855 0.696 0.392 0.064 3.918 
5 0.081 0.4't>U 0.::,ou 0.670 0.711 0.::,::,:, 0.281 0.04'\J 3.101 
6 0.141 0.390 0.670 0.874 0.882 0.649 0.335 0.031 4.000 
7 0.270 O.::>tsts o.~ 1.1::,u 1.0~ 0.781 0.:Hb 0.031 5.273 
8 0.113 0.302 0.535 0.719 0.762 0.603 0.338 0.031 3.434 
9 0.153 0.389 0.684 0.893 0.911 0.707 0.372 0.038 4.178 
10 0.264 0.586 0.920 1.151 1.095 0.795 0.390 0.047 5.278 
11 0.109 O.~ 0.538 0.730 0.772 0.604 0.332 0.040 3.449 
12 0.171 0.420 0.715 0.929 0.968 0.760 0.410 0.052 4.459 
13 0.236 0.566 0.909 1.140 1.119 0.837 0.440 0.049 5.333 
14 0.093 0.289 0.525 0.722 0.810 0.685 0.400 0.064 3.611 
15 0.151 0.404 0.688 0.912 0.972 0.786 0.459 0.077 4.479 
16 0.235 0.545 0.901 1.141 1.170 0.912 0.494 0.082 5.520 
17 0.099 0.302 0.536 0.751 0.849 0.731 0.457 0.086 3.835 
18 0.125 0.346 0.563 0.717 0.646 0.409 0.146 0.000 2.955 
19 0.226 0.487 0.759 0.865 0.741 0.464 0.183 0.000 3.756 
20 0.359 0.695 0.976 1.056 0.869 0.522 0.1 90 0.000 4.707 
21 0.166 0.371 0.597 0.723 0.654 0.447 0.183 0.003 3.163 
22 0.249 0.494 0.780 0.908 0.812 0.527 0.228 0.011 4.052 
23 0.369 0.718 1.005 1.1 29 0.953 0.592 0.248 0.007 5.064 
24 0.180 0.408 0.623 0.770 0.721 0.492 0.230 0.010 3.459 
25 0.251 0.521 0.792 0.915 0.841 0.541 0.241 0.008 4.157 
26 0.350 0.690 0.997 1.105 0.950 0.599 0.236 0.007 4.978 
27 0.154 0.370 0.592 0.743 0.711 0.487 0.219 0.006 3.305 
28 0.225 0.486 0.748 0.890 0.827 0.545 0.231 0.008 3.994 
29 0.341 0.669 1.000 1.112 0.959 0.600 0.259 0.005 5.003 
30 0.169 0.378 0.629 0.783 0.769 0.541 0.236 0.009 3.545 
31 0.141 0.364 0.640 0.822 0.816 0.582 0.270 0.011 3.675 
32 0.263 0.588 0.914 1.130 1.031 0.671 0.279 0.010 4.915 
33 0.130 0.338 0.580 0.769 0.755 0.559 0.277 0.013 3.442 
34 0.193 0.466 0.730 0.911 0.880 0.625 0.296 0.019 4.146 
35 0.323 0.640 0.972 1.130 1.068 0.710 0.315 0.020 5.237 
36 0.140 0.358 0.588 0.714 0.651 0.421 0.191 0.006 3.093 
37 0.165 0.388 0.633 0.760 0.671 0.452 0.198 0.011 3.297 
38 0.149 o.~ 0.b// 0.853 0.837 0.622 0.332 0.039 3.926 
39 0.241 0.557 0.906 1.094 1.049 0.779 0.408 0.058 5.131 
40 0.356 0.756 1.125 1.324 1.1 96 0.822 0.394 0.042 6.057 
41 0.178 0.397 0.579 0.742 0.735 0.501 0.256 0.028 3.443 
42 0.322 0.553 0.799 0.988 0.848 0.592 0.285 0.040 4.454 
43 0.430 0.791 1.081 1.194 1.020 0.676 0.323 0.035 5.603 

) 44 0.226 0.460 0.690 0.842 0.791 0.572 0.289 0.046 3.941 
45 0.303 0.599 0.870 1.010 0.921 0.670 0.329 0.054 4.786 
46 0.420 0.770 1.113 1.220 1.071 0.719 0.351 0.042 5.774 
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11 7 

. . . AIR SIDE HEATED . . . 
' • 

SPEC ROPHOTOMETER FUEUAIR 
SETTINGS (actual) 

TIME SCAN SLIT MIC FUEUAIR 
TEST PERIOD SPEED WIDTH SETTING (stoich) FLAME 
NO. GAIN (SEC) CM-1/MIN (mm) INITIAL "PHI" ADDITIVE 

1 200 18 1000 0.25 2.25 1.21 KO2 
2 200 18 1000 0.25 2.25 1.21 KO2 
3 200 18 1000 0.25 2.25 1.21 KO2 
4 200 18 1000 0.25 2.25 1.21 KO2 
5 200 18 1000 0.25 2.25 1.21 KO2 
6 200 18 1000 0.25 2.25 1.21 KO2 
7 200 18 1000 0.25 2.25 1.21 KO2 
8 200 18 1000 0.25 2.25 1.21 KO2 
9 200 18 1000 0.25 2.25 1.21 KO2 
10 200 18 1000 0.25 2.25 0.72 KO2 ,,. 
11 200 18 1000 0.25 2.25 0.72 KO2 
12 200 18 1000 0.25 2.25 0.72 KO2 
13 200 18 1000 0.25 2.25 0.72 KO2 
14 200 18 1000 0.25 2.25 0.72 KO2 
15 200 18 1000 0.25 2.25 0.72 KO2 
16 200 18 1000 0.25 2.25 0.72 KO2 
17 200 18 1000 0.25 2.25 0.72 KO2 
18 200 18 1000 0.25 2.25 0.72 KO2 
19 200 18 1000 0.25 2.25 0.72 KO2 
20 200 18 1000 0.25 2.25 0.72 NONE 
21 200 18 1000 0.25 2.25 0.72 NONE 
22 200 18 1000 0.25 2.25 0.72 NONE 
23 200 18 1000 0.25 2.25 0.72 NONE 
24 200 18 1000 0.25 2.25 1.21 NONE 
25 200 18 1000 0.25 2.25 1.21 NONE 
26 200 18 1000 0.25 2.25 1.21 NONE 
27 200 18 1000 0.25 2.25 1.21 NONE 
28 200 18 1000 0.25 2.25 0.72 NONE 
29 200 18 1000 0.25 2.25 0.72 NONE 
30 200 18 1000 0.25 2.25 0.72 NONE 
31 200 18 1000 0.25 2.25 1.21 NONE 
32 200 18 1000 0.25 2.25 1.21 NONE 
33 200 18 1000 0.25 2.25 1.21 NONE 

J 
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118 . . AIR SIDE I HEATED . . 
(,, BURNER TEMPERATURE • 

(DEGREES CELSIUS) 
INITIAL INITIAL FINAL FINAL AVERAGE AVERAGE 

TEST TEMP TEMP TEMP TEMP TEMP TEMP 
NUMBER AT 5" ATB" AT 5" AT 8" AT 5" AT 8" ., 105 177 110 185 108 181 

2 120 210 125 225 123 218 
3 125 225 140 230 133 228 
4 140 230 145 245 143 238 
5 145 245 150 245 148 245 
6 150 245 155 270 153 258 
7 155 270 195 280 175 275 
8 195 280 205 295 200 288 
9 205 295 220 300 213 298 
10 080 170 085 175 083 173 
11 085 175 090 175 088 175 
12 105 205 125 225 115 215 
13 125 225 130 240 128 233 
14 130 240 145 245 138 243 
15 150 250 155 255 153 253 
16 160 255 175 260 168 258 
17 177 265 180 270 179 269 
18 195 295 200 300 198 298 
19 205 305 21 0 310 208 308 
20 100 190 103 190 102 190 
21 103 190 115 202 109 196 
22 115 202 115 210 115 206 
23 115 210 122 220 119 21 5 
24 122 220 125 220 124 220 
25 125 220 130 230 128 225 
26 130 230 130 237 130 234 
27 130 237 140 245 135 241 
28 140 245 140 250 140 248 
29 140 250 150 260 145 255 
30 153 270 170 275 162 273 
31 170 275 175 275 173 275 
32 195 300 205 302 200 301 
33 205 305 225 320 215 313 
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. . . AIR SIDE HEATED . . . 

~ 

INTEGRATED SPECTRAL AREA 
AREA 

TEST SCAN SCAN SCAN SCAN SCAN SCAN SCAN CALC'D 
NO. 1 2 3 4 5 6 7 1 - 7 

1 0.068 0.312 0.561 0.649 0.539 0.349 0.078 2.535 
2 0.039 0.296 0.524 0.613 0.551 0.357 0.081 2.437 
3 0.063 0.309 0.537 0.62 0.538 0.376 0.083 2.498 
4 0.106 0.288 0.519 0.619 0.545 0.381 0.075 2.519 
5 0.076 0.261 0.489 0.58 0.503 0.336 0.066 2.297 
6 0.042 0.23 0.449 0.513 0.433 0.327 0.069 2.037 
7 0.02 0.229 0.472 0.559 0.511 0.372 0.089 2.229 
8 0.072 0.274 0.457 0.569 0.528 o.3n 0.087 2.339 
9 0.066 0.245 0.43 0.563 0.52 0.361 0.08 2.241 
10 0.048 0.286 0.535 0.688 0.671 0.509 0.161 2.875 
11 0.06 0.266 0.521 0.69 0.68 0.52 0.15 2.865 
12 a.on 0.306 0.578 0.699 0.662 0.525 0.167 2.999 
13 0.061 0.288 0.56 0.716 0.681 0.525 0.17 2.982 
14 0.051 0.273 0.576 0.712 0.689 0.547 0.182 3.019 
15 0.07 0.298 0.58 0.735 0.702 0.545 0.18 3.095 
16 0.051 0.291 0.561 0.724 0.701 0.541 0.179 3.027 
17 0.039 0.281 0.55 0.71 0.703 0.539 0.171 2.971 
18 0.043 0.256 0.535 0.697 0.695 0.541 0.169 2.919 
19 0.038 0.265 0.531 0.698 0.704 0.548 0. 1n 2.941 
20 0.059 0.346 0.636 0.815 0.834 0.684 0.24 3.589 
21 0.058 0.33 0.635 0.83 0.869 0.705 0.259 3.671 
22 0.051 0.323 0.634 0.842 0.85 0.681 0.251 3.612 
23 0.054 0.312 0.611 0.829 0.851 0.71 0.257 3.598 
24 0.063 0.325 0.521 0.621 0.54 0.35 0.069 2.455 
25 0.068 0.313 0.537 0.609 0.561 0.395 0.089 2.551 
26 0.071 0.296 0.541 0.629 0.569 3.88 0.09 4.898 
27 0.055 0.303 0.548 0.625 0.569 0.391 0.091 2.563 
28 0.049 0.2n 0.599 0.815 0.866 0.725 0.271 3.591 
29 0.04 0.285 0.6 0.813 0.861 0.749 0.289 3.618 
30 0.048 0.283 0.609 0.821 0.881 0.757 0.3 3.691 
31 0.072 0.289 0.539 0.64 0.603 0.429 0.1 2.657 
32 0.055 0.3 0.536 0.66 0.6 0.424 0.111 2.659 
33 0.054 0.285 0.524 0.649 0.62 0.474 0.135 2.716 
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APPENDIX 6 Methane Combustion Inhibition by Bromine Colll)Ounds 

ABSTRACT 

.. 
The preferential reaction of H atoms and OH radicals with Br2 and HBr, in a CH, - air 

flame, Inhibits the chain reaction mechanisms of CH, combustion. 

PREVIOUS RESEARCH and THEORY 

Hydrogen bromide and bromine are efficient Inhibitors of flame propagation. Inhibition 

results from reactions of HBr and Br2 with chain propagating and chain branching radicals such as 

Hand OH 1
. 

The HBr and Br2 compounds can be Introduced Into a flame via the addition of any of 

several bromine COrllX>Unds. The Inhibiting characteristics of various bromlnated compounds have 

been investigated, and among these are: 

1 . BromlneUA.a.e.7 

2. Hydrogen Bromlde1
•
1.a.a.,a.n 

3. Methyl Bromlde7•12.,:i.,,.,~ 

4. Bromotrtflouromethane1
•
111

• 
17 

5. Dibromofk.loromethane7
•
18 

6. 4,5,6,7 - Tetrabromophenolphthaleln19 

Stt1 1as co~led a list of references on 18 other bromine compounds which have been 

lnvestlgated.16 

• 
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The inhibition reactions are : 

EON 1 

H + HBr .. H2 + Br EON 2 

EON 3 

These three reactions rob the chain reaction of necessary radicals . 

Precise knowledge of the combustion mechanism is a prerequisite for understanding inhibition 

phenomena. The high temperature combustion of methane is thought to involve these 18 steps20
: 

1. CH, + M .. CH3 + H + M Initiation EON 4 

2. CH,+ 0 2 .. CH3 + H02 Initiation EON 5 

3. 0 2 + M .. 20 + M lnitiatio EON 6 

4. CH, + 0 .. CH3 + OH Branching EON 7 

5. CH, + H .. CH3 + ~ Propagating EON 8 

6. CH, + OH .. CH3 + ~O Propagating EON 9 

7. CH3 + 0 .. H2CO + H Terminating 112 EON 10 

8. CH3 + 0 2 .. H2CO + OH Propagating EON 11 

9. ~co+ OH .. HCO + Hp Propagating EON12 

10. HCO + OH .. CO + ~O Terminating 212 EON 13 

11 . CO + OH .. CO2 + H Propagating EON 14 

• 
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12. H + ~.,.OH+ 0 Branching EON15 

13. 0 +~.,.OH+ H Branching EON16 

14. 0 + ~O .,.2OH Branching EON 17 

15. H + ~O .. H2 + OH Propagating EON 18 

16. H + OH + M .,. ~O + M Terminating 212 EON 19 

17. CH3 + 0 2 .,. HCO + Hp Propagating EON 20 

18. HCO + M.,. H +CO+ M Propagating EON 21 

At lower temperatures, a simpler scheme is thought to be followecf 1: 

1. CH, + 0 2 .,. CH, + HO2 Initiation EON 5 

2. CH3 + 0 2 .,. CH2O + OH Propagating EON 11 

3. OH + CH, .,. Hp + CH3 Propagating EON 9 

4. OH+ ~co .. Hp+ HCO Propagating EON 12 

5. ~co+ 02 .. HCO + HO2 Initiation EON 22 

6. HCO + 0 2 .. CO+ HO2 Propagating EON 23 

7. HO2 +CH,.,. H2O2 + CH3 Propagating EON 24 

8. HO2 + ~co .. H2O2 + HCO Propagating EON 25 

The lower temperature reactions would dominate In the preflame zones, while the high 

temperature scheme would dominate within the flame Itself. 
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Following Is the reaction mechanism for H2 and Br/2
. It too is a compl~x chain reaction 

mechanism. 

1. M + Br2 ,.,.2Bf' + M Initiation EON 26 

2. Br + ~ ,.,. HBr + H Propagatlng EON 27 

3. H + Br2 ,.,. HBr + Br Propagating EON 1 

4. H + HBr ,.,.~+Br Propagatlng EON 2 

5. M + 2Br ,.,. Br2 + M T enninating2"2 EON 28 

Let 1Js now assume that the reactions expressed in Equations 1, 2, and 3 are so rapid that 

no Hor OY radicals are available to react with any compound containing a carbon atom. Also , we 

will assume that any HO2 generated will decorll)Ose before it can react , as will Hp2. HO2 will 

decorfl)Ose to either OH+ 0, or H + 0 2. ~02 will decompose to 2OH. 

With these restrictions and assu"1)tlons In mind, we can then postulate the following 

mechanism for ·co"1)1etety inhibltOO- methane combustion with bromine present. 

1 . CH4 + M ,.,. CH3 + H + M Initiation EON 4 

2.- CH, + 02 .. CH, + HO2 initiation EON 5 

3. 0 2 + M ,.,.20 + M Initiation EON 6 

4. ~+ M ,.,.2H + M Initiation EON 28 

5. CH, + 0 ,.,. CH3 + OH Branching EON 7 

6. CH3 + 0 ,.,. H2CO + H Terminatlng112 EON 10 
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7. CH3 + 0 2 .,. H2CO + OH Propagating EON 11 

8. H + 0 2 .,.OH+ 0 Branching EON 15 

9. 0 + ~ .,. OH + H Branching EQN16 

10. 0 + ~O .,.2OH Branching EON17 

11 . H + OH + M .,. ~O + M Terminating2'2 EON19 

12. CH3 + 0 2 .,. HCO + Hp Propagating EON 20 

13. HCO + M .,. H + CO + M Propagating EON 21 

14. H2CO + 0 2 .,. HO2 + HCO Initiation EON 22 

15. HCO + 0 2 .,.CO+ HO2 Propagating EON 23 

16. M + Br2 .,. 2Br + M Initiation EON 26 

17. Br + H2 .,. HBr + H Propagating EON 27 

18. H + Br2 .,. HBr + Br Propagating EON 1 

19. H + HBr .,. H2 + Br Propagating EON 2 

20 . M + 2Br .,. Br2 + M T ermlnating2'2 EON 28 

21 . OH + HBr .,. H2O + Br Propagating EON 3 

Bromine 

22 . 2CO .. c_ + CO2 EON 29 
Catalyst 

Some Interesting developments are now coming to light. Combustion can still occur, but 

-· ... several Important pathways have been eliminated. Compare the available paths for oxidation of . 

• 



carbon compounds before the bromine additions, and after. 

Without Bromine 

CH, + M .., CH3 + H + M 

CH, + 0 2 .., GH3 + H02 

CH, + 0 .., CH3 + OH 

CH, + H .., CH3 + ~ 

CH, + OH .., CH3 + H20 

HCO + 0 2 ..,CO+ H02 

HCO + M .., H + CO + M 

HCO + OH .., CO + H2 0 

CO + OH .., CO2 + H 

(EON 4) 

(EON 5) 

(EON 7) 

(EON o) 

(EON 9) 

(EON11) 

(EON 20) 

(EON 10) 

(EON 22) 

(EON 12) 

(EON 23) 

(EON 21) 

(EON 13) 

(EON 11) 

With Bromine 

CH, + M .., CH3 + H + M 

CH, + 0 2 .., CH3 + H02 

CH, + 0 .., CH3 + OH 

HCO + 0 2 ..,CO+ H02 

HCO + M .., H + OC + M 
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·- DISCUSSION 

Tables of bond energy list the first broken C-H bond In methane to be kllocalortes more 

than C-H bonds.21 The telll)erature of ~nltlon for a methane/air mixture Is higher than that for 

other hydrocarbons. This Is because It does take so rruch energy to strip off that first hydrogen 

and begin the oxidation process. The energy of activation for the five CH, react ions (EQN's 4, 5, 

7, 8, 9) are , respectively: 100,600 cal: 45,400 cal : 8,760 cal : 12,700 cal : and 5,000 cal. On !he 

three radical reactions have low energies of activation, and adding bromine eliminates two of these 

reactions (including that one having the lowest energy of the three) . Thus we see that adding ,,.. 

bromine has had two Important effects on the initial combustion reactions. 

1. We have decreased the number of species present with which methane could react . 

2. We have Increased the minimum energy needed for reaction. 

In addition, one reaction of ~CO to HCO has been removed. Likewise, one reaction of 

HCO to CO has been removed. Eliminating available reactions requires the hydrocarbon species 

in question to undergo additional collisions and will take longer to react. 

In fact, by removing H and OH from the reaction mechanism for CH, combustion, we have 

completely altered the nature of that chain reaction mechanism. For Instance, the step 

CH3 + 0 2 ,.. H2 CO + OH 

which is propagating with respect to uninhibited reaction, now becomes effectively terminating. The 

same can be said of several other reactions (HCO + M ,.. H +CO+ M for Instance) . The Hand 

OH radicals produced become separated from the hydrocart:xm chain reaction system, and 

ultimately are converted to ~O through the bromine system. The radical yield (more precisely, 

the effective yield) of the steps In the chain reaction for CH, ,.. CO2 is reduced by HBr or Br 2 . 

• 
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CONCLUSION 

The removal of H and OH radicals from a methane/air flame by the action of HBr or Br2 

can account mechanlstically for several of the observed Inhibition phenomena. 

1. Increased ignition temperature - The lowest energy of activation reaction ts eliminated by 

tie up of OH and H. 

2. Decreased flame speed - Reactions proceed more slowly due to increased number of 

collisions needed to react. 

3. Sooting - CO conversion to CO2 proceeds through a bromine catalyzed reaction 

2CO.,. Cs- + CO2 

4. Minirrum temperature of flame increased - Radical yield of chain reaction is lowered. 

Hence higher temperatures are required to generate sufficient reacting species. 
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