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ABSTRACT 

Mechanisms of Chemical Suppression 

of Rocket Exhaust Afterburning 

by 

Leslie Glen McMillion, Jr. 

iv 

Me thyl bromide, anhydrous ammonia, and phosphorus 

pentoxide were added to flat, laminar, opposed-jet diffusion 

flames of CH4-0
2
- N

2 
and H2-co-o2-N2 • The 4000 cm · to 2000 c:n· · 

infrared flame emission spectra were scanned in non -

overlapping increments of 0.33 mm width using a modified 

infrared absorption spectrometer with an externa l opt ica 1 

scanning system. Methyl b romide result s show narrowing of t he 

flame z one and an increase in maximum emiss ion intensity . 

This is consistent with studies in the li tera ture and 

validates the use of opposed-jet flames for evaluating 

additive effects. Ammonia results show inhibition ob.curring 

on the f uel side of the flames and acce l eration occurring on 

the oxygen side. Phosphorus pentoxide results show behavior 

that is interpreted as resulting from non-equ ilib r ium 

processes in the flames, whi~h prevents drawing conclusions 

about phosphorus pentoxide effects on afterburning. The 

practicality of using these additives in solid propulsion 

systems is discussed. 
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INTRODUCTION 

In recent years the armed services have increasing l y 

emphasized the development and use of low signature t a cti ca l 

solid rocket motors. Visible primary and secondary smoke have 

been virtual l y eliminated by the removal of metal powder 

additives, ammonium perchlorate, and most of the ballisti c 

modifiers from the propellant formulations resulting 1n 

"minimum smoke" propellants. 1 However, the exhaust ga s e s fr om 

minimum smoke propellants contain large concentrat ions of 

hydrogen and carbon monoxide. When mixed with ambien t ai~ in 

the plume, the hydrogen and carbon monoxide burn to form water 

and carbon dioxide. The results are visible flash, increased 

ultraviolet radiation, and increased infrared rad ia t ion. 2 

This so-called "afterburning" can t e mporaril y bl ind th e 

gunner, interferes with optical guidance s ystems, and 

increases observability, thus decreasing the survivability of 

the launch platform. Afterburning also increases the 

propensity for contrail (secondary smoke) forrnation; ;~·s ome o f 
' 

the secondary smoke advantage of minimum-smoke propel la nts 

over "reduced- smoke" propellants i s lost because the h ydroge n 

in the plume reacts to form additional water whi c h is 

available for potential condensation to smoke. 3 Reduced smoke 

propellants use ammonium perchlorate oxidizer with low solids 

content, and more easily form contrails because HCl in the 

exhaust lowers the equilibrium vapor pressure of water i n th e 

plume. 
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There are several methods by which afterburning can be 

suppressed. These include the use of chemical additive s, 

r eduction of rocket exhaust gas temperature, reduction of the 

H
2
/CO concentrations in the plume, or co _:iinations of the 

above. 

Many chemicals inhibit the combustion of hyd roge n and 

' carbon monoxide. The mechanism is g~nerally agreed to involve 

removal of active species, such as H atoms, OH radicals , and 

o atoms. Many chemicals, mostly inorganic salts, ha ve bee n 

eval;..1ated as potential afterburning suppressants. 4 Po tass ium 

salts such as K2S0
4 

and KN03 , which have been found to be most 

effective, have been added to propellant charges to suppress 

gun muzzle flash and rocket plume infrared signature. 5 · 6 Even 

though potassium salts suppress afterbu rning, they are not 

ideal propellant additives because they p r oduce primary smoke, 

increase the formation of secondary smoke, and t hey can 

increase the concentration of electrons and detectab le ionized 

species in the plume. 

This work is directed at understanding the mechan \ ~ms of 

chemical suppression of rocket exhaust afterburning throug h 

eval uation of different additives which are known to influence 

the reaction rate of combustion systems. Identification of 

practical additives for propulsion systems was not a prima ry 
r 

goal of this study, but rather the elucidation of the 

mechanisms of afterburning inhibition. 

Three additives were chosen for evaluation. They were 

methyl bromide, phosphorus pentoxide, and anhydrous a mmon i a . 



-. 

3 

Methyl bromide was chosen because it is a known i nh ibitor and 

many studies on its effects appear in the open literatu re . 

Phosphorus was evaluated because organo - phosphorus c ompound s 

have been used as flame retardants in textiles and pl a s tics , 

and as anti-knock addit i ves in gasoline; phosphorus pe n toxide 

(wri t ten as P
2
0

5 
or P40 10 ) was chosen because it sublimes wi t h 

a relatively high v apor pressure 

temperatures. There is evidence 

at 

of 

eas i l y a t tained 

suppress ion of 

afte r burning by ammonium salts and amines. Also, t he i nterest 

in environmenta l NO~ chemistry ma d e a mmon ia a good ch o i c e 

because many studie s on ammonia ch em istry in combust ion hav e 

been published. 

Methyl brom i de, phosphorus pentox ide , a nd anhyd r ous 

ammonia were introduced into atmosphe ric pressure, flat, 

laminar, opposed-jet d if fusion flames of hyd rogen/ ca rbon 

monox i de with oxygen, and me t hane wi th oxygen. Ni troge n was 

used as a di l uent. The f lame emiss i on zones were sca n ne d 

incrementally to e xamine the infrared spectra l e miss ions . An 
,. 

infrared spectrometer with an external optical '-sys te m 

permi tted examination of the spectra from narrow segments of 

the f lames. An opposed- j et di f fusion burner ada pted f r om o ne 

described by Hahn, Wendt, and Ty son 7 was used. The opposed ­

jet diffusion flame exhibi t s a b road react i o n zone whic h 

enhanced the ability to study the effects of additives. 

The data collected by examining the spectral and s pati a l 

infrared emissions from opposed-jet diffusion flames were not 

directed toward the measurement of kinetic rate s. To provide 
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a basis for a definitive evaluation of kinetic rates , spe c ies 

concentrations and temperatures would have to be measured. 

Since this work did not measure flame temperature nor 

concentration profiles that can be correlated wi th t h e 

measured infrared spectra, there is no way to separate t he i r 

effe cts on the radiative intensity. A change in ra d iati ve 

intensity, which is taken to be directly proport i ona l t o 

spectral area, can result from a change in temperature a t 

constant emitter concentration, a change in c onc entra t ion a t 

constant temperature, or both. Because of this inability to 

determine values needed for kinetics studies, th e use of 

kinetics in the following explanations of the e f fe ct s of 

additives on spectral and spatial infrare d flame emissions a re 

based on interpretation of the literatu re summarized bel ow . 

The spectral data are of va lue for identi fy ing em i tters . 

The strongest infrared emissions are d ue to H20 and CO 2 . The 

intermediate species OH, CO, CH 3 , and HCHO are i n f r ared 

active, but their emissions cannot be i solated f r om t he 
,. 

recorded spectra due to band overlap with H20 and CO 2 . 



5 

THEORY AND LITERATURE REVIEW 

Chemical Kinetics 

Combustion reactions fall into several categories : auto­

oxidat i ons, pure decomposition reactions, and fuel-oxidant 

r f.c. actions. 8 Combustion processes are the result of 

simultaneous, interdependent reactions termed chain reactioi;s. 

Except at very high temperatures, the main chain carriers are 

uncharged free atoms or radicals. 8 The work presented here 

deals with fuel-oxidant reactions and considers uncharged 

species only. 

Chain reactions have several 

propagating, branching, and termination. 

ini tiat ing , 

Each step consists 

of one or more reactions. The chain initia t ing step generates 

chain carriers, usually through thermal two-body collisions or 

photochemical decomposition. The chain propagating steps 

generate products with no net change in the number of chain 
; 

carriers. The chain branching step allows a system to ac~ieve 

a nonthermal explosion by creating more chain carriers than 

are consumed. The chain termination step results in a net 

loss of chain carriers. In enclosed systems at low press ures, 

radicals are destroyed at the wplls. However, in a system 

such as the opposed-jet diffusion burner or a rocket exhaust, 

surface destruct i on of free radicals is unimportant, and the 

main route for chain termination is through recombination of 

radicals in the gas phase by three-body collisions, which 

"-
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consume two chain carriers and form either product or r e a c t a nt 

species. 9 

Factors which determine the rate at which a chemica l 

reaction proceeds include the concentr ation of reactants, the 

temperature, the prese nce of energy absorbing or provid ing 

species, and the presence of a catalyst or inh i b i tor . The 

rate of reaction is usually expressed in terms o f the 

concentration of reactants and a reaction rate coeffic i en t . 

The Arrhenius form of the rate coefficient is wr i tten as 

where A is a con s tant that takes into a ccount the colli s i on 

diameter and reduced mass for the rea c t i ng spe c ies, a nd th e 

steric factor. The term e xp(-EA/ RT) is the Bolt zmann fa c t or , 

which specifies the fract i on of all collisions tha t have 

energy greater than the activation energy , EA, requi r ed for 

the reaction to proceed. 
; 

For free radical reactions, the activ ation energy~-i s v ery 

small , Oto 5 kcal / mole. Thus the exponential term app roac hes 

uni t y and the temperature dependence of the pree xpone ntial 

term becomes more important. 10 

A grea t deal of energy , is liberated through r adical 

recombination . This energy is often suffic i ent to ca use t he 

product to decompose into the original radicals. Thus 

coll is ion with a third body is required to remove enough 

energy to stabilize the product . 11 For example, in hydroge n 
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flames the most important processes for radical recombination 

are considered to be 12 

and 

where H
2
0 is a very efficient energy absorber. 

For termolecular reactions at higher temperatures, the 

rate coefficient can usually be expressed as 13 

k A ( 1/ T) 

-.,here A is a constant. This expressio n is the Arrhenius 

equation with a= -1 and EA near zero. The simple inverse 

temperature dependence shows that the rate of termolecu la r 

reactions decreases with increasing temperature. 12 

At temperatures below 750K-1000K there is a reg ion of 

slow reaction where the presence of inhibitors ca n.; have 

effects on the rate and relative proportions of ~ntermed iate 

species and products. 8 The inhibition of combustion is d ue 

to competitive reaction kinetics among the reactions that 

generate free radicals and the inhibition reactions that 

consume them. The effects of inhibition are most significa nt 

at the relatively low preflame temperatures for the methane 

and hydrogen/carbon monoxide systems. For this reason charged 

species, which occur in significant quantities only at higher 

,, _ 
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temperatures, 14 are not considered in 

discussions of combustion mechanisms. 

Equilibria, Radiation and Collision Processes 

the 

8 

fo l lowi ng 

The theor y of equilibria and radiation lS di scussed in 

detail by Gaydon. 15 The strength of emission of a spectrum 

band depends on the concentration of emitters in the 

appropriate excited state, the rate at which radiation occurs 

from that state, and the degree of self-absorption occurring 

in the system . If the gases are in thermodynamic e qui libri um , 

the number of molecules in an excited state can be rel ated t o 

~he number in the ground state for a specified temperature by 

the Maxwell - Boltzmann distribution law. Higher tempe r atures 

result i n larger ratio of exci ted species to ground state 

species. 

The infrared radiation from steady flames that do no t 

form soot appears to be mainly thermal from infrared ac ti ve 

vibrational and rotational modes of flame gases. Ge~ral ly, 

the long radiative lifetime for transitions in the infrared 

allow time for collisions to establish thermal a nd chemical 

equilibria before the molecule radiates. However, there is 

evidence that non-equilibrium effects can occur. Molecules 

can be formed in an excited thermal state b y chemical 

processes, or be excited above equilibrium level s b y collision 

wi th a chemically-formed excited molecule. 

chemical equilibrium can also occur . 

Deviations from 
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The emission from any material cannot exceed that from a 

blackbody at the same temperature. The sensitivity of 

individual band emission intensity to changes in temperature 

is affected, however, by the emissivity of he gas and the 

optical thickness of the f lame. For the emission band in the 

region 2450-2000 cm-1, CO2 emissivity is about 0.8 at 2220K 

and for an optical depth of O. 7 cm-atm. 16 For an optical 

depth of 0.3 cm-atm at 2200K, the emissivity of water in the 

spectral region examined iii the present work is about o. 1. 17 

The greater emissivity of CO 2 in the region studied makes th e 

optical d epth of CO2 greater than for H2O. CO 2 emissior, 

intensity is thus less sensitive than H2o emission to changes 

in temperature and concentration because CO2 is behaving more 

l i ke a black body. This behavior is seen i n the experimental 

results presented below. 

The appearance and structure of flame infrared emission 

bands are greatly modified by self-absorption. At higher 

temperatures, the large population of upper vibrational and 

rotational transitions broaden the emission bands and siJiear 

out the fine structure resulting in a virtually conti nuous 

band. Absorption by H20 and CO 2 in the cooler outer layers of 

the flame and in the atmosphere weakens the centers of the 

bands and the maximum intensity i s displaced to longer 

wavelengths. The extent of absorption depends on the flame 

shape and size, and the path length through the atmosphere. 

Thermal equilibrium, chemical equilibrium, and a constant 

degree of self-absorption are assumed in t he following 
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discussions of experimental results. These assumptions are 

the basis for the interpretation of changes in species 

spectral radiation area as indicating changes in temperature 

and/or concentrations resulting from alterations in the 

relative reaction rates As will be seen, these assumptions 

may not hold in the case of phosphorus pentoxide. 

~esults show unusual characteristics which may be due to non­

equilibrium effects. 

Flame Temperature 

Chemical and thermal equilibrium are normally assumed in 

the evaluation of combustion systems. A detailed review of 

chemical thermodynamics as applied to combustion systems is 

presented in reference 18. 

When the energy evolved by combustion reactions is used 

solely to raise the product temperature, this temperature is 

called the adiabatic flame temperature; under no circumstances 

can the temperature of the flame exceed the adiabatic' f ·lame 

temperature. In practice, the adiabatic flame temperature is 

not reached for laboratory flames whose temperature exceeds 

about 1250K. At high temperatures, energy is absorbed by 

dissociation and ionization reactions. Dissociation and 
• 

ionizatio~ reactions are highly endothermic and a few percent 

dissociation or ionization can lower the flame temperature 

substantially. Also, energy is lost to the surroundings by 

radiation, convection, and conduction; the amount of energy 

' 
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lost depends on the configuration of the flame. The maximum 

temperature of practical flames depends on many variables and 

may cover a range of values, but it cannot exceed the 

adiabatic flame temperature. 

A useful parameter for describing combustion systems is 

the equivalence ratio,¢. It is d fined as the ratio of fuel­

to-oxidizer of the system being studied divided by the 

stoichiometric fuel-to-oxidizer ratio for the same f uel and 

o x idizer: 

¢ (F/ O) / (F/O)sto ich 

The main reaction zone i n a diffus i on flame forms where 

the fuel and oxidizer are presen t. in approximatel y 

stoichiometric proportions. The overa 1 equ ivale nc e ratio 

affects concentration profil es, diffusion rates, and 

consequently, flame width and temperature profiles . 

The ·temperature prof il e in a flat, laminar, opposed-jet 
, 

diffusion flame is affected by aerodynamics , 
\. 

the heats of 

formation of fuel and oxidizer, the flow rates of fuel and 

oxidizer, the equivalence ratio, the amount of diluent, and 

the efficiency of heat transfer by radiation and conduct ion. 

The amount of energy available •for heating the flame g ases is 

fixed by the heats of formation and amounts of fuel and 

oxidizer. The temperature reached by the system is determined 

by how this fixed amount of energy is distributed. 
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For a specified flow rate of fuel and oxidizer, the 

energy released in the flame is fixed, assuming chemical 

equilibrium is achieved. The flame width and maximum 

temperature are affected by the amount of diluent, the 

velocity of the gas streams, and the heat losses to the 

surroundings. An undiluted ~ystem will reach higher 

temperatures than a dilute system because of the heat capacity 

of the diluent. A dilute flame will be broader than a flame 

with less diluent because the diluent slows the reaction rate 

bv reducing the collision probability between reac ti ve 

species. 

The width of the flame zone is strongly affected b y the 

linear velocity o f the gas streams for the opposed-jet burner. 

If the flow rates are low, a broad flame zone forms. High e r 

flow rates compress the volume into which the heat of 

combustion is released. A broad flame will be cooler th a n a 

narrow flame because the narrow flame has the same amount o f 

energy heating a smaller volume of gas. 
; 

The results presented here show an increase in i ~ frared 

spectral radiation upon addition of methyl bromide and ammonia 

at constant 1 inear velocity of the gas streams. Th i s i s 

reasonable because of an increase in average temperature 

resulting from an observed dec~ease in flame width. The P,o,
0 

results, however, show an increase in both flame width and 

infrared spectral radiation. This is contradictory to the 

principles outlined above, but. it is possibly due to non-
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equilibrium effects. 

presented below. 

Explanations for these behaviors are 

Oxidation Mechanism of Hydrogen/Carbon Monoxide 

The predominant steps in oxi~ation of hydrogen and carbon 

monoxide are shown in Table I along with forward and r eve rse 

rate coefficients, k, at 700K and 1750K. The ra te 

coefficients at 70 0 K apply to the low temperature r e g ion a t 

the edges of the flames , and the coeff i c i ents at 1750K to the 

higher temperature main reaction zone. The rat e c oe ffi cients 

were calculated from data presented by Hahn and Wendt 19 after 

Levy, Longwel 1, Saraf im, Corley, Heap, and Tyson. 20 The 

specie designated "M" is an energy-remov ing collis i on pa r t ne r 

The designa t ion 11 M· 11 ind icates a 

higher-energy state for "M". 

The initiation steps for the reaction scheme shown i n 

Table I are probably the dissociation of Hz to f orm H, 
, 
\. 

The dissociation of Hz is shown as the reverse o f r eac t ion 6 

and endothermic, requiring about 106 kcal / mole. 

The concentration of H atoms is greater on the fuel-r ich 

side of the diffusion flame. Diffusion to the oxygen-rich 

side provides H to form OH and H via reaction 2 or HO2 vi a 

reaction 4. At low temperatures, reaction 4 is faster than 
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reaction 2, but H02 concentrations will be small, less than H 

or OH, and H02 is relatively unreactive compared to OH, o and 

H. Also, at temperatures above 870K the H02 molecule is not 

present in significant concentrations due to the energy of the 

collision partners. 21 These factors suggest the contribution 

of H02 
to the overall mechanism is only important at low 

temperatures and probably small. The effects of reactions 

invCll ving H02 are stressed only in the discussion of the N/ H, o 

mechan i sm. 

The OH radical reactions are probably dominant because 

they are exothermic and the activation energy for OH rea c t ions 

is very small. Table I shows that for reaction 1, the forward 

rate coefficient is four orders of magn i tude greater than the 

reverse at 700K. For most of the H r eactions, the reverse 

rate coefficients are higher or about t h e same as the forward 

coefficients. Excluding concentration effects, OH is the 

dominant specie in hydrogen/ carbon monoxide combustion. 

Chain termination in an opposed - jet diffusion flar.ie 
, 

occurs via the termolecular radical recombination reactions 6 

and 7. Even though the rate coefficients for these reactions 

are greater than for the chain propagating reactions, the 

rates of the reactions are not proportionately higher because 

of the relatively small conceptrations of Hand OH. 
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Oxidation Mechanism of Methane 

Table II shows the complete system of methane oxidati o n 

reactions as presented by Seery and Bowman. 21 Approxima t e 

forward and reverse rate coefficients for these reaction s we r e 

ca l culated at 700K and 1750K ! rom data given by Hahn and 

Wendt; 19 Seery and Bowman did not present reverse r a tes o r 

equilibrium constants. For reactions not included by Hahn and 

Wendt, the forward rate coefficients were taken from Seery and 

Bowman. 

Higher temperatures allow reactions with l a r ge ac t ivati on 

energy to become feasible, particularl y the pyrol y s is of 

methane to form methyl radical and hydrogen atom ( react ion 8), 

and the dissociation of molecular oxyge n to form oxygen at oms 

(reaction 10 ) The p rimary init id tion step i s al most 

certainl y the p y rolys i s o f methane to f orm me t h y l r adicals . 

Higher temperatures also result in large c o nce nt ra t io ns of 

oxygen and hydrogen atoms . 

In the low temperature region of the f l am€ e dge , 

py r olysis is negligible, as shown by the very small f o r ward 

rate constant of reaction 8 at 700K. H atoms a nd OH rad ica l s, 

which diffuse from the main reaction zone to the fla me edge , 

attack CH 4 via reactions 12 and 13 to form methy l r a di c al, CH3 • 

The rate constants at 700K for these reactions show tha t t hey 

are fast at low temperature. 

Methyl radical reacts with O or 0 2 forming forma l deh yd e 

(reactions 14 and 15). At temperatures above 12 70 K, r eact ion 



16 

15 has been ruled out on thermodynamic grounds. 22 The 

formaldehyde reaction steps, which generate product species CO 

and H20 are given by equations 16 and 17. At high 

temperatures, the decomposition of HCO (reaction 25) becomes 

important. 

The relative contributio~s of reactions vary wi th 

position in the opposed-jet flame. On the fue l side o f t h e 

f l ? me, the mixture is fuel rich and contains relativel y l a rge 

concentrations of H atoms, deemphas iz ing reacti o ns involving 

O and o2 , and emphasizing the effects of H. As position 

shifts to the oxi d i zer side of the flame (fue l l ea n ), OH, o 

and o2 
reactions are prominent . This is e vi d e nced in the 

recorded infrare d spectra as described below in the Di scussion 

section. Fuel - rich flames generate r e l ativel y more H atom s 

than fuel lean flames, which generate more o and OH species. 

oxidation Mechanism of Ammonia 

, 

Severa l sources present rate constants a nd e l'ementary 

r eactions for the N/ H/ 0 system. 19
•
20

•
23

•
24

•
25

•
26 A scheme o f N/ H/ 0 

reactions to describe the behavior of ammonia i n opposed - j e t 

flames of methane or hydrogen/ carbon monoxide a nd oxyge n is 

presented in Table III wJ th forward and r e verse rate 

coefficients calculated at 7 00K and 17 50K. The da t a u s ed to 

calculate forward and reverse rate coefficients are taken f rom 

Hahn and Wendt. 19 Where the reverse rate coefficien t s a r e 

shown as N/A (not available), the reaction was not included b y 
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Hahn and Wendt, and the forward rate c oeff i cient was 

calculated from data taken from Gardiner. 24 The d ata 

presented by Gardiner does not inc lude reverse rate 

coefficients or equilibrium constants . Reactions involvi ng H02 

are considered separately because of the argument pre s e n ted in 

the discussion of hydrogen/ ca rbon monoxide oxidat i on , which 

postulates that H02 effects may be sma l 1 i n o ppo s ed - j et 

flames . 

Even though it is believed that H02 effects are s mall i n 

opposed-jet flames, H02 has been found by Merryma n a nd Le vy 27 

to be significant in the f ormation o f N0 2 i n prem i xed f l a mes. 

Their work also suggests t hat the format i on of N02 b y H0 2 is 

accompanied b y f ormat i on o f OH , wh ich ha s a s ig n i f icant e ffect 

on the overall reaction rate . There f ore the con t ribut ion of 

H02 reactions to N/ H/ 0 k inetics i n opposed-jet flames will be 

examined. Table IV lists N/ H/ 0 reactions taken f rom Gardi ne r 

which involve H02 . The rate coeff i cients for a l l reactions in 

Table IV, except reaction 49 , are taken from Ga rdine ~ and are 
;,· 

' 
estimates wi th no support i ng data. The valu e s for r eac t ion 49 

a re taken from Hahn and Wendt. The forward rate coe ffi c ients 

for reaction 49 given by Gardiner compares favor a bl y wi th the 

value from Hahn and Wendt. Because H02 is unstabl e a t high 

temperatures, rate coefficiBnt were calcul a t e d only at 700 K. 
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Inhibition Mechanisms of Specific Compounds 

Bromides 

Friedman and Levy 28 evaluated the effectiveness o f 

organic halides, which are known inhibitors, on inhib i t i ng 

opposed-jet methane-air diffusion flames. They found that in 

tne opposed-jet system organic halides rank in the order CH 3Cl 

< CC1 4 < CH3Br ~ CF3Br. This is the same ranking that has been 

reported for reduction of flame speed when these a ddit ives 

were introduced into premixed flames. 29 These r e sults 

substantiate the validity of the opposed- j et d i ffus i on fl ame 

method for evaluating inhibitor effects. 

Gaydon 15 reviewed some of the early work on the 

inhibition of methane flames by halogen-containing additi ves. 

The effects are attributed to removal of OH by, 

53. OH+ HBr ~ H2O + Br 

Fenimore and Jones 30 examined the kinetics of the 

reactions of methane and methyl bromide in rich, premixed 

hydrogen/oxygen flames. Specifically, they measured the rate 

of reaction 12, the attack ' of methane by H, and reaction 54, 

the attack of methyl bromide by H at0m: 

12 . H + CH4 ~ H2 + CH
3 

54. H + CH3Br ~ HBr + CH3 

,,_ 
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In each reaction a new free radical is formed, which is 

unstable but less reactive than the H atom removed, result i ng 

in a decrease in the over al 1 reaction rate. At lOO OK and 

1300K the rate of reaction 54 was found to be 100 and 20 times 

faster, respectively, than reaction 12. Both reactions 12 and 

54 were significantly faster th~ n reaction 8, the pyrolysis of 

methane. In addition, Fenimore and Jones proposed tha t 

reaction 14 for t he formation of HCHO and reaction 55, 

14. CH3 + 0 .,. HCHO + H 

55. HBr + H .,. Hz + Br 

were important, further breaking t he chain reaction for 

combustion. 

Miller, Evers and Skinner 31 discuss the fate of methy l 

radicals in hydrogen flames. Reactions they propose include: 

56. CH3 +Oz .,. HCHO + OH 

57. CH3 + CH 3 .,. CzH6 

' ' 

Reactions 12, 54, 55 and 57 are favored under fuel - rich 

conditions while reactions 14 and 56 are favored under fuel-

lean conditions. In lean mixtures, active species that are 

removed are more likely to get back into circulat ion through 

reactions 14 and 56. This may b e one reason why hydrocarbon 

inhibitors are less ef f ective in lean hydrogen flames than in 

rich ones. 
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Analogous to reaction 8 is the thermal decomposition of 

methyl bromide: 

The bond dissociation energy f CH3-Br is 70 kcal / mole versus 

104 kcal /mole for CH
3
-H. This results in reaction 58 becoming 

more feasible at lower temperatures than reaction 8 , 

generating Br earlier in the flame than reaction 8 generates 

H. Thus, Br is available for inhibition through , 

59. H +Br+ M ~ HBr + M• 

as suggested by Day, Stamp, Thompso n , and Dixon-Lewis. 32 

Wilson 33 measured the temperature and composition 

profiles of o. 05 atm, premixed, lean methane-oxygen fl ames 

inhibited with methyl bromide and concluded that react io n 60 

was the principal inhibiting reaction in that sys~E;Ill: 
', 

He notes that the large excess of oxygen in the system causes 

t he hydroxyl radical concentration to far exceed the hydrogen 

atom concentration. This minimizes the effect of react ion 59 . 

Wilson proposed that the flame-inhibiting mechanism was due to 

the inhibitor extending the preignition zone. The inhibition 

reactions have a lower activation energy so that rad icals 
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which diffuse into the preignition zone react preferenti a ll y 

with the inhibitor. The inhibition reactions do not i nit iate 

chains so that the rate of radical gene r tion is decreased. 

The reduction of the rate of generation of radicals prevent s 

ignition from occurring until: ( 1) all of the inhibitor h a s 

reacted, ( 2) the temperature h as increased until ignit ion 

occurs with a lower concentration of radic a l s, · or ( 3 ) t he 

concentration of radicals due to back diffusion is suff icien t 

t o overcome the reduction due to inh i bition. The ef fect is t o 

shift the primary reaction (measured by the ma x i mum r a t e of 0 2 

consumption) to a higher temperature. The inhib i t ed fla me has 

a higher maximum rate and the reaction zone is compressed into 

a narrow region of h i gher average tempe rature. In a f uel-r i c h 

system where HBr is present in sign i f icant concentrati ons, 

reaction 53 is expected to be important: 

5 3 . OH + HBr .. H20 + Br 

;-

- b, 

In a later paper by Wilson , O'Donovan, and Fr i strom 34 on 

the effects of HCl, HBr, and Cl 2 , they found that the majo r 
~ 

effect of the i nhibitor was to react wi th H atoms , p reventing 

the chain branching react i on , 

19. H + 0 2 .. OH+ O. 

From Day, Stamp, Thompson, and Dixon-Lewis, 32 Di xon- Lew i s 

and Simpson, 35 and Safieh, Vandooren, and Van Tiggel i n , 36 t h e 
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mechanism for inhibition by methyl bromide is, in addition t o 

reactions 53, 54, and 55, 

61. CH3Br + OH~ HCHO + HBr. 

Simmons and Wolfhard 37 added methyl bromide to diffusion 

flames to determine the concentrations required for 

extinguishment and to study effects on flame structure. They 

found that t he concentration required in the oxidizer to 
' 

extinguish the flame was of the same order as for a p~emixed 

flame, but considerably higher concentrations were requ ired in 

the fuel. When added to the air, an extra reaction zone forms 

on the air side in which the methyl bromide reacts, and the 

quenching of the flame involves an .interaction of the extra 

zone and the main reaction zone. They also observe that the 

effect of adding methyl bromide to a flame can be interpreted 

in terms of the addition of equivalent amounts of fuel a nd 

bromine. 

With the exceptions of the studies of Friedman and Levy, 

and Simmons and Wolfhard, all the studies cited above were 

performed on premixed flames. 

Ammonia 

The practical importance of combustion-generated NO • 

pollutants has lead to great interest in high-temperature 

N/H/0 kinetics. Ammonia plays a significant role in the 
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reaction schemes involving NOx and, for example, has been used 

in the "thermal DeNOx" process to reduce NO concentration in 

flue gas.~ There is considerable information regarding the 

reactions of ammonia in combustion system. However, -in spite 

of the research on the kinetic mechanisms of the N/ H/ 0 system, 

a good deal of ambiguity stil l , exists. 

The effects of a small amount of ammonia on coJnt)ustion of 

a fuel with oxygen depends upon the conditions of the s ystem . 

The type of fuel, equivalence ratio, and concentration of 

species with the ability to stabi lize energetic r eaction 

products through collision determine whether ammonia will act ~ 

as an inhibitor or accelerator of the combustion reactions. 

It is known that ammonia i nhibits ignition of dry carbon 

monoxide/ air mixtures. w At temperatu res and pressures where 

mixtures of carbon monoxide and air ignited without 

appreciable delay i n a static system, addition of ammonia 

resulted in an induction period before e xplos ion . However, 

ammonia promoted ignition outs ide the explosion region of the 
J· - • 

', 
CO/ air mixtures. Ammonia can also induce explosion of 

hydrogen/oxygen mixtures by illumination with ultraviolet 

l ight. 40
•
41 This behavior is attributed to H atoms originating 

from the photodissociation o f NH3 • 

Fujii, Miyama, Koshi ,' and Asaba 42 measured induct ion 

periods for mixtures of hydrogen, oxygen, argon , and ammonia 

behind reflected shock waves. They found that, f or the 

conditions studied, the prese~ce of ammonia sign ificantl y 

inhibits the chain branching reactions o f the hydrogen/ oxygen 
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system. They also found the induction period to be markedly 

dependent on gas composition. The mechanism they proposed for 

this behavior consists primarily of rea ions 62, 63, and 64 . 

63. HNO OH 

Reaction 62 is clearly inhibiting by consuming OH radicals . 

However, the net effect on the system depends on the fate of 

NH2 generated by reaction 62. If the system is r arefied and 

contains few species to stabilize the energetic specie NH 2o2• 

through collisional energy transfer, the result is 

regeneration of OH through reaction 63 and a lessening of the 

degree of inhibition. In the experiments of Fujii et al, this 

is manifested as a shorter induction period. At higher 

pressures and energy-removing specie concentrations, reaction 
-i, · 

64 becomes more important and the degree of __inhibition 

increases, resulting in longer induction periods. 

The reaction of oxygen atoms with ammonia was studied by 

Albers, Hoyermann, Wagner, and Wal frum. 43 Besides H2
, H

2
0 , NO , 

and o2 , they found the reaction products included HNO r adicals 

' and high concentrations of H atoms. They proposed reaction 65 

as the initiating step: 

6 5 . NH3 + 0 .,. NH2 + OH . 

.. 
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Under the conditions of their measurements, the most important 

subsequent steps were proposed to be: 

66. NH2 + 0 ~ HNO + H 

67. HNO +OH~ H
2
0 + NO 

68. HNO + 0 ~OH+ NO 

6 9 • 0 + OH ~ 0 2 + H . 

The thermal decomposition of ammonia behind shock waves 

was studied by Holzrichter and Wagner. " They determi ~ed th e 

activation energy for the reaction, 

to be 393 kJ/ mole. The activation energy of the therma l 

decomposition of ammonia is so high as to make this reacti o n 

negligible in the systems studied in the work reported here . 

Phosphorus Pentoxide 

Morrison and Scheller 45 report the effects of · trimethyl 

phosphate, phosphorus trichloride and phosphorus tribromide on 

the burning velocity of n-hexane/ air flames. Al 1 of these 

compounds decrease the flame speed, indicating inhibition. 

Triphenylphosphine oxide (TPPO) has been used as a flame 

retardant in nylon substrates. Mass spectrometr ic 

observations of TPPO decomposition in fuel-rich methane and 
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hydrogen flames have been made by Hastie. 46 Hastie observed 

P
2

, PO, and P0
2 

with lesser amounts of P, HPO, and PN. Th e 

mechanism postulated for inhibition of { ames containing TPPO 

begins with the decomposition of TPPO: 

Radical scavenging i s suggested to occur v ia reactions 72 , 73 , 

..ind 74: 

7 2. H + PO + M .,. HPO + M• 

7 J • H PO + H .,. H 2 + PO 

7 4 . P 2 + 0 ,.. P + PO 

Othe r likely reactions are: 

75. OH+ PO,.. HPO + 0 

76. P +OH,.. PO+ H ,. 
'· 

Phosphorus pentoxide, P40 10 , also known as phosphor ic 

oxide, phosphoric anhydride, or phosphoric acid anhydride , is 

produced by burning phosphorus in excess oxygen. The oxygen 

must be dry because P40
10 

readily reacts with water t o for m 

phosphoric acids. According to vapor density measurement s, 

phosphorus pentoxide vapor in the temperature range of 700 -

1400°C consists P4010 

association below 11oo·c. 

of molecules. 47 There is some 

The structure of individual P40 10 

- - - - - -- --- -
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molecules in the vapor state 48 is shown in Figure 1. The 

phosphorus atoms form a regular tetrahedron. Each phosphorus 

atom is surrounded by a tetrahedral c figuration of oxygen 

atoms so that each corner of the tetrahedral · P4O10 molecule is 

occupied by an oxygen atom. 

The terminal oxygen atoms can be removed by reaction 

between P
4
O

10 
and elemental phosphorus in an inert atmo sphe re. 

The electronegativity of phosphorus is 2 . 2, the same as 

jydrogen. By analogy, the terminal oxygens can be removed by 

H atoms, resulting in P
4
O. molecules, where x can be 9, 8, 7 , 

or 6. These molecules retain the tetrahedral arrangement of 

the phosphorus atoms, but have unbonded electron pairs where 

the terminal oxygen atoms were r emoved . The removal of 

terminal oxygen atoms will make the molecule less stable and 

more reactive. Reactions with H, OH, and H2O will become more 

probable, resulting in the decomposition of P4O. to species 

such as PO2 , PO, P, and HPO. Structures for phosphorous acids 

as shown by Pauling 47 suggest the reaction between - P4O10 and 

H2O forms metaphosphoric acid, PO2 (OH). Reaction 7 7 sh ows a 

likely dissociation mechanism of PO2 (OH) in the vapor pha se: 

77. PO
2

(OH) + M• ... P02 +OH+ M 

Other 1 ikely reactions, in addition to those proposed by 

Hastie, are: 

7 8 . HPO + OH .. H2O + PO 

79. PO2 + H .. PO + OH 
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EXPERIMENTAL APPARATUS AND METHOD 

An opposed- jet burner adapted from e described by Hahn, 

Wendt, and Tyson 6 was used in conjunction with an infrared 

spectrometer and external optical scanning system. As shown 

in Figure 2, the burner consi~ted of two horizonta l oppos ~d 

tubes of circular cross section. The tubes were fitted with 

304 stainless steel face plates that secured two Inconel 40 -

Jesh wire screens per tube. Two screens were used to ensure 

the flatness of the screen; it was found that, upon heating, 

a single screen would assume a concave or convex shape 

resulting in a similarly curved flame. The diameter of the 

screened opening in the face plates was 2.5 inches. Each of 

the tubes was fitted with internal sleeves that secured 

another wire screen within the center of the tube. The space 

between the face scr~ens and the internal screen was packed 

with 3-mm dia~ass beads while the other end of the t ube 

was left empty. The ID of the tube sleeves was 2 .,.1-z s inches 

and the length of each internal chamber was J.O inches. The 

sleeves contacted the face plate screens so the ID of the 

sleeves determined the diameter of the gas flow emerging fro m 

the burners. The gases entered the empty ends of the tubes. 

This arrangement was designed to develop a flat, laminar flow 

profile. The burner tubes were mounted on a graduated optical 

bench to ensure precise positioning. 

burner faces was 12 mm. 

Spacing between the 



-. 

29 

An external optical system was used to adapt a Beckman 

4240 dispersive infrared spectrometer to emission 

measurements. The optical system is sh wn in Figure 3. It 

consisted of two 2-inch front-surface plane mirrors, a 6-inch 

front-surface spherical mirror of 11-inch focal length (f/ 1. 8) 

and variable slit mounted ' on a micrometer-adjustable 

translator. The variable slit and translator were positioned 

at the sample beam focal point of the spectrometer sample 

c0mpartment. The mirrors were held in adjustable mounts on an 

optical bench and positioned by rod carriers. The 

spectrometer was operated in the single beam mod e with the 

infrared source removed. The monochromator slit was left 

fully open (7-mm) and the 12-mm high variable slit was set 

with a 0.25 mm width and was placed a t the focal point of the 

samp l e compartment. The edge-wise image of the flame was 

focused onto the variable slit so that the flame and its image 

remained fixed i n space. The optics were aligned to isolate 

the vertical center of the flame to minimize edge e;£ects due 

' to buoyancy. The flame emissions were scanned from the fuel 

side to the oxidizer side by moving the slit across the fixed 

image. The image of the flame was demagnified to 75 percent 

of the object to provide adequate intensity for the thermopile 

. 
detector of the spectrometer. The optics and burners were 

aligned with a laser to assure that the flame image was 

parallel to the slit. The optical configuration allowed 

scanning of the infrared emission at up to 24 adjacent 
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positions through the width of the flame, approximatel y 8 mm, 

from the oxidizer side to the fuel side. 

The gas flow system, shown in Figµre 4, was constructed 

from 1/4 - in. copper or stainless steel tubing and Swagelo k 

tubing fittings. Calibrated rotameters were used to control 

gas flow. The rotameters we.re calibrated with a wet test 

meter. Commercial grade compressed gases (hydrogen, carbon 

n,onoxide, methane, oxygen, nitrogen, and air) were used. 

Reagent grade additives (methyl bromide, anhydrous ammoni a , 

and phosphorus pentoxide) were used. 

Because methyl bromide and ammonia 

ambient conditions, no special equipment 

are gaseous under 

was requi red to 

deliver them to the flame in known c oncentrations; both were 

metered through calibrated 

metered through stainless 

rotamet e rs. Methyl bromide 

steel tubing because of 

was 

its 

corrosive nature toward copper. Ammonia is supplied as a 

liquid in a pressure bottle. The latent heat of evaporati on 

of ammonia resulted in considerable cooling of the 9as to be 

delivered to the flame. Therefore the ammonia was heat ed by 

electrical tape wrapped around the tubing before being added 

to the flame to prevent erroneous results due to cool i ng the 

flame. 

Phosphorus pentoxide (P40 10 ) , was added to the flame using 

an "evaporator," shown in Figure 5. Approximatel y 100 ppm 

P40 10 was added to the oxygen side of each flame, which 

resulted in 400 ppm phosphorus atoms present in the flames. 

Nitrogen was used as a carrier gas to deliver P40 10 to the 

"-
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flame. A metered amount of nitrogen (approximately 0.1 liter 

per minute at ambie_nt temperature and pressure) was passed 

through the heated (250°C) evaporator tube where it was 

assumed to become saturated with P40 10 • The vapor pressure of 

P40 10 at 250 · C was calculated to be approximately 17 mm Hg. 50 

Condensation of P
4
0 10 was preve nted by heating the tubing and 

burner downstream from the evaporator, and by diluting the 

-Carrier gas with the heated main 0 2/N2 stream at the evaporator 
,) 

,, ~~- Electrical heat tapes were used to heat the evaporator, 

burner, and tubing. 

Toe pressure drop across the evaporator resulted in 

higher pressure at the oxygen-side rotameters requiring the 

control flame to be operated with greater than normal back 

pressure to assure equal molar flow r ates in both the control 

flame and the additive flame. A system of needle valves and 

a mercury manometer were used to equalize back pressure a mo ng 

tests. This system of valves is diagrammed in Figure 6 . 

Referring to Figure 6, for the control flames, valyes 2 and 3 

were closed and valve 4 was fully open. For flames with P40 10 

added, valves 2 and 3 were fully open and valve 4 was closed. 

The pressure drop across valve 1 was varied to match the back 

p r essure among tests. 

Except for the methan~/ air flame documented by Tables v­

VIII, all the flames were diluted with nitrogen on both sides. 

The mixture of hydrogen and carbon monoxide used was always a 

one-to-one volume ratio. The total gas flow rates used for 

the flames were between 24 and 34 li~ers per minute at ambient 
-..: 

\. 
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temperature and pressure of nominally 72 degrees Fahrenheit 

and 650 millimeters of mercury. A mercury barometer and 

thermometer were used to keep trac of conditions and 

rotameter calibration data was adjusted accordingly to provide 

accurate flow rate data. It was found that the best flame 

stability was achieved when t Be flow through each burner tube 

was equal at 12 to 17 liters per minute. The flow rates for 

each flame were tailored to result in a stable, flat flame 

which was well - centered between the burner faces. 

The total nitrogen dilution was kept between 5 0 and 70 

percent. The choice of fuel and overall equivalence ratio 

determined the amount o f nitrogen added to each s ide, which 

for most cases was not equal. The procedure used to determine 

flow rates was a trial-and-error method. The overall 

equ iva lence rat i o was chosen first, and then the amount of 

each gas was selected so that the equivalence ratio was 

achieved, the total flow was between 24 and 34 liters per 

minute , the flow through each burner tube was equ.al, and the 

total amount of nitrogen was between 50 and 70 percent of the 

total gas flow. 

Before each series of tests was run, the burners were l i t 

and allowed to operate for approximately one hour until the 

• 
burners had heated up and reached thermal equilibrium . This 

was to prevent effects on the infrared emission due to changes 

in flame temperature resulting from non-equilibrium heat 

transfer between the flame and the burners. 



33 

EXPERIMENTAL RESULTS 

The spectral regions examined in th~ flames were 3800 to 

2700 cm- 1 and 2450 to 2000 cm- 1 • The region 3800 to 2700 cm · 1 

contains vibration-rotation bands of H20, CO 2 , OH, CH4 , CH 3 , 

' and HCHO, and the region 2450 to 2000 cm- 1 contains bands du~ 

to CO
2 

and CO. 51 The region 2700 to 2450 cm-1 shows only a 

negligible amount of continuum radiation. For methane flames 

a peak is recorded at 3000 cm-1 • This peak does not occur in 

hydrogen/carbon monoxide flames. The position of this band 

suggests a C-H stretch. Species that possess bands in this 

region with origins at or near 3000 cm-1 are methane, ethylene, 

and formaldehyde. 52 The concentration of ethylene in a 

methane flame will be negligible in comparison to methane and 

formaldehyde concentrations. Therefore, this peak has been 

assigned to methane and formaldehyde, and possibly CH3 , the 

relative contributions of each depending upon the positi on in 

the flame. 

The bands in the 3800 to 2700 cm· 1 region show 

considerable broadening and overlap, especially in the center 

of the flame where temperatures are higher. The shapes of 

overlapping bands were determined by extrapolating the shape 

of each peak to the baseline. The frequency range covered b y 

each band was dependent upon the height and position in the 

flame; bands near the center of the flame were much broader 

than those near the edges. 
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A compensating planimeter was used to measure the 

spectral area of the bands and the radiative intensity is 

taken to be directly proportional to the rea. The areas are 

given in square inches. The error in area determinations with 

the planimeter depends inversely upon the size of the are a 

' being measured and is a maximum of 2 percent, but' generall / 

less, for this work. Reproducibility of the spectra for a 

given flame was abou t 2 percent. The fine structure of the 

f~ame emission spectra could not be resolved with th e 

instrument used, but nevertheless the spectra permit 

evaluation of the effects of these additives. 

Using a slit width of 0.25 mm, the flames were scanned i n 

up to 24 non-overlapping intervals. The scans began at the 

flame edge at the fuel side and progressed to the air side of 

the flame. The position in the flame was recorded in inches, 

which was the micrometer setting of the translator that 

carried the variable slit; it indicates relative pos i t ion 

only, as the location of the flame edges depended ~pan flow 

rates and overall equivalence ratio. Repeated scans of the 

weak emissions at the flame edges were also made. The 

position where the emissions just become detectable by the 

spectrometer used is considered to be the "extreme flame 

edge." It should be emphasized that the "flame edge" is 

determined by the sensitivity of the detector and does not 

necessarily relate to the kinetics of the flame. 

Additive concentrations were calculated as a percentage 

of the total volume of gases flowing through both burner tubes 
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unless noted otherwise. Local concentrations in the opposed-

jet flame were not determined. In order to isolate the 

effects of bromine, the rate of fue flow in the tests 

reported here was corrected for the fuel value of the methyl 

bromide. 

The effects of all three additives, methyl bromide, 

phosphorus pentoxide, and anhydrous ammonia, were investigated 

in flames of methane and a one-to-on~ mixture of hydrogen and 

s arbon monoxide. Both fuels were oxidized with oxygen, and 

nitrogen was used as a diluent. Fuel-rich, stoichiometric , 

and fuel-lean flames were used. The overall equivalence r a t io 

was varied be~ween 0.5 and 2.0. Methyl bromide was added t o 

either the fuel side or the oxygen side of the burners; 

phosphorus pentoxide and anhydrous ammonia were added onl y t o 

the oxygen side. 

Methyl Bromide 

Typical spectra for an undiluted methane-air flame with 

methyl bromide added to the air side are shown in Figures 7a , 

7b, and 7c, for the fuel side, the middle, and the air side o f 

the flame, respectively. The overall equivalence ra t io wa s . 
0.86. On the air side, Figure 7c, only the H2O/ OH/ CO2 bands, 

3700 to 3000 cm-1 , and the CO
2
/ CO band, 2400 to 2000 cm -1 are 

visible. Further into the flame, Figure 7b, HCHO/CH4 band is 

quite evident centered at 30-00 cm- 1
• Finally, on the fuel side 

of the flame, there is seen a composite of H2O, OH, CH 4 , HCHO, 



3 6 

and probably CH3 band spectra. These characteristic bands are 

also found in the flame without methyl bromide, but the 

intensity of all the bands in the 

enhanced when methyl bromide is added. 

in reaction zone is 

The data in Tables V-VIII were taken on a flame of 

undiluted methane oxidized wit air. Methyl bromide was added 

to the air side of the flame at a level of 1.6 percent of the 

total fuel flow. The overall equivalence ratio for this flame 

._..as o. 86. Table V summarizes the areas obtained from the 

emission spectra for the 3700 to 2700 cm· 1 region as a function 

of position in the flame with and without methyl bromide. 

Table VI contains the corresponding areas for the spectra l 

region 2450 to 2000 cm · 1
• Figures 8 and 9 display the data 

listed in Tables V and VI, respectively. The fuel side of the 

flame is at slit position 0.00 inch and the air side is at 

0. 24 inch. The areas under the bands cente~ at 34 70 cm ·1 

(mostly H
2
o and OH) and 3000 cm ·1 (HCHO, CH4 and possibly CH 3 ) 

were separated from the total area of the region 3}-00 to 2 700 

crn· 1 in order to further define the effects of methyl bromide . ----These data are listed in Tables VII and VIII, and displayed in 

Figures 10 and 11. 
/--

The data in Tables V and VI and Figures 8 and 9 show that 

the intensity of emissions on the flame edges, particularl y on 

the fuel side, is decreased. This indicates that the 

reactions at the flame edges are suppressed. Within the 

reaction zone, however, all the spectra in the regions 

recorded are enhanced by the addition of methyl bromide. The 
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enhancement is greater on the air side of the flame. It will 

be noted that the percentage increase in intensity of the band 

at 3000 cm- 1 , which is interpreted a predominantly HCHO, 

(except nearer the fuel-side flame edge where CH 4 and probably 

CH
3 

spectra are present) is much greater than for the 3470 cm -1 

band for H2O/OH. The 3000 cm- 1 emission of fuel and 

intermediate species, HCHO/CHjCH3 , falls to zero at the 

position 0.15 inch where the emissions for product species 

CO2/CO and H2O/OH are at a maximum. This relationship is shown 

in Figure 12. This lends further credibility to the 

assignment of the 3000 cm-1 band to HCHO/ CH 4/ CH 3
• 

A study was conducted at the extreme edges of a fuel ­

rich, methane-oxygen flame (¢=2.0 ) with and without 0 . 6 % 

methyl bromide added to the fuel s ide of the flame. Both 

methane and oxygen were diluted with nitrogen. The sl i t was 

positioned at each edge such that the intensity of CO2/ CO 

emission in the 2400 to 2000 cm-1 region was near the limit of 

detectability for the spectrometer. At these points .there was > . 

\. 
no detectable emission in the 3700 to 2700 cm-1 region. On 

each side of the flame ten scans at the same position were 

taken without methyl bromide and ten scans with methyl 

bromide. The results, shown in Table IX, show that the amount 

of CO2/CO at the edges decreases upon addition of methyl 

bromide indicating extension of the preignition zone due t o 

inhibition. 

--- --- - - -- -
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Methyl bromide was also added to a number of 

hydrogen/carbon monoxide flames. These results are presented 

in Tables X-XVII. 

Tables X-XIII summarize the data collected on the effects 

of methyl bromide addition to hydrogen/carbon monoxide flames 

of overall equivalence ratio Qf 0.86. These data were taken 

to provide a comparison to the methane flame of the s a me 

equivalence ratio. Table X lists the spectral areas of the 

3800 to 2900 cm· 1 (H2O/OH/CO2 ) emission with and without 3 . 0 

percent methyl bromide added to the oxygen side of the flame, 

----and Table XI lists the spectral areas for the 2450 to 2 0 00 cm· 1 

(CO2/CO) emission for the same flame. Methyl bromide was also 

added to the fuel side of the ¢=0. 8 6 flame at 0.6 perce nt. 

For this flame, the areas for the 38 0 0 to 2900 cm · region are 

listed in Table XII, and the 2450 to 2000 cm· 1 areas are given 

in Table XIII. 

The data in Tables X-XIII show that the effect of meth y l 

bromide is greater on the 3800 to 2900 cm· 1 emission ~_which is 

predominantly H2O, than on the 2450 to 2000 cm· 1 band, whi c h is 

solely due to CO2/ CO emission. In comparison with the other 

data presented in this work, Table XII shows a higher degree 

of inhibition; the emissions are suppressed much farther into 

the main flame zone than arty other flame, and the increase in 

emission from the flame center is small. 

Tables XIV-XVI summarize data taken on hydrogen/ carbon 

monoxide flames with overall equivalence ratios of 0.5 and 

1.0. These flames were scanned from edge to edge with a 0.25 
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mm slit width, but only seven segments were scanned, which 

we r e not immediately adjacent to one another, but evenly 

spaced through the width of the flames. Table XIV 1 ists 

emission measurements for the 3800 to 2700 cm-1 and 2450 to 

2000 cm- 1 regions for a ¢=0. 5 flame with 0. 2 percent methyl 

bromide added to the fuel side. Table XV presents data f o r a 

¢=0.5 flame where a comparison was made between 0.2 percent 

methyl bromide added to fuel side of the flame versus 0. 2 

percent methyl bromide added to the oxygen side. Table XVI 

shows the results of adding 0.2 percent methyl bromide to the 

oxygen side of a ¢=1.0 (stoichiometric) flame. For the fla mes 

documented by Tables XV and XVI, only the emissions in the 

2450 to 2000 cm· 1 region were recorded. 

The behavior of hydrogen/ carbon monoxide flame emissions 

upon methyl bromide addition is essentially the same as 

methane flames; the intensity of emissions increases at the 

flame center and decreases at the flame edges showing t hat the 

preignition zones are extended and the main react~on zones are 

narrowed and increased in temperature with inhibition. The 

total increase in emission of hydrogen/carbon monoxide flames 

upon addition of methyl bromide is less than for methane 

flames. The difference is that the 3000 cm ·1 band in methane 

flames shows a very large increase. If a comparison is made 

between methane flames and hydrogen/carbon monoxide flames 

excluding the 3000 cm· 1 band in methane flames, the total 

increase in emissions for the two fuels is approximately the 

same. 
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Ammonia 

Anhydrous ammonia was added to the ,Xygen side of methane 

flames and hydrogen/carbon monoxide flames. The amount of 

ammonia added was 0.21 percent for all the flames studied. 
~ 

Overall equivalence ratios of 0.5, 1.0 and 2.0 were used f~r 

methane flames; for hydrogen/carbon monoxide flames only ¢=1.0 

was used. 

The results of ammonia addition to ¢=2.0 and ¢=0.5 (fuel ­

rich and fuel-lean, respectively ) methane flames are shown in 

Tables XVII and XVIII. For both flames the 2450 to 2000 cm· 

region was scanned at two points in the flame; one point on 

the fuel-side of center and one on the oxygen-side of center. 

The points scanned were well into the main reaction zone and 

about one-third the height of the maximum intensity recorded 

for this flame. The results show that the emission of the 

CO2/CO band from the main reaction zone increases slightly 

upon ammonia addition and that this behavior is ind~endent of 

overall equivalence ratio within the range studied. 

The results of ammonia addition to a methane flame of 

¢=1.0 are presented in Table XIX. The flame used to generate 

the data shown in Table XIX was scanned at four points between 

the fuel side and mid-flame; the emission from the oxygen side 

of center was not recorded. Table XIX 1 ists the spectral 

areas from the regions 2450 to 2000 cm· 1 and 3800 to 305 0 cm· , 

and the area of the peak centered at 3000 cm· 1
• Examination 

of the data presented in Table XIX shows that the CO 2/ CO 

.,. 
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emission in the 2450 to 2000 cm· 1 range increases in intensity 

on the fuel - side of the flame but i s not affected near th e 

center. The region 3800 to 3020 cm· 1 sho ~ a decrease at the 

fuel-side edge of the flame and an increase at mid-flame. The 

3800 to 3020 cm· 1 reg i ons manifests two bands which are 

' normally overlapping. At one position in the flame thes e 

bands c an be separated into two bands covering the regi o ns 

3800 to 3300 cm· 1 and 3300 to 3020 cm· 1
• The 3300 to 3020 cm · 

b nd emission decreases in intensity upon ammoni a add i t ion 

while the 3800 to 3300 cm· 1 b a nd em i ssion is vi rtua lly 

unchanged. At the extreme fuel-side of the flame, emi s sion 

from the 3800 to 3020 cm· 1 region was too s mall to be 

integrated with the planimeter, but i t was obvious tha t th e 

intensity was decreased upon ammonia a ddition. The em i s sion 

of the HCHO/ CH4/ CH3 band increased in i ntensity and persis ted 

farther into the flame towards the oxygen side upon addi t i o n 

of ammonia. 

Repeated scans at the extreme oxygen-side and (U~l -s ide 

flame edges wi th and without ammonia were performed on methane 

f l ames of ¢=1.0. The results of these scans are presented in 

Tables XX and XXI. The flames scanned to generate the da t a in 

Tables XX and XXI were both of ¢=1.0, but were of slightl y 

different flow rates. Examination of Table XX shows that upon 

ammonia addition, the intensity of CO2/CO emission in the 2 3 50 

to 2200 cm· 1 region decreases on the fuel - side edge of the 

flame and increases on the oxygen-side edge. Table XXI shows 

similar behavior with the oxygen-side edge 3600 to 30 0 0 crn · 1 
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emission increasing and the fuel-side edge 2350 to 2200 cm ·1 

emission decreasing. Emission from the 2350 to 2200 cm ·1 

region was too weak to be recorded at th point scanned on the 

oxygen side of the flame. 

Ammon i a was also added to a stoichiometric 
~ 

hydrogen/ carbon monoxide flame. Repeated scans were made ~t 

two points on the oxygen side of the flame; the first point 

was in the main reaction zone where the peak intensity was 

ubout one-third the maximum, and the second was at the edge of 

the flame. The regions 2400 to 2100 cm · 1 and 3800 to 31 00 cm 

were scanned at the first point. Only the 2400 to 210 0 cm 

region was scanned at the second point because at the edge of 

the flame no emission from the 3800 to 3100 cm · 1 was 

detectable. Table XXII lists the data taken at the first 

point in this flame and Table XXIII lists the data taken at 

the second point in the flame. The behavio r of 

hydrogen/ carbon monoxide flames upon ammonia addition is seen 

to be similar to the behavior of methane flames i~ -~hat the 

emission from the main reaction zone increases and the 

e mission at the extreme flame edges decreases i ndicating 

extension of the preignition zone while the main reaction zone 

becomes narrower and increases in temperature. 

Phosphorus Pentoxide 

Phosphorus pentoxide was added to fuel-rich (¢=2. 0) and 

fuel-lean (¢=0.5) hydrogen/ carbon monoxide flame s, and a 
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Tables XXIV and XXV 

show the results of phosphorus pentoxide addition on 

monoxide flames of ¢=2.0 and ¢=0.5, hydrogen/carbon 

respectively. Figures 12 and 13 present the data listed in 

Table XXV. The H2/CO flames were scanned from edge to edge 

with a 0.25 mm slit width, b ut only seven, evenly spaced 

segments were scanned. 

Table XXVI shows the effects of P40 10 
addition on the 

~missions from the edges of a stoichiometric methane flame; 

only the extreme edges of the methane flame were scanned. 

Five to eight scans at the same position were averaged to 

generate each data point in Table XXVI. 

The data in Tables XXI V, XXV, a nd XXVI and Figures 12 and 

13 show that, for all the flames tested, the addition of 

phosphorus pentoxide results in an increase in emission 

intensity of the spectral regions measured across the entire 

width of each flame. The data also show that the emission 

intensity increases at the extreme flame edges il).d-icating a 
\. 

broadening of the flame. Also, a bright, white, visible 

emission was observed in flames containing P40 10 • 
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DISCUSSION 

Methyl Bromide 

The measured spectra support the mechanism for combustion 

of methane via the reactions, ' 

14. CH3 + 0 ~ HCHO + H 

and the subsequent react i ons shown in Table II above. It is 

unlikely that methyl bromide added on the air side could pass 

through the main reaction zone intact . Pyrolysis of CH 3Br to 

CH
3 

and Br on the fuel-lean, oxygen side of the flame can 

produce Br atoms to diffuse to the fuel side where reacti o n 

with H atoms forming HBr by reaction 59 can occur. Reacti o n 

59 removes the chain carrying specie Hand forms ,Ji.Br, which 

subsequently reacts with H and OH (reactions 53 and 55) 

forming the stable reactant or product species H2 or H20, while 

removing reactive chain carrying species H or OH, and _,. 

regenerating the inhibitor, Br. Diffusion of Br and HBr to 

the fuel side of the f~ame where they engage in the 

regenerative cycle of reactions 53, 55, and 59 results in a 

reduction of the free radical concentrations and a consequent 

extension of the preignition zone. 
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Inhibition of the flame can also occur by the reaction of 

CH3Br with OH by reaction 61 to form HCHO and HBr. HCHO then 

reacts with OH to form H2O and HCO, wh'ch is l ess reactive 

than the OH radical removed. The HBr f ormed can engage in the 

inhibition cycle of r e actions 53, 55, and 59 described above. 

The reaction of methyl bromide with OH and the back-diffusion 

of Br and HBr to the air side of the flame results in 

extension of the preignition zone on the air side. 

Inhibition and the resultant extension of preigni t ion 

zones are evidenced by the reduced spectral areas recorded a t 

the flame edges and shown in Tables V-VIII and Fi g ures 7 - 1 0 . 

In particular, the reduction of the spectral area at the flam e 

edges of the region 2400 to 2000 cm ·1
, where the only emitters 

are CO and CO2 , demonstrates the inhib ition of the formation 

of CO and CO2 • Since all reactions in the above scheme given 

for combustion of methane which result in the formation of CO 

and CO2 involve the OH radical, these results support the 

proposed inhibition reactions 53, 60 and 61, which c ~nsume OH. 

Also, because of the unlikeliness of methyl bromide passing 

through the flame intact and the observation of inhibition on 

both sides of the flame, the presence of HBr (required by 
~ 

reactions 53 and 55) is substant iated and reactions 54, 58 a nd 

59, which form HBr , are supp6 rted. The presence of HBr having 

been established, reaction 55 is also supported. 

The increase in the HCHO/CHjCH3 emission at 3 000 cm · 1 

upon methyl bromide addition can also be explained by the 

lowered Hand OH concentration. This results in slowing the 

-
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rate of CH4 , CH3 and HCHO consumption thus increasing their 

concentrations at fuel-side points in the flame. Reduction of 

OH concentration results in inhibition c f further reaction of 

HCHO by reaction 16, and lowered H and OH concentrations 

reduces the rate of the methane-consuming reactions 12 and 1 3 . 

Figure 11 shows that the HCHO/~JCH3 band at 3000 cm ·1 extenci s 

further into the main reaction zone, toward the oxygen side of 

the flame, upon methyl bromide addition. This is probably due 

~o a combination of increased temperature and dela y ed 

consumption of CH4 , HCHO, and CH3 because of inhibition. 

The mechanism by which methyl bromide inhibi t s f l a mes of 

hydrogen/ carbon monoxide is expected to be very similar t o t he 

mechanism of inhibition of methane fla mes. With the exc ept ion 

of the discussion of the HCHO/ CH4/CH3 emission, the above 

discussion regarding the inhibition mechanisms of meth y l 

bromide in methane flames applies to hydrogen/ carbon mon oxide 

flames. 

Since the amount of methyl bromide added to~~ flames 

was not sufficient to quench combustion completely, th e 

inhibition effects were predominantly at the flame edges. One 

result of the partial inhibition, as observed by Wilson, 33 was 

to narrow the main reaction zone and to increase the a verage 

• 
temperature. This resulted in the increase in emiss io n 

recorded for the spectra studied. 

The H20/C02/CO emission intensity curves shown in Figures 

8 and 9 show an anomalous increase on the oxygen side o f the 

flame with methyl bromide added to the oxygen side. This 
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increase may be the result of the extra reaction zone observed 

by Simmons and Wolfhard. 37 Also, the observation of Simmons 

and Wolfhard that methyl bromide is mora effective when added 

to the oxygen side of a diffusion flame than when added to the 

fuel side is corroborated by the results presented in Table 

xv. These results show that, ' upon methyl bromide additior, 

the percent increase in CO2/CO emission is greater when methyl 

bromide is added to the oxygen side of the flame. 

Ammonia 

\ 

' The ' x erimental data indicate that ammonia added to the 

oxygen side of opposed - jet diffusion flames acts to inhibit 

combustion reactions on the fuel-side of the flame and 

accelerates combustion on the oxygen-side of the flame. 

The data presented in Tables XVII, XVIII, and XIX show 

that ammonia affects methane flame emissions from the fuel 

side in the same manner as methyl bromide, i.e., t~·- -emission 

intensity from the main reaction zone is increased, the 

i ntensity at the extreme fuel-side edge is decreased, and the 

emission of the HCHO/CHjCH
3 

band at 3000 cm- 1 is increased and 

extends farther into the flame towards the oxygen side. This 

indicates that inhibition is occurring on the fuel - side of the 

flame when ammonia is added. However, Tables XVII, XVIII, and 

XIX do not record the effects on the oxygen side of the flame. 

Tables XX and XXI present data collected on the extreme edges 

of methane flames and show that, upon ammonia addition, 

"-

-
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emission intensity is significantly increased on the o xygen 

side and decreased on the fuel side. The increased emission 

on the oxygen side indicates that amm ,n ia accelerates the 

combustion reactions on the oxygen side of the flames. 

Evaluation of the data presented in Tables XXII and XX I I I 

' shows that ammonia affects hydrogen/carbon monoxide fla mes i n 

the same way it affects methane flames. 

A mechanistic e xplanation of the effects of ammon i a on 

0pposed-jet diffusion flames can be drawn from the r e act ion 

schemes and rate constants presented in Tables I- IV a b ove . 

The following argument can explain the accelera t io n of 

oxygen-side combustion by ammonia. On the oxygen s ide, the 

dominant free radicals are o and OH. The hydroperoxy r adi ca l, 

H02 may also be prese~t, as discussed above in the sect ion o n 

Oxidation Mechanism of Hydrogen/ Carbon Monoxide. The 

reactions on NHx species with OH are given by equations 29 , 

33, 37, and 38. Reactions 29, 33, and 38 produce NH •. 1 a nd 

water. Reaction 37 produces HNO and H atoms. Re~ct.i o ns of 

NHx wi th Oare given by equations 28, 31, 32, 35 , and 36 . The 

r eactions of NH wi th o all 
X 

form either H atoms o r OH 

radicals, both of which are more reactive than o. Rea c t ions 

of HNO, which is formed by reactions 32 and 37, with o and OH 

are shown by equations 4 o and 41. Reaction 41 forms OH 

radicals. The NHx reactions with O are chain propagat i ng 

because they result in no net change in the number of c ha i n 

carriers. They can be cons i dered accelerating because the 

chain carrier generated by the reactions (OH) is more react ive 

-



49 

than the one consumed (0) . Also, the reaction rate 

coefficients of NHx with O or OH are as large or larger than 

the corresponding coefficients for o an~ OH reactions in the 

hydrogen/carbon monoxide or methane systems making the NHx 

reactions competitive or, in some cases, dominant. If one 

includes the effects of NHx rea ctions with H02 , the argument 

for acceleration on the oxygen side still holds. Reactions 42 

and 44 produce H20 2 which can dissociate into two OH radicals. 

These are chain branching steps. However, the forward rate 

coefficient of reaction 42 is e i ght o r ders of magnitude 

smaller than for reaction 44, making reaction 42 negligible. 

The rate coefficient for reaction 44 i s large and comparable 

t~ t he fastest reactions in the systems considered. Thus the 

inc:usion of H02 reactions, the import ance of which have been 

questioned, does not invalidate the argument for acceleration 

of oxygen-rich combustion by ammonia. 

The inhibition of combustion on the fuel side by ammonia 

follows a similar argument. The dominant free radicpl..s on the 

fuel side are OH and H atoms. Reactions of NH with H are 

given by equations 27 and 30. 

reactions 2 7 and 3 O are NHx _, and H2 • 

• 
The reaction products of 

This behavior makes them 

inhibiting react i ons because they remove chain carriers and 

generate the stable specie,
1

H2 • The reactions of NH, with OH 

(reactions 29, 33, 37, and 38) are also inhibiting, removing 

OH to generate NH, . 1 and the stable product specie, H20. 

Reaction 37 generates HNO and H atom making it a chain 

propagating reaction, but HNO inhibits the system by reacting 

-
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with OH via reaction 40 to remove OH radicals and generate 

H2o. The reactions of NHx with HO2 do not apply o~ the fuel 

side of the flame because HO2 radicals are produced on the 

oxygen side and cannot survive the high temperatures 

encountered while diffusing to the fuel side. The reaction 

rate coefficients of NHx reactions with Hand OH are as larq e 

or larger than the corresponding rate coefficients in the 

hydrogen/carbon monoxide or methane systems making the 

inhibiting NHx reactions competitive. 

The mechanisms shown in Tables I-IV do not i nclude the 

interactions between hydrocarbon fragments CH • and the 

oxidation products of ammonia such as HNO, NO, N, and NH t o 

form species such as CN and HCN. The species involved in 

these reactions occur in the high temperature main reaction 

zone and have very small concentrations in the low temperature 

regions of the extreme flame edges. Since inhib i tion occurs 

in the early stages of the flame, this work is not concerned 

with the reactions of species occurring predomina ~ ~y in the 

advanced stages of the flame. 

Phosphorus Pentoxide 

' The experimental data show that, upon P4O10 addition, the 

infrared emission intensity increases across the entire width 

of the flames studied, and that the width of the flames, as 

measured by infrared emission, increases. Given the 

experimental parameters, these results cannot be eas i l y 
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explained within the bounds of the assumptions of chemical and 

thermal equilibrium, and constant self-absorption. 

The proposed decomposition mechani " for P40 10 generates 

the same species as the mechanisms proposed by Hastie for 

inhibition by TPPO. The P
4
0 10 decomposition mechanism is 

supported by the observation of a visible glow in flames with 

P
4
0

10
• The glow is attributed to emission of HPO and PO. 53 

~ 

This supports the position that P40 10 should act as an 

i~hibitor. A possible explanation of the experimental result s 

is that inhibiting reactions are occurring in the "dark " 

preflame region where emissions are below the detection 

threshold of the spectrometer. This is unlikely because P4 0 10 

is a stable molecule and its decomposition at low temperatures 

should be slow. Also, the methy l bromide results show 

inhibition occurring in the region detectable with this 

equipment, decreasing the likelihood of significant reactions 

occurring in the "dark" p r eflame zone. 

Since P
4
0

10 
has no fuel value, and probably .,.undergoes 

endothermic decomposition, the observed effect cannot be due 

t o additional energy being introduced into th e system via 

P
4
0 10 • 

The heating effect of the carrier gas is negligible 

because the amount of carrier gas was small, less than one­

half percent of the total gas flow. 

stream was heated, so the temperature difference between the 

carrier gas and the main stream was small. 
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Pressure differences in the gas delivery system between 

control flames and additive flames would result in an overall 

increase in the oxygen delivered to e flame, which could 

result in the observed behavior. However, this problem was 

anticipated and the test apparatus and method were designed to 

prevent its occurrence . 

The presence of P4O10 may also lower the degree of 

ionization or dissociation occurring in the flame, which would 

result in higher temperatures. This mechanism cannot e xplain 

the increased radiation from the flame edges, because 

temperatures at the edges are too low for significant 

dissociation or ionization. 

The decompos i tion products of P4O10 
include HPO and PO, 

which have infrared active vibration-rotation transit ions. 

The frequencies of these bands were not found in the 

literature and their calculation is beyond the scope of this 

study. Therefore, the contributions of HPO and PO to infrared 

emissions in the regions studied could not be det7--anined. 

It is concluded that the most likely explanation for the 

observed behavior of P4O10-doped flames is devia tion from 

equilibrium conditions. Phosphorus is the classical example 

o f chemiluminescence, i.e., phosphorescence. The forma tion of 

molecules with excess vibrational-rotational energ y , 

particularly CO2 , CO and OH, is known to occur in flames 54
, 

and the nature of phosphorus with its forbidden transitions 

may prolong the relaxation time resulting in a dev ia tion from 

thermal equilibrium and the potential for an i ncrease in 

"-
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emission from P4o10-doped flames. The possibility of formation 

of non-phosphorus species in an excited state through P
4
O10 

decomposition reactions also exists. Tr resulting deviation 

from equipartition of energy would increase the infrared 

radiation. The decomposition of P4O10 in the flame may also 

delay reaching chemical equi l: · brium, resulting in elevated 

concentrations of OH and CO and a subsequent increase in 

radiation. 

Applications to Solid Propulsion 

The additives studied here exhibit chemistry which would 

suppress rocket exhaust afterburning. However, their direct 

use in practical propulsion systems is not likely. 

To be useful in solid propulsion systems, additives must 

meet a number of requirements in addition to being effecti ve 

inhibitors. They must be chemically stable and chemically 

compatible with other propellant ingredients. The saQnot have 

adverse effects on the propellant burning rate and pressure 

exponent. Also, additives used for afterburning suppress io n 

ideally should not increase other signatures of the exha~ 

plume such as smoke, radar cross section, and visible light 

emission. 

The methyl bromide tests indicate that brom i nated 

compounds inhibit afterburning. 

the plume would increase the 

But the formation of HBr in 

propensity for contrai l 

formation, decreasing the desirability of bromine for use in 
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The effects of small amounts of HBr on 

smoke formation should be investigated. It is possible that 

the small amounts required for afterbur ng suppression will 

not have a significant impact on smoke formation. Several 

ways of incorporating bromine in solid propellants exist. The 

polymers used for fuel and bi~der could be brominated, ard 

bromide salts such as ammonium bromide might be compatible. 

In the case o f bromide salts, the cation must chosen such that 

the bond energy of the salt is sufficientl y low to allow low 

temperature dissociation. 

Ammoniacal compounds have also been shown to inhibit 

combustion when introduced to the fuel side of a diffusion 

flame; i n a rocket exhaust, the s uppression additive is 

introduced on the fuel side of the flame making ammoniacal 

compounds chemically appropriate as an inhibitor . The use of 

ammonium bromide could possibly result in inhibition by both 

bromine and ammonia. 

The use of phosphorus compounds is probably un~c ~eptable 

because of the bright, visible emission o f hot HPO and PO, 

wh ich would occur even in the absence of afterburning. 

------ - -
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CONCLUSIONS 

Methyl Bromide 

This work corroborates the conclusion of Friedman and 

Levy 28 that the opposed-jet d l ffusion flame is a valid tool 

for studying inhibition of combustion by chemical additives. 

Wilson's 33 observation of methyl bromide addition 

~xtending the preignition zone, narrowing the main reaction 

zone, and increasing the average temperature were confirmed . 

The emission intensity increase and spat ial shift of the 

3000 cm· 1 HCHO/ CH4 peak upon methyl b r omide addition confirms 

inhibition and reinforces the importance of HCHO i n the 

mechanism of hydrocarbon oxidation. 

The observations of Simmons and Wolfhard 37 regarding the 

formation of an additional react i on zone when methyl bromide 

is added to the oxygen side of a diffusion flame were 

corroborated. This work also corroborates the obs~rvation of 

Simmons and Wolfhard that the effects of methyl bromide are 

greater when added to the oxygen side of a diffusion flame 

than when added to the fuel side. 

These results also support the mechanisms proposed by 
, 

Fenimore and Jones 30 and by Wilson 33 for the reactions of 

CH3Br with Hand HBr with OH in breaking the chain reactions 

required for the combustion. 

It was not possible by examining the infrared emissions 

of opposed-jet diffusion flames to identify with certainty 
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which specific reactions dominate the inhibition of combustion 

of methane or hydrogen/carbon monoxide by methyl bromide. It 

is likely that, in the opposed-jet system, all of the 

inhibition mechanisms discussed above are occurring in the 

flame. The degree of contribution of one mechanism or another 

depends upon the location in the diffusion flame and overal~ 

equivalence ratio. 

Ammonia 

Ammonia can act as either an inhibitor or accelerator of 

combustion reactions. In fuel rich systems, it behaves as an 

inhibitor by removing H atoms and OH radicals to form H2 and 

H2o, respectively. In oxygen rich systems it behaves as an 

accelerator by reacting with O atoms in chain propagating 

steps to generate OH radicals, which are more reac tive than o 

atoms. Including HO2 reactions, there is a chain branch ing 

reaction r esulting in the formation of two OH radi cals for 

each o atom consumed. 

Phosphorus Pentoxide 

Phosphorus compounds are known to be inhibitors of 

combustion reactions. However, 

reaction rate of opposed-jet 

the effect of P4O10 on the 

diffusion flames cannot be 

determined from the present experimental results. The results 

show an increase in flame width and emission intensity, which 



- - - - -- -- -

57 

conflict with the principles of flame thermochemical dynamics 

based on assumptions of chemical and thermal equilibrium. The 

most likely explanation for these resu _sis deviation from 

thermal and/or chemical equilibrium induced by the presence of 

P40 10 in the flame. The specific mechanism responsible for 

this behavior could not be identified. 

Applications to Solid Propulsion 

The direct use of the additives studied here in practi ca l 

solid propulsion systems is not likely. Derivat i ves of 

ammonia and bromine have promise and further investigati on is 

recommended. 
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TABLES OF OXIDATION MECHANISMS 

TABLE I 

Hydrogen/Carbon Monoxide Rea ct i on Scheme 
and Rate Coefficients, k. 

' 

63 

The uni ts of k for bimolecular reactions are cc rno 1 · 1 sec · 1 

and for termolecular reactions, cc2 mo1 ·2 sec · 1
• 

React j on k 

Forward 

1. OH+H2 
... H

2
0+H S .9 x l0 11 

2. H+02 
... OH+O 1. s x 10 7 

J. O+H
2 

... OH+H 7 .J X109 

4. H+ O
2
+M.,. HO2+M 

. 
6.2 xl 0 15 

5. CO+OH ... C0
2
+H l.J x l0 11 

6. H+H+M ... H2+M* 9 .S xl 0 14 

7. H+OH+M.,. H20+M* 2.4 x l0 16 

@ 700K k 

Reverse Forward 

4 .2 XlQ 7 5.6 x l0 12 

l.7 Xl0 13 J.4 x l0 12 

l.4 Xl0 10 4. JX10 12 

2.2 xl 0 1 4.0xl0 15 

8.4 Xl0 5 3.l x l0 11 

9. 7x10· 18 l.l x l0 15 

1. a x 10· 20 1.a x 10 16 

@ 

' ' 

1750 K 

Reverse 

.. 
J . l Xl Q ' 

2 . 6x10 · 3 

J . S x 10 ·? 

7 . 6xl0 9 

6 . 9 Xl 0 10 

J . 4 Xl 0 2 

J . 2x10 2 

i 
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TABLE II 

Methane Oxidation Reaction Scheme and Rate Coeff icients, k 

The uni ts of k for bimolecular reacti o s are cc mol -1 sec · 1 

and f or termolecular reactions, cc 2 mo1 -2 sec -1 • 

Re action k @ 7OOK k @ 175OK 

Forward Reverse Forward Reverse 

8. CH4+ M..-CH
3
+H+M• 2. ox1O -11 1. 3 X 1020 8. ] XlO5 ll x lO 17 

~. CH4+02..-CH3+H02 6.O x 1O -1 N/A 2.o x 1 O8 N/ A 

10. 0 2+M..-O+O+M• 8. 7 X 10- 20 N/A 2. 7 N/ A 

11. CH4 +O..-CH3+0H 4. 1 x 1O 10 5.3 X1O9 6.5 x l O12 2.l x lO 1 

12. CH4+H..-CH3+H2 2. 6X1O 10 1.7 X1O9 4.9X1O 12 1.9 x lO 11 

13. CH4+0H..-CH3+H20 8.l x lO 11 3 . 9 X1O6 7 .l x l O12 1 . 6 X1O 1
Q 

14. CH
3
+0 .. HCHO+H 6.1X1O 13 ].8 X10 -l 1. 5 X1O 4 6. 3 X 1 06 

15. CH3+o2 .. HCHO+OH 1011 to 1014 est . 1011 to 1014 est. 

16. HCHO+OH .. HCO+ H20 2.2x1O 13 4.2 X1O 2 5.6 X1O 3 1. ) XlO 9 

17. HCO+OH..-CO+H20 10 12 to 1015 est. 1012 to 1015 est . 

18. CO+OH..-C02+H 1. 3 X1O 11 8.4 X1O 5 3.l x l O 1 6 . 9 x 1O 10 

19. H+02..-0H+O 1.5 X1O9 1.7xlO13 3.4 X1O 12 2.6 x lO 13 

20. O+H2..-0H+H 7.] X1O9 1.4 X1O 10 4.JxlO 2 3 . S x lO 12 

21. O+H20..-0H+OH 1.lx lO8 2.9 XlO 12 3.2 X1O 11 4.5 x lO 2 

22. H+H20 .. H2+0H 4.2xlO 7 5.9 XlO 11 3 . l x lO 11 5 . 6xlO 12 
.. . 

2.4 x lO 16 1. 8 X 10 -20 1.8 Xl0 ~ 3 . 2 x 1O2 2 3. H+OH+M .. H20+M 

24. CH3+o2 .. HCO+H20 1011 to 10 12 est. 1011 to 1012 est. 

25. HCO+M .. H+CO+M• 5.OxlO 5 N/ A 2.l x lO N/ A 

I 
I 

I 

I 
I 

I 



26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

3 8 . 

39. 

40. 

41. 

-. 

TABLE III 

N/H/0 Reaction Scheme and Rate Coefficients 

The units of k are cc m _, sec -1 

Reaction k @ 700K k 

Forward Reverse Forward 

... 
NH3+M• ..-NH2+H+M 1. 3x10 -13 N/A 4.9xl0 4 

NH3+H..-NH2+H2 l.3xl0 12 6.4Xl0 1
0 1.o x 10 13 

NH
3 
+O..-NH

2 
+OH 2.ox10 10 1. 9Xl09 2. 7Xl0 11 

NH
3
+0H..-NH

2
+H

2
0 1.2x10 12 4. 2 x 106 3. sx10 12 

NH
2
+H ... NH+H

2 
5. l x l0 11 7. 1 x 10 10 6.0 x l0 12 

NH
2
+0 ... NH+OH 2.4 Xl0 13 6 .6 Xl0 12 3 . 9 Xl 0 13 

NH
2
+0 ... HNO+ H 2.4 Xl0 13 N/ A 1.s x 1 0 13 

NHz +OH ... NH+ HzO 1.o x 10 12 1. o x 107 3. J x l0 12 

N+H
2 

... NH+H 2. 6 Xl0 12 s.2 x 10 10 3.1 Xl0 13 

NH+O ... NO+H l.7xl0 13 2.o x 10 · 10 2.6 Xl0 13 

NH+O ... N+OH s.sx10 10 N/ A l.7 Xl0 12 

NH+OH ... HNO+H 6.3 xl 0 12 N/ A 1.s x 10 13 

NH+OH ... N+H
2
0 J.l x l0 12 7. s x 10 · 1 1.2 x 10 13 

HNO+H..-NO+H
2 

7.2 Xl0 11 N/ A 4 . 0 x l0 12 

HNO+OH .-8
2
0+ NO 4.9Xl0 11 9. 8 x 10 · 11 7. 5 x l0 11 

HNO+O.-OH+NO l.3 Xl0 13 7. 2 x 10 -s 2.1x10 13 

\ , 

65 

@ 1750K 

Reverse 

N/ A 

8 . 0xl0 11 11 
,I 

l . 7 x l 0 10 ·I ,, 

l. 5Xl0 1
0 1: 

2 . o x 10 12 1, 

1.1 x 10 13 

N/ A ,l 
6 . 4Xl0 1

0 

2 . 6Xl0 12 

I 
5.5 Xl0 4 ! 

I 

N/ A I 
' N/ A I 
I 

6. 7 X 108 I 

N/ A 
,I 
I 

2 . 8 x l 0 3 

1. 1 X1 0 6 



42. 

43. 

44. 

45. 

46. 

4 7. 

48. 

49. 

50. 

NH3 

NH2 

NH2 

TABLE IV 

N/H/O Reactions Involving HO2 
and Rate Coefficients, k, at 700K 

The units of k are cc rno1· 1 sec · 1 

Reaction k 

' 
Forward 

+ HO2 
... NH2 + H2O2 9. o x 104 

+ HO2 
... NH3 + 02 2.4 Xl0 12 

+ H02 
... NH+ H2O2 2.4 Xl0 12 

NH+ HO2 
.. HNO + OH 2.4 x l0 12 

N + HO2 
.. NO + OH 2 . 4 Xl 0 12 

N + HO2 
.. NH + 02 2.4 x l0 12 

NO + H02 
... HNO + 02 4.8 Xl0 10 

NO + HO2 
... NO2 + OH 1. o x 10 12 

HNO + HO2 
... NO + HzOz 7. 6 x l0 10 

66 

@ 700K 

Reverse 

N/ A I 

N/ A 

N/ A 

N/ A 

N/ A 

N/ A 

N/ A r 
' 

7.1 Xl Q9 

N/ A 
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TABLES OF EXPERIMENTAL RESULTS 

TABLE V 

IR Spectral Emission of Opposed-Jet Diffusion Flame 
Methane (undiluted) /Air, Overall ¢ = 0.86 

1. 6% Methyl Bromide Added to Air Side 

3700-2700 cm · 1 

Slit Positjon Spectral Area ( in2) 

(in.) Without MeBr With MeBr % Change 

Fuel 0.00 4.27 0.06 -98.6 
Side 7.04 7.03 - 0.1 

9.83 10.46 6.4 
11. 95 13. 87 16.1 
16.21 17.73 9 . 4 

0 .0 5 19.66 21. 85 11. 1 
21.00 25. 73 22.5 
16.94 22.93 35.4 
12.82 16.64 29.8 
8.95 11. 51 28.6 

0.10 7.77 8.98 15.6 
7.64 8.46 10. 7 
6.97 8.53 22.4 
7.22 8.51 17.9 
7.46 8.25 10.5 

0.15 6.87 7.67 11. 6 
6.07 6.96 14.7 
5.10 6.12 20 .0 
4.24 4 .86 14.6 
3.03 3. 4 4 12.5 

0.20 2.16 6.68 2 4. 1 
1.10 1. 77 60.9 
0.73 1.31 79 . 5 

oxygen 0.53 0.79 4 9 .1 
Side 0.24 N/,A 0.00 

TOTAL 195.56 226.14 15.6 4 



Fuel 
Side 

TABLE VI 

IR Spectral Emission of Opposed-Jet Diffusion Fl ame 
Methane (undiluted)/Air, Overall¢= 0 . 86 

1.6% Methyl Bromide Added to Air Side 

2 4 5 0- 2 0 0 0 cm· 1 

Spectral Area (in2 ) Slit Position 
(in.) Without MeBr With MeBr % Chang e 

0.00 

0.05 

0 . 10 

0.15 

0. 20 

- 43 . 7 
14 . 6 

- 4 . 8 
6 . 0 

- 4.4 
3 . 5 

- 17 . 7 
- 13 . 2 
- 13 . 2 

4 . 3 
- 2 . 4 

2 . 6 
4.4 
3 . 1 
5 .1 
3 . 6 
0 . 6 
9 . 7 
9 . 8 

Oxygen 
Side 0.24 

TOTAL 

0.32 
0.48 
0.84 
1.00 
1. 41 
1. 70 
2.60 
2.65 
2.89 
3. 2 3 
3.83 
4.29 
4.80 
5.25 
5.47 
5.55 
5.25 
4.53 
3.87 
3.02 
2.15 
1.53 
1.01 
0.55 
0.25 

0.18 
0.55 
0.30 
1.06 
1. 35 
1. 76 
2 .14 
2.30 
2.51 
3.37 
3.74 
4 .40 
5 . 01 
5 . 41 
5.75 
5.75 
5.28 
4 .97 
4 .25 
3. 3 2 
2.60 
1. 86 
1.85 
0.74 
0.07 

10 . 6 
20.9 
2 1. 6 
23 . 8 
34 . 6 

- 72 . 0 

68.47 70.44 2 . 9 

68 
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Fuel 
Side 

TABLE VII 

IR Spectral Emission of Opposed-Jet Diffusion Flame 
Methane (undiluted)/Air; Overall¢= 0.86 

1.6% Methyl Bromide Added t Air Side 

Peak at 3470 cm· 1 

Spectral Area ( in2 ) Slit Position 
(in.) Without MeBr With MeBr % Change 

0.08 

0.10 

0.15 

3.86 
3.06 
3.17 
3.63 
4.28 
4.86 
5.43 
5.68 
5.17 
4.36 
3.49 

N/A 
3.48 
3.14 
3.80 
4.50 
5 . 34 
5.89 
5 . 73 
5.55 
4.93 
3.80 

13. 7 
- 0. 5 

4 .7 
5 .1 
9 . 9 
8 . 5 
0 . 1 
7 . 4 

13. 1 
8.9 

oxygen 
Side 0.20 

TOTAL 

2.69 
1. 76 

3.00 11. 5 
2.00 13. 6 

47.58 51. 16 7 . 5 

; 

\. 

69 



TABLE VIII 

IR Spectral Emission of Opposed-Jet Diffusion Flame 
Methane (undiluted)/Air, overall¢= 0 . 86 

1.6% Methyl Bromide Added Air Side 

Peak at 3000 cm· 1 

Slit Position Spectral Area (in2 ) 

(in.) Without eBr With MeBr % Change 

Fuel 
S ide 

Oxygen 
Side 

0.08 

0.10 

0.15 

TOTAL 

6.00 
3.60 
2.61 
2.22 
1. 79 
1. 21 
0.81 
0.51 
o.oo 
0.00 

18.75 

TABLE IX 

7.33 
4.87 
3. 3 3 
2.58 
2.21 
1. 72 
1. 19 
0.84 
0.48 
0. 41 

24.96 

22 . 0 
35.3 
27.6 
16. 2 
23 .5 
42.2 
46.9 
64 . 7 

33 .1 

Effect of MeBr on Extreme Flame Edge Emission of CO2/ CO 
Methane/Oxygen/Nitrogen, ¢ = 2.0 , · · 

Fuel Side: 

0.6% Methyl Bromide Added to Fuel Side ' 
Average Spectral Areas ( in2) 

2 4 0 O to 2 0 0 0 cm· 1 

Without MeBr With MeBr 

Oxygen Side: 

0.541 

0.418 

0.473 

0.361 

% Change 

- 12 . 6 

- 13 . 6 

70 



Fuel 
Side 

Air 
Side 

TABLE X 

IR Spectral Emission of Opposed-Jet Diffusion Flame 
Hydrogen-Carbon Monoxide-Nitrogen/Oxygen-Nitrogen 

Overall¢= 0.8 
3.0% Methyl Bromide Added to Oxygen Side 

3800-2900 cm· 1 

Slit Position 
(in.) 

Spectral Area ( in2 ) 

Without MeBr With MeBr % Chang P 

0.18 

0.23 

0.28 

0. 3 3 

0. 38 

0. 40 

TOTAL 

0.24 
0.17 
0. 35 
0.58 
1. 19 
1. 70 
2.70 
3.77 
5 .13 
6.75 
8.00 
9.36 

10.91 
10.87 
11. 42 
11. 39 
10.30 

9.07 
6.84 
5.23 
2. 41 
0.85 
0.06 

119.29 

0.09 
0.28 
0.31 
0.72 
1. 37 
2.04 
3.00 
4.37 
5.95 
7.32 
9.19 

10.97 
11.45 
12.48 
12.47 
11. 54 
10.52 
8.82 
6.77 
4 .8 6 
2.52 
0.74 
0.00 

127.78 

-62.5 
64.7 

- 11. 4 
24 .1 
15.1 
20.0 
11. l 
15 . 9 
16 . 0 

8. 4 
14.9 
17 . 2 
4.9 

14.8 
9.2 
1. 3 
2 .1 

- 2.8 
- 1. 0 
- 7 . 1 

4 . 6 
- 12.9 

-100.0 

7.1 

7 1 
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TABLE XI 

IR Spectral Emission of Opposed-Jet Diffusion Flame 
Hydrogen-Carbon Monoxide-Nitrogen/Oxygen-Nitrogen 

Overall ¢ = 0.86 
3.0% Methyl Bromide Added to Oxygen Side 

2400-2000 cm-1 

Slit Pos i tion Spectral Area ( in2> 

(in.) Without MeBr With MeBr % Cha ng e 

Fuel 0.17 0.65 0-6 7 3. 1 
Side 0.89 0.93 4 _ 5 

1. 30 1.27 - 2 . 3 
1. 61 1. 71 6 . 2 
1. 97 2.14 8 . 6 
2.45 2 . 63 7_3 

0.23 2.96 3.24 9 . 5 
3.48 3.78 8.6 
4 .32 4.46 3. 2 
~ .93 5.09 3. 2 
5.15 5.54 7 . 6 

0.28 5.69 6.24 9.7 
6.20 6. 40 3 .2 
6 . 24 6.49 4 . 0 
6.15 6.66 8. 3 
6.20 6. 25 0 . 8 

0. 3 3 6.10 6.1 4 0 . 7 
5.44 5.42 - 0.2 
4.82 5 . 07 5 . 2 
4.05 4 .19 3 . 5 
3_02 3.02 0 . 0 

0.38 1. 80 1.96 8.9 
; 

Air 0.77 0.85 ' 1 0 . 4 
Side 0.40 0 . 09 0.0 5 - 44 . 4 

TOTAL 87.08 90.20 3 . 6 

_J 
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TABLE XII 

IR Spectral Emission of Opposed-Jet Diffusion Flame 
Hydrogen-Carbon Monoxide-Nitrogen/Oxygen- Nitrogen 

Overall <I> = 0.86 
0.6% Methyl Bromide Added to Fuel Side 

3800-2900 cm· 1 

Slit Position Spectral Area ( in2 ) 

(in.) Without MeBr With MeBr % Change 

F 1el 0.18 0.00 0.00 0. 0 
Side 0.03 0.10 2 3 3. 3 

0.14 0.15 7 . 1 
0.31 0.20 - 3 5.5 
0.57 0.68 19.3 

0.23 1. 4 7 1. 38 - 6 .1 
2.45 2.26 - 7.8 
3.27 3.12 - 4 . 6 
4.59 4.45 - 3 . 1 
5.60 5.92 5 . 7 

0.2 8 7.27 7.37 1. 4 
8.42 8.58 1. 9 
9.39 9.40 0. 1 
9.65 9.70 0.5 
9.54 9.49 - 0.5 

0 . 33 8.64 8.78 1. 6 
7.61 7.65 0.5 
6.19 6.14 - 0 . 8 
4.63 4.45 - 3 . 9 
2.81 2.66 - 5 . 3 

0.38 1. 25 1.06 - 5 . 2 
Air 0.07 0.08 ,. · - 12 . 5 
Side 0. 4 0 0.00 0.00 0 . 0 

TOTAL 93.90 93.62 - 0 .3 



Fuel 
S1.de 

TABLE XIII 

IR Spectral Emission of Opposed-Jet Diffusion Flame 
Hydrogen-Carbon Monoxide-Nitrogen/Oxygen-Nitrogen 

Overall¢= 0.86 . 
0.6% Methyl Bromide Added to Fuel Side 

2450-2000 cm· 1 

Spectral Area (in2 ) Slit Position 
(in.) Without Me-Br With MeBr % Change 

0.17 

0.23 

0.28 

0.33 

0.0 
13. 8 

-11.9 
- 1. 6 

7.1 
3 . 2 
2.0 
6.9 
3.7 
4.4 
3 . 8 
4. 2 
0.6 
0 . 6 
2 . 9 
7 . 0 
2 . 4 
6.9 

- 0 . 3 
8.9 
6 . 7 

- 1. 8 
oxygen 
Side 

0.38 

0. 40 

TOTAL 

0.50 
0.65 
1.01 
1. 23 
1. 55 
1. 87 
2.49 
2.88 
3.50 
3 .89 
4. 4 3 
4.80 
5.12 
5.35 
5.25 
4.98 
4.67 
4.06 
3.47 
2.70 
1. 79 
1. 12 
0.38 
o.oo 

0.55 
0.74 
0.89 
1. 21 
1. 66 
1. 93 
2.54 
3.08 
3.63 
4 .06 
4.60 
5.00 
5.15 
5.38 
5.37 
5 .33 
4.78 
4. 34 
3.46 
2.94 
1. 91 
1.10 
0.40 
0.00 

'-. 5. 3 
0 . 0 

67.69 70.05 3.5 

, 
7 4 



Fuel 
Side 

TABLE XIV 

IR Spectral Emission of Opposed-Jet Diffusion Flame 
Hydrogen-Carbon Monoxide-Nitrogen/Oxygen-Nitrogen 

Overall¢= 0.5 
0.2% Methyl Bromide Added to Fuel Side 

3 8 o o - 2 7 o O cm -1 

Spectral Area (in2 ) Slit Position 
(in.) Without Me~r With MeBr % Change 

0.105 0.87 0.72 -1 7.2 
0.140 5.06 5.87 16.0 
0.175 9.09 9.96 9 _5 
o.:.no 8.86 8.86 0.0 
0.245 4 .58 4.88 6.6 

Oxygen 
Side 

0.280 
0. 315 

1. 21 
0.16 

1. 20 - 0.8 
0. 21 Ji. . 3 

TOTAL 29.83 31. 70 6.J 

2450-2000 cm _, 

Slit Position Spectral Area ( in2 ) 

(in_) Without MeBr With MeBr % Change 

Fuel 0.105 1. 25 1. 29 - 4 . 8 
Side 0.140 3.93 4_39 11. 7 

0.175 5.59 6.10 ;. 9.1 
0.210 4.80 5.41 ,, 12.7 
0.245 J.]8 J.25 - J.8 

Oxygen 0.280 1. ]6 1. 47 8 .1 
Side 0.]15 0.4] 0_47 9.J 

TOTAL 20.74 22.28 7.4 

, 
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TABLE XV 

IR Spectral Emission of Opposed-Jet Diffusion Flame 
Hydrogen-Carbon Monoxide-Nitrogen/Oxygen-Nitrogen 

Overall ¢=0. 5 

76 

Comparison of MeBr Addition to Fuel Side and Oxygen Side 
0.2% Methyl Bromide Ad~ed to Indicated Side 

Slit Position 
(in.) 

Fuel 
Side 

0.100 
0 .130 
0.160 
0.190 
0.220 

24 50-2000 cm· 1 

Spectral Area ( in2 ) 

w/ o MeBr With MeBr % Change 
Fuel oxy Fuel 

0.61 0.74 0.66 21. 3 
3.71 3.72 3.81 0 . 3 
5 .19 5.20 5 .30 0 . 3 
4.97 5.32 5.39 7 . 0 
3.93 4.00 4.22 1. 8 

Oxy 

8 . 2 
2 . 7 
2 . 1 
8 . 5 
7 . 4 

Oxy 
Side 

0.250 2.09 2.18 2.32 4.3 11. 0 
0.280 0.73 0.78 0.96 6 . 8 31. 5 

TOTAL 21. 23 21. 94 22.66 3. 3 

TABLE XVI 

IR Spectral Emission of Opposed-Jet Diffusion Flame 
Hydrogen-Carbon Monoxide-Nitrogen/ Oxygen-Nitroge~ 

overall ¢=0. 5 
0.2% Methyl Bromide Added to Oxygen Side 

2 4 50-2 000 cm· 1 

Slit Position 
(in.) 

w/ o MeBr 

Spectral Area 

Fuel 
Side 

Oxy 
Side 

0.120 
0.150 
0.180 
0.210 
0.240 
0.270 
0.300 

TOTAL 

1.00 
2.66 
4.29 
5.07 • 
3.73 
1.90 
0.46 

19. 11 

With MeBr 

1.11 
2.77 
4.37 
4.84 
3.90 
1.84 
0.53 

19.36 

% Change 

11. 0 
4. 1 
1. 9 

- 4.5 
4. 6 

- 3.2 
15.2 

1. 3 

6. 7 



TABLE XVII 

IR Spectral Emission of Opposed-Jet Diffusion Flame 
Methane-Nitrogen/Oxygen-Nitrogen, Overall ¢=2 . 0 

0.21% Ammonia Added to O en Side 
Repeated Scans at Fixed Posit ion 

Slit Position 
(in.) 

Fuel Side 0.225 

Average: 
Range: 

2 4 5 o - 2 o o o cm· 1 

Spectral Area ( in2 ) 

Without H3 With NH3 % Chang~ 

1.135 1.210 
1.125 1. 250 
1.270 1.295 

1.177 1.252 6 . 4 
0.145 0.085 

Oxy Side 0.375 1. 300 1.300 
1. 265 1 . 300 
1. 240 1. 385 

Average: 1.268 1 . 328 4.7 
Range: 0.060 0 . 085 

''-

I _ _____ _ -
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Fuel 

Oxy 

TABLE XVIII 

IR Spectral Emission o f Opposed-Jet Diffusion Flame 
Methane-Nitrogen/Oxygen-Nitrogen, Overal l ¢=0.5 

0.21% Ammonia Added to Ox en Side 
Repeated Scans at Fixed Position 

Slit Position 
(in.) 

Side 0.225 

Average: 
Range: 

Side 0.370 

Average: 
Range: 

2450 - 2000 cm· 1 

Spectral Area ( in2 ) 

Without NH3 With NH3 % Change 

1.105 1.260 
1.150 1. 200 
1.128 1.230 9.0 
0.045 0.060 

1.400 1.515 
1.585 1.540 

1.493 1.528 2 . 3 
0.085 0.025 
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TABLE XIX 

IR Spectral Emission of Opposed-Jet Diffusion Flame 
Methane-Nitrogen/Oxygen-Nitrogen, Overall ¢=1.0 

0.21% Ammonia Added to Ox en Side 

Slit Posit i on 
(in.) 

Fuel Side 0.215 
0.245 
0.275 

Mid-flame 0 .3 05 

Peak 

Slit Position 
(in.) 

Fuel Side 0.215 
0.245 
0.275 

Mid-flame 0.305 

Slit Position 
(in.) 

Fuel Side 0.215 
0.245 
0.275 

Mid-flame 0.305 

2 4 5 o - 2 o o o cm· 1 

Spectral Area ( in2 ) 

Without~ With NH3 % Change 

at 

0.285 
1. 225 
3.070 
4.900 

0.340 
1.370 
3.110 
4.910 

3000 cm -1 (3020-2800 cm-1 ) 

Spectra l Area ( in2 ) 

Without NH3 With NH3 

0.195 0.225 
1.210 1.355 
1. 545 1.700 
0.255 0.320 

3 8 O o - 3 o 2 o cm· 1 

Spectral Area ( i n2 ) 

% 

19. 3 
11. 8 

1.3 
0.0 

Change 

15 . 4 
12 .0 
1 0 . 0 
25 . 5 

Without NH3 With NH3 % Change 

Bigger 
0.51 (1.03). 

5.700 
9.63'{) 

Smaller 
0.42 (1.02). 

5.650 
9.970 

N/ A 
- 6.5 
- 0.9 

3.5 

* Note: Between 3800 and 3020 cm· 1 there are two bands that 
are easily separated at this position in the flame. The 
numbers in parentheses are for the band 3300 to 3020 cm· 1 

and the others are for the band 3800 to 3300 cm · 1
• 
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TABLE XX 

Diffusion Flame 
Overall ¢=1.0 
en Side 

IR Spectral Emission o f Opposed-Jet 
Methane-Nitrogen/Oxygen-Nitrogen, 

0.21% Ammonia Added to O 
Repeated Scans at F i xed osition 

Slit Position 
(in.) 

Extreme Fuel Side 

Extreme Oxygen Side 

2 3 5 o - 2 2 o o cm· 1 

Average Spectral Area (in2) 

Without NN3 With NH3 
% Chang e 

0.479 

0.378 

TABLE XXI 

0.420 

0.424 

-1 2.J 

12. 2 

IR Spectral Emission of Opposed-Jet Diffus ion Flame 
Methane-Nitrogen/ Oxygen-Nitrogen, Overall ¢= 1. 0 

0.21% Ammonia Added to Oxygen Side 
Repeated Scans at Fixed Position 

Slit Position 
(in.) 

Extreme Fuel Side 

Slit Position 
(in.) 

Extreme Oxygen Side 

2 J 5 0 - 2 2 0 0 cm· 1 

Average Spectral Area (in2) 

Without NH3 With NH3 % Change 

0.483 0.428 - 11 . 4 

J 6 o o - 3 o o o cm· 1 

Ayerage Spectral Area ( i n2 ) 

Without NH3 With NH 3 
% Chang e 

0.143 0.208 45.5 

8 0 
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TABLE XXII 

IR Spectral Emission of Opposed-Jet Diffusion Flame 
Hydrogen-Carbon Monoxide-Nitrogen/Oxygen-Nitrogen 

overall ¢=1.0 
0.21% Ammonia Added to Oxygen Side 
Repeated Scans at Fixed Position 

Slit Position 
(in.) 

oxygen Side 

Average: 
Range: 

Slit Position 
(in.) 

Oxygen Side 

Average: 
Range: 

2 4 0 0 - 2 1 o o cm -1 

Spectral Area ( in2 ) 

Without NH3 With NH3 % Change 

1. 300 
1.260 

1.280 
0.040 

3 8 o o - J 1 o o c m -1 

1.390 
1.460 

1.425 
0.070 

Spec tral Area ( i n2 ) 

11. J 

Without NH3 With NH3 % Chang e 

1.990 
1.940 
1. 965 
0.050 

2.150 
2.120 
2 .135 
0.030 

8 . 7 

8 1 



TABLE XXIII 

IR Spectral Emission of Opposed-Jet Diffusion Flame 
Hydrogen-Carbon Monoxide-Nitrogen/Oxygen-N i trogen 

Overall ¢=1.0 
0.21% Ammonia Added to Oxygen Side 
Repeated Scans at Fixed Position 

2400 - 2100 cm· 1 

Spectral Area ( in2 ) Slit Position 
(in.) Without NH3 

With NH 3 
% Change 

Extreme oxygen Side 0.420 0.520 
0.405 0.505 
0.445 0.470 

Average: 0.423 0. 498 17 . 7 
Range: 0.040 0.050 
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Fuel 
Side 

TABLE XXIV 

IR Spectral Emission of Opposed-Jet Diffusion Fla me 
Hydrogen-Carbon Monoxide-Nitrogen/Oxygen-Nitrogen 

Overall cp = 2.0 
100 ppm P4O10 Added to oxyg-en Side 

3 8 o o- 2 7 o o cm -1 

Spectral Area (in2 ) Slit Position 
(in.) Without P4-010 With P4O10 % Change 

0 .130 1.23 2.85 131. 7 
0.170 2.14 2.47 15 _4 
0.210 6.52 6.87 5 . 4 
0.250 12.04 13. 30 10 . 5 
0.290 13. 22 14.76 1 1. 6 

Oxygen 
Sid e 

0.330 
0.370 

8.03 
0.76 

9.47 17 . 9 
1. 03 3 5 .5 

TOTAL 43.94 50.75 1 5 . 5 

2450-2000 crn ·1 

Slit Pos i tion Spectral Area ( in2 ) 

(in.) Without P4O1 0 With P4O10 % Change 

Fuel 0 .130 1. 26 1. 42 12 . 7 
Side 0.170 2.43 2.70 11.1 

0.210 4.10 4.46 8 . 8 ,-
0.250 5.37 5.85 ' 8 . 9 
0.290 5.12 5.49 7 . 2 

Oxygen 0.330 3. 31 3 .88 1 7 . 2 
Side 0.370 0.74 0.72 - 2 . 7 

TOTAL 22.33 24.5 2 9 . 8 
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Fuel 
Side 

TABLE XXV 

IR Spectral Emission o f Opposed-Jet Diffusion Flame 
Hydrogen-Carbon Monoxide-Nitrogen/Oxygen-Nitrogen 

Overall¢= 0.5 
100 ppm P4O10 Added to Oxygen Side 

Slit Position 
(in.) 

0.110 
0.145 
0.180 
0.215 
0.250 

3 8 o 0 - 2 7 0 o cm· 1 

Spectral Area ( in2 ) 

Without P40 10 With P4O10 % Change 

0.00 0.05 
1. 62 2.34 4 4 . 4 
6.90 8.09 1 7 . 2 
9.60 10.89 13. 4 
6.03 7.07 1 7 . 2 

oxygen 
Sid e 

0.285 
0.310 

1.11 
0.00 

1. 8 1 63 .1 
0.14 

TOTAL 25.26 30.39 20.3 

2450-2000 cm ·1 

Slit Position Spectral Area ( in2 ) 

(in.) Without P4O 10 With P4O10 % Change 

Fuel 0.110 0.74 0.90 21. 6 
Side 0.145 2.62 3.00 14 . 5 

0.180 4.69 5.19 · 10 . 7 
0.215 5.47 5.84 6 . 8 
0.250 4.04 4.35 7 . 7 

Oxygen 0.285 1. 60 1.88 17 . 5 
Side 0.310 0. 4 5 0.66 46.7 

TOTAL 19.61 21. 82 11. 3 
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TABLE XXVI 

IR Spectral Emission of Opposed-Jet Diffusion Flame 
Methane-Nitrogen/Oxygen-Nitrogen, Overall¢= 1.0 

100 ppm P40 10 Added to Ox en Side 
Repeated Scans at Extreme Flame Edges 

Slit Position 
(in.) 

Fuel Side 0.198 
Oxy Side 0.383 

Slit Position 
(in.) 

2 4 50-2 ooo cm· 1 

Spectral Area ( in2
) 

Without P40 10 With P
4
0 10 % Change 

0.284 
0.358 

3100-2900 cm · 1 

0.319 
0.380 

Spectral Area ( in 2 ) 

Without P40 10 With P40 10 % 

12.3 
6. 2 

Fuel Side 0.194 0.301 0.369 22 . 6 

85 

Oxy S i de - No Emission Between 4000 and 2450 c m on Oxygen ­
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Figure 11 

IA Spectral Emiss ion of Methane Flame 

1.6 % Methy l Bromide Added to Air Side 

Peak at 3000 cm 1 
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Figure 12 

IR Spectral Emission of Hydrogen / Carbon Monoxide Flame 

100 ppm Phosphorus Pent oxide 
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Figure 13 

IA Spectra l Emission of Hydrogen/ Carbon Monox ide F lame 

100 ppm Phosphorus Pentoxlde 
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