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ABSTRACT

The overall stoichiometries of the ammonia-oxygen and aimonia-chlorine

flame reactions havf---een deduced from mass spectrographic analycs of the

,aseous reaction products and from reaction parameters for the opposed-jet

diffusion flame. The overall stoichiometry of Lhe ,wiminid-oxygen flame

reaction, in the/ressure region of 200 to 760 torr, is best represented by

tho tu wtion/

li 0l o .----- ~- - J 1

fhc volumetric reacLion rate ( and he&:i -t',Lcusc 'tc ' ) 'A ,
3 lu, max 4 'TVIX

this reaction are 7.3 ' -nd; P " 10 - cal/cm St, respectively.

Thc "ve'mll stoichiowetry oA the ammonia-chlorine reaction at pressures

ranging from 500 to 745 torr can be represented by

7 NH + Cl.:. - 5 N .C]. i- HC] + N,

The volumetric rate of reaction for this equation is 3.67 9/('r -see, u,hih

corresponds to a volumetric heat release rate equal to .- &/m-,",e .

-1

-4 ' 4 J
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I. INTRODUCTION

The ohbjutJiv:. ', i Lu L'inL' oonktuted under this contract, funded by

the Advanced Research Projects Agency, is to obtain a better~ understanding of the

mechanisms of' combustion, decomposition, and detonation of solids. Current in-

vestigations are concerned with the gas-phase reactions associated with the

mmtbust iol )V oumpooite solid propellants and their relationships to the enerar

tranispo rt pr 'eezsse rie-r so lid-propellant sur oecs.

II. TECHNICAL STATUS

A. 1HUI1MBY OF L))"IOUS) WOREI

The flame reaction between ammonia and chlorine was studied by means

of' the opposed-jet technique. It was observed that NH -_Cl, flames were considerably

MOre 11V~fI-Te.k L1- I t .1o H I -O. :noi 11i1 -NO_ Jlnmes. The NH. -Cl flame,,

LO Lou mu CbbLe u prosso beow ';00 tol1 010~~LdLiI. ) i.-or

accurate apparent i'l*iiie f-trcn[gth (AFS) measurements. T1he results ci' Al'S measurements

indicute that the overtill orclor Rcr this renction is 2.'in Lhe pressure rante

of 500 torn to 1 atmosphere. Furthermore, the apparent flame strength of' this

uyu waic co~sido'ab~y o ( lc, i:; :t 1. %1,moo Ph(nre) thani thrit C 'V the NH, 0-

system in the same pressure range. Other workers predicted that t'hlorirc othouLd

oxidize ammonia more rapidly than oxygen. However, at higher pressures, it is

tholic!vni fitha -hlor'ine may be th-e be Cterc ( xidant.

The volumetric rate ( max) of consaption of7 ammonia peor unit
f'umx

volume f'or the reaction

0 NH + 3 Cl 2  4 4H1 Ci 2 1CL N,

'4hz, oaloulztl d, on the basis of Spalding's jal~ op~zei-JIct flaule,oU be

.5-18 g/crn-m'ec at 1 atmosphere. :Mio yalue cotrfpoii4e 'to' voluivtric beat Z 0_

elease rate ( X r85 e

4N.

7P.L
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-CUMWET ANDl PLANNTED WORK

.Tiiu 6as-phase reactions which ar'e believed to occur above the surface

of burning- nompsite pvonpci Lrints r x,~ nn virmnnium peo.r~ )s'bolt

inV~r~iJ~to . The proposed mechanism (Rei'erence i) for the dellagruLila ..

~mmai~.porchiorao stipultcsa thrtt the 'iveral . 'notic behavior of the

Nil7 _11C10k idox flame icuc ti)n albove the solid survCocu is governcd by !L k c

three competing ammonia oxidation reactions (namely, by 0 1~ n O.'
P1 C., ndN)

Experimental and theoretical studies designed to test this proposed mechanism

are currently in progress. The experimental phase of these studies is being

ca rried out by the opposed-jet technique, which has been described prov1i)n.o L

(Rleferences 2 and 3).

1. Combustion of Ammonia with Oxygen

One aspect of the kinetics problem of detenninin: the rate,

of heat release from the redox-zone of burning AP involvos the determination

of the stoichiometry of the pertinent gas-phase Q u:oo.U~i;~uuKl.n'U1

analyses have been carried out to determine the stoichiometry (anu exothermicity)Z

of the awmonia-w~~een flame reactions in the immediate region off flame extinguishment.

Table I tabulates the euaiditiunouijl ui pparviiL flame 0 Lriua th

data for opposed-jet experiments marde at Vrecourcs rang-ing. from 200 to T45 torr.

able 2 lists the, rusulto of muse, opcr ahie oxialyses of the. reaction [)rLdUCtS

a&eoaimip~ing u'nit ranLy.4 1iuhiu m is. situ! yrIus" ''

concenhtration aiv inaccurate; therefore, it is the hydroe.,en-nitrorcii ratio that

is utilized in dctertiininCg the overall stoi(!hinctry~ ;of the rcnction. Ctuoh t

procedure IX valid since the oata indicate that (-Xtl±~ sJ I s the txyg!ri

In the renction products appears in the water. Also, the data indicate that

the 11,/N2 ratic exhibits a small pressure dependency (decreasing~ with increasing

pressure); however, it appears that the product distribution ol' the _0 -
flaze reaction in tt4js pressure r" pn is characterized by a 12 N2 ratio ol 3

arPXimately 0.5 to 0.6. Th's cona1lzsion is substantiate4-by the results of

' diyn anid Wolbd eerent,, 41)'4ior haVe calCUJX.ted 14libriUML40

0- %_ O
k ~ ~tow



II Technical Status, B (cont.) Report No. 0572-01-17

showed that, for a fuel-oxidant ratio of 5/3, the equilibrium Ho1/N2 ratio in

the flame was 0.55. This would seem to indicate that chemical equilibrium was

attained in the NH. -0,, flames examined by means of the opposed-jet technique.

One of the chief features (,f the opposed-jet technique is that

it provides information concerning the fuel oxidant rati' (in th, ;'.Imnic) :ct

extinguishment, where the reaction rate is at its maximum. This information

has also been used to determine the overall stoi,-hiomctry cf the NH -0, flame

reaction. The results of an analysis based upon both combustion product

analyses and NH 3/O2 ratios at extinguishment are presented in Table 3. This

table lists calculated coefficients for the reactants (based upon product

analyses) and for the products, based upon the measured N13/02 ratios at

extinguishment. An examination of the data reveals a slight disparity between

the calculated and measured values of the NH3/0 2 and H2IN2 ratios; however, it

is clear that the overall stoichiometry of the NH 3-0,. flame reaction is best

represented by the equation

5 NH + 3 0 2  - L H2 + N I U 11,0 (1)

The voiunetric reaction rate (A' ' max) calculated for this reaction was Y. 5g/cm -sc whciorsod t f25 04

'which corresponds to a volumetric heat release rate (qx), of 2.52 x
caliran':-cc.

The st .chimetry of the NH-O, flame reaction pstulated

earlier in the program (Reference 1.) differs from that represented by Equation

(1). The previous equation,

2 NH 3 + 0 2  H2 + N2 + 2 H20 (2)

was based up'n theimiodynamic calculations and corresponded to volumetric reaction

Und hent release rates of 4.81 g/cm 3 -sec and 2.14 x 1 0 cal/cm3 -sec, respectively.

Although the heat release rates are very nearly the same Ibr both cases, the

values of the NH3 /'0 2 and H2 !N2 ratios for the latter case do not agree with

those deteirmiined experimentally.
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''" ' t h.'lib2_ Vi.Llt'Jd ujt thrit J t o r:-d I. I~tr.)ii.Ltm.'t.y F~ LA1, n

NiZTi"W oiV ) du ennfifld in thec studies Ljouc1 rio agrec w-1th t1 L detellniTIOu i~y AtlWC 1' t

'-~~ ~'~'te 1q1 0rc"ctL1, i o-I'lameC sYsteras. Stephens and Pmooa (Referonce 5) hv

~ '.~-x*tbudio'd this r'ation at temperatures ranging from 52 ofK sigbt o

d '-n tsatic cVyatests. Ib~ey f'ound that the overall otoiehionctry was -best rcproeented

+ - 5 -2JL+5, N., N ,,~~I

tA:lC t!~i I' l ' i C.LOP t. i d ai~ lldllu L; Ihe ;t-Ii J. GtL iL

in the ense of the NIL , f-.i.tf( nteouei, .i II1nU C1tLlILt
~ ~ ~ ~ ~ ~~0 a f d h ' it r l a c a t u i o c u i .o s d " e .: 1e,1 tn w . i i i r o -P u (1 ;ii

-J 4 t- I I'n l, v u .; .1

z -; x~i. ~ ~ ~ I'M-

n~'t.; Led lyf~i~e~-~-i he pQ )a-e A4flqi' '.0w110)\

~ ~ji~ L~etr ac vi.t I' d~ Ii'I~vA v'riJ -' *~l n',tr~ *F ti~t~ jac 1.r4

~ A~ 1 th~e v ic in ity o 1 f.Lerfe %xl~u~~rc~ ~ ppPs xiiv.tty ' Ii, Ulo p.C C;Jl' ' ' I

.' of 3'f() to 650 torr. .Ili Io I A i U f v imutn ? I3)k sdai I ,io r l'

4- . jm the aver~e value r 2~ bsccriirnov0 110 OfIL!i(,V Ot oF *%i it, Al-

acuracy of thesie latter data~ is Wcu primairily to tho 1notubility of the smnrorti-

I c~ftl-ine rlewat these pressures. On the brici. l icx!rzt (Trble: 4) thc

A, 1AGtoehint~mtry. ea~n obe represont ed by tlic- o-noai! Lis

4.
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which accounts for the measured NH3/Cl2 ratio of 2.25. However, the results of

products analyses (Table 5) indicate that the H2/N 2 ratio in Equation (4) is too
high by a factor of about 30. An overall stoichiometry which is in better

agreement with the analytical results (neglecting Run No. 41) is represented
by the equation

7 NH. + 3 Cl - 0 5 NHIICl + HCl + N2  (5)

The ammonia-chlorine ratio for this equation is 2.33, which lies well within

the o r.c Imental error . ' the extinction measurements. Tht ,;mall amount (- 2%)

0 L..,~crsi detected in the reaction products is probably due to incomplete

reactioii o the hydreon Vontmd in the flame as t result, of thermal breakdown

oi NH, to N,.; nd II,, ( i, eierence h).

The volumetric rate of reaction of ammonia per unit volume for

Equation (i) }as beer calculated on the basis of Spalding's analysis (1Beference 1)
of opposed-jet flames to be 3.67 g/CMro-sec. This value corresponds to a volumetric
heat release rate of 4 ax - 9.92 x lO3 cal/cm3-sec. These values and the overall

stoichiometry represented by Equation (5) differ from those predicted previously

(See Section II of this report).

3. Reports and Publications

Three publications describing recent researrch achievements

are currently being prepared. The tentative titlos ol ' these papers are as follows"

"The Reactions of Ammonia with Oxygen and ChL.,rine in th,
Opposed-Jet Diffusion Flame," by F. J. Cheselske, R. I.
Chaiken, and D. J. Sibbett

"Surface Rate Processes and Sensitivity of Solid High
Explosives," by R. F. Chaiken and F. J. Cheselske

"Kinetics of the Decomposition of Anhydrous Perchloric
Acid," by D. J. Sibbett and I. Geller

The paper by Sibbett and Geller will be submitted for publication

in the very near future. A technical memorandum comprising these publications

jand other pertinent data, will be submitted in lieu of a final report for the year
ending February 15, 19t4.

Page 5
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)I. Fiuturc bork

An examination of the reaction between ammonia and the oxides

of nitrgon (N O, NO, rnd NO) will be initiated in order to provide infoniitiou

Ineeded to define the rate-controlling processes involved in nmmonium perehiorate-

solid propellant combustion.

A theoretical analysis of the theory of flame strength will be

continued.

III. PROJECT PERSONNEL

During the period covered by this report, the following personnel contributed

the indicated portions of their time to the program.

Tinw.

F. J. Cheselske, Principal Investigator ±00

R. F. Chai!en, Consultant '0

R. S. aD-dds, Senior (Aboratory Technician 100

vim U(' t
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