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Synergistic Interaction between AP and HMX 

Chong Fang Shufcn Li 

AUSTRACR Uascd on tlic condcnscd-phasc incchanism and thcnnolysis 

cxpcrimcntal rcsults, thc syncqistic iiitcractions bctwccn AP and I-IMX. in NIP13 

propcllanls arc studied froin thc two vicwpinls o f  inolccular structurc and chciiiical 

reaction. Kclatcd to bond polarity, foriiial cliargcs, chain reaction tlicory and ilic 

systcniatic comparison of  solid nioiiopropcllant combustion and modcling, thc 

“finkagc-inutua~isni”i~i~clianisrii i s  propscd. That iiiiplics bctwccn Al’and I IMX. thc 

hcat rclcascd is intcrlockcd whilc tlic spccics produccd arc niixcd and rcacting with 

cacli othcr in tlic combustion ivavc. AP conlcnt and particlc skc can inllucncc thc 

niccliaiiisni, tlicrcrorc will liavc signilicant cflccts on tlic ignition and combustion 

charactcristics of NEPE propcllants. 

Introduction 

Sincc thc carly 198O’s, NEPIS propdhnts hovc bcconic popular bccausc of Ilicir 

high ciicrgics, good nicclianical properties and many otlicr adaptahlc chanctcristics. 

Rcgarding thc improvcmcnts, cspccially on tlic dccrcasc o f  thcir rclativcly high 

prcssurc cxponcnt, a varicly or crcativc and systcmatical nicclranisnis havc bccn 

proposcd. From thc coinbustion bcliavior of solid nronopropcllant, analysis on 

compositdmodificd doublc-basc propcllant to nitnminc-bascd compositc propcllant, 
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rcscarchcrs liavc carricd out a lot of instructivc work [ 1.21. Ilccausc Al’and I IMX arc 

NO. 

IC 
2 c  
3 c  
4c 

both important ingrcdicnls in NEPE propcllants but havc quitc dilkrcnt rolcs. wc 

I<cilcti<~li 1.3 

A l ’ ( ~ ) - + A l ’ ( l ) + N l l ~  +IICIO, I I7 

AP(I)+ 214,O+CI+ NO, 92 
AI’(I)+ N i l ,  +Oll+CIO, 92 

(kJ/tnol) 

AI’(I)-> 11,0+0, +IICI+IINO 92 

utilizc thc known combustion modcls and cxpcrimcntal dab, bascd on thc synergistic 

intcraction, to proposc thc “linkagc-mutualisin” mechanism bctwccn AP and I IMX. 

Thc clTccts ofAP contcnt and particlc sizc arc thcrcrorc invcstigalcd and cxplaincd. 

Condcnscd-phasc Mccltanism 

AP’s condcnscd-phasc kinctics has great impact on combustion charactcristics or 

propcllants. AP has iiicltcd bcrorc ignition, rcactians occur in thc mclting layer foniicd 

on AP’s surfacc. Liquid AP can thcn dccomposc through scvcral cliatincls to producc 

gascous products, ancr bubbles ciiicrgc in tlic foam zonc; tlic spccics rclcascd cnlcring 

thc gas phasc will rcact with cacli otiicr. Ilascd on this, Tanaka ct at. raiscd AP 

condcnscd-pliasc nicchanisiii [ 31. Scc Tablc I for dctails. 

Ikactions 2C. 3C and 4C occur iii panllcl a( slightly higher tcmpcraturcs. and tlicir 

products agrcc favorably with cxpcritiictital results. ~lltc ensuing “bubblc rcnction” 

givcs olTrcactivc spccics. wliosc roniiatioti and rclcasc liotn tlic huming surfacc wil l  

havc strong cn’ccts on I IMX. h l lc r  I IMX iitctls, I’rasnd atid co-workcrs dcscrihcd i ts 
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liquid-pliasc decomposition nicchanism 141. Thc thrcc global stcps givc us a gcncral 

idca of1 IMX's decomposition. 

IlMX +4C1-I,0+4N2O 172.4 
2 10.0 I IMX -b 4N0,  + 41 I,CN 

CI.l,O+NO, -bCO+NO+II.O 57.3 ' 

I b c  simulatioii study [S] rcvcals that this dccoinposition mcchanism of I IMX, 

probably thc main factor to CDUSC tciiipcraturc-scnsitivity difkrcnccs on thc burning 

surfacc, will bc alTcctcd by tlic rclcasing ratc ofN2O and NG. It's intcrcsting that NG 

is not oiily tlic product of1 IMX's bond brcakagc (21, in l'ablc 2). but also can bc dcrivcd 

froiii AP's condcnscd-pliasc dcgradation (3C in I'ablc 1). . 

Wc know thal in tlic condcnscd-phasc rcaction laycr o f  nitnniinc particlcs such as 

RDX and I IMX, two compctitivc proccsscs cxist: cvaporation and cxotlicniiic 

dccomposition. Tlic fomicr is tlic controlling stcp at low prcssurcs. wliilc thc lattcr 

doininales at high prcssurcs. Coinparcd with I<I)X, I IMX has Ihc Iiighcr mclting 

tcnipcraturc. whcrcas its volatility aiid vapor prcssurc arc rclativcly low. 'Iliat rcsults in 

its significant sclFcatalysis iiivolvirig NO2 atid CI 120. I h c  cll'cctivc activation cncrgy 

for I IMX's gasification i s  192.5 kJhiiol. which is iiiucli larger than tlic Al'valuc I 17.2 

kllmol, so it's casicr for A P  l o  dccoiiipsc first during thc licating proccss. AP can 

thcrcrorc iiiflucncc I IMX by licat and spccics transferred within thc Iictcrogcncous 

tiiclting laycr. 
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From thc chcmical rcaction anglc, I-IMX's initial dccoinposilion won't bc aflcctcd 

by cnvironnicntal atniosphcrc, such as 112. Ar, 02, CO and NO. Expcritncnts conductcd 

by Palopoli ct al. [GI show that NII3 and N@ cxpcricncc tlic diKcrcnt rcaction 

mcchanism; thcy can rcadily paaicipatc in rcaclions that arc normally kinctic or 

tlicnnodynaniic dominant, and can inllucncc thc original dccompsition channcl of 

HMX as wcll. Duc lo thc N atom's clcctronic configuration ns'np' (n=2), ils oxidation 

nunibcr nngcs froiii -3 (np suhslicll is hill). +3 (np subshcll is  cmpty) to +S (n shcll is 

ctiipty), so NI& and NO2 arc rcactivc and can producc various spccics. 

Expcrimcnlal Results 

Through many cxpcrinicnts carricd out on thc ncw scrics oTNEI'E propcllants, tlic 

cffccts of AP contcnt and particlc s i x  on sainplcs' combustion chamctcristics havc 

bccn sludicd syslcmatically 171. I l i c  inlcraction bctwccn Al' and I-IMX plays an 

iiiiportant rolc, which corrcsponds 10 di Il'crcnt pantiiclcrs. 'Ilic basic rotmula of  

propcllant sainplcs is (AP+l IMX)/AI/(I'EG+NC), among which tlic oxidc contcnt is 

57% and aluniinutii contcnt is 18%. I3ascd on tlic foniiula o f  mtnplc I I-b. tlic variancc 

of  AP contcnt and particlc s i x  will account for changcs listcd in lablc 3. 

Tablc 3. Combustion ciwractcristics of propcllants with diffcrcnt Al'contcnt and 

' "Ctnding"slancls fiw that the proportion or the amount of <90um Al' prticlc lo the atirwnl of supcrfinc 

Al' particle is I In I .  "Supcrlinc" mc;ins IIK' average Al' parlick s i x  i s  I-2unr. 
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** Thc pnipellnnts' Jeflayntion hcni \va. rncnsurcul by the thcnnwintic oxyBcn humb calorimeter, ai 

1.9oMI'a in N2 almmphcrc. 

Wc ail concludc safcly that thc incrcasc o f  AI' contcnl rcsults in thc dccrcasc of  11 

and thc incrcasc of dcflagration h a t  of samplcs. Though thc cffkct of  AP paddc  size is 

lcss manifcst. it also indicatcs soinc mcaningrul dilTcrcnccs. 

Tablc 4.' Condciiscd-plwsc &gradation of propellants with diffcrcnt APconteiit and 
particlc s i x  

Tlic DSC hcaliiig rnic is  10-C /inin. tlic nimosphcrc around ilic snmplc is Nz wiili iis lluw rnlc sC( lo bc 
zcm. *llir wrnplc p i 1  is sc;ilcd. 

l i c  DSC data in 'liblc 4 rcvcal that 1.1-b aiid Il-c with thc rclativcly high AP 

contcnt rclcasc lcss licat iii tlic condcnscd phasc, wliilc tlicy cflcctivcly lowcr tlic pcak 

tcinpcnturc. As a conscqucncc. tlic dcflagratioii hcat rcprcsciitcd iii Tablc 3 shall bc 

dividcd into two paas: licat froin tlic condciiscd phasc and licat rroiii tlic gas pliasc. 

"Linkage-niutunlism" 

In ordcr to explain tlic cxpcriiiicntal phcnoincna, wc coiisidcr tlic intcractions 

bclwccn "and I IMX from both thc niacroscopic and iiiicrocosmic vicw. Bcckstcad ct 

al. [8] publishcd tlic combustion chanctcristics of RIIX, I IMX and AP as typical solid 

monopropcllants, which can subliiiic or dccoinposc in thc solid pliasc. Comparisons 

bctwccn HMX and AP clucidatc that I IMX can Tomi a visiblc, Jcfinitc liquid laycr 
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whcrc cfrcctivc cxothcnnic rcactions won't occur bclow I-IMX's rnclting pint; whilc 

AP's inclting laycr cannot bc obscrvcd dircctly, but AI' can dccoinposc quickly bclow 

its anticipatcd mclting p i n t  and brccd a kind of rcactivc atniosphcrc. 

Ignition threshold 

liMX can grcatly iniprovc thc propcllant's cncqctic propcrtics, bccausc it has high 

dcflagntion licat and dcflagntion ntc, ctc. lhough APdocsn't havc thcsc propcrtics, it 

can on'ir many othcr advantagcs, such as tlic inipmvcmcnt of thc propcllant's ignition 

charactcristics. Sincc AP has thc nthcr low ignition thrcshold, i t  can hitiatc tlic 

procccding, and producc chcniically rcactivc gascs such as NHj, NO2 and 02 bccausc 

o f  its high oxygcn coiitcnt. I lcncc, AP can bc considcrcd as "activatcd stimulation 

point" in thc propcllant, wlicn absorbing hcat. it will bc cxcitcd first and cxpcricncc 

soinc physical/clicniical changcs, i.c. producc NI-lj and NO2 (Tablc I ) .  Duc lo tlic high 

solubility and rcactivity of NI.1, and NO2 in hctcrogcncous inclting laycr, h l 'wi l l  thcn 

iniprcss on I IMX with its product spccics and licat rclcasc. 

Bond cunvcrsion 

IIMX can bc writtcn in  tlic structural fonnula as: 

0zN-N-CHz- W N O z  
I 
C Hz 

I 
HzC 

I I 
OzN-N-C Hz+NOz 

Up t i l l  now. two major mechanisms have Iwcn propscd: o w  tnkcs tlw brcaking of 

HMX's covalcnt chain is its first chcniical changc, whilc thc othcr thinks that thc 
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climination of strotig intcrniolccular clcctrostatic forccs bctwccn I IMX molcculcs or 

I IMX and its decomposition products is the ntc-contmlling stcp. 'I'lic mmc basis o f  

both tlicorics lics in tlirt N and 0 arc sniall atoms with vcry high clcctroncgativity. As 

for tlic molecular accumulation structurc, thc polar covalent h n d s  alrmdy cxisting 

within I-IMX such as N-C, N-O and C-lI will hc strong. so i s  tlic latticc cncrgy of 

I IMX crystal. This cxplains tlic high niclting point and dccomposition tcinpcnlurc of 

1 IMX. at about 280 OC. 

Formal cliargc 

By assuming Iliac two atoins sharc cach bond equally, wc can rcly on thc rcasonablc 

approximation to count atoni formal cliargcs in I IMX molcculc. 

Atom forinal cliargc = group numbcr - numbcr of lonc pair clcctrotis 
- x(nu i i i k r  o f  bonding clcctmns) 

For tlic 8-clcctron-stnictun: molcculc, anotlicr cquation is also valid: 

Atom forinal cliargc = bond nuiiihcr - character nuinbcr ( 2 )  

(3) Wliilc character nutirbcr = 8 - valciiccclcc~ron nriiiibcr 

To bc a focus of attcntion, N-NO2 structurc can Ix: analyzcd by counting tlic atom 

formal chargcs. Wc mark NI, NII hcrc for rcfcrcncc. 

Sincc N atom lias tlic valciicc clcctmn numbcr o f  5, its chancccr nuiiibcr is 3. In  thc 
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formula. four bonds surround Nl1. So ( I )  and (2) can be writtcn rcspcctivcly as. 

N,, formal cliargc = 5 - 0 - X ( 2  x 4) .= + I  

N,, rormalchargc = 4 - 3  =+I 

Then \vc may find out that N I I  is  somcwhat activc, bccausc a iiiolcculc or ion won't bc 

stablc if any positivc formal cliargc rcsidcs on a vcry high clcctroncgativc atom. NI 

atoiii formal cliargc can also bc calculatcd atid tlic result is zcro, sincc tliis atom Iias two 

lonc-pair clcctrons. 

Ilydrogrn bonding 

When AP's dccoiiiposition product NHJ iiiovcs to tlic mclting surfacc o f  I IMX. 

hydrogcn bonds such as N - H N - and N - I I 0 - can bc foniicd easily. 

Uccausc or thc coiisidcrahly liigli clcctrolicgativity of N (3.0) and 0 (3.5) atoms, 

interactions Iwlwccii them and tlic I I (2. I )  ;itom belonging to NI I1 (IiigIi polarity) wi l l  

gcricratc unusually strong dipole-dipolc limes. So it's prohiihlc that N, with lone pair 

cIccIrotis will bc involved in tliis typc ol' hydrogcn bonds and tlic banding clcctrons 

hctwccn NI aiid Nil wil l  be grcatly attractcd to NI. 'lbgctlicr with thc activity ofN11. thc 

NI-NII Imnd can hc casily Iirolicii. Additionally frotii soiiic logical inli.rciicc. C-N bond 

is iiiucli inore polar tlian N-N Ix)ird. so tlic brcakagc ol' C-N bond costs iiiorc cncrgy. 

while C ntoni doesn't readily intcrict witlr 1 I atoni in NI 13. Alwvc atrilyscs point otlt thc 

great possibilities l'ir N-N hoiid to Iw: hrokcii earlier. 

Certain cspriiiicnt 191 has proved that in nitraliiinc coiiipositc propcllants, N-NOz 

bond within I IMX would brc;ik ;it the bcgint1ing 01' I IMX's dccoiiiposition in its 
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condcnscd-phasc rcaction zonc, and tlic initial products includcd N02, N20. 

Chain reaction 

Ancr all. NO2 ciiicrgcs in tlic condcnscd phasc cithcr from thc dcgndation of AP, 

the ahruption of N-NOz bond or tlic cvaporalion of I IMX, and i t  tends to rcact with 

I IMX. 'I'hc movability ol' gi1Sc.S rclcascd in the condcnsctl ph;isc is liniitcd to sonic 

cstcnt, so NO2 will be boutidcd to thc rcniaining ring compound to rorm nitraminc 

again. With thc hcat flus addcd to tlic propellant. NOr will liavc iiiorc clianccs to cscapc 

frorii thc cagc and duc to its special chcniical structurc: 
P 

* k O :  

I t  caii tlicrcl'orc abstract thc skclckil nicthylcnc proton o f  IlMX to fonn 

X-clcctroii-striictiirc stable niolcculc I IONO. Syiiitnctrical iiiolcciilar construction of 

llMX is  rclatcd to its "cagc cfTcct". thcn NO2.s abstraction and thc furthcr 

fragmentation of tliosc covalent cli;iins wil l  clirninatc tlic "cagc clrcct" and cnhancc tlic 

dccoiiiposition of I IMX. Sonic rcprcscntativc probablc rcactions arc listcd k low.  

C,II,N,O, -) NO, +CII, = N- i -3N20+3CI I ,0  

(at characteristic prcssurc, scc 'liihlc 2 Ibr comparison) (6 )  

I I ,CN + NO, -> I ICN .I- I ION0 

I ION0 -> 01 I + NO 

Nl l ,+OII  +NI I ,+ I IzO 

CII ,0 + 011 -> CllO + 11,o 
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NI I ,  + NO + N, + I  I +01 I 

NO, + li + 01.1 +NO 

CIiO + 1.1 -b co + 1.1 , 
011+11 ,  + II,O+I~I+63.2k.J 

Both II and 01-1 arc intcrmcdiatc rcsourccs of grcat imprhncc lo maintain thc 

chain rcaclion. Thc NI.l,, NO, spccics arc also rcactivc. which rcllccts thc various 

oxidation numbqn of N atom discussed in scction 2. Comparcd with thc incrt hr, Nl-13 

or NO, atniosphcrc can niakc tlic pyrolysis prcducts 01' I IMX enicqc nhout 200nis in 

advance 161. which affmis thcir high reactivity. 

'Iliis kind of " l i ~ i k ~ p - ~ i i ~ ~ t u i ~ l i ~ ~ i i "  hutwrvn spccics can grcatly incrcasc thc h u t  

rclcasc, transfer and fccdback. And thc mcchanism has bccn dcmonsrratccl hcrc from 

varied ;~spccts to indicatc that tlic condcnscd-pliasc rcaction 7mc rcally plays an 

important role in dctcnirining the Jccoiiiposition licaturcs orAP atid I IMX. 

I)cIlagralion Ilea4 Analysis 

'Ilic basic concept ordcflagntion cspcriinonts is to usc ticat cflcct to mount  Tor 

inncr chongcs taking placc in pmpcllants. 'Ihc data in 'Rblc 3 and 4 compond to thc 

ovcnll hcat rclcasc (0) and tlic condcnscd-phasc hcat rclcasc (Q). rcspcctivcly. 

AP contcnt cffcct 

Thc incrcasc o f "  contcnt will significantly impmvc Q duc to thc Tact tlmt. 

( I )  AP can dccrc;lsc thc ignition thrcshold and ignition &lay limc oTpmpcllmu, 0s 

"activatcd stimulation point"; 
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(2) Thc incrcasc orhl’conlcnt (with thc saiiic particlc s i x )  wi l l  cnlargc AP surfacc 

arc& which can strcngthcn thc “linkagc-mutualism“ bclwccn AP and I-IMX, thc 

main solid ingrcdicnts in propcliants; 

(3) AP’s pyrolysis wil l  rclcasc inorc activc’gascs abundant in oxygcn or nitrogcn to 

participatc in tlic chain rcaction, and tlicn to cntcr thc gas phasc, which can makc 

thc dark zonc tliinncr. ciiliancc gas-phasc rcactions, incrcasc thc licat rccdback to 

thc conibustion surracc and raise thc burning ntc; 

(4) Largc amounts of  oxidative gascs can bc produccd to cflixtivcly oxidizc 

aluininuni powdcrs and C-I I class or  conipounds. so tlicy wil l  improvc thc 

propcllants’ conibust ion cllicicncy. 

Tlial‘s why sainplc I k  (with Ihc Iiighcst AP contcnt) lias thc largcst licat o f  

dcflagration. Q (Ihblc 3). I lowcvcr. Trom ’I’ablc 4. I I-c rclcascs. by Tar. the lcast amount 

of licat in its thcrnial decomposition (I 77.58 Jig) coinparcd to thc othcr rortiiulations 

(ovcr 400 Jig), possibly bccausc thcrc is a dccrcasc in the pcak dcconiposition 

tcmpcraturc which, in tuni, will cnusc a dccrcasc in thc fraction o f  condcnscd-phasc 

decomposition of I IMX. ’I‘his implics that thc niajor contribution lo tlic dcflagralion 

licat Q conics from thc gas phasc. 

In Al-bawd coinpositions with (AP+l IMX)/AI/(IIEG+NE) Tonnulations, AI will 

rcact with C12, gascous product oTAl”s dccomposition, and gcncratc so inuch hcat that 

A1 mclts and continucs lo buni [ 101. 

2hl(s) +3Cl,(g) + 2AICl,(s)+ 1408.4kJ 
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Ifthc micro carbon structurc can cxist on tlic burning surracc for somc timc. anothcr 

rcaction containing tlic coating A1203 can also occur to rclcasc much hcat, 

Al,O,(s)+ 3C(s) +3CI,(g) + 2AICl,(s) + 3CO(g) (16) 

Wlicn tlic burning suclicc rctircs to niakc aluniinum particlcs cspsc to tlic gas 

phasc, thcsc kinds of clicniical rcactions can bcncfit the conibustioii cficicncy of many 

spccics and incrcasc the intensity orthc flninc. 

AID particle sixc cffcct 

To dccrcasc thc particle size or AP at tlic constant contcnt wi l l  cxpand its surhcc 

arca, aiid tcnd to incrgc its lii~li-tciiipcraturc-dccoiiipositioii pcak into thc lower onc. As 

a rcsult, thc apparciit activatioii cncrgy will be rcduccd niid the dccoinposition rntc o f  

AP will bc raiscd. Attributing to tlic high dill’usion niisiiig ratc bctwccn AP‘s and 

surrounding binder‘s dccoiiipositioii prcducts, cliciiiical reaction kinctics wil l  bc inorc 

important to dctcrininc thc burning ratc of  propcllnnts, wliilc such control is obviously 

inllucnccd by prcssurc bccausc ortlic involvcmcnt o f  inany gaseous spccics. I Icncc, the 

prcssurc cxponcnt will incrcasc with the dccrcasc ofAP particlc sizc (rablc 3). 

Kuinar [I I ]  pointed out that in tlic condcnscd phasc, thc first stcp for AI’ crystal 

grains to dccoinpsc to producc N l l ~  and I ICI04, was tlic dcgradation or thosc AP 

grains to fonn sinallcr NI I&I04 groups. As thc molcculc with slablc clcctron structurc, 

NI 14CI04 rclics on van dcr Waals intcractions to fonii tlic wholc crystal. 

First, thc grain boundary i s  a kind ortwo-dimensional dcrcct, wliilc thc dislocation 
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dcfcct is onc-dimensional. Wlicn solid AP macrograins absorb Iicat, cmpty spaccs or 

intcrstitial atom insidc tlrc gnins will bccomc morc activc with thc incrcasc of  

tcmpcnturc, and thcy tcnd to movc along thc gnin boundary whilc thc dcgcncration o f  

thcir variation cncrgy lcvcls has bccn rcmovcd. Such clTccts can also bc rcgardcd as thc 

diNusion of tliosc dcfccts within tlic crystal. Ikncc, thc inncr localized strcss 

conccntntion will accclcntc tlic intcrcrystalliiic fraaurc of hl? 

Sccond. considering tlic conccpt o f  “ciitropy” S as a macroscopic tiicasurc 01’ the 

disordcr o f  a spstcm, wc can casily concludc that AP crystal’s dcgndation rcprcscnts 

tlic incnax of thc disordcr, which mcans tlic cntropy changc AS nlating to frcc 

cncqy changc for systcm is positivc. ’raking this as isothermal transfonnation, in 

accordancc with sccoiid law of thcrmodynaiiiics. wc can find tlic cxprcssion, 

I Icrc, a positivc cntropy cI1’cct iniplics tlwt tlic systciir shall absorb hat.  Siricc tlrc 

anrount ol‘rcaction hcat nlcascd h the gas phasc is mainly dctcnnincd hy AP conleiit. 

t h  dcllagration hciit won’t csliihil s i p i l i an t  dil)i.rcacc Ibr propcllanls with varied hl’ 

particlc sizc (but thc sairrc AP content). On the other hand, bccausc tlic 

condcnscd-phasc hcat rclcascs bctwccn 11-b, I14 and Il-c (liblc 4) arc not vcry 

diflicrcnt (427 to 489 J/g), it can bc infcrrcd that tlic dill’crcnccs possibly arisc from AP 

intercrystall inc fracturc. 

Furthcr discussions can bc focused on tllc conibustion surfacc, dark zone tliickncss, 

l ic i t  transfer, spccics moving tncc. fluid ficld tcnipcnturc distriburion and sensitivity. 
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and prcmixcddiflusion flame, clc. This papcr cmphasim thc initial mgc  o f  the 

burning proccss, but "tinkabpmulwtism" con also bc applied to cach part of thc 

combustion svavc, since complcx intcmtions among various spccics will go on and 

play thcir prticulpr roles. For instance, AP's addition can lowcr thc pyrolysis 

tcmpcraturc o f  thc bindcr portly bccausc o f  thc casily cstablishcd diflusion nPm 

bctwvccn thcm: and aluminum can act as an cncrgy pump to rclcasc somc ticat in thc 

primary flamc mnc in advancc. I h c  duct ion of ClO, spccics wn also bc considcrcd. 

Uut tlw limitations of tlw prcscnt cxpcrimcntal data prccludc dnwing a firm conclusion. 

so furthcr prccisc and systematical invcstiptions shall k carricd cwt un the combustion 

tvavc, cspccially on thc condcnscd-phasc rcaction 7anc o f  pmpcllants. 

Concluding Itcmarkr 

I l c  cniboclimcnt o f  "linkage-n~ut~ialism" stands for thc strong intcncticurs 

bctwvccn AP and I IMX within thc diflcrcnt time pcrid. in tlic various rcgions of thc 

combustion \vavc and among tlic manifold spccics. Ilia1 can inllucncc tlic ovcnll 

combustion bchavior of N13Pli pmpcllants significantly. Discussions on molcculor 

lcvcl iniply the foniiotion o f  hydrogcn h n d  and thc brcakagc of tlic N-N bond. whilc 

pyrolysis cspcrinicnlal ani~lyscs on clicliiiciil rcxtioiis explain IIIC nngc of varitws 

spccics conccntntions. Hcsul~s show that the incrcasc o f  AP conlcnl can cnhancc thc 

condcnscd-phasc dcgdation, weak the dark zone. foster thc cslahlishmcnt o f  di flusiun 

flomc and inipmvc thc combustion cflicicilcy o f  alumitrum powder: the grading AI'can 

also bcncfit thc conihustion chanctcrislics of pr~pclli~tit~.  In thc ncar futurc. thc 

systcmimtion and ahuncloncc o f  cspcrinraits. logclhcr with Ihc gnduolly k i n g  
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pcrfcclcd combustion modcl, arc surc to aid us undcrstand and probe into thc 

“linkagc-mutualism” bclwccn AI’ and I.IMX. and cxpilnd this mcchanisni to othcr 

ingrcdicnis in NEPI: propcllanls. 
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