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Samenvatting
Verbranding en Ontleding van Hydrazinium
Nitroformaat (HNF) en HNF stuwstoffen

Orrtdekkirrg larr rlc ruirnte. interrcontiurntale telecourrurrtticatie. nalig:rtit' r'tr Iattge ternrijn
1\1'ers\oorsl)('llirrg zi.jn slecht errkclc r.oorbeelclerr \-irrr \\'at rrrogelijk is gel'otrlt'tt darrkzij <le

lllust r,an br:tlotrlvbarrt rakcttcn. \lorrrctttcr.,1 u'ot'cli'tt (l(' kostcll t'att lanr:t'r'irtgr:rt steecls

lrclarrgrljker. \"crrrrirrrlering r-:ur rlc larr< r,erkostert r-arr satt'llit:terr is uiterst lrclarrgrijk voor
arurbieclers r.arr lnrrccrirrgerr orn ('onrl)('titicf'tr: bliir,err. Eril vatt rle rnogelijkhtrtlcrt otrt kosten

tc t,rtrrrrirrtleren is orr:r'stal)perr ol) strnr,stofii'rr rnet hogere 1>rt'stitties. Raketttttr vttorziert van

strnlstoffen nret lrctcrr, lrrest:rties kuurt,n zu,aarclere (of rrrccr) sate-'llictcrt lattct'r'r'It. t'oot
rlczclfrle kosterr.

Hlclrazirriurn nitlo{irrrrrazlt (HNF, N2Hr,.Cl(NOr)3) is et'rr oxvrlator met t'ctt zt'r:r'hoge

crrt'tgie itrhoucl. Dit rrraa,kt HNF eerr nrtigcli.ike kanclicli,rat out rlc huidige gettcrittitr vatt

oxr.<lirtorrrn in vastc sttrt'stoffi'n te-, r"clvaugcrr. H\F-stuu'stoffi:rr ]rebbert tttt 7\1, ltogere

plcstatics dan htrirligc strru'stoflen. In tegcrrstcllirrg tot dc huicligc gt:ttttratie vatt stttrl'stofli'tt.
bev:rttcrr H\F-stuwstofli,rr gcerr thlool. Daalrloor zi.jrr de uitlaatgasst'n schoncr ctt tttirtrlct
rnilicu I rclasterrtl.

I)r's-r,r'lizaamhcclr-,rr rlic lrt'sr:hrc:r'cn ziirr irr rlit pror:fschrift helrlrcrr als tloelstellirlg trr()or

inzi<ht tc lerkrijgen irr <lc ontler<ling en w:r'lrrarrrlirrg r-an H\F crr HNF-stulr'stofferi. Drr

oxlrlatol is r:r:r't belarrgri.jk irrgrr:diirrrt in c1e vilst('stlrr-stof. 'fr'1rist:lr lrrrstaat dc stuu,stof'

\-oor rrr()cr rlan 60% uit oxvrla,tor'. D:rarom krrrrrrcrr rk, r'errbriinclittgsoigtxtscltapperr strrrli

r.er:ln<lt,rcrr. \varlrccr cle oxvclatol rroLrlt velvangcrr. lrt <lit r'lerk rvor<lt, rlt: r'erllranding vatt

puur H\F r,n HNF-stul'stoff(,ll lrcsc:lrrer.err. In het Iri.jzorrrler dat van stttwstoffen ntet eeII

errergetis<'h gllcirlr-l azide pollrrrcer (CiAP) als binrlrrr.

Dllersc cxyrclirrrcnteler ter:lrrrickt,rr zijn gebmikt il rlt'zt'strrdie. De H\F r-latttstructuur
crr ontleclirrgsgilsscn ziin bestudccrrl rrret lrehulp r-au alrsotptil'r'an ultra-r-iolct crr zichtbatu'

licht. Eerr lasrl goirrcluceerde fluorcsr:r,rrtie tecllriek is gclrnrikt om vlarttstrttt:trtrert zicht-

lriLiu te makt:rr. Als ',.ersimpelirrg r-arr Irctelogene stttwstofli'tt. is ook dt: r.t'rlrr:rrttling vatt

trltcrnererrle laag.jt's lrin<ler en oxlrlator. zogcnaarncle "sitrrrlll,iches", ortclcrzo<ltt. \-erder is

gclrmik gerrr:ralit varr nrir:ro-thcrrnokoplrcl tct:hnicken ert cctt ttltrasorte pulset'r'lro tctlhniek
r.oor ltcpalirrg ltrrr alllarrrlsrrelheclr:n. Divcrse nroclcllctt voot tlt'r'erbrarrtlirrg varr H\F en

IJ\F-stus-stoflcrr zi.jrr orrtri.ikkeld. E<llr groclr varr rnorlcllt'rt tnaakt gcbmikt r-atr gloltale

kirrt,tisr.he Iear:ties. Dc rlrr<lerc bernack'rirrg ga;rt uit r-an gerlt'taillt'elrle kinr:tirtk.
Dlt l'r:rk toorrt aarr rlat <le ontlerlirrg r-arr II\F bcgint rlool t't'tt lrroton o'ntrlr:t<:lrt. De

lcrlrrarr<ling rran II\E urrrrlt gekennrelkt rlool eeu zeer kleirrt'r'larrrzone. Hoetctl clrt <'ltttttti-

s<:hc sitrrrerrstelling r.:rrr Il\l'sterk li.jkt o1r rlic larr nitrarrilro err rlouble-base stttt'stoffett.
hrxrft <lr,r-larrrstnrc'trlrr g(,(,rr rluirlelijke t$'c(,-tr':rl)s structuur. Hct tttt:rendeel vatt rlc ctter-

gie is a['liorrrstig r-arr rcactics van NO2 rrret anrlcre orrtletlitrgslrrtirlttlitctt. In ct:tt tl't'r'tlt'
zorrc orrtk'r,rl -\O naar'02 t'lt \2 rria tragc, r'nt'rgctischc nertttak'. f('a(ties. Het efli'tt varr

H\F-rlt'r,lt jcsgloote op rkr r,crlxaniling r,an H\F/Ci,\P-strtl'stoffett is lik'irt. Dit kan u,or'<lr:rt

r-ellil:ralrl rkror 11e hogc crrcrgic algifirl r'art <le klt'irrt' II\F r-1arrr clillrt lrii lrr,:t ."erbrarr<lilrgs-

oppett'lalt. Do r.rtrbranrlinll lzlll H\F/G-\P-stttu'stofli'tt r'lndt plaa,ts ol) r'('11 rttalicl u':tttritL

bincler cn IINt' orraflrankc'li,jh vart t'lkaar lerlrratttlcrt.



Summary
Combustion and Decomposition of Hydrazinium
Nitroformate (HNF) and HNF Propellants

Spatt't'xlrlolittiort. irttcrtotrtittctttal telel'otttttrrrrrir';rti,lr. rralig;rtir,rr;rrtrl lorrg terrrr lvt:allrrrr
fott'r'astirrg ilr'('sorll('t'xarrrplcs of what lras lrccorrrr, lrossiltle l-itir tLc rlclclolrrnetrt o1'r'cliirlrlc
rot'lit'ts. -\ftcr this tetlrrri<;tl step friru-it,r<ls. l:rrrrrr'h ecorrornics ir1(,uor\'be{:orrrirrg rnolc
attrl tttotc itnportartt. lit'rlrrcirrg thc larrrrr:h costs ol satr:llitcs is rit lrlirrrc inrl,roltiurcc til
littttrclt ol)elators to I('ru:rirr irr brisincss [irl tlrr'firtrrrc. Orrc ot tlrc l.avs to lcrlrrcc costs.
is lrv irnproving tlrr'lrotfilttrattce, of tlrr,plopr,llant. Rockets torrt,ainirrg plopclllrrts u'itlr
itttlrrovcd ltcrfortttattt c t att larttrt:h heiilir,r' (ol rrrorr') satellitcs l'illr the sarne hirrrlwlr'(' ( ost.

Ilr.tlrazilrirrrrr ttitlolirrrtt:tte (Il\F. \rll" ('(\Or)jl) is arr oxirlizl'r'l'itlr a vr:r'r. lrigh cn-
('tg('ti( ('oltt('llt. 'l'lris rrrakcs H\F- irrr lttlar'tivc carrrlirlatc to Ir'place oxirlizr,r's tlrat. nret

crtlrt'rttll itt rtsc firl soli<l rockct plopcllirnts. H\F-plripr,lliurts lrotcntiallr'hin'r' l1t to 7(k
pclfirrttt:rttt'e gaitt totrrlrirlerl to tht,r'risl iugsolirl proltr:llarrts. t,nlikc tlt(,( lllt(,tr1 Hr'1t('trtiorr
ol yxopellants. Il\|'ptopellattts rlti rot corrtairr <'hkrlirrc irrrrI halc clctrrrt'r. ]rr(,r'(,(,nrir()l-
rrr<'rit:r1 berrigrr. crlrarrst g-:rses.

'I'he u'olk tlcscrilrrrrl in this tlrcsis {ircuses orr olrt;rirrirrg a bettr:r rrrrrlclsllrrrling rif t}rc
rlr:c'orttpositiott itttrl t'otnbustiorr of ll\l-':rrrrl H\F-plopcllirrrls. The orirlizt'r'is au lrnlrortarrt
irrgredierrtintIrt'solirllrropcllartt.'fr'picallvtlrcoxirlizr,r'a('(o1r1rtslr.irrrrorctlritrr60%ofthc
total ptolrcll:rrrt nlight. 'l'lrclt'filt tlrc lrurrrirrg lirtr, r'lralat tcristir:s t arr cliarrgr, rhartratica,llr'
',r-ltt:rt ottt'tr'1rt'of oxiclizcl is lr'plittctl bv anothcl orrr,. The courlrrrsliou of lroth llrrt,
HNF arrtl tlritl of H\F-1rlo1x'll:rrrts is :rrlclressr,<1. Irr lrirrtic:ul:rr that of plopcllants l'itlr iirr
encrgctir: glr-r'irlr.l azidr' poh'rrrr,r ((i.\P) lrirrrlcr'.

St'r'r'r'irl oxlrtlirnctttal tcclrrrirlrrcs iravo lrt'r,rr r,rrrlrlrx'erl irr this strrrlr-. -fhe H\F flrrrrrc
Stlu(tlll('atttl tltrt:orttpr,sitiUlr g;ts|s \\-ete:trrrliCrl l^'rrltra-r'i0lCt irrrrl Iisiltlc absorptirirr.
Platrtt litst't -ittrhrr:erl fluot csct'rrr:r, rr'as uscrl t o irrrirgr, flarrrc stnictrrrcs. .\s :r sirnlrlifir:irtion
rtl plolrcllitrtts. the t ritttl.rttstion o1 :rlterrritting st rrclis of oxiclizr,r' arrrl irnirlr,r'. so c'allr,rl "sirrrrl-

u'iclLcs". ri'rts stttclierl. .\lso cttrlrorklecl rnicro-tlrclrrrocorrples arrtl ultrirsorinci tcr'hrrirlrrcs Irirr-r,

lrt'r'tt t'tttlrJorltl. Thet'orttlrttstiorr olII\F arrtl il\F-propellarrts r.r'irs rrroclc,lccl. Sclclirl rrrrrl-
cls itrt'prcst:tttctl lrr tlris tlrcsis. Orre g,r'orrp ol rrrorlels rrses sirrrplifirrl global lcactirirrs. 'flrr:

otltct :tplrroacrh is thirt of rlt'tailed kirrctics. I3oth tr'pes ot rrrorlt'ls irre:rpprlir,rrl to IINI,'irrrd
I l\ l: lrrriltellarrts.

'l'iris u-olks sltort-s I Irat the tlecotttlrosition of lI\F is irritiltcrl lx" a plotol ttirtrsli'r'stc1r.
I]\l't'ornlrtrstiotr talics place in a srrrall zoru,. ]lverr at anrliicrrt l)rcsslrrc rrrost Irr,lt rclr':tse
ot't'ttrs t'ithitt tlrt'filst rrillitrretelol tlrt,tlarrrt'. Althorrglr tIrc cltcrrric'al torrrlrositiorr o1'H\F
is u'rv sirrrilal to tlr:tt ol rtitlarrrirros:rrrrl rklrlrle-ba,sc lrropcllants. thr: flarrrr,stnrr.tulc o1'

IINF docs ttot lutr-r'a t lt'at t[1)-stirg(,r'orrrllrstiorr zont,. Nlost (]rrergv is lcicascrl lrv leactiorr
rit NO2 r'r'itlt ol,lrrrr'<lt'r'titrtposltirirr llorlucts. lrr a secorrrl st:rgt,the NO rit:r:orrrposcs to O2 atrrl
\2 r'ia skr"r'. r'rrcrgcticiillv n<:rrtlirl. r'r'lctious. The cfli,r't ol lrarticle sizt'orr tlrt'lrrurr rate of
I1\F/CAI) plopcllants \\'as lorlrr(l to lrc srrrall. '-t'his is cxlrlairretl 1x'thc Iriglr (,n('r'gv releirs()
of tlte slrot'1 liol I1\F flarrtt' tlosc to tlre sulfar:r,. ('riurllrstion ol H-\F'/(i,\l'-ltloltcllatrts is
fourrtl to oct rtt itt a secluetttial l'irl irr n'hich tlrc lrirrrlcr irrrcl H\[' r'orrrlnst irrrleitcnclcntlr'.
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Chapter 1

Introduction

1.1 Background
Evcl sirrcc the existurrr:r,of rrrirnkincl. pcoplc crlrlolecl theil srrlrorrrrrlings. Thc rr,lrsorr lirr'
this cxpkrr:rtion has r:Irlrgr,rl u-ith tirnr,. Irr tlrc lrlehistorir: tirrrcs tiro rreetl for tirrirl irrrrl

clharrgirrg clirrr:ites rrlgr,rl t)rrrrili(,s to nro\1,. Irr tlrc late rlirkllc agcs rnost parts ol 1lrc

',roll<l lurrl lrccu cxplolcrl irr a scalcrh fbr nl,u's1>iccs, r,cgeta[rlc,s arrrl pllrrts rurknol-rr irr tlrc
wr:stclrr urllrl. \lole reccrrtlv tlrc explorers lr:fi tlrc t,ruth. r'rrlrrrirratirg itt thc first larrrlirrg
orr tlrc rrroorr irr 1969. Irr that pcr'ilr<1 spat:e exlrllittiotr r':ts tlrivcrr lrl rratirtualisnr. lt lras

be('orrrr, lrr irrtt'rrr:rtional oflort rrolr'. illustlatt'rl lrl t lrc constluct iorr o1 t]rr: international
spar:r, stal iorr.

No"i'itrlitvs rrrilnrre<l sl,ar'e rrrissir )lrs ;r1e ,rrtrnrrrlrt'r'r'<l ll' r'omtttt,r'r:ial salt'llitl' lattnt lrt's.

Satellitcs lrllr-irrr irnpolt:rrrt lolc irr t'.g. collllurui(':rli,rn. naliguti('n an(l t'rtr-irotttnerttal
rrronitoring. \\'i1lr the :rclvt.rrt of' r'orrrrrt'lr:ial laurrr:lr o1rt,r'atols. colrrlrctitiorr hirs errrergerl.

].arrnch (ost r'(,(llr( tions Are essorltial to r:rxnpete irr tlris first grol'irrg trrarlict. 'lltct'c arc
sr.r'r,Lal l-:rvs ri{ r'r,rlrrr'irrg thc cost of't}rr: laurrc}r of ;i satcllitt'. Orre of the sirrrlrlt'st solutiorrs
to lccluc'c tlrc larrrrclr rrosts is propclllrrt perfornr:rrrcr,irrrplolcrrrcut 151] . l'ropr:llants nith
Irigh pelfrrrrrriurct'lcir<l to srnallel s\-st(,rns lirl a spr:cifir'palloarl nrASs. or irrcrclscrl pavloa<1

urass for the sarrrt'lirrrrrr:lrcr sizc. 'l'Irr,pcr'lilrrrarrc'r: of u loclict propell:trrt is t'xlrrcssccl b1-

its slrr:c:ific inrprrlscr. '[-lrt,specific irullrlsr'l, is ir rne:rsruc ol t]ur arnount ol lrloplllarrt rrrass

flou' (rir) for a givcrr (orrstaut thnrst F [1 171:

t" - Flrit (1 l)

.\ Iriglrcr spet'ific irrrllrlsr: le:r<ls to L'ss lrropt'llant llrrlss lirr l girtn thnrst t'rrr,clrpr:.
l-lris lr'<lrrr:tiorr lrr tlur u't'iglrt ol thr: ro< kr,t fjrr tIrcr ll'rhrct,s tlrr, rrcr'<lcrl thnrst. thcrclrv cvt'rr

lirrtlrr.r' r'rrlur:ing the lockr,ts rrtiglrt. 'l'his rrrct lrarrisrl exlrlains that l lilv pelcellt irrlrcast'
of slrt'r'i{ic irrrlnlse carr lclrl tri sigrrific:ant irrcroascs ol the piivkritrl nrass.

It r';ur lrc slrou'n that I, r l(f 1l)l). n'lrt'r'r,71 is tlrr: fl:rrne tt'rrrlrcratrrle of'thc rrrirtrrlr'.
iurrl -l/ llr, rrrolec'ulal l-r,ight ot the forrne<1 gascorrs lrroclucts. So. a lrigli lrerlirrttrtttcc
proltclllrrt corrrlrirrirtiorr is clrllar:tcrizccl lx. a lriglr flurrre tellrl)('riltul('arrrl los'rlolt,trrlal
t-eiglrt courllrstion procluc ts.

lThrouglrorrt

rrrrfarliliar s,ith
This ,\ppi,rrrlix

tlris thesis an r,k,rrr,rrt;rrr'lrackgrorrrrrl irr solirl pt'o1rollants is assrttnctl- R.eaders tltat arc
sonrr, of thc tclrrrs tlrat ar, userl. rnal consrrlt tlrl glossarv in Alrpcrrrlix Cl on pagr' 209.

lrlso lortairrs a rrornt,rrciirtrrrt' arrrl a list of slrrrlrols.
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Rocket motors

R.oclict 1]rotols arc classificrl ;rccorrlirrg to tht,phvsical rnechiirrisrrr srtlrlrllirrg tlte enetgr'
rele:rsr,. IJxarrrlrlcs aLc nrrclt,ar'pnrlrulsirirr arrrl cL'r'trir:al plopulsiorr. u'lrith arc the tttittotitr'
of plrlrulsir-r' tier.ices. 'l'lrt' lrigh thrust rrr:t,rlcrl firr lifting largrr lrr:kcts ls nor'r,:rclavs cr-
clusirr'lv olrtaincd ilorr clrcrrrical proprrlsiorr. -['lrc errelgv ol tlrcrrrical propulsive <lt'r'iccs

oligirratt,s Ii'orn oxi<latirirr lcactiorrs:rrxl rlt'r'otrrposition of lriglrlv cttt'rgr:tic r:orrtportcnts.

Clrcrrrical propulsilr,<k'r-iccs r::rrr bc tirrtlrcl t llssificcl acc'orclirrg to tlrc aggregatiotr statt'ol'
tlrr,plopcllants. Lirlrrirl rocht,t rrrotors <:orrllrst lirgrid prol;r,lliurts. ,\ tr-pical eratttplt'ol a

li<1rri<l lrlopcllarrt corrrlrirrltirirr is lirprirl oxvgcrr arr<1 liquirl ln.rllogcrr. lrsed i'.g. irr tlrc first
st,agt' of the ,\riarrc j. lrrrl in the Spact' Slurttlr:'s nrnin crrgin()s. Hl.bricl ror'lit'ts rnotols
h;n.r' propcllants tlrat alt' in u diflelerrt lggrcgatiorr state r'.g. solirl po11'ctlrvlrrrrr' (fut'l)
lrrrl lirlri<l nitrog()n lctroxirlc (oxiclizcr ).

Solicl ror:ket rnotrxs corisist of rrrorrolitlrir'properllarrt glail that contains lrotlr thc oxi-
rlizt'r'arirl the ljrt'1. 'I'lrc oper:rting l)r'in(:il)l('is rcrv sirrrplr'. 'l'lrr,sirnplest solirl loclict rlotor.
is that ol a filcl'olks loc'kct. Becarrsc ol tlurir sirnplit:itr'. solirl rockets ale \1,rv lclialrle. easv

1.o harrrlle. aurl cln lrc larrrrr:herl ut inr\, rrrorlent r.r.ithorrt rlclav. These t'haractctistics tnalit'
solirl rrrr:kct rnotors also r-etr- attlir( ti\1' fot rlilitalv rrrissilcs. Figure [.1 sltrin's a tlpicirl
solicl rockct rtrolol u'itlt lts lrr,,sl irnlrll't;1111 r'unrl)oll('nls.

';Z1 U :iir\)i.
r --- it l-Ilt Llrl:tl

,/ -/1

: ..,,., .,,r .. . i, i

( nl- r c:-, -

fhrur Motor cale body

Cyi i"rrler perioratiax
i----t--" ^-.

.-o.ina.lo,,i, o

Figure 1.1: 'I'.t-1tit'al solirl propr.ll;rrrt rr.rr-lief notol slon-ilrrg the nxtst irultotttrnt
('oiripor('rts (lnnrt llcl'. [1:17]).

The oxirlizcr arrrl fucl of a soliri lockct rnotor r:arr lrc iut.irniitclv rrrixr:rl lcsrrltirrg in arl

tulrrrost holrogt'rrcous 1)rope11rurt. .\ tr'1rir:al cxanrlrlc is tlrc familv of'rloulrlc lrase propel-
larrts. r'orrsistirrg of rritrocellrrlrsr, irr u'hir:h nitlriglltcrirrc is clissolvccl. Jirrlav, clouble Lirscr

prol)elliluts Irlr.c:ilrnost r:ornplct.r,lv lrccn rcplaccrl lrr-r'orrr1;ositr, llolrcllarrts that have it
higher'lrcrfinrrrillr('e. bettur rncch:rrri<:iil propcrrtics arrtl lr.irrger sirclf'lili,. C'orrrposite lrropel-
lants alc a Irr,tr,r'ogeneoLrs nrixtruc of'oxiclizcr iurrl lircl. sr,c Fig. l.2. I suallr-the oxirlizcl is

amrnonillrn pt'r'chloratc (\llr('lOj. AP). Tr,pical lircls are the farrrill ot polr-lrtttarlierrcs (-
CHrr,, I'}l]). such as hvdloxr.l tclrnirraterl polr.lntarlicne, HTPB. Thc tlrel forms zt rrratlix



that lrolrls tltc orirlizcr ('r'\'stills logt:t1rrr, irrrrl is thcr'liilt'r'a11erl lrirrrlc,r'. O11r,rr:r tuetalli('
firel. t'.g. itlrtrttirtttttt ('\l). is a(l(l('(l to itx'rclsc tht,corrrlrustion telnl)(,r'iiturc alrl tlrr,relrv thc
spetifit irttpulst'. Li'st kttril'tt cr:urrple rif tlrr,-\P/1']137'.\l plopelllrrt crxnbirratiorr rrre tlrc
ttt'o lrooslt'ts of thc Slrtlt' Slrrlttlr,. r,ac'h corrt;rirrirrg 2i0 torrs tif solirl lrlripellarrt. 

'l r'picalh'.
;t t'crrttposilr'lrtopt'll;tttt corttititrs l2 l4'7 birrrlt'r'. l8%.;rlrrrrrirlrrrrr arrrl tlrc lcnritilirrg is -\P.
C'otttpositt'propcllatrls alc rnarurtir< trrrr:rl lrr'\'ir('uurrr rnirirrg ol thr. lrirrrlcr'1le polvrrrcr arrrl
tlrt'otho irrgltr<1ients. 't'lris highlv liscous lirluirl niixtrrlr,is tlrcl ('ast('(l ir tlrc rockr,t rrrotol
citsittg tit lirrcr. 'I-he rttirtule is tlrcrr crtlcrl. Fol crrlirg sr,r'r,r'itl rrrctlurrls irlc trserl. rlr'lrltrcling
ott tlte st'lcctcrl ltLr'-polr'rttt'r. Exiutrlrlt's cil <rrlirrg:tgerrts alc rrrtltilrrrrltiorral isricvirrrirtes
iurrl eltorirlr's.

binder products

6l oxidizer,,T.

binder

Figure 7.2: Sclrcutatic tt tlte t'ontlttrfirtn of a t Lttnltosttt, ltutltr']ltntt.

High performancc solid rocket propellants

Ilcr':nrsc tlrr'perfrrrrrr;urcc has a lirlgl irrrllacl orr tlrr.lrar-lo;rrl rrrass. tlrt'r'r'is n corrtirnrous
r'fiirrt t.o st';rrllr lirl ncu'solirl ploltr,1l:rrrts u-itlr irrrplrit'trl pcr'firrrrlrrce. llr'lrllct,rnerrt ol tlre
oxirlizcr 1x'rrrolt'r,rrelgr,tic orirlizl'r's liclrls tlrc lriglrcst pr,r[irr.rrrirrrr'r,gail. Scvclal oxirlizr,r's

Irirvr,lrccr irlcrrtificrl as r';rrrtli<lnte oxirlizcrs to lr'pllcr,,\P iu tiro futrrlr,lrlolrellarrls ll].
Tlrc rrrost plorrrising trrr';rrurrorrirrrrr rlirrilrarnirlr,(\lli\(\O,)r. ,\l)^\) :rrrrl lrvrh:rzirrirrur
rritlolirrrrratr, (\rll.(l(\O.r)j H-\F). ,\l)\ r'eseirlr'lr is corx:r'rrtlatcrl irr tlrr' ['rrited Stirtr,s
arrrl Sutrlt:n 122. 60. 7J. lll). i;9] . 'l'lrt rrrlirr cortcl of HNF lcscalr'h is locirterl irr tlrc
\r'tircr'lirrrrls i19. l,Jl. 13J. l:tti]. u.ith tlrr, l'.rrropcalr S1iacr,"\gcrrci (t'.S,\) iirrl \r'therlirrrrls
-{g.r'rrcl iil -\r,r'oslrar:r,Proglurrrrnt,s (\l\ ll)irs niairr sl)ousors. llcsirlr:s rclrlacirrg tht'oxi
rlizt,r'. lirther'pclfilrrraric'r. g;rirr t irrr bc olrtirrrrcrl br-rr,lrllcirrg Lhc lrirrrlt'r lx. ir rrrolr,(,uelg(,ti('
cotnlrorrrrr[. Tr'1rit':rl crrtrrrlrlt's iilr, lrinclcls corrtainirrg r,rrolgt,tic azirlt, glorrlrs (li]ic gllcirlll
azirlt,polvrrrcr (i,\l'irrrrl polr'lJ.iJ-bis-azirlorrrcthr-l-oxr,tirrrc B,\\lO 89] ). Ot)rcl crrergr.tit'
birtclcls corrtainirrg l:ugc ittnorrnls ofoxr-gcrr il the tirrrrr oi rritlatos irlc also lrcirrg irrr,esti-
gated. 'l'r'lrir:al cxanrplcs arc lrolr'\l\1\lO (1rolr'(.1--\i1r'irto\lctin.l:l \,lcth)-1 Oxt'tirrrr,). arrrl

lrolvCL\ N (polr'(ilrcirh'1 \itlatr,) li. 2f].
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Sornc tt,pical 1rr:rfrlrnanr:c glal;hs of II\F/G-\P-plo1>cllants itt t:tttttparisott r,r,itlt cott-

vcntional -{P/H1'1'}13-propellrrrrts are shou'rr irr Fig. f .i3 (t'alculatiorts l'ith \'\S,\ SP-273
r:orlt, l.r:1]) Thesr'pcrformarrcr,<llrves show th:rt HN!'ltas improlr'<l perfortttattce as cortr-

pare<l to the c:orrvcutional -\P/llTPB plolrt,llants. The theorctit:al perfonttatrcc gain is

aboft 7%,. Thc r:orrrlrositiorrs of Fig. i.:l lr'(,not optirrrizerl for'lrcrfirrnrarr<:t: arul :rrer illrts-
tratilt,onh'. H\F l)ropel1:urts h:x'er thc lrighest tltcolt,tital pctiirrurartce of all httrtu,n sttlirl
plript'llarrts. Figrrlr: 1.3 shows that thr: pcr'fbrrnan<:o of arr :rlutuitrizccl ,\P-HTP13 propellant
is cxcccclerl ll- it rrotr-trlurnirrizt'cl H\F/Cl-\P propcllant.
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Figure 1.3: \.'ar:uurn sprt:ifir: in7-rr.lsrr of,sorlc t.t'picalH,\I.7-lrr.rpel.larttslrt (1)irtpatj,\(,rl

rlitlr -{P ltntpellants (t'tnnltttstion J)r'(,ssu.re 10 \lPa, e-r.palsroti ratio 100. r'cpiliL.aitun
flou-).

-\rrurrorrirrrrr perchlolatc prollt'llants generirto about 207 hlch'ot'ltlolic' acid (HCl) as

a r:ombrrstion lrrochu't. -{lthoLrglr tIrc total ar:irl <ieposition of spatt' lattrtc'ltes is srrtall in

cornparlsorr u,ith thc u'orld s total ac'icl relr,rrso [12]. t]rr' llrblic opirrion rerluirt's se:rrch

frx ne,t' lrnrlrellarrts that are rrrort enr-irorurrcrrtallv accr'lrtable 172]. Clhlorine stavcnged

ltlcipellarrts hate ltct'rr rlcveloperl to alrnost corrrplertclr'r't,rlucc the acirl crrrissicut. lrttt alu,ar.s

u.ith tlrt'penaltr-of a lrcrfornrarrce loss 139]. Ilccause LINF cloes rrot (olrtain tlrlorirtc. HCI
is not firrruccl clurirrg cornlnstiriu. Theil clcarr cxharrst gil,scs drxl thr,ir perfolntattcc. rrralie

HNF-prolrellants a vcrr, :rttriir:tivc c:ancliclatr, to replat t, tho cttrrr:ttt lirrrrilv of AP plopellartt,s

irr tlrr, firture.
-\rr applicratiorr lol;rtecl to tlrat of r:orrrposite prrrpcll:urts, is tlrc rrse of ptopt'llants corr-

tainirrg alrout 10% HNF as higlr-1tr:rfolrrriln( (, girs gt-,nclators fcrr <lrrr:teri rarnjct lr,rckcts lttlt].
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1.1

Extelrt lirr rtst' itr soli<l cotttlrositr: lrropellarrts. tl\F is also a lell itttla( ti\r nrorroprolrcl-
larrt n'ltt'tr tlissolvetl in c.g. u'it1r't 113]. Thc lrcrliilruarrr:r'of H\F-srilrrtions <::rrr rnat(:ll (or'

etr-ett otttpt'r[irnrr) that of tltc toxic In"rllazirre. This rrrir]ies HNF a protrrisirrg candi<latt, to
replacr'hlrlrazitrc itt rtrartl i,tlrplitatiorrs srrch as attillr(lo r'<xrtrol s\.stcrrrs fir satellites arrrl
('rlletg('lr( \' llrxr-t'r' rrlits.

Combustion of composite propellants
Tlte c'otnbttstiorr ot t'orrrlrositt'propclliurts is golelnccl lrv rrrnrrcLoris phlsi(al :rrrrl t:hrlmic::rl

l)r'o( ('sscs (set' F'ig. 1.1). Thc oxi<lizr,r arrrl lrirrrlel pro(lrr( ts arl heatecl frorn tlrcir irritiiil irrn-
lrittttt terrtperiltllr('to tlrc tcmper':rtrrlc lt t]rc suria('e of thc prolrcllarrt. 'I'he (,lr(,tg)'tiotl this
hr:ittirrg contes fititn st'r-t'r'al sour('('s srrclr irs he:rt conrlrrctiorr lkrnr the g:rs lthasr'. rarliation
ftottt tltc'g:rs pltasc iitttl cxotlterrni( l)r'o(('ss('s irr the conrlcrrsr,<l lrhase. Druiug Ircatirrg thr-'
('oiltl)olr0rrts rrraY t'xhilrit a lrltasc r:hiurgc (rrrCltirrg or YapoIiz:rliorr). -\1so (rr-stul stlll( tLlrc
t'ltitttgt's aIICI foI'lllatiorr ril t:rticks arx[ [)or('s rIrrc to thelrnal str'(,ss('s harr. lteerr rilrscn.ecl.
'['lrclrrrop]tlsic:r1 propcltit's srrt:h as conrlrrt tilitr- arrd heat caplcitl crhnnge coutirurouslr'
lrer:arrsc of the extrrtlrc t lrarrgcs in plrvsi< ll stltc of thc corrrpolt'rrts.

composlte propellant
combustion

Figure 1.4: Pror:t'sst's o{ r'otnltosite proltt'llant r-otnltustiot.

,\t. ol r'lose to. tlrr, llrilrella,nt surf:l( (' scr-r,r'al scr:nalios :rlr, possiblr,,. Both thc oxirlizer'
arrrl lrirrclr:r dr:cottrlrosc an<l <:otttbnst irr tlrc gits ph:rse. ril lirpolizirtiorr t:rkes placc lrclirle
rlt'r'rirrrpositiorr. or exotlrcrrrric reac'tiorrs tlkr,pllcc at thc propcll:rrrt surfacc c.g. irr il rrr(,lt
l;tvr:r'. liol rr:a1 prrrpe'llalrts llolre of t]rest, t'xlrrrlrlcs rlesc:riltcs lccrrratt:lv rvhat taltcs lrlact'.
lnt irr gcrrt:r'al it is a torrrlricr slsteln irr l'hir'Ir all of these I)ro('(,ss(]s 1)arti('il)at(,. llrc
contrilrrtiorr of eac'ir ol' tlrr,sr, l)l'occsses ls grrrrrrrallr- cleperr<lr,nt orr tlrr, (on(litious. sll( lr
as l)r'(,sslr1(,arr<l ilritial t(,rrrl)('r'ature. Irr thc gls lrhase the birrrlcl irrrrl oxiclizcr plorlrrtts
mix arr(l r'('a( t. Derperrrk,rt orr tltr: 1)article sizt'. tlro oxillizer' lrlorhrcts rnrtr- rlec'onrlrrisc
exotlrr.r'rrricallv lrr:frrm rcir(tilrg u'ith thr: lrirrrlr,r lrlorlrrr'ts. esserrtialll liclrling a tliffusion
fl:rrle ot oxirlizcl iurrl birr<lcl rlccorrrlrositirtrr ltlorlrrcts. Irr tlrr-, otlrl lirrrit of srnall oxi(lizol
piuti(:lo sizt'. rrrixirrg oc'r'uls lrt,firlc tire leac'tiorr tlkcs 1r1:rce. In this casc the gas plras('

rn:rv be consirL,rt'rl llernixr:rl. Fol tlrese tln lirrritirrg r:ascs thc clcpcrrrlcrrcc orr lrrcssLrLr. is
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rliffelcrit. u'lrrt lr r,xlrlairrs tho rlitli,rcrrr:c in lt,rgli,ssiorr lltl irs ilrrrctiou ol pt t'ssttlt' for tliflt'rclrt
palti('l(' sizts. irs olrsl'n-erl irr'\l' llopcllnnts.

HNF progrtrrns

Irr tlrr, latr,80's II\F lcscintli u'as lrit'licrl ttlr irguirt lx'TNO.,\ tlcsli stu<lr. lirt ttt'r'
stolirlrlr, lrlopell:rrrts lrarl slrou'rr tlrat FI\F-plopr,Jl;rrrts havt'a vlrv lriglr pcrforrnarrtr'f ll(il.
Irr ir corrllit('t tilrl(l('(l lx'l'.S.\ arr<l NIVII. II\l" llopclli,trrts \1'(,1 (,iilrrrulatccl artrl tttotor'

filirrgs trcrc canierl ()lrt. 'l'llis l'otk Ica<l to tlrr' 'lrroof of critttr'1r1 r,f H\l-'/\1/G.\l' solirl
prolrcllurrts' 1117]. irrrrl < orrlilnrt,cl the higlrcr' 1rt'r'lixtnnn<c oI llit'sr' propr:llarrts lx' t's1rt'ti-

ln('llts. Iler':Lusco{tlr, lrrorrrisirrglt,srrltsirliugt'r'l)r'ogr':rln((iS't't'l),,r'asstiuterl.slr,ltsrilorI
lx' 1lrr, l-ruopcarr Spitcr, ,\gcrrc'r-. Tlrt' olr.jct tivc oi'this t'ot'li u'ls firrther r[r:r'r'loprnt'tr1 of

II\l' propr,lliurts \\:itlr r,rrcrgetir' lrirrrlr,r.s Ili:i]. Sr,r'crril Ilulopr,lrr irrstitlltes atrtl itrrlttsttit's
p;rr'1 icilratcrl irr tlris plognun (firrrrr Nolu':n. I rritcr] Iiirrgrlorn arrri The \etirlrlarrrls). ,'\ftcr
tlrr'(iSTP-1 l)r'()glilrrl tlre GSTI) 2 lrlr:rsr, I proglarrr wirs stirltcrl. This lloglirrrr lir<usr:cl

orr the oligirr ol llrr,r.rnirl rll,corrrpositiorr irnrI the irrrplolcrrrcrrt of H\L'sta]rilin'itttrl tttol

lrlrologr'. Follorv-rr1r l)log-r'arrs l'ill irlrlrcss lxopella,rrl 1t'r'lrrrologr-u'ith tlu'irrrlrrovcrl 11\l'
liorn GSTI']-2 lrlr:rsr, l. -1-1rc s'olli irr tlris thesis corrtlil)u1('s to tlre othcr' il,\F'-ploglarrrs lrv

aclchcssirrg rrrolr, IlrrrrIittrI(,1ltal iISl)('('ts ol tltt' t'otttlrustiorr ol ]lNF.

7.2 Objectives
The goirl ot tlris u'or'li is to olrl:rirr il urtirc hurrlarrrt'rrtll rrrr<lerstarrrlirrg oi llrc rlccontlrositiott
:lrxl t:ornlrrrstiorr lrchitliol ol ll\l'lrrr1 H\l'lrlolrcllirrrls. -fliis llroulcrlgc is necessat'r'lirt'
tailolirrg ol plolrcllant l)r'ol)(,r'ti(,s lirl actual irlrplicirliotrs. iinrl iirr ttttrk'tstatr<lirrg tht' t'fli'r't
of lirlvirrg l)alilrrreters on tll(' t olnlrttstirrt ptopr'rtir's.

'l lrr, olr.jr,r'tir"os (lcfir('(l :rl tlrr, lrcgirrrrirrg of tlrjs strrrlr' alr,:

o Olrtirirrirrgirrsiglrl irrlrilhr,rk,<:orrrpositiorrof [[\FarrclIJ\l'-lr;rsr,rl prolrellaul sirnrl llur
stnr( tule of tlrr,flirrrt,zorrt,. 'l'lu'H\1" (grro1>r'llant) flarrrc stnl('tur'(,u'i11 lro rlt'tt'r'nrirrcrl
lx'l']LIF (plarrirl l;rsr,r'irrrlrrcccl fluolr,sccrrcr') :rncl otlrer r-isrrllizati,,rr e\p.l irrr,'rrl:.

o (lrrnbustirirr rnorlclirrg of H\F lrrrl ll\f'1rlope11arts. \lorlr'ls irrc usc(l firr intcr'1>r't'-

tatiorr tif t'xpclirrcrrtll 11ata. arrrl 1o irrLpLrx'r' tlrc rrrrrlclslirrrrlirrg of tlrc lorrrllrstiotr
r r rcc'hArrisrrrs.

o Seirlr'h lirr srritalrlc catalvsts. 'lir tlilol the <:otlllrstior lrr'haviot'oi ll\l'lrnrpt'llartts.
the cfli,r'ts ol lrofcrrtial catilllsts l'ill lre irncstigitlr'<1.

1.3 Thesis outline
Tire orrtlirrt'ol llris tlursis is as lirllrxr-s: The plopcltics o1 II\F atc rlist ttsscrl irr Clhapter 2.

This irrclrrrlcs Ilrt,r'rrroplrvsical lrlopcrtics, prorhrctiorr :lsl)(,( ts. rle,r'rintposiliott iutrl clLt:ttttrutt

r:herlicrl rrrorlclirrg. 'fhr, llorlrrcts liilrrrerl rlrrling rlrrcorrrpositioll ar'('s1 rtrlicrl lr-alrsotptiott
ln(,lsur'(,rn(,nts. ('lraptel iJ irrlrllr,sscs tlu'cxlrclirrrcrrtal alrlrroa.clr ol tlris strrrlr'. Expelittrt'rrlrtl
fircilitit's irrrrl tr,chniclut,s lrrl rrrr,tlrorls oi sarrrlrlt'1rrt'1r:ttation arc rlt'sttilrt'rl irr rletail irr tlris
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Chal>tr,r'. 'l'lrt'<:ornbrrstiorr ot llNF and H\F witlr irrltlitives is tlrr, lopic of Chapttr"l. Irr

this Cllraptcl cxpcrirnerrtal rtsrrlts rif thc l'glcssiorr latt'. flamc stlrrr'1 rrrc arrcl te'rnp('riltur'('
profilc arc rlcs<:r'ibc,d. '1'hr,r'orrilrrrstiorr of'H\I" sarrrlu'iclres iir)(l l)rol)('llilrrts is lrrcscntcrl
in Chaplcl ir. 'l'his inthrrL,s llx, strrrlr- c.if tlrc lrirrrlr:r-orirlizcll rliflirsior flarrre stnrctulr,.
effec:t rif II\l'lralticle size. solirl Lrlrliug etc:. Irr (llrrrlrtt,r 6 ser-eral ruorlcls ittt'lrLcst'rtcrl.
The filst rrroricl is a r-erv sirrrplc nrorlel tirr tlu'<'orrrlrrstirirr of rreat H\l:. It cxlrlaius tlrt'
l)r'essule rL,pr,rrrL,rrcl of the lnrrr lirtr,. r'flt'tt of ilrr exlr'r'rrll last'r'heat flrtr. arrrl t('rIrl)eratltro
st,rrsitilitr'. Ii,r'arrsc of the sirrrplicitv ol thc nrorlel. it is irr t'rlcllcnt tool to olrtlirr a bettcr
irrsiglrt irr tht'r:orrrlurstiolr o1'H\l'. l'lrc sr,r'ond rlork,l is ;rrr t,rlransiorr ot llrc sirrrple II\F
rrrorlel. Thc glolr;rl rr,lrction steps ar'(,r'r,plircerl lrr- a c'lu:rrricirl urr,<lt:rnlsrrt. th:tt uits rlt'r'r'lopccl
firr rritr':rrlirrc conrlrrstiol. -fhe lt,sults ol tlris mod(,1 (an lrc t:orrrlralerl r'ith cxlrr,r'irrrental
rlr,tclurinccl spt'r'ics lrlofilcs. Tlrc tlrilrl rrorlcl irr Chalrtcr'6 is ir sitnplifierl rnorlcl fin thc
crirrrlnstirin of H\[ (i.\l'plopcllant.s. 'l'lr('rrrock:l is bascrl orr tlrt,BDP-ruorlr'1 arrrl plcrlir:ts
tlro t,fli,t'ts of plt'ssrur,. l)irrti(:le size. anrl solirl loacling or tir('r'('glessiolr Iat('. 'flrt'ltrst
rrrorL,l cirkrrlates tlrr'flarnc stnrr:trrle alrrxl a H\F-Ci.\l'sarrrlu"ir'h lx'solr'ing trirrrspott
r,<lrrlt iorrs fbr nrass. lnorrr(,ntllrn. en('r'gv irrrrl spt'r'ies rrrass {r'irr'1 iotrs. In Cihalrtor' 7 the
lcsrrlts of a strrrll of tlrr'(rrrrstcarlr') r'orulrrrsliorr of HNF lliilr ultlirsorrnrl:trr'plcscrrtt'rl.
'lir lrloccss the exltcrirrrt,rrtll rlata an rrrlst(';r(lv t rirrtllttstiott tttorlcl is ttt't'rler1. This rrrorlcl is

also I)r('s(,rrt('rl. irrrrl tlrc r('slllts ar'(,conrl)ar(,(l 1o rlirta trorn existirrg lirscr-tccoil cxlrctintt'rtts.
Tlrr,r'orrllrstiorr rrrecharrisrrrs o['H-\F- anrI HN[,'-1rro1rel1:rnts alc lr,r'icl-r'rl irr Chalrt cr 8. 'l'lrr'

goul ol tlus ('iraptel is to lirrrl \\,avs to rr,<lrrtr, llrr, lrressure e\l)or('lll ril H\F-propcll;trrts.
C'lralrtr,r' 9 givt's the c:onr:lrrsiorrs ol tltis l'olli.
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Chapter 2

Hydrazinium nitroformate

2.7 Introduction
Ilvrilazirrirrrrr tritrolirrrnatt'(H\F) is thc lrlrlrlzirre (\2H1) s;rlt ot rtitrttfttrrtr (llCl(NO:)i).
ln tlrc sixtics. HNF irrrrl H\F-irascrl plolrr,llirnts \\'(,r'e sturlictl ils l)aIt of :r largc st itlt' r't'-

scan lr lrroglitrrr orr arlvirrccrl llolre1lants. Irr IIrt r:itrlv ser.etttics Il\l-' r't'soarclt rt'as sttrlrlcttir'
stoplrcrl. Thele seerrr to i)(,t\\1) rrra.jol leirsorrs firl tlris terrttitrttiort llL8]. H\F itlrpt'ittcrl trr
lrt,irrcorrrpirtilile s'ith tirc rrsuirl ln'rlroculrotr lrittrlcrs. lrct'ttttsc tlrc ll\l: attar'lis tltc rLrrtlrlc

lronrls ol tlrc tursatrrlatcrl lrirrrlcr [106]. -\rrotlr('r'r'('iIson firl tltc crrl of ll\F lese':rlclr is tlrr'

hazalrlrirrs sluthcsis rnctlro<l oI rritlofblrrr. orro rif tlrt'tl'o rrraitr irrglcrlictrts fitr H-\F'1>ro-

chrctiorr. Lrlt,r'on it h:rs lrr,r'rr lirrrrrrl thirt it is lrossilric tii tl;ttrttlatttttc stabltr Hl'PI]/tlNl'
1lolrr:lllrr(s Ilt)l]. This olrscrvirtiorr srrlrelserir,s llrc cirllict finrling of irrtontlratibilitv u'itlr
r|tu|lt'lrorrrls. ,\lso. a safi,r'1r'orlrrctiorr rletlrorl liir rritlolirrtrt lurs Irt't'tt rk'r-r'lo1;l'rl ltr'Rricli
l'e11. l'hit li tlocs uot lerlrirc tlrr, rlirrrgorotrs <listillatiorr ol'nitrofilrrl ilrtvlrlot'('. lrr tht' latc
,30's. irrtclt,st irr II\F l'irs lcrrcutrl. rrraiulr'lrcr:artsc ot tlrt'rrt'r'cl fol lriglr 1rt'tfirttttiirtt'e ptti-
pcllarrts to lorlrrcc laurrch c'osts. Firr'llrt,rrrrore. tlu'irrtrr':tsirtg gkrlral (ou('('r'rl of tltt'chlorirtt'
cnrissiou ol iurrrrrorrirnn lturr:hloratr,(-\P) baserl solirl lrropt'llitttts. tttalics tlris chlt.rrintt-frcc

oxirlizer a \'('l'\, ilttlil( tirrr r:anrlirlatl tri t'r'1tlace ,\P.
ltr this Cllrirlrtt'r'llrr, 1.rlrr-sical l)r'ol)(,r'l ics of I1\F l'ill lrl rlistrrssr:d fir'st (srttiorr 2.2). The

rlccorrrlrositiorr of ll\l: is riiscusscrl irr scctiott 2.3. This sct l.iotts t'ottttritts a litot;ttrtlc tt'r'ieu'
irr scction 2.3.1. {irllon-r,rl ll':r rlr,stliptiorr ol t:xpt:rittrt'ttts ol 1lrt'rlecotttl;ositrorr o1 }l\F at

ctrrulrustioulilie toncliliorrs in set'tiorr 2.jJ.2. Scrni-ctrrlrilir':tl :trrri alr irritio citlcttlittiritts of

Il\l' alr' plt'scrrtlrl irr scction 2. 1.

2.2 Properties
HNF is ir1 origlgr'-\1'llorv solitl n'ith cht'rrricirl firrrrntl:r,\2Hr'('(\Or),1 (st'l'Fig. 2.1). II\F
is rr;trlc lx'a prcciltitltiorr lt'uction betu't.crr lrvrltitzitte (\rH,) itttrl ttiltofirrttt (1i('(\Or),1):

\:Hr(r) + II(r(\o:):r1r1 ) \2ll';'('(\O2)ir,r * 81 k.l/rrrolc (2 l)

-\s this lt';rctirxr is exothr,r'rrrir'. tlrr' ploccss lr,sstl nnlst l)e tlrolottglrlv t oolttrl. -\fit't lc
nc:tiorr. tlrt llNt <'r'r'stirls irr'(' r'(, ( r'\'stAllizcd. to irrrprort the prrritv of tltt' rau' H\F. irrtrl

trt cotrttril tlrr' paltic'1e sizt,. I'lrr, llocess ol rttatttttirt ltrlirrg H\F is rlcst lilrerl itl st'r't'tll



r0 ('t1.\PTER 2. iI).1)1?_{Zl_\rrl'rr\I NI]'ItOI()R,\I,{TE

I)atents 110;. I 18. 167]. (lrrllurllr, ,\crospirr'c l)r'oprrlsiorr Plorhrcts (,\l)l)) (Bergen o1r

Zootu.'l'1rr'\r't)rcllarrrls) is tlrr,solc corlrnerr:ial srrpplicl of'H\F. ,\l'l'plorlulcs H\1"
orr a piliit scllr,s'itlr A rrrarinrrrrrr calracritv ol iS(X) lig l)('r've:lr'(Fig.2.2). Pruitv is irrr

irnportarrt f)tclor fol the stlliilitr-ot l{\F. Flictiorr arrrl irnpact scrrsilivitr'. trrclting lroirrt.
ancl tlrclrrr;rl stalrilitl are \l,rv scrrsitive to tlrr'prrlin'ril thc HNF'll:151.
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Figure 2.\: \lolat'nl:rr sfnlr:trrrl ol 11-\F.

HNF lraltit lcs l('n(l to clvstallizl irr rrr,r,rllc-shalrcrl clr-s1 als, r,ith large lerrgtlt ortl cliaur-
t'1 t'r' r'atitt's (l,ll)). \r'r'dle sltalrt'rl ll\t" is ttot clesitalrlc tir' lrropr:llant ltrorlrrt liorr lrecarrse

tlre r'lteologv ol tlrcst' t:rvstals lrlcvcrrts the rrrtrrurtirt truirrg ol lrropcllarrts l.itlr high solirl
Lradings rtt't'tlcrl 1o rilrtairr a higlr lrcrfirrrrr:lrr(e. C'rrlrir'. ol slrhelical r'n'stuls rr'orrlcl be irlcraI

for botlt sctrsilivitv arrl r::tstirrg lrlopr:rties. Bv rr,<:r'r'stallizatiorr. tlrt'1./l) r'a1io has lter,rr

rcrlrtccri to [...,-r : 1. see Fig. 2.:]. Ilrt,rliffbrcnt tlarrrrtllturing pro((,ss(,s itlso alktrr'to ste(,l
thc tttt'ittt lrirrtit'lc size. ,\t tlris rnorrrcrrt it is possilrlr,lo lranufitr:trrrr,[1\F clr-stals tr"itlr

1r:rrtir:lc sizt'r'ittvittg bt'tutcrr Ir arrrl 2000 1tn. 1,f D r':rtiri's of 1:1 htrr.c lrrrr,n rilrtaint:rl irr tlrr,
pirst l)\'ttlttasourrrl ret'r'r-stallizltion fll]. ,\Pf is cuncrrtll alrk'to r'(,(lu(c L,lD t.o - 2 : I lr)'
crvstirllizaliorr rvitlt ultlilsollll(1. lrrrl firrthel irrrlrrovcrrrerrts to tlr(, 1>r'orlrrction mctho(l al('
still rrnrlu rlctt,lopnrerrt ll5 l].'l lrrtc rliflerent H\F glarlcs arc curr('ntlv irviriliLlrk' [160]: H\1" lrlrirlucerl lrl er-llxrra-
tirin. I'. glirrk': H\F ptorhtlcrl lx' r'ool t:t'r.stallizatiorr. C)-grac1r,: arrrl ll\F- fi'orrr:t solvcrrt/rrorr-
solr"t'rtt I)r'o(('ss. S-glarL'. Irr gcneral. tlrc clapolatiorr process viclrls tlrt'rnost stalrL, l]\f'.
lrrrt thr'lrartit'le size rlistril;rrtion is broari. Ill tlrc cool c:n,stallizatiorr the largt,st lrarticles
ittr'lrrorluc'r:cl. Tht'r'r'r'slirLs slrol-rr irr Fig.2.lJ u'r'r'r,obt:rirrerl frorrr <ool c:r1'stallizatiolr. Thc
t tr-slitls frortr the S-lrtrr<:t'ss :u() the srrrirllr,st tlrat are llorlrrccrl irt this rrrornont. S-grixle
trrttctial ltas art t'<lrtivitlt'rrt spherir:a1 rliarrrctcr of - j(l/nrr. Iri tlris l-olk thc HNI'glarlt's li,ill
lrt'rit'trrtc'cl Lx'tlrt'ir'lrtorlrrctiort rrtt'tlto<l (t'). C or S). follxlcrl lrr-arr irlentificatiorr ntrrrrbcr.
r'.r1 . )- 1b.

-l'ltc trtost itnlrolt;rrrt lrrolrertit,s of' llN l" are surnnr:rrizrrrl irr '['itblr, 2.1. f lrt, ])rol)(,tti('s of
Il\F:rre velv scrrsitivc to its prrlitr-. 'I'lrt'starrrlalrl arralr.sis to detelrninc,[1NI.'pruitv ale
titratlon of tlu'ircirl (orltelrt (gir-irrg II\F contcnt lrast,rl orr ar:ic1 r:orrtcnt) :rrrrl titrzrtiorr of
lrltltazitto ttttttt'ttt (gir,ing H\F'r'orrtt'rrt lraserl orr ln'rlrazirLt,r'orrterrt). Clorrt:rrrrirratcd HNF
slttin'cd r"alucs lirl the irnpac:t scrrsitivilr' { 1\rrr. rr'hiclr is 1oo seusitilr' lil trsc its a pro-
pcilarrt ilglctlit'rrt. Pruifir:atiorr ll' r'ccrvst.allizittiorr ril tlrr, lrloclrrtt giri's ;rrL irrLlrr,r\'r.lllllt.
att<l itttlritt t st'nsitivitl valucs o1 2. . .l-r Nrn ltatc lrct'rr olrtaincrl. -\lso tlrr, \'it( llrurr thelrrrll
stabilitr'(\"1'S) of H\F anrl ll\l: lrlopellarrtsis strorrglr,affecte<l lrv tlrr,prtlitl of'thc H-\['
arlcl th(' rrrotlrorl of procluctiorr. [:ol exarnple: t]rc S-glarle HNF has ;r lrighcr gas r:r'olrrtiorr
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Figure 2.2: HNF pilot. scak: r(,a('tol protlw'ticlr flrci]irl ar .lPP. 7-lc largi'gJ:rss

lcit(tor sr{'l 2tr tlic right is the rlairr reacriort resst'/. The trlnainirtl1 tf tlrc satttlt

is rrserl ktr nitrofotlu cxtraction. arrrl uasltirtg iirir.l rlrLt'sf itllizatiort ri'tlte oltlained

HN,F'matcliaJ.

than tlrc trvo otltr:r griirlcs clue to solvt'ttts in tlrt'filral tttalr'ria1.

Thermophysical properties

Tht'lrt'trt cif lirrrrratiorr tellc.rttt'tl itr Ref [130] is iH, - 72 k'l/rrr.le Rt't'r'ttt m('asrlrc-

rrrellts l)\. iigrr'1i9r'a ancl 1\lat1'usltitt shon' -\111 : 76'86 + 1'13 li'l/rrrolt'olrtttinetl fiorn
tlro mcasrrrcd e1r(,rgv of <onrbustiorr of \11, : -1031.23 + 1.13 kJ/rrrole [73]. 'f'hc lrt'trt of
solrrtiorr ol IINF itt l'ater is J11.,,7 : o0.01 + 0.08 l<.1/rntlle l7:1].

'l'he tltt'r'nral llolrertics of HNF as functiort of tctttprtratttt(' \\-ere tttt'asutt'rl lrl Hatlsott-

Irarr':rnrl t'arr [57]. Pressctl sanrlrlcs of H\F l'ertt'Itetrterl arrrl tht'I('sl)orls(r of HNF ttl
1lrcat prrlsr'\yas lr(,itsltrerl. L-r'onr this rt'spottse tlrtr therrnal rliffLrsivilr'. o,.. spct'ific lrt'at

r.ir1>ac.itl r.,. ;urcl tlrc thcrnral lorrclu< 1.ivitr. .\, n'r:re r'lt'tctntiuer[. Tlte thi'r'rrtal difllrsir-itl u'as

f11rrrrrl t9 [r'rrcariy tt'rrrpclatrrrc inrlr.l;r,rrrlerrt in the larrgt' 20 I t0'C. Thc lirrcar fits of tlrt:

obtairrecl rtsrtlts :rlt' (tetttpe'ratrtle f irt 'C):

o,.(7) 1.62' 10 'r + 1.2 10 ri f <rn2/s

,,(T) 0.83+0.0011'r J/sK
), (7') 2.50 . 10 3 + (t.8 ' 10 '; "1- \\-/< rnl(

Tlur hcat r:lp:r<titv as ftrrrc'tiorr of tetrrpcratulr,s'its alsti rL'tt'rtttittt'tl frotrr tlifleretrtial scalr-

Iringr:akrrlttu'trv (DSC') Illeasttr'('lrI('nts at'l'NO/PNIL, scc Fig.2.'1. .\t 20"(l r',-l.16kl/kgli.
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Figurc 2.3: /lc-r'r'rstallizerl //-\'F u'rrl lr,lgrli or-r,r rliantt'trt- r'ittio's ,l
,li:ttl, t, t ;tltt'ut :n\l ltnt.

rew4
u'hir'1r is itlrrivt'tlrt'r'alttt'r,1 t).86k.1/kgK olrtairrerl lrl Hnrrsorr-l)aLL irrrrl Pan. Irr tho rrrr,lsrrrt,-
tttertts ol Httltsott-l'ittt ztrrl Patt ;rll thlcr,ploltcltics:rrc clt'lclnriru'rl Irrrrn ir siriglc crlx,r'irrrerrt
atttl lilrrr a conrplete r:orrsisterrt rlata-sr'1 . lrrt rr;rlit's arr rrrrarnlriguorrs ck,tt'r'rrrirr:r,tiorr of tlu'
irrrlivirlrral pro1rr,r'tles rrrrilt' rliffit.ult.

'I'lrr' heat o1 r'alrrtiz;ttirlrt. Il,,.,,,, of II\f l'irs cstirrrittr,<l ltv'llorrtrin's Irrlr,. u'iriclr tr,latcs
lroilirrg t ('rrrl )(,l iltllt (''l 1, irnrl 11,,,,,,,. tir.r,olr li l g 1 r r

Il ,l

l'ltct r' ,r' : !)(i 131 .l/(rnok'1( ) [irr rritloalonratic lrinrlrorrtrrls l2 I]. .\ssrrrrrirrg tllat iur i,l\-et irg-(,

valttt' of .r' - l la .l/(rrrrloli) is talirl lirr I1\F ;rs l.e1l. it is forrrrrl rlrat //,,,,,,, - :Jl0.l/g. 'l'lrc
trrcliing lrcitl of [1\F. H,,,. is:rssrrnicrl to lrr,r,rpral to that ol tlre rrillarrrincs IlNl-\ irrrrl
Iil)\. l'lrirlr l'ere slrou'rr to lrr,c<lrrirl l)cl rr:rss rrrrit Ill]. H,,, - 161 .l/g.

'1'lre lrr,l1 of'srrlrlitrri,itiorr is ck:fitrcrl t\s 11,,,1,1 - H,,, 1Hr,,,,,,.'I']r,e ('lausitis ('l;rpl,r.torr Ir,-
laliorrs lclltcs thc lrcat ril sulrlirrriitiorr to tlrr'\'ill)or l)t(,ss111(,.1).. a(.(.ot(lirrg to:

1rrg7r. - -1 II.,,t,t f (llT). (2.3)

rt'ltrttt' ,l is a c'titrslittrt. Ii-xistirrg (lilta aviiilill)le at 'l \O ot tlrc lapor'l)rcssllt(, of IINI-' irr
tltc tctttlrttittrtlc r';urge i:i l.I 67.7"('. r.ir:l<ls 11.,,1,1 - i:30 .J/g. tllrillr r.orrrlrar.r,s nr.ll l'itlr the
srrrrr of tlrc rrrt,ltirrg artrl cvirpolirtiorr hl'at /1,,, + 11,.,,,,t,:5ll .llg.

'l'ho L \'-\'is lrrrl Ill llrsor'lrtior sp('( 1r'ir of 1l\l' ale shrxr"rL irr lfig.'s 2.5 arrrl 2.6 r'r,spr:c:-
tilch'. I'lrc t-\'-slrectntrrt ol ln.rlrazine arrrl uitlrilirlrrr aLr,irlso slrou'n. Botlr slrccics h;n'r'r,rrr
aLrstitlritttt'r' irr t lrc L\'. 'l lris l'irs rlisc'ovtrcrt' recr,rrtlr'. altlrough tlrt,sper:tlu of ltotlr slrcc.ii's
Itar-t'lrccrt rlt'scrilrorl irr litcratult'lO:1. t tl,. It is (ur'r(,rlll rrrrrk,r'irrvestigirtion to rrsr: tlrc
L\'-itlrsor'ptir)rr sl)e(t1unr of rlissoh.erl II\1.' to rL,tcrrrirc the lrrritr- of tlro II\F irr telrrrs
rif lrlrlllrzirre irrrrl rritlofilnr ( ont(,ut f l:171.
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Figure 2.5: UV/\,'is absorption
(NF) dissolved in water [65].
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Figure 2.6: IR altsorption spectrurt of HNF.
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2.3 Decornposition

Irr this srrr:tiorr ther rlr,< orrrpositiorr of H\F is arlrlresserl. Irr scction 2.3. t the finrlirrgs of other'
rvorkers art'sLrrnrnalizr'<1. The r-olli <lesclilrcrl irr section 2.3.2 rl,as r:arried ortt tlLtritrg a

r-isit to tlrr,\ar-al -\ir'\\-;rlfare C'r,ntc,r (NA\\iCl) (lhina Lakr'. in coolrclirtion u-ith l.l'. Parr
arrcl D.\1. Ilarrscirr-Palr'. For this stuclv HNI'rvas obtairrt'rl frorl tlrr'-\ir Fi-ncc Philips
Lalruratorr'. 'l-his ser:l ion crrcls u'ith a lxolroscrl rk,tonrlrositiott rnec'hattisrrr for IINF. lrascd

orr tlre cxlrr:rirrrental firrrlirrgs.
Il\F's stirlrilltr'. r'eirctivitr-anrl crrlirrg\\'er('surrurr:trizerl lrv Van clcl Ilt'i.j<lerr lJ8] \\'ithin

thr,GSTI)-2 l)rograrrr a large effrlt r,as unrlcrtalicrr to rlctr,r'rrrirre tlrr, 1r'ot't'ss Lrclrirrrl the
tlrt'r'rrral ckrcorrrlrositiorr ol llNF at stolage tt'nrl)('latlues (lrt'lnr'- 100"C') This lr,orh lo<l to
rrrorr: irrsight of thc de<:ornlrositiorr rncclrirrrisrn of H\F [169]. l)rrr: to t]re rtstrictecl <hatacter
of tlris rvolk. tlrcsc rersrrlts are not llrlrlisherl in this thcsis.

2.3.1 Previous work

Diffi,r'r-,trtial scarrrring c'akrrirrretrv (DS(l) cxpcriln(,nts of H\F filst shorr' a rrrt'ltirrg stagt',
startirrg at 130'(1, firllolr.et1 ll'arr r-'xotlrclrrrir'peali irt aloun(l lll,r'Cl. see Fig.2.7. Corrr-

parc<l to ADN tlur rrr:ixinlur lrcat flrtu' at the exotlrclrn is abottt :trr orrler ol trttrgnitrtrlc
largcr ll70] . Bccarrst,the rrrcltirrg and <lccorrrpr)siti.lr lrr,lBe. it ls irrrpossiblr: to attulatelv
rletelrrirrc the rncltirrg heat iiorrr this tvpt' ol experitttcrtts.

Kololriin et al. strrrlieti thc <k't:ompositiorr of H\F irr thc tcrrrl>r'ratllre l:tttgc of 70 t<t

100'Cl 17 11. Irr the first part of tlrc rlec'onrprisitiorr. forrrutitin cif iirnrrronittrt ttitrofirurratt:.
(ANF. NIIrC(\O:),r). H,2O. \2O rr<1 \2 l'as olrscnr-'cl. Irr this st:rgc ol the dl'c'ontprtsitiorr
no CO,: filtrrittiorr l'irs olrse,rr-crl. '['hc arrulrrrt of CO2 u'as firtnd to irrclt'ase t'itlr ittc'rr-'as-

ing H\F t'orn-ersiorr. 'l'to corrrpctirrg rlec'orrrlrt,sitiun rt'rrt'tit)rIs \1-et'('irlt'trtificd: f ilst the
sl)orrtitrreolls r:lr:arragc of rritro gr'oul)s in thc nitlrifolrn arriorr. 'lhcsc rcat'tiorrs har,t'a rtrl'
lrig1r tit'tivatiou elrorg\-. E,, ^- 16T li.l/rrrolc. Tlrc other reit<:tiou is that lrt'trveett litlofirrm
arrrl h1'drazirrr'.

'fo sirtnrlatc the clcr:orrrpositiorr lrchavior of II\F rturIr't cotnlrLtstiorr llke t:<.rttrlit,iotts,

t(,nll)craturo-.jrurrp (T-.jrrrrrp) expcrinrr,uts r-ele caniccl out l)\'\\-illiarns arrrl Brill ll6:3]. In
thcsc experirnt'rrts a snrall sarrrple is lapirlll hcatcrl orr:r platirnrtri heating ribbort. Spctics
rlctt,r'tirtrr lr'as callierd orrt lx'a Fonriel f'r'iursfornr Irrfia-R.ed (F'f Ilf ) ap])arltlrs. It r':ts rtt-
ificrl that the lrt,ating riblrorr rlirl rrot ('atah.z(,thc IINF rlec'orrrposiliou. iittrl tlrat the alnottttt
of \2H1 forrrrt,<l u.a,s riot <harrgr:cl t'hor u silr-er heatirrg filantcrrt l'ils uset1. 'I'lrt: tinrc to the

first cxothcrtrric rca<:tlorrs is rlr,lrerrclent orr the heating late. TIris tinre-to-cxotlterrrt catt lrt'
usr,(l Ii, rl('l('l tltitl{' llr- a, l ir';tl i0tt IltIlH.\.

Tlrr, '1'-jurrrlr stlt(lies shrxv a strong rk'1rr:rrclerrc'r: of temp('ratllr'(' ott tlte spt't it:s fbrrrrr:<l

clulirrg rler:ornpositiol. lt rvas tilirr<1 that rk'tot'npositiott t':rtt rortgltll be clir,irlt't1 ittttt tltrrrc

tenrl)cl atuft) rr:giotts:

1. Dlt orrt,ltosi.tiort btLou; 12:J" (l:
llt'lori' the rrrcltirrg tenrpt'ratrrre of II\F. on11' plt,lrcatirrg. arrrl vt'tt- slorl' rlt'r:ottt1-rosi-

tirir or:r:rrrs.

lIr
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Figure 2.7: DS(' plot ti'lI-\F E-8 ()toat.i:l.l.4 rate 10" C/mil. sarrrl-l/r' rriass 2. 727 nty4) .

'2. Dunrrtpos'i,ti,ort, o,t 12i1 . . . 260"C:
,\tttntotriurrr nitrofonrntc aerosol, IICI(\()2):r. \2Hr. \.rO. H2O. arrrl CIO rverc rk-
tcttod itt the g:rseotrs lrhase. FI\F acrosol \yas not clctcctt,rl. so tlrt cvapolatiorr of
HNF firllo',vr,tl br' <lt'r'orrrlrositiotr irr the gas Irlrasr: u,as filrnrl to ltc rrt'g1igiltlr,. 'I'he

lbllorvirrg t'cat:tiou sclrcrne r-:is ploposerl:

2 H\F1"1 -- ) 2 -{NF } N: l H: * 12ii kJ/rrrolt' (2 f )

HNF1rl ) HC(\O2):r 1ay * Nzll l 37 k.I/rrrolt' , (2 ;)
2.\NF1i) --+ \2O + 2C'O + lll2o + 512O) + 3N2 *:360k,I/molr'. (2.6)

Takcn togetlrer'. tlr('rc,ac'tiorrs alrover viclrl ;305 kJ/(rrrok'of H\F ).

13. Dattrrt,positir.trt trlto te 260' (l:

-{lrovt' 260"C, tlrc fbrmatiorr of C02 is olrselr-erl lirr tlrc first tirrrr'. T}rc arrulrrrt of
C02 irrcreast,s l'ith irrcleirsirrg terll)(,r'atllrrr. hencc the exothcrrrric'itr- irrt'rcast,s u,itlr
t(,rnl)('r'atur(,. .\lrore 350'('. the arrrorrrrts of ANF-. N2O. arrrl C'O rcclucr,. ,\t 100'C
tlu' r'cactiorr r:arr be clesclilrctl br'

HNF + 2NO + ClO2 + 2ll2o + 3/2\, + ).12H.) * 62:3kJ/rnok'. (27)

fhis rea<'tiorr is the rnost stronglr.r,xotherrnrii: ol'all r'etrr'tiorrs abole. Tlrc prorlucts
of'this reactiorr are not in thenrrr>rlvrrarnic'c<lrrililxilrrn r:orrccntratiorrs tlrat cxist at

604020
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thc theoretical :ulialratir' flarrrt' tr,rrrl.rt'r'at rrrr'. Frrrthcr rea('tiorl :rt highcr t('nrp('r'iitur('
is expet:tcrl.

The tirne-to-r,xotlrr,r'rrr rlrrrirrg a'l-.jrrrrrlr cxpclirnerrt. tan br: rclated to tlte ttu'lt lavt't
rlr,crrrrrpositiou ;t< tivirtiorr ('n('r'g\'. l::,,,. Il rr'as fiiunr'l tltat E,,, : 10o k,l/rrrolt'. This lirhrt'
shoul<l bc c:rxrrpalcrl u'itlr thc lctilatiorr (,n(,1g)' of conclenserl phase clccotrrl.rositiorr lr'. -
167kJ/rrrokr lilurrl Irr' [r.ololrarr ct al. l7 1]. The tlend E,.] E,,, is :rlso lilrrrrl lirl otlrcr'

errergetir: rrr:rtcrials. srrt:lr its ll \l-\ arrrl ltD\ 1163] .

'l'hc alrovr, rcactiorr pathu'avs :rle rllfferc.nt frorn those lrroposc<l lrr' \irrr [illrc ct al. 112].

Bl sirrrplt';rrralr.tical trrchuirlres. thr:r'dcterrrrined th:rt -\Or u"as tr:lt'itscrl rlurirrg IIN['
lrorroprolrclllrrt corrrlnstiou. 'I'his NO: rea('ts \\-ith tltc Itlrllitzirrt' t rrttlrottcttt of I{NF.
lilrcratirrg rrilr'olirlrrr. a<:r:orrling tcr

2No2 + \2H.1.I{C(Noz)r -+ \2() + \llr\or l l1('(\or):l (2 8)

IJr,r'aust'tlrc f'r'r'r,nitrofurrn is unstablc well lrr:kru' 120'('. lItis tcattioti is irrrrle<liatttlv fbl-
lrxvcrl ln'

Hf'(\t ).:)., ....... .r'NO, iltclrrr,,,li;r1,, l)t(),lll( t: (2 e)

u'lrt,rr, .r' is presrrrriablt' > 1. lut t'arrrrot r:xccr:rl jl. It u'as criulhttlccl tllat at eler-zrtcrl

t('nrl)(,r'atllres. confincrnent of H\F irr a r'losc<l r:orrtlirror crittstittttcs a selere explosiorl

hilzarcl. ltecarrse a rLlrr-a\l-av in<r'citst'o1 tlrc NO2 ( r,r{ ('lltr';rti,lt. tlltrrirrating in an ('xplosiott

rrravlreexpetctccl. El1'ettile\'(,lrtillgtif'tlrt'torrtairrortor'crlx)\,otta(:earnottntsof\Orrr'otrlrl
rnitigatc thls h:rzarrl.

The rliffcrcni'r'lretu-r,err tlrc lt,srrlls o1'\\-illiarrrs:rrrrl \trn Elbe is remal'kal)l('. Drtlirrg
(:ombustiorr \iru Ellrr'lirrrrrrl tlrat \O2 lrlavs;trr itttlrortarrt role, \\'heteas \\'illiarrrs tirttttrl ttrr

er.idcncct of \02 irr T.irrrrrp r'-rlrllirrrlrrts;rt r,rrrlrustion-like temperatures itll(l t('Ittl)('riltrll('
gra(1ients. 'l'hcst'rliffcrr'rr('(,s lllirv lrr,r,rplairrerl lrv the fact that N02 is vttn'ttttstrtlrlt'itttrl
rrriglrt rrot ltc <l<:tcctt,rl llror-r,tlrt'l)latilulrrr filarrrent. because it is a1t'r:txlv rctlttttrrl to \o
br- r,.g. llrc rcklrscrl lrvrlrirzirrr'.

As a sirL'not(,. lIrc ar:irl:lnsc lel:rtirirr ]rctt'ccrr nitroforu ancl lrvrlrazirtc srtggt'sts tltat
ions urar'1>lav ir rolc irr 1[rc r:hcmi('al (1e('ornpositirin rif the tnatt'ria]. It rv:rs lilrrr<l Irr' \irtr
llllrc ct al.. tlrirt tlrr: <:[rcrrrical rea(tio1] zone is electlicallr'('on(lll(ti\f ittL<l lurnr:r't:otttairts
rrrolrik'irirrs 112]. 

'['ltc total nrrrnber of rnobile iorrs that fiitrrr a corttlttctilr'pallt lrt'tlr.ctrn t]re
cI,r'trorlcs is csscrrtiallr.itr<k:lrenrlent of thr-. tliir:lirress ol tlrt' firattt zont'. i.r'. tht' l)rosstlrc.

2.3.2 Experimental study of the decomposition of HNF
l'ircr,1>t iil the T,.jrunp experirnerrts. thr: cxpcrirrurrrtll u'olli ol tlrt'lrtcr-iotts scctiort focuses

oti tlrc lollgtelur staltilitl of HNF. '1ir sirrrrl:rtc rrrort'r'orrrlrlstiort-lilie cottrlitions. the de-

r.orrrlrositiou of H\F h:rs bccn studierl in "hol cr:ll'' arrrl "lurt lrlatt'" t'rlreritttettts 1102]. In
the hot-r:cll exlrerirnelts the FI\F is lrciitr,<l irr :r <lrrartz ccll. I'hc t'cll is submergcrl irr :r

hc';,rtcr1 alurninurn Itkrcli. Br'passirrg a lrcarrr of liglrt thrortgh lroles irr thr, block it is possiltlt'

to rneasuLe tlte L\--alrsotl)tiorr. Thc lrot ccll ,'xp,'titu,'lrts \\-eIe ,;rt'r'ittcl cittt l-ith citlrct a

preheated or a slo\1'll lrcatcrl ccll. In tht'rlr,<orrrlrosition expcrilncnts. snttrll atttottttts ot

H.\F (aborrt 50 ng) t"r'r'r'rholrlrcrl irrto tlrc tr'll or orrto tltc plate.
The setult ftrr thc zrlrs,rlrtirrr t'\l){'rirr.lrts is skt'tt:hetl in irig.2.8. A l;0 \\- L.\--euhatrtt'rl

\e-arc larrrlr (Olit'l) g('rr('1 at(,s rrltll-r'iolt,t arr<l visible light (Xer). Thc iight is fotttscrl alror-r'



1tl

tlrr: platc ot itt tltc lrot ccll lx' L,rrsr,s LjJ arrrl L 1. The lteanr passcs t,hrorrgh 1lrt,rlr,< orrrpositiorr
gass()s,;ttrrl is tlrcrr fircrrst,rl orrto thc slit o1 s1rr:r'tromoterr S (Spex 1681-(l) (tlrrorrglr L,rrsr,s

L1 arrrl L2) 'I'hc tlislrclscri sl)('( tr'unr is rrrcitsrrlorl lrr. ari optical rrmlti-r:lrarrrrcl arralvztr' o
(O\1,\. l)r'irxctorr -\1rpl. lics. ll[j I l'itlr 1120-L.\'cl<:tector). The altsor'ptiorl sl)(,(tnlnr
-,{(,\). is tletertnirtcrl florrr tlrc nrcasutcrl lt'[i'r't'rtcc sper:tnrrn (iust bcfirrt' t]rc cxpclirrrcrrt )

1s()). arrd tht' sltcctnrrr rrrcirsrrlcrl rlrrlirrg torrrlnstiorr 1()). accrtrcling to

(1.10)

C'lralactclistit rlips il -{()) alc assot:iatr'<l li'i1h alrsor'lrtiorr lx' slrccifi( sl)e('ies at \\'a\rlong,-tlr
). Tlrt'tcsttltsfrotttcarlielrvorh.srrggr:stthcfirrrratiorrol-\O.-\Or.\2O.tlo.CO2.H2O.
Irlrlllzirrt'. rritrofblrn. '\\F. Not all of thcsc spt,r'ir,s Iravc clnlactclistic alrsr.ilptirxr spec'tra
irr Ilrc t-\-/\'is rarrge. e.g. CO, CO2;rlrl LI.2O.

1(^) ',,-(ffi)

LI L2 cell
I-l L3 1.4 Xe

lrl
HNF powder

Figurc 2.8: Sclcrrrir tic ol rlx'setu_l) l.rse(/ fnr tlte alxotlttitn (,-y1,r'rirr(,ri ts.

Irr all tlu'rlt'r'onrprisiliorr cxpt'r'irrrt'rrts ir rlistiuct aLrsorptiurr pea,k a,t 280 rrrrr is visilrlr'. scc

Fig.2.9. This 1rt'ali is lrtolr:rlrh':rssociltr,rl rr'ith arr \()2 or:rl<leln.rle grorrlr filrrrcrl rlrrrirrg
rlccontpositior. This lrcali l';rs olrscr vtrl ir1 t(,rnl)(,r:)tules as lot' as 110'Cl. aftt'r' II\F- l'ls
lrc;itccl fot trlr to iirr lrriul l'illrorrt rrrcllirrg, ,\t higher tenlpcraturos. it :rppeals to lrt utr

irritial prorluct. sitrce it rlislppclls lltcl tlrc llNl,'has lrr:en r'onsLrnrrld (in thr.r'loscrl ct,ll).
-\bsor'lrtiorr (llr(' to thr' plcsr,rrct' ril lrt,rlllzirrc r:orrl<[ rrot lre clerrrrxrstlaterl. I'his rual

lrt' cxlrlaiued lx' the fat t tlrat largt' ;tlrsorpliorr pcirks liorrr otlrcr' l)ro(l1r('ts are pleserrt in
the lrlrllazinc pt'ttk legirrr (230-2 10 rrrrr) 1:lr:rl possilrlv rllos-rr snrall hvdrazinc absorlrtiorr
pt'itks. -\urtttottlurtr nitrate lras:ru al.)sorl)liorr lrr,irli irlourrrl .i00 rrrrr. \o lroak ttas rletecterl
irr tlris lcgiort. .\s the:rbsorption r:cir'ffir'icnt ol arrrnrrilirrnr rritlilt(,(\\) is r-elv sntall. this
rlocs rrot irrrlrll that trr) ;\N is preserrt.

-\tottttrl 200 rrrrr N2O is itlerrtified. Figrrlr, 2.l0 slrorvs :i courpulisorr lrr,tl'er:rr absorlttiorr
oi lrot \"() irrrrl IINF in a 130"C r:e11. Bt'lol'200 nrl 1lrt,oxlg(,rr liorrr tlrc atrnosphcrc
:tlrsotlrs stlottglr'. rr'ltit:lt tttal<r's it irnpossil.rle tri lrt,r'lirlrrr rrr(,irs1rr'(,ln(,1lts lrclorr'200 rln.

It rvls lirtrtrtI that IIO\O is lornretl startirrg i]lt t(,nrl)('r'irtrrLt's irs ltxl irs 160"(--. IIONo
al)l)('lls to lrt'it "fitst" g;rst'ritts l)ro(lllct. \02 seerns to lrr.a lrlorhrct rif tlrt'HONO rk,r'orrr-

lrositiott (sct'["ig.2.1l). Drrring tho tost fir'st the I]O\O slrrxls rrlr, tlrt'rr tlrc -\02 stalts to
al)1)('al itrr<l glou's rr'itlr tirrrt,. .\rothcl cxplan:rtiorr is that tlrt,^\O2 is filrrrr,<l Ilorrr tltltlrcr
H\F'<Lr<rornpositiorr. ,\lrsor'lrtiorr l'as rucasuLerl rlt t\1! difli,rcrrt lrositiorrs irr tltc cr,ll. .\t
tlter lrottorn (r'Lost'to tlrc tl\l-'). tlrt'1lO\O r':ts prornirrelrt. [tr th(] top oI t]rc ct'll. li rrrrrr

abor,c thc HNlf. tlrr, IlO\O sigrrll is t"r,a]<. 'l'his irrrlic:rtes that HONO lras alrrrost rlccorrr
poscrl tottrpl'tt'lr';rftcr' 1J rrrrrr. \O is rrot l "lirst,'' girseous proclnct. Jt is orrll rlr,tcr'1r,rl i['
a parti(:1c igrritr,<l (Fig 2.12). u'lrclcas IIO\() firntrctl without ignition.
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Figure 2,9t T.yytical absorption pt.ak around 280 nrn measurerl during the decom-
position experiments.

Yellow condensate lvas forrrred on the sapphire x'inclolvs of tlie lvindolv bornb cluririg
combustion experirnents u1 1611' pressure arrcl is ajso observed before ignition of the sample.

Some of this corrdensate was lvaslied off u,ith distillerd u,ater for firrther analvsis. The
absorption spectrum of this solution was rneasllred, ancl c:ornpared u'ith that of a. solution
of HNF irr water. The absorptiorr spectra rvere found to be similar (ratio of the 350 nm
preak to thr-, orie around 228 nm is the sarrre), see Fig.2.13. This inclicates that (part of)
the HNF vaporizes. or lear,es the surface as particulates. This is a differerrt result than
that obtairietl b1'\Villiarns and Brill, who did rrot observe HNF in the gas phase 110]. The

350 nm peak was onl1, observed in the hot cell tersts, not irr the hot plate experirnertts.
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Figure 2.7O: ('ontltalisol lrctn'eel -\;O al r<trnn t('rtrJ)erarlu(, anrl at 130"('aad
130"Cl 1I-\F rlecoirrl..rositir)Ir gii,5e,5. T.hl t:ri,l of \:(-) r:xtends tonarris higirel l'ar-r-
leirgtlis. v'ith Itiglter telll)r'r;trrit(,,5.
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Figure 2.12: Absorption specfta of Hl{F dropped onto a hot plate at 291"C.
peaks zire onl.y observed in case of ignition.
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Figure 2.13: Compailson of absorption specfta of Hl{F dissoir,ed in water, and
window <:ondensate dissohed it tvater.
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2.3.3 HNF decompositiorr mechanrsrn

The rlt,r'orrrpositiorr erpelirrr('r)ts 1lr:rt rr'ere prcst'rrtcrl irr the pleliorrs scctiori rlar- bc rrsr',1

to rlt'tr,r'rnirrc tlrc rrrost lrrilrirlrlr,str,p Ibr irritirrl ll\li rlr:<:orrrpositiori. Ilris is irrilxrrtirrrl
inlirtrrrrrtiotr.t'.g. lirtstalrilizirtiorrrrlH-\Fr[r'r'ornlrosiliritr. lrutalsolirlcorrrlrrsliouttto<iclirrg.

It s'irs olrserve<1 lrr'\\'illi;urrs irrrri Blill. tlrirt lrlrllazirre (\2111) is lilrrrr.rl rlurirrg II\l:
rlecorrrlrositiorr 110] . ILxr.r,r-r,r'. lrcciirrse ol its llirctiritr'. it was orlv rlt'tccte<1 at tlrt,rirrst'1
ol rlt'r'orrrlrrisitiolr. Hvrlrirzirrc is rapicll.r t'r1rt'rrrlcrl lx' cxothclrric rlccorrrlrositiott (itlrovc
8l l Ii). or' lrv Lcar'1torr u'itlr \O, 1132] . Il rr';rs rliscrrsserl irr tlrr' plcviorrs scctiorr tlrirt
irllr,irrll ut Lxv terulrcl'irtur'(,s I]O\(l itu<l NzO l'r're rleter:tcrl. \O2 l'as orrh'linrrrcrl litcl
I I( )\( ) rk,tectlrtr.

'l lrc rnc<:lt:rttisrrr lrlt'scrrtcrl irr Fig. 2.1 1 is llolrose<1 for tlrc rlccorrrlrositiorr of ll\l'. 'l'lre

irritill step for tlNI" is irssrrrnecl to lx, ir lrtrllogen sulrtrlr'1 ion (irrtlarnolccrrlll lrr-rllogr,rr
:rtorn ttlttslcr) I'r'orrr I lrc lrr'<lr:rziru' rrroiclr'.

HH

NN

HH

Figrrre 2.74: Protorr tr':ursfi,l rleunnltositiori ol H\F. .\lici tlt(' l)iotoil ttansll'r
.\'"111 iurrl II0\O :ul ir'/r'irscrl. Furrlir:r' tht'ornltositit.tn tnight ot trtr' ;ttt ouliug trt tltt'
str,Trs sirorr-1.

St,r,r,r'al o1)ser'\'iltions slll)l)ort this rrrr,r'l r;i r r isrrr :

lu arotttitt ic nil lo < ornporrrr<ls (t'.g. rrit lolrerrzerre) ir sirrriliu rrrcr'lrarrisrrr l'irs irlso lilrnrl
to be tlrt,filsl str'p 11 151. \Llr,r'r'r'r'rrtll sirnilal rrrt'r'lr:rrrisrrrs s'ele rrlso lirrrrrrl jrr slrock

irritiation oI rritloitle'rres [:30]. 
'l lrc irrrport:rnr-e ofirrtlurrrolccrrlal tlirrrsfi,r ol lrvrllogl,rr

itt ttitlitrtint rlclotttpositiorr u':rs :rlso srrggestcrl lrv I}rrrolin and Ziulio iIl].

Ilatc rlt'tcl rrrirrirri:,- C--\O2 lrorriolr'sis is krron'rr irr tlrc g;ts lthase ol rritloirlurrnrti(: Lr()lr-

porrrrrls. lrrrt it has rrer-r.r'lrcr,ir rilisollerl lrr t'orrrL,rrsorl l)lrilse exl)(,r'irrrr,rrts lij0] . N-NO2
lrorrtl scissirirr is hnotn to lrt'irrr irryiirtarrt str'p iirl rritlitrrrirre corrrllrstirirr [11]. Ikxv-
ovcr'" tlrr'('\O2 borrrl is slrrrugr:r'th:rrr tht,N \O.2 lrorrcl. l'hiclr rrrllir,s rlilec't Cl-NO,
lrorrrl scissiorr rrrrlilit'h'. ,\lso rlrrring the rlor:ornlrositiorr of nitloirllit,rrcs llO\() hits lrctrr
olrscr vcrl. t'rrirnolct rrlirr or lrirrrolccular lrlrlnrgcrr trarrsler rncclrirrrisnrs rvclc irlorrt ilir,rl
to liclrl this HO\O ll;l]
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o Scrrri crnlririr::i1 rrrolcr:rrlar ollrit:i1 c'alc'ulutiorrs rrsirrg tlrr,, llOI',\('l)r'ogliirrr hart lrcr:rr

cirrlit'rl orrt (see se('tiorr 2. 1). These (al( ulaliorrs sliot' that tlrc irctivatiorr errr:r'gl tirr
thc II tr':ttrsft'r liorrr tlrt' ln'tlrazirre has au lctilalion clrel'gl of 8.1 li.l/rrrolr:. fltis valrrc
is irr cxt'r'lL,rrt agreenr('ut witlr the \-ahre o1 7;r-S(ili.)/rrrole, lr-hiclr u':rs rrct'rlt,cl to olrttrirr
goorl aglconrorrt betrr-r,r,rr t'rlrclirlerrtal arr<l rrrorlt'lirrg results l9(,. 9l)] H-tlzrnsfel to
tlrr' (' ;r1orn of ther nitloft)r'lll \\-ils fr.runcl to havr, arr a( ti\-atioll {'n(,lgl ot 98 li,l/rnolr'.
Thr,scissiorr ril a C-\O2 lrorrrl irr H\F s-as cirlcrrlirlr'<l to halc irtr ;r.lir:rtir)n r'nllll)
of 28;3 li.l/rrrolr,. Sri, irt lo\\'to luo(lolate terrrl)('r'ir1rucs. the H-tlarrsli'r'to thr: NO2
gloul)s so('lns rrrost likell to otcrrr.

SLrbse:tpu,rr1 rlr,r'onrlrositiorl ('arl tlr(,1i 1r'oct,r:cl Ln' rcrrrolll of the IIO\O. r-ir,lrlirg a r-elr-

lr,;rctive clirritlot allrcrrt, (D\C') :C'(\Or)r. The forrlatiorr ot l)-\C rlulirrg tltcrirrrlrositirtn
ol rritlofirlnr salts Iras lrcr.rr lcport.t,rl irr litcraturc 126]. D\C' r'r,lcts r-igolorrslv s'i1lr trtartr-

corrryrorrrrrls. -\rrol Irt,r'ol)tiorr is furthcr rlt'r'orrrpositiorr to \O.2 ;rrrrl \"O + C'O2. its sttggcstecl

irr F ig. 2.1 1.

2.4 Quantum chemical calculations

\lolccrrl;tl rrretlranic's arrrl rlrrarrtrrrrr c'herrricirl calr:rrlations ar('nlol('ittul tttore lrcittg cttt

pkrr-r,rl to olrtairr irrlilrr:rtiorr alrout e.g. rrrrilt'r'rrlirr orlrrilibrirrrrr gcotttt'tlies:rttrl trattsitiritt
stat('s. \\-ith tlrc currerrt t:onrlurtirrg po\y('r'. (luilllturrr r'hernical cal rrlirtiorrs carr bc cllrir'<l
o11t ill t('ilsolralrlc trrnorrnls ol 1irrrr'. Exlrerinrt,rrt;rl rlirta ol thc prrpcr'1 ics iut<1 tlecorrtlrositirrt
rrreclurrrisrrrs ot crrergetic rrrirlt,r'ials is lclv clifficrrit to olrtairr. Irr this (:ils('. (lrilllturtt t'ltt'rtti-
cal c:alcrrlltir)trs iue a hellrtirl tool. \loclcliug alrl.rlolclrcs har.e lrer:rr opl irnizcrl tirr energctir'
rnater'lal 1r'opcltit's ancl rlccorrrlxrsitiorr elaluatiorr, sct'r'.g. llcl'. l1Il].

The l,ast costll rrrcthocls ulc tlrt' so-r::r11erl scrni t'nrpitit'al tttolt't ttliu ollrital ltt('tho(ls.
Scnri-r,rrrlrirical rrrr,tlrods grcatlv sirrrplilr. the t::rk rrlal iorrs lx- rlealirrg u'itlr t lrt' r-alr:ttcc l'lt't -

trotrs orrlr'. It is Irrltlrer assrrrrrcrl tlurt ltorrri<'orlritals rt,sirlirrg orr rliffelr,rrt itlotnit t crtters clo

rrrit overlap. Sr,rrri-t'rrrlrirical pitnlnl(,t(,lizations att'lrast'rl ott telrtotltt<'iug;t u'irlc varietv of
r,xyrorirnerrtal rl;r1ir (Ircat of fiirrrratiorr. r,rlrilillitrrri g('onl('tt\'. rliptile tttottu'rrts ctt ). Of tlrt,
scrui-ernpirical rnct lrotls. the P\[3-lraliurrctt,riz:ttiritr u'its firtttrl to give thc lrt'st rcstt]ts fot

rritlti conrpourrrls l2]. Lil the rletelrnirr;rliorr ofcclrililrrirurr gcolrtt'tries. tlrt'scrrri crnpit'ical
rrrctlrorls arr,<lrrilc srrt'r'r,ssfnl. IIou'r,r't,r'. lirr thc r:r'lltraliorr ol tltt'r'trttttltt'tttir';tl itrrrl kirrt'ticr

yrlolrcrties ab-irritio cirk rtlations ar(' 1;r\1)1('(1.

lirl H\F lroth scrrri-t,rnpiricral an<l llr iritiri calculittiotts ltin't'lrcl'tt catticrl otrt. (ioa.l

ol tlris r-or'lt is to <lctt'r'rrrirur the rrrolt,r'rrlirr s1r'll(tLlrr,. rletcrurirrc rtrtktttin'rr tltcrrttopltr-sit:al

1>r'opcltics. atrrl to cr-irlrrirtr, srirnr: ln'lrotlrctilll rlt'r'oru1)osilion ttrt'r'ltitttisrtts. Itr all llrc ctlt tt-
latiorrs lrr isolaterl H\[" rrro]r,r'rrle is corrsirlr,r'r'rl. '['hc' itttctitt tiott lrt'1u'r:t'tt H-\F'-ttro]r'r'trlcs
is rrcglcctr,<1.

2.4.1 Semi-empirical calculations

For tlrt' scrrri-r,rrrpiric'a1 r'ir1< rrlltiorrs thc -\tOl)-\(' ( ()rrrl)1ltcr pt'oglilr11 l-as ttst:rl llll]. (i(-
onlctr'\'optitnization I'ith llrc l)\[3 harrriltorriarr lcsrtlti'cl in t]rc stlll(:tllr(t as sltort'tt itt
Fig. 2.15. 'l'lrr,r:akr11:rtiorrs slrtxi"tlrat irr ther rritlotiinn ion tr.vo NO2 gr'olll)s are itt ittt itl-
rrrost flat srrlflcr,. The thilrl -\O2-gloult is staggcrr,<1. llr.rlroocn btintls ittc itrrlicatr-'rl ltl tltc

2:l
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<lashccl lirrt's. 'l'lrc cak'ul:rterl lrr:lt of firttttatiorr is J11)1,,,, : -Jr k.l/rnolt'. 'l'hc r'liffererrt:t'

lretu-cr.r tlrc gas lrlrase heat of tirrrratiorr, n1111 {lrr, t orrrlcrrscrl lrhast' ht'at ril lblnratiorr is

tlrc srrlrlirrrirtiorr crrelgr'. I sirrg tlrc litcraturr'r'llrrc a1If1,.1 : _172 Ii.l/rrrolt'. it is forrrrrl

tha,t f1.,,i,7 : lil k.J/mok,. f'lris r"alrrc is irlrorrt 6x srrrallerr as tltc r';tlttc rlcrilecl fli-ittt vit-

por l)r'('ssu11'rlata (E11.(2.:i)). 'l'tris lalgc clifli,r'r'rrcc irrrlicates that high orrlcr ittteriictiort is

c'unsirk,r'alrlr,or that tlur scrrri-r,rrrpirical irplrloirllr is rrot r-err-u't'll srritt'rl for this kitrrl o1

ruollcrrlcs. ('orrfiguratit,rr iulclir(tior] (:()r'r'r,(ti()l1s rlirl rrot charrgc tltc lalrtes sigrrificarrtlv.
\\-lrcrrclcr rlillelerrces alc rrsr,<l irr stclad ofalrsolrrtr,('rlerg-\-ler-els. r,fli'r'ts terrcl to tatttt'1. itttrl
scrrri-t,rrrpililal nrctlrorls clrr still be r-erv usc[rrl.

Figr.rre 2.75: II.t-tlraziuirttn nitrofonnata (N2II.5CI(NO2),r) gcorrrlrrl L4ttintiz,arl witlt
P\l.:l Ilauiltotian.

'\lso the rler'orrrlrtisitiorr of H\F has lrt't,rr stuclied usirrg scrrri r:rnpirical <:alcrrlatirirrs

I'lrlct, tlifl'crcnt rrrcclrarrisrrrs havc bt,crr corrsirlt'r'ccl hele:

l. C-\C)2 horrrollsis: r'upture of orrr. oi tlrc C-\C)2 lrrirrrls

H-trzrrrsli,r' 1r orrr ln'rhazinc to t Irr, ('-atorn of nitlofirrrrr

3. H-trarrsfi,r' ilorn ln-drazine to orrr, til the \O2-grorrlrs.

Eacli of tlrr,st,<lotornpositiorr rrrccharrisurs u-as clirlrurtt,rl lx-r:ak'rrlatirrg IIrc transitiorr
statr: (TS) of caclr clcc:ornpositior slr,1r u'ith the P\ljJ lrarrriltonian. Tlrt'tlarrsitirxr state is
the poirrt witlr tlrt, lrighcst (,rr(,r'g\' <lrrling thc rlt'r:orrrlrositiorr str,p. Fol tlrc llrorr, nrcchArrisrrrs

the lteats ol firlrrratiorr of thc tlarrsitiorr states .,r,t'r'r' finnrl to be lespcctiri'lr': lli k.I/trr,,l,'.
-10 k.l/rrro)r, lrirl 28 k.l/rnrilt,. llrr, r,rrclgl banicr is 1[rc lolvest firr tlrr, lrlrllogcn trarrsli,r'
fiorn tlrt' lrlrllazinc ion. to ont'ol thc \O2-glorrlrs o1't[rr: nitrolorrrr. llris tlarrsitio]r stat(,



is slurl'tr irr I''ig.2.1(i.
groul)s.'['lrr,rr'lirlt' I lris

\()2-grorrlrs.

'l'lrr, In'rhogcrr tlrursfi:t
str,p lras l lriglrct ('r('Lg-\'

');

to the (l-alottt is Itiurlctt'rl lrl tlrt' \O1-
tharr tlte 1n'clrrrgctt tlitrrsfi'r'to ottt'ol tltt'

Figure 2.16: ,li;rlrsiliorr st;tgc ol lyt'dtogcn tlarisli't' htnn lt.t'tlrazittl to NO2-gtrrtt1.r.

I-irr tlrr' ['NI::i lrlrrriltoni:rrr t irr, (,tr('rgv lcvcls of thi' sclelal stag('s of t Itc rlct olttlrtisiliott
lcr.orrling lo l-'ig. 2.l I lr:nc lrr,r'rr t iilt rrlltcrl. I'igrtlt' 2.17 shows tlte t'ttctgr- rliitgt:ttrr. 'l ltr'
fir'st rlecorrrlrositiiirr sl(,1) to tirlnr;rci-rritlotiilrrt ittttl ln'tlrazitte seeIIIS I(ritsollalrlr'. attrl ltits:t
total banir.r' ri1 8I li.l7'rrrolr,. llris lirlrrc slrorrlrl lrc cotttp:rrccl \\'ith tlIC valttc tintttrl lrv ot

\\'illiarrrs arrcl Blill (scr'1ritgr, l7) iirr rrrr,ltcrl tlNF tr,, : l0i kJ/rno1c. atrrl thirt ot liololrittr
tirr srilirl H\F I,, : 167 li.J/trrrilt'. llrr, lol'r,r' :rr'1ir':rtiorr cllorgv fol thc rrreltetl tttitlctiitl t ittt

lrc t'rltlairrerl lx' tlrc falt that irr t lsr,ot rrrcllr,rl rrratrrri:rl tlu' H-\l-' tttolettrlt's Ar(' tlot irliglrt'rl

irr tlte 1r'r'stal lattice allvlllol(,. \\'ltr,rr llN['is {ircrl irr tlrc l;tttit't'. a ])1oto1I tral}sfct tiolll
tlrr,pr.,sitlr't,irlclr"azirre is lrirrrlclcrl 1x'r rrciglrlrolirrg ttt'gittir-r'lr"t'lralgcrl ttittofotttt g,-r'oll1r. Ilr

r.irsc ot rtrcltcrl trlittellal tlrr,lraltir,t is lcss. lrt'r'itrtsc tltt'r'is tto rt'itl itiigtltlletlt rtftttoletttlcs
irrrlln()r'(,. \\-hcrr thc H\F is irr tlrt' gas lrlrast'. its irssttrttt'rl ln' llrc l)-\1;'l r'alt rtlatirltts. lttr

lr:rnir,r' is plr,scrrt. This therr vir'l<ls 1.1rc lor.r'cst ar'1 ir';rtion ('r('ig\'. 'l'lrc firt t tltat the rttoltr< ttk:

rrligtrrrrr,rrt is itrriroltatrt is also seerr liorrr tlrc tirct tlrirt tlrc li\l'tttittt'r'iiti r1r'totttlloses as

so()l ;rs it rrrt'lt s.
'I lrc rroxr lr';rrrsitirin stagc (C-I1O\O Irorrrolr-sis) lrls rt vcll lrigit ('lr('lgl lci-t'1. t'ith a

1o1al lt l ir';rl irirr ('lr(,rg\: ol ;ltj 1 k.I/trrolr,. This is nril rllv lilir'lv to ot't tlt itt lol' 1t'lttlrt'llttttt t:s.

.\tstor':rgcl('lnl)(,r'irlurt'sfrrrtlu,rlcactionof:ici-tritlotirtttrr-itltr'.g. llrctolt'itscrl lrvt[r'azirrcis

ir lrror'('lrrolrirlrlr,st:t,rrirlio. 'l'lrc at i-nitrrifolnr t't'at'tiou willt ltltltitziltt'tttitv l)tolll('ss ralrirllr'
lit,lrlirrg slrccit's 1[rirt n'r,r'r'lirrrrrrl cxpelirr]('ntal1\'strr'lt as \2O. \O irrrtl IlrO l6l-r. 163].

2.4.2 Ab initio calculatious

The ab irritio crlcrrl;ttiorrs tvctr'1x,r'firnrrcrl u'itlr the 6-31Ci lrasis s(tt. tlsillg tlrc l'}('r'r'tsiott
of tlrc Cl-\\lISS progrlrrr lll]. 'l'lris lrirsis s(,t \\'irs tltr: rturst (r-\t('Ir(l('([ st't tlral vir']tlcrl

r:rxn.ergerI rcsults l'it]rirr accr'lrtllrlc lorrrllrtirtiottal tirrre (k:ss t]rarr 50 hotrls). F-igulr'2.18
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dissociative HONO

transition state

products: HONO,

dinitrocarbene and hydrazine

200

100

i

H-transfer j

transition stage l
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l

H-transfer products
Aci-NF and hydrazine

reactant: HNF
Overall reaction pathway -

(semi-empirical .l']-\I.JFigure 2.17: llaattrolr 7r:rtIn'a.t' {ltr rlu'ontltositiori r.rf IL\f
ca.lcula tions ) .

shor.vs tlttr c'alt'rrl:ttcrl crluililrtirtnr stnr( tlrr('of'H\l. Corrrparecl to th<r sctri-rrrrrpiricll lcsrrlts
tltc 1n'<lrazirrittttt iott is ruru' rrrolr. r'lisoh'rlirecterl to oltc of the NO2-grou1rs, r'atlrr,r thcrr
lreirrg sltartrrI ilt]lolg tu'o grottps. These r:alculations nlso s]rcxv that tho thir<l NO2-glorrp is
rotatcrl r-ith rtspcr'l to the othcr trr1] groups.

2.5 Conclusions
1'ltt'rlt't'otrtpositiott rif HNF t,as sturlierl lrr-t.\'arrrl lisilrlc ulrsor'ptiorr rrreirsulernr:1rts.
ItO\O is a first g-aseous lrrocluct. Thr: HONO is firlkxrr,rl lx' thr, lirlrrratiorr of NO2. \2O
is also irk'rrtifierl in tlrr: dccompositiorr lrrorlucts. NO u'as tirrll rlctectecl if the HNF ig-
rritt'tl. .\Ir iutet'tttolr:cular hvdrogen attxrr trarrsfi,r'ljorrr tlrr, lrlrIr':rzirrc iorr to an \()2-g1o1r])
of nitlolirlrrr is proposr:cl to clcsr:r'ilre the irritial IJNf rlcr.orrrlrositiorr.

()rtarrtrtru chcmical t'alc'rrlatiotts < ottljnr that tlrc lrvrlrogcrr tr:rrrsti,r has the lot'est errergr-

bart'icr. f'he calculatecl actilatiorr ('n(,r'llv is 81 k.l/rrrolr,. Tlrc i'a1<'ul:rtiorrs shol'that tltc
folrnecl ac'i-ttitt'oftit'ttt arttl ltvrltitzirrr'plolralrlt,rr':rr:t. rathel tharr furthcr cler:orrrlrositiorr of'
the ac'i-nitroforttt ittto H()\() urrrI rlirritlor':u lrr,rrr'.
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Figure 2.18: H-\I'stlri('ture t4ilirtizetl at 6-!l1G level (listanc:e"s itt itttg:stlon).
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Chapter 3

Experimental approach

3.1 Introduction
I-'r'onr ilrr r:xpr:r'irnt,ntll lroirLt of r-iel'. tlrc conrlrrrstiori o1'solirl tot'lict prttpellattts usrtitllr'
titlir,s lrlircc irr a diffir'ult cnlilorrrrrelt. Solirl lrirr'1 it lr,s irr tlrr, gas lrlrasr'. largc anrrtttrls of'

r:lrcrrrilrrrrrirrcscerrce ilorrr tlrt fliurrt's. high tcrnlx'r';ttttt't's ancl lriglr llcssrrlcs l)1 ('\1'lt lltc ttst'

rit sirrrplr,rrrltlrorls olicrr crrrplolcrl liir tatlrcl nr';tl l:tlrolatolr-flatrt's. \o1 olllv tltc gits lrititsc
rlifli,ts 1l'olt tlrr,sitrratirils rrolrrutllr'(,rrc'orrrrtclcrl. tlrr,plot:esscs irr llrc lortrletrserl lrltitst'rttr'
illso vtrl rlilii,rcrrt frcrrr r'.g. 1lrr,r'onrlrustiorr o1 :r rrotnt;r1 solirl tnittlliirl. lilie t'oal. 'l'lrc

c'orrrlcrrscrl plrirsc is heirtr,<l lrr,llrc gas lrhasc irrrrl corrrlcrrserl lrhirsc lr':rr'lions urtclct ttttttstt;tl
high lrcatirrg r';rl,r,s. up to l0(; li/s. lt is ir'cll krrol'rr tlrirt tlic rlclornlrositiorr of rnaterials is

largelr. afii'r'tcrl lx'the heatirrg rirlr's. So. tlrt,rrsc ot lorrrnrolr (kxv lrcllirrg lirte) itl)i)illatus
tix ck,t'ornpositiorr strrrlies is rlrrcstiorurlrlr'. Rcr';rrrso oi tlrt'1rr'<rst'trtc ol t'ttclgt'tic nrateliirls
ancl orirlizirrg s1rr,r'it,s iri the corrrL,rrsr,rl lrlrasc. srrlrsrrr'fircc rtactiorrs rrril\' o( ( lll'. l'ltit h afti'r't
the corrrlrrrstiorr Irclrar-iol of' 1 lrr, 1>r'opr,lllrrt.

Becarrsl ot irll tlrcst'rlil{ic:rrltics. tlrc cxlrerirnt'rrtal 1r'r'lrrrirlttcs tltiit ltitll lrccrt t'tttlrlovcrl

iu(,\'(,1\-s1rr,<ifit tcclrli<pres to strrrll llrt corrrliustiorr o1 r'rrtlgr'lic trtatt'r'ills. 'l'lris (lhapter
rlcscrilrestlx't'xyrr,r'irrrcrrtal tcc'hrri<lur,srrscrl irrthisstrrrlr'. llLr'('iritpterstintsrr-illritrlt'scrip-
tiorr o{ thc lrlr,lratltion of the plessr,rl s;rrrrplr,s (sr:ctiorr :J.2) :rrrrl sanrlu,i< ltt's iutrl llolrcllattts
(sr,r'tiorr 1:}..3). I-irsr,i-irrrlLrcrtri flltor'(,\('(,rr( (, is rrsr,rl li.rr r-isrtitliz;rtiorr of rarlical ( ()r)( ('nl t rttiorrs.

rrrrrl is rliscusst,rl irr scction:1.1.1. ,\lrsor'1r1iorr ot light r':rrr lrc rrscrl to rLett'ttttint':tlisoltttc
slrccir,s corrcerrtlltiorrs. ;rrrrl 1('rnl)(,r'at rrrt,. I'lris tcrtrrirgrc is rliscttsscrl in set'tiott ;i. 1.2. li'rrt-

l)('tirlur'(,s itt thc cornlrrtsli(,1 wilve ltr'('nl('irsul('(l rritlt tttillo-tltotttt,,r',rt1rles. i lris tcclrtritltre
is rIiscusserl irr sectiorr :1.1.:]. 'l'hr: crlrclinrculirl sctrrlr is arlrlr'sscrl irr settiott,J.;r. 'l'lx' l'Nll-
st r irrrrl llltnrer is l-rrir'flr' rlcsclilrcrl irr scctiorr .1.(i.

3.2 Pressed samples

Fll'tlrl strrrlv ol nr-:at llNIi r:onrllrstion. ll\f is lltssccl rurrlcl lriglr l)r'('ssl1l('to lirlttr
corrsolirlirtt'rl lrr,llcts. I'lris rrrctlrorL irllcxvs rluirli nr;urulactttting ot s;tntlrlt's rr,itlt:r higlr

rlerrsitr'. .,\lso arl<litir-es carr lrt'rrrixcrl u'ith thc tl\[" 1rol'rie,r to strrrh'l lrc r'l[i'r:ts of a<lrlitivt's

o1r tho < orrrlrrrstiotr of ll\F. 'l lris sct t iorr rlr,sr'r'ilir,s t lrr' plor'css ol rrrirliirrg lrrcsserl sittriplt's.
iurrl alsri arlrllcsscs tltc ptopcltics ol the lirrtnetl sittttlrlt's.

29
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Pressing of neat HNF

Erpclirrrcrrts rr'ith H,\F'irr ('lrirra Lakr, (-\,\\\'C)) lrart shorvn tlrat plcssirrg of nl,at H\f'
pcllr:ts tarr lrr,rkrne,safch' ll6. 123]. The plt'ssrrlt'r'rrrpkrr.e<1 r-rt N.\\\'Cl is 10-60 kPsi (276

41.1 Nll'a). Ilt,<:nuse H\F lrrcssr,s lelativeh-t'asr'(sott rnaterial). rrrost pcllets:tte,prtsscrl
at l0 lil)si. Theoretir:a1 rrrlxirrnrrrr clensitr'. T\ll). rit these lrresscrl sarrrlrlcs is 93-967.

fir orrl cxperinrerrts. thr, rrra.joritv of thr, lrt'llr,ts tlrat are lts(,(l lra\1, a (liarrleter of 6 rnrrr.
Thcsc sarrrlrl(,s arc l)l(,ss('rl l'ith th€r di('l)r'('ss slrou'rr in Fig.3.1. L'p tri 61]r1n (liaruct(,r a

J li\ lrlrlrarrlir'1less is rrscrl. L:rrgcllrcllcts (r'.g. 9 arrd l2 rurrr rliarrrt,tr.r') arc pr'(,ss(,(l oll il
100 li\ lrless.

I

Figure 3.1: Press lirr'Trrlssirig pdlL:ts.

Fol rnost sarnples firrr, IINI" (S-gradc) is rrst'rI as st:rrtirrg ruateria]. It is exper:terl t]rat
tlrt'r'titcliitrg of snrall palticlcs gcrlerates tlrr, lou'r,st alnourrt ol lrt'at. arrrl lbrrns tlrr, rrrost
lrorrrogcrrorrs sampl(,s. \\'ith the existirrg 5 kN prt:ss ar.ailablc lt'I\O/P\lL a llt,ssrrlc ol
171 ^\tl'a ('a11 be obtairrcrl firl the 6 rurr s:rlrlrlcs. Thc prcssur'(' js lrclrl at its nlaxirnrurr for'

1(J sccoucls. 'flulr it is lt,rhrce<l genth'.
'lir rtrif.v liolr'tlrr''I'NID r-arles u-ith plr,ssirrg pressures pcllcts u,cre prcrsscrl at rliffi:rerrt

l)r'('ssrlr('. see Fig.3.2. 'l'lrr,'I'\lD at 2:JO \lPa has lrecrr olrtairrt,d 111. pressirrg lvith the
l(X) k\ press arrrl 9 nrrrr silrnples. FINI- r'urr lrc prcssccl vcll rricr,h'. The result is a srrrooth
sarrrlrle l'ith a shirrv srrlf)rcc (Fig. 3.;l).

Structure of the pressed pellets

\\Iith tlrc llrlr,<'r'r: the lrresserl lrcllcts seeln to har-r'a rr.r'r'unlforrn st,r'lr(:tlrr(,. Horr.ex.r'
llrl(ler a1l or<lirrarr. liglrt-rnit'roscopt' tlrc inrlir-irhr:rl clvstals ( an still lrc irlrrrrtificrl. As tlur
ctlstals ltatc a latrrlont orictrtatirlr rhrrirrg pressing. tlrc c'n'stal olicrrtatiorr irr the pcllct
is raurlout. 'I'his itrtensifies tht'r'okrr cliffererxes lrctu-r,r'rr thc oligiral clr"stals. clue to tht,
r:r1'stal it-'tis rlt'pctrrlr:ut ittrlcx of rcfraction. Figrrrc jl. 1 shows the ilactrur, of a pellet. as

obtairu,rl witlr a light-rrritloscopt't'ith difiirsc liglrtirrg (original: 128x t.rrlargelnent). \ot(,
that it is vcn'rlifficult to (ill)tllr(,thc visual irrragc ou il (:irlrrer:).
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Figure 3.2: -\ear 1.1.\F T-1ID as lrrnt'tiort ol'applierl Trrcssilg pt'(),ri-tl11'].

\\'1rr,rr stucliecl tlrrough arr ck,< 1r'orr-1rli(r'os< ol)e thc inrirg(,is letl rlifli'r'cnt. 'l'ltt'r'k:r:trott-

Irri{:roscolrt'irn:rgr,is rrot scrrsitilr,to the irrrlcx ol rt,ljactiort. An<l sltou,s il \1'r'\-stttootlt
structur'(,. sce Flg.:1.i. 'l'ho irrrlilirlrral crvstals (app. 1(X) Trrrr) arc'trrt tilrsellerl anvltlore'1.

arrrl the,pcllct kroks Iilir,ir sirrglt'r:r'r,stal (ri'itlr srnall r-oirls). It slrorrkl bc rrotcrl that
II\F's tcrrrlt'rrr'\'to clal)orate rrrrrlr,r'tlrr,\'A(rlunr applierl irr tlrr. elettlorr-rni{'rosc:o1.rt: ttt:}kes

it itnportarrl to quicklv olrtain tlrr,rlcsircrl iuragcs. lrefrirt'tlrt'H\F stalts to evalror;ttt'.

Vacuum pressing

'['lrr: rersrrlls ftorrr Fig. i].2 suggr:st llrlt r-r.r'r' lriglr plessirrg l)r'('ssrlrcs arc ttt't'tlerl to olrtititt

Figure 3.3: Prlsserl II-\'l'sarapJes (9 rnrn dianx:tt'r).



:12 c I I _\ I) T ER. .:1. 1-t.\PF--11 1,\ / l.-.\'1,11,{ 1'1'1lO-1 (TI

Figtrre 3.4: ]"ratttue of a 11-\F pelk,t (ligltt-nit'tost'o1tt . difl\ut liglti4)

Figure 3.5: Fiacrun, r.rl ii H.\'l' pclk't (t'|ec'ttou-ntit'tostopt)

a'l'NlDr'losctol(X)7. Howcvcr'.therrr;rxirrnurrl)r'('ssllroislirnitcrl lrr-t1rr:stnrctrlr.rlstl('ngtlr
o1 1lrr' prcss. 'l'llc tenll)('r'('rl steels rrsr,ri til the plr,ss clir:s lllou' rrp to alrorrt -100 NIf a. lrr
ilu atterlll)t to olrtairr rk'rrsitics ('krscl tti the tlrcolr,lical rrrzrxirrnrn rlcrrsitr-. sornc sarrrlrles
Ir:tvc lret'r ptcsst'rl irtrrL,r' r-ircrrrrrn corrrlitirxrs. Br' plcssirrg irr r"itlrrrrnr tho'r, rs tro ail' tt irl)l)o(l
irrsi<lr: tltt'prt'ss. 'fhis tlirplrt'rl tlir'\\'irs spccttlltt'rl to (::nrsc tlrc r-oicls as s('(,r1 in Fig :l l.

The ar-ailalrk) plosis s(,tul) (lo(,s r)o1 alLll to lrlcss rrnrlor'\'il(:llltrir corr<litions. f'lu,r'r,firt'a
srrrall plastic lr:tg is plitr:t'rl alourrrl tlrt' lrcllet plcss. 'l-his blg is ;rttac'lrr,rl to ir hosc t orrrrcr:tetl

to i,t \-il( lrurn l)lunl). l'ilst thc llrrrrp c\.it(u:rt(,s thc bag. [)rrlirrg this llrrrrpirrg actirirr the
rrppel rlic is irhearh'soltlr'1;r'esscrl irrio tht,r'r.lirrder. lrr:r:;rrrsc of tlrc slrlirrking lrirg. Therr
thc attttitl prcssittg tirlics plrrr'r,. Sorre sittrrplr,s l-ith a rliirrrrr,tcr ol t2.il rrrrrr. \\1,r'('plcssccl
at 168 \ll)ir (20 kN).'l'alrle il.1 srrrrrrrrarizcs f Irr,rlensitics of thc lrt'lL'1s.

Florrr'falrle iJ.1 it lrt'r'orru,s clcar tirat tlrc s:rrrrlrkrs lrrr,sserI unrlt'r'r'ircrum rkr rrot h:rr-er a

higltcr tlt'rrsitr'. tltatr llrc otios plcsscrl ttttrlt'l irtrrurspht'rir'pressure. -.\s u rrratt('r'of firct. tlrc
\rii(:ullrn l)r1'sse(l sarrrplcs havt,a lon"t.L rlcrrsilr'thcn tlrc atrrrosltherir'prcsserl pr,lL,ts. This is
lrrolralrlr'('ar.ls('(l lrv tlrc variatiorr itr tltc lrtcssirrg fbttr'. r'lther tharr arr <'ffec:t ol tlrc r.acurtrrr.
It is sccrr that tlrr,pcllct-to-pcllct clcnsitr'\'irliation is l:rrger tlrorr tlrr,rlensitv ir(('ula(:\'.

Tlrr,r'ac'urrrr plcssccl pellt't s hale not lrccn sturlit,rl u.ith tht,r'L,r'tlon-rrricloscope. 1t is
exlrcctt'rl that sirrrilar voicls alt, l)1'(,serrt in lroth tr'1rc o1 l)e1lets. 'l'Irr, srnall r'oirls lrreserrt irr



.) )

Table 3.1: \:tctrrrrr ls. attnosprhctir' lrrlssittg of' pal1ats.

lrctrr'er:rr the rrer,<lLeshirlrt'rl t'r'r-stitls irr'(' tllougllt to lre, thc oligirr ol thc r-oirls irr Ilr' ptcssecl

lrcllcts. Durirrg l)r'(,ssirrg orrll the torrclrirrg, t lvstztl surf:rccs rrrclt lnrl (:rii(k. :ul(l filrrr ;r verl
str'()lrg stnlctrrlt'. '1'lris str'u( tlrre is locirlll stlorrllor therr tlrr' ;rlrlrlictl l)r'L'sslu('. arrrl 1rrcr't'ttts
tlrr, r'oirls liorrr c ollirlrsirrg (li1lr the :tl:lrcs ol a lrrirlg-,e).

Hazard properties of pressed pellets

'l'lro rrriclostr)I)i( ilrrirg('s of tlrc pcilr.ts irrrlicatc that the oligirrirl rrct'rl1r' sh:rperl stnrctrrlc
o1'1lrr'1rou'rlt,r'is altclcrl lx'tlrr,plessirrg irctiorr. Irr ther prcsscrl pcllt'ts tltc c't'r'stitls irtt'
ntcltcrl togctlrcr'. g('ncrirtir!,- orrc large:trnor'plrorrs "r'r'r.stit1". To vclilv u-ltctltcr tltc lutzittrl
r'halactclistiis of H\F pt'llt'ts;rlc csscnti:iilv rlilli'r'r,nt frorn H\F pon'rlcr'. tlte frictiorr :rrrrl

inrlralt scnsitir-itl of thc lrcllcts h:rle beerr rL,tr,r'rrrircri. '1'hr,sr, t\ro t(,sts are llcr1('l illl\-
acceptcrl 1ri rlctt'rnrinr,: tlu'scrrsitir"itv of A substlncr,to urost (ourrrorr cxlcttt:Ll stirnuli (r'.g.

dlolrpirrg lr:urlr';rre or rrrixirLg irr ir llopelltrtrt).
'I'he llicliorr rrrrl irnpact t(,sts iu('('allie(l orrt lt'r'rirrlirtg to a st.iurrl;rtrlizcrl trrr:tlrocl (L.\

S1'/SG/'\('.10/ll). -\cc'rilding to this nretlurrl. thc sarrrlrl<: rnatclial is llrllclizerl lrelilr'
testirrg. ILllr,r'r'r'. r'r'rrshirrg tlrr,lrcllcts rnilv rlot r.ir,lrl tlrc rL,silerl selsilivitr'patatut'tcrs oi'

tlrc pl,llcts. ]i,r'lrrsc ofthis re:lsolr t\\1) 1r'pcs ol'1rra1('r'iill lunt ireett t'r'itlttitlt'rl:

o Sanrlt,rl ll\li lrt,llcts: sornc llNl'1rr,llets l-ele slrrrlcrl orr f 10t) sattrlittg pitlrt:r'. This
lir-,kls vr,r'r'srrrlll clr'-st:r1s (- S l07rru) t'hitir alc rrot rreerlle-shapt'rl irrrr.rrror'c. see

Fig.'s 3.6 lrrrl iJ.7. Bet':nrse ol tlrc srrrrrlirlg a(tiorr vclv lorrgh srrrfnccs arr'lrorluc'crl.
During sarrrlirrg no igrrition. ol tr,rrrlcrrcv to igrritt.u'us olrst:rt.cd. 'lht'lr:tz;rlrl tt'sting
l'as canierl tirrt crartlr-acr'otrlirtg to tltt'stitrtd:rrrlizcrl rrrr'llrorl.

o \r,at H\I'pcll,ts: as plcsscri. Bccarrsc oi the shape of tlrc satrrlrlcs. tl)r's('t('sts iu('l)ot
accolrlirrg tlrt'starrrlarrlizr:cl nrr:thorl. Firl tlre irrrlract t('stilrg. (j rritn clianrt'tt't. i.i tttttt
tlll pellets rvclc rrsr,<1. [:ol thc flictiorr l('sts sllrall II\F rlislis wclc lrrcssrrrl. l2.iJ rrrrrr

rlialrr:t,cr. rul(l I lnrr thir'lirress. st'r, I:ig. :1.8. Tirc tlisks itlr' plitt erl o1I t1I(' lrotct'lititt
lrlltr,. iurrl the polcr,lirirr pirr is nrrx'r'rl or-r,r' tlrr, <lisk srulir< t'. 'l'lrt' rlisks (li(l rlot uro\'('

rlrrlirrg the pirr-rrirx'r,nrcnt. arrrl tlrt'rr,firrc it s'as not ne( ('sslr'\' lo rttalie lrrolisiorts to

I)1('\'('llt siuttpll' nto\'('tIt('ltt.

Tlrc lr,srrlls rif tlu'lraz:rrrl:rsscssrnent t(,sts ilr'('srttrrtttat'izt'rl irr'l'irlilt'3.2 lJ,78]. lt
is crlrllrrrltrl tlnt the liictiorr scrrsitilitr-is h;rlrlll t'lrirrrgcrl lrv thr, llcssirrg. Hou'evcr tlrc
irnlr;,rct scrrsitivitl chrrnges sigrrilir';trrtlr'. Thc pr,llr,ts sirrxl a rletrt':rscrl s,'rrsil ivitr- to itrLlr;r'f.
rr'lrercas tlrr,sarrrIr'rl pellets iir('\1,r'\'scrisitilt,to irrrpirct. 'I'his r:ittr lrt'lttli]rrttccl to tlrr'
arnoullt of crrcrgr- lrel rirrit rrrirss n-lriclr is absollrt'rl orr irrrlrar:t. It is rcrrru kalrlr' [rolr' srlrall
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Figure 3.6: Sanded HlF (light-microscope, diffuse )igLfiitg, origina) irnage 100x
enlaryed). Tvpical particle size is - 8 10pm.

Figure 3.7 : S andecl H,\? (electro n-rnir:r<tst'ope).

the efferct of the ph"1'sic:al geometry is orr t]ic friction sensitivitv. This indicates that the
fric:ticrn sensitivitv is sper:ies cletermined. rather than geometry determined. It is therefore
expected that the fri<:tion sensitir.it.v of HNF carr rrot be furthc.r decreased by changirrg the
r:rystal shape. Off rourse tire puritl' of H\F rnal' still be an irriportant pararrreterr'.

Pressing to improve crystal morphology

The rnicrosr:ope irnages irrdicate that the HNF is frar:turecl durirrg the pressing action,
before the c:orrsolidation takes plar:e. This lead to the irlea to interrupt the pressing action
before a firrn prellet is formed 1100]. If the pressing is stopped at a pressure of 5-6 NIPa loose

HNF particles lvith srnall L/D are obtained, see Fig. 3.9. The solid loading of propellants
rvith a mixture of pressed 5-16 and C12 was improved. The tap density of untreated C-12
is 0.88 g/crn3, and for 5-16 it is 0.65 gl" tt. For the treated material, an tap density of
1.25 g,f c:rrt:] n,as obtained for a birnodal mixture r,vith 65-70% C-12. A solid loading of 78%,

was p<-rssible rvith this birrrocl:rl rnixture for a HTPB-based propellarrt (HHU-1).
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3.3 Propellant manufacturing

3.3.1 Sandwiches

Sanclu'i<:hcs zrre stacks of altclnating lavers of lrirrrter and oxidizer. litr this r,vork, sattrl-

u.ir,hcs t'orrsist of tu.o oxirlizcl slabs. r'ith a thirr laver of Lrincler in lrtrtlr,een. The s:rnclr'r,it:lt

stlu(:t1ll'(,is a sirnplific:utiorr of the surfacu legiorr of the oxidizer aurl lrin<ler. Berrausr: it is a

sirtrltlt, 2D stnrcturc, it glcatlv sirnplifies tlre cxperitnents. arrcl alltts-s ltetter deterntirtatirtrt
of lrirrrk'r-oxiclizel intr:r'at'tiort in the gas ithast: 1127].

Sarrcll.iches \yerc pr'('l)ar(,rl ]1. curing lrirrrk,r sltrbs betr,vttn tlio HNF pellets rvith a tli-
atnotor of 6 rnni. urrrl a tltickrress of 2 nrrrr cach. Tuo of thcsc pcllttts trre then ghre<l together
x,ith arr uncurecl rnixtrrre of binder irrglr,rlit'rrts. The sarrrlx,ir:h thickrress is cotttrollt'cl ltv
sl)a(crs betu.een thc two halves. To lrlcrtrrt nror-ement of tltc sarrrprles the presserl sattrltles

arc rrrountecl betrrccrr c:arrlboarcl slips. Alrrrlinum foil is rrst'rl as a spacel . Figure 3.10

slrou's an assernblv o1 < rirecl sarnples. A1tcr <:urirrg the sp:r<:t't tttatcrial is r:arcfullv rcrnc'rl,ed.

Figure 3.10: H,\flGAP/HNF sanr/w'iclrv after aring. Noti'r,hc a.lumilum s.pzr('('r'

rrr;rter-ial nhirJi detclrrirrit's the bindcl tlrir'1tricss.

Initial experirncrrrts rvith a rnixtrilc ot C-l-\P arrd :irr isocvarratc shou,ecl rnigration of
lrirrler ingredir:nts irrto the oxiclizcr pellets. This migratiott is rnetliated bv thtr iralrillaries
of the oxidizul sa,rupk,s (see Fig. 3.5). The result t'as lrlt'aliclrlr'rr of tht: prr:rsscd HNF
pellets. In the erul onlv a srnall arnourlt of re<l liquid trratelial letnained. This retl rn:rterial
rvas attribute<l to tlro forrnation of rritlrli<: acids 17,1]. Thc iut:ompatibilitt-of HNF rrith
isor:vanates explnins this degraclatiol roa<'tion 1135]. The lxrrblelm of rnigrrrtiotr t';rs solve<l

ltt adding rnurc r:rrring catalr-st to thr, binder rnixttlc. Sandr,viches of gootl <lttalitv rvere

obtairred u.lurrr rrsirrg a binder rrrixtrrrc u'ith a pot lilc of lerss than 20 tttitttttt:s at room
tenrperaturc. Aflcr curirrg. tto flat sirk's are snndcd to the sanchvich:rt thc location of tlrtr
spar:er nratr:r'ial. The sandrvich is thcrn rnountecl upriglrt orl one of the flat sides. The other
flat siclc (toyr) is igrrited bv thc ClOz-laser. Figurr'3.11 shot-s:rn assctttblecl HNF/GAP
sandu'ir:h (lrirr<ler' :rLrout 1 nurr u'irlth). Tr,o sa,rrrlwi<:h contbinatiorls \\1:'r'e selectccl: rttte

contairriull il lrolt-enelgetic lriu<ler (HTPB), arxl the other corrtairring iitr encrgeti('birrtlcl
(GAP) All sarrclu'iches \\'er'(' rrrarle u'ith a birrtlt'r slab thiirkness of 2501r1r.
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Figure 3.11: IL\,F/CIAP/HNF saadnirii. The sautp)a is ig:iitcrl ot tlte flat top
sir/r,. 7-Jrr, flat. lxtt.tont is useri for ntoutting riic sallTrlr,. '[]ta flat sirics arc oltt.ained
lx- s:rrrriirrg tire IL\F and birulet aft.el t.he .siirirln'rr'l stnr('rrrr'(, .Las /reel asseribierl
anrl ctu't'rl.

3.3.2 Propellants

The propellants u'crc prelralccl in a srnall rrrixcr irr l}(X) grarn lratch size (T\O/PE facilities) .

Nlixing took place urrrlel lacurrrrr corrrlitiorrs. ,\firrr rrrixirrg, the propell:rnts are pourecl iu a

casting rnold arr(l curerl to a sirrgl, lrir,< r' o1 lrro1rr:llant u,ith dirnensions of 30 x -10 x 150 rrrrrr:r.

Fig. 3.12. The propellarrt is tlrcrr crrt into strarrrl llrrrrert s;rrnples (- 7 x 7 x 125 rrtrn;i). arrrl

slices of ,1 rnrn thickrrcss. Florl tlrr,sc sli< t's cr'lirrrlrir:al samplcs rr,ith a cliarrreter of 6 rrrrrr
:-Lre mzrric lr'hich arc usr'<l lirr' ('xl)('rirlr('rlts irr DLT sctup.

Figure 3.12: C'ast atttl t'rrrttl H\f'/C-\P propdlant before ottting irtr.r sarlples

,)/
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3.4 Diagnostic techniques

This set'tiorr rlcsclilrcs cxlrclirrrorrtiil tocirrrirlru's that har.e beerr rrserl irr this u'orli.

3.4.L Laser induced fluorescence

Lasr:r-incluc'ccl flrrolr,st crrr r, (l.lt' ) is rrrr ar'l ivc olrtir:ul tt'r:hnicluc u'hic'h is oltcrr alrlrlicrl to
strrrll corrrllrstiou proccsscs. '[-lris tr,r'lurirlrrr,is l.rirscrl on ]osonilrr(e a]tsor'1rtirin. \\-herr liglrt
plrotous (e.g-. fiorrr a laser') hllr,tht'l)r'ol)cl rr'lvclcrrgtlrs. thcr-r:arr exr'ite atorrrs r.il rrrolecrrL.s

to t'rcitt,<1 statcs. I'hc Atorrr ol rrolr,r:rrlc r:an lost'tlris cxcitatiorr (,1r('rg\'lx'rr-crnissiorr of

liglrt as flrrolescerrce. LIF ls a lrorlcrtirl tcclrrri<1rrr, firr tlrr,strrrlv ot solirl propellarrt flarrres
lrcciirrsr, I L 22]:

o I-l['t'rpt'r'irllcnts ciill Lre t:arricrl ottt rrrrrk'l corrrlitiorrs lorrrlriilirlrL,to thosc firun<1 in
l solirl lor'lit't rrrotcx (prcssurr,. hcatirrg 1al('. ('1('. ).

It is rrorrirrllrrsivt'. No prolres irr the gas ph;tsr, llc rrr,r,rlcrl. so tlrclr,is rro rlistrrrbitnce
o1'tlrt,flou'. .\lthorrgh photo-clissoc'iation rlrrr.to tlrc lriglr Jirsr,r'lrrxrtr rrulr,or:r:rrr. tlrr:
rx'r'r'irll r'ili'<:t orr tlrt'r'orrrltltstiorr is srrrall. as tlre llrlsc turrr,is rr,r't'slrolt.

LIlf is lr,rrrpollllv arrrl slr:rtiallv lt'srilverl.

[]r'r'itrrsc lrotlr tlrr';r]rsor'lrtiou irrrri errrissiorr oflight arc rcsrirrant. l,ll-'rlilgrroslics alc
slrccit's sclct livc vi:r rlrrirl clroicc of Lascr arul rleter:tirin r':nrllcngtlrs.

[3r'rtsirrg lrttlscrl litslts irtrrl g:rltrl rlctt't'1iort. tlrc bar*grourrri flarru't'rrrjssirir arrrl 1r:u'

tir'1e r':urst,rl lillr'li lrorlv lirrliutiorr cirrr Ilrgelr'be rr:rlucccl.

Lirsers rrserl irr LIF i,x1rr,r'irrrr,rrts tr'lricirlll lralr'5 to 20 ns pulsc \ri(lths. ,\ltlrorrglr tlrc
flruucs<r,nt lili,tirrros rirrr lrr,gl('ilt(,r'tlr;rrr J-r0/rs. tlrc LIF'sigrral l'irlth ftl'rneasrrlcrrrcrrts is

linrited to tlrr: lirttcr' lrrlsc u'irltlr (or sliglrlll lorrgr,r), lrr,r:arrso of <lrerxirirrg. The uatrrlal
lili'lirrrc oi'tltc crcite'rl s1rt,r'it's is rrnrrv rilrlcrs of'rnlgrritrrrL, lorrg-e,r'tharr the tinri, ltt,tu'r,r,rr
gls-lrlrast,collisions. '1 lnrs. tlrc scrsitivitv ol'l.llf cxlrclirrrcrLts is seleleh'cr.rurplorrriserl
lrl collisiottal tlucnthing. the rulrrirrliittivt'rlccin'ol cxcitr,rl-stilt(,('n(,rg\'. ,\s the l)r'essule
ittcr t'irscs. t lrc coilisiott filtcs i1r( l('asc, lrrtr< r' l lrt' r1rrt'rrclrirrg Lirtr,s irrclcirsr,. -\t high l)r'essllr'es
nrost cxcitirtiorr euerg\-is lost bv rlucrrr'hirrg:rrrrl l,ll'sigrurls lrccornc vcll t'r,ali.

Ilt'sirlcs clut'ttt'ltirtg. thc LII'sigttal sttctrgtlr trr:tv also lrc lcrlulcrl ll'r'itrliltiott irnpris-
ollrrr(,rrt. 'l'lris is the r:ase when the errrittcrl flrrolcscr,nt sigrrirl {ionr llrc rrrolr,r'rrk:s irr thr-.

ccrrlr,r'o1 tlrr,fl;rrrc is rcabsorbe<l b1.thc nrrill.r'ulcs ol tht'sirrrrr,slrocics in tlrc orrtr,r'r'egiorr
ol tlrt'fllrrrr,. orr tlrc tvar. tor"ircl. thr: clctcc'tor'.

(lorrsirlo tlrr'1urr-lcycl svst('1rI of Fig.3.l.l. 'l'ltc tatc cr|urtiorr gor-r'r'rrirrg tlrr'poprrlatiott
rlt,rrsilr, ol llrc rrlrpr,r' (,r(,r'!l\" lcvcl .\:(1) is girtn br'

rlN:(/)
tlt

\' (t) (1i r1,, + Qtt) - -\r(1) (B)\1,, + Qr I .1.r,) (iJ.l)

nhcrrc ,\ir (/) is tlrr, lrolrrrlllirirr rlcrrsilr' ot' tlrc lon'er Iuvcl. Q12 arrrl (J21 alc ltillisionirl co-

efficicrrts. /,, is tlrr, liis(,r' s])(,( t]ill irrtcrrsitr'. Rt2 anrl 82t arc tirr: F-lirrstcin locfficir,rts tirl
stirnulatccl absrir'lrfiorr arrrl trrrissiorr lrrrl -121 is the rate of spontan('oll,s crnissiorr ilorrr
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Figure 3.13: 1so1;rtcr/ tn'o1r,rr,1 .slsl(,nr. B rcltrrx,nts alxorpliLtn artrl stitntrlatrtl
r,rrissirrri. () <1ttt':tt'lting anrl -l slrolr/:urr,oirs crlrs.sion (-lltutrt,stt,ltt').

trolt'r'rrles irr tho rrpltr,r'(,n(,r'gl levcl. Tlris lato r,rluatiorr is tilrrrrl tlrrrrr tlrc gcrrclal crlrrittiorr
tit l set of In'r,ls 1139].

'J lrc ttlrpt'r ll'r'r'l tr'picalh' ltas :r rregligilrlr'lroprrlirtiotr 1r'ior lo tht' last't pttlsr'. so llrt'
irritialtorrrlititil \2(l-0)-0,isalrlrlicrllriEr1.(3.1)..\ilrliliorrirllr'.tlrr'tlisir((,rrs('rvilti(,u
t orrstr':rirrt rirr thc total polllirtiorr

-\'r(/) + \r(/) - (r)rrst.llrl \l', (3 2)

slrclt' .\'f)is tlrc irritial lxilrLrlalion ri1 .\'1. 'l lrc tn'o lascr-r'orrplci[ (,rr(,lgl lcvels;rlc tr'1ricallr'
sr'palirtcrl lx' ir ti'l' e1r,r'tlorn'olts. lrrrl thrrs r:ollisirxral r:x<'it;rtiorr ((J12) t irn lr trcglct terl
in rrrist corrrlrrrstiorr cnvilorrrucrrts. I'lorn tir1.(.J.1 ) thc stcarlr -statr' fluoltscenlc ratr, Il,, is
lirrrrrrl to lrt, ll l6]

39

' 't'1'1.. ()- I t l,

u'lrclr, 1lx, sa1ur';rtirirr irrtr,rrsitr' 1,)"t is rlcfincrl as

(:1.3)

( ) ,t 121,"' 6, i1 ,1 ;,,, 
{:t l)

u'holc 171 lrrrl r7.2 irle tlrc rlegt'rrcrirtics ofllrt,los'r'r'irrrrl ttlrlrcr'1r'r'r'l rt'slroltivolr'. l-lrc clegcrr-

cracir,s a,rr,irrtrorlrrr:erl irr thr,r,rlratiou lrccilrrsc oftlrc corrriiliotr ril tk'llilecl lrllatrto fol tlrc
lascr'-stirrrulirterl lltes !l,lli:t - !),11)11. Fot il l:ls(,r'irrtr,rrsitv rilrt(1r srrrall('r'tlral tlrc siltulati()r1
onclg\' (.1,, < 1)'t).li<1 (;i ;l) r'lu lrc sirrrplifierl r, gir,,

Rt, = '\':,.l:r )''j t)trl,, 

=^ 

(3.i)- 1. + t1-,

'I'lLls is the so calL,rl lirr,;rl flrrolcsr'r'rrcc r,rluirtiorr. ;rs tlrt'flrlolr,sr:t'rrcc is lirrr,arlr'llopor'11oual
to lascr irrtr,rrsitr-. llrr'1;r.t'r +|; iF lillr\\'n :rs tlrr,sterrr \irllrrrcl f:tctor'. ol IlitoLt'stctt<t'

liclcl. 'lhis r,rluation slrou',s tlrirt ]-lF rrrav lrc corrsirlolcrl tri lre:r rn('ilsllrc oI t]tc lol'r't-
stirte lrollrliiliorr. rriorlifir,rl lrv tlre fluolesccrrr:e viclrl. ,\s rlttt'rrcltiug is s,'rrsitir',' trl l)r','ssut{'.
t('lrrl)elirtlir(,lrL<1 r'orrrprisiliorr. r'ariatiorrs irr (r)21 rrrav lrr,difiicrrlt to lrrerlict in sortre let<'t
itrg flows. thclclx' lirrritirrg tlrt' t1u:r.utitativc aplrlicatiorr of LIF firt slr('( i,'\ ( rr,,'lltl;rti{)lr
<L'tcrrrrirratiorr.
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Iftlrt,lascr'1rowr,r.is srrftjcicrrt]r'high. tlrc latos ofirlrsor'plirirt itttrl stirrrttlalr'tI t'tttissiott

lrr,r'orrro rrnrr'lr flstcl than thr' <ltLcrrclring lrrri tirt sponlarl('ous t'tttissiritt t'atcs. For this
sit uatiorr Er1.(:3.1) lrt't'ottrs

NtlJt)I,, - \tRztl,,. (3.6)

So tlrr, polrrrlatiol rif tlrc excilrrrl slatc irccorlcs lrlual (to l ithirr rlegcr('1a('\' 1;lctols :l,rt(l

l,irrstt'irr cot,llic'icrrls) t() thiit ol tlrt grorrrrrl stirtr,. 'l'lrcrc{irrt tltt'flttor,'sLetttl r'tuissiotr i:
llollrr'lionirl to tlrr,glorrn(l sl irte crrrissirir. ilrlr'1rcttr1r'nt ol rlrerrtlring. l'hc tt't:hrti<1tre ol'

satlllirl iorr ol tltc tlarrsit ion is cirllr,rl lasel sirtrrratcrl tltrlcst ctrcre (l-SF). ilrl(1 ( :llr bt' irlrplicrl
to o\'('l('orn(, tht, prrrblr,rrr of rlrrerrt lrirLg.

Orrr.ot tlre rllau'lrirclis ol thc l,lF tcr'1rrri<1rrr,is its lirrriterl scopr'. Orlr a sulrset o1'

sltecir,s ofintelcst in lrlolrcllirrrt lrirrrlnrstiotr u'ill sltol'flttolt'sc'ettct'itt tlrc n'ar-r'lr:rtgtlt rtrtrgt'

a('((,ssil)l(, lrl lrulr,ul l;rscL svstcrrrs. Srirrro tr'1ri<al t'rrLlttlrit's ar'('OH. \O. \O2. ('\. ('ll.
H2(lO. I1. O. arrrl ClO. Srlr'r'r'al irrrlrortarrt slrt'r'ils lil loclict lrrrpellarrl aplrlitatiorrs l'hit'h
('iurlrot lrc ur':tstttcrl usilg l-lF ;,t,'H-. ('( )-. \2. II:2O. \.jO. IlCl\ rirrcl \11.1. \[oletrrles
l'itlr thrt'r, ol lnorfl itlotrts Iritvc rnrrv rlr,glecs of tolirtional antl vilrratirlnill Il(to(loltl, ttlor(l

t:orrrlrll,r:urr1 ovr,rlalrpirrg spcctrl. :rnrl srrrallt't t't'lativt'poprtl:rtiorts il :tlv r'lrosett state. rltte

tri tlre irrclt'asc irr rIr'rrsitr-oi stiitcs. l]r'r'rtrrsc of tlrc stu;tllt'r rclittir,r'lrolrttlittiols. tht' LIF
sigrrirl stl(,ngtlt (l(,cr'(,irses. l'herr'lirrc LII.'r:x1>r,r'irrr('irts ilr('oiicrr lirrritcrl to rliittt.rlttic syrt'r'itrs.

Planar laser-induced fluorescencc

If tlir,tlilgtu)s1i( las(,r'lrrlinr is trarrsfilrnerl into l tltirr sltet't. itttrl tite'lltuit't'stt'tttt'
is collt't ter1 l-ith ;rrr irrragirrg rlctr:r'tor'. arrrl tr-o rlittrcrrsiotrzrl intagcs art' obtitittecl. 'Iltis

tochrrirlru. is callcrl plarrar'laser'-irrthrrcrl fltroLcst'r'tttt: (l'l.lF). Ilr-sclt'r'tiorr oi tlrr'last'r'slreet
positiorr. pl;urar sliccs r:arr bt' rrriirk, tlrlorigli tlrc tlarrrr'. Fig. i3.1I sltori's a sclrt'ttta,tic of l
l)LIF sctup. Tltc spccics arc r,xcitcrl lrl ir trrtrrlrlc l'\' lascr'. l ltt' lrr';ttu ol this litsct' is
corrlt'r'tcrl 1o a plirrrar slrcr:t. rvlrich is therr p:rsscrl tltlrirtglt llrc cotttlrustiolr gAsos trlrovr: tlrc
sarrrlrlr,. 'l'lrr,LIt' sigrr;rl is rrrcasrrlcrl iit ilngl('lx't'.g. att ttrtr:ttsilictl ('('D cittttctit. tr-lticlt

is gitlr'rl l.ith thc rlr-er lirscr. l'lrc srrrnlrlt,rrral lrr,platorl irr:r prcssrtrizt'rl rvitrrlol, lrottrb. io
irlLnv lirl nl(,ilsu1('rnerrts ilt ('l('\':rt('(l l)r(,sisllrcs. lrrter'1i,r'r:ntc filtt'ts catt lrc ttst'rl to scllt't tlrr'
slrectr';rl lr,giorr of irrtclt'st arrrl rcrluct' tltc slattcterl lasel sigrral.

liV lescr srstcrn

Tinring conlrol
Inlt:rrsificrl c:rrrrer:r

Figure 3.14: ^5'r'|r'rriatit' ri' a l'1,[F satult
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3.4.2 UV-Vis absorption

'l1rr, 
lrrolrlr,rrr ol rlrorclring lirrrits tlrc rrse of l-lF-tr:r'lrrrirlros lo rletclnrirtr';rlrsolutc slx'r'ics

( orr( (,1rtlirliotts. .\lrsor'lrtiorL spcclr'os( ol)\' r'atr 1rr, uscrl irs it corrlrlcrn(,rtiu\- tool to clt,tcnrrlrr
itlrsohrtr'(orr(erllliltiorrs. 'l-he sot rrlr rrscrl liir tlrc cxlrclirncuts is sirliliu to tlrilt for rlccottt-
nosiliorr slrt,r'it,s (l(,1 oction. suc l-'ig. 2.8. 'lhc irlrsor'lrtion is rlr'Ir,ur1r,rl on s1x't ics volrrttu'
( on( orrtraliorr (1r|r'ssrrrr,. 1(,rnl)(,r'iltuIe. rrr0k: li;rr,tiorr) :rrr<l patlrlt'ng1 lr. ,\ rCV0r'se rrrCtlrorl

is irpplicrl 1o rletr,r'rrrirrr: tlrc irltsolrrtc rnolr,li:tctiorrs atrrl 1r'rnlrct;rtru't'll.ottt tltc rletetutinerl
irlrsor'lrtiorr;rlofilt'. ll'fitting thc nrt'asrrrlrl slrr:r'1r'ir to tlrcoletir';rlh-r'akrrlatcrl slrccrtra. l-or
nrolr, irrlirlrrrirtiril. scc thr, rcsults rliscusscrl in scctirir l. l.

3.4.3 Nl[icro-thernrocouples

Tho corlllrslirirr zorros of srilirl plolx,Llarrts op(,r'illirrg urrrlcl rrolrrritl r'rirrrlitiiirrs ar('\r'r'\'
rr:rr'r'o\\'u-itlr;r thiclircss o{'st,r'clal rrrillirrrotcls ilt rnost. \'istrirl olrst'tr';tlitirts lrin'e lrot'tt

;rpplir,rl to (,.g. rir'1 r'r'ruirrc rlirr'li zorr, lcrrgtlr tk,pr,rrrlencc orr l)r('sslu'('. IIor-t'r't't. ;l \1'r'\'

itrrpoltirrrt pir,r'r, of irrliiltuation is tlrc t (,rnl)(,r irtllr'(, rlistlillrtrorr thloughottl tlur t:ritttlrtrstiott
\\'a\1.. l'lrr.lrr,;rsuLr,rrrlrrt oi tlris tcrrrperatrur,plolilc is possiblc lrv etttlrcrlrlittr lt'tv fittt'
llrt,Llrocorrlrlls u'itlrirr llre 1tlo1rr,llant sinrrl)l('s. see I:ig. ll.ll. fhc ttst' ol tlrt'ttnocottpltrs 1o

rlctcnlrirrt'thr'1r,rn1tr.r'irtrue lrlofile irr ir cornlrrstiorr zrittt'is rt trttltt't olr1 tecltttitlttr'. u'lrit'lt is
_rill ir. r-,.r,,,1;,r. .lt.;1. cjl. lll)].

rb T

Figure 3.15: 1-rrr/rerklttl tltct rrtot ortlila in;r soliri p.rrtltt'llanl f 1r'l?J. \s f Lu' 1tro1te1lant
r'(,,qles,s(,,\ lh, lt,rnltt'talrrlc rr,gistllt,ri lrl rll lltt'tutot'ortpl(' ir( r'e/rs('s rrlt ttt llta {irtirl
tlanrc tt'tnlttt rtt trt t' ( Liyltt ).

'['lrr,Leslrorrsr.tirrrr,of l tlrt,r'rrrolouplr,. n[ric:lr is rlctt'ttttittcr] lx'its lrcitrl sizt'. is it vctl
illtl)ottiurtj):lr':urr(,t('r'. Iftlrclcslrorrsctirrrcotatlr('r']]ro(ollplcistoolalgcrts-illrrotfirllol'
tlrc lriglt tt'lll)(,riltul(, tt'ausicrrts rhuirrg t'onrlrustiorr. an<l l'ill trol r't'solr-t' t ltc tntc ttattttt' o1

tlrrt corrrlrrrstiorr. Ii tlrl r'ltalirctclistit tirrrc ol llrr: tlrclrrLocoulrL,s is lj',. arrrl tlte t'ltiuitt'tetislir'
tirne ol r'orrlrrrstiorr is l.i . tlrcrr thc tlrcnrrocorLple 1rr':rrl sizc ttutst lrt srtr'h tlritt

1t

L _r, ,.
ti,

'I lrc llrrr:rctclistic tirrrt tirr corrrlnstiorr is givt'tt lir ij (2)

(3 7)

o, 1 r:il1t). rr'lrere o,. is tbr'
l lrr:rrnal rliffitsilitr- of 1lrr, r'orrrlcrrsorl lrlrasr'. :iriti li,(7.,) tlrc lcgressiott mtr' ;tt 1)1('ssur'(' //.

llr,rrce. /,'rlellr,irst,s l'itlr inclr';rsilrg l)r(,ssrlr(,. u'hiclr lirrrits llrcLtttolortlrlt't'xpltitttt'rrts trt

ir lraxirrrurrr ])r'('ssllre. 
'l'lr,:tlrovc t'otrrlition (,nsur'(,s tlrirt tlrc t'LLors rlrte to tltt:tttto<ottplr'
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firritc lcsporrsr,lirrrc ar'('r(,glig,il)l('. -\lrirlt lrrirrr tlris. itlso tlrt'slratiirl rcsolutiott ol tht'
tlrclrrrocorrple lrlsl bc clrl.clit'rl.

IJr:sirlcs florn tlrr: filit,,r'":1,,rtrse tirrrr'.:r,\r,lill sr1.st.t'rn,tt.t.'i,r'. ('Irors (iuI lrc irlclrtificrl tr'ltetr

irlr1r1r'irrg tlre tlrclrrror'orr;rlc tccluri<1ut':

o ll ttt,l, tttrtr! tr,r:tiort. l.lt rourllr lt'trd.t:

]lcciutsr, 1 lrr, r'orrrlrrctililr' of tht' l lrclruocr)ul)l(, \\'iles is irlrout thlet' rilrlt'rs ol lrragrri-

lrtrlt,lalgr,r tlrirrr llrat ol tlrc plolrellarrt. thcn'is a lrr':rl loss irto tlrl tltet'tttot'oulrlt'
lr,:rrls. l lris he:at loss rrriir' lre o\'('l( orir(' 1x' 1rlir<'irrg tltt' llnrtrocottplt' ri'ires l)iuil11('l to
tlrr, llrlirirrg srrr[)rcr'. l]u1 lrr:c'ausc tlu'plopellinrt srrr'lirlc is rrcvcL llcr [i'r'tLr'plitnar. tltc
llrr.nrrotorrple lclrls rriirr'lnnr lrcfolc ils br,lrl. 'l'hclr,[irrc r,r'ilcs iuo rrotrrrir]lv placcrl
rurrlel iur arrglr,. Irr a lher.rlt,l ical strrrlr'. it was shos'n thirt the lrt'irt loss thrortglr
tlrc l'ilt's irrclt,:rscs lirr a rlcclcasing tlrr,rrrrricorrple lcarl tliirrrrcter'11 1a]. llou'cr-r'r'. to
rlcteurrirre firrr,rletttils,rf tlrc cornlllstion zorrc anrl to rrrinirnize lr'sl){)ls. lirrl,'. r,'rr
Iirrc tlr,r'rrrolorrplcs (arrrl tllrs hne lcirrls):tlc rlesilalrlr,. \\'lrcrr thr':rnglc lrr'1t'eett tn'o
tlrcnrrocorrlrlr,u'iles is selectcrl tri lrr'lnrgt'(> 120"), tltc lrcat loss cAtt lro terlrttt'rl
l'ithorrt irrtrorlrrcirrg lrlolrlt'rrs rlLrc lo sur'Iircr, incgrrllritics.

o Clot,rrIrltit t:.ffr't t.::

Tlrclrrroc'orrplcs rnur- shou' t iitalr'1 ic efli't ts oll t l)(' t'cittrlrttstiott and (l('( orlrl)ositioII
ltt'lr:rvior'. Ii' r'orrrlrirr.irrg 1lrt' nrt'lsurern(,rrts lretlccrr ( oilt(,(1 arrrl rurcoirtcrl tlrclruo-
r:oulrlcs. ril rliflelcirt tlrclrrolorrlrlr,rrlat('rials. tlrr,possilrlc ('atillltic cfli'r'ts carL be

e\':l l u:r te(1 .

o Flttrr; di,.strt rlttrt,rt':
liilrlrorr (1iril) tlu,r'rrrocorrlrlcs hin'r,:r Lrrv tlu,r'rrr:rl l'esl)orlso tirrrr,. but aIli'r:t tlrt'flolr'
lrr,, ;rus,, ',l r lL, ir -i2, .

Sclcr';rl tt'r'lrrriqrres Iritr.e lrcr,rr crulrlorr:rl to lrositror the tlrr,r'rlocorrlrle's irr 1hr'plopcllarrt
sirrnlrlt,. Sal.rarlll ct al. rlcr-elopt'rl a tt'r'lrrrirlrrr'lirr cntlrrrrl<ling IlLc tlrclrtrrcottplcs clilcctlv into
rrrrcrrrorl strarrls of lrlopt,llarl 1129]. l irr tlris ir plolrr,llilnt \\'i1 lr a r-r'r'r' lrm' r,iscositv urrcl firrr,

rixirlizcr l)alti('l(,s rr'us [ilrrrrl 1o Lrc rrr,r't'ssr,rlr'. Iirrlrotl ct 11. lrlessr,rl fir'o llopellitrrt h:i]r't's
togt,tlrr,r'l'itlr tlrc tlrr,r'rrrricoulrlr,s irr lrlts-er,rr f,SjJ]. l)rrrn:rs r'1 itl. piclcr.rl tlrr'propt'llittlt \\'itlr
a thirr rrr,r,rllr'. ancl lrlacccl tlrc thelrrrocoulrlcs irr tlrc srrrall Irole 110].

3.5 Experimental facility
-{rr r,xperinrt'rrt:r1 l;rcilitv u':rs clr,;r1r,rl at l)r,lft t rill,r'si1r' of Tct lrrrologr-. All r,rpelirrrcrrts
talir'lrlirtc irr ir lriglr-prcssrrrc lrorrrli (Fig.:i.16). u'lriclr rvls cicsigrrccl lrrrl nraclrirrerl at the
Dclll [.'nilt'rsjtr-o1 'li,clrrrologv l"ollislrolr. 'lhis lrorrrlr is c<lrrippt,rl rvith Islntlrct ic salrlrlrilt'
(alrrrrrina) rviuclori's of'50 rrrrrr rliirrrrctt'r'lrrrl 6 rurr thillirress. l'lri<'h arc r::tpalrle ol u-ith-
stlrrrling l)r'(rssrlr(,s rrl) to i) \lPrr l'ith a sirft,tv lir<'lor ol iJ. 'l-lrlsc L\'lrattslnlcrtt l'irrrlol's
tnt' rrserl lirl optir';r) trcccss o1' t lr, lascr lrr,arrrs. [irl trarrsrnissiorr of tlrr' fluolcslcrice sigrials
irrrrl alkirr' llrc rrrrinitorirrg of' tlrc t riurJlrstiorr l)r'o('ess. 

'l'he sirlrlrhilr, l'intlou's are alrlt: to
u.itlrsturiri tlre liiglr f-\ llsel irrtr,nsitics. Thr'(1000) tlr-stirl irxis is:iloug tlr lascr li,rht
rlilr,r'tiorr. to rrrirrirnizc irlrsor'1rtiou. Ii'lirlr'. rlrn.irrg itttrl aftt'r llrc r:otrlrttstiott tlte lrotnb is

lrrrlgerl u'ith uitlogerr. lgrritiorr :rnr1 lascr' ;r.ssistt'cl lltrrrirrg is ur'r'otrrlrlishcrl lrl a ('O, last'r'
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l)ulse whi(:lt errt('ts tlr(,bolrlt tlrrouglr a 10 rrrrrr thick zirrl sclt'nirL'(ZrtSe) rl'iurlorv otr top
of thc lrontir. Tlrr,ZrrSc rr'irrrlol'is flrrshrrrl r,r.ith nitlr.rgctr to prer-r'nt hot ('olnl)ristiott grtses

rciu:hing thc rvirrrlot'. Ilafflr,s art'irrstirllerl to l)r'(,\'clt lecilr:ulatirtn ol tht'r:orttlutstiorl gas('s.

Pcllcts ale placerl on it poijt, tr,hir:ir ciln easih'lrc inscltr:cl thrriuglt tlrt'lrottottt of tlrc borrrir.

Figure 3.16:. LIi;4h-1)r'e.ssiue 1xttnb kr rtlttica| rliagriostils.

Figrrle 3.17 slrxts a s('ll('llrati( o\'olvio\v of the cxlrelinu'tttal s('tul). .\ ('oltcrcrrt Diir-
rnorrd (i 50 (lOz-laser l.ith arr a\'('rag(,outl)ut pol'l'r'of 50 \\'is uscrl to igrritc thr'l)ell('ts.
Tirt' CO.,-lascl is alrle tti irrstarrtlrreorrslf ignitc tlrr: sarrrlrlcs itt thc lltniirtg srrrfat t'. The
lascr is torrtrrrllerl lrl arr,\ED L('Cl50 (orrtr'ol1(,r'. rvhir:h allolr's tttoclttlatiott of tlre laser sig-

nal. -\ tregativc ZnSc lcns clir.r:rgcs tlu'lascl bearrr tii the lrcllct (liaureter. 'fltr'lrrcssttre'irt

thr, lrorrrlr is rrrcasrrlerl rr'ith ir lrrcssrrrr: tlarrsrlur:cr (Orrrega P\2 l3: r;rrrgc 1-1000 Psi). Tlrt'
cornlrrstiou l)r1)('ess is rnonitorccl lx'a lirleo (illuora (llrrrtt HT(i 13-10) lvitlr 135 trtltt tn:rctrr

olt.jcctile. 'IItis irlso irllxls lirl thr'<letrrnnirratiotr of tltt'r'r'gtessiotl Ia1('s. Tlte litset'sr-rut'tc

tirr t,lrc lasr:r-irrriutr,rl flrroleslcrrce lrreilsur('lu('rlts cunsists o1 a prtlscrl XcCll cr< irrrcr' last'r'

(I-arrrlrcla l)h1'sik EIIG 200) lrrrrnltirrg a rlvr: laser (Larrrlrrla I)ln'sili LI'l)30(X)). -fhe 
orrtprrt

oftlur r1r.r'lasl'r'rrrar-lre 1)t,rlucrrcl rlriulrlotl t() gcn('late rleep l,\i lascr 1>ttlst's (rtsirrg cillter a

IiDI'or'llBO-l r:tvstal). Thc laser pou'r,r'is rrreasrrlerl rvith a pvloelt'r'tti< tlt'tcr:tor (Ophir'

I'1,125 u'itlr \ova clisplar-). TlLt,fllrrrcslcrrcr,r is tollr:ctr'<l attrI fot'rtsetl ott tltc ertttt:rttct's1i1

ot a high-r'csolrrtirxr spectronrctcr'(,lobirr \-r'on T[1R-1000: 2-101.) gr'/rrrrrr grating) cqttiplrr:rl

l'ith arr intcrrsifit'r1 rlioclc arrar'<letct:tor (Spcctroscopv lttstttttrrt'ttts IIi\-1021). Thr'flrrrr
r'oscon(e c'arr nlso ltc rrronitorerl on a ltxr'-tt'solrttiorr sl)('(tr'orlr('ter'(.larrr'l Aslr \lotrospct l8:
J200 gr/rllr) also crlrrilrpc<l r,r,i1h arr intcrrsificrl plrrtodiorle itrLav tlctcttrtt (Ptirtctttotr In-
strllrn(,lrts II)D-\ 102 1). Botlr cliorle illlills llsc s('palirte prrlscrs (Prirtr:etott lttstrtttrtt'rrts F(i-
1(X)) arrrl shart:;r colnrrron <'orr1 r'o1lcr'(Prirrcetorr hrstmrrrents S1'-120). ,\ r'r'lererrrtc flattttr
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itttrl lrlloto rrurltipLicl tulrc lP\l'l');rrc trscrl l() tru)('thc rllc l;rsct to t('s()rrill('e. lltr,ilrro
t('s(('r)(('1r'rirrr tlrt'litsclslrllt r':rrr lrl rr()ri1()r'(,(l tu'o-rlilrlrrsiorr;tlh's-itlr ln irrlr,r'tsilir,rl ( (ll)
(:ilII('t;r 11)titrclton Iltstlurrt,trts l('('l): Ir7(j x;l8J lrixr,ls). I lrl r':rrriclil rrs('s it prrlse,'rlllar
,r('lt('lirlot (l)r'ittccttir lttslttutrcrrts I (i-l{)01 lrlorlrrcirrg ir 20 rrs g;rtr,tirr tltc irrtorrsilicr aurl
is t:orrllollt'rl lx :i S I 1:lS (onlr()ll(,r. -\ Stirrrlirlrl llcst,lrlclr Sr.stctrr 1rrilst,7'rlr,lar L(,1r(,r?rtot
(l)(irii;l flttrttiotts ils i1 lr):lst('l clocli arrl (ol)lr'ols ilil r'-rlrr,rirrrr,l)r tinrilr,q. 'lirrrirg is nrorr
ilolcrl s'illr ir rligit;rl osrillost',,1rt'11.e('ror'1).ilill. .\rurlog rncilsut(,lIr('ltts:rlc r';ulir,rl out
tt-ittg:t Ll lrit. t'lt:ttutt'l rlltl;t acrqrtisiliott lro:tlrl (\irtiotr:rl lrrslrrrlrrcrrts l'('I ll00). 'flrr,

tvpit'irl srtrrtplirg r;tll is I lillz. 'llri'rlirtir irirlrrisiti()n:ur(l tirrriug coutrol sol'l u'itrc is rvrittr,l
in l-;rlrYI l .\\..

Reference
flame

Spectrometer
hjgh resolution

Drode array

Reference
flame

Spectrometer
medium reso ution

Diode array

=ir-
g]
n{!
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{f

CO, laser

HNF pellet

tr'igurc 3.17: ,5r'itlrl atit' ol rIr, r'rpelirirctit;r1 sr,t rr1r.

'l'ltc crlrctitttt'rtlal torxti. il('l r':tcirrrol g;r: r';rlrirrct itrrrl corrrlrrsliorr girscs irlr,r,r;rr'1r;rlcrl
to llrt't'oof. I)tellttrtli,,tt ol llte s;uttlrlcs al(l lirs('r'rlr-r's tirlir,s pl;rcc rrirrlt,r il fi1ll(,hl,,rl. I lrr,
siurrlrlr,s ilr(, slor'('(l irr ir safi,.

3.6 Strarrd burrrer
Iliglr ptt'ssrrlt' (,, j \ll)itl tcgtr':siotr Latt'r,rpcritncrrts;rle r':rrlit'rl olll iit llrr, l\O/tl'\ll-
lrrcil1tr'. F'ot tltt'sc t'r1rt't intcuts rt u'irrlor borrrlr rs rrsr,rl. st,r' l- ig. .l lS 'l lrl s'irrrlol's illr,

*
t:&

'.t@_*
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rllil(le ol 12 rrnn tlrick pollcallrorratr'. r'irit lr llrrrits tlrc rrarinrrrnr l)r(,ssule to 20 \lPa.
Drrlirrg the cxprrrirrrcut, tlrt, lrorrrb is flrrshcrl n-itlr tiittogctt girs. I-r'1,1 llrs,'l'ir','s lrr,l/,,r'
r.irL,o lr,<oldillgs ilr'('rrserl 1o clr'1r,r'rnirrt,thc rcgrcssiol lilte. -l'lre saurples;rrr,lgrriterl lrv zt

rrir'lrlorrrr, n-ilr,.

Figure 3.18: illrrrlon'sllarrr/ lturnt'r' at l.\O/l'}llL fin']iglt pr'('s,\rrr,' ,'-tTretitrrr'rits.

'l'lrc lrrrnr lutc rcsrrlts iur,oirt;rinr,rl irs lirllrxls. Fusr,u'irr,s arc trtottntt'rl at 20 rrrrrr

clistlnce. 'l'r'pir irllr' -1 Iise u,ilcs alc usr,rl. -l'lrt, aclrrracv oI p1:rct'ntt'trt is t0.l tnrtt. l'lrc
burrr-throrrglr of tlxr fust u'ircs is nrcirsullrl r-ith a 1icrltcrrcl ol 200 Ilz. r'iclrlirrg;r titrrirrg
clLrit of -0.(X); s. ,\ftr,r' thr, r,xpcrirrrerrt llrr: rlirt;r is gloupcrl ;rs lrutit'rl rlist;tnt:t' r'.s. titttr'.

'\ lirrcar lcglr:ssiorr is tlran lpplit,rl lirl r,;rth r,rlrcLirnt,rrt to rletlluritrc llrc lrttttt lirt('. For

ir tr'pica1 llolrell;irrt lrrtlning ;tt 20 rrrrrr/s. thc t'r'r'ol irr t lrc lrttn litt(' lt eirt lr itrtlividttal
20 rrrrrr scgnrcnt is tlu'rr t0.(i rrrrn/s. Br,t'rursr, llrltc scgrncrrts ill(' l)1('s('nt" rttr<1 tltc littcitt
lcgrcssiorr late is irpplilrl. tirt'total r:rrol irr thc rlctr,r'rrrirratiorr ol tlu'lrttttt litte is lol-t't:
+0.3 [).1 rrrrrr/s. Fiir kxlcr llrln r';r1r,s tlrc cn'ril lrecrirrrcs srrr:rller'(+0.0; ttttn/s at ,-r rrrrn/s
llrrtr llte). irrrri at liighr,r'lruln latcs tlre cllor irrcrcascs ( l l rrrnr/s itt l,ll trttt/s lr11rr r;ttr').

Dtrrirrg 1)r'ocessing ol 1he cxlrelirrrcrrtal lt'srrlts. it u'irs olrsr,rvc(l th:rt tlrc tr'lrital s('iltt('r'
ril'the lrrrlrr Iiite nr(,ilsr1t('lrrelrts \\'ils lrighrrl tlrarr the cxl)(,('t('(l r':rliiiliotts. Plopt'llartt irrho-

rirogcncities itlc thr.llost lik('lv carrsc fil-tlris. as rrrixirrg torili lrlatt'in srrrlll lr:ttr:lt sizcs. '\
Irctter r,stirnirtiotr o1 l ltc t'r r ors irr tlrr, ]lrlrr lilt() rn('irsllt('rrrt'nts tt'as fortttrl to l)e tlr(' stall(lar(l
rk,r-i:rtiorr ol 1lrc Iirrcll fil to tlrr,positiorr \r,r's1rs linrc glllrhs lirl t,irr'lr irrrlivirlrral pr('ssl1re.

Tlris givcs a l)(,tt(,l irlea ril thr, ilrcgrrlalilit's clulirrg a sirrgk' r'xpelirrcut . Tltc ctrol liirrs
irrrlicatcrl in tlris tlrr:sis. alc olrtlirrerl florrr tlrr,stirrrrlatrl rlt'r'iutiotts oi tlu'liueal fits.
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3.7 Conclusions
I'his C'lraptt,r'cliscrrssccl tlrc prr'lraration of s;implcs. exprrrilulrtal tt'r'hnirlrres tlrat hatc beerr

crrrplovcrl zirr<l tho cxperirlerrtal setrrp thirt r-as crinstnrcted. Dcspitt' HNF-'s serrrsitivitv. tiur
plcssirrg of H-\F t'as clorrc orr a rorrtine basis lr,ithout prolrlerns. Presst'rl sarnples t'ith a

rlensitl of l),1% of the <k:rrsitv of Il\F t'r'r'stals r-ert, obtaincd. Nlicrosc:ope irrrages shou,
that the H^\F tlr-stals fi:rctrrrr: <hrring tirr: prcssirrg acrtiorr. Irr a latel stagt,the crvstals
lirse togethcr ber:a,rrse of'the lrigh l)r'(,sslu('s. l'lrr,{iiction scnsitivitv of the prcssed samplcs
is cornparalrlc to that o1'tht'rreat H\F. The lrressc<l sanrples irle less sensitir-e to irnpat't
than the FINF rrraterial. H\F nrilt(,r'ial u-hich Iras bccn lrrcssecl and sandccl to vir:lrl snrall
crr-stals has sirrrilar lliction sensitivitv:rs thc r.ilgin matr:ri:rl. Thc sarrrlcrl rnirteri:rl is

rnorc sensiti'n'e to irrlpa(:t. ,\rL intr:r'r'rrptr,<l prcssing l)rocess vieltls I{NF rntrtcrial that hirs a

sigrrificarrth-1owr,r L/D atrrl is verv r,r,ell suitr'<l as a prolrcllant ingrt'rlicnt. f-or tlris sturlv
plarrar'lascr-irr<lucetl fluoresrrcncc (PLIf') is rrscd as thc rn:rjor<liagrrosti<r lretho<1. PLIF
allxi's uouirrtnrsir.e r.isualizatiorr of thc flarrrc stnl(:ture, arrcl lrr- rrsing gatcrl clett,r:tiorr arrd
prrlsr:d la,s<rrs. tlrc ctirrtriLurtion of the n:rturul emissiorr ol the fla,rrre is rechrcitcl.



Chapter 4

HNF comhrustion

4.L Introduction
In tcLnrs of rrrlss ( olrtelt tlrc oxirlizcr is thc rrrain irrgrt'rlit'rtt ol it ctitttpositt' 1rlolrt'llatr1 . 'lho

lorrrbusti<trr ol a r:onrltositr,lrrolrcllarrt is tlrclr'lblc largt'lv rletcttttlrt'rl bv tltt'c:ottrlltstiott o1

tlrc oxirlizel itscll. I'lris is cspt,r'il11r'tnrc llrcrr tht'oxiclizcr h:rs it higlr cuctgctic't orrtertt. Iike

I1-\L. Irr this (ihalrtcr tlu'r'orrrlrrrstiorr of nr,lt H\F is arlrhesscrl. 'l lrt' Cihirpter stitrts rl'ith
a literatrrre lolicl'. -l'[rcn the lr,srrlts of exlrotitrurtrts atr'1rrt'scttte(l: tIeal fl\l' r't'glt'ssirirr

lltr,. uticlo-tltcrrnocottpk' r'xpt'r'irrrents. cttrission lrrcl alrsor'ptiotl sl)('ctros( opr'. gits lrlrase
tt,rrrlleralulc plofilc lrrrl tcrrrpelittulc st,rrsitivitr.. 'l'lie cornbttsliott cltarat lctistir s ol ll\F
nrirccl l'ith sevt,r'al a<lrlitir,r's arr'lrrescrrtccl ;r1 thc lrrrl ol this ('lraptcr'. 'l'ltt'se rttixttrrtrs ltre

essr,rrtiallr' plerrrixcrl rrLixtulcs arrrl shou' t[rt, t'flect ol arklitir.es ott tlrt' t otttlrttstiort rtf II\F
irrrri crttr lrc reg-:tlrlr:cl us sitttpk'propcllarrts.

4.2 Background

ln'l'alrlc l.t thr,arlialrirtic lllnrc tcrrrlrclatrrlr,ll arrrl tJrc tttost itttpott.ant fitral lrrotltttts
of H\F solirl rrrorropropellaut t'ornllrstiorr arc given (r'esrrlts frrrrrr \,\S,\ SP 273 tlrt'tni<al
crluililrriurrr ca1<:rrlltiorrs). Drrc to tlrr,shilting crluilillirurr critnlrositicirr. the flattte 1t'tnltct-
ltrrlr, irrc'r'easos rr'illr iuclcasirrg l)r'essul'e tlrrc to the llrrtlrer oriclatiott o1 lircl slrccitts (ll. Hr.
OH. :rrr11 CIO). Notc thirt thc t'ffect of l)r'(,ssur'(' or tlr(,flrirrrc terrrlrt:ratttte is corrsirlt'r'alr1t'.

l ronr 0.1 to l[) \ll'l tltl l.nrlr.titttll,' itt,'1 ,'irses llonr 2766 to J112 Ii.
Talrlc 1.2 shcxvs the rt'srrlts rrI clrr,rrrit'al r,rlrrililliurrr calcrrlirtiorrs firr sriuLe o1 hcr oxi<lizets

lrrcl crrclgetic irrglr,rlierrts. H\l: is <lrritc urri<1uc. ls it lras:t Ilatnc t('uIp('r'irt1l1'('r'ttnrpittaLrlt'

lo th:rt ol tlrc t'xlrlosive irrglerlir,rrts (ll\l\. llD\:rrrd ('l--20).littt itits:t sigrri{i<aut atrttittttt
oI orvgr,rr k,tt irftt,r'tonrlrrrstiorr. T]ris lourlrirrzrtiorr of lrrolrerl ics. afli:cts tlte u'itl irr ulriclr
II\F 1r;rrtit ipirtcs itr c:otttlrustiort.

Ber':ursc ol thc Irighh'r'xotht'r'rnir'HNI'' rlr:crorrrpositiott. sclfileflagratiotr of ll\F tttottri-

plopell:rrrts is lrossilrlt'. :rt lcasl irr thr, r,rlrr,,r'irrrerrtirl l)1('ssur'r' r'itttge ri1 0.02,-r to l0 \IPrr 112.

1021. 1'lrt,cluirrrtitv chirlat'tr:r'izirrg tlris selfilr,flaglir(iotr is tht'reglt'ssiott t;tte. or lrtttttittg
fa1{, /1,. '['he lnrurirrg ratr,of II\l'rrrrrropropr,llarrts l'irs rletcnrtitrcrl 1rr' \l<:Hitlc attrl von

Ell)(,[1 10] . f'lx,r"tlctcurrirrcrl tht,biurrirg late ol llNF. tillcrl irr pvrc'x lrrlrt's iil apl)r'o\-
iruirtclr' 7,1t1 r.tt lher tlrr:orciical rrrrrxirrurru rlcrrsitr' (T\lD). Bccausc ol sali'tv aslrc<:ts. lltc

17
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Table 4.1: -\tlialtitlit llttnu'
( (,rrrlirri()r.\ (rrtth' [i-atl itns)
srrlt,s (7r1.

( olIil)ostttoil

Tirble 4.2: .\tlialt;ttiL' il;trne lt'nt1tr:rittrut ot sclllal txitltzt'ts iurrl r,llr'.qr,rit' tillt,rs
( t r r tl.tic r t I 7-.rrls,srr rlJ.

H-\l: l'as ottlv loost'lr' yrat licrl itr llrr' lrvlcx (rrlrcs. irrrrl rrol llcssr,rl. \lolr, rcccnt]r' -\trvorirl
et itl. ntt'itsttrcrl tlrc rcgtl'ssion r':rlc ol plosscLl II\F'. u'itlr !)6% I'NIl) 1. 1{i,. flr,,t{'sults ()t'

lrot lr t,xpclitricrrts is slrol'rr irr Fig. t.l. In r:tlrrirtiorrs:

\lr'llalr'. urrrl vott l..llrr
\ I n'oor I

7;% I'\lD |r, - 1i.00 /rr ptrrrrrT's .

1)67 l\lD |r, - (j.22./r(rsrs trrrrrr/s].

l'lrelt llrr, irlcssrrlr,. Tr. is irr \l]'ir. Fol tlrt, lou, T\ll) crlx,r'irrrcrrts tlrl pr'(,ssrrle (,\l)ol(,n1. /r.

sas {irrrrrrl 1o lrc l. u-hclciis tir the lrigh'l \lD. r - 0.328. scr, Fig. 1.1. 'l he rlifli:rcrrccs in
rr catr lrc attrilrttttrl to llrt rlilli'r'errccs iu looserir-l)a(liulg, o1'tlrc II\l-'. tlrr, lrrrritl ol ll\l'.
runrl tlrc cfli'r't ol lrn.lrttlcrrcc ol tlrc girscous l)r'o(lu(ts orr tht, looscll l)ir(li('(i II\l' i121. Tlrc
lrll l \[D lrlrelirrrcrrts irlc firrthcl clr:uar'1r,r'izt'rl lx' :r slopt']neiik lt 0.i \lPir. Bclon'tlris
I)r'(,ssur'(t tlrr'plt'ssrrre ('\l)()r1('rrt wls lilrrrrl to Irr,0.;1. 'l'lris slopr,lrrcirk is irsstrrrrcrl to lrc
ciiuscrl lrl tlrc lrosr'lr'plcliirrg. as tlrc higlr T\ll) r'r,srrlts (()rr'(,lirt(,(1 rvr,ll orr l sirrglc lirrr'.
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'llrc higlr'l'\lD cxlrelinl('lrts ar('r:ortsirlt'r'r'<l to lrr,rnolc l('l)r(,s(,ntatilc oI tr lr';r] irplrlicrtiorr
of llNF t'otttlrustirirt. Last't-assislt'tl (irrclcitst,rl lrrlrrirrg lat(,(lll(,to l:rsr:r hclt flrrx) irtrrl
1:tsct retoil (uttstt'rtrll c'ornlrttstiorr rluc lo ltrrvirrg l:rscr lLe:it flux) crpclinu,rrls lrtrrr, lrcerr
carrictl o1l1 l)\'Firrlirrsrirr llti]. Itcsrrlts ot tlrc,s,,',\l,r,rinri,trts;rr('rel,r)tt('(1 irr scctiorrs 6.2
arrrl 7.;1.5. n'lrcre tlrcv ar'(' ( orll)lr'(,(l l'itlr rrroclr.lirrg rcsulls.

T\I])

19
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Figure 4.1: .1'--xT.rerirrrcltal-ll rl
lirr trrrr tliffi:raul'f-lII) r;r1ires.

r'-r1,rt'ritrrCilf a1 1)11's.stl1f i.aIi8().

I
l)r'essrrlr,l\ll)ir]

telrrrirrcri rlgrlssiori ratcs ol'
'I-1r' ltc;1il autl erul lxtiut ol

l0

H-\l' rrrrrnr4r ropt'llartl s
flre /irrcs inrlirate tltt,

'I Il('tcrrrl)(,r'alu|r,scusitir.itv ol ll[']rrrrr Izrtt,ol a pIopt,llarrl (,\l)r('ss(,s thr: sCnsitir-i1r.

olthc lt,grcssiorr rarr,to tlrr, lrrolrcllirrrt s initial t('nll)cralrur'. J'lrc tt'r'I)lr,'r;rtrlr. s,,rrsitiritr.
o,,. is rlcfirrcrl 1x' l1 171

/cllt' r,,\
d-l I

' \ ,.) 1,, J, {.(,usr;,ilr
u r)

I he tcrrrperatrrrc serrsitir-itl is a firrrctiou ol lroth irLitial tcrrrpelatrrle arul pressrrrr,. lirr'
rnirlr\'(,n('rgetir'1r|opr,Ll:rrrt irrgIt,rlierrts o,, has lrocrr Iirrrilrl to rlt,rrrr,:rsr,$'itlr irrC|easiilg l)1es
srrlc. ;,lrrrl irrclr,ast't'itlr irrcrlcasing irritiirl t('lrl)(,rat1rr(, l1]. I Irc t(,rrrl)(,r'i,rtur(,scnsilir,itr.ol
9(i7 T\ll) H\l" nrotrriplopellarrt corrrlrrstiorr is gir-e'n irr Fig. 1.2 (Florrr lte1. f 1] ). 1'ht'terrr-

l)('riltllr'('scrisitivitv ol ll\F is courpirlllrle to tlrirt of Il\l\:rrrrl RD-\. ittrrl :rlriut ji tirles
irilcr tlrarr tlrat ril ADN at 2 \ll'a 11] . IIrr: Iru'r'aluc ol tlrt,tcnrirclalulc scrrsitir,itv irrrlrlics
tlrlt tlrc torrrlerrst'rl pliasl leactiorrs plll it ratlrt'r'rrrrirrrportarrt roL,irr the'r'orrrbrrstiorr of
rr\F 181l

\jirr F,llrc r:t:rl. tocili rrrrtior lrictrncs ol tht, lrrrlnirrg strarrrls to rlr'1 r'r'rnirrltr,tht'r'r,gll,s-
siolr lirt(, lrrrl rrrllil visual obsclr-irtiorrs ot thc llrrnirrg sulfir( (' r12]. II\F l'as olrsclvcrl to
nrr,11 1;r'irir'1ri gasilir:atiorr irr tlxr <orrrllrstion zorrr,. Thc rIr'1rth ol tlLc rrroltcn zrirrc u'iis [iruud
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Figurc 1.2: ll.\'F ntortoltropcllalt t(,rrlreliitrirr,strrsitir-it.:' rtt 9(it,f l'-\lD (lirtn I:lct [-q).

t () \':1r'\' irrvcLsclv s'it lr t lrc brrlnirrg ra1 r,. r'arrgirrg ilorn scvt,r'irl rrrillirrrr'1 r'r's a1 sulr-attttoslrlterit'

l)r('sslrr'(,s. to ll'irt'tiorrs of a rrrillirlctcl irt Iriglrt't l)r'('sslllcs.
'lir llrrthr,r' irrr-estig;rtc tir critrlrrrsl ion uirr"r' strll('tr1r'e of ll\F rrrorrolrrolrclliurls. tttit ro-

thelrrrot'orrplr,s \\'(,1('r'rrrlrerklcrl in tlrr,krosclr'lrnclit'rl H\l'112] . I'r-l't/lilr tlrettttot'ottlrlcs
r,r,ith r lreirrl rlirrrli'1t,r'ol alrprririrrratr,lr- 2il1rrl \\r'r'(,rrserl lirl this. in tlit'initiirl patt tltc
t(,1)rl)(,r'iltltr'('r'ises llorrr tlLt'irnrlrit'trt 1('illl)('r'iltLll('to alr1r'orittt:rt0lr'120"('. 1'his zotl(r \\'ils
tirurrl to lro t lr;rlirr'1r,r'istit' ol 1ht' r'r,grr1:rl t('rnpeliltllre risr, irr tlrc l)r'eh('ill zrtttl of it ( our-

ltustiorr rr'alr,. -\1rort 120 ('. tht, rrratcliirl rrr,lts irrcl rL,r'orrr1rosr,s. gent'r'irti1]g g,irs Lulrlrlt's
arrrl irrrluilirrg a lirirrrr strrrr'1rue. 'l'lrc tr:rrrpcratulc lise irr the firrrrrr zorrc is lirilll grarlrral

111rtil tlrc tlrclrnot'orrlrle locolcls il l('urI)('r'irlttrt'ol itbrittl 260"C1. itt l'lriclr tht'g:rsilir':rtiott

l)1 o((,ss vcll lapirlll gries 1o r:orrrlrlctir.irr. iirrrl tlrc tr,rulrtlirtrrle lisos sh;u1rlr'. 'f'lnrr thc tlrcr'-
rrrrlorrltlc rrrtlts. iurrl tlrr,lr,rrrpcrirlrrre sigrral lrt'r'ornes lnrlsal)l('. ltt tlrr'plelroitt zottr'. the

t('lll)('ratltl(,skrlro slrol's i\ ( ont'('.t ('1rr'\':rlllr'(,ton'irrl tlrc x-itxis. th:rt is tl)'l'1tl.r": is positive.
Tlrl terrrpr,r'atrrlt' r'isc irr llris zorrc is golclrrerl lrv heat corrrlttt liorr. 'l lrc steil(lv statc solu-

tion of tlrc cnelgl ltlialiorr iirl tlrr, nor-r'r'ar:tirLg sitrrirtion, frls t1u' trx':tsLtt't'rl 1('Inl)('r'iit11r'('

lrrotile vcn' u.r'll, lirr tlrr, llrcrrrrirl rliffusrvrtr' (\, - l,,l(1t,r ") - 0.00 1 crrr2/s. l'lris torriilnts
tlrirt in tlrc filst zorre orrlr'ltrclrt'irting lakt:s lrlircr'. hr tlrc st,r'orr11. liriirrr. zotr'. tltt'il\1'riig-('
slolrc slrxls it ('.ot)(.ilt1(: ( llr'\'Atllr(, torr'irlrls tlrc r axis. u.hit:lr signifit's ltitlespontliugll that
lrt';rt is lost ltl torrclrrr:tiorr. llrt thrtt tlrc loss is rx-t't'lritlarttcrl lx'tltt'tttir'al lrt'at t'r'oltttiott.
\\'Ircl t]rr, tlrelrrrocorrlrlc errtcls thc tlrirrl zorrc of corrrlrlett'g:rsifir';rtjott. tlrc t('nrl)('r'atltx'
riscs alrrrrlttlr'. IJccrarrsr,of tlrc higlr Il;uric t(,n)lJeriltllrl's. tlr('tht'r'rrrocorrlrlc rnclls lt'filc
lr,gistr,r'irrg thr' 1irra1 fllrrrl tcrnlrcLittut r'.

Exlrcrinrcrrts l'itlr plcsserl II\F rrirtcritrl u'r,r'c t:irllir,rl oul l)\'Pilll iur(l lliulson-l)irrr 
'12;J

l'-rnissiorr irrurgcs at unrlrielt l)r'essllr(' slrotrcrl ari crtlerrrclv slror'1 rlitrk zottr' (t it. l0lrrr).
firlLxlcrl lx':r conrlrlcr fl:rrrr,stnr<trut'. Tlrc lirst lisilrle fllrne. stirltirrg irt 10 1rttt lt'ntett'rl

\- fil

c

0.I

\
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a1 l80 l/ur. \\'ith a I--\\-H\l (firll u'irltlr irt lrirlf rnaxirnrrnr) ol l807rrn. sbou'erl l'hitislr rirr

lirioo. iutrl l'its itssrttttr:<l to bc ttre Nlll lrrrlical. \\'itlrirr tLis Ilarrrr,slieet. irrrrl cxtcrrrlitrg
lrcvorrrl. are crrrissiorrs florrr Cl\''. \H' arrrl (lli..

Plattar'lascl itirluccrl flrroresccrrce (l'l-IF ) rn(,ils1ir'(,nr(,lrts crirrfilrrr tlre olrsr:natiorrs ol the
erttissiort crlrctinrcnts. 'I'he ('-\ 1r'ofile n'as lilrrrcl to pcak;rt i3607rrrr. irrrrl tlrr,-\H at 3007rrn.
set'Fig. l.;J. Tlrt'OH I'LII 1xofik'rose lalridll tlrrorLgh arrrl orrtsirie tlrt'C\ flarrrcslreet arrrl
thor trarrsitiorrr,rl to il rnor'(,grarlrral lisc in tlrc lnrrrt gas regiorr. I'1.IF-torrpcriltrlfo rlas
also trteitstttccl. Iiig. 1:i shriws thlt thr,tr:rnlrcratrrrc clot,s uot lt,aclt the lrliabatir: flarrrc
ternlrt'r'attttr'. attrl tottlirLtcs 1o tlsc at a slriu'e,r'rate lrr:t'orrrl thc (lN flarrrcsltcct.
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Figure 4.3: PLll: nteasuielr('trts ol HN/" lnoltopl()l)('lltuil ttnnltrtstion trt unil
(,ril J)11',s,srur,. r\rH. \li2 and ('ll* r'onceutt;rtiol in trtltitt'at.1' unit)-. ()Ll tttrcantttt-
fion in tnok' hat'tion. ('-\' rrrr.rlr, ltat:l.irnr in 14nn.;rir(/ t(,ilpcr';ltrrr, ,f il 10'Ii (/ii,irr
Ijt'f. il).:J]). llcsuJfs n.t'r'r,obtzrirrcr/ Li';rlt'r';rgilg rrrcirsrrrlrl Lll-'int,,rLsiLt(,,\ ju,/(,11eb

1taral|el to tltt' Intntirig sullirce, (arttbiartt prlssurr').

Itr l.lrclr IINF rnonripropcll:rrrt cxlx'r'irrctrts. it l'as fburrrl bv \irn l']llrc ct al.. t]rat a

tritical trrbr,rliarrrctcl cxists lrr'lolr, r,r'hiclr thc il\F rlr,flaglation is qrrcnthcrl 112]. This
rlianrctcr rlcpcrr<ls orr thc l)r'esslue. l'Le clitical rliarrctcl fir rlucrrchirrg l'irs tilurrl tri lre
irlrrrrrt 20...;10 tirrrt's lirlgol thurr tt,.fr'1,. It l'as 1rr-lrothcsizerl that ir a 1rlri1rc1l;urt palIi(:les
l;rlgr:r' tlrirn tlrr' <'ritical rli:unetcl u'orrlrl rlefl;rgtatc irrtlivirlualll ahcitrl o1' 1Irc pvrolvsis itttr[
gasifir'atiorroltlrt.r'rrrlrcrlrlirrgorgirrri(:rnatrix,u,hcLt,asal lol'1>r'r,ssru(,.tlr(, I)rop(,lllrrtl'orrlci
clr'fl;rgratc \:ia irrtclil( 1iorr of fucl lnrl orirlarrt in t lrt, corrrlr:rrscrl phasr'. It r,r,as argrrerl tlLat
tlrr'lrlrvsical clr:irrgc of tlrt,r'orrrllrstiorr rnr,<:lrarrisrrr c'oulrI becorrre lisibL, lx'a charrgc irr
.l,,1,,, iil Iltr. lrtiltr f;rlI r'(1il;tli{,il.
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4.3 Neat HNF
Tlris st't:tiorr adrllcssr:s tlrc

(tI t.\prtiB -1. HNr' (.'o.lIBt. 5l-IO,\

combustion

e\l)(,rinr(,rrt:rl firrrlings of thc r:onrlnstion ol'rrcat II\F

4.3.1 Burn rate

\c;it HNF llrlrrs l'ith l vclv higlr bunr ratr'. anrl higli llrrrr late cxl)onert. Figrue J.1

shows the rrrcAsrrlctl rcgressiorr rntc of ncat plcsserl II\F pt'llets. 'fhc trio clificrent u'lnrlolr,

bornlrs ahca<1r'r[t'srrrilrcrl havt'lrccrr uscrl to urei)su1(] thc tt'grcssion Iat('s ((i nurr saurlrlt's:
DL-'l'{acilitr'.9 rrrrn: 'I'NO tlr:ilitr'). 1'lrt'figrrlc slrrxls a slolre lrreak arourr<l 2 N'lPa frorrr

n:0.95 to n-0.8,1 at lrighcl l)ressrrres. Bcloll'2 \lPa rro inhilritor t-as usctl. -\t highcr
pr('ssltres. the sarnplrs lr'ert'r'o:rtt'rl r"itlr a thirr lar-r,r'of \lolr'r'ote 111 silicorr grcase. Alscr

shou'n in the figrrre is thc rlata olrtairrcrl a,t NA\\I(l [a6]. The agrecnr('nt with this rlata is

goor1. I3r'lor' I N,lPa thr: \.-\\\-C-rlata slrol's a sliglrtll lrigltcr lnrrr ratc.
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Figure 4.4: H-\l'nuntoltropt'llart legrlssrorl late:rs deturninerl ft'otn rideo ret:orl-
ing,s. \-ll1'Cl rlara be.lol-0.J -\IPa uas o/.rtairrlrl Iiun slxn't salr7r.les (2-3 ttnt) rnl.t',
explaililg rJre irrcri'ascr/ sr';rtter itt fltesr' i)lo,sslrres.

TIrt'c:orrrllrstiorr of II\F rvas also stu(li('(l at srrb-atrnosphcric: lrrcssulr,s. It h:rd allcadr
lrt,enolrserlcrliuplelioust'olli.thattheflarrreliorrtof II\Fisletltlost'totlrcsurfirte. -\t
lr'<hl'ctl prcsslrrc tlrr: flarnr: zorrc is lloark,r'. rvhiclr makcs it casier to user optical <liagrrostit s.

-\t srrlr atrrrosphcric pr('ssllr(,s. <lou,n to 0.06 NlPa rt,liabk-'igrritiorr coul<l be olrtairrcrl r'i'itlr
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lorigt'r ()O2 prtlst-tirnt'. IIos'l'r't't at lol'r'r'l)r'essur'('s. irrcrc;rsc of thr, lxrlse tirrrc l':is not forrrrrl
to bc srtfficient alrlrnol('. The HNF extirrgrrishes rlrrc to tlrc srrtlck,rr rlrop irr rarliatiou irt laser'

shut-off (rlc-ra<liatir.e extinguislrrrrerrt). Ilcliablt. igrritiorr t orrlcl be olrtairrerl lrv folkr*'irrg thc
ignitiorr pulse n'ith a lirrcal cleclr,;rse clulirg 500 rrrs of tlrc lirser' l)o\\'er. \\-ith this igrrition

llulse. tlrr,s:turpl,s coukl lre ignitcrl at prcssures as 1o\\':ls 0.03 \lPa. Occasirlrallr'. it has
t'r'en lrct'tt possil)lc tcl igrrite arrcl srrstaiu corrrllttstirirr of tlrr,sarrrplcs :rt prcssrrres as lo\\.as
0.02 \{Pa.

Tlit,nrt,itsttrerl regression ratcs at sul>atnxrsplu'r'ic lrressrrres arc irlso slrori'rr in I'ig. 1.-1

(.\-\\\-C <lat:r belo'n 0.1 \lPa). ,{t lrxv prcssur'(,s tlrt'aurourrt ol sr::rttcr'ls 1a.rgc, llthough the
IINF bulrrs stablr'. I)uring st'r'etal r'xlrelirrrcrrts thr'llNF was regrcssing. but rlicl not slro\1'

a lttt'uirorrs flatnr,. The Ir'glessi()l lirte rvrrs sigrrificrrrtll lou'r,r'in tlrcsc c:rscs. anrl tlrcsc
cxlrelirnirrrts arc tlrcrcfbre rrot shou'rr in Fig. 1.1. It is assrrrrrr:r1 that the HNF regrcsses
lrccause of sorne cxotherrrric reactiorrs in thr,<:onrlelrs(xl phas('. The tcnrlterature of the
rlt'r'orrrpositit)u gas('s seems to be too lorv to olrtain igrrition irr tlrr: g.,as plrasc irr tlrcse r:ascs.

It sIrou1<1 lro noterl that ve'lkrr.r'corrrk,rrsAtc was forrrrrl in tlrc u,inclolr'lromb arrrl ln tlrc
cxharrst trrlrt,. Thc ilrnount ol matt'rial r,r'as tilrn<l to irrcre:rsr,u,ith rL,r'reasirrg plessrur,.

-\lso lrefolc igrritiorr o{ thc H\F'. vellor,r. con<lcrrsate is s(,o11 to ( orne llorn the srrrf:rr:e scc

Fig. 1.5. Tlris ccxrrlcrrsate is slreculatccl to lrt, H\-L' \'irl)or', i1l r:orresporrclcnr:r' r,r,ith tlrt,
finrlirrgs of sct tion 2.3.2.

Figure 4.5: )-el/ou'r'olricrrsirte conting front tlrc surliirt of a iI-\F pelk,t, befolc il4nition

4.3.2 Micro-thermocouple rneasurements

Thc corrrlenscrl lrhasc torll)eliltlrre profik's \\'er'(' lrreilslllr,rl bl trriclri-tltcrttror:ouplt's (5pnr
foi1. tr.pt,K. R.rllf corlr.). lhe tlrt'rmocorrpk's alc asscnrlrk'rl br:trvcr:rr trio lrcllet halrts. Tcr

errsllr'(' that tlrc thelnrocouple.jrrrrr:tiorr (,rrierges at the srrlfir<'e filst. pcll('ts u'crr' plcssccl
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rvith tu'o olrposirrg arrglcs. sct'l-'ig. 1.6. To rorlu<'e lu'lt loss ir lilrge anglc ol 1(i0'l'as
clroscrr. Tlro trvo halr.t's :irt, lrr'1<l trigct lrcr lx' l srrrirll arrrourrt of lrallf lirt rl'as atouttrl
thc orrtsillt'ot the sarrrpk'. \lcltcd lrlr':rffirr is alrplierl t'hile tlrl tlt lrallt's arr'lrrl'sst'rl
togctIrt'r'. "-\ftcl soliriilicatiorr. t]rr,sarrr1.rlr,s iu('1no111rt(,(l orr:r trrorlifit:cl surrrlrie iuilrlcr'. r'itlr
tholrrrocorrlrlt,lixrrl-tlrlouglr. 'l'lrlorrglrorrt tirc sigrral tlrairr fiorrr the thclrnocottlrlr) to tlr('
arllrlificr'. r'orrrlrcnsittiorr rr'ircs alrrl crlrnrr:r:tors ale usr,<1.

Figure 4.6: llilitott tlrcnrutt:ou1tlr, hctullrr fro lrrr,sserl FiNl" sarrrl-r/cs. \orc tJre

ltrigltt .t'alktw ofl-t't'ntt:r {larna cltu: /.o trzrccs ot sorlitttn chlorirla irr rlil lJ-\F.

.\ tr-lricirI t hcruror:orrplc 1r'ilce al lrrrlricrrl I)r(,ssul (' is slrou'rr irr ['ig. ].7. .\1tcr igrritiorr
lx'tlrc ClOz-iasel tlrc corrrk'nsccl lrlr;rsc is lrcirft'cl bJ. r'orrchiction fiorl tlrr'lrulrrirrg- sr111ir(('.

-\t 310-350 li ir lrr,rrrl irr tlrc crtlvt'ill)l)ei1r's. ,\t that rrrorne,nt the thclrrror:oulrlr,is nol \'('t
lisilrlc at tlrc burrrirrg surtlcr,. Anrrrrrl 100 K the tlrr,r'rnricorrplr,betorrrcs lisilrlr'. Hol'r,r'r'r'.
tlrr,thenrrocorrpl,is rrot \1,t at tlrc llrrrrirrg srrliitct: lnt is olrscllecl thlough tlrc tlattslriucrrt
llrlning srrlfirc:e. 'l'lre rrrt,ltirrg terrrl)(,1iiltlu(,o1 H\l'is 396 I(. thir:h:rgrees vcll u'r'll u'ith
tlrr, fir'st rilrsellatiorr :rrourrrl l00 Ii. Beclusl of tlrc srrrfitcr, tcrrsiorr. the rilrlrorr foil sticks
tri the jrrlnirrg srrlflce. rlsulting il l reasorltlrlr, t:orrst:ttrt t(,rrrl)elatur('. 'I'hc lctrsiotr ir1 tltc
thelrnocorrple lvircs bt'r'orrrr,s strouger'lrt'r';rirse ol tlrr,rcglcssitrg srrlfar:e. II llrc tcrrsiorr is

lrigh errriugh. tlrc tlrelrtrocouplr't'rrtcrs tlrt' g;rs phasc t'ith ir vclr' higlr tc'rlrl)('rl1 ttrt: gr;trlir:ttt.
Thr,rrreasrrlcri srt'lacc ternl)('liltl11o as ;r firtr<'tiorr of lrlt'ssrrle is slrowtr ir I'ig. l.ii. I'ht'

surfa('(,t(,rrrp('r'atule is sccrr to irrclease, l'itlr inclursirrg- l)r'('ssllre. lJccarrsc oi the vt'r'r'steclr
tcnrl)(,r'ltLlfe glarlie-,nts in tht, r'orrclerrsr,<l urrrl girs phaso of I{\F. r'e rlirl Irot sttccccrl itt
clete,rrrrining tirc sulfircr, ternl)(,r'iltllrc' irt l)r'essllr'('s al)o\1, 1.0 f il'ir. \]r'Hirlc antl votr Elbc
rncasrrrctl a srrltirce t('nrl)('r'Atur'('rif .r.rjlli irt itrrrlriorrt l)r'('ssrlre of looselr. p;rcke<l H\1" 1110] .

Tlrr,plcsserl sirrrrples slrorl, :l srrrfac:e t(,rnl)eratur'(,of 5:l0li at 1 irtrrr.

It is diffir rrlt to r,stlrlatc t]rl aclrrracr" of lhc thr:r'rrrr<:ouplr, (,xl)criln(,r)ts. Drrc to tho
largc arrgle lrrrl the kxl terllrr,r'ltutcs irr tltc corrrlcuscrl ph:rsc. 1ho t:ort<lrtctivr,r attrl tacliartt
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lrllt lussos irle srn:rll (t,slirrrlte<l lr.ss thirn 2J Nl. Ii'r'arrso of tltc lalrotiorts lrtr'1r;tlatiotr ol tht'
llrcr.rrrocLruples irr tlrc s:rrn1tlt,s. orrll l 1i'r'<'xlrclitttt'ttts \\'er'('(':lr'ti('(l ottl at t'itch l)1('ss1lr('.
'l'ltr,lroirrts slrol'rr irr I"ii,. 1., :rlr,tltc rlsrrlt ol tlrt't'rlrcrirtrcnls thitl sluxvcrl tiite:tttrl flat

lr,glessiorr lrclr:rvior':tt llrc virlr.o irl;rgr,s. -\t r,;rr'h l)r'('ssu1('. lltc t'rlrltitttt'ttl tr-as tr'lrcatt'tl
ltiltil il sirtislirCt,I'r'r'r,srrlt rr'ils Olrtairrt'rl. Irr rrranr'(ilses tll('sailtlrlCs stattcrl llttltriltg 0tt

tlrc sirlr,s. or igtri(r,rl oll-tcntr,t. 'fhr,r,r'rrl lr;rls shos'rr irr L'ig. 1.8 alt'lrascrl titr tltt'ittttottttt
ol r'aliirtirrrr o{ llrc tr,lrlrr'tiltul(, itt 1lrr, platr,iru. as s('('u irr I:rg. 1.7. 'l'hest' r';tliatiolts l'r'tc
[ilrntl 1o bc lt lr,ast ]irlget tlr;ur tltc lstitttitlr'tl tut';tstttctttt'ttl ct'Iot.

Tlrc stlarrgr, lrcrrrl lrourrrl ;.i50 I.. irr l:ig. l.T is ciursr,rl ln' :rn irtlr'r itctiott lrt'tl't'r'tt lltc cotn-
lnstiorr u'rllt,;nrrl rrrlclrarricirl r,flects iu tlrc tottclt'rtsctI phirst'. Bt'titttsc oi tlte rtrrrt rtttilirtrrr
lteatirrg irr tlrr,r'otrrlrustiotr \\'itle. stt(,ss(,s lrrrild rrp itt tltt,s:ttnlrlr'. lf llrc stlt'ss is stt'orrg,

cnorrglr a clircli palirllt'l to llrr.brrlrrirrg srrllirce is [irlrncrl. l']tis ciutses;ttt ittttt';rscr1 tltt'r'
nrit,l l('sistilrr( r'rrhiclr r,xlrlirirrs thc rrlrwalrl lrtncl irr llrc rtu'ustnerl tt'tttlrclrtrrte ptofile. I)S('
rut,;rsrrlr'lrrcrrls of llNl' rlo rrot shrxr' :rrn- irrrlir'ittior of a p1t:tse tt:tttsiliott lt 80"('. 1'lrcrclirlt'

it is iisstrrrir,rl tltirl llrl srr<lrlor crlrirrrsirirr is r:attscrl lx'tltc tcleast'ofstlt'sst'-s l)t('s('tlt tlrtt'trr
thr'plr,ssirrg ol tlrt'lrcllcts. .\lso 'r'r'r'stirl lcttlr';rrrgcntt'tr1'' ltas lrt't'n tttt'tttiottt'rl. lrttt tltt'te
is rrr frtltlrr,r r.r'irL'rrcc ot llris. 'l'lrr,r'r';rclis ullc ouh'olrscllerl irr tlrt'l) tttrrr s:ttttplt's.:trtcl
lrol ilt tll(,(i rrrrrr sirruplcs. Thc l;rrgr.r'sirrrrpL,s lr;rle a llrgct voltuttt'to ilr'('il r';ttio. 'l'lris

ciurst's higlrt'r' intclrral str'(,ss(,s ir tlre lzrlgcl sartrlrlt's. F'ot ntott' rlotails ott tltt' < titr:kirrg. se(l

('lrirlrter'7.

4.4 Flame structure

4.4.L Emissionspectroscopy

Slrectlo:r'opl is a lrr,llr[irl tool to sltr'\1,\'tlrr'pLt'sctrtt'ol slrocifil iltollli( ;rlr(l IJ]ol('('ulitt'

(ruostlv rli;rtonri<') slrlcils arrl tlreil rlistlillrliorrs irr ir flarrrr'. 'fhe cnritterl or airsollicrl liglrt
is rlislrt'r.scr1 irr l s1tr,r'tlornetcl irnrl r,lr,r'tLoiric tfarsitiorrs irrr,iderrtilicrl liorrr tht'litt:t:ttrttr'.

'l lrl rrt,at flirrne Il\F has;rlrt'arll lrcl,rr rlr,sc'r'ilrt'rl in ilr,i l12J,. .\part Ilortt tlrt'niin'o\\-
flarrrc zorre irlrrirc tlrc srrlt)rtr'. tlic fllrrre u':rs iilrrrrl to lrc ycllon'islt iittrl lrlrrislr. '['ht'r'r'l-

Ios'r,rrrisslrrr u'as lttlibutcrl to r'lrcrrLihurrirrcs('r'ncc fiorrr \O2. '['he lrlrrish curissirttt wits

attlillrtcrl lo it rnirlrrlc ot ('11. ('\ lrrrl \ll. lb (,\'irluat(,tlrr'lrrcscru'c ot llrcst'riirlitals tlre

r.rrrissiorr sl)('('tr'rur of H\l: \\'as rl(,ilslir'(,rl n'itli tlrr'1ou'r'r'srilntion sl)('(11()IIIet('r'.

I Itr, [ \ r,nrissrol s])(,( t nrrn irr l:ig. 1.1) shou"s sorrrr, irnlror'1:rui rii;rlotttic cotttlrttsliou
il1r,r'nrcrlillcs. It slrol's tlrr, u'r,ll lirrrxvrr OH (230 arrrl :J10 rrrrr) atrrl ('H (l;10 rtrrt. lrlrrc

riirlrrlll g:rs flarrrr,) r'rrrissiorr lrarrrls. In rrrlrlitiorr. it slrol's tlrt'\11 (;ll0 rrrrr) irrrr[ (]\ (::i80

rnrr) lrartrls tltiit rrlr,tr'1rir':rlll firrtrrrl in llo1rcll:trrt crrrissiorr sl)c( t1il. hr tlrl rleep t \ (200-270

rrrr) irrtcrrsc crlissiorr lritrrrls tif \O arrrl O, alt t'isilrlt'.

\\-hcrr Il\F'is olrst,r'r'r'rl rlrrrirrg corrrlrrstiorr, sorlr('tiln('s ir lrliglrt vcllor-fl;tltrt'('rrl('r'ges
1r'orn thc srrlfacr,. 'l-his fl;rrne is lltatlrcrl to tlro llrrrrirrg srrrlircr'. illl(l s('crIIs 1o 'tlruitt'' tttt

l lrr, srrr'1;rcr'. Tiro ornissiorr ol tlris flarrrr, rrls irttlilntorl to thc crrLissiotr of sorlitutt l1,r{i]. .\rr
r,riurrlrlc of this is shou rr irr l'ig. l.ti. l'lre t'xplartatirirr lbl tlrt' lrtcscrt t' of soclitttr ir tlrc
ll\F. is llrr'ljrr'1 tlrat sorliurrr clrlolirL,is risctl 1o e\tlil(t wirlr'r'trorr the rriltofirtttt rlrrr'ltrg
t Irr' ltlor1rrctit)l l)lo(('ss.
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Figurc 4.9: Ii-\F llrrissrol sI)(( tnlur (t'rtrnbnstiot:rt irttrbietit l.rrlsstttr').

4.4.2 Absorption spectroscopy
l'I'hr, alrsorlrtirirr spt,r'1 r'rrrrr clepr,r<ls orr scvcral l)arillIr('t('r's: rrttttlrt't'of alrsoll-ritig ttrolt'tules

lrcL volrune (i.r,. ltrcsstrlt,. ternl)('fatulc arrrl slrocics corttctttL:ttiotr), trrrd lrath krrrgtlr. Ttr

rlctelrrrirrc tltr,slrt'r'ies rrrtile filctious. it is rre(:(,ssirr\r to Itttolr'tltr'lrresstttt'. lrath lctrgth.
;rrrrl tr,rrrper':rtrrlr,. Thc tcr4eratrrrc is olrtainerl llortt lt'lirtile lrcak heiglrts (assrtrrrirrg:l

lJoltznutrrnrlistrillttiorr). (iir-errtlrt,patlrIr,rrgthliil tltettlrsotlrtiott.thesltlli.s(,)ll,r'llflit-
tiorr tarr tlretr lrc rlt'tclrrrirrcri lrv crinrlralisorr ofthc trtr:ilstrtt'rl sl)e(llit to sirrutlaterl sl)('(tra
g(,1r(,fat('(l liorrr t,xlrc,rirrrCrrtal resrrlts 137.:18. 13. tl. 109. 1:i l]

Tlrr, ll;trrre stlll(111r(,o1 ll\F llrlrring lt aurlricrrt l)Iesslu('is sltou'tt irr Fig. -1.10. 'l'he

fllrrre shtxls filrl rliflcrcrrt zoues i12:l] . First ir rl,hitislr flanrr'. rvltith is itttlilrtrlt'tl to \[12*-
r,rrrissiorr. 'lhcrr u Irlrrish llirrrrr. liorrr CIN* irrrrl ('ll'r't'tttissiort. ,\ rlirr'li zorrt'lirllot's this

flirrtrc. F'irrlllr-. tltt'rt is a lulge lerlrlish zorrr'. Erlissiort tiortt tItis zoltt' u,its attti]lttcrl ttr

\()2*. \\'itlr inclr,lsing lrlcssurc. tlrc enrissiorr bccornt:s strottger arrtl thc ttitrtotr' flattte

alrou, tlrt, llrlnirrg srtt fiic:t' t ollitpses lo titt' lltrttltrg, sttt tat'e.

NO profilc

Irr zr prcviorrs stu(l\'11'tltt'P:rlr"s ll23]. it l':rs lirrrrrl that thc'flatttc tetttlrt'tatttle ol

H\1.'r'ises tllrirlh'alrovc tlrc llrluiug srrrfac:e. llr1. clocs rrot reitclr its firral aclialrltir'flatrtt'
teull)(,t'ittul(' (st'r, l ig. 1.3). It l'as assrrrrrerl thlt tlrc lort' flatne t('lnl)erittllt(', x'as t itttstrcl llv

lTlrc results of tliis rccl iori s'et i, olrtainctl rhrling a \,isit to N-{\YCl arrcl lrarl beett t t'lrrirtccl iIt It('f. [102]
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Figure 4.10: \-ir/rro irriigls of ncat ll-\l: colrl.rustitn. Fxnn lclt ttt right:0.1 lIPa,
0.:) )ll)a. 0.9 \tl'}a ancl 2.0 l.'IPa.

slrxr' \O-r'r'a<'tiorrs. To {irrthcr x,solvc thc \O-stnt:trrre ol H\I'. L,\'- absorlrti<tn oxprrri-
ur('uts \\1'r'('r::rrlit'rl orrt. Tlrc spc('tr'ornet('1 r'as set ul) to covr,l thc (0,0), (0.f ). (0.2) (0.3).
(t.1) anrl (2.2) \O barrcls of the -\2!+ +\2fl trarrsitiol.

Duling the arralvsis ol the clat,a. the :rlrsorptiorr of the (0.0) barrrl ap1>r,alr,<l to lrr.tocr
higir. '['[ris u'as cxplairrt'rl ll' tlrc ftict that colrl \O sunoltnding the H\F flarrrc alsct

alrsotlrs pitrt ol tlrr: U\'-lrt'at'n. 'l'his t'olrl \O is plribablv l)r'esent <lrre to rrcircurliltiou of
tlte corttlrttstion g-ases irr the lrornlr. Bec:arrsc of this. the (0.0) altsor'lrtion l'as rrot uscrl for
n'ductiott of tlrr'<lata. Irr all of'the exlrcritnerrts thr.l liturs u,ere btoaclerre<l lrec'arrse of the
high tt'tttperratttlcs ttrrrl l)rossLlr'('s (r'ollisiorral anrl Doplrlel lrro:rclorring). Tircrefore irr none
of tltc t'xlrcrittrt'uts absorlrtiorr flattelnirrg (uonlirrcar behaviol of alrsorptiorr r-s sper:ics rnole
frac'tiorL (lt1c to sharkxvirrg) rr'as irnportarrt. :rrr<l it u.as krfi out of the ri:rta fittirrg.

'['ltc rntrasttrt:cl rtt:txintunr valrre of tlrr, \O rrro]e frac'tiotr abo\.e the lrropellarrt surfac:c
as a lillrctiolr of'thc tornllrstiorr lrressrrlc is girtrL irr Fii1. 1.11. 'l'lris figurr. shou's that thc
tnaxittturn \O rnolc fiactirirr rk'c'r'r,ascs t'ith irrcre:rsirrg l)rcssulc. The lclatir-e :rlrsorptiorr
peak hciglrts in<littittc that tlu't('urp('latllte was close to acliabatir:.:rn<1 thr:refore thc aclia-
ltatir' flattrt' t('urperatllrc was llse(1 irr tlrc cak'ul:Ltiou oi the alrsohrte rnolt,{iac'tions. For a.l1

1)t('ssllres tlrr'.\O flaction stlorrgh'r,xlccds tlrr,thtrrlctical aclialtatic NO fractiorr. l'hich
latios frtrrtt 1.6 t.o 2.'2</\) fcrr tlrr, l)ressur'(, rarrgc ol'Irig. 1.11. This irnplies that tlrc rr(11:rl)irti('
corrrlitiorrs alc not lcacherl rtt. Tlris lrra--v s(,('r1r to t.ontraclir.t thet {at.t that tlrc aclialtatir.
fliunc terlrl)('liltllr(' has ahcarlv bccrr lt.:ichcrl. Ikllr,er.cr. thcrrno<lt.n:irrrit' c'alr'rrlatiolts slto$'
that it is lrossiblcr to le:rt:lt t(,lupelatlrr'('s clos(,to thc a<liabatir'flamc t('lnl)er:rtl1ro. arrcl still
Itarl a lalgr,\O fiat'tiorr ll03]. 't'lrt'reasou firl this is that Il\F is arr oxirlizi'r. atrrI no
lrrr:l specics are l('it to r'('a( t r-ith tlre NO. Therrcfrrre tlie orrlv \\.av to rcaclr crltililrrirrrl
cotttiitiorts. is that the NO rlt'cotttl.roses to ()2 and \2. 'I'his rcar:tiorr is alrnost rrncrgc'ti<al1r,
ll('lttl'al. itrrtl halrIlv cotttri]rtttes to a,rr irx rcase irr tlrr, flarrrc ternpetature. \otc that the
final flatrrt'plo(r'ss is firrrrlurrrerrtallr-cliffi'rcnt fiorn those ot firral flarnes ofrritrarnirrcs. In
these flarrres tlur NO is lr'<[rtcecl to \2 1x'r'.g. r't,action t'it]r HCN. This r:ar:tion u,ith ftrel
spec'ie's t iirtses tltt' N()-1r'action to rcchicc rrruch faster fil rritrarrrirrcs. Figrrre -1.12 shotvs
tlrc cltrrr':rse ol the \O corrc'errtr';rtion alrrir-t the II\F surlil('e (anrlrir,nt i)ressure). TIrr,\o
trurlc flaction is seerr tri rlccreasc onlv roll slowh':rltor-e thc bulrrirrg sulfi)cc.
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4.4.3 PLIF experiments
OH-PLIF in ncat HNF

It n-;rs rlecirlr,rl to crcitc tlrt,OH lirrlic:irls lt tlrr,.12!-(r'' - 1) < -Y2ll(i,":0) br.rnrl

arourul 282 rrrrr. Tlrr,flurilestCrrCc Ilorrr tlrr'.12I+(r,'- 0) + X2fI(i," - 0) barrrl a|orrurl
308 rrrrr tan tlrt'tt be IttortitotcrI atrrl llkru-s lrloc'kirrg ol'tlrc lasel light br' liltcrirrg. Irr tlrt,
<lr-e-litsot Clotutratint lijl rh-r,rlissollr,rl in rrrcth:urol n.as ust'rl. This rlle lr,<lrrires fir,<luerrcr'
rloublirrg to olrtalrr tlrc rlesilcrl last'r'Iiglrt irrorrucl 282 rrrn. 'fhe excirnclr orrtput s-as alrout
jl00 rrr.l/pLrlst'. 'Ihe llrrrclarrrurtnl liglrt nt.,,r8[r rrrn Ir:rrl :rl (,n(,lgl o1 l7 rrr.l per prrlsr'. ,\ftcl
fretlttt'ttcl tloulrlirrg lx'a Iil)l'c'rlstal. 1.2 rrr.l/prrlsc rr,lrrailerl at 283 rurr. Irr lrrrrt ol tlre
('AtII('la lrtns l \\'G;J0rr arrtl [-(iil Sr'lrott fi]tcl c'orrlrir:rtirirr l'as lrluccrl. 'l'his lotrrrs:r lr:rrtrl
filtt'r'that lrloclis scitttcrerl lirser light anrl tlrc uatrrlirl fllrrrc crrrissir.xr irlrole 100 rrrrr. 'l he
(/1(6)-trarrsition (,\ - 282.927 ttttr) rvas lrurrperl. 'l'Iris tr';rrrsitiorr vic:lds s1 r'ung LIF sigrrals.
atrrl is irrclt'pcttclt'ttt ou te'rttlrctatrtrr'. l'igrrlc l.13 slrou's llrr,rrrelsulecl r'-xritatilrr sl)e('tlurl
arottttrl 282 rnrr itt it ructlrirrre/ail llurrscrr lrur'rrcl irr t:orrrp:iLisol u'ith tlrcolctit al sl)(,( tril
fiotrr tltc LII"-basr' [)rogr':u]r l1U7] . Bl conrpalirrg the tlrcorctilal ;rrrr1 r'xperirru'rrtril sl)(,( tril
it is cotttit'lrrcrl tlrat the cottr:c't rarlical is cxc:itcrl. Fultlrclrnolr,. ther rlvc lascr gratirrg rarr
b<'r'itliltlittctl u'itlr these tcsults. 'l'Le rlispclserl OH flurir.r'sr:errr:t'slrccrtnrrrr fol cxcrtatiorr at
tlrt' Q1 (6)-tlansitiorr is slrriu'n irr l-'ig. J.l L
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Figure 4.73: OH r,-rcit:rfrr-rlr ,s1)e(rlltni in a utetltant'/ai [)utst:u lnnall . T]te flu-
oles(t'ir('(' tt'its rlolitotcd arottntl ,10,! nrri. lirp: nrcasurl,li(,nf,s. ltottrnn: LIFItax:
cak'rr1;r I ioris.
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Tlrr'[-\- lirscl liglrt tlorl thc rlr-r'lrtscr is (irst rrr:rgttllicrl lrv i]I t('l{'s(()l)('\\'i1h t\1) positir-r'

lcrrscs (./1 - 2i rrurr lrrrrl ./r - i0 rrrrrr). llrr' liglrt is thor tallsli)l nr('(l ittto rt sttLitll slteet

lrv a cllirrrllir';rl lorrs (/ - l0(l rnrr). Tlr(, lt'rrs is lliguerl irr srrch ir \rill tllitl tlr tircal poitrt
of tlrc slrltt is lor';rterl lrt'lrirrrl tlrt'sanrlrlt'. --\ll irrrirgcs pllscrrterl ir this tlrcsis halc lrcr:tt

colrectorl firr tlrr,r'arr'ilrg l;rscl irrtcrrsitv ll rlii'irlirrg lrl tlrc lirsel slrcr,t lrrtt'rrsilr'. lrrlcrrsitv
plofik,s u'r'r't,olrtlirrcrI llorrr thc l:iiillciglr scirtturt'rl liglrt rr'itlr t]re u'irrrlou'lrorrrlr lillcrl u'ith
I \lPa rrit logerr. irrrrl avclirging ovcl 100 Iascr' lrttlscs.

['igrrlr, l.l5 slrorvs Oll l'LIF-irrrirges ol tlrc gas plrast'ol HNl'l1 rlifli'r'r'rrt l)r'('ssr1r'('s.
\\'itlr irtcrr,;rsing lrlcssruc tlrr,Oll rlcrrsitv irrclcitses. l:rutltcttrrott'tlrc crluililrtirutr OI1 torr
tcrrtlirtirirr irlso irrcrt,ascs uitlr lrlr,ssrrlr,(scr''l'irlrle LI). tsotlr t'1li'i'ts lrin't'a sttottget ctfi'tt
tlr:rrr tht,rlccr.r,ast,o{ the l-l['sigrral (lu{,to crrlr;rrrccrl rlrrclthing itt r'It'r';ttr'<[ lrtt'sstttt's. itttti
llrc rir"r,r'iill LIF sigrrirl is sclrr to irlltirse l-i1lr plc'ssrrlr'. .\ll irriagcs slrol' il rrronotonous
irrt ltirse of tlrr, Oll LIli-sigrrirl abovl llro slrrrlrlt,. Sonrl ol tlrc sheet irrlrotrtrigctrcitit's alt'
still visilrlr'.

CN-PLIF in neat HNF

l'lrc Cl\-r':rrli( il1 \\.irs r,xcilr,rl at thc l'(l).0) lrirrrrllrr,lrl l.:i88.;1 , rrrn) ()l rlrr, /Jr)- (u' -
(l) e -Y2)- (r'l/ : 0) lrlrrcl. 'l'lrr, flrroroscerrcr, ot thr' /Jrt'-(r'' . 0) + .1zrr(7'l/ - 1)

tlarrsitiorr u'irs rrronilolcrl alorrirrl 120 rrrrr rrsing ir llellcs (liriol itrtctfllcttcc filtcl s'itir a

(('1rt(,r'lr'(,(lu('rrtl ol 120 rrrl. arrrl l"\\.ll-\l of l0 rrrrr. ()[-l rlissollcri itt rliorltt l'rts ust'rl rts

lascl rlrr'. Tlris;rllou-s rlilcct gr,trcr:rtiorr ol tlrc S8il rrrrr ligirt. -\t tlrl crrtr':trrct'rr'iurlol of't]tc
lronrlr llrr, lrorvll r-as 2 ur.l/'prrlsr'. lrr thc rrrt'thatrr'/irit Bttttst'tt flarrrc the C'-\ r'otttt'rttuttiott

264 280 300

Wavelength Inm]

320
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Figure 4.1,5: OH-l'jI.IF urragcs iu ut'trt H,\i'. Flolr laft to rigltt: 0.]2.0.22. 0.58
anrl 1.10 \ll'a. Tlu, irlagcs an, binntrl in lttrintntal tlirt,t:tiort: on{r pi-\(,,l r(?r'(,s('rits
.J oliginal 1ri.xr,1s.

is los'. ancl tlrc C\-l,lf'signal wirs rtlr.u.eak. Irr:t hoi llu'l lich oxlgerr/acttllenr,flarne tht,
outcr r,<lgi:s of'thc flarrrc r]rix ryitlr air'. finrrring [alge nrrrounts o1 (]N ber'iurse of'tlrr,rritrogorr
in tht'air. l'igure'1.16 slrou,s thr-'rrcasurt,rl ('\ ercitation spr,<trurrr irr a corrr,cntiorral
oxvgcn/atctllcne l'r'lrlirrg tolclr in r:orrrparisrirr r,r,ith spct:trurrr r:alculatcrl lx'LIF-lrasr, 1107].
Thc rlispclscrl fluolt,s<:encr'1r'orrr this flarno {il excitation ol th('P(0,0) lrarrdlicarI is showrr
irr F-ig. 1.16.

C'\ Pl-lF-erlrcrirrrcnts wcrc olrtairrcd ri'itlr 2 x 2lrinnirrg ol the irrragcs to lrc ablc to
rl(,ilslrre at lirster llser repr,titiorr rilt(,s. \\-itlr this lrirrnirrg thc irnagr:s rvere 288 r 192 un<l

tlrr, cxc'irrrcl lascl corrlcl bt: r'urr iit its lirstost late cll l0 Hz. F igrrre 1.18 shol.s sotre tvpir':r1

itrLages ol C\ I)l-lF-itriagt's of ne,at HNF. 'l'lrt. C\ rarll<:als ur,r'e forurrl irrttttcrliatelv alrole
t[rc burrrirrg surf:r((,. Bl trrrring t]rc rlle last'r'off-r't,sorrant (0.I rrrn alrorr. thc rrraximrrrrr LI['
signal stlcugth) tlrt' CN-sigrral r:onrplertelr- r'arrislrr,s.

-\t rlificlclt l)r'('ssul'(,s tlrc C^\ profilr:s \\(rlc a\()rirllocl lrv srunnrirrB th(, 1)i\(,ls c'ourrls in
lrorizorrtal direr:tiorr. se('F-ig. 1.19. -fhe tlricltrress of the CN lavcr rLrr:rc;rsr,:s t'ith incrcasirrg

l)r'(,sslu('. In corrtran'to t.hc Oll LIF-sigrral. tlrt,('\ LIf'-si--nal sl r'errgtlr <lccrer;rscs n'itlr
ilc'r'easirrg pressule.
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Measurements
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Figure 4.16: Theoretical Cl{ excitation spectrun arul experimental deterrnined
spectrurn in an oxvgert/acetvlene v'elcling torch. Tfu'. fluoresct:rrce was nonitrtred
around :120 nrn.
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Figure 4.17: Drsprerseri CN
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light at 388 nm.
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Figure 4.18: ('\ /'/ Il
0.30 \II)a and 0.30 \[Pa

irriages o{ nt'at ltutniug ll\f. liorri
noir-r'csolalr (ilnaS1e sizr,: 6.2 x -1.1

Ittt to riglt: 0.16 .\tPa
ntnr2 ).
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Figure 4.19: C',\-profilt:s olttainecl frort PLIF imagcs.

0.38 MPa

,Z'.

0.65 MPa



6'

4.1.4 Tempcratureprofile
Fol it fel'surnlrlcs the tcnrlrelalrrrt, lrlolilt'irr tlrr,gas lrlrase ol ll\F l'irs rrrr,;rsrtlcrl rrsing
tlrc lristirrg C-\liS (Cohclcrrt ,\rrti-Stolics Rarrnrr Spcltloscr,lrr ) 1108 1r,r]. \\'ith srrrall
sarrpl,s o1 (j rlrrr rliirrletcr'. the rrrr,lsLrlr,nl('nts tulrrerl orrl tri lrr,rrrueliirlrle, r'itlr vcn'lr:rrl
fitlirrg o1 1lr tlu,or.r'tical slrcctlrr to tlrr,rrrulsrur,rl spcr'1r'a. \\'itlr lalgcl sarrplr,s. !) rrrru
rliatru'1t't'. tlris lrtolrlcrrt rr-as solr't,rl. arrcl sorrre srtccr,ssfirl crlrcLitrx,rrts wclr,r:irllir,rl orrt.

Itr :tn atl('Inpt 1o ln('ASlu('tlrr'1r'rrrlrcr':rtrrle gllrlierrt lcrl closc to tlrc sanrpl('surfil('(,.
thr'('.\llS lrtlnts wclc aligrcrl srulr that tlrr,pellct \yils lrit orr tlrr,siclr,. I'lrc srtrl;rrt,o1 1lrc

tcgtcssirLg lrcllct worrlrl pass the lrlolre lolrurre. lrrrl thc grirrlrcrrl coulrl llrcn lrr, r'csoh't'rl.
IItil't'r-r'r. clttt'to tltc tltct'nral strcss lirtilrl rrir tlrr' lrcllr-'ts crlrbrIt'rl aftr,r';r cinlrlr,of ]asr,r'

sltots. 'l'ltctr'lirc olll rrrezlsrrtr:trlelts sf:rltirrp, firirrr irlrorrt 1 rrlrr irlrovl'tlrc sarrrpll sLlllil(('
Ir;tli' lrt'r'rr callir'<l orrl. -\ tr'pir'al lcsrrlt is slros'rr irr Fig. 1.2{J. 'l'he cllor lrar irrrlic'a1r,s

llre sirrglr,-shot (,lr'or (l;i( ,'1 ,rt tire ('-\RS tr,,'lrrriclrrr, irr this crlrr.Lirncrrt. I1 is sl,r,rr tlrat tlrt'
1('lr)l)('r'iiturc's;rlc r'1ost'to tlrr';t<lialrilti( flarn(,ter1rj)(,ri,rtlu('of H\l- (27(,(; Ii al irrnbicrrt

1rr cssru r,).

2704

2404

2r 00

1 800

1 500

12AA

6

He ght [mm]

Figure 1.2O: C-\i i5 rcrrrTrr,r'atirr1, nreii,\rr'(,ute1il iti rieir t I/.\F /i:rrric.

[)r'r'r'iorts t]rltr'-litr l-lF tcrrrpelatur'('s rr(,ilsllr'enrt'rrts lx'l'au ct rrl. irrrliritt(,(l ir teur

I)(,r'atLu{,irr tlrr, ll\F'11:rrnc. oI rro1 rrxilr] tlrarr 2000 Ii. La1r,r'. thr,sc rncasulcrncrrls wclc
linncl to lrc rrrncliablr'. rlrrc to tlrc iirrtorrratir'girirr corrl r'ol ol llrc rrst'rl (iur)(,lil. Tlrr,r'r,latilc
,\O alrsor'ptiorr pclii irciglrts also irrrlir':rtc tlritl tht, 1(,rnp(,liltur'(,\\'ls r'Lrso to arliirlratir'.
]lrursorr I)irll et ll. rrscrl sl)o1rtl1r('ous llirrrr:tl sl)e('tr'os(ol)\'to rletl,r'rrrirre th(,terr1l)('r'iltur'(,
alrox' thc H\[' srrr'Iai r' li(;]. 

'l'lrcst' nr('?rslllern('nts shol' - 1ii(X) Ii irt 0.:l.r rrrrr alrix'r' tlre
stul:rcr'. .\t 1.2 rrrrn itLrovc tltc stuljtcr'. llrr'\r corrtLrllr \\'irs (()ll:islt'rit u'i1lr rt 1r'rrrlrelalrrlc ol'
27(j(j Ii(r'i1han\,('or1((,rrtratiorr of 327.arrcl iirrli2Ocorrtcrrtlirtiortd:J()%). lrrsurrrrralr-
it r';ur lrr,r'orrr'hrrlcrl that tlrc t('rnl)eriltlu(,riscs ralrirlll irlrrilr,the II\l'llurrirrg suliirce.
\\'itlrirr exlrclirncrrtirl errols. tlre tl;rrrre tcrrrlrelutulr,is rclr'lrerl ri'ithirr l-2 rnrrr. Sigrrilicirnt

:<
o
=
c0

o
o-
EoF
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gils l)lrils('rea(tions tirllr ltlacc ill'tcl tlris irritiirl zolt'. lrttt lt;rtrllr-irfli'r't thr'1('II)l)('littllle.

4.5 Radiation enhanced combustion
lfarliltiorr u'lriclr is irlrsor'1rt,rl lrt,iul' t lrc c'orrrlcnserl plrirse rr';rctit)ll zonc irr tlri'prrilrr'1lau1 Irits

a sirrrilirr efli,r'l on llrr, tcrrrpcra,trrrr' 1rrofilt' irs a higlrcl irritill terrlrcttttttr'. This sitnilaritr'
is cirllcrl tlrc trlrtittrlt rrcr' ltrirttlplt' l(;2]. \latlrt'ttrittitallv tlris cclrilirletttc is gilcr lrr-

t,'1,. l''.{!,t t1,l 1t.f,.l)l.rrirlr /,, /;, I \a rllr
' 

Ittt \ I tl

u'lrr,r'r,(/,. is tlrc llrliant Ircat flrrx t[rat lcaches tlre srrlilce (irr \\'irrr2). antl l t]re srttlar:c

rr:flt'r'tivitr'. It is tlcitlr'irssrrrrrr,rl that irll rarliarrt err('r'gv is alrsorlrt'rl irr tlrr'lrtrtpt'llrtttt.
arrrl rro tllnstlission thtorrgh tlrc plopr,llarrt tirlies pl;rcr'. f'or art itlrsorptirir <:or'llit'irtttt

A,,-1111111 (llr.nr()r(,tlr:rrr 997oftht,r'rrcrgvisabsorlrcrlt"itlrirr 100Trtttlrt'lou-lltcsrtr[itc'e.
Iiolrnolctlt,tails:rlrorrttlrcalrsor'lrtiorrirrll\F.scr,settiorrs6.2.2arrl 7.:1.I. -I'lrccclttilitlctttc

lrlirrcilrlc lurs lrr,r,rr [ilrrrrl Io holrl u.itlrirr cxl-rt'tirttr:tttitl ctltir'lirt sevt't:tl plopcllarrts l1 12].

HNF tcmperatrrre serrsitivity

ilct t'rrt lv llsol leloil cxpcliulents \\'itlr plr,sserl rrcat HNIi oxirlizt't pcll('ts \\'er'(' ( atli('(l
out l)\'l-'iltlillsorr 116]. .\s parl ot this strrtlr-" llso last't assistcrl steitrh'st:rtr'tlgr,'ssir)n l';rt('s

u'r,rc rlclr.rnrirrcrl. Tho lt'srrlts of tlrr,sr,t'rlrclirrLr:rrts u'il1 lrt'rrserl lrtc to rlt'tcnttirtt' I1\1''s
t(,rnl)('r'iltr11(' sorsitir"ilr' lrv lplrllirrg tlre crlrrii'alcrrcr' 1rt'irtcilrlt'.

Tirlrlr,l.;J srrrrrrrralizcs tlrr,rncasrrrcrnerrt lcsttlts. a1I(l lll('dc'tt'r'rtitterl r-:tltre's ri1 7,i rrrrrl

a, liorrr tlrcsc lcsrrlts. Tlr(,st(,a(ll stirtt'lrrrt'trjrtg rittt'rr'itlrout litst'r flux is givcrr ltl li,.

Thc lirscl assislccl lcgrcssiorr lates. /t,..1. att'rk'tt't'rritrt'cl florn tlrc fits:ls g-i\'('11 ll'["in]irrsorr
:rt a l;rst,L flrrx rif .r0 \\-/r'rrr2. Firrlirrson accouutcrl firl ir total ti' .t'l I'tt itlrsorptiott itt tltc
gi,rs lrlrase irrrrl sulfircr,rcflr,r'1iou. 'l lrr,dcrrsitl ol tlrt'yrrcsscrl pcllcts rvas 1.77 1g/r'rtr'].

Table 4.3: /i,rlpcrirtrrlc sclsrtirir.r'o,, irs r1r'tt'r'rrinarl frtnrt the lascr':rs.sisl('d 11'gr'(',s-

siotr r:t/r'rl:tt;t.

Fig. 1.21 ( ornl)a1(,s thc tcrrrlrc:r':rtrrrt' serrsitivitv its tlt'tt'nrtinerl lrv tht' r'tlttivalctrt t' pritt-
r:ip1e$'ithCxislirrgt(,1Il1)(,iiltut(,serrsiliIitIrl;r1a. ItisseerrtlrilttlrCl('lrrll|r;rr]ltHs,'rtsltirilr
ljonr llrc cclrrir.alcrrc:r,1r'iru:iplc is rrrrrcli lol'r,r'than tlrc expcrirru'trlitl tlett'r'rrritte<l r';tlrtc. '\n
cxplirrr;rtiou is tlrc fact that tlrc r:r<liulion is ttrit alrsotirerl Iitt lrclrxl tltr-'stttfart'. l.nrt itt tlrr'

(,09 0 087

r87 0.068

137 0 U72

112 I l)url.l
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Figrrre 1.21: ('outltittison ol o,, tk'lcrui:aatl lrr-erlnirirlr,rica l)tit]('ipl('.;rlr1 as rlr,rer-
rr ti rttrl I t.t ttsirtg Icrrl.rct at ttrt, t'oulit irlrr,rl s.urr,J-,1r,s.

slula('(' r('gio1r. lri this cirsc tlrc crlrrivirlcrrcl l)rin( il)le uo lorrger' lrolrls. 'IIrost' r'esults sllg-
g('st llrirl tltc irlrsotlrtiorr t'ocfJicicrrl o{ II\l'lin (lOz-last'r ril(lialion is higlr. I'.rlrcrirrrt'ntal
r'('sr11ts tlr;rt l'ill lrr'plt,st'ntcr1 in ('lrirptr,r 7 r'olfirrrr this. ,\rrothel orlrlarrirtiorr is a lriglr le-
flcr'tiritr ('o('tti(i('lr1 of t.iu'Il\F lrrrlrririg srrllirir'. l:rnlircr ('ornl)iIlison lrcttrt't'tr ('):l)('rirl('lrtal
ilrr(l lnlrn(,r i( irl lcsrrlts irrrlilirtt' tlr:rl tlrc lr,llcctiorr cor,ffic'icrr1 of H\l-' rlruirrg lorrrbrrstion is

Iriglrcr'tlrirrr tlrat of rror-lrrrluirrg Il\l-. scc s(,(tion (i.2. Tlrr,\'irluf of o/, (1et(,r'nrinerl lil tlrc
crlrrrr-aL,rrcr' prirrt'i;rlo irrclcirsr,s l-itlr iru leiisirrg srrr'1ircc leflr,t t ilitr'.

4.6 Mixtures containing HNF
Scvttal sirnplc arlrlit ivcs hiivc lrcctr tni-rcrl u'itlr H\lf :rrrtl 1.rt'r'sscrI to lrr'11r'ts. 

'l irc cfli'r't of

tlrcso irrlrlitir'(,s orr tlrc lorrrlrrslirirr l':rs rL,telrrrirrr,rl. 'l irc irrtr.rrtiorr riftlris stttrll is to olrllirr
ir lrcltcr'llroult'clgr',rl lltt'r'orrrlrust iorr o1 H\l: plopclliurts. I"ilsl thc crpctitttotttitl set-tt1r

will lrc clislrrsscri. 'l lrcrr tlro rrrarurllttrrrirrg ol the slrrples is irrLrht'ssctl. llris irrtlrrrlcs
stirrrr,lrazitlrl irssessrrrcrrt tests oftlrc olrtirurcrl rrriitelial. l'-rlrelirrrcrrlal r'r'srrlts orr nrcilsrrlcrl
reglcssiorr rirtr'. r'tirrrlcrrsctl lrlr:rsc t('rll)('r':ltul('plofilr.s.;rnrl flatnc rilrsctlalions rvill tlrt'tt lrc
rIiscrrsscrI.

HNF - Alunrinum

-\lrnrrirnurr is otti,rr lrlrlecl irr ii lrropollirrrt to irileaso tlrt,flarrrc torrrl)('r'iltl11'e. tlrcrebl
irrclelsirrg tlrr' ptltirt'trrirrrcc ol ir plopell;rrrl. I'ht, r'1[irt:t o1 :rrlrIing irlrrtrtinttur otr t]rt' lrclfirt'-
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lniur( (' of II\[ lrlopcll:rrrts is illrrstlirtlrl irr f ig. 1.13. l"igrrrc 1.22 slurrr's tlrt' r'fli't t oti t]r('
lrrrrrrirrg rato ol arklirrg '2011 ol zrlrrrrrirrrrrr to il\1" (avclirgr, ,\l lrirrticlc rliutttetct 20 irtri).
Tlrosr,r,x1ri,r'irrx,rrts lrirvl orrlv Irccrr cirllicrl orrl uitlt 6 rrurr lrellcts.

'llrc a,rlrlitirirr of ;rlrrrrrirrurrr r,rrlrancr,s the lrrlrring lal('ill)l)r'o\irrurtelv ji0T. arttl ittt't'r'itscs

thc lrtluitrg r';r1r't,rlrorrcrrt fiorn 0.9J 1o 1.02. scc I-'ig. 1.21. This irrrlicalt's Ilritt tlrr' :tlttttrittttttt

lrirr'l icipatr,s irctilcll irr tlte crinrllrstiorr lrrrrccss. ratlr('l tlratt lrcirig luI ir('r't ht':rt sittl;. I lrr'
rrrrrrollopt,llilut fllrn('of FI \l: hiis :r vcrt lriglr ternlrr,r'iltrue (orrl)rucrl 1ri t'.g. '\l' (2;(;(; Ii
r-s. t:177 Ii ;rl I atrrr). This firct. irrrrl tlrr, liitl rlrat ll\f'lrirs ir lcll slrrilt flatttt'. nra\'(ilus('
ilrc irhurrilrrrri to ignilr'alrcirrll at tlrc llrrrring srlrfl(('. -\lurrrirnrrrr is cllilicrttli'orirlizlrl ll'
OII [l0]. 

'l'lrt'011-rrrole liirction irlrovc H\l' is lrigh. t'lrir:]r irlso lr,':trls lri cflitit'rrt itlurttitrtttt
ciiurlius( irirr. ,\t los prcssrtlr,s thclc wirs sorrx' r'r'sirlttc itllt't' r'orllrttstiott of tlrt's;rrrr1llr's. l lrrr
lril01rlrt o1 r't,sirlrrc rlt'r'r'r':rs|rl $'it lr irrCrr:asitrg, l)r'(,ssul(,. -\t 1r|r'ssrttCs o1 2 \l['rr no tt'sirlue
rlas olrsolrr,rl. Ilrc rrrorc r,iiicicrrl irlrrrrriurrrr corrrlrustiorr ir1 higlrcr l)rcssnr'('s. ('illrs('s iuI
crrlrarrrcrl lrr,at Ii,r,rllrack lo the Jrrrlririg srrlf:rcc rt'i1lr ittr'rcirsilrg l)r'('ssllre. ittttl tittt cxqrlairt

t lrc ilcr cir-*r' o1' 1 lro liuttt l ilt(' e\l)()l('rlt.

n=1 .02

*4'
n-0 95

ta,,yi/ ! 6 mm HNF/A|-80/20
. 9 mm HNF/Al/Alex - B0/1 0/10
. 9 mm HNF/Alex = 80120
a 6mmHNF

100

1

Pressure [MPal

Figure 4.22: llr,;lttssiorr r:rt'r,ol 1.,rlsser/ l/.\'F u'iti; )01( alrttniu urr rrr/r/ifirr'.

.\lsri rrrixl rrlcs u'it lr rrlliafirrr, ;rlurrrirrrrr (,\L,r - 180 rnrr. fiotrr ,\rgottirlc lrrt'.) ltin'r' bet'rt

rnarL'. lhis nr;rlr,r'ial is rilrtairrcrl lx' t,rlrlorling ;rlunrirrrrr s'ilcs lx a Itiglr-t urtetrt lrrrlse irr

itli iirgoli atrrlsplrerr,. Ii,r'iursl olits srnall l)ill1i(lc sizr'. it is lriglrlv lcitctivr'. ]tt:t sct'it's

ril r,xlrr,riurcrrls l'itlr rlilti,r'errt plolrelliurl lrirtrliitrittitirts lritst'rl otr ittt erurtgt'tic Irirrrlcr'. -\llr
r';ts Iirrurrl to lr,rIrrco tlrr,lrrlrr lilt(] (,\l)()l)('nt o1,\l)-lriisr,rl plolrlll;rnts. '['lrr'propcll;tnt t]utt
corrtirurerl lS',1 .\1r,x r,r'r'rr slr,rwcrl a rrcg;rtirc rr ll t0]. Irr lrropcll;urls lliscrl ort ir rnirtttlt'o1'
\l'/ll\l\ (277 arrrl l:i.-y(,{ r'r,slrcctilt'lr') orrlr' llrc lrttttr r:ll('l)r('1il( lor irtt tcitst'rl lx' r'r'placirrg
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( oltletltiollitl nirttttirrlrttt lx' .\lc.r. 'Ihcsc expclirrrcnts irrtlicatc the possiltlr' rrso ol '\lt,r to
rrrorlifr" t lrtr <:orttlrtstiott lrcltaviol ol propcliants. l-.spt,r'iirlh- thr, lorvr:r'irrg of tlr, llrrrrirrg ratc
cxlrotrerrt is an irrlr,r'cstirrg aspr,t't l'itlt rcslter<:t to IIN[.'-lrroltclllrrts.

F igult' 1.22 sirrxls thlt a rrri.rlrrre 80/20 H\F/.\1t,x llrLrrs vcrr' lirst. l'itlr a rriil<l lrrrrr
Iitl('('xl)on('ltt. tt - 0.66. lJeclrrsr',\lcr is ir lr,r'r- firrr, lrorvrlcr'. it is irrrprissilrle to lrrake

lrrolrcllarrts l-itlr a lrigh solirl Lrarlirrg at ))tk ahrrrrirurnr loaclitrg. .\ solrrtiun til this u-orrld
lre to lrartiitlll rcplacc thc llrrrninrrrrrlx'.\lcx. e.g. ,0/r0,\lcx/rrolrlal lhrrrrirurrrr. Hou.r'r,r:r.
ils s('('lI frorrr Fig. 1.22. this t'tirttlrittittiolr irlsti r-ir,lrls a higlr ltulrr liite cxpouerrt. rr - 1.0:1.

It shorrlrl lrerrotcrl that llrclnrrrlatesof ,\klrrnirtulr,salesolrigh.tlratviclcrilcc:orrlitrgs
tlitl rrrit allou'rlt'tenrrinatiorr of tlrt,r'r,glcssiorr r':itt'. Fol tlrr,sc trpr'tirncrrts the lltln lat('\\'as
clctcl rrrirrerl llorn tlrc lt'trg-tlr of the' llcssurc l)eak, an(l thc saruplt' lcrrgtlr. This rrrcthorl lr'as

lalirlatt'd lrl t otnptrlirLg re-'sttlts fot trcat H\[: sanrlrles risirrg lir]r,o arrcl l)t('ssu1e lcr:orclirrgs.
CIN-i'Lll" ittt:rges Iix sarrrl>les t'itlt alrrrrrirurrr irrul Alcx arc slrrxvrr irr l'ig. 1.2:1. Tlrc

utixttttt's ri'itlt itluurirnlrn sho\\' sirnilitl ltehar,ior to llrat of nt'iLt I]\F : a llatr'o\\' ('\-lrarr<l ril
100 Trrrr rvicltlr cr:rttcrcrl :rlrout 100 lrrrr;rbolr,thc lirurrirrg srrlfacr'. The r.irlth of lhis C\-
lr;rttrl rk'r'r'eascs l'ith l)r'(,ssur(,. s'hilr,the irrtcrrsitv irrcrc:rscs u'ith lrressrur,. see Fig. -i.2l.
'l'ltt' ofl-r't'sritutrrt sigual is r,crv srnall. n'hile tlrt' rratrrr':rl cmissiorr of tlrr, flarrtc is stlrrrg. Thc
('\-Pi,ll-'intagt's of II\F-/-\lr,x rrrixtrrrcs slros'ir str'oug sigrral. .\gglr)rrrclal('s al(,s('en to
tonre oft the srufjtcr'. 'l'lre rrorr lesolilrrt ilngt'has ir similal al)l)('irralr('e us ther'r,sorr:rrrt
irrrage. 'l'he strorrg sigrrals in citsr'of il rron-r'(,sorrant lirser. alc carrsr,rl ltr- [ascr scirttering.
\\'lrr:n tlrt' lasel is lrkrclicrl thc signals alrnost virrrish. 'lhe sigrLirl lertl irr tlrr, "taiLs" of tlrc
lrrutLltrg itlttttrinurtt par'1 i( lcs is lrigher lirr the r'(,sonant ( itis('. 

-l'll(, 
1']1-lF irnagcs shorr' th:rt

tlrc Alex is llurrirrg:rt tlrt' surfltcr'. 'fht' li<luirl rlloplets of alrrrrrinunl ilr'(,e-jcr'lcd irr tlrc gas

lrltitst'. Drrc to tlrcil leLrt itl lag. hot g-ass('s il11)l1lrc1 tlrr, llrrrrirg p:rlticles alc crrtlairrcrl irr

tltt'sttlnrttttrling flriu':rtrrl lil'rn tirlls. Drrc to tlrc sholt (,\pos1u(,tirrrr,ril 50 trs the irrrages
att'irrtzr:tt. 'fhis olrscrr-atirirr c'orrlrl onlr'l.rc rnarlr, l'ith tlrc l)l.lF'-c:arrrcla. \\'itlt the lirk,o-
(:ur)('ril onlv rx'er'-r,x1xrsr,<l lrlrrrrcrl irnagcs urrre olrtairrerl. For tlrc rrrirtrrlc r-itlr corn'eutionnl
:tltttnituutt. tlte PLIF'irrtagt's shorv tlrat tlrt'ilhlrrirnlln is rrrit llu'rring at 0.1.1 NII'a. Tlris is

itt agl t'cnrcrl \-itli tlre lurlrrlirtt,nr(,asur(,lJ)(,uts, tIrat slror, that the llurr lat('at anrlricrrt
c'onrlitions is close to that ol neiit I1\F (sr,r'Fig. 1.22).



70

Figure 4.23: CN-PLIF intagr:s of l{,\,F nixtures u-itlr
niinurr @.1a ltfPa). Left: resonant, right: non-resolant.
sitl sca.ler. Inage sizr': 6.2 x 4.7 mn2.
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Figure 4.24: CN-profiles for Hl;I-/A1:80/20 rrr.vture ol)taiiled lt.v avt:rag:ing PLIF
inragr:s in horizontal clirec:t iort.
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HNF - Graphite

Thc itrltlitiort of stttitll anrollnts of carlrorr r:rxrtairrirrg nratr,riirls to rlorrlrlr,-ltasr, lrnrpel-
litttts is krrou-rr to irrflrrcrrr:e thcil r:onrlnstiorr clraractcristics 182]. Iu vicrr'ot thc NO,-
r:ltt'tttistrr'. the girs phasc of H-\l: has sirrrilalitics t'itlr rloulrL'lr:rse'arr<l nilr'irrrrine llopel-
Iitrrls. It n':rs tleci<lt'rl to arlrl 57 of gralrlritt: to II\F to r,r'alrratc the l'ffi,t't. ,\t lol'l)i('ssurc,s
tltr'lltt'tt ritlo exl)onent rlt'trr:ust's liorrr rr-0.9J lirl neat H-\F to rr-0.81 firr Ll NF'/gralrhite.
scc Fig. -1.21-r. Tlris is c'aust'cl b1' llrr: higlrcr burrr tttc a1 lor.r. lrlcsstrrr,s. ,\t Irigh pr('ssllles
tlrc cfli,r't rlisitppr,als :u1(l tll() regtlssion latcs lrct orne r,r1rral.
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Figtrre 1.25l. Regrcssiorr r';rtc ol l.rlt,ssrr/ l1-\E u'itl J',4 grtrpltita adr/itirr,.

-l'ltc cornlrrstiorr o1 H-\l: nrixtrrlcs has lrr:cn trro<krlerl llsing a rrur<lificrl PRl-\lI\-torlc
lirr 1l) lrterttirt'rl gas tltuners 166] (scc sec:tiorr 6.3). .\ fi'r' sirrrple irritial rlt'r'orrrlrositiorr stcl>s
rnotlt'l tlrcr torrrlt'rrserl phasr'. Irr tht,girs phasr'\ettr,r"s kirrt'tics tol rritranrirrcs. togcthe'r'l'ith
the Cl ll[-rnt't]r liir'1n'rlnrcar'lrorr r:orrrlrrrstiorr irlr: rrsr,<l 116. ltiJ]. 1'lrr,r'alcrrlltions slrou'thrrt
tlte rt'itctiotts ;rt c lhstcr irr thc g;rs l)lras(' ('los(' to tlrt' srrlfacc l'herr grllrhitc is aclclcrl. This is

t:ituscrl lrv th' r'otnllrstiou of tlre graplrite lrv the erxccss oxvgen of ll\F. '['lris cxplains thc
Iright,t llrltr Lirtcs nlrt'rr gralrlritt: is arlrlerl. ,\t higlrcl l)r'essules tlre II\l'fiarrrc is;rlrerarlv
vt'n't'losc to llrc surflcr,. Tlrc glayrlritc reactiorr is trio skru'rrrrrlr:r'thesc conclitions. anrl
rlocs not firrtlrcl irrclclsc the lrrrrr latr:.



l:

HNF-Paraffin
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-{s a sirnplificatiorr tirl biurlcr rnatclials. palaffitt has e.g. lrcett ttstrtl to sttrtll'tltt'crlttt-
llrstion of ,\D\ l1i9]. l'araffirr l.a,x is also r:orllratilrk'l'ith II\F. l'araffirr l-ith a rrrl'lting
tcrnpelalrut-. ot approxirnatelv i,-,'Cl n'as mt'ltcrl:rrtrl tttixetl u,ith HNF. -{Iit'r'solirlifit:rtiorr
the nrixtrrre was presst'<l to prrllcts.

Figrrlr,-1.2(i shol's tlrc leglr,ssiorr rate lbl a rnixttttt'corttaitting 107 pirraffin. Tlris figlrlc
sho1r's u largt'rlifl'ercrrct'bctu,r'rrrr tlu'tl-o r,xlreritttt'tttal s('trll)s. -\t lorr l)rcssulos a thicli
prtraflirr rrrelt lalcl is tilrncrl at tire lrtrlrrirrg srrlfac't'. The srlall szLtttples al('IIOt ilrlrilrite<l olr

the orrtsidc. ,\s:r rcsrrlt, tlre rrreltcrl par':rffitr partiallv tlrilrs alorrg ftonr thc sirles, atr-ar'{iottt

t[e llrltring srtrfhc'e. This rrrav explairr tlrc skrpe lrtt'a]i l.rctr-eett tltr'1ol'arrrl ]righ I)rcsslll()
expclirrrents. rr:0.81 arrcl rr-1.09 rr,spcctir.r'lr'. 'l'hc flatttc startrloff is < otrsidelalrll lalgcr
tharr firr rrcat FI\Ii. althorrgh tht,atlialratic flatttc ternl)('tature is slightlv higlrtrt (2810 Ii
r-s 2766 Ii). .\t arrrlricttt I)I'('ssrrr(r tlrt'flattttr starl(lolfis - 90t)/lrrr.

l.'igLrre.1.27 shot's rletrsrrlr,d C'\-profik,s fiir H-\['arrrl tnixtttrt's li'ith graphitc atrtl par':rf-

firr.'fhelrcakoftlrcCN-prrrfiler<locsrrotslriftt'lrcrrarklirrgcttllrottlrlar'li. In<ast'olpalaffirt
tlrc C'N-1rt':rk shi[1s au'ar-ilorn tlrt'brrlrrirrg surfirr:e utt<l bccorttcs lxoitrlrtr. Irr scc'tiotr 6.3

r.alr.rrlatiorrs of tlrc cornlnstion of HNF arrrl arlrlitir-es itlc fitrtlrcl rlist'rtsstril.
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4.7 Conclusions

\r,;rt H\[" 1rt,llt,ts lnlrr n'itlr l lrlgh Icgrcssiorr littr,. .\ s1r,1,r'lrrr';rli is olrst'tr-t'rl itlotttr<l

2 \ll'a (1r'orrr 0.1).r to 0.3i). lltc srrlfiitr,t(,lll)(,ratill('irulcirscs rl'itlt ittrtr';rsitIu. l,llssrltr':
:rt 0.1 \ll';r f.. i:10 Ii itrrrl at I III)a 7"-680 l(.'Ilrc llrt'r'tttocoupl('rr('itstlt('ttt('ttls sltorr'a
lrr,rrrl irr tlro t:ritrrlr,rrsc:<l lrlrlse tr,rrrpc,r'llrrlc ltlolilr,. f'1ris lierrrl is atlr.ilrrttt'd to t:r':rr'lis tltat
firlrtr rlruirrg lorrliustiorr. llt,r'arrst rit tlrcsc tratlis it tlrcttttal rcsislattct'is intlorlrttt'rl irr the

cotrrlcrrslrl lrlrasr,. lcarlirrg to slrar'1r lrenrls irr tht'tottclcrtst'rI plr:rst'tt'ttt])('rat1tl.('plofilr'.
\O. O,. OH. Nll. ('\ irrrrl ('ll laclir';rls l-r,r'r,iclerrtificrl irr tlrr,flatnt'lx, t'tttissior tttt'a-

slrr(,rn('ltts. ,\lrsor'pliotr lrlrllirrrltrls sLou'tlrat tlrr'-\O rnolt'tilctiott rlt't'tt'ases slos'h'itlrove

th,lrrilrrilg srrr'1ircr,. \\'itlrirr 1-2 rrrrL alror-r,tlrr,lnnttitrg srtlfittt'tltt'ljattte t('lrrl)('latllto is
c|rsr,to a<li;rlratir'. .\t 9 rrrrrr iilroll tlre lltrrrirrg stttfitce tlrc NO tttolc fritctiort is slill rrol ;tt
arlill rirtic corrriitiotrs.

SirrrrlrL,s ( ontaining 207 ;rlrunirrrrrrr halc irlrorrt i',{)11 Irig}rt'r' llrr n rilt(' it1 I f ll):t tltatt ttcitt
LINIf. I'ltc lrrn'rr lirtr'(,\1)on('rrt is ri:1.02. -\t los'plcssttrt's. it srrtall iltttotttlt ol rttsirlttc

lr,"as lirrrrrcl irtttl crirrrlrrstiorr. Hrxlcr-r't'.:rl 2 \l])ir tht'pcllets cottrirttst l'itltrirtl tcsirlttr'.

\lixtrrlcs rvitlr 20% .\lt,r (rrltr';r-fin(,illllr]lnrurr por-rlcr') lltttt t'i1lt it r-t'tv lriglr lrrtttr rllr'.
irn<l rrrorlcLalc lirurr Iirtc e\l)()ir('rrt rr - 0.66. \lixlrrlcs n-itlr 80/10/10 H\l:i.\ler/itltttttiurtrr
irlsri slrrxl a lriglr Lrurrr lAte ('\l)oIl('nl ir - l.{):J.

Sirrrrplt's corrtiriuirrg i7 gr';r1rlritc lrirlt tr lou't't l)r'('ssllle t'xltottcrtt. rr-0.8l. This is t'iittst'rl

lrl a lrigircl llglcssirirr lirtes ilt krrvt'r'1rlcssutt,s. ,\roruril 10 -\lPa tlrr'littttt ritt('is ('(lllzll to

tlrat o1'rrr,at I1\1,'..\lsri pllaffirr-liirserl torrrlrirrirtiorr lrrlrr tl'itlr Iori-1)t'('ssltIC ('\l)o1loli1 n-0.,\1
:rt kil'ylr,ssuLcs. [Iou'r,r'r'r'. at lrig]rcl l)r'(,ssur'('s;rlr irr, l,'rrse itt 1rt,'15t11,'('xl)or)('ttt l'its tirtttttl.
r-1.09.

F/graphite

H NF/paraff in
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Chapter 5

HNF sandwiches and propellants

5.1 Introduction
lrr tlrr, lrreviorrs ('lralrtcl tlrc cornbustion ol tteal H\t'n'as:rrkltt'sst't1. 'l'lris ('lraptcr cleals

l'ith lIrr: uorrrllrstiou of II\f irr sanrlu"iclrcs arrrl plolrcll:rrr1 s. Satrrlrvit ltt's iur' :rlteruatlng
stacks of lrilrlcl irrrrl orirlizcl slabs. Ber';rrrse llris is l sirrrlrle 2l) stnrctrtrr'. r'onrlrustion

rliagrrostic:s itlc grtatlv sirnplificrl irr courlnlisttll lo l)lol)ellitttts. Situtll'ir:ltr:s;ttc esltctiallr'
rrst'Iit1 Iil lisrralizatiorr ot rlifhtsiorr llitrnc strur:trrles lrctur.t'rr lritrrlcl arrrl oxirlizer rlt't ctttt-

positiorr ltlorlucts ll27]. lrr this Clhalrlt'r' tlrc conrlnstiorr of srutclt'icltes of H\1"/G-{l) and

Il\F/ll't'l)B is strrrlicrl. I)r'ripellarrts rvith r:oarstr arrrl firrc HNI't'r:r'r'firrrnttlate<1. The t'fli:r't
of the lritltir:lt'sizc orr tlrc corrrllrstiorr is strrrlicrl. 'ilrc stu(1\'tiitttsos ott lltr: ctttttlrustiott of
Cl,\P-lrasotl lrrolrclllrrts. lnrt also st.rrrc Lcsrrlts ol IINF /HTI)l)-propt'llants ate ptesetttt'd.

F larrre visrralizirtiorr u,irs rlorre lx' errrissiorr irrragirrg ancl plaual litsel irtclur:crl fluotescu:ttt'e.
'['hl' C'haptt,r'stalts s'i1lr a rliscnssiorr of sontc tvpit:al binrlt'r'tttittcrlals. likt' (]i-\P lrrd

H't'PB. T'his givcs solnc lnore lr;rcligrorrrrrl orr thc rrrateriirls thirt lorrr thr'lrropt'lla,rrts lttd
sattrltvic'ltt's. \lost atlclttiolr is pirirl to (l-\P. lrr:tlarrst: thlt is tltt'tttaitL foctts of this s'otli.
Tlrc litclirtrrrc lcr-iel'Ibr (iAP corrrbustiorr iurcl rlccotttlrositiorr is also ttscrl ils irrput iirr
the rtrodclitrg itr Ch:rlrtcr 6. lrr sr,r'tiorr i.;l th(' t:t.rrrrlrrtstiott of sutttl',r'it ltcs is ltrcscttterl. Itt
se('tion j. 1 H\F'-1>r'opcllatrt contlltstiott is :rclrllesscrl.

5.2 Binders

5.2.1 Glyciclyl azide polymer
'l'he <lrrckrprrretrt of :r<lvanccrl solirl propcllarrts lt'clttilt's tltc ttse ril ctrtrtgetic lrirrrlcls. For'

t'xanr1rlr,. fil the rrrtrxirrrurn pclfolrnarx:r'gaitt ;rt prlctical solitl loads. H\F lrlopcllants
lr,rluilc tlr,rrso rif a Lrinrlcr difli,rerrt llour llre corrlerrtiorLttl lrolvlrrrtarlit'rrt's 1x'r'aust'oftltt'
low oxlgt,rr lrirlal<'r,of Il-\['r'orrrlt:rlcrl to llrrrt ol AI). ']'he itzirlo glor.tlt rrla\'(otltlil)rltc to
irrclcasc thr,r,trelgv r:onlr,rrt of rrrarn-r,uelgctic rrrateliirls. lrccttLtsc of its ltositivr: hcat ot'

lirnnatiorr of ;l lt) . . . t00 li.)i rrrrit i181. l'icscarch irrograrrrs in t lrc latt' se\1'ntics sltor-i'rl tltat
rt tr-trs lrrissilrlr,to rrrirke;r lclalirr:h'stalrlr,ln'clrorll-tcttttittatt't1 azitlo llcirolt'rtrr:r. u'lticlt
\\'ils \1.r'\-srritirlrle tix rrsc as a soiirl plopcllarrt lrin<lr:r': glvcirlvl:tzirlt'1rolr-tttcl Ci,\l'). Cl.\P is

lr,ss rixlgr,rt rltficie'rrt ls ln.rIr'otvl terrrrirratcrl polllrutarlicue (ll'I']']L]1 Tltrr oxvgctt b:tlattcc

lt)
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itt t'ottrlrirtatiotr u'itlr thc crrelgctic irzirle gr'ollps. rrralit,s it ir Iriglr lrclfirr'rniin((,lrirrtlcr'1irr
ll\l--lrr,rpcll:trtts. liultltctrntirr'. Ci-.\l'is irrr irL';rl lrirrrL,r'fil ll\F irs it corLtairrs rro rlorrlrL,
lrotttls. u-hitlr havc ll('('lr Ir'l)olt(,rl to lrc irrcrirrrp;rtilrlt u'itlr IINt'(ser,('hirlrtr,r'2. 'l'1rc

1rt'r'folrtiuttc gairr nright cverr lrc lriglrcl ulrcrr otlrel crrelgctir'liirrrlrtrs;rlr.r,rrrlr|tlr,rl.1lr1
(i-\P u-ls llrost'tt ilrrlirrg irriti;rl 1I\t'rescirlclr irl 'l'\O lrolurrse it u'as lirc onlr'(,n(,r'geti('
liittrlcr Iltat uas tornrrrclciallv irvailitlrlc irr tlrc lrlgirrrrirg of tlrr' [)0's.

Properties

'I'lro rrrrilt'r:rrlrl stur( tur'('oi C,i.\l'is sltol'l irr Fig. ,r.1. (i-\1'] is rrrirrnrfar'1 rrrt'rl ll, lrrlr',
tnerizltiott ot r'lriclrlrlolrvrllirr (E('ll) to lrolvt'lrichlolriln'<llirr (PL('H). Iirllour,rl lrr'1he lorr-
vt'tsiott ri{ l)E(lll to (i,\['ll lcactirlr rrith sorliurrr irziclr,. Irr t]ris last stcp. llrr,(l ('Irrrrrl
rtt I'l'-('H is teplitcerl u'itlt ir (' \3 lrorrtl gir-irrg Na(ll irs l sccortrlirrr'plochrr'1. Tlrc chairr is
tcnttinatr,rl ltr' OH. l lrr, lrrirtrl etr('tgl ol tlrr, \ 3 {r-toul)s is lclror'1 t'cl to lrc jJ73 k.l lrcl irzirle
grorrlr lli 11.

n

Figurc 5.1: -\1oiccirlll srllt('tillc r.,l (1,{J'.

f'lrc azirlo grolrl)s irr (i-\f irrr'1r':rsr,tLr'Iir.r,\'()lurr)(,irr tlrr'prillrrr('r'. lrr,r:Arrsc ol tirr,sirL,
grolll) lltotiotr 1I:jl I'lris Lru'r'rs tlrt'glirss t('lrl)eriltur'(,ol (i.\l'. r'orrrpllerl n'itlr I'}L.('tl.
I Ios't'rtr'. tltc tttt't lratrir';tl lrtolrcttics of (i.\l' at lo\\' t('rrrl)elil1 llr(, ;u(, lrorir'. lrrrr';rrrse o1 r'lritin
stifli'rrirrg. lletrtr'. Ci.\l'1rlolrr'llitttts t;ut ott]r'trtcct thc'stru(tlllal r'(,(1rri1(,lrrerrts lt lon'
t('IIrl)('Iittllr'(' lrv Irt'avr' lrlastilizirtiorr. 

-1-r picirl plaslicizels crrrlrlrilr,rl alc tliglvcril rlirritr;itc
(DL(iD\). tlictlrvlerrt'gllcril rlirritrirte ('l'llCiD\). arrrI rut,tlrr'ltlirrrr,tlir.l,rlrrrcllr:rnr,tlirritr;rtc
(T\llll'N). u-lticlt lritvc lrccn firrrrrl corrrpatilrlr,r'itlr Cl,\l'. .\lso azitlt'tclrrrirratcrl Ci .\l'
(r'lllctl (i \1']--\) is srrllr:sslrrllr-t'rrrplor-r'rl. In tlrr,(i.\l).\ lrlirstizilor tlrr,OH-gloups irlc
rr:1rl:tt'erllrr'\.1-gtottps. IlLcntostirnlrotliurtl)rol)('lti('so1 (i,\Palr:srrnrrrr:rrizr,rlirr'liiltlcJ.l
(florn llr,[.s. I lS 81]).

Nlonopropellant combustion

LiLc rttirttv otlrt'l cttctgt'li<: lrirrrlers (i-\f is r'lrirlitctclizcrl lrr its rlrilitl ol sclllsrrstirirrt'cl
t:tittLbttstiott.-lIrisistitttst'rllx'tlrr'1tt'irttr'1r'irscclrlrrrirrgstissiorroftlrr'--\,lrorrrlstntclrrrc
to [irrttr \,. l]r'r'arrsc of tlr hlglr oxvg,(,rr rleficicrrcv a kr1 ol callrorrallorrs rrr;rtcli:rl is folrrrl.rl
tlrrling torrtltu.stion. (lLr'trr:rllv it is arr cxotlrt'r rnic rlrrorrrpositiorr) o[ (l-\l' rrrorrolnolrr,lllrrl.
\l ; -\ll);r tht' tlteotr'licral t'rlrllilrrirrrrr corrrlrositiorr cotrsists o[ (rrroJr, liact iorrs) ]81]:

\r ('|,r ('() ('or cH I Il] Ilro
22.:t8 28 17 l:1.9;r 0.1;j 2.1;:i2.19 0.71

t cH,Nl

l.n,io
l-rLH
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Table 5.1: ()r'r.r'r'icl' ol l)tol)ctli('s ti G-\l'(firrrrr Rel s. //8. S/l).

.\ltlrorrgh tlrr, irrlialrirlir' flirrrrc teurl)('r'at1tr(' oi (i.\l' is lotr' (11(i5 li at .-r \ll'4. lrt'r'aLtsc

tlrr,r,nelgr'('r)ltilir(,(1 irr tlrc uirit rnass ol (l-\l'is srlrirll). tlro leorcssior. rilt('s ril'(i-\P
lrorrriprrrlrcllAnts iuo higlr. l'hcrr t ornlrllr,rl witlr ('orr\'(,rrtiorr;rl solirl lrropcll:tuts. l'ig. J.2

slrrxr-s thr,r'(,giessiolr 1at(,s af llrrt,r,dif[i'rt'rrt t(,rn])eriltulr,s (fiorrr Ilcl.lEtl). .\t 293Ii the
rt,gltssiorr lrtc is gilctt lrl

t't, 1.')T . ll) rr lrrrrrr/s1 (;.1)

u'lrolo tire l)r'('ss11r'r' ir is irr NI[)a.

I,'r'orn Fig. i.2 is lrecorrrcs r'lr.ar tliat t lrc lt,gllssiorr lirte o1 (ir\I) lrrolrcllilrts is \1'll
rlepr,trrlt,rrt otr t1r(':rrrrltir:rrl l('rnl)('rittur(,. 'l-he 1,'rrrlr*r':rlutr slrrsilitilr'u'as tiruttrl tri lrc

op - l',tr lK.llrit:h is tlrrer,tirrrr,s litlgcr tlr;rn lhat ol coult'trliottitl 1rto1>t'll;rrrls. I-'ttttlrerttrtttt
the rr,glcssior liltes ()l (i,\l' lrrolrr,llililts Ar'(,r'r,r'r'sorrsitilc lo 11to iurollrlt of curatilr' f1E] It

Irits also lrcr,rr lr,lroltcrl tirat llro regrcssiritr lirlt'o{'(i-\P grrrrrstotli is lrtofirrtrrtih"atli'ctcrl lrl
tlrr: tr'pc rifisoclirrralr,rrserl Iirr cLrrirrg 17. .\ tr'picirl exitnrlrlc is slros'tt irr l-ig. r.il. l'hitlr
slrot's tlrc r,lli,r't of crtrirrg Ci.\l) r'itlr llllDI trn<1 \l(X) tr'lrc isotlunitte. 1t is scctt lirat tlrc
irtlrr lirlr,ot tlrr,ll\ll)l sr-stcrn is alrrirrt thlcl tittri's lriglrcr'. lr'itltortl siatri{tr';rrrt tlritttges itt

tlrt, brrrrr ritt(' ('\l)on(,1rt. -\rrot lr(,1 ilrl)ortar)t ilsp('( 1 is tho fjrct tlrirl t[tt' lrttn ratc of tlto
tlris - ,\rrrclicirrr G.\l'/\100 lrlolrr,lllnt is ;rlrorrt tl'icr, as lrxr'. iis lllirt of lltr' - .lulriutesr'
(i'\P/\ 100 plolrcllall of Fig. i.2.

To rrrrrlcrstirrrrl tht, r'otrrlnsliorr br,lrirr"iol of (lAI'. tlrcrrnocorrplc crlrt'ritrcttts hitvt' l-reel

cirllierlolrt l)\'Jilll)ota;rrrlSrirrolrr,18l].'lhesr'('xl)erin)('ntsslrott'tltitttltetotttlrttstion\\'a\'('
ot (ir\P lrrolrclllnts c'att lrt'rlivirltrl itito tlitt't'zortr:s:

i. \orrrcirctivr, lrt::rt corrrlut 1irirt zolr'.
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2. ('orrrlerrscrl lrhasc llurctiorr r()ue. stilltilrg wlrr,rr tho rlccornllositiorr tr,lrperatrrlr, fT is

lr,ltcltcrl.

il. (iirs phirsc lcactir)r rorre. irr u'hir'li tlrr,firral lorrrltustiiirr ltlrrlrrcts arc filrrrcrl. ('orrr-

lrlr,lr, gasilirlrtiotr occuls a1 tlrt,strr'1:rcr,. rr'hit lr lr:ts tcrrrpt,r'ntrrlr, /,.

It t'as liirtrrrl tlrll'/7 arrrl'/, at't'rr'lirlivt'h'lrlcsrrrrr'irrst'rsrlirr'.
Tlrc lrcirt tclr,irsc itt tlrc cortrlr,rrscrl lrlr;tsr'. (r),.. u;ts dt'lr,lntirtt'rl 1o lrr' lil I k.l lig,. I lr,'

lltio lrotu'r,r,rr tll(,ll(,irt 1i,r,rlliar1i llorrr thr,B,-ils l)lrils(,to tlrc lorrrlonsr,rl lrhaso lrcitt lr,lcirse

u':rs rletclrrriuc(l lo l)(, 0.08 ;rt 0.[i \ll'ir. This llsrr]t irr(li( ilt(,s l lrirt tirc r'-rothclnric rel( 1iorr

irr tlre corrrlcrrsc(l l)lrits(,. is tlrl rrrrr,jor lrcat sorrlcc tlrlorrglrorrl tlrr'<orrlrrrstion \\'il\'(,of Ci,\l)
lrlopellant s.

Sirrcc llrc tl,gtt'ssion litl('ol Cl,\l'is ('onlloll(,(i Irr;rirrlr-lir' llrt,(lcr',,rrrl,,,siti,lr le;r'ti()lr
a1 tlrc bulrrirrg srul;rcr,. tlrc liirri,tic rlr,r'ornpositit)rr rat(,s obtairrr,rl fiorrr rlccorrrpositirirr cr-
pclirncttts r':nr lrt'rrscrl to rlt'scr'llrt'llr corrrlrrrstiorr plocess oi (li.\l'. I sitrg;r valll('()I
E, - 87k.I/rrrolc. tlrc lt'gr'<'ssion lat('()1 (l'\P is givr.u lx tlrc lirllol-irrg 0 llr orclo ,\r'tltctrirrs
lau'

/r(/.) - .1( t'),, 1t{t'' 9.I(i l0:rr, s; r{r f irl. 
!n/s] . (;.2)

rvht'r't'11 is tlrc rurilt'r'sll gits (oustzlrrt. I)iflellrtrittirrg l',r1.(;.2) r'i1h tt'spcct tri llrc initi;rl
t(,rnl)('rrrtLlr'(, 1i, it is lirrrrrri tlrll

R'r:
- o,, ti I.r ,'r I

Srrlrstitrrling tlrc r-irlrre ot irll 1*tliurrctels it is liltrrrl tlrirt li)'1 .1)Tt))t, 0.18 1 at /r : i \ll)a.
I"r'ottt llrc irlroll r':riculaliorr oi (i)/,/l)'11,),,.it is sct'rr tllat ;ur in(r'('itsc itt tltt'iuitial tcrrrlrt'r'-
irtrrle.1r,;rrls t() i) ilr(leas(,srrrfrit:r't('rrrl)(,r'atur'(,n'lrillr is alrrrost hal1 tlrr,irriti;rl tr,rnl.rclirtrue
irrclr:asr,. Ilt'carrsr,of tlrc lriglr a('ti\-irtion (,rr(,r'g\'. tlris has u liuge'r'fli'r't orr tlrt'r'egrcssion
r': ) t (,.

Irr Fig. .1.1tlrc lcgri:ssiorr ratc of Ci-\l'grrrrr-ttocli olrtairrcrl irr rlr''l\O I)\lL s1 r'iurrl

lrrrnrer is slrorvrr. \\'herr corrrpalcrl to the,litllatult lr,srrlts Iirr Ci,\l'/N100 (r'.g. fig. i.2
arrrl i.3).itisseerrllrirttholi,isalulgcslrrr.arl iutlx'r'r.srrlts.'l'lrisrlifl,r'r,ncc js;rtllilrLrtr,rl ltr
tlrc rlitli,r'r,rrt stiLllcc of tlrc (i.\ l'. Krrlrola's rcsrrlts liavr, lrocrr olrtirirrerl wit Ir Ci-\P ;rlorlrr<:r'rl irr
.l:rlrrrrr (.ll').'l'lrc lt'srrlls oll:ig. .r.3 s'r,rc olrtairrcrl rr'it lr (i-\l) ptorlttt'etl lrr..l\[itr tlrc l.rritcrl
Stltt's ol .\rrrclica (l.S). TIrr'(l-\P of 'l'\() r'ornes fiorrr S-\l)ll irr flarrcr'. \\'itlr irrtlcasirrg
j)r'('ssule tlrr' plcssrrlc cxporrt'rrl is tirrrrrrl to rk'r'r'r':rst'. -\ lit to t lrl I \O nr('irslncnr('rts abovt'
2 \ll';r vir,lrls

I r, (., .:l + 0. I) . 
7ri(r' 

r{i :1) 0:}) 
[rrrrrr/s (.r.1;

n'lrolt'the I)1('ssr1r'e p is in \11'ir (r,rlrils irrrlicirtr'llro stirrrrl:rtrI r]r'r'iirtiou ol tltc 1r:tt':ttttctt'ts
of tht' r'rrlr-t, Iit i.

Decorrrpositiorr

Iir :r stlits ol tlrclnrocircnricll irrallsis. Iirtlrolir arrrl S,rrrolre lr:rlr,slrou'rr that tlrr'<le
corulrositior lrclr;rr.irir iil (i-\P lrlopellarts is ;l tu'o stilg(' l)ro(ess lS t]. Irr llrr' firs1 stagc.
llrt,rrrrrrgrlr-irrrr,tlr'(TCi ) slrou'-t l rL,r'r't.Asl oi rlass lx 12t,1 irr the tcrrrlrt'ralrrlt tntrgc liorrt

(#)
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Figure 5.4:,\Ieasrrrrvl
rr-itii resrrlrs I'rtnn otlx,l

,iI
I)r'r'ssulr' [\ [Pa]

rt'gttssiort r a t t' t t' G ). l'j /-\1 0{/ g urlstor'1r (TNO) i n t t,n t l ); t t. i \t t tl
e-xTrcrirr-rerrtcrs (,11) antl L-S). scl a/sr.r lig.'s,i.2 autl 5..11.

17r to J37li. hr this tenrplrltrrrr: r'angc, (lifli)r'cntial tlrcnnal arrallsis (Dl\) slrol's atr

t:xotlrcnnic lr,at'tior. The sr,t'rlrr1 stag(' stalts at i37 ti. In tlris stag(' tllele is ir glirrhtal
rlcclr,ase of rrr:rss. u,itlulrt lrcat lilrcllt iorr.

'fhe lt'srrlts irrrlit atc tlral tlrt: r'xotherrnir' Ieactiorr of C]--\P o('('uls orll\' irr tltr: r'ar'll
stitgc oi <lccorrrposition. It l'as lclifit,rl tlr;rt aficr tlrc firsl rlct:ornpositirin stugr,. rro \,1
rr'irs leli irr thc sarrrplc. Tlrr,initial rlcc'orrrpositiorr ot Ci-{P is rrousi<lcrcrl to lrr'<:iiuscrl lrr'

tlrc clecorulrositiorr of tlic rrrolet:ulitr structllr'(' (lll: \-\: to C'-\ + \2 + H2. '['lris

<k'r'oruprisition is lrighll cxotlrcnrrir'.68ili.J/rrrole. Ar:r:orrlirrglv.:rrr aclr'lottitlil('stlll('llll('
is iirrrrrcrl irr tix'irritial stirg('of tlrr'<lccorrrprisitirlr lrroc'ess. Sur:r'ecrIirrg clc<otttpositiott of
tlrc rurlccrrlar st nl( t11r(' lilrcratcs t::trbon ittttl oxvgt'tt iltolrIS.

Sirrrilar results rvurr'lirrrrrrl lx'lilause arrrl Pft'il 179]. 1'lrrrr':r1so irn-estigltcrl tltt: rliflcr-
crrc'es lrotrr'eerr crrrtrl arrrl rurrnrcrl Cl-\P orr the rlr,r'rlrrposition rtrcclrltrisnt. No clifft'r'r'rrces

u'ere lilurrl b('t\\'(,('u r:rrlt'rl GAP (at ser.rrlll \ClO/OH latios). arrl tttrcurt'rl Ci-\P.'l'hese
rr:sults irr<Iil:att'that tlrc rlccorrrpositiorr ot Ci-\P is <lr:tertuirurrl b1. 1Irr'^\ \r grrtup s< issilirt.

Thc llror-t'rrrt'rrtiorrr,<l rlccrorrrposition cxlrelirrrr,rrts agr'(,(,s-e11 l'ith let:r'rt1 tttcasul('nlcrlts
of Holi ilrrd Iiirnrrla 16 1]. Bv rr,lrlacing part of Ci,\l'Lr1'1>olr'pro1l'lcrrc gllt'ol (PPCi). t'hit'h
is vclv sirnilal to Ci-\1) (less tht,azirlo gloup). thr:r'r,r'r:rc able tri valirlltc the tirLkxling
sirnplc rrro(l('l fi)r' C,IAP corrrllrstiorr

C.iAI'
()xi,l;rli,,rr. ()r

lrugrr,'trr Fitt;rl l,torlttrls (;;)

l-hclc Q,. is tlu,hcat lt'lcaserl rlrrrirrg tlu'the firsl strlgo cotulettst'rl pltast'rlccornlrositirxt. itttrl
()1 tl,t:. he'lt lclr:ascrl rlurirrg tlrc secorrrl stagt'. (/,. is usr,<1 to hcat up tlr('prolrclilrrt to its
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surt;t((,t('rrlp(,liltule 7,. irrrrl Q1 is rrsed to lreat it lirrthrrl tjorn I tri the fllrrrc teurl)(,r'irtru(,
'f1. .\girirr it rr'ls corrclrrrltrl tlrat () t << Q, .

Iirrlrota ik'tr,r'rlirrerl tlrc ac'tir';rtiorr (,rr(,rg\- florrr DT-\ ( u1\'es irt laliorrs lrcirtiug lates
lrv Kissirrgcr's rrrcthocl l(jl). 811. llro actitirliorr r.rrt'rgr'\\'ils (l(,tL'r'rnirrcrl to lrr, 171lt.l/rrLole.
'['lris lcsrrlt agrr,r,s s-cll l-it lr thc csl irratcrl <lissor:i:r1iorr c.rrcrgv of l70 l<.17lrrrolc ol' thr. \ \2
lrorrd f71)1. It has lrt,tlr rr'1rortec1 tlrlt tlu, rtltltttrt'rtt il('ti\-ilti()l (,1lelgv rlrrr'lrrg lirrcirr (rcgrcs-
sion) pvlolvsis is lralf of tlriit rrreasulcrl irr llrlli rleglarlatiorr cxlrerirrrcrrts. srrclr as Df',\ irrrrl
'l'(i arrah'sis l2t]. 

'l-lrus llrc lalurr of tlrc actir':rtiorr r,rrcrgl firl corrrlr,rrscrl lrlraso rlecrirrrlro-

siliol rhrlirrg r:orrrlrrrstiol is E. : 87li.l/rriolr,. To cvirluatc tlrt,cffi'r't of hi,utirrg rat('illr(l
I)l('ss11r'e orr thr: <lr,r'orrrlrositiorr patlr\\'ir\"s of (i.\P. c\l)('r'irrrcnts :rt varvirrg heatirrg lat('s ilrr(1
l)r'(,ssur(, lr;rlr,bccrr callicrl orrt l12l]. It r,r'irs linnrl tlrat lrritlr plessulc aurl lrcatilg lltc
lravc litt1r,r,lli,r't orr t.ht: corrrl>ositiorr ot tht,riocornlrositiou plorlrrcts of (i,\P.

I)r,c:otrrpositiorr rliffi:rcrrccs l)et\\1'(,rr OH tclrrrirratcrl. GAP OH.:urrl azicl('lct tttinalcrl.
Ci.\l)-,\. Ir;rlr,also lror,rr strrrlir,<l 1120]. 

'fho azirkr tt,r'rrrirratcrl (i-\P l'iis fiiurrri 1ri hart ir

lrigirr,r'rlecorrrlrositiorr Iirte. 'l'l)(':rr:tir-irtiriu c,n('lgv oflrrrlli rlct'orrrlrositir)lr \yas fi)urr(1 to l)('
erlrirl. 'fhis irrr[ir':rtcs Ilrat tlrc azirlc gloulrs at t]rc tunrrinirl lrositiorr of thc chirirr rlccoutprisc
irrrlr'lrr,rrrlerrlll rrl tlrr,lrolvrrrcl r'lrain. arrrl otlrcl irziclc gr'olrl)s rirr tltt,r))irirr ('hairr. If it is

assurrrt'ri thirl tlrc 1rca1 rif rlt'r'orrrlrositiorr if tirlll genclirtcrl 1x'tlrc lea(lion ol 1lrr: azirk'
gr'oul). olre azirlc grorrl> \\"irs fi)lrn(l to g(,r('r'ate:l 16k.I in cirsc of (1,\l'. arrrl :ll5li.l irr case of

G_\1) ,\.

5.2.2 Hydroxyl terminated polybutadiene

\r,ar'll itllr'orrrposite solirl lrropclliuLts thirt ;rrl'trtatnrlitt'tttt't'rl triclal ttsr'polvlrttadirrrrr' (l'F3)

lrirr<lt'r's. 'fluet' tr'pcs ;rlr, rrsr,d: lxrlvlutarlicrre-aclllrc irr:irl irclr-krrritr ilr' (PI3.\\). r'allrrixvl-
tcrruinirtt,rl prilllrutaclir,rrr, (ClTPIi). or lrvrhoxvl tt'rrtrin;t1r'rl polvlrrtirrlietrt' (HTPB1. i3tr-

r':rrrse oI tlrt,irrrprovecl rrrcchitrricirl propeltit's at lo\\'t{'rIll)('r'iitllr'('s. iuttl 1ou't't ]ttixilrg vis-

iositles lr,ir<[ing lo lrrolrcllarrts rr'itir highr,r'solicl lriirrling t]r:rrr u.ith other'lrrilvlntarIicrrt's.
lll'PBisrrorr'tlrr,ptefenr,rl lrirrder'. ll-fPlJistolrnronlr-c'rrrorl lrltear'liottt'itlristtcr-attittes
to plorhrtr,polr'urttlrarrcs. '['1rr-. c']rcrrrical str'rr(t11r'e o1 H-fI']ll is sltort-tt itr Fig. i.ir.

&

cH-cH .cH-cH/'\ci, 'curfrcur-{crr-crtJ"A,
T:

-CH"

H,C=CH

Figurc 5.5: Cltttnital stlrrr'ttrrl of H.l l'll
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5.3 HNFsandwiches

In tlris sec'tion the expcrirnental results of the t:ornlrustiorr of H\F-sarrrlt-iches are plcsernterl.

5.3.1 Emission imaging

HNF/GAI's;rndu,iclu's rvitlr a 250 prrr binclel larrrirra rvt:rer burnrxl at difiirrcnt plrssures [97].
'1'lro vick'o inrilges of thest' cxperrirrrcnts are slrown irr F ig. 5.6. The irrra,ges u,r'rr: obt:tirrer'l
Lrsirrg diflcleut lcrrs :rlrerturt' settirrgs <luc to the incrc:rsing flruue lumirrositl'rritlr increasing

l)r'cssure. The exl.rclirrrerrts shorv that the GAP birr<ler regressos alorrg u.ith the FI\F surfac'e.

..\t thc birrrlr:r/oxirlizcr irrtcrfucc, thc HNF r'('gresses fiisterr tharr at sorrr('distarrce frorrr the
lrinrler. Hol-elcl a rliffusion flarnc is not r.isible irr the rv:r."'elerrgth larrge ol r'islble liglrt.

Figure 5.6: \ldr,o imagt,s of sarrrlrr-it'Jie.>- r.rl'H,\,F alr/ CIAP at 0.12. 0..1 0 arul 1.0 \lPa
(inagc sizr, - 8.,1 x 6.9 tmt2). 'l'lx'GAP s.lab is ccltererl in tlte riddle. sulrr.,rrlder.l
/x' rlre /I-\F. Dix't'tion ri tht'regcssiol is liom t.Lt1t to ltott.otn.

To fulthcl resoh'e a possilrle diffirsion irrtcractiou irr thesc sand\f i(:hes. errrission irnages

lr,ure obtairred for rliffercnt radi<'als. ,\n irrtelfereru'e filter r:t.lritererl at 2-11.5 rrrn. rur<l a
F\\-H\l of 18 rrrn lr,as usc<l to visrralizt: the chcrrrihrrninesr:ence ol ths _1'[1n1rr1s of NO.
The chcrrrilurniru,scencc oi the A< X trarrsition of OH -,r'iis rleternrirrc<l b1' arr intr:r'{i,rt,nce
filter c:cutcred at 310 rrrrr t'itli a F\\'H\l of 20 rrrn. Eruission Iiorn CN lvns clt'tr,<:ted

througlr a c:ornlrirration of Shott filters L (l-11 arrrl GG-37a. This conibirration firrrns a
liancl p:rss filter'. r'entclt'rI at 385 rrrrr r,r,ith a F\VHtr{ of allproxirnatr,lr' 20 rurr. This passes

the chcrnilurnirurscerrce of the B< \ trarrsition of cxcited (lN at 388 nrn.
Figrue 5.7 slrots thr: CN, OH, and \O ermission imagr,s of HNF- / G--\l'szrnch,vit:hers at

0.12 \lPa. -{11 tlrrce la<licals shon'an irrtilse brig}rt errrission Abo\'c thc llrlning srrrlace of
HNF. CN iirrrl OH :rlso h:rr-e :t coutiutrotts ernission :rlrovc the lrtrrrrirrg surf:rce. Orrl1- thc
\O crnission rcr.cals tlur rliffusion intela,r'tion pattcrn. Tlrc sercprcuccs sho\\'n in Figrrre 5.8

arrrl i.9 alkru- further cornparisorr of the OII r:rrrission irnages and \O crnissiorr irnages.

Thcsc sequerrr:ers also show that the \O ernissiorr r.ielrls rnore irrfirrrrratiorr ;rtiout the flalrc
structrlre of the iliffusion flarrrc.

.\s rnerrtiouerl. tlu'H\F/CiAP sarrrh,r.ir:hes shor,v a higher regrcssiorr lirte rle:ir the lrintl<'r-
fuel surfai:r:. The lt'gressit)rr rate of G-{P is higher tharr tha,t of HNF at 1or,v l)ressuros.
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Figure 5.7: Emission of HNF/GAP sandwich at 0.12MPa. From left to right: CN,
OH, an<l l{O erniss'ion. As a reference the emi^ssion irtages of neat HNF are aJso

given at the lou'er rott,. Inage size : 4.1 x 6.2 mrn2).

TE@EI;I
Figure 5.8: Sequence of NO emission of HNF/GAP sandtrich at 0.12 \,IPa (imag:e

size : 4.1 x 6.2 rnm2).

Assuming that the HNF arrd GAP burrr independentll,, it is plausible that the V-shape
forms. This results in an increasing \,'-shape during cornbustion (see e.g. Fig.'s 5.8 and 5.9).
It has been reported that the regressiori rate of HNF r,vith additives is higher than that of
rreat HNF 198]. The cause of this is a higher heat feedback to the burrring surface, due to a

steeper ternperature profile irr the preserr:e of a fuel. A sirnilar rnechanism nright enhance
the burning rate of the HNF/GAP interface even more. Because NO ernission shows the
diffusion pattern rnost t:learl,v, it rvas decicled orrlv to rrreasure NO emission irnages for the
HNF/HTPB sarrdwiches.

E@EK
Figure 5.9: Sequence of OH emisrsion of H!{F/GAP sarulwich at 0.12 MPa (imag:e

size : 1.1x 6.2 muP).
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Viclco irnages of H\F/HTPB sandliiclres are shou,n in Fig. 5.10. These irnages sho$'

that the HTPB bincler slab exterids above the burning surface of HNF. Above the HTPB
binder a verv bright cliffusion flame is visible. The flame standoff (from bincler surface to
lurnirious flarne) and binder protrusion clecrease u.ith increasing pressure, see Irig. 5.11.

Figure 5.10: \ideo irnages of HNF/HTPB sandwic.hes at 0.12,0.30 and 1.0 \IPa
(ina14:e size : 8.4 x 6.9 rnm2).
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5.11: FJarne standoff and binder prctrusion of a HNF/HTPB sandv'ich.
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lrYfryr
Figure 5.12: OH PLIF image of HNF/G-\P ^salr/l-ic/i at. 0.35 \IPa (inrtyyt: sizt:
1,.9 x 4.1 rnrn2).

The NO crrrission inages shori'ei1 a verv lrright cliftirsion flarrre. Tht' r,rrrissiorr fi'om tlrt,
hrrrritrous flarrre rnal<cs it diffi<:ult to <lctcct the cmissiorr frorrr \O in the ueat HNF flarne.
The <liffusiorr flarnc with the HTPB lriuder is frrlther ar.av frorrr the brrrrring surf:lce. arrrl
less pronourrt'r,il that th:rt s'ith ri GAP lrirrcler. These olrservatiorrs arc irr agreerrrcnt rvitlr
the resrrlts fiorrr Parr arrd Harrsorr-Parr [123].

The flamr-standofl of thc H'I'PB-saltlt'ich is larger than that of neat HNF: 200 lrrn vs

800 7rrrr. at atrnosplierir'pressurr'. This irrrplies tha,t therr: is rio extr':t lieat ti't,rlbac:k f rorn the
r'liffirsion flalne. aud ther srrrface is only r:ooled tlue to the err<lotherrrric HTPB rlecorrritositiorr
:rrrl r:apacitive he:rt loss. Irr the sectiorr 5.-1 it is rcportc:cl that thc Lxrrrring ratc of :r

HNF/HTPB forrrrulatiorr is considerablr' lorrer than tirat o{ a HNF/G-\I) forrnulation.
This is in agrecrncrrt ri'ith the firr<lings frrr the sarrrll'iches.

5.3.2 PLIF experiments
The ernissiorr exlrrrrimerrts onh' irrrage the t,xcitecl species. Tlie LIF-techniqrrr: allolvs de-
tci:tion of all spe<'ios. lr.hir'h makes rlirect courparisorr with rno<lelirrg results l)ossiblc. It
u'as thercftxe cleci<k:d to also obtain PLIF-irrrages ol sandn'ich comllustion. Both OH arrd

C\-PLIF irnages of sa,ndwir:hes wcrc obtaiucrl. Thc <lctr-'ctiorr and ext:itiition sr:hr:mcs r,r,t,r'e

sinrilar to that for the neat LI\F PllF-exlrclinrents of section 1.,1.3.

OH-PLIF

Figure 5.12 shorvs a singk'OH-PLIF seqLl(,rr('e of a H\F/Ci-\P sarrchi-ich at 0.35 \lPa.
Abow, the HNF (outcr slabs) thcre is OH. -{lroi'er the G-\P tlrcre is rlr OH, be<'nuse t}re
GAP rlecorrrlrosition yrroclucts are fucl rir:h. Thr:re thc OH is rapidlv consrirrrecl lx' the fut:l
rich gases.

\\,-ith incrcasing prcssure tlu, rnixirrg lrecorrrcs rrrolc iirrrl rnole c1iIfit'rrlt. This results
in a srrr:rller' 'rron-OH' zone alrove the GAP slalr, see Fig. 5.13. The s'i<ltli of the zone

ri'ithout OH is rlefinerl as the rlistance lr<'tlr,eerr thl' poirrts u'hele the OH-signal tlrr,rps to
half thc va.luc alror,e tlrc sandrviih. For tlrc presslrr'(,s of Fig. 5.13 this zoric lr,iclth is shown
in Fig. 5.1,1. TIrt'urror lrars shori'n in this figure rr:preserrt the st:rrrrlard rlt'r.iatiorrs of the

8l-r
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squiu(' root ol the rurrrrlret'

C'll-\PTL.ll .1. H-\t S1\D1\'ICHES -{r\D I'}IlOPI1Ll..\\TS

clcviatirin ol tlrc rne'irsrrrernerrts :lt ea(:lr l)I('sslll ('. <lilirlt'rl lx' tlu
,,l irn:rg,'- lt:r'rI |, ,I.t{'t lriitl(' I lt,' :rr,'t:t}-r').

Figure 5.13: (.)H l'l.lF- irrr:rgls ot ll)iF/G-\1' salrlu-ir'les. 1)rrrl lcf't tu rig)tt
0. 1l .\1P.r. 0.)l)tPa.0..1J )ll'a.0.-17 \|Pa.0.5:l \ll'}a aild 1.0t \[Pa (iutase sizt

1.9 x J.1 rrirri2).

,\t prcssruts lreiou'lplrroxirrratelr'0.:l -\lIra tlrt'Cl-\I'irr thc sarrtlrvichr:s <kres rrot seellr

to llrlrr stearlih'. Drrrirrg expcrirrurrrts at tlr()s(, 1)r'(,ssurcs tlrr,imagt's tlrat alc olrt:riru'rl shol
eitlrt'r'lr honrogr,ru.ous OH stlrrr'1urc. or tlrc r:lear <llffrisiorr stru(:trlr'(,. In I'ig. J.1,i a 1r'lrical
exarrrplc of srrclr irrtcrrrritterrt corrrinstiorr is slrol-rr. \r'at G-\I) grrrnst.ocl< clicl rrot shou'

scll,susfairrerl corrrltrrstiorr bekrrr, - 0.1\lPa irr tlrc higlr l)r'ess'lll('lxirllr. 'l'lris:tgrccs r.r'ith

thr, f)rct that tlrc irrtclruittcrrt cornbustiorr is olrscrr-erl rlrrlirrg siur<ll'ir'h corrrbustiotr.

CN-PLIF

'l'tre C'N PLIF-irrrages alr,the conrlrlenrt,rrl of'tlrr,OH irnagcs. -\lrort the II\F therc is
orrll a srrull llilno\1'barrtl s'lrt're (l-\ is filrrr<1. -\bovt'thc (i.\1'tht'('\ sticlis ont al)o\11

tlrc sulfirt r,. sce Fig. i.16. 'l lrc C\ l-IF-rrrr';rsrlretrlolrts :tlso slrou, intclrrrittertt cotttbttstiritt
ol thc Ci.\l'. see F ig. 5.17.

The n'irlth ot tlre C,'N zone al)o\1r thr: (1,\I) slalr as firrrt titin of lrlcssrrlt' is shos'r irr
F ig. 5. t8. \\-ith irrcreasirrg plessult' thr' ('-\ zonr, lhickrrr:ss :rpproat lrcs tlrr' lrirrrlel slalr
tlrickrress lrer:arrsc the rlifhrsiorr rL,r'r'r,nscs u'ith lrrcssrrlt'. Also in tlris figure tlrc errrrr lr:trs
irrrlicatc tlrt,starrrlalrl rk,r'iatiou o['1lur avr:r';rgc at r,aclr ])oirrt. Tlre l)oilrt at 0.8 \11)a <k.rcs

llot llil\'('a staurlalrl cleliirtirin. lrt,r'artsc orrlv a sittglc irrtagc u'as availilllle.
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Figure 5.14: ltrldth of tlrc zont' without OH above tlie sanduicJr. GAP binder slab
tliir*ness is - 280pm.
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IF slrTrrcrrcr, of' a H\t I"/C],f P sardn-rrlt at 0.11 -\1Pa

-\'olr, tlic intctntitf t'nt contlnrstion ol' tlx' G-\1'j.
Fignre 5.t5: ()ll-l'1,
n,ltatition rate is :J IIz..



89

Figure 5.16: C.rN PLIF images ol'
0.14 \'IPa. 0.28 lIPa. 0.-10 )IPa. 0.17

H \ F /C \/- s;rtt,ltuir'/tcs.

)IPa (imagt'siza 1.9 x 4.1

Fron let't.

rnrn2 )

to right:

Figure 5.17: C\ PLII' images of HNI'/GAP s:rridn'ir'hes at 0.11 -\IPa. TJre first
irira,qt,s.lroris tire saldn'ir',h (in U\t).T.ht'ia.scr rapt'titiott tate is 8 Hz.
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600

Pressure [MPa]

Figure 5.18: 7'fiirkles^s of thr,(lN zonc above thc G--l/']slab as funt:tiott of 1;ressure.

5.4 HNF propellants
Tlr,o typtrs of HNF properllunts u'r'rc rrserl irr this lrrrk. The first is a H'l'I)B-b:rsed propellarrt
r'r,ith a solirl loarlirrg oI 7l%. This propellant corrtairrs a birrroilal rnixtrrre of coarse HNF'
(17J1rrrt. tr'pe C15) :utrl fittc HNF (10074rr. tll)(,S16). The partick'sizc is basecl orr:r,rr
et|rilalcnt spherical \.olltrnc. '['he HNF ltnrtir:k,s aret neeclle shalre<1. Thcse tli.o gr:rrlcs
halc irrr LID -i. Clorrsr,<lrrcutlr, thc solirl Ioarling u,as lirnitccl to 7J%. The 1rro1>r,llant
frxrrurlatiou is surnnrtuizcrl in 'I';rble 11.2.

Nlirtcriirl Conipositiorr [%]
HNF (I5 + 516
Arlrlitivr:s
Ilirrrk'r
H'I'PB + lsocrvanatc A plasticizer

:a1,,

'2

25

Table 5.2: lolnurlatictn of H7-l)Ll-ltased proysdlant HHtt-2-1 (mass pcrrtrrragts).

The otlrer prrrpttllant fornurlittiorrs t:rxrtain thc crrr,r'getic' ltindrlr C,lAl'. To cleterrnirrc
l'hether thc H-\F- p:irticle size af{t't:ts tlte brun lilt(,. t\\"o lrropellants r.r'r'r,rnanufacturerl
witir the al;olt' rrrontioned rliffercnt H\F- t1'pes :rvailalrlc. 'fo allow for a goorl comparison.
the solirl kia<ling ibr both ptopcllants r,vas thc su,rrur. Becausc of thc rrrorrorrroclal parti(l('
size clistrilntiott attcl tht' r'is< otrs CIAP binrler. thc rrraxirnurn solicl loarlirrg that coukl lrc
olttaittr:<l u'irs 55%. Tablc i.:l strrurrrarizes the <orrrpositiorr of the HNF/G,\P-propellrtuts.

500
E
.=-
I
E;
z 400

300

0.1 0.80.4
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Table 5.3: Fcntturlaf ion ttl Cl-\l' ltastrl 1;roptli;urrs (lrrirss p(,rlf irtagr',s).

-\ thirrl Il\F/Ci,\1'}-1rlolx,llant (ltC;L-23) rvith irlrrrlirrurrr \\'as;tlso citstccl. 'lir inc'tcitsr'

the solirl loarl. tlri: H\ l'rvas tr'(,a,te(l to lirrnr rrrolc slrlrclic'al clvstals lrv tlrc rrrt'thorl rlt'sclilrt'rl
irr sectiorr 3.2. '['hr'1otal solirl Lr;rrlirrg l':rs 6E7. u-hitlr ittr:lttrL's 187 rtlttrtrirrrtrrt. Firr'

sut:r'r,sslrrl crrrirrg thr,iulorrrrt of crrlirrg cal;rlvst lritrl to lrc rloulrlcrl s'itlr tr:s1rct't to tlro
plopclllrrts II(it 19 r'l HCllt.i-20. Tt u'ls also iltterni)t(,(l to lirrrrlriatr'prolrcllirrrts corrtitirrirrg

68%, FI\1,-. Holr,r'er'. tltcsr, prolrcliarts ([i(1 lot (ur'(,satis{irr'1olr'. I1 sr:errrs tlrat thc culirg
I)lo(ess rrsitig iso< r'arrltcs lrt,r'orros rnor'(, <lifIi< rrlt u'lrcrr tlrc ll\F 1o;rrling or II\l' slrtfa('('

llca ls lrigh.

5.4.1 Burn rate
'I-lr leglr,ssir)u lirt(,of lrotlr II\f'/CiAP lrlopcllartts is sltol'rt ir I"ig. i.l1). For'1irt'ltrolrt'llatrt
l'itlr r'oalsr, H\1.'(115 tlrc llrrrrirrg rate r,rporrr,rrt is rr - 0.71r0.0:l (tIr'r'r'r'or is the stillr(lilr(l
<[t'r'i:rtiorr ot the crrrle-fit). \\'itlrirr exporiruerrtirl rI(:(ulil(\'. llrr'prolrclliutt corrlaittirg fitit:

H\F has tlrc sarrrr, burrr llte r:xlrorrerrt rr - 0.(j7t0.01. For rcfi'tcttcc lltt' t't'gt'r'ssiolt liltes
of nt';rt H\F' arr<l (i-\P alc also slrorr"rr (lroth 'l'\O rl:rta). llrc clifli'r,'rr, e ir tegt.ssiott
ratc lrt.tt'r,r,ri thc loirrse iirrrl fittt'll\F'is \1'r\- sula11. ,\l ;-r \ll':r the alrsoltrtc rliflelt'rrlt'is
[).7 rrun/s. u'itlt atr alcrag(' rt'grt'ssiott latc of 17.,r rrrtrr/s.

'l'he prripr,llarrts lrrrnr flstel tlr:irr rreat Il\F'11 lor'l)r'('ssr1r'('s. ,\1)o\'('2 \ll'l the lrttttt
ratc is lol'r,r'tlrarr tirat of rroat II\F. \\'itlr rt'slrcct to tlrt'lrttttr liit('()f rrelt (i-\P. tlrc
situa{iol is oppositr,. Thcrc lle tl-o rrreclrirrrisrrrs firl this lrchavior'. .\t lorr'plt'ssttles. tltr'
higlrcl llutrr lutc of Ci,\P ellr:rrrr:r,s tlrr, bulrr lirte'ot tltc'ptopcllartt. itttrl ir1 higlu'r'l)l(']ssllr('s
tlrr. slorl'Cl-\l) r'rirlllrstiorr lirrrits tlrr,burrr late. \lolc rlctiiils itlrout tiris 1Il('('lranisllt ill('
outlirrcrl itr sr,r'tion 8.2. 'l'lrc ritlrel rrrt,r'harrisrrL. t'rrlriutclcs tlre lrutl r':ttc of tht'lrroltellatrt
a1 irxr-l)tessut(,. 'lltc arlditiorr of llrt'1 to Il\F ('luses l stee1)('r'1('1ll)('r'iltLu('gtitrlit'ttt.
t;rusirrg the lntrr rat(' to bc lrighel tlrlrr th:rt rif rr':tt I{\F'. .\s tltt' plesstttt' ittttt'itst's. tltr'
NO rcactions lrctotrrl filstel .:lrr(l tlrr,r,ffect oi atlrlitiorriil tlrcl re<hrlr,s f9S] . t'trc sitttrlrr'illr
('\l)erirrr('trts also sliou'tlrat irlorrrr<1 tlro H\lr/Cl,\1'} srtttltt'tltt'lrttrtt lirtt'is higlrt'r'. So.

a1 lol' lur,ssulcs thc lruln latl is firrtlr,r' crrlrlrrceil lrl tlre l)l('s('u( (' of fttt'l rlor'ortpositiotr

1>r'ri<1rx'ts ol Cl.\ l'.
Thr,r,fti,r't of irrlrlirrg itlrrrrirrrrrrr irr a 1>ro1re1)arit is slrotln irr l'ig. r.2t). .\t lriu llesstttcs tltc

lrrurr ratc is sliglrtlr-higlrcl tlrlrr that of thc rott-alurtrirrizerl lrtoprrllittrts. \\'itlt ittttcirsirrg

l)r'(,ssllr('tlrisriilli,rcrrtcrlccleasos.'I'helrrttttIat('('xpon('ntisti-0.tjt+0.0;. Itis<rirrtlrtrlt'rl
tltiit tlrc cflect of the arlrlitiorr of ahrrrirnrrrr olr tll('lnlrr lirlr'is srrrall. 'l'lris lcsrrlt is

9l
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II(it r9 r
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Figurc 5.19: llegrlssirur
1I-\1: ,,rrrrl G- \ 1'.

itt agrtt'rrrttt n'ith errllrol erpclirncrrl;rl firrrlirrgs firr IINF/lrolvNI\l\lO propetllarrts u-itlr
rlifteretrt illurlrillllrll lo:rrlitrg ltt:] . Alsr, lir tlrr,sr, lrlopcllauts tlrc efii'r't of alrrrrrirlurrr loadirrg
ort tltt'irttttt rirlr'u'as lilrrrrl to lrt,rrcgligibL'r'orrrlralrrrI to t'x1>r'r'irrrctrtal I'tlols.

Tltc ttteasrttt'<.1 bturr ratt'ot the II'i'PB propelllrrl is shor-n irr l'ig.5.21. Cornp;rletrl to
tlrc Cl.\l'- ltasctl prrilrollitrrt tlrc bulrr tatt,is tnrrr'h liu'r,r'. altlrorrgh tlrc H\lf oxiclizr,r'(ont(,rrt
is 737 r'ornpiucrl to 11'1 i tlrr, (1,\l) prolrcllitnt. 'l'lris is irr itgrcr,rrrent l'ith tlrc sand\\'i( lr

tcsrtlts u'ltitL slrol't'rl a llotrrtrling tl I'l']B lrirrrlel t]rlt (lo(,s llot talit'p:rlt irr the corrrbustiorr

l)io(('ssclost'tothr:lrruuitrgsrrlfact'.'l-helnrnrat('(,-\l)oll('ntoftlrisprolrclllrrtisirlsohiglrr,r
rr-1.01t0.0;r. This ptcssrtrr' (,r1)on('rrt rcslrrrlrles tlrlt ri{'rrt'at HNI" (0.8;r-0.90). 'l'}rc srrrall
rlifli'rttrcers itlr'prolrirlrlr- r'irrrscrl ltv lrc:tt iosses rlrrr,to tlrc rrst,of lII'PB.

'I lrt' plopcilallt ( orrtailirrg- H-I'l'll lcfi :r lcsirhrc after r:orrrltuslirin. f)rrc to this lesirlrrc it
l'as itrpossilrlc to rlctcrttrirrc tht' str'u('tlu(, ol tlrr, flarrrc zritre llorrr virL',r ,,r'erlissi,rl irrr;rg-
ing. [:igrilc i.22 s]rows tlrc lr:rnlirring nlilss resirlrrc as il hrn( tiorr of corrrltLrstiol pr'('ssll1(,.

Bcltxr.0.o -\[Pa tlrc ctitn]rtrsriorr is srrrolrlorirrg. lrrorlucirrg n 1.r,ll1l11, sootlr in tlrc cornlrustriL.
\lost prolrllrh'this is HNI'' r'apor', u'hft'h lras also lreerr olrsr.rlcrl rlrnirrg rreat I1-\F ('orrrllis-
tiorr 1102] . -\lrolr'0.,-r \il'ir flarrrcs lrccorrrc r.isilrlc. Tlrc lcsirlrrr,alt<tvr, 1 \11)ir is lrrolrllrh'
citttst'rl lrr' [%, ol ttrlt-ttitttlrustilrlt'arlrlitive thirt is plr,sr,ut irr this pro1re1laut. \\-hcn this
ptopellatrt was Irtunecl irr air. lrrrrrittous llilrnes llle also obs(,I \'(.(l lrt'lol'0.i \lPa.

\\-ithirr the ('l'lP-\-l I pt'og-r'arrr a ll\F-polr'\I\l\lO propcll:rnt u';rs folrrnrlate<1. 'fhis

1r'o1rellirtrt t'tirtt:tittcd 687, H\l;.'fhe lrirr<lel corrsisterl ol poh'\lllllO n'ith (l-{P-A plasti-
r:izt't. 'l lrc legtt'ssiou rill(' of tlris propt'llarrt is slrou'rr irr Fig. .r.23. I'lte l)1('ssrrle (,\l)ollellt
is rr:0.91). \\'lrir'h is torrlratirlrlc to llrat ol tlre H'l'[)B lrrolrclliint. altlulrgh tlrr,prilr'\-
I\l\lO 1r'ope'llirrrt cort:titts lcss HNl". fhe, r'r'glessit)lr lirt(,ol the lrrilr'\1-\l\lO plolrcllarrl
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Figrrre 5.20: Rcgilssrorr iate of|INF/-\l/G-{I) lrlopr,/Lrnr,s. ('orrl)arul to tltat. of
txo 1trut1ttllauts l'itlout altnniturttt.

is higherr. 'I'he llurr 1at('of'ncat polr'\l\i\lO u-as rrot lirurt<l irt litclittrtre. []t'tartsc of its
errolgetir'(outelrt . it sct'rrrs lrlarrsilrle tlrat polr'Nl-\l\lO tan lrurt sl'lf-sustairrt'rl (eslrt'tial1r'

l'horr plastit:izerl with Cl-\P-\).'l'he orr,r'al1 r'r,glcssiru l.atc ol tltt: prolrtrllartt st'r'nts tltt're-
firlc largt,ll affectr,rl 1rl tlrr'llurr lrrte ol thr: lrirrder as u-ell. Note lrou'l'r"t'r'. that fil all
tlrcsc acarlcrrrir: plolrcllarrts thc solid loarlirrgs alr,k)r'. 1:or llolr' lrtactical propr:llants the

arrrorrrrt ol lrirrrler rvi[:rhrrrst ]rar-r,to lrr, lralverl. Thelr,lrv prolralrlv rr'<ltu:irtg the efli'r't of
thr,lrirrrler'.
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ri\F cr5 / c,lAP - 55115
II\F 516 / Ci,\P : 

';la5II\F

.-- <.-
-:-. ' '

-;1117'. X

- - '.-+1t""- ...)-

i/"'.'

X

91

Pt essttt e
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5.4. H]\F PR,OPELLANTS 95

HNF/ad,l/HTPB : 7312 125 --- --
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Figure 5.23: Regression rate of H!'{F/po|yN'LVfMO propellants, cornpared t,<t that
of a HNF/HTPB propellant and rieat Hl{F.
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5.4.2 Emission imaging

Figure 5.2-1 slrrxls r-irlt'o irnages of tho HNF/GAP propeliarrts for thr: trvo tliffercrrt tlpers of
HNF (C15 coarse, S16 fine) irr comp:Llison u'ith inrages ol rreat H\F. Thrr propeilarrt lr,ith
fine H\F ciicl rrot burn sclf-sustairrerl when thc CO2-laser u':rs sn'itr:hccl off belou' 0.3 \,lPa.
Ttre irnage at 0.12 llPa for this propellarrt \\'as olrtained u.ith the C02-laser opr:rating.

lun
NUG

==

Figure 5.24: From )aIt to riy4ht: lirleo itrages of Hr\f, ilJF C15/G-{P. :rnd HNF
516/GAP. Fllttn tctlt to ltottorrt: 0.12 \tPa.0.3 \lPa.0.9 \,tPa, and 2.0 ltPa. Tlte
inagt' at 0.12 \'IPa n'itli H.\F 516 v'its olitrined nitii tire CO,rlaser,,-u'ifclierl on
(imagt'size - 8.4 x 6.9 rririi2).

The flarrie of neat HNF is briglrtc'r than that of the HNF/GAP propellarrts. The
rrcat HNF ha,s tr bluish color at al1 pressulers. This ernissiol cornes filrn CN* arrd CH*
radicals [27.98]. This bluish c'olor onlv becorues visible:rt elevaterl pressllres in the H\F
lrropeilants. Tlie propellant u'ith thc t'ciarso H\F shoris a heterog<rrreous flamr: structuro.
Except fcrr the C\* r'rnissiorr, tlie crlissi<lrr fiom ueat HNF is stronger tlrtrn th:rt of the

ffiI
ffiffi
ffi .i;ffiMru
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l)101)('llirIIts. l'lris is t'itttscrl lx'tlr tontirnrorrs crrrissiorr flrlrn tlrt,yrlotmrlirig lrirrrL,r'. Tlrc
[-C:i-11 hltel rtscrl 1ot'tirt'('\ r,rrrissirn also passr,s sorrrr,)iglrt alriurrrl 6(X) rrrrr. T]rt'r'r'ftirc'
the C'N''-r,rnissiorr has to lrc intcr'plctetl ciucfirlh'lirl lliglrt flarrrcs.

\\'lrcrr errrissiorr itnagcs al'(r ( ornl)iue(1. it lrecorrrt's r:leal tlr:tt irr r';rsc of llrr, r'oarsc ll\F
ttot tltt'u'lrole srrr'Iirce ol tlrr,propcll;rnt is lrrtlrring. Orrll at lot'alizerlsl)ots th(,t(,is errrissiorr
ilorrr tlrc surfac:t'. '\ tr'lrical cxirtnlrlc of this is slurwrr irr Fig. J.2.'l. 'l lrt, sizrr o1'tlrc erlissiorr
slrots ttt;tttltes thr'H\F'irarticle sizr'. -.\uotlrcl exarrrlrle is slrown irr F'ig.5.26. 'fhis slrou's
tlrr'OH crnissiorr irrrage ol rr IINF lrropt,lllrrt Lrrrrrrirrg at irn alrgl('. ilre nt'r,rIe-shalrcrl
piutit'lcs cirrr be tccogrrizerl ilt sorn(,poilts irr tlris figrrrr,. Tht'proltcllarrt u'ith tlLc fine IINF
short's ii nrrch rtrorc lrorlogr,rrorrs crrission llorrr thc lrrrnritrg srrrfitt:r,.

WUE@
Figure 5.25 Oll lrrri^ssior at 0.,1 llPa. F)tnn ld't to rigltt: 1L\F. Ii,\-F C'1i/(;-\P.
;irrr/ HfI" 516/C;.\1'j (inagc sir.e: l.l x 6 2 rrrrrir).

Figure 5.26: OH crrrissiol o1' ;r H-\:1'-('1J/(; \P proltt,llant (utarse 11,\f) at
0.15 \lPa (rlragl size: l.l x 6.2 rrrri2).

5.4.3 PLIF experiments

Analrigous 1o tlrc sarrrln'ichr,s. it l'as tlitrl to olitlin ['l.lF-irrragcs fiorn Il,\F lrlolrcll:rnts.
llxpclirrrt,nts ritlc c'alricrl out firl thc OIIand ('N raclir':rls. In all crlrelirrrcrrts. tlrr,sigrral
irrtcrrsities rr'r,r't'Lx-. urr<l tire irrrages wcrr, lrhrncrl. SevclirL leilsorrs r'atr lrt'gir-en [irr the
"bacl'' <lrra1itv ol the irnirges. Filst. thr, 1r'opellarrts ale irll lr.r'r'frrr'l lit:h. l'llE\lI-\ r'ak'rr-

littiorrs slrol- th;rt tlie OII cr.rrccrtltttirirrs ;ur'1orl'. tr'picalll lcss llrittr (1.1 rrrolt'7. IIris is

l0r Lirr"r,r'as fil rcat ll\F. Bcr':ruse ol llrc krl'solirl krirrlirrgs tlrr,terrrpt,r';rtules iir('1o\\'.
irrrcl also the Cl\ r'rxrr:r,rrtlirtirirrs alr, kxr'. 'l lrc tirlcc rlirnerrsiorrirl fl;rrrrc strtt< trrrt' ii1so t'iurses

lrcarn str,r,ring tlrrorrglr tlrr, flarrrr,. Frrrtlrclrrroler, tlrt' off-rtsrlritrrt irrrages hur-t' alrorrt the
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sarn(r signal l'r'cls iLs the resrirrarit itrragers. I)uc tcr

soot is prest'rrt in tho g:rs phasc aricl tlrr: lasel signal
corrrpletelr' r'arrclonr. l rackgrorrncl sulrtra,r:tion <::tn ttot

tlrc large a,rrrourrt of bindel a lot of'

is sc'attcrctl. Bec':rrrse a1l ittrages art:

lrc ctrrrierl out.

5.5 Conclusions
'l'lrc cornlrrstiorr ol hvrlr:rzinirrrn uitlrift)rmilt(,(HNF) sanchlichcs arr<1 FINF prolrcllants has

lrccrr sturlicil in t,irrtkxr, borrrbs. Sanrllr.icir cxlrerirtrt:rrts wete lalliecl olrt up tti 1 \lP:r. The
birr<ler irr HNF/Ci-\l) san<ll'iches r('gresses akrrrg lvith thr: HNF. -\t tlre irrterfiu'e of G.\P
arrrl H\F the regrcssiorr late is highr:r tharr that of rrt'at HNF. Resrrlts of kilctic nrorlt'ling
of the H\F/G-\P sandu,i<:h stnr:trrre corrfiurr that thr-, firral flarne t('tn1)eraturc is rear:hed

<:krserr to the brrlrrirrg sur'Il('e abort the birrrlcr slab. The Lrinrler in HNF/HTI'B sanclu'ir:ltes

rlocs not kcep up rvith tht' oxirlizr,r'. Thc cxtcnsiorr alror,e tlrc burrring surfa(:c is dclrcrrclr:nt

on the l)r(,ssllr'(,. At inr:rcasirrg l)r'cssnrcs, tlur protnrsion rlcclcases.

llNF/G-\P prolrellarrts n-ith lrr.rth c'oalst'anrl fine HNF crrvstals (-171 lrnr ancl 1(X) trrnr.
lrase<l on :rn c<1rriv:rlcnt spherrical rolurrrr,) l'ere rrra<le rvith a solirl loadlng of 557,. Both
ploltt,llalts h:u'r'a burrr rate exlrorrerrt rr -0.68. 

'l'he clifterence irr lxrrrr ratt'is verv stnall:
the prrilreilnut \yith firrc H\F lxrrns 1%, faster at 5 N'IPa. The lrurn rat('('xporl('nt of il
HNF/llTPU lrropclla,rrt contairring 73% IITPB is rr:1.01:l0.01--l. Thc H'l'l)B plopt,rllarrt

hiis a lot'el rr,gression rate tharr the Ci,\P propcllant.
NO*. OH+ arrrl ('\x ernissiorr inragcs sho"r'that orrlv the Ci,\P sirurll'i<'h has a clcar

diffirsiorr flarrrc, c:krsc cuough to the srrlfac'e to affe<'t llrlrnirrg rate. -Llrrrissirtn itttages of
prrrpt'llants t orrtainirrg coarsc HNF slrrxv th:rt onlr- palt of thc srtrfacc is burnirrg sitrrult:t-
nt:orrslr.. Tlrt' lrropellarrt crontainirrg firrt' HNF' h:ls a rrrore honrogcnclclus crnissirirr frorn tht'
surlircc.



Chapter 6

Modeling

6.1 Introduction
'l'lris ('lralrtcl rleals u-itlr the rrro<leling of tlre r:orrrluslion ol H-\Ij irrrrl 1l\F-r'otrrlrrisitirxrs.
f irst :r vcrv siurplc lrri<lcl fol rrt,irt ll\l' r'orulrrstiorr is plcscrrterl. Thc t onrk'rrsctl pIrasc
clrcrtristtr-is tlt'att'rl iir-a sirrglt'tcar:tiorr sttrlr rr'ith ir higlr lctivatiorr crrcrgr'. 

-l't'o 
alrploar'hes

itr.r' Iir1lorl,r:<1: a gas phasc n'itlr lot' irctivatiorr err(,r'g\'. irrrcl l gas 1>lrzlsc rvith high a< tir-a
tiort cttctgr'. 'llte lon-actilatiorr en('lgv rrroclcl vicl<ls goorl lcsults for stearlr'-statc anrl
llst't-assistcrl lottrllrstiorr of rrcirt H\l-. 'l'lx, sirrrplifierl rrrorL,l 1ar:lis rletailed irLtirrrrratiorr
alrout tltr' flattrt' sttulturt' o1 H\F. Scctiou 6.3 cliscrrsscs :r nrorlt'l r-itlr a rlctailr,rl kirrotir:al
trrt'r'lrarrisrrr frl IiNF'r'ornlrrrstion. Tht'r'esults rit this rrrorlel Irr:lp to rrrrrlclstarrrl tlu,gas
lrltitst'stllr(t'llr('of LL\F. -1'lrc citlrcl trr1) sLr(:tiolrs oI t.his (llraptcr <lesclibe rriorlt,lirrg eflirlts
fol tire totttbustitxt,,1 p151"/C},\l) prolrt'll:rrrts. hr scctiorr [i.1a glolral rnorlt'l b:isr,tl or the
BI)l'-rnorlcl firr .\[)-r'ornllrstion is presr,rrterl. fhis rrroclt'l :rllori.s rlctr,r'rrrinalion ol t]re lirrrrr
lilt(' irs litrrctiorr of solirl loarling irrrrl l1\l'lrlltlc'lt,size. 'lire l3[)P-n'1rr: plolrellarrt. trurrlcl
tloos ttot licld rlt'tailcrl inlirrrnatiotr aliout tht' rliflirsiorr flurrre stnrctrrrc alror-e tlrr' ltropcl-
laut srrlfact'. -\s l sirrrplifir:ation o1 :r llrilrt'll:rrrt. exlrclirlr,rrtirl r'r'srrlts ot "sarr<lu'ir:lrcs" h:n'r,
alrt'arll lrt'r'rr rliscrrsscrl (sec sec'tiorr 5.3). T'lrt, last sr,<:tiorr of tlris C'lraptel shol's lesults
olrtairrt'rl l'ith a rletailt'rl kirrctical rrro<lt'i lirr siurrhliclr corrrlrrrstiorr. For thesc c:alcrrlatiorrs
the BIGMIX ( orlrl)utel t orlc is rrscri. 'I'ht, u'ork of se( tiorrs 6.1 arrrl 6.5 u'its calrierl oltt as ir
ctrgitrccrittg tlresis. trrr<l ther-r:firre ortlr. tht'ntosl itrrl,,,rlarrl j\su.s;rt,,rnt'lrtiorrr:rl ht,r'c. For'

rrrorc rlctails arrrl rrrairr rt'sults is rofi,nerl to Larrrlrn:irr 1871.

6.2 Simplified model for HNF combustion

Irr this sr,r'tiorr. rnorL,ling rcsults rrsirrg sinrlrlificrl:rlrproaclrcs;rlr'plr,slrrtr,rl. Tlrt'goal ol t1u:

rrrorlel is rnaxirrral lrredictile cirlrabilitr"arrrl accular:r'. <ou1;lcrl u'ith nrinirn:rl cornpl'xitr-.
'llris is irr'hievlrl 1x'rrsirrg csst,rrtial l>Irlsics irrrrl clrcrnislr'r'ollr-. r'it,lrling 1r'irctalrlr,ruorlels.
'l lrt'corrrlcnscrl 1lhirsc is tlt'irterl lx'a lrig-h-lctilir ti()rr-('lr,'lgr':r1r1rr',r-rirnatiorr rrrctlrorl. l'he
gas lrhasc is tt(':rt('(l irr tl'o u'als: the clirssicirl high-itctivltion-('nerg'\'lirrrit (Denisorr-Barrrn-
\\'illianrs. DR\\'. rrro<lcl) 13:1. 161].:rrrrl the lt'r'errtlv irrtlorhrcerl krl-;tr:tiva,tiorr-r:ncrgr. lirnit
(\\'irrr1-Sorr-Br'(,\\-st('r'. \\'Sll. rnorlt'l) 1157]. Iloth lirnits irllxr. lil ar irrralr-tical solLttiorr tif
tlrc gas plrasc t'tLcrgv ctltatiorr. 'l'he \\'SB alrlrroatlr was tilurrl to rrratch tlrc cxpcrinrcrrtul
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ol)ser'\';rtiorri. nril( lr l)('tt('r' tharr tlrc l)l]\\- trrorLels Iirr H\l\
It is tlrc irrtcrrl iotr ol tltis st't tiott to vclift' u'ltt'tltt't' tht' trcu

t,':ttlts li,r' I l\F,,,trrl,ll:li,,lr.

('H_\t, l'EIl (;. .\10/)l:/.1\(l

arrrl rlnlrlc lr;rsr' llopcllarrrs i20]
\\'SB-llrlnoaclr also gir-r's lrcttt'r

6.2.1 Nlodel
'llrc cornlrrrstiorr ot H\l: is rrrirk,lr,rl as ir ou(' rlirrti'rrsiottitl. stt:;t<lr-sta1t' l)r'o( ('ss. 'l ltt' t'ott

rlcrrsorl plr:rsc is rlcsclilrcrl lx':rrr rurirnolcculitt'. illevclsiliL'. zr't'o-otrlt't rlt'r'rittrlrositiritl t('il(-
tiorr

.\ +ll . (6.1)

t'lrr,tr',\ l('l)r'(,s(,lrts llrr,solirl Il\l-'. irrrrl ]l sotttc liirrrl ot ttttstitlrL'int('lnl('(1iil1('spt'r'ics
(srrclr as tlrc olrsclr-r,rl \O.r. IlO\O arrrl N2O). B lt';rr:ts Ilrltlrt'r att'olrlittg to tlrl tirlLllitLg
lrirrrriler'rrl:tt. ilrcvcrsilrlc. gits plt;tsc I('il( tiotl

ll+\l I C'+\l ((;.2)

n lrcrr' (' lel)t(,s(,lrts irrt(,r'rn(,(liirl{, gas lrhasr' plotlrrcts. strclr ;ts NO. I1 r'('l)r'('s('llls ttttst;tirk'
spr,r'ics sutlr irs \. ll rrrrrl OI1. 'l'lrc liitrctit scltt'rrt' t't'lrlt'sltttt'tl lrr- llr1.'s (6.1) alrrl (6.2) is art

:rrl lroc glolrll rlt,st'tilrtiol. Tltis rt,rrlr,l u';ts ttot rL'r'ilt,rl Iirrrrr;r rlctailr'<1 Iiilrctit'st'ltt'trtt'. lrttt

il orn l ('()n( ('l)lltal I)oillt ol r-icrr'. Tlrr, llrovr, rrl(,rt ion(,(l spet ios leplt'scttlr'rl ltv li ttrtrl ( l itrt'
rr,lrlcsotrtatilr,tirr II\F'liirrctics.arrrllrellr1oclitrilr'tlrciclt'llrchirr<lthcglolrirlrlt'stttlrtiott.

'l'lrc lciir'liorrs lr'ptosorterl lrv tlrc scc:orrrl str,1r (B*\l +(' l \l) ( or)sLllrr('ihc irrtcrrrrcrliatt'
lirclicitl slrccir,s. 'l lrcsc rurctiorrs alr,r'lralirt'1r'r'lzcrl lx' Irigh t'rotltetttticitv iur(l l()\'at tir';ttiott
{,1r(.r'g\'lr:rnir,r'. \l can lrc r.icwcrl its ir poril oI ttrslrcr'iftcrl c']ririrr t:ttlit'r'-s. u ltrtst'rtt:tss hitt'tiott
is r:onslarrt. ;rrrcl rrcgligilrlv srr;rJl corrrpalcrl to tlro lnain sl)('(:ios B irrrrl (' llJ7]. I'hr'r'('ir(ti()lr
is st,r'orrrl-otrk,r'rx-r,r'all. lrrcl filst olrlr,r'l'illr lcslrcct to Il. Lor'1)ur'l)os('s ol ntorlclittg spetit's
corrsr,r'r'iltion. rro clistir<'tiorr is nrirrll lrt'lu'r'r'tt tlre Nl specit's thirt al)l)('af otl tlt('lt'ft trrtri

liglrt lrarrrl sicles ot E<1.({;.2). 1'lrr, lrrot css is assrrrrrerl to lrr' :r lritrolccul:tt cxt lritttgc x':tt:tiott.
l'hit lr lirr syrccics lrookli,,"1,i rrg l)url,(,s,'s,. :rsslun('s rittlv tu'o gas slrct it's. l) (tr';rctarrl ) irrrrl ('
(lrlorlrrc't). 'l'lrr,ulror-r'itrt('tl)r'('tali()n r'(,lilt(,s to tlrr'\\'SB rrrotlt'1. Fol tlrc [)l]\\--rrrorlci tlrc
ltirrclic irrtr,r'ptct;rtion is orrr,oi a girs plr;rsc tlrclntitl rlccotrrlrtisitiott. tttttl \1 is irrtt'tlrlctt'rl itr
llr' ll:ll;rl :r'lrSr'. :ls ;rll.\ :l'r't'i|i.

'l'lrt'rrrolccrrlirl l'r,iglrts ol thc r';rliorrs slrct ics illr';rssrurrcrl to lx'r't1tritl. artrl tttitss rliflirsiorr
irr llrc girs lrhirso is;rssrrrrrr,rl to lrc rlt,sclilrerl lrr'l'icli's l;ru. Tlrc spctitir'ltr';tt r'it1r:t<iil :rttcl

tlrcurral corrrlrrctilitir,s ilt(,itssuln('rl to llr: ('onstilnt. 1'lrc gas lrltasr';ttLtl cottrIt'lst'rl plt;tsc

slrctifir'Ircat t:rlracilr iu(,ilsslun(,(l to lrc crlrral. lir sirrrl>lifr'lltc soltttiott of tltc g;ts lrltitst'
crlrrirtirrns. tlrc l.l'l"is rurtttlrt'r'is:tsstttttctl to ltrt ttttitr'. Lr : A,,ll,,l)t,,- 1. Thr'lxrllrt'llirtrt
rrrrl lrr, illrrrrirratr,rl u'itlr irrr e\t(,r'1ral l;rsct lrcitt flrrr. l'i1lt rarlilttivr' ('ll()r'l-l\- Q, (irr \\'/rrr2).
'llris lrr,;rt fltrr is irlrsollrr,rl il llrt'r'orrrlerrsr.rl lrlr;rst,irtcot'rlrtrg to Ilcer"s lal-(;tlrsorlrliott
cot'fficir,trt /r,,). llrc gas phast liiscl llrrx irlrsor'ption is;rssrrrrrctl 1o lrt'zcto. Iir';Li:liorts itt
llrr,r'orrrlotrslrl lthirsc havc rr tol;rl lrcirt rt,lt'irse (/,. I lrc g-as plrasc is :tssrtnttt<l lo olrcl tlto
irlt'al gls Iau'. trlirss rlilllrsiotr ttr tltt' r'orttlcrrscil lrltast' is rrr:glccte<l-

Conclcnserl phase
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\\'itlr tht' :tlrot'e asstttnl)tions. the corrtlt,nsl'ri lrlrasc is rlr:sr:r'ilrcrl lx' thr, liillou-ilg criergr'
ccluilliolr

t0l

d't'nt(. 
ru.l'

u'ith lrorrrrrlalr- t orrrlitiorrs

rlzTl, 
- 

+ (),t, I .l',(),Ii,,r'x1r(1{,,.r') ( ti.;l )

(6 1)f(0) -f . ;ttttl lirrr 7'(.r') -7,,,1r+ -\,

tritlt rr tlrt'tttitss flrrx (lig/rrr2s) . arrrl .1,. tlrr'liirctiorr of Ilscr (,n(.r'Ill absorlrr,rl bekxl the
srtr'[ir<:e. 'l he lalrrr, of ,f, r'ittt ]rt. r,stirrratcrl tir.irrr .f', - e\l)( A-,,:r:11). u-hert, .r'1; ls tlrc lt,-
irction zorrr, 1r,ngtlr. al)l)1(xiruaterl lrr'.r:4 - (.1,,f (.p,r,))l@,1(2RT,)) l(i2'. \s ir zcro-olrlt'r
cortrlt'ttst'rl lrlt:rse lcirr:tit)rr \\'ils asslurrr,<1. tlu,l(,a('tlorr Iirte is gilerr lx'

.,. - 7r,.,1,.,,.1r( *) ((;;)

l'ltc tlteltttricottplc't'rpt'tirttctrts ot sct tiotr 1.;1.2 show tlrat thc corrrlerrsr.<l l)lras(,ol ll\F lrirs

a llrilr rt'activc zour'. i.r'. a high a('tiviltion (,r()r'!lv tol tlrt'clccornlrcisiti,)lr l)l(,,('ss;rs gir',,rr
1rt l'.r1.(t-i.1). I'his rrrcarrs that rrr:tivati{)l (,rr('r'gv aslrlptotir's (\l:--\) rrrin-lre rrscrl to firrrl
thc trrass flrrr hottr Li<1 ((i.i3) 'l'lrc l'ell lirrou'rr (irrrlrlicit) solutiorr is [62. 1)t)]

') -{,.1i1.2).p. r'r1r( E, I llT,)
(6 t,)

Gas phase

Solutiorr ol tlrc gas lrlrasc crlu:rtiols is less s1 r'aiglrtlitu-nrr1. \lost r,iu h- rrrorlr,ls alc
lraserl orr the flirrrrc sh(,('t ill)pr'oaclr. i.c. il \'(,r\'1lrin lcactivr,zorrr,. rrlrt'r'r,,all tlro gas lrhase
Itt'at tclt'a,sc o( ( uls. 'I'his 

lrrolcss is tr'lrical fol girs phasc kirretics u'ith lrigh ac'tivltion
('11(,rg,\'(l:,, -r -x-). Jlirtlrorriatirailv thc lrca,t rr.lcirse carr lre alrlrnrxirrratcrl lx'a I)ilac'
rlclta lirrrctiorr 123]. It u'us lec:t'rr1lr';rrgrrcri br'\\'irrri r.t iil. thal ir \1,rv lou-gas lrlrase
irltivatlorr ('ne1g\' (l'), - 0) is ttrrlr'1rln'sir';rl li57] 'lheir pclspet:tilc is ba,sorl on tlrr'flrct
tlrat thc t(,nrl)(,r'iltur'(,plolilr,i.rf H\1-\ coulrl lrc rnur:lr lrt,ttt'r' r'r,1rlica1r'rl lrr--1.,, - 0. tlrarr lrr'
l.,r -:x..\rralogs irr gas plrasc corrrlrustion lrloviclr'lultlrcl cvirlorcc tlr;rt suclr irrr applo;rt1r
is rrrt rrnrr,itlistit . \lost ol llrc enr.r'gl of zr lrlrlt, )g.lr/, )\\'Ats,tr :r sterrr is rcleascrl rlrtrirtg t lrt'
rr,r'orrrbinaliorr/tcrrrrirrirtiolr st(,11. s"lrillr has a lor.r' actir,atiorr ('rr(,rgv lr;rrlir.r' Il[i8], llolh
lirrrit cascs (/:,, - 11 irrrcl L., - oo) u'ill bc rliscrrsscrl lrclr'. to slc tlr olclali r,[[i'r't or llrc
rr ror lr,l.

'l'he errr,r'gr- e<1r;rtiorr irr tlrc gits plr;rst, is

rl'l' rl2'['

"" ,1., \" 
,1., '' 

() 
" '

l'itlr tlre leactiorr rilt(,givelr l)\'

(.j 7)

,,, - pii,t),,\.I'2 t.r1, ( ,-1r) . (o .S)

l'helr' )' ls thc lrrilss flir( tio1r ol l3. 8,, ir (olrstillrl irrrd (r),, tlrc total lrcat tclca,sc in llrc gas

lrhasr'. '['he rlr,rrsitl ol tlrc gas plrirse. p,,. is frirrrrrl liorn tlrr,irleirl gas lau'. 'Ihe irrttlltrr'e,
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r:orr<litions iuc fixrncl florn crrelgv ccxrst'r'r'atiorr at the srrrfac:e (tho total ilrrrount ol cucrgr-

to lrr,lrt the corr<lerrserl phase fiorn fi1 to I oliglrrates {iorrr subsrrr{iic:e hcat relerisc nrril tho
conrlrrctive lrr,lrt ii'orrr tlrc gas phase)

(). I
L-1i,+!'+-('( ril(:(. [^,(f),, u 

* r,]

1 (),, + (),. lrrt

(6 e)

(6. r o)

arrrl

Tlrc specics eipr:rtion

-f 
-'l',I - ,o

of thc g:rs phasc

()
+

is

c(,

\\-irerc D,, ls thr'
<'orxlitiorrs :rre

anrl

d)' d,2 \'
u,t l',,[),,-,, ,q.

il.l (1.t -

g:ts pltaso tliflirsiorr <ror:ffir:ierrt. [irl the slrccies

(6. [)

crlratiotr. 1he boutrrlarl

,t. D.. /,1\ \
\- 1 t:t ! I IJ.-1t-l--l

nt \ r/.r' /, ,,

(ii.12)

(6.13)

Bcciruse oi the assrrrrrptiorr l.' - 1.

zrrc rrrr<t-ruplcrl. and carr lre u'r'itten trs

siorral rluarrtitics rlerurtccl b1' .) lt;Z]

thr: gas ph:tse eru:r'gv ccluatirxr arr<l sper:ies r'<lratiurr
ts'o sitrrilat rtotrrlirnerrsional equittirins (ttotr<lirnctt-

tlT' (l2T'
ttt't.,, - D,t7i -f'),'r1rtl !' tl t'- (#) (6.1r)

(6. r5)

itllr I ,,.#-# Dj).xp(+, *.)
Thr: bciurrrlan'erlrations tlansfcrrrrr accorrlirrglr'. For arbitran'r,alues of Ej. Er1.(6.11) Iras

to be srillcrl iterati.,rrlv u.ith Eq.(6.6) to r-iclrl fj arrrl rri*. \otc that solutiorr of this sct

lr,<luircs solutiorr ol a 2rrrl olrler difli,rcntial c<luatiorr. For tlu'trro Iirrriting cast's. E, - 0.

:rrrrl E, + x, it is possilrlc to obtairr an trrr;rlvtic'al soluticxr.
Thc tirst lirnit is that of a r,clr. lorv a<1lr'atiorr ('nerg)' irr the gas ph:rsr'. A',, -+ 0. lbr

this c'itsc an arralltic'al solution o1 liq.(6.1,l) crarr lrc olrtairu'rl

(6.16)

In this ccluation.r:| is il rlinrerrsiorrless thalactelisfic g;rs llrrrtir,l 7r)lle thicliness, gir.rrn ll

(6.17)

the gas phasr' 1113]. Irr

rcac:tirlrr. arrcl it t:clnst:trrt

Lsirrg diflelcnt aplrrorirrratiorrs. \Iiller
NIillr:r's rvolk thcr g;rs plrnsc l(,a( tiorr is

rleriverl sirnilar rcsults firr
rlcsclilrcrl bv a first ordcr
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t(,rrqr(,latlrr'o r'(,a(:tioll r'irte. Sirx'e,'\1 is assurrre(l ('onstalrt irr this rr rlli. r'ea<:tion (6.2) is irr
csscn('(' also first olrler. The (:orrstant terrJ)eriltur('rea( tiorr rat(, al)l)rorirrration corrcsporrcls
r'r,ith ir const:urt. ternp(,r'atule inrlepcrrclcrrt. r't,rtction rato. i.e. E' - 0.

In sunrrrrarr': Irr thc lirnit of a high corrrlerrscrl 1rh:rst,actilation energ\'. corrplccl r,r.itlr

:r Liw irt'tir-atiorr enclgv gas phasc. tlrc analvtical solrrtiorr o1'1he lrroblcnr is gilerr bv the
(rrondirrrcrrsiorraI ) folnr of Er1. (6.6)

E;(r: r,i Qi 12 l,.t)

This eqrration is soivcd sirnultancouslv with Er1.(ti.17) 
.I'ht,crrergv 

lralitrr,'e is giri.n
rrorrrlirrrcrrsiorral lr:srrlt of Eq.(6.9)

(6.18)

1rv tlrt'

Tl - r,i + (): + , 
QrI .. (6.1e)

r;|rrr* * 1

lirl tlrc high;rctllatior enolg\-g:rs phiise (E, +.r-). tlre rcglessiorr r:rtc is gir-r'rr lrl
\\-illiirrrrs's gas phase t orrtrollt,rl analvtir:al solution (tc.r D,,f RT'S >> l) 162l

,,,.2'2)'tB't'\[2 ]lr'"7,!
E:,4i,

/ E,,\
e\t) I I'\ R7t)

(6.20)

T'his t'xprcssion irr<[icatt's that the rrrass flux is rlcterrrrirrt'rl bv gas kirrr:tics onlr'. arrrl not ll'
clt,r'orrrlrositiorr kiut'tics. 'l'hcrc is no rlclrcnclt'ncc on 7. ol E.. \ott,thirt a(tllallv Q,. affi:r:ts
7-1 (.E<1. (6.10)). r'lrich allccts nr. Fol tlris cilsr: the cncrgr.ir:rlanc'r'r-iekls

f , [,: ( ),' (/, ,,\l) ( , ,',,,,,') (6.21)

Fol thr'high i,rctivation ('n('r'g\r lirrrit casr,. thr,,\l'l-\ r'r,srrlt. Ec1.(6.18). is stil1 rrsed firr the
delcrrrrirr:rtirli ol thc sur'lhct'tell1)elirtul(,f;". Rcsults ol this trarlitiolal arralvtical lirnit
r::rsr: r.ill bc r:orrrp:rrt'<l rvith the rrc\\' (orr('cl)t ti I:,, :0 to shorv thc ovt'rnll imlrrcl*'rnerrts
of the rrroricl s lrle<lictivrr r:apalrilitv.

6.2.2 Results
'Ihc rnorlel irrprrt uscrl fil tht't:alculutiorrs arc sunrrrrarizerl in'I'alrlr'6.1. I)rrrirrg all cal-
crrlations thr,sc valut,s arc ht'lrl corrstarrt. Thc corrclcnsccl lrhasc activation errt,rgr- f. -
75 1i.l/nrole u'as tirurr<l to givc goorl rcsults irr the n'hrilt,pr'(,ssllr'(:, r'angc tif irrtelt:st. This
r.aluc is t lose to tlrc 8l kJ/rrrol,r'er|rircrl to lrreak-rrp HNF irrto lrlrhazinc anrl rritloforrrr via
a hl,rlrogr:u translcr (scr:tiorr 2.1). 'l'he rahrt's o1 t1ir,,\rllrcnirrs l.rlcfa<:tors, -'1,. lncl Br. rverc

rlctctrrtircrl frrm tltc t'xpt:titnt'rttal obst'rva1 ion tlrat 'f, - i23 K l10l] artrl r'6 - 0.77 rrrrn/s
:rt 0.1\ll'a I16. 101] . .\ftcr tlis caLi,broti,ori, of thr: nroilel irt a single lnrnirrg conrlitiou. thr'
rcgrt:ssiorr ratc is calcrrlirtr,<l at rliffr,r'ent l)rcssLlr('s. rr-ithorrt rrrorlifir:irtlorr of nrn,of tlrc other

l)alilrrretels. f'he rlt,nsit.".ot thc prcsserl HNF 1tr,l1ets uas 1710 kg/nr'r lttt 1]. 'l-hc thcrrno-
plrvsical propclties of solirl H\L' ri'r'r'e lr:cerrtlv rreitsure<l [57]. 'l'lrc slrecifit lrt'irt t apat itr'
ancl tlrr:rrral conclrrt tilitv utrc firurrrl to havc a sliglrt tcrrrp()r'iltLu(' cl'perrrlenr:r,. Ilol-ertr.
tlrt,efii,t'tirt tlrr:rnrirl rrorrcirrctir.itv u,as firrtn<l to rlet'r'r,ase neal thc lrtttrritrg surl)ici:. dut'tcr
crat:ks rlurirrg conrllrstion 199] (sce also C.lhapter 7). Irr this rnorlel constant lahrcs at 100'C
;tlc rrscr].
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Talrle 6.1: lnTrrrr r';r/rrls rrsttl ll,r lciri 11.\iF rnortoluoltr:llant cak'ttlirtiors itirlt rltl
\1'.S/l ;rrrr/ /)/111 -rrrorlr'1s.

Steatlv statc HNF corril)ustion

Fi,lrrlr,(j.Islroustlrclr,sultsof tlrt'r'irlcrrl;lt(,(l r'(,gr'(,ssi()nlirlr'lirr lrol lttrrorlr'ls.r'rirtrlr:ttcrl
l'ith cxpclirnr,rrtirl clat;r (liotrr llr,{.f1]. irrrrl ('1r:rp1r'r'1). l-ilit'tttlttr'('r('r'g('tic trurtcti;ils.
Il\l-'srr,glessi()lritl(,r'irrLlrcrlcscrilrcrl lx'r'1,-rtlt". lltcIriglr atlivatiott('n('tg,\'lirritviclrls
r - 1. litciurs(, /// - l), t't) "\\ l). sce I',r1.((i.20). Il-rpelitttertitlh' tt - 0.31) t'irs tirrrnrl liir ll\l'
corrrlrusl iorr(lr,as1-srlirirle,slitloallrlat;t ltoirtsirt l'ig.6.l). llcc'itrrsr:tlt{'}r'ott'\\ii)rr r;rl('\\';rs
glrrglil irl 0.1 \ll)rr. tlrc fl;rrrrc shoct oi'r'rpr.r'rlicls tltc rcglessioll lirt(': alroll' {).1 \11)4. 'fLr'

\\-SIi irplrroirclr slrol's goorl lglccrrrcrrt u'itlr tlr,exlx,r'inrctrl:rl tcsults. JIri-s rrrrrL'l plcrlitts
rr - 0.87 (lrl calt ulittirrg tlrt' liultt tittc at I \ll';r itrrl it1 1.01 \ll'a).

Ilolller' ;rlror-r, ().7 \ll)a. thr,r'r, is ;trr iucrcasirrg rlifti'rurt:t' lre1 n't'r'tt tlrr' \\'Sll-r'r'srtlts
irrrrl tltr,r,r1rr,r'inrcrrtll rlirla. 'lhis rlilli,r'r,rrcc citu lrt,ittttilrrttltl to llrr'lirct tlt:it not ottlr'
thr,gas lrlrlsc liirrctics clrrrrgc l'illr prr,ssrrlr,. lrrt:rlso llrc llarttc tt'ttrlrt't;tttu'r'. -\t 0.1 \ll':t
thr, llirrric t(,rrrl)(,r';rtule ol H\l: is 1', - 2766 t., \\'lrrrrr lhc l)r('ssrir'(' is irrt lt':ist'rl. tltr' llarrrr'

l(,rrll)(,1 iltur'('o1 I1\l: irtttt'ascs cottsirlt'ralrlr'. r'B- /t - 29 11)li;rl 1\11):r. arrrl 7l -;tli2li
a1 l0\l[)a. 'l'lris is rlrrc to tlrr, llr't tlrirl tlrr,r,rluilill'irrrrr cornposilirin is rlt'1rt'ttrl('rit oll tlre
pl('ssli1(,. sr,r, lirlrlr' I.1. Tlrr,higlLr,r'llarrrc t('nrl)('r'irtur'('r'r'srrlls i1r itlr ('\tlir hr':rt fi'r'rllrrrcli

t() tlt(,:lu1il('(,. trot;l('('oltrtlr'rl lirr lrr thc rriorLel. ['lris viur-irrg flitttte lt'ru1rt'Litlttlt'r'att lrt'

irrllorlrrct'rl irrto tlrr,ruoricl. ln viu'r'irrg (.),, irs firrrctiorr ol prt'ssttlr'. so thitl tirc r'ztlcttl;i1r'cl

arliirlrirtir'llirrri,tr,rrrlrcrirlllr(,is lolclrcr[. l'l -. (Q,t+(),.)f (,.17ir. 'l 
lrc Lt'sl r.rl tltt'palrttttt'1t'r's

is lielrt (()ns1itnl. l'lrc lcsrrlt is irrr irrrprolcrl itgtct'rttcttt irt,tl-t't'tt tlrr'\\Sll tttritlel:tttrl lltc
crlretirrrcrrlal rcstrlls. sct,F'ig. U.2. I ol I{,itsolrs ol sirtrlrlitilv tlris rrrotlilir:irtiott oltltc tttorll'l
l'il1 trot lic rr:r,r1 tltloughorrl llrr,tcst ol this 1rir1rcr.:rrt<l Iiotn nol'or (()rst:u)l (r),, r-;rlrtcs

till lrl rrslrl.

\lr]i.-Ta,,l,
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1(]ti CH,\PTER 6. IfODELING

-\lso ftrr' lou' aucl higlr initial tenrl)(,ratur('s. thr: \\'SB-mo<lcl has goocl a,greenierrt ',vith
tlrr: expt,r'irlental lesults. see F ig. 6.3. This scnsitivitv of thr, buruiug rat(' to the initial
tcrnpcraturc, is rkrfinerl lrv the firllowirrg exprt'ssitrtr

(6.I)

Rv detcrrrrirrirrg the rcgressiorr r':rter at 292 K arrrl 293 Ii H\F s terrrlrcratrrr',' sensitir-itr- t';rs
<leternnirrcd fil both the DB\\-arrrl the \\'Sll rnoclcl. see F'ig.6.,1. -fhis graph irlso shol-s
the exlrcrirrrerrt:rl <letcnninerl ternporaturc scrrsitir.itr- frorrr tlrc clata lroirrts of Fig. 6.3. This
is ilorrc irr tl'ri u-avs: First. rl,i,'rer:t <lat.t:rrlirratic'xr of oo ilt (lach l)r'(,ssrlre lrv a fit of ln(r7,)

vs. torrperatrrrc. Thc seconrl rrrethrirl rlses the least-squarts 1.rolvcr l:nv fit to the regressiorr

rates. Therr the terrrperaturr: sensitivlty is dctcrrnincd frorrr the rliffcrenccs betrvr.en these

fits iit each l)ressllr'(,. If tho plopellartt burns nict:lv according to t'i, - opt'. tlien the set:onrl

mcthocl r,i'ill give rrrorc act:runte results.

T:293 K +
\1,,,1,'1. T-293 K

T-223 Ii x
N[,,tle]. T '123 Ii

'I'-368 K x
\ftrrlel. T-368 Ii - - -

x

x

x

,

X

x
x.

+
x2.0

xl t)

>4.

X'

x 0.5

'r,-;(H)r,

-a; 
1 rr

=e

1

l'ressurr' [\lPa]

Figure 6.3; Contparison of c'ak'ulatt'Ll (11 Sts-lrodr:i) aad
ti'nt,at HNF sarrr.p.les. (,\btc the ilNltiplietion fat'tors.

1rer?rrr r.xerlal-r of data.)

10

ncasulerJ lcgression ra ft,
rllrir*r arr, itroducecl ttt

Frotr Fig. 6. 1 it is seerr that thc lox' :rr:tivation energv lirnit predicts a prosslrre <lr,pen-

clenc'c of thc ternpcraturr: serrsitir-itr'. This linrit case shox's reasorrabkr agreerrrr:rrt u,ith the
dircc't cletCrrrrinerI r'alues frrr or,. T]re:rgreement lvith the te1ill)eraturo sensitir-itr,as rleter-
rrrirred bv the secorrd nretho<1 is lt,r'r- goo<1. Tht. En -+ cx: morlcl is not t':rpabk,of calltrrling
a I)resslrr(, r'ariation of ar,. Urrlirrtunatelr. thc lnrge cLlors frunr the rlirect rrrcthocl nr;rke it
irrrpossilrlc to lIr-ol ouc of thr: trvo nrork:ling approa,i:hcs. Tlrc terrrltr'ratrrr',, srusitivitl as

rlctcrnrirrccl frcxrr Iitting lrcxler larr's filst. agrees lretter for thrr \VSB-approar:h, tharr fiir thr,
DB\\--rrrriclel.
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Figure 6.4: E-rTrcrilrrclrt.r.l ls. tlLrott,t.ir:al tt'utl,praf nt., slrrsirir irr of I/\F loL botlt
nxtdeliug ttpproitt'ltes (r,ttotltitt's irrclil ate rlre st:rldarrl r]r'r"iatior fntm tltt'1rr(r'7,) r-s.

T fit). bir r,-rplarrirr:irxi ol't.ltc trt'o rlittt'r'eut nt'tltods of'r'-x1;erirleltal o,, tt'aluatfunt
sec tlre tr,-xt. llltliri tltt,E,, -+:x appruta<'lt onl.t-tt t'onstitnt tarnlx'r;tfttr','s"lsirilir.r'
is la-lr:u.l:rrerl, or: (71 + E,tf '2R'I't)17't.

'lht'r'ariltiort of tlrr: srrrfac't'ternlrelirtrrte. 7.. rr'itli l)lessrlle is clcl>it:tcrl in Fig. (i.5.

Although lrotlr trorlcls shalc thr, snrrrt' corr<lerrsr:rl plrasc ccluatiotts. t1I(' l)re(li( tc(l sur'ljrt e

tcntl)eriltlrres :rrc <liffi'rtrrt. lrccarrsc lroth rrrcirlr,ls plt'clicl a rliff'elrrrrt rrass llttx firr clt'h

l)r'(,ss1rr('. Thr,figrrle also sltrit's sorne cxpt'r'irnerrlal rcsrtlts r'hiclr u't'tt'olrtairtt'rl with thcr
rnocoulrk's [101].

F igulr' 6.[i corrrpa,r'i:s the tcnrlx,ratrrrt: plofik, irs linutcl {lorrt lroth litrtil t:ast's. a,tttl rritlt
that of rlctailcrl rrrritlelirrg (rrert scr:tiorr). It is seerr that thc tt'ntyrcratule 1;tofiL' of tirt'
sinrplifierl \\-SIl-rrrorlel is r:krsc tri that of tlre rlctailr'rl c'lrt'tlical tttiitlcl. Rotlr sirrrplifir'rl
rrrorlt'ls slrrxl a tetrrl)ctatrrle lrnrfiIr r:kist'to tlrc firral flirtne'lctttlrt'tatllre at,r': Inttrr. Titt'
rletailt:c1 <:rlctrlatiorrs sluru'a Io\\1,r'terrrl)('ralrtrc rlue to tltt'slorv NO re:trrtittrrs. sittrilar trr

llrc 'rlar'li-zorrt," in rloulrlt-lr:rsr: propcllarrts. \\-ith it solonrl stelr irr tltc gas phasr:, C' + D.

the sirrrplc rrro<lcls l-oulrl also lre alile to calcrrlatc this irrtelrrtecliate zone. 'lhc firtal flartrr'

t(,rrrl)('r'atul(, cil the liineti< al rnotk'l is e<;ral to that of tlre otlrcr ttroclcls. It l'tts rlctetttrtitttrrl

lrr'\O U\'-alrsorptiorr atrtl C',\liS t'xpr:r'irlcrrts tlr;rt tt'mpct:ttttlt's tlose to thc atiiirlratil
flantc tr:rrrpclatllrc al('rclr'herl l'itlrin Irrrrn irlror-t'tht'sut'f'acr' (soc st'r'tiott 1..1). A1l tlrrr:r'
trrorl,lirrg alrltLolr'hcs loufilrn tlris. IIou'rrlr:r. tltc irtitt'c'ttlitr'r'of tltt'iilts,,t1,ti,,tt "rp,'tittt,'ttfs
<locs rrot allorr lo rc'it'r't ortc of tlter rrroclr'ls.

,\ <'losll rrgl(,(,nt(,lrt bctu-rx'rr thc terrrperatnr(' l)ri,til,' ,rt \\-Sll/l)ll\\ -tttotle'ls tttttl thr:

kitretic rnorlr,l is olrtairrerl lx' rrsirrg the irttcrtrterliittr: tt'rttptttittur(' of 2l-r50 Ii as the fitral

t(,1np(.r'ittrlr'(,. It u,as tt,r'ifi<'<l that aftcr rr-r'alililation of tlle \\'SB-rrroclt'l the t'fletrt is strriill.
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Figure 6.5: /'..rpoirrr,rtral tntl ltrerlittt'rl surf'a('(,r('rll1)et:t/1u1,.

Lrrr ilrc Dll\\--rnorlt'l tltolt'is tro t'fli'r't. irs a rlocleirsc ol (),, is corrlrcrrs;r1l,rl lx';r rleclcasc
o1 /i,, (scr,l'ir1.(t;.20)). 'llr,so lcsulrs u-ill rlr,r'r,lixt,rrot lrc rlislusslrl lrclr,.

Figrrlt'(i.7 slrrxls tltr'liositiorr s'lrtle (ijl7 (- .r'.,) irrrrl \)!)\l rl' tlrt'firrirl fllrrrr,rtrnlx,r:itrrlc
;tlc tt'ittltctl. TIrlsc lrrisilir)rIs ilr'('tlr;tlaclcr'lstic tlirrrcrrsrorrs lirl thc gas lrltasc tc'actiotr zorrr,
tlrir'lircss. Irr tirc ligrrlt'tlris ll:rrrro tlrir'lirr,ss is crirrrlriur,rI to ser.r'r';rl r,xlrr,r'irrrr,ril;r] r'r,srrlts.
I lrc ll:rrrrl stitttrlofl rlistiultcs irr I-'ig. 6.7 rvelr,olrtirilr,rl ilorrr lirlco irrrgcs:rs tir(,alisl:r1l((,
ofl tlr stttlat't' ot tlrc Cl\ r'lx'niihurrirrlscr,rrl r,rrrissiorr. Ilrr, ('\ lrnrfilc lrcirli lotirtlrrr wirs
rlctlt'ttrirtorl lx platt;tt litsct itrrlrrccrl flrrorcscorr:r,(l'}L]1"). rvlrir'Ir is a rrror'(,iicirLrirtr,rlltr,r'
lttitliltioll of tlrc C'N stirrrlofi. I'hr'('\ l)tolil(, 1)(,iili rLrls tlrl ut'r'r,ssirlill r.oirrcirlr,witll ./,/.
lnt slrortlrl al I('as1 tirllol' tlrc sarrLo tlorrcl. iln(l l)(, o1 1lrt' sirrnr, olrlcl of rrlirgliirrrlr,. Tlrl
IIIii,qltitlt(l('is tnttr'1t lrettcr plcrIir'tcrl lrl tlre \\'SI]-rrrorlr,l. l'lro I)ll\\'rrrorlcl fllrrrrc tlrickur,ss
is att oltlct ot trragrrilrtrlt' too t lrin (;rs irlso tlrl casr, fol II\l\). Jt is scr,rr thitt lrol ir tlrc I)]l\\'
irrrrl \\-Sl',-rrrorlcl-s lrlerlit t tltc cxlrctittrcrrtitl olrsclvl,cl qrlessrrlc rlr,lrclrlr,ucr, (rrr,irr h' 1,/7r).

Lascr-assistecl combustiorr

,\s pittt ol tlrc stttrlv ol'tlrc tr.rrsi(,rlt corrrlrrrstiorr o1 ll\1". ['inlinsorr cL,tctrnirrr,rL tlre
Iitsct assistcrl regtt'ssion rat('s of ll\l' 116] Tirr,iasr,r'assisterl legrossior) 1ir1(,r1irtir allon's
tlrc firr'l lrt'r r':rlirlitt iiiu of tltc nrorlcl. I)ruirg corrlxtstiorr l lrr, lirsr,r' ('ll('rgv is alrsollrcrl irr t hc
totttlt'tt:r'r1 lrlutsc ttcat llrc llurrirrg srrr'1acr,. arrrl irrclt,ascs llrr,r'r,glcssiol lat(,. -\tr iirfil-r'r.cl
10.6irrrr('O2lascltvitsttst'tlirrI"iulirrsorr'sstrtrlr'. lslrcllirrrrlIllcl's1r,r'rrrcasrrlcrltlrr,olrlilal
l)t()l)('llics ot st'r't'trtl lrrclgctic rrrirtcliuls l(i11. 

'l'hcir results slrotr';r lalgo clilli,r'r:rrcr,. irt r,.g.
tlto litlttt, ol lltt, :rlrsor'1>tior < ot,[[ir:ir,nt. 1r,,. Tlrc i'irlues r';rlit,rl llorrr /f, - 190r.rrr I tirr. ,\I).
1o 1L,, - 2ii00t rrr I itttti /r',, - 167{)r'rrr fil llD\ anrl llll\ r'(,sl)(,cti\r,l\'. til' II\F. thc
itlrsotplior cocflicierrt fiir llrr' ('Or u,;rrtrlcrrgtlr. iras lrccrr cstilratt'rl ;rs [',, - 1(]00 r'trr rIl)9] 

.
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Figrrre 6.6: lt'tnltctature lnofilt of 11.\tF trtr ltotlt lnnit ru,.trlt.ls. ttrxl ;t t ornlttt,|r'rrsirl
rlet ailerl,liilcrilal rrttrlcl.

.\o:rbsrir'111.iorr or.rt'flccliorr rrri,asrilcrrrcrrts Iralr, lx'r,rr r'allir:cl ollt Ii)l I1\t" irr the 10.6 Trrrr

C'O2-lasll lurrgc rrscrl lrl Firrlinsorr. l'lrc rr,flt,r'tiorr cor,fficicrrt is tletllrrrirrcrl florri a lrcsl lit
to irll r.rlrt'r'inrcnlirl clatir. Irorrr llrc prclious cliscussion. i1 h;rs lrt,'r'oure rlr,ill tlrat tlre lorv

ir( tivation erl(,1gv lirrrit. \\-S]]. shou-s lrcst ilgr'(ic,1r('1rt u'itlr t lrc r,rpcr irrrerrls. J'lrr,relilc orrlv
this rriorlll n'ill lrc rlislrrsscrl lrt't't'.

l:igrrrr,(i.8 shorvs tlrr'1asr,r'assiste,rl corrrlrustiou oi H^\l-'. l:irl all l)r'('ssur'('s tlrc rnorlr'l

lrlerlitt tlrc trcrrrl u'ith irrr:r'r';rsirrg cx1r,r'nal last,r lu,;r1 flrrr irr goorl irglr,r,rrrcrit l'itlr tlro
cxlrcrimcrrlirl rlirta. l'lit,rliffi,rcrrr'r,1)(,t\\'(,(,u r,rlrclirrrr:rrls irrrrl tlrr,rrrorlr,lirrg is ourserl ll'tlrr'
srrrirll irraccrrncics ol t.hr,nrorlcl. tlr;rt alc allclrlr'l)r'es('rrt ilt (//. 0. I'ol tlrcsc cirlr:rrl:tlions
:rt all ltrcssulr,s ir sru'facr, r'r,flr,r'tiorr oI' (i)t/, l'as rrserl. 'l lris virlrtt' is corrpat:tlrle to tll('
r':rlrrcs rrsr,rl fiir Iltrl-\ rrrorlr,lirrg ltt:11 

'trr,. u'olli uscs ri srrltAcr,r'r,flr,r'tir-itl ttl,tl)t/,. lLru'r,r-r,r'.

rrcat I[\l\ sarrplcs slrou rrrr]r I.-,({ rr.fl,'r'tir-itr iit lorxn t(,111)('r'iltul(,. S('\'('rirl t'ryrlattirtiorrs
lor tlris clil[i'rerrcc carr l,,,giri'rr: i,)rrs l]1r'\{'r1t rrL tlrc rlclt Iarct. t'trlLatttt'rl sr':rttclirrg irrsirlc
tlrr,rrrr,lt l;nr,r'rlrrt,lo bulrlrlcs. ol t'rrlrarrcccl irlrsorlrtior irt tlrr'liulnirrg -\ur1ir(('rlut'1o tltc
l)r'osclr((,ol rlccorrrlrositiorr lrlorlrrcls (herrr,irrclr':rscri lr,llct:t.ivitr-). It tlrr'lrrcssrrrc iuclclscs
tirr,rrrr'lt tlrir'lirrcss clcclcrnscs. 1'lris irrrplit's il lou'('r'r'r'llcctiott. I Irc rrrcastttt'nl('1rts ilt 0.6 \lPl
s('(,rn 1o inrlicatr, this. Ilrwcler'. tlic rnrrrrlrcf ol rrlr,;rsult'rrrt'rtts itt llris 1r'r'ssulc alt' litrtitttl.

6.2.3 Conclusions

Ts'o loll sirrrlrle rrrorl,ls fil tlre corrtlrrstiorr rilll\F lr;rr"l' lrct'tt lrtcscntt'rl. 
'llu'girs 

lrltast'ltits
lrr,r'rr cirlculirt(,(il)\' t\\1) lirrrit ;rlr1rroaclrcs: lou'(\\ SR) :rnd lrigh (l)B\\') girs phirst'irclitatrorr
eir('1g\'. 'lht'\\-SIl aplloaclr shou's glcat lrlorlir'livc capitlrrlitr'. irr irotlr litst't-irssislt'rl itttrl

:-

:l()(x)

2 r00

20(x)

I..r0()

I 000

;00
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0.01
t).0 1 0.1

Plcssurr'[\ll'a]

Figure 6.7: Fltnne st,an<ktfI' distawt as t'ak'ulaterl frun both rnorie.ls. r:ornpaxtrl
rlitlr exl.reril)antal d('tqntinecl Ilamt, st.andoff (Ircigltt aboye tlrc bunting suifhcr. of
C\ r'Ierriilrrrrr.ine.sci'nrrc), arirl CN prcthle pt'ak positiou (as detei'uiincd br'Tr.lanar.lascr
iru luc:e d fl rror-escc'lr:e).

sclf-sustainccl lcgressiorr ratcs. tcrrrperatult, sensitivitr,, anrl suriacc tcrnl)cratllres. Thc
agr('(,rlent of thesr: lxopcllant propertics is rurrcli bettor thirrr r-ith tlu, usual :rssurnlrtion of
largc gas pha,sc activatiorr errergr' (DB\\'). Br- irrtroducirrg HNF's strong pr'ossurc rlepcrrclerrt

adialratir' flarrrc terrrperature into the \VSB-mo<lr:l er.r:rr l)otter results alc olrtairre<l. Tlrr:
par:lrnetors th:rt ga,r,e the bcst rrgreeluent lretn'r'r,u nrodelirrg arrrl ex1;erirnental resrrlts al1

h:rrt re:rlistit'r'alur.s. The t'orrrlensed phast,<let,,urp,,siti,rrr activati,rrr err('rgv corrcsltorrrls
to HNF rlccorrrpositiorr. 'fhc overail errorgv lr:lr-.asc irr thc <onclt,nsercl lrhast: is cndothernric,
u,hich can be cxplained ll' tlrc nrclting anrl cr.aporation of the HNF. Thr: gas phase has arr

effr'<'tive low irctir.atiorr energv frrr thtl lrrirrrarv flarnt' zorrr'. like e.g. H\IX-crorrrlnstiorr.

1t)

0.1

C

a



6.2. SI)IPLIFIED }IODEL FOR I.IA? (]()I,IRLSTION t11

t
F

L

0 10 20 30 .10 ;0 60 70 80

Lascr F lux. Q. [\\'/crr2]

Figure 6.8: Lasor-:rssisteri reglr:ssiol rtrtes of H-\? at differefi 1)ressir-res. Poiuts:
e',rlrerrrrrenra] dara:So]idliles: 11 SB-rriorlt'l'srcsuJtsforIio,- 1000cnI. TIel1 SB
nrtdel prerlit:ts tlx: tu:ud ilr HNF's ltu:lttiry1 ratc litir ircrcasi:lg lrcat flux acruratel.t,
for- a.l1 lrressrrres. 'flle drt'iat.ion h'on the t:xpteritneutal rtsuits is iurlept,ndt:nt of tlrc
va.luc o1'tht, lxtat flux. ,but is c:rrrsed llt' cliflbrences a-llearll' at (), :0.

r:0..11 N,Il
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6.3 PREMIX modeling
'l'he rtro<lr,ls ol the 1lr,r-iorrs scctiorr rlo rrot trr';rt r'lrcrnistlr.irr rletail. Bl rIoirrg tttote rlr'tailt'rI
cakrrlatiorrs. rrrore irrsiglrt :rlrout tlrc kirrctics of'tlrc corrrlerrscrl irrr<1 lrlrasc is olrtainerl. Tlrc
<letailerl t alt'rrlutiorrs alsri nrirlic a rlilect corrrlralisort l'ith r,.g. I'l,IF lcsults possilrl'. Tlris
ser'tiorr <lcsr:r'ilrcs rrrore rlctitilcrl cakrulirtiotr ol ttt'at H\F tornl.rrrstiott. f'Irc H\l'- flanre is

trt,ltccl ls lr, prernixr,<l flirttrt'. u'itlr an attaclrcrl r'ontlt'ttsetl phast'.

6.3.1 Description of the model

H\F corrrlnstion is clrirrar:tcrizc<l bv:r thrr,r'plrase crirulrrstiorr zritrr': solirl. lirltritl ittt<1 gas

plr;rse. 'lhc ruorlr,l prcsr:rrtcrl lrllr: ilccorlrrls lirl all tlrrcr'phascs. st'c Fig.6.!). l'he H\F
corrrbrrstiou is tL,sclilrr,rl 1rl a orrc-clirrrcrrsional rrur<lr,l. 'l'he lirjrirl to gas stttiitcc is lrt'ld
fixr,r1 at .r'- 0. '['lrc solicl t'rtr:rrrls to.? : -rc. irrrrl the gas plrase t'rtr:rttls to.t: - *.x. 'lhe

solid-to-lirprirl suliircc is Lrcatr,rl at :rrr unlirrorr'rr lrositiorr.r:,,, lretu'r'r,rr,r': x anrl .t'- 0.

1'lrr. r'tirrrputatiorral rlonrairr r:xtr,ruls fiurrr.r'1 {.r',,, tr).r': } 0 rvhitlr al'to lrt'r:ltosert sttclt

tlrat zclo gr':rrlicrrt corrrlitiorrs at tlrt' lrourrrlarics a1r1>lr'.

Eigure 6.9: .)-r.-Lcrl:r tit ol tltc ntodel l'or 11,\? soJjrl rrxtuoltroltcll:tttl cottt/rtisliort.

Condensed phase

It is assrrrnerl that no cherrrir':r1 Lcactious tllie place in tlrc ctirrclerrst'rl plrasc. Tlrclrrto-
couplc c\l)('1iul(,rrts lrr-\irrr EIlre ct al. Il2] iurcl irr tiris t'olli slrol'tlrat tlrc tt'trtlrctuturc
traces firlLru'thc thcorr,rtir:al solutirirr lirl ht'ating ol a tron-r't'acting solid (section J.3.2).
'l'he grx'errrirrg t'rluittiorts irle: ruass ('()1ls(,1\'irti()rr. slre<:ios r:<lrrsetvatiotr.:tllrl t'rtt'r'gr-(()llser-
latiorr. Irr the corxL,nser<l phtrsc. thcse crnrselviltir)u e(lll:rlir)1rs :Ilr' flsl)('('ti\'('lv gilr:n llv thc
tirlkrs'ing cqrratiorrs l,3J]

1i1 - 1n:A - (:olrstitrrt l

)i : dgrf..r. lirrl; -1.2..../i

(6.23)

(6.2.1)
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\\'L(,r(,
rit lrital rrrirss flol'
7r rlcusitl
l rtkrcitl
,{ ilr'(,ii
); rrr;rs,s 1r iicl irirr o1 1 Irt,

ri lilorrer'lrclrlellir
('t lrtirt t alrirt itv oi flrc
\ rlr, rlr,irl ( {,rl,lri, tirilr

. tll
t])t, -

l'th slrccies (tlrr,r'e arr' A' spe,r'1r,s)

rorrrlr,rrst,rl lrl urst'

of tlrc r:ort<lr.rrscrl phirsr'.

* (^, ,#)

1l.j

(ti 2, )

Liquid phase

Sotttc tr';rr'liotts l;tlic plitcc irL thc rrrclt Iitlcl rlrttirrg II\l'trirrrlrttstiorr 112]. 
'l'lris lesrrlts

jl it lrublrlirrg slrrl:i(('lavet'lnitttsc o{ the girs('olts slrccics rt'lr';rst'd irr llrc lirlirirl lrhirsr'.
IIot'r,r'r,r'. n'itlrirr tlLt'rrrorlel llrcse llrlrlrles ilr'(,rrot oxpliiitll il('(ourlt(,(l 1i)r'. -\ lirlitr,<l
sct ol rrri:lt lirlcl rcar'liorrs is corrsirk,r'r,il. It is irssurrrr,rl tlrat all rlccorrrlrositiorr lrlorlur'1s
prrirlrrct'rl iu tlrc lirlrrirl phitse'r'r'rrail rlissolr-erl irr tIre lirlrrirl. Thrrs srtlr sur{:rcu i'r':rirolatiorr
is rrcgltcterl. I lris glcirtll sirrrplifies tlrc crprations rlest'r'ilrirrg- tlrr' 1ll plrirst' flol lcgiotr.
.\ sirrril:rr approirtlr liclrlcd goorl lcsults lil Itl)\ solirl rrorrolrlopr,llarrt corrrltrrstior f126] .

'l'ht' lirlrrirl lalr,r rs ck,scrilrt,rl lx'

1i1 - 1t, l - r'r,llSt;rltt

rl \',
tit ,,,'.. 1*'/ll', Ii ,r / l.' Ir

tl.l'rl
,,,,, ,k = ,i

rr lrcre
;'i nrolilr' Lirt C of plorlrrr'tiorr l^-

(1rcl ruri1 r'olrrrlr,)
lI-t rrolt't trliu u't'iglrt of tlrc l,'t Ir spccics

l,t, s1x,r'ifit t,rrtlralpl ril'tlrt: ltlr slrc'c:it,s

('t Ircirt r:alracitv ol tlrr, Iirlrirl lrlrase
,\7 tlrr,r'rrral rorrrlrrltivitl of tlrr, lirlrrirl plrzist,.

l lrt,rlerrsitl oltlrc lirluirl plrasc is irssrrrrrcrl lo lrc r,ryrr;rl to IIrilt of tlrr,r'orrrlr,rrscrl phast'

Gas phase

lrr llrc gls lrlrasr: Irrlther lt,;rt'tiorr t;rlics lrl:rcr'. until ?t1r erprililrlirttr is lr:atlrcrl. 'I'hr'

golcrrirrg c,rlrrirlions irlo tirtrrrl lrl arlrlirrg the rliflirsiorr 1('r'rrrs to llrc r,<lurrliotrs rlcsclilrirtg
the lirlrrirl lrhirsr'. So. tlrt'gas lrlr:rsc is rlcst ril.rc'rl lrr'

ttt - l)t' | - r'r,jtstilllt ((i 29 )

(.t' ',t)

((i.26 )

((i.27)

((j.28 )

lhcrrriclI tr,;tr

lf -,1/i1111.
l,r

tiorr ol tIrr,/'th slrclies
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\\-l r (,r'e

l; <liffusiorr lekrcitl of the Ath spercics
('s heat capa<:it1, of tlre gas phase

^,) 
thcrmal r:ondur:tivitv of tlrc gas phase

cq.h, lrcat c:a1rac'itv of the i:th species
The rr':rctiorr urc(rharrisrrr fol tlrr: gas ph:rse mav lre clifli'rent frorrr that of the

plrase. Tlrc derrsitr. of thc gases is frlrncl fiorrr
li<lrid

(6.32 )

u.here I is the lrressurt' anrl IJ

pll'
' Rl'

tho avcragc rnokrcrrlar u,ciglrt of tlrt' species.

. t/)1 ,l 
,,"; : r (p.-l)ilk) +.{iAtll firr ft : 1,2....1{ ,

,l.l I / df\ Ji tlT h

rir,.,,-! : ;( \,,-t; ) .lI/,)'11'1t,1.t j lf*,r/,rllr,
tl.t r/.r' \ 

' tl.t f 7, rlt i, I

(6.30)

(6.3 i )

Boundary conditions

Boultlarr, <'orrclitiorrs are rrcctlecl to coniplctt, thr.l dcs<rlptiorr of' tlie
arc givcn at tlrr,bounrlaries tif'the r:orrrputational tlc,rtrr:Lirr (21..r2). :rncl

At thr: solirl lrorurrlarl the irritial propcllarrt t('lll)eraturc 7] is givr:n br.

'l'(:c1) - 7, '

Frrrtherrnorc. onl1. HNF is prcsent irr the corrrlorrsed phase

)j(.r'r) :,)HNFr frx k : 1.2....Ii .

-\t the gas yrh:rse lrorrrrclarv (:r:.r'2), zero glarlicnts alc imposcrl

0 forL'-1.2.

conditiorr is found fioni a,rr cnerg\

problenrs. These

af the intt'rfaces.

(6 33)

(6.31)

(6.3;)

(6 36)

lralarrr:o iLt the

and

At thr-. surfa<'c the
liquid-gas irrterlirc:e

lr,hcrt: 0- arrcl 0* clerrote

irrrprrlse ternrs are srrrall,

/,lT\
[a/,

/,/); \
\,, /, -

(,lrcrg\- boundarr'

rit, {(.Ht,,t)r' - (H,r)u J

respcctivelv the negal,ive

arrrl lrar.e bccrr neglt:< te,cl

arrrl positirt side o1'

in this equatiorr. Thc

(6.3 i )

tlrr: intertlr:e. Tlrt
cliflereru'r' irr totiil
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erltlrirll)\' Ht, - Lf-t )7,.111 at'r'oss the srrrfirt'e is causcd lx t:hc heat of lalrolizatiorr ol H\F.
Thc rlillltsiorl t('r'rII a(('orlnts lirr the errthillpr'flrrx lcavirrg the srrr'face ll'rrrass rliftirsiorr.
T'he solirl-liqrtirl intcrf;rr:r' loc:rtiorr is not Iirrou-rr ir lrlioli. Lirluid l)lra,sc prol)crties arc rrsecl

u'ltett tltc ten)l)('r'atu1e is alrolr,tlre rnlltirrg priirrt 7],,, arrrl solirl plrase plolreltics n'hen
lrektrr'tlritt poitrt. Etrergr'lralartr:r: is rn:rirrtaitre<1 iicloss thc solid-1i<1uirl inter'1lt'r: bl solving
t.t1.(6.i37) l'itirorrt the rlifiirsicirr lclrt:itr- tr,r'nr.

Determination of the mass flux

In all tltc alrrilt'e(lnatiolrs. th'rn:tss flrrx rir is rrot krrol'rr. In gt'rrclal tl-o apltloitclrr:s
ciur lre fiillrxled to rlctr,:rrrrirrr: the rnirss flux:

o Dt'tt'ttttitre tlrc rliffelcrrcc Lx'trr'r'r'rr late ol e\-apolirtiorr ol llrt lirlrrirl nrorrolrropelllrrt.
irn(i tll(, late ot ctincl'rrsatiorr [irl the gils('olts 1)lo([lr('ts.

r Detcrnrirrc tlrc rnrrss flrrx irs arr cigerrr-alrrr, of tlrr, plobk:rrr.

'I-ltc elapot'atiotr rtrrrl con<lcrrsatiorr lati,s irlc gerrerirllv errrpililallr-rlclit'erl cxlrlr:ssiols
that irrr.olr.e tltt' tetttpcr;rtLtrt' atrrl thc viuiorrs sl),'( ies ( r,r,'Hrtrirti(,u ilt llrc intctljrt'r,. Fot'
thc tnotc cornrlorr rrrorrolrlolrclllnts iikc IID\ irrrrl HNI\ this clata is alitilaltlt,. I-'ril H\F'
honllct. tto sttt:lr d:rta is :rr.ailirlrle. Frrlthr:rmrilt'. this trrctlrorl is harnlrcrcrl ltr. nrrrrrcrical
irrstalrilitics bcr';rrtse tho r,r-irpolirtiorr arrrl t onclerrsatiorr Iirt(,s are lirrgr: nurrrlrcrs. l'itlr a verr'
srnall rl ifli,rcrrcr'.

Tltl rtpirroullr follolr-r'tl ltcrc is that ot the cigt'rn'alrrc rnethorl. u'hich is:rn:tlogorrs to
tlrat ol a ti'ee flarne 166]. C'alc'Lrlation ol tlrc rn:rss flux is r:inrlecl orrt lrv intlorlrrc'tiorr ri['the
r liti;,1 ,lifli,r',11t i;rl .r1u;rt ion

rlritt,1,, : o (ti38)

'Iir tnaitrt:rirr a l'r,ll posecl llolrlerrr. irrr adclit,iorral borrrr<larr-r'orrrlitiorr iirl the tlilial Er1.(ti.;]8)
is leeclcrl. \\'ithin lhis tnorlcl. thc lroiling poirrt tcnrpt,r'atlu(, 1" at tlrc licluirl-gas irrterfirr:e
is gir.err

'L(r-0) -'1'" (rj.3e )

So. the rrrorlt'l is rrot r::rpalrlc rif plcrli<'tirrg lhc sullircc torll)(,r'irtur'(,. Onr:c tlro strrfirt c
1t'trrlrcr:ttruc is reaclrr,rl. alrl r('ur illirg liclLrirl tl\l- is rrrnthelnilti(:a1lr-r'irporizerl. 'Ihe vllrrt'
o1 7. is olrtirirrerl tl'orrr thc \\-SB-trorlt'1.

R.eaction rates

'['lrc rc:rr'1 ion t:ttt's ;rre c'alculirterl ls tirl]ol's. ('onsirlcr' 1 el<rrrrurtan' rcar:tions itrr-olr-ing
1{ r'lrcrrrical spccies. givcrr bl I irc fbliori'irrg forrrr

f,,l
1-' Ll
lr

rr'herr: rul; arc tlrc stoiclriourctrir'
s1,e, ir'>. Jllr' lrtr,,lrt, li,,rr t;lIp ^r

r,'r'.i\r lirr I : l.'2,... I (6.ltt1

locfficicnts. alrl 11 ls tlrr'<:herrricirl svrrrlrol fbr tlrc l'th
(irr rnol,/rn3s) of the tr:th slrecics carr ]rc u-r'ittcrr ;rs a

._\_\/, ' ,/
ll
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surrrrnltiorr ol lltc lirtc of-plogr css r-alillrlc r, lirr irll rt'itt tiotts irrr-olr-ing t lrc A'th slrccies

nt, - ll,/,,' , r/,,)rl; Iirrl: -1.2..../i. (6.11)
rl

Tlrr, r'lte ol lrriglcss vlrialrlc q; til tIrt' ltlr rr';rt'tiorr is gilcu lx' tlrc rliI1i'r'r'ttle oI llrr' fblrv:rrrl

lirtcs ;rrrrl I ll(' r'('\'('ls(' r'ates

- A' II '-\^l"l'il
((;. r2 )

lr'lrore '-\'11 is tlrc rrol:rr corrr:e1lt.r'irlioll of tlrr, ,(th slrccit,s itrrrl ,(.1. ittttl i',. att'1lttr firtl'rtrtl
irrrrl tCYtrsr,rAt(,('()rrstillrts oftht,lllr reaCtiort. l'lrC Iiir$'a|rl tilt('('ottstitttts at0 assttlttt'rl trl
Ir;rr-e thr' {irllol'irrg -\nltctrirts teurl)('ratLll(' rlr'1tt,'ttrlt'ttt t'

, I l. l1,, li ','s1, 
1 ,rr,l

((i. 13)

$'lrt,r'r'.1, is tlrr,fir'<|u'rrtY Iar:tor'..J; is tlrc t(,rirl)('lillur('('-\l)orleut.;ttrl E; is tltl'at'1 ir':ttiort
('lr('lg\'. -llro rcr-r,r'st,rill('(onstilnts /i',, irlc rclatctl to tltc firtwittrl Iitte (()ustatlts tltttlrglt
thc r,<lrrililrliurl ( olrstiurls /i , tlrlough

t', :l:.,t" (6 11)

Fol tlrr,(ill('ul;rtion ol llrc crlrrililrliurrr t'rlrstiurts tlr('Iotttirtcs ol the CHEMKIN-II lriickagc
art' rrst,rl. lirl rrolc rlr,tails s(,(, (,.8. Ilr'{. f{i7].

Illctnetrtitlr- r'oar'liorrs tlt,sclilring tlrr,rllssot'i:rliott ol a singlc tttolettrlo irrto lu'o raclilrtls
lctltrile tlrr,lrlr,st,r<r,o1 a tlrilrl rrrolccrrk'(.1/) in orrlr,r'to I)r'(rs(,r'\'(, tlr('rlroln('nlttrrt ittt<l

('n(,lgl ot tlrr,r'ollisiorr. 'l'lrc sarrro lrolrls til tlrt'rr'<olrlrinaliorr of tu"o latlicirls ("V1 lrrrtl
,V1) folnring, a largt'r'r'rrolcculr' (,V 1):

/\

tt; - l t,ll l-r*l'
lt

.V, +,V. +.\1 + Mr,+ )l
["ol thls silrratiorr 1.r1.(6. l2) lret'orrcs

(ti - i,,,, Li,l (4, il l.r,l"' r,, ji 1'x,1"rr

u'lrerc rr;.1 is llrr,t,ffir'icrr<r"factol of tlrc slx'cics itctittg ls a thiltl
fiir'tols ol tlrt'r'rrlrcrrt rr';rction rncr'hattisnr irt atc tirrtttl itt ,\ttttt'x ll.
",(' r,rrlr;urtt'tl 1r' rr;".

I

Irorlr'.
I . arrrl

((i t; )

((i. lt,)

'I lrc t,flilir.ncv
:rle <lrrrrolt'rl as

6.3.2 HNF chemistry
HNF gas phtrse chernistry

I'lrc H-\t llaruc rlrr,rrristn'is len-sirrrilal tri tlrat of lll)\ arrrl U\l\. I'lrctefolr'. \ettcr''s
rrrt,r'lr:trrisrrr firl tlL)\ r'onrlnstiorr u'irs rrst'rl lirr tlrc ctlcrtlatiotts lt65]. 'l'lris tttt't'ltittristtt is
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irrtettcletl to irc gctterallv iipplicable. 'l'he rrrost inrpor'lant rrroclificrtions of this sr:henre
alc the tcttttlt:tl ol sev'ral RD\ rlcc'orrrpositior plurlrrcts, arrrl the int,roclur:tiorr of gasoous
II\l'decorrrpositiott str'1rs. As lilrrrrl lx,\\rilliarls arrrl Brill. rlecorrrpositiorr of II\F at
260"('r-it'kls triostlv CO and \2O at thc cost o1 CO2 arrcl \2 1163]. As tcrrrperiitrrrc is
itt<:tcirserl. tltc: :irttottttt of'C'O arrrl \2O lr:rluccs, arrrl rrrorc CO2 ancl ,\2 iitt'lirrrncrl (ie.
tlrc ovcritll rlecorttlxrsitil)n loitctiorr becorncs nurrc exotht'r'nric'). .\t lol'r,r' ternpclatur'(,s thc
rlec'orrrpositiorr of' IINF is rrroclclerl as

\.r H.,.Cl(N( )2 )3 i2NO+CtO+2tt2O+N2O + j \r + lH,

'\t higlrrrr torrperattrrts rlecornpcisit ir)11 o(.(.lu s ar.r:orrlitrg to

(6.17)

\2H5.(NO2)3 +2NO+CO2+2H2O-F ,l\r+ jH'2 . (6.'18)

Tht' rt'trtiiirtitrg gas phase rt'at'tiotr schenrc t onslsts of 208 r:lonrerrtilrv rca< tiorrs. irn'olr'lrrg
;J9 spt'r'ios. Tlrc reactiorr tncr:ltanisrn is girtrr in -\rurex 13.1. Corrrpalerl to the rcst of tlLc
rttectatristn, tltt' a,bovc tlcscription is still a rclatirr'il glolxrl rrrechurristn. llrrt it is lrase<l orr
tlrc best infonnation alailaltlc at this nronrcnt.

Cotttlirtstiort t'xlreritttents of HNF solid rlorroprol)(,llarrts h:n'e slro',r'n that the flarnc r::rrr
lrt: treatcrl as lt'allr- 1-D at atttlrie.rrt l)ressur('. i.e. thc a.rca -.1 alror,r, thc, srrr'lirr:e rrrar' ltc
tlcatcrl its ('oristant l12f] . It is iissrrrrurrl that also at higlu.r'l)l'esslrr(,s tht,flame lcrlains
1-D.

HNF liquid phase chemistry

,\lreatll at \1'r'\'lorr'tt'tttperatrucs HONO arr<l N2O have bccrr oltselr-r.rl. ll\F conrlcnsed
pltitse clet:oltlrositiorr viclrls HO\O anrl \2O. \o \O2 is forrrrt'rl <lirr:r'tlr. acrr:orrling to hot
platt'arrd lrot cell cxperitttcrtts. 1'ht'\02 r'as oulr,rleter:tc<1 aftt'r some tirtre. atrrl is prolralrll
fi;rrrrt'rl Lrl tlrc cletotll)osition of IIO\O. NO was ou1r. rlctt,r'tcrl altur igrritiorr of thc s;rrrrple
Itatt'ti:rl. IlNF corr<lcnserl phasr: rlctonrpositiorr rlot,s not r-ield NO an<l N()2 <lircr:tlr'.

'\r'tortlirrg to tltt'itltov'toncrlttsious. tlur cclrr<lr:nse<1 phirse rlccompositiorr cur bc srrrl-
rnalizr,rl as

N2H;.('(\O2),r -\:H,+HO\O+N2()+CO-|O2. (6.19)
'I'ltc ttrecltartisnt as prescttteci in Fig. 2.11 is rrot corrrpleteh' irr collcspotrrlcrrt'e witlr

tlte rlcr:ornposiliorr a<:<'ordirrg to E11. 6.19. 'l'lre folrlatiorr of \2O is not r:xltlairrcrl bv tlrc
Ittecltartistn as presctttr:rl in tlrr,figurr,. but rrra,s exJrcrirnr:ltiLllv olrst,r'r'ecl. .\lso tlro iuclirct.t
firlrnaliotr of \02 as sllggcst('(l lx' tlrc expclirrrerrts is rrot irr agr(.(,tnerrt u'ith thc ligure. It
is hou,r'r,t'r not vcrv trrrlikelv tlr:rt thr'\2O is tirlmcrl Ilorn tlre relt:asccl N()2. Thc l)ossil)l('
sltxl setotttl st('l). Inav lrt'the lca,srin lvlrv no \02 is rk'tecterl iutnrerliatelr-. .\ll this is highlv
spr:r'ttlativc at tlto rnorttcrtt. artrl thelr,lirre li,action Li.l9 n.ill lre rrscrl fbr tIrrr r:ak:trlatigrrs.
f'he thcrrrtoclvttarttlc'lrtripet'tit's of H\F irre rot in thc stanrl:rrrl CHIil\lliIN <latabasr,. Tht'
valttes llorrr se(tioll 2.2 irle uscrl ils inprrt for the trrorlcl.

6.3.3 Solution
Thtr rrrock'l is vcn' sirnllal to tITc PREMIX rrroclcl 1br stt,arh' lii,ruirrar prcrrrixcrl fiarnes rlcrr:l-
opt'rI lrr-lit'r'et al. 166]. 

'l'he nuttrcric:rl solution lrror:erlrue is surrrrnalizt,rl itr.\pperrtlix A.
Fol rntirc rl:tails is referrr,<l to tlrc tlork of Kcc t't al.
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6.3.4 PREMIX program
'['hc rrro<lc'] plt'scntetl lr,r'e r'losr'lr-r'r,scrrrblc's t]rat ol thet PREMIX tttrirlel ot tice t't al. 166].

Hetrcc. it u'as rlocirlt:rl to a<litpt thc PREMIX ["ot'tr"an l)r'oglanr to il('( oturt lirr tirt' <lifl'errllrt

phascs ancl tlrr' ('rtra n('('essittv inpttt. Thc rrtttst itttlrolttrttt t ltattgcs ale:

o Drrring <lcterrnirration ol tlu-. rcsi<hral lalues .l"(r.r). tlrr' phzrsc of grirl rrotle.T is dtrtt'r-
rrrinerl irrrri thc proltel consellirl ion erlrratiott Iirr that tto<le is risccl. .\t lltl' lrottttclatils
IIrr' prolrcr irottntlarv ctitttlitiorts art' rtst't1.

o Orrlr- a cetttritr sr.t o1' r'irenrit al rcactiorrs is irlltxl,crl to talir' plirtt' irr tlrt' gas lrlritsr'.
u'hilc l rliffclcrrt set is allol't'rl to tllir'lr1act'itr tlrc lirluirl lrhaso.

o lntrorltrctiorr of a ti,n'nerr'lir,r'r-olrls to tlrt'progriltll, to itttprovt'(otl\l'tge11('('Iitte
(e.g. rrrinirrrrrrrr tirrrc step iru:rcast,s rlLnirrg titncslr'p1ritrg. itrtd tttaxirtrtrtrt rttttttlrt't of
lel'rrrcsh poirrts pr,r'rncslr rr:firrcrrrcrrt irrllr:ases u'ith llrt'tuuttlrt'r'of ttttt'ertt ttteslt

poiuts ) .

Ihe F0RTRAN co(le n'irs crtrrrlrilr,rl orr u Pentium-166 ,\lllz rttttttittg tirr llte Litrrtx olrt'rating
svsl('1n. Optinrizat.ion lrv r:rirrrlriler optiorrs lilit'. "1oop urtrollirtg" ittt<l "ittlittc' fitttt ticitrs"

rL,r'r'eascrl tlte lornputatiorritl tirrrcs rrotir:c;rblr'. lr'pical exet'rttiott titttc for tlrc r:alt ttl;ttiotts

lrlt'scrrtcrl helt'is 6 hotus. '\ lirlgc iulrollrrt ol t[te totttllttirtiorral tirrrc (alrtitrt I Iioirr) is
ust'rl to olrt:rirr (orr\'('rg('n(:c ott tlre irritial grirl.

ThC grid is irutolllirti(alh'r'r'finerl l^'th0 l)rog1alr1. 
'fltC rt'finerttCilt 1)alillttcters r7 (crtr'-

laturr,) lnrl ( (graclielrt) $'er('sr,t to 0.Ir arrrl 0.2 r'cs1rr'< tivelr,. The irritial glirl t:orrsists o1' j9
(ahtrost) crpri<listarrt rrrcsh poirrts. ..\ lrighel rn('sh ('oll('crltliltiorl 1l('ill tlte sttlfitcc alrlrc'arr:<l

to be rrr,r'r,ssall tirr irritial ('orr\'(,r'gerr( ('. Thr' {irraL grirl r:ortsttttt:tc<l lrr"tlte lrttigratrr tlpicallr'
t orrsists of alrorrt 2(J0 ruesh lroirrts. 

'I'lre glirl ]rod('s ( onceltlllte arolllld tht' lltrttirrg sulf;l( ('

arr(l t lr(, first L0 rnrrr o[ the gls phasr'.

6.3.5 Results

Neat HNF

I,'igurr,s ti.10 to 6.17 slron'r'esults of tlrc PRII\lIX tal< rrlatiorrs. Tht'r::rlcnlittcrl t('lrrl)('r-

atrrlr,profilc is slrowrr in F'ig. 6.i0. Tlrr, firral fllrrre t('rnl)('riltllr'(' is 2.777 li l'lrir:h is 0.-17r

iilrolt,thc irrlialratic valrrc ol 2T66 Ii. 1'lrc tr:trtlrrrrattut'tises lapirlll to -2ii[) Ii alror.r'tltr:
bruuing srrlfacer (.r: < 0.i rrrrrr). 'fhis is llre prirrratr'flantc zottt'. Itt lltc sulrsctlttettt. flattte

zorrr,(,r'> 0.5 rrrrrr). thc tcrnyrr:r'aturc liscs skxllv to tirc firrll adialratic valtrt'. '1'lrt'first

flarrre zutrc is thr,rnost l(,it('tive. 'I'he sccorrrl flurrre zonc is alrrrost enclg('ticalll rrettttal. The

citlt'ulatiorrs trrntch thrr cxltclirrrcntal olrscLvatiorts o1 ('haptt't 1. 'l'lrt' flatttc terriptrtaturt'
is cLrse to arliirlrirtic l-itlriu l rrrrrr iilrort thr: l.rruttittg sulfatt'. Tlrc rlilli'r'errcc lrett-t't'tt tltc
11lcru1att,rl 2550 Ii arr<l tlrc arlillratir'r'alue of 2766 Ii is rvitlrirr tlttr cxpr:ritttt'tttitl cttols.

Irr 'Iirlrlc 6.2 the r:alt:rrlaterl rrrole Inrctiorrs fiil scvt'r'al slrt'r'ics. at I tlltlt alror-tt titt'sttrfat'r'.
ilre (:orll)irre(l to the arliabatic lalttt's as c:tlt'rrlatt:tl lrv the NAS'\ SI'-273 r'otlc (('1lT-89).

Frorr tlrc talrlt, it bc<:orrr(,:s clcin that at 1rrrrrr alrovt' tlte srtr'l:tcc tttost spt't ir:s it,tt' aheatlr'

r,krse to tlteir irrllaltatic r-ahrr,. -\ r'cal rleviirtiol fiottt the iLrliabatit'iiattiorr is orrlv lirlttrtl



irrliillr;rl ir:

r:;rl<:rrl;ll,iorrs at I lurn
clk:uliltiorrs at 100 rrrrrr

(;.,]. 1'1IE]11I ]IODtrL1NG

3000

2;00

2000

1.r00

100t)

i(x)

0
-t {)

Figure 6.10: C:;r1r

20x is tttlargt,rl 20

0l020
.r' Irnrn]

Ltlatc(l trrnp(,r'iitru(, prttfile (neat
l itllr': ;ilrr/ it:('s il,l)1)(,r .r'-;rxis.

119

'2.;

!

-0.5 0.5 l.;

20x

50l0;Jt)

lL\I'. (,).1 )tPa). Graplt labektl

lirl thc specics \O. O2 anr[ \2. ,\s rvil] lrcr:orrrc c:lcar. tlris is rrrairrlr'(lll('to tht,slcxr'\o
rl|r'o'lltIx rsil i',ll t ('il( l i()n.

'I 1tt'specics plofiles irr tlrr,fir'st part of the flarrrc are slrowrl irr Fig. 6.11. H\F is sccrr tcr

rlr,r'orlyrose lirpidlr'. \\'ithirr 2001rrn ulrovt, tlrc srrlf:icr'\2 ancl l12O lravc lirnrrcrl. an(l frorr]
thcn otr 1he lirtintiorr is rlirrirrri.r,l. Also slurri'rr in thet figrrri'iue tlre rcsrrlts frr)rrr sl.rorrtiLnt'orrs

Rarrrarr nrc:rsrrrcrrt'rrts ln-Harrsorr Palr et al. l5ti]. Tlrcse rrrcasulerrr(,uts also slrol'that the
vatiittiotr il spt't'it's t:otrccntrirtion l)et\\'('en 0.]J5 rrrrn arrrl 1.2 rnrrr Al)o\'('thr'lluling srirftrr:e

arc rnininr:il. althorrgh tlre rrreasulcrncnts slrorv tlrat tlrc terrrperatrrrc irrcrcirses ilorrr 1800 [i
to 2766 Ii in this regiorr. hr thc st:corrrl stagc rnost tllel slrecics harrr bccrr oxiclizr'<1. arr<l

\O ratrrrot r'('l(t irs arr oriclizcr. ]t thercfor-r'rler:orrrposcs to ()2 rrrrcl \2. scc Fig.6.12. This

o: oH Co

0.018 0. r 08

0.020 0.t)()2

0.017 0.il1

0.tii
007
017

0.010

0.0:Jti

0.0I l

0.3-12

0.219
0.310

Table 6.2: -\Iost ilil.roltalt s7-lr'r'ies t'ont't'ntrittions (nok' frat
t'tntiltustion: tottltatison bctueerr t'ak'ulatul,pccres fi tt<'t.ion at
abrrrl tlrc sirr'lirce and the atliabatic r,ir.lrres.

tions) ol ri(,at H-\'.F'

1 rrtrrt atttl 100 ntrn
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lt,irctiorr is irlrrrost el(,r g(,ti( illll rrcrrtlirl. itttrl ltits tittll a tttirtot r'ffet l rttt t ltt' It'tltpt't;t1 ut r'. Itt
rloulrlc lrasr'1tlo1rr'llartstlrissccorrrlstagr'llartroa((ortllts lirt irlrotrt 1(l'/ (i' tlrr'ht'ir1 rt'lt'itsl'.
irrrrI h;rs a rllrrrrrirtic irrl]rtorrle ou tlrc lritttlnstirirt lrtopt'ttir:s. F-ol llNt'tlte t'orrllilrlttioti t.r1

tlrc sllourl stag(, flillt(, is srnall. arrrl it cln Ir:rr'<[lv irffect tltc colnlrttstiott. ,\ rlitt li zolt('. :ts

tilrrrrl irr Ill)\ rrlrd tlottlrlc lrast'totnlrtrsliort is alrst'ttt.

0 0.2 01 0(i 0.s 1 1.2 11

.i lrrrrrr]

Figure 6.11: (';r1r'ir1/r1({J s1){,('i('s lttolilas (rrcat 1L\T'. 0.1 \tPa). STrorlartcorts /iitrrr;ttt
il(,:rsrirl'rr('rI s lnnn IIcf'. iJOj.

[,irr scvt,ral larlir';r]s I'l-1F slrt,r'it's pr,rlilt's ltavo lret'tt olrlitint'rl 112;31. Ttrt'\ll. -\il2 arrrl
('\ 1r'ofilr,s iuo shou'u irr Fig-.'s 6.li] to 6. 1,r. ilr gcuclll tlrc aglccurcnt \ritlI crlretirttetttitl
rlatir is goocl (lhc locatiorr o1 t1rt'uraxirurrrrr. arrrl thc shapc ol llrc crrnr')- TIrt'I'llt'.\ll\
ciLL rilatiorrs slrou- tlrat the localiritr oI tht, ('N-pc:rk ruovcs (loscl to t]ro lrtttrrittg sttt'f)tlr'

l'itlr inclcasiltg l)l('ssllr'(,. 
'l lris is irr iiglt,t'lrcu1 uillr tlrr: r'xpelitttettl:tl rt'sttlts of Fig. 1.l9.

Thr, lrt,irli r-irlrrc l'iis foutrrl 1ri irrrLe:isc n'itlr irrclr':rsing l)r'('sslu(', rvlrir'1t is tltc oltpositt'of'
thr,r,xpr,r'irrtcrrtal lcstrlls. IIorver,r,r'. rlrrc to tlrt,r,rrharrcerl rlrretrtlring iit lrigltel l)r('ssllr(':i iltt
alrsolulr' t'otttparisotr ( ilrIIlol irt' rrraclr'.

.\lso tlrl cak'rrlatr,rl slt;tlrc ol thc OII;rrLrl NO plofiics rrrirtlhes tlrt't'r1rt'titnerrt;rl firrrl-

irrgs. llol-r,r'r,r'. 1lrr: irlrsoirrtr,Oll arrrl \O rloll flirr'litirrs Ar'('tIot itt agrtttltttctrt \\-itit tlI('
t,rlrclirrrcrrtirl lcsults (l-'ig. (;.1t-i lrrrl (i.17). Sirrrilal lesrrlts hin'cr lrcctt olrtitittr.'rl Iin lil)\
r'orrrllrsl iorr. Beclistcitrl r:t :rl. r'(,1)olt(,(l tlrilt lIr{)(lcls olt't plerlit'i tltt' tncitsurt'trrr:nts lrl 107

fir NO [7]. I'or tlrr,OH {ou((,l1tlii1iorr sinril;u resrrlts n'r'r'e liltttrl lx'l'tirsitrl t'r rrl. 1126] .

-l lre rnr,ir-.ur,rl OIJ-r'orrcerrlr'atirirr altr,r tlr, i)nlnilr'\'fliIrrc l-rts alrout ,r0T lrighcr'1harr tht'
cirltulirtt'rl valur,. TLr,r'otrclrisiorr is tlrat \i,ttlr's lil)X urcchatrisrtr is rt'itst.rtt;rlrlt"rrplrlir';rltL'
to I]\l'r'otrrlrrsliorr. Ollanrl \O slrecics torrct'tttlirtiors att'rtttrlt'tlrtcrlir'1r'rl tcspetlivcll
overlrlr,riiclr,tl. lhis socrns to lrt,it gctrclirl lrrolrL'rrr s'ith tlrc utorlcl liilretics. r'ittltcr lltatr
rrrisrrr;rtr'1t lrcttccrr rrrodr,l lal rrlirtiolrs illr(l tlrr, :rr';riIalrlt'expct'irrrcrttal rlatir tirl ll\F'.
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Figrrre 6.12: C'alt'rtlatrtl s1-recrcs lmtlilt's ot' tt'irf H\-l cotttlrnstiori. slrln-lirg tlt'
settnttl stagr' flalttc zone (0.1 l/1'rr).

Irr tlr0 set Orrrl stag| rrrOst tlr0l s1rt,r'it's lraYC lreerr oxirlizCrl. rtilrl \O t atttt0t leil( l as all

rixirlizcr'. It tlrr,tcfirle rlt't'orrrposcs to O, arrrl \2. s{'{' Irlg. (i.12. 'l lris l('a( ti()lt is rtltrtost

crtcrgetitirllr'11(,llllal. atrrl has orrll ir rrrirrol r,fli,r't otr tlte't('lnl)('littllre. Irr rlttttlrlr'-]rasr'

llrrlx,llarrls tlris stcorul sl lgr'fl:trrrc i:l('('()unts [irl aborrt \0% ,tl'tlte ltcitt Lt'lt'itsr'. attrl ltas a

rltirruatir'irrflrrerrcc orr tlr,r'orrrlrrrstir.rtr lrtolrt'rtit's. Fol ll\F tlto cottttilrrttiorr ol tltt'st'r'ottcl
stirgr,flarrrr,is srrr:rll. arrrl it carr Irirlrlll irtlect tlrr,<:otrrlrttstion. r\ (litr'li zort('. irs lorttrrl irr
1ll)\ arrrl rlrrrlrL, lr:rst' totttlrtrstiott is alrscttt.

HNF compositious

Irr Chalrtcl I tlrr,r'ourlrrrstiorr of the rrrixtulc ol HNl'rvitlr glllthitc itttrl lrittaffitt tlits
rliscrrsscrl. li,tarrsc tlrc glalrlrite urrrl palr{litt alt'lrig-hlr rlispelsorl ittto tltc satrrlrlcs. tltt'st'
rrrirtrucs <'ar lrc corsirlelcrl plcnrircrl (espctiirlh';rt lol- lrtt'sstrlcs). Io Ijrltht'r'ittrr:stigittc
tlrrr cfti'r't ot tlrcsc arlrlitiorrs. the rrixtulcs llNl'/graphilo-91l1irrrrl H-\[/parlffirr:90/10
u'r'r'r'rrrorlelt,rl uitlr tlrc PRI'l\lt-\ r'ork,. TIrt'l)alaflirr l'its sirttrtlittorl ltr'('2111. Llt'<aust'tttr

cxltcrirrrt'ntal rlitta is irlallirlrlt'. tlrc srtrfact,l('n)l)('lirtlll( n':ts;tsstttttt'rl to lrt'erptivrtlcttt to

tlrat ol n('at ll\F.
Figrrlr: 6.1,3 slrou's ( irlclllilt('(l t('url)(,r'zltrrrr, plofilcs t:lost' to tlrc lltrtrirrg sttrf rtct'. Tlrc

1r'rrrpcrltrrre lrlolilcs ol the II\1" arrrl Il\F/glirpltilt'itte t'orttlritrttlrlt'. irltlrottgh thc lrltt'llirlg
lirte ol tlrc glalrlrite rrrixtrrrc is lriglrt'r'. 'l'lris irrrlrlit's titstct t't'itltiorrs tirl tltc gnrlrhitc tttixturt'.
'I lrt'nrixtrue u'illr lralitffitr slrows a slou't'r'tr,rrrlrr'1'atlll(':isr' (irlrd lttutst rcgttssiort tittt').

'flrr,('\-plofilr,s lirl tlrcsc rrrixtulr,s aur slrorr'rr irr I:ig.6.19. Btit lr II\F'tttixttttcs sltol'
ru lrighcr'('-\ liat'tiorr tlr;rrr thc l)lltc FI\f'.'I'lrc locatiorr til tlrr'('\-rrrilxinltlttt is sirrrililr fot
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Figure 6.13: ,\TI nutlt'lt'actiou in HNF' flant (0.1 \tPa)

HNF antl IINF/graphitr,. For the nrixture t'ith p:rlaffirr. this maxirrrum is lirrthcr alvay'

frotttthelrtu'nirtgsurfatr'. PLIFcxperirrrcnts(sct,Chaptur3.irrparti<'rrlarFig. 1.27) r'onfirrrr
thcrsc trcnrls.

6.3.6 Conclusions

Irr this st'c'tion a contlrttstiott ttrorlel lor HNF arrcl I-lNF-mixtrrres has been presented. Tlrc
rnoclcl is lrast:rl on tlu' PRE\li\-pr'ol]ram fil prcrrrixecl fla,rncs. 1']rc agrcr:rnent ltetlr-ecrr
rnodclirrg anrl cxlrerirrrcrrtal rcsults is goocl. Sorne tliscrepancics n'r,rc fburr<l ltetu,rr,n ex1)er-
irrrerrtal uncl t:rlculatr,rl OI.l arrrl \O rnole fl:rctiorrs. Thesc cliffert,nccs ar'(,causcrl lrr- tlre
<1efit'ierrcries of the ii.''ailablc <hernistrl rrtorlcls. Tlrc rnodcl is espt't:ia11r. rrseful frrr ii, bettcr
rrndelstanclirrg of tht, fl:rmo stnrr:trrrrr of HNF.
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6.4 BDP propellant model

(,IL\P'L ER 6. IIODI'TINC]

The Br,r'kstearl-l)en-Plit'e RI)P-mork'l is lrascrl or) il con(:('l)tual vir:u, f<rr',\P-plolrcllarrt
crirrrbrrstion 18]. scc Irig. 6.20. It corrsirk,rs a single rixiclizer'('r'\-stal srtrrourtrlt'd bv ir lrintlct.
Irrteractiorr br,tl'e,en tlrc indilirlual oxirlizer clvstals is neglt'r:tcr1. Scr-eral flarnes atc t'onsirl

crer1. lrr,nr:e tlrt'rrrodcl is ofterr referrcrl to as tlrc nrrlltiple-flarue morlcl. Tlu'tttortopropellant
fl:rmt,otigirrittcs fiorrr the oxi<llzer rlcr:orrrposition pro<lucts. 'lhis is a kincticallt cotttrollctl
prcnrixccl fl:urrr'. .\klrg thc crlgrls of the oxirlizer ttvstals. rliffnsiorr of tlrc binrlcr ancl ox-

irlizt'r'rlecolrpositiorr prrtrlrrcts oc(lus. '['lris flarrrc is r'allcrl tlrr, lxintalv cliffrrsion flitnre.

Ihis llarne is corrtlollr.rl ltv lroth kirrctics arrrl rliffirsion. 'l'hc firral flattte is thtr flalttt'l'ltcrc'
the lcrrrairrirrg oxltlizcr plorlucts lcat't u'ith tht'lrinder rlt:corrrlrositiott prodrtt:ts. As tlre
terrrpcr':rtLrlcs arc high in tlris regiorr, this fIarne is t:ontro]lecl lrr'<liffusion onlr'.

finrrl diffrrsion flame

I

-7 .

,/ ./////
/// ./'

'/7.'
./',/'.'

,/ ,/
,///.' / . ././ ,. .."/.'////.///

./t'.////

Figure 6.2O; Sr'ltarnatit' tf tlx' tniltiple flantas of tlx' l)DP-ntoclel

Irr case ol ;\P-plopcllarrts the uc:rt oxirlizer flaruc tctttlrcratrttt'is lou' 1381 h (scc'[ii-
b1c 1.2) r.r.lrrrcolrpalerltothe,final flamr:tcrrperrttrrreof-3000 Ii. Ifoxirlizr'riln(lp\-rol\-sis

Jtrorlrrr:ts rrrix;rnrl rr:act lrefirre tlu,rrronolr'ol)ellarrt flarrrc oc:c:urs. the sur'fiit:e ht'at I'cerllracli

is Iriglrrlt' tlrarr in r'asc of :r rrcat oxi<lizer fliurre. This explairrs r-ln' propcllants rr'itlt firrc AP
partir:lcs lxrnr fastcr'.

Irr this scctiorr thc results of tlrc application of tlrc BDl'-rnodcl to HNF/Gr\l'-propcll;rttts
at(, l)teseut(,(1. Exccpt fol some rrrirror clrarrges. this irrrplies orrll rlifli'r'r'Ilt rtro(l('l inllrt val-

u(,s. Thc calculzrtiorrs w:r'r,rlouc n'ith tlrc H\-PE\l prograrr] that u,as originallv rvrittcn for

.\l'/H\I\/HTPB propollarrts ll.1]. Thc H\-PE\l (:olul)rrter l)logranl is an inrplernerrtatiott
ot tlrc BDP-rnorlt'1. FoL a rnolc corrrplctc clescliptiorr of thc trtoclel clratrges irrrtl ltrlxtts is

rcfi,rre<l to Lanrlrrrari 187].

6.4.1 Model input
'I'lie rcsrrlts of rcgressiorr 1'ate iur(1 sur'Ia<:r'tenrpcraturc cxpelirrrerrts lirl rcat Il\F r-t'rt'fittcrl
to an Arthetrirrs exprossion. 'l-Irc H\F-flarne coeffir'icrrts l-t,Lt'acljustt'rl to olrt:rin tltr: t:orrrttt
ralue ot the II\F roglt,ssiorr late at,0.1 NIPa. For the t:orrrlrustiorr of Ci,\P. tlte rostrlts o['
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Iirrlrota itttrl Sotrrlrr'havc lrt'l'r uscrl 18 1]. Thcv lilurrl tlr;rt tlrc crotlrl,lrrric tlotorlpositiorr
Lcir< liols ;rt the surfircc alc tlrc trrir.jol lrrrrt sorrlcr, (9ij',1 t,f tlrt' total at 0.6 )ll'}a) for (i,\P
t'otttlrttstiott (st'r'itlso se('ti()u i.2.1 lil a rlisr:rrssiorr aborrt (l-{P cornllrstiorr).

-l'lrt' 
BI)l)-rno<lt'l clocs ttot :tt't ount firl tlrc sclf-sustlirrerl conrbusl iorr of ir lrinrlcr'. as

is tltc casr' lirr G,\l). Itt tltc t i'tst' o1 a ptolrlllarrt cousistirrg ot ir lrirr<lcl onlr' tlrt,r'r, alc rro

flartt's. 'lht orrlr'hcitt soLtt< r' is thr,rlr,grarlirtiorr crrclgr-ol tlrr, lrirrrlcr. Q,1. Il' tlrr,rlr,gt:r<lirtiorr
('n('t'gl n'rittlrl lre ('orrstant. tlrctc l'orrlrl uot lrc a I)l(,ssrlle rlr'pt,rrrL,rrt lrurrring ratr,. 'l'helciirle

tht' rlcgtarlirtiott ettt'r'gr- l'ls irttLorlut t,rl as ir f\urctiorr ol rrcssrrlr,. Thc r-aliatiotr of' (r),i is
Ir'lativch'srnrll: [i12 Ii.l/kg l1 0.1 \ll'}l to 77!) h.I/ltg lt 10 ) ll)a. -l']rr,(,\l)(,r'irl(,rrts ol'lirrlrritir
itttcl Sottobe irlso irrtlicittr: it l)r'('ssLlr'('rlt'perrrlcrrt hr,ir1 r't'lcast,in thr,r'orrclerrscrl lthitsr'. lnt tlrr,
cxltcrirttctttal l)r'('sslll('irttctlitl is srrrirll. Tlrr'plrvsi<:rl inter'plctatiorr is tlrirt u-itlr itrcleasitrg

l)tessur'('. rrtorc ltt:ttt is lt'le:rsr.rl in tlrr, r'orrrlcrrsccl lrlr:rse. arrrl less irr tlte gits plrnst'.

6.4.2 Results

Effect of oxidizer particle size

Tht' orirIizcl l)il1ti( l(' size irfli'r'ts tlrt, r't'lllir-t' flarrrr' he'irt contrilrrtitirrs. Figrtrt' 6.2l
slton-s tltt'r'ak'ttlittcrl Ircat ii't'<llrircli <:orrtrilntiorrs for ir IIIiF'/(;,\P lrrolrr,llarr1 n'ith l solirl
lrirrlirrg rtitss lt'itt tiotr rr - [).8. 'l'lrc t alrrr]atiorrs \\'er(, r'iuricrl ou1 ?rt a l)r'(,ssllr'(, of 0.2 -\lPa.
-\1 lou- I)r('ssllr'('s iutrl sttutll oxirlizct cllsttrl sizr'. thr, lrlirnall rliflirsiorr flaln(, (lorrrinirtes

ovct thc ll-\[ rrrorrollolrcllilrrt flarrrr,. ,\ll o1' tlrc oxirlizi:rg slrccies lcact irr tlrr: plitrrarv
flarrrr'(thc fiac'tior tltat rcittts irr the plirrrarr'flarnc is.ly-t.1 .\s llrt'oxirlizcr lrirlticle
sizt'itttteast's. tho rliflirsrorr rlistatrct's itrctr::Lse. Lcss oxirlizel slrccies r{,ir('t in tlrr,lrlitrrirlv
fiarrrr'.:ttrrl .J1 rleclcirses. .\t 0.2 NIPa llrr'lrrirrirlr'flarrrc rlisirppcils totallr, lt a par'liclc
sizc of alrplo-rinratr,lr-2007rrn. Tlrr,firral rlifhrsiorr fllrrx'stirlts to corrrr, lll) tog(.tlrcl rr'itlr tlto
H-\l: tttonoplopelluttt flarrrr'. This is betarrsc tlrc oxirlizirr;l specics that ale lt,li ovc'r 1r'orrr

tlte,rrrouoplolrcllarrt fl;rnrr'.;rlc assrrrrrt'rl to r(,ixl irr the firrirl rlifiirsiorr fllrrre. 'l'lrc r'(,lati\'(,
au)olurl of lrt'irl fi,r,rllrirck fiorrr the firral fliirrrc is rrraxirnallr 20% d' 1lrc tolal hr,at li,e<llrircli.
\\-itlr irrcleasirrg tllst:rl sizc tlrc rlifljrsiorr rlist:rrrcr,irrtlr,irst,s. arrrl tlrt'firrirl flarrrc nrovcs
tirltlrcr itl'ar'Itotti tlrc sutlircr'. Thr,Ircat 1i'r,rl]rat'li ol tlre firral diflrrsiorr llarrrt'rlcclcases lirr'
irrcrr,;rsirrg lrlltit lr: sizr,.

TIrc H\I' rrrololrlopr'llarrt flarrrc stttrrrloll clistlrrco rirlrirlll rlccloast's with irrcleasirrg

l)l('ssllr'('(- 1, '). \\'lrcrr tlris (listiur((,bccorrrcs srrrallcr llrirrr tlrc l)r'irrrill\'flarrrr,liirretir'
stitttrlofl rlistatrt t'. ,3; lrt'r'ouurs zt'r'o. 'l'his rrrciurs tlurt all ot tlre H\F lt,acts irr tlrc rnr,lro-

lrtolrcllrrrrt flarrrr'. hefirrc rlifhrsirrg info the lircl clccrirrrpos liorr gasr,s. .\t plcssurcs abrx'r,
0.5 \l['1. t]tis is cx'tt llrt't;tsc lin tlrc snrirllcst crvstrrl sizcs in tlrc lak'uluterl lurrgc l()-
1t)(X)7irrr. Irr tlrrrt casl orrlv trr'o flarrrcs rclnirin: tlrt'H\[: llirrue arr<l tlrt,firral rlifflrsiorr
ll;ttrrr'. Iiigrrre [j.22 slrou's l tr'picirl erarrrlrle ol t]rc rr'latirr: l'orrlriltrrtiorr of tltcsc turr flarues
itr cotttpirlisorr n'i1lr thc cirk'ul;rtr,rl lturrr ratr'. 'l'lre lr,latilc corrtlilrutiorr ol tlrc firral flalrt'
<lt'r'tt'ast's n'ith t'r'r'stal sizc rlur'1o att incrciLsirrg rliffusiorr rlistlrrcr,. Sirnrrlt:rncorrslr'. tlrc rel-
ativc corrtlilntiorr of tlrr, II\F rrrorrolrLolrr,ll:url llaln(' irrcLcnst's. 'lhe lrrrrnirrg lirf e rlr'lrerrrls
orr tlre totll ilrll()lllt of lrr,;rt thut rcaclrcs tlrc srrlfircr,. I:or lalgcl t ttst:rls this lotal illnolurt
is lotrtt'tlrlrr firr srrrall crvstals. lrccarrsc tlre oxtla helt li.ln tlrr,finll flarrrt'(r'ith Iriglrr:r
flarttc tt:ntlrctatiur') is Irllss('(1. ('orrsocyttt'rrllv tlu'llrrrrinll 1at(,rlecleasr,s n-itlr pirlticlc size

(sco Fig. (i.22). 'l lrc r.ariitljon of tlte lrrrnrirrg lirte ftrl o-tirlizr,r' sizc virlving tiorn l0 to
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thc tlr-rrr' flarnr:s to tlx' tot.al ltt'at ll'arl-
0.2 )lPa.

l0007irrr is 67. This rliffererrcc is vclv srrrall r:otnpirrrrrl to that of'.\l)-1rropellatr1s. In thc
sarrie lralticlt'size rarrgr.arxl at the sarrre pl('ssllrt'thc bunrirrg rat('ii)r nn 88/12 -\l)/lITI'}Ll
lrrolrcllarrt rlrrips 90% [14].

Pressure dependerrcy

'l'lre prr:ssrrre exl)orrelrt l rlelrcrrrls orr scr-elitl l):lriirlr('t(,1s. Iil<r'the rr'lativc atttotrttts of
oxirlizcl antl lrirrcler' (t'xprcssctl lx' rr), thc llrrtit l,size. arrrl thr' 1rtt'ssurt'. Figulr' 6.23 sholvs

tlrr: r-itriatiorr of tlrc l.,rrlrr lirte prt'rlicterl lx' the lllJP-rrurrlerl t'itlr the solitl loarlirrg ftrl tl'rt
extr'('rrre ('as('s: a - 0.1 and o:0.9. firr a ll\F palti(l('sizc of 1007rrn. Thc c:rltrrlir,ted
llrlrr lati,s tirllot' tlrr: rb : rtlt" r'r'lation. l-Ire virriltit.rtr of the bttt tt ratt' r'xlrortt'ttt ri'itlr solicl

1oa<ling is lcrnar'llrblr-srrrlll trnrl valies tlorrr ;rr : 0.75 to rf/:0.87 for tltc:rlrovt'tnctttiottecl
solirl loarlirrgs. Clorrrp:rrr,<l to tlrr: assurncrl lxrln tittr'('xpol('rt of tlrt'G-\l' (n - 0.-1.1).

rht, burrr ritte exl)orrerrt o1' thr' 10/90 IINF/(i,\l' plolrerilarrt is high. Flgrrlt' 6.2 1 slrol-s

thc c:rk:ulatccl variatiorr rif thr'1.,rrrn rlt(,exl)orr(,rrt l'ith thc HNF solitl lcirirling. It is scctr

tllat e\1,rr srnall arrrounts of FI\F in thc lrrolrr'liriut incrcase tlrr: lrtnr lilt('('\l)onerlt of the

1,t,,1r*l lirttl roItsir lll ;tl rlr,.

Schix'r'r ct al. reportt,tl exprrrinrcrrtal lesults of strarrcl llrltreL brtrtt ratr: uleaslllcllrents
l'ith scvcral H\F/G-\P forunlations 113.1]. Tto of tlrr:se propellarrts rlid rrot cottairt burtr

rate c:atalvsts: IIGL.-2 (47.5% H\F) anrl HCIL'-11 (59% HNF). Tlre HCI t.-1-1 lrtopcllirttt
irlso corrtainerl 18% ahurrinurrr. The mcasrrrr'<l lxrrtrirrg ratcs of tlrcst'lrropcllattts atc shottt
irr Fig.6.2J. The cxperinrt'trts c:tirrfiun tlrc t:alc:ttlations that tltc 1-lr'r'ssttt,'r'\l)t,llctrt is
iuscnsitir.e to the sollrl loaclirrg. Tlrr,HGL-2 lrlolrcllarrt slrowecl higher llrrrrirtg rittcs tltatt
the cirltulatcrl r-alrrr'. lrtrt tlrc lirre rlrau,rr irr lfig. 6.2ir is bascrl ort ottll tlrr <lata poittts. Thc

-o-a-a-a-a-a-a-a-a.a

---l- HNF flame
---f- primary flame
---O-final flame

I r'r'a|Ir-tat 
tlkltrtlt((t(l 
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1 000

talcrtlat ul l,1a [ir e flante ]x'at t'o:ttriltrttions ;titr/ /rttt ti I a r(' a t
;rrrri rr - 0.80.

caltrrlatcrl lcsults [irr rr :0.59 alc irr gtiorl agr'(,('nrert with tlu'r'xpt'r'irrrt'rrtal IICit,-1 Irlata.
Firr this llopellarrt tlre ir]urrriurrrrr t'as rrcglec'tcrl in thc crlculatiotts.

Irr Fig. [j.26 thc valiatiorr of thc lxurr rltc r-itlr l)ressllr'('is slrot'n ftrl tu'o extr'('lno patlit:lcr

sizcs. Tlit' I)rcssllr'(' ('\l)on(,lrt l'as rletenrrirrerl lx' a lirrr':rr fit itt tlte 1r'r'sstrre' irrtcn-al 0. 1-

10 \11'}a. 'l'lrc calcrrlltecl lroirrts irr this l;ulg(,irr'(,rrot slrrxi'n. l'lrcl rLr trot clt'r'iitte ft'ottt a

stlaiglrt lirrt'. Tlrr, liltr'1-roirrts slrrxtrr in tlrr'figrrlr,(leruorrstlilt('tlro cfli't't ol tltt'lxitttitn'
clifirrsiorr flarrrc orr tlrr, llrrrrirg lat('of tlrr, 1>r'olrcllarit corrt:ainirtg linc IINF. -\s tttetttiottt'tl
lretilr,. this cfli,ct is orrll l)r'(,scrrt :rt lorv lxt'ssurt's lil snrall lraltillt's. Tht llttuirrg t'att's itt
the larrgc 0.l-0. 1\ll)ir are irrcrcaserl irr corrrparistirr l-ith rr'lrat is olrtainctl lrltert tltt'pritttittr'
rIiflrrsiorr flarrrc is rrr,glccterl. Irr this lang('a krrvcr'lrressrrtc cxponcttt is tilrnd. 'fhe lirrcs
irr Fig.6.26 irrr,:rlrrrost palirllr'1. 'l'lrc alrsolrrte rlifli.r't'ncr itt thr'lrrlttilg lates tlccrcascs

slightlr.rvith prtssurr': 7.8(/r irt ().it -\l[)a to 6.0(,4 at l0 \11)a. This slight <lccreast'is tattsr'<l

lrl thr,firr't tlrlt tlrc rliffusiorr lre(:orrrcs rnorc cliffitrrlt at lrigh l)r(,ssrIr('s. Tlic rliflelerrcr'

irr thr,lrrrlnilg late lrctrr.eerr srnall arrrl Ialgr,lralticlcs is r':utst'<l ll'tht'tlifl'eretr<'t'in tlrt'
rliffitsiorr flanrr,r'outrillrtion. ,-\s a lcsrrlt of tlrc rler:rcirsc of llris cottttilrtttiott. thc rlifli'r'r'trcc

irr lnlrring latt' rlcc'rctrscs l'itIr ])resslu('. Tlrclt'lorc tltr' 1rr,'ssrttt' e\l)on('l)t is sliglrtll lou't'r'

iirl thc srrrall llNF clr.stirls. 'l'ltt'sc rrrork'lirrg lt'srrlts art,rorrfilrtcrl lx'the cxltelirttt'ttts of'

st'r'tiorr i. L Tht, r'r,sults lr,ltoltt,rl tlu,rc slurx' ir vcrl, sntitll t'ffi'r't of tlrr' lrarl iclt' sizt' ort tltt'
lnlrrirrg t;ttr'.
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6.5 BIGMIX: 2D computational fluid dynamics model
'[-he []l)P-rrrrrlcl Ilonr tlrr, lrlclious scctiorr rloes rrot allou. a-lrriori r:iLlcrtlul iorr of rlilllrsiorrll
irrtcllt tiorr trctr.r'r,rr HNI: arr<l birrrlcl iielorrrprisitiott lnoclttt ts. For exittttplt' thr: tliftusiorr
irrtclirttiorr l)atilrrr('ter'.Ji has to lrc cstirrraterl. ,\lso rliret't <'ontpitrisorr n'ith cxlti'titttt:tttitl
sanrll'ir'h rlala is irrrpossilrle, lrcr':nrst' tlrt, IlDl'-rirock,l rloes rrot calculatt' t[tc t'otrtpletr'flirtttr'
stlu( trlle. Irr tlris sc('tiorr thr, r'akrrlatiorr oI thr'flarrt, stnrctrrrt' irlrrilc a H\F-satrrltr-it'h is

rt,lrorte<1. Irr essr,rrt:r,tlrc sarr<ltr'ic:h st1rl(ture u'as rno<lclr:cl its trr'o-rlintr:ttsiottal lrurttt'r'. TIris
irnplics tlrat tlrc legrr,ssiorr ril tlrt'srrrfirr'('cilrulot lrc:tt:torrrrtt:rl Iirr. ('rirrlrlirrg ol thc gas

phirst'l'itlr tht'<orrilt,rrscrl Irlrase ls lir tlrc f'lll.\1I\-rrrorL'lirrg. r'oulrl lrc tcrv expcnsirt itt
l|l lilS ',f,,,1111r111;rl i,,lt;tl tilil,'.

6.5.1 BIGMIXmodifications
l'lrt'Bl(i\[\ llograrrr l'as rler-r'Li1re<l to rnorlcl t]u,r'ornllrstiorr rif trrrllrlettl trt'o-rlintettsiottal
tlifhrsiorr fl:rlrcs ll2,r]. 'l lrc BI(i\lI\ l)r'oglilln u'as arlalrturl to r:irlcrrlittc tlit' gas lrlrase
stnl('tur'('alrovr,:r H\l-'/Cl'\l) slrrrlrr'iclr 1871. This se<:titins sLtnrtttutizt's tltt'rttost iutportant
clrangcs. Fol rrrore rlct:rils is lt'Ii'r'r'r:rl to I-arrrlrnarr 1871.

BI(i\lI-\ rrscs a firritc volrrrrre rrrctlurrl. 'lhc rlotrrljtt is rlilirlcrl irrto glirl lclls. Ftir
tlrr, IINF-/G,\P 1>r'olrlerrr a rcctangrrlrrl glirl is usccl- llrat is Lrnitilrn alolg tlrt, llrltriug
suliacr'(r7-axis). irrrrl stlr,tr:hcrl in tlrc rlilcctiorr l',r-av fiorr tlie irutuirg srtrijrce (:r-axis) .

'l'lrc lrositiorr oftho cell l'a11s is plctisclr"irr betl-r,err tlre gri<l poirrls. 'l'lrt: scitlur va.r'ialrlt's

iurrl tlr, tlrcnrrorh'rrarrric arrrl tlil,rlsl)ort plolrt't tit's ar'(' ('\-aluate(l lt tht' glirl ltoirrts. Thc
vt'locitics :u(,(,\-alu:lte(l at tlrc ct'll t-alls. lhe firrite rlifir:rerrccs o1 the I'llF,IIl-\ rlorL'l alc
lr,lrllcr,rl lx'firritt'r-ohtrrt's. 'l'ltr: rlifiirrertiui erlrratiorrs il1(,irrtegliltecl ovt't'tltt'se volttrncs.
i.<r. ir ballrrcc o\'(,r'thl celi. Tho stoarll sohrtion is obtairrr:cl lrv tirru'ruatciting. rtntil l
stearll soltrtiorr is olttairtccl. l'irr tlris palti( ulilr'plolrlcur. a ijiictirirral tirrrc str'p tttetlto<l rvits

crnlrlrx'erl tri irulr,:rsc l'irst tlre rrotr-rcactirt trrrnrs (tonvt'r'tiritt itttrl rliflirsiorr)
arc irrtcgrittt'cl irr tirne. 'lhorr the lt'activr, 1('nrrs lre irrtcglatr,rl. Tlre t'ht'rrrical lt'ttcrtiotts ltavc

rnrulr snrirlk,r tirrrc stalr,s tlrln tlrr,flol'. irn<l <'att tlrt'tt lrc solvt:tl efliticrrtlr'rrsitrg stnallt'r
tirrrcst r'ps.

l'he IllGlll\ nrorlcl n'ls 11r'r'r,krpr'<l fr.rr lttrbulcttt r:otttbustiort. Fcil tltest'flril's lltc
tutluletrt rrrixirrg is trnrr'h largel tlran tlrr,rliflirsion;rl rnixirrg. Dillirsiorral rnixirrg u,its tltt'trr-
folc rltt itrclLtrlr,rl in tlre IllCi\11\ proglanr. 'fhe s:irrchvich flo,,v is l;urrittat. arrrl rliftirsitxr
is llrc orrll rrrixing rrrr:thorl. \lulti-corrrlrrtrrorrt rliftlrsiorr 11581. or rlifilsiorr as tmatr:rl 1x'

Er1 (6.1l). );11. r-irs corrsirlererl to lrt' trici crxrrprrtatiouirl exlx'nsivr'. .\ ('onstalrt Sr'htrri<1t

rrurrrber irltproar:h u'irs lirllorr'r:cl. lr'hich irrrlrlics i1 (onstAnt rliflrrsirtrt cot'ffiticnt u';ts ttscrl f'or

aLl strcr ics ll(i2;.

6.5.2 NIodel input
'l'he H\L'rrr,r'irarrisrrr ot scctiorr {i.3 u'as usr,rl as a basis iirr tht'kilctic cialabasr'. To irrclu<lc

the rr,ar'liorrs of Ci,\P rlclonrpositior pLorlrrcts. tlris rrroch:rrrisrn ls cxtcttrlt'cl lvith tlu'GRI
IrLer'1r:tnisrrr iil'ltltllocalllou cornltrts(iorr. If a Ilaltiulr tvirs lrIt'sr'trt irr lrrith ttteC'1t;tttisltts.

\i'ttcr''s pilrlrrretcls l'r,r'r,chosr,rr. l-lrc arlrlitiorral leactions atc givcrt irr.\ppcrrrllx I1.2. .\rr
altificiitl r('il('tiol Iiorrr solirl r':rrlron to gaseorrs (:ilLlrorr u'irs atlrlcrl. 'I'lte titrlrott ttrat is
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lrrest'ttt in tltr'(lAP rltrorttpositiorr prorlrrcts can irr this rvav br: r'orrsurnerl lx'thc oxirlizirrg
specics ttirttittg liorl II\F cicr:otrrpositiorr. Ther <otrpletc rcactiorr rnecharrisrrr corrtairrs 58
sl)r'( i{'s irr 382 r'r';rltiotrs.

Irr tlrt'irrk'ts thcre is it coutitrttous flol'of clccorrrpositir)lr gas(-,s of H\F arrrl GAI). The
tttass flon- 1at('s ar'('olrtaine<1 frorn thr: irrrIir.idual H\F arrrI Cl-\P rcglcssiorr lates. r'ir:lrling
irrflou'rtloc:itit's o1 0.3 rrr/s anrl 8.13 nr/s rcspr:ctilch'. Tlrc results ol'the PREN{IX <alcu-
lations r.r't'te usr'<l to detcttrritre tlrc coml;ositiorr alrove ttrc HNF srrrlace. Tlrc composition
itlror-e tlre C]-\P srrlfar:e u,as obtairrccl frorrr the Ci.\l) r'norL,l rler-ekrlrcrl bv l)alidsorr arrd
Ii'ckstearl 129]. \\Ihen usittg tuec'harrisrn -\ or B of Drn'irls,-lr arrcl Betkstr':rd rrrrlcalistic tcrrr-

l)('tatltt('.itttttps t'r'tt'foturrl abor-r'tltt'bulrrirrg surfirr:t'. 'I'lu,st'steep t(,rlp(,1'atllrc profiles
alt'tartst'rl lx'iurtrrrrliate rcar:tion ol specit's like CIH: allcl (l2Hr. Reruor-irrg tlrcse spr'<.ics
attrl inc:r'casitrg thc srtrfact'tt'tupelittrue frorn 620 Ii to 700 Ii (irr c'riLrcsltonckrrrco with the
tttitro-thcttrrot:orrplc lesults flom lirrlrota 18 l]), thc 1,r'urlreratrrre profilt'lteconrt'less stcr'1r
artrl torttpurt's ri'r,ll u'ith expcrirnerrtal rlata 187]. Talrlr,6.3 srrrrrrniiLizes the irrlct lrounclalv
corrrlitiorrs lirr HNF a,rrd GAI'.

GAP I HNF
T,
c'(,r
c2ll2
C':H I

cll2o
clll,l
c\o
c'o
H2

H2o
HC'\
\2
NIl3

7(X) Ii
0.2lt)
0.015
0.011

0.029
0.02:l
0.028

0.111
0.280

0.009

0.009

0.160
0.023

Table 6.3: Inlct bourxlary corxlitiotts (si.,ecit's r'ult'r'rifratrt.rrt iu rrxtle frat'tiols).

(lalc'ulations l'r,r'r,yrerfirrrru'd fol a sarrch.r.it'h $,itll a t,-ttal rviclth ol'2 rnnr. arrrl a G-\P
lrirrrler slalr of 250 1rrrr in tlro cerrtt'r'. The filst thrcc rnillirrrctcrs irr tlrc gas plrase r.r,r:r'r:

t itlt rtlate<1. Bet:aust' of the slrrrrnctrr" of'the plolrlern. orrll hall of tlte <krrrrairr is calculatt'rI
(1 x i3 rnnr2). Tr'picallr'thr,r'ak'ulatiorrs Ar'(' lrrrrfonru:<[ on a gli<1 of ]0 x 10 r'r'lls. TIrc
cells ate urrililrrr irr the g-<lircctiorr (along tlrc surfacr') aurl stlt'ttherl irr the.r'-<[ilecrtiol
(perlrcnrlicular to tlrc srrrfacr,). Fbr tlris glid tlrc srnall(,st cells alt:25 x 2l-r1rm r:losc to tlrc
surf)r('('. aurl t(i6 x 2.i 7rrrr ou tlrt' exit lrorrudarr.

6.5.3 Implementation
The I]1Ci\1I\ l)r'ogrrllrr rvas r:orrrlrilerl u'itlr the \-,\Cl\\'art'lirrtlarr !).r conrlrilt,r orr a Lirrux
Pentirrrrr p1:rtfirrrrr. For l gricl sizt, of -10 x 10 r'ells. a stationarv solution took :rborrt 300
ltours of tomprttatioual titne orr a 100 \lllz PC. LIsing this solrrtiorr as arr estinratr'lirl a

r',
HNF1,;
O.:

c'( )

\2o
HO\o
\2III

;;3 K
0.9137

0.01726

0.()1726
0.()1726

0.0 1 726
0.0 r 726
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80 x 10 cell soltttiorr lctltilerl arr aclditiorral 150

tlrnc a tinre step of l0 6 s rlas usetl. lirr higlrcr
10 7 s and 10 s s lirt l anrl l0 \lPa rcsptrctivt:lr-.

CH,\ l"l'ER 6. llo/)Ili.INC;

hours. Fbr thc r:alculatiorrs at 0.1 \1Pa

llressules tht' tirrrr-' stol) \\';rs trtrlttcc<l trr

6.5.4 Results

F irst sctrru, r'csrrlts at anrlricrrt pressuie t'ill lrc givcrr. Thcsrr results ar(-' iIIII)ortant Ii)r
cortlrtrrisorr u,ith tlrc cxpcrirrrt'nta1 rlirta. Itr tlrt'sl'c'ortrl lrart ol this sectiou tlte trrsttlts tiottt
calculatiorrs at higlrt,r pressllre till lrc clist'rrsscd. TlLcse:rlr,nroLe tt'lclartt Iir'ptopcllarrt
corrrbnstiorr.

Ambient pressure

I'ht, arnbient l)tesslllc t alculatitirrs l'rrrr, r'atlit'rl out or tlrc firtcst grirl. 80 x 10 t'r'1ls.

f igures 6.27 arrrl 6.28 slrol' sorrrc tr.pir'al rcsults tlrat u.t'r'r' obtairrcrl. lltt' tt'rttpt'ratrrle
profilt'slrolr's thirt the tcrrrIr,r;r1 ln,,risps 111,,r'" rapirlll- abovc tht: IINF tharr it clorts alrx-e
the birrrlel slalr. .Jrrst alror.r: thc IINF- srrllirce thc isothcrrrrs atc cLrst' togetlrt'r' anrl palallel
to tltc sru'facr'. Fartlrot ar':rr'fioln thc srtrfa<:r'tIrer t<:lrlrct:rtLlr'('(or]toul lras a rliflcrcrtt
shalrr'. The lriglr tcnrpr,r'rrture zorre is Clrsr,st to tlrC surfar'('at al)l)roxinratt'lr'0.5 tttttt liottt
thesitrrrhvic'h(('lttel.'l'lrisisarrirrrlit:iLtionofarlilfrtsiotrflatne. Intlteprcst'nccola{itei.a
higlrt'r'flarne t(,lnl)etatlu('is lcaclrccj. Thc ternpcrattrrt'profile alsri sluxls tlrirt tltt'glaclicrrt
of tht'tenrltr)r'atllre llofile (i.r'. the lrt'at fi'crllnck to tlrc srrrfaru,) is ttot higirel rrt'al tlrc
surlircr'.

l'lre secorrrl inragc of Fig'. t-i.27 shou's thc rr-r,r'locitr,. i.c'. tlrc r-r,krc:itr-in thr:.r'-rliri't'tiorr
anlv frcxu tlrc burrring snrlircr,. The irrk,t le,locitl o1'tlrc CIAP gas str'('ilrII is rrrrr<h higlrcl
thlrr the irrL't lerlocilr. of thr' HNF grrs str(,arn (8.3 r's. 0.3 rrr/s). The rrririn c:artsc for this
is tlrat thc rk,rrsitr- ot the Ci.\1'} clccorrrlrositiorr proclur:ts is loutl tharr tlritt of H\F (lr'lrit lr

<:orrsists lirr a largr'pult ol ll\F vapor'). hr arlrlitiorr. CIAP iras a higlr,'r'1r'Stps\iou t;rtr';rl
arnlrient l)r'('ss1lrc. l},r:ausr: ol the fast <le<:<.rrrpositiorr o{ H\F. tlrt'r'elrcitl inclcitstrs rapirllr.
alror-e tltc H\F srrlfnc'e. 'l'he lelocitv in tlrc v-rlirrrr:tiorr is rnnxirrral at ill)l)r'o\ilIlat('ll
0.,'r rnnt alrorr: tlrt,srrrfircr,. srirn<'u'lr:rt orrtsirlc the lrorrrril:tlv of thc (iAP :rrrrl IINF irlot
str'(,iirns. 'I'he r'-r'r,Ircitv irr t,his r:gion is lroirrtecl otrtu'arcls. lrct'anst'ol the <liflrrsion o{ 1lttr

(1.{P rL,r'onrpositiorr plorlrrcts irrto tlre HNI-'gas stlorrrrr. ClLrser to the sultlcc tltert is:t
sru:rll rt:giorr u,ht'r'c the H-\F- plorlrrtts difllrse tol'alrls thc rlire<:tiorr of the lrinder. l1-\['
rlccorrrlroscs lt,rv fast aIror.r,thc Ilrrnirrg srrrfirce. 'l'he 

C'1r1 urass fiitttion clt'r'r't'ases to zorc)

irr less tlrau 1 rrnrr abolt,tlrt,G--\l'sttrfact'. 'l'he profiles of ('NO. C'2112. Cl2ilr. C'H2O. (lHr.
NH3 ilrrrI HCN (all GAI'rlecorrrpositiorr lrloclucts) are \'(,r'\'sirnilar to thiit ot C1,y.

Tlrr, last irrrage of'Fig. 6.28 slrou.s tlrt' N2 lrlass ljactiorr. \2 is tlrc rniliu (l('(:olrIl)ositiorl

lrroclrrct tif G,\l'. arrrl is also au irrrlrcirtarrt spet:ies irr the HNI'flanrt't'rlLrilibritutt r:otttpositiott
(is not direr:tlv firrnrr,<l rluring H\F rlr,r'rirlposilion). '['lris is <:lt'itrlt. secn Ii'ottt tlrc N2-

profil('. The firral \2 (:ou(:cntrirtiorr is rcirr:hed ltitlrin l nntr abor-r't]te Cl'\l'slal-r. '['lrtt N2-

conccrrtratiorr alror-e,tlrc H\l'lakcs kurgt,r'to rcat:lt etlrrililrriurrr (not ftrllv teacltt'rl u'ithirr
the corrrputiLtiott:rl rLrtrraitt).

F igurr, 6.28 shori's sorne rnol(, spcr:ics profik,s. Tire O2 rrrass fruction is slrorr'rt in the first
inragr:. \eat II\F corrrlrustiorr r-ielrls l?)t1 O). In the plcsenr:c ol tltc lrirrrlcr. tltl oxvgett is

('olslllred irr reac'tions u'ith tlrc fuel lrrorlur:ts. arrrl onlv srntrll arrrottnts tttttaitt. itu'ilr'fLout
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tlrc lrirrrlcl l)ti)(ltr(ts. l'lrr' O2 is rrol rlilr:t'tlr'lirrnrcrl rl rlirrg ll\F' rlccorrrpositiorr. irrrrl is
lilrlecl it\\'ill fl()r1r thc lrrlrrirrg sult:l((,.

l'ht'('O atrrl ('O, itttiiges iut'altttost cotrrqrJr:rrrcrrtirtr-. 'l'lrr,('O rrrass Il;rctiorr is tlrr,
lriglrest itr it rcgion itl)olrl I rrrrrr irbrilc the (1,\P -silr {:r.t,. 'l lrr, lacli ot rixirlizing spcr.ies.
viclrls plcrlorrrirrirrrtlr- C'O. 'l'hr, (,x( ess ()\\'e(il irr [1\f . r'ir,kls rrrost]r' ('O,.

'l lir, \('O irrrlgt sltou's trrlritnullr ( r)11( (,ntr':rlirins lig rt alrrrlc tlre II\F/(i.\l) irrtclf)rc.c.
'1 ltis sltt'r'ics is it goo<l cx;ttrtplc of a spccies tlr:it is rLot filrrrrl irr tlrc llNlr atrrl (i,\P
tttoltolrtolrclliltlt flilures. lrttt is plr,st,rrt in aleas rl'Irerr, llrcse tlo rrrix. Slretir,s iilir: \\H.
II( )('\. II('('( )H slrol' sirrrilar lrloliles.

I'lre H\lr rlet'otttposition prorlrtct \1O is lt,rlrrccrl lrl tlrr,(1.\l'}1lorlu<ts. irs sccn irr tlre
fitilr irrtagc rtl Fig. (i.28. 'l lrr' \ll, rrrass llirctiorr is sholn in tlr(' llst irrrirge ol tlris figrur,.
Iltt' l'llElll\ r';iI trl;ttions itltt'arlv slrrir-r'rl tlrr' ,\11.1 l)r'(,s,nt alrovr,the lrrlriug fiulf;i('('. s('(,
t'ig. {;.1 L IIou't'r'et. ttttttlt tnott'\11.3 is forrrrrl rtlrovt,tlrc lrirrrlcr slllr. l'[:i ['-\ll\ r'irlcrrlatiorrs
til (i-\l) slton't'rl tlr;rt tlrt' \l[2 t:orrtcrrtlatiorr is - l(l ; lor tLl srrrrcll'icli stlu( tu1c,. tlr(,
\H2 t ollt Clt(r':rtiorr is scvcrirl olrle,r's l;rlgt,r'.

Elevatecl pressure

Bcsirlcstlicr':tltululionsat0.IIII'1.llsor';rlcrrlatiorrsrrtIrrr(ll0\lPalrllcirt,r'rrt,arlicrl
()ltt. ltl llris plr':tgt':rplr tlre cfii'r'l of 1;r'r,ssult, n'ill lrl lvirl ratcrl. Bv irrcre:rsirrg thr, lrlossrul
tltc rcar'liotts r';ttcs lrt'tottte fustct. lrrrl rliffrrsiorr is lr,rlrrre<1. I'lrc lrrrlrrirrg- lrr,lraliol ril tlro
s;trtrlu'iclr is rlt'tottttittcrl lrl tlrc locatiorr of tlrc lrcat lllr,;rsr.. -lir lisrr;rlizc tlris lreat lclcasr,.
tlrt'<lrctrrical ltr,irt rcl,asr'has lrccn r';rlcrrlatlrl. Figrnrl.;6.21) to (j.tll slrou-the r'fli,r.t ril
itrctcirsittg tirt'1rlt'ssttlt'. llt'causc the flitrnc zorrt's lrecorrrc srtlrllt't l'iflr irr,r,,;rsnrH l)r'r,\sltr'r,.
tltt'r'orttprttittiotritl rlotttitilr \\'as snrall(,r'lirr' I :rrrrl 1(l \ll'a. \\'itlr irrclr,irsirrg lrrcsstrlr,. tlrr,
tt'trtpt'r'altur'lrrofilcs alrovc tlrt,ll\F srrllrrce lrccorrrc st('('l)('r'. ;rrrrl tlrc rlifli,r'r'rrcr,r'itlr tlrr,
lritrrllr'1)('('()rrl('s olxiotts. -\t 10 \ll)a thclc is rro corrrlrl,lc ruiring u'itirirr tlre torrrprrtaliotral
rlorrririrr.

'l'ltr'Irr';rt t('1('ils('itttitgc ot Fig. (;.29 slros's tlrc lrt'al r.'lcasr,tilt(,at 0.1 \ll)ir. \r,lt the
H-\l'/C;\l'irrtcr'lirtc tlu'tcitttirirr zorrr,,r'r':ru'ls rrpn-;rlrl>. 'lir rt,sollc thc lrcat lclr,tsc l1 the
HNI"/(l-{1'] irttcrlalr'. the rrrirrirnuru vahr(,()l tlrc tolor'l'gi'rrrl (20 101) \\'/rrrlr) is lor-r:r'tlrirrr
tltt'rtctttal ntitrirtrtttt (30. l0r) \\'/rrr'r,) tlLirl is rcirclrcrl. l"ol thr,irrragcs of 1 irrrrl 10 \ll'}a.
llte tttitrirtttun vahl('ol tltc colol lcgr,rrrl is rrrrrltilrlit'rl lrl l0 arrrl 100 r't'spcctirtlr'. hr llris
u'av llr('itttitgcs att't,rrttlrtttitlrlt'. as llrc Lurl r'('l(,as('is t,xlrlt'sserl irr \\-/rrr't iut(l rll(,(l(,nsit\'
is 1rt'opoltiott;tl to tlrr'l)r'esslu(,. In tlrr,1 \ll'ir irritg-r,. til ts'o tlrirr strilrcs thirt cxterrrl irr

vt'ttit:tl rlirtr'liott illustlatc llrr'lrLesorrcc of ir rlilfirsiorr flarrrr'. 'I'hr,lrr':rt rclcirsr,in tlLis lt,giorr
is att ottlt't ol tttitgtttlttrlt'srrrirllcr tlrln tlrc lrcirt re'lr,:rsc rrr,.rl llrc l],\[: sruilcr,. For tlrt, higlr
l)t('sstll('. tltt'lrr':tt lt'it'itst'irr llrr' "rIiflrrsiorr flirnrr," is tl'o,lricls o1'rrragnitrrrlt'srlirllcr tlrarr
tlrat l1 tlre II\l'sutlil(('. Tlris 1act.;rrrrl tlrl tirct tlrirl thc ll\F flirrrrc is lclv clo:r,to tlrc
slllIa(('. tttitkc tlr;tt tltc cotttli]rtttiotr oI the rlifllrsiurr lliurrl is rrcgligilrlr,.

To t'r':tlttatt'lrol'tttttt'lt hoirt is acttnlll tr':rrrslroltr,rl l-r'r'ritrrhrr'1iolr to tlt('sllllit(('. tlr('
ttrtttlttctirl ltt'itt flttxcs l\,,t)-l lir) lrtlc brrctr tlcterrrrirrerl. I-'igrrrt,(j.ji2 shorvs tho lr,sults.
l"ot 0.1 \ll)a tlrclc is a liugc <hirrrge irr tlrc lrr,:rt Hux. iurrl locllll it is cvcu rrr,gutivr,. 'l Iris is
( ;lrls('(l lrv trttnrt it rl eLt ot s. ,\rrurrrl 0.(i rrrni lr orrr tlrc sinr.l\\-i( lr ( cll1(,r' t hc' lrt'irt flux is 1.r7
Iriglrcl tlritrr at t lrc H\l' otttcL crlgr:. -l'lris r,fli'r'1 u':rs irllr,.rrll olrscLlcrl irr tlrr, tcrrrpclittulc
itrr;rgc ([ig. [i.29). t']rclc lltc rtplrct isotlrcttn is closcl lrr tlrc suttace in this lcgion. So. frrr
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kxr' plt,ssrrlos. tlrcle is a srrrall rlilhrsiorr flatuc cfti'< t. 'l irc ireat tlur at 1 NIPit sltot's il lllol('
stailcasc lrr,havior'. Jusl orrtsirlo thc ll\F/(1,\l'sur'{ir<c tlrclc is a tttaxitlitlttt il tlrr'}reat
llpx. -\t l0 \ll)a thc lrurt flrrx Iras ir lr,al str'1r lrchavior'. So. it c':trr lrc cott< lrtrlt,tcl tlrirt tlrt'
r,ffi.r.t oi the rliflrrsiol flarnc is srn:rll. .\t 0.1 \lPa llrc aclrhtiorral lrt'at Ii't'rllrar:k is aborrt

lIt7.llrt it <lt'r't't'ases rvith irrclt'asillg- l)tessltl('(ll1('1o the lcrltr<:rl<l rrrixirrg.

Comparison with experirnental results

.l-lrr,BICi\ll\ 
rr,srrlts shrxr, that lhr-. r'orrtlilntiorr ol 1lrt'heiit [i'r'cl]rltli of tlrt'binrlcr-

oxllizcl clifllrsiorr flunrl irr l ll\F/(1.\P-sirrrrlrr'iclt is srnall itt ctitttlrarisotl to tlI('lrt'at 1r'r'rl-

lta<.li o1'thr, 1l\F flarrrt'. This is itr irgtoemcrrt n-ith tlrc r:xpclitttettt;tl firrtlirrgs of stttiorr 5.11.2.

Exlrclirrretrtllll thc II\F'/Ci,\P-sarr<lnic:hcs u't'r'r: lilrrxl to l('gress t'r't'nh'. r'xcr:1rt itrotltltl rtttt-

[ierrt lrretssrrlc tllu,r'r,the irrtclilcc slrrxlt'rl a sliglrtlv hig]tcr reglcssiotr tittt'. Tlrt'tcsttlts of

Fig. 6.32 rrrltclt tltt'st' exprrtitttetttal finditrgs.

,\lso tlrt,r,x1rr:r'irrrcrrtrLllv rlctcrrrrirrecl u'i<lth ol lhr: rliflirsion flilrrIe. ilt tcrttrs ol the t'irlth
ol tltr,C'N zone. (.orupiit(,s vetv ur,ll u'itlr tht,rrrorle'lirrg rcsttlts. !-ig.6.133 (oltll)ur('s tlle
expclirrrerrtirl lcsttlts (fiorrr Irig.5.l8) rvitlr tltt'tt'sltlts ol the Ill)l'tttorlcl.

,\rrotlrr,r aprlxoacir to ('o1rrl)ar'(,1'rlrolinrettt;rl resrtlls $,itlt tlle rtrorlclirrg tt'sltits. is ttr
(.ot1rl)ilr(,tlrc expt,r'inrerrtirl flarrrr,strlr(tlu('u'itlr tlrc rrrorlelirrg tcsttlts. ,\s tltrr H-\F/CIAP
fl11rcc|rcsrrotslrou'astr'olrglrliglrtflarrrr'.itis<lifficulttoitttagt'tlteflittttr'(scct'.g. F'ig. 1.6).

Itr sornr' citrh'(,\l)otilrtorls. tlrc ll\F/Ci \P satrrlri'it'ltcs u.etrt' rtot tttatlr' lrr- t rrlirrg tlrr' (l-\P
in lretrvcr,rr tlrc ll-\F sirrrrltles. llrt lrl glrreirrg lllc stir(lis trigctlter rrsittg tirrr-atrtottttts o1'

tl'irrrtiacn'i;rtr.gltrr,. Drrr,to tlris glrrc the flittr<t bt't'orrtes vctv lliglrt. Florrr tlrt'lrright
flurrrc it larr lrt' rlctt-,trrriru'ri u'lrr,r'r, tlrc rrratt'tiitl of tlrc ottter r'<lges of the (l,\l'-rnatt'r ial has

rlifluserl to. 'l'lrc rrrorlt'ling a,rnlogr.oI this is thc tttr';ttt 1]Ii\t1lre fiitctiott. that is tlrc ratio
o['firel to oxirlizcr': a rrrixtruc tl:rctjorr of orrt'r'rtnt'spontls lo GAI'. a ntixttrle liilcticltr ri['

z(,lo ( olt(,sl)orrrls to IINF. in t'ig. 6.;) I tltc t'itlctrl;r1t'tl ttteatt tttixttttt'fi'ac:tiorr is <:otrtlxrrcrl to

the iruirgt, of ir glncrl lt\F/(i,\l' sarrrlu'ich. lirth slrllrcs sltol' tltc sitttle otltwAlrl rlifflrsiorr

ill)o(' tlre llu niug strrtitt r'. rtrtrl ltalc a letv sitttilttl stru( tlll('.

6.6 BDP vs BIGMIX
Ir tlrr,RI)l'-ruorlcl llrc rlifilrsiotr fllrrre llrittt is rlt'finttcl;ls tlI('srttfa(t'ott lr"lti<lt thc oxi-

rlizr,r/tirr:1 nrtio irrlrr;rls tlrt'stoic'lriorrretli( r'atio. ('onscrlrtcrrtlr'1lrr: rlifllrsiorr flarrre hcigltt

<,ar lrc rL,tcnuirrcrl tlorrr llrc stoichiottrctlir'lirrt'of tltt'tttixtttlt'frattiott. Fttilrr tlris the

HNF/G-\l'san(lwi(h rliflusiorr flirrrrc lrt,iglrt at arrrbient l)lossrlr'('is lilrrrrl to irr'2 nrrrr 187].
-flris colnlralcs rvt'l[ \Yitll the firral diflirsiott flitttlc rlislitttc'r'o1 21ttrtrt trakttlatt'rrl lrv tht'
BI)l)-nrorlr,l fol ir ploltclllrrt rr'illr 2000 Trrn FI\F (:1\'slills tlt;tt tost'tttlrlcs tlrt'll\F/(i,\P-
sarrrlu'it'lt.

--\ c'liflit.rrltr-irr the Ill)P-rrrorlcl is tlrr,cstirrrirtiott ol tlte l)iu'itlIl('t('t .J1. T'lris pttlalrl()ter'

rk,scribcs tlte Iilt tiort ol oxiclizcl spt'r'ics titat teat:ts irr tht' plitnatr' flrltltt'. Ill tht' llDP
Irrorlr,l a lougll lncthorl to r:ak trlate .11 is ttst'rl. ltascrl ott tltc geotttctrlc lrnr.jtr<:tiorr tif tltt'
.\l'-flarrrr,on tl1(,oxitlizcl c'tlstirl. Alrplr.irrg llrt'sirrrilal apl)t'oa('1I tri tlre II\F-Ci,\l'itrprtt
rllt:r slrorr'r:cl tlrirt .J7 lrcconrcs raltirlll zt'ro tlitlt itttrcasitrg I)r('sstltos. Flolrr Fig. (i.;i0 it is

s('(,tr tltitt at I \ll'}a tlrr,heat lclcasc in the llrrrtarr'flirrtre is altotrt 1 tirrrcs lou'cr rts ilt tltc
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Figure 6.34: (.'ort4tarisn tf r-ir/r,o irri;igc ol rlc lrriis,,iou ti'glrtt'rl l/,\F/(J.\P s;rrrr1-

rr-irli flarrrr, (lt'l't) aul t'altrtlaterl rrrearr rrrj-xture ftitttion (riS1ltt). Tltt'r'entral figre
r-e1)r1,,selts rlic siunc r/irrrcrrsir.,ns as tJrr, r';r1r'ri/itt.rl ntt,i:u lrii-rrirrr' l'tacliot (irll at anr
brcrrr prr,ssrrrt,).

II\F fllrrrr,. It is irlso rt,latir,r,lv farllrcr a\vit\"Ii()nr tlrc lrLrlrrirrg srrllirr:r,<orrr1>llccl to thc
sil rtatiorr at 0.1 \ll)1. 1'lris.jrrstifies the ulrlrroutlr follr.rverl lx'tlrc BDI)-r'irlcrrlirtiorrs of
sr,ttirrg i1 to t.r.'r'o.

6.7 Conclusions

Irr tlris ('lraptcl sevclal rrrrrlt'ls tirr tlrc lorrrlrrstiorr of II\F lrrrl II\F-lrlolrellarrts u'r're

llt'scrrfcrl. llallr olthc rrrorit'ls has its olrr spccific ilssllrrrl)tiorrs arrrl alrproxirnirtiorrs. Takcrr

togctlrcl tlrt'urorlt'ls Ir'lp tri cxlrlirirr thc tourlrrstion of H\l-'arrrl HNt"-tortrlrositiotts.
'l'lrt' sirrrplifir,rl \\-SIl aplr'oach ;rlkxls Iiir iln ir(:('luirte < irlcttl;rtiotr o{ stcarlv stal(' r'('gr'('s-

siol f irtes. I('rnl)('r';ltlu('st,nsit ivitr'. l:rs<,r'-irssistr,rl corrrlrrrstion anrl ritlrc,r' 1>lrvsicll pAlilrnct('r's
sucll irs srrllirtc l(,rrrp('rirtLll('s irnri llanrc starrrloff'<listiurrcs. I'lrr, iilcir lrehirrrl tlrt' \\-Sll-
rrroclcl is a lou'grrs phasc itctir':ttiorr ctrcrgr'. Irr cottrp;rlisr,tr n'itlt llre flitttte sltt't't itplrto:tt'lt
(lriglr irctivatiorr crrclgr') tht'lgrcr,rrrcnt u"ith (,\l)cliln('rrral rlatu is lrr,tter'. 'l'he lrlrlsicll
iuterlrlctiitiotr is tlritt tlrt,tatr'-rll'tcrrninilrgstt,1r irr tlrc ga:; lrlritst'lr;rs ittr olt'tall lori'itttir-a-
tion t'rrcrgr'. ('hcrrricalll sl)caliirrg tlrc low ir( tivat iorr lr':rt tiorrs (e.g. \Or+ll+\O+Otl) arl
rrrole irrrpoltlrrt lirl tlu'Irr,rrt-1i'r'rlba<li to tlrr,trirrrlnstiol sttrIatt'tlratt tIrc higlr-act ivittiotr
('nergl lcilctiorrs (like tlrc leactiorrs tlrirt ljrlthel lcrlulc the NO). 'l'lris olrstlvaliort trr:rtr'ltcs

tlrr, lat't that Irigh t(,rul)('r'irtllr'(,s irte irllr,a<ll irr'hicrtrl ir tlrc H\1"-fl:rrrrt'lrt'lirtt'\O-r'r'actititts
har-e takt'rr lrlir< e.

'flu,rrrorlilicrt PllE\ll\ aplr'oach srrppk,rrrctrts lhe \\'SB-rrrorlt'l lirrrlirrgs. Ercr'1rt lirl tlrc
HNF- rlct'onrpositiorr stcps llris rrrorlcl rrscs clcrrrcrrtirll lt'ir,'tiorrs fil the t'alcrrlatiotr of ll-\F
corrrbusl iorr. \i,ttr,r"s rnr,r'lrirrrisnr til llrt, r:orrrlrustiorr ril t'lD\ u-as rrscrl. 'l'lre lt'srrlts slrou'

tlrilt at 0.1 \ll'a a t('rrrl)erirtlue ot 2,r,r0 Ii is letrr'lrorl at 0.-r trrrrr iLlrovc tht'lrttrnirrg snll:l('('.
-\t this lroirrt tlre \O rrrolo flaction is irt its rrrilxilrnlrl ..'alrrr,of 0.l7. lrrrtlrr,r r'(,(llr(tion
o1' tlrr, \O orrlv rrrirrirrrallr' ;rffr'r'ts thc terrrpclatulr'. ,\t arrlricrrt l)l('ssllr(, tht, l<[ialrati<'
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flirrnc,tt,urpr:r'atLrrr,(2766 Ii) is leaclrcrl at abciut 30 rrrrn al)ove thc lrtrtrritrg srtrf'at:t'. Thc
calculltccl corrrpositiotr alrovc thc llrrning surlirlc shorvs gootI c'Lrtttpitt'isotr l'ith clrt'rrrit'al
r,rprililriunr calc:ulations. -\lso the irp,leelncut l-illr spctics lrrofiles fbr scvr:r'al ratlit;rls that
Irale lrcen olrtiiirrr,<l l'itlr lrlarrar or l;iser-irrrlrrccrl fluort'scerrcl fultlrcr srtlrlrort the rrrorlel.

Birsccl rirr the,olrtairt,rl krrou-lcclgc orr tlrr'('rinrlrustiorr of llNF arrrl ar-ailablt'litetittttre ort

C]-\l'r'omlrustiorr a H\l'/GAP ploqrcllant tlorlt'l \\-as l)r('s('n1r'cl. l'he BI)P-rrrorlel aplrroat lt

[irr t]rc corrrlnstiorr ol ,\P-plopellarrts ri'as Ibllour:d. 'l'he rrrorlel cllculirtiotrs slrorr' llrat tlrr'
prirrrirrv rliffrrsior flarnt, (tliffirsion fl:rrne lrctl'e'r,rr H\F arrd (i-\P rlt'r'orrrl)ositiorl gasscs) orrlr'
plavs a rolc a.t llr,ssrrlts beLur'0.i \1Pa. lirr H\I" parl iclc sizcs ftottt 10 Trrrr tri 10(X) 7rrn. .\t
tr'pilal olrclatirrg pressrlrerj firr solirl ro(li('t nrotors (,r \tPa au<l lrighcr') tho lrrirrtarv flarttc
carr lrr: rrt'glt,c:tt'rl corrrpletelr'. -{t tlrr,sc l)r'(,sslucs tirc I{NF-fl:urx,(lorriuirtes tlrc sr.trlitte lrcat
feerllrack (rrrort'tharr 80% o[ 1hr: <:orrtrillrtior). Drrc to tlrr,sliglrt rlecrt'ase oI tlte firral fl:trrre
hc;rt teerllrack. tlre lnnr lirt(, (1e( r(,ils(,s sliglrtlr- r,r,ith incrr,asiug particlc sizt'. This eflcct is
srrrall. For lrropellarrts u.ith HNIr palticlc sizcs 10 Trnr lncl 1(X)0 Trrrr the varizrtiort o1'tlte
l)lrnl rilt(,is 67. Fol ir sirrrilar,\l'-propclla,rrt the llrrrr lirtc r.aliatirirr is 907. '1'lrt'prc'ssttre

(,xl)onent rxrlv rrrinirrrallr.r-u e. l'ith srilirl lo:rr1itrg. C'alcrtlatiorrs shorr'that ithearlv at IINF
rrrass fractiorrs of'0.;i the lrlcssrrlc cxporrerrt is higlrrrr thirrr 0.8. Florrr the Ill)P-r'al<'ulations
it rrrar' lrc corrclrrrlcrl that the II\F rlcconrlxisition flarrrt' is llrt' clrrrrinatirrg heat i'eer<llrack

s()ulce to thr, ltlrlrrirrg srrr'{acr,. 'I'}rir cffe<rt of tlrr' birul0r'-oxirlizer'flane irr tCIrrrs ol he:rt

fi,t'rlbat k to llrc plolrr:lla,rrt sur'flrcc is rrcgligilrle corrrparr,rl to tlrc HNI tlet:oruposition flanre.

Irr the last par'1 of tlris Clrapter lcsults of'tlrc DL,'l BICi\ll\ tocle tirr tlrc conrllrstiort
o1 HNl.'/C,\l'sarrrlu'iclrcs harr,bet,rr prosorrterl. Tht,r:herrrictrl trrt'<:hauisnt firr tht'H\F
I)li[-\ll\ r';rlcu]atiorrs \\'as extcrrrle<l u,ith the CillI nrcch fol lrr'<hocarl)oll ('onrl)llstiorr. T]rr:
lllG\ll,\ r:nk rrl:rtiorrs slrol'tirirt tht'rliffusiou itttt'ractiort bt'tlvt'cln oxidizr:t arr<l lrintlr'r'flatrrc
rlecLr,;rses with prr,ssurr,. At 0.1 \J[':r tirelc is arr err]rarrt'erl ]rcat Ir,t'rllrar'li riur: to tht' lrottt'r
rli{fusion flarrrc. -l'lrc rrrarinurrrr is locaterl 0.5 rrrrn orrtsi<le the Ci,\P sl;r}r. ,\t 1.0 -\ll'a tlrc
rrraxinurrl still oxists. lrut iras shiftt'rl to 50 lrrrr outsirlt,thc l;inrlcl slalr. At 10 \ll'a thclc
is rro flrrtlrt'r cnlrarrc'r,rl Irr:at-li,r,rllralh chrc to thc rliffirsiorr flarne.



Chapter 7

IJltrasound

7.7 Introduction
flarrl rliflt,r't.rrt rrrt'tlrorls alc r:urlenill crrrplolcrl to rlt'tr,r'rrrirr,the lr,glt'ssiou rirtc ofa rrerv

prolrellarrt. oL corrtlol the rcg-rcssiorr ratc of'lrlopcllants irr lrlorlru tion 128. 70] . 'l'he rrrost
(olrunorr rrrothorl is tlrc strirnrl llrlrrcr. \\'itlr this rlcvicc tlr llrlrrilg ratc'is lrrcasrrrorl
lrl t'rrrlrcrldirrg fitsc t'ilcs ltr tht'yrt'tlpcllalt r,hiclr rrrclt u'l,t,n tlre cornl ,rr:tir)l \\'A\1, 1)irss(,s.

A st,r'iorrs rlisirrllirrrtagc of this rrrctlrorl is that it lt,<1uilt'r; a lirlroliorrs prr'llalatiorr of the
sarttplt's. t'lrir'1t trr:rlil,s str:trrrl lrtrlrLcr cxpelirrrerrts exlrcrrsivt,. -\rrotlrcl possiltilitl is tlrt,rrsr:
of olrtit,lrl a('('('ss to tlrc lrtrnrcl to rlctt.r'nrint,tlre lt'gressiorr late. []otlr rnetlrr<1s lrar-r'irlrea<lr-
betrr rlcsclibcrl irr the prcviorrs (lhaptt'rs.

'l'ltc'rrrt'asutt'rncttt of ulistt'arll leglt'ssiorr t:rtr,s is lcss tlivial. Thr,rrrtstcirclr-r'orrrlltstiorr
is lt'r'r' ittrlrort itttt lirr lrol lt pt:tt'titirl arrrl fiurrlatrrorrt:tl lt,ttsorrs. T-he rL'sigrrtr ncr'<ls to l<rrou'

irborrt tht rrrrstearh' ('orrrlrrstiorr lrr:havior ol ii propcllant. to sa[i'lt rllsjgrr a rr('\\- s\ sterr.
I-'uLtlrcLtrrorc. ir( ('llrate rrrrste,irrll llrrrtirrg filt(,(li,rtir g-ilcs rrrrch rrrore irrforrrrltiorr alrorrt tlrt,
corrlrttstiott I)r'o('('ss of'atr r:ttt'tgctic rrr:rtctial th:itr orrlr-the:rtcarh'stat('r'egl('ssiorr rat('(latil.
,.\t:r'rrratc rrrrstcirrlr'rlata can lre ust'rl to obtairr a lrcttcl irrsiglrt irr tlrc rorrrllustion ploccss
of tlrc rratt'r'i:tl rrrrrlr.r' stu(h' Il-]2] .

l'lre stlirrrcl llrrrrcl al)l)arirtus is unllrkl 1o rcsolrrt' lIrc rrrrstclrlr" r'orrrlrrrstiorr. Scr-r'r'al

altcttratirt ttiellrotls ate crrrrcrrtll rrse<l rvitlr ir lulviug rleglce ol sru'r'css. 'lht: r'egrcssiorr
Iate ( itII lrc rlt'tt'r'tttitrr'(l ilrstalrliuterirrslv lrv trrr,:rsuriug tlrc rrrorrrerrtrrrn gctrt'r'att,rl lx'tlrc lrot
g:tscs lt'avitrg tlrt'prolrcll:urt stufar'r,(r'elriil). IIrxr-r,r-r,r'tlris rrrcthorl is lirnitcrI to tlre rrse irr
srrrall lirb0r'irtorl sarrrlrles. Eigr,rrfrcrlrrenCi0s ofteil lirilit tlrr'1r'r,c|rr,rrc'r'r'uugr,of tlrc rrrir:r'cl-

lralanct's rtsr'<l itr l hcsc t'xpt'r'itttcrrts. It is also ln il<liler:t rrrethorl :rs it rlrlttir','s 11 ( {,1rvprsi( )lr

ol the nrorrrr,rrturrr of tlrc rrr:rss efflrrx to thc irrstiurtarrcous lrr rrring latr,. Fil r:rarnlrlr', in t:ase

of rrretalizerrl lrrolrcllarrts this is rrot trivial ll8]. IIic:lrrvarts hart bccrr crrrlrkrr-r'rl srrccr:sslrrllr'
to rnoasllre tlro llrrtting r':itr.. Bcr':Lrrsc rif tlrc srrrirll lr'irvelcrrgth ol tlrc u'avt's. this t'iclrls goorl
spatial a( ('ll1l('\' ll7l. tIrxr-r,vr:r'. tlrc rrir:rolvavr. lr,chnirluc rcclrrilcs sornc slrecial crlrrilrrrrtnt
s'lrir'hrrriLkcsitalclatir-r,lvcrlrcrrsirlrrrctlrorl.-llrctrairrirrgrr'<lLrircrrrcrrtsoftlrt'1>r,oplr'.is
also a rrra.jol rllarvlracli of tlris rrrctlrorl 1161].-fhc rrltllsorrrrrl tcclrrri<lrrc is au r,r'ononrical altclrratirc to tht'rniclowalc tcclrrri<1rrr'.

Tht'rrltlrrsorrrrrl trrhrriryrre lras lrccn rrserl to rlctcnrrirre tl:(,r'('lllessiorr lirte ot botlr soli<1

lrrtrlrr'llarrts 12;.31.1.r0] . arrrl of ln'lrrirl prilrcllarrts [15.36.76.77.88] . Irr rrrost strrrlics. the
locrrs has lreerr on stca<lr-t orrrllrlstiorr. .\s l-ill bl'rliscrrsst'cl. fi)r st(,a(lv r:orllrrstiorr tlrc rlat;r-

[3
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lnt(,ll)retirliotr is glr,;rth'sirrrlrlifierl;ts corrrpirlrrrl 1o tht'tLztlsicttt cotttlrtstiln r'\l)r'litullrts.
1t is tlrc itlt('1lt.iolr ol tlris ('lt;rlrtt,r'1o clitlrralc the possilrilitit's attrl cliffit'rtltics ittlolr-r'rl

in aplrlicirlioti ot tlrc trllr':tsorrrrrl lctlrrrirlue to rrrrslc:rrlv ctrctgctic tttitlr'tiitl totrlrttstiott. ]tt
this strrtlr'. tlrc rrltlusorurrl tcclruirluc uill Jrr,aliplierl to lnrltazitriuttt ttittrilirttrratr'(llNf')
cornllrsliorr. I:r'orrr clllict l'olli'l \O Irirs olrtairrcrl I:rlgt'r'xlrcticttc:t'n'itlt tlrr' :rlrlrlicatiott
of llrc rrlrlnsorrrrrl lr,tlrrrirltrc in nrrrr.jt't irrrrl ln'lrrirl slst(,rrs i3U.76.77]. l'his lesulterl irt

1[rc rlcvcloprrr,nt ol illl I ltr':lsourrrl Rr,glr,ssiorr Ilirlt',\na]r'zct (t ItR.\). llrc st'trrp tltiit lt:ts

irt,r,r uscrl firr tlris l'olh. is voll sirrrilitl to llr:rt ttsetl ttt tlic eatlit'r tvotli.
'l'his ('haptr:r starts n'itlr a lrricf srrrrrrrrirlv ot ullr'itsorrrcl (tcc'lnri<1rt's). atr<l tltc ulttit-

stirrrrcl lrropt,r'ties of 1l\F in p;rrlic'ul;u. Irr sccliorr 7.3:r cotrtlrttstion tttotlcl lbr ll\F'is
ltrr,scrrtr,rl. 

'l lris nrorlr'l is rrct'ck,rl tirl tlrc irtcrl)ictiltiort ol tltt'exlrctirnt'tttal tcsttlts. Scr:-

tiorr 7.I rlcsctibcs thr,r,xlrclitrrcrrlal sr,trrlr:rrrrl the rlirta lcrlttr'1ion rttetltorl. Lxlrt'titttcrtal
irrrrl lrorlt'ling- rt'sttlts :ue l)r'('s('nl('(l irr sr,'t tiorr ,.i.

7.2 Ultrasound
I ltrlsotrrrrl \\.a\'os ilrl soiurrl u'in'r,s. rrot iirrrlllrlc to tlr' ]nrrnarr citr. Itr gt'ttt'r:rl t lrcil llttrltrctLt v

lirrrgr,s lionr l(j liHz to t (ll1z lLl l]. t-l1r'irsountl \\'il\1's l)r'og,r'('ss in a lrlarr,'. ol ir splrrical
Ilin-r,ljrirrl tlrlorrglr l rrrcrliurrr. Lilrr,otlx't 1rrt'ssttt('\\'il\1's. tlte ultritsotttrl llavt's t:ittt lrt'
I riirrsvclsirI ol lorrgituriirrirI.

7.2.I Propagatiorr

l ltlirsorrir'\\-il\'(,s ilr'(,solrrtiorrs ol llrt' ttirlt'r'rlrration ll l1l

1 l.)']o
(2 i)t)

(7 t)

l'lrclc rlr is tlrr,arrrlrlitrrrlr,ol lhe u'rrvr'. r'tlrc rrltriisourrri lr']ocin. arrrl 1is tinrt'. I)r'pcrrclirrg

or1 tlre sorrlcr,ol'llrc ultritsornrtl u'llo irrrrl llre gcontt'trt'. scvet:tl tr'1lcs of \\'it\('s ttlitv pt'ol)-

agiitc t1r1()llgir tlri,rrrt'rlirrrrr: pllnc r,r'irrts. ir'lirrrllitll u'ai'r's. irrrrl slrlrctir':tl s'rtves. lirr tlrc
dt'tcnrrirratiorr ol the i lri<rlirx,ss of a sirrrrplr' (e.g. of a prolrcllitttt slllr). tlrc plittttt u'rttts ittt'
trrostlr'userl.

['];trrt' l'lr-es lle solrrtiorrs ol' I]te l'itvc r'<lrirtiol u'itlr

.t'(l) - (l), /(/+ ) .

('
(,.2)

s'lrelt, .f is :rrn' f rurr'1 irxr wlrir:h is t:orrtirrrrous ul) to its st,r'rirrrl olrlcr rlclilalir-e. l'he' rrursl
( orrrnon plitnar rtltlitsottttrl \\'ir\'('-q ilr'(' tltt' hlttttL-,ttit \1-ir\1's

rlr: lsirrr(f }1) .
(

u'holr'-.1 is thr,:rrrrpliturlr,. rtrrrl ; is tlrc lngulrtr Iit'r1tt'rtcr
'[-lu,sorrnrl 

I)r'('ssLll'('. P. lil't]rcse ltitrttlrttit l'at,'s is Hir,'rr

l) - a-llx - *-'lZ ,

tr-lioli,Z = /r i-s tlrr,aloustil irnlrcrlarrct'.

(7.1)

(': - 2r l'..f is tire Iic,<lrcru'r').
l,)'

(7 1)



7.2 . t'1-l'R_1 S( ) [-.\ 1)

7.2.2 Reflection

\\'lr,rr a plirru, rrltrasourrrl uirr-r, tlirvr,lirrg tlrlorrglr ir

lt'allrcs irrr iltr,r'lacc r-itlr l tlifli,r'r,lt rrrcrliurrr (r'itlr
irrcirllrrt n-;rr-e is trausuritlr,rl. irrrrl thr, r'r'rrrairrrlcl is

l)r('ssrrr(, u'lrir'lr is tlarrsrnil tcrl is gil'n lx' lt tttl

I1;

rrrcrlirrrr u'itlr ;rcorrstic irnlrt'rlaucc Zr
itcorrstic irrrperl:rrrle Z,) 1r;ut ol tlrc
ll,flr,r'tccl. 'l-lrc fl actiorr of tlrc sorurrl

'2ii 
2

Z-t t Zt
(7.;)'t' 1it,,,,r,,,itt,',1I : 

&',r,,*..t
['lrc lr,flectiorr cocfficicnl is givt'n lrl

fr-1'l-- 4! z)
Ztl Z

(7.tj)

ol solir lI'Irc alror-r'r,rluatiorrs slron'tlrirt arr irrcirlt,rrl sr.rtttrrl llavc ott ir l,ottttrlitn'liorrr li<luitl
to ail liclrls ;r lctl Iriglr It'flt'r'tiott cot'ffir'icttt (Zt /-<1 Zt).

7.2.3 Attenuatiorr
.\ rrra.jol Iestlictirirr ril tlrc irlrltlicatiorr ofrrltlasorurrl tir llricli rrtcrliir. is tltc attottuatiort o1'

tlrc sortrrrl rr';rvc itr tlro tlorlirrrrr. .\ gcrrclal orlrlessiorr lirl the att('1lll:rl iott ol tltt'sottttrl tvar-t'

is

Pl t) - ltrr' rlr/\'l (7 7)

\r'llole rr,,, is tlrc atlr,rnraliorr cor,fficit'rrt. -{ttcrrttatiou ol,ul ultlitsolrlrrl l-ittt'is cintscrl lrr'
st,r-r,r'iil rliffi,rerrt lrln'sital lrlrcnorrrt,rrorr. Fol solirl rrrirtcriirls tlrc tttost irttportartt:rle ll11.
I 1r)l:

L Absorption: flittiorr rif tlrc lilrlatirrg partick,s lvilh tlrc surlorurrlirg. Il tlre torri-

l)elirtllt(,irrclt:ascs tlrc irrterirctiorr u-ith tlrc srrlloturr.irrg pirlticlcs l'ill lx'largcr'. 'l'lris

( iius('s ilrr irrt leasr, of tlrt' alrsotptiotr witlr ter)ll)('ratul('.

2. Heat conduction: I'-rrcrgl is lost rhrr,to lrt';rt flol's in<lrrr:crl lx'tlrc terrrpcratrut'
rlifli,r'r,rrccs l rctt'r,r,rr zorros u-itlr ovt.r' irtt<l rttrrlt't 1rt t's:;ut r'.

i3. Scattcring: 'l'lrl scrttt,r'ing of rrltlasorrrrrl rr':rrts lrirs rlifli'r'errt r'('iISolrs: it ciut lrt'
t':ursr,rl lx'p:rlticL's (r'.g. oxirlizr,r'p:rlticlcs irr a prolrcll;utt). ol lrv rrrrlrt'r'li't tiotrs itt tlrr'
rrratcliirl. St irttcling is tspct i;rlll t'flit ierrt il thr, lrir11 it lcs (irrrperfi'r'tiorts) rlitttcttsions

itlc ol tlrc siurrc ol'rlt'l as t ltc ttltt iisoturrl t';rvt'le'rtgtlt.

7.2.4 Pulse-echo technique
-1'ltr, pulsr,-rtcllo t(,('luri(11(' is tlrt' rrrost ( orrrlrorl rrrr,l lrocl to rletclrrritrr' rnat('r'iill tlriclirrcss tlith
ullr'asorrrr<1. I"igurt'7.1 slir,tc'lrcs thc tlre plirrcilr)r'of tlris tt'r'lrtticlttt'. Att rtltritsottir' lrttlsc
is tlansrrrittcrl ln'tltr'lrlolrc at / - 0. .\ficr'lritssirrg tlnorLglr tlrt'ttrittctiitl. tlte rtlttttsortttrI
l';rlc tr'flr'r'ts;rl tht'irrtr:r'ljrtr'. -l'lrc s:rrrrr'plolrt'rnirr'lrc ttsld to tt't'r'ir-t'tltt'r'r'lto ir1 t - -\,1.
If llrc rrltlirsourrrl lclocitl i: (()nstlurt tlrrouglrorrt tlre rrri:11'r'i;rl. r't'littiott lrt'tu't'r'tt -\/;rrrcl
tlrr, tlriclirrcss r/ of tlrc sarrrplc is girr:rr lrr'

')d
-\i - (; s)
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llt,' ttrirlcriirl. llrc tr'lati,tr is

(; !))

rrlt lasourrcl r"r,locin' r'lrarrgr,s tlrlorrgh

-\/ :l]-/ , (.r )

emitting and receiving
ultrasonic probe

d

It = 2dlc

Figure 7.7: Prittciltk'rtf tfu'rrlrr':isoulr/ 7ru.lsr,-r,r'Io tu'hrtityte.

Tlrt, llulsr'-r'c:ho uretlro<l carr bc rr'lrcatcrl to (l(,tcllnine tlrc regrr,ssinll sllrl:l((, ol ir solirl
plripclliLrrt (or e.g. ln'llirl loclict frrr,l. or therrrral protcctirg Iar-r,r'). Fol a corrstarrt r-ahrc

ol tlrr, rrltrirsorrrrrl rckrr:itr'. thc legrcssiorr lirte r1, is firurrcl liorrr ri, - 21,'.d\tldt.

7.2.5 lJltrasound properties of HNF
-fhc rlis<:rtssion irr tht, lleliorrs se( tiors. slrol's that it is irrrl>ortarrt to l<rrolv tlrcr ultlasorrrrrl
t'locitv itr tltc In;rtt,ti;tl rttt<lcr sttr<lr'. Prcssruc lrr<1 t(.rrrI)elittrlr'e lLr, lirrown to irrflrrcrrce tlrr:
rultnrsourrrl r.elot itr- firr solirl l)rol)('llalts l2.r] fbr' [1\F rro litt'r'aturrr r..iLhrcs ol tirc rritla-
sorrrrrl r-r'locit\' \\1,re lilrncl irr litellturr:. 'lht,r'r,tilt, ll\F's rrltrasorrurl l)rol)('rtics lrirr-e lrt,t'rr

inlcstigatrrrl filst. -I'lrc 
rtlttirsorrrrrl lelocitr- \\'ils nteasllrerl ls ii, ljrnctiorr of tcnrpelirtrtre irrrrl

pr(,ssrlle lt nrr rrltlasorrnd ft('!lu('n( rr o1' ;r \[]lz. Tlrt sarrrlrles lil thcsc rur,;rsulcrrrr,rrts n-r,r'e

prcssed il-\F crvstals (S-13 glarlr'). lror rlort'rletirils ill)olrt tlr('cx1rt'r'inrcrrts arrrl sarrrlrll,s
is lcfi.r'r'r,rl to scctitirr 7.,1 ol this C)ha1rtcr. I:igult,s 7.2 irrrd 7.jJ slull the rr:srrlts of thcse
n1('irsur'(,ril(,nts. 1t is sccr lhat llrr. rrltL:ist.irrrrrl lt'Irr:itv is cleprrrrclerrt rxr tlre t(,rr1l)erirtltre.
Hou'r'r"r'r llr'1>r't'sstttt'tas [iltrr<l to havc 1]o rrretlsrrr';rlrk,t,ffect irr thr'pressrno r':lng() strrrlie<l
(l"ig.7.:l). Jlrr.attr,rruatiorr ol thc rrltrasorlrrd \yave u,ls lilrrrcl to be lcrv t('rrrperirtule
rlt,pl'nrlr,rrt. ,\t tcrrrpcratrncs alrovc l0"Cl tlrc rr'llcctlorr sigriirl corrlrl nrit lre <listirrguisherl
1'r'ottt tln ttclisc atn-rnott,.

'Ilrl' t'rrot lrar i rr l-'ig. 7.2 ln< lir:att:s t lrc t r'pica ) r'Lt ot r lrre tr i lcrrgt h rliflcrr,rrr:es of 20 i30 Trrrr

llithilr :r singlr,sarrrple. -l lLcsr,tlifiertur'<'s alr'<::urst'rl lrr.rrorr-sr1rr:lcrrt,ss ol the rlir, prcss. For'

all poirrls irr this ligrrrr:. aucl tlrlt ol L'ig. 7:t thc t'rrol is sirrrilar. llv r:alcrrlating this r:rrol
i1 has lrccrr assurrrcrl tlrat tlrr, l)1llsc-('cho tirnc t,o r.olt;rge corn-elsiorr tirt tor ol tht, L-RIi,\
Iras rrt'gligilrlc efii:r:t. Fol r[ctclrlinatir.in ol thr,]rrrrn lirte tlu'irn'r,r'sc reliltiolr is i4rplit'r1. ,\s
Iong as tlrt,trirrvclsion factol of'thc UR.Il ,\ is r:oustarrl thr,t,ffe<ts carrcr,l out. 'I'hc t-RIl,\
that rr'as usr:(1 nas cralill:rterl. iurrl accolrling to its slrccifitation thr: lltlRA crror crn lrc

rreglt't't l'cl.
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Figure 7.2: Ti,rrrpcluturc tk'pt,ttrlt'nr'.t' of tlu' ultrasoruxl veltx'itt' tn' HNF (.f
:t )[Ilz. atrrrosl;/rcric' lrrlssirrr'). ']'ltc enttl brrr lel.ur,serifs r.he trl.rir';r1 erzll rlue
len;1tlt rlifli'renrrs rf 20-.:)0 lnrt oI'a sing)t s:rrl1.,,lr,.

7.3 HNF combustion model

It ri'ls alrcarlr-rliscusscrl in st'r'tiorr 7.2..-r tlrat tlrc ultlasorrrrrl r,elocitv ol'H\l' is rlt,pt'nrlcrrt
on tlrc t('lrrl)(,ra1urc. li,<::xrsc tht'ultrasortrrl walr'1rasst,s tlilorrgh tht'r:orrrkustrl phasc
contlrttstiotr zctrr'. the pttlse ctho lu(,asln(,rnelts r'r,ill be lriaserl lx- thc cotrrlt'nscrl phast'
t(,rrrl)('r'iltllr'('profilc (iliftirrerr<'r'betrv<'en Iir1.'s (7.8) arrrl (7.9)). Firr cxutnplt': duc to tlrr'
rlcr:reasc irr rrltrasorrnrl volocitv rvlrt'u tlrc corrrlcrrsecl phase tt,rrrlrcr:ttrtrt'profil'brrilrls rrp.

it seerns lilit'the lrropellarrt "gr1)ws" at iguitiorr. For stcrtdl lnurirrg propcll:irrts this is rrot

a lrrolrk'm. as this irrcreirsc irr 1>rrlse ttho tirrre -\1 is <:orrsti,,rrl tlrrorrglrorrt tlrc lrrrlnirrg. Tlrc
lcgressiorr late is rlcterrrrirrccl llorn dJtltlt.l'hiclr is rrrraff:,r'tccl.

Fol tlausicrrt llrlrring. the corrcicrrscd lrlrasr- tcrnpcrature lrrofilc s-i1l larl t'orrtinrrorrsl\'.
Tlrerefilr: it is rreccssar\-to rn('irsur(,or mo<k,l tlrc tenrl>t,r'atulr: profile l-rchaviol rlurirrg thc
trirrrsicrrt r:orrrlrustiorr. \[t,asulirrg tul.steatl,tl tr:rrpcrutrrrc plofiles is verr- rIifficult. arr<l rro

ln(,asLlr'('rrrents exist firr H\F. 11r evalrrate tlre efii,r'ts of the rrrrstearlr. terrrperatrrre profile.
a sirrrplifit,d rrrorlel fix tht' r'orrrbrrstiorr of H\F' is used. This rrrorlel is lrast,rI ou tlre farrriliar

QSfIOD (rluasi-stetrrlv gas phasr'. horrrogerrcorrs orrr' <lirrrcrrsiorr:rl) rrorlels rvhit:h h:n'e lrr.etr

rler-r,lopt'rl fol solirl prolrellarrts 132]. Of pa,r'tir:ul:rr intercst is the ;iccrrratt' r'altrrl;rtiorr of
thc ternlrcraturc profile. as this plofik, rlir-ec'tlr- ck:tcrrnirrcs tire pulse rr'ho tinre -\1,

()

Io
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Figure 7.3: |r'r,ssurl r/epllrlelcv ctf tlrc ult,rasounrl r.trlocltl'of'HNI' (.f :1)tLIz.
7 - 293 1i).

7.3.1 Condensed phase

The tornbrrsticln 1>roc'ess is dest'riberI lx. a one <liurerrsion:rl nrodc]. The cnergr-erpation lirr
a scrrri-infinitc slalr of llopellant (-. < ., < 0) is gir-r'u br' [l]2] (sct: also !,q.(6.3))

O

3.-5

OT OT
1.t,.(', 0t I 

p"{:,.t t- : ,r,ff + (),r('t ) + (), (r') (7.1 0)

ri'hclc p, is thr,<lensitr. of tlrr: plopr-.llant. r',. is tlrt'specific hoat c:a1r:t<:itr'. ? is tltc tt:rrr-

i)c,latur'(,. r'1, is thc lt,glcssiorr ratr'. ),. the tlrr:rrnal <:ott<lu<:tivitr-of tltc lrrolrellarrt. Q,. is
tlrt,total heat rcleasc irr thr'courlr'rrst:rl lrhast,rlue to exotlrr:r'rrrir: (Q, > 0) or cttrlothr:nttic:
(0, < 0) r(,a('tions. r is tlrc c:herrrir':rl rcactiorr ra,tc pcr rrnit vohrnre. arrrl Q,. is a possible
lo<al lieat al-lsorlrtiorr rlue to:rn cxterrral rarliatirirr sourtr,(e.g. a last'r). It has lrccn slrori'n
that tlrc telril)('ratul('profilt'c:trr largclv aficcterl lr-" thc terlll)('ratlll('clr'lrcnclcrrcv ol the
tlrcrnurphvsical prolrerties l9f. 9D]. It is part of tlris stuclv to evahr:tte tlrc cffr'r:t of thcse

rk,perrrlt'rrc'ies rlr thc ultrasourrrl lrulsc ccho sigrrrtl. The thertuolrhl'sital plol)erti('s are tem-

l)('rilturo rlepcrrrlcttt, i.c. r',. - r',.(I) arrd ), - ),(7-). The trlictrtical roa('ti')lr litt, r is Hirptt
lx' tt zt'r'o-oLrlcl rcartiott

c(T) :1.,,-l,.erx1r [ ,r4]
(7.11)

wher'-{,. is a frerlrre'n<:r. factor'. E. is the actilatirlr en(,r'g\. for the conclt'trsccl pltase rlt't:otrt-

lrositiorr. arrrl fr tlrc urrir-r,r'sal gas (:orrstant. 'I-lrc rarliativc crrelgl absor'lrtiotr is girtn lx'
Becr's Ialv

(7.12)



't( \.1) - 'h. (7.13)

attrl florrr (,rr(,r'g'\' r'olrsen'atiotr at 1 lrr, lrtrlrrirrg srrr'[irt e

/irr\ / itt \\, l, I = \,, l|l ril1
\rtt f,, \ilt l,,

rvltett' ),, is llrc tlteltrrll corrrlrtt tivitl of tlrt' gas 1>lrlsc. \,rtc thut irr thr, alrrile r,rlrrtrtiorr rrri
sttLfitt t'lteat tclt'ast'is itsstttttcrl. All clrcrlical heat is lclr:asr,ri irr a rlistlillttr,<l reactiorr zotrr:.
This It'laxatiort of tltc sttrfitcc l(,i1('tiols ll'tlrt'nrolr,gerrelal rlistrillrtccl lr,irctiorrs. Iras lrccrr
sltol'tr to havt' :t lalgc r'ffect in tak rrlir,tiorrs. r'slrl'r'i;rlll ch.rirrg trrrstclrlr- r'onrlrusliorr l16ti].

Tlrc slrcr'ir,s crlratiorr is gittrr lrl

t)\ ,)'
i)l ''1,.,.= I (;li)

u'ltt'te )' is thc tl\F Irrirss frat tiott. 'I'lrc lrorrrrrlirll corr<litir-rr [irl this crlrrirtior is )-( ^L.1) :
1. Thc tcglessiorr latt'is tburr<l irs arr cigenvalrrc of tl)(,slst('rr1 1166]

',) | l;.i li,tt,,ll) 1, / ,'rP | ,.'.' ,l.t l ,1, (;. 101

I t lil) r. r)i

-\olc thitt tlte ittttrirltti'tiorr of tlrc specics crluatiorr plr,r'r'rrts tlrr, llolrlcrrr rif tlrt' (allritlrrlr.)
st'lt'r'tiott o1 r sur'litct'pvlrlvsis lln'll9]. irs the irrsflrulirrr,t,lls l{,Hrlssi(,n rate is finnrI as an
eigt,trvaltrc ot the solrrtiorr o1 Er1. s (7.10) arr<1 (7. I;).

7..:t. iI\ t (1).\1itL,5lloN \tot)EL I 1r)

rtlrt'tt'h',, is tltc itlrsorytiott t:ot'flicictrt til thc llrliatiorr. ("), is tlrc totirl Itrrliltir-t, lrt'at flux,
arrrl r is tlrc reflr,r'tilitv ol the lrrrlrrirrg srrlfirr.t,.

'llte lrotttrdalv courlitiotrs firl tlre ('n{'lg-1'r,ryrratiorr irle givcrr ll'tlrt'irritiirl 1tlo1x'llant
tt,nrpt'r'at rrr r' l1

7.3.2 Gas phase

Tht'girs plritsc is also:tssrunr,<l to lrc sc'rri-infinitr'(0 <.r'< rx-) nrrrl orrr,-rlirncrrsiou:rl. For
the slrt'tific rtltrasotttrrl 1ltrilrlcnr. thc r'orrrllrrsr:rl lrlr;rsr: tcrrrpcratrrlr'profilc is ol palticrrlirr'
intetcst. Tho gls lrlrast'tetrrlx'r'irtlu(, 1)r1)fil('is of lcss iruirortarrce. -l lris.justifies tlrc scle<tiorr
o{'it titllter sitrrlrle rrrork'l iirl tlre,g;rs phasc lrt,at rt,lt,irst,. Irr this rr'ork. tlrt'[reat lcleiisc is
tttoc[r'lt'rl ltl a Ii'fSS-tr'pe of fliuttc. i.r'. a corrstitnt hcat rclr';tse. rrrrilirnull rlistlilrrrtccl ovct'
tltt'tt'itctiou zorre [80]. It is Irrrther irssrrrrrcrI that tlrt,gas yrlrasc lt':rttiorr zorre is lttachcrl
to tltc lrtrtting sttt'Iitct'. Tlrc liTSS flurrrc is rrst,rl 1o rlescrilrr,thc lrcat li'r'rllrack Iroru tlrc
gls lrlnst to tlrc corrrlcrrsecl plrlsc (r'.lr.s. of I'-l<1.(7. 11)). 't'lrc rrrork,l is a ()SHOD-rrrodr,l:
tlre gas plrasc is tro:ttt'rl rptasi-stcaclr'. ('ritrst'rlrrcrrtll tlrc hcal flrrx is rlr'ltcrrrlt'trt orr l)l(,sstrr('
itttrl ittstittrtan(,()lls regl('ssirtrr llte orrlt.

Tltt'1otal Itt'it1 tclt'itst'irr tlrt'gas lrlr:rsc. (.),,. is firrrrrrl folt cuelgr'((rlt5(,r\irtir)lr

1.

(),t lt,(l\,ll ,,,(71 l.\ (1,
.t

(7.17)

tvltltt'r.,, is the (r'orrstarrt) spclific heat calracitv of tlri,gas plrasr,. 7, is thc sutfa('(, t(,ln-

[)('r'irtllre. irrr<l f1 is th0 llarne t(,ril1)eliltlu('. I]r'r'arrsr,It0 srrlfirCe t('tnl)('1atul(,flrtcttrates



l;0

rlrrring tlrusicrt lrurnirrg. thc
tlrt,olr'. t Irc totirl heat tclcasc
lrt' c'onstlrrt, i.t'. trattsit'ttt t'fli

('f1-\I']Tll/l /. t I-TR-{.SO(iND

vlhrc ot'(/,, u'ill itlso lirr'\'. Irt itttorrlitttce l'i1lr the ()SllOl)-
rlrrrirrg I lansicrrt lrtrtring attrl str:a<ll littt'rrirrg is assttrttt'c1 ttr

r'1s clrrc to sLlr-liitrt'tits irr tlrc gas ltlutst'art'trt'glettt'rl.

7.3.3 Solution
'lhe I-r1.'s (7.10) arrrl (7.1,r) liirrrr ir svstcrr ol r'ottplcrl ttrirtLittt'at 1>ittal.rolit'ltartial rlifli'r'-
t.ntill crlrations. 'l'lris s\-st(,t1r is solvr,il lx' irrr irtrlrlicit firrl'arcl (lratu:li-Nit hoisorr tttt'tltorl.
Beciutsr,tltc tlrcrrnolrln-sicirl [)ro])('r'ties al('1('nrl){'r'lttut'rlt'pt'tttlcrrt. tlrc solutiott is itctit-
tiYr,. 'l'0 ptt'r'isr,l1"r'r,sOIl-e tirr,ster,p l(,ilr1)(,liltrrr'(,g|arIiCrrt tlose to the lrrtlrtirrg sttt'lact'. lltt'
conrprrtatiorrll gritl is rurrr-rtrrilil'rn. u"itlt itn ittltt';tsirtg lirtct'rrtt'slt rrcitt tlte stttfatr'. Iot'
rrrolc cletiiils s(.c (,.g. Ite{.'s 150. 9 l].

Irr thr':rlrovc l,,r1.'s (7.10) to (i.17) tlrcle is riulv orrc rr-.allv rrrrkrrou'tt lratitttrett't. tite
erpotrentiorr;rl prcf actor til thc r:orLrlerrsr,rl lrhirsc r1r'r'otrtlrositiott. -1,. 'l'lris lirlialrlr' is tlc:-

tt,rrrrirretl {rirn tlrc steil(lv statt,lrrrlrrirrg rirte a1 0.1 trl['1. r'r, - 0.68 trrt/s. L)rtlirrg tlrc tt'st

ol tlrt'c:alt rrlirtiorrs ther virlrrc ttl'-l, is 1it'pt ('o1ls1itttt.

7.3.4 Input data

.\ sutnrrrirLv ol llrc irrlrrrl (latir uscr(l [irl thc calr:rrlittirirrs is givcn irr 'fa1-r1r' 7.1. Tlrt' rlerr

sitr-. p,. oI prcssr,<l H\l: pellr,rs is Lxtll th:rrr tltatt of IlN]'. rlrte: to srnall voirls (l7J0 r's

1360 kg/rrr']). 'l'lrr,tholrrral r'orrrlrrcrtilitr-arrrl s1rt,r'ific lrcat cirpiicitv o[ 1rrt'sst'rl HNlr pt'llcts

\\r,tcnl('irsLlt(,rllx'Hrrrrsorr-f';rrllx'irlrt':rtprrlscrttetltorllJT].'I'1rt't('rJrl)e1iltr1r('rlt'1rt'ttrlr:ttco
ol tlre slrr,r'ifir'lrt'at is ill)l)r'oriitliltocl ln'a lirrcirl lelalion. 'l'lrc lltcrtttitl t'ort<lrtt tir.itt'tcrlttitctl
is rrroll colrplicatcrl arrrl s-ill lre rliscrrsserl irr sectiolr 7..",.2. 

-lltt'r'otttlettst'rl pltasc attir';t-
tion crrctgr. lrrrl heiLt lcL,ttsr,:rrr,fnrrrr lillu('s irs rccctrtlr'lxollosttrl Iirt a stcitrll cotttlrttstiott
Irrork'l ol H\l' 196]. llrc or.r'tlll ht'irl lt,leitsc irr tlrc corrclcrrstrl lrlursc is t'rrrlotht'rtttic: I1\l'
rlccorrrptisitiorr irrto 1rr-rllazirrr,;rrrrl rrillofirtrtt is ettrlotlterttti<, as is tlrt'rrrcltitrg of ll\F.'l'lrc
gas plrirsr: ltlopr:rtics r,r-r'r'e ciricrrlatr,rl lx'thr,\-\S,\ [-r's'is ('l']T-89 therttnl t'cltilil.rrirutt pro-

glarrr. 'fhe r-llrre lil lhc cxlronentiol:rl 1rn'1ac'tor'. -{, rvillr this (littas('t is --1,. - 2.-t9' l01r

l/s. firl il r'r,gresslorr lat(,of 0.68 rrrrr/sct :r1 0.1 Nll)a. 'l'lrc oull otlrel cirlilrratiort irtlollctl
is llrt'sur'{)tcc teltrl)(,1;ltult'of ,lJ:J li at 0.1 }lPu 198] . 'I'lrc stttlit<r'reflr'r'tivitr / \\';rs \,'t l(,

0.6 [96] . \otc that siut'r,tlrr'(1lll1,rt nro<k'l t'al<rrl:rtr:s 7.,(p). trrr calibtatiott fil t'7, r'.s. /, is

1l('( (,ssilI\'.

7.3.5 Model validatiorr
-I-lrt,rrrorlt'l 

ltri,scrrtrtrl ltctc shol's largc sinrilirlitr-rr'itlr tltt'iurtlvtir'itl stt'irrlr'-statt'\\'SR-
rrrorlel prt'scutr,<l irr scction 6.2. l'Lis rrrrrk,l rrscs high ;rctir.ation ('rrelgl ils\-lltl)toti( s tirl tlrc
corrrlcrrscrl phast'. and sltol'etl gootl aglt't'ttrcrrt u'ith t'xperitttt'tttal rlittit.

Steady combustion

[.'igurr,7. I shor-s the cirli'uiatr,(l stea(lt lcgrt'ssiorr ratc of HNI-'. t'orrrpirrctl rr'itlr expctittttttttitl
rlata ll'r]. ['igrtrc 7.5 cornprrlr,s tlrc r,xpelirrrcllta] (lata l'itlr tht'r'r'sttlts tlottr llrt'rrrotlt'l
(r'xltctirrrcntiil lcsrrlts flotrr Ilof. l-161). Thr,rrrsrrlts llorn tlrr,se cxl;r'tirnt'ttts s't'tt'ttst'rl ttr



I)r'opr,r'tr Sr"trtlrol

Condensed phase
I )r,rrsltr'
S1>r,cifit lrcat calracitr'
('orrdrrctilitl
f'r'r,rluerrcv fuctor
--\r'tivat iorr (,rret g\'
IIr,irt relr';rsc

-\ I rsorlrtiorr cor,{tjcicrrt

Sttt f irce lr'flr't tititv

Gas phase
Slrct ilic hcirt cripacilv
Clrrrrlrrctili t r'

7..1. H.\ I- arorl/i1s7'10N \t( )DEL 1;l

),.
t,

I,: ,

(),

It',,

t.,t

0.83 + 0.001
q(,(l

lig/rn:J

k.I/kgl(
\\-/c'rrr [i
I I'
Ii.l/rrroL'li
k.l/ks
1 ft'n

k.l/ksli
\\'/r'rrrh

Table 7.1: Ot,crr,it,rt o.f rrtoitl irtltrt,t.

tlt'tcrtttittt'tlrc lt'fle<'tilitl ol tlrc ll\L'lrrrnring srrlfirct'. lrL colrcsporrrlr,rrce u'ith ser.tiolr 6.2.
il is t(,rtil'l tlrat I U.{j.

IJnsteacly combustion

,\ 1>r'actit'll lrtrrt:tiott whit h dcsllilres tlrc st,rrsitivitl ot a ltropt,lluurt to an cxtcrrral (har-
trrolrir') flrrctrratirrg sigrrirl is tltc rcslrousc turrctiorr F. 'l wo tr'1>ical t'xtorrral rlistullrarrr.es
af('l)iesslll('altrl t'xtcrttitl lrcat flrrx. r'itlr cotrespoutlirrg r',,slrolso tlrrrctiorrs 11,, ltrrl -R,,. For
srrr;ril <listrrllrarrct's. '\.... tlre r'(,sl)olse lirrrctiorrs irlc givt,rr lx.

Rp- _\.r'1,f t 1, (7 ls)\yf 1,

arrrl
_ -\r.1,f r1,R, : .;; (7 1e)

'l'he lrlls irr tlrr, alror-r, r'cluatiotrs irrrlir';rtc tirrrr, alclage virlrrr,s.

flost ('xl)('liulents iu('<'irrlicrl orrl with ir flrrctrratirrg Irt,lt (lasct)fltrx. I-'inlirrs()tr rnoa-
srrlecl tlris so-t'lllt'r1 litst't-tt,< oil resl)olls(, fi'orrr H\F 116]. 

'nr lrr, alrlc to ('ornl)irr(' lris resrrlts
u'ith tlrc tttork'l's testtlts. it is rrerlss;rr'\-t' r'r.v1111,11 tlrc'rrrcasrtrerl fiirl'r'arrrltlitrrrlr,.,l(1).
to illstillltillleOtts ttlglCssitlr rat('s. r'ir(/). usirtg Irr(,11r(,iltlulr ('()lls(,I\irliurr at tlrC lturttitrgsttr-
lirt r' [11 2]

f(t1 - (p,,,,(t))'* ( 7.20)

s-lrctr,ff is the urrir-r,r'sal gls cotrslant. /, is tlu'gas tctrrpelattrrr'.7., is tlte I)l(,sslll.(,. arrrl J1
tltc tttolct rtlar rvt'iglrt of'tltt' <'orrrllrstiorr plorlrrcts. T]tr, rrcasul('rlielt lcsults of F'irrlirrscxr
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ill(, r'('l)l('s('rItt'tl its ltcitli to-1rt'itli thlrrsl ost ill:rliorls (.[,r,)

r'('sl)orrs(' tiutt tiorr :r lirrt'itlizt'rl tclaliott is ttscrl

(il \l'TL.ll t t'1- 1 1l-{,50tjt\D

I

Pressule [MPa]

Figurc 7.4: ('tnnytarisori o/'rrrlirsilrlr/ sfcirr/.r'brttrritig latcs ol'II'\i1" l'itL tlc lrtr-rr,lr'1's
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lir ccirn'r'r'1 tlles(' t('slllts t() 1lr('

(7.2 i)

n'1tctr'('is tt corrstlrrl. Rt,r'iutse tlr,tcrrrlx'r':rlrttt'iutrl tttrilccttlat ttlass illl) ltrlt itttttLatt'lr'
lirrrxvrr rlt tlrr, llu'rrirrg su11;l('(,. (l is rlr,tr:rrrrirtlri fj'ottt ('o1]tl):ll isott lrt'11"r't'tt ('xl)cl illl('lltill illl(l
rrurrrr,r'ir.irl r,srrlts. lt is tilurrl that (':0.0(X)ljlcrrrr/rngf \lPasr. lil .f'rrr trtgf,/r'trrr. atrtl r'7,

iu rrrrrr/s.

I:igrrlr,7.(i totrrlr;ucs tltc r,rltr,r'inrcrttitl tcstt11s. lt'Itit'li ]talr')rt't'tt ltlott'sserl:ts rlist'tlsscrl

alrriyr,. ri.itlr tlu, rrrrrretiorl li,sults. Tlrc fig-rrlc sltol's lurr rliflclrtnt t('sl)olls(' titttt'l iotts.

Tltl rlgttr,rl litrc lrirs lrct'rr olrtairrt'rl florrr cirlr'ttlittiotts ultttre tltr'lrtolrcllattl is rIistlrllrtrcl

lry l lralrrrorril sigr:t1. stirltirrg Ironr str':rrlr'-stitlr'. 'I'ltt:st't'altrtlittiotts tt'rlttit'r'tlLat scvctal

lrcliorls o1' llrc last'r flux iur' ( zrl('ulilt('(l tttrtil it rllttatttic orlttililrritrrn cxists [9 1]. Hollovet'.

lrlr,ilrs(. ol r lte litnit (,(l sul)l)lv ot l l\F srttrrlrlr:s. I:irrlittsott rrsetl logalitltrtticallr-stvcrlllt'rl Iasct

flrrr.lrratierrs. 'l'lris trreirrrs tltat tlrr,licrlrrr,rrcv ol tlrr: rlistrrrlrirtg sigrtal clrittrgt's (otlTitlll()11s1\'

irr litrrr'. lrr this (ilse no <lvtrltrric e<luililrrirrrrr clsrs. 'lhcst'su-eeptrl Illeilsllrotllellts Ila\-o

l1,r,rr r'ii1r'ir,r1 o1t ils "tln)l('ricitl t,xTrt,titttt'ttts". itttrl att'sltol'tt:rs tlrl soliil lirros irr t"ig 7.6
'l lrr, figrtlc ck,irlll slrous tlrr, rlilli,r'ert'r' l)('t\1'('('u ltol lt Ittetltotls. Tlrt' il8r('('tll('llt ri-lt lr thl'
1r1r1r'irrrt,rrlal rlirl:r is r.r,irsorralrlr': Thc rcstittirttct'fit'rlttcrtcr':ttrrl tttitgttitttclc of tltc tcslrorlst'

Iltrl.tiorr ilt tl)(,r(,sotrirrrcr,ticrlrrcrrcv is teitsottitllll. lrlt'<lic:1t'rl lx'tlrc lttorlr'1. -\lrovc l0[lz
:r l:rlgll rleliittion is sr,crr. llris r[t,r'iirtiott is lrplairrcr] lrl tlrc rlcttt'itse ol llttl lasct pol'r't

rvitlr irrc;r,asirrg lierlrrcrrcr'. 'l'lris 
1.lhcrrolnonorr u':rs tlist'or-elt'ri afirtt totttll;lt'isott oI rlroclelirrg

tt ttl(pi rr) t{!11! = (,1!r+

-1,1, 

t't,-
(1,
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Figrrre 7.5: C'tnnltarixtn ti' mtrsrrlr,ri ,l;rscr':rssistcri slr,;ir1.r' ltrtntirtg r';rrcs o1 l1\F
(rlots) witlt tlrc ntotk'l's lcsrrlfs (lincs).

;urrI expr,r'irrrentirl lr:srrlt s. arrrl l lrt' clirl ir u'as

tlris r,ffer't is itlrorrt 157. l'hiclr uratc'lrcs tlrer

70 I12. Flrr tlrel urrallsis ol this lrlrcrrorrcnorr
crlx'titlctrlirl aurl rrrotL,lirrg lt'srrlts.

rrot t'r,t colrt't1r'rl fbl tlris r,ffi'r't. ,\t ll) Ht..
rlcr-iatiorr Iretwr,t'n rrrorlcl arrrl r,xpeliurr,rrt tit
is rrcttssirrr lirl ir lrt'ttt'r' t ornltarisrxr l)('t\\'('err

7.4 Experiments

7.4.1 Description of the experimental setup

Sarrrlrlt,s of irlrproxirrr:ttclr-I grarrr ot ncitt S-13 H\li n-r,Lr,ptessr,rl :rt 230 NII'a irr:t <lio rr'ith
9 rrrrrr rliirrrrctcr. TIrcse sarrrples arc largcl than tlrc orrt,s rrserl tirl tlrt'['l.lf'-t'x1x'titttcrrts.
'T'lir,r't,:rsou iirl this is that tlrt'efli,r'tive lrr,;rrrr rli:rrrrltcr',rf tlrr,ultlasorrrrrl tlurrsrhxcl is

alrorrt J trrrrr. rvhich is ckist'to tlrr'(i rurr firl tlrr,srua,l sarrrplt's. -l'lrc r'-xlrt:rittt('rIts iu('
calricrl orrt irr tlrc lll l'-borrrlr. Tlrt'sirrrrplr, lrolclcr t':rs lrrorlificrl to corrtrirr the rrltlasorrrrl
1 r'attsrlrrct,r.

Figrrrr'7.7 rlctails tlrc rrltlirsourrrl st,tup. Tht,rrltr';rsourrrl lxlscs rtle,tlirrrstrrittt'rl alrl
lcccivt'rl lrv n i \lHz tliurs(lu( ('1 (llalisonir' ,\llT0i{) t). ,\ lrigh lictlttr:ttcv is clt'silitlrle. to
olrt:rir ir lrr:ttr,r'slratiirl lcsolrrtiorr. Orr the otlrcl harrrl. rlrtrrrlriug irrtlcitst's rvitlt frr'<1rtt'rrtr'.

r.r'lrit'h lirrrits tlrr, urixirrurrrr iir,rlrrcrrcr'. .\t i \lllz tlu' <larrrpirrg of thc ultrasriurrcl llrlst,s was

accr,ptalrlr'. -\t i tr1Hz llrr,tavt'lt'rrgth of the rrltlasrirrrrrl rr:rvcs in thc II\F is 0.7 rrrrrr. This
is scveral olrlers ofrrragrritrrrk,lirlgel tlriur thr,olrservcrl irrr'lrrsiorrs in tlrc ttrittctial (l'ig.3..r).
It is tht,r'r,linc t,xlrcctcrl tlrat tlrc rrltrasorrrr<l u'llos u'ill rrot lrr,irfli,r'tr,<l lx-tlrr,st,iuclrrsiorrs.

'\tr rrltlasorroscope is rrsecl lil ltrrlsc gcrrelatiou arrrl irritill sigrrirl ;rrnplifit'atirxr (Sonir'
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Figurc 7.6: ('alcrilalcr/ r's. nicasrrlcrl litsli'tlr'r.rj1 ils.lrols(' futx'tilnt ol l1.\1" (sr.,1ir/

lirres. srrle7r sigrral. r/otrerl littt': harrnouit' siilnal).

l''l'S \lrnk I\'), I'irc rrllrirsrirroscolrt,r,rrrits tlrr'pulsls at:r ratc ol l hHz. l'lu'riltllsorirrrl
prrlsr'-r,r'lrr tirrrr,is rletr,r'rrrirrorl lrr.an I ltlasorric Reglr,ssiorr lllte --\r;rllzo (t-ll.R,\). rvhiclr
Irirs lrt'r,rr rievt,lolrcd ln 'l'\O/l'\ll-.'l'lris I-lili'\ ('ol\'('r'ts tlrc tiutt'-rif-fliglrt irtto ir ur('itsrtl'

irlrle lollage. 'l'lris is <lorrc lrl lorrlriu'irrg thc lr,flectcrl iitrrl irrrrplifir'tl signal rvith it tlrlesholrl
lcvr,1. If'rlit,rrrr,irsrlr'r,rl sigrrirl is higlrr,r'tharr this tlrlcslroirl virlile. it is corrsirlt'tcrl to bt'it
rcflcr'lilt.puls(,. 'fo 

l)l(,\'errt u'r'rirrg 1rr';rli sclcctiott. r Irolrltirrrt'cratt lrc sel('( t('(1. I)rrrirrg tlris
lrolrltirrrc tlrl crllpalisoll is not (ani(,(l out. 1u tlris wav lt'flections of tlrc t'ouplirg lllilt('
lial r':rri lrc rrcgL'cttrL (-s1'1, I"ig. 7.8). Drrrirrg corrllrstiorr the sirrnlrlc tlrirliness rlt'r'r'e'rtst's.

lesrrltirrg irr;r rlct:r'r':rst'of'tlrr,t'RIl.\ olrtl)lrt sigrrirl. -\ tr'lrical t'rpt'r'irncttlirl (stt'irlr') r'rrrr is

shol rr irr Fig 7.9.

Ultrasonoscope
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Figrrre 7.8: Ox'illost'o1tc irllai1r, s/rou-irrg tht' rtlltt'tiot, ilt tltr ()upliilg ntat,'riitl (first
Treirlt). arirl the rt,flet'tion ar rIe I1-\F srlr'flrcr, (*,r'tnttl 1.rea,lt). 7-.hl tect;rttgrrliu prrlsc
rk,-frrrls tha lteginninyS ol'tlx'rr(,a,5ul(,nr(,rrr irifclral. arttl tlr, first rlttectotl 1-rr';r,li. T.Lc

lirrrr,,lir7r.sr,/rlfulclr pri/s(,.s i,s ;r nr(';isin'c ol'tlu, ltropt'l,lirlrt t,hickrrlss.

Scvclal mat('r'ials Iravc lrccrr lr,stcrl as torrlrlirrg rrratcrial: llass. llrurrirnrrrr lrr<1 polr-
rrtctlrr'l rrrctlraclllatr,(P\l\l'\). Ol tlrcsc rnltcrials. the.rcorrstit irrrpctlatrcc of I'IIll'\ is

tht'rrost < losr. to thal of'H\F-. .\r'r'olrlirrg to l'.r1. s (7.j) rrrrrl (7.0). tlris rnr,irrrs tht higlrcst
tliilrsrrritliul(l'ol thc ultlasorurcl irto llrc HNI-'. I'\l\1-\ n'irs ulso iirrrrrrl tri gi*,tlre lrt'st
lesrrlts.

-1'lrcborrrlrrrgotthcI1\Ftothcr:ouplilgrnat(,r'ial isr:r'itir';rl. l)rrctotheirrcorrrpltilrilitr-
of H\l-'llillr rrorrrralc'orrplirrg gels. lltelrratives were sorrgl t liu. I)irlrrffirr n'itlr ir [ol'lrt'ltitrg
t('rrrl)('liltur'(, of t.r'C'. l'irs forrrrrl to lre arr cxt:ellcrrt altcrn:rlir"r'. '1'lr ptolrcllatrt sattrplt' attrl
corrlrlirLg rrrltcrial irre lrl;rce<l irr ilrr olr,1l. :rrtcl irtr'ltotlt'cl to ii t('nrl)elirtrrre sliglrtlv alrovt'
tlre rrrr,ltirrg t(,rnl)(,latlu(,of tlrt'pallflin. Iirth lricc:r,s :rrc tlrcrr prcssccl filrrrlv lgairrst eaclr

otlrcr'. rr'itlr l srrrall arrrorrnt of lrallffirr irr lrettr,r,rr. .\frt'r'toolirrg al ('x(:('ll('rIt a(olrsti('
lorrlrling l'as Iirrrrrcrl. r'orrrlrirrr,rl t-itlr rrreclrirrriial fixatiorr ol'1Irc sittrrlrlr'.

Tlrc torrrllrstiorr proccss is;rlso rrrouitolt'cl u'ith a ('t-'l) r'ir'lco (iirl('lir (Sorn'\ 777).
'l'lrt, r'irlco irrrirgt,s irlc rclorrk'rl orr a rligital r-i<k,o lr,<'olrlcr (Soltr- l)HR-l(XX)). llris lllot's
corrrpruisorr ol thc lcglcssion lirtcs rL'telrrrinecl lrv tht ultlirsoutrrl tothtrirltte,. atrrl tcgtt's-
siorL ratcs tlt'tclrrrirrcrl 1x' llrc virlt,o iruirgcs. 'l'hc light crrrissiorr ot tlre gls fl:urrc s'irs :rlso

rrr,rrritolcrl ln'rr rliorlc rr'lriclr is scrrsitir-r,to tlrc lrsilrle liglrt.

\leirsrrLerrrr,nts l'r,r'r,r';rlricrl orrt usirrg a l2-bit,8-c'lrlrrrrel tlitta ircrlttisiliorr lroitrrl (-\a-
tiorral Irrstnrrrrt'rts I)(lI-1200). 'l'lrc sarrrlrlirrg fir,rlrrcrrcr. rr-as I kHz. -\il <lata-rrcrIrisition
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Figure 7.9: L'1?1t.{ signa? drrring ii steil(i,-y statr: re.grcssrori r:x7,lr,r'rmelt

arrcl lrroc:essirrg softl'ale was u'ritten in Lab\-IE\\I. The arralog sigrials rrelc liltert'rl al
500 Hz n'ith 2-1clb/o<:tavc lolv-p:rss IJrrttcnrrrrth filters (iirolrrr-Hitr, 320?;.

7.4.2 Ultrasound data reduction
Filtclirrg ol ther ultrasound sigrral is criti<'al rlrrer to the fact tlrat rlr,termirration ol thr:

regrcsslon rates irn.oltcs dctt,rrrrination of thr: tirne rlcrivative oft;hc rrrc;rsurcrl sigrral. For

ther str:aclv state cxpcrirrrcnts tircr lrrocessirrg sot'tl'arr' \1'AS as lollot's:

1. The rneasrrrccl URR.A sigrral is filtc'rerl u'ith a lorll)ass sccorrrl orckrr Buttrrru.ortlr
filter'. u'ith a cut-off liccluerrcr. <i )'.t Hr,. Thc furx:tiorr ot this filter is r€r(llr(tiorr of
ele<'tronic a,nd ADC-rlrarrtizatiorr rroise. This filterirrg is carrie<l out irr tlvo rliffclcnt
stag(,s: F-irst a first orcler filter li,ith tlie rnc:rsurerl clat:r. anrl then filtclirrg ol the
revcrsecl <l:rt:r. 'fhis trlFstage filtt'ring proct'rlure rrrluces the lrhase crrors.

2. Thc tirnc clerivatir-e of tlrr,filterecl signal is cleternrirx:rl. arrrl is <:ornettcrl to the
bru nirtg late.

3. Bccausc of thc high arnorrrrt of rroiscr afier rlcterrrrirr:rtion of the tirrrc derivativc. the
sigrral is filtert,rl again. A 8th order Bessel krlv-p:r,ss filtol lr,ith a cutofl ficrlucrrlv o{'

25 Hz pror,e<l to givc goocl resrrlts. s-ithorrt introrlucing ovt,rshoots during ignitiorr
arrrl brrrrrout. This filtering is also r:arrie<l out irr t.,r,o stages. r.r-ith slgrral rer-r,r'siorr

ltctu.een the first ir,rrcl ser:oncl stilge.

During rrrrsteaclv cornbustion tlu'cutofl frerlrerrr:ics of steps 1 :rrrcl ;J arc arljustcrl, so

that the frt,clLrerrcr, of irrtcrest is br:lorv thc filter c:utoff treclrrcncr-.
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7.5 Results

7.5.L Model results
'1'lrc t:ffe< 1 of tlre tt,rupenrtrrre <lr'pcrxlerrt propt'r'ties orr the prrlst,-er'1ro tirle ll is cl'lricted
irr I-'ig. 7. 10. -I'his ligult,slrou's tlrt'r'csrrlt of ra<liatiorr <llivorr tliursierrt lrrurrirrg at 0.1 \lPa
(t0 Hz sirrrsoidiil lasr:r porvcr. a\('1ilge 10 \\-/r'rrrr. arrrplitu<k, ,r \\-/r'rrrr). It is seerr thirt
thc tt'rrrprcr':rtrrre rlr'1rt,rrck'rrcc o1'1lrt,suLrrrrl lckrcitl has tlrt'Ialgt'st clJir'1 on tlrr'prrlst-t'thcr
tirrrr,-\1. '[]resc calculatiorrs illrrstlatc tlrt,nccrl firr t]rc strong intcrlctiou l)(,t\\'(,('n lllc
oxlrclirrterrtirl rosults anrl rrro<lelirrg to lre irlrlt'to (l(,telrrrin('trrrstt'arlv tt'glt,ssiorr tates: the
pulsr-r't'ho tirrre tnrccs fol tlrr,r'ariirlrle llopcltics u'orrl<1 11ir.'e corrrpletell rliffert'rrt lesrrlts if
I Ieirl{,rl as ;l ( (rtr:l;rlll-l)t()l)r,t I ir'> l1;rlr'.

I

0.98

0.96

0.r)4

o.92

0.c)

0.8t3

t'..tTt. )..tTr. ctTt
c(T)

c.(T).1..(T)
prop. constant

1

0. t5

Figure 7 .lOl. ('ak uLi r'r,rl pulsr -r,r'lto t itr tt' tot lxt.h t('l rl)(,ra t u r1, rlelt, ltrletft ;nttl t ent-

l)(,r;rrur'(, intlt,pantlutt 7rrcix,r'tir,s. Thc sr,lecrr,r/ initial sautplt, ltngtlt .rnreslttntds t.o

au arltitraril.r'r'loscrr valru, of tlr,T,rulsr-r,r'.Lo tirru'ti 1 1rs.

7.5.2 Experimental results

Pulse-echo reflection signal quality

1-he strcrrgth ol the rt'flr,t'tiorr ol tlie'rrltlasorrrrrl \\'il\'(,ilt tlrt'll\F-srrr'face rvirs forrrr<l to lrc
vr,r'r'rlelrt'rrrleut on tlrt,l)r'('ssur('. .\t Itxr'l)r(,ssul(,s (lcss therr - 0.2\ll'a). it r-as irrrlrossilrlt,
to olrt:rin ir reflct tion sigrral strorrgt'r tlran tlrc lracltglorrrrrl rroise. --\t lol' plt'sstttt's HNF
has a rrrclt lavcr'. arrcl a thic'k tlrerrnal Iar-er. lt rr'as olrsetvt'rl rlulirrg tht, rlctcrtttirratiott
of tlrc rrltlasourrrl r-elrcitr'. thrrt the alrsor'lrtiorr of tlrt' .rltrasorrnrl sigrral irrt leascs t-itlr
t(,lnl)(,iiitllr'(,(as lirl rnost rrratcrills). 'l'lrt'alrsor'pticirr irr the corrrlenscrI phasc is thc tttost
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1>r'oltalrlr, r'arrsr'lirr t1u' lrarl sigrral rlualitl at lo\\' l)r('ssures. In norrc of tlrc expt'r'ilre,nts
itr) c\tlit lt.flectiorr peali carrstrl lx. tlrr' Iiqui<l-solicl irrtt'r'fat c u'as olrst'tvetl. Irrcreasirrg thc

l)r('ssur'(, llrorr' 0..J -\lf ir gavc lr,flr'c'tiorr sigrrrtls l'hit'h cortlrl r,cn. r'r'll lrc clistirrguislrcrl fi-orrr

tIrr: bat liglourrrl uoist'.

Tlrc rrraxinurrrr pcJllt lt,rrgth ust,rl irr tlrr,r'xlrerirrrcnts u':rs 20 rruu. ('orrrp:ttt'rl to tlrc
rrorrrr;rl lrellct ol'app. [0 rrrrrr Icngtlr. this lr,rlrilr,rl au t,xtla 10 rlB sigrral atrrplifir:atiorr
(r.e. rr,, - 0.l2rrrrrr r). \\'itlr 20 rrrrrr t:rll s:rrnlrlcs the lr,fler'tiorr sigual u'as slill cleirrll
<k,te,r'tllrle. llller'lrr,llets r-ill plolr:rlrlv no1 (ALls('lrroblorrs. FIoutr-er'. t'ith tlrr'('rr1r('rrl

lxess rlit'it is rrot lrossilrlc 1o nrahr,srrch tirll lrelk'ts.

Steacly statc regression rate

Filst it hits lrce,n t'r'alrraterl if the rrltr:rsorrnrl tr.r'lrrri<1Lrr: is applical)lc to llrc rk,tclrrrinc the
stcarll reglcssiorr lltcs ol ll\F-.'l Iris is rlorrc lx-r'orrrpalirrg the rrltr':rsorrn<l le,srrlts l'itlr tlrc
lcglt'ssiorr l:ltos as rlctcrrrrirrccl florrr:r virlcti serlrrcrrce. Ir1 this olrtical rrrr,tho<l 1he bulnitrg
srrr'flcc n,glt'ssirirr is rletr,r'rnirerl irs a llrrr< ticirr oI tinrr'. r\ lirrcirr kriist-s<lualc fit to tlrcse
poirrts thr,rr liekls tlu: r'r,glr,sslorr lirt.c. 'l l)('alrsolute t,r'r'ol in tlrcsc rrrt,lrsurerlcnts is tirrrrd
as l lrree tirrrcs tlrc starrrlllr[ <ler.iatiorr ot the fittirrg t:ricffir'ierrt.

lrigrrlr,7.ll t'orrrparcs llrc rcglcssiol) r'ates ls rletcrrrrirrerl firxn tlrc rrlttasotrtrrI r'xpert'-

irrrr,nts s'ith tlrt'opticral rrxltho(1. At Irigh l)r'(,ssllr(,s l larg('rll'r'iatiorr frorrr the optir:a1

rn(,ilstrr'('rr('nts is st,err to o(('1u. 'fhis rlifit'rcutt'is prolralrlt'r:itttsccl lx thc tlarrsiettt tonittg
oI t [rr' lrlopr:llarrt sarnlrlt,s: clilt,r't ]r' aficl igrritiorr the sarrrlrle is liunrirrg l:rstcl iu tlu' rrrirlcllc

of the sarrrpk'. iurrl tlrt'rr llrc orrlsitlc stalts to (ilt('lr lll) (sce also licl,o sccluerrco of a ltrrrrrirrg

lrclk:t. Fig. 7.12). -\s tlrc lirlt'o ('arrr('r'il is Iroliing lrcrpen<lir:rr1:rr at tlie Irtltting satttplt's.
1lrr, r'r,glcssion oI t,hc orLt,cl srrr'Iace rlctt,r'rrrirrcs the lnnrirrg lates. Ilr crAsc of r:orrirrg aftcr'
ignitiorr. this rrrt'ans a Irighcl lcgrcssiorr rat(,. 'l'he cxpr:rirrrt'rrtal cllol iu tlrc r-irlr,o cxpeli-
rn(,rrts. scerns corrfir'lrr,rl lx'tlrc regrt'ssioll Iirt(.clata ol Atu,ootl ct. a1. 14(i] (rilso slrrxvtt itt
Fig. 7.11). Tlrc ultrasorrrrrl rrr(':Isrucrr(,rrts (olnl)ill('rr,tv rvr'll l'ltlr lhis rl;r1a.

Apparent oscillations during steady burning

Irr all of tlr(, "stea(l\"' expclinreuts. r'clativt'lv higlr rcgrcssion lat(,oscillations n'r'rc firurrl
aft(,r'l)r'o(:essirrg ol tlr<'rrltlirsouurI signals. .\ tr'lrical cxarrrple is sIrou,n irr Figrrrr'7.]3. .\t
fir'sl . tlre,sc oscillatirirs rr'r:r'r,thouglrt to lrc causcrl lrv irrllirrsic irrstabilitic"c. lLller-er. the
fi'txlrrcu<:ies arc filr too lol'liil gits lrlrase irrstabilitics. consirlerirrg the short flatrrc st111( tru'('

of'll\F.
Scll-srrstainerl rrrrstal.rL,r'rxr<lcrrse<1 plrase t'orrrlrttstiorr rv:ts irlsii evalrratr:cl as a possilrle

solll( (' of tlrcse fluctrr:ttiorrs. This tr'pe ol scll-strs1ititre<l cortrlrttsl ion ha,s c.g. also lrr:ctr lirtncl
iu rrr,at H\l\ r1ofl;rgratiorr 168]. Irr t:asc of sr:ll-srrstairrcrl oscillations i1 is crlrr,r'tccl tlrat the
ficrlrren< r' ril thc oscillat iorrs is rlt,1 r'r'rnirrcrl lrv tlrr, r'lrarat lt'r'istic tiurr: of tlrc c'orrrlt,userl phase:

.li,s, - l lt: - (,r,.l,ti) t - rzrL - 7r2. rvlrr,r'c ir is the llrln ratr' ('\porl(,nt. ILrri'ever'. it r,r'ris

lirrrnrl thll thc Iir,<luerrcl of'thr, osc:illatirxrs is proportional to 7.r" (rr - {J.81). sce F ig. 7.1-1.
'l'lris ilrlir';rtes il l)1o('(,ss rleterrrriuerl lx-tht'r'lrar:ittt'ristit: lt'rrgth-s<alr'.ul - rr,,/ir, irr tlu'
lloltellirrrt. r'atht'r thitr ir r:h:trar:teristic titttt'scalr'. 'l'lrc fouratiott ril r'taclts ltas irlcrrtifierI
;rs the lclcvrurt l)r'o('ess.

Drrlirrg c:orrrlnstiorr of thc H\F lrr,ilets clar'1is l'r,r'e sccrr to lirrrrr irr a<lvattcc of tlrt'
rcglcssirrg sur'1'at r'. Fig. 7.15. 'l'hesr: r:racks llrr lre cxplairrcrl lrr- tlro largo r,xpzrtrsiou cot:[-
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Figure 7.11: l/r,;rsrrrlrl r'r,gLlssiorr rat:r,s r/r,tllltinetl lt.; Ii/rc u,ltl:tsoitiul rnctltotl. arttl
llt' an Ltpf it al lrrcrlorl.
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Figure 7,12: \'irlt'o srryitelrc ttf'a lnrnttttg l1-\'i 'pr'/1t'r.

fir'it,rrt of 1l\F lrcllets irnlurrl 80"(' (scc Fig. 7 l6). llcclrrsc of tlre irrclastil that;tt tel o['

the lrrtssorl pcllcts. r'r'ltl's alc firrrrrcrl. -\ltcl cr';rcliitrg. tlu'irrtt'ruitl strt'ss statts to lrrtild rtlr
:rgairr. -\s llrc rrltr':rsotrrrrl lclocitl ol tt rrrirlt'rial is rL,plnticrrl ott tlte itttcttral str('ss('s. tlt('
rrltlasorrnrl rlkrcitv irr tlrc ltrrlnirrg srrlfact' r'r'girirr is t otttirutouslt'r'lritrtgirrg. Tlris t'artst's tlrc
ill)l)at('trt lcglcssiotr lalr,llrrctrrltiorrs. 'I'1rt'tr'pir':rl titttc strtlc lo lrttttt ltitsf tlir'lirt'lttt'rl ttar'li
zorrr: is prolrortior:tl to llrc lrrtrttittg, 1at(' t',, 1. ittt,l ltotttt' .f1;*1 - tt' - 7r". It n'as vclifir'rl
tlritt tlrr,r'r'irclis l'r,r'r'not ciruscrl ltl tlrr: rrltlirsoturrl t'ttct'gr'. 'l'he tr':tclis u't're itlsti trlrst'Lt'r'rl

s'lrr,lr rro rrltlirsorrrrrl was irpplictl to llrt: s;rrrrlrlr'. It slrortl:l lrt'rt'rttirrkerl 1lra1 irr prirrtiplt'
tlrr, lriglr erpiutsiorr cocflicit,rrt Irirs to lrc at corurtr,<1 fol n-ltctr rletcnttiuitrg tltt' ttltntsortttrl
vr,locitr-[iorrr it sarrrlrle l'itlr krron'rr lr,rgtlr. I]cLxv 80'('t]re t'fli'r't ol t'xlritttsiott is iilrortl att

orrlt'r'ol trragrritrrrL,sntallcl thlrr thc t('ull)('liltul('t'ffr'r'1. lttt1 itt tltc ttitttsitiott tcgiott. tltt'
r'fli,t t lrr,r'orrrr,s sigrriti< arrt.

'llrc llar'lis lirlrrrcri irr tlrr,ll\l-'pcllct alc ttlso <otrsirlt'tcrl to lrr'1ltt'tcitsott tirt it srtrl-

clcrr chirrrgr, itr llrc tlrr,r'rrrirl tlif{'rrsivitr- tirl corrrlrttstirrg H\1. T}ris lrlrcrrorlr('rrorl \\'?ls altcittlv
rr'lrolIt,rl callicr'(thclrrror',,rr1rlr,r,xpelirrrcttls of st'r'tiott 1..1.2). lltt rtclt't'r'x1rl:titred Il)i].
\lr';rsulcrrrcrrts ot hr,ul t'rl l l\F pcllets rlo rrol sltol tlris srtrIrlcrt t lritrtge itt tltct trtoltlrvsi-
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ox'illation o1' t.lie rrglessiorr r';ttt, (1t U.,:t \Il;r) ,ltttini

t:al lrtopettics IJ7] . \ri claclis are lirrrrrerl in tlris tt'1rr: of cx1;erirrrcnts. irs tlr(, p(,ll('ts ar'('

rrrrifil rrrlr. lrcaterl.
Bl totttlrarittg tlte rncasttrt'rl:rtrrl r':r1r:rrlaterI t(]rnporatur'(, l)rofil(,irr tltc c'ourk,rrserl lthasr'.

thc r'lti'ctivc cle<:r'case of tlrc thr:rrrral c:orrrlur'tivitr-l-as frnncl to ltc (j1(h. Of <:orrrse. tlrc
therrnal t ottduct ir-itv rkres rrot lr':rllv chalrgr:. but therr: is a tlrr-.rural resistanc c rluc to
the t'r'acrk. ln tlrt: nto<le1. tlrr: efii'r't ol tlrc clacks is hrrrrpecl irr thr: rlccrt:asc o1' thenual
r:ottrlttc'tivitr-o1 H\]r tr.r 0.-1 x thc therrrral c:orrcluc:tivitr.a,t roonr tenrl)elAtllre. l'lrc valrr<r

of the spccifir'hr:at littio is inrlt'penrk,rrt ol the prcserrct'of clachs, llrt is terrrpcratrrlc
clept,rrrlerrt.

'lhe srtclclerr t:hatrgt'iu thelrrral c'orrrlrrc'tir-itv slrilts thc pcak of tlrrr reslronse firnctions
alorrg tltt'fi'ecltcucl axis. lirr thc c'a1<:rrlatir)rfi iIS l)r'cscrrtcrl irr l'ig. 7.6. tirc lr:sorrarrcr'lrr'irk
u'ortlci br: arortttd -1 Hz. r'lrt-.r'eirs a higher flcqucrrcv l.as finnrl exprrrirru,rrtallr'. Tlris is

:ttrothel iudit ation of the srrrldcrr <:h:ruge in therrrral t:onrluctilitr'.

Determination of the absorption coefficient Ii,

Drrrirrg t'ombrtstiorr the rtltrasorrrrd u-ar-r,tlil\'cl'ses thc torrrlerrsr,<1 pirase ternJ)eratllre plolikr,
a,rrcl cL'lar-ercl lx' tlrt' higlrr,r' terrrper':ltrrre lrlcscrrt irr tlrc r:orr<lrrr:tir-r'rea( tile zorl(,. So. thc
pulse-t't'lto tlclav titrte is a firrgcrprirrt of tlr(, irrtcgral oler the ternlteratrrle plofile irr tht:
t ouclt'rtscd lrltasc. 'lhis allorvs the rrse of the rrltrasouncl tcr:hlirllle as arr irrrlirect non-
'i,r t tru.s'i,u r: diagnostic nrert lrocl lirr the conck,rrserl plrasr,.

-\rr illuslt'ativc exarrrple of the irr<liret:t rnethocl. is the rlctelrrrinatiorr of thc absolptiorr
('oeffi('ient h-,, fronr thr: ultr.asourrrl pulsc echo trac'e. For r,xarrrplc: rlrrring laser'-assistt'rl
lrurttittg. tltt'c'onrlcnsr'<l phast'tenrperiitrrre profile is rnorlilied ll'tht,srrb-srtrfar'e r':rrliarrt
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Figrrre 7.74: FLerytcnt'.t- Ltl tlx' ttpparcut o*'illatio:rs r.,f tlil llglcssirrl titte rirrlilrg
sl'r,;rr1.r' I tttrning.

energ,\'llrsor'ptiorr. \\-herr tlrr,lirsr,r'is sn'itr'herl ofl. tlrr'luopcllatrt tlarrsicrrls lo tltt'ttt,l'sitrr
atiorr. Drrlirrg tlris tlausitiorr. tlrr'prrlsl t'r'lro tirut'lirllorvs Ilrt'r:ottrL'nscrl plutst't('rIIIrcratlu'('
plofi1e.

\krrk,l cirlrulrliorrs slrul'tlrirl tlrr';rrrlsr-t'r:ho lirrrr,-\/-tr.lcc is sl,nsiti\'('lo tlr(,ulrsorlrtiorr
ctrtflilicrrt A',,. Ilr corrrpaLisorr of tlrc rrrcasrrre(l arr(l rrorlclr,rl l/-trirct,fol r';rlious valrres of
/r.-,,. A-,, r'arr lrt,r'stirrurtcrl. Figurr,7. 17slrou'sthelesrrlt,rlsrrclr ir(al(lllatioll. \lcasutt'tttt:nts
rlo rrot shou'a tlirnsi('rt plrase. lrrt ir srrrirlcrr clrangr,irr tlro slolrc rifthe rrltlirsorrrrrl sigtr:r1.
'l'lris irrrlit:atr,s l lriglr ;rlrsritlrtiort cor'llicictrt. h-,, - 1111111,,,, r.

Response function
'l'lrc rrrt'asrrlcrrrcrrt ol rrrrstla<lv le'grcssiorr lirtt's ll-tlrc rrltlirsorrrrrl tt'r'lutir1rrr,is ir logical
{irllou-rrlr o1'tht,rrrcasrrrt'rncrrt ofstca<ll lcglr,ssiorr rates. -\s rlistusslrl. (sitltsoirlirl) rrrorl-

rrlltiorr rit the C'O2-llscl is irrr casl rrrctIrorl to intlrrrltue trarsicrrl lrutttittg. Hou'r'r'r't. tlrt'
olrst,r'r'r,rl tlar:lis rlrrrirrg llrc corrrllrstiorr oi tlrr,lrtllcts irrtrorlrrt'r,oscillirtiotts u'hiclr lrirvc to
lrr, rlisl irrgrrislrcrl tiorrr t Irc lrrrl urrstearh' fl u('1 llirti{)rrs.

'\rrotlror' plolrletu is tlrirt o{'t lr latlitrg I lrtt rrr:rl litvcl tlrickrrcss. '['lris citttses flttt tuittiorts
of t lrc rrlllirs{)lln(l 1lrlsr,-r,r'lro sigrrirl. r'lrich ;rlc rrot solr'lv carrserl lrl f lr rurstlarh' r'r'glcssrorr
(scc l'ig. 7. 10). ,\ (olr(,('lirirr is rrccrlcrl. This corlr,r'tiorr is rleperrrlt'rrt orr llrc ctn'itorrrrrcrrl;rl
corrrlitiorrs. lrlir, prt,ssrrlr'. il\'{'r'ilg(' Iirser' ltrxvcr arrtl rrrorlrrlirtiou :trrrplitrtrlr'.

Irr tlrcoll tlrr' lrest ttlrlrloirclr ol lr,<lrrctiorr rif tlrl rrlt r';rso tttrl Ill('asur ('nr('rrts is itt'tntivc su-

lutirlr ot l lrr, rrrt,irsrrlcrrr('1rts 1og(,t lrt'r n'itlr a rrrorlcl (r,.g. lilir,the rrrorlr'l plt'st'rrtcrl). Hol'r'r'r,r'.
tIrc noisv rrllrirsorrnrl signals corrlrlcrl n'it]r tlrt, lorrg lirlcrriirtillr tirrrc rr'<lttccs tht' ptat ticrl
a1)l)li(:ati()lr ol tlris rrrt'thotl. I lrclr,linr,. a lrincctiorr lrirscrl orr rrrorL,l lcsulls is rrsr,r1. f ]orL,l

N-r
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,
=5' l0,
L

O
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Figure 7.15:. ( r'irlits irr tlir' 7rrlsslr/ i INl'pe/let.

c'alc'ulirtiorrs iu(,r'l1rr tri gilr,sirrlrlirlr'rI pttlsr'-r'tlro linl('llir(('s. Tircst'atr'lrtot't'sse<1 liko tlrt'
expelirrrr,rrtrl rL,tcnrrirrcrl tlirccs lo givt' buln rltcs. llclarrsl'of tlu, t(,rr1l)(,lirtur'(,rlelrctt<lctr1

1)1ol)(,l1it's ol 1lrr,r'orrclcrrscrl lrlrirsr,. tlrcre l'i1l lrr,;r rlifli,leur:e u'ith tlrc lnrnr Latt's dilcttll
clr:tr:r'rrrirrcrl liorrr the sirrrrlirtiors. The latio of llrt'sc llun ratcs ltrrl llrt' l.rtttn tatt's liottt
thc sirnrrl:ttr,rl pnlse-eclro tlil( (,s il1(, rrserl to ('()r'r'('( t thc expeliurctrtitl rlata.

'\ scrios of rnorkrl tirlt'rrlirtiorrs \\'AS Ilur iirr tlrc t'r1rct'itttcrttal sr'ltirrgs: p : 0.2NIl)a.

Q (t) - :ll + 30sirr(*'/) \\'/r'rrr2. Thr, lrcirk-to-1rr,lli oscillirtior o1 tlr,, IeBr,'ssi,rr nrll is

tornlr:rrr'<l to thr, lrt,al<-to-1>r,ak rcglession lltr,flrrctrrntious olrtirirrcrl florrr tlrc tlttorrl'iru,L
rtllrirsoturr[ ])ulsr'-('('l]o sigritl. totttlruterl assrtltitrg lorrst;rlt l,l,l,r'lti('i. 

-Ihc latio o1'llrcst'
lrvo rlifli'r't,rrt flrrltruitiorrs is rlclterrrlerrt orr llrr'lit'ryrretrt:r'of tlrc rlistrulritnce. scr'fig 7 i8.
'l'lrc lt'srr11s of tlr(,s(, r'alculatiorrs alc tlrr,rr rrscrl to cont'r't t lrr, t'xperitnt'tttitlll olrsct vt'cl

llrrctrratiorrs bt' rrltr':rsorurrl. io actrral lcglt'ssiorr r:rte flu( tuirtiorrs. The clifli'rtrrc cs lrt'tllt'n
tlrt'st'trvo sigrrals ririgirrltr,s frrtrrr tlrc l(,rr)l)(,fa1rrr(.(lcl)(,lr(l('rr1 rrltlasounrl r-r'krcitr'.

Sr,r'r'r'al lascr-sl irrrrrlatccl urrstr:irrlr'(,\l)('r'irrrellts \\'(,r'('r'ur1. f igrrre 7. 19 slrou's il tlpical
r,xiurrple. \\-itlr rln lcsrrlts frrxn thr,rrrorlr,l calr'ulatior)s tlr('s('rvele ('ofr('(t('rl irs rlisr:rtsseil

alrort. The hiilrrrorric ost'ill:rtiorrs l'r,rt olrtairrcd ll'a lrarrrl-l)lss filter'. r'r,rrtclcrl iuorrrrl tltc
rlistrrrbiinct,frcrlrir,rrcr'. This rcrhrccs rroisc atxl flttr'1 tr;rtiorLs r:ttttsccl ll-tlrt'r'r'irckrrrg. Tltc
rcsults of tlu,sr,rn(,ilslll.errretrts ii1('suulruiiliz,',-l irr l'ig. 7.20. '['his figrrrC (L'ittlr' sltorvs tirc
lrc('(l li)r tlrc corlcctiorr of tlx, rrltr';rsrirrrul rlata. -\s st'r,n. I[rr, ('rror for tlrcsc rrur:tsruern(,nts
(a1r l)c illrrost urr olrlr:r'of rnagrritrrrlr, (1a<'tor' 10). 'l lrc lcasott for tllis is tlrt' krrv pressttrt'
of'0.2 \lPir l'lriclr rr'as choscrr. l)ut, to thc lirnitcrl inirilalrlt, Lasel1rril-r,r'. tlrc lcgressiott ratt'
flrrctrratiorrs ur,r'r,{ilulrcl to lrc rtlv srn:111 :rt highcr'1r'r'ssru'('s. :\t liiglrcr'1>r'r'ssules the siglitl
qualitl l'irs rrurclr lretfer'. r'r,sultirrg- iu srnallt'r' r'r'r'ols. l hc unor' lill irr l'ig. 7.20 inrlit atcs
the estirrurtr,rl alrsolutc clrrir rlrrc to lari:rtiorrs irr tlrt'rrrr:asrrle<1 rrltlirsotnrrl rl'glessiort tittt'
flrrctrrltiorrs <lruing rurstcitrll llnrrittg.
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7.6 Conclusions

TIrr.prirctir';rl alrplicatiorr ol thr,rr]trastir-rrrrl tcclrrriilur,ftrr (rrrr)stcarlv r','gr,'ssi,)11 r';rt('rn{,;r-
sur'('rrr(,rlts h;rs lrecr er.aluatt'rl. A IINI-'rrrorrolrropclllnt \\'as sclct tcrl to sirrrplifv thc rrrrluilr:cl

torrrlnstiotr rrrocL'1. Srrriill llcsscri strrrrpk,s of rrr::lt llNF. u'ith a rliirrnetr,r'ot 9 rrrrrr. arrri

a lt'rrgtlr of 10 rnrrr l'r'r'r,uscrl fol thc crlrcrirrrcrrts. To srrplrolt tlrc rrrt'irsulcrrrerrts. arrrl
to lrloccss tlrc olrtaitteri lesrrlts, l tr':rrrsierrt rnri<[ci lirr thr'<'orrrlnstiotr ol H\1" has lrr,r'rr

rlcvt,lopt'rl. 'I'lrt,rrror[c1 s]rol-s goorl corlr,ltrtiorr l'ith expr:rirrrontll resrrIts (r,xplcsserl irs tlrc
lascr -irssisl crl lcsporrse Iirrrctiorr).

.['lrc 
rrltr:isorrnrl vclrcitl ol'H,\l: l'irs forur<l to be:]532 rrr/s irt 2t):l Ii. 'l'hc rrltr:rsorrrrrl

li.Ircitv is;t stlorrg tlrrrltion ot tcrrrlrerraturr'. rk'tlcasirrg 1x'.-r rrris/h. -\t pressrues lrekm'
0.2 \lPa tlre rrltlasorurrl reflr'r'tiorrs itr'(,too rr'eali to lre:rlrle t() rr)('ilsur'('tlic lcglcssirrg
srn'iircr,. ,\lrovr,0.3 NIPa signal qualitv l'irs goocl.

Tlrr,stcarlr" rcgrcssiorr latr,of ltNF lras lrt'r,n rIr,telrrrirrr,rl ]x' rrltlasorrurl arrrl ll' r'irlr,o

lcc:orrliugs. 'l'lrc colrclatiorr lrr,tt'r,r,rr lroth rrrt,tlrorls is goorl. lhe srrrall rler-iirtiorrs alr,
cxplnirreci lx'tlrr,tlirnsierrt rrorirrg of tlrr,srrrlll sarrrplts. Oscillirtiorrs n-elt'filrrrrl irr thc
rrltrtisorrrrrl sigrrlls rhrling steurlv lnlrring. l-lresc oscillltiorrs art cxplititrcrl bv ct aclis il
tlrr'pcllt'ts. Lrrstcarll rcglcssiorr ralc rrrr';rsurr,nr('lrls t't,r't,r'arr'ir.tl out lx'lasrrr stirrnrlatecl
cornbrrstiorr. flrt t,ffi,r't ol tirc tcrrrpt'r'atrut'clr:1rcn<lt'rrcc ol thc ultnrsorrrrrl r-r,loc'itv is lllge.
\\-lrerr tiris cfter:t is not ilc('orlnt(,rl for'. thr, r't,glr,ssiorr ratr'flrrctrratiorrs ilr('olcrcstirrr:rtt'rl lrr'

a flc'tor' 1[) at .-.r0 Hz.

-\1lrlt liorrr tlrc detcrrrrirrirtirirr oftlre lr,glession lilte. tlre rrltrrisorrrr<1 tr'<'hrri<1ue rrrav llso
br,rrserl as arr nor-irrtnrsivc rnetlrorl to <letcnnirrc thc intcglal or-el tlre thclrrirl lavcl il the
r:orrrlenst'<1 lrlr;rse. 

'lhis rnetlro(l lrirs lrccrr t,rrrplortd to rletclrnirrc thc absorptiorr r'rir'lliciclt.
h-,, of FI\F fir ClOr-lascr liglrt. It is filrn<l that Ii, - 1000t'rrr r.
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Figure 7.19: Lhrrorrtt'tecl ultrasound rlgression rate signal arul light enission (p:
0.2-lIPa. ltarmolic: laxr fhu:tuation at 5 Hz). Note tht, phase difference ltetween
both sigtals.
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Chapter 8

Combustion modification

8.1 Introduction
'l'ltt'ptt'r-iorts C'hir1rt,-:r's Irittt'slrrxlrr that tlrt, lrrrlrr r';rtc e\l)()llerls of H\f'-lrlolrelllrrts iir r,

lrigh. tirr prirt'ticitl itplrlit'atiorrs a l)r'(,ssur'(,(,\1)orr(,rlt lrclon'0.7 is nrrcrL,rl. hr tlris ('lraptcl
it sitttplc tttorlr'1 iirt tltc corttlrttsl iorr of HNl"-prolrcllanls is lrlcserLtr,rl. givr,rr tlrc ltulrr lirtcs
of tirc lrittrL'r'itttrl oridizcr'. 'I'lris nrorlcl Irclps to rrrrrL,r'starrrl tlrc lrigh lrrrln lirlc exl)on(,nl
of ll\l--lrropcllarrts. Tltl rt'asrirr lirr tlre higlr Lnln liit(,('\l)o1r(,nt ol ll\f is orrllrrrerl irr thc
st'tottrl lritttolthis(lhaptr,r'. Intlrelasl 1.raltof tlrisC'lrllrtr:r'sorrrcirrtlorhrctrin.r'xlrcrinrcrrts
oI H\[" u'it]r ;irlriitivt's ino l)r'('s('r1tc(1. l'his (lhaptcr' h:rs lx'r'n irrclrrrlr,rl ls ir stirltirrg lroilt
lirr'luturt'u-olli tou':tt'cls tlr tonrlnstiorr rrorlifir';tliotr o1 l1\F'-prolrcllalrls.

8.2 Time-averaged comtrustion
'1'1rc t:tintlrtstiotr o['r'rrcrgr,tir' fi]lcr l);r1(,r'iills in arr r:rrclgr,tir' lrirrrlcl lras lrr,orr strrrlicrl lrr-

scr-t'titl I('s('itt( l)('rs ji;. 91]. Rcsrrlts of thesc strrrlics sltos' th;t1 irr rrr:rrn' ('ilse,s tlrl ltilrrlr,r'
attrl cttergctic: lillr:r lrrrlrt irrrlr'perrrlcrrtlr'. ;urrL Ilrt'r't'glt'ssiorr latt'is tlrc titrrr,;rr-r,r:rgc ol the
ltttttt lzttos ofiltc cottrlr,rttcrrts. Fol thcsc sl'stcrrrs tlrt,regtr.ssioll tat('is gilr,rr ltr lltl]

I - :" ,,-\,,,,. , I l"'). ,..11
I h t'h.o.r l't,.tt;nrl, t

rr'ltctr' (,,,. is lll, r'olrtrrrr,tlit' orirlizr,r' hitr'1rori. ilurl /7,.,,,. r\t)tl t1,.1,i,,,1,, alr, tlre tcgtt,ssiorr Latts
ot tlrc oxirlizt'r'arrrl lrirrrlu tcs;rt'<'tivclr'. 'l'ltr,lirr'lril riJ,/,,,.;rccr.rLurts firl tlrc igrritiol rlt'lav ol'
the orirlizcr l)aIti( l('s. itttrl is gcrrcr';rlll rlt,pcrrclr,nt ou tlro rliiurretcl rif tlr, oxirlizel ln'stals.
'1'his crlrtatiorr is r';tsilv rlt'rir-ctl lx, t'rlcttl:riirrg tlrt'l.rulrr tirrrt,ol a rrnitr' lr,rrgth o{ lrropt'llarrt.
'l'he llrrn titlt'is llrctr fiirrrrrl irs tlrc irrlt,r'sr,of tlrc totirl ltrurr thlorrglr lirrrr.. i.r,. thr,r'iglrt
lrrrnrl sirlo ol I-11.(lr. l ). I lris cx1>lairrs tlre sclics-avclaging of t lrr, irrrlivirhrirl corrrlrorrcrrl lrutrr
filt('s. Irt tlrc itlror-t'exlrtcssirirr tlrc lrirrrlol igrritiorr rlt'lav lrirs lrr,t,u rrr,glt'r:tr,rl. Llscrl orr

cxpetirrrctttal cvirlt'ttte lirr II\i\-bascrl -svstcrns. Fol ll\l\/llTI)li ploircliiLrts. tht'rron-
crrt'tgctit lrirrrlcr clocs ttol lrul irL a ricr, lirrciu flslriorr. lrrrt irlso largc ilrrrorrrrts llt,slrt,rlrlerl
1r'ortr tlro stttljtlr' 19'. l-'or'l lrcse tr'pcs o1 1lo1rr,llants. ;rrklitirlral tclrrrs irr E11.(|i.1 ) llc lr,rlrrilr:rl
to ir(:collnt liil thesr, r,ffl'r'ls.

'fht'Il\l' 
lrtopclliutt r'rrissi,,tr ilrL;rH.s sutsgcst thal lltc ll-\Ir arrrl Cl--\l) alo irlso rorl-

lrrrsting itt:ttt ittrlr'lrcrtrlerrt irltenriLtirrg l'ar' (st,r,('lrirptot i). 'l'lre lt,gressiotr ratr,s ol rrr,at

1 (i7
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llNl':rrrrl Cll ,\l'rvcrt'ttscrl to (()tttl)llt('tht'tcgt,'ssi,)lr l;ltF,,l ;r H\1"/C-\l':.ri-r/1i.r 1rlo1rel-

lirrrt. llte llsrrlts ol tltcsl calcrrl;itiorrs ilr'('siro\\'n in Fig 8.1. L'ot tltost't'altltlittiorrs tht'

igrritiorrrlelirlu'asn(,g1(,('t('(1.Ji,,,.-0. C'orrrpalirrg-tll('l('sllltsof tltt'cu,trrPlltirli()l1s;,qrritl:r
tlrc erlx,r'irrrt'rrtal lcsrrlts of I.'ig. i.1l). it is st,ett l]lat itg,r'('('tll('ltt is I't'Lv gootl: lirr lrolll tlrt'
t'xltcr.inrt'rrtirl lcsrtlts arrrl lltc calttrlitliotts. tlLt'lrttttr r';tlt'('llI\:()s (toss atotttrtl it llle'ssttt't'ol'
2 \tPl. --\t lol'l)r'(,s-slu('s thr, llrlrr ratt,is cttltitttccil lx'thc higlr lcglt'ssiotl rilt(l ol CIA]'.

,\t Iiglrcl l)t(,ssltr('s tlrr,(i--\l' r'r,rhrct's tlrr'lnurr rate ol tht'lrropclialt. 'l lie titttc-alt'r'itgt'rl

r.onrlrrrstiotr is strlrlrorlt'rl ltv tlrc cxlrr,r'inrcntal itttrl trtnrt't'itrl lesrrlls firr s:tnrlu'ic'lt cotttlrtts-
(iorr ofCIr;tlrtels.r atrrl (i. l'lrr,sr.tr,sults;rlsti slttxlt:rl tlrat tlre <lilhrsiorr fl;ttttt'r'ottllilrlltiolt
larr lrt' nt'glcr.tt'rl crxtrlrllerl to thut of tlr, tteat [1\l flanrt'. ill](l tlt(' oxol ltertttit: sltlrsurfltt rl

1r.,at.liorrs ir Ci.\l'. arrrl that tlre lrirrrlcr lrrrl orirlizert lrttrtt itttlelrt'ttr1r'tttlr'.

IINF
(1.\P

r r\ F/(i,\P-ir/ 1i

1 10

Prtssrrlr'ltrlI'ir]

Figure 8.1: ('alcirlirterl rlgrtssion ratu'o[ ;r II-\1'/C,'.\ l) 1tt'Ltltdlattt assrtrttirtg litne-

irrrrntgcr,l tr.rrttLitstiori r.rl 1l-\F :rriti (J- \1).

\\'hcrrr,r'ahrirtingl,,r1.(8. l)itislilurrl thirt tlri:r,fli,r'tol llrt'orirlizclignition<1trl;n'tirrrcis
lrost ru,lclirrrt :rt Iriglrcl l)r('ssllr'(,s. Tht' ignitiorr r1r'l:rv tirrrc rlet:t tr;tstts 1 Irt' lrttt rr l iit(' ('\l)oll('llt

a1 lrighcr l)ft,ssllres. 
'l hr: lrr,st itgr'(,(,11(,rrt rr'i1lr cxpctitttettts is olrlairtcrl for irtt ignititin rlclar'

tirrrr,ol zr,r'o. IIol'r,r'r,r'. irr lcalilr'llrcll will itln'avs lre stitnt: <lclav titrte. l'lris trtt'als llrat
irt lriglrcr'l)1(\ssltr('s tlrc plt'ssult, (,x1)on('llt l'i1l clcllt'ast' (itssrtrrriug llr:tt tlrc l{NIr antl (i-\P
rlo rrot slrori's1o1tr: lrlcalis). t-rrlirrtrrtrr'11r'. rlitta at higlr l)r'cssures is rtot itr-;iilalrlc to lt'r'ifr-
1 lris.

Tlrr, rrrorlcl fol tirnr, ;rvcragt'rl corrrltustion alu'at-s l)r'c(1i( ts ii l)l('ss1l1(' (t\l)oltetll lo\11'l

t lrln tlrlt ol the rrt'at oxiclizr,r' r'onrlrrrstiorr. ln C'hitlrtr:r' 5 it rv:rs rol)ort('(l thnt l l\f'-
llopt,ll:rrrts l-ith polr-\l\l\lO;rtrcl ll'fPll lritt<lr:t ltitvc it lrtttlt 1At('('\1)orr('llt close 1o ll-1.
\\'ith l lrc sitrrpkt rrro<lel oi Er1.(S.1 ) tlris r'iurnot lrc t,xplaitrcrl. Clortst'rtttt'ttl lv tltc t rltttlrtlsttott

rrrcr'lrirrrisrr ol tlrcsr'lrlrilrr,llarrts rnrrst lrt'rliffi'rt'rrt fronr tltat oltlrr'(1,\l'-lrascrl ptopt'llattts.
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Ortt'rrrit.jot rlifli'rerrtr'lrr-'tt'r't'tr ClAl) plrpclllrrts arrrl thc IIII)B irrrrl prilr'-\I\lllO lr;rscrl

lrlolrcllatrts is tlrt' lrtxrrling of tlrc H\F to the lrirrrler. (i.\P prrpcll:lrts shorr.goocl lrorrrling.
Itt t asc ol tl'fPB lrtrl polr.\l-\1-\lO bascrl lrrolrclla,nts. llrc HNf'rkres rrot lrcinrl to thi,irirrdcr'.
Drrlirrg harrrllilg ot thcsr'lrlopt'llauts. thc HNF (r'\-stals t,asih"1;rll o11t oI the lrirLrler rrrirtrix.
'1'lrc propcllrlnts ar'('ills() ruot('sltrsitjrl tu tlirlirrg. u'hir'h lrccrxnr:s clcar <lrrlirrg sarnlrle
crtl1irrg arrrl placr,rrrent oI tlrr-'frrsc r.r'ires tirr thc strarrrl lltrnl'r'.

'l'ltt'trrt't lttuticrl prolrclties ot ll'l'PB irrirI polr'-\I\l]lO prolrcll:lrrts (:il,rr explain tlrc lrigh

IJI('sslrre t'xpotrertts of tlrt'sr' lrropt'll;trrts. Ber:ausc thi: ll\F flarnc, is rtlv stlirll. it r,irsill
p('lr('trates ittto r-oirls br:Lrl'r'ctt bitrrlcr arr<l crr.stals. ,{t tlrat rnonr(,rrt tlrr,irrrrrr lalr,Lrecotrres
higlrt'r' thurr tlLat of tirrrr'-artlagcrl t onrllrstiorr. Sirrrilal t'fli:r:ts Irlr.e also lree,n finncl u"ith
earlv II\F/(i.\P-plopellarrts. r-hiclr rlicl rrot rnat,t'lr thc rrrr,r'lranir';rl propclties of tlre c'uncrrt

lrrolrcllants ll9]. Fiu' thesc HNF-lrnrpclllrrts tlrc l)rcssur'(, c\l)on('nt u'irs n-0.72 at lo\\r

l)ressur'('s (< 1 \ll);r). atrrl rr:1.()(i u'herr the lcsrrlts of irll erxlrr:rilncnts \\'cr'(, laltcrr irrto
a((oullt (0.2 < 7r < 6 IIPu). \\'ith irr<'rca,sirrg lrressulr'. tlrc rrrcr'harricirl clcglarlatior lrcc'orrrcs

rttori'itttlrot'tiutt. attrl tltc lurlrr rat('oi the 1r'opelllrrt r'lrarrgcs cluc to this tlt'gradaliorr. 'l'lris

ttter'lltttisttt is lortsirlclctl illso to be tlrt't::trrsc oftlrc high l)l(,ssrlr('('\l)on(,rrts of'll l'PB arrrl

polr'\l-\t\lO-lrlscrl prrpt:llatr1s. lt is cxpectr,rI that the usc rif a lrorrriing irgr:rrt ri'ill lechrt:r'
tlre ltrcssrrre (.\l)orrcnl of thr,sr, lrropclJitrrts.

8.3 Pressure exponent reduction
I1 r'an lrc c:olr'lrrrlcrl llorn thr' lrreliorrs section tllitt ( olll)lrstiorr rrrorlifir';rtiorr ol ilNl'-
lrttilrellarrts is tnost krgir';r1h'rlorrc r-la rrroriificatirxr ot tlre c:orrrlrustioll of II\l'itscll. Thi,
tt'sttlt ol tlrt' DII\\'-rnurlt'l zrheit<lr,slrou'r'rl that the l)r'('sslrle ('\l)orr(,rt of II\F is rr-[. sec

Er1.(6.20). iutrl r:losc to rr=l firr the \\-SIl rnorlcl. Tlrr,sr, r'esrrlts origirrirte firrrrr thc irritial
ilsstttttlrtiotr of a sccottr[-ortlcl gas phasc lo:tctiorr. :ur<l ('il1r 1)(,rrrole gcrrelirlizcrl lil ir le-
il('tiou or'(l(,1 ri. Fol thc \\'SR arrrl DB\\'tr-pe ol rrrorIr,ls thc lr,srrlt is aln-als rr- ri/2, scer

eg i6. 13ill. Bechstcarlrlr,r'ilr:clarr irrrah'titalsrihrtirlrlirltlrc1)1('ssuro(,xl)oncnt lirrasirrrlrle
trrorlr,l assrrrrrirrg a flirrnt,slrcct l'itlr flrurrc starrrlo[[ (*. a corrstarrl spccifit hcal r'apacilr'r::.
:trrrl srrlfacc lctivutirin i:rrcrgv I', [(il

,;,(1,, '/r);ilrr f'
\ ///, t ),,: f i)lt 1t

li l. ,1.2 
/ ' (J,l .r1r/{ )

(8.2 )

'I'his r,rlrratiorr slrou's tlrat lirl a ('or)slilnt lllrrrc tcrrrlrcratur'(,7/. llrr, 1,Lr'ssrrr" r,\l ,,rrrtsrrt i\
:r littL' sru:1ll(,l tliarr ri/2 bccirrrse ol the sct orrrl tr,r rn irr tlrc rlerrorrrirr:rtor'. Tlrc lirct thlt
ir l)rcssrn'(,dr'lrcrrrk.rrt llanrr,t(,rrrl)elatllle (DhTylilup is rrorr-zclo) aficr'1s thr, 1r'cssrrlc
('\I)ol('nl rt"as altcarh'rlisr:ussrrrl il scr:tiorr 6.2. Fcir ir hlgh srrr'Iat'e actlvatiorr t'ttclgr'. a.nrl ir

( oustarrt flilrrrc tcrrrpr:r'atule tlrc lcsrrlt r-rj/2 is lc1 rir,r't,cl.

Thcsr, sirrrplt, rrrorlr,ls shol' tlrat tlrc cffi:t:t of thr' < orrck'rrscrl phasc on tlrr, l)ressllle e\-
l)orreut is velv srrriLll. Orrlv thc rea('tiorr orclcl of tlrr,gas lrlrlse clctr,r'ruirrcs the llrnr ratc
('xl)orrcnt. Sri. t lrr, lllost logi( al apllrirrclL to r'(,(lu(:e tlrr, prerssrrlc exlrorrt'nt is to rcrluc c thr.
lr,lctiorr olrli,r'ol tlrt,g-as lrhasr,r'r:actlorrs. Hrxr.t'rr:r. tirr H\f'the g-as phasc lcactir)r zon(,

is vt'tv slllirlI at clt'r'trte<l l)r'esslll('s. This rrrearrs thirt t]rr, ( iltalvst h:rs to firrr<'liorI i1r ir \.e1\-
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t1i1fo\l'zlrrr'(r'.g. < 2J Trnr). iut([ ('orrs('(111('lrllv t]I('r'itt:rh's1 l)arti(l('sizrt tttttst lrc srrt:rll

itr corrrlrarisorr to thl'lr,ngth o1'thls zorrr'. f.rrtirltr:rrctlr'. nti sirrrpL'tt'ti1re t'ittt ltc gilcrt trr

rcrlrrc'e tlrc lcactiott otrit't rtl tlrc gas l)l1its('t('il( ti(r1rr'.

Bccirrrsc of tlrc sitrril;rrities of the < lrt'rnir:irl lrirulrosilion ol II\F u'ith dotr]rle-lrast'. H\l\
:rnrl R.D\. fi'1,rit irl catirlvsts rrst'rl tor tlrcst, lrlolrcllants har.tt lrt'ctt t:r-itlttitterl irr tlte l)itst. S('\-

cral tr'1rica1 tlorrlrlc:-basc rnotlilicrs u-t,r'r,itrttorlttc'er1 irr H\l:/polvNlNI\'{O lrropelllrrts i92] .

I:ol tlrcsr'propcllants rro sigrrifit'an1 lrrrlrr ratc r-atiirliotrs l't'te olrst'r'r't'tl itt torttp:ttisott ttt

tlrc corrtlol l)tol)cllalt l'ithorrl adrlitilr,s. ,\r'r'orclirrg to Lcngell(t, it stagt'rl flttntt'stttt('ttttt'
irllol's corulrrrsliritr rrrorlifir:ation ltr-:l(l(,(lltirt('aclditilcs. liiic salts ol'lr:arl. ('ol)p('1. lrisrrtrrtlL

ctr:. l!)ll. 
-lhcsc t'i1l crrharr<'r,the st'r'otrdalr.flarnc r'('il(:tions. itn'ollirrg \O. clt:atirtg sttlrcr'-

rate r'lli,cts arrrl platcitrr efli,r'ts. l-i,r rritrarrrirres (ll\lX. RDX. arr<l HNI\\') tlto st'tottclittr'
flarrro is r'krsr,1ri thc srtrf:icr,, illrcl tlr('r'(r is rro possilrilitl ol r'r'e:rtirrg sltp('l-1ates irrtrI platt'att

buntirLg. .\lso frtl ll-\F it cirl lre stltecl tlrat thcrc is no rcal stilg('(l flurtte zottt'. atl(l tllat
corrvcrrtiorrirl rloulrlc lr:rsr: arlrlitir-r's u'i11 rrot rt-orli. \lolc l('se:tt(ll is rtet'r'ssar'f itr tltis itlt'a.

Irr ir lrropt,llurrt rler-eLrlrnrent proglarr for Ilockctrlr"r('. higlt-el('r'gl H\F plopt'llirrrts
rvcrt'lirrrrrrrlltcd ll28]. ('inl.roxr'-tr,trnirrirtr,rl lrrilllrutarlicne ((l'fPB) u,as ttst'rl as birrrlet.

1'lrr' lrlolrclliurts ( olrtain('(l alrout 107 lrcrlllirutt itttcl lrzttl solitl loadirrgs rif 867 anrl Ittore.

Bt'r':rrrsl'tlrr,sr'ltrolrr,lltrrrts lrar'l a I)r('sslu('r'x1>orrt'lrt clfirlrottt tutitr-. tttt iltt('tItl)t rt'i'is ttt:trlt'to
rrrorlilr'tlrt' r'orulrusti<xt lrr,lravior'. Rerlrrcirrg tlrc solirl loarl rcrlrtct'd tltt: llesstttc cxl)orrctIt.
lrit le;rrl to luta( ( (,1)talrlr' lrerforrrrancrc loss. Sr,r-r'r'a1 arlrlitivr:s tr-r't'e ttit'rl. sttt lt as: C'lCO3.
(lr':Or. I,'('2O:l. \'2O;. Ii2('r'2O; lrril (\ll1)2('r2O7. Irr all citscs tht'l)r'('sstlI('('xl)orr('rrt r('-

rrrlirrerl tlosc to rrnitr'. llthorrglr rvitlr sorne lrlrlitilcs thc lrttrtittg tiltes \\1'r('itttt'r'asetl.
l)ilutrorr ol tLc oxitlizcl lrr-r't'pl:rcing llrt'FI\F'u'ith '\P or' .\\ tt'rlttterl tltt'lrLcsstttc ex-

l)on(,nt. F-or a llopr,ll:rrrt c'orrtairriug )2',1 Il\l' irrrrl rt)% ,\P thtr lrrcssttrt'('xpoll('rlt \\'as

lctlrrccri to il.7l. 'fhis t'xpcrirrrcrrtal rrrirtr:hcs tlrc lirttlirrgs of tht'BDI'-nro.l('1. \\'hi('h pretlir:ts

ir higlr lrrrln Iilt('exl)orr('rrt altcacll irt lorv H\1" Ioatlirrgs. sr:t'Fig.6.21.
Bolorr hr'<llirlr:s (13,,11,) u-r,rt, lorrrrrl to Irirle A I)lolrouu( ('rl t'fli'r't orr thc buttr rate o1'

1r'olrcllirrrts corrtairrirrg rritlarrrirrcs l1:i8]. \i'rr.higlr lruur lates () 100 Irrrrr/s) ltitvt'lrt'r'tt
obtairrcrl lx' arlrlirrg tjrtsr: 1rlrllir1es. 'l'lrc rrrct lranisrrr is not vcrv wcll rtrttlt'tstoorl. It st't'nrs

that tlrr, ln-rhi<les alt,goocl l)r'otorr rlorrors. Illcirogr,rr ol tlrc hltllirlc rcacts ri'itlr the \02
gloul)s of tlrt,rritrirrrrirre. r'iclrlirrg IIONO. ,\ siruil:rl sc(:tntio is not ttttlikcll firr Il\F ltrrl
lroron lrr-chirlcs. lror:inrse H\l-'decorrrl)ositiorl u'as liltncl to sttrrt \\'i1h a l)lotolr tritrrsft'r'. 1t

sl,crrrs thelt,liilt, irrlt'r'r,stirrg 1o r':rrrr.orrt sonrt't'rlrclinrertts t'itlr It\F-t1,,[J,, rrtixtttles.

8.4 Initial experiments

Irr arr attotrrlrt to lcrluct'tlrc ltressrrrc exl)on(,rlt of II\F. szirrrlrl's s-ith arltlitilt's \1'('1e lrrt'ssccl
iurrl lcglcssirirr lirt(,s \\'(,r(, rn(,ASur'('rl irt t ln l'\O/l)NIL sttattrl lrttLtrcr. (lirrrltalt'rl to vir( 1i1l1tt

clsting irrrrl culirrg propt'llant silllrl)1(,s. tliis is lt'ss lalrorious. 'l'[rl' t lroice of adclitivcs is

lirrritetl t() tire nr;ltcrials that arr,r'onrp:rtiirk. n'ith H\l:.'l'lris r('stri('tiou lalgch'afli'ctetl
tlrc selt'r:l iott.

\latclials thirl rre'r'r,sr:lc'r:tcrl are gr':rphitt'. lrolotr. lrisnurtlr oxirlr'(Bi2Or). arntrronitrrtt
pclcirkt;rtr,. litlrirrrrr flrrolirle (l-il'). lrrolr-bclcrnrrn varrlrlitrtrt orirlc (\lO\-O). and rtltlafirrc
irlrrrrriurrrrr. Alt'x. 'fhe lr,srrlts iir glaplrite iirrrl --\lcx u'r'rc altt':rtlr'1rtt'setttt'tl in scctiorr 1.6.

llolorr lrirs lt(,t,rr oltselr-r'rl to rt'rlrrr:c tlrr'pressruc c\l)or('IIt of ,\P-plopellatrl lx-erotlterrttir'
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r('il(:tions clos(' to the Ilurrirrg surfat r, [8[i]. Fril a sirrrilar' lcason the .\lc,x 'u-iis <hiiserr.

flisrrmtI oxirL'u'as lilrrrcl to bc rxre o{ the Ii't'rnt'tir1 orirles tlrat is cornlratible rvith IINF.
Bisrnuth oxiclt's arc ktrolr-rr lor tirtallzirrg clciulrlr:-lrasc prrrpcllants 134] . Lithirurr flrrorirlc has

a Irigh latcnt rrrcltirrg Ireat. iuiri u,r'ts as a croolt:r on tlrc,bulrring srrrfalr,. Tlrt"c:atalvsts \vcrrl
ailrlcrl at ,5% lt'r'cl. -,\lt-'x l'as tnixctl at 20% It'r'cl, r'ourparabkr to thc a.morrrrt of ahtminrrrn
irr a lrrtipcllarrt. The IINF/AP-rrrixtur'o $,AS sr:lr:ctt'rI to criutairr;07 ,\P.

Figurr'8.2 slron's tlrc legrl'ssiorr lat('s of diflelerrt HNF'rnixturts. Clornparecl to the rrcat
H\l-'corrrlltstiou ottll tite tttixtutcs cotrlainitrg Alex arrrl ,\P slrorr'a tonsirlclablt'rle<'rease
oi tlrt: bttttr ral('cxl)oront (rr : 0.66 arrrl rt - 0.7;t lcspt'r'tir-elr'). All the otherr arlrlitirts
havt'sotttt't'Ilect ort thc ttbsolrrte r.llue ol thc lrrrrn r':rtr'. or arr arh-r'lsc cft'ect orr thr'11'essrrlc
('xl)olerrt. The :r<l<litiorr of '\lt'x irrcleascs the llrrrr late cllarnal,ir:a11v. 'l'he a<l<litiorr of -\P
lr:drrccs thc bulrr late (('xpou(,rrt) lrt:crausc of tlrc dihrtirtrr ol the II\F.

'l lrc reirson that thc Alex is rrrorc efli'r'livc tlran t,.g. c:orrlerrtiorral alrrnrirurrrr anrI bolorr
t'iirr lrt'exlrllinecl lx' tlrt' sholt fl:rtru't.rf II\F. PRENIlX calcrrlatiorrs sho\\' that rrt 10 \lPa
a flarnt, ternl)eratllre of 2500 K is ac lricrtrl u-ithirr 15 Trrn alror-e tlre bunrirrg surfa('o. This
<listattcc is ot'thc same orclel of nragrritu<lt, :rs tvpical alurrrirrLrrrr l)arti( lcs in a corlposito
plopt'llarrt. So. r,r,lurn converrtirxral :rlrrrnirrrrn is arlclerl. the Il\F still r:ornbusts acr:orclirig
to its turrnral rnorL'. l'hich has a prcssurt, rlr:pcnrlr:ucr. n - 0.85. In this ('ase tlr(' alurrrirrurn
<lties uot c'otttributt'to tltc crotttbuslion sigrrifir'arrtlr'. IItiri-r,r'r,r'. l'lrcrr lclt'firrt'iilulrritlurrr
is ad<1r,r[. r'e,actiorr lretu'r'r,rr thc higlrlv rc'ar:tive r\lex :rn<1 II\F dcr:orrr1)r,siti{,lr gi]sr's ( al
ot crtr lrr'{brt' tltc errrrrrgv is reloa,seci via thc rrorrrral rcactiol l)ath irr the gas ph:rse. Then
tlrc cotttlrttstiotr tno<lt,charrges flortr a horrrogerrerorrs girs l)lrrrs('rc:r<'tiorr. to a hetclogr:rreous
rcactiou at thc lnrnirrgsrnface of the IINF. This lcactiorr is rlrritc rlifli,rerrt liorl tire rurrrrral
gas phasc reactions. ancl in gcnt'lal lras:r rliffelcrrt prcssrrrtr rlepen<lerrc:r:. Notc that the
H-\F-flarrre still reacts ri'ith the r:oa,r'sc a,lumirrrrm at aborrt 1i Trrn fiorrr thr,surfacr,. Brrt, at
elt'vatecl l)ressul('s this clistitnce to the llrrrrirrg srrrfirr:e is too large to affect th(] l)urn Iatc.

8.5 Conclusions
A sirnpk' rrroclel lras lrct'n plt,st:ntctl to rlcsclilrc the r:ornlnstion of H\F-plrilrellarrts ltasccl
orr tlr(' i(l(,il of irrrleperrrlerrt. scrlucntial. r'ornbrrstiorr ol tho lrinclol anrl oxidizt'r. Tlu' resrrlts
o1'this ntorlcl show goorl trglcenrernt l-itir exlrclirucnt,ill clata,, arrrl hell) to lln(lerstancl tll('
conrlrrstiorr of H\F-prolrellarrts. Tlre rrurrlel slros-s tlrirt tht'ltrrnr rat(,oxl)orrerrt oI HNF-
propcllnrrts (':ln l)(,rno<lifierl lx-altclirrg tlre rrcat HNF conrbustiorr. ol tlrat ol the, lrinder'.

TIre rlost lcigical nrr:thocl to rcclrrr:o tht, Lrurrr liit(] ('xl)orr('nt of H\F. is to lctlur:r'the rc
actiorr ordcr of thc gas plrasc rcactions. L rrtbrturrr:t11- rrri real lecil)o exisl:s fbl the rerlrrr:tiou
of thc leactiorr olrler'. Sr,r'erral arlditir,<.s \rith HNF u'r:r'r' testccI to cr"aluatt' thc cffect orr th(]
corttllrstiorr. \o rr':rl'r'atalr-st'has lrcerr filrrrcl. II\F-Alex rrrixtulcs burrr u,itlr rr-0.66. at
20% ,-\lt,x loarlirrg. AII otlrer a(l(liti\,cs harrllv afli,cterI the llrrn Iilte e\])orlerrt. excr'pt for
a rlilrrtirrrr efli,r't in the t ase of a H\F/-\l'-J0lil) rnixtrtle.
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I)rt:ssulr, l)ll'a]

Figure 8.2: Rcgles,r-iol ratcs ol 7-lrcsseri sanp.lcs coritairiilrg iII\F

HNF/,\tex-80/20 x
IlNF/Boron:95/5 x
II\F/lliro;r-95/5 tr
HNF/AP:50/50 r

H\I-'l\rOYO-95/5 o
I{NF/LiF:95/r .



Chapter I

Conclusions

Irr tlris tlresis tlre clccorrrl-rositiorr arr<l c:orrrlnstion of hr-chazirriurrr uitloliilruate (HNF) is

:rrklrcsscrl. HNF's high energcti('('orrtent 11111[es it ir \-pr'\'irtlr';r'tivc r:a.n<lirltrte [irr lirtruc
plopcllarrts. \ltist of tlrc rr'or'It tirat lras becrrr carricrl out irr other l)rogrillrrs fircusorl on tlrr'
plrirluctiou of stalrle IINI"' ri,n<l HNF lrlopellarrts. It is thc irrtcrrtiorr of tlris t-olk tri obtairr
a lrettel rruclerrslarrdirrg ol thc crinrbusl ion oI ll\F arrrl HNF]-propcll:rnts

Decorrrposiliorr cxlrcrirncnts shor,irrrl that tlre nrost lrrolrirlrle irritial st{'l) lbr ll-\F- dr'-

corrrlrositiorr is arr intrarrrolec'rrlar hr-rllogerr tlirrrsfer'ftour tlrc in'rlt'aziltittttt iort to ottc o1'

tlrc NO2-gloulrs ol'thl' nitrofirrrr. Thc r:ak:ul;rtr:<1 ar:tir-irtiorr ('ncrg\' (firr a sirrglc trrolcc'ulc

in tlrc gas phasr') lirr tlris step is 84 k.l/nrok,. In corrrprtrisorr l'lth llrt'attilittion ('ncrgv

fol other t'rrurgcti< rnatr,r'ills tlris is a lou-r'alrrr,. ,\l'tcl the l)r'oton trirnsfer higlrlr.'r'r'irr:tirr'
hvrllazirrr';rrrr1 aci rritlolilrrr lerrririrrs. l'rrrthcr <lcr:onrlrositiorr of ac'i-rritlritirlrrr to I1O\O
arrrl tllrritlocaLb<,lt'r,as spct'nlatr,<l llut tlrc calculutecl lctir':rtiorr errerg\'{br tlris stclr is trtcr

high to :r<'trral1r' tirlic placr,. at l(,ast at )rxl tcrrrlrr'r'atur'('s. FrrltlLr:r rk'r',,ru1,,,si1i.11 i5' 1;1,1'r'

plolr;rlrk, lrr"rcactiorr of tlrr' ;rci-rritroforrrr r,r,ith tlrc rek'irscrl ln'rllazittt'. ol clifli'r'r'rtt spct:ies

that u't:rc [irrrrrri clrrlirrg othcl clecorrrpositiorr ste])s. T\'l)i( irl spe< ics tluit att: fortnt'rl itr tlrcse
stcrl)s arcr \.rO. \O. I12O. r,tr'.

H\F cllstalsr"r,r'cprcsscrltocorrsolirlutt'rlsarrlrlesu'itlra<k'rrsitvof ;rplrroxirrratelvg1%
of thc <:r'vstals. Nlit nrscopic irriagt's ol thesr, pellets lr:r-e:tlrrrl tha1, rlrrring tlrt' lrrcssirrg actirirr
the rrct'rlle-slralrr,d il\F cllstals lrrcah an<l:rre tlrcn lirsctl togr'1 lrcr lrccause ol the high
plcssirrg l)r'(,ssule (-200 \ll':r). II;rzarrl:lsi.('ssrn('ut r:rlrctitttents sltorr't:<l that tho frit:tiott
scnsitir,itv ol'll-\F cllstals lrr<1 II\l'pellr'ts is e't1ral. HNI'pcllcts rve'rc L,ss st'rrsitivr'1o
irrprrct tirau tlrc origirral HNI'rlatcliirl. Irr tlris l-rirli the lrt't'sserl ll\F lrcllets att'rrserl tri
stuclr, tlrc r:orrrllrstiorr ril rreat H\F arrrl to rrrarrufactrrle il,\F/birrrlrrr s:r.nrlllichcs lo strtrlr"

oxirlizt,r/lrinrL,r rlifiirsiorr flarrrr, irrtclactiorrs.

Thr,rrr:irt Il\F pcllt'ts llrrrr l'ith a higlr llurr llte arrrl lrigh l)r'('ssLlr'('cxpottt'ttt. At
l0 \'lI']a tlrc brurr late is -60 rnrrr/s. Tlrr,plessrue exPrirrcnt rlcr:rcascs sliglrtll u'ith lrrt'ssult'.
,\t lrressulr,s bclol'2 \ll)a thc l)rlrsslllo rrxporrt'rrt l.as ftrLrucl to lrr'[).9J. ,\]rovt'this l)rcssttto
tlrr: prcssrrre exlrorrent is 0.8ir. '['hc srrlfirc'c l('rnpa)r'atules ]rave becrr ureitsrttrrrl bv ttticlo-
tlrcrrrrocorrlrles. '1'he srrr'l)rcc t('rnpcl'atrrrc inr:r'cases liorn 52jJ Ii at 0.1 -\ll'l to [i80 Ii at
1.0 \lPa. -fhe tlrt,r'rnrir:orrlrk: trlr:es slrolr'surkk'rr lrerrrls itr llrc tctrrpttatrtrr'lrrofilt'. The
bt'rr<ls arc attriltutt'rl to tlrc lr':rcliirrg of tlrt,H.\1" lrcllcts Jrr:(:arrsr: of tlrr.rrrr:r1 str'('sscs. I)rtc tcr

tlrcst,craclis a tlrlnrral r't,sistarxc is int,r'orluccrl. lcarlirrg to shar'p lrerrrls itt tht'tt'rttpt'taturc
pnrfilr:s.

LI )
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-{bsor'ptiorr cxJrl,rirrrcrrts irr tlre gas lrhasc of H\F shori-that tlrc rrtitxirruttn NO rnolc
fja<'tiurr irt arnl)i('lrt pl(,ssllrc is 20%. 'I'hc NO is verv skrr'lv corrsrrrrrcrl. Tlrr,reasorr for tltc
slorr ('orrsurnption of \( ) is tht, lhc't thut H\F cornlltstion r.icl<ls oxvg('rl rit lr rlct'orrrlrositiorr
ploclucts. \O is onlv corrsurncrI b). clccorn];osition to \2 arrrl 02. not ll'a lcactiott r'r,ith fucl
sper:it's. Dulirrg torrrlrrstiorr 11\F lapririzcs ilt the llrrnirrg sulf:t('('. anrl tlrcrr tk'r'orrrlrosr,s

irr tlrc gas plra,st:. At lolr'llcssuLes. or clurirrg igrrition. ii lcllou'r'onclerisatc rvas olrserrtrl
to ('oln('ol tlrr,surfacr,. This rrratt'r'ial was i(l('rrtifi(,(l to l.re I{\F.

To strr<lr-the H\l:/lrirrrlt.r'inte,r'actior). siurd\f i(llcs of HNF arr<l lrinrlcr u'r're rrrlrle. Tlre
flanrt'stmctur'('wils visualizccl ll'lrlarrar laser'-irrrlrrc'erl flrrolesccnce (PI-IF).'l'he Pl,lF-
irrragcs shos- a srrrirll rlifiirsiorr efli,r't :it arrrlrieul arrcl sliglitlr- ('1('\'zrt(,(l l)r'essur'('s. \\'ith
ini'rt':rsirrg l)r('ssur(,the rlillirsion lilnish(,s. ancl tlr('trr-o t'omporrcrrts lxrln in<k'lrcnclerrtlr'.

-\lrolr,- I \lPa rro signifir'arrt tliflirsion was foun(1. It l-as iittt'nrlrtecl to inragc tlie flarne
stlu( tlucs of'H\F-propcllants llr' ['LIF as r,ell. Hott.lrrr. duc to tlrc signifir'arrt allou]lt
of rron-resonilnt sigrral. tlrcst' t,rxlrcrinlents (li(l rrot r-iel<l rrscful irriirrrriatiorr alrorrt the fllrue
stI lr( tule.

IINF propellarrts l'itlr a glr-r'irlr'1 azi<le poh'rrrer ((1.\P) lrirrrler rvcre firlrrnrlatcrl. 'fcr

e,r':rlrrate tlrc effrrt of IINF paltir'1e sizt', tl'o I)lol)ellirnts lr'ith arr crlrriviilt,rrt solirl loacl
o1';;7.. lrrrt clifli,r'r,rrt H\F palticlc sizr'(1001rrrr anrl .17.1prrr) l-elt,firnurrlatccl. \\'ithirr
expcrinrcrrtal erlors tlrc llurrr ratc exl)orrent t'ls founrl to lrc ccluirralcrrt, rr - 0.7. The

1r'olrellarrt n'ith tlrr,firrc HNF l)alti('les Irtrs a slightlv highcr lxrrnirrg rate. At 5 \ll'a the
rlifli,rt-.rrccis0.Trrrrrr/s.u-itharra\'(,rafl(,r'r,gressionrat(,of 17.5rrrrrr/s.'['lrc]rrnrrateolH\F-
prolrellirrrts is irrscrrsitivc to tlrt'ad<litiorr of alrrrniururr. -\ 68(Z solirI lontl llNF/A1/GAI'
l)rol)ellalrt corrtailing 1,37 ahrrrrinurn \vas linrrcl to h:n'e sirnilar lurrrr ratcs as tlro othcr
rron-alrrrrrirrizcrl 1>ropt,llauts u'ith .toZ solicl loar[.

Selcral ruork'ls Iirl thc,c'orrrlnstiorr of HNF arrrl H,\F-plopr'llarrts have lrccn prcscrrterl.
Each oi the rrrorlels has its owrr slrecific asslrrnl)tions and a,l)l)roxirratiorrs. Takerr togetlrcl
the rrrorlels Irt'lp to cxpl:rin the c'orrrlrrrstlorr of H\F anrl IINF-r'ornl)ositiols. TIre sirlpL,
\\-arrl-Sorr-Blcwster' (\\-SB) rrroclel allou.s firr arr accrrrate calc'r.rlatiorr of stcarlr- stilt(' regr'(,s-

siorr latt's. t('rnl)cratllr'('seusiti\"itl'. luscr-assistcd courbustiorr iin(l otIrer p]n'sical l)alilrn(,1(,r's
suc'lr ls surf;l('('tell)l)oriitur('s:ui(l fl:ille starrrlofl rlistanccs frrr ucat H\F cornbustion. 'fhc
irlea lrchirrrI t]rr' \\'SIJ-nrorlcl is a 11v11: girs lrhast';rltivirtir)rr ('r('lll\. Irr lomlrarison t'ith
tltr'flartre slrcct:tpploach (high activatiorr errergr') the agreerrrerrt with ('xl)eli11r('11tal (latii
is lrctter'. Tlrr,pln'sical iltcrpretation is that tlrc late-<lctcrrrrirring str'p iu tlu'gas lrlra,se
has an ovt'r'all los'actilatir)lr elr(,lg\'. (lhenrit'allv spoakirrg tlrr'1orr'irctivatiurr lezr(ti()lls
(".g. NO2+H+NO+OH) are rrrore ilrrl)oltalt firr tlrt' heat-1t'r'rlba<'k to thr' <:ornbustion

surf;r((' thilrr Ilic lrigh-aItir.ittiorr r'11('rt)' r'r';Lttiorrs (1ik0 the rr,a< tious that firIth0r I0rluce
tlrc ^\O).'l'his olrscrvatiorr uratclrcs tlrc fact tlrat higlr l('lnpclat,urcs alc alrcarlv aclricvcd
irr tlrc H\l-'-flalrc lrcfort NO-rca< tions lrarr-' takcrr placr,.

The rrrodifierl PRE\ll\ al)l)r'oacir srrplrlerrrcrrts tlu' \\:SB-rrroclel firrclirrgs. Ex<'t'pt fot'

tlrc lINF rlecornpositir)rr steps this rnri<lt'l rrses clerrrerrtalr- r'eat'tions lirr thc <:alt'ulatiorr of
H\l'r'orrrlnrstiorr. 'lhc lcsults slrolr'tlrlt zlt 0.1 NIPa a t('ml)(,r'ature of 2550 Ii is reachccl at
0.5 nrrrr alrove tlrc bulrring sulf;r(e. -\t this lroirrt tlrt'NO rrrolc fractiorr is;rt its ruirriruurrr
lalue o1 0.27. Frrrther rcrlut:tiorr of tlrr' \O oulr- rrrirrirriallv affects the tcrrrperatrrrr'. At
this prcssrrle tht.arlialratir'flarrrc tetrrlrt'r':ittrrr'(2766 Ii) is lr,:r<'herl irt abottl jl0 ttrtrr abolt'
tlre bulrrirrg sur{rx:e. l'he calcrrlatcrl comlrrsition alrove tht,burnirrg surlir(:(,slulrl's goo<l

cornpalisou ri'itlr cht'rrrical r,<lrilibriurrr r:alcrrlatious. .\lso tlrr,zigr'(,(,ln(,nt t"ith slrccics 1;ro-



175

fik.s fol s<:r.r,r'al lrrrlir:als thirt h:ilc beerr olrtainerl s-itlr planiir or Iascr'-irrrlrrcc(l flLlor'csc(,rr('e

further sllpl)ort tlrt rrrorlel.

llasr,<l on thc olrtairrt,cl krror-lcrlgc txr tlre crirrrbrrstiorr of IINF arrcl iivailalrlc litct:ttrtlc
on Cl-\l' r'ornJrustiorr. a HNF/GAl' prol)elliurt rrroclel u'as prest'trterl. Tlrc BDf'-lro<lel a1>

prou<h fil thc corrrllrstiori of ,\P propclliurts rvas fblLrrvc<l. This rrrorlcl allo\ys to strrrlv tlre
corrrllrstiorr o1 a HNF/(lAl'-propcllall usirrg glrlral lcactiorrs. -\ l:nrrirr:rl cliflilsiorr fltrrrrc

lretl't'en the tl-\F arrd Ci,\P rlr:corrrlrosition g:rscs is assrrrru,r[. T]rc rrrorlel r'irlcrrlirtiorrs shol-
that thi:1>r'inran. rliffusiou flarrre (rlillirsirxr flarnc lretn-r:err H\F an<l Ci,\l'de<:orn1)ositiort
gascs) onh- plnls :r lole irt pressutcs belou' 0.J-r \,ll'a (firL H\ f' Irarti('l(' sizes lrets-t'etr 10 Tlrrr

rrucl 1000 lrrn). -{t tvpical opcr:rtirrg pr'(,ssl1r'(,s for solirl ror:lict rrrotors (; Nl['a artcl highcr')
the plinr:rlr' flarne < an lrt' ncglt'c'tcrl cornlrk'tclr'. ,\t tlrcse l)r'essures tlrc ll\F-flarnc rlotn-
iuates the sur{;r('(' hr,at li,r,rlbacli (rrrorc,than 807r of tlrr: r'orrtrillrtior). Drrr: to thc sliglrt
rlccrorse ol the firra,l fla.urr'he:rt fet'rilrack. thc bulrr ratt'rk,r'r'r,ascs sliglrtll'ri'ith irrr:r'r.asitrg

particlt,sizr,. l'lris cfli,r't is snrall. Fol prol)ellarrts u.ith II\F l)alti( le) sizcs lrctu-t't'tr 10 irrrr
arrrl 1(XX) lrrrr tlrc valiation of the lirrrrr late is onlr'67. For':r. sirrrilar'-\P-lrropt'llant thc
l)urrl r'irte lirli:rtiorr is 907. Tlrc prcssrnl'cxl)oncrrt valies rrrinirnirllr'l'ith solirl loarlirrg.
CliLlcrrlat,iorrs shot tlrat allcarh'at H\I rrrass liactions o1 0.3 tlur 1rt,'ssttt,'r'rl)()n.rrt is

higher-than 0.8. 1r'orrr tlie llDI)-r:ak:lllations it rrral lre corrclrrrled that the II\F rlot:orrrlro-

sition flanr is tlrt,dorrrinatirrg lrcat fi,ecllrack sorrr('c to tlrr,r llrrnirrg surf;lc(). -lhc r'fflt't of
thc birrrler-oxiclizr:r flarrre irr terrrrs ol heat tee<llrack to tlrc plolrellant srrrfar:r' is rrcgligible
corrrpalr,rl to the I{\F rlccorrrpositiorr flilrrrr'.

I'-irrallv, rrrorl,ling lcsrrlts \yero ol)tainerl l'ith tht' I)L"l'RI(l\lI\ c:orlr for the cornltrrs-

tiorr of II\F/G-\P s:urrlrriclrcs. 'l'he IllGNllX toclc'r'alc'rrlates tlte tu-o rliurerrsiotral flatnc
strll(:tur(,aborr: tlrc sarrcll'ich usiug (,lenr(,lrtail re:)('tiorrs. l'lr<'i:lrt'trticitl rrtctltattisttt firr
thc H\I: PRI-.\1I-\ calculations lr'as cxterrrlerl u'ith the (i llI-rnt'c'harrisrrr for lrvclror:arborr
<:orrrlrustirxr. 'lhe srrlfact'regr(,ssiorr is rrcgk'r'tecl irr thc BI(INIIX urorlcl. 'l'lrr., lllG\ll\ tal-
r:ul:rtiols shol' that tht' <liffjrsiorr interactiorr betlr-ereu oxirlizcl arrrl lrirrrkrr' flarrrc <ler:r'ea,st's

u'ith pressrrrr,. ,\t 0.1 \ll)a tlrele is arr crrharr<:e<l heat firerllrack rluc 1o thc hcittcl cliflirsiorr
flarrrr,. The rnaxirnrrrn is locatccl 0.i rrLrrr olltsicl('tlrc gas slalr. ,\t 1.0 NII'a tlu'rnaxirnrrrrr
still t,rists. but has shiftcrl to J0 111rr oulsido 1lrc birrr-lcr slalr. ,{t l0 \ll']a tht'r'e ls rro lultlit'r
cnharr<recl heat-leer1lra<'k rIue tri thc rliflirsiorr flarrrr'.

Tlrr: r'orubrrstiorr of HNF wirs also strrrlierl br- rrltlasourrrl. ,\ lrrlsr'-eclrri teclrrrirlrrr r'r-:rs

crrrltlx'erl to cl,tt'rntirrc irrstantarreorrs sarrryrle thir:krrcrss. lrcn<'r' thc Irttrttittg rlte. -[-lte stt'rrrll
stirt(, ( olnl)ustiorr rcsults irgr(,(' \'er'\' r'ell u'itlr thc strarrcl lrrluel results. ,\ppartnt oscil-

lirtiorrs chrlitrg slr,acll statc cornllrstiorr rvcre lilrrrrl to havc tlrr: slrne l)ressule rlt'perrrL,nt:t'

as lhc bulrrirrg rate. Frorrr this. thc cist illatiorrs \\1,r'e irlerrtified to be t:ausccl bv pcriodit'
clackirrg ol thc t1\f'l)ell('ts. I)rre to crircks. the thcrrrr;rl plofilc irr tltc cottrlettsccl phtrsc

charrgcs. lclrling to valr-irrg llrlse-echo tirrtes. Ber< ausc the 1ltlsr'-r'c'ho tilrt' is <lt'lrenrlcttt
orr tltc thclrrral Irrofil,irr the corrdcrrscri phasr'. tlrc rrltlasourrrl rrrcthorl catr bc crlplovecl
to ribtain nrirr-irrtmsir"r, t(,nrl)eliltlut' irrfrrnlatiotr o1' the t onrlcrtst'rl lrltitst'. Bcr':rtrso ol tlre
c'orrplirrg betu'eerr thc tcnrlrcratrrle plofik,arrrl the prtlse t'cho tintr'. a ('ourl)uter t'otle.,v:ts
nrarlc to pl'o( ess the rursteurll lr,gression latc rlata. UsirLg tlrc sarrre l)alanr('1t'r st't as fiir
thc sirrrl>lificrl H\F-rrrorlel. goorl agr'(,(,lnel)1 u'itlr cxistirrg lilse'r'-recoil rlala nas oblaincrl.

\\-hcrr c'rirrrpalirrg tlrc rcglcssiorr liltes of rrr:lt [I\F arrrl Ci.\l) u'ith that of IINF-(i.\P
lrrrrpel1arrt.s" it carr bc conclrrrlerl that tlre rcglcssiol is rlcterrnincrl ll- the tirle-alt'tagcrl
corrrlrustiorr ot thc lrirr<k'r':inrl tlrt,oxirlizcr. Cornllrstion rrtcirlilic:rtiort of ll\F/CiAP prrr
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pcllarrts is rnost efficicnth' <Lurc br, rrrorlifvirrg thc cornbustiorr of H\F. Irr ;in attetttlrt to
leihrct, thr, prcssurrr cxponent of H\F, H\F u'as rrrixcrl ri'ith selcral adclitives. I{NF sarrr-

lrles 1l'essccl l'ith 20% alrrrniruun (parti< le sizr'20 yrrrr) have a 30%, higher rcgrcssion late at
I \ll)a than tlrc prrrc H\F.'l'hc lrrcssrrlt,e\l)orerrt frl this urixtrrre is 1.02. Bckru,2 \lPa
the HNF mixtures burrr l'itlr rt,si<lue. -\t highcr l)r'('ijsur'os. lo resirlues retrr:tirre<l aftcr
<'orrrlnstion. H\F rrrixrrl rvith ultralirur (- 139 nrn) iLhunirurm irr a H\F/'\1-80/20 ratio.
burrr rvitlr a rrrodclatc l)r('sslrre (,\l)on('ut of 0.66. TIrt,regrcssion ratc of this corrrlrosition
is signifit'autll liigher tharr that of HNF. St'veral otlu,r:rrlrlitirl's \\'(!r'e ptt,sscrl rr'itlr HNF.
but uonc of tlrcm shou,r'cl a largt'r'f[t.t't orr the 1l'cssulc' exl)on('nt.

It is conclrrclerl that thelc is a r-r'rr'yrrorrrisirrg agr(,onrelrt betiveerr the cxpreriurerrtal <lata

:rrr<l tht' the'oretit:al arralvscs: tlitr :ibsorrce of au cfferct of clr-stal sizt on tlre burning ratt,of
HNF plopellarrts, the tt,rllrcraturl st,rrsitititr-. arrd the ovcrali rlec:orrrirositiorr of H\F. For
st(,adl stat('l)ro(('sses. it is tirir to state that rrurst fiurclarrrcntal asl)ccts ofthc corrrlrustion
of I{NF anrl HNF propellarrts alc u-t'll uurlerstoocl trol'.
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Appendix A

Solution of the PREMIX equations

'llris -\pperxlix surrrrrrarizcs thc solution rrrt:thorl of the PREMIX r'<1u:itions of sct tiorr 6.3.

Finite difference schemes

fir solvr: ther governiug ('r)rrs{-rvatiou r,quati,rrrs. the equatiorrs aro aqrprroxirnatelcl lx'firrite
cliftirrrrrrr:r,s orr a rrorrurifolrrr gticl. Let j <1t:rtotc the grid point. r'ith j - 1... J. rvlrcrc

J - 1 at the r:old bourrrlarr'. arrrl .i : ./ at thc hot bourrdarr'. Tlrr' ( ()rr\'r(:tile telrrs rlrt'
apploxirnatccl 1l' Ibrrvard rliflilrrrtt:es, e.g.

/ ,Lf'\ ,'I'i Tt t (A l)
\"',t ,),- 

ttl ,t't "i 
I

In the t'ncrgv Eq's. (6.25). (6.28) and (6.31). tlu'first derivatir.e is:rplrroxitnated b1'a
c:cntral difli:rcrrcc firrrurla

fL) (,.n't t 't" h, r,-, ,, ) (\.2)
\i ), \/,,{1,, , 1,, ,)".' ' 1,,1,, t 'L lt, 1(1t., +lr ,-.) I

r,i,lrcrr: lri -'r:.i +1 .r'.r. The secon<1 rlelir-ativc term in thr: crrc:r'gv e<1ua"tion is aplttoxirrratecl
lrv thc follon'ing sccorul older cerrtr:rl tliflirt'crrc:e forrrrula

*(^^#) = (*;) ,.

[^", r -rj ,r r -7rj' 'l (,\.3)

Fol tlu'firrite difi'elerrcc alrplorirrration of th<'lrorrrrda,ry r:onclitiorrs is ref'errer1 to Ref .166].

Solution method

Dr:c to tlrc lr'irle varietv of tirrrc anrl length scalcs irssot'i:rted rr'ith t:ltt'ttti<:al reactiorts:ttt<l

trarrsport l)ro( ('sscs. the set of rlifle,r'ential ecluntlorrs is stiff, ancl nuccls r:;rtefitl nttnterit'al
treatrnerrt. r\ltcl rliscretization orr a gir-err rnesh, a svstcur of nonlirrcar algclrr:ii<: ecluatiorrs

191
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has to lx,solvcrl. Sirnilar'1o llrt'PREMIX moclt'l. llris is calricd oLrt lx ir <l:urrlrccl \ervtorr's
rrlctlro(l 166].

.\ssrrrrrc tlrat thr'(aplrtoxirratr') solutiorr is givrrrr ll'the rlttol r.r. \\'lrcrr an aI'l)itlar\-.)
is srrlrstilrrtr,rl irrtri thr,lirritt rljffi'r'r,rrcc aplrloxirrraliorrs ol the corrst'r'r';rliorr r,rluatiorrs. tlrclc
is gcrrolirllr-ir lesi<hr:tl lr,r'tol l'. The solrrtiorr ol tlrr,pnrblerl is filrrr<l rvherr F(rrr) - 0. Irr

tlrt, r'orrrprrtt'r' pr'ogriirrl r,r is or garrizcrl as tirllon's

r) - (7,.)', .,.....)1.1,.rir1 . . .T.t .\'L.t \ 1.1, . ti t 1'1t ( \.1)

so r'r Irirs (Ii + 2)./ r'lcrrt'rrts.
(livcrr thc iritial cstirirate lr0 ot tlrc

ol solrttirxrs r1t,r)2...., r.t". r.t''-1... .. tlritt
rlt'scliIretl lx- thc lirllriu'irrg- algolitirrrr

solrrtion. Neu.torr's rrrctIrrlrl prodttct's ii s('(lu(\tr( (]

('on\'(,r'g('s to tlrc soluliorr rr. \cl'tr)n's rr(,tlro(l is

r)"lt-,it" F(,,")(+) (\It)
\,"' ,/ ,,

Straightfirlrr'alrl alrirlicatiorr o1 1lris llr(,tlrod is irrrpossilrlc. rrs e\::rluati()rr ol tlrt'.Jar'olriarr
rrratric:es DL'li)tt is tirrrr: r'orrsrrrrrirrg. irrrrl a lt,n' goorl csl irrratc ceo is rrcct'ssllv firr conw,r'-
g,erx'e. -\i t'uclr itcratiorr cl'r'lr'. r,itlrcl tlrc lrlevious.lircolrian rn:rtrix J" - J'' I is usr,,l.
ol A n('\1' orrc is cak:ulat(,'l J'l - (i)l-'li)e),,. F'rrrtlrt'r'rriole. thc,solrrtiorr js orrlr'l)artlall\'
arl.jrrstcrl lx'irrtlorlLtc'irrg tlrt,<llrrrlling p;lrarrret('r',\" (0 < )" < 1)

r,"t - q)tt ,\', l,'(qr") (J,t)t. (\6)

Ftir rrrorc irfiunratiorr orr tlrc rlr,tr,r'rninatiorr o1 ,\" ;tvl J" is rclirlrcrl to 1lcI.lt;6].
Il tlrc irritial estirnilt(,s ilr'(' rrot ('los(, 1o l lrc irr'1ual solution. in rrr;rrn- situat.ions tlrc

\r'l'1 orr's rru'tho11 rkrcs rrot ( on\-()r'ge. Br- iltlorlrrrirrg the tirrrc rlcrilalivcs irrto tlrt' r'orscr'-
lirtiorr crlrratiorrs. it is possilrlc lo t'i,rn,t:-stt1t llorrr orrc r:stirrratcrl solrrliorr to nnotlrt'r solrrlion.
\\'lrcrrcvt'r it is irrrpossilrlc to olrt:rirr a lirllou'irrg i4rploxirrrirtr,solutiorr o" l 1.,1'\r'l'torr's
tttctlrorl. tltt'progtzttrr rr'\,rrl\ tl tilrrr'-sl,';,1,irrg lo olrtaitt an irrlr'r'nrcrliitte soluti()rr.

'\s the sollrl-lirlrrirl irrtr,r'fale uolrualll rlor,s rrot coirrcirlr,rvitlr a rnesh lroirit lrrrl tlrc
plr'< isc lrt:atiotr is clr;rrrgirrg rlrrritig tlrc ilcr':rtiril protorlulr'. i1 is possibkr to irccrrnurllte
('n('r'g\' lrt'tt'cctt 1ht'glirI poirrts tiu lrotlr sirlcs of this iltor'1ircr'. So. durirrg lirrrr,str,ppirrg
tlrc soLirl-licltritl irrlt'r'1)rt','r'tlr'tBJ'( r,rrslr'\';rli,,tr,',,,,,, ,,t, (l-.t1 (tj:i7)). is rnorlifit'rl lrr.ittt cttergv
:rclrrrrirrlatiorr tclrrr lrccarrsc it hils ir firritt'lrlrrrnc. f'or':r rorrtlol lolrrrrrr,l l'illr irrtelrrnl
(,r(,r'g1. t tlris tr,r rrr is gi|r'rr br- 18;]

,l ttt tl
. | | | ,',,1t - ,, (r, l//-\.r ) (.\ ;.]tlllll,tl

rt'ht.r'r, -\,.r' is llrt rlistarrrrc Irr:t',r,t'r,rr llrc nrcsh priirrts rrcxt to the phasc tlarrsilirirr sllr'fix'('. r\s
thc iitlLrirl a-iis irlr'ilar'er is al',virr.s locat,c<l or a rrr('slr lroirrt. \,r': 0. lrr,rrcc llrc accunurlatiorr
tclrrr is r(,r'o ilt tlrc liclrirl-gas irrlr'rlircc.

Tlrc solutiorr of tlre erluirtiorrs is carrierl orrt lrr. tlrc T!'/OPNT (:onll)lrt('r' l)r'og-1 lul. r'lriclr is

an irrrplcrrrt'rrtatiorr ol tlrt, In-lrlirl nurnclical solrrtiorr algorithrn a,s rliscrrsst'rl al-ror-c i,-ri].
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Automatic grid refinement

The Tlrl0PNT 1)lograrr is t'a1;alrkr of autorntrtic grirl rr,finemerrt. This gritl refinenrerrt is
carried out firl tri'o rcasous:

1. To obtairr a lrettel aprploxirnatiorr of the soiution of the set cif difft.r'errtial etlraticxrs
to be solrttl.

2. To inrlrror,r,sohrtiorr effir'ierrr:v. .\s the iilrl.rl,rirrr;rti,,rLs irtrlrtuve frolrr grirl to grid,
solr'ing of thc cquations bccorrrcs casier.

TW0PNT rlses t\\'o critelit-rrrs to rlete'rrrrint'u'hcther grirl rcfincrnr:nt is nec:cssalr'. '1'lu'first

rrrrt, is eilrriclistribrrtiorr of t.lte tari,u,tlorr ol ca<:h variable lrr:tr,ccrr tr,vo grid pciints (.r',, 1 ancl

.r',,). Let ,Y be orre of thc valiablcs T or )1, thcn the maxirrnrrrr r-ariatiorr r'orrstririrrt is 6ir'"11
l ,)'

r'-l,l rr-l/ lrr-\ |

/ l-l dr - C rrrax -Y* rnirr ,Y* (,\ 8)
,,' ,l"' l

u.helo rrrax -Y* and nrirr .Y* rlenote the rrraxirrurrn :rrr<1 the rnirritrrttttt value of -I at thc
corrrlrrtatiorr:rl irrterr-al. lrasr,<l ou t.he prr:u'i,ou,s t:onrrcrrgccl solutiorr. The grid refirrerrx,rrt is

a<l.justcrl lrr- selecting a 1)r'ol)ol r,aluc of (, 0 < ( < l. If the abo*' r'onstraint is not rlrct at
the irrtclr-al (.r', r.ir,), thcn a r,1111, gricl poirrt is irrtro<hu'ed ln the rnirkllt'of this intcrvzrl.

TV,JOPNT's scr:oncl critcrion is that of the rnaxinuurr r-ariation o1 r1-Y/d.r ancl is given bv

'[ |# ,,, :

t'lrere ;rls. t) tr . a ,:,, 

", 

lrt.s Ii,r'

,/ \" ,/,\ I

ri rllir\ , trritr 
Iil.l' 0.r 
I

(-{ e)

( and r7 arc 0.2 arr<l 0.5 reslrectirtlr'.
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Appendix B

Flame chemistry

ltr this:rppcrrdix the t'lrcrnical nter:harrisrrrs for tlie PIiENIIX arrrl BIG\lI\ rrrorlels is clt-
1ailetl. Sectiort B.1 t:ontairts ;r rttorlifir,d r-t'r'siorr of \ettcr's nroclcl firr tlur r:onrllrstiotr rrio<1

cling of rreat IINF 1165]. Scctiorr B.2 torrtairrs tlrr: aclrlitiorral rr:zrr:tions (olttiiirrrl froru tlrr,
(ilil-rrt,r:h [16]) that lvt:rc userl for Il\F-nrixturcs ancl Il\F-sandt'ichcs.

8.1 HNF flame chemistry

,\r. Ilc:lr:tiorr .l rt F)

lt '] l-] fr:zrl rrrolc r]

H2+N,I+I1+H+N,T
II2 Enharu:cd lrv 2.5001r*00
H2O Enharrcrxl lry 1.200E*01
CO Enharrr:r:d bv i.900tr*00
CO2 Enharxr:d lry ll.$1t1p11111

O+H2O+OH+OH
O+H:=+H+OH
O+O+N,1+02+NI
H2 Llrrharit:r:<l by 2.500E+00
H2O I')nharrtccl bv i.200Fl*01
CC) [']rrharurrrl bv 1.9001,1+00

C)O2 Illharu:t:ri bv :1.8001-*00

H+()2+O+OH
H+()2(+M)+HOr(+NI)
Low plcssulo lirnit:
Ii2 Errhanr:r:rl lrv 2.500E+(X)
l12O F)nharrcr,rl bv 1.200E+01
(lC) Enhanrcrl by 1.900E+00
C02 ErLhanrrrrl bv 3.E00E*0i)
H+O+NI+OH+M
Fl2 Enlurrrr:ecl lrv 2.500E*00
H2O F)rrlrarrccrl bv 1.200E+0l

4.57It+ 19

2.95E+06
5.08E+0,1
(t.17E+15

3.52E+ 16

-1.52E+13

0.67i-r00E-(Xi

1.721I+18

0.7

0.0
I l2(X)tr-01

10,1(X)0.0

13400.t)

6290.0
0.0

17070.0

0.(-)

0.(xx)tx)E+00

- 1.4

2
;)

1

5.

ii.

'2.t)

2.7
0.5

0

1.0

195
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Etrh;urr',',1 Irt' 1.900tr+0(l
COz Errlraru:cd lrv 3.800E+00

8. Olt+H2+lI2O+II
9. OII+H+M+H2O+N,I

H2 lirrh:urrrrcl lrv 2.5001i+00
FI2O Errhanced lrv 1.2t)0E*01
CO EnLarrcecl lrv 1.900D*(X)
CO2 Enharrccrl bv 3.800tr+00

10. II()2+O+()2+OH
11. HO2+H+H2+O2
l'). HO:+H*OII+OH
13. IIO2+OtI+H2O+()2
11. IIO:+HOz*HtO,t*O.z
r5. H202(+N{)+OH+OIl(+\,r)

I.r,w l)l |sslll (' lilllil :

16. 1I:O:+O*OH+HO:
17. HzOz*H=]II:O+OH
Id. IIrOr IH-HO2 H-
19. H2()2+OH+HzO+IIO:
'20. CH2O+M+I{CO+H+N,{
21. cH2o+N{+H2+ClO+\"I
22. CH:O+Oz*HCo+HO2
23. CH2O+O+HCO+OH
24. CH2O+H+HCO+H2
25. CH2O+OH+HCIO+H2O
26. CFI2O+IIO2+HCO+HzOz
27. H()O+N,I+H+ClO+M

H2 Enharrt:ed bv 1.890tr*00
H2O Enhilncr:<l by 1.200E+01
CO Enhaur:cd l)\' 1.900E+00
CO2 Errhance(l l)y 3.8t)0tr+(X)

28. HCO+()2+CO+H()2
29. HCIO+O+CO+OiI
30. HCO+O+CO?+H
:lr. HCO+II+CO+H2
:J2. lICO+OH+()O+H2o
lJ3. HCO+H()2+CO:+OH+II
31. clo+o+N1+C02+M

H2 Errlranr:ccl by 2.500tr+(X)
H2O Enharrrr:d bv 1.200!l+01
CO Erharrccrl bv 1.900tr+0i)
C)O2 F)nhalr:r:cl bv ;1.8t)0E+00

35. CO+02+(iO2+o
36. co+0I{+c()2+H

2.16E+0E
2.2111+22

1.75E+13
6.62tr+13
I.69tr+14
1.90IJ+16
4.20E+1,1

3.00E+11
0.25000tr-02

9.61E+06
1.r)08+13
,1.82E+13

5.80E+ 1,1

i.i,3E+33
8.25E+15
2.05E+ 13

1.81E+ l3
7.948+07
3.13E+09
1.99E+12
1.86E+17

3430.0

0.0

1.5

2.i)

7.5Etr+ 12

3.00E+13
3.00tr+1:J
7.23E+13
3.00E+13
3.Ot)E+t 3

2.51Ii+ 13

2.53E+ 12

1.1-r0E+07

0.0

0.r)

0.0
i.0
0.t)

0.0
0.(xt000E00

2.0

0.0
0.0

0.0
4.1

0.0
(.). (l

0.0
t.l

1.2

0.t)

1.0

-397.0

2130.i)

87,1.11

0.0
11980.0
.18460.0

0.29600E+01
3970.0

3590.0
7950.0

9557.1)

92550.0

69510.0
38920.0

3078.0
2000.0

-447.0
11660.0
17000.0

,110.0

0.0

0.0

0.1)

0.t)

0.0
-45,10.0

'17700.0
-765.0

0.0

0.t)

0.t)

0.0

0.t)

0.0
0.0

0.0
1.3

Nr. R e:rr:l ion Art,E
lr '] I ] fr:;rl rnolc r]
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E
cal rrrok: 1]

I
l. ']

6.03t,,+ l3
1.60Ii+ 11

6.10Ii+09
3.80F1+ 13

1.001J+ 13

1.00tr+ 13

l .90tr+ 1 1

:1.278+1'.z

1.00E+ 12

5.00tr+ l2
1.UOE+ 1 2

1 .00E+ 13

5.00E+ l0
1.00E+ 13

9.61E+1,1

1.39E+13
1.30tr+15

0.27100E-09
1.52Ft* 15

0.17(XX)tr-0-1

1.991i+12
0.392(X)E- 11

1..10t +13
1.00E 1-13

r .33E+ r3
0.893001t- 15

t.:l2E+14
2.11tr+ 13

0.:i7500 ti- 19

2.11E+ l2
7.83tr+02
t.'2,18+2:l
8.39E+ 1ir

9.03tr+ l3
9.6,ltr+t)9
1.6;JE+12

2.65tr+ 1J

3.89E+ 13

7.60E+ 10

5.508+ 13

3.72D+ 13

it

54.

,Ji).

56

it7

5E

0.0
u0
1.0

0.0
(-). ( )

0.0

0.t)

0.3

0.0

0.0

0.1)

r).0

0.5

0.l-)

0.0

0.0
0.8

0.2 r200Ft+01
0..1

0.91000E+00
0.I

0.24ti0011+01

0.0

0.0
0.0

0..10800H+01

0.L)

0.0
0.1-r.1900tr+01

0.(l
'2.8

,).,)

0.8
0.0
0.7
r).0

0.0
0.0

0.0

0.0

0.0

23(XX).0

25110.0

6280.0

0.0
2000.0

2000.0

3100.0

0.0
0.0

0.0

0.0
2000.0

3000.0
r 9870.0

118.100.t)

5ti530.0

0.0
-0.155 l0E+01

0.0

0.735208+03
-7',z1.0

-0.65300E+03

0.0
ei00.0

0.0
-t).21670Ir+0.1

i]6 f . i:;

0.t)
-0.2:J500E+04

-479.0
13730.0

23i-1.t)

t927.0
lt;]780.0
20920.0

2(i120.0

75510.0
17890.0
I5:J0.0

0.0
0.0

Nr'. Rca,r:1,iorr

:17. CO+tJ()2+(l02+OII
38. \+Ilr+H+\II
39. \+()2+NO+o
10. N+OH+N()+rI
,11. N+HO2+NII+02
12. N -Ht)r-1111.119
43. N+C02+NO+CO
1,1. \+NO-.N2+o
15. \+N()2+NO+N()
46. N+NO2+N2O+o
17. N-\ ()2+N2+O2
1,3. N+HNO+NH+No
19. \" +-HNO+\rO+It
50. \+N2O+N2+No
5i. NO+\,I+N+O+N,f

N.2 Iinhaur:t:rl bv 1.500E+t)0
(.1O.2 Enha,lt:cd bv 1.000D+01

,fl. NO+FI2+llNO+H
5;r. NO + O(+\r)+NO2(+\{)

L',s l)t',si|ltr. lilllil :

59.

60.

61.

6',2.

63.

t, 1.

ti5.
66.
(,7.

ii8.
69.

70.

71.
72

N()+H(+N,r)+H\O(+\r)
Lorv lrrcssrrrc liniit:
NOl OH(+M)+HONO(+\'r)
Low plt,ssurt, liruit:
H2O F)rrlranr:crl by 5.(X)0tr-1 00

NO+ilCrO+IrNO+Co
N()2+O+02+\O
NC)2 +( ) ( +\{) +NO3 ( + N,'I)

Low prcssurc lirrrit:
l{o2+ll+No+oH
NO2+O1l(+M)+HNO:J(+M)
I,ow prr:ssurc lirrrit :

II02+\O+\O2+OH
-\ ( )2 + Cl rl 2O+H( )NO+IICIO
N()2+I1(lO+ClO FHON()
N( ),+H(rO+II+(l()2+No
N()2+CO+COz*No
N()2+NOr+NO3+NO
NOr+NO2+2NO+()2
NFI+M+N+I{+N'I
NFI+()2+llNO+o
NH+()2+NO+OH
NII+O+NO+H
\H+O*N*OH
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llt:actiorr

7:1, NH+oII+H\O+H
74. NH+OH+N+Il2O
75. NFI+N+N2+H
76. NH+\O+N2O+H
77. NH+NO+N2+OH
78. NH+N()2+NO+HNo
79. NH+NO.:;+NzO+OH
80. NrI+NH+N2+H+II
81. )iH:+O.:*11NO+OH
82. NH2+O+IINO+H
E:1. NH2+O+NH+OH
81. Ni12+H+NH+H2
85. NIIz+OH*NH+I12O
86. NI{2+N+N2+2il
87. NH:*NO=rNNH+OH
8E. NH2+NO+N:*tl:O
89. NH2+NO+N2OlH2
gti. NH2+NO+HNO+NH
91. NI{zf NO:*N2O+H2o
92. NHjj+N,,{+NH2+II+NI
93. NH3+O+\H2+OH
9,1. NH3*H*NH:*Hz
95. NH;+OH=r)'lH:-]_ H:o
96. NHTIHO':*NllzfH:O:
97. NH2+IIO2+NHr*Oz
98. NH2+NH2+\H3+NFI
99. NNli+M+N2+H+\,I
1(X). N\II+H+N2+H2
101. NNll+NO+\:*HNo
10'). NNII+O+N2O+II
103. NNII+OH+Nz*Hzo
104. NNII+NH+N:i\H2
105. NNH+NH2+Nz*NII:
106. HNO+O+OH+No
107. HNO+OII+FI:O+NO
108. tINO+HCO+CI12O+No
109. HNO+NO+N2O+OH
110. HNo+NOr+HO\O+No
111. HNo+IINO+HzO*Nzo
It2. HNO+()2+NO+H()2
113. HNO+NII2+NO*NH;r
111. ItOliO+O+OH+NO2
115. HONO+H+H:*\02
116. HONO+OH+H2O+N02

A

lr ']

2.00Ir+ 13

5.00r,1+ 11

3.00Ii+ 13

2.94tr+14
2.16Ir+13
1.001i+ 11

1.tx)tr+ 13

5.1Otr+13
1.78tr+i2
6.6iJE+14
6.75E+12
6.92ti+ 13

,1.00E+06

7.20E+13
2.E0E+ l;J

8.E2tr+ lIr
5.00E+ r3

1.00E+ 1 3

3.28tr+ 18

2.20tr+ t6
9.40E+06
6..10tr+05
2.01F1+06

3.00ti* 11

1.ti0E+13
5.00tr+13
1.001r+14

1.00Ir+11
5.00E+13
1.tx)E+14
5.00E+13
5.(X)E+13
5.00E+13
1.81Ii+1ll
1.00E+13
ti.02E+ 11

2.00E+12
ti.02E+11
8.51E+08
l.LroE+ r 3

2.00E+ l3
I .20tr+ 13

l.20Fl+ 13

I .26tr r- it)

n,

l-l

0.0

0.5

0.0
-0. 1

-0.2

0.5

0.0
0.0

t).t)

-0.5

0.t)

0.0

2.0

0.(-)

-0.(,

-1.3

0.1)

0.0
.),)

0.0
1.9

2.4

2. t)

0.0

0.0
0.()

0.0
0.0

0.(l

0.0

0.t)

0.0
0.0

0.0

0.0

0.t)

0.t)

0.0

0.0

0.0

0.0
0.0

0.0
1.0

E
fr:almolt:ll

(.).(l

2000.0
0.()

0.0

0.0
,1000.0

0.0

0.0

11900.0
().t)

0.0
3i,50.1)

1000.0

0.0
0.(.)

0.0
2,1640.0
.10000.t)

0.0

93470.0

61ti0.0
10170.0

566.0
22000.0

0.0

10otx).0

30(x).0

0.0
0.0

0.0
0.0

0.0

0.0

0.0

993.5
r 987.t)

2ti000.0

1987.0

3080.0
25000.0

1000.0

5961.0
7352.0

135. l
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\r'. ll.c:tctiorr .l
I" 'l

1)1

IL

ll
-0.9 123800.t)lrrz

Ils
1t 1)

H(lN (+N,l ) +H +ClN( +\I)
Lori' plr,ssurr lirrrit:
H(lN+O+CN+OH
Ii(l\rO+\II+(lo
HCIN+O+NCo+H
I{C]\+OII+H2O+C\
H(lN+OH+H+ltOCIN
H(]N+OII+H+1I.\CO
HC]N+OH+NH:+CC)
IICN+H\(I
II\C+o+N1I+C]()
rlN(l+O+tl+N(l()
II-\C+OH+llNCO+H
IINC+oII+(]N+II2O
II\C-\O:*tI\Ct()+N()
IINC+ClN+(l:N:*ll
NrO(+\I)+\r +O(+\I)
[,trw lrlcssurr: lirlit:

8.301i+17
0.232008-08

2.70F1+09

3.15Ii+03
l :JlJltl 0l
:t.90tr+ oti

,.E5tr+0I
t.98H 03

7.E3_L 0 t

2.06E+ l1
2.89E+ l2
1.6011+t)l

2.80E+ 1:J

1.,'r0E* 12

1.00E+12
1.008+ 1;J

7.9 r I,l+10
0.9(x)00E-0 I

0.1ti7(X)E+01 0

1.6

2.0
,2.(i

l.E
2.1

1.0

1.0

t).0

3.1

0.0

0.0
0.0

0.0
0.0

I 10001r+01
292(X).0

1980.0

1 980.01 20.

12t.
l'2'2.

123.
t,) I

1',25.

1 26.

t'27.

I 2E.

I 29.

I:t0.

l3L.
13',2.

I0290.0
l2500.0
l00t).0
1(X )0.0

-l l l;j710.0
t).0

-221.0

3700.0
7680.0

jJ2000.(-)

0.0

;t 0 l0.t)
(-1.00000Ir+(X) -0.1i100tr+0 I

II2O I,)rrlr:rrrr:r:rl lrr' 7.;r00Et(X)
NO Errlr;rrrr:rxl lrv 2.000Ef(X)
(lO Enh:r,rrr:crl lrv 2.000E*00
Cl(): ElhrLnr:crl lrv 3.000tr*(X)
H(lN Enlrrr,nt:(\l l)1, lJ.000E+00

13:t. NrOrO-.O2+Nl
13 l. NzO+O+2No
13ir. N2()+H--l'j2+OII
13t'. N2O+OIt+IlO:*N:
137. N2O+(lO+-\:*(lO:
138. Cl\+li2+ll+HCIN
139. CN+()2+N(lO+o
110. Cl\+O*(lO+N
111. CN+OIl+NCrO+tl
t 12. (lN+OH+-\lI+Clo
li3. CIN+OH=llNClo
111. ('\+('ll2O+H(l\ I IICo
1.1i. CN+ltCO+HCN+(to
1 16. a'\ r \( ). -\('( ) r \
I17. (l\+ClO:*(lO+NClo
1.18. (lN+\Or+NCO+No
I 19. Cl\+H-\O*II(l\+No
lir0. (lN+HONO=lIC]N-tNO,
t;t. (\ II('\-H C:N,
1:). ('\'\7O. 'NCN | )'l( )

i rrr:1. cN+c\( +\1)--c2\2(+N{)

l.00lt I 1 1

1.001r+ iJ
2.2:J111 1.1

2.01)tr+ l2
:t.19E+ I I
5.50F]+02
7.5011 F I 2

l 80E+ tji
l.{)0F,+r:t
0.00E+00
0.008+ 00

4.2',2E+1:l

6.02tr+ l3
9.611,1+ 1:t

:ri.67E+0(;

1.591i+ 13

1.8 I lir+ l:l
1.201i+13
1.2 r Ii+07
3.E,'rl',+t):l
,1.6til,l+ 12

28000.0
280()0 0
rti750.()

10000.0

20330. ( )

-22:J.0

-;t89.0

0.(l
0.1)

().t)

0.t)

0.0

0.(l

12 I 20.0
2ti900.0
- 1 l:J:J.0

0.0

0.0

().0

0.0
() 0

0.0

0.0

3.',)

0.0
0.{)

0.(|

00
0.0

0.(l

0.0

0.()

2.')

0.0

0.0

0.0
1.7
'2.6

00



200 {P/'/r)/)1-\ B. 1' 1,-{.\l/-- ('1llr-1115 1'R)

_1

l' 'l L]

E
r':rl rrrcik, l]

1,,"u- 0 rti5tx)l,l 12

l.it7b'. I 12

l.8ti1!+11
L00lir 1.1

I .001,1+ I l
,'r.001'l+ Lil

1.001..+11

3.10It+1ti

0.261(X)E-01
0.0
0.0

0.L)

().0

().t)

0.0

0.5

3.0

0.0
0.0
rJ.0

0.0
0.0
i).0

0.0
1.7

- 1.7

0.0

0.0

00
0()
0.()
().()

().0

().0

0.0
0.0

0.0

0.0

0.;J t(x)ilI-01
1.1

1.Ir

1. (t

t.7
2.0

00
0.0
0.0

0.0

0.0
(1.{)

{t0

t) 000001.1+00

88E0 0

2900.()
(1.0

0.0
0.()

0.0

18300.(l

1000.0

0.0
0.(l
().0

r 5000.0
2()000.0

0.0

0.0

7ti3.0

763.0

0.1)

0.0

0.()

0.0
27820 0

0.0

0.0

0.0
0.0

0.()

150()0.0

99800.0
0.21(X)1)tr+01

E;2 1.1-)

1780.i)

1 l:J0ll.0

3800.0

2,'r(i3.0

0.(-)

29000.0
;lir()00.0

{;200.0

2:t700 ()

90110.()

i0{10.()

1;1 C,N, |O+NCIO I CN
1ir5. ClrNr+Oll+lIO('\+('N
t;{;. \('\lll. ll(\r\
li7. \('\+O+('\+\o
1,:rli N(lN+Oll+H(l\+No
Iir9. -\('-\:().r+\()+NCl()
1(;0. N(rO+Nt+\+(lO+\1

\1 F.rrh;rttr:ctl lry 1.1-r(X)B*00

l0l. N(lO+llr+I1N(lO+ll
l(i2. \('O+O+CO+No
l(i3. \clo+ lt+\ll+c'()
l(;1. NCIO+OH+NO+(lO+II
165. \('o+oH+\orllc'o
l(i6. Nco+()2+No+(rol
167 \CO + ('HrO+IIN(rO+ll(lO
ItiS. NCO+HClo+H\ClO+('o
169. \C'o tNO+N2()+(lo
I70. \(lO+NO+('O:+\2
I71. i{('()+\or+co+2No
172. NCIO+\Or+CO:*\:o
173. \(rO+HNO+lIN(lO-1,\o
17-1. \(ro+Ho\o=ll\clo+\or
175. N(lo+N2O+N:INO+(ro
i7(;. \('o+c'\.rN(l\+clo
177. 56y111-\(tt )3 \: *2('( )

17S. -\('( )+N-.N.r l (r()
l7!). (lNO+o+Co+\o
1E0. ('\o+,\or+(lo+2No
1Sl. (t\or-\:o-\r-('()+\o
ls2. Il\Cl()(+\,i)+NII+(IO(+Il)

l.,,rr l,',.:rtr, litlrit'
l8;J. IINCIO+O=(lO:*Nll
lE1. II\C'O rO=OH+\(ro
185. IINCo j O+llNO r (r()
lsti. II\C'O III=NH2l (lo
187. II-\(lO+OlliII:o+\(lo
lEii. IINC'otCN+H(lN+NCo
189. IlNCro+Hor+\('o+tlroz
190. H\(rO+O.r+IINO+ClO)
191. ll\('O-'\ll!+\ll,r51'11
192. IIN(lO+NII+\ll2+NClo
19;t HC'\O+O+H(',O+No
l9l. H(lNO+OIi+II(lO+ll,\o

7.60Ii+02
2.()0E! 1:i

5.0011+ 1J

I.001.1+1:l

5.00F,+ I2
2.{)0tr+ l2
(i.02tr+ 12

3.61tr+ l:t
t, 20E+ 17

7.80tr I l7
1.39tr+ l:]
t.L7E+ t')
r .811,,+ l3
:t.(:,1l',I i2
9.0 3I,t + 13

t.i3ll.l+13
I .00Ii+ l3
2.001i- I3
1.001t+ 13

l.(l0l.l+1:i
1.(X)l.l+12

6.001,r+13

0.27(i(x)F,- I l

9.6 1I,l+07

t,.(;7tr-0 I

1.58F]*Oli
2.2011r(17

6.38E+05
I .ir I E+ l:l
:1.00E+ I l

l 00E+ 12

:,.00E+ l2
3.00E+ l:t
1.00E+ l2
I Ot)Ir+ I3



Lt.2 20I

1

L. '] t r r ilr-'

Il('\O+OH3('\O+H2o
I 1('.\ ( )+CN+ I I (lN+ClNo
HOCN+H+IIN(l( )+I{
II()( l\+OII+N(l()+I12o
HO('\+( )+\('( )tOH
Hr('\+\1+II('\ I ll+\,I
H2(tN+NO+IICTN I ilNO
H2(lN+N()2+IIC]-\ I IIONO
N2FI I+NI{2+NII2
2-\\-1.= I \Or +H j( )+ Nr*6'O1( l( ).:

2H \-\ iI i. I N O+2(l( )+.1IJ2 O*2\: ( )*N: *iI:
2HYNIf +.lNO+2(r(),+ lFI,O+3\ , +tI.)

1.001i I l2
1.001.+I2
2.(X)1, I07
6..101,,+0i)

1.50Ii t0l
1.00F,+ r7

1.00F,+ r I

r.00t,+ I I

E.00E+ l:J

1.00E+2;
;J.00E+ 1;l

1.50E+1,')

1.35E+1ti
1 .0()E+ 12

8.00E f 1:l

l.:l;E-1{i

{).1)

0.0
2.0
2.0

2.t)

0.0

0.0
0.0

0.0
().0

0.0
0.()

0.()

0.0
0.t)

00

2000.0

2000.0
2(XX).0

2560.0
l()()0.()

:t0000.()

:t(xx).0

I(X)0.0

5;0 10.0

10000.0

3,'r(X)0.t)

15(X)0.0

2ti700 0

2;000.0
;50 10.0

2(i7()0.0

N:Hr*2N( ): +H2O+\()+\2
H\'\F+\,tl r +HO\O+\rO+O,+(lo
\2H I =\ll:*_\H:
\21I1+2N()2 +I12O+NO+N2

R.2 GRI-mech flame chemistry

Nr. Ilt':Lct iott

20E. O+(lll+H+(lo
209. O+ (lllr+Hrll('o
210. O-('ll:(S)*II.l'('o
21i. O (',rrr(S)+II+ilClo
')l'). O+(lll;r+II+(l1l.r( )

2l:1. O+ (lll r*OII+CIl:r
2l l. O+C'llroll+OH+ (lllro
21;. O+(lllrO+OII+Clllzo
216. O+(.lII:ioll+OH+(lllrOH
2l7. O+Cll:rOIl+OH*(rll:ro
218. O+Crll+(ll1+Co
211). O+C2llr=ll+lICl(lo
220. O+C2Hr-OII+C2H
22t. O+C2I12+(lO+CIII
222. O+c2II j+ll+CIIr(',o
221. ()*(':IIr-('ll,r+IIC'O
2'2L ()+(l:H.*(rl[:r*()Li2o
'225. O+(12H(j+OII+Cl:H;
226. O+HCCO+rr+2Co
227. O+(',I{rCO+()ll+HCC()

5,701,1+ l:t
8.001, r 1;j

1.5t)lt+ l:J

1.50I-+ l:t
E, 13tr+ l;t
l.t)21,1+09

l 00tr+ l3
1.00E+ l:t
;J.EStr+0;
r.:J0tr+0.-,

;.00E+ 1:J

1.02E+07
LU0E- 19

l 02l-,-07
:t.001,1+ 13

r 92l,l+07
i :t2I.l+11
8.liri1. +07
1.(X)1.,+ r.1

1.(X)li+ I 3

0.0

0.0

0.0

0.0

0.0
I .,r-r

0.0

00
2.i
2.tt

0.0
2.0
-i.l
2.0

0.0
1.8

0. t)

1.9
().0

0.0



APPI]NDII B. TI,- \.\1E C:IIE.\IISTIT)'

2'28. O+CH2ClO+CH.:*CO:
2'29. II+2O2+H()2+C)2
230. H+O:+ll.:O*HO:*lIzo
2:il. II+O:+N23HOr*\:
2:l2 2iI+Il2+21i2
233. 2H+l12o+l12+Il2o
')31l. 2H+('( ):-Hz +ClOz
2:Jit. H+H02+O+H2o
236. H+(ltl+C+H2
237. H+Cil2(+M)+(lllr(+N,I)

Lorr 1,tr.:srtrr. littt it :

H2 I-lrrlrarrcerl lrv 2.0(-)0E*00
H2O Llrrhanr:t)(l l)\' 6.000E+00
CIl,1 Errhanr:r:rl lrv 2.000tr+(X)
(lO ljnhanr:rxl lrv 1.500tr*(X)
CO: Enlialr,t'rl try 2.000E*(X)
(l2l{6 Errharrccrl lrr' 3.000}i+(X)

238. r1+CrH2(S)+CII+H2
239. 1l+cH3(+M)+CH,r(+NI)

L"\\ Pl.ssllll' lilllil :

I12 Enharrct,rl l)y 2.000Ir+(X)
H2O Enha,ru t:rl 1r1' 6.0(X)E*00
CH1 Etrha,rx:crl by 2.()00E*00
CC) EnLarr<,<rrl bv 1.5(X)11+(Xl

ClOz Enlrarrtr,<1 bv 2.000tt+00
C2H6 F,rrlrarrt errl bl' .J.(X)0E*00

210. H+CHr*(.lHr*Hz
21). H+HCO(+M)+CH2O(+N,I)

Lu\r l,l ('sslll (' lilllil :

H2 Errharrr:cd by 2.0(X)E+00
I{2O I-lhanccd l)\' (j.(X)0E+0t.)

CH.r llnhanced 1rr.' 2.000E+00
CO l,lrrlrancerl lrv 1.500E*00
CO: Flrrhanc:r)(l l)v 2.000E+(X)
Crllr; Errharrtr:tl lrv 3.000E+(X)

242. llt('ll2o1t\11 {'H,oH1 \1)
l,,,u 1rrr.ssrrr',' Iirrrit :

I12 Enhzrn<:rrrl l)v 2.000tr+00
I12O Errharrct,rl lrv 6.000I,1+(X)
(llIr Errharrcc(l l)v 2.000F]+t)0
(lO Errha,rrr:rrl lrv 1.500E+(X)

ClO.: Errhanr,r:rl lrv 2.00011*00
Cl,Ho EttLatrct:rl by il.(XX)li+00

2.13. tI+cIIzO(+rI)+CH;jO(+N,{)

1.75E+ 12

:J.00E+20
9.38E+ 1E

3.75E+20
9.00tr+ 16

6.00E+ l9
5.50E+20
3.97tr+ r2
1.10E+ 14

2.50E+ 1[i

0.32000I.1+28

0.0
_1.7

_0.8

-1.7
-0.(,
-1.2
_'2.t)

0.0

0.t)

0.8
-0.31100E+01

135r).0

0.t)

0.0

0.0
0.0

0.0

0.0

ti7 l.i)
0.0

0.0
0.12300E+0,1

3.(X)tr+13
1.27E+16

0.2-1770tr+31

0.0
-0.6

-0.4760t)E+01

(). (l

3E3.0

0.24400It+04

6.60E+0E
1.09E+12

t).13500tr+25

1.6

0.5
-0.2570011+01

108 10.t)

-260.0

0.14250E+04

5.,1011+11

0.127(X)E+33
0.5

-0.48200E+01
3600.t)

0.65300E+0I

5. tt)E+11 0.5 2600.0



20tJ

E
Ir::ll rnolcr

l,orv prt:ssulr: lirrril,:
II2 Enha,ltrrl by 2.000tr+(X)
ll2O Errh;r.ru'cd bv 6.(X)0E+00
(lll r Errhir,rrct:rl bv 2.(XX)E*00
CIO F,rrlrarrr:rrrl bv 1.5(X)E*00
C02 Hnlrarrrlrl bv 2.(X)0E*i)0
C,'31 [1; Enharrccrl lx' :J.(XX)E*00

H+('l12OII( +N'I)+Cll l:rOH(+M )

Low 1>r'crssulr: lirrrit:
H2 I')rrlur.rx rrrl lrr, 2.0(X)I.,+0u
I12O l'iuh:rru:crl 1rv ti.(XX)Fl*0fl
C)H,1 Iirrlrarr<rrrl lry 2.000I!+00
CIO I,lnharrr:crl lrr' 1.5t)0li+00
ClO2 IirrLarrcrl lrv 2.0(X)l.l+(X)

C2H1; Iirhillr:rrl 1r.v 3.000t!*00
u+clFI2oH+tL*cH:o
fI+CIlr()II+Oll+CH3
H+CIt2OH+CtIr2 (S) +H2o
Il+ClH:rO ( +N,I) +(rll;rOII ( + NI )

l-orv plr,ssu.r'r: linril :

FI2 Euha,rrr:r:d bv 2.(X)OE+(X)

II2O Errlrarrr:cc1 lrv 6.000E+00
C)H I Errlrarrccd l)1' 2.000E+(X)
(rO Erha.rrcccl bv 1.,')00E+(X)
()()2 Enhanr:ort bv 2.000E+(X)
()"111; Elhancr:d lrr' ;:i.000E*t)0
II+(lIl3O+11+CH2Otl
II+()II3O+lIz*CH:o
lI+ (lII3O +( )l I+Cl11:r

H+(lHrtO+(lH2 (S)+ll2o
H+(lHrOH+(lH2OFI+H,
H+ClHjtOH+CrHrO*l{:
H+(l2II( +\1 ) +(l2II2 (+I{)
Lorv plr,ssurc Iirnit:
H2 Firrlrarrccrl l)v 2.000Fl+(X)

H2O Iirlurrrccrl lrr' 6.iX)0]i+00
(lH1 linL;urcrorl lrv 2.0001!.l 0t)

CIO Errlr;urcocl l)y 1.500F1+(X)

CIO: Flnlr;rrrrrr-.(l l,\' 2.000F]+00
(lrHo I'lrrLarxrcrl lrv 3.00011].00
II+C2 ll2 ( +N,1) +(12II3 (+\,'l )

Lon plcssrrrc lirrrit:
112 Errhlrrcctl l)y 2.000tr+(X)
I l2O Errhrr,rur:d l)y li.000l']+(X)

0.22(X)0 t,1+i|1

I .E0E+ 13 0.0 0.0
0 30(x)0E+ J2 -0..180(x)tr+0 r 0.330(x)E+0J

245.
2,16.

'217.

248.

2.001.1+ 13

1.20ti + 13

6.(X)ll+ 12

5.00Ir+ 13

0.86(X)0lr+29

().0

0.0

0.0
(.). ( )

-0.l0txX)lr+01 0

0.0

0.1)

0.0
0.0

;|0250E+01

:]..10tr+0(i
2.00E+ l;J

3.20E+l:t
I .60E+ 1;rl

1.70E+07
1.20E+0ii
1.00E+17

0.:J7;00tr+3 1 -0

1.ti

0.0

0.0
0.0

2.1
'2.1

- 1.0

180(X)tr+01

().0

0.0
0.(l

0.t)
.1870.0

1870.0

0.0

0.190(x)ll+01

5. ttO t.l+ 12 0.0
0.3800011+41 -0.727(x)l,l+01

2100.0

0 72200E+01

0.55(;(X)E+01
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Nr'. R.e:rr:tiorr

257

CH.1 Errhanr:r:rl bv 2.000tr+00
CO Errharr:crl bv 1.500tr+00
CC)2 Enhiurr:c(l by 2.tX)0E+00
Cl:Hc Errlrturr:oc1 by 3.000E+00
II+C2H3 (+NI) +C2H 1 (+M)
Low prcssulo linrit:
H2 Enharrr:c<l by 2.000E+0t)
H2O Enhzurrr:cl bv 6.000E*(X)
()i1.1 Enharu:r:cl bv 2.000E*0t)
CO Errharrcccl bv 1.50UEt00
()O2 Errlurrrced lrv 2.000E+(Xl
Ci2H6 Errharx:ed lry ;1.000E*00
lI*CzH:r=rHz+C2II2
II+C2H 1 (+M) +C2H5 (+N4 )

Low prt,ssurc lirrrit:
H2 Enhirrrcecl lrv 2.0tJ0E+00
H2O Enhanccd lrv 6.000E*00
CHl F)rrlrarrccd lrv 2.000F1*00

CO Errharrcerl lrv 1.500F1+00

CO2 I!rrhir,rrurrl lrv 2.000E*01-)

C2H1; Enhart<:t:rl by 3.(XX)E*00

6.USE+ t2
0.14000E+31

0.3
-0.38600E+r)1

E

[r::rI nxrkr

280.0

0.33200E+04

il

l' tl
't l,

I

258.
259.

3.00]r+13
1.08E+ 12

0.12(XX)tr+,13

().0

0.1'r

-0.76200F]+01

0.0

1820.0
0.6970Otr+04

260. H+(l:Hl*C:II:r*H:
'2(t1. H+C2H5 (+N,{) +C2H(; (+N,I)

L('u l,r'cs5ur'(, lililii :

H2 Errha.rrtr:rl lrv 2.(XX)E*00
H2O Errharrr:rrrl by ti.00t)E+00
CFl.1 Bnhzirr:cd bv 2.(X)0E+00
CIO Flnhnlcc<l bv 1.500E*00
CO2 Enh:rru,trd br; 2.000E+00
()2H1; Errhanr:cd by il.000Ei(X)

262. l{+c2II5+H2-t-Czll r

263. H*CzHr;*Cl:H;*II:
264. 1l+HCCo+CH2(S)+CO
265. II+CH2CO+HC()O+H2
266. H+CH:CO*CII:r+CC)
267. H+HCCOH+Il+CI12CO
268. H2+CO(+M)+ClH2O(+M)

l.uu 1'r,'ssrtr'" lirrril :

H2 Enhalced bv 2.000E*liu
H2O Enhanrx:<l lrv 6.U00E 1 0t)

CHl Enhanr:crt lrv 2.00011*00

CO Enhancr:rl lrv 1.500tr+00
C()2 Enhanr:r:rt by 2.000E*00
C2H1; Errhartt:o(l by 3.(XX)E+00

1.32E+U6
i:.21E*17

0.19900E+ 12

2.5
_1.0

-0.7r)8(x)E+01

122.10.0

1580.0

0.66850r,1+0,1

2.00E+ 12

1.15E+08
1 .00F1+ 1 4

5.001.1+ 13

1.13L+13
1.00F1+ 13

,1.3011+07

0.507(x)E+28

0.1-)

1.9

0.t)

0.t)

0.t)

0.t)

1.5

-0.34200]J+01

0.i)

7530.1)

0.t)

80it0.t)

3128.t)

0.()

79600.0
0.8-1350E+05



R.2. (;Rt)tE(',H Fl { tIE ( HE.,\1l.5llt) 201

E
ttr olr'

269. OII+(l+II+(lo
270. OH+(lll+ll t ll(lo
271. OH+Cl12+ll tCI12o
272. OH+(lll2+Clll+l12o
273. Oil+Cil2(S)+il+Cl12o
27 1. Olt+Cl l:r(+N4)+ClH:rOH(+N,1)

l,r'\r I)l|ssllt(' lintil :

5.00E+13
3.00E+13
2.U0E+ t 3

1.13E+07
3.00Fr+ 13

ti.3011+ 13

il.27tX)0F-l+:Jl)

0.0
0.0

0.0
2.0

0.0

0.0
0.63(X)0lr+0I

i l,).

zt\).
277.

2 7E.

279.
2E0.

281 .

282.
283.

2E4.

285.

2Eti.

287.

288.

289.

290.

291 .

'292.

29:J.

29 l.
'21)i.

296.
'297.

29E.

299.

300.

301 .

J02.
1t03.

II2 Iinlr:rrrrrrrI lrv 2.000E*01)
Il2O Iiuha,rrrr:rl bv 6.000tr+0t)
(lllr Iirrlraur:rrrl bv 2.000E*00
(lO Drrlrarrt:crl lrv 1.500E*00
C'O2 [irrhrrtu:t:r1 lrv 2.000tr*00
(1,H1; Firrhant:od hv 3.000F1*00
0FI+(]H:r+CHI*II:O
OH+(lII:r+CHr(S)+H2O
Oii+CH r *CH. *I{2 O

OHtCTH:OII*H:O+CH:()
OH+CHjrO+I12O+CrHr()
OH+ Cll,r OHSClHr ( )Fl + I i2 ( )

OII+ClH jOH+Crll:r ( )* 11.:( )

OH+(l2H+H+ll(l(lo
OH+Cl2 Hr +l I+(ll I2 ( lo
OH+Cl2Hr+11+ll(l(lOI I

OH+Cl, I I.r+(12 I I +l 12( )

oH+cl2lI2+CII,l+(l( )

OH+(l2l t:r+1 12( )+(12tll
OlI +(l2lI r =(lrI I rtll:()
( )t I +(l2 l l(;+(1.: I Is l tl:o
otII Clt2Co+llCCo+H2o
I I( ).r tCII2+OH+Cll l2o
II()2+(lllrJ+Oz*Cl Lr

I I( )r+( I I I.r +OH+ClH:rO
cl ror+o+(.lo
('+('11:-H+C:H
C'+C'H:r*H+C:H:
c'H+()2+o+HClo
(riI+IIr+H+CH2
C'H+H2O+I1+CH2o
CH+CIII:*H*C:H:
CIH+CH3+HlClH:r
CIH+CHt=rH*C2H I

cl{+co( -\1)+11(l('o( + \1 )

Low prr:ssrrrr: Iirrrit :

H.r ErrlranccrI l,\' 2.000i',+00

;.60t,,+07
2.50li+ l:i
t.(x)l,l+08
l-r.(X)ti* l2
i).0011 I 12

1..14tr+06

6.30E+0(i
2.tx)lJ+ 13

2.18tr-04
5.0.1E+05
3.37E+07
1.83E-01
5.00E+ 12

3.60r,-]+0ri

3.51F,+oii
7.50t,+ r 2

2.i)01.,+ l;J

1.001,.+ I2
2.00Ii I l:l
r).E01,+ 1;J

;.001,,+ l;l
;.00Ii+ 1.J

3 :tOl,l+ l::i

I .l ll.l+08
l 7 LI.l+ l:J

l.0t)1,,+ l.l
3.00F1+ 1 3

ri.00E+ 13

5.00E+13
0.26900E+29

-1. U

0.(l

1.ti

0.0

0.{-)

2.0

2.t)

0.0
,1.5

'2.J

2.0
.1.0

0.0
2.0
'2.1

0.0

0.0
00
0.0

0.0
0.0

0.0

0.(l

1.E

0.()

0.0
0.0

0. t)

L). l)

-0.37,100E+i)l

5,120.t)

0.0

3120.0
0.0

0.0

E 10.0

1 i00.0
00

- I(X)0.0

1;t500.0

I 1()(X) (l

20(x).0
0.0

2,-r(X).0

E70 0

2000.0

0.0

0.0
0.0

576.0
0.0

0.t)

0.0
1ii70.t)
- 75 5.0

0.0

0.0

i).0

0.0
0.19:lti0Ll+0 I
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Nr. R.cix:tiorr A rt, l')

lr '] t-] fr:al ruolc II

30.1.

305.

306.

307.

:108.

:109.

3 10.

31 1.

II2 llnharrt:t:<l lrv 2.000E+00
Il2O Illh:r.rrtrr(t l)y ii.000tr+00
CH.1 Eulr:urr:crl lrv 2.0(X)E*00
C'O Errllurr:rrl lrv 1.500Ef00
COz Errhanar(l l)y 2.(X10tr+00

C2H6 Enlraru:t:rl lry 3.(X)0E+00
313. CII2+HCCO+Cl2Hr+Co
311. CH2(S)+N2+CtHzfN:
315. CH2(S)+()2+Il+OH+Co
316. CH2(S)+C)2;=:CO+H2o
:117. CH2(S)+H2+CHr+H
318. CH2(S)+H2O(+M)+CH3Orr(+M)

Low pressure linrit:
H2 Enhzurced by 2.000E+00
H2O Errharrccd bv 6.000E*00
CH1 Errharrccd bv 2.0U0E*00
CO Errlrturcerl by 1.500E+00
(()2 Enhalt:ed by 2.000E+00
(lrHc Enhancql bv 3.000E+0t)

319. CHr(S)+H2O+CH2+H2O
320. ClH2(S)+CH3*I{*CzH+
321. CH2(S)+ClH,r+2CH3
322. Cilr(S)+CO+CH2+CO
323. ClH2(S)+C()2+CH2+C()2
:]21. ()I12(S)+CO2+ClO+ClH2O
:125. CH2(S)+C2IIc;rClII:r+C.t Ho

326. CH:r*Ot *O*CFI:ro
:127. CH:r+O:*OH+Cflzo
328. CII3+H2()2+HO2+ClHr

H2O Enhanr:erl lry 6.(l00Flf(X)
CH.1 Enhancud bt' 2.t)00E+(X)

CO Enhzrrxrt:<l lrv 1.500tr+00
C02 Enhzur<r:d bv 2.000E+00
C2H6 Errhan<:cd l)y 3.000F1+00
CH+CO2+HCO+CC)
cH+cH2o+H+cH2co
cH+IICCO+CO+C2H2
CHz+O:=]OH+HCO
CH:*Hz*H*CHs
2CH2+H2+C2H2
CI{2+CH1+Hf C:H+
(llI2+ClH1+2CH.l
(lI{2 +CO (+M) +ClHrClO ( +M)
[,ow yrrcssrrrrr iirnit:

3.40E+12
9..1{iE+13

5.00Ft+ 1 3

f .il2Fl+ I 3

5.001,1+05

3.20F,+ 13

.1.0otr+i3

2.168+06
8.10tr+l l

0.2ri900D+34

3.00E+13
1.50E+13
2.80E+13
1.20E+13
7.00E+13
2.00E+13

0.270(x)E+lt9

0.0

0.0
().0

(_). (_)

'2.0

0.1)

0.0
2.0

0.ir
-0.51100Ir+01

690.0
-515.0

0.0
1500.0

72:10.0

0.i)

0.0
8270.0
4510.0

0.7095Otr+04

0.t)

0.t)

0.0
0.0

0.t)

0.(l
-0.63000tr+01

u.0

ti(x).0

0.0
0.0

0.i)

0.t)

0.31000E+04

3.Ot)E+ 13

1.20E+13
1.60E+ l3
9.00E+12
7.00E+12
1.40E+13
4.00tr+13
2.688+13
3.60E+1t)
2.45E+04

0.t-)

-570.0
-570.r)

0.0

0.0
0.0

-550.0

28E00.t)

89 10.0

5 r 80.0

0.(l

0.0
0.0

0.0

0.0

0.0

0.0

0.0
0.0
2.5
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:i'29. 2Cil:](+N4)+C2H6(+M)
L,'u I'l{,s:lll( li]ltil:
H2 [.irrLarrc:crl lry 2.(X)0tr*00
II2O Errh;llcurl by ti.000E+(X)
CH1 f,rrharrt:t:rt lrv 2.(X)Otr+(X)

CO lirrltltrtrrrl lry 1.50t)E*0t)
C02 lLrrh:urr:r'rl br' 2.00(lE*00
C:Hr; ]}rltrrr:crl by ll.0tX)E*(X)

330. 2CH:t+1I+Cl2tlr,
331. CHB+ll(lO+(llIr+(lo
332. CrH:r*(rH:O-l{C)O+(1H.1
333. (lII:*(llI,rOH+CH2Oll+CHl
33.1. (lI13+(l113OH+ClH3O+ClHr
:]35. (tHr+(t2Hr+C2II3+CII.r
33ti. (lII3+(l2l16+(l:lL,*CII 

r

337. tlCO+II2O+HlClO+H2o
:J38. ClH.:OH+O:*HO2+CH2o
:t:Jg. CHjO+()2+HO:*CH:o
:ilO. cl2tI+o.r+HCo+cto
:tt1. (l2iI+II2+II+(l2l12
:1,12. Cl2H3+O2=HCO+ClH2o
it1;t. (l2ll 1(t\1);rIl2+(lrH2(+N{)

L(,u l)l ('sslll I lilllil :

H2 Iirrlrarrr:r,rl br. 2.(X)0Er00
H2() Enharrr:cd bv li.(X)0E*0t)
CH.1 llnharrr:crl bv 2.0U0E*(X)
CO F-lrrharrr:rrrl 1))' 1.I)00tr+00
C02 Firrharurrrl bv 2.000E*(X)
CzH6 llnlrtrru:crl by iJ.(X)0E+00

34.1. CzII;+O:*1IO:*Cl:IIr
315. HCCO+(-)2+OII+2Co
346. 2IICCO+2CO+Cl,IL
317. N\H-.-\2+H
3-18. N\H+()2+H()2+N2
3,19. NNH+O+OH+N2
350. N-\H+O+\HrNO
351. NNH+(llI3+CllIr+N2
:152. II2CN+\+\:*CrH:
:1i3. (r+\2+Cl\+N
:i51. Clll+N2+HCN+N
:i55. CrH+\2(+\1)+HCrN\(+\1)

1.,)\\ llr( ssuIr' linlil:
II2 Flrrharrccrl bv 2.[X)OE+00

H.,() Errlr:rrrct,(1 1)y (;.00(ll'l+00

2.12E+16
0.1 7700tr+5 l

620.t)
0.62200E+01

.1.99F1+ 12

2.651r+ 13

3.32tt+03
3.00t1+07
1.00F1-r-07

2.27Ei0it
6.11E+(Xi
2.24F,+t8
I .80E+ 13

1.28E- l:J

5.r)OE+13
1.07E+05
3.98tr+12
8.(X)E+12

U.7(X)t)oE+r I

0.t
00
2.8

1 .1-r

1.5
'2.t)

7.7

- 1.t)

0.0

7.6

0.u
'2.4

0.0
0.1

9:i 10Otr+01

t).0

0.0

0.0
0.0

t).0

0.0
0.0

0.0
u.0

0.0
1.1

0.1

0. jt1(i00E+01

10600.0

00
58iio.0
9940.0

9910.0

9200.0
10150.0
1 7000.0

900.0

3530.0
1500.0

200.0
,2.10.0

E8770.0
0.{)1)8(i0tr+05

3875.0

854.0
0.0

0.0

t).0

0.0

0.0
0.0

100.0
,1tiO20.0

20400.0
0.0

0.71t)t)08+0lt

8.40I,1+ 11

1.Li()ll+ 12

1.001i+ 13

3.30E+08
;.0U8+ l2
2.501.,+ 13

7.00F, t 1:l

2.5tiE+ i:l
i,.001,1-t- 13

6.30E+ L;J

2.86E+08
3.10E+ l2

0.I:t00t)F,+2(i
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Nr'. Rr:zu:tiorr A

lr ']

rtE
l-] lr,a1 rrrolt, r]

356.

,)i) / .

358.

359.

3ii0.

361 .

3ti2.
3ri3.

3ti4.

Stii-r.

J66.

367.

3eiE.

rlti9.

370.

,\t t.

,) t,).

,) / i).

376.

378.

379.

380.
381.

382.

CiH1 Errlutrccrl liv 2.000U+00
C)O Elhan<ccl l,v 1.5t)t)I'j+00
C()2 Errlrarrccrl lrv 2.0(X)Fl*00
C2H1; l-rrh:urt:t:rl Irrr 3.(X)0E*(X)

CH2+N2+II(lN+NH
CH2(S)+N2+NII+H(lN
c+No+cN+o
c+No+co+N
cH+NO+IiCN+O
CII+NO+II+NCO
CFI+NO+N+LICo
CH:+NO3H+H\(lo
CH:*NO*OH+I1(lN
CTI ,+NO+H+HCNo
clrrr(s)+\o+H+rrNCo
( ll,lS)+N()j()ll HC\
C]I12(S)+No+II+IICNo
(lll:r+NO+HCN+HrO
Cll13+NO+H2ClN+OH
H(rNN+O+CO+H+\2
lICINN+O+IICN+\O
II(lNN+()2+O+IICO+N2
IICNN+oII+H+HCo+N,
IICNN+II+CFIr}\:
HNCO+OH+Nil2+CO2
HCNO+H*II+IINCo
HCNo+H+0H+HC]\
HCI\O+H+NH:*Co
HCC]o+NO+HCINo+CO
CH:r* NSHz(lN-l-II
CH3+N+HCIN+II2

1.00F1+ 13

1.001i+ 11

1.90E+13
2.90F1+13

5.0t)1,,+ 1 3

2.00F1+ 13

3.00t1+ 13

3.10E+17
2.90E+14
3.E0E+13
3.10E+17
2.90E+14
:J.80E+ l3
9.60E+13
1.00E+ t2
2.20E+ 13

2.00tr+ l2
1 .20E+ 1.1

1.20E+ 13

1.00E+ I 4

1.55E+ 12

2.101,1+15

2.7011+ 1 1

1.70E+11
2.35It+13
6. I 0lr+ 14

3.7011+ 12

7.10(X).0

65(XX).0
().0

( ). (.)

0.0

0.0

0.0
1270.t)

76ti.0

580.0
12 70.0

760.t)

580.0
2E800.0

2i 750.0

0.0

0.0
t).0

tj.0

0.0

6850.0
2E50.0

21')t).O

2890.0

0.0
290.0

-90.0

t).0

0.0

0.0

0.0
0.0

0.t)
().0

1.1

0.7

0.4
- 1.1

-0.7
,0.1

0.0

0.0
0.0

0.t)
(-).0

(-).0

0.0
0.0
,0.7

0.2
-0.8

0.0

0.3
0.1



App"ndix C

Glossary

C.1 Glossary of terms
o Binder: 'l'lu'binrlcr'llor-irll,s 1lr(,stl'uctlll('ol rrratrix irr r,r,hich solirl glarnlal irr-

glcclierrts (lill,oxirlizt'r'r'rlstals) llr,hekl togt'therr in:r cornlrositc lrlopt,llarrt. I'irc
plastic-lilic rit rulrlrt'tl otgartic lritrrlcl tttat<:r'ials ittc also frrr'ls iirl thr'1lopellant. lrrrl
alt' oxitlizcrl lx' the ori<lizt'r clercorrrlrositiotr plrirlucts. C'rrlirrg irg,ents ol r:r'oss-lirrlicrs

;rrc uscrl to firlrrr lorrgcl clrairrs ol llrr, plr'lrolvrrrt'r' lrirrclel rlolccrrlcs. 'I'ht'r'rrring agcrrt
is the irrglr,rlilrrt that ciruscs the lrirrrlt'r to solirlifr- ilncl lrr,< orrrr' hiilcl. Oltcrr a lrlas-
titizel is arlrk,rl tri irrrplort tlur m<r:h:rrricirl lxolrcltics of tlr, lirral prolrt'llarrt (highcr
clorrgatiotr). ,\ lrlastit:lzcl is a 1ol- r-iscositr-liqrrirl irrglerlient thirt rrlso violrls it klu.r'r'

< :rst irrg vist:osiIr'.

o Differential scanning calorimetry (DSC): Thc rlill'erential scarrning llktirnetn'
tcclrrrirlue allol's to rrrea,sllr'('r,rulotlrcrrrric ancl t,xotlrclrnic lrcat flol's to arrrl trorn a

sarrrlrlr', lvhilr: i1 is sLrb.jcctcrl to il 1)roglirrrrrrrecl tcrrrlrclatLrrc r,rrvclolrrl (t'.g. lirrcarlr.
incrr';rsirrg l'itlr tcrrrlrelatrrlr,). The lrcat florr'is rrrr,:rsrrrr,<1 :rs a rlifli,rcnr:e witlr r'('s1)e('t

to tlrilt of a sarnlrlc n'ith lirrou'rr llopr:rtics. DSC allrxvs to r'letclrrrirrt'e.g. r,vrtlrt'r'uric'
rleconrlrrisitiotr. rurrl latetrt hclrt rif phasc trlrrsitiorrs.

o Friction sensitivity: Thc llictiorr scnsitilitv cil a rrraterial is u nreasrrrc of tlrr:
sr:nsitivcrrcss ofa rrratclial to fri< tiorral stirrrrrli. Thc rrralr'ria1 to lrt'tcstcrI is lrllccrl orr

a movirrg lrolcclair lrlatr, (25 r 2Ir x 2o mrrr'i). ,\ fixcrl porcclain pil (10 rrrnr diarrrt'tcr'.
15 nrrrr lt'rrgth) is lilr:ssccl to tlrc polcclairr platc rr"ith tlrc rrratr,rial ill l)ct\\'c('rr. 'l'ho

Ioa<ls ou tlrr, peg carr lrc set lx' tlrr, llicrtiorr irl)l)aliltlrs. '['lrr, lirnitirrg loarl is tlt'firrr,<l

as the Lru'r,st lo:icl lt rvlrir'h arr "r,xlrltisiorr" is olrserr,ecl at loast orre out oi at least sir
trials. l'ol rrrole iufirrrrltron sr,r' llci. 1152].

o Impact sensitivity: 'l'lrc irnpact scrrsitivitv ot a rrrak,r'ill is a rne:tsrrrc of the scrr-

sitir.r,rress ol solirls arrrl lirlrrirls to rholr l'eight irrrpar:t. Thc rrraturial to l)('t<-.ste(l is

srrlr.jt,c'tcrl to tlrt,irnpalt o1 a fallliarrrrrrt'r'rvith a ccrtain n'r'iglrt florrr a slrccifir'hciglrt.
'l lrl irrrpact st,rrsitilitv is cxprcsscrl irr .loukrs (llrr, prorluct ol tlrc falllrarrrrrcr wciglrt
irrrri Iirll heiglrt). The lirrritirrgirrrpar'f ('n{,rg-}'is rlcfirrcrl as tlrl loutst irrrpirct errerg\'

u'lriclr nrsults irr an "t.xpIosion" irr r1 lr,ast orrt'orrl of at lr,ast six trials. liol nrort,
irrlirlrrratiotr scc ltr.l'. l1a2].

209
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Solid load: A r:ornpositt'popellarrt is forrnerl ot a hetorogclrcous rnixtrue ttf ttrt:
lirpri<1 prcpolvrrrcr ancl solirl rrraterials likc the oxidizer arrrl rrretal fuel ingreciierrts.
'['lrr: solirl loa<l is rlefirrorl as the tota,l arrrorttrt (teight petr:t'tttagc) of solirl rnatct'ial

l)lcserit in tlu,r'ornpositr'propellarrt. For rnost yrropcllants thc rrrAxinutttt pcrfbrrttatttc
is obtairreil lirr solid loa<ls higher than 80%. 'Iir a<hier-e thcsc solicl lo:rtls. rnixturcs of
ser-eral partir:le sizes arc usecl (rnrrlti-rnod:rl plolrcll:ints).

Specific impulse: 'l'lrc spi:c'ifir'irrrlxr1se. 1.. is the total iurlrulse irer rruit l'elglrt o{'

propcllarrt. L'or a rrrt:lict rnotor \f itll thrust enr-r,lope F(t) unrl tot:rl prolrcllarrt r'r't'iglrt

rrr, it is t al<rr11:rtccl lrv

t. _ 1. L.\t),tt. 
(ct.l)

l n,p

'Ihc spccific irnpulst, r'an also lrc t'xprcsserl as a furrc:tion of the t:orrrllrstion gas plop-
erties (r. T an<l ,\1) arr<1 ratio of cxparrsiorr l)r'essure itrrrl cornbustiou prr:ssure (tr"lp,,)

] z- RTt i ,r. l,rt.,l_,li[_(i,:)](l
Tlre vacuunr slrccific inrylrlsr'. 1,o,, is the spet:ifit irnpulse lot a rocket tttotor l'itlt
rrozzk'expan<lirrg to \-il('lulrn conditiorrs. '['his clefirrcs the rl:rxirnrrrn spctifir'irnpulse
for :t given propcllaut.

C.2 Symbols

gr)

(:

D
d
D
('

T'

-1

,f,

H
It*
I

.\rca
Fre<lretrt'r'litctor
,\bsorlrtior r

Prefat:tor'
Speclfir: lrc:rt r:apacitv
L ltrasoulrrl r.clocitv
Diflirsiorr coeffi r'iottt
Thicktrr:ss
A<rtivatiorr energ1:

Irrtertral energl,
Resirlrral tectol
Tlrnrst
Il.cui:tiorr rates
Focal Icngth
l)r,< 1rrt,ucr'
Frrx tion of Q, absorbetl lrckrri' thc surfilt:er

r<::rction z(\t\c. - erp(-Ii,,tn)
Errthalpl'
Slrecific errthalpv of thc l;th species

\urnber rit rcactions

ttt2

71"

rrr't/ligK2s
,l/lrsl(
rrr /s
n'2fs
1n

.) /rnoler
,l/hg
Scleral
N

11"
ln
Hz

.t lkv.
J/rrrolt'



c.2. s)tIBoL.s

I,
1,,n,

.t

J
,j
1i
K,,
K,,
k
I dru

-11

nl
ll

,5'

T

TI
t*
t;
,1,

il
-Y

.l:

ltt
);
Z
(I

,nfs
rn/s

St'r-r,ral

1fn

ks/ks
kg/knrolt'
ks/t

n,,
Pa

J/kg
\\ /llr'
rrrole/rn3s
.l/rrrolerK

rrr/s
.l /rrolcli
li

K
S

rn/s
rrr /s
g/rnolc

['""'

kg/rns

rrrz /s

tf'"

.l/rrroIc,

211

I)
l)
a
(),
(l

1t

Interrsitv
Specifir: irrrprrlsc
Specific inrprrlst' (exlrarrsion to r-ar:rrrrrri)

itcactiorr nurrrlrcl
Total number ol grid pclints
.Ja<:r-rbian

Ciritl point nurnlrrrr'
Nurribur of spr:cics
A bsorption cor,rffi< icrrt
E<lrrililtrium constalrt
Slrclics inclex
Lcthal closc

]Iolccrrlar lr,eight
Nlass flolr,
Prcssrrrt exl)onent
Solrrt iorr rurrnber
SorttrrI prcssure
Plessrrlc
Specific ('rr('rgl

Radlativr, ('nolgv
R.ate-of-progrtss va riabler

Urrivcrsal gas t'onstarrt
R,esporrse fiurction
R.t'fl ecrterl fract iorr

Reflectilitv
Burn rate
Entropv
Ternperature
Transrnlttr:d fi :rr:tiorr
A<liabatic fl atne terrrlreratrrre
Clrarac:tcristir: tirrre
Diffirsiorr vclot:itl of tlu' Ath species
\ i'krcitr'
\Iolcctrl:rr u,cight
Yarialrlc qua,ntit1,. e.g. I or )-
Spar:<' r:oorrlinate
Rear:tiorr zrrrre thicknee,. : (1,,. f (p,.r,.)) I @, I e Hf .))
Nlass ilactiorr of the A'th sper:ies

Acotrst ic irupeclarrce:

Efficicrrcr- lzrctor
Thcrrnal <liflirsivitv
Solicl loarl

(r?rs Ultra,sourr<l attcnu:rtiorr c'oefficicrrt

ii Tcmper:Itllr'(, ('xl)onent

-\//? Hlar,,f [,,r'nrali,,rr
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-\FI' Heat of cotttlrttstion
\11,,,7 Heat of solutiott
l1 Ultrasorurrl prtlsr'-r:r'ho tinre
A1,,, Oxidizer igrritiorr rlelal'
d Krorter:kcr rlolta

Re:rt:tiott ot<ltrr

,l / rtrolc
.l/rnole
S

s

Pa

Ser-eral

\\-/mli
III

kg/rn']
1/ri

ra<l/s
rrrolt:/ttt

Sourrrlu,avo arnplitucle
Sohrtiorr vr'<:tor'

ThclrrraI conrluctir-itr'
\\ ar-r'lcrrgth
Darrrpcning l)ilranetel for rith riolution
Clrrrvatrrle grid refinotrrr'rt l)ararlleter
Dcusitv
Rttttr t:rlc leml)('t'irl tttc s,'tt:itititr'
Stoichiotnetric cureffi t:iotrt,

-.\rrgrrlar freclrrerr<:r,

^\kilar late of lxorlrtctiotr 1l' trhertti<:ttl rrra<'tion
(llrr,rrrical s1'lrlrol of the' Ath spet'ies

Volrrrrretrir: ft actiorr
Nondirnerrsiorr:rl fl:ttttc stantioff clistartcc
Cirarlierrt grirl rr:fittt:rrrent tr):IrtilIIet('r'

Subscripts, superscripts) notations

o
(.)

,\

)"
t)

p

op

l/

a
au\

,\1,

(,

(

a, Acti'"'atiotr
1.r Boilirrg
birtdtr Birrtlcr
r Clrrr<lcrrscrl phase

elap Ialrririz:ttiorr
f Foll'arrl
17 Ci as plrase

i lth lt':tt:tiott
k li:th spe<:ies

1 Li<lritl phasc

nt \lt'lting / \Ie1t lavcr
o.l Oxi<lizr:r
p I'rt'ssrtle t'ottlrlt'rl
17 Lasel couplt'rl
r Reversc
s Surface
srrlrl Srrblitrratiorr
tot Total

-\ . . . Diffetcrrt t' o1' <luantitv
-\r-elagt'o['...

(, ) Courl'rrscrl lrhase
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(tt) Gas lrhast'
(1) Lirluid 1rh;rsc

t ] Ilolar corrccrrtlation of ...
Last couvcrgcrl solutiorr of . ..

C.3 Acronyms

AN .\rrrrnurritrrrr rritlirte
-\NF -\rnrrrctnirurr rritrotirlrnnte
-\P '\rurnorriunr prrrt'hkrra,tr-.

\PP -.\r:rosptice prcprrlsion lxoducts
B--\llO :l.ll-Bis-azidorrrct ln.l oxetArrr:
BDP Brx'ksteacl-Derr-Pricc
DII Double basc
DNC I)irritror:arberre
D:jCl Diffi,r'r,rrtial sr':rrrrring t aLxirrretrr.
DT\ Difli'r'errtial therrlal ilnillvsis
Dt'1' I)r,lit Lrrrir.ersitr. of tt'r:lrrrologr-
I )B\\- Dcnisrxr-Ba um-\\'-illia rr r s

ES.\ Eruollr:an space agen('\'
F'f-lR Forrricl tlarrslbrtn irrfra-r'r,rl
['\\IIINI F-rrll l-irlt]r at half rnaxirruurr
(1.\P C,llr'< irlr'l aziclr: polr'rner
C;S I'l' Gcrrt,r'al sciorrr:e arrcl tcclrrurlogv l)rograrn
HCI t H\F-Ci.\1'}-rrrtth:rrre
HHt HNF-H'I'PB rrrctharre
llPL HNF-lrolr'\ IN l\ lO-rrletharrc
Hll X Cvclotct rarrr ct ln'L,rret rinitLarrrirrt'
llNF HldrazirrirLrrr nitt oforuratcr
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Thoruro gravimetry
Thcorctic:al rnaximurri derrsity
Nerthcrlands organization for applied scientifit: research

Ultrasonic Regression Rate Analyzer
Ultra-violet/visible
\acuum tlrertrral stal,ili't v

\\ ard-Son-Brelvster

TG
TNlD
TNO
URR,A
UV/Vis
VTS
\\.ISB



App.ndix D

Publications

'J. l-orrrr-t'ts iilrl (i.-\l.ll..l.L. (iadiol . l.,ltxl,cl for tlt.r: Nortlirtt'ttr' 'l rtrrt,:i.t rtl Brr.r'rr.in,q o.l'

1111d,rtt,::i,rt,i,rr,rrt. Ni,t,rrt.fortrtrttt. IIrt. \\'ollisholr on ('rirrrlnstilrrr Irrstalrilitr. ol Solirl I'rolrcl
litnts iirttl Ilocket \lotols. Prilitccrrico rli \lilirrro. Italr'. l6 1!).Jrrnc l!)97. :rlsri llrlrlislrr,<l
itr .Jottlttal ol Proprtlsiritt ittttl I)ou'er'. \ir1. i. \o. ,=r. irlr. 778-782. \or.errrlrcr-f)r'r'r,rnlrr,r'
r 999.

.l . I-tirtrt't'rs. (i \l.Il..l .L. (iarliot , NI.(). Brovstcr'. S.l-. Son. '1 . Parl arrrl l). Hirrrsou
l'arr. illrtd,t:l .fitr Stt'u,tL'u Strr.tt: HNl" (lorrtbrr,.stion. Irrt. \\'ollislrolr on (lourbusticxr Irrsta-
lrilitlof'Solirl [)r'olrcllatitsirrrrlllocllrl \lotors.Politccrrito<li]lilarro. Itah'. I6-19.Jrurc
1997. also pulrlishcrl irt.Jorrtn:tl olPloprrlsirirr artrl I)ril-r,r. \'ol. i. No. 5, p1>. 77'2 777.
Nrir-r,rrrlrcr'-l)r,r'r,rnircr' 1999.

rll:r'r'. .lounrrtl ol Plnrlcr'hrrit's. \irl. 6. 1rp. 3[i 12. 1997.

.J. I-orru'r'r's. G.NI.lL.l .t,. (iarliot. ,\1. \i,r'sluis. -\..1. I-:rrrrlrrran. llr.I1. r-:ru rlcr' \lt,r:r
anrl D.J.l'1.\1. Ilookaclts. -\lt'rt.srr.rt trt,r:tt,t. o.f Sfu,tt,dy rut,d Nort Stt,triy Ilt,rlrt:,s,si.ort Rtttt'.:
of Ilrydtu::irr,'i,urrt, Nitrn.fortrr,u,l,t'tti,tlt Ulfutr.sourttl. Ilt. \\ollislrop ou \ltasrulrrrent of
'1'hctrttolrlnsjcal irurl Ilrllist ic Plolrcltir,s o1 [',rrr,r'gt,tir'\latr:rials. Polilccrricri di \li-
lano. \lilarro. Ittrlr'.22-21.Jrrrrt'1998. Strlrrrrittr,rl to.Jorrlnal of Prolrulsiorr:rrrrl 1)olr,cr'.

.J. Lottu'els. (i.\l.ll..l.L. Ciarliot. N'l . \i'rslrris.,\..1. Llrrrlrnar.'l'h.ll. r-arr rlt:r'Ilt'r,r':rrr<l

:31th '\l\\/.\S\ll'-/S-{l'l/-\Sl',1'l .hirrt Plrpulsion ('orrli,r'encc lrrcl l.rhiirit. 13 t;r,Julr'.
(llcvcl;rrr<1. Oll. l'}lpct' nrrrrrircr' -\1.\ \ 98 ;J'i8;. 1998.

\1. \irrslrris. l'h. r'rrr clor'\leer'. D..1.1..\[. lloek;,rolts.,J . Lornr.r,r's arrrl G.\l.lI..l .1.. C]a

Irrstitutr,. l-'rrilt'r'sitl of ('olorarlo, Borrlrlcr'. t'S-\. 2-7 --\ugLrsl 11)98

.J. i-rirrrvr,r's arrrl -\1. \'ersluis. LlNl' slttt,u,rt ozonLtrrtrl. Dr, Irrgcrricul ru. 20. 21-2;. 2

Dr'< t:rnlrr,r' 1998.

2l;



2t6 -{PPENDI-\ D. t' L;BL| (,'-{71O.\ S

.l. Lorrnrrrs, T. Pan iurtl D. llattscttt-l)an'. [)er:orrr:po,s//:i,on o,rt'd l-l,rt,rrt,e Sfu'ttctrrx: oJ

HrlrlrrL::i,rti.unt, Ni,trrt.frtrntrttr:. 37th Al,\.\ -\trrtlsllacc Scit'ttccs \let'tirlg aIl<l Exhibit.
.JatuaLv l1-1 l, Rt'rro. \\'. i)alrcr nLttttlrur' ,\1"\A 99-1091. 1999.

.l . Louutls. (i.\l.Fl ..I.L. Clacliot. -\..J. [,antlrrrtln,'l'.\\i..]. Pcetcrs.'1'h.H. r'arr cler \let't'

irld D..l.E.}',{. Rockaerts. Cout,hu,st,r,orr, art,d !'larrtr: Strurl,urt: of HNF Sa,rtl,uticlr,r,s art,d,

Pr.o7tt,l,l,ortt.s. 3Jth -\I-\,\/AS\lE/SAtr/ASl,lE .krirrt Proprrlsiou C'ottfert'ttc'e :trrtl Ex-

hibit.20-2.1 .Junt:, [,os Arrgclcs. C--\. I'apcl rtutttlrt'r'-\lA-t 99-2359. 1999.

C,l.G.\1. Stofl'els. I)..1.E.\1. Ilockaerts. J. Loul.t,r's arrrl G.N'l .H.J.L. Garliot. D'i,.fJtt,si,rtrt,

Flarrt.r, Strrr,t:t,u,rr' o.f HNF Sutt,dwicl,cs. ,-r-lSICP. Fiftlt Irrtt'r'tratiorral Sltttlrosittm on

Spc'r:ial Topics iu Chcrrrical Proprrlsiun: (lrtrrrlnsticxr of Errr:rgctir' \latt'rials. Strcsit.

Ir;rh. l8-l I .Iurr,'. 2()0t).

H.F.R. Srhijver, \\i.H.\1. \irlttrrarrs, J. Lottn't'ts..\.E.D.NI. r'att cler Hci.jdt'rr, H.1...1.

I{eizers. arrr,l R.l). r.arr rlen l}r'rg. ,4rr, Ouc,ntiert oJ tlu: Deut:ktprnett,t oJ HNF-bu,sed Pro-
,peLl,urt,t.s.36th .\lAA/ASIIll/S-{f-/,\SEE ,loint Propulsiorr Con{i:rerrt:r: anrl Exhibit.
16-19 Jrrlr'. Hrrntsvill'. -{L. Papct nurttlrer AIAA 2000-3181.2(X)0.

J. Loun-r,r's arrrl -\.E.D.N'I. r,an <k'r' Hr:i.irlen. Hyrhu,::irti,u,rrt, I'liilrt.forrnu1rr. Itttcrnational
Pa,tcrrt '\pplir:atiorr. \\-O 99/58198. 18 \ovcrrrber. 1999.

J. Lourr-t'rs arr<l ,\.ll.D.\1. r-art tlerr Hciidt:rr. Hyl,ruz|,rt,'i,rt,nt, Ni,trot'ctrrrto,tr: lnsetl Hi,gh

Pt'r'.fortrn,rr,u: SoLi,tl Propr:l,lants. Litt'ttratiorral Patcrrt -\pplit'ation. WO 99/599-10'

2i \ovcrrrber. 1999.



Acknowledgments

Thclc is notlrirrg rriccr tlrarr lrt,irrg alrlt,to r[o rr'hiit vou ]ikr: to cLr. Fol serllll vcals
rocketrr'1rrts lrct'l rrn- lrig lrolrlrr'. I3r' rloirrg tlrc r-orli desr:rilrerl irr this tlrt'sis a rht'irnL rlrrrc
trlre: to lre irlrLr to u'olk orr solirllrillict lrlopulsirxr. Nriu. that the rl,ritirrg is firrislrcrl. I u'oulrl
liiil'to tahc t.lris oppor'l unitr'1o thlrrk sorle,peiiple anrl orgarrizatiorrs u'ho corrtrilrrtcrl to
tlris rlisscltut iorr.

Filst ol all I u,oulrl likc to tlrarrli rn)'l)lorrrotel Dilk Rot'kacrts. 'l'lLlrrrl< r.oul fiir r-orrr'

lrr,[1r lrrrl grrirlarrcc rhrlirrg this pro.ject. I lorr]cl Iilic to tlrarrk (lrrr' (iarliot firr ]ris rlailr'
grrirlarrct'. IIis corrrrrrcrrts anrl sugg,-cstions hatc lx'l,rr r"r,r'r' lrcllrlrrl lol tlris l'or'[i.

I r'orrlrl likr,to tharrk Paul Iiorting fi'orn thr,'1'-\O l'r'irrs \larrrits I-a]roraton.fil rrraking
it possilrlr'1o ( illr'\'out tlris u,orlt. His erltlnrsiilsrrr lcalll irslrilcrl rrro l'lrilt'rloirrg this.,votk.
I n'orrlrl likc to tharrk rnv t:ulleges of tht: rot:kct tt'r'lrrrologl tcscltclr group (li'f) of TNO. In
l)alti( uliu l rl'rirrl<l like to thtink Picterr' !llanrls [irl lr:rvirrg rrrr, irr t]rc glorrp arrrl helpirrg rne

u'itlr all issrrcs tlrat cArnc a(rross inr:luding tlu, lt'rrrlirrg rif tlrc crlrrillrr('r11 Ii)r rttr"cxpcrirrents.
liorrakI r'arr rlt,rr Bclg hclprcd ll'lrcing arr irrfirritc soulcc ol orilirrc itrlirtnlatioll. Frorn the
t(,st g-r'or1l). I r-oukl likc to tlrarrk.laa1r Varlir,r'isscr'. Nlorri<1rrr,.Jurrssc,us..Jos r"an clc Brarrd
arrr[ .\r'jcu Ii]r'irr. \bur']rel1r rvith nn'r,rlrclirrrcrrts grr,atlv lotrtrilrtttccl to this l-ork. \lattr'
lirncs I t'as latc rr'ith rrrv sarrrlrl,s. lnt lrccirusc ot vorrr flt'xilrilitl things could all-avs lre
arlarrgcrl. \]aaike Rottelet,l lirr lrr,r'lrclp r,r,itlr tlrc stlarul llrlrrcr rneasllrerrlerrts. irurl lrt,r'
critir':rl rlrestions. I corrlri lralc u'r'ittt'rr rlorr'rr tlrc othcl grorrp rtrerlbt'rs hcrt' as l't'l1. liet aust'

all of r-or-r har-c corrtlilrut(,(l to tlris tlrcsis. I rr';rllr-r,njove<l u,orking rvithin RT arrrl crirrsirllr'
it a privilege tri halr, rvollicrl u'itlr lorr ;rll.

I sperrt a gr'cat rlcal of rrrr' 1inrt, prr,1r;rlirrg sarrrplt's at the p)'rotcr'lntits an<l t'ttclgltic
lratcrials (PIi) grorrp ot'l'-\O irt \-lrlrrlxrlg. I l-oul<l likr: to thank Jos Nlrrl tir lris t(Ir)r'rrst.

ancl allolr,irrg rn(, to us(, tlrr' lrrcssirrg irrrrl rrrixirrg 1ar:ilitics. Durirrg a11 this rvollt. I lcat trcrl a

lotof -.\rrrolrl[,r,r'rru'r,rrlruglr. [1isr,xpclicrrceintlielabinl'orhirrgwithirll Iiirrrlsol crrclgt'tir'
Irratelials is ccltiritrlv to lrr, Lt'spt'r'tcrl. '1'harrlt lou fil shrxlirrg rrrt'all I'ottt tliclis (irrt lrrrlirrg
ltorr' to u,t,iglr ir rrriclri-rlrolrl,t of crrre <'atalr-st ). Otlrer peo1rL, ol [)l', itlso contt ilrttcrl
sigrrifitrrrtlv to tlris u'olli: ,Jollr liorn:ru and Iluclr-liriirrrr,r'tlrirrrli vott lirt vottr lrclp u'ith
olrtirining il('( ('ss. tlrc rrcc<krtl rnaterials nnrl p:r1rl'r'r-olk lirl tlirrrslrolt;rliorr ol rttv sittttplcs.
'\lr'. ll\l'' ,\rrtoirrt' r'an ck'r' Hcij<lt:n firl the rrrarrv rliscussiorrs irlrout possilrlc reat'tiort
pirtlrn'uls. rrcl'lirrrrurlatiorrs and cxotic iclcas. Ilis cxtorrsilt'Iirros'lcrlgt'alrorrt llNF arrrl

plolrolllrrts irrltlcrl grcatlv to this u,ork. Lr that lcsl)('('l I u"ortlrl irlso lilic tri thattk r\at
Ilortli.ili liil lris lrr:llr irr firrnrrl:rtirrg colll)ositiorrs. 'l'Irctr I t'titnc to '\iltrtg-l'r'to': Errtst-Jiut
llrr IIorrt. Rutger \\-elrb. \lichr:l van Zclst urrrl rrn'sclt. \lurrl tirtt's. u't'tlistrrsserl exotic

llopclliurt courliirrations. nc\\'rni:lnag-crncrrt irlcirs irrrrl tirtrrrr'1rlarrs. 1 ltopt'l'e l'i1l continur:
tlris irr thc iirtulcl I realll errjovr.rl rl,orkirrg irt \'porlrrrlg. -l-lrr,srulottrrrlings sigrtificarrtlr'
changerl rltrring this ltlo,ject. l.rrrt lrrckih'tlrt'lrcoplc rli<l rrot. 1'lrc tlips to \-pcttlltlg all-ltls
garr. a l"clcolie variatiriu tri tlrt, r,r't'r'r'rlrrv lorrl,itrr'.

-\rrr1 then thcrc is rrrr"tlrilrl glorrp ot collclgrrt.s at Dt'l1t L,rrirt'rsitr'. Theo latt ricr \lct'r'.
lror. at L nir-t,r'sitv of Tu't,rrtr,. r'orrtlillrtt'rl trt,rrrt'rrrlorrsl\, ll' u'ritirrg the ioint ST\\'-lltipi.rsal
and bcirrg the initiai 1rlo.jt,r't It'irrlcr. latt,r'srrccr,r'<lt'rl ll, Dirk Roekacrts. llithel \i'r'slrris
learnecl trle il lot trl)olrt ol)trcitl rliirgtroslics. \ilu inlrut r,as inclispcnszibk: firr this pto.jccl.
r:slrcciallv clrrrirrg tlrc corrstnrctiorL oi tlrc t'xpelirucntal setllp. \iarn'of'tht'PLIF itttlgt's

)17



that alr'1rlt'scrrtr'<l irr tlris thcsis u'r,rc olrtairrccl ll'Genie Stoffels. Tharrk r,ott lirt r-out ltt'l1r

arrrl irrtt,rcst irr llris plo.jcr'1 . I tlrirrli that the cooperntion \\'as 1'c1'\' fiuitfirl. itttrl tltitt n'r'

lcarnccl a Irit flonr caclr otlrr,r'. Il'orrlrl also lilic to tharrk Arrke J:rrrrrirl Larr<ltrratr [irl tlrc
nrorleling eflirlts. Hcl rvor k corrtlilrutcrl sigrrificirrrtll to this dissortatiorr. Tlrt' ltt'lp of 'l-iru

Peeters tirr arlalrtiug tlu, lll(l\II\ rrrirlcl lil llurirrirrsarrrh,r,ich c:otrlrtrstion is ar:knou'lcrlgcrl.
Then there is -\1r. rlisaslr'r'-scr,rrllio' llalt IIock. lJor::ntse of his sharp cJ'c fot dt'tails lris
rlesigrrs apploar'h lrolfr,r'tiorr. His contlilntiorrs arc grcath,\::rlued. O{ courst'l slrtittlrl rrot

filgt,t to rrrentiorr all othcr'lrcrilrlt'l'olliing:rt I)r'Ift L,nirtrsitl firr their help rlulirrg this

l rlr i.j e'r't .

-\t tlrt'br:ginning of thr'1r'ti,jcct. I got tlro olrpoltrrrritr-to lt'alrr rtrorl'abriut solicl pro-

lrcllirrrt rliagrrostics at \-\\\-C. ('lrlrra Laltr,. Iirrr ['llr';urrl l)orrrra Ilrrrrsorr-Parr introclur:errl

1n(, to nliu)\'of tlrc aslrr:c'ts. iurcl slrolvr:<l ruinrv tli<lis. '1'hcil itrtt'r'r'st irtrrl su1-rport largelr'
corrtlilrrrlt'rl to tlris t'ork. I \\ulrl(l also like to thiLnli.lcnv F-irrlinsor florrt \-\\\'Cl ior pro-
lirlirrg crlrclirrreutal dattr:rrrcl the helpfirl <[iscrrssiorrs alrorrl Iris lascr-r't'r'oil exlreliurerrts. I
noulrl likc to tlrturk Steve Son arr(l Qlrilm Bleu-stot fil rlrcil sugg('stiotts attrl lrr:11r ri'ith the
\\'SIJ rrrork'1.

'I Iris u'olk urrrlrl rrot hin-r: lrcerr possil)le withorrt tlrt'srrplrolt o1 'I'lrc l)rrtr:h'li't:hnologv
Firrrrrrlaliorr. S'l'\\'. S'l'\\' <lirl not orllv r:ontriliutc finarr< iallv to llris u'orli. lrttt also itt tcnus
ril pro.jr'< t grrirl;rrcr'. 'l'lrr' fi,t'cllracli cluring the 1,r', rgless nret'tirrgs is grcatlv at:kttou,lt'rlgttrl.
I l'orrirl lilir'1o llrarrl<;rll pt'olrlc that tooli place irr the stcclirrg corrnrittcr': \,lari.jl<t'rlc
Jorrg tiorrr S'l'\\'. il;rrrv I"irlstcr'llorrr tlrr'\cthcrlanrls -\gcncv firl Acrospur:r, I)r'oglarrurrr,s

NIVII, .lirrr Iioli Ir.orrr'['u'r,rrtc I'rrir.r,rsitl of Ter'luxrkrgr-. Ifarrs ter \,lerrlcrr 1)orrr Ni.lrrrt'gt'rr

L,rrir,r.rsitr'. Philip <lr,(locl tiorrr llirrrllrovt'rr ['rrivcrsitv of Teclrrrologl,, Hr:rrrrarr Sr']ri)r'r'r tiorrr
the Eruopcarr Spalr, .\gr,rrcr'. arrl I'arrl Iiolting lirirrr Aerospace Proprrlsiorr Plorlrrcts.

It ."r'orrl<l lravc lrccrr irrrpossililc to ( inr'\' riut t:xperirnerrts r.r'itltorrt HNf'. '\r'tospacc
Plolnlsiorr Prrrrlrrcts corrtlillrtorl lx'plovirlirrg thc HNF fbr this \\ork. Th('ir ('ontril)ution
is glatelirllr'rrclirrorr'1r,rlgr,cl. F'rntlrr,r'rrrolt'Irvorrlrl likc to thank \\'il]ianrre \eltruaus arrrl

Frank \\-ielilir firl ansr-r,r'irrg lll rrrl rlrr,stiors irlrorrt IINF:rrr<1 their 1lrorluctiou lat'ilitr'.
Desplte the lnsv sr'herlrrlt,. nn'holrlrics u'r,rt a lvr:lcorrrt.r:hangc to thc labolatolv l'orli

rlrrlirrg thc t'r:erk. Filst. tlrclr,\\'as al\\'il\"s tlrc NIlR(). Drrling tlrr: last f'eu'r-ears l'e fleu'
st'rtlal locliets. anci brrlrretl nrol(. r\l). \2O:rrrrl Ill'l'll tlrarr cvcl lrefole. \larti.jn. Rerr6.

lirlr. [)irk. \\-ilflcd..lohn. I-r,o. I]r:r'rrarrl. N'la:rltcrr. Larut,rrs. Fr:rrrk arul Belt irntl:r1l others.
tlranlt lorr all fol r-orrr fricrrclship. \ou. tlris thcsis is finishr,rl. I hope tirere l-i1l be sonre

rrrolc tirrrr' liu uew r:hallerrges.
'1'r'alllirrg lrt'r:trrrre olre of nr1. hobbies. Orrl tlip tri ,\fjir':r n-itlr trrl llritlrcr Dirk iind

.lol;rrrrlr, is irrr r,xlrclicru:c thut I l,ii1 not casill lolg(,t. 'l'lris 
t lip lt,llrrcrl rrrc thiit \\'e (:arefullv

Iravr, lo prolr,t t arrrl rtslrcr'f orlr r('mirilrirrs rr;rtllr'(,. \ll slrccial tlrlrrks go to ollr grrirle u.ho

took us ol a gilrrr('rvirlk irr the Ok:ilango rlelta. I still lt'rrrcrrrlrcl lris irrstlttr:tiotts bcfirre
r-r, Ir,li: "lf vorr scr,t'lr,lrlraut \1)11 nulst mn zig-zag. if s'r'sr,t' lion tlrt,r'r' is rrotlring \\() (i,ur

rLi...." .

Firallv l l'oulrl lilit,to tlrarrli rul l)arents fbr thcil corrtirnrous sulrpolt. \\i-itlrorrt tlu'ir
hclp llris tlrcsis rl,orrlrl ncrlr' lravc lrt,err firrisherl. Tharrk r-ou.

2r8



Stellingen

').

I)t'ontlcdirrg varr h).rlraziru'nitrofourraat (H\F) bcgirrt rrret rlt-, ovcrclracht viur rxlr
pr'otoll lan lurt ln-<lrazirrp-i,)rr lrir;rl .'r'rr ritru-groL'p varr hct nitrololrrr:rat.
(lloofdstu,k 2 uan dit 'proefsclt,ri,ft.)

Dririr r:r:rr gocorttroleerrl pcrslrroces k:rn clc lcrrgtc-rlianrctcr lcr'liorrrlirrg r.:rrr H\F-
kristallr,rr urrrrlen rr:r'nrirrrlclrl.
(Hoofdsl,u,k 3 uan rt,'i,t prux:fsr:lt.r'i,ft.')

Ti.jrlr:ns rlc verlrr:rtrrlirrg varr II\F ontstirirrr als gevolg lan thcrmis<:hc cxyrarrsic sr:heurrrrr

er-errrvi.jdig aarr het brarrtloplrclvlali. 'Ii'r plazrtse valr ('en rlcrgeli.jke scirerrl rrercrrt clc

therlrristllrtr rlC<'rStattcl tor'. rttt't als grlvolg c,r'lt stllu'tpe l<rrik iIr het ternper:itrrtr'1trofiel.
( H o t t.f t l,str t A: f t, r t,rt, tl.'i,t p ro t' f s d t,r'i,.ft.)

l)c H-\F rlt,elt.jr,sglootte heeft sleclrts ecrr kicirr efti'r:t op rk,afltrarrclsrrclhcirl varr ccrr

IINF/GAI' strnvstof.
( II o o.f d,stuA: 5 r, r t,r t, tl i,t p ro r:.f s clt,r'i,;ft.')

llesultaterr r-arr het IIDP-rrrodr'l aarrgepast voor clr,r'crlrranrling lan stul'stoflerr be-
stiranrlr: uit HNF en Cl-\P latcrr zicrr clat clc H\F vlanr rlc bcpait'rrcle lr'arlrtcbron is
aarr ht,t r-c,r'irrarrrlingsoilprrlr.lali. Dc lrijihage r-;rn rlt'oxlrlator birrrll,r <liflirsit,r-larl is

vclrvaarlooslraar iu rtlgr:li.jking rnet rlc H-\F vl:rnr.
( I I o o.f d str t"l,: 6 u ar t, dit p ro ef s cln''i,.ft.)

lrr gelaI r'al instabielc r,er'lrra,nrling kan rk'irrstant:rrre a1']lzrnrlsnellrcici rrret rle ultra-
soon puls-cclro tt,r'hnick allccn u'ordt'rr br'1raal<l \l'anncer'or \()or rkr terrpelatuura{-
harrlieli.jliheirl varr cle ultrasoorrsrrr:lht,irl worrlt gcc'orrrlrenst,ercl.
(Hoofd,sl.rLk 7 t,art dit proef,sr:ltrrft..)

3

4.

o.

ti.

7. In gcr:n crrkcl lrrocfisr:hlift zorr ecrr inclcx rllogell orrtbrckcn.

8. De rrrel<lirrg "ontstcck rrr'liclrterr" bij het irrrijrk'n \.arr e()l turrrrcl kan rrrinirrraul o1r

tl'r'r, rnarriercrr u,orrlen gcintcrprctcerrl.

9. Filcs op lrct iuterrrt't wor'<lerr vr:r'oorzaitkt <loor grote filcs.

10. Drl ti,jdu'irrst rlie vclerr plobclen tt,br'lr;rlcrr rloor rrrct hogc snt'lheirl naal het werli
tc ri.jrlcn. stuat in rtle gt'r'allcrr irr gr:crr vcrlrouclirrg tot clc ti.jd rlie vcnolgens lri.j rI,
kofficarrtorrraat wcirrIt cLrolgelrr':icht.

11. Het lrcbbt'rr viln ('ell r:lfrlt' stellirrg gt:tuigt vatr inslritatir'.

12. Nir:ts is zo flexilrel als ecn lrlarrrring.

1il. L)oor rle irnrrerirrg r-:rl c1e rlr.ltt.rrnirratieklas chcigt rlc brrrgpir'pcr tc lclrlwi.jrrcrr.

[-1. Stcllirrgcn rlocn af]raak aiur e(,rr lrlocfschlift. ornclat ze lrcter u,urrlcn gclczerr rliirr het

llrief,sclrlilt zelf.

1i. IIct ontstek('lr val een rakct r'r,elkt aatrstckcli.ili.
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