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The Mechaniem of Deflagration of Pure Amronium Perchlorate
Payucad Priadman, Joeaph B, Levy, and Kefth E, Rumbel

Atlantic Rasearch Corporation
Fairfax County, Virginia

I. SUMMARY:

Reeults of new deflagration expariment~ with ammovium per-
chlorate, both pure and catalyzac, have Leen pranentad, These inciuda
studies of rates of deflagratior, precsure lfmits of deflagration, sur-
face temperature, and effecte of incident radiatirn or doflacration,
These and previous resulcs have bean interpreted In terme of & ientsidive

qualitative model of the doflagiation precess, sumparizad below,

~ Tha crystalline ammonium perchlorate sublimes to ammonia and
perchloric acid vapors by an endothermic process. Heat is generated in
a gar~phage oxidation-reduction precess perhapa W0°2 em (30 mean free
paths) abova the surfare, at 10C atm. The final temparature is about
930°C and the surface temperature ig one or two hiidred dagrees cooler.
Heat 1s conducted back through this thin layer to suonly tha anargy
for praluating and vaporizira the crystal, The propagation rate is
governed primarily by the r#te of haut generction in the gas phase and
the thermal conductivity of the gsseous layas juet abov: che surfzce.

The low-pressure flammability limit 1s caused by radiative
heat loss to tha surroundings, while the pruviocisly reporterd high-
pressuie ilimit Le caused by gonveciive heas los=c and way t¢ eliaminated by

%

This research was supported by the United States Air Force tbrecugh
the Air Forca Officae of Scientific Research of tha Air Resgearch
and Development Cowmand, urder Contxact No. AF 13(600)-1507, Re-
wroductlon in whole ox in part Lo permitted for any purpose of the
United States Govor.ment.
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suitable shielding cf the sample. Catalysts accelerate the burning
rate by projecting, from the surface into the thin gasecus reaction
zone and produciny local acceleration of reection rate, Very low
concentrations of catalyst, howaver, act primarily to reduce flem-
mability by raising the lower prassurae limic, becsuse the catalyst
increases the emigsivity of the burning surfece and hence tha rata
of radiant heat loss. <

The foregoirg mocdel, while protatls, is not rigorously es-
tabiished, and is prescatrd at this tima pertly to stimuiate further

regasrch,

II. Z4TRODUCTION:

Experiments (1) have chown that at cert:iin smbient couditions
a steady deflagration vave wiil propagate through pure ammoniim per-
chlorate which has iven pressed into aa esscutially void-froe pellet.
The rate of propagrtion .cr this process at typical vockat pressures
is of the same orcer of mognitude as the burning rate of many ammonium
' perchlorate-oxidizcd solid prepellants, so the amm~ '’ ~ perchlorate de-
; camposition flame may well exert a coutrolling influence on propellant
burning rates. lvidence of the interrelation between the decomposition
flame and the propellant flawu may be adduced from data showing variation
of composite propellaut burning rate with pressure, ammooiva pecchivzeie
particle sizc, and catalyst or inhibitor effects. Such discueeion will
be precented iu another papar nns in sreparaiien., The presant paper
is concerned with dadiecions ir rogard to tha mechanism of the ammonium
perchlorate decomposition flawa, whicli are based largaly oa new ex-
perimental findinfs reportad below.

ixt. EYPLRIMENTAL RESULNS:

Certain experimental findings in regard to i deflagration
of pure and catalyzed ammonium perchlorats have been previously iz-

poried (1). Purther results are described ueis.
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A. Pressure Limits and Catalvgt Effects

Figure 1 1s the curve of daflagration rate vs preasvre
curve for pressed pellets of caom-iivm perchlorste 4 mm square and
38 mm long, burned at sssentially constant pressure in a nitrogen
atmosphere, The propagetion was dewnward; no inhibitor was nzecad
on the sides of the samples to prevent the formation vl u conical
burning surface.

The lower-pressurz limi~ was previously veported as 45 atm.
In the pregent tests a much nore aefficilent igunition technique wasg
used, which consisted of an encrgetic propeilant wixture in<tead of
a hot wirs, and the lower limit waus accordingly extonded to 22 aim.
The present lower-limit value 15 bslieved to be independent of ..g-
nition enargy, since specimens ignited at the limit pressura with
the presaent powerful ignitor wouid often burn partially before ax-
tinction. Experimeuis have alsc shoum that the lower iimit is in-
sengitive to sample size and to the substitution of helium for
nitrogen as the ambient &tmosphere.,

In previous tests an upper-presgsure limit of about Z50 atm
was found. More recent tests with samples ignited on a deeply re-
cessed surface aand with standard-size asbestos- wrapped s=uples have
shown that this effect was due to convaccive cooling, which becowes
increagsingly effective with increasing pressure. Pigure 1, iIn con-
trast to nraeviously reported data (l). shows that deflagration rate
increages with increasing pfeuure at ieast to 340 atm, the limit cf
the apparatus. The hipii~pressure data points on the cuive werc taken

with asbestos-wrapped g;. ...ans,

Some of the unt gual effects of the addition of cepper
chromite powder (Harshaw Chemical Ccmpany, Cu-0202) on the lower
pregsure limit wers previously described (1), Suall aaditione raised
the limit, while large additions lowered it., Further systematic ex=
periments concerning the effect of additive concentration on pressure

limite have now been made doun to vory low cztalyst concentrations,
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the wora effinisnt igrnivion tachniquo being veed, with vesults es shown
in Figure 2, <The copper chranite nowdar, the weight-averege peciicle
size of which was 8.5 microns, was mechanically mixed with ammonium
perchlorate and the mixture was prossad into pellets &t 50 tons per
square inch. Additions of as little as one part in 20,907 wve cuf-
ficient to raise the lower-limit prcssure four-fold. the effevt is
maximired at: threa parts pcr thowugand of catalyst. Above this level,
both the upper and the lower pressure limits widen, A crosa-~plot 1is
shown in Figure 3 of the deflagration rate ve additive convsutraciom
at 204 atm, & prassore &t which burning wes obecaiunadla et ali concan-
tretions {[cf, fgure 2). Doflagrasimn gats e esesntially iadepeniont
of cataiyst level up to omu part pur fiiousand and then rapidly increases
at higher concentrstions, It shouid bu notad thai three effects - inavaasge
of uppar prossure liwmir, decreane «f lower pressur: limit, and iverezse
of defiagration rate - all occur at about the same catalys: lavel.

At high catalyst levels (4 parts per 100 parts mixture) t':
deflagration rate waximizeg @ad zhen dacrewses sharply with turrher
additions, The catalyst perhaps mey act as a diluea: &t » ool ceucen-
trations, The lower pressure limit, gurprieingly, coantiauee to decre so
up to 40 parts of catalyst per 100 parts of mixture,

The data shown in Figure 2 were obtained with specimens of
4 square cross-gsection and doviwecd propagation. The uppar rragsure
limit, at least, 1s known to be atrorgly affected by oY% Sze and
genmatry, uo thc raesults in Figure 7 are mainly of intorest inesofar as
they indicate trends in combuztion behovicr, and gusniiiative conclusiouns

ghouid nut be drawn solely from these limits.

B. Surface-Temparatura Studias

Photographs have been taken of tiie reccting surface of defla-
grating specimeas of ammonium perchlorate by means of infra-red seunsitive
film, This radiation is obvicusly the sum of thermal emissiomm fyoma the
aurfacg and chemiluminescence (1f any). Assigmment of a valua for the
surface temperature from dansitormiric wmeasuremonts of suclhi photegraphs



o — -

. e e i - "

.

. 3 AN a3

£y )

S Ere b 5F) SO CIREE

S R e omes

S En

ATLANTIC RESEARCH CORPOPATION

ALTXANDILA, VST TN

-5 =

depends oo the agsunptions made for th.. ratio of chemiluminescence rec
thermal radiacion and tor the gurfacn emigsivity., If the minimum con-
celvable valueg are aseurad ot thess two unknown quantities, cna then
msy obtain an upper 1l&vi% fur the surfuce temparature, If rthis Za
found to be substantici/y delow Lhs messured final gas temperature,
then a significant concinglon may be drawn,

The pliczogre s wera taken through the window <f a tesc bomb
at 500 psi, the burn’r: muifuce making an angle of approximately 45
degrecs with the aosis«l axls, with photographic conditions as follows:
expooure, 1/100 sac; ratlo of image distance to lens diameter, L4.2;
film, Kodak High-Smasd Infra-Red; filter, Corning No. 7-69. The filter
cuts off below 7100 aagstrem units, #hile the film sensitivity curve
peaks at S100 aud h#s Jropped a factor of ten at 9100 Angstrom units.
The strendes verw ! wm square, and the burning rate was such thkse the
surface regressed abour 30 microns in 1/100 gacond, <Caiibration was
chtained by phe.ographing an electrically heated rod cf =mgasuied tem-
periture and k.wm emiapivity through the seme window, Purther details
are presented a2 Appendix A,

By densitometric mrasurewents of photographs obtainad by this
procedure, an vpper limit for the surfecc tempera“urc was calculatad.
The emisgivity was taken to be 0,2, a reasonable low-limit estimate,
sirza moaguccd total emissivities of a list of 13 nommstallic solids
at 800°C are all above thiz value (2). The lower limit for chemilumi-
negcenca is obviocusly zexro, On this basis, and with tha use of Planck's
law, the upper-limit value for gurface temperature was computzd to he
816 % 5°C,

This result is based oo radlation in the spectral range 7100=-
9100 Angstrom units, Othor ewporiwaeis with different £4ilm and filters
in the spectral range 6000-6750 Augscrom units gave an upper~limit
temperature about 100 degrees higher: An even higher auparent tam-
perature was obtained when the ontlire vicible cpectrum was utilized.

This may wesu that there lg a chemilumineascent component in the vigible
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part of the spsctrum. Visual oboervation in a darkened room revealed
& reddish glov fxum the spontaneously reacting surface and a much
fainter pinkieh glow from the product gesss. Gaydon (3) reports sn
ammonisa alphzeband dus o NHe which emits promineatly in the red for
R/l 0 £lames and which way be involvad in this situstion.

Thses consideratione notwithstanding, the suzface tempecature
must be below 816 1 5°C, unless the emissivity is somehow below C.C.
The product~gas tsayeraturs at 500 psi bis been meusured with thermo-
couples as 932 ¢t 7° (1). It is clearly indicated, therefors, that
the temperature rises at leaxt by 100°C bacsuse :=f axcthermic gas-phase
reactions,

This conclusioa would be invalidated if substantial absorption
of tha emitted radisiion by the picduui mases oncuxs, The absorptivity
of water vapor, a prominent constituant, is well knowm (%,5). A calcu-
lagion shows that absorption by water vapor in the spectral ragion under
congideration is entirely negligible, for the present gemmetry. It doecs
rnot sedm likely that anry Giimr species to be axpected in high conceatrat'on
in the product gases could abyorb strongly encugh to ce:2e difiiculty.

Another possible objection is that the effective surface
emissivity of the ammonium perchlorats may be sbacrmally low bacause of
the steep tempereture gradienv just below the surface. On the othex
hand, the known local roughness of the reacting surface should tead to
increges the effgctive cmissivity,

L. sumniary, the observations reported herein strongl; anggast
that the deflagretion of ammonium perchlorate involves a subptantisl con-
tribution fxom the gas rhage.

A previcusiv renorted attempt to measure surface tampsvarure
of deflagrating amonium perchlorate (6) wna unsuccessful because it was
aot posgible to fabrlicate sufficiently small thermocouplas.
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C. Effect of Added Radiation ci: Burming Rato

Armouium poerchlorate will net normally deflagrate below 22
atnospheres., Howaver, a vradiant~hzating apparatus choun in Figura y
weg found ty produce conditions parmitting steady deflagration at

atmospheric preessure.

The radlant-heat scurce 1a a 1000~-watt projection lamp having
a coiled tungsten fiiamert with an effective area of L cm aguare, operated
at a slight overvoltage. A pair of front-surface psraboloidal mirrors
forms ths cptical system. The £first wirvor has a dimmebar 0f Il inchen
and an f-numbex of J.304%, the second a diemeter of 12.5 inches and an
f-number of 0,48. The oystem has been calibrated with a radiant-flux
meter which consiets of a blackensd cavity in an externally insulated
copper block, tne temperature rise of which ma«y ba followed, It has been
possible to achiave ar irradiance up to 20 cal/eq cm-sec with this eystem,

Amncaium perchlorats pellets of I 1m gquare cross section aud
38 mm long are fed horizontally intoc thw focal point of the rediation
epparatus from a tube water=-jacketed to prevent radiant heatiog of the
sldes of the specimen. Pure ammonium perchlorete ignitas in & few
gseconds and continues to deflagrats as long as an adequate radiant {iua
is mwaintained. Bslew about 10 cal/sq cm-sec, deflagration can neither
v piuoauced nor maiuiained, although very slow gublimation occurs,
Figure S5 shows the wariation of the radiation-induced deflagration rate
with radiant intensity. “he Jeflagration rata was taken as the feeding
rate necegsary to yield steandy-state deflagration at the tube opening.

Por pure ammonium perchlorate there is a critical radiation
level (10 cal/sq cm=-sec, as shown in Figure 5} below which cnly slow
sublimation occurs and abcve which deflagratim occurs. The deflagration
rate is esgentially line.nr with radiatioa flux, and extrapclates to a
finite rate at zaro radiant flux.

Addition of catalyst profoundly increeses the deflagration
rate and reduces the threshold flux required for ignition. The intec-
cepts at usro radient flux for the throe curvas with 0, 0.5 and 3.0
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per cent Cu-0202 catalyst increase in tha ratic 1:1.9:3.1, whiln the
slopea increase in the ratio 1l:4:13. Tha increase in the intercept
values may be a measura of the chemical augmentation of deflagratinon
rate by the catalyst, while the greater increaser .n slope with in-
crensing catalyst. concentraticn may includa this offect and also the
sceater abscrpiivity of the sirface for radistion when catalyst is
present. No metiod has been devisad for measuring the surface ro-
flectivitine vnder actual deflsgration conditions, but come crude
msasurements of reflectivities &C roun temperature have vialdsd ra=-
sults as follows.

Specimen Reflectivity
Pure xmhcwh 0.63
M, Clo, + 0.5% Cu~0202 0.32
Nnhcmu + 3.0% Cu-0202 0.21

Presumably the same trend of decrease in reflactivity with increasing
ceralyst level exists at daeflagration conditions, so the higher dapendence
of the slopez of Figure 5 on the catalyst level may be in part attributable
to this affect. It is also poesible that a "worm~holing"” effect s in-
volved as the radiant energy penetrates the tranzlucent perchlorate and

is absorbed by the catalyst particles, A sizilar effect hzs baoen dias-
cussad for dcubla-base ~*apelilants (7).

A number cf radiation-induccid deflagraticn experiments with
other additives have been carried out, the results being generally cimilar
to, but not as striking as, thoze with coppar chromitea, An azperiment
with & thraa per cent addition of magnasium oxide was noteworthy, ae the
radiation-in‘uced combustion was agscciated with a fusion of the apecimen.
Sowe of the material burned angd the reat ran down the side of the ap-
paratus and resolidified., Addition of either calcium oxida or magresium
perchlorate to ammonium perchiorate led to a similar affect., It is
postulated thet under pre-deflagration condic:ions the magnesiun oxide
or calcium oxida {8 converted to the curresponding perchlorate, whkica
forms a meltabie eutsctic with ammonium perchlorate.
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DISCUSSION OF LOWEP. PRESSURF L IMIT:

Spalding (8) ari Mayer (9) have independently shown that <
nonadiabatic gaseous flawe must possess &« sharp flammability limit
which is reached by progressive change of any independent variable
which reducez the flome tewperaturs, as long as the rate of heat loes
dees not vary s rapidly wich a changs of flame temperature as do2s
the rate of heat generation, Their mechanism invclves the follewing
sequence: flame temperature is dropped slightly; reactiou rate de-
creases; daflagratiom rot:n docrcacss and £lame gebs thicker; haal i0bs
from resction zoue becomes a larger fraction of heat generation, and
this further lovere flame tempsrature; the reaction rate decraases
further, etc. Tha situvation ev.ctually efthcr stabilizes ac a reduced
combustion intensity or the flame goes cut, depending on tha ramerical
parameter;, It 1s proposed that this mechaniem is Lroadly applicable
to the luwer prassure limit of ammonium perchlorate,

For deflagrating ammonium perchlorute, the rate of radiant
heat loss from the hot solid-gis interface is essenilally presssuve-
independent while the deflagration rate, and henco the over-ull
of heat generatfon dacreares with decreasing prersure. Hence, reduction
of pressure must produce & lowezriang of flame temperature, &and at some
critical point the :flame is weezk enough thet extincticu ¢an "ccur by a
Spalding-Mayer inatability of the gas-phase flaza.

Supporting evidence of three kinds may be cited %c. .is view:

1. 1If this theory 1s ccerect, precooling of the sample below room
temperature should reduce the flama temperature as effectively as the
low-pressure radiaat heat-loss machanism, end -precooled strands should
be nonflarmable even at high prossures. Oan coolirg to minus 18°C, it
was indeed found that ignition could not be obtained at any pressure up
to 270 atm (1),

iI. The theory impliez that addition of external radiont energy

ghould promote flammebility. It has besn found that statle atmegphexic
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flemmability is obtainabie when a radiant flux of Gt least 10 cilfaq
cm-sec 1g introduced. A porticn of this £luwr is refloctad ans a portica
is {ranemitted into the interior of tha sampla, subsequently becuing
logt by conduction to the sides. The remainder, whicl is affeactive in
haating the surface, iz slaarly compavable in crdar of magmitude with
1,35 o.=.('rglll.")00)“t c2l/sq cmegac, the rate of radiant loss from the eur-
face, 1£ T . the surface temperature (), is <f the nrder of 100101100 °K
(e i3 the surtace emissivity.)

vy

III, 4&ddivicu of very smuall proporcione of copper chrmitm.- a Lliack
powder, very greatly affects the low-presaure limit (Figure 2), reducing
flammability, while larger proportions promote flamnability. Other dark
additives Lehave similarly *. This is readily nundarstondshla {f Cha
primary effect of a small pz:oportion of the black ndditive 13 to increase
the emisaivity of the surfacy, prenoting heat loss, and sems luexplicsble
on any other basis.

In view of this evidence, & heat-loss mechanism for this limit
seens to be estadblished, The insensitivity of the limit to saxpla size
und to nature of ambient s [nitrogen vs heiium) is further evidence
that radiative heat ioss 1s more important than convective lossa.

DISCUSSION OF PRCPAGATION MECHANLSM:

The reactim

N&, C10, (c) =~ HCl {(g) + 1.5 1,0 (g) + 0.5 N

k) N
2 + 125 ‘aa

is exothermic by 3G.3 ucal at 35v. This corresponds to an adiabatic
flame temperaturs (s constant pressure) of 1136°C., This cenclusicn is
modified slightly by the pressure-dependsnt sgquilibrium

2 el (g) + 0.5 0, —= RO (g) + £,
which is exctharmic by 13.7 kral at 25°C upon shifting to the right.

At 100 atm the aquilibrium ratio of (:12 to EC1 is 0.1l #and the corresponding
calculated adiabetic flame temperature is 1167°C.

+
Jddition of 0.25 per cent platinum black raised the lower limit from 22
atu to above 120 atm. Cf, also (1).
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that the deflag svfen zasiive. - 8 scasoarily procacd v -
librium, Neve: tcless pzcpupst ¢ L s s SRS

the abova-indicsiad energy ic =), ‘@5 & vha Jocampositien v . v Y
100 atm, The £ i problem whi:’ 1if by fraglirred ia Spa e:tabliste-

ment of the locsi.er a® which ¢ . anuesv 1y libarated,

The twc brcad pogsibiil ‘ms ~or umdurded-phase gad gas-phase
exctharmis react .us, Three tyr. . ¢f aparizent=? =vidaace, iavicwad
below, strongly s .ggest thet th. - i@-4filean wis8i fouaeedicas ours in
the g2s puesa:

I. Iz has b:.n dowwn (0, 06 vieusa-hoating of ammondim y--chlorate
produces sublimatic:, with substa .-} 1eswvery of recondensad amw.in:.
parchlozi+a, The :.1iginil decawr .. =in: rrystal devvalops a porous gur-wivere
which may be associ iz2d wvith a ¢ .+ 1. sublimaticn vate of the inter-
mosalc matrer {11). wr.a sl & sr¢.: is heated at 200-430°C undev ar
inert gas ianstead o' undatr viou - pehllimation is redced £nd gaseouw
oxidation-reduction graducts ma '.a royovered, Tha rate of sublizarice
increases more rapily with iac -.. .sing temperature than the rata sf ca-
composition., Thede a:ts may ! :isonebly be intereoretad by asswzing »
competition batween .o proces .i: {A) ibs crystal sublimes zo NE., cud
x;cloh vapora which o ffuse awa ' u3d rocondeuss =% z Flprunt &34 s;:.fz;.:-—q

and (B) an oxidation .vcuction siac:foe ozeura. At the highey tam-
peratures characteri. it of de (Li¢raliita (above 9oo°c) direct cir-3tiun
reaction of NH, and n,mh woun. ¢ Lraeuanbly be quits rapld, Voo e
abova facts 1!!;1)' tha : pngamou  exidarfon~roduntien resstlou: nantl sgeuwr

at deflagration tempei -tuzes.

1. The rate ot izflapr :tron - prre amudium parelizr s Msw sleoe
with incressing pressu ¢, a3 ' :we . gheun, Tole denundsrie woar 7 :gm
sure, as well ao the exister. . ¢ + Ly roprage e Limlc cv Y emmabalacs,
is evidence that gas-i .ne ¥ azti~n2 sis Sevelzed, Tha veflacrazio: rale
is of the ordsar of ome a/a: ac Yi» ~bo. %2 wag conclulod In tha die-

cussion of the lower pr.ssur . 1i:1.. Ywsae esmaldl gt w 2075 wov bure 2t

PF ]
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IOWEPIUTEN BEECINYe Betalan WO oveel Lo Teon LTam, Waawar wombuzdion
oot i oo st raddent £ ot G0 00 e e da nxovidew,
TrRin e ne ddous amep@rgvla ol N v va or 2atienr nead Less Jvaom che
surf=e~, TJf tha defisgratisd were purely & purfeca and not e gas-phase
ohancnazon, "a wonld expect tha deflagratiun vata atielued at atwo-

2

Laote pumesust Wit such #o Frgideat radinui flan wo b o8 ohy Sxoar

SRR A e aearrs s g /0 of thife. 3t doss 350 6
R AR Crs orsotme —. EMle Lo- il Y Alffeer . Ty RIS Wiktas IZOLhSIRLG
B s Y ~ivaa are iowolved. Pinaily, chne dunlad fioa dn Pigews L
TR N aicpy of ova, or & diveet preyortionsiiiy deuoten burping

-

Thes A0 BTG T ¢ is aacily shoom that :his behavieT o> espruda o

.

OBRO T, e SLBE TR WAL Tanevioa..

NPT wba aw e coorsivwres deducad from wnteasicy of sucfaca-
caaitted wadiafioo e onts T Lt the gurfmec tewperature is balur Lae

£ingl Nul veTReL. LUk,

Thesy axry-meu.y, 3F%0 SMAr, 8e6sH SUATIACLnS encegh o
previda & soad buats dor ¢ s Twn L udng heed peucvetden in the gew
phase. The paxt:s. Joras gyt » oy s nufal Bz pesn desericad In
Appendix B,

The naxt preMied o6 o stii- 0 o 1 shather the mechaniem of
the vaporisatior prosess Xrdic » (Viapoida s T rooperly ba Gescribed
oc & therbodynamic o0n & kfostic ~1aln,  Jhu wienet "ty aguilibrium
exists bDerwaan 80l 4¢ Jnd vern+ (if L flulent Foo Oy el cl. the
sote of coundenqdtinn haing nowre - % ‘arge o the wis oy o Ariom,
acd tno net yacn =f volatiliratisi bwil-g deiavined 0. e e .
rapply of heat, ‘the hinetic »echiad Lo basad OpI™ MEHMIAL TSN T T D
an f£agt 73 1 c.&n wh P neovRilfig il a Cerparernra, ond thue P
ratesiivitdng,  In tha ledter cugw, Sim cata world be datanaanced o i
surfece terperature vinlch i zoxn reui’ be poo wned by & hevt heianwe,
In both cases, then, tha cadrtiazi . s’ o gale b wirvicarely

limited by the rate or heat ¥~ 3¢ ecauimal sadien -y WeTw

4t =he il stryn oo PP T A LR CY I 0 SPRUTENL P LU T30 A2k: S GARCEY
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uet orsldor tho secondiry aéleo & w0 taby t'e added heat raicds che flama
tetinmrature, heute the §aceacud recct «am r-4-, 4nd ultizately Che steepuccs
of tho Cewperature gradient svd s

widianty 1 heat £lux to the suxfaz=,

Another questive of im: v, wra ¢ o Jm efze of the hypothasized
Lesenus reAction ok An eeillife 0 Ll g ve may be made as follows :
At P00 atwm, when the dafligrollc  2..: Zu tud émfese. 2t is readily
casalatad that 4 heat fli, ~7 3 W culiag ¢ <ec is Toquirad to supply
&oasnlshle beat o % kosifmcla 2 omane £00 Y rlsa) and a ho n of sube

Lo eiried of 56 keatfarle fy Lz s pusvhlozs ce. LT the thenia, wene

St aicy of the gan just sbova ' s.ilate 2 9,00016 c2l/faq cmepen- K
L Gaaled), them the viperssuso cadimat ¢ - ae gas phase required to
puelLin this heat i7roc w0 L0 X .’AF.: °K/cu~  St:ze the total temperature
zine in the gec phase cannot be Laxwr vie. - ¥ v  .ured dcgrees, the
£luei thizkaes> tust be of xiia order of 302 1.a 2& . crv. Por radiatico-
apuistes deflagrition at e ctxmosphare, whep ¢ uys caflugr !lon rafts i3
Q0L cafsee, the Quarous mone as ectutrlii b ioB abewn yreedore woald
be: F0.,0E5 or 40 cioas 20 cidok, which i el niv o=~ leronsg,
DISTSTON OF CATALYST §i&Es:

it —

The primery “wmwizon 28 8 catalyet s.il <@ coprar chromite 1s
Yl wed %o be Che sugmerraliun of tho gasecus yvenfoa r2-  in the zona
su. abovy the surface, This ulilcet is styilein,:, showm . “fgure 3, and
is 'iso avident fu isuthormwal deccmpositisme=zata i« parimis, - ot 200=300°C

{17 . .

dwavexr, the caralyst arems tc pouiens & Jagl £, :tion as-~
svv.. vad with 1te ability to absnrl wad emir rad.o+ - encry , which is
pa.liculsmly {moortaat whon the catalyut cencantt v en ‘4 ow or when
2 r4%8 erxternal radiant flux iz present, 7ha Broun 5 Lldi s ii rigures

2 ©1.4 5 have alrrady heen ~iscuusea from 2his viewpt Ui

Th~ appareni sxtrxews ihinnags ¢f !w, gu~. + ,nction zone
b wme aiready been discussed has o bearing en b pooendes bty which
©om pexticles are effective Lo augmenting the o v stion rate,



ATLANTIZ RESEARCH CORPORATICH

LIt

P 1=

BN N, 4

e iy

13 Qmakad nih

-
s

ALEXANDRMIA,VIRCINIA

- 15 -

i onmamy Ieagonavle that the primary effect of the catalyst particles
must be ts increaze kha rate of the rate-controlling gaseous reaction.

If the reaction xone were suhstaniril.y thicker than the catalyst
paztizla diameter, tha catalytic affect would sccur as the gas~-borne
catalyst particles are carried through the »ome. However, the catalyst
particles, of tha order of 10°3 cm diamater, are roughly 100 timas as
thick as the rezclloo zore st 127 atm, and hence wouid be affectiva while
still partialily embedded in ¢« .~)id ammoniui perchlorate, This would
have two consequeaces. In the first place; the catalyst would move
thrcugh the rosctfcona zone ai the soiid velocity rather than the wuch
highex gnz2 veloecity, aand thus the catalysi would have a loanger iime to
act. In ths secund place, the augmented neat-reicagse rate around each
catulyst pexilcie would caums )ocel packets <o U burned inko the per-
chlozate which later flatten out, the ovaxr-a1) highar dzflagcotion rate
being asscciated with this process. This dedustion suggestn that needle-
like catalyst particles criented normzl tz the burning surface should be
highly effectiva.

The *"worm=ho! ing" mechanism by which catalysts may act when a
sufficient rudiant flun is prusent zhould also be discussed. In this
wechanisie, & cahzlyst particlie below ths surfece is heeted by radiant
aucrgy. It is cecriainly possible that guch effects may be imperiant for
propellants with wery high flame rexmeraturas and correspoading intense
radiation emigsion. Howaver, several argurents may be put forch which
suggest that thera is no necd to invoke this effect in explaining

pregently describad expariments:

1. Uhen catelyzed ammornium perchlocate deflagrates at elevated
nraggura without externally addad radiation, tlic products are met vcry
hot (930°C), so the radiant flux emitted would bpe relatively low. Yat
the deflagraticn rate, of the order of five cm/:ec, 1is comparable to
that of energatic provellonts in which samonium parchlorate is the
oxidizer, and which have far higher f£lama tecgersturza and corres-
ponlingly wmore intense radiation fluxes., Henca, radiation cannot be
too important as a rate-ccntrolling procecs in elevatod-pressuce

daeflagratioa.
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II. The burning rates of ammonivm parchloratu-based propallants
are at laast roughly the same in laijze rcckets and in gmall strand
burners, although :he radiation enviromment is grossly diiferent.
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APPRNDIX &
Datadle of Surface-Tempaveture Measuremants and Calculations

I. Pilm peasitometry

Ov September 13, 1957, a seriza <£ maven snapghots of a raf-
erence body at various temperaturec and two snapshots of Lurning strands
were taken and developed together. Densitomstric measurements of tha
refarence body are tabulatad:

T (“c) Dens_ i (#rbitrary units)
650 0.62
700 .40
750 2.15
o) T.35%
850 2.47
900 2.595
959 2.70

(The reference body 1s & staiiless steel tube haated by electrical re-
sistance, the outer surface eing coated with Bureau of Standards Ceremic
Glaze A-418., The temprratura was measured with a chromel-zlimel couple
within the tube. A check o “he validitv of this me2aurement wae obtdined

-

ty applying a material of known melting paint (115°C) to rbe outside of

the tube,)

The two strand photographs taken together with tha ghave coli-
bration were found to have decnsities of 1:65 and 1,80, corresponding to
apparent temperatures of 715°C aund T25°C. (These would be true tempere-
tures only if the emissivities wera t:a game for the referance body and
the strand surface.) All photographic conditions weze the same for the
celibration and the deflagration photographe except that in oue case
there was air at atmospheric pressure in the optical path and in ~he other
cAge, nitrogean at 500 psi and combuaticn products,

In a gecond serias of photographe on Suptember 17, 1557, con-
aisting of three calibrations and two defiagration photographe,
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calibration values wora:
T {°¢) Nanstry (arbitrary enits)
T00 1.20
750 1.50
800 1.90

(these values are seen to differ slightly frum the e-ciier calibracion,)
7he two atrand dsnsitice were each 1,60, corracpouding to apparent
tewperatures of 730 and T30°C.

1X., Filtar and 24ilm flbaracteriptics

Kodak sunplias the following data for spectral seasitivity of
their high-spead infiarad £1ilm:

Wavcleagsh (microns) Log sansitivity
0.65 + 0,60
o.70 L 0,78
. NT5 + 0.8
) .80 + 0.95
‘ 0.85 + 0.60
; 9.50 + 0,10
! 0.93 - 1.00
: 0.97 - 2,00

Thua the gensitivity is roughly a thousand times ea great at
0.80 microues as at (.97 microns.

This Svadaug To69 filter which was used transmitted 2s follows,
according to Corning:

Wavelength (microas) Transnittance (%)
O.m - 0-70 0

c.71 0+

0.72 6

0.73 25
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0.74 k5
0.75 65
0.80 8
0.85 80
0.90 T
0.95 57
1.00 3
.35 15
1,10 5

— e

Iil. cCalculation of er-Limi: Temperature from Apnarent Texperatvre

Sinoce the emissivity of “he strand surface 1g unknown, one
can try to estimate upper and lower limits of amissivity by comparigon
with other materials. Only the losrer limic of exissivity may be estia-
mated, however, since the upper linit ir the spectral region of interest
nay ba affectad by chewiluminescen:e in an unpredictable way.

McAdsms () liste tane foliowing total emissivities for nonmetals
at 800°c (1470°F):

aunenm T &

Nickel oxide 0.66
Alumizum trioxide 0.27
Cuprous oxide 0.66
Magnesium oxide 0.22
Iron oxide 0.87
Thorium dioxide 0.22
Silica C.45
Zirconium silicate 0.55
Magnesite brick 0.38 (1832°p)
Carborundum 0.92 (1350°F)
Building brick 0.45 (1832°%)
Firebrick 0.7% (1832°F;
Carbon 0.53 {1500°F)
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No velu: is below G.2, uso thig 1s taken as the lower iimic, It ig
asruzed that these vzlung for totzl emiseivity sre applicable to
spectral eaissivity in the vicinity of 0.8 misrens,

The total emissivity of the csramic coating on the reference
body bas bsua measured by De Corso and Coit (ASME Trans., 77, L39 (1955) ),
as 0,89 at 725°C. The assumption wiil be msda that this is a groy body.

Tha following eypressicn, whish fellows at ouce freom Plasck'c
law, was uged ic cslculat. the temperaturs 3¢ tha perchlerata surface

frem the Ea:a;a.‘.n; dacia:
¢). /| s (l.’&39/u ) - l}- elRlLW (19“39“;) - '13

Bare, )\ is apectral amiasivity, )\ {s wava=langth (ew), T is
tewperature (°K) and subscripte x and R rofer to unknown and refersuce
bodies. 4&s diccussed, ¢ A, 1s taken as 0.2 snd g, a8 0.89, T, 1e teken
as 998°K (725°C), the saverage -~ the chove-dancribad four daca poirts.

The wave-length ) is taken as 3 X 107 cm (0.8 micron) on the bagis of
tha filtar and fila cut-off chavactarinticra, shown showa IA ealanlation

S04 24 eyl o

shows that a ten per cent error in chaifze of wavelength would caugs
only a one per cent error in terperature,)

With the above velues, T comes out to be 816°C,

Maasurements and calculatime for other films and filters were
handled similarly end will =st bc Zsfadled hers, sincs no quantitative
conclugzions wera based oG Tham.
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APPENDIX B
A Hathematical Model for a Deflagrating iiesgonsous
Solid Propellant, ln.luding an External Redisnt Flux

Ihe Mudal: 1t ls aseumed that s ons-dimansionel homogznecus solid (which

mighT be awmonium perchlorsts, as discussed in this raport) sublimes at 2
surface, the vapor reacting exothermically sbove the surface with a re-
sulting feadback of heat to the nmurfaca, Steagdy-gtate regrassion of tha
surfzce results,

This model would also be spplicable to a liquid woncprop2llant
which vaporizes and reacts szotharmically in the vapor phase just above
the surizca,

When the gou-phmse exothermic cesction for suck & peiceds cau~

oot ba doscribed quan:itativaly from 4 priori knowledge, its rate way be
described formally in scme fashion with adjustable perimeters. We chooss
to do this in the sisplest coacuiveble way 8o as to perzit straight-forward
sazlytical solutiocns to tiae resulting differential eruations describing
the model. Ler the resction rate be zero below sz ignicion remparsturs
Ty» which ls greater than (ov in a speciai cace equel to) tha surfsce
tamperature 'r.. Above T 4 ¢the reaction is assumad to procesd at & cou-
stent rate q (cal/cu cu-sec) uatil the reactants are consumed.

Hith this model, reactioa rata is independen: of razctent cor-
centration, so that wolecular diffusion in the rosction sone need not be
considored. Huat is conduzted from the rsaction zone, th. cugh the
g§Assous preheating zone, and to the aurface. 7The heat flux across the
interfaca iz #Q, whare d ie the burning rate (ga/sq cm-sec) and G 1s the
sum of the haat nacessary to raize the solid from ambient tesgsratwrs Ta
to surface temperatuzd 'r‘ and the heat «f sublimstion, As an optional
foatucu, an sxtarnal radiant flux 9% (cal oq co-sec) may be assumed to
pess without abaorption through the gases and be abgorbad at tho inter-
faco; a negative value for 9% would correspoud to radisnt heat loss irom
the surfaca to the rurroundings, the gas immediately above ths surface
again beinz transparent. The aketch in Figure Bl susmmsrices the model,
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The wataematical behavior of the modal will f£irst bi developed
fox % © squal ve zero, and then for aithar positive 2z cegative valves of

qk.

Mathqmatizal Relatioaehing (No Radisticn}: %s assume that the gus theimal

conductivity i aud isobaric heat capacity cp ave lidepandsnt of temperature.
The coordinate system is chosan to move with the aolid-gas interface, 30
that T(x} is timm-iovagleat. Accordinzly, the Q4ffeventisl eqmation ex-
pressing consarvation of thermel anargy in the reaction scue is

o
4T . ar
L&Q-ﬁbph + q = 0 (B1)

The boundary conditions cn the downstream side of the reection zone are
'I--'rfaml%i-;é--Owlum:r.-:n:£ (82)

Since ) is constant, equation (Bl} &s zeadily integrated with boundary
condition {B2) to yisld

T = T, =~ e Y
£ . cp2 L A 4
ard P e {x-x ):’;—‘
. 1. P f ] (B4)
'p ‘__ -

In the paseous preheat zone (between T, and 'r‘) the equation for con-

cavvation of energy is

.‘:’...2"5 e E (=
l d’ = MW Cp &‘ (Y 5)
The beundary ccaditions on the upstresm eide of this rons ave

dTr .
T = T andls = mQatx=x (86)
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Integration of (BS) with boundary coniitions (BS) yiclds

% - Q% cp('r - 'r-) m/h (B7)

At the ignition plane x = Xy whers the gageous preheat zcne
:ucribed by equation {B7) and the reactica zon: described by equation
{uh) meet, dT/dx muast be centinuouve if a svaady state ewists. ULence,
(B4) and (B7) may bs equated at this piane, yi2lding
r “m - C_{xg = x,}/%
S 2 - - p £ 1
LQ+ cp(ri T,) &°c M l1-e

(88)

It is possidle to sluplifyy this ~quation by eliminating the
quantity Xc = x, as follows, Theover-all enerpy balanca of the flama

muy be written

q(xf - xi) = m éo + Cp('l‘f - Tg) (3)

The reactlion-rone thizknags Xe = X, may be elininated between equations
{88) and (59), This introduces a ucw pavameter T;: of comrge, hut this

is readily evaluatad i any cpociile casa from thrrmoliynamic cuvnsicderatious.
The resuliing squation can be expressed most gcoupactly in dimensionless
forn:

o148) = L-ogHL+T) (210)

whare

A

TRAI Y
P

= cp(Tf - TG)/Q

Equation (B10) permits calculation of the burning rate m whea the other

parametare are kriown. Sincs ejuation (B10) 48 trauscendental, it 1s not
possible to express m explicitly #8 a function of the othar quantities.

However, an inspaoction of the dimensiculess groups shows at oace that

m ~ (2q)% (B11)
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Au exsct quantitative dedcription of the ralaticnn between a, £ and v is
given in the foliowing teble, which might readily ba oxtended by furiher

computations:
(L+ 7)1+ 8B) all + B)

1.00 0
1.05 0.1
.11 c.2
: 1.19 0.3
: 1.98 0.k
1.39 0.5
153 0.6
: 1.72 0.7
2.01 0.2
; 2.56 0.9
" «© 1.8

For the specisl cese where y is small compared with unity, equetion {510)

ﬁ way be axpanded in good appromimation according to
- &2
e & l-x+ Y

This yieldn the asympototic expraesio:u
a2 Hr-B1+ V% for ¥ (12)

Mothemstical Belationships (Redistion Included): An axterna) radiant flux
4 (cal/eq cm=sec) is asoumed to be incident om the s0lis«gas interiiice

and to be cartixaly abscstsd, without reflection or re-radiation., 4

! nagative valua for % correasponds to radiant hea loss from ths !acerface

H to infinity. Equatious to describe the foregoing model with thie sdditional
feature will be developad.

! Rquatious (Bl), (B2), (B3), (B4), and (B5) are still valid,
j Howvever, 'tf will obviously ba a function of %G according to the relation

C,(Tg = ra) - cp\Tf =T L o + /% (313)
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This 1s based on the sssumption that Q is independent of 9pe

Inntead of equation (B6), the boundsry conditions at x  become
Tmrand)rq:-c-qx-ﬁq (B1k)

Integretion of {BS) with bouudsry conditions (Bl4) gives

’-. "T - f [y - qk (‘Bl_—\
ugk e) + Q 4 A2 )

.

i5), one obrains

~mC(x, =z )in [ q;}
. p t 1 - -~ ‘t.. - 5 Y - 3 .2 N ;
Pi-e ‘ Q=+ AN i) —KJ n Cplql (826)
The over-all enargy balance now is «
q(xf - xi) +q = o ’.Q + (:p('l‘2 - 1‘8)] (B17)

One can eliminate T, hetween (B13} and (B17), and then eliminate (x, - xt)
between the resulting equation and (B25), finally to vbtain

a(l+B-o) = 1L-eaHL+ ) (318)
where \

Y = cp('tf T,)qa_olq
and g = qR/l:l Q

Rquation (E18) is seen to be identical to cquation (B1O) when f in (B10)
is replacad by B-o, and the previously tabulated soiuctions are valid on
this basis. It should be noted that & contains q, which one would ex-
pect t:o be a functiom of ('1.'1 + rf)/z. vhile T, {3 *ula 1s 8 function of
q» glven by aquetica {Bi3). It ia not ﬂnp!gp ricts howrs o zoacilaie on
the functional relation betwesn raaction rata q and temparaturs, hut
obvi jugly any desired function may be iatroduced.

To sw=iciza; wa are ansentially taking '1.‘f and q to vary
with g wvhile 1‘1, 'r‘, Q, ), and cp are assumead indepandent of e This
choica 18 purely arbitrary; the cther quantities could obviously be ex-
pressed ae funsiitns of iy ii vue visied, at thg cost of increasing
complenity.
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A qualitative understanciag of the effect of tha radiation
parameter o maj be obtained from FPigure B2, which is a plot of = ve
(B ~ d), £ perematric valuss of v from care te iafialty. It 45 sass
that the buraing-velocity paramstsr @ incrossas with incressing o and
decreuases to zero for sufficiantly laxge negative g, corresponding to
extinguishment. The mathemarical condition for sxtinguishment is

rSge-g (mg)

Physicaily, this @eecs *hat the rediant haai loss (negative o) is suf-

ficiant %o reduce Tg below Ii'
Approxisate valation (Bl2), valid for emall ;, nov bacomes

asx 20+ 7r~-p)(L+ ’r)2 =i and <<l (B20)

-

It follows that
7’ o
(%—% 5 -t s 2 ¥<<l ané 0<<1 (221)
3 (1+7)
hpgroximate velation (B2l) is intaresting in that it might be
tisted experimentally if he variation of q with 9, wera known,

Nomeme Lature
n = burning rats (gm/eq cm-sec)
cp = specific heat of gas at constaat pressure (cal/gm-°C)
Q = heat of sublimation plus sensible haat needed to raise
solid from ambient to surface temperatuze (cal/gm)
G = radiaant flux to or from surface (cal/sq im-nec)
q = rate of gaaeous axothermic zesction (cal/cu cam-sec)
A = tharasl couductivity of gas (cal/ca~vec="C)
= = distanca -
T, » surface temperatura (°C)
T, = ignition tempetature (°C)
T, = fipai Slams tewperaturs (°C)

ny, B, 0. Y = dimensicnles: groupe
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