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ABSTRACT

An éxﬁerimen‘tal atudy of i;he heat of reaction versus préssure"
for the flameléss combustion of M~2: double-ba.se pv-opellant a.t low.
pressw:e ha.s been perfomed.

Experimenta.l evidence is presented wnich indica:bes that the main

hea.t-proaucing reactions are gas pha.se rea,ctions which Sceur very near

-the surface, and heterogeneous rea.ctions occurrmg at externa.l sur

f'a.ces or below the ga.s-soliu interfe.ce a:b surfaces of voids anﬁ/or

cracks. The overall heat of rea,ct_ion va.ries with .pressure_ from a.pprox-

imately 280 cal/gm at 0.3 psia to 560 cal/gm at 75 psia. The apparent

activation energies based on scanning celorimeter deta are given for

- this pDressure renge 8180, They vary from %7.5 Keal/mole st 0.3 psia

to 60.2 Keal/mole at 75 psia. Tncluded in these values is the

'ind.i.rectly rl'..‘téminéd" condensed phasge héa.f; of reaction of approximately
45 ca.l/gm for a propellanu at an initial 'bempera.ture of 25° ¢. This
variation of heat oi‘ rea.ction is apparently not con'binuous but involvesjy
' .jumps in the heat, of reaction between 3, and 2 ‘psia, bet ween..lh-."( and
| 25 psis, and another. between 110 and 220 psi&; This Buddén- change

Iagrees with other experimental resulta of the buming rate data

obtained at the. University of-':South Ca.roline;, ‘--indi-ca.ting: tha.t the

' reactions near ami at the surface domnate the energy genera.bion. -The

initial stagea of rea.cti.on from approxima.tely 80° ¢ to 165 o3 a.ppear

. to follow 8 zero-order trend. The oneet of significant hea.’cing then

= besins with the initiation of vuporiz&tion of ﬂit“gw cerine end &

» ehange to agproximte]y second-order mode,- Orders of rea.ction w‘are




SR

t};esﬁ events were obtained by comparing -sca.ﬁni-_ng calorimeter and

determined using thermogravimetric gna];;é‘es. Measurement;s 'defining-'

: thermégra.jrimatric "cla.fi:a. &t the seme heating rate of -100 C.per minute.

The e'f‘fecfifene,ss and response Iéharagtei'.istics of these instruments

" for propellant messurements are also di scnsged.
Scerining celorimeter results also indicate that nigroglycerine

_when n;i:ied. in with nitrocellulose does not act, indepe_nﬁgn‘bly a8 an

ingredient: . Low temperature measurements oﬁrer the tempersbure i'énge

of the freezing point of nitroglycerine of 13° C did not show an

-é#xd_éthem which vrou.ld be ‘e:cpéc‘t';ed if freezing did occur. The fact
' tha_.t-'nitz‘dglycérine begins to evaporate ab approximately 165° C at

all pressures confirme this finding.
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The purpose of this -work is t;o experimentally invesi:_:iga.te_ reac-
ti.ans'obcurring -:‘;n $he surface and subsurface regions of M-2 doubie-
baae propellants at low pre.&;mes {0.% psia to & Apsia.)- The work. is -
performed using the techniques of différentisl scanning calorimetry
B (Dsc) and thermogf&ﬁmétric enalysis (TGA) It is part of en overall
| 1& --progr.am at the Unifersi‘_by of Sfbut.hl(}arolina 'to isolate varlous critic-aJwi

parameters end determine their effects on. the combustion mechenism st

[

low pressures.




TI. INTRODUCTION

No relisble combustion model exists for the purpose of burning
rate teiloring. Msny comprehensive models have been proposed, but
they cannot he applied conveniéntly becaunge of the rultitude of
parameters thet must be rumerically known or assuméd. The assumptions
| required are often unverified. A typical analytical trestment
involves the independent *.rariatipn of ench parame‘cer‘ to evaluatbe its
effects or to determine the magnitude required to fit experimentally
determined ‘burning rate dats. More sophlstica.ted analyses only com- |
plicate the situstlon so tha.t applica.tmn to combustion tailoring has
not been enalytically paasible. There ha.s nqt been a sufficient
ratber of ceritical experiments per_forr;ied on double-base. propellants
f at low pregsures to evalugte the importénce of_ varions i;arameters and

their efi_‘ecta'qn the com”bustion mechani.sm. .Most of the recent
literature hes dealt with composi't;e;propella_nts ’or. on stﬁdie's of
~ individual ingredients uged in ‘doﬁble-base compositions, There is
#, therefore & need 4o cﬁinprehEﬁd the deflegration mechanism of double-
base pral;éllants at low pressures. Experimental results on the

veriation of each perasmeter are not dnly needed for mak:!.ng improved

mahhamatieal models but can provide verification of such models if
thay sati;fy all obeerved measurements. A model which descrihes
burning rate versus pressure bub 'pred—icts iﬁccz'regt surface temper-
atures and heats of resction in the various zgﬁges would be |

que&tiunable.

In theoretical trea.tme:-.c.s of cmhustion, :I.t has been generally

| _ssmumed that the burning rate is by gac phase reactions.

&




=-‘__—=m=ﬂ==:..__—-—

Recently, however, Waesche(l) and Wenograd(2) nave suggested that

. condensed phase reactions are the controlling factor in combustion
of composite pi-bpe_l‘lo.nts, particularly at Alolw pressures vhere Wencgrad
associated the phenomenon of "flaz_neles‘s com’bustioﬁ"#lﬁh condensed
" phase reactiens_-- However, the appearance of 3 vigible fiams I1a not
a requirement for gag phase reactions to occur. Daniela(5) providnd
6ther evidence in support of condensed phese reactions. He exaninsd
.gra.iris of quenched powder afterl partial burning and found, by the
Aus'e ofl dyes,'- that there is a changed layer neay the surface 'of. the
powder which is perhs.ps 0,015 cm dsep- '

Rice and Gine1l(*) assumed that the powder was a.ppreciably ‘heated
to this depth and showed how it could not be a.ccou.nted for by conduc~
tion from the ges ph_a.se. However, s they did not define what
"a.pprgcia‘ble" heating was or the effects quenching might have on the
surfece. - Evidénce" fdx‘.‘tmly con&ensesi phase subsurface rregctions y 8&
opposed to he‘cerd'géneous surface coupled reactions with the gas 'phé.se
is rather i‘limsy and asg this work ind.!.cs.tea, at least for M-2 dou‘ble—
'ba.se propellants, its s,.gnificance is very' minor. ' _

ﬂ - Some conmsinn exists in the literature snd amang workers -in the
propellants :Eield' due to rather loose. use of the term ' solid phasge"

'

‘resctions. ' This impliies o some people that solid :lngredients react H

and i)roduce solid -products. 8imi’” a.rly, the term °’ condnnsea phase ﬁ
implies liguig ree.ctsnts and 11@11& product. Most of the litera,tu:e

: refers to a decanposition rea.ction where 8 solid decoa:@oses to gasecms
ccmponents as a. solid phase rea.ction. 'I'hese gasecus decomposition

E . ‘products can then react nnd pxoduce other gaaecus pro&ucts :Ln the '
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so~celled "dark zone" and "flame zone." In the combustion of double- .

base propeliants, it is probeble that several different types of

reactions occar simultaneously. A better understanding of the ‘

phenémena inv-:;l\reci may result .if" these reactlions cah be defined
separately. For the remsinder of this thesis,lthe term "condensed
phase" reactions will mea;l no gaseous products are involfed.

One other -term which should be clearly definéd in any discussion
of solid propellant combustion is "surface." Tt is unlikely that any
lsingie plane existé ‘which separates gases from condensed phases.

Some condéensed pha.ée pesks ﬁll protrude into the gas side of the
plane, etc. Also in the vielnity of the "burning Burf.a‘.ce, " the

temperature gradients are of the order of thousands of degrees per

- centimeter, and moving = distence of & few microns can change the

temperature of & plene of "surface" by significant smounts. Thermo-

couple beads léss than 1 mil in dismeter sre still large with respect .

to these gradlents; therefore, ldcating_ a pl-ane‘ or "surface” by

'thermocouples is quite difficwlt. When talking of "surfaces” such

as thé, one on which & minizus surface témpéraﬁure exists, we mst L
remember thet this 1z & thesretlicel plane only and may nqt be

relatable to experimental data. 'Tils :lne.'hilify' to lacate a surface '
na‘tliraily confﬁses +the 1ssue of eondensed phase heat release if one |

refers to any reaction ovecurring in the condensed phage a8 & con-

_denged phase resction. The 'Aam'oﬁnt‘qf_ heat released in the condensed

- phase will na.turally W;Ify with the location of the surface. Tu & '

high-ﬁmpgraturé gradient region whe_réf d:{s*.;ances:- of a few microns

.g:l.Ve ,s:l.'g_'_nificaht changes in '-tangera,turé s the réact‘ion rates wlﬁieh

STy . . e ‘ i
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vary exponent lally with-teﬁxpere“:uré can give different answers on the
. améunt of hest réles,sed up to s glven plene or- "sﬁf&ce. "
Comparison of DSC and TGA data ab the same heating ra.tlés shows
that no measursble heat is produced before welght loss occurs. There~

fore, no condensed phase reactions occur before gas producing

4 reachions start. _Decomposifoion'reaétioné producing geseous products
are most likely to occur et external surfacels; however, some may occur ||
below the ges-golid. interface at surfaces of internal volds or cracks
in the solid propellant. _Tﬁe vigual observance of bubbles at the’
burnlng surfaee of double~base prop,elia.nts suggests "bhé.t sole gas-

: ';producing fea.ctions do oceur slightly below the surface. The heat -
measured by ﬁne DSC may be from e:%othermic _ciecomposi‘tion veactions
oxr from gaSeous 'rea.ctions 'amdng the decomposition products which occur
very -cldse to the -sdrface;. Microthermocouple meameménts from other
work lat the University of South Carolina, thich. will be diséussed m
detail iater,-indica:be that reactions do oceur very close to the
‘surface. .Ev'en thoﬁgﬁ conde_nsecl phé.se reactions do not bccﬁr before .
_-;ga,s—pz;oducing exothermie reactions, 'théy_ still can occur simulﬁm-

_eou‘siy with their effectslmermbsed on the otﬁé’r redctions. '
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ITT. LITERATURE REVIEW

Consider the propagation of a one-dimensional combusticn wave in
a. premixed ges as being. fixed in space with reactant gases flowirig in

from the left and product gases flowing out, as shown in fig;ure 1.

The stea.dy-state energy equabion describing such a flow as given by

-Fraxﬂc—Kamenetski-l(-5) for constantﬁhema.l prope.rtles is

-x%‘%..;hcp-—auw—-o | - (1)
where
T = féﬁpéré.ture
x = space coordinate
A = thermal conductivity
il ='n{a,sé flow rate per unit'aree

Cp = heat capacity of gases

' W = volumetric rate of energy relesse .

If we mssume the heat release is describsble by sn Arrhenius _

 expression, then

W= pQz exp(-Ep/RT) - (@8
vhere R = unjversal gss éonst_apt
Q ='-'. energy of resction in ca.l/gm
] ‘.p = density
""Z preexponential factc:r

"EA = o.,.tivation enerw




This premixed gas equation has been ‘solved with the following :
. boundary -conditions:

"T'.-‘-..
....To

it

gt x = - ' '~ Ty =initial temperature .

il
It

T=T, st x = 4w Ty, = flame temperature

The resulting equetion, which' is given'by Pliukiin(6) 4s .

: mﬁpqz exp(-EA/RT / #
m= -
ABmy(r, - )R j

(5)

This oonoept_of fleme 'prop;aga:bion'or‘ deflagrat'ioﬁ accounts for
| the propagation of flames through. gﬁ.s_es and is considered by some to
: be appliceble to any ,cor;tin‘uuol. ' ' . |
l Combustion. of -ﬁiou‘ole;bg;se propell:ants. is ;mlch more con@lioated
P' than the oor'n‘bu’s‘tion of a preroixe‘d gao,' hoWevor, ‘because a 'solici is

'.involve& as well as & gas. Even though the double-base propeilant :

'is usual];r cons:l.dered 'bo be homogeneous, it may not be truly homo=
geneous, proba.‘bly being cloaer to an emul sion of several com~
- pounds beoamse of insolubles in ‘the propellant and the nature of
: m:bcmg _The deoomposition produc‘cs of ‘this sol:i.d nay not. be in &
premixed sta:i:e- Addi*iona.l heterogeneous phenomena mey a.lso enter.’
Therefore, many other ‘theories involving the coupling of various
Zones or pha.ses of .g0lid propellant omnbustion have a:risen. :

Heller amd Gorﬂon, (1) ua'ing high»speed phonography, observnd

.' tha.t the cmmstion reg:l-.on of 'buming double-ba.se propellants con-
| sists of three zones. a4 fom“ zone less than ! mimmeter in depth

| © exists right ’oéiowf the sgxrface. 1in which the solid ‘tra;nsfoms to a




1grated the cmn’bineé. MABE and energy conservation eq,ua.tions for. the
‘ ._a't'. the end of 'bhe foam zone when no heaﬁ feedba.ck from succeeding zoned

"_}'reaetion a5 f‘tmetims or 'I‘&j‘l‘a. '!Pne ‘theory ms made 't\.; it bu.ming

100 to 200 psia., depemiing on the pa.rticula:r propellant, is the flame

't'reat -each zone. consfecutively,- -éonsidering the heat genera,tion in ee‘.ch

. region and heaa feedbaek from succeeding zones. .

~ order "foam zone' rea.ction and & second-order fizz zone" reaction.

- "I.‘he Tizz reaction was consid.ered. to e the controlling reaction at -

- low prmssures whez'e there is no visible £1lame reaction. They inte-
-.Afoam ana 1z zones, matehing the tenq:eratures and extents of reactiorw

. -occurred. A.set of tabl&s w&a *prcvida& for_ ra.nges of va..mes of a,ctivs-

‘_ . '_tion energr, surface tmera‘!ﬂme of the ﬁzz zone, and extent of

large dark zone of éu]_sposedlyl nonréa.e.ting gases whose length varies
with preasure. As pressure increa.'ses, the 1 amé gets closer to the

s_u:cface. The third zone, whlch exists only at pressurea greater than

zone ' | ) '
In the models of Perr and Crawford(®) and Rice and Gine11(t)
shown ipifiguré 2, the “pipz zcné“ is introduced as an additiﬁnal'one '
bétwﬂeh the "foam zone" and "gark zone" of Heller. and Gordon. This
"Piza zoné" exists.even when there is no flame ab low preSSures Bath
of. these theories applied the conservatlon of mass and energy equations .

to the experime!ntally ‘observed shructure of +the- combusticn ZONES. They

A Pary end Cra.wfo“d neglected *hhe "de.rk zone" and- assumed & first-

a:b the interface- A ten@eratura T was defined +to he the temperauweﬂ

m.te veraus pruaaure cmes, Imp:mg that the values of a.ctivation _

© wyigcous 11@,‘111& and bubbles form. Above the bumfing surface is a’




energy, tmnperé.tuzfa; end extent of :&eac’tion thus .détemingd were the

cqx;rect values. The model predicted o linlting very low pressure

coefficient of

..B.logm ' - :
ﬂ—m . . (’4')

As shown by equation 72 .o.f"the cited reference,

tpag = 0.50 | | (5)

As the ;m;;hors 'thezﬁ'ﬂelves: poi’n‘t out, the experimental.value is 0.75.
Therefore, & good, it of the theory c;annot be expeched at low pres~
sures. It should a.lao-be noted that. condensed pha.se reactions (no -
gases involveti) a,re usua.lly .considered to be pressure independent ;
that is, zero-order reaction. By e.sszming fir—st-order resctions in

ﬁ' the foam zone, Parr and Grem@ord ‘seem to be implying ’cha,'c tre foam

- Zone reaction is hetertagemar:n.zﬂ° o . |

e sppronch of Riee and Ginell was quite similer to that of

i

’ "Pe.:rr end Cravford except thet fahey neglected the "foun zone and

i used mpir:f.cal da,ta. to define the 1ength of the dark zone atb va.rious B

' presmn-es, ﬁhereby varying the hes:t»transfer rat;e from the 11azue zone .
| as it mmres closer to the mfa.ceo The dark zone wag considered to
i 'be a regicn in: whmh remireci concamrationa for the flame ree.ction

.‘ou:ut up. They mcluded 22 fsree.mnt of the fizz zone: when no flame

-'-oecw-red, : ‘It slm 13 a, curve fiﬁtmg proceaa i which pa.rmeters

"'_‘sucn ag mrrace tempamm with no feed‘imck from the flme end
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activation eneréy for the fizz zZone were considered to be the values

z‘e'qu:l:-'ed.to £it the experimental da‘:bé. of burning rate versus pressure.
| it - ﬁiiéms(?) ‘glves a very inte;t'esting treatment of coupling the zones
invclaivetd'in douﬁie-bqée combuétion. He inéludes Ahe diffﬁsion 2qua-.
tioﬁs._;:‘or .rea..;:ting .speci‘e_s with rthe congervetion tﬁ' mess and ene:;‘gy

il equations. For piane one-dimensional flow, these cen be written as

wBl e

where M 1is the total mass flux, MGy is the fractionel mass 'fl'ax_
“for component I, % is the space coordi_né,te, and .Wi is ‘the net
(r rate of loss of conipohent I due to chemicel change. The diﬁfdsibn

eguation is given as

) ayy - IR

” “ 't_qhérfe“ p is the mess density ‘ax_di Yi. is the mg.és _i‘ractit;n concen-

I tration of component I with mess diffusivity -Dy. The energy

A equetion 1s written as

8 |

G
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. and Ahfi is the ..sta;t'xdamd- heat of formation of species I The

summetion in eé_ﬁaﬁion {8) .ils taken over all components of the sysﬁem,
and k ‘is detinied. as the bulic themmal conductivity.
| If we 'aame no heat 1oss from the éombusfion products "cccurs
- and tha.t the system tends to a state of eQuilibrimn, the deriva.tives
.vanish &t the hot 'bounclazw The tot'.a.l enthalpy then 'bends %0 &
c:onstant value a.nd eq;ze:tion (8 can be 1ntegra.ted to give the temper-
~ ature gradien*b ;:tn terms of the local com_ponent mass flw:es and

' eﬁthalp_:l,es ag

) -d-T _ l - .‘ . .‘ . . '.
k3 MZ_.Gihi, M LGii_li hot boundary (20)

TIf the Tewis. number for each species is unity, then epy = k/cp, and
if the enthalpy tends '£0 & consta.nt va.lue a.t the hot bounda.mr,

' equa.ﬁons (7). and (8) can he eonbined and integrated to give the
result that the local entha.'i.py remaing constant from the cold through

" %o the hot boun&m 'mis can e expressed. as

Y

z wf;f sy -[Fhe @

R where Ahfm i3 the xstanda:rd hea‘b of. foma‘bion of the £inal product ‘L_"

‘_ Bpec:i.es, Tm is the ‘aen@erature a.t the hot bounda.ry whez-e Yy =L
i : .and GP ia assamed to be independent of ccmposi‘cien.- Thi.s sape L‘
’ i -rem:lt :La dexived by Rice ami Ginell (” ) |

Adams tlfen applies %hese equationa to a soli& A mzdergoing an

' exothemic zero-crder reaetian to give & gaa p]msc pradt.e:t; B which

,,\.__... S o, i




is thea converted to -1 sta.‘ble product D in two stages of first end '

Second order, respectively,

o k kn
, A 3 B .
_ A zZero B fira% secona

order order c:rder

Tfr_ie regulting so],.iﬁ:-ion -_-f‘or- the mass burning rate 1s

Cp(amikfp;?- To) § Rf exg('E“/ REg) - G2
'where |
| .'ka'= thermal 'co_nauctiﬁty of B‘oii'd‘ phase
ba = diénsity of ‘sc;lid.‘ pﬁ&ée'-
Za = frequenc'u- factor of selid phe.se Arrhenius expression
fs = surface temperature . |
Ty = ;.nitial-ternperg;turé |

T! = minimm surface. temperature defined by setting the
. temperature gradient in the gas phase adjacent to
the surface equal to zero (no heat feedback from
_gas phase).

' Adams"pzjovidea- plots 'o:t‘- the ma_sé floxes -fdr the solid phase.
arid ‘i‘irgtaor&er'gas'_phaae.‘reactions as functions of the surface

teaperature 'T’S _as répduceé “pelow. -

T R L T e e e .

i
- '




The mass flux for the. coupled system and the value of Ts is deter-

mined by the intersection of the two curves. The, solid phase curve
is independent of pressure, bu'b the curves for the first-order gas .
reaction are .shifte'd vertica.ily upward as the pressure increases, M,
beihé _p.i'opor‘ti'onal 'i:ol the square root of the pressures. Below a.
cez"tai-.n pﬂressux"e p* ._the intersection J.ies on'_the nea.rly'.verﬁiceﬂ.
section of the Mb curve where Tg. -»Tg. The 'bu.rning.rete is effec-
tively that of thel.adiaba..tic soli'd‘pﬁase reactioh. Above P¥ tﬁe
' .intersect'ioes occl_zr',on ‘ahel section of the curve which is neerly
parel;el to tﬁe Ty 'axis. The bu:ming rate is then determined by
t;he gas phase reaction. He a.lso poin'bs out tha.t the exact solution
of Me,_ ﬁehds to infini-‘by ag Tg — T .

Even thoﬁgh the' aboﬁ'e theor.ies haw-re beéen a.vaila‘ble since 1950
and experimental measurements to veriry their celcula.ted valv g of
‘a.ct:wa.tion energy minimmn surface temperature » and heats of reactlon‘
_i-n the different-.zones are clea.rly needed,- they have no'b been avail-
ablea One reason maar ‘ne a general la.ck of empha.sis on double-base
-propellants in recent yeesrs. . '

' For composite propellants, ‘some work hezs been performed in th:Ls
g area atarbing abous 1966. Weesche(l) aad Wenogradca) have a.ttemptecl
o determ:lne a.ctivation e:sez'gies for condensed phaae reactions. These

| authors a.sserb that the combustion of cmnpcsi‘te propellents is con-

. trolled by condenﬂed pha,se reactimeo The condensed pheee rea.ct:lon:

A is asmmed to follem the Arrheu:hts lnw and the propellunt aurfeee
It temperature e sn‘bstituteﬂ :E'or the flame temperature in Arrhenius'

' exprgsgion. '.me;y asma aaro order kineties for bhe golid phaee
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and assumed that the surface temperaﬁure‘ was determined by eguilibrium.

vaporization as suggested by Powling and Smith. (32) Weesche and
Wen.ﬁgrad'smeasureménté were taken with a differentisl scamning
calorimeter of the same type used in this work. Using the heaf
release data from the scamning calorimeter in the mass burﬁing rate |
equation from the Zeldovitch theory mentioned earlier in this liter-
ature review, they _obte.ined faii agreement 'with pre@ic‘ted defisgra~

tion rates in the low-pressure flameless combustion regiori. .Wenog_rad

‘cited the flameless combustion as evidence for condensed phase

repctions. However, asg mentioned previously, a visible flame is not

& requirement for gas phase reactions to occur. Microthermocouple

‘measurements with double-base propellants at the Universit;q': aof South

Caroline by mom'pson(lo) eni gcanning calorimeter measurements in this

work indicate that gas phase reactions do occur very close to the

' surface in the cese of double-base propellents. -Wa.ésche also states

that the differen'bia.l ‘scanning calor:!mete'r is a.pplica.b1= to aata. .

ac,quisition for condensed phagze rea.ctiqns "oecanse the placement of
the senging elementa in the bage of the sample holders 18 such that
only condensed phasge enths;lpy changes are measured, and the gaseous
réaptioh producta are swept awey by the a‘beady -pufge stream. " This_
statement iﬂ 'E;me onl,,r if there are no gas phase reactions close to

‘Lhe su.rface of the sample an& no heterogeneous a.ttack of the m:rface

.by the deccmposition producta’ oecurs.

Craw:t’ord, nggett, and McBrady(u) using a bomb cal@rimeter

p:jesmizad with.ni'brogen and, uging low losding: ;iensit_y of prap‘ellant, "

obtalned some dats on heat of reaction for Zlameless combustion.
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Their data is réproduced in figure 3. The p;'opellant they used is
5l percent nitroceiluloa‘e, 43 percent nitroglycerine, and 3 percent
ethyl centralyte. It provided flsmeless combustion below 200 psi.
A heat of reaction of 500 cal/gmv was reported for flsmeless combus-

tion. They also analyzed the products of r= ~%ion and mentioned that

at low pressures (low in their ca.sé meaning 2'&.. 0 300 psi) an oily

residue remeined in the combusilon chamber. This was thought by them
to be glyoxal. Anelysis of the products of reaction also suggésted

to them that nitric oxide and other simple orgenic molecules reect

in the gas phese very cloge to the surface at loﬁr pressures{ They

felt that approximately one-half of the total heat of reaction is
liberated in this region and the tanp_erﬁt-ure of the reaction zone
rises ‘o perﬁaps 1,5009 K.. In the final stages of the reaction,

nitrie oxide reacts with 't;h&'a remaining o:cidiza.ble material and the

-Flame ‘temperature rea.ches itz maximum value of approxlmately 3,000"’ K

-1 the. pressu:e is high enough for the flame to exist.

In J_.966 e translation of a Russisn ,journal article by Zenin(12)
gppeared. His experimentsl were performed in 1958 using thermocouples
te determine tempera.ture prof‘iles for deflag*'a.tion waves. These
temperature profilea were used to obtain the amormt ¢f heat released

in esch of 'E'.he com‘bustion zones and to eetimate the hea.t supply frem

: the gas phase to thﬂ condenaed pha.ae. '.llhe resul‘bs of Zenin 8 e:cperji- _
ments a:rP shown in figure 11- His re.:mlts roughly agree with this

R work even though the me’shods used in obta.ining them are not g.r.ven in

deta.il end he was not correcting for themocouple losses and high
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'Itempera.tu:t'e gradient effects. Such effects can be significant as

_shown by Suh and Tsai. (13)

-a.lthough the: meamu-ement techniques are. different

Although the heat of reaction and activation energy &8 a function
of pressgure are very _impm_'tmt pleces of informetion, especially at
low pressures due to its rapld change, they are not readily awveilable.

Lenchitz and Haywood(m) measured the heat of réaction of modified

_double-ba.se propellants .and found it incressed with pressure, approach-

ing an a.symptotic value. Lenchitz(l5) also measured the hea.t of
rea.ct:l.on of M-E propellant with and w1thout fleme and foupd the

difference betwesn- the two cagses to be sms.ll. Using & bomb celorimete

" and low loading déﬁsity, he obtained values of 439 cal/gm, 588 cé,l/gm; |

and 783 ca.l/gm ‘at average burning pressures of 14.7, 111, and 221 psia.j

Lenchitz 8 values agree well with the rexmlts presented in this work,
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' IV. ARRHENTUS THEORY

Since the Arrhenius expression is used in deriving equstions for
date reduction in this work and is éo ﬁdeiy used in solid propellant
combustion literature, it is desirsble that it.'be discussed here.
This will give the reédér a better sppreciation for the limitations
of the Arrhenius.app:.:',ogch and the’ assﬁmptions inherent :I.n its use.

Consider a rev;er'sible reaction
A+B2C+D (13)

Any number of reactants may enter into this reaction and produce any

" nmumber of products as long as the process is & single-step type and

no chain or branch-type reactions are involved. The equilibrium

constant K, of this reaction may be expressed in terms of the forward

rate constent k, ~and “the backwerd rate constant, ky as

(14)

&h

When two resctant molecules have sufficient energy between them and

undergo a collision, they enter lato a "tramsiticn" state which is

iﬁtem;ediate' 'i_:etwéé{rl the remctants state and the products state. - In

P 1. A B by
the figure helow. | R Lo
f’ﬂl ¢ —%
- ol k

- > X v

Proﬁz;ﬁis

17




18

the heat contents (H) of the reactants, products, snd transition

state are shown diagraﬂnatiéally. The distance AB corresponds to
the difference in energy between the transitian state and the
reactants state, which equals the activation energy for the forward
'reactioﬁ Eq. The activation énergy for thé-backvérd reaction Ep
corresponds to diétance BC. The heat of reaction AH is given by

- AC. Then we have
By - Ep = OH ' ’ - (15)

Using the Ven Hoff isochore {see Iiepmarm and Rﬁshkd(%); p. 30}

 which is

dink _ OH .
4T RpTf.

- (16

we substitiitle (14) and (15). in _{i6) to get

9 f %\ Ej -E - .
. Q_(;n ,..%)_,-_. B / e (ar)
AT\ k) g2 : .

#1d rearranging this

I o TE T TES TR TR | G I

This-suggested to Arrheniug thet the foiwerd and backward reactions  §
iuight--@ct“ir_i&ependently,_ahﬁ he dqﬁéi&efe&- the two equations "~ . . -
iR ,ﬁgg;;c:-ama'522335‘°§%%'* ¢

rr—
————




" where C 1s a constant. Exﬁeriments proved his suggesticn to be

true; resuiting in the aimplj.fied form

dink E

ar  Rre (19)

" which cen be :Lntegre.tecl a.asuming E . 1= independent of temperature

to get

. . E ' .
S o
mE=-w e (@0
which et be rewritten ss
k = A exp(-E/RT) S (21)

- whére A is a cans{:ant. Th‘is cunswba‘xrt is deteﬁinéd by 'izhe'- freqﬁéncy
at which molecules wi'bh sufficient enerw col.lide and the orienta.t:.on
req_uiramenta for reac‘l‘ion to tehe Dplace. The exponential portlon o ,J'
‘describes how many molecules cen overcome the energy ba.rr:i.er. :

In deriving this Arrhen:l.us expression ’ we are us:lng 8 grossl,v
s:implified case.' In reality, ree.ctions are not 80 #imple and the :

"Btoichiematric equaticm illustrated 'by equation (13) - even 3£ it

| i"‘_-cemld be aritten for the ‘compleéx mixtur of reactanta ang fina.l product s

of propellant buming wuld not. descri‘be the kinetic reac‘bions whioh | -
: -mtu&lly ta,ke place.
plex aequence of aeries, parallel, bzancm.ng, or cha.in rea.ct:lons )

Tne re&l raact:lons a.re more likel;y- to be 8 com- _ :

'involving m&ve S.ntcmdiate apeciea which &o not even appea.r :ln the . -,
B _',atcichimtric e:gum.on. | |
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If we uge the Arrhenius expression to desaribe any paxt of our

.reaction's, ve are descri'"ning.if a8 a.n'-overa.ll reaction with one
activation ene"r.gy_.'l In reality, it is pzjoba.biy a ;lnlch more complex
group'o‘f resctions taking place as the, e:lcpérim.eﬁtlal resul't;:s s‘eci;ion '
will show. _Hoy'ev'er,; a8 long as our pr_dposed description -agréestﬁi‘h—h
experimentel fact, it should be considered useful to the extent that
it does 'e:tpresé certaln ov'er-a.ll aspects of the réaction and allows us
to predict what might possibl:v 'ha'l_)pen ‘undér. condi'b_icins_, to some’ degree,r
‘outsidé of fh'e range "ofAe:r_éeri'ment-al megsurements. Since we are not
_trying to determine the kinetic;&gﬁa.iisi éf our propellsnt reactions,
' 'blit.'only _tile qveré.li' effe‘,ct's » the approach of s.'ssumir;g an Arrhenius

..ty_jpe describing .expression.dq‘e‘s not seem un;j\u_stifiéd. :
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| V. EXFERIVENTAL APPARATUS AVD PROCEDURE |

H 1. Differential Sca.nning Oalorimeter - (DSC)

A Description of the Insbrument -

. The ‘sdann:{.ng 'ca.lo:rimeter u'se& in th_ese experimenté_ is mam-

Pactured by Perkin-Flmer Corporation. The operators -muagl (1_6)
clescii‘bes it a8 follows: "The dpera.tic'm of the.model D“c—l is based
on the tempera.ture contrel of ‘bwo minia.ture semple holdera in the
. sample holder a.ssembly as shown in figure 5 A block diagram of the
:Lnstrument is shown in figure 6. The system consis‘bs of two sepa.-ra.te
contr-ol loops, "' cne" fr"r a.vera.ge tempera.ture con{:rol, the second for |
dlfferential tempere.ture control In the aTersge t@mperature 10& 3
- a grogramer 'quvides an electrica.l signal which ig proportiona.l to
the desired teanperature of the sample and reference holders. The
. programer ’cemperature informa.tion is also relayed to the recorder
temperq.ture'mar}cer _pen and gppears as the a‘bsclssa seale marking.
. Thé .'prbgramér s:!;ghal iﬁ.édmgared witﬁ ‘the -a.verage signal- from pla.‘binm' )
resist&nce themometers pemanem:ly embedded in the sample ancl refer-
- .ence hol&ers. : The resultant d.a.fference signa.l is amglified in the )
-“'.average temperaﬁure a.mplifier. e the tempera.ture called’ for “by the
pragramez' is gr@a,ter fthan the a:\rerage tempera-tw.-e of the sarple and .
're““erence helders, more power w:i.JJ. be :t'ed to. the heaters of both aamplél*
. holders. wnich, like the resistance themcmgtera, are embedded in the °

| 'holdera. 1P 'bhe ﬂw'rage tmperahxre is higher than that demanded by

'Vthe progrnmer, the powr te bath heaters w:LJl be decreaaed. In this'~

: ;_A-"w&y, the Werage th}emture of the holders is made to track the




_ eecand., 'I'he sena:!.t:hrity to heating retes of ve.rioue aamlee is
| ee:l.eeted fram 2, bf 8 16, or 52 mi.‘l.licelories per second ranges for

¥ fwdl-scale reeerdet deﬂect:ton.

- senting the sample and reference temperatures, mea.sured by the platinmq

N

" the power ' 2 one_whi_le decreesin_g' the power to the other. A é.igna.l

whe‘t:her more power is required in the sample or reference hea.ter.

‘bemperature program ra.tes between 80° ¢ per minute and 0.625" C per

minute or 20° ¢ per mimute. When any endothermic or’ excthermic

‘holder is recerded. ' The cna.rt abscissa. gives the tempera.mre a.nd the

'semple. g 'I’he mlimde of -bhe deflection from the ‘ba.seline represents
‘the exothemic or endothemic heeting ra.te :Ln millicelories per

"

"Tn we differential temperetu_re control loop, signale repre-

thermometers ;) are fed to a circuit which determines whether the
reference or eanrple tempera.ture is greater. The differential tempera-
ture amplifier output will then proportion a sma.ll increment of power
between the reference anC sample hea.ters in such 8 wey as to correct |

any tempera.ture_ difference be‘bween. them. This is -'doneby :anrea.sing
proportional to the '_diffe;'entiel power is alsc transmitted %o the main
recoxder pen. -‘The integral of the resﬁlting peak 18 ‘the intev'na;l

enexgy change. The direction of the pen excu.rsion will depend upon

The operater raiees the a.verage tempere.ture of the sample holders

to & desired initia.l temperature and selécts one of eight a.vailable
m:.nu‘be- Mast of the runs for’ these experiments were at 10° ¢ per .

rea.cuion eccurs in the sample, the t.hange 1n power required to main-

“‘ain the sam;p}.e holder at the same progremed ra.te as the reference

area under a curve gives the total energr transfer to or from 't;he




" Provision.is maﬁe for removal of decomposition gases by allowing

- an inert gas to flow into the -Sa.'mple holder assembly. A sketch of the |
' ga:s flow path is shown in figure 7. Exemination of this f‘igfure will -

""show how- ga.seous reactions which oceur close to the surfa.ce cannot be

'swept away;by the purge gases. The sample holder a.nd its- alwnmum

dcme-Shapé‘d cover constitute an esgentia.ﬁly closed system -except for

' _.til‘e small smount of purge gas which lesks in around the erack betyween.

the holder m’icl cover' against the b\ltwe,:z:d £low of decomposition gases.

A photogra.ph of the assembled DSC and TGA system is shown in figure 8.
A special lcwmtempera.ture enclosure ’co surround the sawple holder '

assembly is prov:{.ded with the sca.nnmg ca.lorimeter for measuring hea.ts )

of f‘usion for ma:{:eria.ls with J.ow “bemperatu:re melting points. Th:l.s

enclosure ig constructed llke‘ ‘8 w:l.de-mouth va.m\m—type-_‘"thermbs"'
_ bottle. Ligquid nitrogen can be poured into this enclosure to surround

the sides and top of ‘th'e sa‘mplé holder a,ssexixbl:y with a jacket of-

;;iquid.nitrogen. 'l'he sample holdez‘ assembly can ’chus be cooled to
-'IQQOI c. Programed. scann:.ng rates can ‘be initie.ted at this 'bempera-

'tur‘e-' Crushed dry ice and a.cetone can also be used as & coolant to

i o cool the sample holder assembly to approx:lma.tely -20° c The opera.-'
1 'tion of the system ia essentially the same wi'th ’che low-tenq_aerature 3
: "enclosure as with the nomal ‘enelosure axcept ‘that extra. l:l.q_uid

: ni‘bragen mast he added periodical.’l;y‘

'I'he DSC is c&l:i.brated by using & 10 mg ea.d reference sample.

W _T’his s.ample :!.s pla;eed in. *bhe swgle holder e,ud a programed temperature
rise rate of 2@° fo per minute is initiated. ﬁhen the melting point of
' : -ﬂ 1eaﬂ (600° K} is rea.ched, the recorder 'begins moving :Ln t;he eadothermi' :
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"direction. If the DSd,tén@era.ture dial does not resd 600° X at the

| ‘purge flow af 20 to 30 cc/min, as measured by flometers, is main-

‘. ':ta,ined during all runs above and. below atmospheric. The pressure ‘ '

start of this endotherm, the temperature calibration contrél is
a.djﬁs‘bed to reduce the' d_if‘ference end the procedure repes.te'd until
the dial reads 600° XK. ‘l‘he area of the resulting endothermic curve

and <the Imown weight and hea.t of fusion of lead provide a means of

‘ ca.librating the DSC for accura.te mea.surements of tha t-o‘ral hee:h going

' into or being generated by a san@le. This method a,utoms,tlca.lly

acccrunts for ’che resistance to heat flow across the mterf&ce 'betwnen‘
the sample holder a.nd the aluminum sampie pen which encloses the
sampls-,,
B. -Mcdifiéa.fio_ns for High Pressure Measurements

The DSC-1 scanning calorimetér &3 available from the manu-
facturer is -ca.'p;able of medsarements at atmhspheric-?réé:sure land below.
For the work reported in this thesis, pressures above atmospherlc ‘
were desired :f'or ccnnparison with deta from o‘bher work at the Univer-

s.i'by' of Squth Ca:r.‘olina.u An as_idi‘t.ional sample holder a-ssemblgr end

. mounting hardware was obtained 'froin tiie manu_fa_.éturer. This extra

sainple.' hbldér wé.s -nibun‘ﬁ"ed in.a spherica.i préssure vessel 'shown “in the

sketcu of figm‘e 9 and pho‘bographs of figure 10. ~ Electrical connec-

t:f.ons 9:z'e tappeﬁ :i.nto the . existing atmcspheric system electronics

'and a switch added to allow use of either sample holds AT assembly

Howwer, 'co eliminate poasible vu‘ia.tions > the high pressu.re vessel

'is uaed for vacmm and high pressure Tuna. ~Purge gas and Vaeuum

.ccmnections a,re ccnnecte& to. the pressura vessel a.lao. A continuous




n ‘pla.eed in the refnrence sanmle holder. ('I.‘his is acceptable in d:l.ffer-»

B }'themal ana.lys..s.) .'me range selacuion sw:i.tch is set a.t e:l'bher 2 o

- & millicalories per s:eeond for f‘u.‘!.lnscsle deflection.- mhese sre ,the

- increase in thermsl conductivity of the envirommentel inert gas which

" double-base. propellants. ‘The va;cmim, purge gas comiections, and valve

.cé.ldrimete“r experiments. - The first type is cut from a rod of pro-

pellant ai;prox:imately 1/8 inch in di,ameter. Digks of 0.f025 to

. decomposition products to escape. The eﬁges of the ;pgn exrs then
'-cr:.mped with the special ‘bool »provided with the éa-lorimetei‘ to com-
. pletely enclose the sample disk of propellan’c. The sample pan ig’

>then placeﬁ in the sample holder assembly and an’ empty aamp}.e pan

. ential . aca.nning r-&,lo’rimefz'y where the specific hea.t of ‘the reference

I
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vesgel is designed; to handle 506 psia sefely and was hydrotested to-
750 psl before use. .Hdweirer, st pressures above 75 psi, it is

difficult to prevent baseline drift. This is probably due to the

is argon in this case. Acgon is used 'inst'e_ad'of_:‘ nitrogen because therel

is some' indica’t:ton that.ﬁitrogen. affects the reaction processes of

system for the high pressure DSC system sre ske'bched in figure 11.
C. Sample Preparation and Ebcperimental Procedure '

- Two diffevent types of samples are used in the scanning

o.'oso ivich thick are cu't; ﬁsing a lathé am_i kmife-edge cubting %ool.
Weights range from 16 to 20 milligrams. ' Bach disk is weighed on en
analy’bical ba.lance a.ccura.te to 1/'10 ullligram. ' Bach disk ig placed - -
in the ama.ll almnimm pens provided w:Lth the’ scanning ca.lorimeter and

covered with a lid of aluminum which is pierced to allow gaseous

m&terial does ROt have to he similar tc the sample as 1 differential B




I T | _

' Simultaneous a.d;;ustment of the argon needle valve and the outlet valve

‘in ¥he vacuum line ;provides a purge flow through the same path as for

‘mlong the center of the pmper wheh no chemical reactions are occurring.

.Wh_en' exothermic reactions start in the sample, ‘the recorder pen

‘ When fu.ll-sca.le position is eeached, the run is stoyp-d. by cutting off
“the ma.in power switeh and a.rgon ;uply 'ben.k va.lve Pertinent informa-
__"tion is then writ'ben on the chart paper for identification of eech ron.
-Mea.suremen_‘bs such as these were made et va._ricus pressures betweer:

0.3 psia end 75 peia. Results of these runs are discussed later.

‘ temperature mns. The sample holder assem‘nly is covered with the
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most sensitive settings of the instrument. The argon flow control
needle valre is then opened enough to allow for & 20 to 30 cc per .
minu‘ée purge flow rate.. For runs below atmospheric, the vacuum pump
is starfed and the bypass va.ive opened to maintsin the desi’ red '
pressure. The argon needle valve is then readjﬁsted‘fer a 20 to 30 ce
per minute purge flew rate. For runs above'atﬁospher?fie pressure, the
valve at the enfrance to fhe pressura vessel is opened and the pressure

:Eegule.tor on the argon supply tank is set to the desireri pressure\ :

low pressure runs and st the ‘same.rate of 20 to 30 ce ner minute.

Ser walting several m.mutes for the pressure and purge Tlow to
stabilize, the vrogramer switch is set to 109 C per mnute and ‘_c.he.
stei‘ﬁ sxﬁtn’e turned on to. begin the scan. - ﬁ'he 'zere posifion control.
is adjusted to position the marking psen in the center of the recorder .

chart. ‘The slope control is then adjusted to produce_e verticel run

devistes frem the cenferline and ﬁwes -tbward the edge of the paper.

Thls same ‘techni@e of sangple preparation is e.lso used for the low




F———

st
> ——— e e

liguid nitrogen je.cket enclosure and liquid nitrogen added. The
tempera‘turé of the samples is monltored until equilibrium is reached
ané then the previous operation procedure is followed. The low temp~
erature rfl.ms are performed at &fﬁoséheric p:z_'e"ssure; |
The.‘second‘method. of ammple 1grep'ai'ation isg required to prevent
, sellf-hea.ting in runs i’b‘r Wﬁioh "t‘.he heé.t of reé.ction' iz measured. 'If
self-heating of the samml. I ’:a" oxnthermic rea.:ctions _exéeeds the
amount reguired to- maiy - f.:gm"amed heating rate, inaccu:ca.te
results are obtairied. ¢ is y"a\,e"lted by mixing 10 percent or less
of finely powdered propellant mth a ma.tenal ¥nown to be chem::.cally
inert over the range of temperature and pressure b.e;r;;g investigeted.
Polypheny'l’ethef,'(lT) s liquid used as. & high tenrger&ﬁuré'hydré.ulj.c
f.luid and as & high vecwum iﬂbricating/ 611; is a sulteble 'ma.teriai’.
It is availeble from Consolidated Ve;cuum Combfation(la) under the -
. tradename Convalex-lo. . | |
A sample pa.n of pure polyfphen;y-l ether was scaxmed over the

tempsrature range of 25 C. to 3000 C zt pressaves down to 10 m Hg

' and found to be stable and did-not- va.porize. A kaown amount of po]y- '

'phenyl ether is placed on, a gla.ss microscope slide znd 8 pre-»weighed
| ameun's of finely gowdered gropellant (10 percent or J.ess) :I.s mixed _
wi*bh t‘h& polyphenyl ether and stirred %o fom & slur*r,v Wrap several
| turnfs sf No 30 gage nic.kel w:l.re a.rcund a 20:1 conmon nail and cut of‘
one tum of wire to fonn & rirg wh:!.ch w:tll Just fit :I.nto the aluminum
' samplea pan, A emall drctplet of slurrsr is then placed inaide of uhe

§. ring, ncrveaed with a 1id. pierced 10 times w:i.th & hypodermic’ needle

. end crimped a.t :bhe-edges_f The wire ring-prqv;ents. the 1iquid rom being|
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squeezed out during the crimping process. The sample pan, ring, and

lid are w‘eighed before adding the slurry end afterw&.rds to determine

the amount present in each samplﬂ pan acmwate to 1/10 m:.lligram

Slurry weights of roughly 20 milligrams at 5 to 10 percent prope].'i.ant
'Droduce .curves which remein on scale for range settings of 8 to
16-m1111ca.10r1es per seccnd, depending on the pressure. The procedure
for setting of pressure and purge fiow 1s the same a.é for disk samples.
for these ﬁms the progremed temperature -r_ise rate is -éJJ.m-;ed to con-.
tinl;e 'uﬁtil exothermic reactions cea;se and the merker pen returns to ‘
the ba.;sei'ine- The baseline some’n:ijnes di"ift's slightl-y.-in .1';he 'exothe'rmic .
or endothemic dlrection, depending on how a.ccura.f:.e]y the slope con~

'trol is a.dgusted at the beginning of a run. Severa.l runs ab. one -

i pressure usually ‘allow & proper settmg td be a.chleved, . Some rea_.d,juéﬁ
- men{; is ususlly required when the_-pressure-is:ehgnged ‘pebween runs.
Th‘e- heat of rea.ctibn runs usually produce & bell-shaped curve.’
The 'a.z_;e'a..under- the curve bounded by & baseline drawn tangent o the
lover edges of the bell--:ts measired with a mechanical planiine‘ber._
The planimeter is then used to. mea.mu'e the ares of & rectangle which
’is one-half of the. chart in width, and, in leng't:h egtml.ing 1 minute
.: of. i time=. (F’or example. if the cha.r!: gpeed is b 1nches per minute,
. the rectangle 18 4 inches long.} A direct measure of the heat of

N rea.ction in ca.lur.lea is then given by

caloﬁ:es = '(ﬁﬁ.xée‘.' of gsmple pea.k)(mngé set*‘:mg )(6a) - (22)‘
‘ | (AI'PE. of rectangle)(lOOO) ' =

| _This is’ i:,hen divideﬂ 'by 'bhe weigh‘h o:f:‘ gropellam: in the sample to ge‘b

'the heat of rewtion :Ln calories per g'-am. _
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: ,.mc@ ?- s of the electrobalance into 'Y mm&ce below it. ‘Ihe_ Cahn.. ‘

The procedure given in refereuce 19 vwas also tried. The propellant

wa,s d:.ssolveﬁ in scetone end coated onto an :Lnert solid, ca.b-o-31l
{obtainable from the Cabot Corpora.tion s Boston, Massa,chusetts). Tor a

known initial amount of ceb-o-sil on which & 10 percent solution.of'

proﬁellant_.in acetone ‘w'a's poured, the welght increase was never ].O.pe_r'- o

gent. -Similar 'miies-pfoc‘iuéed w}e.rié.ble_: weight chanées and ‘rioﬁrep'ro-
ducible neats ‘of reaction. Orders of magnitude ‘of measurenien’cé were
similar to the polyphen;grl ether rasults, but no definite brends ‘were
recognlzable.

j Ori.e other p:bocedure, osing amell smounts of _pui‘e ﬁ!owdered M-2 pro~

.peila.rllt (1ess than 2 mg), was tried-'- The re-sulting curves will remain

on scale for range settings of 32 millica,lories per second. The-se

samples also rmst be enclosed in sample pans with pierced lids to pre—

ve_nt pouder fre.gz_x.ni_‘.s frpm getting out of the sample pa:n due %o purge

gas flov or decomposition ges flow and caueing spuricus peaks on the

recorder.

2. Themagra:\rimetric. Ana;l;irsis Systém = (PGA)

Al Descrip'bian of the Instmenf

A Perkin—E...mer Model TG9=1 thermogravimetric analvsis system

ris used for- we@t 1053 versus tanperature me&surements. Tt provides
& record oi’ microgram level weigh'h changes :In B smnple as & Ffanction
ot tez@erature from am'bieut to; 1,000° o I utilizes s Cahn "RG"

elee'bm‘ba.lanee which ia mounted :i.n a- gle.ss vaclm chamber, parmitting

K- ccntrol of the a.imosphere a.rcnmd the smple auspended from the bal

) ;_‘_,eleactrabaunce pxovides,a,ganaiﬁivuy- of 0.0001 mg The fm-nace

i
i

';_ J'- !L"J lf ; -. & B ' -
g . RN ey



outside of a ceramic cylinder 3/8 inch in dismeter. The é'mple is

suépended in & saniple'pan insitie the hé'at‘.ed ceramic c;"y'linder. The

loca.t:.on of the: mrna.ce w.l.thin 'i:he chamber permits close coupl:lng of

heat source and sa.mple to pemit rapid scanning without information
103&” The low thermal maas of the furnace mows rapid programed

tempera.ture rige retes at 11 selee'bed linear rates from 0.3 to 520 c

per minute. The futmace ac't:s as & heat.er a.nd 28 & tempera.ture sensor. {f

In the temperau:&re gensing mode, i'b ferms one side of a bridge eircuity

The other side of the brid.ge circ‘uit is. driven by the-ou’q:a,, 3 -signal
from. the temperature progra.mer. ~ An error signa.l proportional to the
y tempera‘bure error is developed and - fed into an amplif:.er. In the .
‘hea.ting moc‘le, the amplifier oubput is connecte& to the hea:ter by
megns of an electronic gystem which prwides 60-cycle power pulses

: designed 'E:o correct the tm:merature arror.

Tamperature calibra.tion :Ls accompdshed by heaﬁing ferro- .
,megnetic Btands.rds, held in 3 ma@'wtic field, thraugh their Curie
'temspere.t\ues. The magnetic ﬁe.'ld is providec‘t by e pemnent magnet
l'-,mounted to a swinging ’oeam which is mcved close to the: ﬁzrnace
. '_.,assembly during csli‘bration. The resulting t.hange in m&gnetic foz:-ce
s.s the Cu.rie polint temper&ture is scenned appea.rs a8 8 weight loss
ll--m the recorder at the correspondimg point in the tanpera.t-mre scan.
Controls oz the TGS-al are uged to ad.;]ust the ; pover to the furnace |
j 30 tha.t ‘&he 1nd:l.ee.ted temper&tures of t-he progrmer approzdmate the
i knmm Curde. point tmrshlz‘es. ' )

The Cahn electrob&lanca 1a cllibmteﬁ by phc ma known weights B

' N :ln pans suspendea fm the 'beu wd s&;}ustiug t.ha vsbm controla
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with end without s semple pen until ‘the balance is properly zeroed. -
The wéig;ht of.'a'..' semple it_s"-deﬁem:l.neﬂ. £rom the recoﬂier trace and
.c'on'_tam::].,'se’(:t:mga',i dépending on the selected range of weight change

required for full-scale deflection of the recorder. Nomina). sample

200 milligrams with a recorder range of 20 micrograms 'bo 20 milli-

i . gram_s‘ full _scale Bre ‘a.va.ilable-. Argon is used as the inert environ-
men-fal gae for the measﬁxe;nents in fbhia 1_-:01'1;. A photogra:ph of the

system is shown igl-figu:e,é_ and the argpn gﬁ.é .grstem'conneétidns are

in figure 1l. | o | _ | |
"B. _Séﬁ@le'?rép‘é:@tion and Ebcpe;rimeﬁta.l Procedure

1(21)

Pfc'ocedufes' ere based on the operators manuel'“l) provided

‘ size is 0.5 to 10 milligfams.- Mass ra;nge seft.tings of 1 milligram to
by ths. manura.cturer,, A'A"prime f-é.ct‘or in "sam'pie prépé.ration is to main-
-tain thaz best possible ‘thermal contact with the sa.mple pan to glve

' ‘shq;@ and J,.'epx__‘o&mibler resulbs. - Smnple siz.es gre used whieh fa&l in -

l' thectgtimiz'ed 'mnge“ofll the instrtmmt of 0.5 to 10 milli—gran_zs-" The
“ f.“-nsl--.gt 3-'-0‘0-"(3 bér- minﬁté“uséd o sample of T 0 B'mill:igrams. Thege
It _:were c:ut frem the same rcds of propellant uged for the DSC sampl -
| "-:‘disks- '.'l'heee were cut to & thickness of about 0. O.'I.O inch to provide .
i ss ich mlrface conta.ct -m—.h the sample pan as posaible. Alumizim

e 'smple pans, a@proxim&tely the same size &8 DSC lample pansg, were .

i " :ﬁrst uaed Imt could be uaeﬂ -.:n..g once. The earbonaceous residue, _
which rmad.ned mer a run :l.n whieh cmnplete deﬂagrafion occurs, :I.s .
| - airficult to rma without 'lmnd.ing or d.maging the soﬂ'. thin pan.

) The plat.lnm awle pams were fm& {.o be mra sa _-g -_fqr_rg-use, _
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s:!.nce they cou.'ld be easily cleaned for re-unge by scraping wi‘bh a

sma.ll acrewdriver poin‘b and washing with acetone.

~ For the lorw_ scan rate runs, the thin disk samplies'_of a.ppréxi-i-
ma.tel& T or 8 mili‘}.gramg aré cut domm size by cu%.ting of? the
edges to make a. suall squax*e sem_)le of slightly over 1 mi]ligram
welght. Uaing A f‘ul.l-zcale deflection setting of 1 milligram with
' t.his-'-s;!.ze sample produces a signoid-shape&cmeg -Severa.l Bize
amplea &nd ranges were tried :I.n order to ge‘b ‘the reai&ue weight to
. rema:ln on scaJ.e and utilize the full chart width for good resolution.
The opera,ting pmcedure ia as Follows: We aggume tha.t the proper
tare weighta, required for the tyjpe pan be'.!.ng used. (almn:!.nm or
_platimun), have been placed on - the ‘balance and_ the preliminary grose
N bé.len%_e calibrations made. - ?ith-ji:he :ma,ss dial at 00000 and the
recorder range dial ét:':l.,-»zlmro: lmgirecc;rgier i_:sinfg. the set 0/1{5'
contrdl; . Sét thé 'mé'ss' diél-é.t 'O. 500'{) énﬁ ialace ‘a 5-‘milliéram pr‘e-
cision we:laht in the sw:lple pan and. zero the recore.er wlth the set
7.75 control. Repea.t this process with a.nd without the milligmm

' ;wei,gh‘b un.til no change in the zero position ocours (without addustment e

i of sdther the 0/10 or set 5 controls) Toen with the welght in place,
: . _.the recorder ranga se'b to 1, and the recorder st:l.‘!." a.t zero, rotate
the ms e.isl one fu.‘L'L turn cloekwise *e mmre the recorder pen to |
i 'qxprax:lmxe fullmscale deﬂeetian poaitionc et the recorﬂer $0 vead.
| .i lmm fm.x. ﬂealg with the cali‘br&te reeorder cﬁntrela . Aﬁ‘.er ‘Lhis
; | 'cni‘bm'bion, f;he vaa.u o:r the wa‘lﬁit on the swple pm w:Lll be given
1 5 ':har the mass: &iul m&m n:lxms the recorﬂer reaﬂing to the r:lght of
:fim ;.“137-%:10_ poaitim- SO

Ty ey



- causing some of the sample to fa;t.n frmn the pan. The range is now

B desired. range. This is convenient for 1ong, time-conmming runs,

A sa:nple of the desired size, a3 d&temined by prev-we:lghing on
- e ane,lytica.l bs.lance accurate to 1/10 milligram, is placed. in the .
smple pan. No 1:ld is uged on the smnple ven as in the DSC. Alid
i’ _. ia required in the TGA onl;y’ when sputtering of the sample may occur,

‘set 80 tn&t a l-milligram weight 1088 will ceuse a f‘ull scale
recorder deflection. ﬂ:‘ais se.ne rs.nge la u.sed for all saﬁ@le si.z.ez in
these experiments and for .8l1 scan speeds used. A recorder cha.rt
apeed propor*"{onal to the temrera.ture scan spead which w:lll proviue
- » trace. w:!.thout extzremely small o1 &xtrmely la,rge slopes for ease '
" o7 deta intei’pr&ta.tion 18 se‘l'ec_ted. Thez scan rate is selected and the " )
il _ sw*itch tuzned on 'bo stm the heating progrm. Fbr .rims at low he‘af-
ing . rates of 0.62 ud 1. 25 C per minute, a lﬁ.mit ceutrol to atop the
programed riee rave and aunomaucall;r cool it hack 1:0 ambient 18

'_.&va.ilablea It is aet for a ‘bempe:?&ture high enough to cover the

which cdn' b set txp ami 1eft warnight t6: be coa:@leted mtcmatically -
'-'ﬁ.'ne resulting dsta ia trea.ted in the reaul‘i:a and 3amplo ‘calculstions

sections. o
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J. Diﬁ'arentiel Scasnning Galorimater Rem;:l.ts ‘
..A.': Vapori.zation of Mﬁrowmine £rom Propellant
. In 'Bbs mimm aegsi.* J‘u— »y mme usging the ao-milli.gram dfsk
-saﬁ:piueg ’ .the first mcﬁ@iﬁ&ﬁﬂ;& daparture from- tha basel:!.ne occurs at
approximately 140° Y for & hnating ra.te of 10° ¢ rer mirute. This exoH

' thermic ;.ndica.tion_z coxrpi,mxe_a, to increase g:adually ag shown in figmje 12., '
| At spproximately 165° C, the established trend in the exsthernic direcd

l

B “tlon then aips alignt'ly é.na=then Tesumes. '11-.'6 1nei-e~ase. This appeers td

‘be an endathamm on top of the establiuhed exothﬂhdc rate. If' the mad -.
g

power switeh 1s :mt off p'rior to 1.65° ¢, jbhe m'opellarrb sampa.e holder I
is found ‘be clean. But:, if the cemperature :!.a allowed to. increaae J

'beyond this poi‘.nt, 8 amll amaunt of brcwn oﬂ.y ma!.due iE found on .- j
umier side of tne almimm domeu-aha.ped cover over the semple holﬂer cu '

" - Lam& armnﬁ the mtaide of the saupls holder r:up. ‘l!his phenmenon mn- 8

- ,uf.sq-,antw geeirs: at 165 c for all pressuras from 0.3 peta to 75 Ps’-a ‘ g

- *m a hew?:ing rate of 1o° ¢ pex mi.nute. At ‘this sene tempereture and

i

[ toatcats & siaden tncreace. in the rate of weight 1ons supporting the |

[ tdes of vaporteetion staciing st this polut. For'rums et 50 G per |

§ nmtomte the anm:.y ‘ooours ew" 157° c, end B 20° c yor admute tt ocourel

"f_""at 73 T 'm‘.%.s mmatm u’!‘th wm rate 46 & mrg_,mc of
h ‘m-vi:iom w.m-.n hm: m&mm mrgxes (slow mmm ra’r.ea) m::n

F wm 'bu d:i;musaeﬂ s a .La’cer met:l.nm R N e T

pmom‘m‘ iafrased mm, s mm of th:&n brom a:ll;v

i
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the sample holder asserbly. An infra;red. spectmm of thia 1iquid

: 1ndica:tes it is nitroglycerine, as shown by f:igures 13 and’ 11+ The

by c.'L‘a.ry(E.o) and by Cra.wford_.._“ Hugget, and MeBrady: (1) 1t s thought

. appearance of this brown o:l.l;v 1iqu.1d a.t low presaures bas been noticed

to be glyoxal by Crewford, Hugget, and McBrady. The infrared spectrium |

" of glyoxal ig shown in figure 15. 'Glyo:ia.l is‘ fluores'cent under ultra-

violet l'ight.- A aample of the brown o:!.ly liquid, if exposed to ultra.-' '

violet light, does not fluoresce. .

After noticing tha.t M-a propellant with a.ppraxima.tely r_O percent

nitrog];vcerine prcduces this perturba.tion a.t 165 C; it woula be

expected that JPN prupellant with 1&0 percent ni?.roglycerine would
produce 8 greater effect, and propellant No. 691 w:l.th 60 percent
nitrqglycerine wen 'more. The JPN did not follow & simila;c path es -

éhovin in Tlgure 16, bllt_-théﬁ Fo. 691 propellant shows signs of

- différant hehwibr"ﬁéginning'a,t é.bdut 162° C. It 'was noticed',' how-

'ever, tha.t the amount o:f.’ bz'own oily residue rem:l.ning in the awmle

"'j"holder assmbly increa.sed with J'PN and- even more for No. 691. The

' ubeha:vior of 5 pure nitrocelluloae seample is a.lso shown ‘in figure 16

:No brmm o:lly resmue a.t all we.e found in the smple holder asgembly

'. ._remfiema ucuming w ﬁhererore 'ba diﬁermt. Sme w be

" 'i;er the uua'e nitrocellulosa 't'.eat. .

S'd.me the onset Of . aignificant hea.ting begi.na after this apparent

: | worizzation, :Lt :l,s posaible that new remtions m atm:f.ng. The o
M-2, m, ma m». 691 pmpeuam,a s.‘l.l Lave Memm ugrmenes and

diﬁmt pareentuges o:!' nitrocuﬁiulosu and nitrﬁglycerine. 'I.‘he

a‘-'
L
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: endcthermic .and some exothermic. They may also be affected by the

physicnl arrangement of these different ingredients in the nitro-
celluloae«nitroglycerine matrix. A distinct endotherm w‘hich wonld
ke expected from pure nitroglycerine would not be 1ikel,v to oceur
vhen the molecules are distri‘lmted in the propelliant and mechanically
constrained. The pertur‘hation we are talking a:bout is zlso quite
-sma.ll and only detecta.‘nle when using & larger than norma.l Sample ab
B the most sensitive heat detection. seﬁting. The beha.vior of the JEN
is’ proba“bly a more noruul behmrior. The detectimn of the very' emell
.perturba.tmna of the M—E and No. €91 propellants was indead fortuna.te.
B. -Heat of Reaction Versus Pressure
_ Typical reco_rder-.outputs for ‘the heat of reaction runs ave
ghown in figure'. 17. The heat of"-z'ea,;:{:imi varies with pres}ﬁue g‘s 3
| . shewn in rigure 18. Jﬁ@s in heat of .i“ea,c_i;icn oceur between AT :pai:a_
and 30 psia, betxéeenfi pola and a2 peta, end again between 110 pois
a.nd 220 psis from Lenchitz B da.ta. points. The ré'mxl%s using pure
T '-prcpenaat powder are shown by x's ‘on figure 18 'Pdasiblé seif-“
heating effecta and the difﬁcm;y of controlling heat Anput and S B
: -“_'-sdi»str:x.‘bution the pow&er!as opposed to ‘the pcmﬂer in polyphenyl o

I ether, proba.bl,v ma&ws the powﬁer reamlts less: preciae- . Tney are

mclude& to ahaw eesential mement with the polgphemrl e-t:her resultso
. This indicates any reac :lcn ’between the propellant ana./or i,ts prodncta " o
1 R deemposititm wmu the poi;ypkenyl ether, 12 :H: exisf;s at. aJ.J,:Ls |

0 very minor- ms Jm ;mmma. agz-ees wifzh ‘the result-.a of Suh and

N f_-claxy{aﬂ) ahwn i!i ‘-"_:...j.-

,,e, 19: md t}xa remlta of 1‘hmsan a.ud Suh»(l‘?):-”



‘ the scan.ning calor:lmeter is in the form of distances hetween the heat

1k.7 psia with a slope :_change between 14.7 and 65 psia. ¥rom 65 psia

to ~115 psia, the slopes ave again ;-oug‘hly" parallel and anoi_sh'er change
‘i'n' siope .a@pes;i*s between 115 psia-and 165 paia. - The date 'of_ Thompson
| and Suh indieate ﬁha.t “two tgnpemture Jﬁmps blc,cur vez;;,r close to the

surface and move toward the surface é,s.preséure increases, as indicat ]
-in filgure 20, The pressure a.t which the Junps in tempersture touch -

 the surface agree with the Jumps in hea:t of rea.ction and the c,hangp in

slope of the burning ra.te versus initial temperature curves. The plot
of burning rate versus pressure on fig'ure 18 ind.ica.t‘.es the possi‘b:.li’\.'é
_ of 8. :jump in "the hea.ﬁ uf reaciion and burning rete at lower ‘pressure., g
However, th 8 one has not been -verified. by thex_".moc_,ouple‘ .da;l;a. and i3
therefore speculsat:lVe.

- The. t:urves of figure 17 are &lso uced to calcu.la:he the a.ctivation

energies as a ﬁznc‘bion of _pressure given in ta'ble I. ﬁle dats from

of reactian curve- and. a. ba.seline at - the. associated gbgolute tempel 2=
' _ture. ‘ 'I'his distance is proportionn.‘l, o the ra.te of hﬂat relea.se from :
the aample a.'nd ia’ theratore prapcrtional to ﬁhe rate conmbunt. Pro-
B vided. ths.t 8 plot of the log ef &isﬁmce versus l/’.l.‘ is a strad.ght
'1ine, the acﬁimtion ernaa:gr can ‘be approximately calmxla.ted from the -

- expression der:[ved in the smnple ea.lcule.tions eec‘!:ion. -

Iﬁdl-lnda

(23} ¢
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‘,.'where dj_ mﬁ de m.'a d:lstmees m the bmline to tna hea.t of

';rewtim ctmm mt tm@a.mas 'L‘l mﬁ _1?2. mm-gmx'w, )
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. I va.luesl'at the extreme ends of 't".hé Ftraight line portion sre selected

to substitute in the above eé;ua;hioﬁ. A streight line usually results

from poj._n'ts at ﬂrst detectable deviation up to the point where the
.rate of rige starts ita ir.flecﬁon tc go.over the top of the bell~
shaped curve. ' '

The derivation of this equation does not ME allowance for the |

mass 'cha.nging. : Th‘eréfore, in eddition to the approximate nature of

R

the Ar:chenius expression diacussec‘t previously, we ha.-u;e aﬁother. s'ourcé

. of‘ 'erfar. A more deta.iled discussion of the- changing mess effect is
Ziven :Ln the seetion on the eomputer pragram for DSC simﬂ&t* on of

“+the a;_:pendixa This is a ba.sie que:s'i;ion wh’f.ch up o pow has not been

pointed out in the &.veila.blt_ .‘L:Hae*a:ture on the ¢ - Lication of the DSC

.to solid propel_lant d’ecomposition studies. Forftuns =1y, the results

of the computer simulation for the DEC heat of reection mﬁ«res,
‘including the z_z_m.ss__‘ef\fecﬁs‘, indicate that the results of using this =
equation.are falriy sccurate. - |

'Ce :.Nitrcélyce?iﬁe'- Freéz‘:mg Point Measurements’

‘A ao-milligmm digk prepa;red Bs described previous“y is ple.ced ‘ _
in the' ‘i’r‘eezer ccm}:_sartment of a household refr:lgerator ovemight, ‘ | ;
X Thi.s sanple 15 remwea and ime&iately placed n the smple holder
aaaembly The low tmpemme encloaure is the.n place:l armmd the
'aample holder aaambly A m:l.rmme of dry ice md acetone is put in’ l
' ' . ﬁhe lCRf %mgera.ture enclosura. Aft'.er holding the tempere.ture of the | §

- " | samp;e holder aaambw m‘: -20° ¢ :ﬁ'or approzima.tel;y 1 hour, a 200 c _ 'u

:_ par mmme scan is initi&ted. A 20° £ per minute, scan rate a.llows a
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larger temperature range to be covered without sdding more dry ice to

the low=-temperature enciomre' gnd upsetting equilibrium condltions.

When the freezing poiﬂt_ of nit-roglycerine' at'lfo C is passed, no endo-
thermic. chenges are seen, 2ven with the calorimeter. set for mexcimam
sensitivity. ‘With 20 percent ﬁitroglycerine i_n a 20-milligram semple,

sny Treezing should heave been easily detected. This procedure, when

repeated using liquid niti-dgen as ’che coolant -and holding the sample

at -100° ¢ for 1 hour, produees the same result (i e., no indication

of nitroglycer:r.ne fzeezing)
- Tb is possible 't‘.ha.t the nltroglycer:me ‘molecules influence the

nitro‘.ellulose matrix in a manner similar to the w&y in which lubri-

~ cante affect some organi-c pla-s'hics. The plestics beeome soft just as

propellants become softer and more plia.ble g8 the - nitroglycerine Qofi-
tent is in 1"ee.sed. JPN with nea.rlJ 40 percent nitroglycerine is much

softer than M-2 propellant with 20 percent. Regeféiess of the

. mecham.am involved. in the softening of nitrocellulose by ni’trogl,veer—

:Lne, it a.ppéers tha.t the nitrOgJ;grcerine does not exhibi't the same

propert:!.es s & propellent ingredient ag it doea when it is in pure:

o fom.

. The liq;uid nitrogen cooled. experiment > if a.llowed to continue, '

) _ehows first signs. of exothemic :rea.ction heginning between 60° C and |
| 70 ¢, ag shown in figure 21. This &grees with the first signs of

weight 1oas omn TGA rtma at the sme heeting ra.te, and :lndi.cg.tee

' __tha.t only surfe.ee rnactions ere involveﬂ. If eolid. phaﬂe reactions

w:i:hhout gasifice.tion existed, hea‘t wmlld e released before weight

.';.oes, but this ;doeis not ccour 4n any case. . ._ﬁw tmpem.t-_ure. at which. iy

s
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welght loss begins (for the Same heating rate) is at least equal to

or slightly less than the tempera:hure at which exothermic hest relea.se
is detecta]_:le-. The low tempere.ture runs are used o detec‘b the first
signs of heat release. If the normal -enclosu;re for the samples is
used, sufficient time is not always avellsble to finish adjustment of
the slope qontrbl at '.the mezcLmm sensitivity settings and 10° C per
ninute rise ra.té. Starting ou.t ab the lowe’r t&ﬁpera.ture é,llbws-plenty
'of time to establish a straight baseline before rea.ctions oceur.

2. Tnemogra.vﬂmetmc Analysis System Resu.lts -

A Vaporization of Nitrog]ycerine from Propﬁllan'b _
" With an a.pproximu.tely 8-milligram propalla.nt sample a.t a scan

.e.rpeed of 10° ¢ per m:i.rmte,| the firgt' detectgble preight loss begins -at
gpproximé.té]y 60° ¢. The weight loss rate incresses slightly with
temperature a.s'shovm' in figure 22..up o 165° C where a sudden :I.n_crease'_ _
in rate of weight loss occurs. This ﬁcrea,-se.in-wej_.ght_los;' rate
cc;inciﬂe‘s' -with the end‘othermic- anmia.ly from the séanning‘ calorimeter

- 'x-’alsml'tl'..s_.- This che.nge :Ln slope geeurs- at the same tempe*a.ture for |

g diffefeﬁt pressures, This ‘:‘Ls another-indicu.tion of- & possible vapor-
=iza.’t:*i.-:»n begin.ning, or a:b least. & new type af‘ rea,ct.l.on associa.tnd vrl‘bh

. _"Lhe vaporization of niw,roglycerine. ,Thg fa.ct tha.'b ‘the tenq;eratu;g at |

 which this ocem's-does ‘not cha.uge with ﬁres‘sui'e is a.gain an t1ndication |l
.ths.t the nitrog]ycerine doea not’ a.c'b :lndependently as an mgrement J

when it :Ls mixeti in the propellmt. . However, since the pa.rticular TGA

'systan can only he used a.t a.tmapheric pressure and. below, no pres-

t " gures abave -;tmospherie were investis&téd- s




" After the "knee" ;is.re,a.ch'e_d, the weight loss rate increasses very
-' ral'aidly, and ra.pid deflagra.tidn of the sample results. Cutbing off -
the ma..u power switch after the "knee" does not prevent comple'be |
-defla.gra.tion from occurring &s could be rlone w:rbh the sca.nni’zg
'ca.lqrimeter_. Ev_id.ently tne larger thermal mass of the TGA hea.t.-_ng
system keeiag the teméefa.ture up long encugh for fu_naw_ay_ lcond_itions
té_o‘écur, .'whereasAthé_ low thermal mess _-of the scanning calorime‘ber'
cools rapidl,y enough to prevent it.
‘ -B‘ Determina,tion of {Qrder of Reactlon '

| - Ifa amall semple of propellant {1 milligram) is placed in
. the TGA sample pa.n e,nd exposed to a very alow heating ra.te of 1. 25 c
per minute or lesa, the sample does not rea.ch the runaway condition
of deflagra.tion. Instead, a curve shown in figure 23 results. A
solid carbonacecus r‘esiciue"of a.pprb:?ﬁ;.m,a.tel;f'lo to- 15. percent of ‘the

_ original weigl*t remainrs. Tt is Belie've‘d thé.t Ath*s ca.rboua,cedus

o m&terial ccmld a.lao be a product in the flame zone of - buz'ning pro-

pellant N since glcwing ca.rbon 'ga.rtir-les are Wha.t ‘cause the flame ’co

- be visible. Uaing the metho& of Kua.ng ( 23) ;8 plot of
An -Q'E;_ ' 3‘ L
—ib versus -—-L :

g:-mces a atru,ght lige and the order of resctlon is given by the

daw
A&n-u-
ab -

A n Wy .
The derimtion o*P this eq;ua"ion is re@m&umd in. the smle ca.lcu- '

tnteroept on tne e

. 1n.tiona aectin s uhe oz-der of rea.etion mears to fo.‘s.low m




| | | | ko

spparent zero-order .trend up %o 3_52‘-_2?"2 T where it.then.changes %o

_approximetely second order as shown by ::‘igvx'e 2k, This curve is
.ba.,sed. on siide rule.calcula_,tibn_sg. -1’?; :::rd.-;r to ‘achieve mc;re acgﬁracy,
since. ‘some of the mass ratlos invélved are very close 40 1 in value

" and close together, a computer curve fitting method :Ls used. A
descriptidﬁ of‘ﬁhis._progrégn and the Fortran statements are included
in the sample ca_.l@:uia.tioné section. - ' '

| The cb@ﬁﬁer results indicatée s .'zle_ro-ford,ér reaction uﬁ to th'é

"knee” c-}f-' tﬁe .Me_ 8t v.a;ppz"oximately 1500 ¢ end ;chen, a chax;gé to
e.pproxlmately 2 sec_ond-order rea.ction. Portions of fhé‘ comnu%e'r o
printout sheets for this. curve are shmm in figures 25 and 26.
Figure 25 is in nhe vicinity of the "knee of the curve, which occurs
.a.t 8 weight velue of-ax;proxima ely 0.9814- mlligram in figure 23,
Values in column 1 are nhe a.ssumed orders of react'l.on which the com-

' puter is told to examine for best fit 0 the ex_pnrimental curve..
Columns 2 and 5 are the heigh'(:s ab t‘ne ends of ‘the inte*\ra.l wder

| considera,tion. Column X is the activation energy sihich makes the J' R i
'a.ssmneﬂ order fit the experimente&. datba best-- Coltam 5. m the prrm |

'exponential factor for - the best f:i.t. Columns 6 and 7 ars the actusl

" error a.nd & root mean squa:re abao}.ute va.'!,ue error.' Colunm 6 is. 'bha .

) one ﬁhe computer uses to snlect the best mrera.ll fit wh:l.ch is glven ) _‘

: in the 1&51: row :Eor B given interva,l (a;f‘ter the highest: a.saumeﬁ order j: E

---row). . Aa mre:a.ll ‘best f:it is not a,lwws calcula.ted because of the .
_ eha;mei'erzﬁ atics of the progrm; unless colum 6 s’howa & pcsitivex and .-
1 ',.-negm;ive value wﬁ;hin the rmga cf assumed orders. Hotice that no

; 'best me 'ValUE *3 f‘cund ‘for the interval 1.03k t.o 0.984 or for |




intervals prior to that, but the least. error is at zero order and

decreasing. Over the next .iﬁterv,ai, _ﬁie order goéé to 1.687 and-

inéréa,e_s th_e':'cea.ﬁteif, The gverage value of the order for tﬁe next

10 'intewalé-’ is 2.162 end thc; %ol PBES a.ctiva.fion energy over ‘_t.his

’ mterve.'i. is 11-5,900 ca.l/mole. A‘b the end of theé’e-lo intervals, the

welght of the sample 5s down &0 0. l+31b milligram and the tempera.ture
. is, approximgftely ;8_09 C.- The intervals a.re equally sp&.ced, ba,sed on
) 0.050 mill:_i.gr‘am‘ wailght loss pe.r ;!;t}';:erval,. The change of order at N
~ the "kné.e" of the c.urve is not 1mexp.ect.ed, based on the.pi'émise of .

nitrogl;y cerine ve.poriza.tion beginning at this point a8 with the other 1
' ,TGA and DSC eurves. The occurrence of this "}mee nes 150° C as-
' opposed to fhe "enea" in figure 20 &t 165 ¢ is due to the lover

nesting rute of 1.25° ¢ per minut,.u .

The same’ computer pro(:edi;:re was attempted on the samples which

' "'-rea,éhed .nmaw&,y'.déflagjfatidn' cénﬂ'ifioﬁé a.t‘ﬁhe highér hea.ting ':'ra.tes.:
e to the ra@id chﬂnges of weig‘nt lasa ai'ter the "knee" of such

! cmrves, gcod inputs for +he compnter, which warks o'ver L 211 interva.lo*i '

a.re ha.:r& to o'btain from the curves. However, baaed cn the Lrend. 0f

error dec*ea.se ' ’che ordﬁ*r was nem'er zero before the “lmee" and.

n chmged to higher order a.fter :!:l'.. o

"3 Condenaed Pha.se Hea.t of Reaction

The origina.l mtent of' 'thia investiga.tion was to determine the

i _effecbs of pressm:e on- cona)ensed ;gha.se res.etions. I’he.uee of the
.' ;di"i'erential scunning calorimter, wh:!.ch has been uaed 'by others to
C cb‘ca.in "ﬁch ‘I.nformation ,is agparently ina.daqua. ey a:t le:mt for d.ouhle-» " S

"'»:'-ba.se prnpellm'bn. » The 111'9813:1011 then a.riaes B8 t0 hmv one cm qhtain
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the condensed él;ase 'h'ea.f of reaction or heat of deconposition. This
' can be .Obtaiﬁed'by the follow:lng Interpretation of autolznition meas-~
urmntg ml&d'é at the Un'i?ersity of South Carolins as described Ib‘y
Suﬁ, Ts:ai,'Thompaon. and Moore. (2h)
| Cylindrica.l rods of" M2 propellant like the ones used to make the
d_wk samples described in the experimenta.l procedures sectiou us this -
- paper were coated with Epon Adhesive 91}6 (0.003 cm thick) for planar |
" burning. The.coat_ed;prctpellant was cut into 2.75-3_.nch lengths. * Into

_each length two No. 80 size holes for indium burn wires and one No. 75 |

gize hoie‘ for the thaimocbﬁple were drilled. The prorpellant wis then
'pla,ced in & stai.nless steel test t.hamber a.nd connections made,

'shown in ngu'e 27. The indium wire used wa.s Indalluy In’cermedie.te.
. Solder o, 6, 30 gage, with mal‘ting point of 280 tc 285° C., 'Ehe |

- themocm:mle was made of 30 gage, glungle’ stv‘emded, enameled ::.ron and

constantan wires jo:!.ned toge-t:her by resistance wel*ing
After h&ving completed the . above steps 3 the propenant temperatur

o we.s ra:!.sed slowly to aome desired. value by passing heated air a:mund )

oo

AP and. the tmera.ture h:l.story we.s recorded. Orice the propeilanh
- témgerature rea.ched_ the desirea, 1erve.l, it was .gni'&:ed by R hot wire
3 f-.'hea.ter muie of pl&timm wire, As. tho fs.&me f‘roni; pasaed thmugh the

' sections cont;a:!.ning 't'.he :Lndium wires, the‘y me1+ea, yielcling bhe

-Mfamatim needee. tm calcula,te the bm'niux; ra,te. The ahove procedmre

WS, need with air a.s the mmundmg a,tmsyhere for t}’ae propellem“.

Fesr the series of tesﬁe done w;l't&a au*gon ag the mmmmding a.tmosphere, e?’

»a mizmtes b&fore mung the prﬁpallmt the adr mply wns tumeei o£r |

_-,md the arg'.m snzy:n‘v m tumed nn. ,




’ ﬁsing"bbth' arsoa angd a.ir £all on -the _same 1ine. The. a.synmtotic- '

-tion, Whle‘ﬁ is the m;i.n:i.nmm surfa,ce ta@era.ture a.b the solid surfa.ce
« ~ with ne hea.t feedback from the gas :pha.se. The expev'imenta.l e.rrangement

..indicates that if a pilece of- propellan"“ is heated to 145° C, it is

. which is a,dded. to it ext.erna.lly results in sudden ignit:lon and very

inf:.nity This experimentally determined value cen be used. in the

|

_"‘review sect:lon, th:a.t is,

‘theory nf Admns(g) to o’b'ha,in the yure c.ondensed pha.se hea,t o:f' reaction.'

_ ""Iﬁomally, Mf ) is the stmda.rd, hea.t or famtian of 'hhe fm&.? pre&mt o
R ¥ :speeieﬂ, mnd mm 15 the f:e.m memme £ ‘i;he hot bowidary. R

2. z’.\hfi - rayreaenf:s the heu.t df fomtian of remtant. &pecies, the. leﬂ:

Figure 28 shiows t‘qe exparimenta.l Iesults for bu:ming rate as a

f‘unctj.o_n of initial temperature. The experimen‘bal results obtained

temperature a't‘. which the bu.ming ra.‘i'.e a;pproa.ches 'i.nfinity is found to
be 1145 ¢ (290° F) This is defined to be the wtozgni'bion tem;_ae 'a.'('.uut'sgJ

This exper:].ment provities us. with a Very uaeful piecn of infonna.- :

Just a.bout to ignite by :Ltself and the slightest amount of energy

ra.pid deflagra.tion a,t a :ea:t;e epproa.chd.ng :lﬂfinity Theoretica.lly a.
burning surfa,ce 5 ,era,ture of 1146 c would 'be mﬁficment to insure

buming of a propellant prehea.ted to- 145 Catsa ra.te cq;xproa.cl’r.'.ng

_Here we rewrite, fc)z' corwenience, Aﬁams equat:on from the litera.ture

K

.

3  gide’ cf 'Ehis em*icn is the definﬁsion of hea.‘t; of reac‘ticn. Sd.nce I .

"at t;he .aawbbmmw Ymﬂl wecmtakeaaweragevalue of cp, I




'.i'

_considered as & eonstant, and .Cp(Tm- = T) gives us the overall heat

. of reaction for the plrorpellapﬁ burning. However, if we are ini:erééted. |

.. in the _dqhden._éed. phase heat of reaction. only, we now have g vgiue' for

whi-eh'the températuré gradien“h a.t" the ‘solid surface- is. zero, éorrnw
sponang ‘to the ‘cmpera.ture gra.dient of zero the ho't: bounda.ry
Cin t.he a.bove exprassionn ']3his value is the mi"ximlm surfa.t.e tempera-

'bu::'e va.]ue ohtained by 'l-he m’hoignition measuremem.s. Equation (ll)

. ca.n be applied to t‘ne conde.nsed phaae region considering Ahfm a8
_ the heat of fomation of condensed pha.se products and Ahfi &s the

. reactanb species aga.in Now- our hot bmmdm'y tefmpera.ture is liu g

a.nd CP(.Lhﬁ - T) g.wes us the heat of rea.ction for the conden.sed
pha.se rea.ction (i.e., no gaseous products formed) _
If we wish ta determine the hea.t of decampasiticm Por th eactioii

wnic-h preduces ga.aeous decomposi lon produc‘t'.a, wa would ha.ve to deter-

' mine 'the te@erature of - ‘i:he gasns which result from the dec.ampoaiticn

be:f‘cre theae producta rea,ct to form the- final gageous. produet species.
If bhis tempera.tux'e were kuown (withcfut shy heet feedbe.ck frcm gagecus |

prsd‘ue‘c rea.ctiono ),we could follaw B aﬁn:llar ‘,pmcedure as before to

' ‘,_detemine the hea:h of deccmpns:l.tion fcr the reaction produc.mg ga.ses

f:mm fhe solid. propellant- As yet this value s not a.vaila'bl

The c-:mﬁenaed phase- hea.t of z'ee.ction f&'ﬂ‘ M-a propellmt a.t an L
ini‘!'i,.l tanpemtw:- o 25 © :m th&refore given 'by -

. '. = 0.57(145 25} “, ’+5 ml/@m




Tt is thus- & simj:le ma:ﬁter to detefm:lire the c"onden"sed-’ phase heat of

- ree,c'bion for any prapellant for which the a.utoignitior' tempera.ture

and specific hea:b can be obtained.
Ada'.ns theoretical equa:tion for 'the mass ’buming ra.te discussed

' m fhe 1itera.ture review sec,tion, tha.t 13, L

e Pebde R 3&) o
' 'cp_(am's - Té-'.__r_l_jo)_ Ey. . RTg |

: ‘,&13& :!ndice.tes tha:l" ir M-—E propellsnt is prehea:ted to the mininom -
- surface tempevature, "'hen Tg = ’.I'Q = Ts 145°%.¢, and ‘the denomina.tor
" “of. equation (12) goes to zero and an :I.nfinite burning rate results
Equa.tion (5 6) of Pliukhincs) wh*ch :i.s |

dTg)
-aka:tews e K (dx

(25)]

a.lso :imylj.es this type beha.\r Iora Since dTB/dx equa.ls zero ab the
.. sur:i.’ace under o hea;t feed’back condit“ons, the second term eqt..a.ls
R zero. ]f ,. Ty = T g in the d.enmna.tor cf the firat 'tam, the mass
»_"burniz\g mte sgain goes to infin:f.i:y., - l

Thifs value oFf apz:roml.ma.teiy 45 cal/gm. a.grees ﬁn order of magnitude '

.aith Zenm 5(12) value of Bo ca.lfgm 'me composition of h:i.s pro-
. I;ellant iﬂ net g!..m ami h:!.a remﬂta s.l‘e b&sed on thez‘mocouy.a.e da.ta.
;.--“-_'uucorreci:ed for lead, 'Loases. Zeaiu's mewbhad of ot &inmg the hee,b B
- releaua below the mxrme fmm themamxple Gs.ta wmuld include hea,t
genem.tion fmm pure eande,nse& p!m,se remions and. fmm an;y hetpro- :'

:ganeuus oz- ga,s ‘Qhue remti(ms oc:mrring se vams or other mfmes
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" below the golid gas intevface. This would na.fﬂrally be eﬁcgectéd to
give a higher velue. Zenin also indicates thet if the pressure is

lowered énough (0.5 mm _Iﬁ) gas effects are negligible. If the

line of preséﬁré versus heab of reaction in figure 18 is ex‘bra;pola.ted
| - to 0.5 . Hy, 'a.gvalﬁé‘ between 503"an"d.1'0(? celories per gralm"is' obtained.§

This is gi;}ren' 88 & matter of interest only, becsuse extrapolation over it

three orders of megnitude'is rather dubious.
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" VII. COMPUTER STMULATION OF DSC

As~ dismssed préﬁoﬁaﬁy in thne DSC res‘ults' section, there is .;
tme dependence e.ssocia.ted with the sanmle under test for di.t‘ferent‘
ileating rates. The apparent endothermic amma.]y rela.ting to the
.vé;_:oriz&‘hiori. of nitroglycerine which occurs. at 165° C with a hemting
rate of 10° ¢ p'er- minute shifts to 157° C for a iieat:tng rate of 5° C
' I'aer. minuté a.md"to 173° ¢ for a héa:ting rate of 20° C per m:lnute. The
_“bell—sh@ed hea.t of reaction curves a.lso shifted at d.ii‘ferent hea.ting
"ra.tes, as shown in figme 30. | ‘

In order to det@mme ii’ this is d.ue to the. time defpendenoe of
the sem:ple rather »han a chm'actgrlstic of the -DS_C P gm eguation was
wriiéten-de'scriﬁing the hest release rabe &3 B f‘tmétipn of time
inciuding ma.as change efreéts. This "emtion, for which the deriv-:
: ation and mé&thod of sclution Bre given in the sample calrulations |

- section of the agpenﬁix, :!.t-}
Q_‘;/"T T omg - @_'Ed. - E.d-r (26)
n 0'--14-"'.12” _An T/ e RE/

", -'I.'he digita.l compute.r resul‘ta for the aolutlon of this eqtmtion are

.given in :E‘igure 31. ‘.I!he changes in the 1oca:hions of the peaka and the _
ahapes of theaa mmres wproxima.‘bely 'agree w:!.th the experimenta.lly l
";"detemﬁ.nea cmes of figure 0. | |

A ﬂlhe DBC vn.‘l.ue far wtivation energy of ‘il,ﬁﬂo cal/mole and fre-'

) '_ 'quency fmtor of 1021 did nat produce the desired. curves, It wasg'

- necessary o redntze m-_- uctiva.tion eenezmr to 1;»5,000 cu/ma.e and the

in to _ et ‘ the'mwe : to ~r:eturn clo&e . L




zero on the high temperature side of the bell shape. The corresponding

values for the mass loss expression which produced the desired curve
shapes were By = 56,000 cal/mole and A = 1024
with the experimental values as shown in figure 26.

The fact that the independently obteined DSC and TGA experimental
values sgree this well and could be used together to reproduce the
heat of reaction curve shapes provides some assurance of their
a.ccura.cy.‘ The use of the Arrhenius expression and equation (4A-5)
seems justified, and the shift of the peaks is due to the propellant
and not the D3C.

This procedure provides a method of checking activation energies

which sccounts for mass loss effects and is probably more accurate

than present methods.

which roughly agree
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VIII. CONCLUSIONS

Experimental measurements of the overall heat of reaction for
M-Z double-base propellants at low pressures are presented fc;r the
first time. Agreement with independently obtained resuifs of burning
rate and thermocouple data of others indicates the values are
reasonegbly accurate.

The differential scanning calorimeber, when used indemendently,
cannot measure condensed 'phase heat generation in double-base pro-
pellants because of gag phase reactions which occur close to the
burning surface. It can be used in conjunction with thermogravimetric
analysis measurements (taken at the same heating rate) and high
response microthermocouple meagurements near the burning surface.
Comparison of data from these three sources indicates that the main
heat producing reachtions in M-2 double-base propellants ere gas phase
reactions occurring neé,r the surface and heterogeneous surface
reactions which may occur at externsal surfaces or at surfaces of
volds and cracks below the burning surface.

Vaporization of nitroglycerine from the propellant has been

verified. The beginning of vaporizetion coincides with the begimning

of significant heat release and welght loss rate. The probasble order
of reaction is zero up to the point where vgporization bhegins and
then a change to approximately second order occurs.

An indirect method of determining the condensed phasé heat of
reaction is given. It is based on the determination of an arti-
ficially defined minimum surface bemperature using sutolgnition

measurement; s.

T
—— —— — —
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I¥. RECOMMENDATIONS

The next area of investigation shounld " directed toward measuring
the smount of gas-producing reactions occurring below the gas-solid

interface and possibly separating this from the condensed phase con-

tribution. This has already been initisted at the University of South

i

Carolina.

A very low pressure chamber for use with the differential scanningl
calorimeter could be constructed to measure the heat produced at
pressures of 0.5 mm Hg and helow. If gas phase reactions can be
eliminated at such pressures as claimed hy Aleksandrov(5l) s+ the hesat
of reaction may reach a constant value. However, it could be just
the reactions emong gaseous decomposition products which would cease
at these pressures. Decomposition reactions may still occur and W
produce gaseous products which do not react further. If a TGA chamber
for these low pressure's could also be constructed, weight loss meas-
urements in conjunction with the DSC measurements at very low pressureJ
may determine if this is occurr:}.ng. The trae condensed. phase heat of
reaction can only be obtained if heat changes can be measured while
no gases are being produced, that is, no weight loss occurring as

determined by TGA measurements at the same pressure and heating rate.

High pressure TGA measurements should alsc be performed. The
jumps in burning rate shown on figure 17 should be indicated by a
change in weight loss rate in this pressure range.

Individuel ingredientis used in the composition of double-base

propellants do not act in the mix as they do independently. Therefore,
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in futnre studies less emphasis should be placed on individual
ingredient studies and more on the mixture.

An oversll program similar to the one which has heen performed
on double-base propellants at the University of South Carclina should
be repested for composite propellants. This should inc.ude combined

DSC, TGA, and high response microthermocouple measurements as well as

antoignition and burning rate versus initial temperabure measurements.




Sk

10.

11.

12.

REFERENCES

Waesche, R. H, W.: ‘“Research Investigation of the Decomposition
of (omposite Solid Propellants," United Aireraft Research
Lehoratories Report FOLOLT76-12, Sept. 1967.

Wenograd, J.: "Study of the Klnetics and Energetics of Propellant
Decomposition Reactions and Application ta Steady State Com-
bustion Mechahism,” CPIA Publicetion Wo. 138, vol. 1, 89-98,
Feb. 1967.

Wilfong, R. E.; Pemer, S. 8.; and Daniels, F.: "An Hypothesis
for Propellant Burning," J. Phys. and Coll. Chem. 54,
863-872, 1950.

Rice, 0. K.; and Ginell, R.: "The Theory of the Burning of
Double-Base Rocket Powders,” J. Fhys. and Coll. Chem. 5%,
885-916, 1950. !

Prank-Kamenetgkii, D, A.: Diffusion and Hesat Exchenge in Chemicall
Kinetics, Princeton Univ. Presgs, 1955.

Pliukhin, B. I.: "On the Stationary Theory for Heat Balance of
Powder and Explosive Condensed Phases," Bighth Symposium on
Combustion, 734-745, 1961.

Heller, ¢. A.; and Gordon, A.-S.: "Structure of the Gas Fhase
Combustion Region of & Solid Double-Base Propellant,” J. Phys.
and Coll. Chem. 59, T773-777, 1955. '

Parr, R. G.; and Crawford, B. L.: "A Physical Theory of Burning
of Double-Base Rocket Propellants,” J. Phys. and Coll. Chem.
54, 929-955, 1950.

Adams, G. K.: "The Chemistry of Solid Propellant Combustion:
.Nitrate Ester or Double-Base Systems," Proceedings of the
Fourth Symposium on Naval Structural Mechanics, 117-146,
Pordne University, Lefayette, Indiana, April 19-21, 1965.

Thompson, C. L., Jr.; and Suh, N. P.: "A Theoretical Model for
Deflagration of Double-Base Propellants" to be submitted ab
ATAA Fighth Aerospace Sciences Meeting, New York, N.Y.,, Jan. 1970

Crawford, B. L., Jr.; Huggett, C.; and McBrady, J. J.: "The
Mechanism of the Burning of Double-Base Propellsnts,” J. Phys.
and Coll. Chem. S, 854-B62, 1950.

Zenin, A. A.: "Burning of Nitroglycerine Powder in Vacuum and at
Subatmospheric Pressures) Fizike Goreniya i Vazryva. 2, T4-78,
1966,




25

13.

1.

15.
16.

17.

18.

19.

20.

2.

22.

23.

2k.

Suh, N. P.; and Tsal, C. L.: "Thermououple Response Character-
istics in Deflagrating Low Conductivity Materisls," submitted
to J. Heat. Trangfer.

Lenchitz, C.; and Haywood, B.: "Determination of the Ballistic
Modifier in Propellant Combustion Using the Heat of Explosion
Test," Combustion and Flame, 10, 140-146, 1966.

Lenchitz, C.: Private communication.

Instructions, Differentisl Scanning Calorimeter, Perkin-FEimer
Corporation, No. 990-9509, Sept. 1965.

Wilson, D. R.; Marshall, W. A.; Dolie, R. E.; and Benzing, R. J.:
"Physical Chemical and Mechsnicsl Characteristics of a Poly- ‘
phenyl Ether," Ind. and Eng. Chem. 6, 81-88, June 1967. t

High Vacuum Equipment Data Bulletin 11-6, Consolidated Vacuum
Corporation, Rochester, N.Y., 1968.

Musso, R. C.; Grigor, A. F.; and Miller, R. R.: '"Combustion
Mechanism of Low Burning Rate Propellant," Sixth Progress Rept.
Contract No. FOLG11~C-67~0049, Hercules, Inc., Alleghany I
Ballistics Laborastory, Cumberla.d, Md., July 1968.

Clary, D. L.: The Steady State Burning Rabe of Double-Bage Solid
Propellants at Low Pressures and Various Initial Temperatures,
M.S. Thesis, University of South Carolina, 1968.

Instructions, TGS-1 Thermcbalance, Perkin~Elmer Corporation.
No. 990-~9398, May 1968.

Sammons, G. D.: “Application of Differential Scemning Calorimetry
t0 the Study of Solid Propellant Decomposition,” Third ICRPG
Combustion Conference CPTA Publicetion 138, 75-83, Feb. 1967.

Kuang-Hua, H.: Application of Thermogravimebric Method and
Differential Thermal Anelysis In the Study of Reaction Kinetics.
Picetinny Arsenal Publication, Dover, N.J., 1967.

Suh, §. P.; Tsai, €. L.; Thompson, C. L.; snd Moore, J. 8.3
"The Ignition snd Surface Temperatures of Double-Base Propellant
at Low Pressure I - Thermocouple Measurements,"

Boys, 8. F.; and Corner, J.: "The Structure of the Reaction Zone
in a Flame," Proc. Roy. Soc., A197, 90, 1949.

Hastings, C., Jr.: Approximetions for Digital Computers,” Rand
Corporation, 1700 Main St., Santa Monica, Calif., Nov. 195hk.




56

28.

29.

30.

31.

32.

33,

35.

Nelson, J. B.: 'Metermination of Kinetiec Parameters of Six
Ablation Polymers by Thermogravimetrie Analysis,' NASA Tech-
nical Note D-?%919, Langley Research Center, April 1967,

Farmer, R. W.: 'Thermogravimetry of Plastics Part I - Empiricel
Homogeneous Kinetics," Tech. Documentary Rept. ASD-TDR-62-1043,
Wright-Patterson AFB, Chioc, Feb. 1963.

0'Weill, M. J.: "The Analysié of a Temperature-Controlled
Scapning Calorimeter," Analytical cChemistry, 36, 1238-124s,
June 196.4.

Watson, EB. S.; 0'Neill, M. J.; Justin, J.; and Brenner, N.:
"A Differential Scanning Calorimeter for Quantitative Differ-
ential Thermal Analysis,” Analytical Chemistry, 36, 1233-1238,
June 196k,

Aleksandory, V. V.; Konev, E. V.; Mikeev, V. F.; and Xhlevnoi,
8. C.: '"Surface Temperature of Burning Nitroglycerine Powder,"
Fizike Goreniya i Varyva, 2, 68-73, 1966.

Powling, J.; and Smith, W. A. W.: '"The Surfsce Temperature of
Burning Ammonium Perchlorate," 10th Symposium on Combustion,
1573-1380, Pittsburgh, 1965.

Iiepmern, ¥. W.; and Resghko, A.: HElements of Gas Dynamics,
GALCIT Aeronautic Beries, John Wiley and Sons, Inc., New York,
29-30, 1960,

Pristers, ¥.; Halik, M.; .Castelli, A.; and Fredricks, W.:
"Analysis of Bxplosives Using Infrared Spectroscopy,"”
Analytical Chemistry, %2, 495-508, April 1960.

Harris, R. K.: "Vibrational Assignments for Glyoxel, Acrolein,
and Butadiene,’ Spectrochimica Acta, 20, 1129-11k1, 190k.

|
|

J




57

Pressure
75 psia
50 psils
25 peia
4.7 psia
200 mm Hg
100 mm Hg
50 mm Hg
20 mm Hg

Averasge Xy

Keal/mole

60.2
'57-6
55.0
5.5
51.h
148.8
48.1
7.7

TARLE I.- VARIATION OF ACTIVATION ENERGY WITH PRESSURE

Values used to

aversge

59.0,
56.0,
55.0,
52.0,
50.0,
k9.8,
k7.0,
47.5,

65.2, 56.3
61l.3, 56.1,
56.3, 54.6,
50.5, 51.6,
53.2, 51.0
k7.8, k9.0
48.%, 48.8
47.8

57.0
54.0
52.8
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Figure 5.~ DSC sample holder assembLy.
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1, 96 394093E-01
5,70439892E-02
~Te 33244545 E~02

-1.94676111E-01

=3.07764038E-01
~4, 13G99{ 46E~01
-5,10957+65E-01
=6, 01923335E-01
-9, 25256915E-04
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8, 91012530E-C1
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3¢ 16481069E-02
2.41290859€-02

Figure 25.- Computer printout near "kuee" of curve.
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Figure 26.- Computer printout along second-order part of curve.
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SAMPLE CALCULATTIONE
l. Caleculation of Activation Energy and Freguency Fsctor
from DSC Date

First, we will derive the expression to be used. Since the rate
constant is a function of temperature, it is different for each point
ol our cuvve. However, the distance from the baseline to the heat of
reaction curve (fig. 17) is proportional to the rabte of heat evolution.
1t is therefore proportional to the rate constant, provided the
Arrhenius plot is a straight line. If the values of the rate constant |
at T) and Tz are k; end ky, we may write from equation (13)

of the Arrhenius Theory section that

in kl = - -E— + constant (A-l) i
RT,
and
mky = - % + constant | (4-2)

Subtracting (1) from (A-2) using in(x) - wm(y) = In 3;_-, we obtain
k .
m._.:.L.r. _.E.:[.J_'.-fl] (4-3)

and since the distences d; and dp at Ty and T, arve proportional

to the rate constants
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and solving for E

imdy ~ Ind
B =R 1 2 (A—s)"

A
T I
Beginning at the point where the heat of reaction curve deviates from

the baseline, make a plot of log d versus 1/T. Use the extreme

points of the straight line portdon of this curve to substitute in
(A-5). An example plot is given in figure 29 for the 50 mm Hg curve
of figure 17. Then, using the values I dy = 0.60%, 1/Ty = 0.00215h

and Indg = 3.18, 1/T, = 0.002050

~E = 1.986 (3.18 ~ 0.694) e 47,000 cal 46
’ (0.002154 - 0.002050) 7,000 zo1 (

The straight line portion of the curve usually extends from the Lirst
recognizable deviation to the point near the top of the bell-shaped
curve where the inflection of the curve begins to bend over the top
of the pesk. This procedure was repested for several curves gt each

pressure te produce the data of teble I.

Notice that the celculation of the sctivation energy is indepen-

dent of mass. I we know the ma.és of propellant which produced a
given curve, we can calculate & froguency factor for the Arrhenius -
expression as follows: The di‘s‘éﬂnce from the baseline to the heat of
‘reaction durve of figure 17 is the heating rate in millicalories per
second ;iroduc_ed by the mass of propellant present at that instant.
Select a temperature along the bell-shaped portion of the curve which

falls on the straight line portion of the Arrhenius plot as in
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figure 29. At this tempersture the heating rate in millicalories

per second is glven by

E

4 = mpH,f exp(— ﬁ) (8-7)

where mp 18 the mass of propellent et the selected tempersture T.
The fraction of the sample decomposed ab temperature T ig AT/Atotal

end we can write
mp = Ap

Atotal "o (a8

where
m, = initial emount of mass

Ap = ares under the heat of reaction curve up to
temperature T

A‘iso*ba.l = totel ares under heat of reaction cuxrve

The freguency factor is then given by

f = - (A~9)
o A‘to’c.e.l Hr EXP(: ﬁ)

Using as an example the atmospheric pressure curve of figure 17 at

1= 210° ¢ (48%° X), we have
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_ cal
E = 51,500 ol

4= sec

Substituting these values in equation (A-9) gives

£ = o2 = 4.3 X 10

.1 )_l)(uuo) ~21,500
e <3 w([l.gséj[uaﬂ

2. Order of Reaction by Marugl Procedure

Kua.ng~Hua(23) points out that in isothermal-type thermogravimetric
analyses the compound under test may decompose before the desired
experimental temperature is reached. This would produce unreliable
results. The continuously increasing t_empera.ture method can avoid
such a shortcoming. He provides an equation to calculste the rate
parameters for irreversible reactions with continuously inereasing
temperature as follows: Let B be s volatile component in an

irreversible reaction
a2l - bB + ¢
The rate of weight loss for reactant A may be written aos

- Qe (a-11)

where

X = mole fraction of reactant A

1l

k = reaction rate

order of reaction

n
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Since
k= A expl- 2 (A~12)
RT
ax
: S WO < -
A e:cp( RT) o (A-13)
Differentiating the logerithm of equsation (A»ij;) , we obtain
Bdt _ dax
E-T-E-—dm( '53_‘6) ndin X (A-1k)
Integrating equation (A-1L) gives
E,1_ axy _ B}
"R'ATJ." Azn( '&E) nAimniXx (4-15)

Dividing equation (A-10) by d 1n X eand equation (A-11) by A n X,

we get
d Zn(— —)
at
,,Rdt = -n (A-16)
RT"4d m X dinX
and
3) o n(8)
= (A-17)
AlnX AmniX

A plot of A(l/T)/A In X versus A n(-dX/at )/A in X should produce "

a straight line of slope -E/R and intercept n.

In order to put this inko a more wssble form, let M equel the
total number of moles in the reaction mixture and m, equal the moles
of reactant A =t time t. Then X = my/M may be substituted in

equation (A-13) and the same procedure followed to obteain
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- dmg \
mk= 1T+ In(—d%g') - n in(mg) (A-18)

and

E . f1 dmy,
- i&(—,ﬁ) =A Zn( —d.?)

A In my A In mp

-1 (A~19)

The weight or volume of the reactant may be megsured to replace M

and m, using

dm
e _Moodw _ (A-20)
dt W, dt :
and
Wy = Wy ~ W (A-21)
where
Mg = initial mole fraction of A
We = weight loss after reaction is completed

w = total weight loss in time +

dw
E‘E = reaction rate in time <%

Using equations (A-19), (A-20), and (A-21), we obtain

Eofl) aulE) |
= - n : (A-22)

A In wy A in Wy

A straight line should be obtained when 4 n(dw/at)[A inwy, is
plotted versus A(l/'.r.’)/ A In wp with intercept equel to the order of

reaction n and slope equal to E/R.
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3. Order of Reaction Computer Program

Detalls are omitted for brevity. It is hoped that this dis~
cugsion, following Fa::c'.r.m-:r(28 ), and the Fortran statements will provide
the reader with sn overall copcept of the procedure.

Assume a rate equabtion of the form

1 dm m - mpid E ras
i — A - — P2
mg dt ( Mg ) exp( RT) 3)

where
m = mass at time ¢

m, = initial amount of mass

m, = residual mass at compie’cion of reaction

A = pre-exponential factor in Arrhenius equabion
E = activation energy

R =

T = gbsolute temperature
n = order of resction
Multiply the top and bottom of the left-hand side of eguation (A-19)

by T = dT/at, which is an experimentally controlled constantyto

gas constant ‘ !

obtain
T am m - Mp\R E '
- o e T | —— A - —— Bl
m 4T ( o ) e}@( RT) ( )

If as ¥ -0, dm/dt >0, then Moy = T Integrating (A-24) gives

_1 f‘“(&-_&_)‘“dm,é
T Jp A Do T

o}

fT - Elar =k (A-25)
M T
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Performing the integration of the left side

m-9.
X = -zn(—.w..;- R A N (4-26)
mny -

and

Ho

fop - - -
K=(n-1)" F- mr)l n ( - inr-)l "l for n#é1  (A-27)
Mg
The wrigbt-hand integral of (A-25) msy be expressed as
K = = P(X) (a-28)

where

and (A-29)
X = E
ET

The term -Ei(-)s’.)] is the exponential integral. -E;j(-X) cex be

approximated W(EG >

2 }
-E; (x) = Xt e“"c; e 32) (a-30)
+ 'bJ_X + 'b;:z .
where
a = 2. 334733 = 3. 330657
ay = 0.250621 by = 1.68153k
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Therefore,
m-m
-1in r__) for n=1 T
My = Ny

[l

>=£‘-E-=P(X) =K
RT

(n - 1) (m I;omr)l-n - (1 - %)1—{] for n# 1

The computer program uses equation (A-31) in an iteration scheme

(A-31)

to find the parameters in the following sequence. The masses and
temperatures at points from the experimental curve and a range of
trial orders are the inputs to the program.

Step 1. B8Select the first trial value of n.

Step 2. Assume a trial value for E of 10,000.

Step 3. At the beginning temperature Ty of the selected intervall

A-E TRKy
Ky = -'TJEP(X)ZL or Ay = o - (a-32)
and at Tp
K - P(X), or A, =0, (a-33)

For this value of n and taz starting value of E, A; and Ay are
computed.

Step 4. The program then iterates to find a value of E which
will make A, = Ay; that is, since - Ap = Ay

i'RKl 3 'i"RKQ o
EP(x')"I - EF(X), (A-34)
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from which

K B(X)
e g (A-35)
K P(X),
The program balances this equation, using different BE's in
X = e and X, = e (A-36)
1~ RTy RT,

Step 5. These values of A and E are recorded for the assumed
value of n which is held constant for each eycle.

Step 6. Then, using the input mass values, compute (m/m,) for
the entire curve.

Step 7. Using these values, compute the errors

@l e

YE (a-38)

where ¥y = number of input data points. These are computed for

n=1=1x
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and for n {1

(2)-= +Ku)l”“ NCERT e E):ll/ MR ko)

Ry g {[‘ RT,

e} 1]

Step B. At this time, we have a sebt of errors for each trial

value of 1 of the form
+

R

A linear fit is spplied to the curve in the vicinity of where €1
changes sign and this value of n where €; =0 is found. This is
Hydn® This and the recomputed values of A and E are printed in
the last row of each series of trial walues of n as the calculated
}Jest fit.

A discussion of the errors invoi;ved in using the first temm in
. the series approximetion of the exponential integral is given by
Nelscn(aﬂ. A listiﬁg of the Fortran statements for this program is
glven in appendix B.
4. Computer Program for DSC Simulation

The bell-shaped curves of figure 17 result from two effects.. First
hea-t is produced as a function of temperature at some exponentiszl rate

described by an Arrhenius expression. This can be described by a

curve as follows:
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Heat generation rate —w

Temperature ——m=

As this reaction proceeds, the masg of the owriginal sample decreases

as follows: I_

Masg remaining —= ®

Temperature ——p~
Even though the heating rate per unit mass continues to increase with

temperature, a point is eventually reached at which the mass remaining
is so small that the combined effect begins to decrease and returns
toward zero when the rea.ctiﬁg mass gpproaches zero. The combination
of these two curves produces the bell~-shaped curves of ¥1.  +17.

The ares under this curve is the total heat produced in tne reaction.

The heat reiease effect is described by

where

H, = total heat of reaction, cal/gm

f = frequency factor for heat release rate




E = activation energy for heat release rate
R = gas constant
T = temperature

All parameters in this expression are known from DSC measurements. The
remaiﬁing portion of our desired expression must describe the mass
logs rate; and it 1s obtained as follows: We have already messured
the mass loss rate with the TGA system and evaluated it with the com-
puter program described in the previous section. This program provides
us with a means of expressing mass as a functlon of time /gf the proper
order for our parfticular sample and heating rate range. Using the
same assumed form of the rate eguation (i'.e., eq. (A-23), follow the
steps described in going to equation (A-28). By using an asymptotic

expansion for -E;(-X), equation (A-29) can be written as

_AB(, _ 2! 31 it 2 X i
K——.—(l +%2. X§+...)x e (a-41)

If the first term of the series is def;i.ned a8

a(x) = x2 % (A-k2)

[
o
®

then X mey %e expressed as

|
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The term {1 - r)} is the relative error associested with using only the
first term of the series. Nelaon(27) provides a plot of (1 - r) as a
function of X% which indicabes that for X greater then 20, r is

a slowly varying function approaching tlhe value 1.0. (Combining

equations (A-42) and (A-43) gives

= AR . B -
K = r7e — exp( RT) (a-45)

Evaluating equation (A-27) “or our particular case with an apparent

second-order process and teking m, = 0, we get
m
K = (—0- - 1) (A-46)
m

Setting this equal to eguation (A-45) with r = 1 and solving for m,

we obtain

m

- o | (a-47)
ET RT

Combining this with our heat release expression and integrating with

respect to time gives

1‘
a(7) =f 5 :;? R H.f exp(— %)d’r (A-48)
0 1 —— - == '
¢] + T ETQexp( RT) |

|
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s

where
T = time in minubes

Q(T) = the heat of the reaction at time T “

m, = initial mass of sample
'TO = temperature scan rate, °¢/min
Bd = aetivation energy for mass loss rate

This egquation is solved on the digital computer by rewriting it as

O=fT . To Hrfe:q;--—'—E-:——-dT-»Q('r)
1w [y 4, 7] LR el R[T; +FoT]
ST Eh \g[iy+t,T]) (8-49)

where T has been replaced by T4 + 'i'o'r . The integral is evalugted
for different values of Ed between 20,000 and 60,000 cal/mole, using
the TRA? subroutlie shown as the last page in appendix B. The same
iteratioﬁ subroutine as used in the order of reaction progrem (i.e.,
ITR~2) is then used to f£ind which value of lEd in this range mekes
the equation equal zZcrn., B4 is first found for a neating rate of

i‘o = 20%¢ per minute. Using this value of ®d, the integral curve is
plotted. This is considered as the reference curve. This same value
of Ed is used again for E'['O = 10° and 40° C per mipute. These

curves are plotted and compared to the reference curve. The resulting

plots are shown in figure 3l.

The wvelues used fcr the sample case are basged on 1.0 mg of pro- h
pellant at atmospheric pressure. These values are:

M, = 0.001 gn Ty = 46° K &, = 20, 10, 40° K/min A = 10°7

R = 1.986 £ = 10°%

—

E = 51,500 cal/mole H, = 439 cal/em
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P2AGRANM ITTERUINPLT OUTPLT +TAPES=INPLT)

INTEGER CHANGE

REAL M1 ,M2 ¢ MC o MR 4KL s X2 ¢ Mo NFINy NINCy NOy My MMOEMMOCy NM IN
CIMENSTIN TU3NY 4MI30) yMMOCT 30) S MMIE (30} +N(25) s SUMIZ25) +G{25 1},
1 Wi{28) 4RESITI25+41),5UBIL) s ARR(3,43)¢B(3,1}+C(25,3}
COMMOM /BLK 1 /S5LM NN JCHANGE +ERR I

COMMCA/BLKZ/ A0, AL, ECy B1oK14K2, TODTyEv AR TLy T2, T4 ICODE 41MK
NAMELT ST/NAMY /MO sMR 4R oTOOT o XNO o XNFT N o X NEMC s KNNp Ky M T
RFACIS 41

FORMATISIH }
FRINT 1

REAN(S,NAML )

FRINT 3eMIp MP, TDDT'R

FCANMAT(IHO 93HNMC=FT 43 95X s3HMR=FT 345X s SHT DOT=FT+3, 5%y 2HR=F&.3//}
PRINT ®

FORMATISX g LHN G TX 3 2FM126X9p2HM2, 1 0Xe 1 HEy 17X s LHA/ /)
MMIN=D,.

I=1

NO=XNQ

NFIN=XNF IN

NI RC=XNIKC

MN= XNN

NIT)=MC

J=1

INC=}

TI=T(J)

KK=J+INC

12=TI#K)

M1=M{J)

M2=N{KK) .

CALL CALC{N{L) MI. M22MR,M0O)_

IF{ICCUELNE.T) CGC TE 400

PRINT SoN{I)}eMLeM24E4A,SUMLT) +ERR

FCRMAT{1X +3F8.344E17.8)

Gn TN %N

FPINT 7.N(L)sM1sM2, ICODE

FORMAT{1X+3FR.2,18HNG SCLUVECN, [CODE=I12}
IFIMNTYLCELNFIN)GD TO 600

I=I+1

MOT)I=N(I-L14NINC

GC TC 3587

CALL CHECKA{ICH)}
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IF{CHANGELEC.QIGC TC 200
I=1CH+
NO=N{]+]}
NINCENINGC/ 2.
AFIN=N{I+1}
NN=5§
I=1
N{T ) =ND
330 CALEL CALCINITY ML N2y MRy MO)
IFEICODELNELO) GO TO 400
IF{I.EC.NNIGD TC 320
I=1+1
NiFI=R{T-1 }4N INC
G0 TG 2739
320 0O 30 1I=1.NN
Wiriy=1.
30 GUIT,1Y=SUMCIT} |
CALL LSGPGLING +WeRESIDsNNsSUBs 1y ARRyB+2+Cy25,3)
MMIN={-B(lel})/E(Zs1)
CALL CALC{NNIN(ML « N2 ,VNRMC)
CPRINT SaNMIN,ML1,M2,E, Ay SUMIT)LERR
2040 1=l
PRINT ¢
9 FERMAT {1HOY
N{IL}Y=XN"
NINC=XNINT
NEIN=XNFIN
MN=XNN
IFIKK.EQ.KIGO TC 301
J=J+l
GO TC 300
301 IFCEINC LEQ.3)G0 TD 1C1
THRC=INCH]
J=1
G TC 3M
END
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SUBRNUTINE CALCIN ML M2:MR MDY

REAL M) oM2 g MO g ME KA K2y Ny NFINg NINCyND9 Mo MMOE #MMIC +NMIN
COMMOM/ALKT /SLM NN JCHANGE 4ERR S T

COMUNN/HLKZ/ AT ALy Bile BleK 1o K2y TDIT ¢EvAwre TLy T2o Ty IL0IZ oMK
DIMEANSTON MMDC(3D) o ¥MOE(30)}s TL30), M(3D ) .5UM{25)

EXTERNAL FCFX

LATA APLAL ,RC4B1/.250021+2433733,1.6B153443,330657/
Al=7.234722

DATA XLIW XUP, EY oF2 MAX I, CELTX/ 130,025 409, 24,0001, 100000, 5C0./

JIFIARSIN, —1.)eLT.T.01160 7O 10 )

Kl=[1./IN =123 PEL{UML-MK /MDY &e T oK Y~{ Ja-MR/MO)=¥{ 1.—N )y
K2={1./(N =14 )3%{ ({M2~HR) /MO} #4411 .=N J-{lo-MR/MDFE(] o =N 1t
FCTC 20

K 1==ALOC( (M}~*R) /I MI-MR) }
K2==ALCCU{M2-MRY/INC~MR]))

PCALE 1722 (EoXLTh o XUP DELTX4FOFX,E1 422 yMAX] » ICODE}

IFLICOCE.NELT ) GO TO 400

¥1=F /(R¥TL}

X2=V/(F4T2) .

IF(aBEIX2) ,GT. 741, PRINT 1 ,E4RyT2Z4X2sN
IF{ARS(X2).GT.741.15T3P

FO¥ATL//SF16.5/7)

EI2=EXP{-X2 W/ X2H{AD+L 1* X2+ X 2% X2) /04D 1% X2+ X2% X2 )
P= (K25 FRTOUT )/ {L*LEXF (=X2)/X2~E12))

IF(ABS(N =1.3.67.0.011G0 TO 15
FAC1=(PC-MRI/ ML

N 1000 L=lsk
FAC2-FXPIA~ART L) #T (L IFEXPA-E/{RHTILII VI A{TDUTHE/R))
MMOC{ LI =MR/PO+FACLIRFAC2

MUDE{L I=MLL ) /4D

GC TG 25

FACI={ (MO-MF) /M0 %% { 1N )

O 3nrc L=l 4K

FACZ=(A*TIL 1%TLL Y#EXPA-E/{R*TIL) 1)) /{LE/SRI*TDOT)
TEST=FACL+ N ~1.¥8FBC2

TFLTESTLGELC. GO T0 SC0

F¥HAOCALY=PR/ MO

G0 TG 20M0

MERCAL =P/ N4 FACT+(N -3, )#FAZZ2i%¥{ 1. /(1e~N 1))
MMAE(L) = L) /¥C

SUMLII=3,

ERR=Ca

DO 2000 1=1.K

ATE=Mar FLL )= 4MaC (L)

SQ=ACPA2

SUML TI=5u4{ T)#ADD

TPR=FRF45 7.

ERA=SORTIFRRIK)

RETURN

£hN
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FUNMCTION FAfFX( x)

REAL K2 ,.K1
COMMDONZALKZ/BAC ¢ AL BT 3L oKL 4K2 s TDOT 9 EgA2ReT1 4T2»T 2 ICODE
DIMEAS ION T ({39}

X1=X/{K*TL}

X2=X/(R*T 2}
FII=FXPL=X1#/ X+ (ACHALHXL+X1#X1 )/ (BCHE1*X L+X21¥K]1)
FIZ=EXP(=X2 M/ X228 (AN+A XX Z+ X246 K2) F{BO+T 1% X2+ X2¥ X2 )
T=(K2%¥R*TDCT)/(X= (EXP (-X2)/X2-E12) )
FOFX=(Z#X/(R*TOOTI#(EXP(-X1) /X1-EI1}}—K1

RETLRN

END

SUBRCUTINE CHECK (ICH)

CHECKS FCR CHANGE CF SIGN IN SU4

10

E4Y
100

INTEGCER CHANGF

DIMEFASICN SUM{25)
COMMON/BLKL/SUM NN CHAWNGE s ERR L
CHANGF=(
TF{SUM{11.GE.".160 10 1
GO IC 2

DN 1 I=2+Nh
IF{SUM{IICELDLIGC TC 1D
CHANGF=1

TCH=1

Gn n 100

CONTINUE

GO 10 100

CO 2G I=24+NN
IFESLMII)LLT.0L)GE TC 22
CHANGE=1

[CcH=t

GY TN 100

CCATINUE

RE TLHM

END
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SUBROUTINE ITR2

LANRGUAGE: FORTRAN

PURPOSE: Given F(X) = 0, to find a value for X within
& given epsilon of relstive error in a given
interval (a,b).

USE: CALL ITR2 (X, A&, B, DELTX, FOFX, El, E2, MAXI, ICODE)

X 'Mhe root.

A The lower bound on X. This value is used by
ITR2 &8 an initial guess.

B The upper bound on X. This value is used by
ITR2 as & final guess if the entire interval
ig scanneg,

DELTX AX, the size of the scanning interval.

FOFX The name of a function subprogram to evaluate
F(X).

El Relative error criterxion.

E2 Absolute error criterion.
MAXI A maximum iteration count supplied by the user,
ICODE An integer supplied by ITRZ ag an error code,

This code should be tested by the user on re~
turn to the calling program.

ICODE = 0, normal return
ICODE = 1, maximum iterations are exceeded
ICODE = 2, DELTX = 0, or negative
ICODE = 3, a root cannot be found within
the given bounds
ICODE = 4, A>B
RESTRICTIONS: Mazke A< B, AX positive. A funection subprogran

with a single argument X must be written by the
user to evaluate F{X). The name of this subprogram,
FOFX, wmust ropear in sn EXTERKAL statement of the



"2

METHOD:

ACCURACY:

REFERENCE:

STORAGE:

SOURCE:
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calling program.

The given function F{(X) is evaluated at a
given starting point, s, and at intervals of

a specified AX thereafter, up to and including
8 specified end point, b. A change ot sign of
the function across a AX intervel indicates =
posgible root in that interval. The interval
is then halved successively toward F(X) = 0
until the prescribed accuracy is satisfied. .
The given funciion F{X)} is eveluated once

for each halving step.

If the given function is expected to. have
more than one root between the prescribed
starting and end points, it is suggested
that a sufficiently small AX be given

such that no more than one rcot be present
within a AX interval., A normal return is
given upon the location of the first root
from the starting point,-a., HAdditional
roots mudt be located by new entries into
the subroutine using a new starting point,
#, which is- just beyond the previous root.

The iterption process is continued until
either of two convergence criteria are
sptisfied., These criterisa are:

1. if {x: I> g

Xi = X321
Xi

L Y

2., if X, < €4

lxi - xi-ll <€z

T. 3. Scarborough, NUMERICAL MATHEMATICAL
4 7% 7318, Fourth Edition.

2608 locations

NASA, LRG, Terry A. Straeter
RS
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IDENTIFICATION: TRAP

PURPOSE: TRAP E:a.‘;culates the running inbegral of the curve
y= Plx)e

RESTRICTIONS: Y and X can be input in table form or Y must be
caleuwlated at NI, discrete points before entering TRAP.

_The subroutine hae been compiled with a variedle
DIMENSION statement. The following must be ilimensioned

in the ealling program:
x{(1L), ¥(1w), sw(IL).

USAGE: CATL: TRAP (¥, X, NL, SUM, SUM1) where
Y = the name of the dependent variable.
X = the name of the independent variable.

RL = the number of pointe on the curve or in the
tabla,

SUM = the location of a vector of order IL which
containe the running integral of the curve
¥ = £(x). SW(TIL) is the total integral.

SUMY. = SUM(1): The initial value of the integrated

curve,
MIZTHOD: TRAP uses the trapezoldal rule of dntegration for a
we ‘able AX

ORTGINATOR: Raye C. Mathis



