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Charge axe as follows:

) > 14 - ition
; Dlazcdint Ised Thiocysnate
' m(?&mmmm) g w“(mmmw ’lg
Fitrostarch =4 ) ) o8

5. A smmary of the results odtained are listsd below. The column om

the left shows the properties measured and the two coluxms on the »ight indisa
the results obtainsd for eack squid. *

O AR P ISR TR O SRR SR S WA e e :

) . Nodiried”
iles Al Squid WAL Squid
Avexrange Igcrea.u in Gas Volune Squidb -
{co at C°C and 760 zm) »oF 12.4 [k;z 8.8¢ .3
Aversge Charges Weight 8quit (gms) . -0§é2
7 g:: g M::::, “u/ﬁ: {cmmm) ’ 71.86 58.03
) Flans Temyp, K Qaumtea) 75i81f,;o “56130
Flams Tomp, °X (exparimsntal) 187¢ 2925
Heat Evolvad, per rols of gas gca.lculatad.) 7%.60 78.62
#aat Tvolvad, per role of gas (experizontal) 20.U5 74.01
Weight of Solid Products, per aquid (gms) +01586 03033

" #Thia calculation 10 tased on tho actual roles of each gas formed in the
rcactiona of Tablez IXII ard IV.
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BIDCUSSICON OF FSULTS:

3. Fechanioms of Izniticni- There are several mechaniems by which the
igniticn of e powier o explosive has been explained. A substance can de
ignited by thermal dcoamposition of the molsoulss, tribochemical deccuposition
of the moleoculss as by fristion or impact, catalysis, supersonic vitrations,
statio elsctxricity, yressure, ani by othsr methods vhich are less significant.
Ignition can best Do explainsd thermally. Bowden and Yoffe (Bof A) have ahown
that even the machanical initiation of a solid or liguid explosive can de ex-
Plained by the formation of a localized hot spot. It appears that ignition
takes plsce when an adequate mmount of ensrgy is evolved to decompose a critical
muiber of molecules. To moasurs the heat produnced, uvmlthmhmcn

chemical and physical properties of the MIAL Squidb and Wa&'ms«fb
&ro measwred snd caxpared. All properties such as heat capacity, flsme temper-
atare, hest of ccxbustion and hest of farmation used in this raport are at con-
gtant pressure, nmtosim.htothoactmlﬁrmg tion of a sguid.

Becanse the MIAL Squid and the "Iodified” MIAL Bquid were fired in a closed dond

&t constant volume and cne atuospheres yressure, the cmTrection for thoincmo
in pressure dsvelopsd by the gaseous xroduncts is includsd. The properties
Eeagsured and the method of measwring these properties follow:

6. Properties:-
a. PFPresswre:
. The average increase in gas volume mdncdbyi@itimottho
“Modified” MLAL Bquid corrected to 0°C and 760 rm pressure is 8.8 £ .3 ml/
mibvhm.}nluthnnmdmmionormm The average chargy,
ted

weight 1s .0542 grs per squid. The results are ta‘bnh in Tadble I. The
increase in gas volume roduced by ignition of the NMIAL Squid is
mbz.anlandthoamehargouigh t 18 .052% gns per squid (Tadble II).
This increase in volune 18 not the actual volwume ofguuproducodhyf.ho
ignition of the squid, Tables III ard IV indicate that the oxygen of the air
in the bamb also takes part in the reaction. The inorease in voluns is usad
in this report principally to indicats the pressure developed dy the products of
the squib.

b. Heat of Reaotion ard Prciduncts of Deactions

’ The calculated and sxperimental values for the heat of reaction
are chown urder Resulta., The calculated valuas for flame tamperature ard heat
evolved per role of gas are based on the caloulatod heat of reoastion. The expor-
imontal valuss for flames temperaturs end hoat evolved per x=ole of gas are basod
on tho oxperizsntal heat of roaction.

To caloulats the hoat of rsaction a knowlodge of ths products of
roastion ags woll as a kncnrlodgo of tha hoat of formation of oach predust formwa

16 nocosaary viz 7 A T, pred - A MTe roas * & Iy vhore (AIR)
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Discussion of Resulta (coutd)

is the heat of reastirm. An anslysls of the solid residue of the "Modified”
1Al S8quib after reaction indicates the Dresonce of lesd oxide, potassium
chloride, and sulflx as wsll as unreacted carbon. The gases formed in the
rsaction of eash squib charge are shovn in Table V. The total products of
reaction for each squib are desuribed by the chemical reactions in Tables III
azd IV. The mumerels sbove each substance indicate the weight in grams of that
substazce taking part in the resction. The mmerals belov the equation repze-
sent the equiwvalent weights. It was assumed that the solid products of the MIAL
£quib consisted entirely of umreacted carbon ani potassiun chlorids. The heat of
formation of the products of ignition are shown in Table VI. Details for calou-
lating the heat of reaction are shown in Appendix I.

. In Tables ITT and IV it is noted taat carbon dioxide is formed
rather than carbon monoxids. This is not unusual in oxygen deficient systems
such as exist in the camposition of each squib. PFPata®l and Hoffman
(Ref B), J. Cornexr (Ref C), Marris end Thamas (Ref D) and others repo-t similar
cbaervations. Patal and Hofffan discuss the reaction of carbon and potassium
chlorate. J. Corner shows that low temperaturss and pressures favor the formation
of carbon dicxide. Morris and Thomas show that the products of modern explosives
consist almost uniquely cf carbon dioxide, water, and nitrogen with the possidle
formation of carbon moncxide and hydrogen in oxygen deficient systems such ss ex-
1st in the two squibs studisd. Some carbon dioxide 13 formed by the reeotlion of
the carbon of ths aquid charge and cxygen of the atmosphere. The latter reaction
1s shown as the final reaction in Tables III and IV. The extent to vhich the
oxygen of the air will react with a reactant of a aquib charge, when this charge
is embedded in an igniter, is not known.

The last twe reactions for the MLAL Squidb (Table IV) involving the
dissociation of water and the orxidation of carbon may be combined. It i3 doubt-
ful that so large a percentage of water would dissociate at the relatively low
flams temperature, vhich is assumed to be tho maxirmm temperature of the reaction.
It i8 possible hovever thatv carbon reacts directly with the water to yield hyiro-
gen. It 18 also probabtls that carbon monoxide formed will react with water to
give carbon dioxide and hydrogen. This is the vater gas reaction, viz CO f Ex0 =

COp f Hy. The oversll effect, however, on the heat of reaction and the flame
temporature 15 the sams a= if the carbua reacted direotly with the water.

The heats of formaticn shovm in Table VI ars taken from Bichowsky
and Rossinl (Raf E) with the axcsption cf nitroatarch and diazodinitxrophsnol.

The heat of farmation of diazodinitrophenol is not listed in the

Literaturs. It wed derivsd therefore from the haat of ccmbustioy of this con-
_pourd which was detarainsl in thsde laboratories and i3 3.2 x 10 oals/gm. This
valuos should not be taksn as abgoluts howover due to the inatability of diazcdl-
nitrophonol. Tha chaaical reaction for the heat of ccmbustion may be writton as

Cgllam,C5 £ W0y~ €C0y (3) / Bx0 (1) £ 23, Tho heat of formation of diazcdi-

nitrophanol (-Altf A12) 13 obratnad from ths oquation:

A
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Diooussion of Ram;lta (ocnta)

6 aK, €O, /an, 5,0 -AH, d1ag *=4Ho vhore {-AHo) 1s the heat of ocmbustion

of &iazodinitrophencl. The heat of farmation of diazodinitrophenocl dsrived

frea the ebove equation is -43 koal/mole. The negative sign inmdicates that
haat 1s adsorbed.

The heat of formation of nitrostarch is reported by Bertholet
(Bof G). Bertholet's formula for nitrostaroh is OgHgOy (EI0s). Thio indicates.

a8 6.9 nitrogen content es, compared to the 12.75% nitrogen ccntent of the
nitrogtarch in the MIAL Squib, It was therefore decidsd to use the same heat
of formatiom for nitrostarch (12.7%% aitrogen ocontent) as for cellulose nitrate
(12,66% nitrogen oontent) which is reported by Jessup und Prosen (Ref E). The
heat of ocabustion.for cotton and wood cellulose rsported by Jessup and Prosen
1s 3165.0 and M172.8 cals/gx respectively. - The heat of combustion of potato
staroh dsterminsd by the Floatinny Arsensl Laboratories is 4k165.1 cals/ga. It
is ovident therefore that_ the heats of ccmbustion of the two ccmpounds are
Icactically 1dentical. Each molequle contains the same number of carbon, oxygen
and hydrogen atoms, and sach yield_the same produsts on oombustion. The heat of
formation of collulose and starch are therefare assumed to be ‘equal.

The effeot of the functional group cn the thermal rroperiies of a
mlscule has been stuliled by Kistiakowoky (Ref I) and Springall and Roberts
(Bef J). This effect 18 also evident in the cumyilations of Xharasch (Baf K),
Arthur,D. Little (Ref L) and numerous othera. All of the above references
indicats that the.introdustion of a functional group (nitro group, amino group,
otc) in a moleculs Will changs the heat of cambustion and also the heat ‘of for-
mtion of that molecule. It is also seen that the change produced is character-
istic of the grouping, and is a constant for any particular grouping.

If wvo therefoxe i-oproaont the starch and cellulose né:loon.lu as -
ROH and R'CH respectively, and these molecvles are nitrated to the same degree,
the two may be identified as RONOp and R'ONO,. It has been shown that the heat

of farzation of ROH and R'CH are equal. -The suhstitution of identical groupings
vill therefore cause similar variations in the heat of forration of oach molecule
and the resultant nitrated molecules wonld have similar hests of formation. The
heat of foyration of nitrostarch is therersare agual to the heat of formation of
nitrocellulode of similar nitrate content. This valus is 168.9 kcal/mole, or

617 cal/sa (Ref H). '

Usi;:g the heats of formaticn shown in Tabls VI ard the reactions
of Tadlas III ard IV, the calculated heat of .reaction for the !MIAL Squid is
T1.86 cala/oquib ard for ths "Modificd™ Squid is 58.03 cal/squib,

The experimsntal heat of reaction was determinsd for the "diftod"
MIAL Squid Charge oircas ocms of tha Madificd" TSL Cooposition was availablo.
Ths ckarsy of tho IMLAL Squid was not availablo hovever ard tha oxporimontal hoat
of rcaction wng dotormirod using ths cemplots osquid. The rothed oxployed i3
d13cuszsd uxdor "Dxpori=intal Precsdurs”, Tha arroomont botwosn the oxporiz=ontal
and ealculatod hoat of roaotion for ths MIAL 3guid 1o quits gocd T1.86 cala/squid
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Disoussion of Results (contd)

@

ocupared 0 T3.13 cals/aquib. The agroemeant dstween the experimental snd 1.
caloulated valnes for the "odified” MLAL Squid is also scoeptable, 54.63 cals/ '
squib sompared ¢ 58.03 uh/mib, vhen it is considared that the ooustitusuts

¢
£ .
-F of ths squid charge may vary plus or minus several pexvent, and that the sup- '

plied charge may have come from a difforent lot fiom thet found in the squib. :
The experimantal valuss vere correctsd to constant jressure (as shown on yege :
70, Ref N). )
of
ogqual
whare

]

o. Jimm Temperature;

To estimate ths flams tempereture, the heat conteants (enthalpy)
the prodnsts of reaction plus the hest eTolved in changes cf state wore set
to the heat of reascticn, viz

- - 1 i
- <£.16 zé- :(.utc’ e f sé‘! "1~ T8 »

Alg is the heat absorbed for s change of state

. ama

is the mmbder of products | » ©
n is the number of moles

¢y} 1s the molar heat capecity of the L produot

The heat capasities for all the products are listed in Tadle VII. Heat capaci- i
tles for' all compounds with the exospticn of sulfur and potassium chlcride are i
taken from the listings in Slasastons (Rsf ).

Valuss for sulfur and potassium chloride are taken from K. K. Kelley
(Rofs X and 0) respectively. To svaluate the enthalpy change for phase changea
thoe following data, taken from "Selscted Valuss of Thermcdynamic Properties”

(Ref P) vms included: ®
Temp )
H / Xl (z) —» K1 (g) 1045°K 49.5
- L (¢) —>» oL (1) 1045°K 6.1 »
T m1 (1) —> £l (g) 1680°K 8.8
S (s) —> 3(1) 392%k 0.293 '
s() =) 3(a) 717.7°¢ 2.5 ’

13 )
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Discuseion of Results {contd)
The values of 4}, indicate the heat abscrbed in koal/mole and ¢, 1, and g
represents 1iquid, and gas phase respectively.

To deternine the heat cantent of a gas detween two temperatures
¢ 1is only to integrate ths efzations shown in Table VII. Yo ex-
auple the hest capacity for n yolvs of hyirogen 1is n(6.50 / .00097). Inte-

grating this equation with resjsct {0 temperature wo get the enthalpy change

4
AR - o (0"!): vis

! .
L. oAt » .50 (2-298.3:) l‘-? (- asazs’)j

where:
b iz the flane temperature in dsgroos Kslvin
is the nmumber of moles of hylsogen

The integrated equations are summed in Appendiz IX,

Using the xocedure shown adbove, the change in heat content of
all the ther products can de found as a function of temperature. Suiming the
heat contents of the individual resction prodncta gives the tatal changs in
enthalpy. Ihis function,AH (vhich is equal to—A Ep £ A Hg) is plotted aginst

tesperature by assigning various valuss to T and caloulatingal. The flame tomper-

ature correspoxxiing to the heat of reaction of the squid is obtainsd
Iad II. The apd caloulated flame temperatures of the

1870°% and respectively. The experimsntal and calsulated
temperstures for the "Modified™ MIAL Squib are 2025°K and 3100°K, It is-
that the flame temperature of the "Modified" MIAL Squid is more
greater than the flames temperature of the MIAL Squid. In Flguwre I,
3.82 18 the correction for the heat of vaporization of water anmd 1.56

tion for the heat of fusicn of potassim chioride. In Figure IX
+26 18 the correction for the heat of vaporizaticn of sulfur, .17 is
orrection for the heat of fusion of lead oxide, and 3.56 1a the correction
the heat of fusion of potassium chlorids.

T. Appraisal of Proverties:

In revieving the results it 1s seen that the gas voluze, vhich 1a
an indication of the pressurs produced by the soquiba, {8 1.5 timss larger for
the MIAL Squid than for the "odified” !OAL Squidb. At the respective flums
temparatures, hovevar, the volums, and conzequently the prozsurs of the gases of
both oquita woull Ba apnreximstaly ths carms, The orfeot of progsure per se on
taition 13 un¥nowm. kggort (Dof Q) hao shown that nitrugen lodids will dotonats

£
£

:

166
3
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Ixessure, B} the initial pressure, and § 1s the ratio of specific heats. Bowien

anl Yoffe have also shown that the aprroximate minimm ocspression ratic must be
spsrocinately 2051 1f initial ressure is ataospheris, befare ignition can be N B T

It bhas Deen shown that the heat of resction is greater for the MIAL N
Bmid, than for the “od1fied” MIAL Squid. The hest of reaction by itself bas R
however little signifioance from the standpoint of ignition. Heat intansity f CoE
is Impartant, If we coubine the heat of reaction with the moles of gas rroduced j ; .
W obtain experimsntal valuss of 26.05 koals/mole for the AL Squid compared S TR
with 74,01 keal/mole for the "Mod1f1e2" MIAL Squid (Teble IT). The hest per

ﬁl:o!mughmwmothutmmumthnmheﬂormtm

q

Tho estimation of the flams temperstures in Figuces I and IT indicate _ : >
that the products of the “"Modified” MIAL Squid attain a temperature 1000°X .
Bigher than the produots of tho MLAL Squib. Tumlinson (Ref ¥) gives the instan-
tanecus explosion temperature of dlack povder as 7T83°K, It is therefore apparent )
frem Figures I and IX that oitier squid can ignitz the black powder. The explos-
mmmmimmuumtmotconmtofmhhckmﬂth ,
the igniter docreasss. It 1s evidont therefore that the much higher flaze
tozperature sttained by the products of resction cf the Mbdiried® MLAL Zquid .
(2925°X) bas a much bettar chonce of igniting the M8 charge of Black Fowder,

; . than the products of the MIAL Squib which reaches a temperaturs 1000°X lesa than
g the "Mod1f1od" MIAL Squid (187031:

A furthor aralysis of the raactions chovm in Tablay ITT and IV irdicatos
that the only 0olid rosiduo of tha IMAL Squid 13 potasatwm chlorids whereas tho 'Y
| "od1f104" MIAL Squib ylolds Isad oxida ord aulfur as well aa potaguium chlorido.
Bota load ox1do anl sulfur ars golid: at room tomporature. At the flame tomporaturo

15 i
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Pisoussion of Results (contd)

1t 18 1likely that the solid residues of each squidb may be either partially
solid, liqutd, gmmwhl. These particlos vill hovever revert

of solid matter fyom the "Modified” LAY Bquid is 03033 gae oxmpered with
101566 grs for the MIAL Squid. It is probable that these solids affect the
ignition properties of the squibs. A mass in the solid state at any given
taperature can coloetrats & given smount of heat into a much smaller volums
4thm an equivalent mess in the gasecus state. It is tharefore that
in this respect the "Modified” MIAL Squib has s detter chance of igniting
the W18 Xgaiter.

The presence of solid residuss may de compared to the sence of
the grit particles in powlers referred to by Bowlen and Yoffe (Bef A). These
suthors have shown thst the presence of suck particles has a direct influonce
on the igrition of a pondar. It is shown that if these grit purticles atiain
high enough tsaperstizes they will readily initiate explosion.

e individual properties of each squib have been dlsoussed and
coxpared. Ths cumlative effect of tliese ITuperties is believed however to
be the must importsut. Thus the heat of reaction in itself is not too sig-’
nificant, but the heat of reaction conbined with a knowledge of the physical
state and quantity of products is significant. The funstion of the squid is
to ignite a black powler charge (M18 Igniter). There are various means by
which ignition mey be affected. If it is assumed that ignition takes place
by the contaoct of the hot particles of reaction with the black powder until
the dlack powder reeches its ignition temparaturs, it 1s evident that the
roducts of the "Modified™ MIAL Squid, vhich attain a much higher temperatuxy
and consist of a greater quantity of solid particlss, can emit more heat in
& xoYe concentrated area. The concentration of ensrgy is all important. This
is in accord with the work dons by Bowden end Yoffs (Ref A).

XTI CNTAL PROCEIUTE:

8. To detormine ths gas voliums of the individual squi® each squib wns
fired in a kb ml bomd in ono at—oasphore of air and tha gasos formed were
pessured in an evdiczator. The supply of "Modified" MLAL Squiba was linmited

howsver, and it was thornforv nocegsary to use 15 squids to cbtain an avorags
833 voluzs dotoraination.

16
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Piscussicn of Essults (contd)

closely as posaible the conditions used in firing the vidusl squids,
1.0., & loading derwity of approcimately 0.00123 gw/om’?, The charge from

11. PFiring tests have shown that the "Modified™ MIAL Bquib is a mare
officient igniter than the ordipary MIAL Sguib. It is belicved that the
groater efficiency of the "Modified™ MIAL Squid may be partislly explained

» s, The greater gnantity of solil yroducts formed by the reaction
of the “Modified”™ MIAL 8quid can effect s more intimate and consentrated
contact with the igniter. The water vapor formed by the MIAL Sguib zay ixter-
fere with 1ita ignitiocn efficiency. :

b. ‘Do flame temperature of the. ucts of reacticn of the
ﬁuiﬁa'magubuamuumoo highexr than that of the MIAL

0. Although the heat of reastiocn of the "Modified™ MLAL Bquid is
lover than that of the MIAL Sguid, the heat evolved per mols of gas for the
“ormer iz more than three timss the value for the latter.

4. ‘e ressure developed dy the products of eitker aquid appoars
to have a negl.igidbls affect on ignition.

12. It 15 believed that the cumlative effact of those properties ia
-~the basis of the greator ignition officioncy of tha "Modifiod™ MLAL Squib.

ROCCSATICIS:

»13. In viow of the fact that rany factors may influenco ignition 1t is
racc=zonded that a rmors cemplaoto atuly bo rmads to find oub tho aingular ard
cu=ulabive offfoct of euch paramotor on {gnition. Thia woull fncluls a otuly of
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Rooamendations (oontd) ‘ @
. 2o off3ot dion of volums, flave tempersture; heat of reeaction and
wm;ﬁuw«m’&mﬁm«,unu’umw
ecperties. p
p_rpnny i
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