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SYNOPSIS

The rates of detonation of mixtures of TNT and aluminua in botli the cast and
pressed condition have been determined over s wide range of densities an? per-
centages of aluminum, It has been shown that the addition of aluminum to THT
in any proportion up to 40% decreases the rate of detonation. The -.{fect of
segregation of the aluminum on the rate of detonation of cast TNT-alusz’ num mix-
tures is discugsed. The effects of charge diameter and grain size of the TNT
component has been investigated for pressed granular TNT-aluminum mixtures.

Five variables have been found to influence the rate of detonation of TNT-
aluminum mixtures; the density, charge diameter, percent of aluminum in the mix-
ture, grain size of the aluminum and grain size of the TNT component,

The mechanism of the explosive reaction is dis:ussed. It is argued, based
on considerations of blasc, ourning time, and the amount of oxygen available
in the INT, that the mechanism by w.dch aluminum reduces the rate of detoration
of TNT does not consist of an oxidation reaction involving the aluainum. It is
postulated that the aluminum remains chemically inert during its passage through
ihe zone of decompositior of the THT and causes a reduction of the rate of de=~
vonation by extracting thermal energy from ths reastion zone.

A Theory of Thermal Dilutiorn. is proposed which ie based on a simultaneous
application of the Hydrodynamic Theory, the Theory of Zxplosive Reactions, and
the Theory of Heat Conduction. The theory is showm to be capable of expressing
quantitatively the effects of the five parameters on the rate of detonation of
TNT-aluminum mixtures, Theoretical calculations have been made and agree with-
in 250 meters per second with experimentally datermined rates of detonation.
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offect of Aluminua on the Rate or C«tonabtica

of TNT.
INTRODUCT /oM
1. The addition of aluminum to [NT has the <7fccn of greatlys iner -
the power of the alr and water shock waves causca oy tae sedvaab.. s cf
The tactical advantage 1a the use of MNT-aiuwainum ..ixtur:. 38 €X...51v ‘...
for bombs and shell liecs therefore in the increascd biast lasage «ich oa ro-

sult, It is however of iaportance to determunc the cffects of 2dditic s
aluninum on the rate of detonation of TNT, one ¢f the controldin~ facw i .1
the fragmentation of bomb and shell casings.

2, Investigations contucted a% the Underwaver Explosives Rescars © Labor -

tory of the {DRC ai 'ioods Hole (Ref. F) have shown that the blast [0 < inore 5 .
. with aluminum content of the TNT-aluminum mixturcs to a maximum vala. ':i.n o

aluminum content is 30 percent, beyond which furthor additions of alusunum srll
result in a decrease in blast pressure. It is also indicated, as a roesuit .f
tests conducted at this Arsenal (Ref. 0), that the brisance of TlUT-aluminur 2:4-
turcs, as measured by the Sand Test, passes through a maximum point :ath :1d1-
tions of aluainum. The aluminum conteat of the mixture at which the ..xdzum in
the Sand Test occurs is dependent on the amount of the initistinz & used,
larger amounts of initiating agent causing the maximum to occur al adsher
aluminum contents. However, in Fragmuntation Test.s conducted at this arsennl
(Ref. P), no maxicum was observed, additions of aluminum to [NT causing a de-
finite dcerease in the ability of TNT to fragment, a shell.

3. An investigation of the c¢ffect of aluminum on the rate of dctonation
of INT has, thercfore, ocea conducted to deturmine whether a aasdmum rate as
obtainud wath sdditioas oi 2luminum to TNT and to determine thu magmtude of
the increase or docrease in rate of detonztion.

4. The report deals with two phases of the detonation probl.m: (a) an
investigation of the cffects of the pairamcters from an cxperima..zl point of
view with emphasis on the results as spplicd to actual loading conditions, ~nd
(b) an iavestigation of the ticorctical problum of the reoction mecinaisa in-
volved with applications to tht¢ uxperimental data.

OBJECT:

5. To dulermine the offeet of alumiaum on the rato of detonation of cast
TNT and prossed granular TNT.

RESULTS:

6. The rates of dutonztion of cast chargus of TNT-aluminum containins; from
2ero to 4O purcent of alumirum are presented in Tables I and II. Tho datu in
T2blc I were obtained on castings prepared under carefully controll.d conditions,
cach charge being analysed for aluminum coatent and X-rayod to detoermine the
presence of blow holes, cavities, and type of crystal etructure. The duta pre-
sontced in Table II were obtaincd on charges whick were not as uniforr ~nd free
from cavitics as those in Table T due to scgregation of aluminum ar thec forma-
tien of blew holes caused by the nushy cundition of the mirturcs vhon pourcd.

. UNCLASSIFIED

195 )

Ve IO\ WA tpns
2TEe RIGTENER

-
[

_;.s..ma-.-»ww-wma

¥,y o

AR A

"'Jma..x‘... R




L |

. . » % Y
RTTRVOVIR ¥ 2V A

s

- na o SR Pl

Bkt Q. B A5 S rate AS I e

TN

An analysis of ths data on cast charges has shown that, in normal pouring
pract.ce, the density of the TNT comoonent of a TiT-aluminum mixtare approxi-
@ates :.%7 grams per cubic centimeter. The data 1n Tables 1 and II, corrected
for Jden: ty to a density-composition relation in which the density of the TuT
compone’*. is ¢ssumed to be 1.57, are shown plotted in Figure I. TIhe relaticn
betwaen *ne rate of detonation and compusition of the castings is .iven by the
followai~; eapirical equation,

Dp = 6663 - 3.266 P - 0269 P2

in whi<h D_ i3 the rate of d.tonation for a density, dn, givea by;x*aatlon 3,
{Farara an), and P is the percentage of aluminun in the mixtuce. T%he fcrm

of the empirical expression and the data plotted in Figure I show t'at the effect
of adding aluminum to cast INT is to coatinuously decrease the rat. of detona-
tzon, the effect becoming greater as larpger percentages of aluminum are added.

7. Zxamination of the data o.a cast TNT-aluminum shcws that the rate of
detonation becomes more erratic with increase in aluminum content, the mean
deviaticn from the least square rate cf detcnation-compos:tion relation in-
creasing continuously froa 18.9 meters per second for cnarges coutaining l:us tha
6 percent of aluninum to 77.1 meters per second for charges containing from 24
to 4O percent of aluminum. The increase .n dispersion of the rate of detonation
results is accompanied by changes in the crystalline structure of the castings .
which tend to produce a non-homozeneous structure. The gradation :zth increasing
aluminum conteat from a fine~grained structure with well dispersed aluminum to
a coarse crystalline structure characterized by a pipe of large TNT crystals in
the center of the casting and, as evidenced b~ dark and light blotches of
segregation of the aluminum into pockets, is illustrated in Photograpn i.-28660
of three typical radiographs for .astings containing 6, 15, and 25 percent of
aluminum. Therefore, although tho maximwn blast eifect is obtaincd -.ath charges
containing 30 percent of aluminum, it is indicated that the difficulty of ob-
taining uniform and souad castings without severe segregation, increases when the
aluninum exceeds 20%.

8, The results of tusts to determine the rates of detonation of pressad
granular TNT-aluminum mixtures are taoalasted in Table III, which is divided
into three parts. The first part contains data oa charges .$92 inch in diamster,
the sccond part contains data on char;ve 1.102 iaches in diameter, and tho third
part contains data for 1.995 inch charguvs. Tne data on one inch charses are
shovn plotted in Figure II and are expresscd by the following emparical cquation,

D = 1868.8 - 299.4 P £ 0.4724 P2 £ 3228.6 d # 161.5 Pd - 0.1423 dP°

in wonich D is the velocity of detonation in melera per second, d ic the loading
dinsity in grams per cubic cealimeter, and P is thu purcentage of alumnua in

the cxplosive mixture. Thu data show that at constaat loading density, the
addition of aluminum deercases thu ratc of detonation and no maximo are cbserved

in tho rate of detonation-composition rclationships at constant londing density. o
Tho uffect of diameter on the rate of dutonation of prossed 80/20 Tritonal is

shomn in Figure III. The charges having 2 inch diamoters arc obscrved to detonate
at 2 higher rate than charges having a 1 inch diameter. ) ‘

§. An analysis of the data on pressed granular TNT-aluninum charges hoving
difforent diameturs and compurison butwocn the results obtained at this Arsenal
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Qﬁ and results obtained by the NORC has shown that tho ratc of detonation of THT- ﬁ
i ¢ aluminum mixturcs is affocted by five differeat variibics in the following 3
é% manner: ¥
3 . a. An increase in tho radius of the TNT particles decreases the rate ¥
1 of detonation. )
1 be An increase i1n thu radius ef the aluminum particles iner .scs the ﬁf
i rate of detonation. i
3 €. An increase in the density of the TNT component increasus Lhe rate of A
a detonation. 1
- d. An ircrease in thc diameter of an unconficd cylindrical charge ine 3
creases the rate of detonation. &

R e. The ratc of detonation at constant charge density decrcascs with -
: additions of aluminun, ;;
3 A Theory of Thermal Dilution has beon developed which expresses quantitatively 3
4 the effects of the five voariables. The rate of detonation of pressed THT-aluminum 3
mixturcs has buen calculated theorctically and agrees within 250 movers per second ¥

with the exocrimentally determined valucs for the mixturcs. 5

DTo7SSTON
OF_RESULTS:

Part I. Lxpnrimental
Ae. Cast Charres

10, In evaluating the effocts of additions of aluminum on the ratec of de-
tonation of cast TNT, it is nccessary to choose some rational basis for analysis
of ths cxperimental data. From an experimental standpoint, it is not possible
to obtain a constant loading density for all mixturcs of TNT-aluminum in the
cast condition, nor is it always possiblc to obtain a maximum loacing density
4t all times for all compositions cp to that contalning 40 purcent of aluminum.
Density cffects on thc rate of detonation of castings thurcfore have considerzble
bearing on the vvsults of such an 2nalysis. From a practical standooint, howevor,
it 1s nucessary tc evaluzte the data with 2 view towards determining tho cffect
of additions on the rate of detonation of cast TNT at the loading dersitics which
would probably be obtzined under actual loading conditions.

11. The donsity of a2 TNT-1luainum mixturs is given by the following equation,

dm.

b
W33 # (073 e 4

in which dj is the density of th. aixtaru (in grams pur cubic ceatimcter), d
the crystal density of aluminum, and dp the loading density of the TiT componunt
in tho mixturc, the voids in the mixture buing included in the calculaotion of
the TNT density. A is tho weight fraction of aluminum in the mixturc. Substitutig
the value of 2.70 grams per cubic centimeter (crystal donsity of aluminum) for

+ d,, we obtain thc following equation for the density of the INT comxonent,

d - 2-70 (l"A) dm
T - S R m. 2
. 2.70 - Adg :

12. The experimental data on cast mixtures in Table I have been analysed
with regard to density of the TT@ [ n;nt‘,u, Equation 2 and 1% has been
ZT
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found that the density of thu TNT component deviates little from = value of 1.57
for charges containing no eluminun up to mixtures containing 40 perceat of
aluminum. As the castin;s were sound and rolatively free from porosity, it is
assunwd that good castings will have a density of the INT component of 1,57 for
purpos 8 of further analysis. From a practical standpoint, therefore, the
density-comessition curve for cast TNT-zluninun mixtures will be gpaven by the
following uquation obtaincd from Zquation 1 by substitution of 2,70 for tne
aluminum density and 1.57 for the density of the TNT component,

d = L_'_ng -
2% S0 - LI3 A £q. 3

The composition-density relation, Zquation 3, provides 2 rational basis for
analysis of the rat. of dctonation data, inagsuuch as one variable, the dend ty
of the TNT componunt, has buen 23sumed ccnstant.

13. The following equation has buen prop.sud (Ref. A) for the correction
of rates of detonation of TNT and relcted binery compositions of iugh explosives
for small diffcrences in density,

Dz = Dy # 3530 (dy - dp) Zq. L

where D) and Dp are the rates of detonation for a given explosive at the loading
densities dj and d,. The equation is based on the linear rate ol detonation-
density reIXtion Ior cast TNT (Ref. B)

T D=1131 ¢ 35304d Eqe 5

where D is the rate of detonation in meters per second and d the lcading density
in grams per cubic centimeter. iquatior 4, based on experiuental data for cast
TNT, is believed applicable to the correction of rate of detonation data of cast
TNT-aluminum mixtures, especially when the fraction of TNT in the mixture is
larze. It will be shown later that the slope of the rate of detonation-density
relations for TNT-aluminum mixtures at constant compositioa may, under certain
cendtions, be a funttion ol other variables such as grain size of the inzredients
and aluminum content. However, as the density difference, (d; = dy) is, in most
cases a small quantity, the use of the value 3530 will incur errors of tiie order
of only a few meters per second and is believed applicatle to the correction of

"

cast TNT-aluminum data in view of the large number of experimental values obtainad.

14, Equation L may then be rewritten, with substitution of IZquation 3 feoo
the theoretical loading density, in the following form, for the case of aluminam-
INT mixtures,

(=T ¢

where D and d are the observed rate of detcnation and loading deasity and Dy
the rate of detonation corre~ted to the loading density-composition relation
(Zquation 3). The corrscted rates of detonation are given in Table IV and ave
shown plotted on Figure 1.

Dy =D #3530 ( (k239 __) 3 e 6

15. The least square quadratic relation for the correctcd rate of dctcnation-
composition data is given by
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®iere Ty i3 the rate of cetonation sor & densicy, d,, given bty Equ> on 3 and

e D 1is the percentage of aluminum i the mixtire. ..quation 7 is shewm piolied
on rigure 1. Ixamiration of the data show: on Flgure 1 and Zquation 7 idicates
that, i1 nosual poaring practice in which a density of the INT component of 1.57
is obtained, the effect of adcing alumuiwn to cast TWT 1o to decresse contin-
uously tha rate of detonatio.:, tihe effect br.cning greater as larger percentages
of eluaiuwy are suded.

16, Although the dala irdicate thi., urder porral poorin, conditicns, con-

cditicied by tho arbitrary requirement o a 1.57 density of tne TNT ccmponent,

no muXm.m rate is observed fur purcentiges of aluminua greater than zero, it

is pogsible to lead TWT-aluminum charzes 4o that a maxumun will be cotainei at
small percercagos of sluminum. The reuson for this phercoenon lies in a dencaty
elfoct caused ty the cooling conditic.¢ required by the pouring -~rocedure, ‘hen
amill quantities of aluminum are adde! Lo THT, the tneraal conductivity of the
rixtusre octaired becomes greater thar that of pure TNT. As e result, the cascing
wiil cocl morn rayddly end a finer graia structur2 of “he IN[ compenent and re-
.sultang higher density of th: TN componeat will yesult, chereby causing an in-
creare in the rite of detcnation of the casi mixture over that cf a pure TNT
castins, poured at tho same teaperature end conditio.s of jre-coolir:, of the melt.

¥ Hovever, &s larger asourts »f alwsiaum are addcd to the nelt, thas powring tempera~
ture must te incrensed to citain sufficient fluldity of the mixturelu permit pro-
. per pouring. The innvesse in thermal conguctivity of tho aixture vdll then be

offset by tha ircrouaved quontity of huat which must e removed in tho solidifi-
catica of che relt and by t'ic Limitcd heat camicity of “re casing or mold. Under
such conditious, cooling will hecone slower and growth of larger crystals, with
accumraayLng, decrcase in density of the TNT component, willi taxe place. The re-
sul: mll be an additional de:rease in rats of detonalion caused by the density
deerease.  X-ray photograph (d-200560 attached) of several charges of different
alurdnum content ghow the 2{fect of additions of alanimum on the crystalline
structure of the castirgs.

17. The increased ccarseness of the crystalline structure of castings which
nccurred at high porcentagzes of eluainum was accompanied by the following
gtruccural characteristica of ths castings:

a. The initial crystallization of the melt at tne wall of the mold takes
place vapidly and iraps aiuminum in the interstices of the crystals.

b. The TNT siricture becones criented rather than random and large
crystals ari form.d, thereby creating a pipe of coarse crystals
in tho center of the castings.

¢. The INT criscals grow preferentially, excluding aluminum and push-
ing the alaminum pariicles ahead of the crystalline boundaries of

grein grovth into srail pockets where many particles may be tightly
prossed together,

“wo definite olfects wrs caused by the coarsencss in structure. First, the rc-

s1lting structure will he non-homog :ncous and the presence of a large crystalline
' Plpc thraagh the center of the casting with a fine grain structirc surrounding

it will ;ive rise to e«rratic rates of detonation. This was shom in the casc of

coarss crgstalline purs TNT castings (Ref. B). Second, tho segregation of aluminm
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iuto pocxets causes the casting to ve a non-homo -¢neous mixture witisi respact to
aluminum and limits the effect of the aluxinum in reducing the rate of detonation
of TNT. As & result the decrease in rate will be less aad the castia_s will act
like a mixture of lower aluminua content, .

18. It may be concluded that the coarse crystalline structuce will give
erratic results and the rate of detonation will be higher taan for a fine rrain,
horogeneous casting. Ixawanation of the corrected rate of detonation of cast
TNT-aluminum ruxture shows erratic ratcs of detonation at higher aluminum con-
tent, i.e. 20 to 4O porcent of aluminum,

19. It is of interest to compare the results for cast 80/20 Tritonal ob-
taintd at this arsenal with results for cast 80/20 Tritoaal obtained by the =x-
plosives Research Laboratory of the NDRC at Bruceton. The results obtained by
the NDAC are given in Table V and are shown plotted in Figure III., The average
rate of detonation obtained by the KDRC on cast charges 1.6 inches in diameter
is 6734 meters per second at an average density of 1.748 whereas tiic rate of
detonation of cast 80/20 Tritonal obtained at this Arsenal is, from oquation 7,
6487 meters per second at a density of 1.716. The average rate obteined by the
NDRC has been corrected, using fquation 4, to the densaty obtained at this Arsenal
(1.716) with the following results: ¢

Rate of Deteonation Density Charpe Diameter Source

e
6621 1.716 1.6 1nches . NDRC
6“87 ’ lo 716 1. O pA L J

The NDRC value for 30/20 cast Tritoamal is 13u meters per second higl.wi than the
valuc obtained at this arsenal. The difference is considered outcide of the
exp-rimental errors of the .quipment used to determine the rate of detonation.
It is noted, howuver, that the diametur of the charges used by the IDRC and that
used at this Arscnal are different and the differunce in rates may ba due to &
charge diameter effect. A comparable cffuct on the rate of dctonation of in-
creasing the diameter of the charge has been observed cxporimentally in the case
of pressod 80/20 Tritonal (peragraph 23) and it 1s.shown thcorstically in Part
II of this discussion that lncreasing the diameter of an unconfined c*.rge of
MNT-aluminum will increasc the rate of detonation.

B. Pressed Data

20, Although presscd TNT-aluminum mixtures are not uscd.in the gencral
loading of ammunition, pressud mixturcs have several advantages over cast mix-
turcs in the study of the uffects of th: various paramcters involved in i de-
tonation muchanism. The effcect of variations of dunsity on the ratc of dctona-
tion mechanism can bu studied onlv in the caso of pressed cxplesives, in which
casc a wide range of densitics may be investigated. A more homogencous charge
cdn bu obtainud as segregation of the aluminum is not dependent on crvstal growth
as in tho case of castings and segrogation of aluminum due to a diiference in .
density does not take place by asettling during tne solidification process. In
addition, the particlo effucts of the THT component can bu investizated with
presscd explosives as granulation can bu controlled. . - '

21, In crder to uvaluate thu uffects of density, composition, and granu-
lation, it is necessary to describu quanctitatively the relationshijc between the
rate of dotonation, donaity?hqu aluminum conjfnt of prissud granular T:iT-sluminum
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rmixtures, The pressed graular TNT-aluminua data, obta.ned on 0.992 and 1,102
inch charges, tabulated in Table 1II, are shown plotted on figure II, although
the relstionships betwcen the rate of detonation and density for Jiffere:t per-
centagus of aluginum are divorgent at lower densities, the rate of detunation-
density relatisnships arce léhcar within expuriavntal limits, In view of the
variation in the caperdmental resuits and the small difforeaces in rate of Ae-
tonaticn causcd by small sdditions of aluminum, i.e. 2 percent of aluainw., a
statistical ostudy of the dota was applied in order to ootain more raeiresentative
valucs of the rata of detonation for given densitics and aluainum content. Pre-
Hoinary investination showed that for a given density range, i.c. 145 to 1.46
graas por cubic centimetor, thc rate of detonation docercases to a first approxi-
mation, ducrcases lincarly with the aluminum contunt. The least scuere relations
betwoen tha rate of detonation and the aluminum contunt were deteraincd for cach
density renge of 0.01 sruis per cubic centimitor for all valuces in that range,
over the total density range of 1.43 to 1.52 grams per cubic centimctor, Xates
of detonation were calculated for the midpoint densities from those couations
and those values used to calculato lincar luast square lines for tac rate-dunsity
rclation at constant percuntages of 1luminum. As there were insufficicat data
in the higher density range, the lincar ratc of detonztion~-composition relation-
ships at constant denzity could not be calculated for densitics greator than
1.52 grams puer cubic centinct.r. Therofere, in order to apply the .undition of
linecarity to thu rate-composition rclationship at higher donsity, the data above
1.52 grams por cubic centimetir density were averaged to obtaia an average rate
and density for cach composition. These average rates of detomition wrs then
correctid for density differcnces to the average density of all charges above
1.52 density (1.589 graws per cubic ccntimotcr§ using the followiny cquation,

De =D # a (1.589 - d) X &

where De 1s the correctud rats of detonation at 1.589 density, Q ti.. cverage rato
of dqtaﬁation (uncorrectad), ¢ thu average density, and a the slopes of tho least
square rate of detonaticn-density rolationships for constant aluminum composition.
The linear least square relstionship octween rate of detonation and composition
was then calculated, using the correcied rates in the uppur density group, and
lcast square values for tho rate of detonation, at a density of 1.539, were then
calculated for diffurcnt co.. ssitions. Finally, lcast square lincar rato of
detoriation-density relationships for diffircut oercuntages of 2luminuam were cal-
culated using the l.ast aquares midpoint density rat.s of dotonaiion from the
lower density groups and the least square rates of dctonation (at = density of
1.589) for the upper density group of data, Thu following equations were ob-
tained and arc shown plotted in Figure II,

where D s tho rate of detonation and d the loading dunsaty of the pressed cnarge;
3o and 31 have the following values:

Perecent Aluminum 1) a
0 1801 260
2 1303 3515.

4 661 3863

6 89 4165

8 - 537 4505

12 - 1703 5125

18 - 3344 5983
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Ratcs of d.tonation, calculated for dunsitics of 1.40, 1.50, i 1.60 ,r.as per f:,

. . ; ] N
cubic centimeter, aro tabulatcd in Table VI, ZIxamination of the values of ag 2
and 3} shows taat they sre not linesr with perientage of slualauz in tie ex~ =
plosive minture. Tho followi. least square equations were tnerclore calculated

for 2p and ay: 9

8o = 1866.8 = 297.4 P £ V.L724 P2

8] = 3226.6 £ 161.5 P - 0.4423 P2 L
Substituting the equations for ag and ajy, as functicns for the pcrecat eliaanem, {
in Equation 9, the fallowing equation T¥ obtained: .
D = 1368.8 = 209.4 P £ 0.472 P2 # 3223.5 d £ 161.5 Pd ~ 0.4423 di?  Eq. 10 -
where D is the ve'ocity of detonation ia weters per second, 4 is - - loading E 1
density 1n grams per cubic centimater, and 2 is tie perceatace of alwunum in -
the explosive mixture, The expressiorn may oe used to calculata il rate of de- ]

tonation of pressed granular TNi-aitaminum aixtares at any lcadirn; density and
aluninum content within the range studied.

22. Analysis of the rates of detonation of pressed granular TNT-aluminum
mixtures shows that at constant ioading density, the additicn of aluminuu de- ’
creases the rate of detonstion and no maxima are ooserved in tie rate of dee

tonation-composition relationships at constant loading density. 1Ia addition, L.
the effects of additions of aluminum in reducing the ratc of Zetonation of 1 g..
granulur TNT are much greater at lower densities. This is shown Ly the divergence ff,
of the linear rate of detonation-density rolationshigs for various alw.inum con=- -
tents, Figure II, and by the variation of the slopes of these lin.s frox 3260 E'
for pure TNT to 5983 for a pressed mixture containing 18 psrcent of iluminum. ﬁi
23, Rate of detonat ;31 .lata obtainud Ly the Reswirch Laboraiory of the NDRC )
at Druceton on pressed granular iNT-aluminwu mixtures containing 20 parcent of 3
aluaziqwa sre tabulated in TabloeVII and sre shown plotted in Figure III. in order ;_

to conpure thu resulis obtained by tic JORC witn results obtsined at this arsenal,
ths rates of detonation of s 20 percent mixture have oven calesulated from
Equation 10 for deasitius of 1.40 3ad 1.60 ,raus per cupic continctur, These
valucs and tne rats of detonation-lunsity line through them are showas aiso in
Flgure III. Comparisoa of thu two g~ts of data shows that altiouiil tie rosults
obtained by the NDRC and thosw obtained at this arsenal agroe closcly at a density
of approximately 1,65, the resulis dilfer widely at lover deasitices, tiiosue ob-
taincd 4t tais Arsenal being lower than the NDRC results. TInus, vhovoas the
dif.crence in rat.s of dutonation ig 117 aeters per sscond at a density of 1.60,
the diffirence is 579 mvters pur secund at a density of 1.49; or arroximately
five timos greatcer. These differences sre wull eutsidu of the erre : ol dee

turaination of the rates cf detonation and must oe dependeat upon t..s v.riables
ofUSho detona&ion mechanisn., [wo definibe differenges 4n the 2upura. catal charges
usud are noted:

a. The diametor of the prussed charges used by tho NDC varied froa
1.25 to 2.0 inch.s wheruvas the diameter of the charges fired at
this Arsenal was aparoximately 1 inch. ) *
b. Trs grain diamster of the TNT used by the NDRC in preparing the
aixtur.s was approximetuly 15 microas wheruas the TST erain diameter
usod at this Arsunal was much larger, the TNT having beoa used in
the "as rovcoived" condition.
- "
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The effect of variations in the diameter of the charges is showa by corinorison
of the data obtained it this irsesai on 1 and 2 inca dianeter charq.s of pressed
30720 Tritonal, the lesst sasarc relationshiys of wiaich are shown zlotted in
Figuy2 111, The lncrease in diaxctar 1s observed to increase tne rate of detona-
tion., The discrapency betweo:n the results obtained by the :DIC and 1t tois
Arsenal is not attributable to inuereat errors in the methods used 1a the de-
teraination of the rate of detonation (Ref. i) but wav be caused by the frain
sizv of tle TNT component. 1%t 1s indicated, therefore, tha% differeaces octueen
the two sets of data are due to differences in diaceter of the clarzes zod
variatioas in the grain size of the [T cumponent, Ia this comuert an, it is
rated that tlhe screen analysis of tie aluaminum used by the NORC an. at this
arsenal ls the raue snd as a result, the ratus of detonation do not show any
effect due to grain cize of the aluminun,

C. Comoarisoa of Cas* and Pressed TNT-aluminwnm nixtures

24. The rate of detonation of cast TNT is lower for a given loading Jensity
then the rate for pressed granular THT. The rate of detonation-density relation-
ship for both types of charges aru agproxamately parallel, the rate of Jetonation
of pressed TNT veing given by Zquation 9,

D = 1801 £ 3260 d
and the rate of detonat’'on of cast TIIT by Equation 5,
D= 1121 £ 3530 ¢

At a loading density of 1.60, cast THT has a rate of detonation 233 .icters per
second lower than that of pressed granular TNT. It is interesting to compare
the rates of detonation of cast and pressed TNT-aluminum mixiures to dctermine
3‘ equal reduction ia rates is observed for equal percentages of aluminum in tha
mi-tures.

25. As the uppar densities of the pressced data are leas than the densities

of the cast mixtures, it is nucossary to correct tac data to the same loading

:nsity. In the case of prcssed cxplosives, it has been pointud out that although
thy effect of graii sizu of the TuT is small at high densitics, at low densiticy
the effect i3 large. Thu extrapolation of data for pressud chargus to densities
hicher than those at which charges have b.ea fired is, therefore, af “icted by the
grain size uffucts at low denricy and micht luad to cunsideravle o .ore However,
whun grain size has 1itt). effect on thu rate of detonation at low densatius,
it is found, as in tau casu of the NDRC results, that the rate of dctonation-
density rilotionships for various THT-aluminum compositions arv approxamctely
parallel to the rclationship for pure THT. It is thus balicved appropriate to
correct tho cast TWT data to a constant loading dunsity in the uiioe density re-
gi;n of the prossed TuT-aluminua data, i.c. 1.60 ¢rans pur cudic geatineter,
using a constant slopoc for tho rato of dctonation~density rclationships.

_ 26. The rate of dutonation of cast TNT-aluminun mixturcs is given by
Zquation 7, .

Dm = 6663 = 8,266 P - 0269 P2

A a loading dunsity givon by Zquation 3,
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4720 - 1.13 A .
Ejquation & may te rewraittea in the fora
Di,60 =D 7 3530 (1.60 - d) £ge 11 .

where D1,60 is the sate of dutonation zt 2 demsity of 1.60. Sudbstiontzag Leuatiaos
7 and ¢ in Ejuation 11, zna letting P/100 = 4, the following vguation is ¢ =
tained,

D 6o = 12311 - 8.266 P - 0269 P2 - e 12
Tae rates of detonation of cast and pressid THT-aluminum mixturcs i ve becn cal-
culated from ikuations 12 and 9, reusyectively, and are shown plot. . iu Figare
L. It is obscrved that the offect of additions of alundnun in re.crar, the rate
of pressed THT is greater than for cast INT. The diffureace of 237 ..cters per
second between pure cast and pressed TNT decrezses to 40 meters per sccoad for

a mixture contsaining 20 percunt of aluminum. at higher percentagus of alw:iinum,
it is indicated from Figure IV that pressed mixtures will detonuic at a lower
rate of dotonation than cast charges.

27. Non-homogenicty of the mixture caused by central piging, rowth of
large crystals, ang svgregation ol a2iluminum into isolat.d pocik-ts 2 '>2rently haos
the effect of limiting the ability of =luminum to reduce the rate o. Jetonction ¢
of cast TNT. In the case of pressed mixturcs, in which ¢ more hoilo, cacous mixturc
i3 ootained and aluminum is well dispersed within the Intuisticns of the TRT
structure, the alumnun is better able to affect the reactionn mechoarsia of the
detonation wave and thus couses a grezter reductiorn in rate of deton tieo then |
in the case of cast TNT.

Part II. Theorctical

28. It hzs beer shown experun.at=lly thot, both in thu case of cast and
pressed granul.r TNT-aluminum mixtures, -dditions of aluminum 2t coastint load-
ing density decrcase the rate of detoaztion of TNT. In addition, it hrs been
observed that the ability of 2iuminum to roduce the rate of detonntion of TNT
is dupendent on four viriables:

2. Loading density of the charge.

b. Percentzge of 2luminum in the mixture.
¢. Grain sizec of TNT conmponunt.

d. Diamcter of charge.

Data on the effect c¢f varying; the granulation of the aluminum on t.c raie of
detoastion of TNT are not 2vailable. The effect of granulation of the alwainum
in reducing the rate of detonztion of ZDDit. (Sthyicnediamia: dimtrate) -nd PLIi
has ocen determined by the NDEC for 2 PETH-aluminum mixtur. coataining 15 percunt
of 2luminum 2nd for a EDDN-aluminua mixturc containing 13 perceat of sluminum

(Ref, D) with the followang results: )
Lxplosive Donsity Rate AV, Partacic 3126 of
Alumirum (ia maicronsy
85/15: PZTN/ Aluminum 1.526 7025 150
1.517 L0 . T 10
87/13: E2DN/ Aluminum 1.440 6580 150
1.426 6390 50
DRHDedTIAL ;
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The dava indicate that the effect of reducing the grain size of the 2luminun is
to reduce the rate of detonztion of the wixture. altheuznn 1t his not Heen shown
thet the grain size of alusinum will =ffect the rate of detoaztion of TMiT=-zluminm
mixtures, 1t wdill be assumed that granulation of the aluminuz is 2 vericble in
the dectonation mechanisa of INT-aluminun sixturcs.

23. Two hypothcses have bewa prozoscd to caplain the action ol aluminum
in rdduciag the rate of dotonution of TIT;

a. The aluminua reacts with the products of decomposition of the THT
to form aluminua oxide wad the ratc of detonation of TiT-cluminum
mixtures can bu calcul:ted by means of tne hydrodynnmic thcory of
detonations.

b. The action of -~luminum in r.ducing the rate of ditonition of 4HNT
consists in 2 thurmel dilution mecnandsm in which cnergy is removed
from the cxplosive reaction in heating the zluminum,

Beth hypoth:ses predict a decrease in the rote of detonation of TNT with odditions
of aluminum. However, as thu chemicel rozevion hypothesis is basec on the hydro-
dynamic thcory which 13 indupendunt of graia size, the chendeal tncory is incapzble
of explzining tho effucts of thosu vari-blus, The thermal hypothesis 1s purcly
qualitative in its stated form and when based on the hydrodyatmic ticory is also
incapable of cxpressing the cftects of grain size and charge diaacter,

30. In order to determine tle plausability of either hypothesis it is
necessary to examine the iunplications of the hypotheses in view of .ierimental
data, not only from the standpoint of the rate of detonation but ou.er phenomena
associated with the detonation, i.e. tlast measuremeats and {lach duration
measurements,

1. The decomposition reaction tor TNT, as postulated by the hyudrodynamic
theory is )

Colis (NOp)q = 6 CO £ 20 Hy £ € £ 13 Ny

assundng that aluminum reacts coapletely with the oxygea to form 2livanum oxdde
and all of the oxy,en is exausted from the decompositicn prodacts, ti.e reaction
could be represented by the equation:

Colls (NO)3 # 4 AL 2 7C 2 Hy £ 1L Ny £ 241,05

The condition of 4 noles of aluminum per oie of TNT is satisfied in 2 TNT-
aluminum mixture containing 32.2 percent cf sluminum. Further addition of
aluminua can not, therefore, result in reduction of the rate of detonation of

a 32.2 percent mixture as oxygen is not available for the reaction -rith aluminum,
It has been shcwn experimentally, however, that the rate of detonation of a
TN1-aluminum mixture containing 40 percent of aluminum is lower than that of s
32 perceat mixture. The chemical hypothesis is, therefore, not caable of ex~

plaining the effects of aluminum when present in quantities greater taaa 32.2 per-
cent, .

32, The results of blast measurcaents on TNT-aluminum mixtures obtained by
the British (Ref. F) are tabulated below, the blast measurement bei., niven as
the ratio of ths average impulse tc that of TNT:
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i~ Somb Filler averace lmpulse Ratio to TUT
. INT 1.00
90/10 TNT/AL 1.18
3 85/15 TNT/\1 1.20
80/20 TnI/AL 1.26 .
75/25 TNT/Al 1.30
: 70/3C TNT/Al 1.37
65/35 TNT/Ad 1,33
60/40 THT/AL 1,28

: The impulse of the shock wave resulting from the detonation of T..T-:luziium ine
l . creases with additions of aluminum to TNT up to a maximum vaiue for a mixture
of approximately 30 percent of aluminun.

3 33. It has buen shown (Ref. G) that a caarge of Torpex-2, TuT/i/.l;
40/42/18 has an impulse indaistinguishable from trat of a charge comjoscd of a
core of Composition B, comprising 70 percent of tne weight of the ciharge, and

o a surround of INT/Al; 40/60, comprising the remaining 30 percent of thc charge
B weight, The ovurall composition of tlic cored charge is that of T-rex-2, In
the cace of Torpex-2, therefore, the explosive may bu separat v 1ts com~
3 ponent parts without affecting the blest purformance of the ¢ angreciably.

This has becn accounted for by the hypothusis that after-burni... .ccurs and ri-

; 34. Further support of the hypothcsis of after-burning is given by the ree

} sults of blast measuremunts on SBX charges composed of a burstins charge of 64/4L0
granular TNT/magnesium surrounded by a chargoe of 2 pounds of flakc aluminum, (Ref.
H)e The amount of oxygsn availablc for combustion of the aftur-oroducts of the
dctonation was varicd by the amount of opening in the closed chamber, large and
amall, and "y firing in the opecn. The effect of varying the avaiis: . oxygen on
tha pcak presswe, impulse, and duration of positive impulse is shown in the

i following taole (Ref. H):

SRERY LT

Vent. . 2 Pressure Impulse Duration
(lbs./sa.in. ) {Ib.~-milliscc./sq.in. ) 2illdsce.
‘ Open 2.0 10 10
Jarge 4l 154 88
Small L2 421 170
P .
3 In addition, *n. pressw-e-time curves show the contribution of the cowbustible

surrouad by tne suo.rposition of a smooth hump on tnu pressure-tine curve of thu
bursters It mayr then bo concluded that the aluminum biras in tiu atmosvhere after
the detonation wivo nas passcd and is affocted by the zmount of oxy.cn in the
ar. The combustion of the zluminum tzkes piace over a considurablo lengtn of
tiac and h.s been sstimatsd to be only about one third cemplets wacn ourning
CuLlsuee,

s,

35, The recults of intsnsity and duration of flash tests concucted &b this
Arsenal using MNT and 92/8; TNT/eluminum for shell filler (Ref, I) siowed that
; the addition of 8 percent ¢f sluminum to TNT increased by 58 perceat the total
duration of flash resulting from the detonation of TNT. ' '

{ 36, It is concludsd from the results of blast messurements and flash duration

» -yt
LN Y.t

o,
~nat ‘(n}v'J?‘: 1 ;‘;
1 RE T

A TR EEES Aoee Ag sy ki e T

¥ T " F i : T
i . * o ghtae  omL . T a0 ) LY NPTy, ST . e
5 -,.‘A‘a. ey ’ ORIy 00 e g el
| e om0t ot
|

SR e R

sults in an increase of the energy of detonation. . .

%
o e

RIS -y -

aey

oty s R Y

Py LY !
q

A\"‘

o e




aln

measurements that the aluminua in a TNT/aluminum mixture is gresent, inmediately
following the passage of the detonation wave, predominantly as metallic aluminum.
It is further concluded that the aluminum reacts at a later tiae, several times
the length of time required for the charge to detonate complecely, inth the

oxygen of the atmosphere aand perhaps wiih the groducts of decomposition of the
TNT. In view of these conclusions, the validity of the reaction theory as an
explanation of the effect of aluminum on the rate of detoaatioa of THT is cuesticn
able. The thermal theory of reaction mechanism is far more valid as the data
presented do net contradict this thecry. Cn the other hand, *he rapid burning

of the aluminum in the atmosphere following the detonation requires hecati.g of the
aluminum to the ignition temperature before reaction takes place.

37. In view of the evidence against the chemical reaction hypotiesis and the
plausibility of the thermal dilution hypothesis, the latter «ill be assumed to
be the primary mechanisa resulting in the decrease in the rate of dctonation of
TNT with additions of aluminum. The theraal hygothesis, although proviously pro-
posed, does not postulate any condition which controls the amount of hcat extractd
by the aluminum particlcs during the rcaction period. An extension of the thermal
hypothesis is presented herc which is capable of explaining, withia tle right
order of magnitude, tho effccts on thu rate' of detonation of MNT-aluminum oi the
five observed parametcrs namely, grain size of TNT, grain size of aluminum,
charge diameter, loading dcunsity of maxture, and alwainum content of mixture.
The theory is based on the following threc basic concepts:

a. Hydrodynamic theory of dctonation waves.

b. Theory of explosive rcactions.

c. Theory of huat flow into a cold sphere from a constant heat
reservoir,

Hydrodynamic Theory

38, The progress cf a dcetonation through a charge of explosive is measured
by the velocity along the charge of thu zons of chemical reaction which takes
place. This velocity is called thc detonation velocity. The reaction zone immedi-
ately behind the detonation front, in which the eaplosive decomposcs and the pro-
ducts arc formed, is cheracterized by an immediate and very large incrcase in
pressurc and tcamperzturc. The detonation products also acquire a high forward
velocity. The time required for the explosive to riact essentially to completion
is so short that the zone of rvaction, under favorable conditions, is very narrow.
As a ccnsequence, a mathematical plane dividing the unreacted exslosive from the
zone 1n which rcaction is taking place and travelling along the charge with the
dectonation vclocity, D, is followed very closcly by a plane dividing the reaction
zone and the completely reacted gases., For purvoscs of mathematical analysis,
tho reaccion is assumed to take place so fast that the thickness of the reaction
zone is infinivessimal.

39. The theoretical derivation of thu equations from which the diotonation
velocity may be calculated is dupendent upon the conditions across the discon-
tinuity, i.c. the boundary betwuen the unreacted explosive znd the detonation
products. Five basic conditions arc applicd to the discontinuity:

a. The law of conservation of mass.

b. The law of conservation of momentum.

¢+ Thu law of conscrvation of cnurgy.

d. The conditions of the cntropy function,
6. The idcal gas law,
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As a result, two equatious arc obtaincd which cnable one to calculzaic the de-

t§nation velocity provided the gascous products act like a poerfect zas (Ref.
Jd):

$noRT - SN
2 L 34T (1 - 1) iq. 13
¥yi .
. Dy=(n A1) | MRTi e 1,
-y M

in which the symbols have the followrng significance:

Dy - the dctonation velocity (in mevers per secoud) assuai:, tacl the pro-
ducts act likc a perfect gas.

Pj - the temperature of the products (in degrecs absolucc).

To = the initial tuaperature of the explosive (in degrees o .solutc),

K = the gram molecular weight oi the explosive.

n - tho number of mois of -scous products formed from ! ;raus of
cxplosive, i

R = tho gas constant in th. idesl g£as law,

Q = tho heat of reaction at constant volume {heat absorbed) pcr M graas
of explosive at the initial tesaperature, To.

yi = the ratio of the specific hoats of the products of dccomposition ot

constant pressurc to constant volumu at the temperature of the pro-

ducts, Ty.

C4 - the mean heat capacity of L grams of the burnt gases at coastant
volums from tcaperature T, to T4,

IfQ, n, 2nd & are knovmn, the dependence of Ci and ¥3 on thu tuupe_abure T; is
krnown, and reaction is assumed to procecd quaatitativoly so that snifts in the
equilibriua of the products do not affect the dupendence of n 2nd ) oa the
tornperature T{. Then the tempcrature T{ and the ideal rate of dutonution, i
may be calculated from Squations 13 and 4.

40. The c2lculation of the idual ratc of detoaztaon is scen to be inde-
pendent of density of the charge. The high pressures whichh are c.countered in
detcnations of solid high uxplosives causc the gas rolations to desart radically
frem thosc of the ideal ¢as and a dependence of detonatioa rate on donsity of
explosive is aluzys obscrved. An cguration of state has buen proposcd vhich will
account for the oenzvior of the sascous products of decomposition of high cx-
plosives -t high teaper:tur:s and pressurcs 2ad his the followiag forn (Ref, J):

Pii=nR T (1{£xcbX) £q. 15
in vhich xaK/ T vy,
where 2 2 0.25, b = 6.3

and v ig the specific volume of the products =t the detonation tcmacrsture T,

P is tho detonation pressure in the burnt gesss, and K is the covolume of the
§38Cous products it the temperature T. It is found that X is proortional to the
Yo-ding density of the explosive. The 4analysis of the. fundamental cqantions,
using the impcrfect gas law, Iquation 15, liads to the conclusion tli~t the ratio
of the theorctical detonation rate, D, calculated using thu imp.rfuct gas law,

to tho idcal detonstion rate, Dj, is a function of X end thereforc of the loading
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density, d, of the explosive. Thercfore, 2 knowledge of Ti, Dj, and the co-
voluse constant K, cnables oncsto calculai. the theorctic3al duTonation rate,
D, for any loading density, d.

4Ll. 1In accordance with the hydrodynamic iheory, a decrcasc in the heat
of reaction, 9, will rusult in a decrcase in the temperaturc Ty and T, and in
Di and D for a given loading dunsity. The thecry of thormal 8Tlution ond its
“CTfuct on the rate of detonation of TNT-aluminum mixturcs postulatcs thot thermal
encrgy is extracted by the aluminua particles in the mixture during thie time of
decomposition of the explosive. The effect of cxtracting eacrgy duri.g the
seaction is to decrease the hcat of reaction and we may then define a new heat
of ruvaction '

Q':Q-J‘Q Fq. 16

in-which 4 Q is the quantity of hcat catracted by the aluminuw per molc of ex-
plosive and Q! is the quantity of thermnl caurgy remaining in the rouction zonu
which is available for increasing the tempcrature of the reaction roducts. The
quantity Q' must be uscd in Equation 13 in the calculation of the theorotical
detonation rate, D, whcn thermal cnergy is cxtractud during the reocticas  The
dctonztion velocity, D, 2nd thu detonation tumperature T4 at four looding deasities
for 2ssumed values of Q9 have buun calculated for TNIT The results arc tabulated
in Taol. VIII and 2re shovmn plotted in Figure V.

+ Theory of Explosive Reactions

42. It is sbscrvid that the hydrodynamic theory dous mot consider the offects
of grain size, confinemunt, or diaucter of a bare charge. In particulzr, the
hydrodynamic theory postulstes a condition such that thu ratio of the thickness
of the zone of rcaction to that of the charge diametor is very small.,  Such would
be true for any finitu lergth of ruaction zonu when the wxplosive exterds in-
finitely in the rucction plano, normal to the dircction of the deton~tion wavc.
From a practiczl standpoint, purfict confincment is not obtain.d =nd in ths case
of barc chafges having no confinement, cffects of charge diameter and groin size
have buen cbserved. The theory of oxplosive ruactions partially cxnlains the
effects of grain size and confinimunt of chargs ond cnables calculation of two
quantitics which 2r¢ required in ta: solution of the THT-aluminum >roblem; numely,
the longth of the zono of ruactien, and tho time of reaction.

L3. As the detonation wave proceuds tarough an explosive chir c, decomposi-
tion of the wxplosive takes place in the zone of ruaction. The rcaction starts
at some point in the zone, presumsbly the froat of the dutonztion wave, and con-
tinuss to somu other point at which tiic rcaction is completed. From a practicul
standpoint, the rcacting explesive has a fiaite size, i.¢. 3 geain of cxplosive,
and the decamposi‘ion will thercfore occur during a finitu timd intorval. The
condition of a fiiite lungth of rczction zonc dous not invalidato the resiles of
the hydrodynamic theory bucause, under conditions of inifinite char ¢ cxtent or
complctu confinument and a finito charge diamotur, application of the hydro-
dyaamic analysis betweon tho two points, buginning and end of the renction ZoNt,
will yield tho samu result. The hydrodynsuic rato of detonation is therefore
the rate of detonation which an cxplosive will have under conditions of perfect
confinument. .

4h. The decomposition raaction in a detonating explosive takes place at a

23 .
o

%,

29t 31 I

YA
-~

Ty SERB AR AL AP

Copaly i Y LIRS e

IR PIRRY




4

RRPRTHTPIY KO 53N

it wr i Fobpns

Bl 1 b, 24 o spihmniitd

|
i
|
}
!

0t mAl

definite rate and may be caleul:ted by mcans of absolute rcactioa rate theory

P"
LTS
D-b.a

(Ref. K 2nd L). Two reaction muchanlsms have buen proposed (ef. K) for explosive

detonations: -

8. A homogencous roaction in which the reactant decomposes to the pro-
duct gescs dircetly thirough formation of activated molucules of the
reactant, -

he A surface or twe thirds order reaction in which the tr ‘ctont vaporias
and rcaction then proceeds in the vapor phasc to fora tiic products,

An analysis has sihovn that mechanism (a) is not likely, inasmuch as thu rc-ction
aust start at tho surface of a grain. Thermal conduction is inadeguzte to heat
the interior of a grain during the rcaction time and the intcrior will not be
heated sufficicntly to cause it to decompose. In addition, the work done by a
shock wave front un a particle is not sufficicnt to raisc the temperature of a
¢rain high cnough so that the reaction could take place homoreneously. In the
case of the surface ruaction, (b), thc scnsitivity of the dctonatioa to pacticle
size requires a dopendence on grain size or surface arca, tiua necessitating that
the vaporization process be the rate controlling factor. Tho reaction rate
equation then becomes that of the vagorization reaction and has the form:

d_(products) 'rgzucts = k (surface) e 17

“where (product) 2nd (surface) refer to the molccular conceatration in tuw vapor

phasc and solid surfzcc. The zoselute reaction rate for tnu vaporization rcaction
is . . .
x = KT , ~QF/RT

“ h

in which k is the spucific reaction rate constant, AF thue standerd freu encrgy
change for a moii of activated complex frem the reactants, K is 3eltzman's con-
stant, h is Plank's constant, T the absolute temperature, and R 1s the .as con-
stant. Applying Zquation 13 to the vaporization process (Zq. 17) we ootain the
diffcrential equation (Ref. K)

- 4o
d

e 18

-
-

S KT o ~AF/ART =
s F ° .19

in which
m -« the number of molecules in one gram of solid.
8 = the nurocr of explosive grains pder gram of solid.
S - the surface area of one grain.
8 ~ area occupied by one molecule.

Letting M=nmy
kR /lnrr3
Mrr% n?/3

(Vo/mo)z/3

where m, - the initial uumber of molecules per gram an the solid.
Vo - the specific volume of a grain
= the initial radius of a grain
n ~ the fraction of unrecacted material,

the time to completion is obtainzd by solving Zquation 19 betueen the limits 1 to
16
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't zero for n, and O to t for t. The following equaticn is obtained: %
- | /3 AF/RT £
; t: = 1o o (“‘..a) = %

1 (vo) e Ao 20 D4

« In a stable wave, the time of reaction is iven approximately by the time required
for the detonation wave to traverse the length of the reaction zone, ajy, or

tl=al/D Eﬁio2l
4 Substituting Equation 21 in Equation 20, we obtain

1/3  AF/ar

- h
a] = ry D ET (mo) o Q. 22

(Vo)
Analysis of the equation using values pertinent to TNT shows that a good approxi-
maticn to Eguatioa 24 is given by

) i

FSS

5/
s_=ry e’ F/RI Sqe 23 :
which will be assumed in calculations of the length of the reaction zone. The ;
equation shows that to a first approximation, a) is directly proport’onal to the 3
grain radius, ry, and that the length of the r¥3ction zone depends _ieatly on the ¥

, detonaticn temperature, T.
‘ 1
4L5. Although the time for the detonation wave to travel the length of the p

resction zone, al, is given by Eguation 21 with reference to a fixed observer,
the reacting particle is travelling in the same direction as tne wave and spends
a longer time in the zone of reaction. The true time of reacticn, tj, which is
the time for the particle to remain in the reaction zone, has been sirown to be
(Ref. L) given to a first approximation by

ty= 24

Dd Ea. 24
in wnich d1/d is the ratio of the density of the products at the ead of the zone
of reaction to the loading density. The ratio d)}/d can be calculated frea the
hydrodynamic theory. From Zquations 23 and 24, it is seen that a; depends on the

grain size and tcmperature but is independent of the dunsity, whtreas, t) is de-
pendeut on the loading density, d, through the rate of detonation, D. -

L6. Values of aj have buen calculated using various assumed valucs of the
grain radius and the teaperatures corresponding to the valucs of aQ used in the
hydrodynamic calculations and tabulzted in Table VIII. The results arc included
in Table IX and are shown plotted in Figure VI. In calculating ay the value of
A F was taken to be 22500 calorius per mole, which has beun proposcd as a result
of scveral typcs of analyses of the ratc of dutonation of TNT (Refs L). As the
dctonation temperature, T, varies little with density and from the ideal tempera-
tarc, T{, T3 has been uscd threughout the calculations.

Heat Conduction Theory

47. It hes been shown that if a certain quantity of thormal c..rgy is re-
moved {yom an cxplosive rcaction, the rate of detonation of the cxplosive wili
bC Dcduced. In addition to the reduced fate of dotonstion, the detonation tem-
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the number of grains per mole of aluminum is given by
Naki/ (4/3) o2 d 2. 28

where Y is the molecular weight of eluminum. The quantity of hecat avsorbed
by one nmole of aluminum particles will then become

Qa-'.‘.HN ) Fq.29

Values of Q4 have been calculated for aluminum particles of 25 and 50 microns
radius and temperatures, T, of 3000 and 2000°K. for various values of t;. The
following numerical values were assumed: -

az = .7781 sec."l

.2595 cal /gram-°C.
2,70 grams/cc.
300°K.

n.
[+
s

The results of the calculatioas are tabulated in Table X and are showa plotted in
Figure VII.

Theory of Thermal Dilution

49. The solution to the calculation of the effect of aluminum on ther ate
of detonation of TNT lies in the simultaneous soluti n of the hydrodynamic
equations, the reaction theory equations, and the heat conduction cquation. As
the hydrodynamic calculations are based on the quantity of heat extiacted per
mole of TNT, it is necessary to express the results of the heat conduction
equations in the same manner. The mole. of aluminum per mole of TWT is given
by the following relation,

e=MA/U, (1-24) Zqe 30

in which ¥ ancd M3 are the molecular weights of TNT and aluminum, and 4 is the
weignt frecticrn of aluminum in the mixture. The heat extracted by the aluminum
particles in the mixture is then

0 Qa ca~ories per mole of TNT.

The solution of th: problem requires the following cqualities:

Theory Heat conduction theory
Hydrodynamic 4a3z20 17
Hydrodynamic . T4 =T
Explosive reaction t1 =t

. From the value ofA Q and the relationsh’p between 4Q and D which is shown plotted

on Figure V, the rats of detonation, D, may be calculated. The value of the rate
of detonation, D, which i3 obtained is the hydrodynamic rate and is -aly to be

. obtained under conditions of complute confinement or infinite cxtent of the ex-

plosive charge.

50. In éonsidering  the case of explosives of low cnergy, i.c. amatol,
ammonium picratc, and TNT, the ratio of the length of the reaction zone, a3, to
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the charze radius, r. is large and a considurable portion of the unergy of detona-
tion is dJdissipated latorally. Under given conditions of charge diamecer and ex-
plosive grain size, tlie decrease in tecaperature of detonation causca by additions
of a thormal diluent (saluminum) causes an incrsase in the length of tiw reaction
zone, thercby accentuating the effects of lateral expansion. In particular, in
tha casz of no confinemunt sich as is prosent in firings of a bare :.arge, if the,
decomposition reaction in particular reyio of the zone of reaction has only geno
to partial completion whun the expansion occurs, the remaining reaction will toke
place 3s if the initial density of loading of thu explosive were less, thercby
affecting the prussurc and tcaperature of the reactiorn zone and resulting in a
lower rotu of detonation than the racce of detonation obtaincd with complete cone
fincment, D. Unless the tumpercturc decreaso is so great that tac reaction tam=
peratury will not be sutficient to cause docomrosition of the ciplosive and theru~
fore causc failure cf the wave to propogato, the rate of detonation will decrease
from the hydrodynamic rate of dctonation, D, to some lower velocity, Ds, callud
the stablc rate of detonation. Analysis of the proolem from tho standpoint of
cxplosive rcaction tacory (Ruf. L) hzs rcsulted in an approximate cquation re-
lating !’ ¢ hydrodynamic rat. of detonstion, D, to the stable rato, Dy, in terms

of tho . . 'gth of thc reaction zonc, 2) and the charge radius, r. TIHCT cquation has
the fora, -

RN W Y

,.
Ty
2T

i

il v deracia ] k2Nt
' 4 ‘,""‘ e

]
Dg = D (1 = aj/2r) Fq. 31

Tho stubl: ratc of dcton-tion is muasurced when bare charges are fired and is the
theoreti_al rate of detonation which It is desired to calculate for comparison :
of thuorctical and experimental results,

Methed of Calculstion

51. The method of calcul.ting the stublu detonation rits, Dg, will be de-
monstrated assuming 2 cherge composcd of an 80/20: TNT/A)L mixture, containing
TNT grains h:xving an averige particle radius of .0025 ca. (25 microns) and aluminum
particlcs having an average radius of 25 microns, a charge diamcter of onc inch
(2.54 cm.) and a loading dunsity of 1,50 grams pur cubic centiwctor, From the
hydrodyramic theoory, values of 4Q, Ty, and D are obtairia for a den-ity of 1.50
grams/cc. (Table VIII). The quantity dl/d is also c¢alculated from ..ic hydro-
dynamuc theory for a density of 1.50. The results are tabulat.d as follows:

aq Ty D

(Cal./molc) (°K) (meters/scc.) dy/d
0 2904, 6882 e aem 1.303

6400 2800 6826 , -, l.302
12070 « 2700 6755 SR s (0) §
19000 . 2600 6682 - - 130
25030 2500 6608 I 1.299
37070 2300 6455 . 1.297 .
50000 2100 6296 1.295
62040 1900 6143 1,292

From thoﬁruaction r.te theory, (Equation 23 for the lungth of the ruaction zona, ‘
al, and Zquation 24 for the time of reaction) we obtain the following valucs:

Al IS R L RS IR |
tele: I
(AT TS R A

20

.




BHEBLRTIA

4q D .

Cal./zole T4 (°K) (meters/sec.) ay (em.) t1 (microses.)
0 2904 6882 1251 «2349
- 8400 2800 6826 1447 #2760
v 12070 2700 6755 .1682 « 3240
15000 2000 4682 .1978 « 3051
25030 2500 08 2355 4631
37070 . 2300 6455 « 3497 «7026
50000 2100 6296 «5599 1.152
&2040 1900 €143 9897 2.001

The heat conduction equaticn (Equation 27) is now evaluated for tiie above
corresponding values of T and t, and the quantity of heat extracted per mole of
aluminum, Q, (Equation 29), is obiained. #from Equation 30 the value of @, the
moles of aluminua per mole of TNT, is obtained and the quantity of heat absorbed
per mole of TNT, € Qa, then calculated. The results of the heat conduction cal-
culati~ns are as follows:

8 Q,
T §°K2 t ‘microsec.z gcal.2m0182 gcal.Zmole!

2904 «2369 8710 13330
2800 +2760 8990 13910
2700 3240 9300 19570
*» 2600 .3851 9550 20090
2500 4631 9770 205¢ .
2300 7026 10330 21730
T2100 1,152 10720 22550
1900 ' 2.081 < 10640 22390

The two sets of results are now solved simuitaneously for the conditions

Q=9819,
t1 =t

%hen t] = t, the method of calculation also requircs that T{ = T« The solution
has been obteined graphically and is shown in Figure VI The value of  obtained
is 19,700 calories per mole of TNT. From Figures V and VI, the corresponding
values of D = 6666 and a] = .205 are obtained. From these values and Ecuation
31, the stable rate of detonation, Dg u 6128 is obtained.

52. The theoretical stable rates of detonation, D_, have been calculated

for TNT-aluminum mixtur.s containing from zero to 30 perceat of aluminum, assuming

values of 25 and 50 microns for the radius of the aluaiinum particles and values
of 16, 25, 40 and 55 microns for the averace radiuc of the INT particles. The

calculations have been made assuming one iach a.d two inch diameter charges which

are completely unconfinod. It is to be noted that the density used in the cal-
culations is that of the TNT coaponent, dp. The results of the calculations are
plotted in the following manner in order to shcw the effects of the various

+paratetcrs on the rate of detonation of TNT-aluminum mixtures from a theoretical
point of view:

. Figure I1X. The rate of dctonation-density relationships for TNT-aluminum
mixtures are plotted for various percenta.cs of aluminum and
assumed values of 25 microns for the radius of the - .uminum
particlus and 55 amicrons for tho radius of the TNT Jarticlus,

The curves arc typical for all mixtures and show tho parallelism
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between linus of various aluminum coentunt,
Figure X, TIhe relationship oetween the rate of detonation and ~zdius

of tae TNT particlis at coastaat aluminum content 1s sl.uvm for
various percentages of aluminum, assuaing mixtures coataining
aluminumn particles of 25 and 50 microns radiuvs. Tio density
ol the TNT compenunt of the mixturce is assumud constant (1.57
grams/cc.)e .

digure XI. ‘fho rclationship betw:en the ratce of dutonation and particle
radius of the INI cowponeut ia shown for various perceatages
of aluminwe in the nixtures and charge diameters of 1 and 2
inches. Tho dunsity of the THT componunt is constant (1.57
grams/ce.) and thu radius of the aluminwa particles is assumed
to be 25 microns,

23+ It is scen from Figurce IX that the ¢ffect on the rate of detonatien of
TNT-aluminum mixtures incrcases with successive additions of elvminume Thas is
shown by thc following values {(Figurc IX) of *he decrcase in rato of dotonation
with successive additions of 10 percent o aluminum:

Docruasz in Ratw of D tonation (moters/sce.) Aluninum Content
346 0 to 10 parcent
628 10 to 20 joreent
1335 20 to 30 ,pcereent

The effect of increasing the racius of the TN particles on given mizturcs of
TNT-aluminum is shown in Figurvs X and XI.

ohe It is inturesting at this point to evxamine the offcets of variations
ir particle radius of the aluninum and TNT and charge diamcter on tac rate of
detonation of 80/20: TNT/aluminum mixturcs. The effcet of varyin, tho aluminum
particle size is shown in Figuro 10, Thu following taple shows the decrcase in
rate of dctonation of TWT caus.d by additions of 20 purceut of aluminum for mix-
tur.s containing the following sizu of particlus:

Radius of TNT Particle Duercase in Ratu of Detonation
{in microns) (tivcers pur sccond)
Rzdius of Aluminum larticle

29 microns Q racrons

n 875 420
25 422 180

It is to by not.d th-t although mixtur.s containing pirticles of citier 25 or 50
microns radius show thu same ducriasc in ratc of deton-ztion (420 meters por
sveond) the actual rate of dutonation of the atxturs composcd centiroly of particles
of 50 microns radius is 348 mut.rs pur sccond lowur than that contai~ing particlus
of 25 microns radius. In tho uxtreme comparison the above mixturce, the mixturo
comnoecd of 25 microns radius 2luminum ind 50 microen radius TNT has a rato of
d.ton2tion which is 1045 mctors per second lower than that camoosed of 50 micron
radivs aluminum and 25 micron radius THT. ’

55. In the casc of 80/20: TNT/aluminum charges having diaacicra of 1 and
2 inches (Figure XI) the following tabulation siows thc cfficts of varying the
charg: diamet(r and radius of TNT particles: o
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Radius of ‘luminum carticle Jecrease i. .atd 9i Jztolatioa

* (microns) (aeters or secu. d)

Jiaseter of Chu e

2% 425 25
50 375 520

in tne extrese case, t.e rata of detoaation of a 1 jac. diaseter cuar e coagosed
of TNT particles havia: a 50 micron cadius 1s 1035 wcbess pel secoud iover than
a 2 inch char_e couzsosed of TWT particles vl 25 micrsa radius.

56, It it tius ouvserved thab the tocory of tuerusl dil.’.oa >vooued aud
oulilaea 1a this rexrt i carable ol .ralitatirely descrivi., tuc eliects of the
five paraceters aad prediccs the fo,.lowm"'

3. Al idciease .a tae radaus of the T Dart.cles Jecreasces tie rate
of detonatidua o1 a fiif-aluanua ature,
b. Aa increase ia tae raldils oL tuv aluminw. .articles L.cr:ases the
rate of detonation of a ThT-alwwaum mixture,
€. An lacrease 1n tao Jduateter o aa aacenfined ¢sliadrical clarge
increases vae rate of detonation of a TWl=aluwainua .u.ils g,
. d. An inc.ease 1a the densit; of the Il cousonent Licsex:tes tiie rate
of deto.aat.oa of a Fai-2)Liuawa .axture.
e. The rate oz detoaatioa of 3 iT-aluwadaua .axture a. co .laut deasity
. of tie LT coapouent decresses ity additions of aliarui

Part III., Iateroretat.on of xoeri.ental “.esults

57. It has beea show. L.aab uvae [ueory of Taerial Dilution, .rososed and out-
lined in Part II of t.is rejort, 1s capavle of explaing . aall.a..xvcx the effects
of the various paramneters on the rate ¢i detoaatica of Tis T-alamaawe .L..wures. It
remains to deteraine waetler the ticoret.cui (uantitative resulus co..>arz withia
reasonasle liuits -.ta exgeraieatally ouserved rates of detonatio.i. T.e dat.a
obtained asing oressed ThT-alwaiaan ciarges haviag a.aaeters of 1 and 2 inches
and varyiag in both alwainum conteit aad lcada. deasity provadeid a weans for

estoblishing thie quaatitative vailue of the tlzory.

53. As tie tiieoret.cal rates of detouaatioa are calcalated oa tie oasis of
the density of tnhe TiT coagoaeat 1a tiaz weatuie, dn, «t i3 aecegssa. .o exress
tiie ooserved rates of detonztion in teras of tie TNT cowponent dei..vv. The rates
of detonation of charges havia, a 1 inch Jdacaster aud contaiara; 9, 1), and 20
perceat of aluminua aad charges havaa: a diaseter of 2 inches ceataiauyg, O aad 20
cercent of atuminum are shown plotted i3 rugare XIVas a fuactio. of w.e “cnsity
of the Tkl coajonent. The data sl.own ia F.rure XIV snow tuo disse.ewes {rca the
relationshius predicted by the [.eory of Iher.al Jilution:

a. The exper.iental raie ot detoaation-deasaiy relat. nsinds, liver-e
at lower densities wnere2s the theory predicts uaat all rice of
detonation~-density rel.tioas..ps, in which tue _rasa sisd aad charge

. diameter are .asintained constaant, are parallel iuuaes wevia, a slo,
nf 3040 meters oer second.

b. fae 2 iach diaueter char es of pure IwP have lo.er raies of detona~
tion tian 1 inca Jiaweeer cuarzes of pure [T
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o It is evideat, lo.ever, tiat t.e rate ol detoaationedeasity rosdi.o si... ob~
tusiva by the (D3¢ asint L.5 1.acl iraucter charges of oressed 39710 Jisto.al is ’
. ©Ore Lsardy parallel vo Lue relationi.ais lor pure Sul. Des Lo, v oesleained
. D tue fact Luat the avera e diaceccr o: tie TLT asel s greparis | Liio¢ oir.es .
nas extrer.ly simall (ag roazaately 29 a1erous) aad Lue effects of voiiiliuig of
Jraxa gize of the ul comneat ia srogressiag froa a low to ha:ir mi.naty is

s..all,

$9. The charves used at t.ds irsenal were repared f{rou rauv.ir TNT o

the "“as recuived" conditiou. Tie astevial is drecsred oy a prazal ., .ocess uhach

wrodrces ¢ fairly wafora coarse particle size, Ia _eneral, the _ior-ular TiT

vefore pressin. will not :ass a U.S.Standdrd 129 imesn screen. It " Le assumed
S tast Lhe avera,e carticie size of the TiT 1n Lhe “as receaved" co.licron 25 the
i same as waen tie TUT occupies thie mumisum voluue ontainaole aicuoal Zurtler cone
solidation, i.e, the bvulk deasity of the material., rFurther czonsolilaiion re=-
guil'es that tne vold spaciings ve filled with INT to osrovade a hi;hor loading
density and therefore recuires tital the JULEFLal ve CO'F&JJL°1 ;"t?°3' ~cducing
the avera,e particle sice, The phendienos will coiatinue until, at the crystal
denrsity of the THT, the zarticles are cf wolec.lar size or may ve 2sswaed to pe
of zero diazeter. It is not .oown liat toe relaticnsnip oetween de.sit; ond par-
ticle size 1s bub a few assauptions xay ne made which will not int luce large

errars.
¢

i e

net s e

'
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5, Tae density-narticle si:e relation is linear 1i cuaaracter aad
satlsfies tiie part.cle size value ot the vallt Jensxt; aiG tic re= ‘
suiremneat of 1afiidtesizal particle cize abt the crrstal Jessity. ) g

b. [re deasity-na.ticle size relction is independent of tie aluainue :
conteat of a Tiir-aluiinun ;uxture aid us based on t'.3 Jz2ucity of the ]
THT cozponent ia tue jressed coudition, i

As 38 prelindnary metiod of tuctin, tucse assuastions, tae avera;e particle size

of the THT was det,cr. aed for ooth tue Uz essed material aud Jellets of Thi havag
two diffeceat densities and 2 inca draueters., The follewia, dats were ostained
(the zavticle size of the loose matecial be.n correlated with tlie tulk densaty):

Deasity (grams/cc.) Jadius of average Purtucle, ry

(mcrons) . .
g © .83 107
. 1.352 56
1 1,575 L7

ne linear scelation oetween the density aaa sarticle radius, ry, caleulated from
the particle radius at the bulk deasity end the crystal deasity ol INT (1.65
grauns/cec.) is

J . ]
't The detersined particle sizes of the pelleted material agree withiii 15 microns

; with values ;1ven by the linear relation.

‘ ‘60. ~3 a further step in Lhe theoretical analvsis, 1i¢ ias decided to de-

A tarmine the theoretical particle size of the TNT coaponent which would sroduice

‘T'. x T\
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;} . A given observed value of t:e rate of detonatioa. Tiie :roceduwre veruired anowledp H
4 of the averige particle radius o1 the aliunua conwonent .l tie jalilnres. Screed 5
‘2 analysis of the alwinlea particics delo.e pressin, s.o.cd the aacvizil o e 2
3 . comorised 23 _erceat of Jartucles varylay froa L4 to 14y m2croas . l.ai..el and 3
77 percent uith 4 dacieter less tian L4 ndcroas. Tae average Ji. tocio Jraueters 2
’ Were detecriiaed ny means of 3 SaSher Suo-sicve Jizer, (LCiosCo)LC o,z 2ulting, ;

and {row tue scree. alalysis ot the aaterial. Values of 13.6, 16.3, a.d 137.7
.101005, ressectively, were ovtaiacd. LHowever, 11 viead of tle larje peicenlace
of particles varyia_ from 4L to 149 iucroas iu draiseter ani tie teulc.g, 25 tipe

PR T

'lf: raterzal to pall tosether ani tius fosm a single partucle cf iarger eilccrave

3 diazetuir Iroa a tierual standoiat, tae avera_e diadeler of tue aiusriwe warti- ]
H cles has oeen cliosen, as an & proX.aation, to ve 5J alcrons ior usle 1u tae
% theorctical aaalysis. v
4 6l. The theoretical sarticle s.zes of tlie Tul cow.onent in I J-aluanun 173
i :a1xturcs have beel calcalat=d Y7 wea1s of the Tieory of Tuerasl Jd-iulion and H
j various ouserved rites of detosn.tioa. The followi ., resilid ~ere oOs.diled: i
? Percent .liainun Deasily, d " Zadius of Pare” .S (n2Croas ¢
; (srams/ec. E Charze diznewer (licies ;)
. 1 Py s
3 'y 2 <
; . 0 1.62 16 52 )
1.50 17 55
3 1.40 7 31 _;
» 2
10 1.53 31 - ]

l.44 L2 -
1.32 57 - -
20 1.202 L9 63
’ 1.328 35 50 L

1.426 25 40

1.478 20 3

1.540 14 24

The values obtained fron data on 2 iich dianzter charzes agree closely 'ata values
by Zguation 32. Tuc valuces for the sarticle size obtained froa Jdatu on 1 1ach
charces are approxuiately 10 aicrons lower tiaa ,ivea by Zquation 3z Hut tend
towards zero at the crystal deasity. The article size of the [l utcd in pre=-
paring the 1 inch diaacter charges was oot determined as naterial ras not avail-
able vut it is indicated, froa tne fact that the 1 iach diameter cuul zes had
hizher rates of detonatios thaa the 2 inch diameter char,es, taat tiic article
size of tLhe material used in nrepariny the 1 incii diamcter cnarges *:ag slizintly
less thain of the matorial used in prejaring tae 2 inch charges.

QoA o

62, Although it 1s indicated tuat i two lots of TNT used varisd an par-
R ticle sizo it is possivle to obtaiin cuanctitative tueoretical valuus oi therates
: of dutonztion by assuming that the particle size of the THT satusites tuc par-
ticle sizo-density relatiouship .iven by Zquatioa 32. The ratu oif . ..onation-
censity (THT component) relutions have oeen caiculated theoretically, using
“cuation 32, for 1 inch cnarg,es containing 0, 10 and 20 percent of aluiinum and
2 iach charges concainiag O aad 20 perceat of aluminua are siowi Dlotted in
Figure XV. The same diverguiice of thu rate-density lines is observed as vas ob -
tained cxporiuentally, The 2 inch diametor charges have a, highor sabe of detona-

.
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t.ou thaa the 1 iach char;es as is to Ju en.ccted as tie liaear duaciiy- rain

sizy equation Jrescrises a larger [WT :raia sice thaa was preseat - ooz 1 inca '
naryes and s sligntly scailur (raln $1z€ L@l eas J7esent A Gie .. 500 Char,es
+h1ch were used 1 bhe Jeleriilatiouy ol Lie rates of lJetouaiios. .¢ Zver, it is

seen that t.e theoretical and osserve! rates of detonation, ior all nllarcs, .
agree witidn 250 melers per secon? ans al ds indicated chav, -ab. c.c ccuate
data coucer.ing tie Tf (raln size paraneter, clossr agreedcat oo Loz L..uoietical
a.ul coserved rate: way 06 ovtained., It 1s vhereiore conclided *“:.i'. .4 Tieory
ef Taeraal Dilutioa is capaole of precicting. che rzze ol detonaizoel. o 2 ressed
Twl-alwadnws sdixtuce dehdn 3 to 4 percent 1l Lue values ol v variou:: L aso-
HEVETY 2re accw ately niowh.

3. rigures ..II and (IIJ saow tae theorctical selationsli.s elizen the
rate of Jetonztioir a.d particle raldius oi the [l cowponent for Loswt .ol values
of tie aluminus .artuicle radius of <5 .ucrons, 3 caar_ e Jiadetel ol L oa.ch, aid
various tercenta,es of alivuinwa for tuo deasities of the TWT ceouoasit.  These
relationsiaipss ave useful ior calculatinn, tie eifects of Lhe vario o za. daeters
on tiic rate of zZetonation of TiWT-ziwnnui auatures,
CGNCLUSIS:

4. Addltio.s of alualaun to IND, cather in the cast or russca coiwition,
reduce tiw rate oi cetonation of TUHT. '

65. Ths preseace of segregation of the alwmnwa cosipoueat oo casl TNT-
aluminu.dxtures caused 9y formation of lar.c [IT cryotals wrelaces ol eifcets .
of e2ditions of aluminwa on tic rate of Zetonation of THT.

66. Five variaolus i atlect the rate of detonation of a [ilf-clwinwa mix-
ture, asmely, the loadine deasity, tie gercent of eluaines in tic il e, diamcar
ol a ba'e explosive chirje, 20 tie averaje gitawh size of wie alad .. wag Tol
coridoncats, *hercas lncreascs in the rcadius of the aluainun parts: .8, iie di=-
aneter ol an unconfanced cyiandrical charge, and or the awnsity os e caarge re=

"salt in inercascd rates of delonation, alddations of climinua or an ancrcese in

va¢ radius of the INT particles result 1a lower rates oi detonation oi [RT=-
alwiinua zixtures,

67, Tie ieCiadluSu 0y A€ asiollouns 0i aliuuiawa roduce oie rave of detoia=
ticii of WD do¢s no' consast of a reaction in wiicil alwdiawa 25 oxidized out
consisvts of ausorpgtion of taeraal encrgy 5y the aliwainua gartucles 1. Lhe reaction
zonu during the tiac ia cica the 1‘1»"1‘ is Ccco..x,)asm._,. Inu Tacory oo (herial
Dilution, which 1s basud uzpon ue Hyhodynawdc fheory, The [acor: o woiglosive

Jeactions, aud cguations o n.au co.x_uc.m.x ior a n.tallic spavle 1. vw un-
steady state, «5 capadle 91 predicbia. o rate of dutonation ol 2 li-siudnua

| abture wdthdn 250 acters »r sccond,

4 - -

] LOTRGATAL .
PROCZOUNS: ]

68. kixtur.sc of INT and aluminua (Grade 3) wure cast into ciur, .o 20

1acaes long and 1 inch in ulaseter, apgroxamately.  Thu mixtares oo Lowed in .
thc aushy coniitica so a6 to minimize scgregation of tie alumnum. Too samples
ol wach castin;, on. from cach uid, wsv analys.d for aluminui coniust and the
valuo for tho ciargy assuacd as t“u averace of tae two. ALl caari.s ' or¢ XN-icayod
RN N N T f‘"'?'nm’v“}{
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for blow inolus, p12es, cavities, and stuer deiects wncladang sesre at.wua of the
aluainua in the char,es aad soor custin s iere rejected. The ciar ¢ deacities
were calculated froa tie ie.jth, diaucter, w.d wei_ut ol the ciar.vs. The charges
wWere syirally srapged witih a douole tuachness of 005 wnch tilcis ccllolzue acetate
siheet aad te.e 1aaviated oy means ol four fetryl Jetlets (deasib, an vcidaately
1.50 grams per cudic centinelu:, J.995 i.ch ia diametsr aad J3.75 nuwl long, tirce
solid Jellets aad one selleb wiita cenlial hole to receive a viastin cay), laced
at cie cad of tne caarse aad a Cor.s of Zajineers Slastiag Cad.

63. GCranuiar (.l .as olended .oth aluwow. souder {(Jrade 5) no 101 odatcnes
coatainzaz 9, 2, 4, 6, 6, 12 and 15 .ercest ol alumien. e aub ooz vere then
aresscd lato gellets haviag diaacters of 992 1.acn zad 1.102 1acih @ & a length of
-750 lncn ajjreo..mately. [ie pellets wele divided iato weijht _rov . of 40 wdlla-
oraas raanZe and those jroups in turs into leagth grouns of U031 0 .au.e. The
resulting sellets, varying in deasity oy ajprosinstcly plus or .alus o035 graos
~2r cubic cenbineter, ware assenvled into sticks of 25 nellets each :iv! secured
with lonzitudinal strids of Scoleh Taxe. ¢ sticas were thea wra 22" xd coostered
in the sane ,auner as tie cast charges.

70, Pellets havan 2 2iaaecer ol 1.695 1aches aad a length ot .75 inch were
pressed from a mixture of rranular T.f (Lot "123-501) a+d “rzde 3 ~lwuumium contain-
ing O and 20 percent of alwidnum. Tne pellets were pressed abl =2 iovest and
n1_ hesgt deasities at huch ood jeilets could be obtalaed., 3tic.s -ere rensred
coata:mng 18 pellets each and secured vith a lon-ituadinal wrasi.;, of .cotch
Tape. The charze densities vere calculated from the leng th, lianciur, 2.d wei:ht
of the churzes. The char_eos welre wrapped and boosterei ia the same ..a.uner as the
cast charges with the exception that two Tetryl pellets (1.5 iocicn 1h dianeter
oy .50 inch long) were iater osed i 'tween the end of the charze aad the .995 inch
diameter Totryl psellets of the aaitiatin  srstem.

71. The rates ol detoaatloa of tie cast churges aud Jressed ci.r s lfaving
dianeters of ,992 and 1.102 iaches were deteraanied by aeaas of tie ni-l sced
rotat.ar drum canera e uiauent at this irsenal (Ref. N). Tihe rate of Jetonation
of the 1.995 inch dicmeter chzar es was deteriaacd by means of the d'.autriche
ethod.

.

L CLS: .
Ae "Ztudy rundanental Propertics o1 Hih _plusives.  Siat Proiuss Heport!,
Picatinny .irseaal Techaical .eport wo. 1466,

3. "Investioation ol tie lifece ot Coarse Crystals oa tae Qate ol Detonation
of Cast [UT aad the rra.asatation of 3" A.a. 42 Shell Loe” . -ali Cust
THI". Picatiuny arsenal Technacal llejort Lo. 1419,

C. "Cptical Stuiles of Detonatiuons™, Division & Interim Rejort D7’ -9, ilational
vYefense Jesearch Comaittee of the Office of Scieatific Icsearch and Je~
velopaent.

D. "Optical Studics of Detonation", Division 8 Interim lejort D7fa-10,
National ™efense Resecrch Committee cf the Office of 3cieat.iic Research
and Developaent. .
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L "Optical Studies of Deloaations", Divicion 2 Interia 2ezoit DFa-1l, -3
;3; Jational Dofease “esearch Coanittee of the Uffice of Scieatiiic Recearch o 3
5 aad Develoaueat.,
= F. “Survey of tihe jerformauce of TZ.’T/.C». on the vasis of awr-ulast :ressure .
- and 1zpulse", Davision 2 loathly lejort No. 4i3-6 (€520 o, 4643), watioml 2
S Defense gsearch Committee of che (fiice of Lerentalic lescarc. a.ud De~ - ]
% velo gient . &
3 G, "3mall Cuarge [ar 3last liaswieacats: Order of effeclive.pss or ex-
3 plosives", Div.sion & snteria Teport .IS-1 (053D 4J75), dasional Sefaaze &
=3 desearca Comuattee or the Orilce of dcieatific fnesearca J.i Juvelopaeat.
He "Studles on 5u8Y: Coaparison of varions cowwustlbles s SoIIvader confined s,
conditions®, Division 2 Lontily le; rt wo. AlS~4 (LDAJ . LJSO), satioaal %
Jefense fesearch Co.aictee of tus uftice of Suentuﬁc nésearcl: and Je- -

velodment.

I, "Jevelop ijew High .xolosive @iller for o2 Shot", Picatrany .rsenal Tech-
nical leport wo. 1417, o

Jo ¥riaal Jeport on 'Tne Yydrodynamic Theory of Detonation aicl >hoc. wavesi®,
Divisioa 3 Repjort 03D No. 114, hational Defease Researca C- “dttee of 1
the Office of Scientific Research and Develogent.

atly

2

Ke "The Thzory of Lxslosioa Initiation", Division 8 Report 057 o, 2026, . .f:l
National Defe.iss Research Jouxittee of the Office of Scic.i.aiic Iwsearch £
and Develojaent.

o

L. "The Cheaical Reaction in a Dotonation “/ave", Divisiou & Deort CERD llo,

VA

3796, Hational Defense Rese.rch Coanittee of tiv Office of Scientafic
Rusearch and Development.

M. "Fourierts Seracs sad Spherical Harmorics®, by i Z. Byeily, Gian and
Company,

N. "Picatinny «r-seaal Techaical Report lio. 1465,

0. "Devslop .lcv high Zxslosive riller for 4.Pe Shot%, Picatiany .rscnsl 3
A Techmcal Report e, 1290, First Progress Report,

P. "develop awew Hijh Sxolosave fillur for i.P. Shott  Preatiany Liscnal L
Techaical Report No. 1330. JSecouxi frogress Report. £ 3
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cast T..T-ilwunui Yata

veasity
M. /CC.

1.633
106\)3
1.607
1.607
1.601
1.605
1.598
1.596
1,606
1.628
1.636
10628
1.0629
1.626
1.638
1.635
1.639
1.020
1.6‘02
l.661
1.638
1.609
1.039
1.61;2
1.651
1.0306
1.634
1.636
1.635
1.665
1.673
1.675
1.659
1.6064
1.637
1.667
1.666
1.664
1.658
1.655
1.673
1.673
1.065

h)
-

r
GO

"I
4

.ate
meters/sec,

6002
6579
6643
6640
6652
6060
6695
6709
6620
6634
6704

- 6576

6565
6623
0573
6501
6553
6567
6669
6625
6857
6614
6643
6651
6669
6683
6675
6631
6579
6773
6738
6640
6o43
6628
6596
6611
6466
6489
6469
6527
6342
6455
6518
6402
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PA Tech. Sept. No. 1550 U
26 July 1945 ‘;‘;:
Taole I (continued) :
Jerceat Aluiinum Density Rate Sare, . ecord -
m?_g‘__ meters/scc. .o 3
19.60 1.702 6371 532 - %
le.15 %705 6365 553 -
19.95 1.720 6504 054 d
13.30 1.711 0L78 655
19.80 1,699 © 6339 656 i
19.10 1.097 6452 57 s
<0.85 1.703 637 658 25
19.40 1.701 6411, 059 R
25.70 1.759 6388 660 =
24,20 1.754 6449 561 G2y
25.85 1.768 6628 662 B
25.60 1.762 6475 663 .
23.25 1.745 6353 cél,
25.20 1,744 6347 565 b -
204,35 1,736 6292 666 2
26.35 1.750 6272 667 L
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2a Tec.a, tept. o. 1950
26 July 1945

Tacle II

Cast INT=-.lwainun Jata

™, . . e . hd
Percent ‘luinua Density late

30 1.807 6LL3

1,738 6313

1.76C 6L52

1.798 o344

1.786 6301

1.801 6336

. 1.307 0375
1.787 6295

1.8006 6460

[} lo 798 01‘17
1.503 6404

1.796 6510

40 1.883 61yl
1.8389 6255
1.881 6255
1.901 6353
1.893 6356
1,601 6423
1.899 oLh3
1.901 6397
1.38L 6423
1.361 64,69
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PA Tech. Rest. No. 1550
v 26 July 1945

Table III

Pressed TuT-Aluwninum Data

1. Pellet aiageitcr .992 inch

Percent Aluminum Dersity date Firin: Tecord
0 1.438 5565 568
IRYNAA 6515 509 o
1.452 6573 570 AT
1.461 6602 071 o
1.L67 6657 072 4
. 1.469 6570 073 iﬁ
i l.471 0d3L 674 %
; 1.475 6669 875 {{'
‘ 1.477 6617 RYES 5
! 1.479 6637 077 3
1.484 6657 678
; , 1.488 6631 o7%
! 1.492 6625 680
i 1.496 6678 601
" N . 1,500 6663 od2
2 1.434 6266 533
1.438 6246 654
lodl2 6304 635
1.446 6327 636
1.450 6379 667
1.455 6420 688
) 1.459 6420 0689
i 1.488 6504 690
' 1.492 o472 o091
1.496 0512 692
1,500 6623 653
1.500 6533 594
1.505 0588 865
1.505 6547 696
1.509 6541 097
1.513 6646 656
4 1,450 6185 99
1.455 6272 700
1.459 6226 701
1.463 6313 702
' ’ 1.467 6307 703
. 1.484 o411 704
| . 1.488 6423 705
: 1.492 6391 ‘ 706
: 1.496 6431 707
f 1.501 64117 708
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PA Tech. Rept, io. 1550

* 20 July 1945

rercent Aluwaraum

6

AP At BT TRAE i w4 RN

(9 FONTIAL

Table III (continued)

Jdeasity ) Sate
1,425 63061
1,430 6314
1.434 6127
1.438 6205
l.442 6078
1,446 6139
1.451 6078
1.455 6145
1.459 6182
L1475 5292
1.438 5284
Ll.492 0339
1.484 6191
1456 6202
1.488 6200
1.492 6203
1.492 6165
1.496 6301
1.496 6113
1.501 6286
1.501 6234
1.505 6191
1.505 6214
1.595 0220
1.539 0255
1.509 6210
1,513 6397
1.513 6321
1.517 0385
1.429 5724
1.434 5759
1.438 5759
l.442 5759
1.446 5785
1.450 5323
1454 5771
1.463 5808
1.471 5341
1.475 5853
1.479 5843
l.484 5930
1.488 £921
1.492 5916
1.496 £939
1,501 6011
1.509 6052
1.517 6058
1,522 6017
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Pa Tech. Rept. No. 1550
o 26 July 1945

Table IIT (coatinued)

Perceat Aluninum Jensity late Fira.: Record
18 1.434 503 757
1.438 544, 758
1,442 5220 759
1.442 5232 760
1.446 5223 7561
1.446 5249 ’52
1.446 5296 752
1445 5290 754
1.450 5302 755
1451 5270 756
1.455 5342 767
1.455 5343 753
L1.455 5351 759
1.458 53202 770
1.459 5362 771
b 1.459 5223 712
. 1.455 5333 773
1.4%3 5391 774
N 1.463 5397 775
' 1,463 5362 776
1.467 S5L17 777
1.468 SuL3 776
1.471 5446 779
1.472 5374 7€0
1.476 5423 761
1.430 SLL6 782
1.480 5582 783
1.484 5541 T84
1483 5504, 735
1.501 5981 786
2. Pellet diameter 1,102 inch
0 1.551 6733 uh2
1.554 6770 863
1.554 6799 864
1.554 6799 865
1.554 6909 L)
1.558 6912 567
1,558 6811 368
. 2 1,561 6846 669
L =z %
50
1,565 6147 572
L o §
1,568 6817 L75
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L3

Tabls III (continued)
Perceat Aluminum Jecity ate S2311.9 Reeerd
L 1,568 6773 576
1.571 0695 0?7
1.571 6086 W73
1.571 6753 S79 ]
1.571 0794 050 3
1.571 6707 <ol §
1.575 6762 2 by
1.575 6756 o3 4
1.575 0931, KN E
6 1.575 0043 305
1.575 6701 560
1.57¢ o7«1 o007
1.576 6712 608
1,578 6675 669
1.578 6734 550
* 1.582 €762 591
1.582 6709 w92
1,582 6709 393
: 1.585 6704 594
8 1.588 6072 95
1.558 6663 J95
1.583 6620 897
1.592 6040 £93
1.592 6738 859
1,592 6602 500
1.535 6625 01
1.595 < 6625 g02
12 1,611 6524 993
i.615 6579 904
1.615 6567 S05
1,615 6643 906
1.618 6530 07
1,618 6623 508
1.622 6431 909
18 1,640 6426 G510
1,643 6449 511
1,643 6440 912
. 1.643 5481 013
1.643 06L37 g1,
1.646 6423 Gl5
1.646 6397 © 916
1.650 6397 917

1.650 6480 718
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F£a Tech. ltept. lio. 1550
* 26 July 1945

lavie IIT (continued)

3. Fellet diamcter 1.v9,) iuch

fercent aluainua Jensity late Soaa,, wcord
0 1.339 o290 W75
1,326 U746 170
1.323 6023 W77
1.335 6020 1475
1.318 5577 1.79
1.324 o055 1450
1.330 €034 1461
AR 1.3248 6039
] 1.484 6350 D61
L475 6450 D62
1.434 6590 D53
. . 1.472 6540 DGk
1.479 6220 D55
1.480 5560 D66
- 1.480 6660 D07
1.472 6120 Dok
AV, 1.478 6499
20 1.328 5000 254
1.304 4760 D55
1,367 4570 D56
1.407 4940 357
1,338 4826 D58
1.397 5050 059
1.324 L6777 260
AV 1.352 4389
20 1.576 6200 76
1.531 5930 D77
1.577 5870 778
1.575 5966 J79
1.580 6034 200
1.564 6087 201
1.573 6150 DL2
° Av, 1.575 6934

. # The letter D indicates that the rate or deotonation was deleraincd using the
d'autriche hathod. '
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PA Tech. lept. lo. 1550
% 26 July 1945

Feccent Alrdnur

Cast Rates Corrected for Density to Comaositio
Curve .. wuch vae (0T S0 oazat Jeasity 1s 1.5/,

Corructed censity

5.35
5.20
Le75
4.85

o. - L]
0~
\.1008

NOLCOoOHOR~Im®
o o o

L4
L38ELEBELE

[ ]
Wi
RV R o RV RV SV

>

~O\O\1\J~0P®~OQ~O~OC’J

—
(@]

—
1
-3
(@]

11.95
11.30
n.éo
12,

11.75
10.65
14.95
13.65
15.40
14,95
13.65
15.40
15.95

"':n- ‘ CCs

l. 606
1,605
1,602
1,693
1.599
1.600
1.590
1.593
1.608
1,630
1.624
L.632
1.625
1.631
1.634
1.633
1.628
1,635
1.636
1.430
1.632
1.632
1.629
1.634
1.624
10622
1.63,
1.632
1.650
1.652
1.648
1.650
1.657
1.651
106133
1.674
1.65F
1.678
1.67%
1,665
1.678
1,682

Jeasity
Jirl i Record

HC o
AL

007
U
o9
ol0
ol1
512
ol3
VA
315
S16
0l7
S15
519
£20
621
622
623
624
625
626
627
678
629
630
631
632
633
531
035
636
637
6386
039
540
6L
52
6.3
YRR
bu5
IR
L7
J.8
34,9

it

2

Yy
.
i 50
*y
+
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13
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3 Fa lech. Yest. Ho. 1550
4 V26 July 1945
:3 . Table IV (continued)
% N Correctes Jde..sity Qate (corrected)
i cercent Alusinua L/ce. neters/sec,
i 14,60 1,672 6427
A 14,40 1.670 6378
3 19,60 1.710 3399
i 13.15 1,69y o340
] 13.95 1.713 6479
] 18.30 1,704 6453
¢ 16.830 1.712 6325
. 19.10 1,705 64,34
20,85 1.720 6436
| 19.40 1.709 0439
,ﬂ 25,70 1.759 0385
4 24,20 1.746 0421
4 25.85 1.769 6600
1 25,60 1,758 6465
4 ) 23.25 1.738 6318
24.35 1,747 0331
. 25.35 1.764 6321
30 1.795 6401,
1,795 6302
1.795 6431
1.795 6333
1.795 6326
1.795 6315
1.795 6333
1.795 6323
1.795 6421
1.795. 64,07
1,795 6330
1.795 6506
40 1.886 6184,
1.886 6244,
1.886 6273
1.886 6300
1.886 6314
l.886 6370
1.886 6397
1.886 6344,
1.886 6430
1.886 6451
R S 3 i o
nil i gt i

2;£%pﬁ Re2ord

Qe

050
631

652

653
854
855
856
557
655
759
650
661
862
063
861

w05
656
667
524
525
526
52

5283
529
530
531
532
533
534
535
536
537
538
539
540
541
542
Shidy
545
546
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; 24 Tech. Rejdt. no. 1550
26 July 1945
i Tascle V
‘ Zate of Deto.atiow of Cast &0/20 TNT-alwaisus
Obtaiaed by RDIC. .

Diumcter of Charge Jdensity late sefereiice

1.6 1.759 0780 (c)
1.759 o775

] 1.750 6750

I ¢ 1.725 6660

- 1.735 6705

o 1.75v 1.370 5040 (d)i=

1,625 1.396 5070
1.403 5050

# Secondary alwninum (94.4% Al) varging in size from 1 to 150 microas, averaging
60 microns. .

s## 4luainua bronze powder, 1-20; 10 average adcrons.
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Pas Tech. kept. lio.
1 26 July 1945

Table VI

E
3
*-,@ Least 3nquare Rates of Jetonation of Pressed INT-

alwaiuum iixtures, —
¥ Percent :luminun Rate of Netonztion, meters s2r second

Densivy (crams/cc,)
1.40 1.50 1.560

6365 6691 TH17
6221, . 6576 €927
6069 6456 6310
5920 6337 8753
5770 6221 6371
5472 5985 6497
5032 5631 6279
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P4 Tech. est. iflo. 1550 4

; 26 July 1945 ,
Zavle VII -

Jate o1 Detonation oi Pressed Grauulav [nT-aAl. Liitie 1
Coatasndn., 235 al. Obtaraed oy WDRC. . f~

3

axneter of Charte av. ThT Av. 31, Size Jeasit, late — [ef,
1-40 1-150

1.25" 101 60k 1.564 5060 (C)%

1.615 0305 :

1.611 0265 . :

1.559 6100

e 1432 5575

_ 1-80 1-100
2 1.6 20 ¥ Av. 50 H 1,654 6505 (2)wx
1.657 440
1-40 1-100
1.25¢ 15 av. 50 1.061 4170 (z)
1.133 4425
1.228 4740
2,00 1.186 4575 .

1.218  4LOLS
1.397 5320

# Seconiary Al. (S4.43 al.).
it Navy specification alusaaum; 1-100 microns; av. 50 by microscopic count.
3creen analysis
1000 tnrouzn 100 mesh (1495iD)
154 plus 325
854 throa:h 325 mesh (4L4U)
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Pa Tech. Rept. Lo. 1550 .
25 July 1945
Table VIII - 5]
- Calculations of Detonation Velocity D for INT for

Various fuantities of Heat Eitracted, & 0.

AQ (cal./mole of 1) i (%) D (meters per second)
. Density {b./cg,) k. 7%
1'57 1'50 l.bO l. 20 ?'_

0 2904 7165 6882 6507 0143

A SN ) ¢
e A

6400 2800 7100 6826 6446 6080

12070 2700 7031 6755 5374 6010 A

g’ 19000 2600 6960 6682 5302 S9LL, SuE
25030 2500 6891 6603 0229 5373 g

37070 2300 6738 64,55 5027  s724
* 50000 2100 6576 6296 5620 5565
62040 1900 6426 6143 5763 5409
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Pi Tech. Rept. No. 1550

26 July 1545

Lot S

aQ
- (Tar7mole. )

6400
12070
19070
25030
37070

62040

Shsen © | Bt e b

3P
Eﬁc‘é“

Table IX

P T A U e A I

DENTIAL

Calcul.tcd valuss of the Leazth of the Reacticu

Zoue, 4y, for Tui.

(°K.)

2504
2800
2700
2600
2500
2300
2100
1900

L SN
t. .

16

.0805
.0932
.1083
.1273
1516
«2251
+3603
6369

1

A1 (ia en.)
Graiu T2dius, T (ia

.'rng
A

2

<1251
«1LL7
.1682
.1978
+2355
« 3497
*5599
<9897

,microns)
L0 22
.2002 2753
2316 3134
-2591  .3760
<5596 7694
+2958 1,231
1.583 2.177
- 4‘3 22 Aol ’-"‘"v

70

<3504
<4053
-4710
3337
« 6595
<9792
1.568
2,771
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P. Tecn. Redt, No. 1559
26 July 1945

fable &

Heat watracoed oy One wole of ‘luminua Puvlicies, 35

- o s s oo o

% Gy (calories/mole)
micro-sec, C = +005U Crie C = +IU%5 ca.
T (%) T (%K)
. 2000 3000 2000 2200
o1 . 3595 5711
.2 2487 3637 5299 416
‘ A 7189 11419
5 4303 6722 - -
b \ 8338 13244
8 9154 14539
1.0 6289 9558 9766 15510
1.3 10429 16563
1.5 7202 11327 - -
1.6 10883 17284
2°0 11278 17913
2.5 11562 . 16362
30 11715 “2607
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