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SECTION I

INTRODUCTION

In assessing the hazard of an explosive under operational condi-

tions. consideration of types of initiation which arc fureigr, to the

operation could lead to classificatioii and cýsta far exceeding actual

need. The intent of this FrojeCLt is to establirn ealistic methds &

c'.asification whic1h wil: define p-ec;autions required under realistic

operating conditions.

One rondition of grave concern in this area is the possibility of

transition fro-n burning ti detonation occurring ;n large high energy

solid propel -nt motors. Many propellants are known to be detonabie

under extreme conditions of shock. If all propellants exhibiting this

sho,-k sensitivity were handled as high explosives the costs of large

missile manufactiarinp kn?, atnrgo ait,!es cou!d be greatbr incrcased.

In an earlier report (Reference lal recommendations of a series of

screening tests were made for establishment of the hazard classification

of the propellants in end items. The tests of this series could necessitate

testing the end item itself. The method discussed here is an effort to

devz .op a laboratory test which will supply the same typc -:1 insormation

tCht i. obtained from large-scale tests but aL a much lower •ast.

"'Ith this in mind, the work in this report is the first step in an

attempt to determine under what conditions of therre. 11 ief ,'*AA.. %ae hazard

of high order detonation actually exists.
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SECTION H

SUMMARY

A new approach to the clastifi'atirin of high energy propellants

a.id explosives according to their susceptibility to undergo transition

to detonation shows promising results. Thus ,ir. most of the

materials tested show a c ritical pt essv.re above which thi. transition

can occur. The method 4nvolves the burning of large solid cylinders

of the material under consideration in a closed bomb at high pressure.

At a press-re which ts chohrar-ristic for each composition and condi-

tion. the burning rate vs. pressure curve obtained shows a marked

deviation from the results predicted from strand burning tests. This

deviation is indicative of a pre-detonation reaction which talces place

in the explosive and which could proceed into detonation if sufficient

r•aterial were available.

At the present time, this method can determine the gross

detonation characteristics of propellant materials -_ those which

will undergo DDT and those which will not -- under most severe

conditions. Future developments will be aimed toward deterrmning

how such factors as "ize, physical condition and geometry ,d.I1 affect

the detonability of these propellant materials so that a quan•i,.,.-*.*-

haza-. evaluation can be made. This will eliminate the need ior

expenc.:ve testing programs on full-scale motors.

This interim report covers data obtained Ly this pr'pesed m,*hod

for two secondary explosives and a number of rocket propellants.

.• • QopJ 3
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SECTION III

CONCLUSIONS

It appears from results of these tebts tlat for each of the

materials studied, there is a critical pressure above which the tran-

sition from deflagration to detonation (DDT) can oi•:ur. This is ee.

lieved t,- be the result of a surface cracking or crazing which increases

the hurning surface and the rate of pressure rise to a point where a

shock front can form. The existence of this condition is considered

necessary f.,r DDT tu ot. .-a. -. A enough explosive material were

available, the shock front could reach sufficient intensity to establish

a detonation in the explosive.

The application of this test to explosives and propellants should

cvcntually give a basis for a quantitative evaluation of these materials

in terms of critical transition pressure, slope of the transition curvc

and minimum charge diameter. This would make possible classifi-

cation of these materials as to severity of the conditions to which

they can be subjected before the danger of DDT will exist. It would

also make possible a study of the effects of temperature, porosity,

particle size, crystal size and other physical variablo- on the

detonability of existing propellants and new materials as they a ra

dev'eloped. This test will be a valuable tool in the development of

rew fo, -rm,1ptin•n tn study the effect of composition and processing

modifications on tOe detonability of high energy materliR:a.,

S



SECTION IV

RECOMMENDATIONS

rhi.s merni:od of testing shu~ld be used to classify propellants and

-xplosiveh as t o .he possibility of transition to deton!.tion taking place

after ignitioýi. In its res..rnt stata of development, this trstirg rcth.tid

can be used to establish the gross detonation hazard characteristics

W..69L Auipjerted to tne most severe conditions of

temperature all.,. gu6uazavrY. For l4rgr. missilt motors, it can replace

costly tests, such as fire hazard tests on full-scale motors, which 2re

generally run to determine their transition to detonation (or explosive)

characteristics.
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SECTION V

STUDY

Background:

Generally. the classification of an explosive mate. ial has been based

on its ability either to burn or itq ability to burn and detonate. Tf.s ii,

the basis for ICC Classifications A and B -- tested for by building a fire

under the item to b-. " =:..' , .

Forces use a sirni!ar basis for classification. Class 2 represents fire

hazards (violent burning without detonation or explosion or projection of

in'ssiles of appreciable size or range). Claso ZA represents fire hazards

which, runder certain conditions, are capable of low order detonations.

(These :nay mass detonate under very heavy confinement.) Class 9

materials are capable of mass detonation and include many of the higher

energy compositions. The ability of a material to und- rgo transition

from deflagration to detonation is not considered in this classification.

s9,nce only the final condition of detonation is of concern.

As long as propellant compositions remained essentially nitrocellulose

and nitroglycerin mixti.res and were made in fairly small sized units,

this mc!:od of classification was adequate. With the devclop,'ui-e, .*(

.omponit- propellants and new high energy formulations, the ZC% n:ml.

glyct~rir. concept (which had been established as the dividing line between

Class e. and Class 9 for N. G. types) no longer cove-i thL fiMd. For

very large propellant motors, booster sensitivity tests %,) nut *-I' the

entire story either ... since there are numerous factors which will

Bes COPY



affect the ability of such a unit to detonate. Conditions of temperature,

mass, particle size, geometry, porosity, aging, etc. will markedly affect

the ability of a propellant to detonate. It may also markedly affect its

ability to undergo transitiont from deflagration to detonation.

From an economic standpoint, the detonability or non-detonability of

a propellant will htve a tremen•dous effect not only oni the cost of pru,•tl-

lant manufacturing facilities, but aalRo cr, the cost of handling large solid

propellant motors and in the storage of large motors. Therefore it

bu.oznes important to find a method of evaluat~ing the possibility of

transition taking place under n.orn, .1 conditions of firing or under ab-

normal conditions, such as accidental or defective ignition or the

development of defects in a propellant grain.

Existing test methods for evaluation of sensitivity fall into two Lbaaic

categories: 1) those involving thermal ignition (ignition temperatures,

friction pendulum, thermal decomposition tcets) and .) tho,,. involving

shock initiation (booster sensitivity, gap tests). Some methods (drop

test, bullet impact test) are a combination of both. None of these gives

direct iniormation about the basic property of the material which defines

its susceptibility to undergo transition from deflagration to detonation.

In this report, a method is presented by which a general r- O!.nati.- ,,

this propery can be made.
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Theoretical IBasis7 Kistiakowsky (Reference 1) detcribed this mechanism for the develop-

ment of detonation in a large mass of granular or crystalline explosive

ignited thermally at a localized region within the hnlk- As the explosive

burns. the gases formed cannot readily escape bcmween the explosive

crystals andl a pressur,- gradient develops. Th;s crease ji, gas pressu-e

causes an increase in burning raLe .,,tt n, in ttirn. causes Ani increase in

pressure with constantly ,ncre-bing veiocity. This condition results in

Z:c iormatioha Ol shock waves which are reinforced by the energy releat--"

by the burning explosive, t,',e ,:venrituaily reach an intensity where the

entire energy of the reaction is used for propagation of the shock wave,

and a stable detonation wave is produced. A critical size exists for each

ma.terial above which this deflagration can pash over into detonation under

proper conditions. Below this size, the burning will firat increase, then

fall off as the material is consumed. The transition to detonation is

considered largely a physical process in which the linear burning rate of

the bed of material increases to the rate of several thousand meters ver

second, although the individual particles are consumed at the r,.ýe of only

seve-eal hundred inches per second.

The validity of this mechanism for propellants in granular form has

been de.nonstrated by a number of investigators (Reference 2 a.-' 4.-

While ..his mechanism is applied to granular material, why sht.ud it not

apply a... well to composite or homogeneous propellants, if the growth of a

shock front can be shown (Reference 4) which it accomp-nied by a,-

increasing break-up of the surface of the propellant? Analysis of the

" ~11
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data from the following experiments iic4icates that this is a possible ex-

planation of this phenomenon in bolid propellants and explosives.

The apparent non-detonability (through transi tion) of nitrocellulose

propellants may be Mttributed to the dt;nse ,urface preventing deflagration

from taking pla.t( :n the interstices of the m:aterials. I- dpite of this.

under condxtionb (s.ach 4s low tlenpcrature) where tht. pr-'pellant becov.-es

very brittle or poabbly crysttAline. , p. ..JA2Ldnts tcive blov.... up gun

tubes. For composite propellants. the continnous and highly elastic

i it•r..-,: th:.e uintle. piobtioty prevents th,,'. type of r-,ctior However, it

has becn shown that r•.viry ,,Ihj lkstiL L ctC,5l %,.ill ujideigo brittle

failure when stress at very high str:;mn rates is applied (Reference 5 and6).

Experimental Approach

If it is assumed that the surface burning theory holds for the release

of energy to support detonation behind - shnck front. and that :he tre-

mendous increase in burning ra:ic in detonation is due to a large increase

in burning surface due to a breaking up or surface cracking of the explosive

material at the shock front, then by developing a technique for studying the

burn4 ng rate of a propellant composition as it progresses into the very

high pressure ranges. a basis for evaluating its relative susceptibility to

detonation might be found.

Baaed on experience with some cannon propellants in closei LU:wnh

tests -- in v.', ch unexpectedly high rates of change of pressure were.

observed i. was considerod passible thmt the closed bomb technique

might be used to demonstratc the property ul dtitonabitity for rocic.-t

propellants. It had been found that when the tested lot of canno:n propellant

1Z
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deviated from normal behavior. the occurrence of high rate of change of

pressure started at a reproducible specific pressure. Since the burning

rate law holds for these propellants up to high pressure. a reasonable ex-

planation is that surface cracking or crezing occurred under the pressure

z.nd thermal stress of the reaction. This increase in burning surface ý-%

believed the initial !:.tep in the transit'son fiorn deflagration to det,,p.,.tion

and the .ritical pressure atid the rate M., which the increase in surface area

occu-s cani be calcula4ted i..,., -,i-,irerients made in the closed bomb.

The •ialculation of linear burning rate from closed bomb measurements

has been sta.adard pro,:ed'ur min many years (Referen,.t- 7 and 8ý. From a

consideration of the original geometry of a grain of material and a know-

leeige of the rate of change of presbure in the bomb when the grain is

burned, the lineAr burning rate at any particular pressure can he calculated.

Tisib calculation assumes that the grain is ignited uniformly over its entire

surface and aiwaye burns normal to that surface. However, it suriace

cracking or crazing should occur, the ci!-i-',ated linear burning rate will be

far in excess o2 the value expected, and the increase in surface area can be

calculated from this apparent increase in linear burning rate. Details uf

these calculations is in Appendix A.

RESULTS

1. TNT

To 4etermine whether the closed bomb method would throw any light on

the bur.ing of high explosives, cylinders of TNT were prepared with

diameters of 1 " to 1-1/4" and lengths of I" to 3". Th-.. -- -. ,Ic%. as ere

machined from solid blocks of TNT which had been carefully cast to make
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certain thct they~ cont atned no voidu or poroistiv All *hec ylinder& wei e

machined fro'm the stirwt blot k iiid we -a consisdered to ha~ve sploroicniffttly

the sime ervbt aline ~tit ut lute Th# tso, cymirlders wk it gpl aced in &i standard

200cc closed bomb wit ik ae :vmIhur e d &.11 and firetd with aral

amount of Gr ide Ai W4 .. t kpowfio - ial n' MIAI Squiubb. Ti cixngs of typical

oscillogi tnts rescilttuig from i tI i-: toigt ;zm FXgttre rhes repr-cen.ý

ai set it's of fi. tags in ide wath a. ) ii .de. z ;i iN!TNT r ;ots loaiding densitiec.

In the' fir st o'f the'se*. , Imt ;n .i; 11',z I& (I , en 1j - ir~up the t r ice which should

hae been &lbt inmed ii the cvvi :dc 44 "ANT It d l,.a, nue- t-Of nin ly. However

in e ich c, s.- j nit ked dv% . -. (, ch*i, .;v: iii 1 (*) (vJt red(i t 6. 000-8 000 psi.

In tax-ammnung thesL tr icings it intst bt re~mt-ribercd th..t the standard

closed bomb ;nst: umert -Ittui prodtuue s -in eic.I.og- ni of dp/dt vs. P annd

thast the hnr azort.. ~ xit: zt-lrest~nts P -A 'hi vettic Al xis represents rate

n,,* Mh Prg n Tht- sc ile to v £ it-d to h ovt the- t: -ice fill the oscailogrsm.

The c.Aicui~sted sct ies of V :id dpidt -. -cidt~d to the gt &V*.nga%

When Ioted: but fling r to s were' t : .1 a. d ' -"n tit, se tr ices. the

results in T-tba.- I and Fiugmre~ ! .c' obt os. I A- ýv...ge line is dr-.~wn

for burning r .t(s c!,Icui .ted fro.n-. it-#! 1-1ti. d boimnb test.

To est~blishthe true hurrnin r I -fder TNT at- :'ds I/$"XII8'X7" long

were prep~ired by cutting ther n~n b!'et oft TNT sim .z. ::---

previously. These estr ends were, bu-:ied tit - str ond burner tieing t:.

stgind.a:d t-!chrtique ait pnt'souttoU ftm 1 O060 pei to 20.000 psi. The test

reati~ats -are tne..ide-el it,. or-

14 13tAja~~ COPY



The resultu in Figure 2 show that the calculated cloeed tomb burning

rAtes approximately coincide with strand burner result up to about

6.000-8. 000 psi and then sha- uly curve apward. This "apparent" increase

in burniug rate ts consistent with the arsumption of an as...rease in burning

surface which occurs on the cylin~der due to .urface Lrdzing or cracking.

Figure 3 shows a graph of the expected surface area vs. pressure (i-.-:

curve) assunming normal geonietry during burning of the grain and the

the dn!dt of th- !)hr-rh test with the actual linear burning rate from the

strand burner (upper curvel This shows an increr'se in surface area of

close to 20 times for TNT.

It was desired to determine whether the change of slope ii. Figure 2

was st-ictly a pressure and thermal effect and independent of the amount

o! TNT burned. Therefore. a technique was devised whereby a quantity

of thin sheets of a very fast burning propellant was loaded into the bomb

with the TNT. On ignition, this material burned quickly, giving an initial

high pressure and temperature to the bomb before any appreciable burning

of tne TNT took place. This technique permits a larger mass of TNT to

be present at higher pressuire. Measurement mnde in this way showed

virta.t~y no change In the pressures at which the change in biupe

p!].vc ir she lower part of the curve or in the slope of ti,#i mtitlIc p:.

the c,-n ve. However, an increase in the slope of the upper part of the

burni:., rate curve did result. This tends to conf'- st th, ,'.,,- that there

is possibly some minimum mass of explosive necesse%; , to rn.-in*-i4 t the

formation of increasing burning surface. This area will be further

investigated.

i5
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2. Composition B

Cylinders of Composition B prepared in a manner similar to the TNT

samples were then burned in the bomb at varying loading densities. To

obtain adequate ignition of Composition B it was necessary to use a small

amount of sheet propellant as igniter. This masked that part of the curve

below about 5,000 psi. However, strandp cut from the same block of

Composition R as the cylinders were burned in the strand burner to obtain

the normal burning rate vs. or.ssator, rurve fTable U and Fioure 4 And ý1.

The conclusion is that the break in the Compouition B curve occurs about

4.000-S. 000 psi. The slope of thu cwacd bomb curve past the transition

may be even greater than that obtained for TNT. The surface area vs.

pressure curves for calculated normal burning vs. actual closed bomb

burning of a sample of Composition B is in Figure 6.

3. ARP Propellant

A samplc of AA1' pi upull.at was subjected to the closed bomb test..

to establish the applicability of the closed bor." technique to determine

detonability of high energy propellants. Figure , shows a series of tests

resulting from increasing loading densities up to about 0.40. When in-

creased to 0.43 by preloadingt with sheet propellant. a change in slope

occurred at about 35.000-40.000 psi similar to those obtaineci iud T'a"-

and Composition B. This was accompanied by a disintegration of c:tt u.

the s*:&Is in toe bomb. Unfortunately. sach time conditions were used in

which the trar .ition was expccted to appear, the rate of eergr- release was

so great that some part of the bomb seal was destroyed and sL ,',prt " the

16
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trace was lost. A bomb is being designed to hold the pressures produced

and measure transition pressures similar to those obtained for TNT and

Composition B.

Table III and Figure 8 how a pilo of linear burning rate vs. pressure

calculated from the available data for the ARP propellant hurned with and

without pre'oading. The linear burning rates obtained with the strand

burner are almost coincident witl those calculated from the closed i,urnb

at pressures of 10, 000 psi and above.

A sample of highly sensitive experimental propellant was then sub-

jected to this deton'bility test. This material had been found to be

detonable with No. 6 blasting cap. Cylinders of different diameters were

tested and pressures up to 85,000 psi were obtained. A sharp transition

was n•,ai:&cd ait &bout 15,000 psi (Figure 9). Also, the fall-off from the

maximum dpF/dt begins at a itauch lower percentage of the maximum pres-

sure than for the high explosive sampleb. Figure 10 and Table IV show

the data and a plot of the linear burning rates calculated from the closed

b omb traces. The strand burner curve was extrapolated from low

pressure data since strands of this material were not available for high

pressore testing. Figure II shows the surface area relationship between

expet..d area and supposed actual area obtained.

5 Ro".•n k Haas QZ. Propellant

i sample of QZ propellant composition was obtained from Rohm and

HaaL at Redstone Arsenal. Huntsville, Alabama Th•, a::tetial is the

same propellant composition that detonated in % 7,000.,miod .-"w r in the

17 17



summer of 1959. While the failure of this motor was attributed to some

porosity of the propellant or poor case bonding in some areas (Reference 9),

there is little doubt that the explosion was high order.

The samples were machined to cylinder* of 1. 25" and 1. 50" diameter

and tested, first at 70*F and then at -60*F. Figure 12 shows traces of

typical oscillograms from these tests. The 70"F tests showed normal

burning rates when calculated up to 90,000 psi. The low temperature test

showed an abrupt change from normal bturning at about 55.000 osi. The

increase in burning surface calculated from this apparent increase in

burning rate is of 'he order cf `,ýur tiixes and is in Table V ... as are the

apparent burning rates. While this increase in burning rate is small

compared to some of the other materials tested, the abrupt change at

only low temperature indicates the development of an undesirable property

which -might lead to a hazard.

Diocussion of Reaulto

A preliminary study of the data obtained for the ratio of cylinder area

to supposed actual area -. the area that would exist if normal burning took

place with .nio break-up .. indicates the existance of a diameter below which

the continued cracking or increase in surface area stops and the explosive

tends to return to normal bu'nlng. This occurs hecause there ib. ..n

sufficient material available to develop a shock wave of sufficient i,,en;..!

to go to detonation.

1 8
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Figure 13 shows the ratio of surface area from closed bomb to expected

surface area for the same cylinder of TNT prestented in Figare 3 (assuming

no break-up takes place). This shows that the ratio increased until about

50% of the mass of the grain was left (determined from percent of P max).

An equivalent study for a Composition B cylinder in Figure 14 shows

that the increase in surface did not start to level jff until about 70% of

the grain was consumed.

The "Experimental Prooellant" was tested in cylinders of different

diameters and the changes in burning rate as a function of geometry were

calculated. It was found that cV cylinders of two different diameters, in-

creases in surface area were obtained as long as burning proceeded to a

diameter of about . 78 inch -- the same for both sizes tested. This indicates

the possibility that there is a minimum diameter characteristic of each

rnaterial. It may explain why in earlier work on burning of explosives in

a closed bomb by Duck, Epjituin atd Jaco.si undcr the NDRC (Reference 11),

the high burning rates described in this report were not observed, since

the explosives were burned in small grains.

An analysis of the relationihip of unburned fraction and reoLaining

diameter to the changing burning surface for Rohm and Haas QZ Propellant

shows that the burning surface stops increasing wheo the diamete- of the

grain rea:heo 0.8 inches .ut -60"F and then decreases back to r•-.:o bur-'.'.

U aulfirient mass were available, it is believed this increasing burning area

would ae maintained and might be sufficient to set up the conditions necessary

for transition to detonation.

19
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In addition to the data reported above, a number of other less sensitive

materials were tested in the bomb, with and without p.eloading. 010 pro-

pellant taken from "Honest John" grains were tested in 1" diameter cylinders

and Polysulfide Perchlorate propeilant samples from XM30 motors were

tested and found to give normal traces up to pressures ui 80,000 psi. This

indicates that, at the temperature of testing and in the p..ysical condition of

the tested samples, transition to detonation from normal burning could not

occur unless conditions were more severe than those used in the tests.

The correlation of severity of conditions in the bomb, with the severity

of conditions whi -h might be e'v'ounl. red in actual burning still needs to be

investigated. Since the Rohm & Haas QZ propeilant is considered to have

detonated in a 7,000-lb. motor on a test stand after high pressure conditions

were obtained because of porosity and poor bonding (Reference 9). the

possibility exists that the shock conditions resulting from the high pressure

development in this test motor might havw induced this material to undergo

transition.

The question has been raised: Is it possible for cracking or crazing of

the surface of this material to occur due to hydrostatic pressure applied In

the bomb? Considering the rapidity of the rate of pressure rise under the

conditions of the bomb test, it is conceivable that hydrostatic condition- are

not attained within the time that the event occurs; rather an unbalaw.;%sd -'"- q

develope in the grain giving rise to a tensile stress in the material. For

crystilline materials like TNT the cracks could develop in the crystal

boundaries. Confirmation W' Lhis might be obtained ii castirq: of TNT e

different crystal size were subjected to the Closed Bomb Test. Different

20
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rates of change of surface area should be obtained for the different crystal

sizes. For Composition B, the brittle matrix of TNT plus the interfaces

of the RDX particles probably lowers the pressure and dp/dt at which this

phenomenon occurs. For propellants which are more elastic in nature,

this mechanism does not occur until very high pressures and rates of

change oi pressure are reached. The fact that b.ittle fracture occurs

for highly elastic materials at very high rates of strain hds been demon.

strated by J.W. Jones (Reference 5 and 6).

In any case, the pre-detontation reaction is probably a function of

the three .onditions of pross_.e, rate of change of pressure and temper-

ature.

It is believed that any explosive or propellant material which can be

detonated should exhibit the phenomenon of the pro-transition reaction and

cr.itical pressure described in this work. In the case of very sensitive

primary expluaivini. the lcvcl of the controlling parrnoetors required to

start high order detonation is so low that they cannot be measured by

present techsuques. For "non-detonable" composites or single base

propellants, it is possible that the pressures and rates of change of

pressure required are extremely high. Efforts are being made to develop

the technique into a practical test of propellants at much higher pressures

so that ony materials which can be detonated with high exhl•., ,ster,

can rive a positive test in the closed bomb. After this technique has been

worlod out, entire series of propellants in use in existing missiles, and

those compositions under development, will be subjec.e'9 to thip teot for

the purpose of classification.
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Future Work

A program has been undertaken to design a high pressure vessel

capable of making the required measurements up to 400, 000 psi. The

principle being explored is that of a disposable unit which will hold the

pressure long enough to make the necessary measurements of pressure

and rate of chAnge of pressure. The design of a transducer with a

frequency response sufficientl" high (200-500 KC) to obtain accurate

measurements is also being inestigated.

To relate the results of this test to actual conditions in a large motor,

in effort is being made to establish . relationship between the rate of

pressure rise which might occur in a large mass of propellant and the

time to tensile failure of this mass of propellant, if a small defective

*rea should exist (one containing a porous section in which the surface

area; available for burning is much larger than normal). I it can be

&Ihowu thlt the lu%;&l pressures obtainable under reasonable conditions

of defects are in the range of the critical pressure required for the

pre-transition reaction to occur, then it is considered reasonable to

assume that transition from burning to detonation is possible in the

given full scale grain.
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APPENDIX A

METHODS OF DATA REDUCTION AND CALCULATIONS

I. Linear Burning Rate

A. Theory

The linear burning rate is the rate ,t whirh *he buruing surface of a

propelant recedes in a directinn n,)rrnal to the flame front.

I•x c is !,e $'4,%tP'~. k.tA,,pv nrorpeds during any time interval dt, then

dx/dt i• the linear t)brning rate.

By assuming !hait all surrfuces of the burr.ing propellant burma al. the

same rate, and by ustng a known geometry, the linear burning rate can be

deduced from the mass rate of bu-ning. By the assumption of a suitable

equation of state the mass rate of burning can be dc 4uced from the rate of

chtle M, prcssure :urrou•ndi.g ,h. hkirnins rropel!ant in a closed vessel.

For particles of known shape. sueh as perforated or solid cylinders

th,. closed boanb fatted with a raipid response pressure gage is a su.table

experimental apparatqs for determi-:ing the ntiear rate of burning of

propellant* nr explosives at any pressure.

The apparatus prodtuces an oscitlographic trace no piezo-cr'dtr.'-.#.t

voljges as measures of the rate of change of pressure, dp/oh, tat

pressure. P. Sample traces are shown in Figure I. The rate of ctange

of pressure is calculated from the orditiate voltage "x. -rd 0" vressure

A-k



from the abscissa vriltage. V , after appropriate calibration and determi-S~y
nnation of gage constants.

P P= Kg C xV x+ K
P x K1  (1)

K 9V (Z
dp/dt (R)

R

The maximum pressure (at the end of burning) cart bo- used to measure

the combined temperature and gas molecular weight function, thus completing

an expression for the equation of state in terms of Z. the weight fraction

burned, and Pi, the pressure due to prepressurizing and igniter, if any,

whtier K . Cx and K are equipmzet re1etants:
PSS!= KC V +K1  (3)Pmax =Kg Cx Vxmax+K1(3

m~a.
M' +0 a)D]II I

1 mo + ) DO (Pmax - Pi) (4)

I b +, b-ia + (r.-b) D 0
u. m (o)ZD

To simplify calculations the term (min/so 0) a1 is considered negligible

because of the relatively small quantity involved in mio the mams of igniter

and prepressurising materials.

The geometry for solid rlinders of propellant or explesives burning on

all surfaces is stated in terms of fraction burned, Z. and dimension remaining,

(d-tx) ant (h-Zx), at any time:

z v Id-Z x (h-Z ! (s)

d!
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The derivative, dp/dZ, may be found from equation 4 and the deri-

vative dZ/dx from Equation 5:

dp/dZ = fI (Z) (6)

dZ/dx = f2 (x) (7)

The linear burning rate can be calculated from Equations 2, 6, and 7:

dx/ dp/dt
d dp/dZ) (dIZidx)

B. Calculation Method.

The Equations 4-8 have. in principle, been re-arranged by V. F.

Wallace (Relererce 8# to a forii suitanie ior direct kiuLa•,.'" The solution

was made in terms of the surface area (Sx) at any value of x. With slight

modifications, Wallace's equations were used to convert the closed

bomb data to linear burning rates.

The equations used for this solution for a solid cylinder are listed

holnw. These equations were programmed for solution in an IBM 650

computer.

K6 a (d-h) /1. S hd (9)

K5 a 27 hd 2 /2 (d-h)3 (10)

B (PmOn " Pj) (I-&D) / (a-b) D (11)

C * (l-bD) / (a-b) D 11al

X (P -Pi) (l-bD) b

(P Max "Pi) (1-aD) (P-P ) (&-b) D

II III _I II I II I II III I I _



E =1 +K5 t.-Z) (14)

if E<I

0 = cos IE (15)

siv = cot (60.+2/30)] K6 (16)

if E1I

/ ([ 2E ~1)k/3 + [F(F , 1/3) 2. (7

dx/dt dpdt
_ --P2~ (18)

C B V

In these equations certain special casds had to be recognized to allow for

discontinuities introduced by algebraic and trigonometric solutions. When

diameter exactly equals length, a discontinuity arises in (Equation 9) for K6 .

An. increment of 0. 01 inch is therefore added to one dimension for this special

,.,.46, U the quantity E it lews than unity a cosine procedure is used (Equatton

1I); if equal to or greater than unity a cube-root nvo•cedure is used (Equation

17). Either procedure leads to Sx/V° which is then used in the final equation

(Equation 18) with the experimentally observed dp/dt to calculate the linear

burning rate dx/dt.

I1. Equivalent Surface Areas

A. Theory

khwan linear burning rates of single cylinders of propellant or eeplosive are

found from clooei Womb data using the solid cylinder geometry ts described
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above, the results compare well with strand burner results below a certain

characteristic pressure. At other pressures the burning rate so calcu-

lated must be regarded as an "apparent" burning rate because it deviates

a great deal from strand burner results.

This suggests that the general configuration may be cylindrical, but

the surface mlay be full of cracks or may be breaking into smal! pieces,

with the strand burning rate governing the reaction for each burning

par-zcte. Combining experimentally determined rate of pressure rise,

dp/dt, and pressure, p, w'it' -trand burning rates, dx/dt, permits solving

for a surface area, Sx, which will reflect the abnormally high mass rate

of burning.

Thus P, dp/dt, and Pmax are found as before Equations 1, 2, 3. The

equation of state showing total pressure as function of fractionburned is also

applicable(Equation 4). Likewise the fraction burned is related to the

burning cylinder dimensions by Equation 5 for a smooth cylinder. In

Equations 8 and 18, however, the predicted linear burning rate frim

strand burner data,

dx/dt= apn

would be used. Tben from Equation 18 the equivalent r.rear "X I I.,

repro ýeating surface area of cracks and convolutions on the surface of a

rough cylinder, The equivalent are%% art- found tu pruceen through a

maximum (Figure 3) before reaching aero during burning.
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CLOSED BOMB B(

Test #7 Test #10 Test #24 4

Lv ading Density, g cc-. I1 Loading Denszty. q :-. 165 - . ., ri;:ity, 9,,cc'. 350 35
Max Pressure, psi-14, 310 Max Pressure, psi -23, 600 Max Pre.ssuic psi-6 3 ,650
Diameter, in-1.00 Diameter, in-1.00 Diameter. n-1. 2 5

Lenqth, in-1.01 Lencth, in-1.65 L zit: -2.

dp dt ,dp dt d
-3 -5 Burning R,,te Fraction -3 Burninq Rate Fraction -5 ou.ng Rat.: ng

PXIG XIO in sec Burned (Z) FXIO XI0 ill see Burned (Z) PX O X10 inlseC /se

2. 1 .4 r31 Ito) .9 .4 8.439 162 12. " 37 i3.6 .

3. b.) .315 .473 .264 6.08 1.07 1.13 .286 1 6. 41.6 37.5 .5
4.94 .k- .. 1 ."66 .S. 2.'o 4.8 .407 20. 4 03. 3 61.3 3
6.35 .751 1.35 4V7 11.46 6..9)G S.81 .522 24.9 31.3 80.1 1
7.76 1.36 2.72 .565 14. 15 12.6 1S.6 .634 2Z. is55.0 97.9 .9
9.17 2.08 4.88 .662 16.84 18.3 '2.6 .742 33.0 :70.0 112.3 .3

10.5 2.86 8.23 .757 19.53 21.1 S1.0 .847 37.0 :S5. 1 129.4 .4
11-.S 3.68 14.3 .850 22.22 16.6 77.6 .949 41.0 ,. 3 141.5 .5

45. 1 1,7.5 146.4 .4

Test #12 Test #14 Test #51 1

Loadint Density, 9, cc-. 221 Loading Density, g cc-. 271 Loading Deisity. g/cc-. 197
Max Pres•wure, psi-35, 885 Max Pressure, psi-41, 286 Pre-1oadin!i, pe-5,000
Diameter, in-1.00 Diameter, in-I. 25 Max Pressure, psi-36. 170
Length, in-1.95 Lenqth, in-i.55 Diameter, .- 1.08

Lenith, in 1.45

dp "dt Burningy Rate Fraction dp, dt Burninq Rate Fraction dt Burni Rate
-3 -- 3 -5-5 unn

PX O" X3 injsec Burned (Z) PXO" XIU in Sec Burned (Z) PXIO X1O in,,sec sec

4.74 .978 .71 .159 13.1 23.8 20.9 .31 " n, .u62
6.75 1.7! 1.27 .223 19.3 54.8 49.3 ,537 9. hn 27.0 :2.0 U
8.77 3.18 2.41 .286 25.4 78.5 82.9 .681 'f. * '. 9 8

10.8 6.60 S, i .347 31.6 83.9 116.4 .813 It 01 3.. 49.0 0
12.8 13.9 10.6 .407 37.8 50.6 130.2 .936 19. 12 62.4 62.7 7
16.8 32.0 28.6 .522 22.21 72.8 81.4 4
20.9 47.0 47.0 .632 25.30 7.1.t 96.3 3
24.9 56.7 66.8 .738 28.39 62.4 97.S 5
26,9 56.7 74.6 .788
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L

rABLE I

iCLOSED 1;Mi; AND STRJ,ND BURNING DATA FOR rN'F

[est #24 rest #25 r, t 2o

0Lo a,ii i D cn:;it.', 9 c , -. '0 L .ai m t D ensity, 9 cc-. 387 L ,dIn q D , I st y .s , t

M ax Press nre, psi-63 ,oA M ax Pressure, i" -72,040 "M.' -,.s sur,. 1 ,I :
Diameter, in-1.25 Diameter, in-1.25 1). mter, .2-

Length, in-2.00 Lencth, in-2.20 Length. in

Rdat e d p d t d i, J t r a c t i oi - u . niŽ, ?ce c -3 --5-I B U m o a l R a te F rac t io n -3 :, :r: n m R a t, F a c t io n

P X l O X 1 0 Vu,7 c ( 7 ) P X I O Y 0 ' . . o r . , m P X I U . "' r , ( 7 )

12.S 23 7 .. 2 5 S 1..5 11. 260 12. h U. .325

20.9 103.3 2 .424 .0.9 1U4. 4 S7. u400 18.9 -.t, . 461
"4.9 131.3 49 .4 2 241.9 14t). 3 h81. .462 21.9 j'. . .526 6

28.9 155.0 , '.357 2s. .9j 175.4 98.. 52 1 24.9 Q:. 2. .5SS 8
3 ,3 . 0 1 7 0 . 0 1. . 6 i 3 3 . 0 1 9 5 . , 1 1 3 . 0 . 5 7 , 2 7 . ) 'o .. ' •. > . 6 4 S
37.0 185.1 ,2 : .6 '77 17.0 2 1A.0 127. 1 .6 32 31,.0 :2 .; : , . ' . 05
41.0 185.3 .. . 41.0 222.7 13S.9 ts2

15. 1 177.5 7. a5 45.0 222.7 146.4 .'

49. 1 2B.0 149.9 .776

" - "Test #52

.oading enit. .Le9dinq Density, ! - cc-. 197 P
re -Loading, oi-5, (.WU Pre -Loa hInqI, 1i -310, 0t et

ax Pressure, psi-3u', .7o Max Pressure, 1 i-45,01O
iarneter, iii-1.0' Diameter, in-1.08
nqth, in-1.45 l.Anith, in-1.4,

R ate dp , dt 6u rm n i K ate Fr~ictio l .s, at B ur finq R At e F ractio n

"ClXO0in 3 111 c luIned (Z) PXIO X10 III Svc Bunied (1) Pressure, lie,

2 6.78 2.08 i.62 .0t 3 12.95 26.0 18.2 .099 2,000

9.86 27.0 22.0 .l2 16.04 49.9 36.5 .200 I Wo 1, oc
2.95 42.6 16.s .2 :2 19. 13 69.6 52.8 .297 0,000 i
6.04 53.0 49.0 .39h 22.21 85. 3 69.7 .391 10,000 )
9. 12 6V.4 b2.7 .499 25. 30 9K. 8 86.9 .482 20, 0
2.21 72.8 81.4 .597 28.39 107.1 103.0 .570
S. 30 74.9 96.3 .692 11.48 110.2 II8.0
8.39 62.4 •/.b .783 34.56 107.1 133.8 .737

37.56 88.4 135.7 ,8 18
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'C DATA FOR TN F

z #25 Test #20 Test #23

inq Density, g sc-. 387 LoAjiiuq Lhzssity, q C-.273 Loading Density, -,/'cc-. 330
Pressure psi- 7 2 ,040 Max Pres',r., psi-48, 150 Max Pressure, psi-SS, 900

zetcr. in-1.23 Diamete.r, i-1.25 Diahneter, in-1.25

th, in -'.. 20 Lunlthit. I 1. SS Length, in-i. 85

il l Iit , td p , d ,o
- - BrninRate" Fractsion Butrningii Rate Fraction Burning Rate dtraction

33 Burin Rar frcto o
XIO in sec Burned (Z) PX 10 inl sec Burned (Z) PXI0 X10 in/sec Burned (Z) (Z)

21.5 t.6 .... 0.3 325 1.2.8 26.9 16.9 .32 2
54.9 29.7 .331 15. >. 1 40.u .394 IG.8 56.0 36.2 .386 6

104.4 57.0 .400 18.- .9 0-6i Z0.9 h9.3 59.7 .465
146.3 81.0 .462 2:.9 - 52-t 2,.9 lUsi 75.8 .539 9

175.4 98.9 .521 2.. S2. I 588 28.9 128.0 94.3 .610 2

,,95., 113.0 .78 2,.9 .. 935 .648 33.0 132.1 104.6 .677
213.U 127.3 632 311.0 :o. 103.7 705 37.0 135.6 117.3 .740

222.7 138.9 .682 41.1 121.6 118.8 .800
222.• 7 146.4 731

213.0 149.9 .776

Test #5s

aintln ;ti -10, 000

ssare, I'ei.45,060
er, - I. 0

Ih, m-1.45

t RtStrand Burning Rate of TNT

Str. %":U " W I,: litinted (Z) Pressure, ui, Burning Rate, in/sec

is i 26. U 18.2 .099 2,000

49. !) 36.5 .ZIW 3,000 0.457

00 6h. 6 52.6 .297 6,000 ' - -

00 85.3 69.7 49t 10,000 1.t.,.

00 9h 1 86.9 .4h2 23, 000 3.46

00 107. 1 103.0 .570
00 110.2 1 28.0 . •;•

107. 2 133.8 .717
84. 4 135./ .818
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CLOSED BOMB AND

Test #61 Tv it #62 rest #68 6

Loading Density, g9, cc-. 110 Loading Density, qi :c-. 110 Loiding Dt. ,ty 9;cc-. 165
Pre-Loading, psi-none Pre-Loading, isi-S,t)00 Pru-LoWadi, ;-!.10,000

Max Pressur-e, psi-:20, 620 Max Pressure, psi-27, 900 Max Pressure.. q.50,675 5
Length, in-1.06 Lngth. 111-1.06 Dianrizer, III-'.Pq
Diameter, in-0. 800 L'ameter, -- 0. FA Lenuith, in-'.20

dp dt dp dt dp dit,n L-3 -R BurninR Rate Fr action a r .- Buming Rat
[Z -3 ,,, 5d •PX".) X10 in sec P-"r.!'' (Z) s., ~ k.

2.23 .52 .46 .15 7.10 6.84 5.41 .098 12.3Y 6.2-, 3.24

3.5. 1.04 .97 .197 S.•., !1.3A 9.36 .172 15.23 24.9t 13.66

5.48 2.34 2.32 .279 10.is 15. 0 13.57 .246 21.08 67.60 40.61
7.10 2.60 2.75 .360 11.98 21.84 20.11 .319 26.93 :19.6 81.08 h8.72 4.16 4.76 .440 32.78 164.3 131.53

10.35 5.46 6.83 .519 3s. 63 182.0 185.6
11.98 8.32 11.55 .597 41.55 176.8 214.6 5.
13.60 9. iG 15.61 .675 47.40 104.0 243.9

T.-' 864 'rest 065 Test #70

Loadln.. Densiuy, 9s '..-. 110 L-iaduq Deluity, (I cc-. 10 olading Uensty. 9 cc-. 2oU
Pre-loadi-9, 16'- 2 ,500 Pre-Loadlng. iui-5.000 Pre-LWading. psi-10,000
Max Pressure, jai-24,260 Max Pressure, p.s-27, A, Max Pressure, psi-66, 432
Diameter, in-1.06 Diameter, in-1.06 Diameter, "i- 10.06
Length, in.O.800 Lenqth, in-0,M00 Length, in-l.60

dp dt Rae Frp. ~ di dp dit
- t hurn. Rate Fraction -i Buminj Rate Fraction 3 t BurniNv Rat

PXIU XIO in sec Burned (Z) PXO" XIO in sec Burned (Z) PX:03 X10 in eI

3.85 2.05 1.69 .066 7. 1.0 7.28 5.80 .091 . ' 2 21.3 It V
5.48 4.t16 3.55 .14S 8.73 13.52 11. X) .174 :., 40.64
7.10 8.32 7.49 .223 10.3s 21.N4 19.24 .244 . 64.41 .
8.73 13.S2 12.90 .300 11.98 28.08 26.2A .323 .',. ", I3.7 i

10. 15 1,8.72 19.0" .377 13.60 34.32 34.22 .396 3J. i0 X3I. 5 171.3 1
11.93 24.96 2Y. .4$2 15.23 39.52 42.43 .46 V'). 60 346.7 207.2 i
1 i. (k 28. (b 33.60 .S27 16.85 45.76 53.52 .541 47.40 39). 0 283. 3
15.23 33.28 44.07 .602 18.48 49.92 64.53 1.', 51.-W 177. 3131 z I
16.85 36.40 54.49 .675 20.10 53.04 77.38 ,6N2
18.47 38.48 67.21 .747 21.73 54.08 91.78

84I 1



TABLE i1

AAND CLOSE.D B~OW AND S F1RAND BURN[NG DATA FOR COMPOSITION B R

tF a1e~st 069 res 066

165 Wr.- ait vs,17c Loading.~ Density,& (I cc- 22j 0 PeLoadniqg Vcm. qOI 10

Max Prsue s -5U.S.& o7,Sax Pressure. pi5 5s 0SS.O* KIIx rri -r ~44140

Lengwth, in-1.20 Leaýgth, tn10 Length. ini C. IA.

~ "h ~u~ii~. R~t~, da..wos Rate Fraction

ing Ra iX1UT 3xu X10 5 .. (7)f .1..U vuwt~,,

32412.30 6.24 75 2.72 .002.30 14.:>6 10.90 .0

40. 61 21..676 i; .21 16.20 35.36 2?'.69 VJo
10826.111 119ý .4b 22. 05 121 51 3b16.25 42.64 35.33 .333

85.6 53' 3,.t; is40 -. 7t Q. 7h'2? 216. 1 137, 2 SQ~ 22.05 56.16 59.?b .126
14.6 4 35 176.~ S4 AD. 5 .117.2 163.71 .627 24.00 sq. 2b 70.26 .396

47. 4U. 104.0 J, 47.0, 214.0 240.1 Wt2 23.95 59. 2h 019. S.676

70 T Tip t *71 rest on2

Pr-Ladn1,.v- P.L-WJ401, rsl.2S.OI Ptr.Ladttg, imi IS.0G
M¶.xpr.es~itr.', .4.ut' I a tsuv ' .S6. 010 Malt Piwwsur. p .Te. 320

Fý. t~~~on lRum...uw Role FrActiton omm V rat*

no Rat Px2' 1 X1 ..' si.i .2) (2 It)I X IU it l. 1hufl1 (r) PX to X10 in, W S1imeij (2)

20.110) '0.21 I i I :i 22.05 ' 7.51 .1-19 2S. 9b ,.~ .'* -o
.64 2 4.0W 136,9 2%.4 .3i. S'.e 276. IA S 30.2516 "'So It !"4

23 . 14.7 h. 70 1. 0- 32.76 22S.6 V, 4S.0 .439 %8.65 $%..., .. ,. .413
1. 19 J 167 au:t W. P1 213.2 196.2 .195 42.9 56A. 4 90. a .491

7.2 47.41.) 140,fl 2-1.0 .497 41.30 2111. 2 224.4 ..0" 11.5 155..) '11 .0 WS
3.0 St. vi 177.9 11 1. 4 .262 4%05 or '34.0 247,2 .765q n 5I0S..,.74 14,
3.4

2



COMPOSITION B

STetit #66 Test 067

fl1V. ... 2. LoJ~u4 iu& ~ 10 JOAdin9 Denvity. i: c-* !64

p.3s. U.lk) Pre.&'i ý, - 4. 14.) Max - . is 42, U10

in. -. Otl Dtm e .:n .v Diaam&te &in1.06

Jp it dp di

.3.o*. 22. 1k.t :',:ko la., at F. 4~ s24.00 Rau6 7Thti

101 .1. k)~ 14 10.2*, .s01t S.80 31.4Q 1.71 A24

4170 If Z4). r,. IN 11 OD 3 14,613. .173
.15'1.60 1704. W92. .. 44

ii~~~~~T 0. 10D.~t P~: 171:u ," e4RmbJZ P

;-%I~~~. -IN S.76 t

t.41 3 rmft Not r.w 4, f -h FM.C3 INOto .at

41,0 MA1 2%424 .6) 2,. .2 30W0m

4.0 4.0 247.1 .74% 401k ah. .76)

3



TABUL Ut

CLOUD 30Mil AND STRAND BURNING DATA FOR

Test 932 Teo 933

Loading Density, 9. cc-. 249 ý.oatdis Demuimy, 9,cc-. 273 ImAdnq,.
Max Ptmaw~se p.- 45. IWO Man ?vmman, psi-9 0 . 44 Mal Pro
Diamerter. is-I 25 Dismotet. in-1. 25S Diameter,
Leaqah. ic-.I. Lve~th. in-I.SS I -Ca.'\ in

ip d ha laig Rate fract... hank.,~i Rate Fiactiem

61 L44 1.43 .is? 634 .70 3.47 .143 10.39
:~o .'.24 11 .as 2*.49 .268.1

17.53 Lus SoS ..t26 37.53 3.74 3.68 .3" .
23's7 3.92 4.4 do A4 ZIL SY G.79 4.79 . U 01
20.33 I Is3 3.Z .57% b~. 7.31 5.11 .617 4034

ILL.0S 7.12 7.05 .72 39.32
49.11
76.10

Teat 014 Too op7

ta.Amdi" aly. I; cc-..o La..;~~W~ at0Mel. it.. 51 1"ll a
b4" Petasem. P446.410 Man Pinmse. Pm2 .0 5 8  Pr,.I 40
Oiamwtn, tm.3.Zs Dia...,. is-1.11 Ma
Ioapk isw.1.0 -amp in-.SCs.s..oapo

karn fir. seawo boi Pus t bPnu..
pX0 ~ "c a~ 3 ios K' 0 "a m I

4.34 160S 1.$) .113 IL. 4.10 234 .0
0,"( C19 L $11 .54W 3k o .6 75 4s~ 0.06
11.6i & Id 3.42 . in 3."6 .060 & 16 11C Is.
is. i: 7.53 4.0s .449 3.5 W.58 LOS all3 307%
2p I IL 470 5.01 .361 *.54 9.07 3.96 8

35.9' 1.14 7.35 .640 19.1% .- *,.~



TABLE III

MOB CLOSFD BOMB ANL STRAND BURNING DATA FOR ARP PROPELLANT

:t #33 Test #39 'rest #41

)D ading Density, g,'cc-. 273 Loading Density, g/cc-. 393 Loading Dtnsi-.'y, g/cc-. 297

SxP-essurc, pi-50,443 Ma&x Pressure, pui-83,600 Pre-Loadiun, rvi-15,000

, ameter, in-1. 2 5 Diameter, in-1. 25 Max Pressure-82, 42S

h. in nqth, in-1.55 Length, in-2.20 Di.meter, in-1.23
Length, in-1.70

dp ,It Burning Rate Fraction dp/d r R dpidt Burning Rate Fraction on
-3 v-s .3 -S Bmn 3 5S

10 X"' in/sec B1urned (Z) PX!. Yl) n..". 0 VA pyif" vin in/:ec Btrned (ZI (Z)

.34 2.70 1.47 .143 10.39 0.O0 2.33 .154 25.07 11.57 4.96 .172 2

.08 4. 20 2.49 ?AR 0.? 8 !10.27 4.18 .2W 29 ?e 12.SS 5.77 .252 2

.83 5.74 3.65 .- zS 29.96 14.01 6. 10 .417 14.86 14.62 6.87 .330

.57 6.79 4.79 .504 T,9.7S 16.70 7.95 .537 39.75 IS.75 7.81 M0 6

.31 7.31 5.11 .617 49.54 18.27 9.83 .650 44.64 16.53 8.74 .S33 3

.05 7.22 7.05 .725 59.32 17.84 11.45 .7S8 49.S4 17.66 10.07 .6244

69.11 15.23 13.01 .859 54.43 17.40 11.51 .94 4
lb.90 10.88 17.78 .956 59.33 16.53 12.19 .761 1

64.21 35.33 13.04 .28 1

Test #37 Test #42

D ading Density, g/cc-. 327 Loading Density, g/cc. 331

l.Ldi Pressure, psi-6 2 ,065 Pm-Loading, ;ii 15,000
Ie meter, in-1.25 Ma" Pressure, psi-9, S00 (appaox)

Ltr, gth, in-1.85 Dianuter, 1n-!.25

1, in Length, In-h.8S Staad "*ag Test

dp3dt Bumig Rate Fraction dpif Ismlaing Rate Fraction bamrle Rate
10-3 XIOS in/.ec Burned (Z) PXIO XIO"$ 1./mac Burmed (Z) prsulo V"1

.39 4.79 2.34 .195 2S.07 14.05 4.65 .143 10, 000
! ! 7.83 4.21 39.96 14.79 S.43 .XOW 13,000

.96 10.01 6.1.5 .S30 34.66 17.52 6.47 .274 0,.000 4 00

,75 10.88 8.1S .68$ 39.7S 23.92 9.41 .338 30.,0w 5.3.

.54 9.57 10.02 .827
33 4.35 11.42 .963

2 .- J•l -3i



TABLE IV

CLOSED BOMB DATA FOR EXPERIMENTAL PROPE.LLANT .1N1

Test #R3 Test #84

Loadinq D,.mii.. 9, cc-. 204 Loadiuza Density, g,'cc-. 2n4 Lo
Max. Pressue, psi.4 2 ,720 Max P:.wurc, Vi-42, 200 M
Diameter, in. .1.2S DPiauett , in-I. 2 5 D:
Ltuyjth, -t-1.00 Length, in-1.00 Le

t i p .d t dIM 0 3 e F &t~ p ! d t a t idp. c kt mnwt, IKale Fraction d~ltFraction

PX10 X10-5 in Se: Burned (Z) P (10-3) (10-) dx'dt Burned (Z) P(

1.9 1.62 .845 .049 3.2 1.6 .858 .085 3
1.2 1.C .8C8 .OR4 4.S 2.4 -..31 .!19 7
4.S 2.92 .117 S.8 3.2 1.78 .153 10

S.8 3.58 1.95 .151 8.4 4.8 2.77 .219 1
7.1 3.9 2.17 .184 11.0 6.4 3.SS .285 20
8.4 4.94 2.10 .216 13.6 8.0 5.05 .3409 23
9.7 5.85 3.30 .249 17.5 10.4 7.12 .447 36

11.0 6.5 3.85 .2A1 20.t 142.5 103.8 .507
12.3 7.1s 4.31 .313 21.4 173.7 131.0 .538
10. 29.2 18.1 .34S 24.0 197.6 161.3 .58

Toes eel Teot 88

Loadivig roi)ty , cc.. 108 Loadlng1Diwity, 9-cc.,25 .. LS
Mat peiounr. 0. .70,570 PIe-Loadtg, pi-S.000 M'A
Dianwtetr. t.t1.2S Max Pfunu#t, psi .6S. 00 D01
Loogth. in !.30 Dhkafel, isad.2s

Iahi s. -1.2S

p djt dpida

Po" ) d0 u10"dS(Z) PLi0" i) I0") 'do bi () M i i

2.71 2.U ..411 . 4.8 2.6 .t",

4.32 4.10 1.64 .041) .1 S. -

,. 05 L 1 k V .IS) 1.4 7.3 .18 .15 I?
•5.4 14.0 S.S . as5 17.3 lo &* 7'.P .23
",S P8.0 4#.6 .23 21.7 20.f tt1.P .)1
19.6 IP.0 6&6 .)t 2l 0 -V ti. 2 !S7.9P . 3
£1.. 273.0 122.2 .a U 3.2 30.0 WO, 1., .41 1P
21.3 343.4 13.3 .)8I 34.4 4iQdv ?' 0 .52

26.0 391.0 161.11 .47
34.4 Sol.8 me .110

45.0 4- 0 293.4 .441

! I II 1 !I i iI -'



I'ARI.E IV

CLOSED BOMB DATA FOR EXPERIMENTAL PRCPELLANT

Test #84 
Test #85

loading Denwity, gicc-. 204 Loading Density, g/cc-. 255
MaxPressure, aie-42, U0 MAx Premuic, :si-S7,800
Diameter, in-1.2S Diametei, in-i.2S

M Length, in -!.nn Length, in-1.2S

IL Fractn dpidt Fractiou dp'dt Fractio'
Burned (Z) P (0"o) (I0"S) dx' dt Burned (Z) P(10" ) (.CI ) dx/dt Burned (.)

.049 3. Z 1.6 .=1,z .085 3. R 2. .s 1.14 .073
.. - . 4 * S .. ' 2.J4 .141

.117 5.8 3.2 1.78 .153 10.4 7.8 3.62 .204

. 151 8.4 4.8 4.77 .it!) 16.8 0.0 k .4R .126
to .184 11.0 6.4 3.U. . .. 15 1. & 169.0 88.0 .385

:.216 13.6 8.0 S.OS .341 23.4 253.5 138.4 .443
.24.) 17.S 10.4 7.12 .447 36.3 292.5 208.0 .666

23 .2si 20.1 142.5 103.8 .507
36 .413 21.4 173.7 131.0 .538

.34S 24.0 197.6 161.3 .598

Tcet 088 Test 994

9 , g ac-.ss Loading DeNsity, g/cc.. 377
Pre-L=admig, ei4-S,000 Max Prvmufe, pi .W. 000
Max Pv1mule, psi.65, S0a Diameter. in. -.

m Diameter, ia.2.S WtOO, in. .2.27

Di Luength in. .. 2IS

rt#'t60* dpdt Ftactiom dpidt Fractiua
3km,, .2 jZ) P(IO" (20-") dante Jktmed (Z) (P 1031) (10S ) d'/dt hAmed (Z)

.047 4.6 2.6 2.0S -. 0*DS 6.1 5.3 1.9 a"18

.083 9.1 !,.? 72.17 .073 1116 10.4 3.3 .16--1

.2IS3 3.2 7. ?.3u .1$ 17.2 IS.6 $.a .23,4
A2SS 17.5 16%.q 7'.10 . l 22.?7 113.8 44.0 .!il
.1$8 21.7 3.1. 4 111., .31 AL. 344.0 l46.0 .379
7.31 21.0 *a 7 .2 S?.7 .38 33.3 58L50 243.3 .446
,33* ..2 300.0 .-4L .43 30.3 4U0.0 340.0 .50

' .343 14.4 416.0 110,10 .
)_ .417

.6832



|*1

Table V

Linear Burning Rates of Rohm & Haas QZ Propellant C)ained From

Closed Bomb Test

Linear Burning Rate Calculated Surface Area
Pressure 70OF -60OF

PXI 0__ in/sec in/sec 7u*F ..60*F

5.8 2.04 1.35
11.0 3.91 Z.82
16 2 5 '77

Z1.4 7.34 6.31
31.8 8.92 7.60
37.0 1().3C 9.54
42.2 11.25 10.20 4.95 4.95
47.4 12.14 10.77 4.40 4.40
52.6 12.88 11.72 3.79 3.79
57.8 13.20 45.51 3.27 12.40
63.0 11.39 42.17 2.67 9.00

5-4
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