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SECTION I
INTRODUCTION

In assessing the hazard of an explosive under operational cordi-
tions, consideration of types of initiation which arc fureigr. to the
operation could lead to classification and costa far exceeding actual
need. The intent of this project is to establisn ealistic methnds o
clarsification whick wil!l define preciautions required under realistic
operating conditions,

One rondition of grave concern in this area is the possibility of
transition from burning tv detonatiun cccurring in large high energy
solid propellint motors. Many propellants are known to be detonabie
under extreme conditions of shock. If all propellants exhibiting this
shock sensitivity were handled as high explosives the costs of large
missile manufacturing ane atorage aites could be greatly increased.

In an earlier rcport (Reference 1a) recommendations of a series of
screening tests were made for eatablishmént of the hazard classification
of the propellants in end items. The tests of this serics could nece.;iute
testing the end item itseY, The method discussed here i an effort to
devoiop a laborgtory test which will supply the same :ypc ~f intormation
that {s obtained from large-scale tests b\;t aL a much lower cost,

""’ith this in mind, thc work in this report is the first step in an

attempt to determine under what conditions of therra.? ic: «*ian. e hazard

of high order detonation actually exists.
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SECTION 11

SUMMARY

A new approach to the cla uiﬁcat‘inn of high energy propellants
aud explosives according to their susceptibility to undergo transition
to dctonation shows promising results. Thus far, moet of the
materials tested show a (ritical prcssire above which this transition
can occur. The method involves the burning of large solid cylinders
of the material under consideration 1n a closed bomb at high pressure.
At a pressure which 18 charar*=aristic 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 takes place
in the explosive and which could proceed into detonation if sufficient
matarial were available.

At the present time, this method can determine the gross
detonation characteristics of propellant materials ~. those which
§vili undergo DDT and those which will not -- under most severe
conditions. Future developments will be aimed toward determining
how such factors as nize, physical condition and geometry will affect
the deronability of these propellant materials so that a Quaniiiati~~
haza:-1 evaluation can be made. This will eliminate the need ior
expen:v:ve tasting programs on full-scale motors.

This interim report covers data obtained Ly this prapcsed mrthod

for two secondary explosives and a number of rocket propellants.
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SECTION 1INl

CONCLUSIONS

It appears irom results of these lests that for each of the
materials studied, there is a critical pressure above which the tran-
sition from deflagration to detonation (DDT) can occur. This 19 Fe.
lieved t» be the result of a surface cracking or crazing which increases
the hurning surface and thc rate of pressure rise to a point where a
shock front can form. The existence of this condition is considered
necessary [ur DDT to oc: av. i endugh 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
cventually give a basis for a quantitative evaluation of these materials
in terms of critical transition pressure, slope of the transition curve
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 variablee on the
detonability of existing propellants and new materials as they are
developed. This test will be a valuable tool in the development of
new forrulationa to study the effcct of composition and processing

modifications on the detonability of high energy materiala.




SECTION 1V

RECOMMENDATIONS

This meti:od of testing shuuld be used to classify propellants and
~xplosives as to the possibility of transition to detonztion taking place
after ignition. In its pres.:nt staw. of development, this trsting rnctaod
can be used to establish tl:e gross detonation hazard characteristics
Sf e vpesinue Wit Subjected to the most severe conditions of
tempe ra:urbe and geome!ry., For large missilc motors, it can replace
costly tests, such as fire hazard tests on full-scale motors, which are

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

characteristics,



SECTION V
STUDY

Background:

Generally, the classification of an explosive matciial has been based
on its ability either to burn or ite ability to burn and detonate. {Ti:s is
the basis for ICC Classifications A and B -- tested for by building a fire
under the item to e <YW 00T L0 T T, se i the cooett. TV fomed
Forces use a similar baris for classification. Class 2 represents fire
hazards (violent burring without detonation or explcsion or projection of
inissiles of appreciable size or range). Class 2A represents fire hazards
which, under 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,
s'ncé only the final condition of detonation is of concern.

As long as propellant éompouitions remained essentially nitrocellulose
and nitroglycerin mixti.res and were made in fairly small sized units,
this mcthod of classification was adequate. With the devclopmen. «f
<nmponit~ propellants and new high energy formulationa, the 2C% n:t..
glycerir concept (which had been established as the dividing line between
Ciass 2 and Class 9 for N.C. types) no longer cove* s thy ficld, For
very large propellant motors, booster sensitivity tests u) nut *21! zhe

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



affect the ability 6( such a uanit to detonate. Counditions of temperature,
mass, particle size, geometry, porosity, aging, etc. will markedly affect
the ability of a propellant to detonste. It may also markedly affect its
ability to undergo transition fifrom deﬂ;xgration to detonation.

From an economic standpoint, the detonability or non-detonability of
a propellant will have a tremedndous effect not only on the cost of prueel-
lant manufacturing facilities, but also ¢n the cost of handling large solid
propellant motors and in the storage of large motors. Therefore it
becomes important to find a method of evaluating the possibility of
transition taking place under nor:» .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 basic
categories: 1) those involving thermal ignition {ignition temperatures,
friction penduium. thermal)decomposition tcvts) and 2) Lthose involving
shock initiation (booster sensitivity, gap tests). Some methods {drop
test, bullet impact test) are a combination of hoth. 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 - 1lviatinn ¢

this properiy can be made.
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Tbeoretical basis

Kistiakowsky (Reference 1) described this mechanism for the develop-
ment of detonation in a large mass of granular or crystalline explosive
ignited thermally at a tocalized region within the bulk: As the explosive
burns, the gases formed cannot readily eacape between the explosive
crystals and a pressure gradient develops. This crease in gas pressure
causes an increase in burning rate ~hicn, in turn, causes .n increase in
pressure with constantly increasing veincity. This condition results in
{hw lurmation ol shock waves which are reinforced by the energy releas~u
by the burning explosive, these eventuaily 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
material above which this deflagration can pass 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 detoration 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 per
second, although the individual particles are consumed at the rate of only
seveial 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 and ),
While .his mechanism is applied to granular material, why sheuid it not
apply 2.. well to composite or homogeneous propellants. if the growth of a
shock front can be shown (Reference 4) which ie accomp~nicd by ar

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

11
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data from the following experiments incicates that this is a possible ex-
planation of this phenomenon in sohd propellants and explosives.

The apparent non-detonability {(through transition) of nitrocellulose
propellants may be attributed to the dt.-nsc\surf.:sce preventing deflagration
from taking place :n the interstices of the materials. In apite of this,
under conditions (sach a8 low tewnperature) where the 5, -pellant becoies
very brittle or poasibly crystalhine. thices poopuilints hewve blow.. up gun
tubes. For composite propeliunts, the continucus and highly elastiz
NALUTS O 220 DINUET Prob1Dly prevents thuo type of rieectior. However, it
has becn shown that many wighly clistic inaiciials will undergo brittle
failure when stress at very high strain 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 : shock front, and that the tre-
menrdous increase 1n burning ratc 1n 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
burning 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 closed Lxmh
tests -- 1n v."uch unexpectedly high ratas of change of pressurc were
observed -- 1* was considercd possible that the closed bomb technique
might be used to deinonstratc the property usi datunability for rocx.t
propellants. It had been found that when the tested lot of cannou propellant

12
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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 pressures, a reasonable ex-
planation is that surface cracking or crezing occurred under the pressure
&nd thermal stress of the reaction. This increase in burning surface i«
believed the initial «tep in the transition {iom deflagration to detun.tion
and the ritical pressure and tae rate =t which the increase i1n surface area
occurs can be calculated f=cm mejcaurerients made in the closed bomb.

The calculation of linear burning rate from closed bhombk measurements
has becvn staadard procedure 1o many years (Referenue 7 and 8). From a
consideration of the original geometry of a grain of material and a know-
ledge of the rate of change of pressure in the bomb when the grain is
burned, the linear Lurning rate at any particular pressu:re can he calculated.
This calculation assumes that the grain is ignited uniformly over its entire
surtace and alwaye burns normal to that surtace. However, 1t surniace
cracking or crazing should occur, the cal~-=lated linear burning rate will be
far in excess of the value expected, and the increase in surface area can be
calculated from this apparent increase in linear burning rate. Details of
these calculations is in Appendix A.

RESULTS

1. TN_:I'

To determine whether the closed bomb method would throw any light on
the burting of high explosives, cylinders of TNT were prepared with
diameters of 1'" to 1-1/4" and lengths of 1" to 3". The: ~3 "uiCia nere

machined {rom so'id blocks of TNT which hud been carefully cast to make
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certain that they contitned no voids or porosiiy  Ail *he cylinders wese
machined from the s.ame block and we v considered to hove approximately
the same crystulline structure  These cylinders were placed 1n a standard
200cc closed bomb wiath & zemtorced «vlindes a0l ond tised with o small
amount ot Gr «de A5 Ul .ok powae - nd .n ML AL Sqquibb. Ty cings of typical
oscillogr :ms resulting from *he t-rangs o+ a F.ogare 1. These reprecen:
a series of firtngs mide with y,ln.d@: 501 TNT .t v, r:0us loiding densities.
In the first of these, o line s an: - ted L e cventing the troce which should
have been obtained i the cyhinde s of TNT h d Laraed zorm.ily. However
in esch c:s¢ 2 my ked dev, iev oo Gos md occurred Lt b, GOO-8 000 psa.
In examining these trcings 1t must be remembered that the standard
closed bomb :nst:umert -t1on produce s «n osc.ilog* m of dp/dt vs, P und
that the horizont i x1s tepresents P ovd the vestic -1 «x18 represents rote
of chinge of 2 The 8c¢ale 1o v tied to hyve the t: sce [i11) the oscillogram.
The calcuiated scaies of P nd dprdt v .cided to the tr . cings.

When litiear burmng 1 ste s were ¢ ol 3l -t d f=am the se trices, the
results 1in Tabie 1 ind Fipgure & were abt oned A cverage Luine 1s druwn
for burning rites catcul ted trom ke cdasod bomb test.

To estiblishthetrue burring r t - for TNT 81+ nds 1/8"X1/8"X 7" long
were prepared by cutting them frran block ot TNT similas (ol v - 2
previously. These str inds were burned in - strind burner using ti..

standazd technique at pressures {ram 1 000 psi to 20,000 ps1. The test

resylts ore inc.uded vo Fign- o 2
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The results in Figure 2 show that the calculated ciosed bomb burning
rates approxnnately coincide with strand burner resuit up to about
6,000-8, 000 psi and then sha* 5ly curve upward. Thia "apparent” increase
in burning rate 18 consistent with the acsumption of an 1ic-ease 1n burning
surface whick occurs on the cylinder due to surface cvazing or cracking.
Figure 3 shows a graph of the expected surface area vs. pressure (iosoc
curve) assuming normal geaﬁ;etry during burning of the grain and the

) * esem Tl iled e L emBirina

annas ~A D Y S T I T S WA i . ee B LEEPUINY WS R S
PR

the dp/dt of the hemb test with the actual linear burning rate from the
strand burner (upper curve) This shows an increrse in surface area of
close to 20 times for TNT.

It was desired to determine whether the change of slope i» Figure 2
was strictly a pressure and thermal effect and independent of the amount
of TNT burned. Therefore, 1 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 ourned quickly, giving an initial
lugh pressure and temperature to the bomb before any appreciable burning
of the TNT took place. This technique permits a larger mass of TNT to
be present at higher preesare. Measurement made in this way showed
virtaal.y no change in the pressures at which the change in sivpe wiii.
plaze ir (he lowef part of the curve or in the slope of the suiddic g ~
the ci:: ve. However, an increase in the slope of the upper part of the
burni:gy rate curve did result. This tends to conf!- *1n t}; ~ {422 that there
is possibly some minimum mass of explosive necessti y to mrin*sin the
formation of increasing burning surface. This area will be further

investigated.
15
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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 ioading densities. To

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

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

below about 5,000 pai. However, strands cut from the same block of

Compositior. B as the cylinders were burned in the strand burner to obtain

the normal burning rate vs. pressure curve (Table Il and Figure 4 and £).

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

4,000-5,000 psi. The slope of the civsed bomb curve past the transition [y

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 zample of ARD piupellant was subjected to the closed bomb test.
2o establish the applicability of the closed bomn technique to detsrmine
detonability of high energy propellants. Figure 7 shows a serics of tests
resulting from increasing loading denvities up to about 0.40. When in-

creased to 0.43 by preloading with sheet propellant, a change in slope

occurred at about 35,000-40,000 psi similar to those obtainesi ivs T .G
and Composition B. This was accompanied by a disintegration of c:uc .

the scals in the bomb. Unfortunately, each time conditions were used in

which the trar .ition was expccted to Appear, the rate of energy rcleasa was

80 great that some part of the bomb seal was destroyed and a ‘art o, tha

16




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 IIl and Figure 8 ' now & piot of linear burning rate vs. pressure
calculated from the available data for the ARP propellant hurned with and
without preloading. The linear burning rates obtained with the strand
burner are a'most coincident wita those calculated from the closed Lumb
at prescures of 10, 00 psi and above.

T e e )

A sample of highly sensitive experimental propellant was then sub-
jected to this detonabulity 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 ottaincd at about 15,000 psi (Figure 9). Also, the fall-off from the
maximum dp/4t begins at a wwuch lower percentage of the maximum pres-
sure than for the high explosive samples. Figure 10 and Table IV show
the data and a plot of the linear burning rates calculated from the closed
oomb traces. The strand burner curve was extrapolated from low
pressure data since strands of this material were not available for high
pressure testing. Figure 11 shows the surface areu relationship between
expec.ed area and eupposed actual area obtained.

5. Ro~.a & Haas W2 Propellant

: sample of Q2 propellant composition was obtained from Rohm and
Haas at Redetone Arsenal, Huntsville, Alabama Thi, 1::terial is the

same propellant compoasition that detonated in « 7,000. pound =ctor in the

YW oom
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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 cylinders 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 | b9
showed an abrupt change from normal burning at about 55.000 psi. The
increase in burning surface calculated from this apparent increase in
burning rate is of ‘he order cf four tiunes 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.

Discussion of Resulls

A preliminary study of the data obtained for the ratio of cylinder area -
to supposed actual arva -- the area that would exist if normal burning took
place with no 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 burning, This occurs hecause there« i» uui

sufficient material available to develop a shock wave of sufficient intenuity

to gu to detonation.




. Figure 13 shows the ratio of surface area from closed bomb to expected
surface area for the same cylinder of TNT presgented in Figure 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 equivaient study for a Composition B cylinder in Figure 14 shows
that the increase in surface did not start to level uff until about 70% of
the grain was consumed.

The "Experimental Fropellant' was tested in cylinders of different
diameters and the changes in burning rate as a function of geometry were
calculated. It was found ihat {u: 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 Buck, Epsticin and Jacobs under the NDRC (Reference 1),
the high burning rates described in this report were not observed, since

the explosives were burned in small grains.

An analysis of the relationship of unburned fraction and reinaining
diarneter to the changing burning surface for Rohm and Haas QZ Propellant
shows that the burning suirface stops increasing when tha diamete - of the
grain reaches 0.8 inches at -60°F and then decreases back to ng:r ~*" burn'ny,
U sufficient mass were available, it is believed this increasing burning arsa
would se maintained and might be suificient to set up the conditions necessary

for transition to detonation.




DAl

In addition to the data reported above, a number of other less sensitive
materials were tested in the bomb, with and without preloading. OIO pro-
pellant taken from "Honest John'' grains were tested in 1' diameter cylinders
and Polysulfide Perchlorate propeilant samples iroin XM30 motors were
tested and found to give normal traces up to pressures oi 80,000 psi. This i
indicates that, at the temperature of testing and in the p..ysical conditicn of
the tested samples, transition to detonation from normal burning could not B
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 en~ount- red in actual burning still needs to be
investigated. Since the Rohm & Haas QZ propeilant is considered to have
detonated in a 7,000-1b. 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 lest motor might have induced this material to undergo
transition.
The question has been raised: 1Is it possible for cracking or craszing 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 unbalancud *v-as
developer in the grain giving rise to a tensile stress in the material. For
crystalline pwaterials like TNT the cracks could develop in the crystal
boundaries. Confirmation uf this might be obtained ii casting: of TNT ¢

different crystsl size were subjected to the Closed Bomb Test. Diiferent

20




rates of change of surface area should be obtained for the different crystal
sizes. For Compousition B, the briitle 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 elaatic in nature,
this mechanism does not occur until very high pressures and rates of
change of pressure are reached. The fact that b.:ttle fracture occurs

for highly elastic materials at very high rates of strain has been demon.
strated by J. W. Jones (Refercrce 5 and 6).

In any case, the pre-detontation reaction is probably a function of
the three .onditions of prassc. 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 pre-transition reaction and
critical pressuse described in this work. In the case of very sensitive
primary explusives, the level of the controlling parameters required to
start high order detonation is so low that they cannot be measured by
present techmiques. 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
80 that any materials which can be detonated with high expluzive hangters
cAn pive a positive test in the closed bomb. After this techn.que has been
worbed out, entire veries of propellants in use in existing missiles, and
those compositions under development, will Le subjec:ed *o thix test for

the purpose of classification.




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 chinge of preasure. The design of a transducer with a
frequency response sufficiently high (200-500 KC) to obtain accurate
measurements is also being investigated.

To relate the results of this test to actual conditions 1n a large motor,
in effort is being made to establish il.c relationship between the rate of
presasure rise which might occur in 2 large mass of propellant and the
time to tensile failure of this mass of propellant, if a small defective
area should exist {one contauining a porous section in which the surface
arex available for burning is much larger than normal). If it can be
shiown that the lucal pressures obtainable under reasonable conditions
of defects are in the range of the critical presaure required for the
pre-transition reaction to occur, then it is considered rcasonable to
assume that transition from burning to detonation ia possible in the

given full scale grain,




U

(24

REFERENCES

Kistiakowsky, G. B., Initiation of Detonation in Explosives,
Third Symoosium on Combusticn Flame and Expiosior Phenomena
Williams and Wilkins, 1949.

a. Partridge. H. L, ©_fety Hazards of Rocket Propellants,
Picatinny Arsenal Industrial Engireering Division Technical Report
DB-TR: 13-58 November 1958 (Confidential)

Hyndman, J. R.. et al. Rohm and Haas C... “allistics Sectinn Progcam
Renort #t7, October 1957,

Mason. C. M. et a! (U. S. Deot. of interior. Bureau of Mines)
Final Summarv Rencrt #3734 [nvestigation of Susceptibility to
Uetohai 0n Of rrozeilants,

Matek., A, (Navai Orlnanes laburatury) NAVORD 6105, Smuilivitz
of Explosives V!!. Transition from Slow i .

Model for Shock Formation in a Deflagrating Solid, 3 February 1958,

Jones, J. W., Sagers. D. 1., and Nolan, E. J., Fracture Mechanics
of Solid Propellants, Progress Report No. ELab-A-19, 16 ?obruarv 1959-
uPont de Nemours &

Company (Confidential).

Jones, J. W, Predictinn af Catastronkic Rarket Matar Funlosion
Conditions {rom Broad Spectrum Mecharical Property Anaiysis,

reprints i eeting, « ropellant Group,
Vol. 5.

DPallingston, A. O.. Weinstein, M., Method of Calculation »f Interior
Ballistic Propertiers of Propellants fro catinny
reenal Technical Report #2005, June 1954,

Wallace, W, F., Ncw Form r Ra gl rf Vi 2

Buvaing Rates of Solid Propellants. Picatinay Argc«>’ Terha.cal
Eeporl 'mi. .\prl‘ 1988,

Re.am & llass Co. Redstone Arseral Division, Memo dated 20 August 1959

to . Brinkley from A. R. Deschere, Subject: Desopation of larae
E‘~"‘“£.

10. C. E. McKnight, R. Pohl, 8. Wa:htell,

Automatic Comng;m of
Linear Burning Rate from Closed Bomb Data, (Picatinay Arsena!
xmmun!do G T “

roup Technical Report 'n be peblished).

23




REFERENCES
{cont'd}

11. Buck W, B., Epsatein L. F., Jacobs, 8, J. Closed Bomb Burning of
High Explosives and Propcllants, Division 8, National Defense Res.
Committer OSRD REPT #6329.




APPENDICES




APPENLCIX A
METHODS 7 DATA REDUCTION AND CALCULATIONS




APPENDIX A

METHODS OF DATA REDUCTION AND CALCULATIONS

I. Linear Burning Rate

A, Theory

The linear burning rate is the rate at whirh "he burning surface of a
propeiiant recedes in a direction narrnal to the {lame froat,

I édx1s be drstrnrs hurming nroreeds during any time interval dt, then
dx/dt 1s the hnear barning rate,

By assumang “hau all surtuces of the burning propellant buru at the
jame rate, and by using & known geometry, the linear burning rate can be
deduced from the mass rate of burning, By the assumption of a suitable
equation of state the masa rate of burning can be de duced {rom the rate of
thange in pressure surrecunding the hurning propellant in o closed vessel,

For particles of known shape, such as perforated or solid cylinders,
the closed bormib fitted with a rapid response pressure gage is a su.table
ecxperimental apparatus for determining the linear rate of burning of
propellants ar explosives it any pressure,

The apparatus praduces an oscitlographic trace ot pie2o-c ™ inuced
volieges as measures of the rate of change of pressure, dp/:tt, aac
pressure, P. Sample truces are shown in Figure || The rate of change

of pressure is calculated (rom the ordinate voltage

x. *rdtr pressure

2k




from the abscissa vnltage, Vy. after appropriate calibration and determi-
nation of gage constants.
P=Kg vax+Kl (1)

K.V, (2)
dp/dt: —_———

R
The maximum pressure (at the end of burning) can be used to measurs
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 igmter, if any,

where Kg' Cx and K, are equipment renstants:

i

pmu= Kg Cx vxmu + l‘(1 (3)
1 m3, .
2 l_uu-— +2) D
. ° ° (Pmax - Fi) (4 .
P P, + T ma
l- Lb +Tn-:;' +(5'b) ZJDO

To simplify calculations the term (mil"'o) a is considered negligible
because of the relatively small guantity involved in m;, the mans of igniter
and prepressurizing materials.

The gecmetry for solid cylinders of propellant or explcsives burning on

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

{d-2x) and (h-ix}, at any time:

., &
2ot (h-29 (%)

&4




The derivative, dp/dZ, may be found from cquation 4 and the deri-

vative dZ/dx from Equation 5:

dp/dz =1 (2) (6)
dZ/dx = f, (x) (1)
The linear burning rate can be calculated from Equations 2, 6, and 7: S

_ dp/dt N
dx/dt = ;357q7y @iTay o

B. Calculation Method.
The Equations 4-8 have. in principle, been re-arranged by W. F.
Wallace (Relerence 8) to a iorm suitabie for direct soluitiua, 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 clised
bomb data to linear burning rates,
The equations used for this solution for a solid cylinder ars listed
N helow. These equations were programmed for solution in an IBM 650
computer. {
2 2 el
K¢ = (4-h) /1.5 nd (9 ‘
Kg » 27 hd®/2 (d-n)’ (10)
B = (Pm - P‘) (1-aD) / (a-b) D (11)
C =(-.bD)/ (a-d) D “ua)
. Z ={P. 13) (1-bD)
(13)

(P, - P,) 1-aD) v '(p.p‘) {a-5) D

e




E =1+K.14-.2) (14)

5
1f E<l
Q= cos™'E (15)
5,/V_ = [1-2 con (60°+2/39)] Ké (16)
i E21 -

£, )

S /v, = L([Er(EZ BILI IR [w-(gz._s)*] “3) 2_1] X, o)
dx/dt = ......_‘.12../‘“ -

B (l+-§) 2 x {18)

¢C 3 v,

In these equations certain special casvs had to be recognized to aliow for
discontinuities introduced by algebraic and trigonometric solutions. When
diameter exactly equals length, a discontinuity arises in {Equation 9) for 1(6.
An increment of 0. 0] inch is therefore added to one dimension for this special
vase. U the Quanlity E 1v iene than unity a cosine procedure is used (Equation
15); if equal to or greater than unity a cube-root nracedure is used (Equation
17). Either procedure ieads to levo which is then used in the final equation
(Equation 1 8) with the experimentally cbeerved dp/dt to calculate the linear
burning rate dx/dt.

11. Equivalent Surface Areas
A. Theory
Whaen linear burning rates of single cylinders of propellant or e«plosive are

found from closeu Lomb data using the solid cylinder geometry an described




above, the resuits 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 may be full of cracks or may be breaking into smal! pieces,
with the strand burning rate governing the reaction for each burning
pariicle, Combining experimentally determined rate of pressure rise,
dp/dt, and pressure, p, with ~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
buruning cylinder dimensions by Equation 5 for a smooth cylinder, In
Equaiions 8 and 18, however, the predicted linear burning rate from
strand burner data,

dx/dt= lpn
would be used. Then from Equation 18 the equivalent arca 5 13 tirine
repre "enting surface area of cracks and convolutions on the surface of &
rough =viinder, The equivalent areay are found iv pruceed through a

maximum (Figure 3) before reaching sero during burning.
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Test 47

loading Density, g. cc-. 11
Max Pressure, psi-14, 310
Diameter, in-1.2G
Length, in-1,01

Test #10

Loading Dens:ty, g oo -, 165
Max Pressure, psi -23, 600
Diameter, in-1,00

Length, in-1, 85

CLOSED BOMB

Test #24

Loading Deisity, g:ccw. 350
Max Pressuie, psi-63, 650
Diameter. in-1.2%

Levots:, m-2,m0

dp «dt dp e ] dp dr |
3 } Burning Rate  Fraction 3 -5 Burning Rate  Fraction . T bunang Rat:

PX10 X10 in sec Burned (2) FX1U X1 in sec Burned (2) PX10 X10 in/sec

S 1t Cius L €3¢ o100 3.39 448 L 430 Y 12, » 23,7 i3.0

3.52 . 315 V473 . 264 6.08 1.07 1.13 . 286 16,3 54,6 37.5

4.94 . 460 L7190 14 8.77 ooy 3. UK . 407 20,9 03,3 61,3

6.35 . 751 1.35 . 467 11,46 6,96 8, 81 .522 24,9 31,3 80.1

7.76 1.36 2,72 . 565 14,15 12,6 18.6 . 634 28,4 155,90 97.9

9.17 2.08 4, 88 . 662 16. 84 18.3 32.6 L 742 33.0 :70.0 112,3
10.5 2.86 8,23 . 757 19,53 21,1 51,0 847 37.C (55,1 i29.4
1.¢ 3.68 14.3 . 850 22,22 16.6 77.6 . 949 41.0 in8, 3 141.5

45,1 177.5 146. 4
_T_est #i2 Test #14 Test #51
Loadiny Density, g.cc-. 221 Loading Density, g cc-,273 Loading Density. g/ce-, 197
Max Pressure, psi-35,885 Max Pressure, psi-41, 286 Pre -Loading, ps:-5,000
Diameier, in-1,00 Diameter, in-1,25 Max Pressure, psi-36, 170
Length, in-1.95 Length, in-1.55 Diamcter, ~-1.08
Lo:ngth, in-1. 45
3 dp- 1:5 Buming Rate  Fraction 3 dp. ‘fts Burning Rate  Fraction 3 a ‘fl Buming Rate

PX10 X10 in/sec Burned (2) PX10 Xt in sec Bumed (2) PX10 ~ X0 in/sec
4,74 978 7 . 159 13.1 25.8 20.9 . 301 s "o Leue
6.75 1.7¢ 1,27 .223 19.3 54.8 49,3 . 837 9. KA 2.9 2.0
8,77 3,18 2.41 . 286 25.4 78.5 82.9 .681 [ N 0.8
10.8 6. 60 5,18 347 31.6 83.9 116, 4 .813 ieoe! VYAV 49.0
12,8 13,9 10,6 . 407 37.% 50.6 130,2 936 19, 12 62, 4 62,7
16.8 32,0 28.5 .522 22,21 72,8 81.4
20,9 47,0 47.0 .632 25. 30 e 96.3
24,9 56.7 66.8 .738 28,19 62,4 97.§
26,9 $6.7 74.6 +788

B-1

BC

24

350

A




OMB

TABLE 1

~LOSED BOMB AND STRAND BURNING DATA FOR TNT

fest #24

Test #25

0 Loasiing Densiry, g o=y 3% ading Density, g ¢o-. 387
Max Pressure, psi-63, 0% Max Pressure, pei-72,040
Diameter. in-1.25 Diameter, in-1,25
Length, in-2.00 Lenith, in-2,20
Rate dp dt Rure. o Rate  Fraction . e d:. Bum.ug Rate  Fraction
ec P10 xm‘s “. sned () px10™° xi0™” T Rurned (D
f’ 12,8 23.7 o 275 s 21,5 1.6 .260
’ 16.8 64,6 L35 6.9 L .7 338
’ 20,9 103.3 424 o) 104, 4 7.0 400
‘ 24.9 BL . 92 24,9 140, 3 $L.0 462
’ 28, 9 155.0 : 357 25,9 175, 4 98,9 .521
‘ 3.0 170.0 .0 618 35,0 195, % 113.0 .57%
f 7.0 185 e 67T o 20 127, 4 (632
' 4.0 188.3 IO coad 41,0 222,7 138,49 . 082
‘ 15. 1 177.5 o 755 B0 2n7 146, 4 Pt
49,1 215,0 149,9 776
FRC N Test #52
’ ading Density. 4 .. .. Loading Density, g co-, 197
re -Loading, psi-3, (o Pre -Loading, pei-10, 000
ax Pressure, psi-36, . 7u Max Pressure, pei-+5, 060
Diameter, m-1.0% Diameter, m-1,08
ngth, in-1,45 Length, in-1, 45
Rate 3 dp/(‘h sum:ng Rate  Fraction 3 A di Buming Rate  Fraction
c PX 10 X10 m e Bumed (2) PXI0T X100 m sec Bumed (2)
2 6.78 2,08 Y .Ut 12,95 26.0 18,2 .099
9, 86 27,0 22,0 182 16,04 49,9 16.5 . 200
2,98 12, 6 36,4 el 19,13 6%, 6 52,8 297
6,04 53,0 3.0 L 2oy 22,21 85.3 69,7 391
9.12 6.4 62,7 . 499 25,30 98, § 86,9 . 482
p2, 21 72,8 81,4 597 25,39 107, i 103,0 .570
RS, 30 74.9 96.3 682 3. 48 10,2 118.9 W55
g8, 39 62, 4 Y7.5 743 14, 56 107, 1 133.8 .737
37.56 48, 4 135.7 .88

Test 220
lwading Deasity, o co-, 273
Max Pressure, 1ar 4y 150
D, meter, 1,25

Length, in 150

nurneng Rate

-3 i

PX1V e Lose
12,8 o UL
i5.a KR i,
15.9 T o
21.9 BN 08,35
24.9 Wwioe 2.t
27,9 s,

3.0 ViDL '

Fraction
Burned (7)

Ang

L3325
LR
L4061
.526
. 58§
. 648

. fUD

ser B

Pressure, psi

2,000
1000
6,000

10,000

20,000

VI D O - i U

N

iure,

1,00
3, 00
3, 00
), 00
), 00




Str

2

88888 |

NG

fling Densiiy, g

DATA FOR TNT

m25

so-, 387

Pressure. ps1-72,040

neter, in-1,23

bth, in-2.20

Test #20

—

'A.\)AJIIH_) U\'HSH)‘, q ce-,273

Max Pressure,

Length, m- 1,55

dp Jt dpodt
R - Buming Rate  Fraction 2 -
X107 insec Bumed (2) PX107  Xio "
21.5 Til( DEN T’.»’ PREIY]
54.9 29.7 .331 15.3 Haal
104, 4 57.0 . 400 18, PR
146, 3 $1.0 . 462 <Ly 5
175, 4 93,9 .521 RET viLn
95,5 113.0 .57 ] D
213,V 127.3 632 31,9 0,8
22,7 138.9 . 682
a7 146, 4 731
213,0 1499 776
Test #5¢
Bng Doty g we=a 107
oading, 18:1-10,000
Pressure, (8i-45, 060
eter, in-l.US
h, in.1,45
3 ' :“s Ruminy Rate  Fraction
K0 woseu Rumed (2)
26.0 18.2 09y
49,9 36.5 el
64, 6 52.8 .eu7
85.3 69,7 Rt
98§ 86.Y 482
107, 1 103.0 . 570
110, 2 1i8,0 AL
107, 1 133.8 737
48, 4 135.7 W18

psi-48, 150
Diameter, n-1,25

Burning Rate

Fracion

in sec Burned (2)
0.3 . 325
0.0 394
85,0 c40i
LI . 526
82,1 .588
93,5 , 648

103.7 . 705

Test #23

Loading Density, g/cc-. 330
Max Pressure, psi-55, 900

Diameter, in-1,25

Length, in-1.85

3 dp: ‘3; Burning Rate  Fraction
PX10 X10 in/sec Burned (Z)
12,8 26.9 16.9 . 302
16.8 56.0 36.2 . 386
€0, ¥ 59,3 59.7 . 465
24,8 108,/ 75.8 .539
28,9 128,0 94,3 .610
33,0 132,13 104, 6 . 677
37.0 135.6 117.3 740
41.1 121.6 118.8 . 800

Strand Buming Rate of TNT

Pressure, pei
e —

2,000
3,000
6,000
10,000
€2, 000

Burning Rate, in/sec

R
0, 457

-

L
e v

3. 40

C

- o N O W o N ,



Test #61

Loading Density, 9. cc-.i10
Pre-loading, psi-none

Max Pressure, psi-20, 620
Leayth, in-1,00

Diameter, in-0.800

Test #62

Loading Density, ¢ cc-. 110
Pre -Loading, psi-5, 000
Max Pressure, psi-27, 900
Longth. in-1,06

Ciameter, in 0 900

3 e (f! Buming Rate  Fraction 3 dp t’: Bumning Rate  Fraction
PX1 X10 i\ sec Ruened (Z) Lo “u FHTANTIEO P
2.23 .52 . 46 ALY 7.10 6,84 5. 41 .098
3.8 1.U4 97 L 197 LAY 11,33 92,36 172
5.48 2.34 2,32 . 279 10, 5 15.00 13,587 246
7.10 2.60 2,75 . 360 11.98 21,84 20. 11 .319

8.72 4,16 4.76 . 440
10.35 5, 46 6.83 .519
11.98 8, 32 11,55 .597
13.60 9,85 15,61 . 675
Toe 864 Test #65
Laadiag Densicy, 4 o= 110 Wading Dewsity, g co=, 110
Pre-loading, ei-2, 500 Pre -Loading. ei-5,000
Max Pressure, psi-24, 260 Max Pressure, [ei-27, Asn
Diimeter, in-1.06 Diameter, in-1,06
Length, in-0, 800 Lenqgth, in-0,800
A dp ‘_“5 Buming Rate  Fraction A d ‘."S Buming Rate  Fractiwon
PXi0 X10 in sec Bumned (2Z) PX10 ~  XI10 in tec Bumed (2)
3,85 2.03 1.69 .066 7,30 7.28 5. 80 N
5.48 4. 16 3,88 <145 8,73 13,52 1,0 A7
7. 8.3 7.49 . 223 10, i3 21,84 19, 24 LN
8,73 13,52 12,90 . 300 11,98 28,08 e, 23 323
10.35 '8.72 19.Q0 377 13,60 34,32 34, 22 . 396
11.9% 24,96 2/ . 452 15,23 39,52 42. 43 468
15,60 28,08 33.60 . 527 16.85 45.76 §3.82 541
15,23 3. 28 44,07 . 602 18. 48 49.92 64, 53 et
16. 85 36. 90 54. 46 . 075 20. 10 53,04 77.38 . 6R2
18. 47 38.48 67,21 . 747 217 54,08 vi.78 VAT

8-2

CLOSED BOMB AND

Test #68

——

Loading Deasity, g/ce-. 165 ha

Pre -boadmy, p:-10,000
Max Pressure, w130, 675
Diameter, in- ' 0%
Length, in-7.20

3 dp ‘fl Buming Ra
Y o roer
12,30 6.2 .4 4
15.23 24.9¢ 13,66
21.08 67.60 0. 61
26,93  119.6 81.08
32.78 164.3 131,53
38. 63 182.0 185.6
41.55 176.8 214,6
47. 90 104.0 243.9

Test #70

loading Density, 9 cc-, ¢V
Pre -loading. pei-10,00C
Max Pressure, pei-66, 432
Diameter, in.1.06

Length, in-1.60

3 dp \_h Buming Rat @l
PX:0 X10 in e
16, & 80,27 21.%3
W, o w64 §
wle I o4, 41
MW 133, 7
35, /0 X35, 5 1743

4, 60 346.7 207.2
7.9 M0 283
St LY 33«

R koL




AND

ing Ra
nsec

3. 24
13, 66
40. 61
61.08
31,53
85.6
14.6
43,9

ng Rat

S

21,83
. 64
84, 41
P3, 7
71.3
p7. 2
$3.0
3.4

TABRLE il

CLOSED BOMB AND SI'RAND BURNING DATA FOR COMPOSITION B

Toet 20N
Loading Deusaty, g cc-. i
Pri:-Loading, psi-10,000
Max Pressure, psi-30.07>
Diameter, n-1,C0
Length, in-1.20

Test #69

Loadng Deanaty, ¢ ¢c-, 220
P -Loading, pei-3, 000
Max Pressure, psi 58,000
Diameter, in-',006

Leugth, -1, a0

Test #66

Loadwug Demsit . g oo-. 110
Pre -Loadiag, .. 10,000
fax Fresture. -4, 1480
Daameter, n-t.0o

Length, ia-C. %A

dp e Rammea ;| Fraction 3 * “;. Sumuyg Rate  Fraction dp suruing Rate  Fraction
) Px10-3 X100~ o Ruri o () PX10 v Fos I nean’ von R Pamed (T
12.30 6,24 LN TTS 6. 24 .72 060 1230 14.56 10.90 . 101
15,23 24,96 BN T4 RN NG XL NN 14. ¢ 27.04 21, 37 . 136
21.08 67,60 93 14, % 0oy .53 .2 16.20  35.36 29,69 .37
26.7%  11ve A 3 .05 1 5.1 - 358 16,15 42.64 38,33 L3853
32,0 164 N 8T .63 154N 55. 45 .42 .10 8.9 48,51 1 H
Ijoov 182,0 o "o .78 e 1.2 .S02 22.05  56.16 59,76 .516
40,35 176 N pED) o 35 T 1ed.7 . 627 24.00 S92 70.26 . 596
00 1040 s oy W0 240.3 <817 5,95 59.28 %0. 18 678
T Tem 071 Test #72

lﬂldlm) onkity u Livachiny Dhamgary 0 ey Lud‘.ug & R R ]
Pre-Loadg. jeiel cwe Pre <Loachingy, pei 15,000 Pre-Loading, ;=i 15,000
Muax Presiure, paiete o0 Maa Pressuny. - S8,080 Max Pressure. =78, 310
Diameter, 10 +1.0¢ Diametet, m-1.00 Diameter, in.1,06
Length, m.1.00 Letaath, 1,0 Leagth, .. w

N e J‘s Fra tion . dp J; Ru=.omi Rate Fractwon 3 dr Ruming Rate  Fraction
PX I Xi0 a1 (2) PXI0 X "o Mamad (D) PX10 X " e Mmed ()
te, 20 50,27 St Jan v, " b PR Y LO8¥ ]n.n 28,0 N, 2 . 128
20, 10 ), 13 ing . 1 uh 1q, ) iS5 JATY 24,9 N . e
W{w 169 RNH 3Ty Xl TN vy, 8 . 2on 30,18 4. er v >
3.9 565 AN A2 DWW D3 1229 LASY N Ca &
.70 08, 5 S L 12,78 %% 145.9 L4 18, 48 rN e ]
B.@W 6.7 k TIN A woul 283 198,2 . 608 .9 $60. 4 ™06 )
7.9 wa.n 4.0 Xy IO I 13 W 2244 . 680 5.8 $85.9 159, 8 695
$1, % 7.9 (TR W] W {Y 40,08 2340 247,14 " . 768 e v N o L = ]




ction
E\td )

101
156
"e70
353
as
316
tve
“676

iction
el (D)

. 138
1 203
3. 878
v 080
.4
). 493
), 95
760

COMPOSITION B

Test o

——

"
sy, o Oo-. el

P, er-3 0
L pei 35, U

n-1.00
Lo
dp it
v L Bumuag Rate Fracton
Y mows Bumed ¢4)
6.1 2.7 NV
i e T
i, Q.53 Lot
RN Y o .1} 330
33, 33 ¥ .4d0
te, d 1 N LS8l
v tet, " 02T
LN LY Y
Test #7}
£ N )
L YRRS MY LT
LRSI WTE
[N 1
L
: Pl 3
J . surme; Rete  Feavt.on
10 noeed Homed (0)
e 4.4 LONY
1 X N .88 e
rL WY "y, 8 .dun
.. O 2.2 184
L 1459 LN
133, ¢ 196, 4 TS
+3 ] 4.4 . e
we 7.1 R7AY

Test 966

Loadiug Densaty, o oo 110
Pre-Loadin,, = 10,00
Max Pressune, nc-34, 180
Diamietes. in Lo

Leagth, 4. 5u

Test #67

loading Density, g cc-. (64
Pre -loacing, pei-S, 000
Max Prosene pei 42,620
Diamcter 12-1.06
Vength, -1, 20

4
R . dp & ‘ .
urning Kate  Fraotion Bumning Rat¢  Fraction
PXIL i 308 - o Toooaem
. W 14, 10, % . 10t 5.4 3. [P Al N4
[ TR «Cudi cie’ AT 8.0 6.34 3. 6¢ . 100
to, X0 H, o Jagns carl 11.00 14, ha K77 178
In e L N v, 153 13.60 27.04 16.92 i
. v LXREN P WY 3 18, %0 63. 44 .,V 393
MRS Y RN S T .Se 4. 00 9S.68 . 342
ML A dN o L0 . B 1S 1L N
Shs LY ), 1y NP 11, %0 1ne.e 14,4 734
100 100, 9 .7 g )
Teut @70
[P OL EYIPRN ¥ N 111 WV RGNy §
P loatag e 15 00
Mo Proviy jo. T8 0 s
Doameter a0
Loith, o Strand Suming Rate Ten
. TR s Rate  Fractwon Burming Rate
P00 N - bee Rumed (D) Prewsury »
‘hemumgtt

.2 NI Y .’ a8 2, 000 0.81
R § o, B [0 | . 20} 3. 000 VR,
AL LN 11 24 ) $. 0 W
W, * or.0 iw.? 188 10. 0OC 2at )

NSY 2.0 2742 M) . X0 s’
a9 Ll 20, & L) 0, a0 N
LI $48. 0 iaw, § R
B} 300 0.2 Je




TARLE ut

CLOSED MOMB ANC STRAND BURNING DATA FOR

Test #32 Temt #33

Loadiag Demsity, g. cc-,.249 woading Demsity, a/cc-. 271
Max Preaure, pe.-4S, 160 Mas Presure, pei-50, 440
Diameter, in-1 2§ Diametcr, in-1.28

Leagth, 1a-1. 80 Leegth, in-1.83

qu.l Buming Rate  Fractice ‘Nfs Buraing Rate  Fractios
x10 n cec T et X0 = Purmed (N
2.4 1.43 . 187 by ] 1. @ . 143
N 3+ 1] R 3 O . 268
iS5 22 LN )
N ] . 354 6«79 47
6,20 673 .1
7.08

Ten 434 Tem 857

Losdiag Density, ¢ cc-. 299 Low s a9 Deasity, gice.. 307
Mas Presure, pri-%4, 400 Maz Presare, poi-02, 003
Diameter, w-1.23 Dismewer. 8-1. 288

Leagth, 10:1.0 Lesgth. in-1.83

&
s

*: Darsing ket  Fraction
baned (D) X0

«“"n
1.83
0,01
0.0
.87
LM




TABLE Ul

OR . CLOSFD ROMB ANL* STRAND BURNING DATA FOR ARP PROPELLANT

<zt #33
) De ading Density, g,/¢cc-. 273
“rassu ax Pressure, psi-50, 440

crer, B ameter, in-1.25

Test #39

loading Density, g/cc-. 393
Miix Pressure, psi-83, 600
Niameter, in-1,25

Test #41

Leading Deasicy, g9/cc-. 297
Pre-Loading, pei-15,000
Max Pressure -82, 425

h.in ‘:‘ ngth, in-1,55 Length, in-2,20 Diameter, in-1.25
. Length, in-1.70
3 dp. 'ks Bumning Rate  Fraction 3 dp/dt Buming Rate  Fraction 3 dp/d‘s Buming Rate  Fraction
? 1077 X in/sec Rurne? (2) PXt0 T T S Mimad (7 pPYin_~  vin~ in/cec Burned (2
. 34 2.70 1.47 . 143 10. 39 5.00 2.33 . 154 25,07 11.57 4.96 172
.08 406 2.49 268 0,18 10.27 4.18 .283 9.%6  12.88 5.77 .252
» .83 5.74 3,65 . 385 29,96 14.01 €. 10 .417 34,86 14,62 6. 87 .33
, . 57 4. 79 4,79 . 504 59,75 16,70 7.95 .537 39,78 15.75 7.81 406
, . , 31 7.31 5. 11 .617 49,54 18,27 9.83 . 650 4, 64 16,53 8.74 .5$53
.05 7.22 7.05 725 59.32  17.84 11,45 .758 ©.54 17.66 10.07 624
69,11 15.23 13,01 .859 54, 43 17. 90 11, 5¢ . 694
. R 74,90 10.88 17.78 .95¢0 59,33 16.53 12,19 761
64. 21 15.33 13.04 .828
Test #37 Test #42
1) Del ading Density, g/cc-, 327 Loading Density, g/cc, 331
o.adin Pressure, pei-62,065 Pre -Loading, pwt 15,000
e ameter, in-1,25 Max Presrure, psi-98, SOU (apperox)
clef, ngth, in-1.85 Diameter, in-1,25
h. in Length, in-1.85 Strand suraisg Test
»
. dp/ d; Buming Rate  Fraction 3 dp Buraiog Rate  Fraction Suming Rate
a X10 in/sec Burned (2) PX10 X10 in/sec Bumed (2) Pressurs i el
. 39 4.79 2.34 195 &5.07 13,08 4.68 143 10, 000
, . ! 7,83 4.21 L 29.96 14.79 5. 43 . 30y 15,000 Lo
, . 96 10,01 6. 10 .530 34,86 12.82 6. 47 274 20, 00V < 00
: 75 10. 88 8. 15 . 683 39.75 23.92 9.4 338 30, U0O S.%
] K. 54 9.57 10.02 827

33 4,35 1. 42 963

ou
(9
2
2
0
6
3
)
4
1
]




Test #R3 -

Loading Density, g, cc-. 204
Max. Pressuie, psi-2,720

Diametet, in, -1.25

Lauyth, i1-1.00

CLOSED BOMB DATA FOR EXPERIMENTAL PROPELLANT

TABLE IV

Test #84

Loading Density, g/cc-. 204
Max Picssure, ymi-42, 200

Diauwet. , in-1,25

Length, in-1,00

3 dp. i,: Buniing Rate  Fraction .3 dp;/:t

PX10 X10 in se< Burned (2) P({10 ) (10 ) dx ‘dt
1.9 1.62 . 548 .049 3,2 1.6 .858
3.2 A . 858 .0R4 4.5 2.4 i.31
4.5 2,92 Loy AT 5.8 3.2 1.78
5.8 3.58 1.95 . 151 8.4 4.8 r el
7.1 iy 2,17 . 184 11.0 6.4 3.85
8.4 494 .%0 .26 136 8.0 5.05
9.7 5.85 3.3 249 17.8 10, 4 7.12

1.0 6.5 3,85 . 208 0.1 142, 8 103, 8

12.) 18 4.3 .31 2.4 1.7 131.0

146 3,2 181 « 48 4.0 197, 6 161.3
Tent ne? Tent 488

Loading Denaity, g cc-. YOR Loading Density, ¢/cc-, 238

Max Premure, 191.70,570 Pre-Loading, ;ei-3,000

Dismeter, 1n-1.25 May Pressure, psi-6S, 300

Length, n 4. 50 Diameter, n-1.28

Length ia, 1,28
3 "‘_‘: Fraction 3 ":':

PHIO ) (10 ) de. &t Sureed (D) PO ) 0y dx/&
. t AT N 1] N7 4.8 t N 3 Bid
4.82 416 1.64 .08} L 8 LW i
~.08 LR L .18} 1. 1.3 T

*3. 4 14.0 5.9 . 188 .5 )N ) ny
°~.8 9.0 .6 .28 21.7 0. ¢ TN ]
19.6 193.0 2s.¢ L1 26.0 e 2 5 i

i .o idd.2 . 353 30.2 0.6 0,

3.8 348.4 19,3 .88 M. ¢ dih ne0

2.0 »m.0 18,8 ¥ 154

34 Wi 290.8 .39
! 45.0 0 23.4 .68%

8-¢

Fraction

Bumed (2)

.08S
119
153
.219
.288
S
A0
. 507
.538
598

18
.23
S}
38
.48
.82

JLAN1

FoXE

4

M9
DI

v




TARLE IV

CLOSED BOMB DATA FOR EXPERIMENTAL PRCPELLANT

Test #84 Test #85
ioading Dentsity, g./cc-. 204 Loading Density, g/cc-. 255
Max Pressure, pei-42, 200 Max Pressuie, 3i-57, 300 -
X Diameter, in-1,29 Diameter, in-1.25
M Length, in -1, 0N Length, in-1.25
Di ) ,
Le Fraction 3 dp;;it Fraction " dp/_:‘ Fractior
Bumed (2) P(10 ) (10° ) dx, dt Burned (2) P(i0 ) (20 ) dx/dt Bumed (2)
P 049 3.¢ 1.6 eiete .085 3.8 2,46 1. 14 .073
084 AN T PN oiid ol 5.¢ 2. 34 141
3 L7 S.8 3.2 1.7R .153 10. 4 7.8 3.62 . 204
- . 151 8.4 4.8 .77 Ll 16.8 12,9 6. 4R . 326
10 184 11.0 6.4 3L L2845 TN 169.0 88.0 .385
16 .216 13.6 8.0 5.08 U] 23.4 253. 8 138.4 . 443
20 2 17.8 10. 4 7.12 447 36.3 92.5 28.0 . 666
23 28 20.1 142.5 103.8 .S07
36 R Yk 21. 4 173.7 13t.0 .538
348 24,0 197.6 161.3 . 598
o Teot #88 Test #94
Laddiay Dewsiz,, 9. cc-. 255 Loadiag Deusity, g/cc-, 377
Pre-Lasdiug, pei-S,000 Max Pressure, psi-89, 000
Lo Max Premure, psi-65, 500 Diameter, in, -V, N
M Diamcter, ia-1,28 length, in, -1.27
Di Length in, -1.28
Fraction " "_: Fraction 3 d"f: Fraction
| RENREY {1 MO ) (10) de/de Buroed (2) (10 7) (10°) deide Bumed (2)
Y 047 4.8 2.6 1,08 -, 00RS 61 5.2 .9 N
.08} 9.1 L 4 2147 073 1.6 10. 4 3.8 X!
183 13.2 7.8 RIS ! ] g} ) 17.2 18.6 S.8 2N
" . 288 17.8 165. % tANe '} 3.7 113.8 4.0 21
v . 288 a.? F RN ! 1.9 .} .2 384,0 146.0 39
i 6.0 (Y% .57.9 .38 15.8 348.0 243, 3 448
. 383 0.2 90,0 NY W .43 ».3 0.0 340.0 510
. 388 .4 416,0 1e.0 .52
n
417
» .53

.68}




Table V

Linear Burning Rates of Rohm & Haas QZ Propellant Obtained From

Closed Bomb Test

Linear Burning Rate Calculated Surface Area
Pressure 70°F -60°F
pX103 in/sec in/sec 70°F -~6_0_°£
5.8 2.04 1.55 - -
11,0 3.91 2,82 - -
16 2 5.7 P . -
21.4 7.34 b, 31 . -
3l.8 8.9¢ 7.60 - -
37.0 1¢,2¢C 9.54 - -
42.2 i1.25 10,20 4,95 4.95
47.4 12,14 10.77 4.40 4,40
52.6 12,88 11,72 3.9 3.9
. 57.8 13,20 45, 51 3. 27 12, 40
63.0 11,39 42.17 2,67 9.00
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Figure 7. Closed Bomb Test ARP Propellant
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