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SIXTH SEMINAR PROCEEDINGS

iNTRODUCTION

It was interesting and very pleasant to note that the number of papers that are to be
presented at this Seminar is more than double the number presented at the First Seminar,
and in fact they are almost double the number of pyrotechnists who participated in that
Seminar. It was held at Harmony Lodge in Estes Park in 1968 and, although many of you
thought we should return to Steamboat Springs for this meeting, it seemed more fitting to
return to the Seminars' "birthplace." I sincerely hope that all of you who attend this Semi-
nar will find it both informative in technical matters and refreshing as an experience.

As you know, these Seminars exist only to provide you, the practicing pyrotechnicists,
with a forum. My thanks to all of the authors who provided the material for this Seminar,
and to those whose attendance and participation have supported it. I would also like to rec-
ognize the support that was always given so freely by Gunther Cohn, who was the editor of

"Explosives and Pyrotechnics" until his death on November 22, 1977.

It has been a very enjoyable "decade of seminars," thanks to which I have made many
new friends. I hope these will continue to meet the needs of the pyrotechnic community
and eventually lead to the creation of a "Pyrotechnic Society." It would be useful to have a
centralized source, or focus, to speed the transfer of information, to answer questions, and
to act as the "Sponsor" for these seminars.

R.M. Blunt

General Chairman

June 1,1978

Denver, Colorado
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GASLESS PYROTECHNIC CAPS

by

J. Bentley and P. Elischer

A gasless pyrotechnic percussion cap has been produced and

tested. Its sensitivity has been shown to be comparable to M42 caps

and preliminary tests indicate that the stability of the composition

is satisfactory. The effect on sensitivity of height of fill, weight

of fill and pressed density are investigated.
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GASLESS PYROTECHNIC CAPS

Gasless delay compositions were developed primarily for use in
hermetically sealed units. They can be ignited by all normal means of
initiation including percussion caps and fuze heads; gasless fuze
heads, which contain cerium/magnesium and lead oxide have been
developed specifically for use with these gasless compositions.

Conventional percussion caps, which are currently being uqed
with delays, contain "gassy" compositions and ac a result, problems
cap arise when these are used in sealed systems. When ignited these
caps produce a significant and variable amount of gas. This can cause
variations in pressure and thus burning rate of the compositions. The
pressures produced by these gases are sometimes sufficient to cause
the cap to be ejected from the sealed unit; this premature venting will
cause the burning rate of the composition to alter and can ultimately
lead to operational defects. To overcome the problems of cap ejection
and variable burning rate, sealed units containing conventional caps
must have a free space between the cap and the delay composition
sufficiently large to prevent high pressure from developing. This free
space unduly increases the overall size of the sealed unit.

The use of a percussion cap containing a "gasless" priming
composition could eliminate these problems without significantly
affecting the burning characteristics and reliability of hermetically
sealed units. On ignition, typical gasless caps produce 5-10 ml of gas
per gram. A gasless cap containing 20 mg of composition would there-
fore produce 0.1 to 0.2 ml of gas and a unit based on such a priming
cap would probably operate reliably if the free space was zero. The
overall size of the unit could be significantly reduced, which is an
important consideration in most applications.

Our aim was to develop a composition which, when filled into M42
cap assemblies, figure 1, would give a sensitivity comparable to the
sensitivity of the M42 cap. The M42 cap was chosen as a control
because it is a common service store and both empty and filled
components were readily available.

A gasless priming composition SR57 is currently being used in the
U.K. as a pyrotechnic stab-sensitive composition; SR57 is a mixture of
boron (10%) and bismuth oxide (90%). During a previous investigation of
stab sensitivity at MRL tetrazene was added to this composition in an
attempt to improve its sensitivity. The resulting composition was
moderately stab-sensitive but was very variable. A series of related I
compositions was investigated and it was found that a composition -.

containing the following proportions

L A



Lead oxide 85.5 per cent

Boron '9.5 per cent

STetrazene 5.0 per cent

did have good stab sensitivity, comparable to primary explosives.

SENSITIVITY

M42 caps were filled using the normal charge weight (20 mg) of
the above gasless composition. This was pressed into the cap
assemblies using a pressure of 19 MPa. The remaining assembly pro-
cedure was similar to that used for production of M42 caps. The
sensitivities of these caps and of a selection of M42 caps were
determined using a 56 g striker. The 50% functioning levels (0) and
standard deviations were determined using the Bruecton technique1 .
Sample sizes of 25 and drop height intervals of 5 Pm were used. The
results are shown as table I.

TABLE I

Cap M42 Gasless pyrotechnic

Sensitivity (mJ) -2 119 117

- 0.47 2.1

The results show that the sensitivities of the two caps are very

similar and it would not be difficult to incorporate gasless caps into
- .appropriate stores already using the M42 cap.

- DETERMINATION OF PARAMETERS WHICH AFFECT CAP SENSITIVITY

The M42 cap assemblies previously tested were individually filled
using a hand press. This procedure enabled the pressing load and the
weight of compositions to be accurately controlled. This degree of[+j •,control could not be expected in production where multiple filling is

employed. A series of tests was carried out to assess the change in
sensitivity with change in the major filling parameters.

n 'I
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PRESSING LOAD Vs SENSITIVITY

To investigate this relationship the filling procedure previously
described was employed using a range of pressing loads. The weight of
filling was kept constant at 20 mg. The composition was accurately
weighed and pressed into the cap using a pressure of 2.8 MPa. After a
batch consisting of fifteen caps, was completed the pressing load was
increased by 2.8 MPa. This procedure was repeated until the pressing
load reached 22.4 MPa. The sensitivities were determined as previously
described except 25 g and 56 g strikers were used. The results are
shown in table II.

i TABLE II

TALEI Sensitivities (mJ) i
Presslng load lHt of composition "mm"

MPa 25 g 56 g

2.80 1.30 - 138

| 5.61 1.27 11 130

8.41 1.14 112 124

11.22 1.14 109 121

14.02 1.17 107 120

16.83 1.14 101 115

19.6 1.14 103 103

22.4 1.09 106 107

The increase in sensitivity when the lighter striker was used is .
an expected trend2 and the change in sensitivity with pressing load

suggests that, above 10 MPa, pressing load has little effect on
sensitivity. For later investigations a pressing load of 16-17 MPa
was used. 4f

WEIGHT OF COMPOSITION Vs SENSITIVITY

Composition weights ranging from 10 mg to 30 mg were pressed into

M42 caps and the sensitivities were determined in the usual manner
using a 56 g striker. These results are shown in table III. I

4!
1 !



TABLE III

I.
Weight of Average ht. of Sensitivity

composition "mg" composition "mm" (m J)

10 0.86 108

15 0.99 il

20 1.14 117

25 1.27 121

30 1.42 126

The decrease in sensitivity with weight of filling, observed in
the above results is consistent with sensitivity being related to the
pressed density and is in line with the previous results, The
variation in sensitivity with both pressure and weight of filling is
small, so that production problems should be minimal.

THERMAL STABILITY OF CAPS

A number of caps were prepared using 20 mg of gasless pyrotechnic
composition and a pressing load of 17 MPa. The thermal stability of
cags was investigated by allowing them to condition in an oven held at
60 C. At monthly intervals, a number of caps were taken out of the
oven and their sensitivities determined using a drop tower and a 56 g
striker.

As control samples the sensitivities of caps stored at ambient
were determined at both the beginning and end of the trials. The
results, shown in table IV, indicate thac the gasless caps have an
acceptable thermal stability. More detailed long-term cyclic tests
would have to be carried out before the caps could be incorporated in
a service store.

I.-
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j TABLE IV

Storage Time SensitivityS~~months "rmStored at 60*C Control

0 117 117
1 119 -

2 116 -

3 114 -

4 113 116

The gasless caps were tested in a hermetically sealed unit shown
in figure 2. The delay was filled with the following compositio:

boron 12 per cent

bismuth oxide 63 per cent

chromic oxide 25 per cent

This composition has a bench burning rate of 3.0 seconds per inch.
To ei,sure that the composition was adequately ignited an accurately
weighed increment of SR 92 was pressed onto the delay composition.
The burning times cbtained for the hermetically sealed units incorporat-
ing the gasless pyrotechnic caps were as follows :

Mean K 1.405 s

a 0.095 s

Range 1.28 to 1.58 s.

Comparative tests have been carried out to determine the amount
of gas evolved by the gasless cap and the M42 caps. This was done by
firing a number of caps into a fixed volume of 0.5 cm3 and monitoring
the pressure-time characteristics. Representative traces for both the
M42 and gasless cap are shown in figure 3 and the peak pressures
obtained from these results are as follows

6 -4
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Gasless Cap M42
average six readings average seven readings

Pressure 2.8 35

The bulk of the gas generated when the gasless cap is ignited
can be attributed to the tetrazene present in the stab-sensitive

* composition. Bearing this in mind, further work is planned to
investigate the change in sensitivity with tetrazene content.

BIBLIOGRAPHY

1. Dixon, W.J. and Mood, A.M. (1948). A Method for Obtaining and
Analysing Sensitivity Data. J. Am. Statist., 43, 109.

2. Voreck, W. and Dalrymple, E.W. Development of an improved
stab sensitivity test and factors affecting stab sensitivity
of M55 detonators PATR 4570 June 1972.
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Compaction Studies of Palladium/Aluminum Powders

0. L. Burchett
Sandia Laboratories

Albuquerque, New Mexico

M. R. Birnbaum
Sandia Laboratories

Livermore, California

C. T. Oien
Sandia Laboratories

Livermore, California

A compaction study has been performed comparing pre-

dicted and experimentally determined density gradients in
palladium/aluminum mixtures of differing weight fractions. A
modified constitutive equation for pcrcus media was used to
predict the density gradients. The predicted density gra-
"dients correlated well with radiographic data obtained from
radiographs of compacted pellets. The correlation has esta-
blished that the density gradients in compacted pyrotechnic
pellets can be analytically determined without restorting to
difficult and time consuming radiographic methods.
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Compaction Studies of Palladium/Aluminum Powders*

0. L. Burchett
M. R. Birnbaum JJ

C. T. Oien

I. Introduction

The results of an analytical-experimental study of the
compaction behavior of palladium/4luminum (Pd/Al) powder
mixtures has established that the density profile in Pd/Al
powder compacts can be predicted from simple compaction test

t data. A modified mechanical equation of state for porous
materials is fitted to the data obtained from a simple later-
ally constrained compaction test. The density gradients in
the Pd/Al compacts that were predicted from the equation of
state correlated well with the density gradients that were
obtained from radiographs of the compacted pellets. Once the
equation of state is determined for a particular powder, the
density profile for a specific compact (i.e., compaction
pressure, coefficient of friction and specimen geometry) can
be calculated.

The procedure that is used to determine the compaction
behavior of the powder first assumes a reasonable three para-
meter form of the equation of state and utilizes a fitting
procedure to determine two of the equation of state's para-

* meters. The third parameter must be assumed a priori. The
powder compaction process is modeled as a one-dimensional,
time independent, hydrostatic bulk process. -Additional
assumptions include: (1) a constant coefficient of friction
between the constraint cylinder and the powder, and (2) an
isotropic and homogenous powder. Application of the fitting
procedure to the data from a compaction test results in the
determination of a representative but non-unique equation of
state which describes the powder's compaction behavior.

II. The Compaction Test 1
The laterally constrained compaction test utilizes a

cylindrical constraint die to confine the power and two
loading rams, the upper and lower loading rams, to compact J
the powder. Figure 1 presents a pictorial view of the test
assemly. Friction between the constraint cylinder and the
powder causes the force transmitted to the lower ram to be I

*Work Supported by the U.S. Department of Energy
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less than the force applied to the upper loading ram. In
addition to the forces in the upper and lower loading rams,
the relative displacement between the loading rams is also
measured. A typical record from a compaction test is shown
in Figure 2. If there is little difference (5.5%) between the
upper and lower loading ram forces, the compaction behavior
is easily determined since the compacted powder pellet is
subjected to essentially uniform axial stress and strain;
therefore the conventional engineering stress and strain mea-
sures can be used to convert the compaction test's force-
deflection data to a stress-strain path.

SIII. Mechanical Equation of State Determinations

The presence of axial stress and strain gradients in the
compacted powder prevents the direct conversion of the powder
compaction experimental force-deflection data to a stress
strain path. The force-deflection data from a laterally con-
strained compaction test consists of the applied and trans-
mitted forces and the relative axial displacement of the
loading rams at m different points along the force deflectionN
curves. Equilibrium and mass conservation permit the deter-
mination of the coefficient of friction between the constraint

WE cylinder and the powder and one parameter of the equation of
state at each of the m different data points (FA, FT, AL).
Consistency in the value of the previously determined para-
meter is used to establish the value of a second parameter.
Unfortunately, experience has shown that a three parameter
equation of state is required to represent the test data, and
since the fitting procedure will determine only two of the
equation of state's three parameters, one parameter must be

*. assumed a priori. Even though one parameter of the equation
is arbitrarily assumed, the fitting procedure produces a non-
unique but representative equation of state that will repro-
duce the test data.

* Initially an equation of state which had been success-
fully u~ed to describe the behavior of porous materials was
assumed but early attempts to fit the equation to some pow-
der compaction test data resulted in the following modifica-
tion of the equation of state

a~o 1~(ala]b (1)i

where a, b, and ao are the unknown parameters. The initial
porosity and the porosity at particular normal pressure of a
are ao and a respectively. Porosity is defined as the ratio

IO
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of void free reference density, Pr, of the powder to the pow- I]
der density, p; therefore in terms of the initial density, Po'
and the density, p,

= r -- (2)

0 PO [
and

Pr
r (3)

p

The strain, £, is related to the porosity, a, such that

a= a (1-0) • (4)

Alternate forms of the equation of state with density, p, and
strain, c, as the independent variables are

/PoP r-P °al bp

,_P aa 1 j o (5)

and 0--0-a b
a 0ýl- ) (6)

The powder compact is assumed to be in the form of a
right circular cylinder of length, L, and diameter, D, so
that equilibrium of the applied, transmitted and frictional A!
forces requires

4 2 71 2a+ 1TDfO (Z) dZ (7)CD A 4D T JZ

where f is the coefficient of friction between the constraint
cylinder and the powder and the other quantities are defined
in Figure 3. Lack of knowledge of the variation of the
stress, a, with the axial position, Z, prevents the direct
evaluation of the integral in Equation (7). If the cylindri-
cally shaped compact is divided into n equal axial increments

i•I N
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of void free reference density, Pr, of the powder to the pow-
der density, p; therefore in terms of the initial density, po'
and the density, p,

P
M p (2)

and
"°- Pr

(3)
P

The strain, e, is related to the porosity, a, such that

a = a (1-C) (4)
0

• .4

alternate forms of the equation of state with density, P, and
"" strain, e, as the independent variables are

o= - (pr;Daib

and (al -a%-_--l-a1bfsO a 1 (6)
o0

j fo eSThe powder compact is assumed to be in the form of a
right circular cylinder of length, L, and diameter, D, so
that equilibrium of the applied, transmitted and frictional• ~for ces requires -

L7rw 2 IA=•-D4(T 2 -

aAýDaT + / 7rDfc(Z) dZ (7)

where f is the coefficient of friction between the constraint a
cylinder and the powder and the other quantities are defined
in Figure 3. Lack of knowledge of the variation of the
stress, a, with the axial position, Z, prevents the direct 4
evaluation of the integral in Equation (7). If the cylindri-
cally shaped compact is divided into n equal axial increments

-uV
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and a linear variation of the stress, a, through the axial
increment is assumed, equilibrium of the jth increment
requires

ir2 Tr 2 wDfL O.+O.i
D a j * t2 Cjal + n 2

Therefore the stress, aj+l, can be expressed in terms of the
stress, aA, as1erm

Oj+1 aj (nD-2Lf) (9)J nD+2Lf/

and the transmitted stress, aT, in terms of the applied .1
stress, 0A , as AJ

(nD-2Lf (10)

aT = A (nD+2Lf (10)

Solving Equation (10) for the unknown coefficient of fric-
tion, f, yields

nD[()ln

2L[1+(J) 1/f]()4

Conservation of mass requires that

Ir 2 rD 2Ln
-DL DL P (p.+P (12)i4 00 8n j j+1j

j=l

Equation (1) can be inverted and expressed as -

P. Pr (13) •

1+' 1 . \l~/b 1/a

16
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i

where

= (nD-2Lf j (14)£• i'i ) =A nD+2Lf,

after assuming initial values for the parameters, a, b, and
0o, the correct value of the parameter, b, can be determined
by changing the value of b until Equation (12) is satisfied.
If Newton's method is used, the value of b should be changed
by

n
2LOp on

L j=lAb= (15)
a ~n ap. a9pn

.Pl + 2 E 8_ab + Bb

j=2

"with p ( i Jl1a)2/---a

T . (16)
bin(:i)

Ideally the value of the parameter, b, should be mate-
rial dependent and should not change with each different
point along the force deflection curves. If the parameter,
b, varies significantly from point to point, the variation
can be reduced by changing the parameter, o. The variation
F) of the parameter, b, is defined as

n

-= abs - m i (17)
i• 1 =l

Each time the parameter, CO, is changed, the paramter, b,
must be re-evaluated at each of the m points along the force
deflection curve. If a change of Ac in the parameter, CO,
produces a change in the variation, S, of Ab, then using
Newton's method the new increment of the parameter, 0o, is

Onew (18)

00
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where the minimum variations in the parameter, b, is bminI Experience has shown that the minimum value bmin of the vari-
ation of the parameter, b, is small and is somewhat dependent
on the assumed value of the parameter, a.

The powder has been assumed to compact hydrostatically
so that the equation of state defines the relationship be-
tween the normal stress, a, and the bulk strain, e. Unloading ii
is assumed to occur elastically, if after unloading the com-
pacted powder pellet displays shear strength. The elastic
modulus (Young's Modulus, E) cannot be determined from the
compaction test data without (1) additional information
(usually acoustical velocity measurements) or (2) assuming a
value for Poisson's ratio, v. Differentiating the mechani-
cal equation of state with respect to the strain, e, gives
the bulk modulus, K, as

K = abac•(2l) (-!) a-. [1 (-l)a]b- (19)

and permits Young's modulus, E, to be written as

(c) ao o -1 a-i /a-1 a b-1
SE = 3(l-2) 1 - a . (20)

Ten compaction tests were run on three different Pd/Al
power formulations. The different powder formulations with
respect to weight fractions of the constituents were: 94% Pd
- 6% Al, 90% Pd - 10% Al and 80% Pd - 20% Al. Three speci-
mens with the same nominal length-to-diameter ratio were
compacted for each of the Pd/Al powder formulations. One
additional compaction test was performed on a 94/6 Pd/Al
specimen with a different length-to-diameter ratio. A
summary of the test results is presented in Table I. Plots
of the porosity ratio, a, versus the compaction pressure, a,
are presented in Figures 4 through 6 for each of the tnree
different Pd/Al powder formulations. The results show that
the porosity ratio versus the compaction pressure curves for
each Pd/Al formulation have a scatter of less than 5%.
Apparently the procedure that is used to determine the
equation of state is relatively insensitive to the specimen
geometry since a change in the length-to-diameter (L/D) ratio
(see the results of 94/6 - 4, Table I) did not appreciably

I'
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affect the equation of state parameters. The coefficient of
friction typically had a linear increase of 20% over the
range of compaction pressures.

IV. Radiographic Procedure

Density variations as a function of Z are determined for
the various Pd/Al compacts by radiographic techniques in con-
junction with a scanning microdensitometer. The compacts are
radiographed in the Macor* holder along with an empty Macor
holder and a Pd step wedge with an Ir-192 garma ray source to
a background film density of 3.5. The imagirng medium is Kodak
R film with 5 mni Pb intensifying screens. Considerable
effort was taken to reduce the noise level on the radiographs
in order to minimize the error in the density calculations.
Figure 7 shows a radiograph of a Pd/Al powder compact in its
Macor hoider, an empty Macor holder, and the Pd step wedge.
The microdensitometer scans the radiograph on the lines indi-

- . cated in Figure 7. Scans A and C are background readings
which are averaged and then subtracted from scan B which is
the powder compact in the Macor holder. The empty Macor and
the ctc- wedge are then scanned and corrected for local back-
"ground variations. The corrected empty Macor scan is then
subtracted from scan B to give the optical transmission as a
function of Z for the powder compact alone. From the cor-
rected step wedge scan a plot of optical transmission versus
Pd thickness is obtained. Comparing the optical transmission
of the powder compact to that of the step wedge an equivalent
thickness, te, of Pd can be determined for the compact. Know-
ing the thickness, D, )f the compact and the density, PPd, of
the palladium, the density, Pc' of the compact versus Z can
be expressed as

p Z Pd e Z (21)c(Z) P D

.1ft V. Calculations and Experimental Results

ow Three Pd/Al weight ratios were investigated using theSpreviously derived mechanical equations of state - 94/6,

*Macor is a Corning Glass Works Trademark for machinable
SVglass ceramic code 9658
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90/10, and 80/20. For a powder coroact diameter of 6.35 mm.
density calculations for the 94/6 %".xture were performed for
three L/D ratios - 0.5, 1.0, and 5.0, corresponding to differ-
ent numbers of pressing increments needed to produce a powder
compact 31.8 mm in length. The coefficient of friction, f,
between the Macor holder and the particular Pd/Al powder
formulation was determined by substituting the relationship* J

Cj= CAe-4JfL/nD (22)

into equation (13) and requiring the coefficient of friction
to take a value which conserved the compact's mass. The
density profiles are given in Figure 8. To produce powder
compacts with a shallow gradient the ten increment compact
(L/D = 0.5) was selected and employed for all ratios. The
axial density variations were also computed for the 90/10 and
80/20 mixtures for (L/D) = 0.5 and the density profile vari-
ation from composition to composition was determined to be
small (Figure 9). The next three figures (Figures 10-12)
compare the measured and calculated den.Aties for the three
L/D ratios for 94/6 and the agreement is quite good. For j
L/D = 5.0 (Figure 10) the measured values go to zero at the
latter end of the powder compact since the powder was not
compacted during the pressing operation and fell out upon
removal from the pressing fixture. For the other two cases,
where multiple pressings were required to produce a complete
powder compact, both the first and last pressing measurements
are included since these tended to be different due to fix- I
uring constraints. The agreement betwcen the measured and
calculated density profiles for the 90/10 and 80/20 mixtures
were very similar to those shown in Figure 12 for the 94/6 j
ratio.

Using the same mechanical equation of state, density
profiles for 94/6 were also calculated for a smaller (2.54 mm)
diameter powder compact. A comparison between it and the
larger diameter results are given in Figure 13. These results
are very comparable to the L/D = 1.0 and 0.5 computations
already shown in Figure 8, and this is to be expected since

*Equation (22) was obtained by integrating the differential
equation which defines equilibrium of an axial slice of
cylindrical shaped powder compact, i.e.,

do= 4f dL (23)
a 2o
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the calculations depend only upon L/D and not upon the powder
"compact diameter explicitly. In comparing the measured and
computer results for the small diameter powder coypact for
the three powder ratios (Figures 14-16), it is seen that
assuming the mechanica) equation of state to be invariant
with respect to powder compact diameter is an excellent
assumption.

VI. Closure

Excellent agreement was obtained between the calculated
and measured density profiles of a series of Pd/Al powder
compacts. The density profiles were calculated from mecbani-

4 cal equations of state that were obtained from compaction
tests, while a radiographic technique was used to determine
the actual density profiles. The mechanical equations of
state were nonunique but realistic representations of the
Pd/Al powder's compaction behavior. A number of assumptions
were made in developing the procedure to determine the equa-
tion of state that represent approximations of the real com-
paction process. The principal assumptions were: (1) the
compaction process is a hydrostatic, one-dimensional process,
(2) the coefficient of friction between the constraint cylin-
der and the powder is independent of pressure, (3) the powder
does not have any significant time dependent behavior, and (4)
unloading does not produce any significant density changes.
Two-dimensional effects resulting from friction between the
constraint die and the pgwder and between the powder particles
were neglected. Studies have shown that the radial vari-
ation in the density of other powder compacts is 10 to 15%.
The effect of friction between the constrain die and the pow-
der is considered to b5 much greater than the effect of
interparticle friction
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Figure 1 - Cutaway of a Typical Laterally Constrained
Compaction Test Assembly for Powder Compacts
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Figure! 2 - Typical Data from a Latexally Constrained
Compaction Test
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Figure 3 -Normal and Shear Stresses That Act on a
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Figure 7 -Radiographic Setup to Determine The

Density of a Pd/Al Compact
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fFigure 8 -94/6 -Pd/Al, Calculated Density 1
Variation Versus the Number of Pressing
Increments (Diameter 6.35 mm)
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Z Figure 9 -Calculated Pd/Al Density Variation
j Versus the Powder Material (10 Pressing

Increments, (L/D =0.5) Diameter =6.35

mmn)
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Figure 10 - 94/6 - Pd/Al, Comparison of Calculated and
Measured Density Gradient (1 Pressing Incre-
ment, L/D = 5.0, Diameter 6.35 mm) i
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Figure 11-94/6 -Pd/Al, Comparison of Calculated and
Measured Density Gradients (5 Pressing Incre-
mernts, L/D =1.*0, Diameter =6.35 mm)
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Figure 12 - 94/6 - Pd/Al, Comparison of Calculated and
Measured Density Gradients (10 Pressing Incre-
ments, Diameter = 6.35 mm) r
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Figure 13 - 94/6 - Pd/Al Calculated Density Variation Versus I
the Powder Compact Diameter (10 Pressing Incre- V
ments)
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Figure 14 94/6 - Pd/Al, Comparison of Calculated and Mea-
sured Density Gradients (10 Pressing Increments,
L/D 1,,25, Diameter = 2.54 mm)
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Figure 15 " 90/10 - Pd/Al, Comparison of Calculated and Mea-
sured Density Gradients (10 Pressing Increments,
L/D 1.25, Diameter = 2.54 mm)
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Figure 16 -80/20 Pd/A)., Comparison of Calculated and Mea-
sured Density Gradients CIO Pressing Increments,

L/D =1.25, Diameter =2.54 itnm)
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DETERMINATION OF PALLADIUM/ALUMINUM REACTION PROPAGATION

RATES AND TEMPERATURES*

Michael R. Birnbaum
Sandia Laboratories
Livermore, CA 9455n

|I °

ABSTRACT

Three experimental techniques--thermometry, framing and streak-
ing photography, and dynamic radiography--were employed to determine
the reaction propagation rates and temperatures of various mixtures
of palladium and. aluminum. Pellets of 94/6, 90/10, and 80/20 Pd/Al
mixtures with an average density of 5 x i103 kg/m 3 were prepared
and tested in an insulatinq sleeve. Pretest radiography was used tc
determine the density in the Pd/Al pellet as well as to observe any 2
anomalies ;n the pressing of the pellet that might affect the perfor- I
"mance of the pyrotechnic. Propagation rates were found to be -40
vim/sec for 94/6 and -500 mm/sec for 90/10 and 80/20. Týe burn
temperatures were found to be -1400'C for 94/6 and -2400'C for qO/10r • and 80/20. One-dimensional model calculations qualitatively compare
well with experimental results.

"*Work supported by the IH. Department, of nergy
E-W
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Introduction ]
The gasless exothermic reaction of a palladium/aluminum (Pd/Al)

mixture commences when the aluminum begins to melt, at 660%C. Since
a eutectic forms at 615%C, it is possible for the reaction to occur
below 660'C. However, the mixture still possesses a high autoigni-
tion temperature (>615'C). The congruent melting temperatures for
the two stoichiometric ratios of interest, 88.7/11.3 and 8n/20, occur
at 1645 and 1430 0C, respectively, with enthalpies of formation (heats
of reaction) of 249 and 315 cal/g. U

As part of our efforts to develop a better understanding of
pyrotechnics, we have been investigating this reaction for Pd/Al mass I
ratios of 94/6, 90/10, and 80/20 in two different geometries. The
propagation rates and temperatures of the pyrotechnics were measucu i
and .Iso calculated using a diffusion-controlled one-dimensional
analysis developed by Hardt and PhungI and extended by Green2 .
To our knowledge, the only other experimental study for comparison is
that of Kjeldqaard, Larson, and Gould, 3 who used somewhat different 3
experimental conditions.

The experimental results were reproducible, both from test to
test and with the three different measurement techniques. One of
these in particular, an optical technique, gave excellent quanti-
tative measurements for both propagation rate and temperature mea-
surements while not disturbing the experimental environment. The
model calculations gave the correct qualitative performance of the RA
material. Quantitatively accurate calculations wer• not possible,
however, because the walls of the pellet cannot be properly modeled
(since it is only a one-dimensional computation) and the two-
dimensional boundary conditions are quite important for the lowest-
propagation-rate mixture.

Pd/Al Mixtures and Confinement Geometries

Three Pd/Al mixtures (by weiqht) were investigated: 94/6,
90/10, and 80/20. All were compressed to an average density of U
5 x 10 kg/m 3 . Theoretical densities are 9.9 x 10 , 8.9 x
103, and 7.1 x 103 kg/m 3 for 94/6, 90/10, and 80/20, respec-
tively. In order to obtain a uniform compaction, the pellets were I
made in a series of ten pressings. The powder was pressed and tested
in a Macor* holder. The Macor served as an insulating sleeve to
reduce heat sinking to boundary walls. For the two geometries chosen
(Figure 1) the length-to-diameter ratios (L/D) were 0.5 and 1.25 for
the larne (6.35 mm) and small (2.54 mm) diameter pellets, respec-

*Macor is a Corning Glass Works trade m.ark for Machinable Glass
Ceramic Code 9658.
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"(a) THIN MACOR, PELLET DIAMETER = 6.35 mm.
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I '(b) THICK MACOR, PELLET DIAMETER = 2.54 mm.
- "

I Fig. 1. Geometries of the two sizes of Macor tubes.

tivelv. The density gradients were calculated usinq a porous-media
compaction model 4 and measured using a standard microdensitometer;
results are given in Figures 2 and 3 for the two pellet qeometries
and three mixtures used: the larger the L/D, the greater the axial
density gradient due to the presence of wall friction. Our method of

.. pressing generally caused the first pressing increment to he less

dense than the last one.

All reactions were initiated by a squib simulator (bridgewire).
"The reaction product was Pd2 Al, for both 94/6 and 90/10, plus
unreacted Pd, 47% and 11% of the total mass for 94/6 and 90/10,
respectively. The stoichiometric ratio for Pd2Al is q8.7/11.3.
The 80/20 mixture is already stoichiometric (actual' 79.81/?0.!())
with the product of reaction being PdAl.

Measurement Techniques
ii Three different types of experimental systems were used to

determine the propagation rate and temperature of the reacting Pd/Al
pellets: (1) a thermocouple system, (2) a camera system, and (3) an
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Fig. 2. Calculated and measured densities (10 pressing increments,
6.35-mm-diam pellet). Z is measured from the top of the
pellet. (a) 94/6, (b) 90/10, and (c) 80/20 Pd/Al.

3]

' 

'2

42

M- ~



(a)

S108

L A~ST PRESSINGl OF PELLET 34
• 6C -----------CALCULATIONSS-• _ -

S~FIRST PRES€SING OF PELLET 34ý

• " 20-

Z/L

100 10C
(b)

80 80-

LAST PRESSING OF PELLET 3 FIRST PRESSING OF PELLET40

8.0 CALCULATIONS - -, CALCULATIONS

S4.0 C L S

FIRST PRESSING OF PELLET 37 L -

200 2.0

C. 0.2 0 06 0. 1.o 0 02 04 06 0 0.0

Z/L Z/L

* Fig. 3. Calculated and measured densities (10 pressing increments,
2. 54-mm-diam pellet). Z is measured from the top of the
pellet. (a) 94/6, (b) 90/10. and (c) 80/20 Pd/Al.

F2

- 43



electro-optical radiation imaging system (Delcalix* equipment).
Although the use of thermocouples is commonly accepted, we were
7oncerned with their influence on the phenomenon being measured.
Thus the two additional techniques, which do not perturb the pyrotechnic, I
were employed as separate checks.

(1) Thermocouple Measurements--Four thermocouples, spaced 6.35 mm
apart, were used per test, with the results recorded on an oscil-
loscope. These were inserted through 0.38-mm-diameter holes drilled

'through the Macor and halfway through the pellet. The thermocouples
measured the time of arrival of the burn front as well as the tempera-
ture. Two types were used (depending upon the temperature range of
interest): chromel/alumel and tungsten/tungsten - 26 wt.% rhenium,
both of which were of the open-sheathed variety with a response time
of less than 2 ms.

Figure 4 is a photograph of the test setup, showing thermocouples,
squib simulator, and holding frame. The squib simulator was activated
by a capacitative discharge fireset in order to exclude 60-cycle ac
noise from producing interference on the oscilloscope trace. B

(2) Camera Measurements--From initial thermocouple measurements,it was determined that 94/6 was burning at approximately 40 mm/s and

the 90/10 and 80/20 mixtures at 500 mm/s. Based on the propagation I
rate of the burning pellets, one of two cameras was used: a framing
camera (Bolex) recording at 32 frames/s for 94/6 and a streaking
camera (HyCam) recording at 1219 mm/s using Plus X black and white j
film for 90/10 and 80/20. To obtain an optical measurement of the
temperature, a known temperature source was calibrated versus the
optical transparency of the film. This was done using both thick-
nesses of Macor as attenuators. From the test-film data, both j
propagation rate and temperature could be determincd.

SA view of the experiment when the framing camera was employed is i

given in Figure 5. The distance from the camera to the Macor is held
fixed from test to test in order to be able to use the precalibrated
temperature-source information. The framing and streaking cameras
can be quickly interchanged.

(3) Radiographic Measurements--For the electro-optical dynamic
radiation imaging system the experimental configuration was very similar
to that shown in Figure 5 for the camera system. Figure 6 shows a
schematic of the Delcalix system. A continuous 400-kV x-ray source
(1) formed the pellet image, which was converted into an optical
signal by a gadelinium-oxide scintillator (3) and then recorded on a
video tape recorder (8) at 30 frames/s. The Isocon TV camera tube
(6) has improved capability at low light over the previously standard
Orthicon.

*Delcalix is a registered trademark of Old Delft Corporation of America, -•

based in Holland.
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- (with Pd/Al inside)
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Fig. 4. Thermocouple measurement setup

Fig. 5. Framing-camera measurement setup
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Fig. 6. Schematic of the Delcalix electro-optical imaging system.
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In reducing the data, the tape was examined frame by frame, and
the leading edge of the density change was thereby located. Then,
from the framing rate, the axial speed of material movement was
determined.

Experimental Results

Figures 7 and 8 show typical oscilloscope records using the
chromel/alumel (94/6 test) and tungsten/tungsten-26% rhenium (80/20
test) thermocouples respectively. When the propagation front reaches
the first thermocouple, the other thermocouples show a spurious
signal response due to electrical noise in the system. The chromel/
alumel traces recover quickly while the W/W-26% Re ones have a long
recovery time (and thus exhibit a shift in base line). The magnitude
of the thermal response must he measured from the new baseline.
Knowing the spacing between the thermocouples and the time of arrival
of the propagation front allows one to determine the propagation
rate. The magnitude of the scope trace is proportional to the
temperature of the pellet.

A series of framing-camera photographs (Figure 9) clearly
show the location of the propagation front as a function of time for
a 94/6 pellet. A streaking-camera photograph of one of the 90/10
mixtures is given in Figure 10. This record shows that the propaga-
tion front does not proceed at a constant rate, but rather oscillates.
These oscillations are caused by the changes of density that occur
across each pressing increment.

A comparison of thermocouple and optical camera propagation
rates measurements is given in Figure 11 for the 6.35-mm-diameter
pellets. There is excellent reproducibility from test to test and
between experimental techniques. The oscillation in the propagation
rate is very evident for the 94/6 mixture (Figure 11a) where the data
were taken with a framing camera. The photographic record, giving
over 25 frames per test, gives sufficient detail of the propagation
rate to permit this determination. The thermocouples produce only
four data points per record, thus allowing only a generalized pattern
of the propagation rate to emerge. An increase in the propaga-
tion rate occurs near the pressing interfaces where the pellet changes
from a lower-density (end of one pressing) to a higher-density (top
of next pressing) material. The 94/6 material, because of its low
propagation velocity, is more sensitive to density changes than the
90/10 or 80/20 mixtures, which also exhibit this oscillation behavior
(Figure 11, b and c). There is more oscillation at the heqinning of
the pellet than at the end since the pressing interfaces are more
distinct at the beginning of the pellet. The latter part of the
pellet generally has a more uniform appearance with less distinct
pressing interfaces.

The 94/6 mixture has a propagation rate hetween 32 and 47 mm/s.
The corresponding values for the 90/10 and 80/20 ratios were
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FRONT EDGE OF PELLET

THERMOCOUPLE WIRES

A

Fig. 10. Streak ing- camera photograph of a 90/10 peLLet,. •

390-600 mm/s and 480 mm/s, respectively. The burn temperatures, as
•o measured via thermocouples, were 1300-1500'C, for 94/6 and 22.00-260t°C
• ~for 90/10} and 80/20. Using the optical method, these temperatures

were 1400-1600°C for 94/6 and 2200-26n00'C for 90/10 and 80/20}. The
94/6 ratio has also been examined by Kjeldgaard et al.3 for different !

geometries. They recorded lower temperatures (<T100-0•C) and higher
propagation rates (>193 mm/s).

For the 2.54-mm-dia,,eter pellets, the 94/6 mixture would not
propagate and quenched itself within a distance of a pressing increment.
The propagation rates and temperatures of the 90/10 and 80/2nI mixtures -
were Unaffected by this size chanige (Figures 12). For these mixtures Ji

Sit will be necessary to use smaller-diameter pellets to observe the
• ~effects of wall quenching.
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Delcalix records for 94/6 and 80/20 mixtures (6.35-mm-diameter)
are given in Figures 13 and 14, respectively. For the 94/6 mixture,
we are observing every seventh or eighth frame and for the 80/20
every frame. A marker has been established at the leading edge of
the material movement for each frame. The density change first
occurs at the pellet - Macor interface. The axial rate of this
material movement is between 40-50% of the propagation rate for all
three mixtures. The density change corresponds to the movement of
molten material into the less dense region at the outside of the
pellet.

Computational Results and Experimental Correlation

A one-dimensional diffusion-controlled modell, 2 was used to
model the propagation process. The heat of reaction, activation
energy, and pre-exponential factor for the 94/6 and 90/10 mixtures
were the same since the product of reaction is identical, Pd2AI.
The heat of reaction used was 249 cal/g, the pre-exponential factor
was set at 1.0 cm2 /s, and the activation energy at 16 x 103 cal/mole.
The unreacted Pd, 47% and 11% of the total mass for 94/6 and 90/10,
respectively, produces differing propagation rates and temperatures
for the two mixtures. For the 80/20 material, the heat of reaction,
pre-exonential factor, and the activation were set at 315 cal/g,
1.0 cm /s, and 21.9 x 103 cal/mole.

Table I lists the calculated propagation rate and burn temperature
for each mixture. These values show good agreement (Table II) with
previously found experimental values.

A major value of a simple numerical technique is the capability
of employing it for parameter sensitivity studies. These allow one
to determine the important physical variables in a phenomenon. Our
optical experimental results showed the effect of density change on
the propagation rate. This was examined numerically where the
thermal conductivity, which is very sensitive to density variations,
was varied concurrently with the pellet density. Density shifts of

Table I. Calculated Values for the Pd/Al Mixtures.

Propagation Rate Temperature

Mixture (mm/s) (ON

* -94/6 50 1200

90/10 420 2300

80/20 500 2700
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Table 11. Correlation Between Experimental
and Calculated Values.

Mixture Propagation Rate (mm/s) Temperature ( 0C)
Experimental Calculated Experimental Calculated

94/6 32-47 50 1300 -1500 1200

90/10 390-600 420 2200 - 2600 2300 01

80/20 480 500 2200 -2600 ?700

20:12% cause thermal conductivity changes upwards of a factor of
five. It is this thermal conductivity variation which then produces
large propagation rate shifts. Figure 15 shows, in a dimensionless
format, propagation rate versus density for all three mixture ratios.
This corroborates the oscillatory behavior observed in the optical
measurements.

It has already been noted that the 94/6 ratio does not propagate
in the 2.54-mm-diameter-size pellet. The calculations, discussed
above, noted the reduced propagation rate in the low-density region
of a pressing. For 94/6, it is reduced to approximately 15 mm/s.
With the boundary so close in this geometry, the propagation slows
and is quenched in the lower-density region of the first pressing. j

Conclusions and Future Activities .

In our present studies of three (94/6, 90/10, 80/20) Pd/Al
mixtures with two different diameters (6.35 and 2.54 mm), we measured
the propagation rates and temperature using thermocouples and optical 9
camera measurements. The thermocouples had no demonstrable effect on
the measurements for these diameters. Similarly, a one-dimensional
diffusion-controlled analysis correlated with the measurements for
the 90/10 and 80/20 mixtures, which did not exhibit wall quenching in
the present geometries. The analysis also explained the oscillatory
behavior of the propagation rate as a function of density and thermal -

conductivity. The reaction for the 94/6 mixture',.,,is observed to be T
very sensitive to geometry changes, and computationis helped to show why.

In the future we will investigate smaller-diameter pellets of
the 90/10 and 80/20 mixtures to determine two-dimensional effects.
Similarly, a two-dimensional analysis will be performed to determine
the minimum diameter required to sustain propagation for each mixture
ratio.
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The Delcalix data must be analyzed to determine its physical
significance. We can, however, use the results to demonstrate
that the pyrotechnic mixture is burning. Both the optical and
Delcalix techniques provide a nonperturbing environment for observing
pyrotechnic burning, although the optical method can only be employed
with a transparent holder.
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ABSTRACT

The work done at DREV in the field of castable pyrotechnics, 71
in recent years, was mainly based on the use of in-house granulated

dyes formulated with the well known ARCO R45 Poly bd liquid Resin

hydroxyl-terminated polybutadiene. Processes for compacting commercial

fine dyes and grinding them into suitable granulated material will be

discussed as well as the properties of the material and its advantages

with respect to the manufacture of smoke compositions for signaling j
smoke grenades. In addition to the granulating, a coating process is

sometimes used to increase the resistance of the dye to the shear

action of the mixer blades. White smoke mix, equally castable and

polymer based were produced under the form of large thin roll-formed

sheets. Process and equipment used to produce these sheets will be

discussed. j
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DREV PROCESSING TECHNIQUES FOR CASTABLE PYROTECHNICS

by

G. Couture

Defence Research Establishment Valcartier
P.O. Box 880, Courcelette, P.Q.

GOA IRO

INTRODUCTION

This paper reviews the processing techniques used at DREV
" in recent years in the field of composite pyrotechnic compositions.

Most of our work has been carried out with the use of the well known
R-45M hydroxyl-terminated polymer vulcanized with an isocyanate.
The colored smoke compositions dealt with herein consist primarily
of an organic dye, KCIO3 , lactose (or sulfur) and sodium bicarbonate
dispersed in an elastomeric binder. However this binder alone was
not the magic solution to assure the castability of the compositions;
it was evident from the outset that the viscosities required for a
castable product (less than S kilopoises, kP) could not be met with
the available commercial powders, since their mean particle size was
always less than 20 pm.

The substitution of a commercial dye with a granulated material
having an average particle size of 650 pm made possible the preparation
of true-castable products. These low-viscosity compositions have an
end.-of-mix, (EOM) viscosity generally lower than 3 kP for 80% solid
loads, and can be cast into the tubes by gravity alone.

The paper is divided in two sections. In the first part, we
discuss two processes used at DREV to granulate the commercial fine

• - dyes and to coat the granules to improve processing and mechanical
properties of the compositions. The second part presents a technique

* used to prepare thin flexible sheets of composite compositions.

SECTION I

GRANULATION BY FUSION, CRYSTALLIZATION AND GRINDING

The first method used was designed for the granulation of
l-amino-anthraquinone (I-AAQ) and consists of melting, recrystallizing
and grinding the commercial product. The fraction required was re-
covered by sieving and the remnants re-melted.
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r t •Description of zhe Method H
Orange dye (I-AAQ) is a relatively pure product, with a melting

point of 252°C. It can thus be melted slowly without causing too much
sublimation. However, occasional stirring is required in order
to ensure permanent contact between the solid phase and the melting
phase. Without such stirring, a cavity appears above the liquid, caus-
ing overheating of the already melted fraction and sublimation of a j].
portion thereof. 2-litre stainless steel beakers are used, into which
1 kg dye i,.ay be poured in successive steps. A hotplate is sufficient
to melt the dye within a reasonable amount of time, while leaving the
cover cool enough to recover the small fraction of dye that is subli-
mated. The molten dye is then poured into disassemblable moulds
where recrystallization at ambient temperature occurs. The 15 cm cubes

-_thus obtained are subsequently ground to the desired size. Because
of the fragility of the material, grinding must be gradual in order

to prevent excessive friction that could cause an increase in the
.mount of fine particles.

The first operation consists of breaking the blocks into 3 to
4 cm pieces that can be fed into an ice-crusher-type blade crusher,
where they arc reduced to less than 1 cm. The dye is then processed
through 4 pairs of 12 cm diameter differential rollers (20 and 40 rpm).
Their spacing diminishes gradually (5, 3, 1.5 and 0.75 pm) so that
the gap of each roller pair is half the size of the pieces admitted.
Any attempt to reduce the number of passes leads to a rapid rise
in the fine particle ratio.

Discussion of the Method i
Acceptable grain size was obtained after removing the less-thai-

100 pm fraction by sieving. That fraction amounts to approximately 20% o'
of the total dye quantity processed and is subsequently recirculated
with the commercial dye. Average size after sieving ranged from
300 to 500 urn, but higher figures could have been obtained by increas- i
ing the roller ;"p. Difficulties were encountered when that method
was applied to other dyes, such as red, blue, violet, yellow and green.
Those dyes are usually a mix of materials having different melting
points; the melting of that mix therefore causes overheating, degradation
and excessive sublimation. Furthermore, the blocks obtained after re-
crystallization are not of homogeneous hardness. Even with I-AAQ,
grinding is a series of delicate and complex operations.

"GRANULATION BY COMPACTION AND GRINDING

Due to the drawbacks of dye melting, another solution was
found by developing a second method (Figure 1) comprising only mechani-
cal operations effected with equipment already available at DREV. The
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FIGURE 1 - Granulation by Compaction and Grinding

comercial dye (1) of an average size of 14 um is first compacted by
a laminating roller mill (2), then granulated in an hammer crusher (4).
The separator (5) frees the granulated material from its fine particles
and directs them towards cyclone (6) where they are recovered. The
capacity of the installation is in the order of 20 kg/h.

Description of the Equipment

The rolling mill used for compacting (Figure 2) has 2 2S cm long,
15 cm diameter rollers turning at 8 rpm. In order to achieve higher
local pressure, material is fed only over a limited (15 cm) section of
the roller surface. The compacted dye has the shape of little plates
(item 3, (Figure 1), which are then granulated in a Bantam Model
'Mikro Pulverizer" hammer pulverizer (Figure 3).

The procedure is completed by a separator that removes particles
of less than 75 vin produced during the grinding. When leaving the
grinder, the dye falls through the separator shown in Figure 3, which
consists of a chamber equipped with baffles designed to slow down
the fall of the particles and to facilitate the elimination of fine
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FIGURE 2 - Laminating Roller Mill

particles. An air current carries the latter towards a 15 cm cyclone
where they are reccvered and recirculated towards the compactor. Air
circulation is provided by a (constant pressure) compressed air jet
through a venturi located in the hose linking the separator to the I!
cyclone. That syphon creates a negative pressure in the separator
and eliminates dust leakages. Furthermore, higher efficiency is I
achieved due to the larger air flow in the cyclone.

Operating Conditions

The operating conditions of the rolling mill vary according
to the dye processed, as specified in Table I. A first pass is
made with the rollers fully closed (gap = 0) and 0.6 mm thick plates
are obtained. This treatment is sufficient for orange (I-AAQ), but I
for other dyes (red, violut, yellow, green and blue) the plate surface
is dull instead of shiny, a sign of insuffii'ent compaction. A second
processing is required and the setting of the rolls will vary with
the color as shown on the table. However, these values are specific
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TABLE I

GAP BETWEEN THE LAMINATING ROLLERS

Product Pass 1 Pass 2 FinalS Gap Gap FlakeGappThickness

(-MM) (MM) (CM)

Orange
(1-AAQ) 0 0.63

Orange
(a-AAQ) 0 O.S6

Red
(1-MAAQ) 0 0 03.8

Violet 0 0.S 1.1

Yellow 0 O.S 1.1

Green 0 0.6 1.2

Blue 0 0.6 1.2

to one particular lot and variations in the setting of the rolls
for the second treatment can occur with lots. In all instances
a difference of about 0.6 mm between the roller gap setting and
the thickness of the plates is noted, and is due to the rollers
being forced apart by the high pressure exerted.

The size of the ground particles may be changed either by vary-
ing the speed of the rotor, or by changing the grid that screens
the exit the crusher chamber. In order to reduce the amount of fine
particlef, the rotor speed was set at 850 rpm, which is the minimum
speed below which the crusher gets jammed. However, the average
particle size by weight may be adjusted from approximately 500 to
1000 pm according to the grid used. Figure 4 shows the grain sizes
obtained when processing 1-AAQ orange dye with various grids prior
to separating the fine particles. The HB-046 herringbone slot grid
was chosen for producing the granulated material because it yields
the best distribution: less than 10% by weight fine particles (<100 pm)
"and very few particles above 1000 Um. The smaller (HB035 and 027)
grids increase the amount of fine particles and reduce average size.
whereas grids-with a larger opening lead to a considerable increase

V of the fraction 1000 Pm and up, without reducing significantly the
amount rf fine particles.
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FIGURE 4 - Particle size distribution at the crusher exit
before separation of the fine particles, for
different screens.

The separator is used to eliminate the fine particles produced
by this method. Their presence in the end product is undesirable for
two reasons: they are a source of dust during handling and increase t
viscosity during the manufacture of composite mixes, due to the
fact that the solids other than the dye, i.e. the KCl03, the lactose
and others, saturate the suspension of fine particles [their size
is less than 20 pm). Most of the 8 to 16% by weight less than 100 pm
at the crusher exit must be eliminated by means of a separator.

Figure 5 shows the variation of the distributions obtained
for the various dies, after fine particle separation. Aii flow
was always 3.5 dma/s, except for violet dye, where 4.0 dm Is was
used. This method yeilds granulated material of average size 500 to
750 pm and completely free of fine particles 50 pm and less.

PROPERTIES AND ADVANTAGES OF THE GRANULATED MATERIAL

For the purpose of comparing and estimating the quality of
the granulated dyes, density measurements were made on the various
powders and granulates. Dye density was determined (Table II) by
measuring - bý means of the mercury displacement method - the volume
of the 1/2 cm tablets obtained by pressing (55.1 mPa) the powders
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TABLE II

DENSITY OF THE VARIOUS DYES

Dye Crystal Flake
Density Density

3
(g/cm>J (g/cm3)

Orange
(I-AAQ) 1.43 1.40

Red
(lot R-300) 1.33 1.33

Red
(lot R-302) 1.21

T. (no dextrin)

k Violet 1.30 1.28

Blue 1.40 1.40

Green 1.33 1.29

Yellow 1.38 1.37

available on the market. The accuracy of that procedure was checked
by measuring in the same way substances of known density. These
figures therefore represent the actual density of each dye.

Table II also shows the density of the plates obtained after
compaction. Those figures were measured by mercury displacement
as well. The similarity between plate density and the actual dye
density shows the effectiveness of the roller compaction method.

The apparent density of commercial powders and of granulates
was obtained by measuring - after 30 seconds' vibration 5 the volume
taken up by a known weight of dye inserted into a 100 cm graduated
tube. The results are shown in Table III opposite the figures found
in the literature. There is a considerable increase in apparentt• density when switching from fine material to type II granulated
material. For instance, the respective figures are 0.45 and 0.83
g/cm for yellow dye. That table also contains the correspondingF r compaction indices "e", where "e" is the ratio between apparent
and real density and represents the share of volume taken up by
the solid. The results show that granulation has almost doubled
the value of "0".
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TABLE III

APPARENT DENSITY AND COMPACTION INDEX OF
GRANULATED MATERIAL VS. FINE POWDERS

Apparent aensities Compaction index
(g/cm3)

Dye Specified Measured

Fine Fine Granulated Fine Granulated Mat
(10-20 0m) Type II Type II

Orange - 0.55 0.94 0.38 0.66

Red 0.30 ± 0.15 0.20 0.74 0.15 0.56

Blue 0.35 ± 0.15 0.20 0.72 0.31 0.56

Green 0.40 ± 0.20 0.48 0.75 0.44 O.SS

Yellow 0.36 ± 0.10 0.45 0.83 0.33 0.60

Violet 0.35 ± 0.10 0.43 0.83 0.33 0.61

Table IV gives the apparent densities and compaction indices
achieved with the various 1-AAQ orange dye types. Thus "e" is 0.66
for type II 660 Um granulated material obtained by compaction and
grinding as opposed to 0.38 for 15 pm commercial dye. That is a
73% gain due to the large average size and to the broad range of
particle sizes.

O TABLE IV

COMPACTION INDEX "I" FOR VARIOUS FORMS OF 1-AAQ

Type Avge .Apparent
size oensity Cby weight

(Um) (g/cm

Commercial
Powder 15 0.55 0.38

Granulated Mat.
Method I 400 0.84 0.59

Granulated Mat.
Method II 660 0.94 0.66 fl

U
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Effect of the Granulated Material on the Smoke Composition
Manufacturing Characteristics

Figure 6 shows the end-of-mix viscosity variations for the
various 1-AAQ grades. At 75% by weight solids, substitution of fine
dye by type I (350 irm) granulated material reduced viscosity by
a factor of 10. A mix containing 82% by weight solids could thus
be obtained, even while staying below the S kP castability threshold.
The type II (660 um) granulated material was taken one step further,
and mixes containing in excess of 85% by weight solids are now feasible.

Table V shows the end-of-mix viscosities recorded for various
mixes comprising 20% R-45M, HTPB binder. One can classify these
mixes into three classes: the orange composition which has the

T lowest viscosity, the red with the top value and the others averaging
2 kP. The variations can be ascribed to variations in compaction be-
tween dyes as well as to variations in dye concentration. The solid
phase contains approximately 60% by volume granulated dye in all

lo cases except for orange mixes (67%). Use of a dye other than orange
thus means a departure from the optimum concentration of 65% by
volume large particles, and an increase in mix viscosity due to
the lower compaction rate of the solid phase. However, this does not

The solid phase consists of
57% by weight I-AAQ and 43%
by weight 15 ijm solids on avge
(KCI0 3 , lactose, others).
Average size by weight of

:.• - • I -AAQ:/

i~ 0 •1 15 Pmn, commercial

- 0

4 75 80 85

LL

Solids percentage by weight

FIGURE 6 - Mix Viscosity Variation according to the Size of I-AAQ Dye
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TABLE V

END-OF-MIX VISCOSITIES (kP) FOR DIFFERENT DYES

Dye Viscosity
(end-of-mix)*

Orange
(1-AAQ) 0.5 0 1.0

Red
(I-MAAQ) 5.0

Violet 2.5

Yellow 1.7

Green 2.1

Blue 2.5

* These viscosities are for mixes containing 20% by
weight binder. Type II dye is 50% of the solid
ph•se (57% for orange). Above figures at a
temperature of 600 C.

explain the higher value (5 kP) for the red which has almost the same
compaction as the green, the violet and the yellow. With the red,
the paste is deeply colored suggesting some attack of the dye by
the binder or a breaking of the granulated grains by the high shear
action of the mixer itself. While this figure of S kP is still low,
it is close to the castability limit; this means that the red composi-
tion has a loading capacity limited to about 80% by weight while
the Iothers can be loaded beyond 80% before reaching the castability
limit.

COATII1C OF DYES

The dyes are know to reduce the curing potential of the curative.
The red is much more active than the others; for example, formulations
containing red dye show a Shore "A" hardness of 22 as compared to
30 for the others after 6 days at 60°C. This brought us to look "1 '

Sfor a means to protect the dye from the action of the mixer and the vn
attack of the binder. This should reduce the EOM viscosity and in- ':7z
crease the end-of-cure hardness. The solution was to treat the
granules with an epoxy known to be compatible with the R-45M binder,
thus preventing breakage and also providing an inert protective
barrier at the surface of the dye.
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Fabrication

The key was to apply a uniform coating on the surface of
the granules while preventing them from sticking to each other and
forming a hard cake. To achieve this the coated granules were dispersed
in water, and the dispersion maintained by agitation until curing of
the epoxy coat was complete. While soluble to some degree in most sol-
vents and organic liquids, the dyes are practically insoluble in water.
Another interesting point is that water has a catalytic effect on the
reaction of an amine and an epoxy group. The coating agent used is
a mixture of 85 parts by weight of epoxy resin "EPON 815", (DGEBA plus
11% butylglycidyl ether) and 15 parts of BDMA (benzyldimethylamine)
as curing agent. The amount required is ten rFarts of epoxy for 90
parts by weight of granulated dye.

T
The installation used for coating consists of a 5-gallon Ter'=on

lined vessel containing a baffle and a 5 inch (12 cm) marine-type mix-
.T ing propeller. In operation the propeller is rotated at 150 rpm

and the vessel is maintained at constant temperature by controlling
"the flow of steam through the jacket. The reactor is first filled
with water and agitated while being heated to the reaction temperature
"(60°C); the granulated dye is then poured into the reactor, followed
by the required amount of premixed epoxy coating agent. Due to the
agitation the coating agent readily forms an emulsion which fixes
itself to the surface of the dye. The agitation as well as the tem-
perature are maintained for two hours. The suspension is then filtered
and rinsed with cold water, drained and placed in an oven at 100°C
for 2 days to dry. Success is assured if strong turbulent mixing
is maintained to keep the dye well dispersed and prevent aglomeration;
this agitation must be maintained until the reaction has proceeded
to the point where the particles will not stick together.

Advantages of Coated Dye

Burning tests conducted with generators filled with compositions
formulated with treated and untreated dyes showed equivalent results
in terms of burning time and smoke performance (color and ,,olume).
However, processing, curing characteristics and mechanical properties
are influenced differently depending on the color of the dye.

I Most of the work was carried out with red dye as this technique
[ was developed primarily to solve the processing problems encountered

with this dye. Table VI contains EOM viscosities (measured at 60 C
with a Brookfield Model RVF 60 min after the addition of the curing

-• agent) and Shore "A" hardness after 6 days of curing at 60°C for
coated and uncoated red dye compositions. Each composition has
a solid distribution of 38, 32, 8 and 2 parts of dye, KCl., lactose
and sodium bicarbonate. At 80% solids, the EOM viscosity is reduced
from 5 to 2.2 when coated dye was used instead of granulated dye;

:"however the drop in viscosity becomes greater when the solids load is 13

increased.

L 7i
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TABLE VI

EFECT OF COATED DYE IN RED COMPOSITIONS

Solids Dye EOM Viscosity Shore "A" Hardoess
%by wt. kP 0 600C 6 days 60QC)

UNCOATED 5 22

80% ,

COATED 2.2 45

UNCOATED 21.1 23 '

84%

COATEU 2.8 45

NOTE: Solid Load: 38, 32, 8,2 parts by wt of Dye, KC10V3 lactose, NaHCO3'
Binder (% by wt): R-45M-55, IDE-30, DDI-15. ]

At 84% the EOM viscosity is lowered from 21.1 to 2.8 kP. The use of
coated dye influences the physical properties of the cured composition
as well. With treated dye, hardness is double that obtained with
untreated dye. ;1

t Table VII shows comparative results for green, violet, red
and yellow compositions containing 80% solids. In all cases, the
curing mechanism is influenced by the dye because the Shore "A"l
hardness and mechanical properties are improved by the use of coated
dye. While the EOM viscosity is not really reduced with other than
the red dye there is actually an increase with the yellow dye.•_]
The general improvement in hardness and mechanical properties shows
that the coating stops the negative action of the dye on the R-45M
based binder. J

The technique developed at DREV for coating dye with an epoxy
proved to be a solution to the high viscosities and the poor curing -
of the red compositions formulated with R-45M polybutadiene. At
80% solids the coated dye was required with red only; with other
colors, the coating improves curing and mechanical properties but
acceptable results can be obtained with uncoated dye. However we I

believe that it will be imperative in the future to use coated dyes L
if higher solid loadings are required in castable coloured smoke: ~compositions.
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TABLE VII

PROPERTIES OF COMPOSITIONS WITH COATED AND UNCOATED DYE

Color Dye EOM Hardness Mechanical Properties
Viscosity Shore "A" at 22.8 0 C (aging 0 day)
kP @ 60°C 6 days @ 60°C -d

am Modulus
kPa cm/cm kPa

Red UNCOATED 5.0 .2 350 30 1900
COATED 2.2 45 420 26 3500

Violet UNCOATED 2.S 30 370 40 1700
COATED 2.6 45 600 31 3470

Yellow UNCOATED 1.7 46 530 32 3400
COATED 6.0 56 - - -

Green UNCbATED 2.1 33 370 35 2150
COATED 1.6 48 475 26 4640

NOTE: Red Comp.: 3S, 32, 8, 2 parts by wt of Dye, KC1O3t Lactose, Sod. bic.
Others: 40, 30, 8, 2
Binder(% by wt): R45M-55 ; IDP-30; DDI-15.

}V

SECTION II
I

ROLL-FORMED SHEETS OF COMPOSITE SMOKE COMPOSITION

In this section we will discuss the production of white smoke
compositions in the form of thin flexible self-adhesive sheets.
These sheets were produced from castable-type compositions based on
the R-45M/DDI system. In the particular case of the white smoke
composition, however, major modifications were made to the binder
formulation to ensure proper curing and properties suitable for roll-
forming.

The white smoke compositions that was used in this study was
made up from the following ingredients:

Dechlorane (11.5 pm, Hooker Chemical Co.) 10-30% by weight,
Zinc Oxide (.8 pm, JT Baker No. 4360) 36% by weight,
NH C1O0 (200 pm, St-Lawrence Chem) 10-40% by weight,
Binder: R-45M (ARCO Chem),

DDI-1410 (General Mills) 16% by weight.
(NCO/OH 1.8)
244
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The unusually high NCO/OH ratio of 1.8 is the result of the consumption
of the isocyanate by the zinc-oxide; tests conducted with standard
binder having a NCO/OH of 1.0 and solid ingredients (ZnO, dechlorane,
NH4ClO4 ) resulted in improper curing.

The first step of the fabrication consists of mixing the ingredients
in a cone vertical model 8CV mixer according to the standard procedure
for preparing composite compositions. The compositions were cast into
20 x 30 cm polyethylene liner bags. These bags were sealed and the
composition was allowed to cure. By placing about 1 kg in each bag we
obtained 20 x 25 x 1 cm cakes. After 24 hours of curing at 50°C,
they reached a Shore "A" hardness of 20 which was the required value
for rolling. The bags were then cut and discarded and the cakes
were fed into the rolling mill. This rolling mill, Figure 7, was
identical to that used for the compaction of dye (SECTION I); the two
15 cm diameter by 25 cm long rolls rotate at 8 RPM. The gap of the rolls
was adjusted to the desired sheet thickness. (The setting for the first
pass should not be less than 3 to 4 mm, however. It i'. suggested to make
one or two passes at this thickness and then to proceed to the final
setting. In the case of the thinnest sheet a total of four to five
passes are required.)

These white compositions will cure to a final Shore "A" hardness
of 70; however they must be roll-formed when they are only partly cured
i.e. when the hardness is less than 30. At that point, the paste will
still contain unreacted groups which will give a self-adhesive sheet.
If desirable, the sheet can be bond immediately to another material
like a casing or a rigid support. The final curing period of 5 days
at 600C will 1. en strengthen this bonding. When such bonding propertiesare not wantec, the sheets can be spaced with a non-adherant material

such as polyethylene sheets and allowed to cure. They then can be
used as completely-cured flexible sheets without adhesive properties.

The thickness of the sheet that can be produced depends on
the hardness of the composition at rolling time. Figure 8 illustrates
the conditions that must prevail; the hardness must be between 10 L
and 30. Above this range the material is over-cured: it is toe hard
and tends to return to its original shape. Below 10, the opposite
situation occurs, w,'here it is too soft and sticky. The minimum ,hickntss
that can be obtai.ted with this type of compositior. is 1.0 mm, and
the thickness varies inversely with the hardness. For thicker 3heets,
it is preferable to use softer (less cured) compositions while thinner
sheets will be prepared more easily from harder compositions. A
hardness of 18 to 20 is suitable for all thicknesses.

These sheets can be used in many applications. Their adhesive
properties make them applicable in special arrangements; they can
be bonded agairst a support like cardboard, a casing or any other
material. They .an be rolltd with some spacings to make multi-perforated- I
type high-burning surface grains. They can be stamped into wafers or
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FIGURE 7- Laminating Roller Mill

small pieces that can be assembled in various ways for special effects
of shape, burn surface and duration of burning. They can be worked
fully cured as well when .:Jhesive propertfcs are not required.

Tests conducted with other composite like coloured smoke described
in Section I, showed that they are suicabie for rolling in about the
same conditions. However thc presence of dye particles restrict the

- - minimum thickness of the sheets.
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f FIGURE 8 - Conditions Required for Rolling

CONCJLSION

The granulation of organic dyes used in smoke compositions
has provided a solution to the problem of high mix viscosity. Whereas
the maximum solids loading of orange compositions was in the order
or 75% by weight (10-12 kP) with the powder dye available on the
market, it is now possible to obtain mixes containing up to 85% by
weight solids and having an end-of-mix less than 3.5 kP, with granu-
lated material of an average size of 650 m.

Equivalent improvements were obtained with the other dyes,

but their end-of-mix viscosity remains higher than that of l-AAQ. i
At virtually identical grain sizes the castability thresholds are

80 1
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all above 80% by weight except for the red which shows marginal castability
and improper curing at 80% by weight solids loading. In the latter case,
the application of a protective coating of epoxy on the surface of the
granules provides a barrier against the erosive action of the mixer
and the attack of the binder.

Used in the same proportions as the dye available on the market,
the granulated material as well as the coated dye did not affect com-
bustion or smoke quality (colour and volume). However, the improved
smoke composition manufacturing properties made it possible to raise
the smoke composition solids loading, thus providing a considerable
improvement in overall generator efficiency.

The work on a white smoke composition resulted in the development
of a technique to produce thin sheets of flexible material with adhesive
properties. This technique is not limited to white smoke compositions;
it can be applied to all composite colored smoke and propellant composi-
tions provided that they possess properties suitable for rolling. We
believe that this technique should widen the applications for composite
compositions by increasing the shapes and special arrangements that
can be realised.

NK
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ON THE DESIGN AND DEVELOPMENT OF INSTRUMENTATION
FOR STUDYING TRANSIENT FLAME PROCESSES

I

M. Bonner Denton, John Algeo and Scott B. Tilden "
Department of Chemistry
University of Arizona
Tucson, Arizona 85721

I--
ABSTRACT

Studies into the implementation and use of computer automated

high-speed mapping techniques are described. Considerations involved

in the development of Gxperimental hardware and software are discussed.

82j



o11

ia;
INTRODUCTION

Due to the complex interactive nature of the processes

occurring within heterogeneous flame systems, conventional manual

experimental approaches often impose severe limitations on the

nature and depth of the studies which can be realistically im-

"plemented. Many of the experimental problems encountered are

even more difficult to overcome when studies must be conducted

on transient combustion processes. A promising solution to

many of these limitations has resulted from the development of

an interactive computer controlled experimental system capable

[ - of providing high speed two- and three-dimensional contour maps

detailing user selected combustion processes.

This paper will present many of the considerations and

design parameter trade-offs which must be resolved during the

development of such an experimental system. Both data detailing
the system's current performance, studying conventional analytical

flames, and the modifications necessary to extend these techniques

to actual pyrotechnic flares will be considered.t

EXPERIMENTALI
A variety of possible approaches exist for implementing high

speed flame mapping, each of which has a combination of advantages

and disadvantages.
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In general, most approaches for rapidly acquiring an emission

profile at a designated wavelength can be broken up into electron-

ically scanning detectors coupled with a large area wavelength -

isolation device and fixed detectors coupled with a small area

wavelength isolation device and an opto-mechanical scanner.

In deciding the relative merits of each of the possibilities j

within these two categories, a variety of criteria must be considered.

These include:

(1) Wavelength regions to be studied 13
(2) Ease with which a specific wavelength can be selected

(3) Required wavelength resolution I
(4) Photometric accuracy -I
(5) Photometric dynamic range

(6) Scan Speed j
(7) Number of data points required

(8) Error detection i
(9) Experimental flexibility ]

(10) Capability for performance upgrading

(11) Complexity/cost/reliability
117Y

In general, the available electronically scanning detectors

provide superior scanning speed but possess other limitations.

Vidicons, solid state diode arrays etc., currently are limited by ]
poor photometric dynamic range, image blooming, limited wavelength

84



KIFF response, and inherent dependence on optical filters for wavelength
0 isolation when operated in an X-Y spatially scanning mode. While

image disector tubes provide a very reasonable dynamic range,

image blooming is still a problem along with the other limitations

I "encountered with arrays and vidicons.

"Opto-mechanical scanning techniques while inherently much

slower, can still be easily operated at speeds sufficiently fast

to study many of the processes of interest occurring in pyrotechnic

flares.

I The greatest asset of opto-mechanical scanning lies in the

•I great flexibility regarding selection of both the wavelength iso-

lation device and the optimum detector type for the study at hand.

A wide variety of detectors including many types of photomulti-

pliers can be used for ultraviolet, visible and near infrared regions,

while photoconductive and photovoltaic solid state devices can be

employed in the infrared region. The ability t,- use conventional

grating monochromators provides convenient wavelength selection and

Si the choice of resolution versus throughput.

.- The current configuration of the computer controlled high speed

- flame mapping system wnich has evolved is diagrammed in Figure 1

and shown in Figures 2-4. While initial developmental studies have

"been conducted on conventional, carefully characterized analytical

flames, great care has been taken whenever possible to ensure that

the techniques developed can be transferred to pyrotechnic flare

II:: devices. The ten-facet scanning mirror employs 38 mm square mirrors.

-. The first five facets are set at zero, one, two, three, and four
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degrees. The next five facets are set at half degree offsets,

creating an "interlaced" raster format which can be utilized

for increasing the effective scanning speed when necessary.

A synchronization pulse is derived by deflecting the beam from

a 1.5 mW helium-neon laser onto a photoconductive detector which

has been suitably positioned and masked to receive the laser

beam only during exact alignment with a single mirror. The

signal from the biased photo cell is conditioned with a voltage

comparator, converted to TTL logic levels, and used for all sub- .3

sequent timing during each individual flame scan. Photons emitted

by the various areas of the flame under study are sequentially

reflected from the scan mirror onto a pinhole iris, 1.0 mm in

diameter, placed in front of the monochromator entrance slit. The

350 mm focal length f/6.8 GCA McPherson EU700 monochromator equipped

with a 1180 l/mm 5000 A blazed grating provides resolution of

approximately 0.5 A. Presently, a R212UH photomultiplier tube is

mounted in a Pacific Photometric Instrument housing containing

an integral high-speed preamplifier which can be either employed

or bypassed at the operator's desire.

The signal is subsequently fed to a modified Keithley Instru-

ments Model 417 high-speed picoammeter whose output signal is

degitized under computer command with a Burr Brown Research Model

ADC-80 high-speed (20 usec/data point), ten bit resolution analog

to digital converter. Analog display is provided by a Tektronix

RM585A oscilloscope equipped with a type 86 high-speed plug-in.

'• 90-CK Z
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The output of the anflog to digital converter is subsequently

transferred through a set of parallel line drivers to a special

computer interface and, finally, a Data General NOVA 2-10

computer containing 16K words of memory. Mass data and software

storage is provided by an Xebec XFD-200 dual drive disc system,

while plotting is performed by either a Tektronix 4010 graphics

"terminal or a Hewlett-Packard-Moseley Model 135 X-Y plotter.

Data Manipulation

Computerized data reduction can provide a variety of capa-

bilities which would not be possible utilizing less powerful

approaches.

Scan mirrors having the desired geometry are not available

v- commercially, dictating custom fabrication. While this might at

" first appear to be an ambitious undertaking, problems associated

with holding precise optical tolerances, both on the offset angle

and radius for each mirror surface, can be easily sidestepped through

the use of the proper software correction techniques. In effect,

when an array of points is being translated into a map, the data

"values are assigned locations offset by the required correction

factors.

In additio'n to reducing the mechanical tolerances required for

the rotating mirror assembly, problems associated with varying

mirror reflectivity can be eliminated through employing the properI correction factors. The very serious problem of short term "flicker"

"noise can be substantially reduced using weighted smoothing techniques

It_3
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in both time and space. Consider that a single data grid is

obtained containing randomly high and low values. A response

surface can be smoothed considerably by employing a weighted

average of each of the neighboring grid points. When the system

is being scanned at a rate sufficiently faster than the rate

of change of the phenomena under study, additional smoothing

can be obtained by fitting d function to the response observed

at a certain location as a weighted average based on time. This

procedure is diagrammed in Figure 5. A smoothed time extrapolated

series of maps could subsequently be generated on demand. Addition-

ally, when it is valid to assume that the flame under study is

symmetrical about its vertical axis, equivalent points on each

side can either be :imply averaged together or used in some more

complex statistical treatment.

The presence of phenomena occurring on time scales faster

than the total scan speed can be detected in two ways:

1. Comparing the signals observed from two adjacent

mirrors (which are offset one degree) with that

observed from the intermediate angle mirror on

the opposite side of the scanner, can be useful

for determining the presence of tratisients on

time scales near the total scan speed. Figure

6A shows the absence of major changes as angles

of 0 degrees and 1 degrees are compared with 0.5
degrees following a 100 millisecond delay, while

6B indicates short-term variation.

2. For vertically symmetrical systems, transients on

time scales near a single horizontal scan can be

detected by comparing the right-hand sioe with the

left-hand side.
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The experimental system has been used to generate two-

dimensional 600 data point maps every 150 milliseconds or 300

data point maps every 75 milliseconds. Additionally, through

the use of a specially derived approach based on Abel integral

techniques, the system can generate three-dimensional profiles,

horizontal "slices", and "thin film" verticle profiles.

I Presently the system is being reconfigured to allow

observation of pyrotechnic flare candles in a choice of ultra-

violet, visible and infrared wavelength regions with the viewing

j izone to be in a special combustion chamber incorporating a high

44 flow rate evacuation system.

ACKNOWLEGDMENTS

The authors wish to express their appreciation for the

support of these investigations by the Naval Air Systems

Command, AIR 310C under the technical guidance of Dr. H.

Rosenwasser. We also would like to express great appreciation

to Dr. B. Douda and his research group at the Naval Weapons

Support Center, Crane, Indiana, for valuable advice.

i_5
V

S_4



SIGNAL PROPELLANT EVALUATION

by

David R. Dillehay

Thiokol Corporation
Longhorn Division
Marshall, Texas

ABSTRACT

This paper deals with the analysis and solution of
a production problem on the M125 Series hand-held
signal. It is significant in that it points out the
subtle changes that may occur in pyrotechnic raw
materials that can have dramatic and confusing effects
on end item performance.

The specific example concerns catastrophic failure of .
the signal rocket motor and the subsequent evaluation
and elimination of the problem. It was found that raw I
material and processing changes resulted in loss of
physical strength of the propellant grain. Improve-
ment in materials and processing was not sufficient to
totally correct the change. A complete solution was
obtained by venting the head-end propellant spacer to
balance the internal pressure of the signal motor dur-
ing firing 0  -
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INTRODUCTION

The hand-held signal is a man-launched rocket that car-

ries a pyrotechnic payload used for signaling or illumina-

tion. The propulsion system consists of a solid propellant

grain burning in a stainless steel casing tube with a delay

housing and nozzle plug closing the motor cavity and held in

place by a stainless steel bolt. The propellant assembly is

composed of three perforated increments glued together and

P' inhibited on the ends and outside with Pettman Cement. The

increments are consolidated from propellant composition made

by incorporating calcium carbonate in black powder.

The signal is launched by striking a firing cap while

holding the launcher barrel by hand. An initiating charge

is ignited by a primer and provides the force to accelerate

the signal to an exit velocity of approximately 50 ft/sec.

The initiating charge also serves to ignite the propellant

assembly. Normally, there is an ignition delay of 40 to 50

milliseconds between launch and propellant ignition. This

allows time for the signal to clear the gunner's head and

provides a margin of safety.

In 1976, Longhorn Army Ammunition Plant (LAAP) began

manufacture of signals using propellant composition manufac-

tured at the Belin Powder Works in Moosic, Pa. The Belin

Powder Works was originally owned and operated by E. I. du-

pont deNemours & Co. In 1973, Gearhart-Owens, Inc. took

U 97
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over operation of the plant and later operated under the name

E •of Goex Corporation. This is currently the only commercial

F •black powder plant in the western hemisphere.

In September of 1976, a Longhorn signal lot hiad a motor

blow at Jefferson Proving Ground during acceptance testing.

This motor failure prompted an immediate investigation to de-

k ,termine the cause of this unusual occurrence. The investiga-

tion included static tests from all propellant composition

lots used from Goex Corporation. The tests showed a high

Jevel of propellant grain break-up and anomalous pressure-

time traces from all lots. Based on these test data, a recom- q

mendation was made by Thiokol Corporation that the manufac-

tured signal lots already tested and accepted be put in sus-

pended status pending additional evaluation.z.

This paper will report on the evaluation and solution of

this problem. -

rz
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BACKGROUND

The nominal propellant composition formulation is as

follows:

Potassium Nitrate 67.2%

Sulfur 9.4%

Charcoal 14.2%

Calcium Carbonate 9.2%

At the time of consolidation into propellant incre-

ments, the composition must contain 1.8 to 2.5% moisture.

The manufacture of ptopellant composition is exactly

the same as black powder with the addition of calcium car-

bonate. The materials used are potassium nitrate, sulfur,

charcoal, and calcium carbonate. The charcoal originally

used for black powder was made by a retort process. Three

and one-half years ago, at the time that Goex Corporation

took over the operation of the Belin Works, the Environmen-

tal Protection Agency ruled that extensive anti-pollution

measures be applied to the retort process. As a result,

the vendor switched to a kiln process for the manufacture

of charcoal. All charcoal purchased by Goex Corporation

has been kiln charcoal.

The potassium nitrate is weighed into burlap bags in

preparation for mixing. The required proportions of sulfur

and charcoal are put in a ball mill with steel balls and

milled to produce a "pulverize charge". The pulverized

mixture is weighed into bags in preparation for mixing.
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__The materials required for approximately 450 lbs. of

X • propellant composition are taken to the mix-muller. The mul-

ler consists of two 10-ton iron wheels with plows to give a

mixing action similar to a Simpson Muller. The weight of the 0

wheels p:.ovides a crushing action to reduce the particle size

of the potassium nitrate and incorporate the materials in an

intimate mix. During the mulling operation, water is added

tz keep the mix from dusting too much. The heat generated

and the moisture present cause solution and re-crystallizing

action of the potassium nitrate and leads to a highly mixed i
powder. The water is added, also, to adjust the final mois-

"pa
ture content of the wheel cake to about 3 or 4%. Historical- _

ly, the calcium carbonate content drops about 1% during the

mixing operation and the potassium nitrate content increases 4

approximately 1%. This seems to be due to an actual loss of a
calcium carbonate at the wheel mill (possibly due to dusting

of the fine powder.) The operation of the wheel mill is an

operator-judgment process. Experience with the look and feel F
LI

of the powder plus adjustments based on local weather condi-

tions are the main controls on the time of mixing. On com-

pletion of the mulling operation, the operator uses a wooden

shovel to load the wheel cake into bags for transfer to the I
hydraulic press building.

The propellant composition is taken to the press mill

IV- and moved to a hopper. The powder is charged into a large

box divided into compartments with aluminum plates spaced

i00
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approximately 2 inches apart. A hydraulic press is used to

press the powder into blocks about 2 ft. x 2 ft. and 1-1/4

inches thick. The propellant composition blocks are removed

from the press by hand and hand-fed into a chipper to reduce

the blocks to small chunks.

The chunks of powder are taken to a corning mill where

they are ground to size and screened to meet a finished

product screen requirement. After the corning mill opera-

tion, the powder is taken to the glaze mill.

The glaze mill is only used to blend the powder from

several wheel mills into a homogeneous product. No graphite

is added to the propellant composition and the tumbling time

is kept to a minimum. If it is necessary to reduce the

moisture of the propellant composition, it is done in the

glaze mill by blowing warm dry air through the glaze barrel.

Each glaze barrel is identified as a powder lot and general-

ly contains 2000 to 3000 lbs. of propellant composition.

After blending, each lot is run through a sifter to as-

sure the final particle size distribution is within specifi-

Si cation and the powder is packed into 25 lb. kegs.

Laboratory analyses on the propellant composition in-

cludes a compositional analysis, moisture, particle size dis-

tribution, burn time, and density. The burn time is run on a

rolled lead tube segment and is reported in seconds/yard.

At LAAP, the propellant composition is pressed in a

Stokes rotary press to make propellant increments 0.968 in.
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in diameter and 0.686 in. long. A center perforation of

0.358 in. is formed with a core rod. Three propellant in-

crements are joined with Pettman Cement and the outside and

ends are inhibited with Pettman Cement. The assembly is

placed in a steel casing tube as shown in Figure I. The pro-

pellant is held tightly in place by two cardboard spacers. "

A modified closure for the head-end of the casing tube

4 3;;permits recording a pressure-time trace during burning. A

typical normal pressure-time trace is shown in Figure II.
ýFITesting of the Goex propellant composition produced some nor-

mal traces and some highly irregular traces as shown in Fig- "I

ure III.

Another test procedure used for propellant evaluation

is sound trace evaluation of flight tests. The signal is

conditioned to a specific temperature (usually -65 0 F, 700 F, [
of 160 0 F) and fired from a fixture. A recording oscillo-

graph records the sound pickup from a microphone placed near

the base of the fixture. A computer program is used to cor-

rect the sound timing for the travel of the signal resulting

in very close agreement of static test burn times and flight I

4t itest burn times. Using sound trace data and plotting histo-

tgrams then gives a good picture of the performance of the

signal propellant under dynamic flight conditions. Figure V J
shows a comparison of static test and flight test burn times

for similar motors. Another parameter obtained from the

sound trace is the ignition delay of the motor. If the delay

°Ilk
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is too short, the signal motor comes up to pressure while

at head level with the person firing the signal. Propel-

lant failure at that point could be fatal. If the delay is

too loný, the signal will try to tumble due to the forward

tail fin. On becoming propulsive, the signal may be point-

ed horizontally or even back towards the person firing the

signal. Either case may result in serious or fatal injury.

TEST RESULTS

Static and flight tests on the propellants in produc-

tion had shown that a serious problem existed. In discus-

sions with Goex engineers, three possible changes in pro-

pellant composition were disclosed. First was the obvious

change from retort charcoal to kiln charcoal. The kiln

charcoal had been cited as an improvement in performance

for black powder. No other system uses consolidated black

powder in a free-standing propellant grain, however.

Estes Industries uses pressed black powder in model rocket

motors bat suppcrts the end burning grain by pressing in a

cardboard tube. The effect of the change in charcoal on

the physical properties of the propellant was not known.

4 • The second change was in the density of the propellant corn-

position. There was no density requirement in the speci-

fication. The original propellant composition developed by

duPont held the density in a range of 1.69 to 1.76 gm/cc.

Goex found that they could increase the throughput of the
•;plant by increasing the density. The last few lots tested

[[I
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were in the density range of 1.79 to 1.83 gm/cc. Since the

propellant composition is pressed to a density of 1.82 to

1.89 gm/cco, less particle deformation and mechanical inter-

locking would be expected with high density powders. The

third possible change was in the calcium carbonate. There

are two basic types of calcium carbonate - aragonite and

calcite. The aragonite is generally orthorhombic and the

calcite is generally hexagonal. X-ray diffraction patterns

of calcium carbonate from old duPont propellant and from

new Goex propellant showed both to be of the calcite type.

The width of the diffraction pattern suggested, however,

that the calcium carbonate used by duPont might have been

finer than that used by Goex. Contact with Charles Pfizer &

Co., supplier of calcium carbonate, revealed that the cal-

cium carbonate being furnished to Goex was calcite with a

scalenohedral crystalline structure. They did have a finer

L grade of calcium carbonate. All three grades of calcite

that they manufacture would meet the specification require-

ments. The material Goex had been using was nominally 2.5

microns weight mean diameter. The finest calcium carbonate

available was 0.8 microns weight mean diameter. '1

"The first test tried was .a r6duction in the density of

the powder. Goex made a powder lot and reduced the density

of the propellant composition to 1.73 gm/cc. This material

consolidated to a smoother, more uniform looking pellet but

still exhibited evidence of break-up. The severity and fre-

REE
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quency of break-up was lessened over the high density pow-

ders, however,

A test plan was developed to evaluate the effect on pro-

pellant composition of 1) the type of calcium carbonate, 2)

the quantity of calcium carbonate, and 3) the quantity of

charcoal. The following formulations were manufactured by

Goex for testing at LAAP:

Sp. Gr.
Lot No. % KN0 3 % C % S %CaC0 3  gm/cc % H2 0

88-11 67.40 14.60 8.85 9.15 1.701 2.40*

88-12 66.10 14.15 8.65 11.10 1.756 2.60**

88-13 64.65 14.30 8.40 12.65 1.811 2.60*

88-14 67.25 12.10 11.10 9.45 1.773 2.70**

88-15 65.80 11.60 11.00 11.60 1.786 2.20**

88-16 67.45 10.60 12.55 9.40 1.791 2.35**

*Albagloss calcium carbonate (Charles Pfizer & Son, Inc.) -

0.8 micron, WMD

**Albacarr calcium carbonate (Charles Pfizer & Sons, Inc.) -

2.5 micron, WMD

Propellant composition from each lot was consolidated

and assembled into signal motors for ballistic testing. Mo-"r_

ters were tested both statically and in flight. Figure VI

"shows a comparison of flight burn times at 160 0 F. The flight

tests showed break-up of propellants in all six lots at 1600 F

Ai and at 70 0 F. Lot 88-16 had 5 motor blows in the first 15

signals tested at 160OF and testing was terininated on that
lot at 160 0 F. None of the other lots used in signals blew
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IV up at 70 0 F or at -65 0 F.

The motor blows with Lot 88-16 indicate that reduction

in the amount of charcoal in the formulE *n reduces the ten-

sile strength of the propellant composition. Since Lots

88-14 and 88-15 also reduced the charcoal content, these lots,

as well as Lot 88-16, were eliminated from further testing.

LK The sound trace data were used to evaluate ignition de-

lays in the signal motors. The analysis showed that Lot 88-13

W_ •had excessive ignition delays at all temperatures. Therefore,

Lot 88-13 was eliminated from further testing. The ignitionVP;
delay of Lot 88-12 was judged marginal at 70°F and unaccep-

r table at -65 0 F. Ignition delay in Lot 88-11 was judged sat-

M isfactory at all temperatures. See Figure VII.

The remaining lot, 88-11, was similar in performance to

the original propellant composition but with an improved ig-

nition delay. The improvement in ignition delay could be at-

tributed only to the reduction in calcium carbonate particle

size. The improvement in ignition delay ,was a significant

achievement, but the problem of propellant break-up in flight

was still unacceptable.

Analysis of all the ballistic test data showed that the

propellants were failing in tensile strength due to internal

stress during motor firings. The signal rocket motor used a

solid ring propellant spacer at each end of the propellant

which seals the ends for the first 100 to 200 milliseconds of

Smotor burning. See Figure I. During this time, the motor

RRI
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assembly is subjected to an ignition pulse of 200-250 psi

for 10-20 milliseconds, followed by a rise in chamber pres-

sure to approximately 250 psi. See Figure II. At this time

the aft propellant spacer usually burns through and allows

pressurization of the volume behind the propellant grain,

thereby equalizing the forces on the propellant assembly.

This is seen on the trace as a momentary drop in pressure.

INo propellant break-ups have been observed in static tests

after this equalization occurred.

It is standard practice in solid propellant rocket mo-

tors to pro.ide a vent in the head end area (except on case

bonded grains) to permit equalization of the pressure on the

inside and outside of propellant grains. By maintaining a

seal at the aft end of the grain, flow of propellant gases

is prevented and satisfactory performance obtained. Since

signal motors vent naturally approximately 150 milliseconds

into the burn, it was decided to put a vented spacer in the

head-end of the signal motor.

Various designs, from notcbed spacers to sections cut

and glued to the grain, were tried and the final method

chosen for ease of implementation in production was simply

a 5/8 in. gap cut in a standard spzjer. All of the vented

spacer designs were successful in eliminating propellant

break-up. To illustrate, propellant lot 88-8-6 was made

into signal motors. This lot of powder was chosen because

flight tests of 80 signals at 160 F using this powder re-

SrR
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suited in 9 motor blows and 46 short burn times indicative

of propellant break-up. A total of 225 signals from this

lot were then tested with various vented spacers. Not one

single case of propellant break-up was recorded. See Figure

VIII. Other propellant lots were similarly tested with the

same results. See Figure IX. Static tests showed that nor-

mal pressures and burn times are recorded with vented spac-

ers and examination of motor casing tubes showed no hot

spots or other evidence of functional problems. '

The vented spacer has been implemented in production

along with the use of finer calcium carbonate in propellant .!- -
composition manufacture. Thousands of signals have been

loaded and fired without further propulsion problems.

This problem is not unique in production. Similar -i

problems are frequently encountered in systems that have

been successfully produced for years. Subtle changes in raw

materials or even in component parts can creep into the sys-

tem and result in rejects or hazardous items. Sometimes the

tolerance on a parameter is at fault. Sometimes it is a

change that is not even covered in the specification. De- i
signers and users both should be alert to changes in mater-

ials or components that can result from improvements in tech-

nology, cost-saving short-cuts by a vendor, environmental re-

quirements (causing process modifications), or even changes
t•in raw material sources. Mary examples can be cited where

only one vendor's product can meet performance requirements

108
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although no discernable difference exists from raw material

acceptance tests. These instances retard advancement of

pyrotechnics to a science and foster the "black magic" image

we would like to shed.
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THE IGNITION AND DEFLAGRATION OF POTASSIUM PICRATE (KP) AND
KP/EXPLOSIVES MIXTURES: LOW-VOLTAGE, NONPRIMARY DETONATORS

by

Robert H. Dinegar
University of California, Los Alamos Scientific Laboratory

Los Alamos, New Mexico

ABS TRACT

Po~tasziwn pic-'uve. (KP) has been examined a mateA Ala i
whi~ch can be. e~asityC ignited -to de(tag'ttion by a ho-t w-ijre 6o4t
appticwtion in tCow-vottage de-tona-tou which con~taiLn no p!imaAy
expto~x'evus. KP can be. i~gnilted by a 0.0 5-mm-d-iam N-Lch-wme. w-iAe
at ~the. 1-A/i--L te~ve-C.

K? mechan-ZcaZ~y btende~d with PETkJ o'i% HMX in 10/90% by ma6,I
m{x~tujze,s e~xhibit zimit~aA hot-uwite. ignition behav-io'L -to pwte
KP. The~se. de.tagu'atir9 mix-tw,,e,6 genemte. h-Lqhe-' ptuzeswe~
-than pw~e. KP and Ae. -thvr~e.~o-e mo'Le wse.~we " donoz. chatgeis
Jot accete~ating an itmpac.t ptCa~te on-to an acce~pto't choa-ge o!L
6o&' d&Lving a st'Le6 wave. iLnto a. de.~Zagutaon--to-detonatioi.,
tAansi-tion chw~ge..

Ignition and de.~Zag-'ti-on o6 KP and KP/exptosivea tmix-
-tw~e. have. be~en studied iZn -tejm-s o6i thei-& dependence. on e.xpto-
-sive., eteect~icat, and con(iguuta-ton pawame~teu. Thes4e %Lezutts

V~e. appie~d -to ~the deve-Copmen-t o6 ddtona-to't o6 -two -typez, 6ty-
ing ptate de-tonato~u~ and de.6Za;-'taon--to-de..tonation -t'anzt~ion

ddtona~tou.
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I. INTRODUCTION

Potassium picrate (KP) is a high-temperature stable,
crystalline substance that can be ignited to deflagration
by a rapidly heated bridgewire. The voltages and currents
necessary are in the area of several volts and amperes.
KP mixed with secondaLy high explosives such as PETN and
HMX also can be ignited at these same levels.

The development of the deflagration in ignited KP/ A
high explosive mixtures depends greatly upon density and A
degree of confinement. High-density (ca 1.6 g/cm3 ) mix-
tures confined in thick-walled steel or brass generated
a maximum pressure of around 0.3 GPa in a volume of about ]
1 cm3 , in several milliseconds.

We have not found pure KP useful in detonators. KP
mixed with PETN or HMX, however, can be used as initiators
of other explosive charges in low-voltage detonators con-
taining no primary explosives. 'J]1
II. KP MIXES AS DONOR CHARGES

KP mixed with PETN or HMX can be used as donor charges
in hot-wire detonators in two ways. In the first, which is
called "deflagration-to-detonation-transition" (DDT) initia- I
tion, the deflagrating donor charge is coupled directly to a
confined secondary explosive charge. This transition charge
must be of such type, density and size that the deflagration ]K
will change into a detonation. The second, which is called
"flying-plate" (FP) initiation involves igniting the donor
and using the pressure generated to shear a metal disk.'
This flying plate moves across an air gap and impinges on an
acceptor explosive. The acceptor explosive must be of such
type, density and phvsical dimensions that it is shock in-
itiated to detonation by the impacting flying plate. I

A. Deflagration-to-Detonation-Transition Tnitiation

Figure 1 is a diagram of the assembly used in DDT initia-
tion experiments. The igniter wire is Nichrome V, usually
0.05-mm diameter and 1-mm long. The donor charge normally

5-F is 7.6-mm diameter and 6.8-mm long. Coupled to the donor
pressing is the transition charge. Its diameter is signifi- j]
cantly smaller than that of the donor; it is 2.5 mm. In this
charge the deflagration becomes a detonation. An acceptor
pellet is placed against the face of the transition charge. S

Table I shows the results of a rough survey of the KP/
PETN donor composition at two densities with a low-density
PETN transition charge. It appears only KP/PETN donors of
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Acceptor Charge Transition Charge

Donor Charge

SBrass_"ý

Nichrome Y Bridgewire

i! 
"To Firing Unit

Figure 1 Deflagration-to-Detonation Transition (DDT) Assembly:

Reduced-Diameter Transition Charge
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TABLE I

EFFECT OF DONOR CHARGE COMPOSITION AND

k LOADING DENSITY ON DDT REACTION

REDUCED-DIAMETER TRANSITION CHARGE

Transition Charge Acceptor Charge
P 2P M

PETN S = 330 m2 /kg PETN S = 330 m2 /kg•"0 
0 -2

Density == 1.0g/cm3  Density = 1.6 g/cm3  ]
DaLength = 6.4 mm

t =Ignition 
Voltage = 2.5 V

Donor Charge Result
Explosive (% by mass) Density D=Detonation(- g/cm3) ND=Ignition but no Detona-

Stion ]
KP 100 1'.6 ND

100 1.2 ND
KP/PETN 90/10 1.6 ND

Sa "i " 50/50 1. 6 ND
25/75 1.6 D
5 0 / s o 1 . 6 N D

" " 10/90 1.6 D
90 " /10 1.2 ND
"50/50 1.2 D

It ii25/75 1.2 D -

I? " 10/90 1.2 D

g 'V
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less than 25% KP at high density, 1.6 g/cm3, and below 50%
KP at 1.2 g/cm3 , function satisfactorily.

KP/PETN 10/90 (% by mass) mix has been most extensively
investigated as a donor. KP/PETN 10/90 mix, PETN, RDX, and
HNAB at different densities have been used successfully as
the transition charge. High-density PETN or 9407 PBX have
been used as the acceptor charges. The criterion for achieve-
ment of detonation in the acceptor explosive was the produc-
tion of a dent. in a 20/24 Dural "witness" plate (18-mm thick),
placed across the face of the acceptor charge. Table II shows
these data.

KP mixed with HMX also has been investigated as a donor
charge. Mixtures of composition 10/90% by mass KP/HMX, at
a density of 1.6 g/cm3 , have been found to ignite satisfac-
torily. Table III shows the data with PETN of four different
"densities as the transition charge.

With both these donor charges there seems to be a max-
imum density of the transition charge that will build up to
detonation in this configuration. This is consistant with
the picture of the DDT mechanism drawn by Sulimov, where one
aspect is the combustion products penetrating through pores
into unreacted explosive, preheating the material and help-
ing the initiation of a low-velocity detonation. 2

The abrupt change in diameter between the donor and
transition charges could cause the shearing effect shown
by Campbell in 1976 to be necessary for the transition from
burning to detonation in the propellant FKM at high-density. 3

Although in our system this may be helpful, it appears not
to be necessary. DDT reactions have been generated without
this discontinuity. Figure 2 shows the assembly used with
KP/PETN 10/90 mix of density 1.2 g/cm3. Here the donor and

* transition charges are the same diameter with the latter of
slightly shorter length (5.0 mm vice 6.8 mm). Two detona-
tions were obtained in four experiments. The two that failed
appeared to be caused by incomplete burning of the donor.
From these results we infer that the DDT that occurs with no
change in donor/transition charge diameter is marginal.
Since we have no difficulty in achieving DDT when the tran-
sition charge is smaller in diameter than the donor we con-
clude that here there is a margin over threshold condLtions.

The effect of changing the length of the donor charge
also has been investigated. KP/PETN 10/90 mix was the ex-
plosive as both the donor and small-diameter transition
charge. With a density of 1.2 g/cm3, the donor lenqth
could not be decreased significantly below 6.8 mm. With
a donor density of 1.6 g/cm3 its length could be shortened
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TABLE II

EFFECT OF TRANSITION CHARGE EXPLOSIVE TYPE AND

DENSITY ON DDT REACTION

REDUCED-DIAMETER TRANSITION CHARGE

Donor Charge Transition Charge Acceptor Charge

KP/PETN = 10/90% by mass Diameter = 2.5 mm PETNa

SKP S = 250 m2 /kg Length = 6.4 mm Density = 1.6 g/cm3
PETN°Sp = 330 m2 /kg

0

Ignition Voltage = 2.5 V

Donor Charge Transition Charge Result

Density Explosive Density D=Detonation
(F {g/cm3) (g/cm3) ND=No Detonation

1.6 PETNa 0.6 D
1.6 0.8 D
1.6 " 1.0 D
1.6 1.2 D and ND
1.6 1.4 ND

1.2 0.8 D
1.2 1.0 D
1.2 " 1.2 D
1.2 1.4 ND

1.6 KP/PETN 10/90 1.1 D
1.6 1.2 ND
1.6 1.4 ND
1.6 1.6 ND

.2 "1.2 Db

t 1.2 .2 1.2 Db c

1.6 HNABd 0.8 D
1.6 " 1.0 D

1.6 RDX 0.8 D
1.6 it 1.0 ND

a P
bPETN: Reprecipitated from acetone with water; S = 330 m2 /kg
°Ignition Voltage: 40sV V
dDent observed in Al slug used in place of acceptor pellet
-HNAB: Reprecipitated from acetone with ethyl alcohol; So = 600 m2 /kg
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TABLE III

EFFECT OF TRANSITION CHARGE DENSITY ON DDT REACTION

REDUCED-DIAMETER TRANSITION CHARGE

Donor Charge Transition Charge Acceptor Charge
a aKP/HMX 10/90 % by mass PETNa ?ETN

KP S = 200 m2 /kg Diameter = 2.5 mm Density = 1.6 g/cm30

HMX S = 350 m2 /kg Length = 6.4 mmo

Density = 1.6 g/cm3

Transition Charge Result
- Density D=Detonation

(g/cm3 ) ND=No Detonation

, • Db0.6 D
!CS-0.8 DC

1.0 DC and NDb

1.2 NDb

i"i

hPETN: Reprecipitated from acetone with water; S = 330 m2 /kgbIgnition Voltage =040 V
Ignition Voltage = 3 V and 40 V
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Acceptor ChargeI
Transition Charge

Donor Charge

Steeliv

ýNichromne 7 Bridgewire '.

To Firing Unitj

Figure 2 Deflagration-to-Detonation Transition (DDT)
Assebly Eqal-iamterTransition Charge
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to slightly less than 4 mm. Failures were the result of no
ignition of the donor, thought to be due to inadequate con-
finement near the wire.

We have recently shown that DDT reactions will occur
in pure PETN and HMX if the conditions are correct. We
find these to be (1) high donor charge density with low
transition charge density, and (2) a large ratio of donor-
charge to transition-charge diameter. For PETN the particle
size is relatively unimportant; for HMX a high specific-
surface material is needed for adequate donor ignition.

B. Flying-Plate Initiation of Acceptor Charge

One assembly used in flying-plate initiation experiments
is shown in Figure 3. The igniter wire is again Nichrome V,
0.05-mm diameter and 1-mm long. The donor charge dimensions
are 7.6-mm diameter and 6.8-mm long.

As in the DDT reactions pure KP is deficient as a donor
charge. Only the thinnest of aluminum disks could be sheared
and these did not initiate acceptor pellets. KP/PETN mixtures
of 50/50 composition or more PETN, at loading densities
1.2 g/cm' or above, all drove flying plates that did initiate
high-density PETN, RDX and 9407 PBX pellets 7.6-mm diameter by
5.0-mm long. These results are shown in Table IV. Only
limited success was achieved with KP/HMX donors.

Experiments in which the aluminum flyer impacted on an
acceptor charge whose diameter was reduced to 2.5 mm - the
same as the flyer diameter - were successful with both types
of donors. Data obtained using KP/HMX 10/90 mix donors at
two densities are shown in Table V. It is evident that HMX• i• and HNAB acceptor pressings - at several loading densities-
can be used to initiate large high-density 9407 PBX boosterpellets.

Both KP/PETN and KP/HMX 10/90 mixes will initiate small-
diameter (ca 1 mm) high-density mild detonating fuse (MDF).
Lead-sheathed PETN and aluminum-sheathed HNS both have been
detonated by KP/PETN-driven flying plates. PETN MDF has been
set off by KP/HMX-driven flying plates. MDF, in turn, will
initiate high-der.,;ity secondary explosives.

Another flying-plate device (Figure 4) also has been
used. This design has side-entering leads. Hopefully this
will allow additional rear confinement. The donor-charge
length is 6.2 mm in the second assembly instead of 6.8 mm.
The donor diameter is the standard 7.6 mm.
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LAcceptor Charge Barrel

Al Disk; Becomes
Flying Plate"

Donor Charge
Steelo 

I
S~Bross i

• -• Plastic

Nichrome V, Bridgewire

To Firing Unit

Figure 3 Flying-Plate Initiation Assembly
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TABLE IV

FLYING-PLATE INITIATION OF ACCEPTOR EXPLOSIVES

LARGE-DIAMETER CHARGES

Donor Charge Flying Plate

KP/PFrN Mixes Flyer Material - 6061-T6 Al
KP S = 250 m2/kg Flyer Barrel: Diameter = 2.5 mm
PETN SP = 320 m2 /kg Length = 6.4 mm

Acceptor Ignition
Donor Charge Thickness Explosive Voltage Result

KP PETN Density (mm) Density (V) D=Detonation
(% by mass) (g/cm3) 1.6 g/cm3  ND=No Detonation

90 10 1.6 1.2ý PETN 40 NDa

90 10 1.2 1.27 40 ND
50 so 1.6 1.27 40 D
50 so 1.6 1.27 3 NDa
so 50 1.2 1.27 40 D
so so 1.6 1.27 9407 PBX 3 NDa

25 75 1.6 1.27 PETN 40 D
25 75 1.2 1.27 " 40 D
25 75 1.6 1.27 9407 PBX 3 ND
10 90 1.6 1.27 PETN 3 D
10 90 1.6 1.27 " 3 D
10 90 1.6 1.27 40 D
10 90 1.6 1.27 40 D
10 90 1.6 1.27 40 D
10 90 1.2 1.37 3 D
10 90 1.2 1.27 3 D
10 90 1.6 1.27 9407 PBX 3 D
10 90 1.6 1.27 " " 40 D
10 90 1.6 1.27 " " 3 D
10 90 1.6 1.27 " " 3 ND
10 90 1.6 0.64 I i 3 D
10 90 1.6 0.64 " " 3 ND
10 90 1.2 1.27 " " 3 ND
10 90 1.2 0.64 " " 3 ND
10 90 1.6 1.27 RDX 40 D

aDisc not ruptured

j12
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TABLE V

FLYING-PLATE INITIATION OF ACCEPTOR EXPLOSIVES

REDUCED-DIAMETER CHARGES

Donor Charge Acceptor £hare Booster Charge

KP/HMX = 10/90% by mass Diameter = 2.5 mm 9407 PBX

Densities = 1.4 and 1.6 g/cmS Length = 6.4 mm Density = 1.6 g/cm3

P2
KP So = 220 m2 /kg

- HMX SP= 360 M2 /kg
H30 Ignition Voltage =2.5 V

"Flying Plate

Flyer Material = 6061-T6 Al
Flyer Thickness = 0.64 mmn

.Fyer Barrel: Diameter = 2.5 mm

Length = 6.4 mm

Acceptor Charge Result

Type S Density DnDetonation2 0

(m2 /kg) (g/cm3 )

IHMX 360 0.& D

V o 360 1.0 D

360 1.2 D

360 1.4 D
HNAB <100 0.8 D j

•b " <100 1.0 D

<100 1.2 D A
"<100 1.4 D

130 1
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r-A Disk; Becomes "Flying Plate"

Acceptor Charge

,! Steel • A
•Bar relI

e-To Firing Unit

orBross 1

Nichrome Y Bridgewirej Donor Charge

Figure 4 Flying-Plate Initiation Assembly:
Reinforced Back Confinement

131



Experiments using both KP/PETN and KP/HMX 10/90 mix donors ii
to drive flying plates to initiate 7.6-mm diameter by 5.0-mm
long PETN booster pellets as well as MDF have been carried out
successfully. These results are shown in Table VI.
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TABLE VI

FLYING-PLATE INITIATION OF PETN AND

HNS MDF ACCEPTOR EXPLOSIVES

Donor Charge Flying Plate

KP/PETN and KP/HMX Mixes Flyer Material = 6061-T6 Al
Density : 1.6 g/cm3  Flyer Thickness = 1 mm

Flyer Barrel: Diameter : 2.5 mm
Length = 5.2 mm

Acceptora Boostera Ignition
MDF Pellet Density Voltage

Explosive Type (g/cm3 ) (V) Result
D=Detonation

Donor Explosive: KP/PETN 10/90 Mix = 250 m2/kg
0

HNS PETN 1.6 40 D

"9407 PBX 1.6 3 D

PETN PETN 1.6 40 D

Donor Explosive: KP/HMX 10/90 Mix = 300 m2 /kg
0

--- PETN
2 pellets long 1.3 40 D

HNS 9407 PBX 1.6 40 D

"9407 PBX 1.6 40 D

"9407 PBX 1.6 40 D

aMDF = Lead-sheathed PETN: ID = 0.8 mm

(5 grain/ft) Length = 3.8 mmi [Density >1.7 g/cm3

MDF = Aluminum-sheathed HNS-II: ID = 1.2 mm
Length = 1.38 mm
Density >1.7 g/cm3

Booster = 9407 PBX: Diameter = 7.6 mm i
Length = 5.2 mm
Density=1.6 g/cm 3
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INTRODUCTION

This is a report of a limited spectral analysis of HCl infrared
emission produced by combustion of a solid pyrotechnic flare composition.
In the present report the experimental rotational temperature is compared
to the theoretically calculated temperature.

EXPERIMENTAL

ingTest flares about 1.6 cm inside diameter by 6 cm long and contain- U
lng 10 g of composition pressed into phenolic tubes were made with the

formulas shown tn Table 1.

The flares were igni'ted in the NAVWPNSUPPCEN Crane test tunnel by
a few grams of ignition composition pressed into the top surface, in
conjunction wi'th a length of quickmatch and an electric match.

During the more than 1 second burn time, spectra were taken with a
rapid scanning spectrometer focused on the flame about 2.5 an above the
burning surface with spectral scan duration of 50 ms. A 35 line/mm
rating and 0.2 nm slits were used resulting in about 0.015 um resolution

(12 cm- 1 at 3.46 um).

Figure I shows a schematic of the experimental arrangement, while
Fi'gures 2 and 3 show the spectrometer. The signal averaged, system
corrected, computer plotted s ectrum of infrared emission from one of
the compositions is shown in igure 4.

Figure 4 shows, going from left to right (short to long wavelength)
atmospheric water and carbon dioxide absorption near 1.8 um, water

P4 emission near 2.8 um, broken by atmospheric water and carbon dioxide
absorptions In the same region, HC1 emission from 3.2 to 4.2 um, carbon
dioxi'de emission from 4.2 to 4.7 pm, broken by atmospheric carbon
dioxi'de absorption near 4.3 um. There is underlying continuous emission
throughout the whole region. The gap from 2.9 to 3.2 pm is due to very
low spectrometer system response. Note that the intensity scale on the

C.E. Dinerman, "Computerized Rapid-Scan Spectroscopy at NAVWPNSUPPCEN

Crnae", NWSC/CR/RDTR-35, Naval Weapons Support Center, Crane, IN (July
1976). Available National Technical Information Service, 5285 Port
Royal Road, Springfield, VA 22161, NTIS--ADA030269.
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left is for the left half of the spectrum, and is 50% of the intensity
scale on the right hand side. That is, the local intensity maximum near
2.8 pm is actually only 50% as high as the maximum near 4.4 Pm.

Details of the 3.2-4.2 um region of Figure 4 are shown in Figure 5.

The spectrum in this region consists of HCl rotation-vibration
lines underlain by a graybody-like continuum and, near 3.2 um, water
vapor absorptions and emissions. The HCl emission lines are grouped
into the P branch lines from 3.5 to 4.1 um, and R branch lines, less
well resolved, from 3.2 tc near 3.4 pm. Spectroscopic notation is shown
on the figure, indicating P branch lines from the 1-0 and 2-1 bands.

Spectra from separate flares of the same type are very similar,
showing good reproducibility from flare to flare. The main difference
between IR-9 and IR-12 spectra is that there is a larger underlying
continuum tn the latter group.

DATA ANALYSIS AND DISCUSSION

In order to learn more about the bisic thermodynamic and kinetic
processes occurring in the flame, the HCl peaks were analyzed to 2
determine the rotationa', temperature using the following equation:

le: 4  (J'+J"+l)e'B'J'(J'+l)hc/kT

where I is the emission intensity, v is the frequency (in wavenumbers) tl
of a particular line, X' is the quantum number for the rotational levels
in the upper vibrational state of the transition, J" is the quantum
number for the rotational levels in the lower vibrational state of the
transi'tion, BI is the rotational constant for the upper vibrational
state, T is the absolute temperature, and h, c, and k are constants.
C and Qr can be considered constant for a particular vibrational
transition.

A plot of

G. Herzberg, Molecular Spectra and Molecular Structure. I. Spectra of
Dtatomic Molecules (D. Van Nostrand Co., Inc., Princeton, NJ, 1950),
p. 205.
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In vs (J'+l)

enables T to be obtained from

-B'hc

kT-
the slope.

Since rotation-translation relaxation times are so short, it is
expected that rotational temperatures would closely approach the
translational temperature.

It was decided to use the P-branch data, rather than the R-branch,
because of better resolution, less underlying continuum, and no inter-
ference from water vapor absorption/emission.

3-7This technique has been applied to HCl flames in the past.
Figure 6 shows an example of a plot which is based on a spectrum of the |
emission from composition IR-12. This is for the P-Branch of the 1-0
transition. All such plots foreither IR-9 or IR-12 had the same
general shape, with a steep section near the left, leading to a small
"knee", then to a linear portion. This is similar to the shape of the

H. P. Brolda, "Temperature of Flames", NBS Report No. 4418, National
Bureau of Standards, Gaithersburg, MD. Available Defense Documentation
Center, Cameron Station, Alexandria, VA 22314, DDC-AD080550. -

SE. E. Bell, P. B. Burnside, and F. P. Dickey, "Spectral Radiance of .
Some Flames and Their Temperature Determination", J. Opt. Soc. Am. 50,
1286 (December 1960). 1
F. D. Findlay and J. C, Polanyi, "The Hydrogen-Chlorine System in the MM N
Pressure Range. I. Energy Distribution Among Vibrationally Excited SStates", Canadian Journal of Chemtstry 42, 2176 (1964).

6 C.mlmnecne I.Inrae
Nr J. K. Cashion and J. C. Polanyl, "Infrared Chemiluminescence. I. Infrared A

Emnssi'on from Hydrogen Chloride Formed in the Systems Atomic Hydrogen
Plus Chlorlne, Atomic Hydrogen Plus Hydrogen Chloride, Atomic Hydrogen Plus
Deuterium Chlortde, and Atomic Deuterium Plus Hydrogen Chloride", Proc.
Roy. Soc. A258, 529 (1960).

J. T. Latimore, et. al., "H.-Cl Chemical Laser Program. Part 1--CHEMLUM
Code for Spectroscopic Data Anatysis", RK-CR-74-9, U.S. Army Missile [j,
Command, Redstone Arsenal, AL (January 1974). Available DDC--AD780178.
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graph shown in reference 3. This shape remained the same whether Deak
heights or peak areas were used. A limited number of points from the P-
Branch of the 2-1 transition were analyzed, but, due to the small peak
size, scatter was present in the results between two flares of the same
type.

Table 2 summarizes the results of the rotational analyses. Here,it can be seen that temperature from flares of identical composition arewithin 50K of each other, when examining the 1-0 data. These valuesexperimentally derived are in agreement with those obtained experimentally
in reference 4 for HC1 flames.

In order to compare our experimental results withcomputer predictionsof adiabatic temperature, a NASA thermodynamic program was used. Thisprogram can predict temperatures and species resulting from the combustionof reactants under given conditions. By inputting the reactants (theirrelative amounts and heats of formation) and varying the amounts of air,the information derived in Table 3 is obtained. The temperatures andmole fracti'ons so derived assume no radiation loss, which is certainlynot the actual case. Nevertheless, those temperatures are within 200 Kfor IR-9 (compare with 1-0 results in Table 2). For IR-12 the computer
predictions are from 200 to 600 K higher depending on the amount of airmixed in. Admittedly, it is difficult to decide which is the most•easonable percentage of air to be added.

Obviously, simple experiments and calculations like those describedabove cannot adequately serve .o define the complex flame system underinvestigation. This flame is not expected to be homogeneous in eitherspecies type or concentration, or in temperature, as one progressesacross or up the plume. Certeinly there are non-equilibrium conditions.Furthermore, spectral resolution was insufficient to resolve any self-

absorpti 'on that may have been present in the 1-0 bands, and the spectro-meter field of view did not encompass the entire plump. However, giventhese handicaps it is interesting that there is gross "orrelation between
Stheory and experi *ment at least for composition IR-9. One possible

explanation for the larger discrepancy between theory and experiment forIR-12 is the followi'ng:

Composition IR-12 is more fuel-rich than IR-9 and thereforethe effect of adding differing amounts of air should be more pronouncedin raising the temperature. This is seen in Table 3, where the adiabatictemperature for IR-12 is lower than IR-9 at 0% air, but generally is
higher than IR-9 after air is admitted. Above 10% air, the IR-02

•. S. Gordon and B. J. McBride, "Computer Program for Calculation of Comp exChemical Equilibrium Compositions, Rocket Performance, Incident andReflected Shocks, and Chapman-Jouguet Detonations", NASA SP-273, Lewis
Research Center (1971). Available NTIS--N7137775.
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adiabatic temperature is relatively constant. 'The spectrometer field ofiwsmall compared to the plume size, is located relatively close to
the burning surface, presumably in a region where air admixture is stilllow. The discrepancy between experiment and theory for IR-12, therefore,depends on how mvch air is assumed to enter the plume at the field ofview position. If it Is assumed that less than 10% air is added, thedifference between theory and experiment for IR-12 is 200 K, as good asthat for IR-9. Above 10%, the difference repidly rises to about 600 Kand remains there.

A further correlation between theory and eg'periment was attempted Iusing the r~tint source model developed by Dr. Goldman at Denver ResearchInstitute. The goal here was to duplicate the experimentalspectrum using temperature, HCI concentration, and spectral resolutionas inputs into Goldman's model. However, there was only fair agreement Jsince the radiant source model conditions were not optimized to matchthe experimental conditions. Therefore, the results are not shown here.More work needs to be done to establish correlation and to generate thecorrect HCl spectrum from Goldman's model.

CK'

9

A. Goldman, et. al., "Distribution of Water Vapor in the Stratosphereas Determined from Balloon Measurements of Atmospheric EmissionSpectra in the 24-29 pm Region", Applied Optics 12, 1045 (1973).
10A. Goldman, et. al., "Solar Absorption in the CO Fundamental Region",Astrophysical Journal 182, 581 (1 73).
""A. Goldman, et. al., "Infrared Spectral Radiance of Hot HF and DF inThe Av = I Bands Region as Seen Through an Atmospheric Path", J. Quant. iSpectrosc. Radiat. Transfer 14, 299 (1974).
12A. Goldman and S. C. Schmidt, "Infrared Spectral Line Parameters andAbsorptance Calculations of NO at Atmospheric and Elevated Temperaturesfor the Av = I Bands Region", J. Quant. Spectrosc. Radiat. Transfer 15,127 (1975).

13R. N. Stocker and A. Goldman, "Infrared Spectral Line Parameters of
HBr and DBr at Elevated Temperatures", j. Quant. Spectrosc. Radiat.Transfer 16, 335 (1976).
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CONCLUSIONS

It is possible to obtain gross correlation between rotational
temperatures derived from infrared vibration rotation spectra of
pyrotechnically produced HCI emission, and theoretically calculated
temperatures. In fuel-rich compositions, the amount of assumed air
admixture can greatly change the theoretical results.

-v
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lable 1. Flare Compositions (Wt. Percent)
Sto Produce HCl Emission I

Formulas

Ingredients IR-9 IR-12

Hydrazine Bisborane 30 27

Hexachloroethane 40 36

SAmmonium Perchlorate 20 17

Boron -- 10

Sylgard 182* 10 10

•: ° i!goN

NJ

I. i

*This is used as a binder to hold the composition together. It is a
product of Dow Corning Corporation, Midland, Michigan.

itI
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Table 2. Experimentally Determined Rotational Temperatures

Temperature, KP Branch P Branch**Flare 1-0 Transition 2-1 Transition

IR-9 #1* 1799 --

IR-9 #2 1755 1553

IR-12 #1 1637 1910
SIR-12 #2 1600 1536

2.

S

*The rotations #1 and #2 refer to different flares with the same formula.
**2-1 data not as reliable as 1-0 data due to smaller intensities.
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Table 3. Predicted Species and Plume Te.nperatures*

IR-9

Ai** Temp., K

Air** (Adiabatic) HCI*** CO"** H_***

0 -o77 .195 .00002 .00035

10 1919 .189 .00004 .00079

20 1932 .177 .00006 .0011

30 1935 .164 .00008 .0014

40 1941 .148 .00008 .0015

50 1955 .131 .00008 .0015

60 2074 .117 .0011 .020

70 2277 .094 .0077 .092

SIR-12

Temp., K
Air"** (Adiabatic) HC1 CO, HA

0 1807 .120 -- .00003

10 2252 .140 -- .00007

IR 20 2247 .142 .00001 .00023

30 2207 .134 .00002 .0004
40 2167 .122 .00003 .0006

50 2125 .109 .00004 .0008

60 2080 .094 .00005 .0009

70 2196 .082 .00055 .010

R
bk __ 3

*These were obtained from the NASA thermodynamic computer program
(reference 9)

"*Expressed as percentage of total reactants

***Expressed as mole fraction A
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SAND78-0273

HEADER UTILIZATION IN NO-FIRE DESIGN*

A. B. Donaldson
Sandia Laboratories

Albuquerque, New Mexico 87185

ABSTRACT

In this presentation, a heat conduction problem which describes an
actuator no-fire condition is analyzed. The effect of header heat
sinking is specifically addressed. Additionally, the rise in the
actuator body temperature during a no-fire test and the time lapse
before header interaction during an all-fire test are briefly dis-
cussed. Finally, the analytic results are compared to experimental
results of no-fire conditions as a function of bridgewire-header
separation.

INTRODUCTION

In early design of hot wire ignitors, the bridgewire was olaced well
into the pyrotechnic to provide good energy transfer to support the
ignition process. Later, the bridgewire was placed against the
" header (which is normally a better conductor of heat than the pyro-
technic) in order to meet a no-fire goal, i.e., a maximum sustained -
bridgewire current level for which the pyrotechnic will not ignite.
Still later, less sensitive pyrotechnics came into use to further
reduce risk of accidental ignition. In some cases, the resulting
high energy dissipation configurations coupled with low ignition
sensitivity has lead to poor ignition reliability. Therefore,
bridgewires may again be placed in the pyrotechnic. However, in-
stead of the random placement of the bridgewire in the pyrotechnic,

'1

S* This work was supported by the United States Department of lýnergy.
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there should exist a dimension, S, (the distance between the bridge-
wire centerline and the header) for which all-fire conditions are
sufficiently fast that the header does not affect the ignition pro-
cess but for which no-fire conditions are sufficiently slow that the
header can participate in the dissipation process. The analytical
consideration of 6 and its effect on all-fire/no-fire is the subject
of this presentation.

ANALYS IS

1 •Geometry

An end view of a typical br4.dgewire-pyrotechnic-header system is
_4 depicted in Figure 1. Because the geometry is not regular in the

sense of Cartesian or cylindrical coordinate systems, it is con-
venient to map the problem into a regular geometry via conformal
mapping. The mapping

ia- z1iw= ia + z "

U where i = VT, a is an unspecified position on the y-axis, and w

and z are complex numbers, maps re pyrotechnic-header surface into
a circle that is concentric about the bridgewire, which itself has
remained a circle. By using the decomposition w = u + iv and
z = x + iy, the mapping can be shown to satisfy the Cauchy-Reimann
conditions

Du av au _vSdand
as x ay ay ax

which is a necessary condition for analytic mapping. If the radius
about the origin in the w-plane is c, then

S• 2 r i +c\ ]4c a2 2

S2 22+ [y- (acj 2 = 22-

represents circles of radius

2ac
2.

about the point (O,y) where

- y=( + )a
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in the z-plane. In particular, the z-plane bridgewire surface is
mapped into a w-plane circle J1 radius c(< 1) and the z-plane
pyrotechnic-header surface is ni~pped into the w-plane unit circle
(both concentric about the oriain). The constants a and c can then
be expressed in terms of obser .ole dimensions by

c-ro-1

and

21 c 2
a 2c rO2c

where ro is the z-plane bridgewire radius and 6 is the y-axis posi-

tion which corresponds to the bridgewire centerline.

Bridgewire-Pyrotechnic-Header Conduction

Because the no-fire condition is sufficiently long that transients
have disappeared, only the steady-state problem needs to be con-
sidered. Since the bridgewire is welded to massive conductive posts,
an isothermal end condition will be used. (The spatial coordinate,
z, was not modified by the previous mapping.) No dimensional bound
will be considered for the external header surface since the iso-
thermal end condition provides for communication with the surroundings.
Other assumptions such as constant material properties, perfect inter-
face conductances, constant current heating of the bridgewire, uniform
radial bridgewire temperature, etc., will be used. In non-dimensional
quantities, the w-plane problem can be written

320o 2YI\30.

Bridgewire Conduction: + 1 + 0
I o

Pyrotechnic Conduction: V2®l(•,n) = 0

Header Conduction: 22( )= 0

Boundary Conditions:

1. 01 Eo 2. 0l11 02
n~o T1
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N 
t

3. (y = (Y2,•--e 4. lim 02 ÷ finite

5. =0o 6. ell 0=

7. 021 , =0 8. 0

I 5 01 0nCLil
9. 0 10. =

0 0

The form of boundary conditions suggests utilizing a cosine trans-
form, defined by

Al gCn F(g) =7 F() cos ngdE = f(n)

g0

and inverse, defined by
co

Cn-l f(n) 2 f(n) COS n = F(()

n=l

which reduces the problem to a system of three ordinary differential
equations. This system is solved, subject to the remaining boundary
conditions. This solution is then inverted, resulting in

S2 n� Io(anC) -GnKo( nC) coS 8n

Sn=I
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where
I

•" I.1 I(an) IO(on)

+ 0
G- ($n) K

(Y-2 K1 (On)
!. Gn

Y1

21 G. K n( o+ ,o c-. n- 28Iio(SnC)- Gno•C]- 2 •l li(BnC) + GnKI($nC)]I

n ak8ncf n n

and

7 7 1(2n - 1)
2a

This solution can be shown to approach the problem of a bridgewire in
" "W_ an infinite slab by letting Y2 - Yl"

Since the highest temperature in the pyrotechnic will be at the coor-
dinates (• 0, n = no), this position will be used in future calcu-
lations. Although an ignition temperature is not necessarily a
material property (constant), this concept can be utilized for very
slow processes such as the no-fire test.

Actuator Heat-Up

The previous analysis can be used for estimating the excess tempera-
ture of the bridgewire center above that of the posts. However, de-
pending on the actuator environment, the entire housing, including
posts, can rise to a temperature much higher than the surroundings
during a no-fire test. Therefore, t'- magnitude of this rise adds
to the absolute temperature of the bridgewire center and must be
" considered.

If the actuator is installed in a bulkhead which is constructed froir
a high thermal conductivity metal, then little actuator body tempera-
ture rise would be expected. However, if the actuator is suspended
in a gaseous environment and can dissipate heat only by convection,
then a different situation exists. Treatin, the actuator as a
"lumped mass", the differential energy equation can be written
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K mcp =i 2 R -hA(T- T.)

which has the solution

/hAS\]

T = 2R e

The maximum temperature excursion (at steady state) is

2i2R
T -T =h "

s

This quantity is then taken as the excess temperature of the post
above that of the surroundings and the constants should be evaluated
from experiments on the actuator under consideration.

Time Lapse Before Header Interaction

This topic is not part of the previous analysis but will be included
here for completeness. Specifically, if the header is to be utilized
for heat dissipation at long times, then how can this dissipation be
eliminated for short time events, such as all-fire? This is accom-
plished by providing a sufficient space between the bridgewire and
header so that no interaction results during normal time-to-ignition.

Although the heat transfer is governed by the diffusion rather than
the wave equation, the concept of a propagating thermal boundary
layer can be used. Until the thermal boundary layer reaches the
header, the header cannot interact. Thus, the problem is to deter-
mine the position of the thermal boundary layer at the time when
ignition normally occurs (n, 5 ms). The calculation will be based
on the assumption of a geometry which is homogeneous, surrounding
a bridgewire which is infinitely long.

Since interest is focused only on the propagation of the thermal
boundary layer and not with the amplitude of the response, an exact
matching of boundary conditions will not be required The analytic
expression for the position-time of the thermal wave based on the
heat balance integral approximation for a cylindrical hole subjected
to a constant heat flux is '[1].

i + (72i2 - 96ý + 36) kni - 13 4 + 362- 32' + 9

-ro 144(4 - i)(22.n4 + 4 - 1)
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X where

S•=I~ p
r

0

and p is the position of the thermal front measured from the hole.

This estimate of time lapse before header interaction will be
smaller than in the actual situation since a reflection of the
"thermal wave" from the pyrotechnic-header interface to the bridge-
wire should occur before any effect can be noted. However, since
the velocity of the thermal front is not constant and the geometry
becomes much more complicated, no attempt will be made to considerT thermal wave reflections. The analysis, therefore, provides an

w6 estimate which is substantially shorter than what would be expected
in the real situation.

DISCUSSION AND RESULTS

Although no detailed experimental data exists for direct comparison
S-- with the analytic model, no-fire data does exist for a design before

and after a 0.0127 - 0.0254 mm (5 - 10 mil) deep spherical hole was
machined in the header between the pins. Values for no-fire current
(50% probability of firing during 300 sec exposure to constant cur-
rent) were 1.4 amps and 1.2 amps respectively in an air environment
at 333 K [2].

Other details of the design are:

1. Bridgewire: Tophet C*, 4.57 x 10-3 mm (1.80 mil) dia., 0.14 mm
* "(55 mil) length, ko = 21.0 W/m K

2. Pyrotechnic: TiH0 . 6 5 /KCl0 4 (33/67), kI = 0.34 W/m K
l= 0.17 mmz/sec, Tipn = 773 K

3. Header: TM-7 glass, k2 = 1.0 W/m K

In a separate experiment with this actuator, a body temperatuire rise
of 28 K was noted to result from a 0.313 amp current passing through

T the bridgewire. Hence,

± .2

hA _R
AT 136 W/K

Swl . . .....-

N •*Registered Trademark.
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In order to account for the ambient temperature contribution, the
F actuator body heat-up contribution, and the excess temperature of

the bridgewire above the posts, the following summation is used J

Tign =TC + (T - T actuator body + ATbridgewire excess

The latter two contributions both depend on the current which is S
2 passing through the bridgewire.

Figure 2 shows the results of the calculation for this example.
Also shown are the data values of no-fire current cited above.
Because of uncertainty in the position of the bridgewire from the
header, a 6 variation is shown. In particular, no great care is
taken to see that the bridgewire lays consistently against the
header for that case, so an uncertainty in position of one bridge- L
wire diameter is assigned. For the case of the hole under the
bridgewire, a nominal value for 6 of 1.016 x 10-2 mm (4 mils) + 1
bridgewire diameter is assumed. This value is affected by two con-
siderations: (1) a spherical hole is more effective than a flat
bottom hole of the same depth in interaction with the bridgewire
(hence, a reduction in "effective" depth), and (2) during pressing,
the pyrotechnic compacts approximately 25% which would have the
effect of shifting the bridgewire closer to the header. It can be
observed from Figure 2 that there is qualitative agreement between
the analytic curve and the two experimental values.

Figure 3 shows analytic results for the same configuration with the
exception that different values of thermal conductivity were used
for the header. This figure indicates the variation in no-fire
current level with header materials of different thermal conduc-
tivity. In those calculations, the rise in the actuator body tem-
perature is substantial. If the actuator is mounted in a bulkhead
so that its temperature rise is negligible, then the curves of
Figure 3 would be much more widely separated, i.e., a high conduc-
tion header would allow a much higher no-fire current than a poor
conductor header. J

Figure 4 shows the position-time plot of the thermal wave for the i
actuator under consideration. If the function time is to be on
the order of 5 msec, then a 1.27 x 10-2 - 1.52 x 10-2 mm (5 - 6 mil)
spacing (6) should be more than sufficient to eliminate header
interaction.

The response times for bridgewire and actuator body heat-up are quite
different. Typically, the bridgewire reaches 99% of its excursion
(above post temperature) in 50 - 100 ms, whereas the actuator body
reaches 99% of its excursion (above ambient temperature) in 600 -

1200 s. Therefore, once the bridgewire temperature profile has been
extablished, it is in quasi-steady state and it is possible that for
marginal bridgewire current levels, ignition occurs as a result of
the long time response of the actuator body heat-up, causing delayed
ignition.
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COMMENTS

As with any model, simplifying assumptions have been made to produce
more tractable mathematics. To the extent that these assumptions de-
scribe the physical situation, agreement between the model and the
experiment can be expected. Particular limitations of the analysis
are: 1) parallel path electrical conduction in the pyrotechnic has
not been considered, 2) the thermal contact conductance at the
bridgewire-pyrotechnic and the pyrotechnic-header interface is
assumed to be perfect (these considerations can be simply treated
by extension of the analysis), 3) the bridgewire is homogeneous and
the welds to posts are good so that hot-spots are not produced, and

* "4) the previously mentioned assumptions on geometry, material proper-
ties, and time independence must hold. In spite of these limitations,
this analysis can be a usefu. tool for the component designer attempting
to meet a no-fire specification.
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NOMENCLATURE

As - surface area of actuator

a - position on y-axis in z-plane

C - mean constant pressure specific heat of actuator

c - radius of circles in w-plane

h - convection heat transfer coefficient

}10,1/K010 modified Bessel functions of the first and second kind,
respectively, of order zero and one.

i -curcurrent

k - thermal conductivity

1 - half-length of bridgewire

Srm mass of actuator

R resistance

-•resistivity

--r radius

T, AT temperature and temperature excess, respectively

t time

z position variable

a- thermal diffusivity

Y, ratio of thermal conductivity of pyrotechnic or header
to that of bridgewire, respectively

6 distance from header to bridgewire centerline (on Y-axis)

S• n r/a

22S0(T - Tpost) (Hro2) ko/(i2qa2

,• • z/a

0 distance of thermal wave from starting position

a 1/a
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Subscripts

0,1,2 - designates bridgewire, pyrotechnic, header, respectively

- designates free stream, or s:-rounding value

K -
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DETERMINATION OF THE THERMAL DIFFUSIVITY OF PYROTECHNIC MATERIALS

Don E. Etter, David R. Kaser, and Layton J. Wittenberg

Mound Facility*
Miamisburg, Ohio

INTRODUCTION

Thermal diffusivity studies have been initiated to better
characterize developmental pyrotechnic materials. Thermal diffu-
sivity, along with density and specific heat, can be used to
calculate another important thermophysical property, namely, thermal
conductivity. A literature search revealed the relatively simple
method commonly known as the flash-diffusivity method. This method,
with appropriate modification to accent pyrotechnic materials at ele- fl
vated temperatures, was selected for these studies.

METHOD AND APPARATUS

The flash-diffusivity method is based on the transient behavior
of a specimen when one side is subjected to a short thermal pulse. j
As the heat pulse travels through the specimen, its back surface tem-0
perature rise is recorded as a function of time. This time-temcl•a-
ture history is directly related to the thermal diffusivity.

Parker et al [1] derived the simple relationship:

CC 0.139L2 tl/ 2,

where: • = thermal diffusivity
L = specimen thickness

time required for back surface of specimen to reach1t/2half of the maximum temperature rise.

This relationship involves several simplifying assumptions:

1) The heat pulse is uniformly absorbed on the front face of
an opaque specimen.

2) The heat pulse is of negligible time compared to the time
required for heat propagation through the specimen. ]

*Mound Facility is operated by Monsanto Research Corporation for
the U. S. Department of Energy under Contract No. EY-76-C-04-0053.
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3) The heat flow is one dimensional from the front face to the
back face.

4) Heat losses of the faces are negligible.

5) The temperature rise within the specimen is small enough
to consider the thermal properties as constant.

This method offers the advantage of not being necessary to
quantitatively measure the heat flowing through the specimen. Addi-
tional advantages are that small specimen requirements permit rapid
attainment of equilibrium conditions as well as offering desirable
safety conditions for the study of pyrotechnic materials.

The method has an accuracy of z+5% when values for standard mater
rials are compared to accepted literature values. The largest error
contribution is believed to be the reading of the Polaroid photograph
of the time-temperature measurement.

A schematic of the thermal diffusivity apparatus is shown in
Figure 1. The disc-shaped specimen is positioned inside the heater-
thermocouple assembly, which allows the specimen to be supported
primarily by the thermocouple, thus giving good contact. This tech-
nique works well with fragile specimens, such as pressed pyrotechnic
materials. The specimen size is 6.35 mm (0.25 in.) diameter by vary-
ing thickness 0.76 to 3.17 mm (0.030 to 0.125 in.) depending on ther-
mal diffusivity of the material under study.

Measurements are made by pulsing the front surface in -1 msec
with 1.5 J from an ir laser which is focused to a spot size slightly
larger than the specimen. The transient temperature at the back
face of the specimen is measured by a chromel-alumel thermocouple 0.10
mm (0.004 in. diam). The output voltage from the thermocouple is fed
to a dc amplifier and subsequently to the Y-axis of an oscilloscope.
Maximum amplification for this system is 30 pV full scale or 0.75*C.

A single-sweep, triggered simultaneously with the laser pulse,
is presented on the oscilloscope and photographed with a Polaroid
camera. Shown in Figure 2 is a typical temperature-time curve.
The thermal diffusivity of the specimen can be calculated from this
data.

The apparatus was designed to permit measurements to be made in
any desired atmosphere. For measurements at elevated temperatures, it

"- - is necessary to null the thermocouple output at any constant tempera-
ture by using a bucking voltage. This allows the amplified AT signal-
resulting from the laser pulse, to be measured.

Initial thermal diffusivity determinations were made at ambient
temperatures on known materials; such as, SiO , A12 03 , 304 stainless
steel, and ZrO2 to demonstrate that the metho3 was in agreement with
accepted literature values [2].
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FIGURE 1 - A schematic of the thermal diffusivity apparatus.
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EXPERIMENTAL RESULTS

Several variables were investigated to determine which ones T
have a significant effect on the thermal diffusivity of associated
pyrotechnic materials. The first study involved the thermal diffu-
sivity measurement of TiH0.675 as a function of temperature. This
material was of particular interest since it is presently used in
pyrotechnic blends, and the binary system between titanium and hydro-
gen exhibits a eutectoid near this composition at 319 0 C [3]. The
initial determination was made in a 95% argon-5% hydrogen atmosphere.
It is apparent from results shown in Figure 3A that a significant
change occurred in the vicinity of the eutectoid temperature. Also,
it is evident that a degradation of the material occurred since the T
thermal diffusivity value at ambient temperature was not the same
before and after heating. Subsequent x-ray diffraction analysis
showed an increase in hydrogen content to the degree that only single -
phase-substoichiometric gamma-titanium hydride was evident. The
complex loss of the alpha-titanium phase explains the thermal diffu-
sivity change. These data indicate that a 95% argon-5% hydrogen
atmosphere is undesirable at elevated temperatures.

Because of the overwhelming quantity of KCIO4, this effect was
virtually undetectable in the pyrotechnic blend (TiH0 . 6 5 /67% KCIO 4 ),
which is shown in Figure 3B.

These two determinations were repeated in an argon atmosphere,
and the rerults are shown in Figures 4A and 4B. The contrast between
Figures 3A and 4A is quite evident. It appears that the integrity
of the TiH0 . 6 7 5 was maintained in an argon atmosphere; however, the
thermal diffusivity was found to decrease from ambient to 300 0 C,
then stabilize between 300 and 400*C.

A comparison between the pyrotechnic blend in the two atmospheres,
Figures 3B and 4B, exhibits very little difference--both decreasing
in thermal diffusivity up to 300°C, then increasing slightly between
300 and 400°C.

Another variable investigated was the thermal diffusivity of
TiH0.675 as a function of density. The data are plotted in Figure 5,
showing essentially a linear rise of thermal diffusivity as the den-
sity is increased. Over the density range of 2.18 to 2.37 g/cc, the
thermal diffusivity increases from 39.3 to 46 x 10-4 cm2 sec- 1 .

A linear relationship between thermal diffusivity and density
was also found to exist for KC1O 4 and TiH0.65/67% KC1O4 blend mate-
rials. The KClO4 thermal diffusivity increased from 12 to 16 x 10-4
cm2 sec-l over a density range of 2.03 to 2.19 g/cc, whereas the blend
exhibited only a very slight increase from 13.6 to 14 x 10-4 cm2 sec-l
when its density was increased from 2.09 to 2.28 g/cc. These data are
shown in Figures 6 and 7, respectively.
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The next experiment involved varying the TiH0 6 5 -KClO 4 blend
ratio and measuring the thermal diffusivity. The results are that
of a nonlinear curve, as shown in Figure 8. The data show the
major effect of the KCIO4 ; the line just above the measured data is
calculated using the mathematical model for one-dimensional composite I
membrane diffusion 03]. Although the calculated and the measured

I data do not match exactly, it is obvious that a good estimation can
be obtained using this model.

The final variable investigated was the relationship between
thermal diffusivity and the titanium-hydrogen ratio. Since 41
limited number of ratios were available, the study can only be con-
sidered cursory; however, the results indicated a linear decrease
in thermal diffusivity of 40 x 10-4 to 26 x 10-4 cm2sec-I for
samples ranging from TiH0.38 to TiH).32, respectively.

SUMMARY AND CONCLUSIONS

The thermal diffusivity of TiH0.675 was found to decrease from
40 x 1r- 4 to 36 x 10-4 cm sec-1 when heated in an argon atmosphere
to 4000C. A decrease was also evident for the pyrotechnic ble~d of
Till 65/67% KClO4 , under similar conditions, from 15 x 0-4 cm sec-
to 11 x 10- 4 cm2 sec-I.

Substoichiometric titanium hydride compositions ranging from
TiH0 . 3 8 to TiHl. 3 2 show essentially a linear decrease in thermal
diffusivity from 42 x 10-4 to 26 x 10-4 cm2sec-I as the hydrogen
content is increased.

The effect of density on the thermal diffusivity of the hydride,
TiH. 6 5 , which is most commonly used in pyroteqhnic blends, shows
a linear increase from 39.3 x 10-4 to 46 x 10-4 cm sec- 1 for a den-
sity increase from 2.18 to 2.37 g/cc. In contrast, the blend
(TiH0 .65/67% KClO4 ) exhibits a virtual independence of density over
the rangi of 2.09 to 2.28 g/cc, yielding a thermal diffusivity of
14 x i 0 - cm sec-. These data indicate that the large quantity
of KC1O 4 in the blend is the controlling factor.

In addition, the study on varying the TiH0 . 6 5 -KCIO 4 blend
ratios showed that thermal diffusivity was affected nonlinearly,
significantly favoring the influence of the KCIO 4 . This relationship
was also found to closely resemble the mathematical model for one-
dimensional composite membrane diffusion [3].

In closing, the flash diffusivity method has proven adaptable
to such fragile specimens as pressed pyrotechnic materials. It
also has the added feature of small specimen requirements--which is
desirable when handling pyrotechnic materials.
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BLACK POWDER EXPLOSIVES

F. L. FAHRINGER

PLANT MANAGER

Belin Plant, Moosic, Pennsylvania

ABSTRACT

The composition of black powder is potassium nitrate,

sulphur and charcoal that is mixed, ground, kneaded, pressured

and sheared to insure uniformity. Black powder is considered

a low explosive,but transported and stored in magazines as

a Class A explosive.
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BLACK POWDER EXPLOSIVES

Between the Civil War and World War I scores of

black powder plants grew into existence in Pennsylvania's

upper anthracite region to supply the booming coal mining

industries that became the backbone of the region's economy.

In the year 1908 the Belin Plant was constructed by E. I.

du Pont de nemours of Pennsylvania, a wholly-owned subsidiary
of E. I. du Pont de Nemours and Company incorporated in I

Delaware. However, it was December 1911 before the first

batch of black powder was made. With men and machines at

work in small widely separated structures combining potassium

nitrate, sulphur and charcoal to process the mixture into .1

black powder, it became the second largest producer of black

powder in a matter of 3 short years.

During World War I, World War II, the Korean and

Viet Nam conflicts, millions of pounds of black powder were

used and supplied by the Belin Plant.

Today, the sole produeer of black powder in North

America is located in Moosic, Pennsylvania. The Belin Plant,

originally owned by E. I. du Pont, was acquired by Gearhart- .

Owen Industries, Inc. in April 1973. Because of the most *1
recent spin-off between Gearhart and Owen the facility is

presently owned and operated by GOEX, Incorporated, a wholly- ]

owned subsidiary of Pengo Industries. Along with the Belin

S~Plant they have the Cleburne, Texas plant where shaped charges

and cast boosters are produced.
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AFF

At the present time, a small quantity of black

powder is sold to the government. Its uses are about 100%

commercial, this includes sporting, fireworks, fusecoal

mining, specialty blasting, military ordnance devices and

as a primer to initiate other types of propellants.

BLACK POWDER PROCESS DESCRIPTION

RAW MATERIALS

Granulated nitrate is fed into a crusher-feeder unit

"which breaks lumps and feeds through a conveyor and elevator

E = to a vibrating screen where the coarser material is returned

and foreign matter is stopped by magnets. Magnets are

instal-ed in other locations in the system to prevent

foreign material from entering the batch weighing process.

Sulphur and charcoal are combined in proportion by

formulation and pulverized to a very fine powder in a ball

mill. The pulverizing is accomplished by two thousand pounds

of stainless steel balls as the mill rct'ates slowly. The

material is emptied through a fine screen and passed over

magnets prior to being weighed and bagged.

GENERAL

The separate powder ingredients are inert, but any

mixture of the three components is explosive at all staces

of processing. Recognition of the attending hazards "f

manufacture requires the plant layout and methods to be

designed for the maximum protection of personnel, equipment

and property.
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Black powder is a batch process and each step of the

process is conducted in separate buildings. The distances j
of each building and the quantity of powder allowed is in

accordance with the Table of Distances. The number of

personnel allowed in or around each operation is posted

and controlled to minimize exposure. Several of the

operations are remotely controlled. i
INCORPORATION OR MIXING

The preformulated ingredients of potassium nitrate I

and pulverized sulfur-charcoal mixture are spread evenly

over the cast iron pan and a small amount of water is added

at the wheel mill to produce the "wheel cake", a relatively

loose, low density and formless moist mass. The wheel mills,

which are edge runner type mills, consist of a massive cast

iron pan and heavy cast iron rolls or wheels, aided by plows,

which roll over the charge and grind, knead, press and shear

the mixture to insure uniformity of composition.
._J

PRESSING

The wheel cake is roughly broken through wooden rolls

to reduce lumps. The powder is funneled and pressed between

thin aluminum plates which are installed vertically and

uniformly spacedbetween which the charge is pressed by

means of a horizontal hydraulic press. Here, the specific

gravity of the black powder is determined by pressure and time

of pressing. After pressing, the powdez is removed in hard
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cakes that measure 24 inches square and about one (1) inch

thick. The press cake is roughly broken between toothed

bronze rolls into "chip cakes" that measure about 1-1/2

inches.

GRANULATION

The "chip cake" is processed through a series of four

2 (4) pairs of crushing rolls, a shaker screen beneath the

Srolls and a rotary screen or a bolter. The rate of feed,

spacing of the rolls and the mesh of the screens used will

vary to produce "green" grain in a range of sizes during

the same run.

The oversize is recirculated at the last station

until none remains while the undersize backdust is returned

to the Press Mill to be repressed.

GLAZING

The "green" grain is tumbled in the glaze barrel and

is subject to friction. The friction wears off the soft

and rough edges from the grain, smooths the grain surface

and creates heat to dry the grain. Additional hot or cool

air is applied to aid the process. Near the end of the

cycle graphite is added to apply a polish and luster to

the product. The material ce- be manufactured glazed or

unglazed.

PACKING

The material is then worked through a set of screens
for final sizing of the finished grain and eventually packed
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into the desired containers.

Superfine Black Sporting Powder is available in

four (4) granulations - Military Specification in nine (9) -

Fuse in nine (9) speeds - "B" Blasting in six (6) and "A" I
Blasting and Fireworks in seven (7) granulations.

To recapitulate, the powder is incorporated, pressed,

broken into _Dieces (or corned), glazed, dried, sifted,

packed and stored.
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Improvements in Pyrot echnical Smoke

Overview:

/

1. Smoke producing systems examined

- Hexachlorethane (HC) - Smoke
- Smoke resulting from red phosphorus as

base (RP-Smoke) j

2. Toxic characteristics of these smoke producing
systems

3. Role of humidity in smoke generation

4. Investigations of these smoke producing systems
4. 1 Hexachlorethane E-moke 1'

- non-toxic (neutral) hexachlorathane smoke
by addition of guanidine nitrate *

- description of the rt-action mechanism of iJ •
non-toxic HC - smoke

- influence of reaction rate of HC smoke
composi tion

4.2 Phosphorus Smoke (RP-Smoke) iv
- non-toxic (neutral) RP-smoke by

addition of guanidine nitrate or urea

nitrate
- reaction ;'nechanism of non-toxic RP-smoke

composition

- influence of reaction rate of RP-smoke

composition

5. Manufacturing technology of such smoke

mixtures

6. Examples of application
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S1. Smoke producing systems examined

The following pyrotechnical smoke systems were

examined. The smoke producing components in

these systems react with moisture in the air when

smoke is developed

- Hexachlorethane (HC) - Smoke

3 Zn + CCI .3 Zn Cl + 20 (C)
2 6 2

2 Zn CI + HO-- ZnO. Zn CI + 2 HCI (2)
2 2 2

The reaction of zinc chloride w*th atmospheric

humidity resulting in the formation of chlorine
water only takes place in the gaseous state.
Solid zinc chloride with water gives off no smoke.

The watery zinc chloride solution is only

slightly acidic. And not dangerous from the
acid content standpoint.

- Smoke resulting from red phosphorus as

base ( RP-Smoke )

4 P +50 - . 2P 0
2 25 (5)

P20 + H20 - 2 HPO (2)2 5 2 3
HPO + HO0 g. H3PO (3)

3 2 3 4

Contrary to zinc chloride P 0 in •o-lid form

also reacts with water to form phosphoric acid.

"These smoke generation systems are known.
. - They are used principally in military applications.
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2. Toxic Characteristics of these Smoke
Producing Systems

Poisonous properties that are contained in

smoke clouds formed by fumes released from

these smoke producing compositions are due

pri ncipally to acids that have been developed.

As can be seen ir. the above reaction equation

the resultant acid is always present in highly
concentrated form. Only after exposure to
moisture in the air is it diluted.

And so when such a smoke mass is used at a
low rate of humidity, as in closed rooms for

example, is the acid present in a high form ofA
concentration, almost as an anhydrid or HCI gas.

When such highly concentrated acids are in-

haled, irreparable damages are caused.
Under given circumstances, death can result.
Accidents of that type have already occurred

when smoke devices have been improperly

app I ied.

The differences in the toxicity of phosphoric I
acid and hydrochloric acid are substantiated
in the following manner:

Hydrochloric acid is a strong acid. Phosphoric

acid is of average strength.

+ -7
DissociationConstant H CI ' H + Cl K = Ml-/I

H PO - H +H PO K =7.10 M/Dissociation Constant 10PO --- NH HO,-K= .l- I/ ,)I I"
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•-• HCI is much more aggressive than phosphoric
acid.
This is only a gradual difference, however.

--- e -'Naturally, phosphoric acid is also highly poi-
S~sonous in an ample concentration.

• •°3. Role of Humidity in Smoke Generation

:)•_ As is evident in the reaction equations of the two

S~smoke systems based on hexachlorethane and red
•" phosphorus mentioned earlier, the reaction of the

S~intermediate product of ZnCI2 or P05 that is

• formed with air is a sizeable factor in the deve-
;• lopment of smoke, and, at the same time, the smoke

Si performance.
Si Based on experience, that i~leans that a weak smoke

-•-• production can be expected by extremely dry weather,
:'• e. g. at relative humidi ty of 2o %0 and temnperatures

•t• over 0° C.

A. i :In turn that means that in effective smoke producing

_i : systems moisture from the air is always drawn on,
"" ~for example as with :

! ; •Znl C2'

I " :Ti CI4,

i '' Si CI4,

Sn Cl41

) ~CI SO 3 H"

i~ I
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4. Investigations of these smoke producing I

systems

4. 1 Hexachlorethane Smoke

The various ways there are to minimize toxity is
shown in the following "

As pointed out above, since a reaction with atmos-
pheric moisture cannot be dispensed with, so the 3
development of H Cl has to be reckoned with.
Non-toxicity, or a sizable reduction can only be Y

attained in a secondary reaction, namely in the
neutralization of the hydrogen chloride that has beenf formed.

Thus, the following solutions to the problem are 7

conceivable

neutralization by simultaneously vaporizing the ]
neutralizing agent as, for example, with ammonia
or a derivative of ammonia. 7

Neutralization can be achieved this way. However,

the method has the following complicating disad-
vantages

o sizable increase in weight,
o considerable increase in volume,
o installation of two systems, separated

from one another in one smoke device
o difficulties in controlling the vaporization j

P rate of tihe neutralizing agent in order to
obtain a neutrality in the smoke cloud

that is built up.]

- Neutralizationby theaddition of pyrolyzed base

Smaterials.These substances should be decomposed J
by the heat of the smoke mixture reaction, and

1I -0



thereby neutralize the volatile bases of acidic
smoke producing components that result. For
example, this could be accomplished by guanidine
carbonate or ammonium carbonate.

This method, however, has the following disadvan-

tages :

o sizable supplemental amounts and thereby
an increase in volume required,

o the smoke reaction mixture is cooled off
a considerably during the decomposition or

vaporization of the base materials which

result during the pyrolys.is.

That means the necessary reaction tempe-
rature will no longer be attained. This is
shown in weak smoke development. The
reaction will shortly come to a standstill.

The reason is as follows

As mentioned initially zinc chloride first reacts in
a gaseous state with atmospheric humidity, that
means the reacting smoke producing composition
must have a temperature higher than 73000.

That is the boiling point of Zn Cl . A neutralizing
2

agent wich has a disintegration temperature or

vaporization temperature less than 73o C thereby
delays attainment of reaction temperature. A pure
neutralizing agent would steadily require energy

. to reach the vaporization point. This energy can
only be obtained from the reaction mixture.
Therefore, the reaction mixture would continually

be cooled. Add to this the fact that when the vapor-
zation temperature of the neutralizing agent lies

under the reaction temperature of the smoke pro-
ducing composition, wich is usually the case, the
reaction temperature is not achieved.

191
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( in the case of HC composition the reaction tem-
perature of zinc chloride lies higher than the vapo-
rization point of 73o°C).

o Chemical incompatibilities of most basic
materials that could be considered, since

- the zinc in the HC composition easily reacts
with acidic as well as basic substances.

"Fortht reason basic type substances as i
guanidine carbonate cannot be added
without affecting storage capability. In
most cases an immediate reaction results.
That means that the proposed solution of
separated neutralization systems has to be
resorted to once again. 7a

- Addition of a neutral agent that exothermally
pyrolyzes in the formation of volatile basic matter.

The substance to be added in this answer to the
problem must have the following properties :

o neutral ( because of storage stability of the
mixture )

o it must pyrolyze to a vaporized base in an
exothermal reaction.

Sk •A substance with these properties was found. It ist

Guanidine Nitrate N-8NH 2 NO.U

During the course of the reaction guanidine nitrate
exothermally intervenes. NH thereby results.
This neutralizes the hydrochioric acid that is deve- II

r mloped.

+: l:
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In order to understand the effect of guanidine nitrate

the reaction mechanism of the HC composition must
he examined somewhat closer.

The HC composition that was examined consists of
the following components

zinc
zinc oxide

hexach lorethane
aluminium

Fundamental reaction mechanism:

C Cl .. C Cl +,C ......... .. 2C301,
2 6 2 4 2 2

3CI + 3 Zn 3 Zn CI (2)

2 2

CCI +3 Zn 10 3 Zn Cl +2 C (3) 1

This reaction will only follow this way under ideal
conditions. Under normal conditions the reaction

chain is only possible with an Al additive in order m
to increase the heat of reaction especially at the

beginning.

Equation (1) symbolizes the disintegration of hexa-

chlorethane by the removal of active chlorine.

2ol KJ (=48K cal ) are necessary to effect this

separation. ( Source : D'Ans. Lax Taschenbuch
f~r Chemiker und Physiker , Vol II, 1964, p. 1o59).

C CI + 2ol KJ -CCI + C .. 2 C + 3 C (1)
2 2 2 .93..

N ~193 •
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Aluminium Is added because its chlorinating
heat is considerably higher thanof zinc. It is used

VF Ias an energy transfer agent to bring the mixture
up to the required*reaction temperature and to
hold it there.

Hence, the conventional HC compositions are
.e composed of the previously mentioned components.

Zinc oxide has a regulating effect on the intensity

of the combustion and on the reaction time.
The following reaction diagram is valid for such
a reaction mixture:

Sc _-+ 2 Cl c, ...... 4 C + 6 c,,(1)

2 6 2 4 2 2 E
vt: 6 C~61 +2A+ 3 Zn-- 12 AI CI + 3 Zn CI (2)

2 3 2(2
2 lC n l0 + 3Zn Cl2  (3)

21C 3  23n 3*** Al2

2CC1 +2 Al + 3 Zn + 3 ZnO--.- 6 Zn Cl + A[O0 + 4 C (4) -M

2 6 2 2 3 -1

That aluminum plays a decisive role also is shown
in the fact that a HC smoke can be made without
metallic zinc and only with.

hexach lorethane
aluminum
zinc oxide

-AMi M -
F __
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The reaction diagram for this smoke system looks
like this

I *Main reaction

C cl
26 -- C CI+CI ........... 2 C+3 Cl262 4 2 2 ()

C 2 +A -3 2AlCi (2)

2 AlC I+ 3ZnO - A lI0+ 3Zn Cl(3
3 2 3 2(3

+ Cl +Al +3 ZnQ b3Zn Cl + AlI0+2 C (4)2 6 2 2 3

A second or side reaction also occurs alongside this
reaction Zn 0 is reduced by C to Zn which is sub--7

sequently chlorinated.

11. Side reaction

C2 6  C2 4  (2
3 ZnO + 2C -* 3 Zn +CO +CO (2)

3 Zn +3 CI ON 3 Zn Cl (3)2 2

As can be seen in the respective diagrams, freej carbon also results each time with the non-neutrali-
4 zed hexa smoke ( without the addition of guanidine

nitrate ).This can be detected by the gray color of
the smoke.
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However, should an oxygen carrier as guanidine
nitrate, also be contained in the. smoke producing
composition, then the free carbon is oxidized by
the free oxygen released by the guanidine nitrate
to form carbon oxide or carbon dioxide. As a result
-.,f this additional oxidation reaction, the hot smoke 15b neutralized by guanidine nitrate has a white color.

Reaction diagram of hot smoke neutralized by
guanidine nitrate :1

262 4 2* 2C3~

• 2C6 - C2CI+Cl2 2C3C2 14 ;
3 Zn+2HNO +2C -. 3ZnO+HO+N04-CO+C (2)3 2 2
from guanidine nitrate

3 ZnO + CO + C o 3Zn +2CO2  (3)

3 Zn + 3 C 2  3 Zn Cl 2  (4)

SCCI +3Zn+2HNO -P3Zn CI2+2CCO+NO0+H H 02 6 3 2 2 2 2

Neutralization Reaction : j

3 ZnCI2 +3H20 6. 3 ZnO+ 6 HCI (1)

, 6 H C14-4 H 0+ 2 NHC (NH 6 NHCI +2CO (2)
2 2 2 4 2

'3 ZnCI +7 H 0+2 NHC (NH - o 6NH C1+3 ZnO+2 CO2 2 'ý22 4 2771
02
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This becomes understandable when the energy balances
are fashioned to these reaction mechanisms

HC-Smoke with Zinc:
C Cl + 201 KJ C..-- CCI +CI . 2. C + 3Cl (1)2 6 2 4 2 .... 2
3 CI + 3Zn -P, 3 Zn C + 1.254 KJ (2)2 2

C CI + 3 n 3 Z- 3 n Cl + 2C +1053 KJ2 6 2

HC Smoke with Al and ZnO

C CI + 201KJ -C CCI+ CI .... C+3C
262 4 2....* 22I3 1

3 C1 +2 Al 2-----p 2AlCI + 1.411 KJ (2)
2 3

2 AlCI + 3ZnO - Al 20 3+3 Zn CI + 484 5 KJ (3)

C CI + 2 Al + 3 Zn0-op 3 Zn Cl + Al 0 +~ 2 C + 1.695 KJ
2 6 2 23

Naturally the energy balances lie higher in the case of
HC smoke with Al and ZnO and Zn than for HC smoke
wi th Al and ZnO.

Upon examination the aluminum was almost always
quantatively reclaimed in the smoke residue.

Neutralized (non-toxic) HC Smoke with Zn. ZnO and
Guanidine Nitrate:

The following reaction mechanism can be deduced

1. C Cl + 201 KJ -hC ClI + CI ........ 2 C+ 3 C1 (1)
2 6 2 4 2 2

3 Zn + 2HNO +2C-hi.3 ZnO+H 0 +N 0 +CO+C+988 KJ (2)
3 2 2

(from guanidine ni trate)

3 ZnO+CO +C P* 3 Zn +2 CO -37015 KJ (-

3Zn + 30 C -p.. 3 Zn 012+ 1247 KJ (4)

C Cl +3 Zn+2 HN0S--- 3 ZnC + 2C + N 0+H +1664 KJ
2 6 312 C2 20 20

11I. 3 Zn C + 3H 0-p 3ZnO+6HCI()
2 2

6 6HCI+4H 20+2 NHC(NH 2)2.16 NH 4CI + 2 CO2)A
(from quanidine nitrate)

3 ZnCI + 7H 0+2t .HC(NH ) -6NH CI+3ZnO+2 CO
2 2 2 2 4 2
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When the tree energy balances

1. HC Smoke with zinc : 1o53 KJ
2. HC Smoke with Al and ZnO : 1695 KJ

3. neutralized (non-toxic) HC smoke with Zn
ZnO and guanidine nitrate : 1664 KJ

are compared with one another, it can be seen
that smoke systems 2 and 3 have almost the same
caloric values while reaction mixture 1 lies con-
siderable below.

Since the addition of aluminum to neutralized HC-
composition with guanidine nitrate is ineffective and
since aluminum remains in the residue (as sub- 14

sequently explained ), it must be assumed that a
different reaction takes place in this case than
with a normal HC composition.

The following procedure was followed to clarify
the reaction mechanism

In order to obtain an exact idea of the reaction
chain, the residue left by the hot smoke composition
after smoke production was analyzed. It was estab-
lished that the nitrate was fully converted. The entire
amount of aluminium that had been used was found
again in the residue. As further tests showed the
largest part of the residual aluminum was in metal
form, and not as an oxide, as with conventional HC
compositions.

"That verified the fact that the aluminum did not take
part in the chemical reaction. To verify this fact,
a hot smoke neutralized with guanidine was prepared
in which no aluminum was present. All other components

S198
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however, were in identical relationships. This
mixture could be ignited the same way as the neutra-

lized hot smoke with aluminum, and emitted a similar
thick white smoke in the identical reaction time.

This can be explained as follows

In the case of conventional hot smoke the energy
required to initiate the chlorinating reaction of
zinc oxide, i-. drawn from the Al. This is chlorinated
during a strong exothermic reaction, and then Chlori-
nates the zinc oxide in due course. What happens is
the chlorination of the zinc or zinc oxide by the ad-
ditional reaction heat of Al through Al CI to Al 023

3 23
Since the aluminum is present in unchanged form with

the addition of guaridine to conventional hot smoke
composition, and after the reaction of the smoke pro-
ducing charge, the additional energy required must
result from a reaction of the guanidine. The tempera-
ture at which this reaction takes place must also lie
lower than the chlorination temperature of aluminum.

As already mentioned the reaction of C to CO is
thereby involved. It can be assumed that the oxidation

of C to CO results not only in direct reaction with
the nitrate, but also by means of an intermediate

reaction with zinc. The second possibility is cer-
tainly favored.

And so, this reaction chain whth guanidine is only
possible with HC compositions which also contain
metallic Zn in addition to ZnO. In no way is it valid

for compositions with Al, Si or Ti.
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Lk The answer lies in the fact that the chlorination
heat of zinc is located considerably lower than
that of the other metals. This means that the conversion
of guanidine can take place in the desired direction,
namely in the development of basic types of decom-
position products. On the other hand a complete
decomposition takes place with the other metals.
The reaction is indeed completed, but a neutrali-
zation of the smoke does not take place.
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Table 2: W'bar Heat-of Formation of Metal Oxides.
Source: D'Ans. Lax: 'Taschenbuch for Chemiker

Physiker ".

Fp [0 Heat of Formation

Mg O 28o2 - 6o1,2 KJ WI

ZnO 1975 -349,1o KJ NMol

Al 0 2o45 -1.675 KJ Nb1 1
2 3

Si 02 -859,3 KJ Mol

SnO 193o -58o,8 KJ NblI
2

Ti 0 1855 -943,9 KJ Mol 1
2

4 lo 569 -3o96 KJ No

Thus, if guanidine nitrate is added to a hexa-
chlorethane / Zn/ZnO/AI mixture, the zinc combines
with the guanidine to form ZnO be-ore the aluminum
begins to react. Thereby the qua, i ,y of heat set
free is sufficient to set the chlorination in motion,
or to break down the hexachlorethane. The reaction
temperature is considerably lower than with pure
HC smoke composition. Accordingly it can be
assumed that the ter-,nerature required to transform
the aluminum was noi reached, I n this case aluminum

N kacts only in diluted form and does not enter into the
reaction.

In summary, it can be said that an acceleration of
the chlorination reaction occurs with the introduc-
tion of aluminum in a conventional HO composition.
In the case of a neutralized HC composition, by a

10 preliminary oxidation reaction.
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Chlorination and oxidation quite consisterntly provide

the same amount of energy that is needed for com-
pleti:n of the reaction in the time required.

HC-Composition with ZnO and Guanidine without Zn

If zinc is replaced by zinc oxide in a neutralized
HC composition, neutralization by guanidine cannot
be accomplished for the following reasons

Here the carbon from C Cl is used both for reduction
2 6

of the ZnO and for reduction of the nitrate. The
necessary reaction heat therefore clearly lies below

that of the HO composition with metallic zinc. The

required reaction temperature is accordingly not

reached.

Influence of the HC Composition Reaction Rate

The reaction between metals and hexachlorethane is
a time reaction. The velocity results from the molar
chlorination heat of the metals used and from the use
of oxides instead of pure metals.

The addition of mptals, ",h high chlorination temp-
eratures act to accelerate the reaction speed.

The effect of alumir1it.:m additives is known. Mg, Al-
Mg-alloy metal povders, titanium are also possible

for this purpose besides aluminium.

At constant weight proportions the effectivity of
these additives increases as follows

Ti - Al - AI/Mg- Mg

Besides the heat of chlorination, the reaction sur-
face that is present also has an influence on the
kinet;c of the smoke reaction.

LI 
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In this regard parameters such as the particle size,

physical appearance, topochemical properties, lattice

distortions of the powder, etc, and particularly the

volatility of the chloride that has been formed are

decisive.

In addition to the speed of the reaction, increase in

the spontaneity of smoke development is also of
tactical significance in military application Besides the
chemical modifications previously mentioned this

spontaneity is further influenced by the constructive
design of the smoke producing device.

4.2 Phosphorus smoke (RP - smoke)

I1F
Phosphorus smoke compositions are made up of

red phosphorus
oxygen carrier

binding agent

When phosphorus is ignited

4P+ 50 2 --- P0O+ 3096 KJ ]
phosphorus pentoxide is formed. This compound is
an extremely hygroscopic substance with a relatively
low evaporation point of 564 0 C which guarantees a
fine distribution of the phosphorus in the burning
process.

As mentioned earlier phosphorus pentoxide changes to

phosphoric acid in the atmosphere with the admission
of water. The toxicity of phosphoric acid has already

been explained. Therefore, the neutralization of phos-
phorus smoke composition is also of significant

importance.
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Reaction mechanism of phosphorus smoke

Energy from burning red P with an oxygen carrier

4 P rot • P 4 (1)

P + 50 2(Luft) -t P4 0 (2)

P10 + 2 H0 - 4 H P 3

410 23()
2 HPO3+H 0 - H 4P20 (4)

H4P2O)+H20 0-+ 2 H3PO (5)

Heat released from burning phosphorus plus oxygen
carrier is used to volatize excess phosphorus which
had previously been added to the oxygen carrier. The
excess red phosphorus ;s converted to white phosphorus,
and with oxygen in the air burns off as P 4 0 1 o.

This is further made possible because the ignition
temperature of red phosphorus with air lies under its
volatization temperature. Guanidine nitrate or car-
bamyl nitrate can also be used as oxygen carriers to
burn off the red phosphorus. A transformation takes
place similar to that which occurs with HC smoke
where pyrolyzed basicproducts are formed. These
neutralize the phosphoric acid produced.

Reaction mechanism of non toxic (neutral) phosphorous
smoke:

2 P + 2 NHC (NH) HNO3 _ 0+2 NHC(NH ) +H 0+N
2 2 3 P 2 05 + H 2 2 H2 ON2 (1M

205 2 H H3PO4 (2)
H 3PO4 + NHC (NH22 2 NHC (NH ) H 3PO (3)
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S~Influence of reaction velocity of RP smoke compositions

S~Based on the p~revious explanation, phosphorus can be

gn brought to the r~eaction point not only by oxygen
E•:• carrier admixtur~es (metal oxides, nitrates, amongst
•" ~other- ) but also by halogenation agents ( chlor~apharaffin,

E- hexachlor~ethane ). The P CI5 that builds up r~eacts with
• ~moisture in the air" and forms P205 + HC I accor~ding to

•. the formula.

-2 P C + 5H-0 P 0 + lo HCI

SCompared to the toxicity resulting from acids this
S~smoke is consider'able more toxic than pure P 05

smoke.

Combined oxidation and halogenatic reactions are also

Bassibed on thes sreitusepaation, phosphorus recasntbe

rphosphorus pentaoxide or into phosphoric chloride.

The surplus phosphorus admixture is volatilized by I
the eneregy that was released, and burned off with
oxygen from the air. a

The fastest reaction is obtained through stoichio-

metricial mixturoes (deflagrtation). The desired reaction

speed is regulated by the addition of supplemental

smoke producing substances ( red phosphorus ) to

the stoichiometricial mixture ther~eby extending thereaction time and slowing it down. Beyond that, thepspeed of reaction is absorbable by means of organic

binding agents which must be disintegrated by theTheat of the reaction and thereby slow down the reaction.

•- 206
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5. Manufacturing technology of such smoke mixtures

"A few short statements regarding current manufacturing
processes of these type of smoke compositions yet
remain to be reviewed

- HC smoke
For HC smoke and neutralized HC smoke the
components are mixed in the drying process, and
are brought to use as a loose or shaken mixture.
A payload pressed in block forms can also be
inserted.

- RP smoke
Here the components are mixed with a binder sus-
pended in a non-inflammable solvent into a doughy
mass. The smoke composition is then predried,
granulated and secondarily dried. The granulation
can be pressed into pellets or into formed shapes.

6. Examples of application

These HC smoke compositions that have been improved
as to their, toxicity and in their kinetic reaction
chain can be filled in all devices where a HC compo-

sition was used up to now.

An example is the Smoke Grenade, DM 1 HC

sectional picture
picture of the smoke grenade

smoke grenade launching system
picture of smoke achievement V
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As an example of an application, a smoke grenade
could be mentioned that contains pellets made of red
phosphorus base. The smoke grenade is bursted in
flight and the pellets dispersed after being ignited by I

L• an ignition dispersion charge. The reacting pellets
already pull smoke trails while descending and cover
the vehicle to be protected with smoke within a matter
of seconds,

sectional picture Smoke Grenade - RP
performance pictures
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* INTRODUCTION

Thermite is the generic name for a class of metal/metal oxide materials that
react exothermically. Thermites have been used for both a heat source and a
molten metal source in many industrial applications. The rmost common is that
of welding. Most thermites have been used in powder or granular form. The
starting materials (metal and metal oxide) are pre-mixed and placed in a
reaction vessel or hopper. The mixture is ignited by raising a localized
portion to its ignition temperature. The reaction quickly proceeds linearly

in all directions until the mixture has reacted. The reaction temperature
O is generally high enough to keep the reduced metal molten long enough to be

useful for welding or casting.

_ We have been developing pressed thermite primarily as a compact and efficient

heat source. The pressed material has many advantages over its granular
counterpart. Some of these are:

"• compactness

. machinability

"" less surface area

* .non-separable

5 These advantages make for a more useful material from the standpoint of

packaging, efficiency, long life and reliability.
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DEVELOPMENT AND TESTING

To be utilized as a compact heat source the pressed thermite is packaged in a

metal container that also serves as (1) a heat sink, (2) a thermal conductor

and (3) a reaction containment vessel. To fully utilize the pressed thermite

we have expended considerable effort on a developmni-t program aimed at
material characterization and practical utilization. Some of the problems

and achievements will be described. The description and results of a typical

test is descr;bed in Appendix A.

IGNITION

Several methods have been sucessfully used to ignite pressed thermite. The

two methods that have worked most favorably are: 1) the ignition of a Pyrofuze*

loop pressed into a small thermite pellet which is inserted into a cavity of

the main thermite charge, and 2) the heat from the resistance and arc formation of

a sharp metal electrode in contact with the thermite pellet. With these

ignitors we were able to use a small portable 12 volt battery weighing under

2-pounds for reliable ignition. Two ignitor types are illustrated in Figure 1,

Appendix A.

SEALING AND PRESSURE CONTAINMENT

One of the main difficulties encountered was the effect of pressure generation
during the thermite reaction. As part of our material characterization effort

• we have obtained some pressure measurements of the thermite during and subsequent

to the reaction. The limited data from a fewd tests indicate pre~.sures generated
in excess of 3.5 MPa (500 psi). The pressure rise was quite rapid, peaking out

* Trade name for Intermatallic Reactive Wire, Manufactured by Pyrofuze Corp.
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in a few seconds, followed by a rapid decay (Figure 9). Pressure of this

J magnitude is certainly not difficult to contain. Sealing, however has proven

to be quite a difficult problem. This was especially pronounced in assemblies

having several instrumentation feed throughs. The burning thermite is quite

reactive and apparently once an escape path is opened. however small, the

pressurized reacting thermite vapors will often vent through the opening.
0 Once a vent path is established the thermite will continue to erode and enlarge I
i the opening allowing much of the thermite to escape. If, on the other hand,

the escape path is long and narrow enough the escaping vapors will chill and I

Sseal the opening. Both of these events have been observed in our experiments.

The escaping vapor appears to be mainly copper.

i INSTURMENTATION OF TEST ASSEMBLIES

We have instrumented several thermite test assemblies to determine some of the

reaction characteristics of the pressed thermite. The measurements of prime

t interest were temperature, pressure, and burn rate. Figure 2 shows a typical

test configuration for pressure and temperature measurement.

TEMPERATURE MEASUREMENT° in
The temperature of major interest during a confined reaction is that of the

reacting thermite or the reaction temperature. Realizing this would be quite

difficult to measure without specialized instrumentation, we instead took

temperature measurements in regions outside the reaction. From these measure- -
ments we were able to determine reaction temperatures by computational means.

Much work was done in predicting and correlating temperatures using heat

transfer computational techniques. The regions outside the reaction vessel
were readily accessable for the placement of conventional thermocouples and

good data was obtained.

212



J-

PRESSURE MEASUREMENT

We have found pressure to be the most difficult property to measure during a

thermite reaction. Two methods have been tried with some degree of success

obtained for each. Our first attempt at pressure measurement was with commercial

pressure transducers. Recognizing that reacting thermite would present many

problems we tried several methods with varying degrees of success. In many
cases the reacting thermite would either clog the tube or filter leading to the
pressure transducer. At times the thermite would damage the sensing element

before maximum pressure was reached. Diaphragm isolators and water cooled

transducers were also tried.

The second approach was to use strain gages bonded to the external surface of

the pressure container. With this indirect method we were able to correlate

exte,'nal strain with internal pressure. In some cases corrections would have

to be made because of the effect of the heat upon the mechanical properties
a-and of the thermal stresses induced upon the pressure container. We believe,

however, that the peak pressure occurs so quickly that very little heat transfer

has taken place.

BURN RATE MEASUREMENT I•R

Two systems have been used to measure linear burn rate. The first was by direct

observation of the burn using high speed photography, this method enables us to
S• ~also observe the reaction process. We can see sputtering, gas evolution and i

obtain an objective and comparative view of the viol nce of the reaction. The 1

"second method employed is with fiber optics photography. With this method the

reaction can be contained. We were thus able to determine whether containment

affects the burn rate. In our tests with Al/Cu2 0 thermite we found no significant

difference in burn rates betwcen confined and unconfined reactions. The burn for

most formulations have been in the range of 4 cm/sec to 10 cm/sec.
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UTILIZATION OF PRESSED THERMITE

The available energy of pressed thermite is quite respectable in comparison

with some other common substances considered to have a high energy content. -

STNT - 1000 cal/gm
K -I Gasoline and Air - 700 cal/gm Gasoline

Pressed Al/Cu 20 - 530 cal/gm

Pressed thermite has many features that enhances its usefulness. It is compact,

J • insensitive, yet readily ignited. It is relatively inexpensive and can be

compacted to nearly full density in a number of ways and can be readily machined

tk_ by conventional methods to close tolerances.

Many useful applications can be envisioned for pressed thermite. One possible

product is that of a portable heat source, such as a cartridge heater for

emergency or remote use. One particular application might be as preheater for

diesel engines in cold weather. A cartridge containing the thermite could be 3
inserted into a recepticle in the engine block and ignited with the starter battery.

This could be designed to provide enough heat to enable startup in cold weather

in remote areas. Other similar applications may be possible. It is estimated

that 2 pounds of thermite will provide the energy equivalent of a 40 pound lead

storage battery.
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APPENDIX A

Thermite Burn Test

* WHG-182 is a typical Thermite Burn Test conducted as part of our development

program. Figure 2 shows a cross section of the test assembly. The part to be

heated is the stainless steel cylinder forming the inner core. It is contained'

within a refractory metal can surrounded by pressed thermite in the form of

right circular rings enclosed within a layer of rigid insulation. The

outer pressure container is of 304 stainless steel. The thermocouple and

ignitor leads are sealed with pressure fittings. Two identical pressure trans-

ducers were located on the bottom while all other leads came through at the

I ! top. The thermocouple locations are numerically identified. L

i-4

Test Results 
44

The thermite ignited, reacted completely and was fully contained. Data were

obtained from all eight thermocouples. Of the two pressure transducers one

failed to report any data. The other functioned normally. Upon disassembly it

was observed that the thermite penetrated the insulation at several locations -

and condensed on the inner wall .f the stainless steel outer pressure container.

This undoubtedly accounted for some heat loss. The test parts before assembly
are shown on Figure 3. Figure 4 shows the assembled unit. The pressure and

temperature data is plotted in Figures 5 through 9.
gA
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EFFECT OF FUEL STRUCTURE

ON SPARK SENSITIVITY OF 33/67 TiH /KClO BLENDS*x 4

John T. Healey and Morton L. Lieberman
Sandia Laboratories, Albuquerque, NM 87185

ABSTRACT

The development of safe pyrotechnic blends, possessing the characteristics

of low electrostatic discharge sensitivity and ease of ignition by a hot wire,

has prompted studies into the TiHx/KCIO4 pyrotechnic system. Previous work

has shown that a marked change in the spark sensitivity of the 33/67 TiH /KClO
x 4

pyrotechnic system occurs at a subhydride stoichiometry of approximately TiH0 6 0.

This investigation was conducted to determine if any relationship exists

between the microstructure of the TiH fuel particles and the spark sensitivity

of the 33/67 blends. Nine subhydride compositions in the TiH to TiH

range were investigated. The samples fell into three regions of the Ti-H phase

diagram (three in each region$. The hypoeutectoid samples displayed wide bands

of c-Ti surrounding eutectoid regions. The samples in the vicinity of the

eutectoid showed a characteristic fine lamellar structure, while the hyper-

eutectoid samples showed etching of isolated eutectoid areas with the bulk of

the material being the dihydride phase with islands of the lamellar structure

present.

The results indicate that a relationship exists between the quantity and

distribution of the c-Ti phase in the subhydride particles and spark sensitivity

xof the TiHx/KCIO4 (33/67) p,:rotechnic blends. In addition, the structure changes

may also have provided an explanation of the phenomenon of dancing sparks

observed by other investigators.

*This work was supported by the U. S. Department of Energy.
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Introduction

Recent emphasis at Sandia Laboratories on increased safety of pyrotechnic

W components has led to a need to develop new safe pyrotechnic materials. Of

primary interest is the production of electrostatic discharge insensitive

pyrotechnic blends which possess a threshold spark ignition greater than 20 kV,

which is a conservative estimate of a maximum human body electrostatic dis- 1
charge. Simultaneously, this spark insensitive material must have acceptable

sensitivity to ignition by a hot wire.

KV&7 Fine titanium particles, blended with the potassium perchlorate oxidiz-

ing agent, are readily ignitable from a hot wire but are inherently dangerous

Sdue to the high sensitivity to electrostatic discharge. Conversely, fine

titanium dihydride particles, similarly blended with potassium perchlorate,

are very insensitive to electrostatic discharge and are also difficult to

K ignite from a hot wire. Efforts have been made to develop titanium subhydride

Scompositions such that the resultant blends will possess acceptable values of

both properties. Previous wokhas shown that the electrostatic discharge

susceptibility decreases markedly for subhydride stoichiometries greater than

Ri •approximately TiH0. 6 0 . These findings are shown in Fig. 1. The phase diagram

for the titanium hydrogen system2 shows that the entire composition range inves-

tigated falls within the a-Ti + y-TiH2 -y two phase field as can be seen in

Fig. 2. Therefore, the marked decrease in electrostatic discharge suscepti-Ek.
bility does not correlate with any phase change in the subhydride. In addition,

if the electrostatic discharge susceptibility were merely determined by the

relative proportions of the two condensed phases, one would expect the properties

Sto vary linearly throughout the two phase composition field, rather than sharply

as has been observed. The purpose of the present study was to determine if the

observed electrostatic discharge sensitivity could be explained as a function

of the TiH Xparticle structure.

* 224
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Experimental Procedures

The TiH powders were produced at Mound Laboratories using procedures
x

3developed by R. S. Carlson. Each of the subhydride stoichiometries was

prepared by heating a batch of the titanium dihydride powder to a pre-

selected temperature (typically from 400Q to 470*C), pumping away the evolv-

ing hydrogen to a pressure predetermined by prior calibration, then slow

conl•rg to room temperature. To avoid spontaneous combustion of the oxide-

free surfaces, the powders received a controlled, limited surface oxidation

by exposure to small quantities of air prior to exposure to the atmosphere.

In all cases, the titanium dihydride powders were dehydrided at temp-

eratures above that of the eutectoid temperature (see Fig. 2). This means

that the production of the subhydride powders was accomplished by heating

the y phase into either the y+$, a, or a+B phase fields, by pumping off

hydrogen then cooling. The compositions of the resulting powders, given

in Table I, fall into three general categories: (1) hypoeutectoid (atom

ratio H/Ti = 0.33, 0.38, and 0.54); (2) in the vicinity of the eutectoid

S(H/Ti =0.63, 0.65, and 0.68); and (3) hypereutectoid (H/Ti =0.75, 1.10,

and 1.32).

For the structural examination each of the subhydride powders was

mounted in epoxy, ground with SiC papers, initially polished with 6.0 Um

diamond, and finally polished on a v'bratorv polisher with 1.0 pm, 0.30 pm

and 0.05 Um alumina.

Table I. Composition of the Titanium Subhydride
Powders

Sample H/Ti Ratio (atom ratio)

1 0.33
2 0.38
3 0.54
4 0.63
5 0.65
6 0.68
7 0.75
8 1.10
9 1.32

225

~--



The polished samples were all etched, at room temperature for varying

times, in a modification of Krolls etch given in Table II. This modified

etch was developed to preferentially attack the a-Ti phase while producing

little effect on the dihydride phase. The polished samples were coated with

approximately 10.0 nm of Au-Pd in an argon sputtering unit to provide N

eiectrical conductivity. Examination of the polished and etched samples

Table II. Composition of Etchant Used

Component Volume% %I
•, HF 2.0

HN03  3.5
H20 2  1.0
1H20 93.5

was conducted with a Hitachi S-500 scanning electron microscope, as the reso-

lution of optical microscopy was inadequate to distinguish the fine structure

encountered. slrutu.

Results

Figures 3 through 11 show typical structures obtained for each of the U
subhydrides. The lower subhydrides, TOH0 3 3 ' TiH and TiH 5 4 , showed

000
extensive etching in short times (n, 3 sec). These subhydrides, all of the

hypoeutectoid group, show large bands or areas of etched material as well as

some etching of fine lamellae in the regions between the bands. -The quan-

tity of the large etched regions decreases as the hydrogen content increases.

F bThe large etched bands are apparently regions of a-Ti, as the etch was devel-

oped to preferentially attack that phase.

The three samples in the region of the eutectoid; TiH0. 6 3, TiH0 . 6 5 , and

TO 8 all show a very fine lamellar structure. This would be a typical

structure that one would expect to find occurring in the vicinity of a I3x
VSI

LiXl



i eutectold. The TiH0.63 sample showed some etching of acicular bands as

well. The orientation of the lamellae should correspond ro the original

Ti grain orientation pre•ent before initial hydridlng.

The TiH0.75 sample showed wide bands of unetched material surrounded

by narrow etched bands. In addition, areas of the fine lamellar structure

were also present. Both of the higher hydrides, TiHI.10 and TiH1.32, showed

regions of very little etching and some areas of a spheroidal etching, possibly

the result of etching small areas of the euteetoid structure out. The higher

hydrides were etched for much longer time periods (• 3a sec), as is evidenced

by the etching of the epoxy mounting material surrounding the particles. Some

Sareas showed etching of a fine lamellar structure.

Discussion

The structural changes observed in the TiHx powderc appear to correspond

directly to changes in the electt_.stattc discharge susceptibility measured
for the corresponding pyrotechnic ble s. This would indicate that the TiHx

structure was the controlling factor in determining the r•ponse to an

applied spark. The hypoeutectoid powders all showed large r•ons or the

• : primary •-Ti phase; these are the heavily etched bands as seen in Figs. 3

through 5. In the vicinity of the eutectoid, these large bands of •-Ti

disappear (see Figs. 6 through 8) which corresponds to the sharp decreaseg:° i
• in the electrostatic discharge susceptibility. The hypereutectoid samples

• as seen in Figs. 9 through ii, contained none of the regions of primary •-Ti

• ' and were correspondingly spark insensitive. The structural analysis combined

• with the previous el•,:trostatic discharge •tudies indicates that the discharge

susceptibility of the pyrotechnic blends is a function of •he quantity and

-•



distribution of the a-Ti phase present at the surface of the TiO fuel
x

powders. In particular, the sharp decrease in discharge susceptibility is

observed to correlate directly with the disappearance of the bands of the

primary a-Ti structure and the appearance of the finer lamellar structure q;

at the eutectoid even though the H/Ti ratio varies only slightly.

The structures observed appear to be consistent with typical equilib-

rium structures, indicating that the performance of the pyrotechnic blends

will not vary with time due to microstructural changes in the TiH powders, IS12x

but that these structures should remain thermodynamically stable. I
Another phenomenon that is consistent with the structures observed is

4&
that of the "dancing sparks" first described by Leslie and Deitzel. The JIM

dancing spa-ks condition was observed on certain of the subhydride compo-

sition pyrotechnic blends during electrostatic discharge sensitivity test-

ing. This condition consisted of a series of sparks spreading over the

surface of the material after the initial spark discharge. The condition

lasted for several seconds usually without ignition of the blend. The

compositions at which this phenomenon occurred were always close to the TH

eutectoid composition. The explanation of this occurrence appears to lie

in the structure also. The compositions in the eutectoid region have bands

of a fine lamellar structure which effectively isolates the alternating a-Ti

lamellae from each other. When the initial spark is discharged, the isolated 1
a-Ti lamellae coming to the surface burn, but the interior lamellac are

x7
separated and, with no large a-Ti regions, the react. n does not propagate

throughout the particles. This creates the condition of dancing sparks as

21 the sparks jump between the different particles with only the surface lamellae

burning.
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In view of the structures observed and the phenomenon of dancing sparks,

two factors appear to contribute to the spark sensitivity of the pyrotechnic

blends. The quantity and distribution, especially the connectivity of the

a-Ti phase in the TiH powders, appear to be the controlling factors in
x

determining the spark sensitivity of the pyrotechnic blends. The low hydride

samples with the large primary a-Ti regions display high spark sensitivity.

The hydrides in the euteccoid region do not contain these large regions, but

display the characteristic of dancing sparks which may be the result of the

distribution of the a-Ti phase, in particular a lack of connectivity of the

a-Ti platelets. The higher hydrides lack connectivity and quantity of a-Ti

and are therefore highly spark Insensitive.

Conclusions

1. Variations in spark sensitivity in the TiH /KCO4 pyrotechnic blends
'C 4

are due to structural changes in the Till particles in particular variations

of a-Ti quantity and distribution.

2. The phenomenon of "dancing sparks" which occurs around eutectoid

Ti( TH 0 . 6 5 ) compositions of Tilx is consistent with a lack of connectivity

of the a-Ti phase.

K229K
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SAND 78-0275

Through-Bulkhead-Initiator Development

ABSTRACT

A reliable pyrotechnic to pyrotechnic Through-Bulkhead-

Initiator (TBI) has been developed. The initiator is based

on the device described in a feasibility report by E. A.

.. Kjeldgaard, et. al., at the Fourth Pyrotechnic Seminar,

July, 1974, Steamboat Springs, Colorado.

Significant design problems which were solved in the

development of the TBI were:

1. Reliable ignition of the Pd/Al donor charge across

a gap through the use of the intermetallic pyro-

technic Ti/B and an expulsion charge of TiHl/KCI1 4 .

2. Control of the temperature of the donor charge by

limiting the percentage of Al in a Pd/Al or

Pd/Al Stainless Steel mixture to a range of 4 to

6.3 weight percent.

3. Control of slumping of the donor charge by the

addition of up to 30 weight percent SS particles

to the Pd/Al reactive mixture. This prcvided

reliable heat transfer because thermal contact

was maintained.

I2 3



4. Improvement of the temperature-time profile by

changing the L/D ratio from 2.0 to 1.0, elimina-,-si

tion of insulators and doubling the mass of the

donor charge to about 6 grams.

Experimental ' d theoretical results will be presented

to illustrate the initiator development.

iml

it

II
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Through-Bulkhead-Iniiiator Development

I. Introduction

This paper describes the completed version of the

Through-Bulkhead-Initia\;or (TBI). A significant amount of

development work has been done to improve the functional

reliability since the first reports which were issued in

1974. The feasibility of the TBI was first reported by

its inventors, E. A. Kjeldgaard and D. J. Gould at the

Eighth Symposium of Explosives and Pyrotechnics 1 . A com-

bined analytical and experimental thermal analysis of the

system was presented by E. A. Kjeldgaard, D. W. Larson,

and D. J. Gould at the Fourth International Pyrotechnic
f . 2

Seminar 2

The requircments which were placed on the TBI during

development are summarized as follows:

1. Ignition through a stainless steel bulkhead of

sufficient thickness to contai.n a constant pres-

sure of several thousand psi.

2. Maintenance of bulkhead integrity after firing

and under short-term conditions of high tempera-

ture and pressure.

3. Ignition of a material with high thermal conduc-

tivity and a high ignition temperature.

Li
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The requirements were met by utilizing the principle of

thin-wall, small diameter closed end tubing in a nipple

configuration which allows ignition through a thick bulk-.

t head. IA

The items employed in the TBI (See Figure 1) are the

initiator, the donor charge, the bulkhead (or nipple),

Sand the acceptor chaege. The initiator is a hot bridge-

wire ignitor which serves to initiate the donor charge

reaction. The donor charge is a low-gassing pyrotechnic ]
based on the intermetallic reaction between Pd and Al,

which is commonly called the Pyrofuze reaction. It is M

the heat source for initiation through the bulkhead. The

nipple is of stainless steel for high temperature strength

properties. The acceptor charge which is contained in the

nipple accepts the donor charge output and initiates the bulk-

charge. Any number of pyrot'-ohnic materials may be used

as the acceptor charge. Palladium/aluminum (Pd/Al) was

used in the development work because it is a difficult to

ignite pyrotechnic due to a high (600+0C) ignition tempera-

ture and a high thermal conductivity.

Thz. problems encountered during development were pri- Il

marily ones of reliability and not of the basic concept.

As is often the case, the interfaces between the various f

Pyrofuze is a trade-mark of the Sigmund Cohn Corp., Mt.
Vernon, NY.
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Figure 1. Cross-Sectional Schematic of the Through-
Bulkhead-Initiator using Welded Construction
and a Pre-Pressed Donor Charge.

Fj 243



components in the assembly required special attention. The

initiator-donor interface and the donor-nipple interface

'.esented special challenges and are discussed further. A

minor problem also developed with ignition transfer at the ]
acceptor-main charge interface. It was quickly learned that

the cause of the ignition transfer failure was a large den-

sity discontinuity at that point. It was corrected by

changing the loading and pressing procedures.

II. Discussion

F1

Initiator Development

Experimental apparatus used for the initiator develop-

ment experiments is shown in Figure 2. It features ignition

across a gap, a provision for the flow of titanium/boron

(Ti/2B) pyrotechnic initiating material past the closure

disc and an expulsion/ignition charge of TiH 6 5 /KClO.

The final initiator design (not shown here) differed

only in that it had a ceramic charge holder sleeve to pro- M

vide pin-to-case electrostatic spark discharge (ESD) resis-

tance, a Kapton or Mylar disc between the Ti/2B charge and

the closure disc also for ESD resistance, and a welded

S0.076 mm (0.003 in .) closure disc to provide a hermetic seal. '

The gap width employed in the design is about 6.3 mm

(0.25in) and is not a critical dimension. Gap test

I
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Ti Hx/KCLO4  Ti/ 28

PD/A L/SS

IGNITION APPA AT UýA

~ Figure 2. Schematic of Ignition Apparatus used to

Determine the Quantity of TiW. /KC1Oý1

Required to Burst Closure Disc.
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experimentation showed that when a small 15 to 20 mg quan-

tity of Ti/2B was ignited from a bridgewire so that the

contained gases propel the reacting Ti/2B down a tube, in

the manner of' a bullet down a gun barrel, that ignition

occurs regularly across a-200 mm (8 in.) gap.

An ignition problem developed when the initiator was

butted up tight against the donor charge. A large force

174PE was required to set-back the donor charge and concurrently

rupture the closure disc. The ignition problem was solved

by using the gap data and a washer with a 4.5 mm (0.176 in.) ]
center hole as a cutting die to shear out a section of the

closure disc. The sheared disc had one-half as much area

as the fire hole (ID = 6.3 mm (0.25 in.)) so that a portion

of the Ti/2B could flow past the disc and contact the donor

charge surface.

The washer was made of copper so it could also perform A

the second function of providing an igniter sealing surface.

S~3
This seal has been shown capable of providing leak rates

<10 cc He @ ST? per sec. and 1 atmosphere of pressure

differential and of standing off short term pressures of

200 M Pascal (30,000 psi).

SA 10 mg TiH . 6 5 /KC10 4 first pressing charge is used

against the bridgewire. It acts as the bursting charge

as well as the initiating charge. The Ti/2B pyrotechnic

does not form enough gas at low temperature (-540C (-65 0 F))"UN
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starting conditions to reliably burst the closure disc.

Although improved pressure performance may be achieved by

adding hydrogen to the Ti/2B in the form of TiH or TiH2x
(because all commercial Ti contains some hydrogen) it is

also known that pure TiH2 will not react in a self-sustaining

manner with B despite favorable thermodynamics. The reason

for selecting TiHx/KC1O4 is that it is a Sandia qualified

material that is compatible with Ti/2B.

The quantity of Ti/2B used in the ignitor is enough

to fill the cavity at loading pressures near 15,000 psi.

This gives a loading of approximately 70 mg. Experiments

to determine the minimum required quantity of this pyro-

technic have not been performed because the gap experi-

ments indicate that many times the minimum quantity are

probably employed.

Donor Charge Development

A cross section of the donor-nipple interface is shown

in Figure 3. The temperature conditions within the TBI a

"short time after ignition are indicated, where Th is the

bulk temperature of the donor, T is the nipple wall
0

outside temperature, Ti is the nipple wall inside tem-ii
perature and T is the temperature of the cold acceptor

material. The thickness of the bulkhead is given by

Ax = x - x 1
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'Figure 3. Through-Bulkhead-Initiator Cross-Sectional View

and Temperature Profile Near the Bulkhead Nipple.
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The major res-otances to heat transfer are represented

by steep temperature gradients in the temperature versus

distance diagram shown in the bottom half of Figure 3.

They occur at the donor-nipple interface, through the nipple

and again at the nipple acceptor interface. The resistances

at the powder to metal surfaces are commonly termed film

resistances because despite relatively good mechdnical con-

tact of the pressed powder against the metal surface a good

thermal contact is not achieved and large temperature drops

are observed in very small changes in distance as the metal

surface is approached from the powder side.

The heat transfer equations that apply are:

Eq. 1 q = h A AT for the donor charge

AT
Eq. 2 q= k A for the nipple

m Ax

Eq. 3 q = h A AT for the acceptor charge

22 3

where

q is the rate of heat transfer (all q's are equal for

steady statp heat transfer),

h and h2 are film coefficients or heat transfer,

k is the thermal conductivity of i;he nipple,
A A and A are outer surface areas, mean heat trans-

m 2

fer area and inner surface areas respectively,

24
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Ax is the nipple thickness,

AT,, AT and AT are the temperature differences,

Th To To Ti and Ti Tc respectively.

To be able to maximize the rate of heat transfer, one

may increase the overall AT (or Th - Tc), improve hI and h2

the film transfer coefficients, improve k the thermal con-

ductivity, increase A the area for heat transfer or decrease -,

Ax the nipple thickness. A limit exists on the maximum AT

that may be tolerated, however. It is imposed by the fact

that T may be raised to the melting temperature of the nip-
0 -

pie to cause material loss or by the fact that the final

equilibrium temperature of the whole assembly is sufficiently

high that the strength properties of the nipple are reduced

so that failure results. The nipple is made of stainless

steel for its high temperature strength properties and be-

cause it is cheap to fabricate. This gives a poor thermal

conductivity but one that can be tolerated. Extended 11
surfaces would improve the surface area for heat trans-

fer, which lead to the present nipple configuration

instead of the flat bulkhead. Difficulty in machining

F would be encountered to make more elaborate shapes. I
The nipple thickness has been minimized so that it is

about I mm (0.020 in.) thick. This leaves the film

coefficients, hI and h 2 as the items which can produce i
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the greatest payoff in terms of heat transfer if they

can be improved or at least be made repeatable from

one experiment to the next.

Some ignition transfer failures were observed. To

study the problem a reusable TBI test fixture was prepared

as shown in Figure 4. The parts slipped together with the

use of o-rings. An external clamp held the parts together

e " during firing. A thermocouple was brazed with high tempera-

ture silver solder into the nipple so that temperature ver-

sus time traces could be made.

Post-mortem examination of the TBI hardware indicated

that when the 94/6 weight percent Pd/Al dnncr charge reac- A

ted it partially melted. Gases given off during reaction

sometimes physically moved the donor away from the nipple,

or alternatively the shrinkage which occurred upon meltinC

of the donor charge caused the donor to be pulled from the

nipple. Either of these phenomena (called slumping) would

cause thermal contact to be lost and effectively produce

low or near zero film heat transfer coefficients.

A set of matrix experiments were prepared in an attempt

to eliminate the slumping phenomena. The results cf these

experiments led to the qualitative graph show in Figure A

where a ternary diagram is illustrated in two dimensions.

In the matrix experiment binary mixtures of Pd/Al were pre-

pared. These mixtures were substoichiometric with respect N
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to Al so that an increase in the Al content increases the

heat of reaction per unit mass of the mixture in a directly

proportional manner. Given quantities of stainless steel

particles were added to the binary mixtures so that the

final ternary mix contained a known quantity of stain-

less steel (up to 30% as shown in the graph).

t The graph shows that below 3.5% Al the binary mixture -

fails to ignite. Above 6% Al the binary mixture tends to

burn through the nipple, With the addition of stainless I

steel relatively larger portions of Al are required f~r
Fignition and for burn-through until at 91/9 Pd/Al plus I

30% SS (63.7% Pd/6.3% Al/30% SS.), a practical limit for

each was reached.

The experimentation also showed that a straight line 1
could be drawn connecting the 9 6/4 Pd/Al point of the bi-

nary mixture with the 91/9 Pd/Al plus 30% SS point and

this would define mixtures which would show no significant

slumping during firing even when forces were applied dur-

T ing the reaction which were equivalent to gravitational

fF fields of 200 g's or greater. Use of these mixtures

caused generation of consistent temperature-time profiles,

which had a variability of approximately 20 0 C from run to

run, examples of which are shown in Figure 6.

The mixture most heavily loaded with SS particles

shows a slower rise time and gave thermal arrest points
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near 9800C. The thermal arrests are caused by melting *A

and freezing of the high temperature brazing alloy used

to fasten the thermocouple in the nipple. The slower rise

time is probably caused by changes in the thermal conduc-

I tivity of the donor charge and/or in its linear burning rate.

The graph shows that the quantity of energy input may be

varied to change the maximum temperature of the acceptor

charge and that the length of time at a given temperature
I

* varies accordingly. This may have applications other than I

ignition, i.e., heating or brazing, because the acceptor

appears to ignite on the temperature rise when the auto-

ignition temperature (600+0C for Pd/Al) is reached. A

high temperature soak is not required. A fast temperature

rise through the autoignition temperature is required for

reliable ignition, however. The TBI is relatively insen-

sitive to ambient temperature fluctuations because the

acceptor normally reaches temperatures several hundred

degrees above tne Pd/Al autoignition temperature.

Figure 7 shows schematically how the completed device

might appear. Experimentation showed that surrounding the

donor charge with insulators had less effect on the tem-

perature rise, therefore the ignition time, than increas-
•< • ng the mass of the donor by placing pyrotechnic in the

insulator cavity. A noticeable effect was also observed
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*11
by changing the donor geometry from a L/D of about 2 to

an L/D near 1 so that more mass was placed in the annular

space around the nipple. The mass of the donor was 5.7 g

and its density averaged 5.0 g/cc. The nipple lengths

kwere 6 .3mm (0.25 in.) and 3.96 mm (0.156 in.) OD with a

2.95 mm (0.116 in.) ID. The donor charge length and

diameters were approximately 12 mm (0.47 in.) each for a

right circular cylinder. The corners of the donor charge

may be removed to assist with pressing-in-place. A pre-F •pressed pellet may also be employed but special techniques

which have been developed must be ised during welding of

the assembly to prevent accidental ignition of the pyro-

technic.

III. Summary

The results of the experimental development are sum-

marized as follows:

1. Recommended initiator loading is 10 mg of TiHx/KCIO1 4

and 70 mg of Ti/2B to burst a 0.076 mm (0.003 in.)

thick closure disc.

2. Slumping or flow of donor is controlled by stainless

steel as an inert additive.

3. Temperature of donor is contro'1 .led by the composition

of the mixture vith respect to percentage Al.

2 2I
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L4. Non-slumping donor pellets give consistent temperature-

time curves.

5. Non-slumping donor pellets are not orientation sensi-

tive.

6. Temperature-time profile is improved by elimination of

insulator and replacing with additional donor materials.

7. Temperature-time profile is improved by low L/D ratios

for a given nipple length.

8. Either pressed-in-place or prepressed donor charges may

be used. Both have advantages and disadvantages.

9. Operational environments of up to 200 gts are pres-

ently feasible. Higher g forces are possible with

additional development.
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A METHOD FOR THE DETERMJNATION OF THERMAL CONDUCTiVITY
OF PROPELLANT MATERIALS BY DIFFERENTIAL

SCANNING CALORIMETRY

W. W. Hillstrom

USA ARRADCOM, Ballistic Research Laboratory
Aberdeen Proving Ground, MD 21005

ABSTRICT

Benzoic acid, polymethylmethacrylate, polytetrafluoroethylene,
and X-14 (a high energy, double-base propellant) were heated through
decomposition and their thermal analysis curves compared. X-14 under-
goes a pyrolytic decomposit'on beginning at 413 0 K and peaking at 573 0 K.
The thermal conductivities of small samples of propellant and polymer
were calculated fro;4ý measurements of their rate of heat flow into a
heat sink in a modified Differential Scanning Colorimeter. This
method will permit thermal conductivity measurements in small samples
"of sensitive materials, thus reducing hazards in their handling, and
giving the first measurement on some very sensitive materials. U
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I. INTRODUCTION

The thermal conductivity of materials are commonly determined
experimentally by heating relatively large samples for hours in
methods such as the Guarded Hot Plate Test (ASTM C177). The large
sample size and long heating periods give hpardous test conditions if
the samples are explosives, propellants, or pyrotechnics. However,
thermal characteristics such as the thermal conductivity of such
materials are critically needed in order to model their ignition and
combustion.

Thermal analysis presents an opportunity to determine thermal
characteristics of explosives and propellants using very small samples
of materiall. The object of this work was to measure the heat flow

- - rate through polymeric and propellant samples using a Thermal Analyzer
with a Differential Scanning Colorimeter (DSC' and from this to calcu-
late their thermal conductivities. In addition, the exothermicity or
endothermicity of the materials were also to be measured by Differential
Thermal Analysis (DTA). Their occurrence in energetic materials could
indicate condensed phase reactions such as thermal decomposition or
chemical rearrangements which precede ignition and/or contribute to
their sensitivity.

In DTA the sample and reference are heated in a furnace at some
preset linear heating rate. The furnace temperature and the difference
in temperature between the sample and reference materials are displayed
on the Thermal Analyzer. If the sample temperature increases faster
than the reference temperature, an exothermic change is occuring and
heat is given off during the process. If the sample temperature in-
creases slower, an endothermic change is occuring and heat is absorbed A
in the process. The DSC is somewhat similar to the DTA except that
the sample and reference are heated through a constantan disc which
not only supports them, but also serves as one element of the tempera-
ture measuring thermoelectric junctions. Since the mode of heat trans-
fer is reproducible for a given atmosphere and the thermocouple is not
in the sample, the ordinate value of a thermogram at any given tempera-
ture is directly proportional to the differential heat flow between
the sample and reference materials. This allows quantitative measure-
ment of thermal occurrences.

An equation may be derived2 from the Fourier equation of heat flux
to calculate thermal conductivity from heat flow in a DSC.

1P. D. Garn, "Thermoanalytical Methods of Investigation," Academic
Press, New York, 1965.

2F. N. Larsen and C. L. Long, 26th Pittsburgh Conference on "Analytical
""hlnenistry and Applied Spectroscopy," Cleveland, Ohio, 1975.
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E (S) (L) (Ay) (T - T2)k T 1 A2 i)

SA(T T 3 )

where
•'a • (lO-4clc

k = Thermal conductivity at test temperature (10 cal/cm sec 0C),
T

E = Calibration coefficient of the DSC (mcal/sec 0C),Tfl
S = Slope of heat flow versus temperature curve at test temp.,

L = Thickness of sample (cm),

A = Area of sample (cm),

Ay = Y-axis sensitivity (°C/in),

T = Temperature at base of sample at test temperature,
T = Temperature at base of sample at start of run, and

2

T = Temperature of heat sink at top of sample."iv

If. EXPERIMENTAL APPARATUS AND MATERIALS

The DuPont 900 Thermal Analyzer was used with DTA and DSC cells.
The DTA were done with 4mm deep powder samples in 2mm diameter sample '
tubes. DSC measurements for calibration of the heat flux were done
with a solid sapphire disc directly on the constantan platform without
a reference.

For thermal conductivity measurements the DSC cell was used as
shown in Figure 1. An insulator with 28mr diameter and 20mm height was f
placed over the constantan platform with an opening directly over the
sample. The insulator was constructed from a machinable, ceramic-like
material, Plastoniun C-D, supplied by Insulation Systems, Inc., Santa
Ana, California. The heat sink (25mm diameter and 20mm height) and an
Kinset rod connecting it with the top of the sample were constructed
from 99.9% purity, hard temper, deoxidized copper (Federal Specifica-
tion QQC-503). A very sensitive thermistor was in contact with the
top of the connecting copper rod.

The cylindrical samples were in general 5mm diameter and 4mm length,
but each sample was measured accurately for calculation of the thermal
conductivity. Polytetrafluoroethylene (Teflon) and polymethylmethacry-
late (Plexiglass) were obtained locally. The specific gravities of the
materials were measured to characterize them. The polymethylmethacry-

zt late was 1.17g/cm . The polytetrafluoroethylene was 2.16 g/cm3 . Both
correspond to literature values. The X-14 propellant was obtained by
J. R. Ward of the Ballistic Research Laboratory from the Naval
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I

Ordnance Laboratory, White Oak, MD. X-14 is a high energy, double-base

propellant.

III. DIFFERENTIAL THERMAL ANALYSIS

Samples were heated in both air and nitrogen atmospheres. The

x-axis temperature scale of the Thermal Analyzer was calibrated by
measuring the melting point of a pure sample of benzoic acid in the DTA.
The x-axis zero shift was adjusted accordingly. A sample of a readily
available propellant material, ammonium nitrate, was heated in the DT4
for comparison with literature results. Its thermogram is shown in
Figure 2. Three endotherms occur be 200*C indicating changes in
structure and an endotherm at 170 0C indicates melting, The jagged
exotherm beginning at approximately 210*C indicates strong exothermic
decomposition. This is essentially in agreement with literature
results 3.

The thermogram of X-14 in nitrogen is relatively simple as shown in
Figure 3. The strong exothermic decomposition begins at approximately
140 0 C with the highest of the multiple peaks at 198 0 C. No exotherms or
endotherms were detected prior to the strong exothermic decomposition
peaks. The temperature returned to baseline at approximately 250 0 C.

a- A thermogram of X-14 heated in air as shown in Figure 4 has an addi-
tional exothermic peak at 339°C. This peak represents oxidation of

the decomposition products in air.

IV. CALIBRATION OF THE DIFFERENTIAL SCANNING
CALORIMETER

The DSC heat flow was calibrated by calculating the calibration
coefficient ET in a specific heat determination on a pure sapphire ii
(Ak,)o3 ) sample provided with the DSC cell accessory kit. In this
method the temperature lag between sample and reference systems was
measured in "blank" and "sample" runs. The ATblank and ATsample were
calculated at the temperatures of interest from the endothermic and
exothermic temperature lags (absolute differential temperatures) on the
thermogram multiplied by the analyzer Y-axis sensitivity. The known
value4 of the specific heat of AZ2 03 was then substituted in the
following equation to derive ET in mcal per 'C - min, at temperature T.

(Cp)T Ma (2)i
T ( bk+ AT 1 ): ~(A'blank +hsample) •

3E. I. DuPont deNemours & Co. (Inc.) Instruction Manual, 900 Thermal
Analyzer and Modules, Wilmington, Def., 1968. -

4D, C. Ginnings and G. T. Furukawa, J. Am. Chem. Soc. 75 522 (1953).
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where

(Cp)T = Specific heat at temperature T Ca

Y ATbiank = Absolute differential temperature without a
sample (*C),

AT sample= Absolute differential temperature with a
sape sample ( 0 C),

M = sample mass (mg), and

4 a = Heating rate, *C/m'in.

A typical calibration run is shown in Figure 5. The values of E
calculated in this example were 191 m cal/OC - min at 60 0 C and 210
m cal/°C - min at 1000C. These were averaged with two other runs to
give E6 0 = 189 m cal/°C - min and EO00 = 206 m cal/°C - min. These
calibration coefficients are converted to m cal/*C - sec for use in
Equation 1.

V. THERMAL CONDUCTIVITY CALCULATIONS j
The following procedure was followed to determine thermal conduc-

tivities of the polymers, polymethylmethacrylate and polytetrafluoro-
ethylene, and the propellant X-14. The sample was placed on the sample -
platform of the modified DSC as shown in Figure 1. A thermally conduc-
tive grease such as silicone stopcock lubricant was applied to upper
and lower surfaces of the sample to insure smooth heat transfer into .1
and through the sample. The copper heat sink, copper rod, insulator,
and glass bell jar were assembled. -

The sample, heat sink, and DSC cell were allowed to equilibrate as
indicated by temperature constancy. The DSC cell was then heated over
the temperature range of interest (eg., ambient to 100°C) at a heating
rate of 10C/min. The heat sink temperatures were recorded at the
temperatures of interest. The resulting curve indicates the heat flow
into the sample and to the coupled heat sink. A typical curve is shown
in Figure 6 for polymethylmethacrylate. The slope of the heat flow
versus temperature curve was calculated at the temperatures of interest.
The thermal conductivity, K, was calculated using Equation 1 at 60 and
100°C as shown in Table I. ]

The thermal conductivities were averaged for each material to
give Table II.

The thermal conductivities for the polymers compare favorably with
literature values. Thus, Lucks et a15 measured a thermal conductivity

5C. F. Lucks, G. F. Bing, J. Matolich, H. W. Deem, H. B, Thompson,
USAF TR 6145 (1952), AD95239.
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"of 3.75 x 10"4 g cal/sec cm CC (1.57 x 10-3 W/cm °K) for poly-
methylmethacrylate at 59*C (332.2 0 K) in a longitudinal heat flow method.

Table II. Thermal Conductivity

K in cal/cm - K0 in cal/cm
60 K1 in

Sample Material sec 0C x 10" sec 0C x

Polymethylmethacrylate 6.46 6.35

X-14 8.57 7.71

Polytetrafluoroethylene 10.23 9.55 T

Krischner and Esdorn 6 measured a thermal conductivity of 4,59 x 10-4

g cal/sec - cm - 'C (1.92 x 10-3 W/cm - °K) for the same material at
25 0 C (298 0 K) using a 'ransient heat flow method, Larsen and Long1

measured a thermal conductivity of 4.3 x 10-4 cal/cm - sec - 0C for
polytetrafluoroethylene with no temperature give. Schultz and Wong 7  --

measured a thermal conductivity of 9.58 x i0 4 g cal/cm - sec °C
(4.01 x i0-3 W/cm - °K) for the same material at 166 0 C (439.3 0 K).

The measured trend of decreasing thermal conductivity with increas-
ing temperature seen in Table II is unusual and may be due to the
increasing specific heat of the materials with temperature which is not
accounted for in Equation 1.

VI. CONCLUSION

The Differential Scanning Calorimeter method gives thermal conduc-
tivity determinations comparable with literature results using small
sample sizes and short heating periods which are readily applicable to
energetic materials such as explosives and propellants.

60. drischner and H. Esdorn. VDI Forschungshelf 450 Suppl. to Forsch. .n
Gebiete Ingenieurw., B. (22) 28-39 (1955) in Thermal Conductivity of

Non-Metallic Solids, Ed. by Y. S. Touloukian, 1970, IFI/Plenum.

7A. W. Schultz and A. K. Wong, ASTIA WALTR 397/10, (1958) AD154351 in
Thermal Conductivity of Non-Metallic Solids, Ed. by Y. S. Touloukian,
1970, IFI/Plenum. -
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SUPPRESSIVE SHIELDING - APPLICATIONS TO
PYROTECHNIC AND PROPELLANT OPERATIONS

INTRODUCTION

Viewgraph 1 - Title I
Suppressive shields are a relatively new concept for prov4 ding pro-

tection to the area surrounding hazardous work with pyrotechnic or

explozive material. At present, these operations are either limited to

small quantities, widely dispersed, or segregated by barricades. Sup-

pressive shields provide an alternative in the form of a vented steel 7

enclosure.

Viewgraph 2 - Suppressive Shield Schematic

This schematic illustrates the concept of a suppressive shield. The

enclosure usually consists of a structural steel framework with built-up

panels of steel angles, I-beams, perforated plate, or louvered panels.

The space between panel components allows gaseoas products of combustion

to pass through while suppressing flame and, in case of a detonation,

reducing blast overpressure to a safe level. There is no direct path

through the panel for fragments to pass through. All fragmentation

effects are confined within the enclosure.

The shields can be of any size. They can be small transportable labora-

tory shields or large structures in a building similar to concrete barricades

A that are most often used.
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Viewgraph 3 - Typical Concrete Cubicles

Typical reinforced concrete barricaJes are shown here. The barricades

are designed as cubicles with three walls to withstand direct blast pres-

sure and to prevent propagation of a detonation from one area to the next.

Reinforced concrete barricades do not prevent hazardous run-up reactions

where a fire can start in one cubicle and, through pyrotechnic dust in the air

or accumulated dust on equipment, spread from one cubicle to another until

the entire facility is in flames.

In the event a detonation occurs, the concrete cubicles do not prevent

wide dispersal of dama-ing primary and secondary fragments, nor do they

prevent blast overpressure leakage beyond the open edges. The blast over-

pressure from the open edges of the cubicle can spread over the outside of

the building wall and sometimes is large enough to make the walls collapse.

A special reinforced building design can prevent this, but adds considerably

to building costs.

Since suppressive shields are full enclosures, they perform in a

different way from these cubicles.

Viewgraph 4 - Suppressive Shield Characteristics

Suppressive shields will:

Confine all fragments from a detonation.

.. Attenuate blast pressure to a safe level in all directions.

-- Reduce fireball diameter sufficiently to prevent spreading of
the fire beyond the local area.

Another particularly attractive feature of suppressive shields is that

they are modular in design for quick erection and modification to provide

maximum protection and flexibility.
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Viewgraph 5 - General Configuration of Suppressive Shield Groups

Several general classes of shield designs have been conceived.

As shown here, some have cylindrical or spherical configuration while

others are rectangular frame and panel designs.

Generally the configuration is governed by the dominant hazard, i.e.,

blast, fragment or flame. If blast pressures or fragmentation are the

factors which are most important in design of the structure, the shield will

usually have a cylindrical or spherical shape. The rectangular frame and

panel structures are typically used where the dominant hazard is flame.

I will be discussing the Group 3 shield wHch is cylindrical and .

Group 5 which is the rectangular frame and panel shield design. These

shields are both roughly similar in overall size, but completely different

in design and use.

The Group 3 shield is about 10 ft high and 11 ft in diameter. It is

designed to withstand the high structural loads associated with the blast

overpressure effects of a detonation. The Group 5 shield is a 10 ft cube

and designed primarily for flame suppression.

In my presentation today, I will first quickly summarize safety
~.1

approved shield characteristics in general. Then I will presetit the

design details of the Group 3 and Group 5 shields with a short motion pic-

ture film of Group 5 tests. I will conclude with a summary of the shielding

technology program and current status of suppressive shielding.

I /
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SAFETY APPROVED SHIELDS

Viewgraph 6 - Safety Approved Suppressive Shields

TL insure that Department of Defense safety offices approve site

•- plans which incorporate suppressive shields, we have designed, fabri-

cated, and proof tested several designs as listed here.

The characteristicsof the shields approved by the Department of

Defense Explosives Safety Board are summarized in the viewgraph. They

include sizes and charge weights typical to munitions manufacturing,

but they can be scaled up or down in size or charge weight to meet

special laboratory requirements.

As this table indicates, suppressive shields are approved for use

in hazardous operations involving explosive charge weights up to the

equivalent of 37 pounds 50/50 pentolite for Group 3 and 30 pounds of

illuminant mix for Group 5.

Approved shield sizes range from the 2 foot diameter spherical steel

shell of Group 6 to the 11¼ foot diameter cylindrical Group 3 shield.

The operator safe distance shown is the distance from the exterior

wall that an operator can be located and not be injured iy blast over-

pressure or flame venting from the shield when detonation or deflagation

occur within the shield.

I 
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IN

DISCUSSION OF GROUP 3 AND GROUP 5 SHIELD DESIGNS

Viewgraph 7, Group 3 Shield

This is the Group 3 test fixture. It has three major components:

- Cylindrical steel cage.

- Reinforced concrete roof. 1 !
- Reinforced concrete foundation.

The concrete roof is shown here being mounted on to the cage. The A

roof is a laced reinforced concrete slab about 13 feet in diameter -

designed and fabricated using established procedures published in TM5-1300 a
entitled, "Structures to Resist the Effects of Accidental Explosions",-4,

also known as NAVFAC P-397 by the Navy and AFM 88-22 by the Air Force.

The foundation design is identical to the floor.

The suppressive shield part of the structure is the cylindrical cage

which consists of a double row of interlocked I-Beams with supporting J19

rings and liners.

Viewgraph 8 - I-Beam Configuration i
This shows the interlocking I-Beam structure of the wall. The ]

Group 3 shield is approved for use with explosives up to 37 pounds of

50/50 pentolite or the equivalent.

"Viewgraph 9 - Group 5 Panels on Ground

One of the features that makes suppressive shields attractive for

plant use is their modular design which is illustrated here. These panels j
for the Group 5 shield are laid out by the foundation ready for assembly.

A• Each panel is about 10 feet long and 5 feet wide. When erected they

form a cube 10 feet long on each side.

427
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Viewgraph 10- Category 5 Panel Section

The panels themselves are composite structures. Each has a double row

of interlocking structural steel angle beams arranged as shown in the view-

graph. There are three perforated plates, one on the outside and two on

the inside. Wire screening was added between the panel layers for additional

flame suppression, but it proved ineffective. Tests demonstrated that there

was sufficient exposed metal surface to suppress flames effectively without

the addition of the metal screens.

Viewgraph 11

Here, the panels are being moved into place. The modular characteristic

simplifies the alteration of facilities to meet changing requirements.

Viewgraph 12 - Group 5 Shield

This is the Group 5 shield ready for test. This shield has been approved

for use with 1.84 pounds of C-4 or 30 pounds of illuminant mix.

The Group 5 shield is especially designed for flame suppression. The

structure is not as heavy as those intended to withstand the comparatively

large transient blast overpressures of a detonation. The design has a

large surface area and volume of steel to absorb heat and suppress flames.

The venting of gaseous products of combustion precludes significant pressure

and burning rate increase inside the shield.

To determine limits on flame suppression capability of this shield,

thermal suppression studies have been conducted beyond those required for

the safety approval proof tests mentioned previously.

279



4I

Viewgraph 13 - Suppressive Shield Group 5 Testing I
The tests are summarized on this viewgraph.

Single base, multiperforated, MIO gun propellant in bulk was used in

the propellant tests. The illuminant material is a 50:50 mix of sodium

nitrate, and powdered magnesium. The safety approval tests were conducted

with 30 pounds of the illuminant mix. To be complete, the proof test I
charge of 2.5 pounds is shown. That charge weight stressed the shield

structure to its limit and was not increased

Viewgraph 14 - Einsor Location for Group 5 Suppressive Shield Tests

Instrumentation layout for the tests is shown here (see table below:

Instrumentation for Group 5 Suppressive Shield Tests). Burning time was .

measured using photocells in the shield wall. Thermal couples in the bulk

pyrotechnic were used to obtain an indication when the material was com-

pletely burned. Static overpressure was measured on large charges to

estimate confinement effects. Radiant heat flux outside the shield was

measured with Keithley 860 flux meters. Blast pressure was recorded

inside and outside the shield when explosive material was detonated in

the shield. High speed motion picture coverage was included on all shots.

Video display of each test in the instrument building was also recorded.

Viewgraph 15 - Free Field Illuminant Test Configuration i
For comparison, free field temperatures and pressures were measured

using instrument configuration shown here. Thermocouples were on a line

in one direction spaced at 5 foot intervals and pressure was measured in I
a direction perpendicular to the thermocouple line. Black and white, and

color film coverage was also included. .1
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"INSTRUMENTATION FOR GROUP 5 S/S TESTS

Measurement Installed
Number Parameter Transducer Amplifier Time Constant Recorder

00 Timing N/A N/A - Sangamo 4700

01 Burning time Photocell Transdata 1 msec Sangamo 4700
Monsanto

02 Burning time MT-2 NEFF109-6 1 msec Sangamo 4700

03 Burn rate Fe-Constantan NEFFI09-6 100 msec Sangamo 4700

04 Burn rate Thermocouple NEFF109-6 100 msec Sangamo 4700

05 Burn rate Breakwire N/A 1 msec Sangamo 4700

06 Static press MB151-DBZ-177 NEFF109-6 10 msec Sangamo 4700
07 in tube Sangamo 4700
o0 PCB1OIA02 in Sangamo 4700
09 Static press Baffle mount NEFF109-6 10 msec Sangamo 4700

10 Blast press ST-2 in PCB4OlAl3 200 msec Sangamo 4700
(face-on) Wall mount

11 Heat flux Keithley 860 N/A 1 sec Sangamo 4700

12

13

14 Heat flux Keithley 860 N/A 1 sec Sangamo A700

41 Blast press ST-7H in
:; 42 "Aerodynamic

S -42 AeProdyni PCB4OlAll 200 msec Biomation 610B

44 "

K.
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Vieewraph 16 -Test Set Up

This is a photograph of a typical test set up. The open shield door I
was closed during test.

Viewgraph 17 - Heat Flux as a Function of Time I
Heat flux data transients five feet from outside of the shield (about

"10 feet from the charge) are shown with dashed lines. The solid lines

are from heat flux measurements about 10 feet from charges burned in the

"open. This is the same total distance from the charge for the shield

tests. Comparison betweer open air and shielded heat flux shows 85%

reduction in peak radiant flux for a shielded 50 pound charge.

Preliminary propellant tests burning a maximum charge weight of 590 .1

pounds of M-lO single base multiperforated propellant in bulk with II

0.0185 inch web resulted in no pressure rise in the shield. High radiant

heat flux outside the shield wall indicated a need for improved thermal

suppression. This work is not finished. The viewgraph lists some areas

where more study is needed.

Viewgraoh 18 - Research Needed

An exhaustive search of the literature to identify hazards and improved

thermal suppression techniques has revealed a need for more research in

this area.

Methods do exist for estimating free field radiant flux, fireball ]

diameter, and burning time for unconfined pyrotechnic material, but there -[

is, at present, no method to compute attenuated thermal effects when a

suppressive shield is used. Predictive models are needed.
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Viewgraph 18 (cont)

Investigation of nonuniform venting has been initiated, but that work

is not complete. Much work is required to develop the basic technology

necessary to design optimal shields for flame suppression.

As a result of extensive investigation of blast and fragment effects

the technology for those hazards is well understood. Predictive techniques

for suppressive shield performance in attenuating blast and fragment

hazards have been developed. The next few viewgraphs just briefly indicate

the scope and results of that investigation.

TECHNOLOGY SUMMARY

Viewgraph 19 - Applied Technology Participants

The suppressive shield designs that we have been discussing are based

on a major four-year effort by organizations listed here.

The roles they played are indicated on the viewgraph.

The lead organization for suppressive shield technology development

was Edgewood Arsenal, now called Chemical Systems Laboratoy. Recent

Army reorganization has reassigned responsibility for suppressive

shielding to Large Caliber Weapon Systems Laboratory, ARRADCOM, at

Dover, NJ.

Viewgraph 20 - Technology Flow Chart

Technology development has proceeded along the lines illustrated in

this flow chart.

Hazards identified are classified as blast, fragment and fireball.

Description of each of these hazards is essential to design of a shield.

Each of these hazards poses a special problem to the designer and requires

consideration not only in terms of its own features, but also in terms

jj of combined effects of all hazirds -acting together,
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Viewgraph 20 (cont)

The next step is to develop procedures to predict suppression of blast,

fragment and flame hazards. The nature of the suppression governs the

magnitude of the loads imposed on the structure. A safe, economical shield

must be designed to withstand loads imposed. Suppression and design trade-

offs are made to obtain the best shield which satisfies hazard suppression

requirements to provide a save environment at minimal cost.

On blast environment, a predictive capability for characteristics of

free air blasts is available in the literature. In the technology program

techniques were developed for defining internal transient and quasi-static ""

blast overpressures, pressure loads on the shield and attenuated pressure

external to the shield.

The second major element to be considered in the design of a suppressive

shield is the fragment threat. As we initiated our technology studies we

found much was known about primary fragment hazards but little was known I
IF about secondary fragment hazards. Primary fragments are those from material

in direct contact with detonating composition. Secondary fragments are

from surrounding equipment, not in direct contact with the composition that

detonates.

It was necessary to establish a methodology to predict secondary fragment

hazards and fragment suppression characteristics of 'the composite structural •

steel walls of a suppressive shield.
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Viewgraph 21 - Suppressive Shield Technology Summary

As a result of the Suppressive Shielding Program, engineering methodology

is available for modifying or scaling approved designs to meet specific

munitions plant requirements. Where approved designs do not exist to meet

certain requirements there is an engineering methodology for design and

proof test of new shields.

This methodology is presented in an engineering design handbook for

suppressive shields, published by the US Army Corps of Engineers, Huntsville

Division, Huntsville, Alabama.

Viewgraph 22 - Suppressive Shield Engineering Design Handbook

This viewgraph is a list of the chapter titles in the handbook. The

information contained in each chapter is also shown.

Methods for modifying suppressive shields to meet specific production

line requirements are given in Chapter II - Safety Approved Shields.

If a new shield must be designed, Information in Chapters III, IV and

V V are used.

Chapter VI - Structural details, has recommended designs for personnel

doors, conveyor doors, as well as other penetration for utilities and the

like.

Economic analysis methods and quality assurance factors are included.

With this handbook a Plant designer or engineer requiring hazardous

operation protection can select, modify or design a suppressive shield for

their required use. This handbook is available through DDC or National

Technical Information Service and provides an alternative protective method

previously not available to provide increased protection to personnel

involved in hazardous operations.

Gentlemen, it has been my pleasure to brief you today. Thank you for

fj your attention. 285
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VIEGRAPH- 4

SUPPRESSIVE SHIELDING ENCLOSURE
%

* FRAGMENT CONTAINMENT

0 BLAST SUPPRESSION

0 FLAME ATTENUATION

VIEWGRAPH 5
GENERAL CONFIGURATION OF SUPPRESSIVE SHIELD GROUPS
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Viewgraph 7: Group 3 Suppressive ShieldA
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Viewgraph 8: I-Beam Configuration Showing Addition of Closure Stripsand Double Liner to Group 3 Shield
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Ballistic Research Laboratories (BRL) "

I. Major contributor . J
2. Develop technology in areas of: -

Blast

Fragmentation i

Thermal

Structural I

NASA National Space Technology Laboratories (NASA-NSTL)

1. Test/fabrication support

Vz 2. Obtain applied data from group shields

Naval Surface Weapons Center (NSWC)

(Formerly Naval Ordnance Laboratory (NOL))

1. Technical support in:

Blast codes

Structural analysis

Southwest Research Institute (SWRI)

(Contractor)

I. Consultant services
r 2. Data analysis

3. Model/scaling law development

° il
VIEWGRAPH 19: Applied Technology Participants
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IIt
Detonating Cord Failure in the F-ill -1
Aircraft Crew Module Escape System

6 by

E. Eugene Kilmer

Naval Surface Weapons Center
White Oak Laboratory

Silver Spring, Maryland 20910

Abstract: A study was made to determine the cause of
detonation failures which occurred during the
tests of pilot egress systems used in the F-111
aircraft. The problem was associated with flexi-
ble linear shaped charges (FLSC) containing
DIPAM explosive. These "detonating cords" are
used in panels for the self-righting and floata- L

tion bag covers. The FLSC tests had been
conducted on panels removed from aircraft after
a 48-month service life changeout. The FLSC
failures that occurred were either non-initiation
of the cord or failure to detonate the complete
cord length.

Cord detonation velocities were measured on
lengths of FLSC's from the F-ill panels. DIPAM
explosive was removed from sections of FLSC and
subjected to chemical analyses. The detonation
velocities measured indicate that the cord
explosive has been compacted to an extremely high
density.

Introduction

The Air Force is currently funding a program with
General Dynamics (GD), Fort Worth, to conduct environmental
tests on explosive components removed from F-Ill aircraft. M "o
These components are removed from various fuselage panels
after the 48-month service life Changeout. The problem
under investigation at GD pertains to the self-righting
baS covers or panels and the flotation bag cover located
on the crew module. These panels contain assemblies offlexible linear shaped charge (FLSC) loaded with 10 grains/
ft of the explosive dipicramide (DIPAM) and end boosters
loaded with hexanitrostilbene (HNS). The results of General
Dynamics' testing1 indicate a problem with detonating cords

&1'i
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not being initiated by the HNS end booster and with
propagation-failure along the explosive cord column after
initiation. This last condition resulted in a severance
of the panel surface for several inches until the detonation
stopped in the cord. These types of failures are tabulated
in Table 1. General Dynamics had requested the
Naval Surface Weapons Center (NAVSURL'WPNCEN) iovestigate
this problem by (1) studying these assemblies using chemical
analyses on the explosive in the cords, and (2) by measuring
the detonation velocity of cord samples removed from the
aircraft panels. Previously "failed" hardware was also
furnished by General Dynamics from their panel investigation
program.

The hardware sent to the NAVSURFWPNCEN included
complete panels as removed from the aircraft and sections
of panels which had been tested by General Dynamics during
their environmental study.

Experimental

The chemical analyses on the DIPAM, which was removed
from the cords, were done first by determining the percent
(%) DIPAM in the explosive using the Cary 16 Spectro-
photometer 3 , 4 . The analyses should show if impurities
exist in the DIPAM. Samples of cords were taken from complete
panels and from sections of suspect panels. The explosive
in the cords was found to be identical to the reference
standard DIPAM. Additional samples of explosives taken
from other coeds that failed to initiate, gave results which
indicate that the explosive is 100% pure DIPAM. A second
set of chemical analyses was conducted using the Thin Layer
Chromatography 5 (TLC) method. All samples selected show
essentially 100% DIPAM purity. The question arose as to
wheLher or not any moisture was present in the cords. The
percentage of moisture in an explosive can be determined
by the vacuum thermal stability test. 6 The results of
this test show that the moisture content is at an acceptable
level of 0.035% water (by weight). This presumes all the
volatiles were water. Explosive component specifications
normally allow 0.3% water by weight to be present in the
final loaded hardware product.

Detonation velocity (VOD) measurements were made on
"sections of FLSC's from full panels. Included were curved
portions of the FLSC's and the end booster sections (see
Figures 1 and 2). A small HNS end booster was used to initiate

S- each section of FLSC. The HNS booster size was selected
so as not to overdrive the FLSC explosive. The VOD assembly
consisted of the FLSC intact in the panel section with
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ionization probes attached in saw slots cut into the apex
of the FLSC at various distances along the explosive column.
The distances between probes were measured, and the time
of detonation recorded on a Hewlett Packard 5275A time interval
counter. The probes were arranged over the slots in the
SFLSC in a manner to select the areas of interest, such as
a curved section and/or straight section.

Photographs of sections which failed on initiation
by end boosters are shown in Figure 3. Some of the cords
failed to support detonation after propagating about two
inches from the point of initiation as shown in Figure 4.

Discussion

"It can be seen from the results of the standard
NAVSURFWPNCEN Small Scale Detonation Velocity Test that
the detonation velocity of DIPAM increases with increasing
density (Figure 5). As the density increases, the sensitivity
to shock initiation decreases as shown in Figure 6. The
sensitivity values in this plot were obtained from the NOL
Small Scale Gap Test. Using the relationship between detonation

W velocity and density, the data from Figure 5 implies that
the density of the DIPAM in the explosive cord is very high.
This high density, low sensitivity relationship offers an
explanation for the observed failures.

In reviewing the results of detonation velocity
measurements made on FLSC from panels manufactured over
several years, it would appear that between April 1968 and
August 1970, some increase in the detonation velocity occurred
in the product (Table 2). Results from these detonation
velocity measurements indicate problems were beginning to
appear earlier than 1971. The initiation schemes used for "I
these measurements are shown in Figure 7. The primary
initiating unit was a shielded mild detonating cord (SMDC)
as shown in Figure 7A. Because initiation was not achieved
each time, a larger, more powerful unit, (#6 Blasting cap)
was used as in Figure 7B. Even the blasting cap, in some
instances, was not sufficiently brisant to initiate some
of the FLSC. It was observed in the group of tests under
ID 2291 (Panel prior to 1971 - Table 2), that on one occasion,
"the SMDC line would not initiate the FLSC. The failed FLSC
was refit with a blasting cap and retested. The FLSC did
function the full length of the panel segment. The remaining
sections of panel, ID 2291 and 2290, were initiated as in
Figure 7A and performed a cutting operation. A record of
their detonation velocities is shown in Table 2.
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The detonation velocities of samples ID 2291, are higher
than the heavily confined test units of the Small Scale
Detonation Velocity values reported in Figure 5. It is
estimated from the curve plotted for a comparable column
diameter of DIPAM (0?062) that the density of the DIPAM
explosive in the FLSC is approaching crystal density. This
implies that high explosives are very difficult to initiate
as they approach crystal density. According to Gordon8 ,
"detonation depends on composition, density, charge diameter
and particle size, as well as other less important factors."
The limits of detonation to continue propagation can be
determined as a function of diameter and density. Due to
the limited testing of this work i. cannot be determined
unequivically whether the high density explosive shifts
the system into a marginal or critical density/diameter
failure mode. In the case with the blasting cap, it is
considered to be possible that the explosive cord was over-
driven. The detonation velocity recorded may have been
in error due to fading of the detonation wave. This thought
seems to be substantiated by the test results shown in
Table 3 on sample ID 2329 where the detonation failed after
the last ionization probe. ý3ince the measurement of the
VOD was made only between two points there was no way to
determine the rate of fading. However, the failure in the
cord was at a point about two inches from the blasting cap
and about one-half inch past the last ionization probe.
The NAVSURFWPNCEN findings confirm the cord failures experienced
by General Dynamics during the "changeout" and after thermal
environmental preconditioning. Results in both Tables 2
and 3 showed that failures occurred in both the preconditioned
and non-preconditioned units. This would lead us to believe
that preconditioning probably has no effect on the observed
failures.

Conclusions

1. The results of chemical analyses of the DIPAM
explosive indicate the material had no impurities and was
assayed at 100%.

2. The results of the vacuum thermal stability tests
"indicate the moisture content of the DIPAM removed from
the cords was at an acceptable level of 0.035% water (by
weight).

3. The thermal environmental preconditioning probably
does not affect the performance of the cords. k

4. The random failures of the cords to initiate byN
"over-boostering" with a blasting cap indicates a problem
of critical diameter/critical density failure. This is
also supported by the findings of a short run-distance prior
to detonation failure.
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Recommendation

The failure to propagate in a steady state detonation
in explosive materials is a recurring problem. A program
should be devised to test experimentally the minimum thick-
ness or cross section in the DIPAM FLSC which will support
detonation at various explosive densities. From the results

t• of these tests a critical diameter/critical density curve
could be generated to ensure a proper performance envelope
for this detonating cord.
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FIGURE 7 TYPICAL TEST SET-UP FOR INITIATION OF DIPAM FLSC
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PORTABLE TRANSPORTERS FOR EXPLOSIVE i
PYROTECHNIC COMPOSITIONS

by 
A

D. M. Koger
U. S. Army ARRADCOM T

NASA-NSTL
NSTL Station, MS 39529 'A

UA
ABSTRACT "1

Various methods of suppressing and attenuating the effects of explosive and deflagrating pyro-
technic materials were investigated. The objective of the investigations was the design of light.
weight, portable transport cases for use in safely carrying small quantities of explosive

• materials. Two cases were designed, tested and fabricated. One transporter was for use by the

U. S. Army 2nd Infantry Old Guard in carrying 150-grain black powder cartridges; the other
for 5-gram samples of a titanium/potassium chlorate composition. Suppression/attenuation
materials successfully tested were vermiculite and woven stainless steel wire mesh.|.

I. INTRODUCTION

The objective of t,- investigations was the design of Revolutionary times. It is displayed and fired during -
lightweight, portable transport cases toi use in safely carry- demonstrations and ceremonies by the "Commander-In-
ing small quantities of explosive materials. Various Chief Guards" of the 2nd United States Infantry (The Old -

methods of suppressing and attenuating the effects of Guard). Fort Meyer, Virginia. Its operation requires black
explosive and deflagrating pyrotechnic materials were powder cartridges. A cartridge is made of standard bond -
investigated. Two transport cases were designed, tested and paper rolled into a 1.3-cm (0.50-in) diameter cylinder
fabricated. One transporter was for use by the U. S. Army 11.4 cm (4.50 in) long, the cartridge wa!, being four ply.
2nd Infantry Old Guard in carrying 150-grain black One end is crimped and fastened with cellophane tape. The
powder cartridges; the other for 5-gram samples of a cartridge is loaded with 9.72 g (150 gr) of FFFg black
titanium/potassium chlorate composition. Suppression/ powder (Index 13-17). The top of the cartridge is crimpedL attenuation materials successfully tested were vermiculite by rolling the paper three times toward the longitudinal
and woven stainless steel wire mesh. Details concerning center of the cylinder and fastening it with cellophane tape.
the investigations, testing programs, and design criteria for Sixty Brown Bess cartridges are placed in a container
the two transporters are discussed in thc following para- as shown in figure 1 for transportation. The 60-round 1
graphs. cartridge container was designed and developed for the

specific purpose of rendering the cartridges "incapable of
II. BLACK POWDER TRANSPOR.TER functioning en massc as a result of the functioning of any

single cartridge in the container or as a result of exposureSA. Background to external flame." [Ref. 49CFR 173.100 b (3)]. The con- i
Stainer was additionally required to prohibit a massive fire 9,
The Brown Bess is a muzzle-loaded musket dating from hazard.
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Cartridite Holder/Extractor
S(Fabric)

150 gr. black powder -
in paper cartridges
typical -60 places.-......p

Spacer (wood) ' I
Ventint cover 4
(expanded aluminum)

Vent for coveriI
expansion volume

typ. 16

-, Steel strappint for security

Carpenter tool box (altered)
76.2 cm x 21.6 cm x 22.9 cm high, ,Bulk vermiculite filling (30 In x 8.5 in x 9 in)

ivdretlCartridge support tube (plastic) 60-rd CARTRIDGE CONTAINER

FFFg black powder in paper cartridges
Typ. 17 places Floor liner (plastic) for firing in Brown Bess muskets

.58 kg ( 1.29 Ib) net powder weight M
Backup vent tvp. 60 places 17.57 kg (38.73 Ib) ..... gross weight V

Figure 1. Black Powder Cartridge Container with 60-Round (150 Grains/Round) Capacity.

B. End Item Munition Tests. enveloped in a severe fire. The container was placed in the i x
center of a crib 1.2 m (48 in.) square x 1.1 m (43 in.) high.

Detonation Test "A" was conducted with the Brown The interior of the crib was "iMed with scrap lumber and
Bess cartridges packaged in th. 60-round container. A soaked with (55 gal) of diesel fuel. The fire was ignited on __

centrally located cartridge was primed with an electric .-'oposite sides of the crib base by two electrical match-
match-head igniter. head igniters to which 10 grams of UTC 3001 propellant

The test was conducted five times to demonstrate: was attached. S

a No propagation between donor and acceptor rounds External Heat Test "C" was conducted to demonstrate:
•* No significant airblast " No explosive mass reaction of the cartridges and
* No container rupture or fragment dispersion. attendant airblast
"Ordinarily, Detonation Test "B" is required when No container rupture or fragment dispersion.

Detonation Test "A" results in propagation between items
" " or container rupture. In the particular case of the Brown C. Results

Bess cartridge, satisfactory completion of the Detonation
Test "A" series precludes conducting the "B" Test. 1. Detonation Test "A".

External Heat Test "C" is intended to simulate a con- The 60-round container of Brown Bess cartridges
dition wherein packaged end items are completely was subjected to the End Item Detonation Test
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"A" five times. In each test there was no propaga- surroundings than it would be without the con-
tion to another cartridge in the container, signifi- tainer.
cant airblast, container rupture or fragment dis-
pelsion. The only outward indications of donor 11. MOUND LABORATORY
functioning were an audible report and a puff of TRANSPORT CONTAINER
smoke.

2. Detonation Test "B" A. Backgroun

Not required. The Department of Energy Mound Laboratory,

3. External Heat Test "C". operated by the Monsanto Research Corporation at

The 60-round container of Brown Bess cartridges Miamisburg, Ohio, is currently blending a 1:2 mixture of
was subjected to an intense wood and diesel fuel titanium and potassium perchlorate in 100-gram quanti-
fire, as described in paragraph B, lasting approx- ties. The mixture is then transferred remote1 , to a screen-
imately 1 hour. There was no explosive mass ing apparatus where the material is separated into 5-gram
reaction of the cartridges, container rupture or quantities and placed in a 2.2-cm diameter by 2.85-cm
fragment dispersion. The first observed round Velostat container for later use. A single filled conductive
function was at 12.9 min. after ignition and the plastic container is then placed into specially constructed
last at 55.0 min. The mean time to function for all aluminum suitcases for transport to line metering stations.
rounds was 33.8 min. with a standard deviation of Previous studies by Monsanto Research CorporationS9.5 min. (These dat a compare very favorably with havf, ind;cated that the aluminum transport case, which
a previous experimental 24-round container which vented in the event of initiation, could be improved to

functioned its rotnds between 10.8 min. and 19.0 enhance the safety protection afforded to personnel who
min. with a mean time to function at 14.9, 2.9 must carry the pyrotechnic material to the metering sta-
min.) tion. Monsanto Research Corporation, through the Depart-

ment of Energy, requested that a new design for a trans-
D. Weight. port container be developed and tested.

The weight of the prototype 60-round cartridge con- B. Objective
tainer was as follows:

The objective of this study was to design and test a
17g 35bpyrotechnic transport container that would meet the fol-

Empty box 14.7 kg (32.5 lb.) lowing specifications:

Vermiculite 2.2 4.).. a. The transport container must weigh less than

STare Weight = 16.9 (36.3) 4.5 kg (10 lb) when fully loaded.

£ Cartridges 0.7 (1.5) b. The transport container must hold two 5-gram sam-

Gross Weight 16.6 ke (38.7 lb) ples in equally subdivided compartments such that
venting does not occur in the event of a pyro-

(This weight ot 0.29 kg (.65 lb.) per round compares
favorably with the experimental 24-round container that c. The outward appearance must show no noticeable

Sweighed 10.0 kg (22.1 lb.) or 0.42 kg (0.92 lb.) per round, defects.
d. The materials of the container must be nonferreous,

E. Conclusions conductive and nonsparking.e. The container must meet DoT Regulation 173.88

The results of these tests on the Brown Bess cartridges requirements, and no propagation between sample
"•in the 60-round container indicate that: holders is allowed.n tf. The contents inside the container cannot shifte No propagation occurred within the container when during hand transports.

a single round was functioned. g. There must be no external leakage if the contents
There was no significant airblast during any of the are inadvertently spilled.
tests. h. The container must be easily opened, easily clean-

* There was no container rupture or fragment disper- able and have a positive closure device.
sion during any of the tests.S* There was no mas reaction of the cartridges during C. Material
any of the tests.

* The External Heat Test "C" pyre with the loaded Titanium powder, MIL-T-13405B, with a particle size K
60-ruund container is no more hazardous to its of less than 44 microns, and potassium perchlorate, MIL-

L
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P-217A, were mixed in a 1:2 ratio by weight to provide extensive machining required made the cost significantly
the reactant charges for the proof tests. These materials higher. In addition, the finished article weighed con-
were used as received from Mound Laborat,,v. siderably more than the 4.5-kilogram desired weight

During the course of the tests described h.trein it
D. Prototype Containers became apparent that the small Velostat cups that contain

samples of the test material could contribute signiiicantly
Prototype models of two types of transport containers to the test results of the transporters. A variety of sample

were fabricated: holders were used during the test series and are shown in

a. a self-contained pressure vessel 15.88 cm high by figure 3.
23.5 cm in diameter which had an internal volume Container (a) is a standard 35-mm film container con-
of approximately 6 liters and weighed 2.18 kilo- structed from polyethylene. Container (b) is the Velostat
grams; holder originally supplied by Monsanto Research Corpora-

b. a solid aluminum block, 20.32 cm in diameter and tion. Holder (c) is a disposable aluminum weighing dish;
15.24 cm high, into which cavities were drilled, a second weighing dish was placed on top to form the lid.
This fixture weighed approximately 6.35 kilograms. Holder (d), a cardboard container with metal bottom and a
Sketches of the two prototype test figures are plastic top, was used to simulate a container with a lower
shown in figures 2a and 2b. height-to-diameter ratio. !!older (e) is a 1.09 x 6.35 x 1.07

The self-contained pressure vessel was a modified cast cm plastic box that was used in a similar fashion, and
aluminum pressure cooker. Tse pressure cooker has a holder (f) is the Velostat container that was specified for

built-in pressure relief at approximately 206 kilopascals use as a result of the test program herein described.

(kPa) (30 psi) due to the stock neoprene seal. The burst
pressure -f the container is approximately 414 kPa (60 psi). E. Test Arrangement
This fixture directly met design specifications (a), (b), (d),
(g) and (h). In addition, the pressure vessel was readilN Four different types of tests were conducted during
available as an off-.he-shelf item with minimal cost. this program, including (1) initiation of 5- to 10-gram
Exploratory tests were conducted in a 4-liter prototype samrpies in a closed pressure vessel; (2) open-air tests on the
model while all of the certification tests were conducted in Monsanto specimen containers; (3) prototype tests and
the 6-liter model. (4) certification ests.

The second prototype fixture was machined from a The closed pressure vessel tests were conducted in a
20.32-cm diameter 6061T6 solid aluminum extruded ,-liter modified pressure cooker. The sample material was
cylinder. This fixture was designed to hold five each pi !d inside the pressure vessel and initiated by a match-
5-gram pyrotechnic samples in separate compartments and, b d igniter Two strain-gage type transducers were
as such, was designed to withstand a pressure of 2206 kPa attached to the vessel to mcasure static pressure. Tests

(320 psig) without rupture. This design met specifications were performed on 5-, 10-, and . 5-gram sample sizes.
(c), (d), (f and (h) of the objectives stated above, but the Open-air tests in the original Monsanto specimen

" 13.5 2 15.24 cm0

" " 5~.08 cm •

:" • -- • 23.50 cm 1 20.32 cm, -

(a) Selt contained pressure vessel. (b) Aluminum block

Figure 2. Prototype Transport Case. i N
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° ]ii
~3.635cm~

Plastic 5.08 cm 7PaimVelostat 35cm 1.27cm Aluminum we
dish 44V

F 5.08 cm

3.-,33 cm--- <-2.2 cmt

(a) (b) (c)

h -6.35 cmI -6.5c -* 1

1.07cm Plastic box 2.35cm

a 5.72 cm - ] 6.35 cm -. J

(c) (d) (e)

Figure 3. Various Types of Sample Holders Used in the Exploratory and Certification Tests.

A container were conducted to determine detonation charac- container 76.2 cm high. The interior of the crib was filled
teristics as a function of sample geometry. Tests were con- with combustible material; i.e., scrap lumber, etc. The crib
ducted on 5-, 10-, and 25-gram sample sizes. Two side-on and container to be tested were then covered with add-
pressure transducers were mounted at ground level on itional combustible material sufficient to sustain a hot fire. I
opposite sides of the test setup. Each sample was initiated The entire mass was then saturated with approximately _i
by a match-head igniter. 50 gallons of diesel fuel and ignited in two locat;ons by

Tests were conducted in each prototype model shown match-head igniters and 2 ounces of UTC-3001 propellant.
in figures la and lb. Sample sizes of 5-, 10- and 15-gram A single destruct test was conducted on the final de-
quantities were placed ir each container and initiated by a sign configuration. The quantity of sample material was
match-head igniter. Static pressure measurements were predetermined to be sufficient to cause relief of the pres-
made using two strain-gage type transducers that were sure developed within the transport container. The test
attached to the fixture. was repeated using the same quantity of material but sub-

Certification tests were conducted only on the candi- divided into four samples.
date transport container. Specifically, these tests include F. Discussion
Detonation Test "A," External Heat Test "C" and a proof FDcs
test. The Detonation Test "A" is conducted on items Results of preliminary tests indicated that relatively fl
which are packaged with more than one item in a standard high static pressures could be expected from initiation of
container to determine if functioning of one item will the titanium and potassium perchlorite mixture in closed i
cause other items in the container to function. The resý ts vessels. To reduce the pressure, vermiculite and stainless
of the test determine the occurrence of propagation within steel wool were used to dissipate the heat from the
the container, fragmentation hazards, blast hazards and reaction. The test using vermiculite was successful in that
fire dispersHILI•t hazaids. This test is conducted a mini- no venting occurred, but the pressure genetated from a
mum cf five times or until communication to adjacent single 5-gram sample indicated that two or more samples
items occurs, whichever is less. For the present case, one of could not be ignited in a s' , e transport container without
the two samples within the container was primed with a venting.
match-head igniter. Later. tests were unsuccessful with respect to suppres-

The External Heat Test "C" is designed to simulate a sion, and it was determined that the L/D ratio of the -

condlition where containers of explosives or pyrotechnic Monsanto sample holder was contributing ,o detonation
items are completely enveloped in a hot fire. The container rather than deflagration of the mixture. A series of open-
Swas placed on a crib of sufficient dimensions to hold the air tests was conducted to confirm the hypothesis, and
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TNT equivalencies ranging from 14% to 56% were explosion resulted, and there was no evidence that any
measured. Aftcr discussion of this behavior with Mound portion of the test article was ejected from the pyre.
Laboratory personnel, an alternative sample holder (figure G. Conclusions
2c) was specified and used for certification of the final
design. The specimen container was also tested in open air * The original Velostat conductive plastic sample
to determine the worst-case effects of shifting of the pyro. holder with an L/D ratio of approximately I allows
mix to one side or being stood on edge. The test results 5-gram quantities of the Ti/KCLO4 mixture to
indicated that the new sample holder with an L/D ratio detonate. No detonation result, from use of a
less than one did not cause the sample macerial to detonate Velostat sample holder with an L/D ratio of 0.33.
in any configuration. Once the samples were prevented * Wire mesh woven from 0.014-cm diameter typc-304
from detonating by control of the L/D ratio, the steel stainless steel wihe effectively dissipates the heat
wool was found to be -ery effective in reducing the pres- generated by the reaction of the titanium and potas-
sure within the closed vessels. A test without filler showed sium perchlorate such that the pressure generated
a pressure of 469 kPa while three other tests showed an inside a 6-liter transport container is reduced to a
average pressure of 50.6 kPa. The steel wool thus effects a safe, acceptable level.
pressure reduction of approximately 85%. * The final design of the pyrotechnic transporter

Prototype tests on the machined aluminum block passed all proof tests and meets the design critetia
(figure 1b) indicated that very high pressure could be for in-plant transportation of two 5.gram samples of
expected within the small chambers, and that design of a the pyrotechnic composition, with a safety factor of
simple seal or locking device would not be feasible, In tests approximately two.
of this concept, pressure venting was observed. When two

resulted and venting occurred. Further development of this
fixture was terminated and the remainder of the prototype
testing was performed irn a 6-liter cast aluminum pressure
vessel. All of the remaining tests were successful in that
there was no venting and propagation was not observed.
The use of steel wool as the filler was dismissed because it
would be difficult to handle during loading and unloading
operations, and c~uld introduce contamination in the form a- FO
of five pieces of metal into the pyromix during handling "
The alternate heat dissipating material chosen was a wire
mesh, woven from 0.0':4-cm diameter type-304 stainless
steel wire, with a crimped edge. Rolls of this material were II'
tested and proved to be effective for use with 15 grams of •''
pyrotechnic material in the 6-liter vessel. The pressures "
observed were on the same order of magnitude for tests " 1,3 r
using the woven mesh and the steel wool.

Certification and destruct tests were conducted on the Figure 4. Pyrotechnic Sample Carrier Showing Interior with Two
6-liter vessel (see figures 4 and 5.) During the propagation Sample Cups. Upper Stainless Steel Mesh Insert Is Shown
tests no propagation or venting was observed. The proof Removed (Right).
test was conducted five times with both sample holders
being ignited simultaneously during each test; no venting
occurred. The destruct test was conducted with a single
holder filled with 20 grams of material and ignited by a
single match-head igniter. The system vented and there was
extensive damage to the transport container lid which
broke into three pieces. One fragment of the lid was found
77 meters from the remainder of the container. There was
slight sidewall distortion in the test article. This test was
repeated using fo'ir 5-gram samples, ignited simultaneously,
instead of one large sample. There was no explosion nor
venting. These results confirm the critical nature of the

L/D ratio of the pyrotechnic material.
'here was no adverse reaction wnen the loaded trans-

port container was subjected to t1-'e intense heat and flame Figure -. "--technic Sample Carrier in the "As Used" Configuration.
of the External Heat Test for a period of 30 minutes. No
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Albuquerque, New Mexico 87185

ABSTRACT .4

A load cell test has been util-zed to characterize ignition
time, function time, and pyrotechnic output of TiHx/KCI04 loaded
actuators. Pyrotechnic material parameter variations include
(a) fuel and oxidizer particle sizes for 33/67 TiH0 . 6 5 /KC!0 4,
(b) fuel/oxidizer ratio for TiH , 6 5 /KCI0 4 , and (c) fuel/oxidizer
ratio for TiH0 . 2 /KCI0 4 . Generally, the ignition time increases
and exhibits increased variation with increasing fuel/oxidizer
ratio and particle size. The effect is more pronounced in theJ
materials containing TiH0 .65 than those containing TiH0 . 2 . Pyro-
technic output, expressed as impulse per unit mass of pyrotechnic,
and function time minus ignition time are constants within experi-
mental error and are independent of the material parameter varia-
tions. The results are interpreted in terms of the chemical and
physical phenomena occurring during load cell testing.

INTRODUCTIONj

A major effort is underway to develop pyrotechnic and explosive
components which have a high degree of inherent safety. One area
that has received considerable attention is the development of pyro-
technic actuators for valve applications [1]. Safety improvements
in such devices are based largely on the use of spark insensitive
TiFx/KCI04 pyrotechnic blends. In the present study, effects of
pyrotechnic material variations on actuator performance are examined.

A variety of output tests had been e~tablished [2] prior to
the development of the load cell test by Steele, Allen, and Montoya
[3'. One common test of pyrotechnic output consists of firing ac-
tuators in a fixed free-volume pressure bomb and monitoring the

*This work was supported by the United States Department of Energy.
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aresultant pressure. This procedure may not be suitable for assessing
valve performance, however, because such an application involves an
increasing free volume condition. For slow burning pyrotechnics,
in particular, such a test yields results which are not necessarily
relevant to valve performance. At the time an output test was re-
quired, the pyrotechnic under development was TiHI.9/KCIO4 , a slow-
burning material. Consequently, this procedure was regarded as
unsuitable.

Other methods involve measuring the velocity of a projectile
after it departs from its housing and is in free flight. These in-
clude the ballistic pendulum, photo-cell chronograph, and magnetic
chronograph [2]. All have the same disadvantages relative to valve
performance, namely, (a) the gas is vented prior to the measurement
of velocity, (b) the resistance-after-fire cannot be measured be-
cause the gas is vented, and (c) the slow-burning pyrotechnic may
not be completely burned prior to venting.

As a result of these deficiencies, Steele, Allen and Montoya
[3] developed a load cell test to simulate valve conditions. Salient
features include (a) variable gas free volume, from virtually zero
to that of a stroked valve, (b) interference fit between housing
and piston to simulate a valve and prevent venting, which permits
measurement of resistance-after-fire, (c) piston mass comparable
to that employed in a valve, (d) use of crush cone to simulate
cutting of tubes in a valve, and (e) incorporation of a beryllium-
copper disc between the piston and actuator to simulate the disc
welded into the valve to permit its leak testing. The load cell
test is now being used in development and as a production tester.
It has been used to generate all of the actuator performance data
given in this paper.

EXPERIMENTAL

The load cell test fixture is shown in Figure 1. The various
components are described as follows: Part 9 is a Sunstrand Model
912 quartz load cell which is a force-sensing device. Part 6 is
a transducer anvil, composed of tool steel, which is threaded into
the load cell until its bottom surface reaches the top surface of
the load cell. Part 5 is a brass (half hard, composition 22) crush
cone which is placed on the transducer anvil. Generally, a thin un-
defined layer of silicone grease is placed between these components.

.- Part 4 is a drill bushing (American Drill Bushing Co., drill bushing
P26-16) with an enlarged inner diameter in the lower portion (not

*" shown in Figure 1) and modified such that the end surfaces are flat,
smooth, and parallel. The piston (part 4, tool steel) is pressed
into the bushing such that an interference fit exists over a small
fraction of its length. The top of the pisiton is even with the top
of the bushing. A beryllium-copper disc (part 8) lies on this
assembly. The actuator (not shown) is screwed into part 1 to a
fixed torque of 16.9 N-m (150 lb-in) which results in its leading
edge causing an identation in the beryllium-copper disc. Parts 1,
2 and 3 are assorted steel assembly fixtures.
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Tests are performed in the configuration shown in Figure 1, i
i.e., the piston travels in a vertical, downward direction. Dimen-
sions are qi,%n in Figure 2. In addition, it should be noted that
the piston-crush cone separation is 3.56 mm and the beryllium-copper
disc thickness is 0.254 mm.

Initiation time of the pyrotechnic material is determined from
the bridgewire resistance by means of a Biomation waveform recorder.
It corresponds to the condition of self-heating or thermal run-away.
Bridgewire break time is also determined from the bridgewire resis-
tance by the waveform recorder. Function time is defined as the i
period between application of the bridgewire pulse and initial re-
sponse of the load cell transducer; it is determined by an indepen-
dent electronic time interval counter.

All of the tests performed in this study utilized SAD-1031 ac-
tuators which were loaded flush to the top of the charge holder •"
two, nearly equal, powder increments at 76 MPa (11 Kpsi). The pyro- 1
technic materials used are described in Tables 1 and 2. A nominal
fire pulse of 3.5 A was employed. The measured length of the crush
cone following the test served as an independent, passive measure of .
pyrotechnic output.

FRESULTS

The effects of three different material parameters on acutator
performance have been assessed. The parameters are (a) particle
size in 33/67 TiH0 6 5 /KCI0 4 , (b) fuel/oxidizer ratio in TiH0 . 6 5 /KCI0 4 ,
and (c) fuel/oxidizer ratio in TiHo.2/KCI04. Establishing these as
qndependent variables, while maintaining constant charge holder
volume and loading conditions, implies that the mass of pyrotechnic
loaded is a dependent variable. The variation in the mass loaded
as a function of pyrotechnic material is shown in Table 2. For the
TiH0 . 6 5 /KCI0 4 blends, the mass is maximized at a fuel/oxidizer ratio
of 33/67 and for the small fuel/large oxidizer (S/L) particle size
condition. For the TiH0 . 2 /KCI0 4 blends, the mass of the 36/64
mixture is considerably greater than the others.

Consider the effect of particle size on output (Table 3). For
the L/L, L/S, and S/L conditions the output, as measured by peak
force, total impulse, and length of crush cone, is virtually constant. U
This implies that potential differences in burn rate associated with
the different particle sizes do not have any apparent effect on out-
put, as determined from the load cell tests. The same measures of I
output, however, indicate that the S/S condition produces a lesser
yield. This is due, at least in part, to the fact that the mass of
pyrotechnic loaded in the S/S case is also reduced. For purposes
of comparison, it ih desirable to examine the specific impulse,
rather than the total impulse. Then it can be seen that the average
specific impulse for the S/S condition is within 6% of the average
value obtained for the other conditions. Such results imply that

.28



the main effect of particle size over the range considered on output
is simply to affect the mass of pyrotechnic material that can be
loaded into the actuator under constant loading conditions.

Now consider the effect of particle size on characteristic
times (Table 4). The S/S condition yields the shortest initiation
(ignition), bridgewire break, and function times. The S/L and L/S
conditions yield comparable times, which are slightly longer than
those obtained for the S/S condition. The L/L condition yields
considerably greater times. As these characteristic times increase,
the scatter in the data increases (the reproducibility decreases).
Note, however, that the variations of particle size have no signifi-
cant effect on tBB - tI or tF - tI.

The effect of fuel/oxidizer ratio of TiH 65/KC10 4 pyrotechnics
on output is shown in Table 5. No significant vriation is observed
in peak force, total impulse, length of crush cone, or specific im-
pulse. The values obtained are comparable to those obtained for
33/67 TiH0 6 5 /KCI0 4 pyrotechnics of various particle sizes (Table 3).

Characteristic times for TiH0 65 /KCI04 pyrotechnics of differing
fuel/oxidizer ratio are given in Table 6. With increasing ratio, the
initiation, bridgewire break, and function times increase. The ex-
tent of the increase in characteristic time per unit increase in
fuel/oxidizer ratio is clearly non-linear, becoming more pronounced
as the latter rises. Values of tBB - tI appear to increase smoothly
witn increasing ratio, except for the unusually high value obtained
in te3t L-202. No significant variation is observed in tF - tI.
The short ignition time in test L-172 was associated with a high
bridgewire resistance at the time of fire. An unexplained ignition
delay was experienced in test L-185; Table 5 shows that the delay had
no apparent effect on the resultant output.

The effect of fuel/oxidizer ratio of TiH0 . 2 /KCI0 4 pyrotechhics
on output is presented in Table 7. The output of the 43/57 blend, I
as measured by peak force, total impulse, and length of crush cone,
is clearly lower than that of the other materials. Specific impulse
values for the TiHn Z/KCI0 blends are relatively constant and com-
parable to those obtained lor the TiH0 . 6 5 /KCI0 4 pyrotechnics. The
range of average specific impulse values obtained as a function of
the material parameters is given by 4.41 + 0.24 mN - s/mg.

Characteristic times of the TiH0 2 /KCI0 4 materials, given in
Table 8, follow the same qualitative trends exhibited by the
TiH0 . 6 5 /KCI0 4 pyrotechnics. Initiation, bridgewire break, and func-
tion times increase with increasing fuel/oxidizer ratio. The parameter
tBB - tj increases smoothly, and tF - tI appears relatively constant.
A comparison of Tables 6 and 8 shows that the materia s incorporating
TiH 0 2 have shorter characteristic times than those I'th TiH0 6 5 " A
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ANALJYSIS

Chemical Considerations

The driving force exerted on the piston is the pressure produced I
by combustion of the pyrotechnic. Consequently, an analysis of the
combustion chemistry of the various blends (Table 5) should relate
to the resultant output. A simple analysis can be performed by
assuming that the reaction products are only TiO2, Ti, KCl, H20,
02, and H2 . Prior [4] and current [5, 6] work imply that this
yields a reasonable approximation of the thermodynamically calculated
equilibrium gas compositions under relevant combustion conditions
(assumed to be 2000-5000 K and 1-5 Kbars).

Tables 9 and 10 give the calculated reaction compositions for
the various blends. In all cases TiO2 is the major product of reaction. A
Detailed thermodynamic calculations [6] imply that at equilibrium
virtually all of the TiO2 and Ti, as well as most of the KCl are in B
condensed phases. This suggests that the gas pressure results pri- fl2
marily from H20, 02, and H2. Such a condition implies that the total
number of moles of these three products ( • Products-TiO2 -Ti-KCl)
should be a measure of the gas pressure. (The total can be considered -
propo~rtional to the gas pressure if non-ideality of the gas and dif-
ferences in combustion temperatures are neglected.) For the blends
considered, the total number of moles of these three products varies 1
by a factor of 5.5. Recall, however, that the measured specific im-
pulse for these blends was found to be a constant; i.e., the experi-
mental value did not reflect any significant variation of the gas
pressure.

Consider now the condition in which all of the KCl is assumed U!
to be gaseous. Here the total number of moles of gas ( • Products-
TiO2 -Ti) varies by a factor of 2. Even in this extreme condition,
the variation in the total is considerably greater than that of theS~specific impulse.

The major conclusion to be drawn from this section is that the
simplistic chemical analysis does not satisfactorily correlate with
the output data. Other parameters that can affect the pressure ex-
erted on the piston during its displacement can be cited. These in-
dlude combustion, condensation, and secondary reaction rates, combustion 12
temperature, colloidal effects, and non-ideality of the gas. Addi-
tional work is in progress to address such factors in greater detail.

Sequence of Events

In this section, consideration is given to the total sequence
of events from imposition of the bridgewire pulse to initial response
of the quartz transducer. The sequence can be represented by the
equation

. tF tI + tB + tp + tx ,

330

__________~ ~~ 'A_______ q___ _



•-A

where

tF = time between bridgewire pulse and initial response
of transducer,

t= time between bridgewire pulse and initiation,

tB = time between initiation and complete combustion of

pyrotechnic material,

tp= time zequired for piston to travel piston-cone
Sand separation distance,

t= other sequential times, possibly including times
required to sever closure and shearing discs.

Note that such an equation treats the events as occurring sequen-
tially only.

Load cell tests yield values of tF and tI and VISAR measurements
yield tp. Values of tB are obtained from burn rate studies. In
order to calculate values of tx, data have been used that have been
generated under similar, but not identical, conditions; i.e., tp
determined for 33/67 TiH0 . 6 5 /KCI0 4 and 33/67 TiH0 . 2 /KCI0 4 in SAD-1031
actuators loaded with pyrotechnic masses of 115 mg and 107 mg, re-
spectively, and tF and t determined for the same materials in
SAD-1031 actuators loaded as described in Table 2, or XMC-3004 ac-
tuators loaded with 100 mg of 33/67 TiH0 . 2 /KCI0 4 .

Evaluation of tx has been limited to the 33/67 blends of
TiHO.65/KCI04 and TiHO.2/KCl04 by the available data. For the former
material, an extrapolated value of tB is 0.01 ms [7], in agreement
with other considerations [5]. A comparable, or somewhat shorter,
time is expected for the latter pyrotechnic. Values of tF - tI and
tv for the former material are 0.09 - 0.10 ms and 0.06 ms, respec-
tively; comparable values for 33/67 TiH0 . 2 /KCI0 4 aa ' 0.09 ms and
0.05 ms, respectively. Thus, values of tX for 33/u7 blends of
TiH0 . 5 /KCI0 4 and TiH0 . 2 /KCI0 4 are 0.02 - 0.03 ms and 0.03 ms, re-
spectively. If comparable values of tP and tB are assumed for the
other pyrotechnic materials considered in this study, it is found
that tX has a positive value in all cases. This implies that a
period of time elapses between the conclusion of combustion and the
initial motion of the piston. From the viewpoint of modeling, this
condition is attractive because it means that the driving force
acting on the piston can be treated simply as a gas expansion.

• - Negative values of tX would imply that combustion and piston motion
are concurrent, rather than sequential, processes.
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CONCLUSIONS

The effects of the pyrotechnic material variations on actuator R

performance can be summarized as follows:

1. Variations in output are primarily a reflection of varia-
tions in the mass of pyrotechnic loaded.

2. The specific impulse is virtually constant and equal to
4.41 + 0.24 mN-s/mg.

3. Initiation time increases ahd exhibits increasing varia-
tion with increasing fuel/oxidizer ratio and particle size.

C 4. For constant fuel/oxidizer ratios, the TiH0 6 5 /KC10 4 blends
exhibit greater initiation times than the T1H0 . 2 /KCl0 4 blends.

5. The sensitivity of the initiation time to fuel/oxidizer
ratio is greater in the TiH0 . 6 5 /KCI0 4 blends than in the
comparable ones containing TiH0 . 2 .

Analysis of the data imply the following: 1
1. A simplistic chemical treatment of combustion cannot account

for the observed output measurements.

2. Combustion is complete prior to motion of the piston.
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Table 1

Charactertzation of Particles

Surface Area+ Particle Size Distribution+ ili

Material* Identification .t2/ 25% 50% 75%

Iii•K c10.65 QC 18.29t0.C 171 1.0 1.5 < 2.5 < 1.0±1

i Tlo.,s (a) C 131 1.61 2.5 0.0 1.

TKC 10.54 (L) OC 1S1 0.13 1.4 14.0 12.0

'Physical separation of material yielded ,jaill IS) and large CL) particle sites.

• a• ÷Surface• areas rd particle esie distributions ver.• Obtained from B'•T (Kr for ,

:-• • RCl0 4 , N2 for ,uther materials) and Coulter counter measurements, respectively.

Table 2 1

S • IPyroteochic Blends Loaded in Actuators

SBlend Xdetificotion a. Lode ,'

30/70 Ti4 L-/KCO 0.50304-7- .5 114.0 + 115.01

- -33/47 TiN0 , 6 $/K(C10 4  304-77-122 113.1 - 119.2
I 36/4 Ti( 0 6 5 /CO0 4  30-76-100 115.2 - 117.9

S39/61 TiM0 E$/KCl0 4  304-76-102 115.2 - 117.0

S42/56 TiN0 , 6 s/KCl0 4  304-76-103 l17.'• - .17.9
S33/47 TIM0 , 6 $ (L)/KC10 4 (L) 304-77-113 114.3 - 117.0

33/67 Ti 0 5 ()X4 W L)IS 30. -7-115 19.40 12.0.

*hs33/67 Tip 0 ,6 t (S)/oaCli 4 ySI &a4ll-77-116 110,7 - 111.7

33/67 Till0 2 /lKCIO 4  !'04-7/6-118 101.0 - 102.3

36/64 Till0  /KC10 H4-76-1o9 117.5 - 119.7

39/61 Til, /-76-10O 97.2 - 102.3 A

43/57 Tilt 2 /ltClO 30-76-1103 917.0 - 100.4

0.s

3N
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Table 3

affect of Particle Site on Output Parameters for 33/67 TiH0 . 6 5 /KC10 4

Serial or Fuel/Oxidiser Peak TLim to Impulse Pulse Total Specific Length of
Test No. Particle 8sses+ Force Peak to Peak Width Impulse Impulse++ Crush Cone

l ues m,-s us mN-s 3*-s/mg in

L-30* L/L 16.46 42.6 453 51.2 542 4.74 5.33
L-31* L/A 15.23 43.8 404 52.6 474 4.08 5.84
L-320 LA/ 19.23 35.0 368 47.8 528 4.51 5.41

• , A" vg. 515 4.44A

L-4S L/S 16.25 44.6 397 53.2 470 4.17 6.05
L-46 1/S 17.28 . 40.0 361 53.4 507 4.46 5.59
L-47 L/S 18.31 35.0 371 47.2 521 4.57 5.46

Avg. 499 4.40
L-60 8/L 21.38 33.2 391 45.8 567 4.71 5.28
L-61* S/L 17.07 42.6 373 53.0 490 4.08 5.59
L-62 S/L 18.99 38.2 377 49.6 519 4.35 5.41

Avg. 525 4.38
L-75 s/S '16.46 38.6 330 50.8 460 4.13 5.84
L-76 S/S 15.40 38.8 337 52.2 473 4.23 5.84
L-77 S/S 15.35 41.6 349 51.8 442 3.99 5.79

Avg. 458 4.17

+Quantitative descriptions of the materials are given in Table 4.
++Specific impulse is defined as the total impulse divided by the mass of pyrotechnic material.
*Leaked, such data have not been disregarded because no evidence has been found to suggest that leakinghas any effect on the measured values. This implies that leaking i. insignificant through the period of
data recording.

Table 4

Effect of Particle Size on Characteristic Times for 33/67 TiH0 . 6 5 /KCC104

Serial or Fuel/Oxidizer Initiation Bridgewire Function
Test Ho. Particle Sizes+ Tie, t. Break Time, tB Time, tp tBe- t1  tF -

n uma me meIA

L-30 L/L 5.06 5.12 5.1505 0.06 0.09
L-31 L/L 8.02 8.07 8.1158 0.05 0.10
L-32 L/L 2.42 2.47 2.5096 0.05 0.09

L-45 L/S 1.82 1.87 1.9126 0.05 0.09
L-46 L/S 1.56 '1.60 1.6398 0.04 0.08
L-47 L/S 1.80 1.84 1.8821 0.04 0.08
L-60 S/L 1.72 1.78 1.8142 G.06 0.09
L-61 S/L 1.93 1.98 2.0219 0.05 0.09

* L-62 S/L 1.68 1.75 1.7768 0.07 0.10

L-75 S/S 1.36 1 41 1.4501 0.05 0.09
L-76 S/s -- -. 1.4912 -- --
L-77 S/S 1.42 1.47 1.5096 0.05 0.09

+Quantitative descriptions of the naterials are given in Table 4.
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Table 5

affect of Composition on Output Parameters for TLH0 .6 5/KC10 4

serial or luel/Owidiser Peak Time to Impulse Pulse Total Specific Length of
Test No. NMe Ratio force Peak to Peak Width Impulse Impulse6 Crush Cone

_N O N-s on ON-* mN-S-/Mg 10%

L-137 30/70 20.02 37.6 425 47.8 552 4.75 5.33
L-136 30/70 18.61 40.8 427 49.4 525 4.61 5.54
L-135 30/70 17.96 42.4 419 51.6 524 4.58 5.46 ii

Avg. 534 4.65
L-143 33/67 19.09 41.0 429 50.6 537 4.55 5.46
L-144 33/67 16.42 45.8 419 53.1 432 4.04 5.66
L-I,145e 33/47 17.70 30 .2 441 47.•4 S30 4.49 5. 38"*

Avg. 516 4.36
L-170* 36/64 16.25 44.2 412 51.6 432 4.16 5.54"
L-171 36/64 17.45 44.2 433 52.4 506 4.29 5.59
L-172 36/64 19.67 44.2 437 51.0 532 4.62 5.54

Avg. 507 4.36
L L-185 * 39/61 18.40 43.0 426 51.2 508 4.41 5.520*
L-166 39/41 15.52 45.0 395 S3.6 472 4.03 5.84
L-i87* 33/61 16.77 44.6 424 52.6 496 4.32 0"

Avg. 493 4.25
L-200* 42/58 17.62 44.4 429 52.2 500 4.32 --

L-202* 42/53 18.31 42.6 397 53.3 523 4.44 --

Avg. 516 4.38

SIpecific impulse is defined as the total imP o divided by the masa of pWrotochnic material.
*Leaked.""osoued co*e that vet removed from bushing. j

i Table 4

affect of Composition on Characteristic Times for TiH0 65 /KClO 4

M- sorial or Vuel/Oxiditer initiation Bridgewire Function
Test No. mass Ratio Time, t1  break Time. tab Time, tp tea ti tip -"z

0 AMd • me MA

,-,,7 30/70 1.,4 1.,9 1.9265 0.05 0.09
L-136 30/70 1.90 1.94 1.9868 0.04 0.09
L-135 30/70 2.03 2.07 2.1121 0.04 0.08 f
--. 43 33/67 2.55 2.60 2.6355 0.05 0.09
L-144 33/67 2.42 2.48 2.5156 0.06 0.10

SL-14S 33/67 2.40 2.46 2.4829 0.06 C.08

L-170 36/64 3.36 3.42 3.4557 0.06 0.10 | 1|•
L-171 36/64 4.34 4.40 4.4339 0.06 0.09

SL-172 36/64 0.60* 0.64 0.6939 0.04 0.10

L-185 39/41 .... 26.0687 ..
LL,-ll6 39/61 6.59 6.66 6.6812 0.07 0.09

L-147 39/61 6.95 7.02 7.0412 0.07 0.09

L-200 42/53 10.93 11.04 11.0686 0.06 0.09

L-201 42/50 - -- 9.9437 ....

L-J40 42/51 12.91 15.35 12.9997 2.06 0.09

#?ire pulse only reached 1.287 A and bridgevire resistance at time of fire was unusually high
(5646 ohm compared to the normal value of 0.8 - 1.0 ohm).
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Table I

M!feet of Composition on Output Pa:amters for TW10. 2 /aC1o04

Serial or 1uel/Oxidisec Peak Time to zuvlas Pulse Total lpecif to Length of
Test N4o. mass Ratil, Far0e Peak to Peak Width Impulse Impulse+ Crush Cone

KU MN-a pe AN-a MH-a/mg No

L-211" 33/67 14.83 42.8 366 50.4 424 4.14 5.84
L-213* 33/67 15.05 45.0 383 52.0 439 4.35 6.10

Avg. 432 4.25
L-96 36/64 16.59 44.0 432 51.2 494 4.13 5.66
L-97 36/64 16.05 50.8 427 57.0 488 4.15 5.84

L-98* 36/64 22.58 19.8"* 148** 47.6 510 4.26 5.6300*

Avg. 497 4.18
L-111 39/61 15.45 46.0 407 53.6 471 4.64 5.97

L-112 39/61 15.70 45.2 394 53.4 468 4.79 5.97
L-113 39/61 14.27 46.0 396 53.4 450 4.40 6.10

Avg. 463 4.61
L-81* 43/S7 12.15 46.4 366 54.6 407 4.06 6.29***
L-82 43/57 13.08 48.8 361 56.4 416 4.16 6.35

L-83 43/57 12.40 47.6 375 55.6 430 4.39 6.35

Avg. 418 4.20

+Specific Impulse is defined am the total impulse divided by the wass of pyrotechnic material.
*Leaked.

**Firs: peak on force-time curve.

*0* Measured cone that was removed from bushing.

Table 8

Effect of Composition on Characteristic Times for TiH0. 2 /KCI04

Serial or Fuel/Oxidizer Initiation Bridgewire Function
Test No. Mass Ratio Time, tI Break Time, tBB Time, tF tBB - t 1  tF " :k

ma me ma me ma

L-211 33/67 2.40 2.53 2.5668 0.05 0.09
L-212 33/67 2.18 2.29 -- 0.11 --

L-213 33/67 2.19 2.24 2.2792 0.05 0.09
•- 36/64 2.72 2.77 2.8030 0.(5 0.08

L-97 36/64 2.9S 3.01 3.0462 0.05 0.09

L-98 36/64 2.63 2.68 2.7221 0.05 0.09 a

L-111 39/61 3.26 3.33 3.3571 0.07 0.10
L-112 39/61 2.55 2.62 2.6425 0.07 0.09
L-113 39/61 5.84 5.90 5.9324 0.06 0.09

L-81 43/57 6.26 6.35 6.3681 0.09 0.11
L-82 43/57 6.86 6.94 6.959 0.08 0.10

L-83 43/57 6.07 6.16 6.1733 0.09 0.10
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Calulted Molsi of Reactants and Products for 100 9 TOIM 6 /3C1 4 Blonds

- I

dLoe30/70 33/67 36/64 39/61 42/58 I

f Reotanta

yIMo 65  0.618 0.680 0.742 0.803 0.865

KC104  0.505 0.483 0.462 0.440 0.418

Products

IAO2 0.618 0.680 0.742 0.803 0.836

TL 0 0 0 0 0.029

E[ 0.505 0.483 0.462 0.440 0.418 2

320 0.201 0.221 0.241 0.154 0I

00 0.292 0.176 0.062 0 0

330 0 0 0.107 0.281

Eiroduts. 1.616 1.560 1.507 1.504 1.564

_ftodcts-T10-CTL 0.998 0.880 0.76S 0.701 0.699

EProducte-TLO a-TL-KC1 0.493 0.397 0.303 0.261 0.281

Table 101

Calculated Moles of Reactants and Products for 100 g Ti•tO. 2 /KC1O 4 a1enr _f

33/67 36/64 39/61 43/S7 ]
species

Reactats

TI 2  
0.686 0.748 0.811 0.893 -A

IL 0 0 0 0.071 A i
KCd 0.483 0.462 0.440 0.411 i

32O 0.069 0.075 0.081 0 .

02 0.246 O.1"' 0.023 0 "

10 0 0 0.090 90A

•zod�ta 21.484 1.424 1.361 1.394

-troduct -TOi-o L 0.798 0.676 0.550 0.301H 7 7oducts -TiO7-T&-I7 0.315 0.124 0,.10 0.090 p
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13. 34m m
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Pyrotechnic Output of TiH /KC1IO Actuators
,

from Velocity Measurements

by

M. L. Lieberman

Initiating & Pyrotechnic Components Division

and

K. H. Haskell

Applied Mathematics Division
Sandia Laboratories !Albuquerque, New Mexico

ABSTRACT

The pyrotechnic output of TiH /KCIO loaded actuators has

been determined from analysis of piston velocity data obtained

from VISAR measurements. The effects of fuel stoichiometry,

fuel/oxidizer ratio, and particle size are assessed. Computer-

assisted curve fitting techniques have been employed to gen-

erate pressure-volume curves for the expanding gas and to per-
• .• ~ form Gurney analyses. The former imply that pyrotechnics iI

containing Tih or TiH0 6 5 are fast burning and are largely

consumed prior to piston motion, in contrast to those contain-

ing TiH1 9. The latter yield values of the characteristic

Gurney velocities and energy conversion efficiencies. Low

efficiency va)ues (5-10%) are obtained which are consistent

with chemical and gasdynamic aspects of the combustion process.

This work was supported by the U.S. Department of Energy. J
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I. Introduction

During the past several years, considerable effort has

been expended in the development of a spark insensitive actuator/

igniter based on TiHx/KCO1 4 pyrotechnic materials (1). The

rapid combustion of the pyrotechnic generates a high gas pres-

sure which serves as the driving force to propel a piston which

in turn can perform a mechanical function. The mechanical out-

put of such devices has received limited attention.

Pyrotechnic output studies that relate to valve perfor-

S * mance are of particular interest. Ng has used a velocity

interferometer system (VISAR) to assess valve performance (2

3),and has developed a computer model (4) suitable for analy-

tical studies of valve interactions. Measurements performed

on actual valve hardware are particularly relevant, but have

been regarded as too costly to be performed on a routine basis.

Consequently, parametric studies commonly involve other

experimental hardware. Ng has suggested two methods of mea-

suring the pressure-volume relationship for explosives (2).

Steele, Allen and Montoya have developed a load cell test that

simulates valve conditions (5). Under contract to Sandia Lab-

oratories, Systems Science and Software has obtained VISAR

data usirn; a modified version of the load cell fixture (6-8).

The purposes of the present study are 1) to develop methods
for the treatment and interpretation of such data, and 2) to

utilize the methods in evaluating pyrotechnic output of TiH /x
"KC1O3 loaded actuators. 4



pry- .'

II. Experimental

The fixture used for obtaining VISAR data is shown

schematically in Figure 1. The piston was pressed into the

bushing such that an interference fit existed along the cir-

cumference in the outer 1.6 mm region. A 0.34 mm beryllium-

copper disc separated the piston and pyrotechnic-loaded

actuator. In all cases the actuator was tightened into the

firing fixture to a torque of 16.9 N-m. The constraining

hardware which maintained the positions of these parts is not

shown. Reflection of a laser beam from the inner flat surface

of the piston provided the source of VISAR data.

Tests were performed using several types of actuators

xloaded with various TiHx/KC04 pyrotechnic blends, many of

which have been characterized elsewhere (9). For the series

of tests in which the mass of the TiH1 . 9 /KC10• 4 pyrotechnic

was varied, the diameter of the charge holder was also varied,

sc that no free volume resulted. All tests were performed in

a horizontal direction.

The principles and hardware of a VISAR system have been

described elsewhere (3,10) and need not be repeated here. The

VISAR used was operated either with an etalon delay which pro-

duced a fringe constant of 0.1740 mm/ps per fringe or with an

air-lens delay which produced adjustable, lower fringe con-

stants (6-8). It provided two velocity data channels in
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quadrature and a beam intensity monitor channel (7). Data

were recorded on a series of oscilloscopes triggered in a

cascaded manner.

III. Methods of Data Treatment

A. Physics of Motion

VISAR measurerents yield velocity of a projectile as a func-

tion of time. Consideration of the physics of motion permits

the derivation of a variety of other parameters from such

data. Recall that

dv F- a (1)
a

and

Sd=fvdt, (2)

where a, v, and d are the acceleration, velocity, and dis-

placement, respectively, of the projectile; t is the time of

motion; and F is the net force acting on the projectile.

Thus, differentiation and integration of a VISAR-generated

v-t curve, yield a(t) and d(t), respectively. For a pro-

jectile of known constant mass, F(t) is also obtained.

An effective pressure P(t) can be obtained by dividing

F(t) by the cross-sectional area A of the projectile. This

L aeffective pressure is identical with the driving gas pressure

S H 343
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only if frictional and other loss forces are negligible. Other-

wise, the derived value is lower than the gas pressure. In

addition, the total gas volume V(t) can be evaluated from

the re2ation

V(t) * V0 + Ad(t) , (3)

where V0  is the bulk volume of the pyrotechnic charge. Thus,

VISAR data yield v(t), a(t), d(t), F(t), P(t), and V(t), as -J

well as the interrelations between these parameters. I

B. Gurney Analysis

Gurney theory, based on the P-nlication of energy and momentum

balances, provides a relatively simple method for estimating

the final, or maximum, velocity imparted to a metal by an ex-

plosive. The method should be applicable for estimating the

final velocity imparted to a metal piston by a pyrotechnic

which is consumed prior to piston motion. For the physical

IIarrangement under consideration, Kennedy (11) has shown that

v f =4- C 4

where

vf = final metal velocity,

4E• =Gurney velocity*,

* ~2 I
The Gurney energy E in kcal/g equals 0.120 (2/E) if 2-E
is in mm/Ps.
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M = mass of the drive-, metal, and

C = mass of the momentum-producing, pyrotechnic

reaction products.

Thus, values of vf can be readily predicted if the other para-

* meters are known.

It is desirable, therefore, to determine the appropriate
values of the Gurney velocity for TiHx/KCIO4 pyrotechnics.

For the experiments under consideration, M is the combined

mass of the piston and those portions of metallic discs pro-

pelled with the piston. The final velocity values can be

approximated by extrapolating the VISAR data. Selection of

the appropriate values of C is less certain. When all of the

reaction products are gaseous, C is identical with the mass

of the explosive charge. For the pyrotechnics under consid-

eration, however, this is not the case. To establish values _-

of C, it has been assumed that the chemical reaction products

are TiO2 , Ti, KC1, H2, 02' and H2 0 (9). Three limiting values

of C are obtained by letting it equal mT, iK 01 + mH + m
2 2

S+ m0, and 02 mH2 0 where mT is the total pyrotechnic

. mass and the other mi parameters are the mass values of the

* designated chemical species.

S :j
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A mechanical energy conversion efficiency (11) can be f
defined for the test device and evaluated from the equation

efficiency -- Kinetic energy of metal × 100
rific output of pyrotechnic

12
=2Mv x 100

mTAH

M E:
1- 100 (5)

+ i.

where AH is the calorific output of the pyrotechnic per unit

mass. For 33/67 TiH /KCIO pyrotechnics, AH values of 1.395,

1.517, and 1.690 kcal/g have been measured by Massis for x

values of 0.20, 0.65, and 1.9, respectively (12).

C. Curve Fitting Techniques

To perform the analyses described in Sections III A. and

III B., discrete v-t data of each experiment must be inte-

grated, differentiated, and extrapolated. Integration, to

obtain v-t-d data, generally presents no difficulty. The

other operations, however, are rather complex and warrant

some discussion. |

To perform a Gurney analysis it was necessary to extrapo- J
late discrete v-d data to a final velocity vf attained at

infinite displacement. The method used was that of constrained
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least squares curve fitting, followed by extrapolation of

the fitted curve. Velocity data were fit as a function of

reciprocal displacement, r = l/d, so that the fitted curve

could be extrapolated to r = 0. The curve was then recon-

verted to a v-d curve for comparison with experimental data.

This is referred to as computer plot A.

Another curve fit was performed to determine P(t).

Constrained least squares curve fitting was again used to

fit the experimental v-t data. The P-t curve was then com-

puted from the first derivative of the v-t curve. The coin-

cidental P-t and v-t plot is referred to as computer plot B.

In both of the above cases a curve is fit to the data

in the least squares sense using piecewise polynomials. Data

are defined in an interval [xl, xn] on the independent varia-

ble axis. Then n-l subintervals are defined by choosing

Sx.. n_ (the method for this choice will be discussed

below). The values xl,...,xn are called knots or breakpoints.

Each segment of the fitted curve is represented by a poly-

nomial defined over a given subinterval [xi, Xi+l]-

1
For plot A, C Hermite polynomials (13) were chosen.

These CI piecewise cubics have continuous function and firstK • •-derivative values over the entire interval [xl, x ]. ThisS• n

representation leads to a least squares problem wherE the

f B number of equations is equal to the number of data points in
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the experiment. The number of columns in the problem, or

variables to be determined, is twice the number of breakpoints.

This is due to the fact that the values of both the function

and the first derivative are sought at each of the n break-

points (13). Constraints are added (see below) to produce the

least squares problem to be solved.

For plot B, piecewise cubic polynomials based on B-splines

((14) were chosen. These C2 piecewise cubic polynomials have

continuous function, and first and second derivative values

over the entire interval [x1 ,1 'n This choice was made

because we were chiefly interested in a well-behaved first

derivative of the fitted curve.

This representation leads to a least squares problem

where, again, the number of least squares equations is equal

to the number of data points in the experiment. The number

of columns in the least squares problem is (N + degree - 20,

where N is the number of breakpoints and the degree of the

polynomials is 3. The solution defines (N + degree - 2)

coefficients of the piecewise cubic polynomials. The func- j

tion and derivatives of the fitted curve can then be evalua-

ted.

The breakpoints are chosen (15) such that the total

variation of the dependent variable using piecewise linear Ail

interpolation of the data is divided approximately equally 1
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among the n-i subintervals. Additional adjustments are made

to minimize the disparity in size of neighboring intervals.

The curve fitting is further controlled by the addition

of inequality constraints to both problems. In fitting the

data of plot A, v-r (r = l/d) data exhibit the general char-

acteristics of being concave opening upward and decreasing

with increasing r. In particular, to achieve concave upward

behavior in the curve it is necessary and sufficient to con-

strain the second derivatives at both ends of each subinter-

val to be nonnegative. This is necessary because the piece-

wise linear second derivative function is not continuous in

C1 . This insures that the curve is open upwerd on the interval

[0, . Also, the first derivative is constrained at r xnnn

to be nonpositive, and the function value at r = xn to be

nonnegative. These last two constraints guarantee that the

curve is everywhere decreasing and positive on the interval

[0, X n].

The v-t data of plot A exhibit increasing v with increas-

ing t. Frequently, the curve obtained is concave opening

downward. To achieve concave downward behavior it is nec-

essary and sufficient to constrain the second derivative at

each breakpoint to be negative. Fewer constraints are re-

quired on the second derivative of plot B than for plot A

If data suggest that the v-t curve is not concave opening
downwards over i;s entire range, this constraint is not applied.
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because the second derivative of the 2 B-spline polynomials

is continuous over the entire interval [xl, xn]. Also, the

function value at time x and the first derivative value

at time x xn are both constrained to be nonnegative. These

last two constraints guarantee that the curve is everywhere

increasing and positive on the interval rXl, xn].

In fitting plot B we also impose a constraint on the

pressure curve to be concave opening upward . Thus, we con-

strain its second derivatives to be nonnegative. However,

since the pressure is proportional to dv/dt, this amounts

to constraining third derivatives to be nonnegative. This

constraint is applied at each breakpoint.

The FORTRAN subprogram WNNLS (Weighted Non-Negative

Least Squares) has been recently developed to solve general

constrained least squares problems (16). In particular, the

curve fitting problems described above can be converted to

a problem of this type. These problems are often rank defi-

cient least squares problems, and WNNLS is one of the few

computer codes which can find a solution in such cases.

The procedure for determining the P-V curve can now be

outlined in an algorithmic fashion. As an aid to understand-

ing the steps of the algorithm, Figure 2 shows examples of

plots A and B.

If data suggest that the v-t curve is not concave opening

downwards over its entire range, this constraint is not applied.
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Step 1: Convert the B-spline-based polynomial coefficients

of plot B to Iermite polynomial coefficients by

evaluating the curve's function and derivative at

each of the breakpoints.

Step 2: From the range of d values of plot A and Equation

(3), determine the minimum and maximum values of V.

Within this range specify a particular number NP

Sof equally spaced V values to be computer plotted.

Step 3: For each value of V perform Steps 4-7.

Step 4: Evaluate d from Equation (3).

Step 5: From ci and plot A, determine v.

Step 6: From plot B, obtain the value of t corresponding

to v.

Step 7: From plot B, determine the value of P corresponding

to t.

Step 8: Plot the NP values of P versus the NP values of V.

IV. Application of Data Treatment Methods

A. Experimental Data

Figures 3-5 illustrate the qualitative features observed

in VISAR data generated from TiH /KCIO loaded actuators.

Figure 3 shows data typical of 33/67 blends of TiH0 2 /KCIO 4

and TiH0 6 5 /KCI0 4 of normal particle size (9) loaded in
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L SAD 1031 actuators. At the beginning of piston motion, an

oscillatory v-t curve is obtained which is indicative of a

sticking and sliding motion. The curve is concave downward -

over virtually its entire length. This implies that the

"combustion of the pyrotechnic is essentially complete prior

to motion, and the driving force can be regarded simply as

a gas expansion.

Figure 4 shows data obtained from 33/67 TIH 0. 6 5 /KC104-

loaded in Type 29 actuators, rather than the SAD 1031 actua-

tors discussed above. The data clearly zhows the existence

of a point of inflection at about 25 Us. Since the effective

pressure is proportional to the slope of the v-t curve, this

result implies that P achieves a maximum value at that point

This further suggests that combustion proceeds at least to

that time. The fact that a presumably identical pyrotechnic

material can yield curves of the type shown in Figures 2 and

3 when loaded in different types of actuators, suggests that

differences in loaeing parameters and/or actuator design can

affect pyrotechnic output.

Figure 5 presents data obtained from 33/67 TiH'IKC1O

in Type 30 actuators. Several tests were performed for each

of thrce values of the pyrotechnic mass. Note that the mass

has a significant effect on the final velocity, but has vir-

tually no effect on the velocity history at relatively snort
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times. As in Figure 3, the data exhibit a point of inflection.

Ng's measurements of time to peak pressure in a zero free vol-

ume test fixture indicate that the combustion rate for this

pyrotechnic is considerably lower than those of the materials

considered in the preceding paragraphs (17). Thus, the data

imply that combustion of 33/67 TiH1 .9/KCIO4 proceeds during

motion of the piston for 15 us. Integration of the v-t data

yields the d-t values shown in Figure 5. The slope of the

d-t curve is initially very low. After 15 ps of travel, the

displacement is only -1/2 mm. This value is comparable to

that obtained for the other pyrotechnic materials and is

small relative to that occurring in a valve. Consequently,

errors introduced by assuming complete combustion prior to

first motion should be insignificant for valve applications.

The VISAR data assessed in this study were obtained by

Systems Science and Software, under a series of contracts

to Sandia Laboratories. Tests in which fuel stoichiometry,

pyrotechnic mass, and actuator type were varied are described

in Table 1. Other experiments in which pyrotechnic parameters

were systematically varied, were performed with SAD 1031 actua-

tors. The materials parameters varied were (a) fuel and oxi-

dizer particle sizes for 33/67 TiH0 . 6 5/KC10, (b) fuel/oxidizer

ratio for Ti1O6 5 /KCIO4 and (c) fuel/oxidizer ratio for TiH0.2

/KClO 4. Three tests were performed for each of the thirteen
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defined conditions (9). Consistent with load cell test

results, variations in the materials parameters had minimal

effect on pyrotechnic output (9). Use of the largest par-

ticle size combination of fuel and oxidizer yielded a v-t

curve which exhibited a point of inflection. The smallest

particle size combination showed no point of inflection.

Thus, a decreased combustion rate is apparent when the par- -

ticle size of the reactants increases. Variations in fuel/

oxidizer ratio had no significant effect on output, except

A for the case of the 43/57 TiH0 2 /KCO 1 4 blend which yielded

a final velocity -10% lower than the other comparable materi-

als. The main factor affecting pyrotechnic output was the

mass of reactants loaded in the charge holder.

B. Gurney Values

Results of Gurney analyses for the tests described in

Table 1 are given in Table 2. For these experiments,

M/C >>1/3 and the selection of C is reflected directly in

the value of /i2. Consequently, the Gurney velocity corres-

ponding to C - mT can be used for estimating the final metal

velocity in other experiments, as long as M/C >> 1/3. Because

mT is a measured parameter, its direct use as C is convenient.

From Table 2 it can be seen that the Gurney velocities are

relatively constant over wide ranges of fuel stoichiometry, 1
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pyrotechnic mass, and actuator type. This means that one

can readily predict values of v f from Equation (4) by uti-

lizing an average value of ý2E, and the measured parameters

M and C.

The average efficiencies are quite low and insensitive

to variations in the independent variables. The low values

mean that only a small fraction of the thermal energy pro-

duced is converted to useful work. This is consistent with

thermodynamic calculations of chemical equilibrium which

indicate that only a small fraction of the chemical products

formed on combustion exist in the gaseous state (18).

C. Evaluation of P-t and P-V Curves

The methods discussed in Sections III B. and III C.

have been utilized to evaluate the VISAR data obtained for

each test. Typical v-t and P-t plots for identical tests

are shown in Figures 6-8. Generally, the v-t curves are

in reasonable agreement with the experimental data. Varia-

tions in the shapes of the P-t curves are seen in Figures

6-8. Usually, the plots are linear or near-linear. This

is again consistent with the concept of the piston being

driven by an expanding gas.

"Figures 9-11 show the reproducibility of the P-V curves,

obtained from test to test, for three different experimental
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conditions. The reproducibility is regarded as satisfactory

over much of the volume range. At low values of V, corres-

ponding to the volume of the charge holder, P is an exceed-

ingly sensitive function of V. As a result of the difficulty

in measuring small values of V reproducibly, accurate measure-

ments of P in the zero free volume condition are very difficult

to perform reproducibly.

In contrast to this conoition, high values of V can be

measured with high accuracy. For this condition, however,

slight changes in the slope of the v-t curve, where it is

near zero, has a significant effect on the resultant value 1
of P. Consequently, P is subject to significant error in

this rcgion. The results imply that the calculated P-V curve

is subject to considerable uncertainty near either asymptote,

but that it should be useful and reasonably accurate in the

intermediate region.

V. Conclusions

Computer-assisted, least squares curve fitting techniques

have been developed to analyze VISAR data obtained with TiH-
x

/KCIO loaded actuators. The effects of a variety of para-

meters, including fuel stoichiometry, pyrotechnic mass, fuel/

oxidizer ratio, particle size and actuator type, on pyrotechnic

output have been examined. Pyrotechnic mass is the major factor
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affecting the final velocity of the projectile. Particle size

apparently affects combustion rate, but such effects are insig-

nificant for projectile displacements greater than -1/2 mm.

The data imply that the assumption of complete combustion

prior to first motion should be satisfactory for most valve

applications.

Gurney analyses show that 2Eis relatively constant over

the range of parameters considered. Consequently, an average

value can be used for predicting approximate final values of

the projectile velocity. Calculated efficiencies are quite

low which is consistent with chemical considerations.

Calculated pressure-time curves are generally consistent

with the concept of the projectile being driven by an expand-

ing, nonreactive gas. Calculated pressure-volume curves

show reasonable reproducibility, except near their asymptotic

limits.
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TABLE 1
TEST PARAMETERS

Number Pyrotechnic Charge
of Holder

Group Tests Actuator Mix1-re* Average Mass, mg Material
2 Type 30 TiHI 9 /KCI0 4  67 Ceramic
2• TiHI 19 /KCI0 46

II 4 Type 30 TiH1 9 /KC1 81 Ceramic

III 2 Type 30 TiH1 .9 /KC10 4  106 Ceramic

IV 10 Type 29 TiH0 6 5 /KCl0 109.4 Plastic Jjj0.65"

V 3 SAD 1031 TiH /KCi0 115.4 Plastic0.65 04

VI 3 SAD 1031 TiH0 6 5 /KC1I 4  114.0 Ceramic

VII 3 SAD 1031 TiHl0 . 2 /KC10 4  108.3 Ceramic

JE

S[ *Fuel/oxidizer ratio is 33/67 in all cases.

ALA

Zi

fl

4El

S360 I
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"TABLE 2

Average Gurney Velocities and Energy Conversion

Efficiencies for Various Test Parameters

Group vf, M/IIS v mm/lis v mw/ls , mm/'. s Efficiency %

T .180 0.982 1.43 2.95 6.76

11+ .211 1.05 1.53 3.14 7.69

III .257 1.12 1.62 3.34 8.72

IV+ .249 1.07 1.57 3.41 8.83

V .225 0.937 1.38 2.99 6.83

I VI .210 0.881 1.30 2.81 6.03

VII .198 0.853 1.26 2.79 6.14

**C mT

SC =mKCI + m + m + mHO

C2 2 2

I m + M + M
S "2 2 2

Excludes one test in Group II and two tests in Group TV because
VISAR data were obtained for a displacement less than 5 mm.

•I ii
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FIGURE 3. VISAR DATA FOR SAD 1031 ACTUATOR NUMBER

5145 LOADED WITH 33/67 Tdill 2 /KCLO4
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Actuator No.
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VN

FIGURE 4, VISAR DATA FOR TYPE 29 ACTUATORS LOADED
WITH 33/67 TOH06 /KCLO4
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ERRATA

Pyrotechnic Output of TiH /KClO Actuatorsx 4

from Velocity Measurements

M. L. Lieberman

K. H. Haskell

p. 8, line 16, "(N + degree - 20," should read

"(N + degree - 2),".

p. 9, line 18, "plot A" should read "plot B".

p. 10: last line, "plots A and B." should read
"plot B and a P versus V plot
C defined as computer plot C)."

Figures 2, 6, 7, 8, 9, 10, and 11, "Plot A" should
read "Plot B" and "Plot B" should
read "Plot C".

I3l
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Modelling of TiH /KCIO Actuator Pyrotechnic Output

by

M. L. Lieberman

Initiating & Pyrotechnic Components Division

and

S. E. Benzley

Applied Mechanics Division II
Sandia Laboratories

Albuquerque, New Mexico 87185

ABSTRACT

Pyrotechnic output generated by TiH x/KC104 loaded actua-

tors has been modelled through an analysis of the applicable

forces and utilization of relevant piston velocity (VISAR)

and load cell data. The assumption of a linearly decreasing

force-time relationship yields calculated piston velocity-

displacement values that are in good agreement with those

-- obtained from VISAR measurements. The resultant gas pressure-

volume values are compared with those obtained experimentally

and differeaces due to the limitations of the model are con-

sidered in terms of the physical phenomena. Modelling of

load cell output testing has been performed by combining the

* *assumed force-time relationship of the piston alone with that

measured in the load cell test. Good agreement with other

This work was supported by the U.S. Department of Energy.
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measured parameters is obtained by limiting the decrease of

force on the piston and utilizing an effective piston-crush

cone separation distance somewhat greater than the experi-

mental value. These values are shown to be consistent with

the physical phenomena.
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I. Introduction

The pyrotechnic output of TiH /KClO loaded actuators

ClO4
is measured in terms of their capability to perform a mechani-

cal function. Two output tests that have received considerable

attention at Sandia Laboratories are (a) the load cell test

developed by Steele, Allen, and Montoya [1] and (b) the

Velocity Interferometer System for Any Reflector (VISAR)

test. The two tests yield complementary information. The

former yields a force-time history generated while a piston

crushes a metallic cone, a condition that simulates a valve

condition. The latter produces a velocity-time profile for

a projectile driven by the actuator. Whereas the VISAR test

generates data relevant to all motion of the piston, the load

cell measurement relates only to the period of crush.

The purpose of the present study is to model the outputr

measurements, such that one can obtain a predictive capa-

bility and a method of relating the two tests. To that end

modelling has been performed based simply on the equation of

motion for a rigid body.

II. Experimental

The experimental methods associated with the load cell

L[2] and VISAR [3] tests are described in detail elsewhere

and need not be repeated here. The apparatus used for .oa(c

Im
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cell testing is shown schematically in Figure 1. Firing of

the pyrotechnic shears a thin disc and propels the piston

downward. When the piston compresses the crush cone, the

force-time history is recorded by a quartz transducer which

is separated from the cone by a connecting anvil.

VISAR testing is performed using similar hardware, major

differences being (a) the propulsion of the piston in a hori-

zontal direction and (b) the elimination of the crush cone

and assorted components that stop the piston. Figure 2 shows

the geometries of the various components. The laser beam of

the VISAR (not shown) focuses near the flat surface of the

piston through the open end of the bushing.

III. Mathematical Modelling

The mathematical modelling of both VISAR and 3oad cell

A •tests is accomplished by using the equation of motion for a

rigid body. Figure 3 illustrates the effective forces acting

on a rigid piston. The forces shown are those that may be

applied on a piston in either type of output test. The equa- -0
tion of motion for the rigid piston of Figure 3 is

M*(t) = Fl(t) - F(t) - F3 (t) = F(t) (1)

where

M = mass of the piston,

XF 1 (t) = driving force (i.e., pyrotechnic force) as a

function of time,
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F2(t) = stopping force (i.e., force applied by crush
2

cone) as a function of time,

F3 (t) = frictional force as a function of time,

F(t) = net force as a function of time,

and X(t) acceleration of the piston as a function of time.

Equation (1) is simply reordered and integrated forward in

time to provide velocity, x(t), and displacement, x(t), his-

tories, i.e.,

•(t) = F(t)
M (2)M

x(t) = •/ F(t) dt + (3)
0

and
t

x(t) f i(t) dt + x0 , (4)0

where

x0= initial velocity of the piston, and

x0= initial displacement of the piston.

The problem addressed in this paper involves the deter-

mination of the velocity and displacement histories for assumed

or known applied loads, Fl(t), F2 (t), and F3 (t). The major

difficulty is establishing the proper values of these forces.

When Fl(t), F 2 (t), and F3 (t) are complicated functions, a

numerical solution to Equations (2) - (4) is warranted.
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A numerical solution to the equations is implemented by

assuming a linear time variation of the net force, F(t), over a

small increment of time, as shown in Figure 4. Equations

(2) - (4) thus define the motion of the piston as

• M~t')= g FI+ t' t

FI = net force at beginning of increment,

V• AF =FI - FE

t i=te tl Fe +inn oficeet , (6)w h e r e 2 2 U
2j

tE = time at end of increment, ard

i• MAt = tI - tE

A simple computer program has been written to Equations •

(5) - (f) to provide the motion of a piston of mass subject

to forces F oct), F2 (), and F 3 (t). i

AF F 
.



IV. Modelling VISAR Expe'iments

VISAR experiments of pyrotechnic driven pistons yield

piston velocity-time data which can be graphically integrated

to produce displacement values also. An example of VISAR

data, obtained by Systems, Science and Software of LaJolla,

California under contract to Sandia Laboratories, is given

in Figure 5. It will be shown in what follows that the shape

of the plotted data fits a linearly decaying function for the

net force, i.e.,Fi)=F 1 t (3()

I F(t) F(L) F (t) = FMAX(I - t/tA) 0 < t

where

FMAx = maximum force on the piston which corresponds

to the initial confined pressure generated by

the pyrotechnic,

* t t = time at which the force F(t) has decayed to

v A ,zero, and

F(t) = 0 at t > tA.

Other efforts made to obtain the derivative of the experimen-

tal data [3] are generally consistent with this functional

"f orm.

From the assumed force history given by Equation (9),

Ithe velocity and displacement histories can be expressed as
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IF
x(t) (10)

M ;t

and

x(t) - M (tt (11)

The paraeter tA may be determined from Figure 5 as follows:

Or 1. Point A in Figure 5 defines the condition where

Zd initially becomes zero.di d-i "t *
S2. Note that ax dt dt 0 which implies

dx dt dx •

F
X-0.

3. Thus, the values of displacement and velocity at

the time F initially decays to zero are the values

of those parameters at point A in Figure 5.

Substituting the values of i(t) and x(t) at point A into

Equations (10) and (11), one finds that

tA = 3xA/2iA (12)
R, and

FMAX = 2MXA/tA 3MXA (13) [
= .j

Equations (12) and (13) then provide values of tA and FMAX j
which can be inserted into Equations (10) and (11) to yield

functional forms of i(t) and x(t). The solid curve in Figure

5 is the resultant calculated curve which is In good agreement n

with the experimental data.

380 1



The resultant F(t) - x(t) curve is shown in Figure 6.

Since the abscissa and ordinate are directly proportional to

pressure and volume, respectively, it can be seen that the

curve resembles a P-V curve for a gas. This is in agreement

with other analyses of VISAR data [3]. The only significant

deviation from a typical P-V curve occurs at relatively low

force values, because the model requires F(t) to decrease

linearly to zero, rather than achieve a limiting, non-zero

value.

V. Modelling Load Cell Experiments

The num.erical form of the equation of motion is also

used to model the load cell tests. The assumptions and pro-

cedures incorporated are described as follows:

1. The pyrotechnic force, Fl(t), is assumed to be a

linearly time decaying function and is determined

from VISAR experiments as described in the previous

section. Recall that load cell tests terminate the

travel of the piston with an impeding crush cone

whereas VISAR experiments determine the piston

motion in an unimpeded conditon. Consequently,

the function Fl(t) determined from VISAR tests

only applies to the load cell test during the

-j unimpeded bravei period, i.e., F2 (t) = 0 . Frorr,N2

the moment of impact until the time the piston
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stops, the function Fl(t) must be approximated

in a manner that represents the magnitude of the

pressure of the confined gas behind the piston

(See Figure 8).

2. The frictional force, F3 (t), can be postulated.

3. The stopping force, F2 (t), is measured directly

by the quartz transducer in load cell tests.

L4. The piston-crush cone s:paration distance, 6, is

established by the geometric definition of the

load cell test. An effective separation, 6 EFF,

greater than 6, may be defined (see Figure 7) to

account for the fact that the initial mechanics Li
of crushing of the cone provides very little stop-

ping force on the piston. This occurs because the

small diameter at the front of the crush cone pro-

vides an insignificant amount of material to pro-

vide a meai.ingful stopping force. ExperimentE

with blunted cones, discussed later, have verified

this assumption. LI

•Two examples of the calculations performed in modelling

load cell tests are displayed in Figure 8. Figure 8a gives

the force, velocity, and displacement histories calculated

i K ifor the experimental conditions recorded in test 685 (see

Table 1). This test used the nearly pointed crush cone nor-

mally employed in load cell tests. The piston-cone separation
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distance used in the calculation was the experimental value

(6 = 3.56 mm). Results of the calculation do not compare

favorably with the measured length of the deformed cone

(Table 1) or the observaticn of no piston rqbound.

Figure 8b gives results obtained from a similar cal-

culation. Here the conditions of test 685 have been assumed

to differ from the experimental values. An effective piston-

cone separation distance, 6 EFF' equal to 4.8 3 mm, and a 20%

reduction in the total load cell impulse were assumed. The

impulse minus the frictional force must equal the load cell

impulse. This means the total area under the F - t curve

must equal zero at the time the impact terminates. The force

history, F(t), shown in Figure 8a does not satisfy this con-

dition, whereas that shown in Figure 8b does. Results obtained

from the latter figure compare favorably with the measured

length of the deformed cone (Table 1) and the observation of

no piston rebound.
iVi

Table 1 shows a comparison of calculated and experimen-

tal results for various load cell tests. Group A shows the

effect of the blunting of the cone. Note that as the blunt--

ing increases, the agreement between experiment and calcula-

tion increases. This supports the contention that for nearly

pointed cones, an effective piston-cone separation distance, IA

greater than the actual separation, must be used in the cal-

culations. Group B differs from A in that the calculations
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were performed with an assumed 20% reduction in the load

celforce history. Such anassumption improves the resul-L tant agreement between experiment and calculation. Not

shown in Table 1 is the fact that the assumption reduces,

but does not eliminate, the calculated rebounding of the

piston. Group C shows the effect of utilizing an effective 4

piston-cone separation distance in the case of a nearly I

pointed crush cone. This case effectively creates the con-

dition of a blunted cone. Good agreement between experi- 1
W •ment and cailulation are obtained. This result compliments

those discussed for A. Finally, Group D presents the com-

RN bined conditions of an effective piston-cone separation

distance and a 20% reduction in the load cell history.

These results, plotted in Figure 8b, show good agreement

between calculated and measured cone lengths, as well as

an absence of piston rebounding. .1

VI. Conclusions

Modelling of pyrotechnic output, as measured by VISAR

and load cell tests, has been performed from an analysis

of the forces exerted on the driven piston. For VISAR

experiments, the assumption of a linearly decreasing force-

_V_ time relationship yields calculated results which are in

excellent agreement with experimental data. A calculated
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force-displacement curve is qualitatively sirilar to the

P-V curve expected for a gas; a significant deviation from

the expected curve occurs at low force values, because the

model requires the force, or pressure, to reach zero, rather

than an asymptotic, non-zero value.

Modelling of the load cell test has been performed by

combining the model of the VISAR data with the measured load

cell response. Important factors included in this model are

(a) the establishment of a final, non-zero pressure acting

on the piston after motion has ceased, (b) the utilization

of an effective piston-cone separation distance to account

for the fact that little stopping force is exerted by the

tip of the cone, and (c) the reduction of the load cell force

history to establish conditions compatible with plastic im-

pact. With these factors, good agreement has been obtained

between experimental and calculated results.

VII. References

1. B. R, Steele, L. C. Allen, and A. P. Montoya, Sandia
Laboratories, unpublished work.

2. M. L. Lieberman, "Load Cell Testing of TiHx/KCIO4

Pyrotechnic Actuators," Sixth International Pyro-
technics Seminar, July 17-21, 1978, Estes Park,
Colorado.

3. M. L. Lieberman and K. H. Haskell, "Pyrotechnic Output
of TiH /KCl0 Actuators from Velocity Measurements,"

Sixth International Pyrotechnics Seminar, July 17-
21, 1978, Estes Park, Colorado.

385
_ _ _ _ _ _ _ _ _ _ _ _ _ _

* .!-



- 0C 0 - 1. c

#3 S1. , C 1 to
4)0 1' 4- D2

4- UN .- N.In0 L~t. 4' M'LO (iON Iii 0iiLoN 0" .~41 1-] 00 2 -
0 0- .d

010 ) 0$-

1.0- i WOD a '\0 m co - \0 o \'0 '.0 (n c - \0 Mý O 'C c~ ci
* 4)4P .0ft

'1) 04
ci >0. S.
m 0 LV

4.4 c i 0.

4111
40 c

4 0.4 c LI,'o' m .- co'D 00a, t'- t-it'.'.0 N Li'.co0 0 t-0- 0 .- cc 41 0 .
041 ci ci, f

4' U41 0 O O t n O 1 9 t- t IN\ * 0' U"NO~ 0A '.0 ('ID \0 ul 0

iý 0
at i -4 '0.'~' 0 0 14-C-mC.. 1.-tw-Cm-w.1w-m- M'10 -0.

(- d 0 0. 4) 41
$4 1.c a) C .

4 t~o 0-c
04' [1- : c

0q 0 4:- 10 - 0 0 m In H4 - N all 0a, .-4 ii'. 0' 0 ft,1 .- n \0 0, 0' %D'.0S
co 4'0 0 m m N0N 0 a '1 ON ON CIn90'.-i 0'.0'10 -4 t- 0'0 4i ~ i o Sc

r0.

co 0, 0. S
ci 14 41)

41 0 %44.

14 I,. ý4 m A N m ,\ 40 .v

H.1 - '4'1

0. 0 U: bDt 0 c 4..
2~~~ cii

0 Ll. Sio II

U Ec -4) 0

410

>' 00 nI n0 \040a 0 1) 0 1". In M 10 '0 ID4 m In In Inm 0 40
V4 4-.ýL L ý1 1 ýO *ý 0) 10 AU i '. N iU.0 U .i i ) N i'Lf'.U U'. (.0 43 -1

004 0 C00 (0 C'.1 0 00 0 ' OD Co0 00 0'0maO 0' c' 0' OW wi 04004 b -44.4 H0 H 14.
4401: .0 r141 9: '1-. 41 c,4 0 (d40

1.) 0 D44 0. ('

1:0. f. V
.44 00C4,ip)4 0000C'10 i 00 0 10 r 414(d4
.0 .4- r 0) U4

0' .( 041.000 0 MI 0 0 0 0 1
- 0 4 ''

? iflO- m, m 0\ w' wi .4 Li 0r a \ 0- if.ihi. .-4 a, ift0 0 ' 0 0 .4,44
'.4 C4ý ý4 4, 401"-

>15 'd 4) I-

P V..0 o 0145ý

____N_______AQ____________c__(d S

It a U" C - U C, aW 0 0 0 0 0 WODW386 " t

w 1 1 . .3 1 1 1 I 0 \DC:0)(



3a

're I. 'hem at.i c diarqraml of load cell fixt~ure.
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13, 34 m m
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ACTUATOR s CDIC5.77 mm DIA

Fiqure 2, Schematic, diaqram of VISAR test fixture.
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Figure 4. Transformed time scale.
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INCIDENT/ACCIDENT SURVEY OF PYROTECHNIC COMPOSITIONS

by
F. L. McIntyre

Computer Sciences Corporation
NASA NATIONAL SPACE TECUNOLOGY LABORATORIES

NSTL Station, MS 39529

ABSTRACT

The objective of this survey wn's to determine the hazards and cause/effect relation-
ships associated with pyrotechnic compositions. The results of this investigation indicated
that: 1) the majority of the incidents were thermal in nature; 2) the majority of the incidents
are unreported; 3) the most common stimtius cited as the source of initiation was friction; -j

4) there is seldom a single cause that led to the accident; 5) deficiencies, when noted, are J
not generally corrected; 6) while the number of incidents involving injuries or fatalities
is approximately 10 percent and this number could be reduced significantly; and 7) certain 1
types of operations are more hazardous than others.
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INCIDENT/ACCIDENT SURVEY OF PYROTECHNIC COMPOSITIONS

BACKGROUND

In May 1972, a privately owned corporation, under contract to the government, was

mixing a 22. 7-kg (50-1b) batch of Yellow Star Mix. While the mixing operation was in prog-

ress, four women were in the same room preparing the next batch. A fifth woman, the

lead technician, operated the mixer and directed the sieving/screening operation. On the

. day of the accident, the lead technician had complained to the production manager that the

augur blade was hitting the side of the blender and that the mix seemed to be warmer than

usual. The production manager shimmed the augur so that there was no metal-to-metal

. contact and assured her that the temperature of the mix was normal. Still, the lead tech-

nician would stop the blender every five to ten minutes and allow the mix to cool.

S*. The blender was housed in a 6.09-m by 12. 19-m (20-ft x 40-ft) corrugated tin building.
The building was divided in half by a steel reinforced concrete block wall. The blender was

the only piece of equipment in the mixing room. There were shelves in the room used for

S•.drying completed mixes. Each woman was sitting on a half barrel and screening the fuel

and oxidizers into paper drums. The second half of the building was used as a storage area.

On the day of the accident, the storage area contained approximately 5,896 kg (13,000

lb) of chemicals, 30, 000 completed aircraft stars and 237,999 9-mm distress signals.

The lead technician stepped outside the door to or.f rite the blender start/stop switch.

At this point the first explosion occurred followed by a acond larger explosion, one to two

seconds later which totally destroyed the building. The chemicals and completed end-items

began to function causing multiple fires in the surrounding area. All five women were sub-

S- sequearly found dead. Four of the remains were located in the mix building and the fifth

was blown approximately 12-m (40 ft) away.

One explosion had occurred in the blender and the other one had occurred in the area
of the sieving/screening operation. It was impossible to ascertain which explosion occurred

first but investigators have hypothesized that the first explosion was the mixer and the second,
- - larger one was the sieving/screening operation.

This is by no means a typical pyrotechnic accident but is used here to point out the gross

violations of safety practices that occur. This incident prompted the author to conduct this
survey.

OBJECTIVE

t ,The objective of this survey was to identify primary hazards and cause/effect relation-

j: l ships associated with pyrotechnic operations.
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TECHNICAL APPROACH I
The initial undertaking was limited to a literature survey of incident summaries of the

various reporting agencies i.e., Department of Defense Explosive Safety Board (DODESB),
Army, Navy, Air Force, Department of Labor, Institute Makers of Explosives (IME) and
the Department of Transportation. The difficulty of addressing such agencies and the re-
quirement of establishing the need-to-know limits this source.

! •-•,• Initial research indicated that the majority of the pyrotechnic incidents are not reported nbecause they failed to exceed a cost of 100 dollars in damage to equipment or facility and/or I
there were no loss-time injuries. This places such incidents in a unreportable category

requiring first hand knowledge. Thus, field trips were conducted at both "Go-Go" and "Go-

Coll facilities to obtain the data. Ii
A simple form was devised to gather the information. This is shown in figure 1. This

form was divided into 10 headings with each major heading sub-divided into sub-headings to L~
facilitate expediency and avoid duplication in data collection. The specific information
gathered in this investigation included:

0 Type Incident - explosion, initiation-commumication-transition (multiple fire/
explosion, multiple explosion, etc.), fire only and other (burn, spill, pneumatic
rupture, injury, etc.).

0 Severity - unreportable (those incidents with no injury or damage to equipment or
facility costing less than $100), minor (first aid injury or damage in excess of $100),

UF •,critical (loss-time injury or damages in excess of $1,000). Major (loss-time injury
and damages in excess of $10, 000) and severe (fatality or damages in excess of
$100,000).

• Operation - this is the operation cited by the particular facility at the time Af the
accident.

• Stimulus - chemical, electrical, friction, heat, impact, pressure and static elec-tricity. The stimulus listed was the one cited by the particular facility.

Contributory Factors - these are the causes as determined by the investigator.

* Material - the compositions or ingredients were listed and categorized similar to
Ellern* i.e., priming, illuminating, smoke, gas, sound, heat and delays.

* Mass - The quantity of material involved in the incident.

"• • Frequency - determined by the number of operations being performed and occur-
rences at various facilities performing similar functions on the same material

group.

U *Ellern, Herbert, Military and Civilian Pyrotechnics, Chemical Publishing

Co., Inc., New York, N.Y. 1968.
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S Date - date of the incident. J
0 Reference - this is a coded reference as to location and year of incident to avoid

dupli'2ation.

Specifically this survey was geared to manufacturing operations; however, the final -P1
format and data amassed included: development, transportation and handling, and use. 4

FINDINGS

The literature survey, although useful, provided little meaningful information. These I
data were in the form of abstracts and summaries which were not specific enough to deter-
mine cause/effect relationships. This was because the abstracts are written anonymously
to protect the perpetrator. Also, the facility submitting the initial report was not always
objective. Special care was required to avoid duplication as more than one agency would
list the incident and the abstracts may not necessarily agree. However, the literature sur-
vey Was useful in that it was readily available and provided insight as to where to search
for additional information.

Tables 1 through 4 show the type of incident, severity, stimuli and type of pyrotechnics
that were cited in the incidents. Table 5 indicates the type of operation being performed -11

versus type of incident, severity and stimuli. Table 6 lists the contributory factors in
descending order that led to the incident. Table 7 shows the number of injuries and fatal-
ities.

The most common incidents were thermal. The fact that 23 percent of the incidents
were either explosion or transitioned from a fire to an explosion was significant because '1
pyrotechnic compostions are not normally considered to be explosive.

Friction was the most often cited cause of initiation and misalignment of ram and die
was the most common contributory factor. The ease at which a material will ignite due to
frictional forces is not readily known. What data are available usually cannot be correlated
between existing apparati used by various test groups and operating lines. However, by
solving the misalignment problem, the number of incidents caused by friction could be
reduced. [

Intra-plant transfer, rework/demil, maintenance, assembly, disposal and pelletizing in
terms of explosion versus fire were far more hazardous operations. This is also noted by~ the severity of these incidents during the same operation. This may be because the contrib-

utory factors cited in these operations were usually unsafe acts of the employee such as
k rough handling.

i The reoccurrence of some of the contributory factors indicated a failure to correct the •

deficiency. This was particularly true in the number of misalignments and unsafe acts of jj
wemployees as listed in 68 percent of all of the reported incidents. It was found that there
lis t ored as one facasb thieo isnicaivenfThe probalinem nt such as ance wal
litVa inl as u this Is indicative of other problems such as maintenance, quaiy



safety, or unsafe acts. This additional information was not available because the shift in
blame could have greater legal repercussions, For whatever reason, the amount of data
pertaining to the cause of the incident were either ambiguous or vague. This made it dif-
ficult in trying to establish cause/effect relationships.

Of the 577 incidents shown, only 56 reported some form of injury or fatality. This is
approximately 10 percent of the total occurrences. A comparison of 1496 explosive/propel-
lant Incidents* during the same period indicates an injury/fatality rate of approximately
24 percent. The number of Injury/fatality occurrences is less ior pyrotechnics. Still, these
numbers are capable of being reduced. A misleading factor in this table lies in the fact that
some safety offices are reluctant to classify some injuries as loss-time because it would re-
quire additional investigation and additional paper work. A closer look at some of these
incidents would show a greater percentage of loss-time incidents.

CONCLUSIONS

The results of this survey were preliminary and constitute approximately 10 percent
of the total reportable/non-reportable incidents for the same period. The following con-
clusions were made:

1. The majority of the incidents were thermal or fire type incidents. This was ex-

S2. The most commonly listed source of initiation was friction for which there is the fa
least amount of data available.

.3. The most dangerous operations based upon severity and type of incident were intra-"plant transfer, rework/demil, maintenance, assembly, disposal and pelletizing.

This was primarily due to the unsafe act of the employee. a

4. The reoccurrences of contributory factors indicate a failure to correct the deficiency.

[ 5. There is usually more than one significant contributing factor that led to the incident
even though only one may be listed by the source.

6. The number of injuries or fatalities is approximately 10 percent of the total occur-
rences. Still, this number could be reduced.

7. Certain type injuries are not always noted correctly because of added paper work 4
and costs.

*Mclntyre, F. L., Edgewood Arsenal Contractor Report EM-CR-76011-EA-5711,

Incident/Accident Survey (1950-1974), December 1975.
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TABLE 1. SUMMARY OF TYPE INCIDENTS

Explosions I- C- T Fire Other Totals

103 27 435 12 577

18% 5% 75% 2% 100%

TABLE 2. SUMMARY OF SEVERITY OF INCIDENT/ACCIDENTS

Unreportable Minor Critical Major Severe Totals

495 40 22 3 17 577

$495,000 $114,550 $186,000 $384,000 $4,166,000 $5,345;550

85% 10% 1.5% 2% 1.5% 100%

TABLE 3, SUMMARY OF SOURCE OF INITIATION

Static
Chemical Electric Friction Heat Impact Pressure Elec. Undeterm.

13 11 312 12 65 36 41 87

2% 2% 54% 2% 11% 6% 8% 15%

TABLE 4. SUMMARY OF TYPES OF PYROTECHNIC COMPOSITION

Light Smokes Heat End

Primers Producers Signals Gas Noise Producers Delays Items 3

12 21 385 35 7 59 2 56 4

2% 3.6% 66.8% 6% 1.3% 10.3% 0.3% 9.7%

3t.8
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TABLE 6. SUMMARY OF CONTRIBUTORY FACTORS

Percent
of

Contributory Factors Number Totals

SMisalignment 270 47

Unsafe Act of Employee 119 21

No Determination as to Cause 88 15
L.

Improper/Poor Tools, Equipment, Design, Assembly, Facility 51 9

Weather (Temperature, Humidity, Thunderstorms/ Lighting) 43 7.5

SPoor/No S.O.P. 41 7.1

Excessive Pressure 37 4

Equipment Failure 27 4.7

Poor Safety/Supervision/Quality Control 19 3.3

Contamination/Corrosion 17 2.9

Chemical Imbalance 15 2.6

SInsufficient Knowledge/Training 14 2.4

Excessive Quantities of Materials 11 1.9

Poor Housekeeping/Unsafe Work Area 11 1.9 Ad

Improper Safety Equipment/Protective Clothing 9 1.6

Poor Maintenance 6 1

Failure to Safe System 6 1I

Excessive Heat 1 0.1
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TABLE 7. SUMMARY OF INJURIES AND FATALITIES OF
PYROTECHNIC INCIDENT/ACCIDENTS FROM
1970 to 1976

Percent Percent
Type Number Of Number Of
of of Total Of Total
Injury Incidents Occurrences Injuries Occurrences

First Aid Injury Only 18 3 28 4.9

Loss Time Injury Only 20 3.5 30 5.2

Fatalities Only 9 1.6 16 2.7

Fatalities/Injuries 9 1.6 70 12.1

:4

Id.

401

-g- ~



INVESTIGATION OF METHODS FOR DETECTION
AND CONTROL OF PYROTECHNIC

DUST FIRES AND EXPLOSIONS

G. L. MeKown
U.S. Army Armament Research and Development Command

ARRADCOM Resident Operations Office
NSTL Station, MS 39529

ABSTRACT

The characteristics of reactions involving sulfur-dust dispersions and a method for control based
on UV detection and suppression by high-pressure quenching agents have been investigated.
A gallery was developed which could sustain a propagating dust fire/explosion of sufficient dura-
tion to allow measurements of the reaction characteristics and to permit evaluation of the detec-

tion and suppression system. It was found that sulfur-dust dispersions were subject to low-order
0 detonations, accompanied by relatively slow-moving flame fronts. The quench system with a

burst diaphragm was found to control these reactions satisfactorily, with water acting as a less
efficient suppressant than a halogenated hydrocarbon.

I. BACKGROUND IL. EQUIPMENT AND APPARATUS

The potential effect of dust fires and explosions in Prelimina~y design criteria were obtained using a micro-
U.S. Army munitions plants (1-5) has recently received scale dust gallery, consisting of a glass tube extension on a
increased emphasis due to the introduction of new standard Hartmann apparatus. Thi3 dust dispersion system.1
materials-handling techniques that involve automated trans- was used to determine the ability of the pneumatic system
fer equipment and, conroriitantly, much larger quantities to disperse and sustain a dust column of sufficient length
of matelial. Pneumatic conveying, large-scale blenders and to make the apparatus useful .i developing instrumenta-
continuous-flow processinb are being installed to replace tion and design data for a larger chamber. On the basis of
conventional small-batch preparation of pyrotechnics and the information gathered in these tests, a second modifica-
explosives. These new methods will reduce exposure of per- tion was made to the Hartmann apparatus, consisting of a
sonnel to the hazards involved and, through automated steel tube chamber extension equipped with instrumenta-
control, can produce higher quality products at greatly tion outlets to measure the pressure wave and flame front
increased output. However, the potential risk of damage to characteristics of a sulfur dust fire/explosion (fig. 1).
equipment and facilities must be determined, and measures Sulfur was chosen as the material to be used for the
for prevention of catastrophic accidents must be devised, test program because it is a common fuel used in standard __-
Specifically, it is necessary to develop a system for early pyrotechnic smoke compositions, and can be expected to
detection of a dust fire/explosion which simultaneously create dusting problems during handling. From the prelimi-
initiates some suppressive action that will minimize the nary test data, design criteria were developed for a full
hazards. scale dust gallery and the reaction time requirement was

From available data on dust fires/explosions (2,6,7), it established for a suppression system.
is obvious that all conditions of environment and stimuli During the design and fabrication of the larger gallery,

under which these problems can occur are rarely knownt an evaluation was made of existing commercial extinguish-j
and difficult to simulate for repeatable laboratory studies. ing systems with specifications that met the reaction time
This project, therefore, was designed to move through a requirements and could be expected to suppress a dust
succession of steps to develop instrumentation, test fire/explosion. A combination of two commercial systems
methods, and experimental apparatus in which a dust fire/ was used in this study; an ultraviolet flame sensor coupled
explosion can be initiated, propagated, measured, and with a pressurized deluge system. Two extinguishing agents
suppressed with some measure of repeatability. The basic were tested; a halogenated hydrocarbon (Halon) and

Srequirement was to develop a working chamber which water. I
"could sustain a propagating dust fire/explosion of sufficient A schematic representation and photograph of the
duration to allow measurements to be made of the reaction large test chamber, dust disperion system and the suppres-
characteristics and to permit evaluation of the detection sion system are shown in fig. 2 and 3, respectively. The
and suppression system. test chamber is a rectangular box, 10.36 m (34 ft) long by
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0.46 m (1.5 ft) in cross section. It is closed on one end, pairs to a 10.1-cm schedule-40 steel pipe manifold, 9.75 mr

top, bottom and back with 1.9-cm plywood which is lined long. One end has a 1.27-cm valve which isolates the mani-
on the interior with galvanized sheet metal. The top is fold from an auxiliary air supply bottle. Comprcsscd air at
hinged in 1.2-m sections to allow access to the dust nozzles a manifold pressure of 758 kPa (110 psi) is used for forced
and instrumentation sensors. Except for one plywood distribution of the sulfur dust from the holder distribution
panel at the fire ignition end, the front is closed with a nozzles into the chamber. Control of gas flow to each pair
0.64-cm thick Plexiglas sheet to facilitate observation of of nozzles is accomplished by use of a 2.54-cm full-ported
the reaction using high speed photography. The end solenoid valve and a valve to prevent backflow of pressure M
through which the extinguisher nozzle protrudes is from the chamber during tiring. The control of the nine air
enclosed with 0.13-mm plastic sheet. The chamber is distribution valves is through an electrical switching
equipped with 17 combination dust holder-distribution apparatus located near the chamber. Each valve can be con-
nozzles. The nozzles protrude through the bottom of the trolled individually from this control box for checkout,
chamber to a height of 15.2 cm and are spaced 0.61 m and a sequencer triggers all the valves simultancously
apart along the center line of the chamber. The nozzles are during tests. This control system also contains a delay
constructed of 2.54-cm scheJule 40 pipe, 12.7 cm long, relay to provide a 2-second delay in valve activation after
with an inverted cone mounted above the nozzle exit to initiation of the igniter.
aid in dispersal of the dust. The base of each nozzle is The test chamber is instrumented to measure the pres-
equipped with a plastic ring which holds a tissue paper sure wave and flame front velocity by use of pressure and
diaphragm to retain the dust prior to dispersal. Each optical transducers mounted on the back vertical face of
nozzle has a capacity of 50 g of sulfur, providing a total the chamber. In addition, ion probes were used to measure
capacity of 850 g used in each test. the flame front arrival time at each location. During some

The dust distribution nozzles, except for the one tests, passive sensors (cotton balls) were installed along the
located in the center rf the chamber, are cornected in g.Jlery to indicate the limit of flame propagation.

In all tests conducted with the suppression system, a

Press. - t'.-- --. Temp. probe single 40-mm M43AI red signal flare was used as the
sensor Phot ignition source. The flare was removed from the shell

cell casing and mounted in a trough made of 2.54-cm angle
iron. The flare was installed 0.305 m from one end of the
test chamber and was ignited with an electric match

0.76m (2.5 ft) attached to the fuse. The flare produced a fireball approx-
imately 0.6 m in diameter and lasted for approximately
9 seconds. Time zero (to) was established by ignition of

Photo the flare, and the dust dispersion system was triggered at

cell to +2 seconds. A breakwire installed across one dust nozzle
Press. - .A -- --. .--Temp. probe indicated arrival of dust in the chamber and a breakwire
sensor across the extinguisher nozzle indicated injection of the

suppressive agent into the chamber.
2.1 m

The extinguisher tank, a 76-1 stainless steel cylinder

0.76m (MS ft) containing the agents being evaluated, is mounted at the
0.7m(IDt-end of the dust gallery opposite the ignition source.7cm ID

The extinguisher tank deluge valve is an explosive burst
V ldiaphragm device, actuated by a signal from the UV con-

Photo troller. Tests were performed with the detonator in both
ceil downstream and upstream positions with respect to the

Press. - - - - - remp. probe burst disc.
sensor

Flange The ultraviolet sensor and controller is in modular
S40cm (i.3 ft) - -- -.... form and consists of electronic circuitry for processing the

" detector signal plus several switching relays. The detector
- Ignltor 30.5cm uses a Geiger-Mueller type tube designed to detect radia-

12cm wire tion in wavelengths from 185 to 245 nm. The tube is

Oust aox . .. controlled insensitive to UV radiation from the sun (at the earth's
" air inlet surface) or from artificial lighting. When the detector tube

senses radiation of proper wavelength, a voltage pulse is
-Figure 1. Extended Tube Haitmann Apparatus transmitted to the controller which then energizes the

deluge valve detonator.
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Figure 3. Dust Gallery, Front View

Prior to a test, the explosive burst disc and holder were B. Steel Tube Hartmann Apparatus.
assembled and installed and the tank was loaded with extin-
guishing fluid (6.8 kg of Halon 131 or 57 1 of water). The Obevtosmduinthmrorcalyhwdte
galleryg fust nozzles wer remHovedan dpaper diofaphrags T progress of the fireball up the tube. The dust initially pro-

duced a haze above the fireball, and was blown out the end
were installed in the base. Each nozzle was loaded with of the tube as the fireball approached the exit. Matches
50 g of sulfur and then reinstalled in the chamber. fhe M43 placed along the tube interior failed to ignite, but after
flare ignitor was prepared and mounted, then the gallery each test small molten globules of sulfur coated the tube
was closed and sealed. The gas manifold was pressurized to walls. Flame propagation throughout the length of the
758 kilopascals (kPa) (110 psi) with compressed air and tube rlte forage weights of 3 ae
the extinguisher tank was pressurized to 4140 kPa (for tube resulted for charge weights of 3-6 g at an air pressu.-e

the xtiguihertankwaspresurzed o 440 ~a for of 520-1040 kPa (75-150 psi). Improved dust distribution

Halon) or 9070 kPa (for water) with nitrogen. The initiator
was noted at the higher pressures. The fireball appears as a

for the burst disc valve and the flare ignitor were then donut-shaped bright ring on one 500 frame per se.cond
connected. motion picture made of the propagation. Timing informa-

The flare was ignited by the range sequencer, and twoTeons flaterewasigniedb the rarvalvesopenge seq n twos tion as indicated by the pressure, optical and temperature
seconds later the air valves opened so that dust was sensors is given in table 1. In all cases, the top-pressure
injected into the chamber. Action of the UV sensor and
burst disc valve then followed automatically. Visual evi- sensor either did not show a pressure trace or the signals
dence of propagation was provided by posttest inspection were so erratic as to be unusable. The general form of thepressur ofce propawedo wan providal sbik pollowed inspectlow
and by observing the motion pictures. The limit of flame pressure traces showed an initial spike followed by a slow

advance from passive sensors, timing of ignitor, dust injec- pressure rise.

tion time, extinguisher injection time, pressure traces, TABLE 1. PRESSURE AND OPTICAL SENSOR DATA,

photocell outputs and the UV sensor signal were recorded. HARTMANN APPARATUS
Time between sensors (ms) 1

Trial Pressure Optical Optical Temperatute Temperature
number 1.2 1-2 2-3 1.2 2-3

Il1. RESULTS AND DISCUSSION 1 13.0 9.6 7.2 15.6 28.1

2 9.1 9.0 6.7 8.8 24.5

A. Glass Tube Hartmann Apparatus. 3 10.1 8.2 6.0 11.8 33.1
Using sulfur as the sample material, good dispersion of 5 3.5* 9.4 5.1 9.0 13.3

the dust in the tube was obtained during 8 of 12 tests. 6 1.8 12.4 5.1 9.1 1.8
Tests run'with a continuous flow of air at 103-140 kPa 6 11.8 12.4 5.1 9.1 21.87 2.8* 11.9 7.5 no data 19.2
(15-20 psi) using 0.15 g of sulfur resulted in even dust 8 4.3* 14.2 no data no data 19.4
cloud distribution throughout the tube in 2-3 seconds. The
average density of sulfurin the tube under these conditions Average 11.0±1.7 10.7-t2.0 6.0±1.2 11±3 2216

was about 0.02 g/l. *(3.0-1)
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The time-of-arrival data was used to calculate average The measurements of pressure showed an initial peak
velocities of the pressure wave and flame front during due to the compression wave from the reaction, followed
propagation up the tube, results of which are given in by a relatively slow rise during the time that the optical
table 2. In four of the eight tests, a pressure wave velocity sensors and ion probes indicated presence of flame. Sub-

"sequently, each pressure trace showed a sharp peak which
is attributed to passage of the suppressant along the trans-

TABLE 2. REACTION PROPAGATION VELOCITIES, ducer array. The photocell data was extremely erratic, and,
HARTMANN APPARATUS for some tests, little conclusive information could be

Sensor Average velocity, m/sec obtained from the traces. Apparently these units
responded to the initial dust injection, the movements of

position Pressure Optical Thermal the dust cloud as the pressure wave passed, and the passage

C 1photoccll data that appeared to be consistent correlated

S(250-70) with an average flame front velocity obtained primarily
2-3 no data 127±20 35±8 from the reaction of the UV sensor. This was corroborated
1-3 no data 91±15 46±10 by the ion probe data that was obtained during four tests.

The timing versus distance curves in figures 4 through
Sof approximately 250 m/see was observed, compared with 9 provide a display of all significant events during these
an average of 70 m/sec for the remaining trials. This is SuppressantFlame limlt from propagation

passive sensors 400 m ns•"former case, compared with a low-velocity bum during the 5. 8 P Suppressant nozzle
Smarginal during these tests. If the low-order pressure data uv sensor ,be-k,--elatter runs; apparently the conditions for detonation were ,. rea'kwire•

s triggers - System reaction
is used, the correlation of velocities from all sensors at .time26 ms ...
positions 1 and 2 is remarkable. On the other hand,o." ,' tim 26 m

~ Pressure wavebetween positions 2 and 3 the optical data shows an propagation 240 mls
incieasing front velocity; whereas the thermal shows a ISO-

decrease. It is possible that the optical sensors triggered -
Searly due to reflections or other effects; or perhaps the too-

thermocouples, with inherent heat capacity, may have Initiation of
taken longer to respond at position 3 as the fleeting flame dust explosion IPresure data
front passed. The general indications from these experi-

ments were that flame front propagation within the tube 14 is 22 26 3o 4 Fftf
occurs with relatively low velocity, accompanied, or some- 2 6 1 1 i 2 2 5, 4-

o urs 061 1.3 3.0S 4.217 49 671 792 914 t0.36 Meterstimes wave. Distance along gallery

Figure 4. Test No. 40-5-01 Halon Suppressant

S. Dust Gallery ant Suoipression System.
Flame limit from Suppre:.ant

Visual examina.ion of the gallery after successful test passive sensors propagation
runs without the suppyessiin system showed only small 6.4 meters 406 mls Suppressant nozzle

traces of unburntd .ulfii, on the floor, with small globules bekwire

Sof sulfur covering the ;vails and clouding the Plexiglas face. uv sensor

In tests where propagation was incomplete, a definite t'iagers ýSystem t

demarcation between clouded and clear surfaces could be Flame propagation .. time 28 ms

observed. The cotton ball passive sensors also clearly Z .ISO.. rea.tiomarked the limit of flame advance. Examination of the : .- ..." or.o, ...." . .......... . Pressur .... wav......... e'

Hulcher and high-speed motion pictures showed initiation I nitiation of Pressure wave
A within about 0.1 seconds after injection of the dust in the 100 dust explosion

"chamber. The dust as it is discharged from each nezzlc o Pressure data

forms an overlapping circular pattern which, shortly after r e

ignition, can be observed being swept toward the chamber
exit tnder force of the compression wave built up ahead S 6 10 .4 is 2 26 30 34 Feet
of the flame front. The flame, clearly visible at ignition, 061 31) 305 427 3,9 6'7 792 914 1 MS •- • • Distance along gallery -
becomes obscure due to dust and smoke buildup, and is Dis.ncealon.galer•* •: .. ... Figure S. Test No. 41-5)-01 talon S)uppressant---
visible only in flashes as propagation occurs. Continuous
burning is visible again at the exit of the chamber. '1
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Suppressant propagation Flame limit from

Flame limit from Spressatn 195 m/s passive sensot
passivesensors 362 m/s Suppressant nozzle 300- X e 9.4 meters

6.4 meters belwr

2.[ System reaction
ITV Sysorm- reai0- 0 Suppres:,ant nozzle time 46.8 mstrgesSsm re..ti.n Flame propagation breakwire 269 ms

tim Flamepiopan Z velocity 40 ms -t UV triggers

37 m/s .E 2oo- 5 220 mls

ISO ~Pressure wv......... wave
........ .. .... / /a .... ""U -
...........' ............ ....... Pressure wave Propag2.............. ropagaton 182 m/s

,K... propagation 280 m/s Initiation of
100 Initiation of t0o- dust explosion

dust explosion 0 Ion probe data

0 Ion probe data 0 Pressure data
00 Pressure data so5

2 6 10 14 IS 22 26 30 34 Feet 2 6 10 14 18 22 26 30 34 Feet
061 1911 305 421 549 671 792 914 1036 Meters 061 683 305 427 5349 671 7.92 9.14 1036 Meters

Dictance along gallery Distance along gallery

Figure 6. Test No. 47-5-01 Halon Suppressant Figure 8. Test No. 49-5-01 Water Suppressant

Flame limit from Suppressant propagation
passive sensors est. 217 m/s Flame limit from

300 7 0 meters t / Sps nozzle Suppressant propagation passive sensors
0 •mt •r , ubreakre28 s 350 mls 7.9 meters Suppressant nozzl.,

r"r28m / breakwire 303 m/s

2300. System reaction 30
Flame propagation 300, . system reaction

.0.st. 63 ins -.. V sensor 27 ms Flame propag ation . t 2" "est .. • trige 231 ma • ... time 29 InsI
t r 21 " '• s' velocity 37 m/s23 UV sensor

E ................. Pressure wave trigger 274 Is

- Initiation of propagation 335 m/s E 10
.5 dust exptosion .200.

UJ C ...........
Ui of ........... Pressure wave propagation

"10 Initiation of 450 m/s
0 Ion probe data dust explosion
0 Pressure data 0 Ion probe data

so 100 . Pressure data

10 14 1i 22 26 30 34 Feet 2 6 to 14 Is 22 26 30 34 Feet

061 183 305 427 549 671 792 914 1031 Meters 061 11S 305 42 59 6 72 914 10 meters
Distance along gallery Distance along gallery

Figure 7. Test No. 48.5-01 Water Suppressant Figure 9. Test No. 49.5-02 Water Suppressant

experiments. From thc point of ignition (0.61 m from the deluge valve to the flame firont was remarkably consistent.
left end), a compression wave travels (town the gallery at Discounting one test, the total reaction time from detec-
near-sound velocity. This is followed by the much slower tion to hiiti,ttion of the deluge system was 28 ±2 msec.
flame front which triggers the UV sensor. After an For the Halon tests, figures 4 through 6, it is apparent that
inherent delay of about 30 milliseconds, the suppressant is the suppression occurs with essentially no delay; th- flame 4
released from the right end and propagates back through was extinguished within 0.5 m and within 10 msec after
the gallery at, or above, sound velocity. Intersection of the the suppressant arrived. For the water tests, however, the
flame front with the suppressant propagation curve suppressive action as well as the measurement system per-

. indicates the point where the fire would be extinguished formed less satisfactorily. The flame appeared to advance
if the system %ere 100 percent effective. Comparison of 2-3 m beyond the suppressant-flame interaction, which
this point with the passive sensor indicators then provides translates into 60.80 ms in time. In all cases the flame was
an indication of the suppression effectiveness, extinguished prior to exiting the gallery, but the super-

1A+ iority of the Halon 1301 as a suppressant was clearly
established. However, the additional expense and environ-

A summary of the data from the dust gallery tests is mental problems associated with the use of halogenatedr L; given in table 3. The reaction of the ultravrolct sensor and hydrocarbons may offset the enhanced performance.
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TABLE 3. SUMMARY OF FIRE SUPPRESSION 1 EST DATA

Fire
Flame Supr-essant System extin-I
arri~al injf tion reaction guish Leading

rtime at in chamber time Flame point, Max. edge
Test UV sensor time from UV sensor velocity passive flame pressure
no. location dust nozzle to suppressant ion probe sensor static wave
and 4.27m ____r inecio parmeer loctio pressur veoct

fluid (ins) (ins) (ins) (n/sec (in) PSIG (in/sec) Comments

40-5-01

flIalon 200 225 26.0 5.8 0.9 240

Hialon 182 210 28.0 6.4 0.8 490

4 7-5-01 i
1-alon 216.2 242.5 29.3 41 6.4 0.8 280

48-5-01
Wr~ater 230.9 257.3 26.4 48 7.0 0.6 335

49-5-01
Water 220.3 267.1 46.8 44 9.4 IA 182 All the eaves on

thc hurst disc
shcarcd off and
passed through
the suppressant
nozzle. Probably

r ~plugged nozzle l
rf, initially

49-5-02
Water 274 303.5 29.5 7.9 1.2 450 Suppressant noz-

zle plugged with
pieces of burst SID
disc approxi. [JA
mately 80 per. S
cent

CONCLUIONS deluge valve is sufficiently fast in action to detect and

tive in slt of this test series indicate that a UVdetec- o dextinguish asIf~r-dssu queflag system withi a010 burst-
tor/high-pressure suppression system can be highly effcc- seconds. Using similar syptems, Halon 1301 is a better U

F tiv in ontrolingthe extent of damage due to flame suppressant than water. J
lpropaga1.ion within a pyrotechnic manufacturing facility. Sulfur dispersions in air are subject to low-order
D~epending on the application. ai fire can either be extiiz- detonation when ignited by a hot source. A compression
gutished at thc- ýmir- or rolwdto a lim-ited arasc s wave propagates outwdard with near-sonic velocity,

tecubicek in w~hiLl' in operation takes place. Anl ultra- followed by a flame front of much lower velocity.
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SELF HEATING IN CONSOLIDATED Al/Cu 2 0 THERMITES

Gary D. Miller, Jonathan H. Mohler, and Michael D. Kelly

Pffe ABSTRACT

W The ignition theory of Frank-Kamenetskii, which follows fromW a solution of the steady-state heat flow equation for an
isotropic chemical heat source, predicts that a measurable
temperature difference will be established between the center
and wall of a sample that is near its ignition point. We have
measured this temperature difference in a cylindrical Al/Cu 2 0
thermite part under conditions approximating a steady-state. 11
The results of the measurements lead to a calculation of the

Ilk activation energy and a pseudo-zero order preexponentialfactor for the thermite reaction rate constant. El
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SELF HEATING IN CONSOT, 1IDATED Al/Cu 2 0 THERMITES

Gary D. Miller, Jonathan H. Mohler and Michael D. Kelly

Mound Facility*
Miamisburg, Ohio

INTRODUCTION

The Frank Kamenetskii theory of thermal ignition [1] provides
a model through which the ignition temperature of an explosive or
pyrotechnic material can be calculated. An interesting prediction
of the model is that just below the ignition point a measurable tem-
perature difference will be established between the center and wall
of the sample because )f the self-heating phenomenon. Essentially,
the model predicts that for a slowly heated sample, thermal ignition
will occur when a temperature is reached at which the rate of heat
production from chemical exoergicity exceeds the rate of heat loss
caused by thermal conduction. The basic assumptions of the model
are: (1) the combustion or decomposition reaction occurs at all tem-
peratures but is imperceptibly slow below the ignition temperature,
(2) the reaction does not occur through a chain mechanism, and (3)
the Arrhenius Equation is a valid description of the reaction rate
constant. The physical properties required for an ignition tempera-
ture prediction are the reaction exoergicity, Q, the thermal con-
ductivity, X, the sample geometry and size, the activation energy,
E, and the preexponential factor of the reaction rate con3tant, A.
If it is assumed that ignition occurs before significant reaction
has taken place, the concentration dependence of the reaction rate
is also included in A.

Frank-Kamenetskii's theory has been described in detail else-
where [1]. Briefly, it begins with the general heat flow equation
for an isotropic chemical heat source,

T T =QAe-E/RT

where: c = the mean specific heat
p = the density
T = the temperature
t = time
R = the gas constant
V2 = the Laplacian operator

*Mound Facility is operated by Monsanto Research Corporation for the
Department of Energy under Contract No. EY-76-C-04-0053.
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Restriction to slow heating rates, the use of the Todes approxima-
tion [2]:

E E T - ,W (2)

and the introduction of two dimensionless quantities:

= E (T-Tw), (3)

and z=x/r lead to the temperature distribution (solution of Eq. 1)
for a cylindrical sample having a length much greater than its
radius:

0 = In (8/6) - 2 in (ebz 2 + eb), (4)

where Tw is the temperature at the curved wall of the cylinder,
e is a reduced temperature, z is the reduced spatial coordinate, 1
x is the real spatial coordinate, r is the cylinder radius, and
6 is the dimensionless criticality parameter defined as:

6 QEAr eE/RTW
RTw

Finally, b is an integration constant given by b= cosh- 1  / 2
The point of thermal ignition for a long cylinder under slow heating
has been found by both numerical [3] and analytical [11 procedures
to occur when 6 = 6cr = 2.00, at which point TW =T, the wall igni- TAN
tion temperature. Substitution of 6 = 2.00, z = 0, and T = Tc, the M
center temperature at ignition, into Eq. 4 gives the center-wall[temperature difference at ignition, ATm Tc - To, as:

ATm = 1.38 RTo 2 /E . (6)
00

Although the usual application of ignition theory is to use Eq. 5 and
a knowledge of thermal conductivity, thermochemical properties, and
kinetic parameters to predict the ignition temperature for a sample
of known size and geometry, the process has been inverted here to
find the kinetic parameters, E and A, in a system for which classical
kinetic methods would be difficult. By measuring simultaneously the
center and wall temperatures at ignition, the activation energy, E,
can be found directly from Eq. 6. Once E is found, the preexponential -j
factor, A, can be found from Eq. 5 and previously determined values
for Q and A.

The Frank-Kamenetskii theory has most frequently been applied to
explosion of an unstable gas [4] or gas mixture, and as a result is
usually known as thermal explosion theory. There is nothing in the fl
mathematical treatment, however, which requires explosion. The theory U
Sonly deals with processes at temperatures below the point at which
heat production begins to exceed heat loss. At this point, the temper-
ature increase becomes very rapid; in turn, heat production becomes i



T ,=J

more rapid because of the exponential temperature dependence of
chemical rate constants. The increasingly faster heat evolution
boosts the system temperature still faster and the reaction is said
to "run away with itself." The occurrence of an explosion depends
solely upon whether the chemical. reaction has gaseous products.
Attempts have been made at choosing systems for study which do not
explode after the ignition point to minimize damage to experimental
apparatus. Collister and Pritchard, (51 for example, have studied
thermal ignition for the slightly exoergic (Q = 27.3 kcal mol- 1 )
isomerization of methyl isocyanide.

The consolidated thermites of this study are particularly well
suited to thermal ignition experiments for several reasons. First,
the reaction:

Cu20 + 2 Al -- Al0 + 6Cu + 573 cal g-i (7)
C2O(s) (s) 2 3(s) + (s)

has no gaseous products to result in explosion. In addition, because
the thermite mixture is consolidated to 90% of its theoretical maxi-
mum density by a hot pressing process, there is little air present to
cause a large pressure increase during burning. Third, the Todes

-' approximation used in the derivation of Eq. 4 is much better in the
ignition temperature range of normal size Al/Cu20 thermite parts (-500
0 C)than at ignition temperatures of most organic explosives (-250 0 C).
Finally, the requirements of the ignition model, that the medium be
isotropic and have a definite simple geometry, are easily satisfied
for consolidated thermite parts.

EXPERIMENTAL

Stoichiometric proportions of finely divided Al and Cu20 were
hot pressed into four cylindrical pellets of density, 4.71 g/cm3.
The four cylinders were aligned end to end as shown in Figure 1; the
resultant cylinder had a total length of 10.19 cm and a diameter of
2.870 cm. The cylinder was inserted into a graphite samole holder
(also shown in Figure 1) and end caps were screwed in place to fix
the position of the thermite. Stainless-steel sheathed chromel-alumel
thermocouples were inserted, to a depth of half the cylinder's length,
inLo predrilled holes in the graphite holder and thermite sample at
the cylinder wall and center. The assembled sample holder and thermo-

U couples are shown in Figure 2. A tube furnace was placed outside the
sample holder. The heating rate of the furnace was controlled by a
Focal-ll program running on a PDP 11/10 computer. The computer is
coupled to the thermocouples and to a relay in the furnace power line

" through a Digital Equipment Corporation laboratory peripheral system
(LPS). Temperatures acquired by the program were compared to a linear
temperature-time equation and the furnace was then turned on or off,
as required, at a frequency of 1 Hz. The heating rate at the sample
wall was 10WC/min from ambient temperature to 300*C, 51C/min from 300
to 4000C and 20 C/min above 400 0 C. The deviation of the wall tempera-
ture from the program temperature was a maximum of +1.5 0 C at temp-ra-
tures above 400 0 C.
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RESULTS

The temperature versus time data of the experiment were read
out in digital form on the computer terminal every two seconds.
Samples of these data are reproduced in Figure 3. Inspection of the
figure shows that significant self heating begins to occur at a wall
temperature of about 4700C. The ignition point was identified by a
sharp jump of the center temperature off the scale of the A/D con- !verter in the LPS (maximum digital number corresponded to 10381C).

S~The wall temperature rose to only 719*C at this point, evidentlybecause of the large heat capacity of the graphite sample holder.

Inspection of the sample after burning revealed that combustion was
complete. Most of the molten thermite reaction products had drained
"6 out of the sample holder through a 6.35 mm diam hole in the lowerS~ end cap.

The wall ignition temperature observed for the thermite part
described above was 511.5 + 0.5 0 C. At that point, the center tem-
perature was 522.5 + 0.50C. From these data and Eq. 6, an activation
energy of 642 + 58 IEJ/mol for the reaction of Eq. 7 was obtained.

In order to calculate the preexponential factor, A, additional
measurements are required. The thermal conductivity was previously
determined in our laboratory by the comparative method [6] with a
Dynatech Corporation model TCFCM thermal conductivity instrument.
The result obtained was X = 6.0 + 0.4 W/m.K at 500 0 C for Al/Cu20
thermite consolidated to p 4.7T g/cm3 . The heat of reaction, Q,
was determined by bomb calorimetry to be 1080 + 20 kJ/mol. The
value of the pseudo-zero order preexponential factor calculated
from these values and Eq. 5 is log A = 42.4 + 3.9 when A is in
mol-m-3-s- 1 . A summary of all relevant measurements, results, and
the uncertainty in each is given in Table 1.

DISCUSSION

It is interesting to compare the observed wall ignition tempera-
ture of 511.5 0 C with the reported result of 5451C as measured by dif-

V ferential scanning calorimetry (DSC). [71 The discrepancy is easily
explained by the ignition theory through Eq. 5. Though it is not
immediately obvious from the form of Eq. 5, we have found through
reiterative solutions by the Newton-Raphson procedure that To has 1..
an inverse dependence on r. We therefore expect the very small sample
used in DSC to have a higher ignition temperature than the 2.87 cm f
diam cylindrical sample of this experiment.

The values obtained for E and A may seem quite high when compared
to those of other reactions with which chemists are familiar. One
must keep in mind, however, that the thermite reaction is unusual
both in its high temperature requirement for thermal ignition and in
its speed once ignition has occurred. A high-activation energy is
totally consistent with the high temperature required for reaction.
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Table 1

SUMMARY OF MEASURED QUANTITIES AND UNCERTAINTIES

Quantity Value (+%) Method

Q (Jc/mol) 1080 2 Bomb calorimetry

S(W/m.K) 6.0 7 Comparative

r (cm) 1.435 0.5------

=To (K) 784.5 0.06 This experiment

Tc (K) 795,5 0.06 This experiment

A~T (C) 11.0 9 This experiment

E (k/mol) 642 9 This experiment

rlog A (mol/m3.s) 42.4+ -9 -This experiment

VdT/dt (aC/mn) a 2.0 2 This experiment

3Fia
p (g/cm3) 4.71 1 -his experiment

aQuantities not required for determination of E and A. i
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Furthermore, a large value of the pseudo-zero order preexponential
factor is consistent with the fast burn rate observed after initia-
tion. The preexponential factor measured must contain a density
and particle size dependence. However, additional experiments will
be required to separate these factors out.

The experimental uncertainties reported for E and A compare
favorably with typical uncertainties from classical kinetic methods.
It should be pointed out, however, that these uncertainties are
reflections of only the random error caused by least measure, resolu-
tion, and noise limitations of the technique. There may be systematic
errors present that cannot be evaluated at this time. The first of
these arises from the assumption that a chain mechanism is not involved
in the reaction. Although a total lack of mechanistic information
makes us unable to rule out a chain, it is felt that there is less
liklihood of it with a solid-state reaction, which may be diffusion con--
trolled, than with many of the gas phase reactions to which ignition
theory has previously been applied. The second possible systematic
error is the finite heating rate used. An improvement in experimental
technique would be the determination of ignition temperatures at
several slow heating rates, followed by extrapolation to the required
condition, dT/dt = 0.

We know of no other measurements of the kinetic parameters for the
Al/Cu2 0 thermite reaction with which to compare our results. Such
comparisons would, in any case, be difficult, for it shoud be noted
that our results are specific to the Al and Cu 2 0 powder sizes and the
density of the sample used here. The lack of other data on the

X kinetics of the Al/Cu 2 0 thermite reaction derives from three major
causes. First, solid-state reactions are difficult to follow by the
classical kinetic method of following concentration as a function of
time. Second, the reaction occurs at an appreciable rate only at
high temperatures. Finally, the reaction is so exoergic that it is
impossible to carry out isothermally, as is done in most classical
kinetic experiments. Therefore, we believe that this method is the
best one for determination of the rate constant for the reaction of
consolidated thermite. In addition, we expect that the method will
be applied to ma-y other pyrotechnic systems in the future.
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EFFECT OF POWDER COMPACTION VARIABLES ON THE
PERFORMANCE OF A PYROTECHNIC IGNITER*
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A. C. Munger-N. J. Seubert-J. R. BrinkAan
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ABSTRACT

The compaction of the pyrotechnic powder against a bridgewire
in an igniter is very critical to performance. The density

V- of the compact at the bridgewire interface can be effected by
the powder characteristics, environment, surface finish and
configuration of the compact holder and the loading process.
Some of these parameters have been evaluated and the effect
determined on the bridgewire-powder interface as well as the
initiation performance.

V *This work was supported by the Department of Energy
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EFFECT OF POWDER COMPACTION VARIABLES ON THE PERFORMANCE a
OF A PYROTECHNIC IGNITER

Alan C. Munger, Norman J. Seubert, and J. Russ Brinkman

Mound Facility* 1:
Miamisburg, Ohio

F1T
INTRODUCTION

The premise that a uniform powder density will result from usin
a fixed applied pressure to load a pyrotechnic mixture into an ig-
niter can be undermined by several physical factors. The compaction-Scharacteristics of a pyrotechnic powder are not only a funcztion of n
materials but also the cavity configuration into which it is placed,
the environment, and the processing conditions. All of these fac-
tors can influence the density gradient in the compact and thus, the,
density at the bridgewire. Since the density of the pyrotechnic
around the initiating bridgewire is a critical parameter that affect
the ignition of the pyrotechnic, these compaction parameters must beilA1
-onsidered for any component design and fabrication process. This L]•
study evaluates some of these factors and the effect on performance.

Techniques were developed to estimate the density of the
pyrotechnic at the bridgewire interface of an igniter. Parameters
"affecting the density at the bridgewire were then incorporated ji
in the design and processing of inexpensive test components
The hot wire ignition performance of these components was deter-
mined and related to nondestructive test data and the estimated

3 density.

DENS ITY DETERMINATION]

A method to estimate the density of the pyrotechnic at the
bridgewire was developed. The method is a two-step process:
first, measure the density of a thin compact (thin enough so that
there is essentially no density gradient) as a function of applied
pressure; and second, measure the pressure applied and transmitted
during compaction in a configuration identical to an igniter design.I'

t• The transmitted pressure data are then used to estimate the den-
ý •sity at the bottom of the compact (relates to the density at the

bridgewire in an igniter) using the pressure-density relationship
established in the first step.

*Mound Facility is operated by Monsanto Research Corporation
for the U. S. Department of Enerqy under Contract No. EY-76-C-
04-0053.

S42

• 422



The system used to obtain the pressure applied and the
pressure transmitted is a commercial ser'io-hydraulic unit
(manufactured by Materials Test System, Inc.) coupled with load
cells and a displacement monitor. Load and displacement data
are obtained by means of an X-Y recorder; the system is shown
schematically in Figure 1. A sketch of the tooling is shown
in Figure 2.

,The charge holder used to obtain the pressure-density rela-
tionship was a smooth steel cylinder having an inside diameter
of 4.29 mm and a length of 0.50 mm. At this length-to-diameter
ratio (0.12), the pressure applied and transmitted during com-
paction was essentially equal indicating a uniform comrnct den-
sity. The cylinder was tare weighed, loaded with 15 mg of pyro-
technic powder, the loaded cylinder gross weighed, and the
length of the compact measured. From these data, the density was
calculated; this process was repeated at various applied pressures.

A pressure-density relationship was determined in this method
for a 33/67% blend of titanium subhydride (TiH0 .65) and potassium

. perchlorate (KClO4). This pyrotechnic is a very safe static-in-
sensitive material which exhibits good ignition performance [i].

* The pressure-density relationship was determined to be as follows:
=P = 4.i

P = 1.351 p , (1)

YHHYDRAULIC ACTUATOR

SLOAD•

• = • "•CELL A

_ -1

X, YA, YT CONTROL
RECORDERI LVDTX LOAD OR

CHARGE DISPLACEMENT

HOLDER-

• C~ELL_ mT--

FIGURE 1 - Compaction test system.
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where:

P = pressure in MPa.
p = density in Mg/m 3 .

This relationship is shown in Figure 3.

In order to estimate the density at the bridgewire of an
igniter, the same test system was used. A charge holder, iden-
tical to the one in igniters, was used and subsequently tested.
The cylinders had a 4.29 mm inside diameter and a length of
3.73 mm. Typical data acquired for a powder charge of 112 mg are
shown in Figure 4. The force applied (Fa) and the force trans-
mitted (Ft) are recorded as functions of displacement (compacted
powder length). For these data, the pressure applied (Pa) and
the pressure transmitted (Pt) can be related to the pressures
during compaction of the pyrotechnic in an igniter component.
The Pt can then be used to estimate the density at the bridgewireI using the relationship developed in Eq. 1.

COMPACTION PARAMETERS

Three compaction parameters were evaluated: surface finish
of the charge holder, powder storage humidity, and dwell time of
the compaction pressure. The density of the powder at the bridge-
wire interface was estimated when dry pyrotechnic was compacted
at 68.9 MPa into charge holders that had various surface finishes
ranging from smooth (RMS <0.2 pm), to very rough (RMS >3.2 pm) and
when pyrotechnic powder conditioned at 100% relative humidity for
36 hr was compacted at 68.9 MPa with smooth charge holders. These
data are shown in Table 1. In addition, powder was compacted simi-
larly at the pressure required to achieve a density of 1.89 Mg/m3
at the bridgewire. These data are shown in Table 2.

The density at the bridgewire is 6.3% greater for the very
smooth charge holder (Group A) when compared to the average charge
holder (Group B). There was no difference in the average charge
holder and the very routh charge holder (Group C). This is probably
because the grooves in the average charge holder are larger than the
particle size of the pyrotechnic. As a result, the frictional force
for both the charge holders is the sliding friction of the powder
against powder entrapped at the charge holder surface.

The density at the bridgewire is only 3.2% greater for the

very smooth charge holders when the powder is treated at 100%
relative humidity.

As shown in Table 2, 30-40% less applied pressure is required
to load the very smooth charge holders and achieve the same density
at the bridgewire as that obtained with 68.9 MPa in the rough
charge holders.
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Table
TRANMITTD PESSUE AD DESIT

WTR ACNSMTTN PLED PRESSURE"ADDEST

Charge Holder Average Density Estimate
Surface Finish Powder Pt est tBigwr

____ __________ Cndiiob t Pt/Pa Density atriqewireGroup (Jim) Condition (MPa) M% M/n)(gr 3

V-A <0.2 Dry 39.0 56.6 2.10 2.01

B 0.8 - 1.6 Dry 21.9 31.8 2.04 1.89

C >3.2 Dry 21.5 31.2 2.05 1.88

MD <0.2 Wet 30.3 44.0 2.02 1.95

a6 8.9 MPa

b Dry indicates powder stored in desiccator- wet indicates powder A,[ ~ stored at 100% relative humidity for 36 .

Table 2

APPLIED PRESSURE REQUIRED TO ACHIEVEON
CONSTANT DENSITY AT BRIDGEWIREa

Charge Holder Average Density Estimate 1
surface Finish Powder Pt Pt/Pa Density at Bridgewire

Group (0im) Covnditionb (MPa) M% (Mg/rn ) (Mg/rn3)

B e0.2 Dry 42.6 51.2 1.98 1.89 10

B 0.8 - 1.6 Dry 68.9 31.6 2.04 1.89

F e0.2 Wet 48.1 45.3 1.94 1.88

a -21.
Pt 218MPa

WEbDry indicates powder stored in desiccator; wet indicates powder
stored at 100% relative humidity for 36 hr.A

p ~1;
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BRIDGEWIRE PERFORMANCE

An inexpensive test device (MAD-1031), which is shown in
Figure 5, was developed that simulates igniters used in special
applications. The charge holder used in the MAD-1031 was iden-
tical to that used in previous density evaluation experiments.
MAD-1031 components were fabricated with smooth and rough charge
holders, with dry and moisture-treated powder, and with two differ-
ent compaction dwell times.

Two significant parameters were measured on these components,
that is, electrothermal response (ETR) gamma* and time-to-bridge
burnout (BOT)** upon application of 3.5 A. These data, along with
the estimated density at the bridgewire, are shown in Table 3.

A review of the data in Table 3 re-veals a significant fact.
Compacting powder at a constant pressure does not necessarily
result in a constant density and therefore does not result in a
constant ignition time--also, the higher the density--the higher the
ETR gamma. This is expected; since, at the higher density, there
is a greater heat loss to the powder while the bridge temperature
is rising because of the application of an ETR current pulse (500
mA for 75 msec). Similarly, there is a greater heat loss to the
powder during application of the firing pulse (3.5 A) resulting
in longer ignition times.

The relationship between the DOT and the density at the
bridgewire is shown in Figure 6. Note that at the density of
1.88-1.89 Mg/m 3 , two groups were compacted at 68.9 MPa whereas two
groups were compacted at 30-40% less pressure.

The relationship between the ETR gamma and the density at the
bridgewire is shown in Figure 7. Although this correlation is not
as good as the ignition time--density relationship, this nondestruc-
tive technique can be used as a guide to determine or achieve the
desired density at the bridgewire. Figure 8 shows the relationship
between the ignition time and the ETR gamma. This relationship
also indicates that ETR gamma can be used as a guide to ignitionI. performance.

*The ETR test was first proposed by Rosenthal and Minichelli [2]
and further developed by Strasberg 13,4]. Gamma is the most
useful parameter determined in the ETR test and is related to[ the rate of heat loss from the bridgewire.

**For these components, the time-to-bridge burnout and the ignition
time of the pyrotechnic are indistinguishable.

Li4
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/PYROTECHNIC U
CHARGE HOLDER fs-

I • TOPHET C BRIDGEWIRE

CERAMIC HEADER

STEEL HOUSING

71- ELECTRODES

LI

r ~FIGURE 5 - 1AD-1031 test component. j

Table 3AN9

ETR GAMMA AND TIME TO BRIDGE BURNOUT AS FUNCTION OF DENSITY AT BRIDGEWIRE

Charge Holder Density Estimate
Surface Finish Powder Pa at Bridgswire Gamma BOT

Group (LIM) Condition (MPa) (Mg/rn (mV/ *K) (msec)

A .0.2 Dry 68.9 2.01 3.92 2.50

B 0.8 - 1.6 Dry 68.9 1.89 2.58 1.7E

C >3.2 Dry 68.9 1.88 2.97 1.79

D <,0.2 Wet 68.9 1.95 2.87 1.88

E <0.2 Dry 42.6 1.89 2.28 1.77

• i

F <0.2 Wet 48.1 1.88 2.28 l.C2

Ga <0.2 Dry 68.9 2.00 3.68 2.23A

Compaction pressure applied for 10 sec for Group G; compaction

pressure applied for 30 sec in all other groups.

5-S
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SUI-ARY AND CONCLUSIONS

V A method to estimate the density of a pyrotechnic at the
z2 bridgewire interface was developed. This technique showed that,

even though a constant compaction pressure was applied, the surface
finish of the charge holder, the humidity of the environment in
whiih the pyrotechnic was stored, and the time the compaction pres-
sure was maintained on the powder, all had an effect on the density
at the bridgewire. This effect can be detected by the nondestructive
ETR test.

The destructive testing showed that the ignition time is a
function of the density at the bridgewire and not the average den-
sity or the compaction pressure.

Manufacture of pyrotechnic igniters is commonly performed using
a constant compaction pressure to control the process. This study
shows that care must be exercised in the design of the component and
in the control of processa parameters that can affect the density
gradient in the component.

One method to eliminate some of this problem is to reduce the
length-to-diameter ratio of the compact (L/D was 0.87 for this work)
to a value where the density gradient is minimized. However, this
would result in the need for multiple loadings to fill the charge
cavity and the sub-equent cost of those loadings balanced against
the cost of controlling the necessary process parameters.
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PROBLEMS IN MANUFACTURE OF DELAY ELEMENTS BY LEAD TUBE TECHNOLOGY
BY M.V.S.N. MURTHY/S. PATTABIRAMAN/CIP, RAMASWAMY:

1. A STRAC Ts

I'll In the production of Delay Elements for use in

Delay Detonators, there are mainly two techno-

logiss, One in which the delay composition is ±1
filled in die cast tubes of required lengths
and then consolidated* In the second techno..

logy, the delay composition is filled in a

large diameter lead tube, which in extruded
in stages to the desired diameter and then

cut into the required lengths, as delay elements.

This paper deals with some of the problems f
in the practice of the latter technology in J
delay elements manufacture.

1.2. Preparation of delay composition. filling,

drawing of filled tubes, calibratich, cutting

and consolidation of cut elements are the
various proceasing stages dealt in this study.
The variations obtained in each of these
stages have been analysed statistically to
trace the sources of variations in manu?acturs,
which are responsible for the variations in

timings of delay elements.

1.3, A modification over the lead tube technology,

in which the multicore delay elements are
manufactured has also been discussed with

reference to their advantages and applics..
S" " b i l i ty °
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2. CONSTRUCTION OF DELAY ELECTRIC DETONATORS: I
2.1. A delay detonator basically consists oft

(a) a bass charge of PETN or RDX or similar j
explosives and a primary explosive charge

which may be either pure lead azide or

mixture of isad azide, lead styphnats

and aluminium. This explosive charge is
L necessary to initiate a high explosive

-+ ~charge. -

(b) the delay element to give the desired delay
: ~~interval and "

(c) thaelectro-explosive device to set-off

Sthe delay oemento when electric-energy
is supplied to it*

2.2. There are mainly two technologies by which the

delay elements are manufactuved to be used in "

the detonators. In the first technology, the

delay composition is individually filled and

pressed under specified pressure in die cast

zinc or aluminium delay elements. This tech-

nology is supposed to give good control over

the scatter in the delay timings. But this

-- method is costlier and less in productivity.

2.3. In the second technology, lead tubes of suffi-

"cient diameter are taken, filled with delay

composition and then drawn through different
dies to reduce the diameter to the required

size, suitable for insertion into detonator -

shells. The drawn tubes are cut into elements

after calibration and selection of required

delay number. The cut delay elements are then

consolioatad under pressure before inserting

them into delay filled shells.,

43o
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2,4. It is the second technology that is being
adopted at IDL Chemicals Limited, Hyderabed*

3. BACKGROUND oF THE PROBLEM:

3.1* The brckground of the problem is the erratic

fluctuations of the delay timings obtained in

the dW.'ay detonators, using delay elements manu-
factured as mentioned earlier. The irrational

behaviour of the timings were attributed to
the effects of various factors independently
and collectively, so that initiation of any

corrective actions in the process proved inade-
quote. About 25 such factors were listed,

but after consideration and discussions some
of these factors were deleted.

4. OBJECTIVS OF THE STUDY

i. to study the variation flow in the processing
of the delay elements from raw material

stage to final finished stage.

ii. to trace the responsible factors for

variations in timings at each stage of

processing and rank them in order of
importance on the basis of their con-
tribution to the overall variation,

iii. to assess the scope of interlinking variable
factors in a linear regression equation
and also to associate one or more factors

for estimating the compound effects of
them independently and collectively for

the overall variations.
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DESIGNS 0E THE EXPERIMENTS:

5.1., The experiments were planned for half second ]
delay Noe5 (24500 secs. nominal delay interval).

40 tubes were chosen at random whose length,

inner and outer dia were measured. Theorstical

volumes of these load tubse were calculated |

from these data. Ten numbers were chosen from

40 tubes and the actual volumes were measured J
using water.

5,3. Five batches of half second delay composition j
suitable for standard dela number 5 were pre-
pared at the some time from five cubicles.

Adequate quantity of samples of composition
from each cubicle were taken for quadrapling

chemical analyies of percentage proportion

of various ingredients and bulk density. TWo
identical betcnes were taken for study, which

are identified hereafter am batch I and batch 2.

5.3. from 40 lead tubes selected earlier, 20 tubes
were filled with batch I and another 20 tubes

with batch 2 of delay composition. quantity

of delay composition filled in each tube was

racorded, Filling of the delay composition

in the lead tubes was done on the same machine,

so as to avoid machine variations, 1
5.4. rilled tubes were thin drawn and the percentage

elongt.ion of each tube was recorded.
SS,5, Tea sets of 20 such filled tubes having composition

• batches I and 2 were further sub divided into

;• ~2 onto of 10 tubes, fre calibration and cutting4

operations*. 4 sub meto of theee tubes were I,
processed under two different calibration

methods designated hereafter an Method 'A'

and Method lot,3
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5.6 In method 'A', final cutting settings suitable

for delay number 5 on the basis of timings and

lengths were made by selecting 4 sonsecutive

elements from middle portion of a single drawn

tube which in turn was selected randombly
from a sub set of 10 drawn tubes. Based on

the readings obtained from these 4 elements,

the cut lengths were decided and the set of
10 drawn tubes were cut into elements under

this settings.

5.7. In method IBI, cutting settings were made for
each individual drawn tube for a set of 10 drawn

tubes filled with composition batches 1 and 2

by taking samples of 4 consecutive elements from
the middle portion of each drawn tube.

5.8. During cu+ting operations, each of the drawn

tube was categorised into three zones based on
equal distances from the holding end to free

end which were identified at the drawing process.

The first zone from the holding end is termed
as beginning, the next as middle and the final
as the end zone which had the free end. Fr.m

each such zone, 5 consecutive cut elements were

sampled representing five cutting blades. The
lengths, and diameters of these elements were
recorded.

5e9, The cut elements were consolidated in a single
machine at required pressure and the lengths and

diameters of the consolidated elements were
recorded with due identifications.

5.10. Consolidated elements were inserted into accepted
delay filled shells, crimped with delay fuseheads
of an accepted batch, fired and the delay timings
were recorded with due identifications.

4 43Q
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5.11. The flow chart of this design of experiment is

given Appendix-1.

6. ANAL.X 'O AND INTERPRETATION OF THE COLLECTED DATA:

S6.1. Data collected at the intermediate stages such

as volume of lead tube, ingredients ratios in

half second delay composition, quantity of com-
position filled in the tubes, density ratio of
each tube, the rate of elongation at drawing
process were statistically analysed to ensure

that these factors are uniform for all 40 tubes
and their variabilities under different chara-

cteristics do not introduce any variability in
the final performance of the delay elements.

6.2. The factors considered for ?urther statistical
analysis to estimate the variation flow with
respect to timings wres:

(a) batch of composition
(b) method calibration

(c) drawn tubes H
(d) zones within each drawn tube

6.3. RESULTS OF THE ANALYSIS ON THE NESTED DESIGN:

6.3.1. The results of the analysis are presented in
Table-I.

A LE -1
ANOVA OF THE NESTED DESIGN

S5. Source Degree of Sum of Mean a F Value
freedom Squares sum

of
Squares

t. Between batches 1 0969320 0.69320 1.31764
2. Between methods Ai

within a batch 2 1,05218 0.52609 23.66672*

3. Between tubes within
a method 36 0.80025 0.02229 047431

4. Between zones within
a tube so 3.74927 0.04687 11.29296*

5. Error 480 1.99201 0.00415

TOTAL: ,26 ooo.7
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* Indicates significantly different when compared

Swith tabulated IF' values.

6.3.2. It could be seen from the above table that

(a) no significant batch to batch variation

existed.

(b) significant difference was noticed between

methods of calibration and cutting within a
batch.

(c) no significant difference existed between

the tubes within a method.
(d) significant difference existed between the

zones within a tube.

6.3.3. The interpretation of the results indicated that

the timingo did not differ significantly when
the averages of the batches were compared. The
average timings obtained from the methods within

a batch were found to be significantly different

indicating that the two methods of calibration

were not identical. When the tube averages
alone were compared among the tubes processed

under a given method of calibration, no signi-
ficant difference noticed. But when the zonal
averages were compared within a tube significant

difference existed between the different zones

viz., beginning, middle and end. This was

critical since the performance of timings
of elements need to be uniform trom a drawn

tube subjected for a given delay number and

processed accordingly at each stage of manu-
facturing.

6.3.4. In order to estimate the percentage contri-

bution of variations of these factors on the
timings, the factor "tubes* was pooled with

the zones since the former was found to be

not significant. The estimated percentage
contribution of these factors to the over-

all variation is exhibited in Table-2.
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ABLE - 2

P.RCENTAGfll CONTRIBUTION UF VARIATION OF DIFFERENT FACTORS

ON OVERALL VARIATIONS IN TIMINGS Ji
a~~~~~~~ n U W a W a n W

5.No. factoar % Contribution

* a U a U* *U * * U U a aa a Wa a U

I. Batch 3.72

2. Method 21o69 1
3. Zone 46.86

4. Error 27.73

TOTALs 100.000
main===

S * * i m u am = n a a, in f a a e i m0 ,u a a

6.3.5. From the above table, it could be inferred that

the maximum contribution of variation in the

timing@ was due to the different zones within
a tube as 46086%. Next in Grdsr were the *error*

and the faethod* as 27.73% and 21.69% respecti-

vely. The error term included the experimental
error# the sampling error and the variation due

to other factors which were not considered under .

this experiment.

6.3.6* It was hence necessary to investigate further
to trace out the reasons for the higher zonal

variations. It was felt that the variations
in proceeding processing operations could have
influenced for zonal variations. I

6.3.7. As of a subsidiary interest, analysis were done
on the effectiveness of the calibration methods

WA' and 'BOO It was found that method 'BI was

better than method 'A', with renapct to lesser I
variability in timings.

64. INVESTIGATION ON THE CAUSES FOR ZONAL VARIATIONS: i
6.4.1. A thorough probinr was carried out to aegregate

these factors at previous processing stages which
ware responsible for zonal variations. To start
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with, the zonal.wijs average timing under each
tube calibrated with iaettw:ids 'tA and IB' and
filled with compositions batches I and 2 were
calculated. These values are presented in chart I""enclosed in appendix giving identifications of
Zones methods of calibration and composition
batches.

6.4.2. It could be seen from chart 1 that about 24%
of the points were on the lower side of the
expected average values of 2.5 seconds. This
indicated that the deternination of the conso-
lidated lengths and the timings for the delay
were not representative. About 80% of the
*and zone" averages of timings of the elements
from batch I under method 'A' were found to be
above the upper specification limit. About 65%
of the points were above the expected standard
average irrespective of methods of calibration
and composition batches.

6.4.3. Particulars on maximump minimum and overall
average timings under different methods of
calibration with batch identifications are
presented in Table-3.

T A B.,3 E- 3
DETAILS ON THE AVERAGE TIMINGS UNDER DIFFERENT METHODS OF

CALIBRATION.

B.No. AVERAG TIMINGS IN SECONDSMethod 'A$ Method 'B, Overall Maximum Minimum

1. 2.65800 2o54180 2.59990 2.86080 2*45080
2. 2.52164 2.54265 2,53215 2.69220 2.31320
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694,4, It could be observed from Table-3 thet the overall

average timings in batch I was 2.5999 seconds

against 2.53215 seconds of batch 2. The maximum

and minimum averages under batch 1 were more then

under batch 2. The average timings under method

'At of batch I was higher then that of method 'B'.

But in batch 2 method 1B' had an average of

2.54265 seconds against 2,52164 weconds under

method 'A'. It is to be mentioned that the

composition batches were uniform with respect

to chemical ingredients, But the variation

between the batches with respect to timing are

not uniform irrespective of method of calibration.

6,4.5. As a continuation of the investigation, the con-

solidated lengths of the corresponding delay

elements were analysed. Chart-2 presents the

average consolidated lengths with identification

of the zones, method of calibration and compo-

sition batches corresponding to the delay ele-
ments timings presented in chart-i. Chert-2

indicated that the extent of variation in the

average consolidoted lengths calibrated under

the two different methods were non-uniform at

each zone. Even the average consolidated longths

of the elements processed under method 'A'l,

where the cut lengths were calibrated for 10 drawn

tubes in totality for tha drawn tubes containing

composition batches I and 2, In this methods

it was expected that the consolidated lengths

should be uniform* The extent of variation

was found to vary much irrespective of the

zones in this method. The variation pattern

of the !average consolidated cut lengths under

mwkhod IBI was also found to be non-uniform though

it was expected that the consolidated lengths in [
a drawn tube to be irrespective of the composition

batches. j
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6.4.6. The average consolidated J.engtne of the elements

processed under two different calibration methods

with batch identifications were given in Table-4

along with maximum, minimum and overall averages.

TA B LE -4

DETAILS ON THE AVERAGE CONSOLIDATED LENGTHS OF ELEMENTS UNDER

DIFF.RENT CALIBRATION METHODS,

mum m m I am' m m. -B mm mB mmIgI@ mm R m I mam mm m m1 mm, = =¢ ,m

B.No. AVERAGE CONSOLIDATED LENGTHS IN MM

Method 'At Method 'BI Overall Maximum Minimum
m me =¢ mmas m I mm mm m I me mm mmI me@me m m mum =s€ lI mm =s m •

S1. 18.26386 17.74334 18.00360 18.52000 17,54000

2, 17.44066 17,34933 17.40130 17.78000 17.12000
='I m = me m m u me me me me m me me m m me a m me =s ms == m s'

6.4.7. It could be seen from the above table that the

elements from batch I had overall average of

consolidated length an 18,0036 mm as against

17.4013 mm from batch 2, though the methods of

calibration were subjected on the drawn tubes

belonging to both the composition batches.

6.4o.8 It could be seen that the consolidated lengths

under method #A' of composition batch 1 was

more than that of batch 2, the some trend could

be identified even under method 'B'.

6.4o9. Comparing charts 1 and 2, it could be observed that:

i. in batch 1, under method 'A' of calibration,

the average consolidated lengths in each

tube had lesser variability whereas the

corresponding timings had higher varia-

bility. Under method 'Bf of calibration,

the average consolidated lengths varied

too much but the average timings had lesser

variability. Within a batch of composition

which could be filled in 20 lead tubes the

extent of variation in average timings were

high.
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Li* In batch 2p the extent of variation in the

average timings were not much but the extent

of variations in the warega consolidated

lengths were more irrespective of the method

of calibration. ,

6.4.10. Chert-3 in the Appendix exhibits the average

timings under different zones irrespective

of the batch, method of calibration. This

chart clearly explains the phenomena of

zonal variations. To sum p up:

(a) it could be obsorved that the existing

systam of cilibration for any type of

delay number was not representative of

the entive tube which woe responsible

for zonal variations.

(b) the timings of the eiements in any zone

within a tube had direct bearing on the

corresponding consolidated lengths. J

(c) the extent of variations in the average

consolidated lengths of the elements

irrespective of the zones was high.

6.4.11. A scatter diagram prepared between the consoli-

dated length MX) and the corresponding timings

(Y) indicated that: J
(a) a trend of higher timings were found to be

associated with higher consolidated lengths.

(b) about 20% of the points were seen above the

upper tolerance limit for timings. About 55%

of the observations were found to lie between

the expected average and the upper tolerance

be* Limit. The rest 25% of the observations j
were below the expected average timings.

(c) the density of the points above the expected

average value of the timing was found to exist

in the range of the consolidated length more

than 18.00 mm. It is quite obvious from this
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chart titat for the H5 composition used in The

experiment the appropriate consolidated length

should have been aese than 18.00 mm because

most of the points oelow this level of 18.00 mm

fall well under the proposed tolerance limits.

"(d) the density of the elements abcve the upper

tolerance limit for timing may be due to the

end zoneelements which were giving higher

"timings.

6.4.12. A significant linear regression was found to

exist between timings and the consolidated length.

"6.4.13. Correlation co-efficients were worked out for each

method of each batch and it was found that they

varied, though there was a positive correlation

between the consolidated lengths and timings f'•r

a given batch of half second composition, con-

forming to the delay number for a given average

consolidated length. About 18.5% variations in

timings could be attributed to variations in the
consolidated lengths.

7, INVESTIGATIPN ON THE CAUSES FOR CONSOLIDATED-C I
LENGTH VARIATIONS:

"7.1. A critical analysis was done t') investigate the

causes for the consolidated length variatiins.

The causes that could account for the consoli-

dated length variations are:

(i) variations in the cutlengths of the :lements.

(ii) variations in the consolidation process due

to preen pressu-e differences.

7.2. Examination on the variation of cut lonotih.sof

the delay elements:

7.2.1. The average cut lengths of the elements were
estimated for all the zones in each tube. The

values had been plotted in chart-4 identifyino the

method and the batch alone. The order of

plotting is in sequence of the tubes in the

particular method. In the same way, the

average consolidated lengths were plox;ted

correspondingly in the chart-5.
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7.2.2. From chadrte 4 and 59 it could be seen that the

extent of variations in average consolidated lengths

varied in accordanco with the average cut

lengths,

7.2.3. The aves:age cutting length, the maximum and mini-

num ave:rages in each method of all batches were

calculated and presented in Table-5.

T AB LE -5

PARTICULARS ON THE AVERAGE CUTTING LENGTHS

- mm~~~ = a.. m inim W W = Wm = n

AVERAGE CUT LENGTHS IN MM
BNo. Method 'A' Method tBt Overall Maximum Minimum

S• n~ ~ ! ,jI m i m' ! ,i j ls ! m m ! a m • m m at i = -- = m I ,, l, =

1. * 20.22340 20.22340 20.63000 19.72000

2. 19,46666 19.38400 19.35333 19.70000 19.04000#4

-1 I 1 m 1 m m 1 m U m I 1 W W m 1 m 1 l I a a a 1 1

I * Indicates not available.

7.2;4o It could be seen from the above table that the

avyrage cutlength of the elements in batch 1

was more than that of the average cutlenoth in

batch 2. The average cutlsngth of 19.46666 mm

of the elements under method tA' of bdtch 2 was

slightly higher than the everago cutlength of

1908400 mm of the elements under method 'B'.

7.2.5o A scatter diagram drawn between cutlangths and

consolidated lenqths indicated that thors

existed a significant linear relationship

9Xý between these two. There existed a positive

correlation between these two characteristics.

About 20% of the variation in consolidated

length is accountable due to variation in

cutlengths. "

7.3. EXAMINATION OF THE PRESSURE VARIATION AT CON-

SOLIDATION PROCESS:
7.3.1. From the available data on the cutlength and

consolidated lengths of the elements the rate

of consolidation was estimated as the ratio of

consolidated length to the cutlength. These

448

L no



estimatris could be treated as indices for the

pressu'ze exerted during the consolidation process

because the pressure was set at a fixed value

before the operation. Using these figures,

analysis were carried out to find the existence

of any pressure variation at the consolidation
utegeo

7.3.29 The statistical analysis on the rate of consoli-

dation estimates were done using the analysis

of variance technique. The results are presented

in TabJe-6.

T A B L E -6,

ANOVA TABLE ON THE RATE OF CONSOLIDATION

Source Degree of Sum of Mean aum F'Value
Freedom Squares of===Squares

Between Tubes 29 0,01470 090005069 3.2472*

Within Tubes 420 0.06559 0.0001561

T 0 T A L: 449 0.08029

*Indicates 'F' calculated value of 3.2472 is more than 'F'

tabulated value of 1.46 with degrees of freedom 29,420 at

95% Probability level.

7.3.3. It is quite evident from the above table that

between tubes variation was found significant

at 95% probability level indicating the exi-

stence of pressure variation. In other words,

the quantum of pressure exerted on the delay

elements was not unique and uniform thougl

during the experiment the constant pressure
was aimed at, This would have been the main

.caue for the excesp variation in the consoli-

dated length of the elements.

8. ESTIMATION OF PROCESS CAPABILITIES AT CUTTING AN:D

CONSOLIDATION STAGES:

8.1. Process capabilities at cutting and consolid-Stion

stages were evaluated from data available. Tt
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was observed from the analysis that the average I
cutlengths obtained were not in tuns with the

set cutlengtha. The extent of variations in the

cutlengthe were different for ('ifferent designed

lengths. The reasons could be:

(a) the variation in the cutting blades of the

cutting machine.

(b) the variation due to improper setting of the
S ~mac hine.

(c) other factors such as adjustments of the

cutting blades, rate of feeding, holding

of the drawn tube etc., etc.

8.2. The process capabilities at consolidation stage

were found to be varying extensively and the

reasons that could be attributed wxeers

(a) pressure variation at the consolidation stages.

(b) the length variations in the cut elements,

which had been discussed earlier.

9. 0 N C L U I O N 5:

9.1. From the trials conducted, it was found that the

timing@ were not significantly different when the

average timings of the two batches of compositions

were compared. The variations in the timkingr

are affected by about 3.72% by the batches to
, "• overall variations,

9.2. The two methods of calibration were significantly
different when the average timings of the 'two •

methods were compared. The method variations

contributed 21.69% of the overall variations in

the timings.t
S~9.3. The tubes within a method were not significant "i:

indicating that the tube averages an timings !

were uniform, But the zones within Meach tube
are significantly different. Thi.s indicated . •

that the average timings were not iniform within

Seach tube and this accounted for 46.86% of the
overall variations in the timings.
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9.4. The factors responsible for the zonal variations

in the timings were traced to be due to the exten-

sive variations in the consolidated lengths. It

was found from the regression equation wurked

out between the consolidated length and timings

that for an unit increase or decrease in T.he

consolidated length, the timings wars increased

or decreased by about 12%. Further about 18%

of variation in timings nould be attributed

to variations in the consolidated lengtrs.

The relation between the consolidated lungth

and t2mings were significant for any batch of

composition in a given band.

9.5. The average consolidated lengths were not uni-

form and the extent of variations were erratic in

any zone of a tube which affected the process

capability of the consolidation. 7he reasons

could be: 4
a. Pressure variation at the consolidation stage.

b. the cutting length variations of thc elements

coming for consolidation. :1
9.6. The cutting length variations were found to !e)

extensively high for any standard cutting settings.

The variations in the cutting blades of the

cutting machine and improper setting3 were

sesponsible for this. The improper settings

arise out of lack of c orrect indicators on the

measu.cmenta of the length, feed rate end other

operational conveniences. This had affected the

process capability of the cutting machine.

9.7' The regression equation between the cut length and

tonsolidated length indicated that for an unit

increase or decrease in the cutting length, the

consolidated length increased or decreased oy

about 35.66%. 20% of the variation in the

consolidated length could be accounted for the

variations in the cut lengths.

9.8. Plant was recommended to adopt contrre.. -- art
techniques at intermediate processin stages anr1!

L 1,-.



other operational changes. After implementing

these suggestion*, there was a marked improve-

ment in the quality of delay elements with

respect to timings. There was a drop cf 20%
rejections after these corrective measures.

A Yariation of this technology ie the multicore lead delay

element where instead of one channel of composition for

carrying the *pit from the delay element to the primary

explosive, there will be a number of channels, but of a

much smaller die like a capillary. In the process tried

at IDL, the channels were 7 in number. According to

this technology# drawn tubes are cut into further smaller

diameter*. 7 such tubes are bundled, inserted into another
lanId tube and drawn through different die* until the

required size is obtained which is suitable for insertion

into the filled shells. This process minimised the zonal

variations Mue to the extra drawing operations of inserted

tubes and randomising of primarily drawn tubes. Steps are

being initiated to minimise the variations at some of the

stages of processing by investigating through the same
statistical techniques.
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EXPERIMENTAL DETERMINATION OF THE EQUATION OF STATE
OF EXPLOSIVES AND PYROTECHNICS USED IN EXPLOSIVE ACTUATORS

Raymond Ng
Sandia Laboratories

Livermore, California 94550

ABSTRACT

An experimental explosive chamber has been designed and used for
the measurement of the pressure output history of explosives and
pyrotechnics in explosive actuators. The design incorporates a
variable volume concept, thus enabling the simulation of the pressure-
volume history of an actuator as it is used in an actual explosive
valve. A pressure transducer measures the dynamic pressure while a
Velocity Interferometer System for Any Reflector (VISAR) is used at a
sensitivity of 0.021 mm/psec. per fringe to measure the velocity of a
moving actuator assembly. The simultaneous pressure and velocity data
are used to calculate the pressure-volume equation of state for each
explosive and pyrotechnic tested.
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Introduction

Explosive actuators are used as the power source in explosively "
actuated valves. In this application, they are required to p:-oduce
sufficient gas pressur,, to operate the valve. As such, it is -1 •
important to know quantitatively and qualitatively the pressure output J
history of the different actuators. An explosive or pyrotechnic can
then be tailored to meet the requirements of a certain design. This
can be done, within certain constraints, by the appropriate choice of
explosive mass and actuator volume. However, what is first required.1
is knowledge of the pressure-volume equation of state of the explosive
or pyrotechnic of interest. I

The equation of state of an explosive is important information
needed in many areas of explosive research. First, an analytical
"computer programl is being used to model the interactions present in a i
valve operation. The explosive equation. of state is necessary for a
realistic analysis to be performed. Second, variation in the pressure
output within each explosive or pyrotechnic blend must be known and
empirically determined. Third, equation-of-state information will be
essential for the evaluation of new explosives and pyrotechnics.

This report describes a technique with which the pressure-volume
relationship of an explosive is determined.

Actuator Output

As shown in Figure 1, a typical valve consists of an explosive
actuator, disc, plunger, tube(s), and the housing. As the explosive
burns, the resulting pressure shears a disc and exerts a force on the
plunger. The plunger is propelled forward until it cuts the tube(s)
and wedges itself into a tapered section of the valve housing.

It is clear from this description that the explosive is the power .I
source for the valve. The successful functioning of valves is therefore
directly dependent upon the explosive pressure. Increased knowledge .
of the pressure output would therefore enhance the reliability of any
valve design.J

%,I
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BEFORE AFTER

Figure 1. Explosive Valve Operational Sequence -1

All of the valves in present use have been desjined empirically
with an excess of explosive. Due to lack of informarion on the outputs,
tlhi.s was done to guarantee adequate power as well as : comuensate for
any "ariation in the output. However, there are recert efforts to
und'-rstand and, describe the processes and interactions involved in the
ope. z Lion of a valve. Furthermore, new designs a-e becoming such that
an cxcess of expicsive becomes more significant and the variation in
output more crit.' cal. IMore irformation is demanded on the critical
pressure output of th•. actuator's.

Preliminary efforts 2 were made to derive pressk rc output

information from available measured velocities of plungers in valves.
It was shown that, while some understanding of the pressure-volume I
rer ationships oan be acquired by this method, a more exact methiod

would be to directly measure the pressure with a L.ransducei. such
efforts were then untd-crtaken, the resulting technique being Jescribec
in the following section.
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I 1~Xpo r 11011nt l"q uai lmt n t

lhe present design or" the Cxpir-lmntal CequiIpment is shown in
Figures 2, 3, and 4I. A roi.iablo 304 stainless steel housing is so
designed as to have a threaided hole to hold a Kistler No. 607C3
pressure transduccr and a smooth bore in which a slider could be press
ri ttecd.

VARIABLE

VOLUMEl

Desi()'i

Figure 2. Variable Volume Design
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The pressure transducer is first mounted into the housihg. This
transducer can record pressures up to 690 MPa (100,000 psi) and has a
rise time of 1.5 psec. Further filtering of the electronic equipment
results in an effective rise time of 8 psec., still sufficiently fast
for our study.

A beryllium-copper slider is press fitted into the housing bore
and the explosive actuator to be tested is placed into the slider's
treaded bore. When the actuator fires, the resulting pressure will
force the actuator-slider assembly out of the bore. The assembly has
been sized (diameter and mass) so 'hat the resulting volume history
would be similar to that experienced in an explosive valve.

As the actuator is fired and the assembly moves out of the bore,
the main feature of this design is the simultaneous determination of
the pressure and volume histories. It is only through these that a
resulting pressure-volume equation of state can be determined for each
actuator tested.

The pressure transducer measures the pressure directly during the
complete travel of the actuator-slider. A simultaneous volume history
is determined by means of measuring the velocity history of the
actuator-slider. The volume history is then easily calculated from
the velocity data.

Velocity histories of the actuator-slider assembly are acquired
by means of a Velocity Interferometer System for Any Reflector
(VISAR).¾O This system is shown in Figures 5, 6, and 7. Figure 6
displays the interferometric optics for this system. The corresponding
schematic is shown as Figure 7. This system has been used in the past
to measure the velocities of plungers in the actual explosive valves. 5

The light from a laser located on the lower level of the system's
table is reflected off mirrors onto the surface of the target. This
incident laser beam is then reflected diffusely from the surface,
collected, and passed through a polarizer. Any surface motion causes
a Doppler sh.ift-in the frequency of this reflected light. The beam
is then split, with part of it going into a beam intensity monitor
(a photomultiplier tube) which records the light intensity for use in
normalizing the data signals. The remaining light goes into another
beam splitter where it is again split into two parts. One part
travels a short distance to a mirror and back again. The ether
portion goes to an optical delay leg composed of (in this system)
two lenses and mirrors, and then rejoins the light from the first leg.
(Most other laser interferomet-r systems use etalorL rods for their
delay of a two equi-distant leg system rather than the two lenses.
The two lenses, as well as very long rods of etalon, result in the
sensitive system needed to detect the lower-than-shock wave velocities
experienced in these tests.) For these tests (and as shown in Figures
6 and 7), the lenses are positioned for a sensitivity of 0.021 mm/isec.
per fringe. The recombined beam is sent through a polarized beam
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SFigure 6. VISAR Optics
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splitter which splits the beam into two signals, one into each of two
photomultiplier tubes which record data fringes caused by recombining
the time-offset Doppler-shifted light beams. A data reduction computer
program6 converts these -fringes into velocity histories.

Results

The measured data for each experiment consists of a pressure
history and 3 photomultiplier data. Figure 8 displays some data from
an actual experiment. Shown on the right-hand plot in Figure 8 are
the pressure data and one of the fringe measurements from a data
photomultiplier tube. Only 100 psec. of the data is shown on this
plot. The third curve shown on the right-hand plot is the velocity
history calculated from the VISAR data. This velocity curve is then
used to calculate the displacement of the actuator-slider assembly
and the resulting increase in the volume containing the explosive
chamber. The simultaneous pressure and volume histories are combined
into the pressure-volume plot shown as the lower left-hand plot of
Figure 8. The abscissa value of "specific volume" is given as the
ratio of the present volume to the initial volume (the initial volume
being the volume in each explosive actuator). The minimum value is
therefore 1.0. For typical actuators, this system can measure the
pressure for specific volumes up to 10.

The P-V Equation of State curve is a typical plot of the type of
results acquired with this system. The measurement is also consistent
with an actual valve history since the time required to function an
actual valve is approximately 100 jisec., with a resulting specific
volume of about S. The corresponding actuator-slider location (at
100 lisec.) is also pictorially displayed at the upper left corner of
Figure 8.

As designed this equipment will yield an equation of state with
a single test, show the variation in output from "iOentical" actuators,
and display the difference between different explosives. This can be
demonstrated in Figure 9 by the plotting of the pressure-volume
equations of state determined from 4 other tests. Two actuators
containing 112 mg each of a TiH.65-KCl0 4 pyrotechnic mix are compared
with another two actuators which contained 100 mg each of Ti-KCI04.

"Each actuator produces an equation of state curve (although not. part of the pressure-volume relationship, the pressure rises are

included on these plots). As can be seen, the variation between
"identical" actuators is displayed, as is the more obvious difference
between the different pyrotechnic mixes. The usefulness of this
system is confirmed by this comparison plot.
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0 3 4

Specific Volume

Figure 9. P-V Comparison Plot

Conclusions

. A technique has been developed and used to acquire the pressure-
volume equation of state of explosives and pyrotechnics used in
explosive actuators. It is no possible to acquire the equation of
state with a single test. Further testing on "identical" actuators
can yield information on the variation present in actuator outputs.
Also of major importance is the fact that differences between different
explosive and pyrotechnic outputs can now be known and used for future
designs.
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DREV PYROTECHNICS TEST FACILITIES AND TECHNOLOGY BASE PROGRAMI

by

P. Plante

Defence Research Establishment Valcartier
P.O. Box 880 Courcelette
Quebec, Canada GOA 1RO

ABSTRACT

This paper describes the pyrotechnics test facilities at the
Defence Research Establishment Valcartier that are used for light
intensity measurements of tracers, for aerosol studies, for ignition
studies of primer-tracer compositions and for testing of smoke genera-
tors. A brief description of technology base work on castable smoke
compositions, for application to coloured and screening smoke grenades,
and on delay igniters is also given.
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INTRODUCTION I
The pyrotechnics test facilities and current related technology

base programs at the Defence Research Establishment Valcartier (DREV)
are described in this paper. The principal facilities are:

a. an installation for the measurement of visible light :
output from tracer bullets, when submitted to a rota-
tional speed of up to 100,000 rpm;

b. a 320-m 3 aerosol test chamber for evaluating screening
properties of smoke agents;

c. a high-pressure vessel for ignition studies of trk..-r
primer compositions; and

d. a combustion chamber for testing of smoke generators.

The current R&D work ,.n pyrotechnics at DREV also deals with the develop-
ment of polymer-based castable smoke formulations for application to
signalling and screening smoke grenades and with the development of delay
igniters.

TEST FACILITIES

Installation for Tracer Performance Testing

Figure 1 is a pnotograph of the installation used for tracer per-
formance evaluations. The spin apparatus is a 5.1-cm (2-in) horizontal
air turbine from Barbour Stockwell Co. which can be rotated up to a
maximum speed of 100,000 rpm. The 7.62-mm tracer test sample, which
together with its adaptor/holder weighs about 30 g, is mounted directly
on the horizontal shaft of the turbine rotor.

Figure 2 is a schematic representation of the turbine installation.
The turbine speed is monitored with a control unit incorporating a
speed control and a digital tachometer (B.S. Models 10SE and 107B). The

speed control can be operated in two modes: ungoverned, in which the
operator directly controls the throttle valve and the turbine speed, or
governed, in which the operating speed is initially preset, but the
turbine is brought to speed under manual control. The speed of the
turbine is controlled to an accuracy of ± 0.5% of the maximum attainable
value.

• ~The digital tachometer measures turbine speed by counting the
electric pulses sent from a magnetic pulse transducer. The transducer A
is installed close to the turbine shaft which, at this location, is in

• ~the form of a six-tooth gear. In the governed mode, the measured speed

is compared with a preset value and a correction signal is fed to the
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throttle valve if there is a detected difference. The tachometer incor-
porates an independant and adjustable overspeed shut-down system which
can close a solenoid valve in the air drive line, thereby protecting the
turbine against overspeed damage.

The air is supplied from six air cylinders that provide a total
air storage capacity of 38 m3 at 15 MPa (2200 psig). Air passes through
a regulator for depressurization to 0.5 MPa (60 psig) and is filtered
before passing through the overspeed valve and the throttle valve
(Valtek Mark 1). The diameters of the drive air line and the valve con-
nections, 2.5 and 3.2 cm respectively, ensure that the pressure losses
due to pipe friction are below 0.03 MPa (5 psi) for good speed control
and turbine performance. The bearings of the turbine are lubricated

• "by air laden with oil mist delivered from an oil-mist generator
(Alemite No. 4977).

The spinning tracer is ignited by the flash output of a squib
(CIL S-140) held in a support at a 2-cm distance from the tracer pripier
surface; the support falls into the horizontal position when the squib is
functioned to provide a clear field of view to the burning tracer.

Figure 3 shows the instrumentation set-up for measuring the

luminous flux and radiant energy output of the tracer. The radiant
energy output, in waets, is measured with a radiant flux detector (Hewlett
Packard Model 8334A) located at a distance of 1.2 m from the tracer.
The instrument detects radiant energy in the range of 0.2 to 3 Im. The
luminous flux, in foot-lamberts, which corresponds to the human-eye
sensitive region of the spectrum, 0.38 to 0.78 pm, is measured with a
photometer (Spectra Pritchard Photometer, Model 1980). This instrument
actually measures the light reflected by a diffuse white plate (20 by
30 cm) which is located 1.5 m from the burning tracer. The instrumert
is 1.7 m distant from the reflector plate and its field of view,
20 minutes, is such that it only sees the reflector plate surface.

are The output signals from the radiant flux meter and the photometer
are digitized via an A/D converter connected to a PDP 11/10 computer,
and stored on magnetic tape for later data processing. The A/D converter
samples the analogue signals at a rate of 60 readings per second.

Aerosol Test Chamber

Figure 4 is a photograph of the DREV aerosol test chamber which is
being used for evaluating screening agents for their screening performance
over the 0.4 to 14 pm electromagnetic region. The chamber is constructed

of reinforced concrete and has a total volume of 320 m3 (11,350 ft 3 ).SThe structure at the top houses a variable speed exhaust fan for rapidly
evacuating aerosol clouds after each test (Figure 5). Two fans,
198.2 m3 /min (70011 cfm), are installed at mid-chamber height opposite
"to each other for mixing the aerosols in the chamber to a homogeneous
consistency.
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Twenty-six air intakes, each 20 cm in diameter, are located on
the circumference of the chamber near the base. These holes are noramlly
sealed during aerosol experiments but can be used during a flare evalua-
tion experiment for delivering a well-distributed inflow of air.

The radiant sources, which are either luminous or infrared emitters,
are installed on one side of the chamber and the radiometers are located
on the opposite side in a shed adjacent to the chamber; the radiant flux
is transmitted to the detecting instruments through a suitable optical
window. The instruments that are used for measuring radiant energy are
detailed in Table I.

TABLE I L

Instrumentation for Radiant Energy Measurement

Instrument Spectral Response Range (vm)

Spectra Pritchard Photometer, 0.35 - 0.84
Model 1980
Kollmorgan Corp.

Autoranging Telephotometer System 0.30 - 0.90
Model 1C 2001
Gamma Scientific Inc.

Dual Pyroelectric Radiometer • Radiometer 0.60 - 14
RK3440
Laser Precision Corp.

Optical Multichannel Spectral Analyser 0.35 1.10
Model 1205 V
Princeton Research Co. _ -

Two 15-cm diameter conduits that connect the chamber and the
adjacent instrument laboratory are used for particle size and mass con-
centration sampling of the aerosol cloud. Instruments that are available
for such analysis are described in Table II.

For small-scale aerosol generation and calibration purposes, a
Berglund-Liu Monodisperse Aerosol Generator, Model 3050, from Thermo Systems
Inc. is available. This instrument can generate monodisperse aerosols
(i.e. all particles of same diameter) from liquids or soluble solid mater-

4als over a selectable particle size range of 0.5 to 50 Um.



TABLE II

Instruments for Aerosol Particle Size and Concentration Analysis

Particle Size Range Principle of
Instrument Detection (,pm) Operation

High Volume Cascade Impactor 0.5 - 10 5 stages cascade
Weathermeasure Corp. impactor

IACFM Ambient Particle Size Sampler 0.5 - 11 8 stages cascade
I Anderson 2000 Inc. impactor

Electrical Aerosol Size Analyzer 0.0032 - 1 Charged particle
Model 3030 mobility diffu-
Thermo Systems Inc. sion analysis

Aerosol Particle Monitor 0.5 - 5 Light scatter-
Model 220 ing principle
Royco Instruments Inc.

Piezobalance Respirable Aerosol <3.5 ElectrostaticSMass Monitor, Model 3500 precipitation

* Thermo Systems Inc. on piezocrystal

High Pressure Vessel for Tracer Primer Ignition Study

The tracer ignition process in a 105 mm spinning tubular projec-
tile (STUP) presents some unique problems. Figure 6 presents a schema-
tic representation of a possible tracer configuration at the base of
this STUP. When the projectile is fired in a rifled gun, the propellant
gases must pass via a narrow throat in the base drive-plate to the surface
of the primer composition. A study has been commenced to determine the
effect of the throat design on the reliability of tracer ignition when
this arrangement is suddenly exposed to hot high-pressure propellant gases

S . over a 10-ms period in a pressure vessel.

Figure 7 shows the high-pressure vessel that has been designed
for this study; it is constructed to withstand a maximum pressure of
690 MPa (100,000 psi). The exterior of the chamber is 23 cm in diameter

3by 7 cm in length, and the internal chamber is 7.6 cm in diameter by
13.3 cm in length for a free space of 615 cm3

A rupture-disc assembly is provided for the rapid depressuriza-
S •" tion of the chamber after a preselected maximum pressure has been

reached. It is made of two concentric bolts between which a rupture-
disc is held. The gases escape through a l.l-cm diameter hole in the
inner bolt. For this hole size, the gas-evacuation time from the
chamber for a peak pressure of 414 MPa (60,000 psi) is in the order of
10 ms; this pressure is the nominal pressure developed at the base of
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a 105 mm STUP projectile fired from a rifled barrel. The assembly is
made of two bolts to allow for the expected erosion of the inner bolt,
which may have to be replaced after each firing.

The gas pressure developed in the chamber is measured with a
piezoelectric pressure-transducer (General Transducer Co. Model GT-24)
and the si-nal is recorded with a strip chart recorder (Honeywell
Visicorder 1508B).

A pressure-sealed chromel-alumel thermocouple probe (Azninco
No. 45-17626) is inserted at the base of the tracer capsule to detect -
the end-of-burn of the charge; it is connected to a Tektronix 502 Dual
Beam Oscilloscope equipped with a polaroid scope camera. As shown in
Figure 7 the vessel is surrounded by a water jacket so that it can be ii
cooled rapidly between tests.

Approximately 400 mg of tracer powder are loaded at 620 MPa
(90,000 psi) into a cavity having an internal diameter of 0.5 cm and a
depth of 1.2 cm; 40 mg of a primer mix are applied over the pressed tracer
powder at the .;amre pressure. The tracer b•ody is located ir a heavy steel
plate which is covered with a second plate into which a 1.9 cm deep 19
throat has been machined as shown in Figure 7. Approximately 130 g
(2000 grains) of gun propellant are suspended from a rod in front of the
throat opening. Ignition of the propellant is achieved via an electric
squib and a black-powder priming charge.

Installation for Smoke Generator Testing

Figure 8 is a photograph of the chamber used for testing smoke
generators. This installation permits the measurement of variables such
as burn rate, combustion temperature, gas temperature, smoke density and
rate of weight loss. It is located in a 10-m7 room with a fan installed
in the roof of the chamber to exhaust the smoke; two other fans with
heating elements are located on the two opposing side walls for air intake
during a test or for rapid ventilation of the room after a test (Figure 9).

The test smoke generator is installed on a weight-loss transducer
(Statham UC3/UL4-50) for measuring the change in weight as a function
of burn time. Combustion and gas temperatures are measured with chromel-
alumel thermocouples; the "combustion" thermocouple is inserted to a
1-cm depth into the pyrotechnic composition and the "gas" thermocouple
is installed at 3-cm distance from the exhaust orifice of the generator.

As shown in Figure 9, a 24 W lamp and a radiant flux detector
(Hewlett Packard Model 8334A) are installed facing each other across the
chimney for the evaluation of smoke density. The light is transmitted
from the lamp to the detector through two S-cm holes in the chimney.
The measured smoke density is a relative density that can be used for
comparing one grenade to the next; no attempts have been made to relate
this measurement to an absolute optical density. A deflector is
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installed at the base of the chimney for the uniform dispersion of the
smoke before it passes through the light beam. The volumetric gas
flow through the chimney is fixed at a constant value during a test,
28.3 m3/min (1000 cfm).

The detector signal from the radiant flux meter is fed to a digital
volt meter and then numerically printed on paper, whereas the outputs
from thermocouples and the height-loss transducer are amplified and fed
to a strip chart recorder (Honeywell Visicorder, Model 1058A). The
amplified signals are also fed into a minicomputer PDP 11/10 for digitiz-
ing and storage on a magnetic tape.

TECHNOLOGY BASE PROGRAM

Polymer-Based Smoke Compositions

Polymer-based castable smoke compositions, both coloured and white,
are being developed at DREV for application to signalling and screening
smoke grenades. The advantages associated with castable compositions,
compared to conventional pressed powders, are mainly their imrroved
mechanical properties and stability, improved safety in handling with
reduced friction, lower impact and electrostatic sensitivities and
greater flexibility for designing the grain configuration.

The objective of the technology base studies is to optimize smoke
compositions and grain configurations for maximum smoke output and colour
quality, so that subsequent design requirements for burn time and weight
can be established.

Coloured Smoke Grenades

For coloured smoke grenades, formulations incorporating the
following, chemical constituents are being investigated:

, a. an organic dye (38 - 45%);
. . an oxidizer, potassium chlorate (22 - 28%);
c. a fuel, sulfur (4 - 9%); 54
d. a gasifier and stabilizer, sodium bicarbonate (5 - 16%); and
e. a binder, polybutadiene R4SM (18 - 20%).

The coloured smoke is produced by the vaporization of the dye using the
heat generated by the oxy-reduction reaction of the ozidizer with the
fuel. The expelled dye vapours then condense in the air to produce a 2-
fine particulate, coloured smoke cloud.

Figure 10 is a cutaway view of a test generator that depicts the
interior grain configuration. The grain is 6 cm in diameter by 6.3 cm
in length with a central chimney; it is bottom-ignited with the smoke
venting upwards through the chimney. This configuration implies that
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the unignited grain is preheated by the hot escaping smoke, so that the
rate of burning is maximized. This effect leads to a possible reduction
of the energetic constituents and a concurrent increase in dye content.

As shown in Figure 10, a 0.63-cm thick wafer of starter composition
is placed between the primer material and the smoke grain. This wafer is A
similar in chemical make-up to the main composition, but has a lower dye
content and, therefore, a faster burn rate. Violet, yellow, green and
red formulations that give good smoke volumes and colour qualities are
given in Table III.

An unexpected problem of flaming in the emitting smoke had to be
resolved in the course of the development. It was found that with a

W single exhaust port the flaming probability was high when the grenade Li
ME was burned under low wind conditions. Figure 11 shows the baffle config-

urations at the base of the grenade that were successively investigated
to solve the problem. Design No. 3, which forces the smoke to disperse
laterally through six O.5-cm diameter holes on the circumference of
the container was eventually chosen. This configuration eliminates the• • ~concentration of hot gases exiting from one place, as was the case for ]
the single exhaust port design. i

TABLE III Z

Typical Coloured Smoke Formulations

Ingredients (% Weight) A

Colour Dye KU03  S NaHCO3 Binder*

Yellow 42 24 7 7 20

Violet 42 24 7 7 20 -

Red 42 24 9 S 20

Green 42 24 8 6 20

*R4SM Polybutadiene (IITPB)

Screening Smoke Grenade

Two types of polybutadiene polymer-based formulations are being
investigated for screening smoke applications in grenades. One type of

L • mix produces zinc chloride smoke. Its principal chemicals are: hexa-
chloroethane or hexachlorobenzene, zinc, zinc oxide, azmaonium perchlorate,
and polybutadiene R45M binder. The other type is similar to the coloured 7]U
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smoke formulations in that it incorporates an organic white dye (2 -
chloroanthraquinone).

At this stage of development, small-scale generators with a grain
configuration similar to the one for the coloured smoke grenade, and
incorporating about 30 g of smoke composition, are being used to test
experimental formulations.' Typical compositions being investigated are
given in Table IV.

TABLE IV

Typical White Smoke Formulations

Ingredients (% Weight)

Code Dye KCO 3  S NaHSOg Binder CCkr Zn ZnO NH4CP0 4

Ex-9 42 24 7 7 20

Ex-11 15 41 34 10

Ex-19 16 22 36 26

Delay Igniters

Limited development work has also been undertaken on percussion-
ignited delay igniters, primarily for application to pyrotechnic devices.
Commercially available delay columns, normally used in delay detonators,
were incorporated into 3.5 and 15-s delay igniters and primed with caps
used for 9 mm ammunition. Very reliable ignition of the delay columns
was achieved even though no intermediate primer powder or fast-burning
delay element was used for transferring from the primer cap to the
main delay column. A boron/barium chromate powder was used at the tip
of the delay column to provide the desired hot flash output.

SUMMARY

The various test facilities now operating in DREV's Pyrotechnics
Group have been detailed, and current technology base studies have been
described.
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Figure 6 Tracer Configuration for 105 mm
Spinning Tubular ProjectileTO DRI 4

VI

WATRACER THROAT

-•_ RUPTURE DISC
-'•- / ASSEMBLY

-•---- •PRESSURE GAGE

S - " "THERMOCOUPLE

-.. %- •PROBE

S I WATER JACKET

Figure 7 - Instrumented High Pressure Vessel

for Tracer Ignition Experiments

485



'-

JJ

A

LIGHT SOURCE I RADIANT FLUX RADIANT FLUX

24W DETECTOR MER11 AID CONVERTE
FIRING I-

CIRCUIT DEFLECTOR CH-E LMLPP 0Oqy~ THERMOCOUPLES

WEIGH LOSSSTRIP CHART
TRANSDUCER RECORDER

NN
Vi4~ure 9 -Iristrllunentation for Snolke Gen01er'ator Test Chamber

4-,h



EXHAUST PORT

SMOKE COMPOSITION6.3 cm

I • ~0.6 cm

! - STARTER

SSQUIBcm 
PRIMER DISC

Figure 10 - Test Smoke Generator

1 
2 

3

Figure ii - Baffle Designs for Smoke Grenades

487

01

:2 :RAM



71

SN PASSIVATION OF THE PYROTECHNIC FUELS TITANIUM AND
TITANIUM HYDRIDE IN OXIDATIVE ENVIRONMENTS

By

Rod K. Quinn
Sandia Laboratories

Albuquerque, New Mexico 87115

Titanium and titanium hydride are used as fuels in pyro-
technic mixtures for explosive components. Their behavior

in strongly oxidizing environments is of concern. The

oxidation of these high-energy density materials has been

modeled by electrochemical and thermal aging techniques. In

our electrochemical experiments, the apparent thickness of

the oxide was controlled by the magnitude of applied potential

across the film. On previously untreated films, onset of

oxidation occurred at ca. + 0.4±0.2V versus SCE; the peak

potential in this faradaic process varied as a function of

pretreatment and surface condition. After oxide formation,

the thin film electrodes behaved as semiconducting surfaces.

The electrode capacitance of the oxide film showed "ideal"

semiconductor behavior. Postmortem analysis by XPS and

Auger spectroscopy was used to characterize the extent of
oxidation of the film surface. Observation of the dN(E)/dE

and N(E) Auger spectrum indicated that the electrode surface

Is a mixture of TtO, T120 3 , and TiO 2 , as well as the respec- -
tive metallic phases. This is confirmed by the predominant

XPS Ti transition. The extent Gf oxide growth into the

films was measured by Auger/depth profiling experiments and

the results are comparable for the two metallic materials.

The results of these experiments are compared for titanium

and titanium hydride and are examined as to a model for[ C oxide formation and growth.

This worksupported by the U. S. Department of Energy j
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The Explosive Component Department is interested in transition metal hydrides

as reactive solid materials to be used in explosive components. Primarily we are

interested in TiHx as a high energy density fuel for blending with a strong

oxidizing agent to form a class of explosives called pyrotechnics. As an example

some of our actuators employ TiHx + KC1O 4 in a 33%/67% weight percent ratio. These
pyrotechnic materials are usually ignited from a heated bridge-wire. Several

applications of pyrotechnic materials are listed in Fig. 1. There are at least
four good reasons why we are interested in pyrotechnic materials: (1) high auto-

ignition temperature, (2) high resistance after fire, (3) high reliability,

(4) they can be made spark insensitive.

The work to be discussed in this paper is part of an overall program at SLA and

Mound to understand the chemical and physical properties that govern the performance

and sensitivity of pyrotechnic materials. The major purpose for this program is to

gain sufficient information to be able to design components to satisfy future system

requirements.

The problem of spark sensitivity is one of utmost concern. Whereas a-Ti is

sensitive to equivalent human body spark, y-TiHx is not. The reason(s) for this

difference is uncertain. We feel at least part of the answer lies in the surface

properties of these high surface area, fine particle materials. Initially we have

undertaken to examine the effects of corrosion or passivation by oxiodation on the

physical and chemical properties of the metallic constituent. These constituent

properties will probably dominate the physical and chemicz " 'operties of the pyro-

technic blend', and therefore the ignition and spark sensitivity. Titanium and

titanium hydrides have been examined in film, bulk and we are currently examining

powders and blends. In this paper I would like to present our results on the

oxidation studies of Ti and TiHx thin films.

In Fig. 2, an outline of our experimw'*.l apparatus and techniques are shown. V 3i)-.
We perform our controlled oxidation with a 3-electrode potentiostat. The apparatus
also allows charge, capacitance and surface conductance to be measured as a function

of potential. The samples studied were 200-600 A films electron-beam deposited on

4500 C Si0 2 substrates. The background pressure was %I0"7 Torr during deposition.

The AES/XPS data were taken on a Phi 548 spectrometer.

A typical linear sweep voltammogram is shown in Fig. 3 for Ti oxidation in

IN HCtO4 . In this figure, the current flowing at the Ti or TiHx electrode is

E (measured as the voltage is scanned at a specific rate, e.g., 5 mV/s.
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!F SAPPLICATIONS OF PYROTECHNIC MATERIALS f

COMPONENTS SUB-SYSTEMS

SPARK INSENSITIVE LOW ENERGY DETONATORS POWER SOURCES
* DEFLAGRATION DETONATION TRANSITION (DDT) 0 LIGHT OUTPUT • PHOTOVOLTIAC CELL

DETONATORS

• FLYING PLATE DETONATORS DISABLEMENT TECHNIQUES

- HEAT POWDERS (E.G., THERMITES)
SPARV INSENSITIVE INITIATING DEVICES * TORCHES (E.G.. FOR TABS)

* ACTUATORS
; IGNITERS

LONG LIVED PROPELLENT DEVICES

* ROCKETS. THRUSTERS, ETC.

Figure 1

Some of the applications or potential
applications of pyrotechnical materials
of interest to Sandia Laboratories.

INTERFACIAL ELECTROCHEMISTRY

PAR 173 Potentiostat with auxiliary
equipment permits measurement of: FJ

(a) Current - voltage
(b) Charge- voltage

(c) Capacitance U
(d) Surface Conductance

Thin Film Electrodes:

200-600 A Ti
deposited at 250C to 5000C IV

on S102 or A1203 substrates

SURFACE ANALYSIS

AES/ESCA - PHI-548 Spectrometer

Figure 2
Experimental apparatus and techniques
employed in this study.
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Initially no current flows, until a potential of about 0.3 to 0.5 V (measured

relative to the saturated calomel electrode (SCE)) is reached. At this point a sharp

increase in current is observed with the peak occurring at potentials between 0.5 and

0.7 V versus SCE. Nearly constant current densities of 30-50 pA/cm2 are observed at

potentials between '0.7 and N2.7 V versus SCE. If the anodic potential were

interrupted or reversed in direction, the faradaic current quickly decayed to zero

and no currents were observed on the return scan until potentials less than -0.2 V

versus SCE were reached, at which point hydrogen evolution would occur.

The exponential increase in current with applied potential above 2.7 V versus
SCE is typical of exhaustive oxygen formation (02+) and is controlled by the kinetics

of that reaction as well as Ti 4+ and 02- migration. We are interested in the near

steady-state, field dependent oxidation of the "pre-passive" region between 0.5 and

2.;. V. To study this region we define a parameter, the oxidative onset potential--
EONSET. This is t~e potential one determines by extrapolation of the sharp i-E ramp

at the onset of oxidation to the zero current axis. The slope of this ramp, di/dE,

is also a useful parameter as it is a qualitative indicator of the height of the
energy barrier to oxidation.

The shape of the oxidative curves for Ti films was independent of pH although
the onset potential shifted cathodically with increasing pH. Two distinctive regions
were observed--in acidic to neutral media a slope of -20 mV/pH unit was observed,

while in basic media a slope of v.80 mV/pH unit was found. This behavior is the

subject of further study.

The dc conductance, or surface conductance for films of less than 250 A thickness,

indicates a monotonic decrease with oxide layer growth. For example, for a typical
film at 2 V, a depletion of N2 x 1022 electrons from the conduction band of Ti is

'4WE observed.

The capacitance versus applied potential measurements for these films indicate

an oxide layer grows but the layer is semiconducting rather than insulating with an
approximated carrier density of 1020 cm-. Linear I/C 2 versus potential behavior

also Indicates a uniform space charge layer over relatively thin (<250 A) electrode

thicknesses. The conclusion drawn is that we have an n-type or reduced titanium
dioxide and not stoichiometric Ti0 2 .

To assist in establishing a mechanism, to quantitate the oxide formation and to

examine solvent/solute effects (none were seen in the electrochemical experiments)

surface analysis by Auger and x-ray photoelectron spectroscopy was employed on our

thin film electrodes. In Fig. 4(a), a typical AES spectrum is shown for a Ti
electrode surface. The dN(E)/dE spectrum indicates a large oxide peak relative to

iAi

the Ti LMM and LMV peaks. However determination of the oxygen to titanium ratios by
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measuring the peak heights (Ti LMM at 387 eV) and correcting for Auger sensitivities

indicated a ratio of 1.6 to 1.7. The correction was made by comparison to a standard
compound of known stoichiometry, namely T10 2 . 1 This sub-stoichiometric ratio, 1.6 to

1.7, was observed independent of oxidation up to Q2.0 to 2.5 V or 12 to 14 mC/cm2 of

charge. Argon-ion etching to significant sub-surface depths yields a spectrum similar

to that seen in 4(b). The oxygen signal has decreased significantly but has not
disappeared. Since these films were deposited on hot substrates (450 0C) significant

mixing of Ti and St0 2 is expected at the interface. 2  Indeed, Si is observed at a
depth of 0150 A in this 200 A film. Therefore, some oxygen could be contributed

from this source.

The argon ion etching technique coupled to AES allowed us to profile the oxygen-
titanium ratio with depth below the surface. By correction of each of the electro-
chemically grown profiles for the baseline blank films the amount of excess oxide

produced could be quautitated. Again the oxide/titanium ratio at the surface of

each electrode was invariant (1.6 to 1.7). The films appeared to have -.20 A of
native oxide and 13 mC of charge produced -50-60 A of oxide.

Note the change of shape of the Ti LMV peak as one proceeds from the surface

into the interior. High-resolution, N(E) Auger spectra of the Ti (LMV) peak produced

an interesting result. In Fig. 5, we show the dN(E)/dE and N(E) spectra of the Ti

LMM and LMV peaks at a typical electrode surface. In the N(E) spectrum we have

deconvoluted the LMV peak and the spectral components A, F, B are designated according

to Solomon and Baun. 3 The relative proportions of these spectral components is
exactly those reported by them for TiO. That is to say our surfaces are not

stoichiometric T1O 2 but are principally TiO, at least to the depth of AES beam

sampling, or -,15-20 A. This same stoichiometry is observed for electrochemically

treated Ti electrodes up to n,2 V or 12-13 mC/cm2 .

This substoichiometric oxide structure is substantiated by x-ray photoelectron Q,

spectroscopy (XPS or ESCA). The Ti(2pl/ 2 , 2P3/2) XPS spectra for (a) TiO2 standard,

(b) Ti film after sputtering 0150 A and (c) surface of Ti film electrode are shown

in Fig. 6. We observe a shift in binding energy of 5.3 eV in going from metallic
Ti(b) to tetravalent Ti(a). Comparison of spectrum (c) to (a) and (b) indicates
that components of each of these oxidation states are present in the Ti film electrode
surface. The deconvoluted Ti(2p,/2 3/2) XPS spectra for the electrode surface in 6(c)

is seen in Fig. 7. The non-linear spectral background has been subtracted for A-
presentation of the deconvoluted peaks. The deconvolution technique involves a

five parameter fit 4 and yields a minimum of four oxidation states of Ti, namely Ti,
TiO, Ti203 and T10 2 . These results are obtained in all our electrode surfaces even
with 12-13 mC of charge. We also note no effects of the solutions on our electrodes,

i.e., no solute or solvent species are seen.
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figure 5
High resolution spectrum of the Ti (LNM)
and (LMV) peaks for a Ti film electrode
surface. Both N(E) and dN(E)/dE are

sonas afunction ofAuger electron 3
20011 energy. The high energy band is

resolved into the three components A,
F, and B as defined in Ref. 3 and in
the proportions they obtained for pure
Tib.
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Figure 6

(a) T10 2 standard * (b) 71 film after
Sputtering -.150 A and (c) the surfdceof a Ti film electrode.
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Figure 7
Deconvoluted Ti (2p,/2,3/2) XPS spectra from Fig. 6c.
The spectral background slope has been subtracted for
presentation of deconvoluted peaks.
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surface, ( that film after sputtering approxi-

()that film after sputtering approximately 15 A.
Noethe similarities in (a) and (c) as well as
W ad(d).
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U The first 25-30 A of the TIHx films show analogous results to the Ti films.

In ig 8the LI4M and LMV trnition for a Ti blank and a THbakelectrode
are shown. A blank is an electrode taken from tie vacuum system in which it

was deposited and placed in the AES/XPS system or the electrode was soaked in
p!F solvent at zero applied potential. The same results were obtained in both cases.

& As seen in Fig. 8, the shape of the dN(E)/dE spectra is qualitatively the same

for Ti and TiHx, although a larger contribution from the TiO2 component is

observed. Sputtering into the films x15 A yields Identical suboxide-type 1
X spectra.

Oxygen-to-titanium ratios were computed from the intensities of the oxygen

KLL transitions and the titanium LMM transition. As discussed previously, the

O/Ti intensity ratio of each film was normalized to the same ratio for a TiO2 2rstandard material to yield a relative atomic ratio, No/N.ri. The TiHlx film

surfaces showed a slightly substoichiometric composition, with No/NTi = 1.8.
This vwlue includes the contribution from all surface oxygen because the oxygen

Auger KLL signal does not distinguish between oxide and absorbed oxygen species.

The N surface ratios were slightly higher than those previously observed
In titanium films, NA/N1 i" 1.6-1.7. Ion sputtering of the surface lowered the

NoINTi to ca. 0.3 within 20-30 A of the surface, similar to the titanium films.

Electrochemically oxidized surfaces showed increased N values at the
surface (1.9-2.0), and these values remained high following ion sputtering,

depending upon the extent of electrochemical oxidation.

The XPS spectra of Figure 9 were consistent with the above AES data. The

TiHx film surface gave Ti(2P1 / 2 3 / 2 ) spectra (Figure 9a) which were composed ;NZ

chiefly of a Ti 2 component. Smaller T1O and TiHx components were also observed

[ which were less than 10% of the TiO 2 concentration. This type of surface

spectrum is consistent with either 1) a uniform surface composition consisting

of TIO2 , suboxides and titanium hydride, or 2) a TiO2 layer of less than 10 A

thickness overlaying a gradient mixture of suboxides and titanium hydride. We

consider the second option to be more likely, although we must consider the
possibility that the titanium hydride may be a mixed oxy-hydride compound, e.g.,

TiOyHx. . The TI('Pl/ 2 , 3 / 2 ) spectra of the TIHx film which was ion-sputtered to a

depth of ci. 15 A below the surface (Figure 9b) showed spectral components from

TiO2 and suboxides which were nearly equal and were approximately 50% of the
intensity of the TiHl component. This observation would indicate a mixed

TiO YTiHX composition of the pre-passive surface region. The No/NTI ratios

computed from the XPS data [O(ls)/Ti(2p3 / 2 ) intensity ratios normalized to TUO2
Sstandard] showed a value of c.a. 1.6-1.7 at the film surface and c.a. 0.8

following ion sputtering to 015 A below the surface. The surface No/NTi ratio
was lower than that determined by AES because the O(ls) intensity included only
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oxide oxygen and not absorbed forms (OH, H2 0 etc.). Ion sputtering to depths

of greater than 50 A yielded an XPS spectrum like that in Figure 9c. The jJ
Ti(2pl/ 2 , 3 / 2 ) spectrum was comprised chiefly of the titanium hydride component
and the N ratio decreased to c.a. 0.2. We have previously noted that the

Ti(2P3 / 2 ) binding energy for the hydrided metal is shifted to higher energies

by c.a. 1.0 eV from that of the pure metal (ABE 1 . 76.0 ± 0.2 eV for TiHx vs.

77.0 1 0.2 eV for Ti) (1). This chemical shift is consistent with hydrogen

k bound in the titanium metal in a partially ,n:onic form--although the hydrogen
does not appear to be as electronegative as oxygen in the titanium oxides. The

V electrochemical oxidation of the hydride is certainly affected by the chemical

form of hydrogen in the metal lattice and the mechanism by which it is removed

during oxidation. Following electrochemical oxidation of the TiHx film surface

(QT a 12 mC/cm2 ), the li(2pl/2,3/2) XPS spectra reverted completely to that of

S TtO2, No/NTi *. 1.9-2.0 (Figure 9d), confirming that the oxide interface had
been extended to beyond the depth to which XPS could successfully measure a

TiHx component (-25 A).

Similar surface analysis and depth profiling have been performed on fine- A
'2particle (1-10 um; 2-10 m2/gm) powders of TiH x. The results are analogous to

the thin film data presented here. A comparison of the Ti(2p1 / 2, 2P 3 / 2 ) XPS
spectra of titanit;r hydride in thin film (a + b) and powder (d + e) is shown in

Figure 10. Figure 1Oc is the spectrum for a TiO2 single crystal standard

spectrum, lOa is the TItx blank, and lOb is after 16 mC of oxidative charge;

the latter is clearly dominated by T1O 2. The same conclusion can be drawn
regarding the TIH powder surface (lOd). Sputtering for 30 minutes removes thex x
oxide entirely in these powder samples (lOe), revealing only TIH structure.X0l
The native oxide thickness for the powder samples is about 20-30 A, which is in
reasonable agreement to that observed for TIHx films and Ti metal electrodes.

As noted previously, there is no evidence of metallic titanium in the

profiling and surface analysis data on the hydride samples. There is an

0.7 ± 0.1 eV positive shift, i.e., in the direction of oxidized metal (or more

positive valence state). This shift would indicate a negative hydrogen site

in the lattice or anionic hydrogen as seen in the electrochemical data.

The electrochemical (<2.0 V) and thermal aging behavior of TiHx is
reminiscent of the Ti electrode. With the electrochemical oxidation, a sharp

onset of current occurs in the vicinity of 0.5 V versus SCE. The faradaic peak
at 0.5 to 0.7 V is followed by nearly constant current densities of the 30-40

uA/cm2 up t•o v2 V. Charge and dc conductance versus applied potential showsSthe identical behavior seen for Ti film electrodes. The surface conductance A

indicates a depletion of conduction electrons as the oxide layer grows. The
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The Ti(2PI/2,2 3/2)XPS spectra for (a) a TiHx blank surface,
xx

(.c a Ti10 2 standard, (d) a TiH x powder used in pyrotechnic
blends, and (e) that TiHX powder after sputtering "~l0000.
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capacitance-voltage measurements showed the Mott-Schottky behavior typical of
an n-type semiconductor once the potential is driven past the faradaic peak,

"i.e., !0,7 V. Again this behavior is indicative of a reduced oxide and noa

insulating TO 2 . I
The previously reported experiments (1) and those discussed here allow a L

more detailed understanding of the surface region of vapor-deposited and clean

bulk titanium and titanium hydrides. For example, the surface composition of H
the titanium films will be illustrated. We can picture the surface of the

film to consist of a gradient of metal, suboxide (or Tt 2 with oxygen defects),

and stochiometrtc TO 2 . A graphical illustration of this picture is shown in
S~Figure 11. The energy barrier for film oxidation is expressed chiefly across _

Ný the stoichiometric TiO2 phase (G1 ), and the more conductive substoichiometric

oxide phase (G2 ). Following electrochemical or atmospheric oxidation, the

oxide layer thickness is greatly increased, the subo'xde concentration

dimirished, and the barrier to further oxide growth is consequently increased

to G1. The rclative size of Gi to Gi has decreased due to the increase in

thickness of the non-conductive oxide. Eventually, a metal/TiO2 interface is

established. Ionic transport across this interface becomes the current limiting

factor and a normal corrosion/passivation mechanism is established.

Several conclusions can be drawn from the results of these studies:

i) Electrochemical oxidation and air oxidation produce similar oxide

coatings. The electrochemical process produces no extraneous

results or products. There are no solvent effects on the electro-

chemical or surface analytical results.

ii) The first 20-50 A of Ti and TiHx electrodes exposed to air or

electrolyte solution are identical.

iii) The oxide on or near the surface would be mixed and not totally jf
oxidized to TO 2 . A full range of oxides is observed from TiO to

TiO2. This observation is true for powder and bulk Ti and TiHx, as

well as films. At least eight intermediate oxides are known to exist
itn the region beitween Ti203 and TtO. Reduced or substotchtometric

titanium oxides would be semiconducd.ng, whereas purely stoichiometric

TO 2 would be insulating.

References

1. N. R. Armstrong and R. K. Quinn, Surface Sci. 67, 451 (1977).

2. D. N. Holloway and E. J. Fernandez, General Electric Co., Neutron Devices
Si " Department, St. Petersburg, FL.

-I 3. J. S. Solomon and W. L. Baun, Surface Scd. 51, 228 (1975).

' .. .

Soo



NNW--

OXIDATION OF PRE-PASSIVE REGION OF Ti OR TiH
X

FRESH SURFACE
SUBOXIDE

MTLK ELECTROLYTE

; OXIDIZED SURFACE
METALISU BOXIDE OXIDE

ELECTROLYTE

I -G

I50k G'IIf G'T

Figure 11

Proposed model for oxidation of the prepassive region in

Ti thin films. (The model also applies to TiH samples.)

As the stoichiometric oxide thickness increases, higher

frpplied potentials are required to overcome the barrier

"to current flow.
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CASTABLE GAS GENERANT COMPOSITIONS

by
R. Reed, Jr., B. Y. S. Lee,

R. A. Henry, and J. 0. Smith
Naval Weapons Center

China Lake, California 93555

INTRODUCTION

Many gas generant propellants currently in use as power sources for
missiles and as sources of gas for inflation devices have a number of
serious deficiencies. Ballistic reproducibility and aging characteris-
tics of these propellants are marginal and the production processes are
"tedious and costly in the case of pressed charge gas generants. Infla-
tion devices require that non-corrosive, and in some cases, non-toxic
gases be evolved at flame temperatures <I000F and at wide ranges of
flow rates. It has been difficult to attain compositions with low flame
temperatures, especially if high burning rates are required.

Gas generant propellants which yield non-corrosive gases generallv
contain ammonium nitrate (AN), since this low cost oxidizer is unique in
providing a number of advantageous properties. Compositions containing
AN and suitable binders produce non-toxic gases substantially free of
solids, and they generally achieve desirable ballistic properties. Gas
generants containing AN are used as power sources for missiles, electri-
cal generators, jet aircraft starters, and for a variety of other appli-
cations.

These AN-containing compositions have been manufactured by pressing
or extrusion, since AN interferes with the curing of some solid rocket
propellant binders. AN is hygroscopic and absorbs water if the relative
humidity is above 50%. Moist AN, in view of its acidity, is incompatible
with various binder curative combinations. Pressed gas generant propel-
lants for use in tactical missiles have been processed using cellulose
acetate (CA) binder, a process which does not require the polymerization
of a binder. However, propellants containing this binder are troublesome
to mix uniformly because of the high viscosity of the CA-plasticizer
mixtures. During the difficult mixing, the AN ýrystals, which are
relatively weak, are reduced in particle size, an effect which tends to
raise the burning rates above allowable limits. Processing is also
"rendered difficult by the hygroscopic nature of AN. Gas generant pro-
pellants used for power sources in tactical missiles are subjected to
wide temperature variations, a condition which causes the AN to undergo
crystal phase transitions that produce volume changes in the AN, as
shown in Table 1. As the grains are used in the field, they undergo
heating and cooling and they pass through the transition temperature of

503
i QF"



I

TABLE 1. Transition Points of AN in 0C and
Volume Variations AV/V Occurring When

Transition Points are Crossed on Heating

0C AV/V

-18.0 -0.017
32.1 0.020
84.2 -0.0076

125.2 0.0135

32.1*C many times, and, as a result, they slowly expand. This effe-ct
can cause an increase in burning rate and pressure. Many compounds have
been added to AN in an attempt to overcome this problem, but none have
been successful, although some prevented the phase change of AN for a
number of cycles before becoming ineffective.

"In view of the difficulties involved in processing pressed and
extruded AN-containing gas generant propellants, attempts have been made I
to use liquid curable binders and to process the propellants using
methods cotmmonly employed for solid rocket propellants. Dekker and
Zimmerman (Ref. 1) used a styrene-methyl acrylate-containing binder to =

produce cast-cured compositions containing AN. Binders containing
styrene tend to yield propellants with limited elongation, especially at
low temperatures. The volatility of the styrene and methyl acrylate
monomers causes them to be removed in processing. In this work, the A
monomers were condensed and returned during the mixing process, a some-a

what involved procedure for manufacturing. These toxic unsaturated
monomers are difficult to use in conventional solid propellant processing
because they exhibit a pronounced exotherm and shrinkage on curing. F
Moreover, the polymerization is inhibited by a number of impurities. P

A composition lending itself to processing and manufacturing by
modern solid propellant techniques was devised by Vriesen (Ref. 2), who
used a non-volatile liquid prepolymer, carboxyl-terminated (CT) poly-

-h diethyleneglycol adipate cured with epoxides and aziridines, and two
particle sizes of ground AN to facilitate processing. This binder is r
non-volatile, and has the small cure shrinkage and curing exothermA
typical of modern solid propellants. Mechanical and ballistic properties -Z
of the propellants were adequate for use in tactical missile gas gen-
erators.

Low temperature (<1000*F flame temperature) gas generants present
an especially difficult problem, since che usual binder oxidant combina-
tions fail to sustain combustion when formulated with the low levels of
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oxidizer required to yield flame temperatures below 1500*F. Combustion
of these systems produces high residues and yields carbon monoxide, carbon
dioxide, and water. These products tend to increase flame temperatures
in view of their relatively high negative heats of formation.

Unusually reactive combinations of oxidizers and binders may sustain
burning at sufficiently low oxidizer levels to allow sustained combus-
tion. While non-corrosive gases are produced by using AN and nitrates,
in general, this class of oxidizer tends to have a relatively low driving
force to combustion and will not sustain combustion unless used at
comparatively high levels. Chlorates and perchlorates, oxidizers which
produce either residue or hydrogen chloride, can burn at low levels of
oxidizer. Binders which are easily oxidized (such as polybutadiene and
polysulfide) produce compositions capable of burning at low oxidizer
levels when mixed with chlorates and perchlorates. However, these
compositions produce corrosive and toxic exhausts unless suitable
scavengers can be used which will react with sulfur dioxide and hydrogen
chloride. Unfortunately, the use of scavengers leads to bigh residues
and solids in the gases evolved.

Gas generant compositions used for inilation devices have not been
reported which produce a solids-free gas that is non-toxic and non-
corrosive at flame temperatures below 1000°F. New ingredients are
required, such as high nitrogen derivatives, which can deflagrate in a
process which produces nitrogen, and little or no oxides of hydrogen and
carbon.

Some of the recent results of the Naval Weapons Center's work in
the field of castable gas generant propellants are described in this
report. This effort has addressed the problems cited above and, as a
result, coated AN, AN substitutes, castable binder systems, and the
effects of composition have been investigated to determine their
effects on propellant performance.

DISCUSSION

This effort was directed toward the development of a technology
base that would permit the formulation of castable gas generant composi-
tions, processible by conventional solid propellant techniques, which C

can be tailored to achieve a wide range of properties such as flame
temperature and burning rates. In order to accomplish these goals the
following ingredient criteria were developed:

Bindcr properties

1. Hydrolytic stability
2. Non-reactive with AN and other oxidizers and deflagrating

additives
3. Combustion products free of solids and corrosive gas
4. Good low temperature mechanical properties, preferably without

use of plasticizer

; 505



-I
i

5. Commercially available components
6. High hydrogen content to enhance gas yield and to minimize

flame temperature
7. Energetic high nitrogen groups to enhance burn rate at low

flame temperatures

Oxidizer properties
1. Compatibility with binders
2. Combustion products free of solids and corrosive gas
3. Particle shape and size to permit adequate processing charac-

teis tics
S4. Absence of crystalline phase changes (or controllable) ii

5. Ballistic tailorability of burn rate, pressure exponent, and
temperature coefficient

6. Commercially available or easily prepared from commercially
available material

7. Non-hygroscopic (or controllable with coating)

Deflagrating additive properties
1. Rapid rate of deflagration
2. Contributes to low flame temperature
3. Combustion products free of solids and corrosive gas
4. Commercially available or easily prepared from commercially

available materials

Those ingredients which were selected for this study are listed in
Table 2.

TABLE 2. Ingredient Properties __

o 3Binders AH cal/g Density, g/cm

Polydiethyleneglycol adipate -1310 1.19 1t
(F17-47 Witco)

Dimer acid (Humko) -500 1.00
SNeopentylglycol azelate -1088 1.05

(NPGA Witco)
Dimer acid polyester (Emery) -492 0.99
Tetrozole binder

50% HHT (0.7 eq.), L-35 (0.3 eq.) -390 1.136 ]
50% MET plasticizer

U Oxidizers
Ammonium nitrate (AN) -1090 1.73
Guanidine nitrate (GN) -758 1.39
Ammoni,-m 5-nitraminotetrazole +222 1.49

(ANT)
Guanyl azide nitrate (GAN) +31.7 ...

n• Deflagrating additives
Bitetrazole +1093 1.60
Diammonium bitetrazole +342 ..

P Dihydrazinium 3,6-bis- +647 1.653
(5-tetrazolyl) dihydrotetrazine

Dinitrosopentamethylene +269 1.51
tetramine
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t 71The binders are critically important since they influence processi-
bility, mechanical properties, and ballistic characteristics. In pro-
cessing, they must allow the solids to be mixed and the slurry to be
rendered free of air bubbles in a deaeration step. Several binders
with a range of structure have been found to be adequate for AN propel-
lants. A binder composed of a prepolymer having a molecular weight of
2000-3000, generally has the required rheological properties to allow
mixing, but is sufficiently viscous to prevent the solids from settling
prior to curing. Many prepolymers of polyesters, polyethers, and poly-
butadienes are found to meet these requirements. Prepolymers terminated
in carboxyl (CT) or hydroxyl (HT) groups allow the formation of cured
elastomers by the addition of epoxides and isocyanates as curatives.
Polyesters composed of dicarboxylic acids such as adipic, azelic, and
dimeric* are suitable when esterified with ethylene glycols, neopentyl-
glycol, 1,6-hexane-diol, and similar diols. Polyesters are generally
preferred over polyethers because they are able to retain plasticizers;
CT polyetherF are not generally available.

The composition of the binders has an effect upon the level of
solids in gas, specific impulse (Isp), and flame temperature. As the

• -oxygen content of the binders (inert polymers) increases, the level of
carbonaceous products in the exhaust of a propellant composition de-
creases. As the hydrogen content of the binder increases (oxygen
content decreases), flame temperature tends to decrease; however,
specific impulse increases due to the lower molecular weight of the
exhaust gases, and to the more favorable heat of formation associated
with binders containing fewer carbon oxygen bonds. These effects are
qualitatively illustrated in Tatle 3. The influence of the binder on
the calculated specific impulse of selected AN-containing propellants is
shown in Table 4. For the power source application, a binder with a
modest oxygen content, such as neopentylglcol azelate or dimer acid
polyesters, may represent the best type of binder, considering this
trade-off. Several binders having a range of oxygen content were found
to be adequate for use with AN oxidizer in compositions having potential
application as power sources.

, TABLE 3. Effect of Oxygen Content of Inert Binder Upon Performance

Increasing hydrogen I Flame temperature Solids in exflaust
content of binder I

Increasing oxygen I I Flame temperature Solids in exhaust
content of binder SP

Dimer acid is a mixture of 36-carbon dibasic acids composed of a

variety of cyclohexenedicarboxylic acids which are formed by a Diels
Alder dimerization of 18-carbon unsaturated aliphatic acids such as
linoleic.
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TABLE 4. Effect of Binder Upon Calculated Performance

Moles of gas

Composition Flame temperature (expanded) per
chamber 100 g of 1000 psi/14.68

propellant

CA/AN 1901 4.38 187 1 •
pressed grain -

F17-47/AN, 70% 1732 4.42 183
solids cast

Dimer acid/AN 1672 4.68 188
70% solids cast

F17-47/AN, 75% 2020 4.52 189
solids cast j
Dimer acid/AN 1755 4.75 192
75% solids

Dimer acid/AN 1823 4.82 195
80% solids

A polyester binder, F17-47 (Table 2), was selected early in the
program for 2000*F applications. This binder has adequate overall char-
acteristics, allows formation of a clean exhaust, and contributes to
the burning rate required for a specific power source application.

F However, its rheological properties (relatively high viscosity), when
N containing suspended solids, did not permit a solids loading of over 75%

to be attained. j
A propellant composition (70% solids) using the F17-47 binder was

scaled-up to 25-gallon batches, and characterized (Table 5). Motors
Sloaded with the propellant were temperature-cycled and fired success- -

fully at ambient, -65, 20, and 165*F. A typical pressure-time trace is 0
shown in Figure 1.

Polyneopentylglcol azelate, a binder containing less oxygen and
more hydrogen, was used in several compositions containing AN. Mechani-
cal properties in non-optimized compositions tended to be somewhat
poorer than other binders (Table 6).
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TABLE 5. Properties of Gas Generant Compositions, F17-47 Binder

Formulation number
Ingredients, wt%

586 589 590 593 594 595 599

Binder
F17-47 (Witco) 25.77 26.02 26.02 26.02 26.02 26.02 21.96
ERL-0510 (Ciba Geigy) 4.16 3.91 3.91 3.91 3.91 3.91 2.97
"Chromium Octoate 0.07 0.07 0.07 0.07 0.07 0.07 0.07

OxidizerAN, -60/100, 0.5 MgO 68.0
68oa 5.0 6 0 b c"AN, -60/150, 0.5 MgO 68.0063.00 48.00 74.80

Guanidine nitrate,
-24/60 10.00 5.00 20.00

Additives
Graphite 1.00 1.00 1.00 1.00 1.00 1.00 0.20
Sodium barbiturate 1.00 1.00 1.00 1.00 1.00 1.00 ..

100.00 100.00 100.00 100.00 100.00 100.00 100.00

Total solids, % 70 70 70 70 70 70 75

End of mix viscosity, KP 15 5 4 11 11 21 11

Properties
Density, measured, g/cm 1.401 1.401 1.350 1.4.95
Burning rate, in/sec,

1000 psi 0.057 0.064 0.058 0.067 0.061 0.050 0.055
Pressure exponent, n 0.40 0.53 0.42 0.47 0.44 0.39 0.61
Mechanical properties

, psi ... 100 ... 55 39 164 136

m%.. 49 ... 37 43 29 29
r % . 60 . 39 47 31 31

Er, psi ... 898 ... 261 174 877 4407 ?

aContained 0.25% MgO coating.
So i . l6 c

-'Contained 0.5% silane (DC 6020) coating.

Contained 1.0% silane (DC 6020) coating.
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FIGURE 1. Motor Firing in Power Source Hardware
20*F, F17-47 Binder/AN (70% Solids).

TABLE 6. Properties of Gas Generant Propellants NPGA-Dimer Acid Polyesters

-- Formulation number
Inrdenw%652 654 656 657 658

Binder
Dimer acia 12178-152R (Emery) 20.94 ... 13.96 ... ... -

Polyesters 12191-35R (En.~3ry) .. .. .. 15.38 14.70I
NPGA (Witco) ... 17.58 . ..

PCP-0300a (Union Carbide) 1.05 0.87 0.70 ..
DDI-14l0Lb (General Mills) 8.01 6.55 5.34 4.62 5.3'0
Triphenyl bismuth (added) (0.05) (0.05) (0.05) (0.05) (0.05)I

Oxidizer
AN, -60/150, 0.5 Mgo 68.00 73.00 78.00 78.00 73.001
Guanidine nitrate, -24/60 ... ... ... ... 5.00 i

Additives
Graphite 1.00 1.00 1. 00 1.00 1.00
Sodium barbiturate 1.00 1.00 1.00 1.00 1.00

100.00 100.00 100.00 100.00 100.00

Total solids, % 70 75 80 80 80
End-of-mix viscosity, KP 1.0 2.5 11.5 18.5 20
Properties
Burning rate, in/sec, 1000 psi ... . 0.039 0.036 0.033
Pressure exponent, n ... . . 0.41 0.46 q7-
a psi 81 40 103 97 98 -

C %40 52 17 6 9
C %73 107 29 12 21r

E, psi 889 348 1750 2935 2080
'A polycaprolactone triol crosslinker.b Dimeryl diisocyanate.
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A binder with excellent processing properties was attained by using
dimer acid cured with an epoxidized vegetable oil (Swift Epoxol 9-5).
This binder was used to obtain a polymer that would be relatively in-
sensitive to moisture or acid during processing or aging. Mechanical
properties and humid aging (qualitative) were good, while burning rate
was lower than compositons using F17-47 binder (see Table 7). In view

S-- of excellent processing properties, compositions containing 80% solids
could be attained using this binder. At 80% solids these compositions
have an Isp which is 12 seconds higher than the 70% solids F17-47 con-
taining propellant (Table 4). Five seconds of this gain is due to the
higher hydrogen content and more favorable heat of formation of the
binder, while the remaining 7 seconds is due to the higher solids level.

TABLE 7. Properties of Gas Generant Compositions Dimer Acid Binder

Formulation number
. Ingredient, wt% 592 602 610 611 596

Binder
Dimer acid (Humko) 17.91 12.34 16.76 17.76 17.91
EPOXOL 9-5 (Swift) 12.05 7.62 12.05
ERL-4289 (Ciba Geigy) 5.99 5.39
Chromium octoate 0.04 0.04 0.07 0.07 0.04

Oxidizer
AN, -60/150, 0.5 MgO 68.00 69.80
AN, -60/150 1% Silane 37.2 18.9
AN, -100, 1% Silane 24.8 44.1
AN, -60/150 Uncoated 63.00Guanidine nitrate -24/60 10.00 5.0 5.0 5.00

Additives
Graphite 1.00 0.20 1.00 1.00 1.00
Sodium barbiturate 1.00 2.00 1.00 1.00

100.00 100.00 100.00 100.00 100.00

STotal solids, % 70 80 70 70 70SEnd of mix viscosity, KP 1 26 3 13 1

Properties
Density, measured, g/cm 1.394 1.416 1.381 1.405
Burning rate, in/sec, 1000 psia 0.036 0.043 0.035 0.036 0.032
Pressure exponent, n 0.62 0.57 0.53 0.63 0.83
a psi ... 223 125 113 128

% ... 6 16 20 8
S,% ... 11 30 31 17
r

E, psi ... 9131 1380 1050 2810
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Another binder also rich in hydrogen and insensitive to water, poly i
1,6-hexanediol dimerate (Emery) was also successful, and allowed AN
oxidized compositions to be attained having burning rates equivalent to
the dimer acid-Epoxol binder propellants. Processing properties of this
binder were excellent, and an 80% solids loading was easily achieved
(Table 6). Theoretical specific impulse of the 80% solids composition

X_ is similar to the dimer acid-Epoxol binder. J
e The polybutadiene binders are useful for propellants having low

flame temperatures (<1000'F). They are easily oxidized and, therefore,
have a tendency to burn at low oxidizer levels, a consequence of the
high level of allylic hydrogen atoms (circled).ýH H H

i -C = C -- C

AA

These carbon-hydrogen linkages are easily broken by oxidizing agents,

T reactions which have low energies of activation.

These unsaturated binders are, therefore, attractive in formula-
tions which must have minimum flame temperatures. Carboxyl-terminated
polymers are preferred, since they burn more rapidly and at lower le.;els
of oxidizer than the corresponding hydroxyl terminated (HT) polymers.
The latter are cured to form urethanes, a group with known flame inhibit-
ing characteristics. Moreover, propellants containing HT polymers form
a liquid melt phase, unlike the CT polymers. Propellants having binders
which form a liquid phase in combustion tend to be extinguished more
readily than those which remain solid. Unfortunately, polybutadiene
binders tend to form a high residue and an exhaust with a higher content
of particulates than any other binder class.

Tetrazoles should also be particularly useful as binders for gas
generants with low flam." temperatures since decomposition of this group
yields mainly nitrogen, rather than the exothermic compounds CO, C02 , and
H2 0. The decomposition of the tetrazole moieties in the polymer back-
bone of the binder should facilitate combustion of low levels of oxi-
dizer. A tetrazole diol was synthesized and used as a constituent of a
polyurethane binder. The starting material, 5-(2-hydroxyethyl) tetra-
zole (Ref. 3 and 4), was converted to the mix(ed 1- and 2-(2-hydroxy-
ethyl)-5-(2-hydroxyethyl)tetrazoles (HIIT) via the following reactions:
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31i



Mied1-and 2-(2-Hydrxeh -- (2-Hydroxýyethyl)tetrazoles

H Na

N' NNaOH N NCiCH OH OHI CCH 2CH 2OH ~ I_~ CCH 2CH 20OH 2 2
N-N C 5HN-Nreflux C H 5OH,

C 2 H 5 OH18 hr

OH CH02 H2 H

kQN H2 20H

(HHT)

The product, HHT, was a clear, colorless, viscous liquid suitable
as a binder. A polyurethane formed by reaction of HHT with a diiso-
cyanate (methyl 2,6-diisocyanotohexaneoate, LDIM,)* produced a clear
hard resin.. A polyether diol (L-35)** was added to HHT and a soft
flexible polymer was obtained. A retrazole plasticizer, l-rnethyl-5-(2-
methoxyethyl)tetrazole (MET) (Ref. 5), was added to the binder to
increase the tetrazole level. This mixture producod soft elastomeric
polyurethane gum stocks suitable as a propellant binder.

Another tetrazole diol, bis-2-[~l and 2-(2-hydroxyethyl)-5-tetra-
zolyl] ethyl ether (HTE) was prepared by the sequence of reactions shown
below. The preparation of another tetrazole (MTE) also useful as a
plasticizer, is shown.

H
* NaN, NH4Ol (N -N

2 2 DMF2 2)20

O(OHOH2O)2  DF C CHOH

4 EtOH
CH2CH2 2OH______ N ~

N - N ClCHCHHOHH()O

23 hr
HTE

*Available from the Dexter Midland Corporation.
A polethylene oxide-polypropylene oxide diol, Wyandotte.
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H2 0 (CH30) 2 So 2

35-40*C, I hr NaHCO3 , Na2 CO3

t Ref lux, 5 hr

ClH

S N -- N/

(N6 C CH2CH2-0

(MTE)

Polyurethane polymer derived from HTE and LDIM, formed readily, and
while not as hard as that from the first tetrazole diol (HH.), was
sufficiently firm to require the addition of the L-35 polyether diol. k

Gum stocks with or without plasticizer were adequate in physical proper-
ties for use as propellant binders. f

Oxidizers studied included AN and guanidine nitrate (GN), compounds
which were used in several binders. AN was found to retard the cure of
some binder systems even when it was vigorously dried; slightly moist AN

ui •gave incomplete cures and gassing with some polyurethane binders. The
AN was coated with MgO a:] an amine silane (fiber glass coupling agent),
treatments which rendere the AN compatible with all binders examined

Addition of MgO to AN causes an immediate evolution of ammonia as a
coating of magnesium nitrate is presumably formed. Ammonium nitrate
coated with 0.25-0.50% MgO was found to be compatible with the several
epoxy- and isocyanate-cured binders which were used, including those
which did not cure completely in the presence of uncoated AN. The
details of the coating procedure are given in the Experirmntal section. Jl

Amine silanes such as DC 6020 (Dow Corning), were also use.d to coa:
AN (suspended in a Freon or methylene chloride). Under these conditions,
the amine silanes react rapidly with AN to produce ammonia and presumably
the nitrate salt of the amine silane triol.

H2NCH 2 CH2 NHCH2 CH2CH2 Si(OCH3 ) 3 + N14NO3 + 3/2 H20 (surface moisture) ii

(DC 6020) (AN) + ]
NH3T+ [H2NCH CH2NH2 CH2 CH2 CH2 SI(OH) 3. NO + 3CH OH

3 2 2 2 22 3No3 3KV, -3/2 H20 ••~

+ 0

H NCH CH NH CH2CH2CH2 i - 0 -CH
2 2 2 2 2 2 2(Siloxane polymer)?
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The silane triol rapidly loses water to form the crosslinked siloxane
polymer. This treatment forms a chemically attached polymeric coating
of AN, with pendant reactive amine groups which are able to react with
epoxides or isocyanates used to cure the binders. A chemical linkage of
the coating with the binder is established by reacting the NH2 of the
silane-coated AN, with a trifunctional epoxy such as ERL-0510*, a common
curative.

I OH 2 CH2 -- CH2

RC 
0

21 2

.AN NO3 N -- CH2ACH 2 NHC2 +
Crystal CH N- CH 2 CHCH 2 OCPolymer

CH Ca pc

NH4-"ANNCH 2CHNHC O)C2•oye

0 2 H 2r[HN-a

N - 0.N[

ANT CAN

i• • Unlike AN, the high nitrogen oxidizers ANT and CAN do not appear to
• • i.*'undergo phase changes and are not particularly hygroscopic. Both ANT I
• • .• and GAN have less oxidizing ability than AN, a factor which ma; be I
S• beneficial in reducing flame temperature. As less CO, C02 , and H2 0

S$*Dow Corning 6020.
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are produced by oxidation, the flame temperature of a propellant formu-
lation is reduced. This effect of flame temperature reduction is some-
what offset by the positive heats of formation of these high-nitrogen
compounds (Table 2). ]

Compositions containing these oxidizers were prepared using epoxy
and polyurethane binders and they were found to produce elastomeric
propellants which were capable of burning at oxidizer levels of 20-30%.
Both oxidizers tend to impart a higher burning rate to compositions than
does AN.

Deflagrating additives, compounds which decompose vigorously but which J
are not oxidizing agents, were used to sustein combustion in low flame
addties used oiiinclde bietswetraoeierzl atdhdaiim
temperature compositions which had difficulty in burning because of the
low levels of oxidizer (demanded by the need for low flame temperature).

S~Additives used included bitetrazole, bitetrazole salts, dihydrazinium-

3,6-bis(5-tetrazolyl) 1,2-dihydrotetrazine, and dinitrosopentamethylene-
tetramine.* Oxamide was used as a coolant in compositions.

Graphite was used as an opacifier and sodium barbiturate was added
to stabilize combustion and to lower the burning rate pressure exponent,
materials which are used in conventional pressed gas generator propel-
lants.

EXPERIMENTAL

Compositions containing the ingredients discussed above were mixed
and cured in conventional solid rocket propellant processing equipment.
A one-pint vertical Baker Perkins mixer was used and the mixes (nom- I
inally 300 g) were made under reduced pressure so that void-free cast-
ings could be attained. In some cases, mixes of 50 g or less were made
by hand. The mechanical properties and limited ballistic data were Udetermined.

A family of gas generant compositions containing AN received the
most attention in this study. Several carboxyl-epoxy and diol-diiso-

P cyanate binders were found to contribute to adequate processing, mech-
anical properties, and ballistics. The CT polydiethylene glycol adipate i
cured with the multifunctional ERL-0510 (Ciba Giegy) epoxy, and cata- S
lyzed with chromium octoate, was used in a variety of compositions;
typical data are presented in Table 5. Ammonium nitrate coated with MgO
and silane DC 6020 was used at various particle sizes. When an opti-
mized particle size distribution was used, a composition containing 70%
solids was processiblc, but 75% solids was found to be marginal in pro-
cessibility. Carboxyl-terminated binders tend to be more difficult to
deaerate and have poorer rheological properties than the correspondingJ

HT prepolymers, a factor which requires higher mixing temperatures.

Available from the I.E. DuPont Company as Unicel 100.
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Mechanical properties of these compositions (formulations 589, 599,
and 593) were generally adequate for application in existing power
sources. The silane coating (1%) on the AN increased tensile strength
but did not have much effect on elongation.

The burning rates were tailored by varying AN particle size, guani-
dine nitrate level, and solids content. Burning rate was increased by
decreasing the particle size of AN (compare formulations 586 and 589).
Guanidine nitrate decreased burning rate (compare 589 with 590).

Motor firings with formulation 589 were successful (even after
temperature shock cycling from -65 to +165°F) and gave a burning rate of
"0.064 in/sec (1000 psi) with an n of 0.55; firings at -65. 20, and 165°F

were also successful. A typical pressure time trace is shown in Figure

A typical cellulose acetate-AN pressed composition has a nominal
"burLaing rate of 0.055 to 0.064 in/sec with an n of 0.57. Gases from the
CA propellant contained a higher solids content than those of the F17-47
propellants.

Dimer acid/AN compositions had a lower burning rate (Table 7) and a
higher n than corresponding formulations containing F17-47 binder.
Mechanical properties, while not optimized, tended to be poorer than

those of the F17-47 propellants unless the cyclohexene oxide epoxy, ERL-

4289, was used.

Dimer acid polyester/AN propellants were difficult to burn in the
strand bomb unless the solids level was 80%. Burning rates tended to be
stomewhat lower than corresponding formulations containing dimer acid
binder. Dimer acid polyester 2178-152R had a functionality approaching
2.0 and required a crosslinker such as the polycaprolactone triol (PCP-
0300) while the dimer acid ester 2191-35R had a functionality of 2.3, a
value which generally does not require a crosslinker. The low values of

elongation attained with the latter polyester would seem to indicate
Sthat the diol crosslinker combination is preferred.

The procedure for the MgO coating of AN is as follows:

1. Ingredients: AN, technical, MIL-A-175A; MgO ("Maglite-D",
Merck and Company).

2. Procedure: (a) AN is fed into Mikropulverizer fitted with
1/8-inch herringbone screens (feed rate has little effect on
oxidizer particle size); (b) magnesium oxide (0.5%) is fed in
during the AN addition; and (c) the AN is collected and
stored with desiccant.
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SUMMARY

The current status of AN gas generant propellants has been reviewed
and the problem areas identified. A castable propellant would overcome
important deficiencies in processing and ballistics reproducibility. A
propellant of this type has been achieved using AN and epoxy and poly-
urethane liquid curable elastomeric binders. A 70% solids composition
containing a polydiethyleneglycol adipate binder, AN, graphite and sodium
barbiturate was characterized and successfully demonstrated by hot and
cold motor firings in power source hardware. Other binders were developed
for use with AN at 80% solids levels which contribute to improved specific
impulse and are moisture insensitive in curing and aging. Processes were
devised for coating AN to eliminate its incompatibility with certain binders. A

Compounds high in nitrogen were synthesized which may be useful in
gas generant propellants having flame temperatures below 1000*F. Two
itetrazole diols were prepared and used to formulate a tetrazole containing
polyurethane binder. Tetrazole content was increased by the use of a K
tetrazole platicizer. Two oxidizers high in nitrogen were employed
which may be able to replace AN in some gas generant propellants. Deflagrating
additives containing tetrazole moieties were used to increase driving force
to combustion at low oxidizer levels. These compositions are not yet fully J
characterized.
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EVALUATION OF A HOT WIRE SENSITIVE ALUMINUM/POTASSIUM

PERCHLORATE PYROTECHNIC

Charles Rittenhouse
R. D. Smith

Unidynamics/Phoenix, Inc.
Phoenix, Arizona

ABSTRACT

A hot wire sensitive pyrotechnic has been prepared using aluminum powder
and potassium perchlorate. This composition has been evaluated to determine
its thermochemical and sensitivity/stability characteristics and to establish
its properties as a bridgewire ignition material in small electroexplosive
devices (EED's). The mixture has demonstrated insensitivity to a spark dis-
charge typical of that which can be generated by a human body. However, it
ignites consistently from a hot wire, yielding high thermal output and high
resistance-after-fire (RAF).
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INThODUCTION

Many EDscnana sensitive primary explosive such as lead styphnate on
the bridgewire. Firing currents for units of this type are typically low,
and all-fire reliabilities are high. However, most primary explosives are
sensitive to extraneous ignition stimuli, especially electrostatic dis- 1
charge (ESD). One potential source of ESD effects is the human body. For
this reason, primary explosives are hazardous to handle, both in bulk
powder form and when loaded into sealed units.

Devices containing a primary explosive on the bridgewire can be protected
from the effects of ESD by addition of a spark ring or other mechanical I
means. However, a more direct solution to this problem is to use a bridge-
wire ignition material which is inherently insensitive to the most energetic
spark discharge which the human body can generate. Under guidelines

accepted by D.O.E.,this effect can be simulated by the arc from a 600-pf
capacitor charged to 20 kV and discharged through a 500-ohm series resistor.
Development of improved hot wire sensitive ignition materials capable of
withstanding arc discharges of this magnitude is a continuing objective of
Unidynamics' Pyro-Explosive Department. Other properties sought in ESD-
insensitive ignition materials include reliable all-fire and no-fire
characteristics from small diameter bridgewires typical of those used in
miniature EED's and high resistance-after-fire.

Unidynamics has recently investigated a two-component pyrotechnic which j
appears very promising for use as a bridgewire ignition material in certain
types of EED's. This composition, which consists of a mixture of aluminum
and potassium perchlorate, has been evaluated to determine its basic output
parameters, handling safety, and bridgewire sensitivity characteristics in fJ
two EED's. This paper summarizes the results of these investigations.
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POWDER BLENDING

The pyrotechnic evaluated by Unidynamics consisted of a mixture of aluminum
and potassium perchlorate. The reaction of this material can be described
by the following general equation:

8A1 + 3KC1O 4 4A1203 + 3KC1

The composition was blended by screening the ingredients together, slurrying
the mixture with a liquid vehicle, drying the slurry and granulating the
product by screening through a coarse sieve. This technique yielded a mixture
which appeared very homogenous when examined microscopically.

MATERIAL CHARACTERIZATION

Material characterization tests performed on aluminum/potassium perchlorate
are described below.

Calorific Output. This test was performed using a Parr Model 1221 Oxygen
Bomb Calorimeter with an adiabatic water jacket. Samples were burned under
25 atmospheres of argon. Calorific output was as follows:

Test No. 1 - 2144

Test No. 2 - 2146

Average - 2145 cal/gm

Gas Evolution. This value was determined using a modified Parr Oxygen
Calorimeter Bomb fitted with a pressure gauge. This fixture was designed
specifically to measure the gas evolved by "gasless" pyrotechnics and has
been calibrated to relate final system pressure directly to total gas volume
under STP conditions. Samples were burned under one atmosphere of argon.
After each test, the bomb and fittings were cooled to ambient room temperature
before recording final system pressure. Gas evolution values corrected to
STP conditions were as follows:

Test No. 1 - 20.0

Test No. 2 - 19.3

Average - 19.7 ml/gm

Differential Thermal Analysis,'Autoignition Temperature. Diffe:ential thermal
analysis was performed using a DuPont 990 Thermal Analyzer with a 1200'C head.
Responses obtained at heating rates of 20*C/min and 50°C/min are shown in
Figure 1.
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The first event is the endotherm resulting from the rhombic-cubic crystal
transition of potassium perchlorate at 300 0 C. As the temperature is
increased, very little activity is apparent at either heating rate until
autoignition occurs in both samples at x6'J0°C. It should be noted that
the autoignition exotherm of the sample heated at 20*C/min was signific-
antly smaller than that of the sample heated at 50°C/min. This can be
attributed to partial deactivation of the slow-rate sample through thermal

4- decomposition of the potassium perchlorate and/or pre-ignition reactions
between the constituents. A slow heating rate would accelerate any
reactions of this type due to the longer exposure time at elevated temp-
erature. It is also of interest to note that the slow-rate sample contained
residual aluminum in the combustion products, as shown by the melting point
endotherm occurring at =660*C. As the temperature of the combustion residue
is increased, the melting point endotherm of potassium chloride can be seen
in both samples at =770*C. This event appears to be followed almost
immediately by a small exotherm in the slow-rate sample, indicating the j
possibility of a reaction between the molten aluminum and potassium chloride.

A No comparable exotherm is apparent in the trace for the high-rate sample.

Impact Sensitivity. This test was performed using a modified Bureau of
Mines impact sensitivity tester with a 2-kg drop weight. Ten nominal 20-mg
samples of unconfined powder were placed in a hardened steel anvil/plunger
assembly and subjected to drop heights of 100 cm. None of these samples
ignited or responded in any way to the impact stimulus.

Electrical Conductivity. This property was determined using unbridged four-
pin deep-well headers as test vehicles. Initially, five headers were checked
to determine insulation resistance between two pins in the normal bridge
circuit (2.41-mm). Under an applied voltage of 500 volts DC, resistance
values of 4 x 1010 ohms or greater were obtained. The five units were then
loaded with nominal 100-mg powder charges consoli ated at 103 MPa and
confined by closure pads of compressed diatomace .as earth. Average charge
density was =1.8 gm/cm3 . -I

Q Three loaded units were tested to determine breakdown voltage across the

2.41-mm path of the normal bridge circuit. Application of 50 volts DC did
not cause breakdown. However, all three units became conductive when sub-
jected to 100 volts DC, yielding resistance values ranging from 6 x 102 to
4 x 103 ohms. One unit was then tested to determine breakdown voltage ]
across the 3.40-mm path between two diagonally spaced pins. Again, break-
down occurred at 100 volts DC, yielding a resistance of 1.7 x 104 ohms. A
final unit was tested to determine breakdown voltage in the pin-to-case
mode (1.96 mm). In this unit, breakdown occurred at 50 volts DC. Resistance

A after breakdown was 3.5 x 103 ohms.

These tests indicate that aluminum/potassium perchlorate consolidated to a
density of =1.8 gm/cm3 becomes electrically conductive when subjected toS~applied voltages of =25 volts DC/mm of circuit path. This characteristic
may be related to the apparent resistance of the material to the effects

of electrostatic discharge, as described in the next section.
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N- ELECTROSTATIC SENSITIVITY

The electrostatic sensitivity (ESD) characteristics of aluminum/potassium
perchlorate were determined both in the unconfined state and with the
material consolidated into unbridged two-pin test units with closure pads
Sof compressed diatomaceous earth.

ESD testing cf unconfined samples was performed using a fixture consisting
of a flat aluminum plate as the lower electrode and a variable-height
pointed copper rod as the upper electrode. The design of this fixture is
shown in Figure 2. Each sample was spread on the base plate and the copper
electrode was lowered to a position where an arc discharge could just be
obtained. The sample was then subjected to the arc from a 600-pf capacitor
charged to a selected voltage and then discharged through a 500-ohm series
resistor. As mentioned previously, these capacitance/resistance conditions
are accepted by D.O.E. as typical of those which can exist in the human
body. Voltage levels from 10 kV to 25 kV were evaluated with the following
results:

Charge Voltage Number of Number of4
(kV) Fires No-Fires

10 0 10

15 0 10

20 0 10

25 0 10

Although all powder samples were scattered by the a~c discharge, no evidence
of ignition or sparking could be detected in any test.

Electrostatic sensitivity testing of confined samples was conducted using
unbridged two-pin headers assembled with stainless steel sleeves to form
charge cavities. The design of the test vehicle is shown in Figure 3.
Each unit was loaded with a nominal 50-mg powder charge consolidated at
103 MPa and confined by a closure pad of compressed diatomaceous earth.
Average column height was 1.02 mm and average charge density was =2.1 gm/cm
Eight units were subjected to electrostatic discharges in the pin-to-case
mode across a distance of 1.06 mm. Each unit was secured in a holding
fixture and subjected to two or more discharges from a 600-pf capacitor
charged to a selected voltage and discharged through a 500-ohm series
resistor. Only two discharges could be applied across fresh powder columns
in each unit. However, two units were subjected to a series of 10 pulses
to determine the effects of repeated discharges across a previously
disturbed powder column. Voltage levels from 1.5 kV to 28 kV were evaluated
with the following results:

5
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Unit Charge Voltage Number of Number of
No. (kV) Fires No-Fires

la 1.5 0 1
lb 1.5 0 1
lb (retest) 10.0 0 1

2a 20.0 0 1
2b 20.0 0 1
2b (retest) 20.0 0 10

" 3a 25.0 0 1
3b 25.0 0 1
3b (retest) 25.0 0 10

4a 28.0 0 14b 28.0 0 1

t 5a 25.0 0 1

5b 25 0 0 1

- 6a 25.0 0 1
6b 25.0 0 1

7a 17.0 0 1
7b 20.0 0 1

8a 6.0 0 1
8b 8.0 0 1

These tests indicate that aluminum/potassium perchlorate, both as a loose
powder and confined, is insensitive to the arc from a 600-pf capacitor

I ,charged to either 20 kV or 25 kV and discharged through a 500-ohm series
resistor. The energy of the arc generated under these conditions equals
or exceeds that which can be produced by a human body, based on accepted
D.O.E. standards.

It can be concluded that aluminum/potassium perchlorate offers a significant
IR degree of handling safety in the area of electrostatic sensitivity. This

does not mean that the mixture is completely safe against ignition by
inadvertent electrostatic discharge under all conditions. However, it does
mean that the composition might not ignite in certain situations where some

F-i other bridgewire-sensitive pyrotechnics now in use would ignite.
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BE•
BRIDGEWIRE SENSITIVITY IN A MINIATURE IGNITER

Initial bridgewire sensitivity testing was conducted using the miniature
igniter(l) shown in Figure 4. Units were bridged with annealed Tophet A
wire which had a diameter of 30.5 microns and a nominal resistivity of
1480 ohms/meter. Initial bridge resistances were checked to determine
that they all fell within the tolerance limits of 0.900 to 1.027 ohms.
Using a consolidation pressure of 103 MPa, each bridged header was loaded

with 10 + 1 mg of aluminum/potassium perchiorate. A Kapton closure disk
was then'-bondeO! in place with a thin layer of DC 3140 silicone sealant air-
cured for 24 hours. Final bridge resistances were checked to assure that
they were all within the required range of 1.0 + 0.1 ohm. Average charge
density in these units was =1.9 gm/cm3. The units were divided into three

groups and used to conduct the tests described below.

r E High Current All-Fire Bruceton Test. A group of 29 miniature igniters was

used to conduct a high current all-fire Bruceton test. This test was per-
formed at -54%C using a UN-334-E high current pulse generator, which
produces a constant current pulse of 2.5 microseconds duration. The
nominal energy of the pulse is controlled by varying the input voltage to
the tester. Voltage and amperage levels are monitored during each test,
and the energy applied to the bridgewire is computed by integrating the
areas under these traces. Average voltage and current levels used in testing
the miniature igniters were =50 volts and =50 amperes, respectively. Energy
levels used during this test ranged from 5.10 mJ to 6.97 mJ.

When the Bruceton data were analyzed by the ASENT program, the high current
mean firing energy of the 29-unit sample was found to be 5.69 mJ, with a
standard deviaLion of 0.21 mJ. The high current all-fire energy (99.9 per- I
cent positive response at a 97.5 percent confidence level) was 6.82 mJ.

Low Current No-Fire Bruceton Test. A group of 34 miniature igniters was
used to conduct a low current no-fire Bruceton test. This test was performed
at 71*C using a UN-333-E low current pulse generator. Each unit was sub-
jected to a constant current pulse of five minutes maximum duration and with
a 200 microsecond maximum rise time. Current levels ranging from 1.26
amperes to 1.46 amperes were required to bracket ignition of the units.

When the Bruceton data were analyzed by the ASENT program, the low currentV mean firing current of the 34-unit sample was founi to 1.40 amperes, with
a standard deviation of 0.05 ampere. The low current no-fire current
(0.1 percent positive response at 97.5 percent confidence level) was
1.15 amperes.

Low Current Resistance-After-Fire Test. A group of 20 miniature igniters
was used to conduct a low current resistance-after-fire (RAF) test. This V
test was performed at ambient room temperature using a UN-333-E low current
pulse generator. Each unit was subjected to a 3.5 ampere current at

2L2



15 volts DC and of 200 ms duration. All units ignited within =1 ms or less.
Circuit resistance was monitored during the full 200 ms of current application.
Test data were analyzed by a Computer Controlled Data System, and a resistance/
time trace was obtained for each unit. A representative RAF trace is shown in
Figure 5.

The resistance-after-f ire of aluminum/potassium perchlorate in the miniature
igniter was consistently high. In all cases, minimum resistance occurred
within the first 20 ms after ignition and generally exceeded 50 ohms.
Resistance rose very rapidly after 20 ms, reaching levels near or above
500 ohms in most units.
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K •BRIDGEWIRE SENSITIVITY IN THE ACORD DETONATOR

Under contract to Lockheed Missiles and Space Company (LMSC), Unidynamics A
designed and developed a low voltage detonator for ACORD (Alternating
Current Ordnance). This item was required to be an integral assembly
capable of sustaining a 5-ampere current flow for five minutes without

F •ignition or degradation of performance. The design of the ACORD detonator
is shown in Figure 6. Major components of this unit include (1) a 304 -.

CRES housing containing a glass-to-metal seal, (2) a ceramic charge holder
to contain the bridgewire ignition material, (3) a perforated Kapton
insulator disk, and (4) a 304 CRES sleeve to confine the transfer and out-
put charges.

The header used in the ACORD detonator is bridged with Evanohm wire having
a diameter of 127 microns and a nominal resistivity of 110 ohms/meter. 1
Bridge resistance prior to loading is 0.18 + 0.02 ohm. Using a consolidation
pressure of 138 MPa, a bridgewire ignition charge consisting of 30 + 3 mg
of aluminum/potassium perchlorate is consolidated into the igniter cavity.
The insulator disk and sleeve are then installed, and a transfer column of
CP* is consolidated against the ignition material at a pressure of 103 MPa.
This Is followed by a conical output charge of HMX.

The unit is hermetically sealed by welding a 304 CRES disk over the output .

end. The average density of the aluminum/potassium perchlorate ignition
charge in the ACORD detonator is =2.3 gm/cm3 , and the average column height
is =1.5 mm. Bridge resistance of the loaded unit is =0.18 ohm.

5-Ampere/5-Watt No-Fire Test Followed by All-Fire Test. Tests conducted
both at Unidynamics and LMSC have established that the ACORD detonator .1
will withstand a 5-ampere/5-wact no-fire pulse without ignition or deg-
radation of performance. In a series of tests conducted by LMSC,a 25-unit
sample from the first lot was subjected to a 5-ampere/5-watt no-fire
pulse of five minutes duration. None of the units ignited or underwent
significant change in bridge resistance. The units were then divided into

two groups and evaluated in all-fire tests, along with control units.

The first test included ten no-fired units and five control uniits. These
units were pulsed with an input voltage of 177 volts root mean square (rms).
Mean output current was =42 amperes rms. All units ignited within specified
time limits.

*CP is a new explosive developed jointly by Unidynamics and Sandia
V. Laboratories under the sponsorship of the United States Department

of Energy (D.O.E). The material possesses many characteristics of a

secondary explosive and is relatively safe to handle. However, it
is capable of undergoing very rapid DDT. Chemically, CP is 5-cyano-

tetrazolatopentammine cobalt (III) perchlorate.
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• • In the second test, 15 no-fired units and 10 control. units were pulsed
S[ with a 25-ampere direct current. All units ignited within specified time
Si limits.

S~In a later test, 11 ACORD detonators from the second lot were subjected to
S~a 5-ampere/5-watt no-tire pulse followed by a 25-ampere all-fire pulse. All

S~units survived the no-fire test, then ignited from the all-fire current with
San average function time of =1.5 ins.

S~Current-Variable Bruceton Ignition Sensitivity Test. A group of 48 ACORD
S* detonators from tne second lot was used in a current-variable Bruceton
S* ignition sensitivity test. Current levels between 8.50 amperes and 9.75
S• ""amperes were required to bracket ignition. When the Bruceton data was

• analyzed by the ASENT program, the mean firing current of the 48-unit
: sample was found to be 9.08 amperes, with a standard deviation of 0.44 ampere.
*•. The all-fire current (99.9 percent positive response) was 11.38 amperes, and

S:" the no-fire current (0.1 percent positive response;; was 6.79 amperes.

S~Function Time. Three groups of ACORD detonators from the second lot were
• used to establish the function times of virgin units tested under each of
• the three potential firing conditions. Mean function times at the three

S~firing energies are summarized below and shown graphically in Figure 7.

SFiring Conditions Mean Function Time

S•(Input Voltage/Output Amperage) (ins)

S145/34 0.80

S16U/37 0.68
S177/42 0.55

c• These funcLion times are considered acceptable for the ACORD application.

: 1I
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CONCLUSIONS

A mixture of aluminum and potassium perchlorate appears very promising for
use as a bridgewire ignition material in small electroexplosive devices.
This composition possesses high calorific yield and rapid burn rate. It -

is insensitive to normal impact and does not ignite from the arc produced
by a 600-pf capacitor charged to 25 kV and discharged through a 500-ohm
series resistor. The latter property makes the composition "body-safe"
under D.O.E. guidelines.

In a miniature igniter containing a 30.5-micron diameter bridgewire with
a resistance of 1.0 + 0.1 ohm, aluminum/potassium perchlorate tested at
-54*C has a high current mean firing energy of 5.69 mJ and a 1-igh current
all-fire energy of 6.82 mi. In the same unit tested at 71*C, the material
has a low current mean firing current of 1.40 amperes and a low current no-
fire current of 1.15 amperes. The resistance-after-fire characteristics
are consistently good.

In the ACOPR detonator containing a 127-micron diameter bridgewire with a
resistance of 0.18 + 0.02 ohm, aluminum/potassium perchlorate is capable
of withstanding a 5-ampere/5-watt no--fire pulse without ignition or
degradation of performance. After the no-fire test, the composition will
still ignite consistently from a 25-ampere all-fire current, functioning
in =1.5 ms. This unit can also be functioned by applying input voltages
ranging from 145 volts (=34 amperes) to 177 volts (=42 amperes). Mean [
function times drop from 0.80 ms to 0.55 ms as firing current is increased.
The mean firing current of aluminum/potassium perchlorate in the ACORD [
detonator is 9.08 amperes. All-fire current and no-fire current are
11.38 amperes and 6.79 amperes, respectively.
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Environmentally Acceptable
Method for the Demilitarization

of Mk 24 and Mk 45 Aircraft
Parachute Flares

by

J. E. Short
F. E. Montgomery

The Navy currently has a large number of Aircraft Parachute Flares
which are no longer usable. In addition, large amounts of produc-
tion scrap are generated each year. Formerly, this material was
disposed of by open burning. Open burning not only produces pol-
lutants but also destroys potentially valuable materials.

NAVWPNSUPPCEN Crane has developed a pilot plant process to render
these flares.

Figure 1 shows a cutaway of a typical aircraft parachute flare.
The candle section contains approximately 17-pounds of composition,!

Figure 2 shows the chemical composition of this candle.

A project of this nature is usually described using 35MM slides
and viewgraphs to show the equipment and data obtained from the
process. However, for our process, I plan to take a different
approach. You will see a narrated 16MM color film which shows
the actual pilot plant in operation. This film will enable you
to actually see the automated equipment disassembling typical
aircraft parachute flares.
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Demilitarization of the Mk 25 and
Mk 45 Aircraft Parachute Flare

Defective flares. The Navy has an inventory of a: Jut 75,000

defective Mark 24 and Mark 45 aircraft parachute flares. The 71

Army and Air Force have thousands more. Although they constitute
very little hazard, the thought of storing them forever is not
attractive. And it's expensive.

This method of eliminating the problem only creates other - 1
more serious - problems.

At the Naval Weapons Support Center, Crane a process has been

developed which not only eliminates the problem, but which results

in useful, profitable end-products as well. From the main part ]
of a flare - the candle - valuable magnesium can be recovered.

Among the othe,- by-products are nylon and metal scrap. So from

the present situation in which the Navy spends about $12,500 a year

storing defective flares, demilitarization can produce end-products

with a net profit of about $3.00 from each Mark 24 flare processed.

The demilitarization apparatus developed by the Naval Weapons

Support Center, Crane has been fully tested for effectiveness and

safety. It consists of a series of conveyors and machines that

are remotely controlled to disassemble and reduce the flare materials.

There are three major sections to the apparatus: The flare dis-

assembly section, the candle disassembly section, and the mixing

tank section. Each section has a control area and a machine area.

Except for a few safe operations that require human handling, the

process is remotely controlled from behind protective shields in]

the control areas. The process begins in the flare disassembly area
where the flare moves through a push apart fixture, separating the
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parachute and smaller parts from the candle. The candle is taken

to the second section. Here saws cut the ends off, a scorer removes I
the cardboard casing, and the crusher reduces the composition to

chunks. These chunks are conveyed to a mixing tank where they

interact with solvent and water. Sodium nitrate is dissolved and

drained off, leaving granulated magnesium which is screened into a

catch pan, and finally, taken to a drying oven. Now let's see the

process in actual operation.

First, each flare is readied. The protective cap, lanyard and

desiccant bag are removed from the flare, the fuze is checked to

make sure it is on safe, and the flare is vented if necessary. Then

it is taken to the first section of apparatus - the flare disas-

sembly section.

The main purpose of my section is to remove the candle assemblyfrom the rest of the flare. But first I have to take off the fuze.

The shield protects me from any possible accident during the hazard-
ous parts of the operation. When nothing is moving, it's safe-

s oanolike when I get the end cap and put it into a box to be sent to

Next the Darachute section is pushed out.

I take the candle to a station where Bill, who usually runs the

candle disassembly section, picks it up. First he removes the

firing pin assembly.

The purpose of my part of the process is to reduce the candle compo-

sition from a solid cylinder into small chunks. I control the pro-

cess from behind a bullet-proof shield.

The two band saws cut the ends. See the water? Water coolant is -

used whenever a procedure might produce heat or sparks.
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All water we use is recirculated, assuring cleanliness and elimi-I : nating waste. Here's our hydraulic power unit.

Now the cardboard tube around the candle composition is scored so

it can be stripped off. Although we've never had any problems at

all here - I could hit this button and stop everything if I had

the slighest idea that anything was going wrong. Only the super-

visor is authorized to activate the system reset button. The
sprinklers come on automatically, but I could start them myself

also if I wanted. Now, with all the equipment off, it is safe for

me to go in and remove the cardboard tube.

SNow the candle composition is dropped into a water-filled tank.

Here is where the composition is broken up. The crushing ramF exerts tremendous pressure - producing some heat - so the actual

crushing action takes place under water.011
Operator #3: A conveyor brings the crushed composition from Bill's

section to my area - the mixing tank section. My section is where

the pay off really comes. It's in the mixing tank where the mag-

nesium is separated from the other candle materials. I remotely

fill the mixing tank wIth solvent before the composition is intro- J
r duced. Then the composition drops into buckets in an enclosed

elevating conveyor where it is lifted up to the tank. A chute

directs the chunks of composition into the tank. Composition from

eleven candles is processed in one batch. When I have eleven

candles worth in the tank, I stop all equipment and prepare to go

Sinto the mixing room to close the top of the mixing tank.

Because of the solvent, i wear a respirator, and to be totally

Safle, some goggles. There is no danger to me from the candle

composition since it's under the nonflammable solvent.
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After closing the top of the tank I throw this door in the Y

chute so that another batch of composition can be routed off into

a second tank while the composition in the first tank is being

processed.

Now I remotely control the mixing operations. First I mix the

chunks of composition in the solvent. This dissolves the binder

holding the particles together. Then I drain out the solvent. A

bag filter catches the binder material so that the solvent can be

reused over and over. Then I fill the tank with water and mix

again, dissolving the sodium nitrate so that only magnesium is left.

The water and dissolved sodium nitrate are drained to be reused

until the sodium nitrate reaches a concentration of about eleven

percent. Now the granulated magnesium on the bottom of the tank

is dumped onto a system of vibrating screens - they screen out

any remaining chunks of composition, which will be added to the

next batch - and the magnesium is washed down onto a conveyor

which takes it to a catch pan. These catch pans are placed in a

vented drying oven. Otherwise the magnesium would retain water

for a long time.

Dry magnesium powder is the final result. A sample is always taken

to check the process. While testing is incomplete there seems lit-

tle doubt that it could be used for operational flares. Virtually

every by-product of the process can bp put to use. Even the binder

material may be used for purposes such as building blocks. Some

uses are still under study. For example the sodium nitrate solution

produced by the process may be useful as fertilizer for pasture

grasses. Researchers at Purdue University are cooperating in this

evaluation.
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The Naval Weapons Support Center, Crane is working on similar

processes for the demilitarization of red phosphorus munitions,

colored smoke munitions, photoflash cartridges and infrared

emitting devices; thus creating procedures for the economical

improvement of our nation's ecology.
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Environmentally Acceptable
Method for the Demilitarization

of Red Phosphorus Munitions

by

J. E. Short
F. E. Montgomery

The Navy currently has a large number of Mk 25 and Mk 58 Marine
Location Markers which are no longer usable. In addition, large
amounts of production scrap are generated each year. Formerly,
this material was disposed of by open burning. Open burning not
only produces pollutants but also destroys potentially valuable
materials.

NAVWPNSUPPCEN Crane has developed a pilot plant to render these
flares.

Figure 1 shows a cutaway of a typical marine location marker. The
candle section contains approximately 28 ounces of composition.

Figure 2 shows the chemical composition of this candle.

A project of this nature is usually described using 35MM slides
and viewgraphs to show the equipment and data obtained from the
process. However, for our process, I plan to take a different
approach. You will see a narrated 16MM color film which shows
the actual pilot plant in operation. This film will enable you
to actually see the automated equipment disassembling typical
marine location riarkers.

Enclosure (2)
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PILOT PLANT FOR RED PHOSPHORUS
RECLAMATION

MUSIC ..... CRANE logo

Titles: PILOT PLANT FOR RED PHOSPHORUS
RECLAMATION

Produced for:
NWSC CRANE

Under the Technical Direction
of: NAVAL SEA SYSTEMS COMMAND -.

(SEA-033)

Photographed at:
BATTELLE MEMORIAL INSTITUTE
Columbus, Ohio

and
KILGORE CORPORATION
Toone, Tennessee

Special Photography Courtesy
of: US NAVY

Edited by:
AUDIO VISUAL PRODUCTION
DEPARTMENT PURDUE UNIVERSITY

Navy ship-to-ship scenes (from the Battelle film)

NARRATOR: 1
The red phosphorus marine

location marker.. .essential in many military -A

operations. A large number are required. _i4I
Markers must be re-stocked, so that there

will always be fresh, reliable supplies.

Outdated markers, and the inevitable

accumulation of rejects and production A

scrap, a half-million pounds worth, are being

stored at NAVY installations at a cost of -•

several thousand dollars a year.
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The material is not dangerous, but Depot scenes, material being
that moved by fork lift,it must be disposed of in a way thattc etc...

is acceptable to the environment.

For this reason, the Naval Weapons

Support Center at Crane, Indiana, has

developed a pilot plant for extracting

the red phosphorus composition from

marine markers, and burning the phos-

phorus candles in a closed environment.

The material is disposed of effectively,

and a valuable product, phosphoric acid,

is recovered.

For the demilitarization of the Mk 25 Drawing of the flare, pop-in
• titles

Marine Location Marker, we are con-

cerned with three primary sub-assemblies...

The base assembly... the pyrotechnic

composition.. .and the outer tube.

Now, let's look at how the pilot plant Virginia carries the first

works. Virginia usually operates the flare to the band saw...

marker-breakdown section. We'll ask

her to show you the equipment in

operation.

Virginia: We use a band saw to cut She inserts the flare in the

off the inert base assembly from the saw

marker. The controls are safely out

of the way. She walks over to the control1 7box, pushes the buttons...

The vise automatically positions the,3

marker...and the base unit drops Marker is moved into place,
S •saw cuts' it off ..

harmlessly into a basket. The candle swctitof.

drops easily from the outer tube.
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This pushout fixture will cut through She removes the candle from .
Sthe paper liner..,the saw vise, drops

the pinner tube out into her
hand

The plastic igniter cap is saved for

controlled incineration, and the She walks over to the pushout, -"~~~~~~~insertsit ctsandleth operatesapr" il!

ignition composition is placed in il

containers for reuse. i

The rest of the candle will be cut She dumps loose material in
S~a container

into small chunks with a radial arm a

saw to speed up incineration. For She carries the candle over r]
safety purposes, I must push two to the RAS, inserts it, '1

S~operates the starting
buttons at the same time to start operats ticontrols4
the saw.

The candle material is immersed in Saw movinq thru the candle,
S• water splashing ...

water, and the saw moves very slowly.

These are additional safety precautions

which prevent buildup of heat.

The device automatically advances the

candle between cuts, until it is reduced

to small chunks.

Water is drained off into a holding Virginia opens the drain valve

tank and saved to be used again

The candle pieces are dropped into a She opens the hopper door,
f an obpieces drop onto theSfeeder, and I'll now move the bucket feeder...
conveyor into position to receive the 4

pieces

After the sawing and soaking, the She operates the conveyor...

paper is easily removed.
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The vibrator-feeder drops the candle She picks out the paper

pieces into the bucket, to be trans- scraps...

ported to the incinerator charge pan Pieces drop into the bucket...

A final check is maG • see that the She runs the conveyor, pieces

system is ready. These pressure and drop into the charge pan

temperature gauges are monitored
Operator checks dials and

continuously throughout the process gauge

NARRATOR: Here is how the inciner- Start, animation sequence.
aThis sequence shows the•.ation complex works p o r s f t e c mprogress of the com-

bustion gasses through
There are four principal components the complex, keeping

pace with the narration...

The first is a two-chamber incinerator,

where the cut-up candles are burned, NARRATION...

leaving a reduced quantity of inert

residue.

In the second chamber, the gasses undergo

further combustion of residual phos-
phorus vapor at 800 to 12000 Farenheit.

Then the gasses are cooled to less Animation sequence, continued

than 2000 as they pass through a spray

tower and packed column, which makes up

the second component. The spray is dilute
phosphoric acid, which becomes more con-

centrated as it scrubs the flowing gas
stream, picking up phosphorus pentoxide

molecules. The output of concentrated

• '- phosphoric acid can be recycled as a valu-

I .able material for agricultural fertilizer
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The gasses then pass through a water-

cooled heat-exchanger, which reduces the

temperature further

A third component, is the mist eliminator

section, where any remaining acid droplets

are removed by filtration

Finally, the gas stream is exhausted through

a stainless steel duct. The Ammunition Pro-

curement and '.jpply Agency (APSA) has

specified that there must be less than one

milligram of phosphorus pentoxide per standard

cubic foot of exhaust gas. Stack gasses are

sampled continuously.
Now, we'll let Grace show you the actual

incineration complex in operation... End of the animation
sequence (4

Grace: My section of the pilot plant Grace turns on switches and
opens valves on the

is the incineration unit. Before incinerator• • incinerator

each operation, I heat the second

chamber to 8000 Farenheit. At the She opens move valves andS• ~checks her clipboard... .
same time, I check out the entire

incineration system instrumentation

The air pump brings the incinerator She operates the pump...

to a slight vacuum, so that fumes will

not leak out. The vacuum condition is .

maintained throughout the operation

Next I load the cut-up candles into She loads the 1st chamber

the 1st chamber of the incinerator ]
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Composition ignition is achieved in Virginia comes out and•: switches on the burner
one to five minutes, as the burner

flame contacts the charge pan, and the

reaction becomes self-sustaining. 1st chamber interior

Combustion takes about twenty minutes A

The spray tower and packed column Grace with her clipboard

function continuously, cooling and checks the system over...

scrubbing phosphorus pentoxide from
the combustion gasses. The packed

column is filled with a ceramic

material and recycled acid spray to

remove the acid fumes, leaving only

a fine mist, which is removed as the
gasses piss through the mist eliminator.

The acid is suitable for sale, and the

money the Navy receives helps pay for

all of us.

NARRATOR: As the remaining gasses Scientist at the stack gasS~monitor
are pumped up the stack, they are

sampled continuously for any remaining

acid mist. The entire system is de-

signed to keep the mist to an absolute Scientist walks over to theS~cut-off valve
minimum... below Ammunition Procurement

and Supply Agency standards

The efficiency of the pollution con- Close-up of the smoke-stack,

trol devices on the system can be no smoke...

demonstrated visually

This is what happens when the mist White smoke appears...

eliminator is by-passed

V . 553
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The smoke almost disappears when the Smoke disappears

mist eliminator i3 connected back into

the system.

The end products of this incineration Wide shot, overall view of

unit for red phosphorus disposal and the plant
reclamation are a small amount of

chemically inert ash, suitable for

land-fill disposal or as a ceramic

glazing material, or manganese ore and
reclaimed fertilizer-grade phosphoric Additional view of an oper-

ator checking over the
acid, suitable for agricultural use. system...
Thus, a large stockpile of phosphorus

flare candles, rejects and scrap, can
be disposed of safely. NWSC Crane is

working on disposal methods for other

pyrotechnic systems in order to further

reduce pollution NWSC Crane logo
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PYROTECHNIC DEVICES FOR USE BY WATER-SPORT ENTHUSIASTS

AMATEUR SAILORS AND SMALL CRAFT IN COASTAL WATERS

-G. M. Simpson

Introduction

More and more people are finding real pleasure in offshore

sailing and other water sports. Such activities are not without

an element of danger and the sea is never to be underestimated.

Every year there are tragedies when people get into unexpected

difficulties and find themselves unable to cone with the

situation.

Some of these tragedies might be avoided if everyone who

went out on the sea in a boat carried some means of calling

attention to their plight.

A distress signal does not have an easy jcb.

The main object of a signal is to be seen. Thus, it should

be conspicuous, even at a long distance by day or by night, and

it should function for as long as possible.

"�The signal should also be reliable. It should always

S- - perform satisfactorily whatever treatment it may have received

.- during storage in a small boat.

It is unlikely that a signal will be needed on a calm,

fine day, so the signal should work even if drenched by rain

and spray or accidentally dropped into the water when ready to

fire.

I V
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- A distress signal is going to be used by someone in

distress - who may be cold, exhausted, panic-stricken or

clinging to a capsized boat. The operation of the signal should

therefore be simple and absolutely foolproof to use.

Ty-pes of signals, their design and construct.,on

Any or all of the following signals may be carried either

by choice or by reason of safety legislation.

Red, white or green hand-held flares; red, one or two star

signals; red, white or green rocket parachute flares; rocket

fired maroons; hand-held orange smoke signals; floating orange

smoke cannisters. :r

Tradotionallyh signals have been constmpected in cardboard

tubes rather like glorified fireworks, but such do not provide

an adequate storage capability. More recently steel, aluminium
and other metals have been employed and in such designs

adequate sealing may be achieved. However, there are obvious

disadvantages. i) The temperature reached by the tube may make

it uncomfortably hot to hold. ii) There may be problems of

corrosion during storage. iii) Such signals are frequently

incapable of floating. iv) Use of these materials tends to

make the market price higher than necessary. v) Higher weights

increase packaging and transport costs.

The effective sealing of si.ch signals frequently depends h

on the use of waterproofed tape3, card discs and glue and the

whole operation of assembly is frequently extremely complicated

and highly labour intensive, thus giving rise to high

production costs which are r,foected in high market prices.

By utilising components manufactured in modern light-
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IRI
weight plastics such as polythene, polyvinylchloride,

polypropylene etc. and by the choice of a suitable filler for

the plastic e.g. talc or glass fibre may be used in

polypr~pylene, the component can be adjusted in terms of

density, tensile strength and heat insulation (or burning rate

if it 1,3 desired that the component be consumed). Furthermore,

these materials can be assembled into a sophisticated moisture-

proof device by quick and reliable tecrniiques such as high

frequency or ultrasonic welding or by the design of snap-

together components.

Tae elimination of metallic items can considerabl, enhance

the storage life of the devices, as also car the use of modern,

resin-bondcd pourable, cartable or compression moulded

pyrotechnic mixtures. The inherent safe-handling

characteristics of many such compositions may enable f !ling to

be accomplished automatically, thus enabling flow line

production to be implemented with consequent cost savings in

time and labour content.

The firing operation of many of the distress s~gnals

currently available in the U.K. leaves much to be desired.

Frequently end-caps secured by adhesive tape have first to be

- - removed, an almost impossible task for someone in the water

with cold hands. It may then be necessary to remov, a st.aker

p.lug from the base of the flare ard rub this across the fa',e of

S•..posed metch composition at the Gop of the flare - ti

accomplish this with waves oreaking over one's head is qvite

impracticable and the system suggests that the manufacturer has

rever tested his wares under realistic conditions,

In mar~y current mechanically operated devices employing

Sriction iga.iters or percussion firing (both of wý'ach have a

high functional reliability if well-designed ard constructod
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from long-lire components) the operator is required to insert

a finger into a loop of string or into a pull ring designed to -

fit only the daintiest of digitst In a well-designed signal

firing should be possible by means of a simple operation which r
may be accomplished with gloved hands.

Ideallyt all signals should be so designed as to

immediately indicate their type and mode of operation without

the necessity of read.ng instructions in small print. [i

rai Suggested Design Cýriteria :

• : •9he following list of desirable attrObutes has therefore •

Sbeen compiled a3 an outline specification for distress signals .

:•~~ :for use by axmteurs in coastal waters.

• •1) 9he design of any signal should be such that failure of I

any component or system will cawe the device tc 'fail-

safe'.[ 2) Signals must not be capable -f functioning accidentally

under any circumstances.

3 Packages and ccmponents of sig'.als must be compatible with

one another under moist and hot conditions.

4) Chemical or electrocaemical galvanic effects must not

.jeopardcise the safety, nor lead to degradation of the ji

•" • signal.

T5) he packaging of signals should be designe.I to assist in i.

their protc .'on and safe-keeping but provide rapid ankd.

easy acc?,.s.

6) Any signal (or pack of signals) should -!oat if

accidentally dropped overboard.
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All signals should be so constructed that when fired, no

burning material will fall which might cause injury to the

operator or damage to an inflated craft.

Signals should be fitted with an integral means of firing,

easy to operate with wet, cold or gloved hands in adverse

conditions without external aid and requiring the minimum

of preparation.

9) Fealing and access should not depend on the use or removal

of adhesive tapes.

10) Me signal should be so constructed that the operational

end may be positively identified by day or night.

11) 11,11 signals should be capable of functioning after

immersion under a head of water of one metre for one hour.

12) Signals for use by divers (in outer pack where applicable)

should be capable of submersion to a depth of sixty metres

without loss of serviceability.

13) In the ?Rea0y-to-firet conditiont a signal should fwiction

satisfactorily after immersion under a head of water of

10 cm. for 10 seconds.

14) All components, compositions and ingredients should be of

such quality as to enable the signal to function sffoothly

and maintain its serviceability under average storage

conditions in the marine environment for a period cf at

least three years.

15) Me date of expii-j should be marked indelibly on the

signal.

16) Clear and concise directions for use in the English

language, supported by illustrations, snould be printed

indelibly on the signal. It should be possible to read
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each line of the instructions without rotating the signal

17) Hand-held orange smoke signals for daytime use should be

capable of emitting dense orange smoke for a period of not

less than 40 seconds.

18) Floating orange smoke signals for daytime use should be

capable of emitting dense orange smoke for a period of I
not less than 3 minutes.

19) Hand-held flares should be of distinctive colour and A1

should burn for a period of not less than 60 seconds with

an intensity of not less than 15,000 Candela and withoat

discomfort to the user.

20) After ignition, a flare should continue to burn after a i
temporary immersion under a head of water of 10 cm. for

10 seconds. 1
21) One and two star signals should eject stars to a height

of 100 metres. The stars should continue to burn brightly

for a period of 5 seconds but should be extinguished

before falling to sea-level.

22) Rockets ejecting flares suspended on parachutes, maroons

or radar reflective material should fire smoothly without

recoil or discomfort to the user.

23) Rockets should also be capable of functioning when fired 70

at an angle of 45 degrees to the horizontal.

24) Parachute flares should be ejected at a height of 300 -

350 metres.

25) Parachute suspended flares should burn for a period of not _

less than 45 seconds, fall at a rate not greater than.
* ;4.6 metres per second and extinguish at a height of not

less than 46 metres above sea-level.
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Development of a Small, Safe Pyrotechnic Valve Actuator

by

B. R. Steele

Initiating & Pyrotechnic Components Division
Sandia Laboratories

Albuquerque, New Mexico

Abstract

Development of a Pyrotechnic Valve Actuator with several

new design concepts has recently been completed. This actuator

offers advantages in size, electrostatic safety, high "g" load

capability, severe temperature extremes, bonfire safety, and

advanced testing techniques. These advantages were obtained

by the following design concepts:

Size - was enhanced by the use of a ring connector.

This connector consists of a center pin and two concentric

rings that are each connected to a pin which provides a

dual bridgewire capability with a common ground return.

Since the contacts are cylindrical, no orientation keyways

are required.

Electrostatic Safety - is controlled by a shielded charge-

holder, electrically connected to the center pin, with a

breakdown path provided at the closure dizc, outside the

561I
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powder cavity. In addition, a spark insensitive powder

is used. Over 2500 units have been tested without a

failure. This allows a reliability statement of .999 at

90% confidence.

Operator Safety - is enhanced by the use of TiH 6 5 /KClO4

pyrotechnic powder which in itself is spark insensitive

in bulk form.

High "g" Load Capability - is attained by the use of a

retaining washer that holds the powder against the bridge-

wire. The primary use of this actuator requires capa-

bilities to function after loads over 10,000 gt s. -;

Temperalure Extremes - from -40°C to +710C have been -1
proven. Limited numbers have been successfully tested

from -67°C to +1200C.

Bonfire Safety - is attained by using pyrotechnic powders

with auto ignition temperatures above 5000C. Although -]

the actuator will function at this temperature, the

remainder of the system will have burned, melted or

exploded by that time.

Non-Destructive Testing -. is done by Electrothermal Response

Test techniques. Using this test after various environments

allowed us to predict failures and in dissecting units

%52 •

•N....



screened by ETR, a design deficiency was found and correc-

ted. This test has also aided us in finding variations in

!oadJng tools and loading processes.

"D" Testing - is accomplished using a load cell test fixture

•ha• simulates the act,,ator function in a •y•ica! valve.

• .. The fixture provides a volume that expands vo approximately

the same final volume as the valve and zhe piston impacts

t "" a force cell and provides a force vs. time curve.

In the past, actuators have typically used primary explo-
•- : • • •:•-• sives (norma! lead styphnate) to drive the valve .o!unger. •j

Fz•-
.•+ While this type of material is superior for functional charac-

•- teristics, it is unsatisfactory for safety reasons, it can

Sbe ignited by very low electrostatic @ischarge pulses and
i, can grow to detonation causing waves fragments.

Sshock and

SOur goa! has been to eliminate the use of primary explosives.

SOur first attempt in this actuator was to use titanium/

SDotassium perchlorate in a 33/67 ratio. This material has ii
.. ii

• sufficient output to function valves; however the spark sen- !i

•: sitivity is similar to that of the primaries. A significant

:• .. advantage of this material over lead styphnate is that it i

I :- won • [.'row to detonation •n small quantities.

- - : The next materia! evaluated was titanium cihydride/

I potassium perchlorat¢ in a 33/67 ratio. This material is'•'I

if ' "This wo•l, was supported by the U.S. Deoartment of Energy. f:•
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extremely insensitive to initiation by sparks, has sufficient I

output to function valves when contained properly, but is not

chemically as stable as we would like. Ignition problems

developed with this material and we concluded that if we could

find a titanium subhydride composition that when blended with

KC10 had a spark sensitivity near the charged man maximum

(600 pF, 20 kV, 500 ohms) we could have a realistic trade-

off. The material selected as baseline was Till 0 6 5 /KCIO4.

Development of the baseline powder was done in conjunc-

tion with the actuator development. Several studies have

been done in support of this program and many of them will j

be discussed in other papers.

Actuator Design

The requirements placed on the actuator design by the :1

system are shown in Figure 1. Those that required new ideas

and techniques were: no-orientation connector, electrostatic

safety with a reliability attached, high "N" load capability,

temperature extremes to 150 0 C, and bonfire safecy.

The design that resulted from these requirements is j
shown in Figure 2. The 3-pin, dual bridge design consists

of a center pin and two concentric rings. The rings are

metallized ceramic and contact is made to the pins by brazing.

This results in a connector that requires no key ways or guides. A
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.The no-orientation connector was originally designed to elimi-

nate operator error during hook up; i.e. when more than one

unit is required for a system, the cable can be made exactly

the right length so it cannot be interchanged with a nearby

unit. It turned out in the actual system that the most impor-

I tant factor for cable length was because of the high G loads

and being able to to tie the cables down securely. At 10,000

G's wires are sometimes stripped from potting sleeves, insula-

T tion and solder.
I

71 Electrostatic Safety

1 Electrostatic safety was accomplished in two ways: 1)

by using electrostatic insensitive powder, and 2) by using an

electrostatic shield.

The original design utilized a titanium dihydride/potassium

perch.lorate mixture (TiH1.9/KCI04). This material is extremely

insensitive to ignition by sparks such as those generated by

the human body. Hot wire ignition failures in the component

caused us to move away from TiHI.9 and, based on the spark sen-

sitivity curve shown in Figure 3 and firing data on units tes-

ted in liquid nitrogen, TiH0 6 5 /KC10 4 was selected as the base-

line powder. Selection of this powder was a marked improvement

in operator safety when compared with primaries, and titanium,

1 zirconium and aluminum based pyrotechnics.
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The marked knee in the curve and lack of historical data

dictated P separate backup mechanism to meet the stringent

electrostatic insensitivity requirement. Figure 4 shows the

concept of the shielded charge holder. A charge holder con-

sisting of a metal sleeve with molded epoxy on the inside

and outside diameter for electrical insulation has a wire

welded to it in two places. The charge holder is then bonded

into the header with the welded ground wire perpendicular to

the bridgewires; the wire is then welded to the center pin.

After the powder is loaded into the charge holder a metal

disc is welded into the metal sleeve of the charge holder.

A perforated insulating disc is installed and then a metal

sealing disc is welded in place. The perforated disc pro-

vides a preferential spark gap outside the powder cavity.

This charge holder design was incorporated without changes

to the configuration or size of the header.

We have subsequently tested in excess of 2000 units of

this design by applying a 20 kV pulse from a 600 pF capacitor

through 500 ohms series resistance, from shorted pins to case

with no units fi-ing. Ninety-five of these units were sub-

Jected to 10 such pulses on each unit. In addition, five

groups of units were loaded with more sensitive materials such

as lead styphriate, lead azide, etc. Test data of these units,

shown in Figure 5, confirmed the theory that the wire size

[I
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would control the sensitivity level. Note that the units

began firing in the same sequence as expected from hot wire

sensitivity of the individual powders. This implies that if

the wire were made larger, the unit would be even less sensi-

tive in this mode.

High "G" Load Spin Testing

" Subsequent to high "1G"t load spin testing, non-destructive

2
test methods (electrothermal response testing (""TR)) indicated

that the powder had decoupled from the bridgewire. DisseCtion

of two units revealed that the powder had slipped in the charge

holder and moved approximately 0.007 mm away from the bridge-

wire. Subsequent attempts to fire units revealed an approxi-

mate 50% failure rate. Previous ETR data had revealed a partial

decoupling of the bridgewire-powder interface following thermal

cycling. It was postulated that the powder was decoupling from

the bridgewire and slipping out due to the difference in ther-

1 ""mal expansion between the powder, charge holder and header.

Data obtained from a different component with similar

materials revealed long ignition times and some failures to

fire when the bridgewire was pushed down against the ceramic

substrate.

"Two design changes were made to compensate for these prob-

i • lems. The first was to raise the bridgewire above the ceramic
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substrate. This was accomplished by grinding recesses between

the pans so the bridgewire passed over the recess, thereby

allowing powder to completely surround the bridgewire. This a -

recess is 0.127 to .254 mm deep. Thermal modeling calcula-

tions indicated that a powder thickness of 0.10 mm would look

like infinity to the bridgewire during all fire current pulsing,

and stress calculations indicated no excess stretching of the

wire would occur at 0.254 depth. This change was to compensate .1

for very small movement or relaxation of the powder caused by

thermal cycling. The recesses or cavities are depicted in

Figure 4.

In order to stop the pellet from slipping in the charge

holder during high "G" loads a one-way washer was incorporated.

This washer is shown in Figure 2. The washer is put in place

by a procedure developed utilizing a Thermal Mechanical Analy-

ser (TMA).3 The first increment of powder is loaded at 4000

psi; the washer is then seated and the powder is reconsoli- Nil

dated at 12,000 psi. The second increment is then consolidated I

flush with the charge holder with 8000 to 13,000 psi with a

dead stop fixture.

Figure 6 shows the ETR data from units with and without j [
the washer before and after flight testing at high "G" loads

(10,000 G). Fifty percent cf the first group failed while

none of the group with washers failed. This chart also shows i
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a significant shift in gamma values upon introduction of the

washer. The after thermal cycle data shown were taken following

a series of three thermal cycles that were incorporated as a

part of production to "stabilize" gamma prior to shipping. The

data show the decoupling mentioned earlier. We 'nave since elimi-

nated the thermal cycles as a production process.

Oiutput Testing

New concepts in functional "D" testing were required

because of the burning characteristics of the titanium dihydride

powder. In the past testing was accomplished using a closed

bomb to measure pressure vs time in a known volume. More

recently we have used a magnetic chronograph which propels a

piston of known mass down a tube and through two magnetic coils

a fixed distance apart. This results in a known mass being

accelerated to a measured velocity and the resulting kinetic

energy is calculated. This method yields ve-y reproducible

results with lead styphnate; however, the dihydride powder

was not completely burned when the piston started free flight

and extremely variable results were obtained.

In designing the load cell test fixture shown in Figure

7, we attempted to reproduce the volumes and functions anti-

cipated in a valve. The fixture is built around a Sunstrand
4.

model 912 quartz load cell which provides a force vs time curve.
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A brass cone is placed on top of the load cell to absorb the

initial impact of the piston on the loac --ell; it also simru-

lates the work done in cutting tubes in a ",alve. The piston

is an interference fit (metal to metal seas/ with a standard .1
diameter drill bushing. A beryllium copper shear disc is

placed on top of the piston to simulate a seal disc that is

welded into the valve. Note that when the actuator is tight-

ened into the fixture the high pressure contour seal of the J

actuator imbeds itself into the disc and provides essentially

ll a zero free volume to fire into. The disc thickness of 0.25

mm was dictated by the use of titanium dihydride; however,

that same thickness is utilized with the subhydride. The zero

free volume allowed us to reduce the charge weight by 30 to

50 percent compared to previous designs and still maintain " I

same valve stroke.

When a unit is functioned, the fire pulse, piston flight I j

time, and the force vs time curve is recorded. With the same

equipment utilized for ETR testing (Biomation, HP Calculator, .

etc.) the data shown in Figure 8 are obtained. In addition

to these data we measure the crush of the cone for oack up

information.

Conclusions . h
We feel that this actuator has advanced the state of the

art in several areas, and in most respects exceeds design
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requirements. The piece parts and manufacturing techniques

are available from non-government suppliers, including the

mating connector which was not discussed. New test metho-

dology developed on this program can detect design problems

prior to failure. In addition, a new family of pyrotechnics

has been developed and is ready for production.

References

1. Stability of the Pyrotechnic Mixture Titanium Hydride

(TiHx )/Potassium Perchlorate (KCI04), T. M. Massis and

P. K. Morenus. SAND75-5889

5V_2. Transient Pulse Testing of Electroexplosive Devices,

B. R. Steele and A. C. Strasburg. SAND74-5458

3. The Simulation of Powder Decoupling; Phenomena in

Electroexplosive Devices by TMA, T. M. Massis, P. K.

p •Morenus and B. R. Steele. SAND77-0258

14. Calculator-Controlled Data System for Explosive Component

Testing, A. C. Strasburg. SAND76-5217

S ]_ 571

NN 
_



FIGURE 1. U
ACTUATOR DESIGN REQUIREMENTSH ~SIZEI

*900 CONNECTOR -NO ORIENTATION

k * ~ELECTROSTATIC SAFETY (.999) v
*OPERATOR SAFETY

*BONFIRE SAFETY

*TEMPERATURE EXTREMES

*HIGH "G" LOADS

*LONG LIFE
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ACTUATOR

SEALING DISC

DRILL BUSHING

CRUSH CONE
_____ ____ANV IL

FIGURE 7.
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~.EilL ~j:3~ FUNCTIONAL TEST DATA1k
SJ --- ':,_-EPI A L N'lO. 18 :'E- . . .

i.EFRAGE CUPREINT = A.E-: E4: A 'IF'EE
IHITIIATITON TIME = 1.42 NILLI;SEC:Ht'D!:
iHITIFIATCItN ENERG"'Y = 17.'. I.ILLIJr!ULES
FE-,ES FiT FIRE TIME = 1. Q7 OHMS
BRIiGE BREA[-'K TIME = 1. 48 N IILL I .SE:':OtriDS,Ii N fIHM R;ESIS"T A tIC:E = 15.'40 UHNS ,
-TIME OF MIN E = -. 7" 3 ILLI.SECIDS

PEAK FORCE 1E.K = F - I L ON ,EfWT -0, NS.OI[
TI N11E TO PEAK = 47.G. MI i11F O:".ECOND'SI M P I L :.E TO F'EAK =4'fC H,11LL.I HE 0TO -'L-.*E 1'OHIIS -

SF'U L`.:E 1-.1I IT H 5, 5 .6 k,.II C:F''O:-.EC'OD"STOTAL IMPULSE 5 7A"
TO~flL ..,PULE =.57 M ILL I NEWTON-SEC OHr'"3

II

Typical Analog Oscillograph

I r-

4 4

1. Fire Pulse Current; 1 Amp./Div. 1 m sec/Div.

2. Fire Pulse Voltage; 1 Volt/Div. 1 m sec/Div.

3. Load Cell Force Output; 1,000 Lbs/Div. 20 p sec/Div.

F . Force Rise Stops counter to record time from Initial rise of
fire pulse to start of rise of force. (1.1186 m sec.)

I FIGURE 8.
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PERSHING II

REENTRY VEHICLE SEPARATION SYSTEM

by

Edward M. Storma -

Martin Marietta Corporation
Orlando, Florida 32805

FJ

ABSTRACT

The Pershing II separation system was designed to separate the reentry
vehicle from the missile with a high degree of reliability, minimum weight,
and low cost. The separation system employs 10 grains/foot linear shaped
charge fabricated with HNS-II B explosive in an aluminum sheath. This is
initiated with redundant exploding bridgewire detonators. The skin is eut

• ~from the inside of the missile, immediately aft of the reentry vehicle. •

N

1.0 INTRODUCTION

Pershing is a United States Army artillery missile with two solid pro-
pellant rocket motors. Pershing II incorporated terminal guidance into the ;1

reentry vehicle (RV). This paper will deal with the separation system that
releases the PII RV.

The primary objectives for the Pershing II separation system were: i
1) a high degree of reliability and safety, 2) minimum weight, and 3) low
cost. Use of qualified Pershing Ia exploding bridgewire ordnance (EBW), I
high energy firing unit (HEFU), and high voltage firing cables was also
desirable because of their proven reliability and availability in the
logistics system.
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2.0 PRELIMINARY STUDIES AND DEVELOPMENT TESTS

Preliminary studies early in the PII program indicated that cutting
the skin to release the RV was the best selection for a separation system
that would meet all of the primary objectives.

Thermal studies (Figure 1) revealed that a maximum temperature of 205*C
(402*F) would be experienced by the linear shaped charge. Consequently

* 'HNS-IIB (Reference 1) was selected for the explosive charge.

Ten gr/ft HNS-IIB in aluminum sheathed linear shaped charge (ALSC)
was selected from test data published by Sandia-Albuqueriue (Table I and
References 2 and 3) and tapered plate tests conducted at Martin Marietta,
Orlando (Figures 2 and 3).

Preliminary development tests determined that initiation through the
sheath of ALSC in small grain sizes is not reliable. The reason for these
failures is explained by tests that were conducted on the SPRINT program
using RDX (Table II). Subsequent end initiation tests verified that end
initiation of 10 gr/ft HNS-IIB ALSC would be reliable.

End initiation required that the ALSC be bent inward from the skin.
A special tool (Figure 4) was used to pcevent distortion of the ALSC, crack-
ing the sheath and breaking the explosive core during bending. Subsequent
tests demonstrated that the ALSC would cut a 0.063 inch thick witness plate
in the bent section and downstream of the bend (Figures 5 and 6).

Preliminary tests were conducted to determine the effect oi the air

gap between the end of the EBW detonator and the ends of the ALSC (Figure 7).
The results of these tests are shown in Figure 8. These tests verified that
an air gap of approximately7 0.050 inch would provide an adequate safety
margin for ignition. (Air gap Bruceton tests are currently being conducted
and will provide data on a larger sample size and a calculated probable
reliability.)
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-ADAPTER AIR, 422F -

DETONATOR CHARGE,

/L 
148-F (VAX)

- - -I

RIB, 409OF IIDETONATOR FITTING, 209OF

SKIN, MOUNTING RING, 230F

-SILICONE RUBBER, 200F (MEAN)

ALSC. 4020F

ABLATIVE SURFACE, 415F

BARE SKIN, 956*F

TR69 SURFACE, 785-FBi~•:BOLT SURFACE, 328*F

Figure 1. Separation Ring Assembly Temperatures at Burnout

TABLE I

Summary of Performance and Reliability Of
10 Grains/Foot HNS ALSC (Reference 3)

Ti Optimum Standoff Thickness Of j
To Cut Aluminum 6061-T6

Core Weight 6061-T6 Aluminum Cut
(Grains/Foot) (Inches) (Inches) Reliability

7 0.035 - 0.055 0.072 0.99 I

0.065 0.999
0.059 0.9999 F'

10 0.035 - 0.050 0.094 0.99
0.089 1 0.999
0O.0Q8-6 0.9999 (P11)

15 0.035 - 0.055 0.123 0.99
0.117 0.999

0.112 0.9999

HNS - Hexanitrostilbene
ALSC - Aluminum sheathed linear shaped charge

Li
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I!Figure 2. Tapered Plates (2014-T6 Aluminum) Cut by
10 Gr/Ft HNS-IIB Aluminum Sheathed Linear Shaped Charge

i44

flU0.063 THICK 20144T6 ALUMINUM SKIN AT REENTRY VEHICLE SEPARATION PLANE (REF)
if OTS:ALSC - 10 GR/FT HNS-IIB IN

0.050-ALUMINUM~ SHEATH
:-JTARGET - 2014-T6 ALUMINUM~

0.045 INCH STANDOFF TAPERED PLATES
C-, PROVIDES MAXIMUM4

if CUTTING PERFORMANCE

! II0.025,

0' 0D01 .020 0.030 0.040 0.050 0.060 0.070 0.080

k ALSC TO TARGET STANDOFF '. INCHI

Figre 3.Linear Shaped Charge Cutting Performance
FigureVersus Standoff
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TABLE II

Results of Through Bulkhead Initiation Tests with RDX
to Determine Explosive Column Length Required

to Attain Nonreversible Ignition
and Constant Detonation Velocities

1. Density 0.9 gm/cc. (EBW Bridgevire Charge)

Bridgewire charge required 5.08 mm (0.2 inch) to attain
constant velocity of 5620 m/s from exploding bridgewire
stimulus

2. Density 1.55 gm/cc (TBI Doner Charge)

Donor charge stimulus required 4.32 mm (0.17 inch) to
attain constant velocity of 0.7800 m/s from EBW charge

3. Density 0.97 gm/cc (Through Bulkhead Initiation Charge)
Receptor charge required 4.57 mm (0.18 inch) to attain

constant velocity of 5640 m/s from TBI doner

4. SRI Tests of Induction Length

1 mm (0.039 inch) is the minimum length required to attain
nonreversible ignition in an explosive column

Column length of 1.40 mm (0.055 inch) failed to reach steady
state velocity

The 50 percent ignition stimulus level was 8 kilobars

5. Column diameters tested were 4.45 mm (0.175 inch)

IMPRESSION STAMP
APPROX AS SHOWN

:1 63
0.03R [.ORNY0.130
ENDS ONLY OT

900
TYP

0.750 DIA

0.270 I

-4--.0.25

-4.0 ---n

MATERIALS: STAINLESS STEEL OR BRASS

Figure 4. Ten Grains/Foot ALSC Bending Tool
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0
AR DETONATOR

CARTRI DGE
1056601 3-9

ALUMINUM FOIL DISC
0.005 THICK x 0.532 01A14
PER QQ-A-1876
TYPE I, GRADE 8
DRY ANNEALED -

UPPER DETONATOR FITTING

I 10OGR/FT

VLOWER DETONIATOR FITTING IHN-ILS

SPACER BLOCKS 2 BLCS4Bit

0063 2014-T6 2MA0KUI11.004 STANDOFF-i

ALU. NM5004

0.350- 0 0 0 X 0 i
0.300- X X 0 x XX

0O.250. xX

S0.200- X

< 0.150-

4-0.100 
H1

0.050-

0 1 2 3 456 891011912 131 412 513641 17 ;
TEST SEQUENCER

V Figure 8. Preliminary Air Gap End Initiation Bruceton
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3.0 DESIGN

A separation system design was generated from these studies and tests.
A cross section of the separation ring and missile skin at a detonator fit-
ting is shown in Figure 9. A view looking forward at the same location is
shown in Figure 10. The separation ring with detonators, high energy firing
cables and HEFU is shown in Figure 11.

EXPLODING BRIDGEWIRE
DETONATOR-.

DETONATOR FITTINGS--

RV AFT

BULKHEAD

Ii

j SUOPORT RING

-[ "\ -".--VENT TUNNELS

.. , SILICONE RUBBER

ALUMINUM TAPE

Figure 9. Section Through Separation Ring and Skin
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4.0 ANALYSES

A reliability math model was developed and an analysis was conducted
on the separation system (Figure 12). The detonator-to-ALSC air gap is
not shown but it is expected, based on preliminary test data, that this
will be in the order of 0.9999 at 90°C. Consequently the total reliability

should remain in the order of 0.9999 at 90 percent confidence as shown in

Figure 12.

The HEFU/EBW systems on Pershing Ia have demonstrated a safety of 0.9999.
The insensitivity of HNS and the protection provided by the mounting ring
and skin will continue to assure a high degree of safety.

The weight of the PIa RV separation system and related structure was
35.962 pounds. In comparison, the PII system weighs 8.28 pounds. This is
a savings of 27.682 pounds.

Channel /

WE Channel 2

HEFU CABLES DETOATORS
10564683-49 10564953-69 -109 3 10 Gr/Ft lIS ALSC

Plight Test Statistical Data -1& 9

2 f ailures No known failures 4 failures of Sandia reported
(on-e channel detonator** reliability

4478 single 4478 single 1260 single 0.9999
channel channel attempts detonator (Table II)
attempts in in missiles attempts in
missiles missiles

Calculations:

-. USingle Channel

l•(-•4478 1(4478 I 4260 X 0.9999 R

0.9996 X 0.9999 X 0.9968 x 0.9999 0.9962 R I0.99R*i 90% C

Redundant Assemsbly

1- U1-0.9962) x (1-0.9962)] - i

1- (0.0038 x 0.0038) - 0.99998* Redundant Reliability. 0.99993 R* 90t C

*If all of the 14 separation anomalies experienced in flight tast missiles are
calculated as detonator failures, the redundant separation system assembly

3. reliability is .99986. This is a reliability of 0.9298 at 90% confidence.

N- Humber of failures

- A failure rate of 0.3 is used to provide a conservative calculation when

no failures are known to have been experienced.

Figure 12. Reliability Math Model EBW/LSC Separation System
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5.0 SEPARATION SYSTEM TESTS

Four separation tests have been conducted with the separation system
Figure 11 in full scale structures. All have cut the skin and separated
the RV from the second stage. The shock spectrums recorded in the structure
during these tests indicated high amplitudes at high frequencies. These
were not damaging to the structure and did not affect the operating equip-

F.- ment within the RV. A typical skin cut is shown in Figures 13 and 14.

11
.4k

M ALSL

Figure 13. Aft End of Prototype Pershing II
Reentry Vehicle Showing Skin Cut By
10 Gr/it HNS-IIB ALSC (Left Side)
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Figure 14. Aft End of Prototype Pershing II
Reentry Vehicle Showing Skin Cut by
10 Gr/Ft HNS-IIB ALSC (Right Side)
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6.0 CONCLUSIONS

P The PII separation system is a reliable, safe, lightweight assembly at

a reasonable cost.
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COLORED SMOKE-FLAME

J. E. TANNER and H. A. WEBSTER, III

Applied Sciences Department

Naval Weapons Support Center, Crane, Indiana

ABSTRACT

A yellow smoke-yellow flame formula has been developed. Bismuth

oxide as a combustion product colors the smoke, and sodium colors the

flame. The composition and its combustion products are much less toxic

W- than lead-based formulas developed earlier, while smoke volume and

quality are nearly as good. I

IF;
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INTRODUCTION

A large number of colored display units (smoke and/or flame) are
currently in the military inventory. They are used to signal distress,
identification, or warning. They are also used as markers of opposing
(enemy) elements, or to indicate fuze-action and accuracy of weapons.

The basic requirement for a colored display is a highly visible,S •unambiguous, eaiyidentifiable mlark. Thus, at night Acolored flame
is generally used, and in daytime a colored smoke.

A single unit may incorporate either or both of flame and smoke.
To be prepared for both day and night situations, separate smoke and
flame units may be developed, or a single unit incorporating both the
smoke and the flame may be devised. The advantage of the separate units Iis longer burn time for a given total stze. The disadvantage is thenecessity of stocking and handling two types of units.

Both smoke and flame may be incorporated into a single unit either
in the form of separate smoke and flare compositions, or in the form of
a single composition which produces both the desired smoke and the
desired flame.

The advantage of separate smoke and flame compositions is that
each may be optimized for the quality and quantity of its output. When
the separate compositions are incorporated into a single unit there are
usually problems of interference--if both are ignited simultaneously the
flame may ignite the smoke. Or if the smoke is ignited first, the re-
sidual clinker may degrade the flame which follows. If smoke and flame
are ignited independently out opposite ends of the unit then twice as
much ignition hardware is required, and there may also be inadvertent
ignition of the wrong end. In any case, spacers are required to keep
the compositions apart, and the unneeded half, is in practice wasted,
even if not used. Therefore if a composition could be developed which
produced both a colored smoke and colored flame simultaneously many of
the disadvantages now associated with day and ni'ght signaling would
obviously be eliminated. Several years ago, Shaw and Reed of Thiokol
Chemical Corporation, Wasatch Division, demonstrated several simulta-
neous smoke/flame compositions and investigated many others for the I
Air Force. 1  The signals developed included red flame/white smoke,
"red flame/red smcke and yellow flame/orange smoke. The work was
quite well done and the feasibility of producing simultaneous smoke/
flame compositions was demonstrated in some cases. However the di- _

rection of the program was such that few of the compositions were
ever carried beyond an initial investigation.

a The Thiokol yellow smoke/yellow flame combinations contained lead,

and its oxides or iodides, plus an alkali perchlorate, along with a
high-oxygen content polyster binder. In an effort to overcome some

.594
M f -- - - - - T 'm



of the limitations (especially toxicity) of the lead-based smoke, we
have considered other heavy metal oxides and halides. Bismuth trioxide
(Bi 20 3 ) was selected because it has a yellow crystalline form, and the
bismuth oxyiodide had been made in the pyrotechnic smoke/flames at
Thiokol', indicating that production of the bismuith oxide should be
possible.

The formulas for a yellow smoke/yellow flame based on a yellow
bismuth trioxide smoke are given in Table 1. Initially, hydrated
bismuth nitrate, Bi(NO 3).3'5H20, was used as the oxidizer, and magnesium
as the fuel. These flares ignited spontaneously within minutes after
pressing. Later laboratory experiments showed that a magnesium-water
or magnesium-nitric acid reaction occurred which generated sufficient
"heat to ignite the epoxy binder and, subsequently, the remainiig

F i magnesium in the system. Consequently, all the formulas in Table 1
use bismuth subnitrate (BiONO 3 H20) as the oxidizer. Sensitivity
tests (friction, impact and electrostatic) were perform,.d on all
formulas without added binder, and all were found to be relativLly
insensitive. A small amount of water added to each forniula caused
no observable reaction. There were no problems encountered in the
subsequent mixing and pressing operations.

The bismuth subnitrate was used as received from the manufacturer
with no drying. The magnesium was gran 18 (30/50) in all formulas

except YY20 which used gran 16 (200/325). The bismuth used in YY21-
YY23 was 99.5% purity and 100 mosh. The silicon used in YY24-YY26 was
MIL-S-230A, Grade 1, Class B. The binder used in all formulas was a
mixture of 70% DER 321 and 30% DEH 1 4R, obtained from Dow Chemical
Company.

After mixing, one hundred and fifty grams of composition were
pressed intc 4.35 cm id fishpaper tubes. The tubes had been codted
with binder twenty-four hours prior to pressing. The pressing pressure
was 5.7 x lO7 N/m2 (8300 psi). The overall candle length was 3.8 cw.Approximately 20 grams of fireclay were pressed on one end uf the candle

and 10 grams o" ignition composition were pressed on the other end.

TESTING

The smoke/flame candles were tested outdoors under a variety of
weather conditions. In most cases testing was done on days when the
relative humidity was high; usually greater than 85%. This was done
purposely to insure that the smokes produced would not lose their color
due to hydrolysis of the smoke particles. Some tests were also co.,ducted
"at lower humidity. Ambient temperatures during the differet tests
ranged from 6VC (43'F) to 35%C (95'F).
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The flares were burned face-up in a static environment. A stahdard
yellow organic dye smoke was usuclly burned for a color compalison. The
data taken included burning times and a visual estimate of smoke color a
and volume, and flame color and intensity. The tests were recorded
using both still and motion picture photography. No attempt was made
to quantitatively measure flame color or candlepower.

• ~RESULTS

The results of these studies are summarized in Table 1. The burning
rate for each composition is tabulated, as are the observations on smoke
and flame color and smoke volume. Formulas YY20, YY27, and YY30, con-
taining magnesium, bismuth subnitrate, epoxy (and optionally celite), fl•
produced good smoke color and flame color. The smoke volume of YY27
was not quite as good as the other two. YY20 burned a little too
vigorously for most uses.

The formulas YY28 and YY29 were similar in composition except for
much less magnesium, and except for the presence of a little sodiumJ
nitrate in YY29. Both formulas yielded poor smoke coloi and volume.

When silicon was used as a fuel in place of magnesium, formulas
YY24, YY25, and YY26, the burning was much less vigorous. Luminous
output was estimated as less than 1000 cp. The best smoke of this
series, from YY24, had an acceptable yellow color, but not a good

- •i• volume. Smoke from the other two formulas was essentially white.

The use of metallic bismuth as a fuel rusulted in formulas which I
did not burn at all. In summary, YY30 produced the best smoke and
fla ale.

CONCLUSIONS AND RECOMMENDATIONS

A series of yellow smoke/yellow flame compositions were demonstrated LI
using bismuth subnitrate as the oxidizer. The yellow smokes produced
by these formulas were a much lighter yellow color and did not have the
volume produced by the lead iodide smokes. These formulas do have the
advantages of being less toxic than the lead compounds and i'nsensitie
to humidity problems. The best yellow smoke/yellow flame was produced
by a composition containing 10% magnesium, 80% bismuth subnttrate, 5%
diatomaceous earth and 5% epoxy binder. The burning rate of this com-
position was 0.073 cm/s (0.029 in/s). Compositions were also demonstrated
which used silicon as the fuel ins ead of magnesium. The yellow bismuth
oxide smoke was formed but the volume was much less than the volume pro-
duced by the compositions containing magnestum.

No further experimental work is anticipated on these yellow smoke/
yellow flame compositions at this time. Any additional work on adjustment
of burning rate, volume and color of smoke, and flame intenstty should be
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done when specific applications and requirements are available. It is
recommended that these compositions be considered for use in any new
signal requiring a yellow smoke/yellow flame or in product improvement
of existing signals. The advantages and cost-savings associated with the
use of a single smoke/flame composition make it essential that this

"4 concept be heavily considered in any mdrking or signaling unit requiring
a day and night capability.
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The classification of pyrotechnic compositions and articles

according to their safety hazard

by Dr. Hartwig Treumann+

Contents

(1) Introduction

(2) The classification for the field of production, working,

processing and recovery of pyrotechnic products

(3) The classification with respect to storage

(4) The classification with respect to use and to transfer

to other persons

(5) The classification with respect to transport

(6) Abstract

(1) Introduction

In the Federal Republic of Germany a number of laws and requ-

lations control handling, commerce and transportation of pyro-

technic compositions and articles. The term "handling" as de-
fined in the "Law on Dangerously Explodable Substances (Ex-

plosives' Law)" [I.1 comprises - among others - the production,

I• working, processing, recovery, storage, use, destruction of

pyrotechnic compositior and articles as well as their trans-

I iportation, transfer to others and receipt within the works.
S •Most of these laws and regulations divide the pyrotechnic 4

compositions and articles into groups of different safety

hazards. This procedure allows to issue the necessary regu-

lations against the specific safety hazards as well as to

A.- i +Bundesanstalt fUr Materialprtifung (BAM) Berlin
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avoid unnecessary hindrance to manufacturers and users. The
advantage gained is partly abolished by the fact that the

laws and ':egulations use different criteria for the classi-
fication of the activities mentioned above and often pre-

scribe different test methods for the determination of the

hazard degree. Consequently, a manufacturer or importer of A

pyrotechnics - besides of the necessary competence - must

have a considerable knowledge of the pertinent legal pre-
scriptions and prove that knowledge during an examination.

In the following the principal classifications used will be
discussed in order to aid in the reduction of barriers A

against the importation of pyrotechnic products into the
Federal Republic of Germany. But it must be pointed out that
because of the limited scope of this contribution the topic
cannot be dealt with completely.

(2) The classification for the field of productiontworking,
processing and recovery of pyrotechnic products

This field is controlled by the "Regulations for the Preven-
tion of Accidents 46 k. Production of Pyrotechnic Articles"
issued by the accident insurance of the chemical industry
(= Berufsgenossenschaft der chemischen Industrie) [2] .

This regulation divides the pyrotechnic composi.tion into two
parts: part one admitted to production, part two excluded

from production.

Not allowed is the production of the following compositions:

- sulphur containing free acid or containing more than 0,1 %

Sincombustible components

-flowers of sulphur

ME - spoilt or acid adhesive, for example acid artificial

shellac or acid beechwood pitch
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- potassium chlorate containing more than 0,15 % Bromine
(calculated from content of bromate)

- powdered light-metals containing more than 0,25 % grease

- white phosphorus

- chlorates in combination with metals or antimony sulfides
or potassium hexacyanoferrate(II)

- chlorates for report compositions mixed in the dry state

- chlorates in combination with ammonium salts (exception-j' mixtures of ammonium chloride with potassium chlorate)

The permitted pyrotechnic articles - according to their

sensitivity against friction and ignition and their explo-Ii sive effect (of the loose powders) - are divided into four
hazard groups listed below. The amount of composition per-
mitted in the manufacturing area or -buildings as well as
"the number of people permitted to be employed in these

buildings is determined by four groups:

group 1 (most dangerous compositions):

whistle compositions, perchlorate-metal composi-

tions, zirconium compositions, photoflash com-
°I positions if they contain zirconium or peroxides,

nitrocellulose with 12 - 12,6 % N (with less than
35% humidity per weight)

group 2 dry chlorate compositions containing more than 65 %
o chlorate, report compositions containing nitrate

(and aluminium and sulphur)

group 3 nitrate-powdered metal compositions (exception:
report compositions containing nitrate), wet
chlorate compositions containing more than 65 %

1. chlorate, dry chlorate compositions containing

I 35 - 65 % chlorate, black powder

S] 4 601Ir 
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group 4 torches, wet bengals and the like containing up to

65 % chlorate, dry chlorate compositions containing

less than 35 % chlorate, wet or phlegmatized nitrate-

aluminium compositions, coloured and white smokes

The pyrotechnic articles and the intermediate stages during
Stheir production are assigned to the corresl~onding composi-

tion groups.°A
Besides of the group number one has to specify whether the

pyrotechnic composition or article is "open", "covered" or
"packed for transport"; the "open" compositions are subdi-

vided into "loose" ones (that are powders dry or wet) and

"""shaped" ones (e.g. by pressing).

The 3 terms characterizing the wrapping are defined as fol-

lows: an "open" composition has no wrapping at all or an in-
F; •complete one. A "covered" composition is wrapped up either

completely or up to the opening for the ignition (e.g.filled

in a tube of paper or cardboard or metal). A composition

"packed for transport" has to be enclosed in an officially !

approved kind of package. Mm

(3) The classification with respect to storage

The conditions for the storage of pyrotechnic compositions T

and articles are described in the "Second Ordnance to the

,- Explosives' Law" . This ordnance divides the pyrotechnic

compositions and articles according to thrir safety hazard

E into four groups. But this time the decisive aspects are the

behaviour of the pyrotechnic compositions (or substances resp.)
and articles - packed for transport - during burning, defla-

gration or detonation and the resulting hazards. From the
storage group follow certain demands for safety e.g. the mi-

nimum permissible distances between the storage and the en-
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dangered object.

storage group 1

These substances and articles can react in a mass ex-

plosion. The surroundings are endangered through pressure

(blast waves), flames, fragments and debris. Thick-walled

articles or articles with more than 60 mm diameter (= ar-

ticles of large calibre) give rise to an additional hazard

by heavy fragments. The amount of explosive material deter-

mines the severity of the damages and the extent of the da-

maged area.

storage group 2

Substances and articles of that group do not react in
a mass explosion. Whereas at the beginning of the fire only

single articles explode, the number of simultaneously explo-

ding articles increases during its course. The pressure ef-

I fect (blast waves) of the explosions is limited to the imme-

diate surroundings; the surrounding buildings are only

slightly damaged if at all. The far surroundings are endan-
gered by light fragments and firebrands. Projected articles

are able to explode upon impact and in this way propagate

fire or explosion. Thick-walled articles or articles with
more than 60 mm diameter (= articles of large calibre) give

Srise to an additional hazard by heavy fragments.

storage group 3

Substances and articles of that group do not react in a

mass explosion. They burn up with great violence, producing

strong heat. The fire spreads quickly. The surroundings are
A-1 mainly endangered by flames, radiant heat and burning frag-

-•ments. Articles pan explode sporadically, single burning

packages or articles may be projected. The hazard to the

Ii• surroundings caused by fragments is small. In general, the'El
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buildingsin the surroundings are not endangered by pressure

effects (blast waves).

Th susane and articles of that group do not repre- I
sent a significant hazard. When they burn up single articles

may explode. The effects are mainly limited to the package.

No fragments hazardous by their size or range of flight are

produced. Burning does not cause explosion of the total con- f
tent of a package.

(4) The classification with respect to use and to transfer

to other persons

The regulations concerning these topics are - with few ex-

ceptions - found in the "First Ordnance to the Explosives' ~~

Law" L43 which divides the pyrotechnic compositions and ar-
ticles into 3 groups.

group 1 comprises those pyrotechnic compositions and ar--

ticles which are not dangerously explodable. ThisI

group is economically unimportant; approval (see

groups2 and 3) is not required.LJ

groups 2 contain the dangerously explodable compositions and
3H

and 3 articles. To the less dangerous products of group 2U

"approval" can be granted. That is, they can be

used if-as the "Explosives' Law" [1] demands-
BAM (the Federal Institute of Materials' Testing)

has examined and approved them.

group 3 To the products of group 3 approval cannot be

granted. This group contains, to begin with, the I
compositions and articles of part 2 of paragraph 2,,

the production of which is prohibited. Next, the i
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following products are also included into that group

-compositions which undergo spontaneous ignition

- compositions of pyrotechnic articles and the ar-
0ticles themselves if storage at 50 C during four

weeks causes alterations ,entailing increased hazard

pyrotechnic articles

- which when employed according to the directions of

use, cannot be handled safely

- which lose their safety of handling during the nor-

mal stresses of use and commerce

- which are not sufficiently protected against inad-

vertent ignition

- which do not clearly show the type and point of ig-

nition

group 2 is represented by those compositions and articles
which can be approved. Approval will be granted if

the compositions and articles when employed according
to their directions of use will guarantee protection

of life, health or property of employees or third
parties

- the compositions and articles meet certain require-
ments for composition, structure and designation

(see figures 2, 3, 4)

" the compositions and articles with regard to their
~ , i mode of action, to usefulness and stability corre-

spond to the respective "state of the art"

F -the applicant because of his operational equipment or
II -"for any other reason is in a positior to ensure that

the composition and structure of the compositions and
articles routinely manufactured comply with the
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approved specimen.

figure 1

(4) Use and transfer to others ]

group 1 group 2 group 3

compositions compositions compositionsF and articles and articles and articles

1knot
Tangerously dangerously dangerously
explodable explodable explodable

approval approval
possible impossible

compositions articles

articles pyrotechnic
except ammunition
pyrotechnic (incl.rocket
ammunition ammunition)

enter- technical
tainment use V.

PI PII PIII PIV PT1  PT2  PMI PMII

b •The pyrotechnic compositions within group 2 are not

further subdivided. But the pyrotechnic articles
must be divided into two types: those which are I
fired from small arms (the "pyrotechnic ammunition")

and all the other ones except pyrotechnic ammunition.

As mentioned in the beginning of paragraph 4 the
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SFirst Ordnance of the Explosive-' Law states the re- _

gulations for the articles except pyrotechnic ammu- .
Snition; but the pyrotechnic ammunition - including-

S~that 
rocket ammunition which contains a pyrotechnic

i composition - is under control of the Weapons' Law NE
• .•"[5] . According to the safety hazard the pyrotechnic
S !• ammunition is separated into the classes PMI and

_4

• PMguations wfor the a wticles lexcept pyrotrchnic tato u-

S• ... nition; butcmrie thet pyrotechnic a ammunition " nldn

: -does not contain report compositionthat does not contain more than 10 g of pyrotechnic
composition plus propellant

MII, which does not rise higher than 100 metres

which upon inadvertent ignition does not produce

S• •; sharp-edged fragments --which does not undergo explosion upon fire or im-

• pact

i•- • pyrotechnic ammunition is assigned to class I MII.The pyrotechnic compositions contained in the pyro-
technic ammunition are either admitted to production

- hc os-o iehihrtao10mte

(see paragraph 2 part 1e or excluded from production(see paragraph 2 part 2)g

S -- The pirotechnic articles controlled by the Explosivesm

S [iLaw are subdivided according to their purpose intoS I If those used for entertainment and those used for teche
Spionicay purposes.

~ 
6
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According to their safety hazard the pyrotechnic

articles used for entertainment belong to the four

divisions PI - PIV, those for technical purposes to

divisions PT1 and PT2 . This classification is ne-

cessary since the users of pyrotechnic articles

have to fulfill different requirements. In the I
table below is shown which group of people is

allowed to use which group of pyrotechnic articles:

figure 2

hazard division requirement

P1 : toy fireworks older than 6 years

PII : small fireworks older than 18 years

PIII: medium sized fireworks proof of basic competence I
PIV : exhibition fireworks proof of considerable 1

competence A

PT1  p older than 18 years
Spyrotechnic arice

PT 2  for technical purposes proof of specific competence

The hazard divisions lay down the permissible amounts
of composition contained in the articles as well as

the article's characteristics of structure influen -

cing its safety hazard. Because of the extremely de-

tailed regulations, only a few examples can be given.

6i08
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Si figure 3

Spermissible permissible amount of
division amount ofcpoto report composition S~composition •

nitrocellulose 0,5 g

PI 3 g or

phosphorus-chlorate composition 7,5 mg

black powder 10 g
PII 50 g chlorate composition 10 mg

or perchlorate composition

PIII 250 g 50 g

Pyrotechnic articles for entertainment exhibiting

greater safety hazard than the divisions I, II, III

constitute division IV.

Pyrotechnic articles for technical purposes are

classified as in
figure 4

dmaximum maximum

division purpose amount of burning structure
composition time

production
of white or 1 kg 600.s/kg
coloured smoke

flares and explosion
torches used 0,5 kg 60 s/kg must not
as signals produce

PT1  heavy orsound production 10g blackpowderl sharp-

irritants, ded
pesicies kg 600 s/kg

plant protective
jagents

Pyrotechnic articles for technical purposes which are more

hazardous than those of division PT1 , belong to division PT2 .
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(5) The classification with respect to transport

The regulations concerning the transport of pyrotechnic compo- p
sitions and articles are complex, since they vary according to

the means of transportation as well as according to the range
of validity. This state of affairs is illustrated by the fol-

F lowing table: Mr

figure 51

transport valid in:
per all countries "

Fed.Rep. of Germany f(resp. Europe)

Rail Anlage C zur EVO [61 RID 17]

Road GefahrgutVStr L31 ADR E9E
Inland navigation AON (Rhein) t1 01 ADN [111]

ea SFO [12] IMDG [133

ir MATA [143 IATA [143 ]

The international regulations for the transport of dangerous

goods per sea or air will not be discussed here, since they
are also valid for the Federal Republic of Germany. The other

regulations have all a similar structure. The pyrotechnic j

compositions and articles in the condition and form in whici -

they are offered for transportation are assigned to class I: Ug

that is to class Ia (explosive materials and articles), lb _4
.•(artic:les containing explosives) and Ic (matches, fireworks Uand similar products). In the field of pyrotechnic, class Ia

comprises pyrotechnic compositions, class Ib pyrotechnic ar- ]
ticles and class Ic pyrotechnic compositions as well as ar-

ticles. -
With respect to safety hazard one has to distinguish four
groups. 1
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Sgroup 1 Pyrotechnic compositions and articles represent no

safety hazard and are not subject ta transport regu-

lations if

- ignition by flames does not cause explosion and

- sensitivity against impact or friction is not

greater than that of dinitrobenzene

group 2 Pyrotechnic products are controlled by the regula-

tions of class Ic if

- they are designed, arranged and distributed in

such a way that neither friction nor shock nor im-
pact nor ignition by flame of the packed composi-

tion or article will cause explosion of the entire

load of the package

- stability is not diminished by a four weeks' stor-

age at 50 C

Z- the chemical composition of some pyrotechnic com-

positions complies with certain restrictions (e.g.

ignition compositions must not contain chlorate)

roup 3 Pyrotechnic compositions are controlled by the regu-

lations of class Ia and pyrotechnic articles by

thos• of class lb if

L- they are capable of mass explosion

' group 4 Pyrotechnic compositioni and articles are so danger-

ous that transport is prohibited.

The classes Ia, Ib and Ic contain sevej.al subclasses depending

on the chemical properties of the ingredients of tibi pyro-

technical compositions. Because of these different chemical

properties of the subclasses no uniform demarcation between
the groups 3 and 4 is possible. To each subclass applieS a
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specific limit beyond which group 4 is assigned. I
Compositions containing chlorate, for example, will be ex- -J

V cluded from transport if they are more sensitive against im-

pact, friction and ignition by flame than an explosive of

the following composition:

potassium chlorate 80 %
dinitrotoluene 10 %

trinitrotoluene 5 %

3 wood meal 1%

To make things worse, it must be mentioned that even the

subclasses are further divided in order to provide for diffe-

rent types of packages, maximum amount of explosive per pack-

age and for special transport regulations.

(6) Abstract I
In the Federal Republic of Germany there exist laws and regu-

lations concerning the production, working, processing, re- i
covery, storage, use, destruction as well as transportation

of pyrotechnic compositions and articles. All these laws and f
regulations contain classifications of pyrotechnic composi-

tions and articles according to their safety hazard. Since

these classifications apply to different activities con- 0i
ME trolled by their own laws and regulations, a confusing abun-

dance of schemes arises for the classification of pyrotech- EL
nic compositions and articles according to their safety

hazard.jj

In the paper presented an attempt is made to give a survey

Sover these classification schemes. Because of better per-

spicuity some classifications considering technological a-

spects or being of minor importance were deliberately omitted.
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DETONATION OF UNCONFINED SOLID FUEL PARTICLES DISPERSED IN AIR

Allen J. Tulis

lIT Research Institute
Chicago, Illinois 60616

ABSTRACT

Detonation of unconfined solid fuel particles dispersed in

air involves mechanisms both similar to and different from the

detonation of liquid two-phase systems and single-phase gaseous

combustible systems. The major requirement in the case of solid

fuel particles is a sufficiently small particle size. The probiem

"is that these microparticles behave differently in the convective

flow field behind a shock wave than the relatively large liquid

fuel droplets on the one hand and homogeneous gas phase fuel-air

mixtures on the other. An experimental technique that uses

hypergolic interhalogens under implosion dispersal allows a one-

step fuel dispersal and subsequent initiation of detonation. The

same technique can be used to obtain spatially large and extremely

fast flare and photoflash outputs. With appropriate initiation

coupling, detonation velocities of 1.9 mm/psec in near-stoichiometric

unconfined dispersions of aluminum particles in air have been obtained.
Test results indicated that flake aluminum particles with 3 to 4

m,/g surface area could be readily detonated, whereas the finest

available atomized aluminum particles could not
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INTRODUCTION,

An explosive medium can generally support either a combustion

wave (deflagration) or a detonation, depending upon various condi-

tions such as confinement, composition, and initiation source. A

deflagration proceeds by means of heat transfer and diffusion, both

slow mechanisms that limit the combustion velocity to about 10 m/sec.

This is substantially slower than the velocity of sound in ambient

air, about 330 m/sec, which is the rate of pressure transmittance

in a gaseous medium. Thus, the compression wave of a deflagration

will move away from the combustion zone and continually equalize

the pressure within the system. A

Almost all natural explosions are deflagrations. Those occurring

in confined spaces, such as coal mines and grain elevators, are

catastrophic. Deflagrations of most combustible air mixtures

produce peak pressures that seldom exceed 8 atm, whereas detonation

of the same mixtures can produce peak pressures in excess of 40 atm.

A detonation is a shock wave sustained by the energy of an __

attached (coupled) chemical reaction. A shock wave is a compression

wave that moves through the unburned gas in a combustible mixture

detonation of gas phase fuel-oxidizer systems has been extensively ME

studied over the years and will not be of concern in this paper

except by reference.

The purpose of this paper is to present some new concepts and

report upon some interesting experimer .al results in the unconfined

detonation of two-phase fuel-air mixtures. The two-phase systems

concerned involve liquid or solid fuel particles dispersed in ambient

air. Particular emphasis was placed on the detonation of uncon-

fined aluminum particles dispersed in air.

I? j
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CONCEPTS

The detonation of unconfined two-phase liquid fuel in air dis-

persions, generally referred to as fuel-air explosions (FAE), was

achieved many years ago. The overall process is a unique combination

of physical and chemical mechanisms and has been postulated to occur

as follows:

(1) Liquid fuel droplets form a two-phase dispersion in air,
generally by explosive dissemination;

(2) A second-event explosion creates a micromist in the wake of
of each drop by the aerodynamic interaction between the
convective flow field behind the propagating shock wave
and the rather large drops of the aerosol;

(3) A supersonic combustion wave (detonation) proceeds through
the micromist of fuel in air, creating shock waves strong
enough to support and propagate the incident shock wave from

the second-event explosive.

The controlling mechanism is the physical breakup of the relatively

large droplets into micron-sized drople2ts producing orders of

magnitude increases in surface-to-mass ratio. It is evident that

the kinetics of the combustion reaction must be fast enough to

couple with the incident shock wave and the induced convective flow

field of the air and micromist fuel medium. The incident shock wave

not only creates the micromist of fuel in air, but also produces

the very high temperature and pressure necessary for a sufficiently

small induction time to elapse before the chemical reaction occurs.
Induction time must not be greater than the associated droplet breakup

time, lest decoupling occur and detonation fail.

The convective flow velocity induced by the shock wave is a

function of the shock wave velocity. In the open air atmosphere it
is about 80 percent of the shock wave velocity for weak shocks and

progressively higher for stronger shocks. Table I(') indicates

this convective flow velocity for some Mach numbers (Mach Nm =1

is sonic velocity) and also the associated temperatures and

pressures.
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Table I

CONVECTIVE FLOW PROPERTIES GENERATED BY A PROPAGATiVG
SHOCK FRONT IN AMBIENT AIR AT STANDARD CONDITIONS"/'

Mach No. Velocity Pressure Temperature
Nm m/sec psia OK

1.5 236 36 381

2.0 424 66 487

2.5 594 105 617

3.0 756 152 772

3.5 908 208 956

4.0 1061 272 1167

It has been experimentally verified that the micromist stripped

from liquid drops accelerates almost instantaneously to the convective
air flow velocity, whereas the droplets themselves remain relatively

immobile(2) In a gas phase detonation the shock front is only a few

molecular collisions thick and occurs at the von Neumann spike

pressure. Behind this shock front an ignition delay and reaction

zone of a few Psec duration takes place. The end of this reaction

zone is the Chapman-Jouguet plane, through which the detonation front

moves at sonic velocity relative to tiLe reacted gas. Pressure and

density fall, whereas temperature increases in the reaction zone.

The Chapman-Jouguet pressure is about twice the pressure of a

constant volume combustion. In the subsequent expansion zone, pressurei

temperature, and density all decrease; the pressure falls below that

of a constant volume combustion.

The mechanism in a two-phase detonation is not the same as in

a gas phase detonation. The reaction zone can be considerably exten-

ded and the reaction is not a smooth flame front. In fact, there

is evidence2 that the reaction front is a composite of individual3

heterogeneous reactions of droplets with their surrounding gaseous

oxidizer. Vaporization prior to reaction is not essential, although

the role of vaporization and combustion is interrelated.("') If the

droplets were to vaporize extensively prior to reacting, the resultant

fuel-vapor-in-air system would not be sufficiently mixed for
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stoichiometric requirements of combustion within the time limits

essential for coupling to the shock wave,

In the detonation of unconfined solid fuel particles dispersed
in air, particularly metals such an aluminum, entirely different

mechaniscic concepts must be considered. For instance, the solid

particles are preformed and will not shatter or strip into micromist

particles as is requisite with liquid fuels. Afier the initial

dissemination of a solid particle aerosol the solid particles can

be considered stationary. Therefore, before detonation can

proceed, the solid particles must be sufficiently small (have a

large surface-to-mass ratio) and be dispersed in a satisfactory
concentration in air.

The presence of the solid microparticle fuel in air suggests

that any ignition should lead to detonation at a velocity controlled

by the chemical reaction rate. This, of course, is not the case.

Flame, heat, or spark ignitions in two-phase systems, as in nearly

all gas phase systems, will result in deflagration, particularly

if the system is unconfined. A transition to detonation (DDT) may

occur in some instances, but is highly unlikely in unconfined

two-phase systems. A nearly instantaneous detonation could be
achieved only if the concentration was within the often narrow
detonation limits in the presence of the high pressure and temperature

conditions of a shock-induced compression, or alternative means of
U• high-energy flux transmission. Therefore, either an explosive

second-event shock wave, high-energy radiant flux, or other high-

energy flux is required to reach the extremely rapid chemical

energy release rates of a detonation and the formation of

sufficiently strong shock waves for its propagation.

This is the major problem of unconfined detonation in solid fuel

particles dispersed in air. Any supersonic combustion process will

a convective flow field in the air. Unlike the case of relatively

large liquid droplets, which will not translate significantly, the

preformed solid microparticles will translate almost instantly with

the convective flow field. The coupling of the reaction zone with

the convective flow f.eld is highly critical, particularly for
619
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initiation. A convective flow velocity greater than the associated

4 reaction velocity will result in decoupling and the degradation of

S, 5reaction velocity to a deflagration. Attempts to initiate detonation

in raicroparticle fuel dispersed in air by the detonation of high -

explosive second events appears to be an overdrive leading to the

decoupling of particles from the reaction zone. The concentration

of the particles is disturbed, creating a depletion in the vicinity
of the initiation. The particles then bunch up, since the convective

flow velocity quickly degrades farther away from the initiation
zone as the spherically diverging shock wave degrades. This tendency

could be minimized by utilizing a planar initiation explosive charge. '

The transition from the second-event shock wave velocity decay to

the Chapman-Jouguet velocity of a near stoichiometric gas phase f

fuel-air system occurs at the point where the energy from the fuel-

air reaction becomes equal to the energy contribution from the source

shock wave. ()

IITRI has achieved detonation in unconfined solid fuel particles
dispersed in air by matching the initiation source to the anticipated
detonation. Thus, we have departed from the traditional use of

high-explosive second events. Investigation has shown that a
hypergolic chemical initiation technique appears to be the most
promising mode of initiation becuase it dispenses with the use of

a second event altogether for a direct, one-step dispersal and

detonation.

Previous investigations (6,7) of the combustion of aluminum particles
showed that particle size and ambient oxygen concentration were

relatively unimportant variables, but that an ambient gas temperature
of about 2300 0 K was the necessary condition for ignition. Presumably

this involved the melting of the protective oxide layer on the
aluminum particle with an attendant increase in surface reaction rate

leading to ignition. Oxide coating would not hinder the use of

interhalogen ignition for aluminum. Furthermore, the energy density
output of an aluminum-interhalogen reaction is about three times

as great as that of TNT.
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EXPERIMENTAL

The experimental device used in our work is illustrated in

Figure 1. The test procedure is described as follows:

(1) Approximately 400 g of the hypergolic interhalogen was
used in its own container, a steel lecture bottle. Only
liquid hypergols have been investigated so far.

(2) Dupont C-I Detasheet was wrapped around the lecture bottle.
About 400 g of explosive was used in this manner.

(3) In later tests with aluminum powder a 3 mm thick sheet of
Neoprene rubber was placed between the Detasheet and the
aluminum powder to minimize preignition of the aluminum.

(4) This package was positioned in the center of a cylindrical
cardb'ard container, which was subsequently filled with
five or more kg of fuel, either liquid or powder.

(5) A No 6 EBC was placed in the wooden spool previously
attached to the lecture bottle at the top of the device.
(Previously, a small tetryl booster pellet had been placed
in the sporl in direct contact with the Detasheet explosive.)

The experimental field test set-up is illustrated in Figure 2.

The FAE device was placed on top of a 4 ft high platform of cement

blocks. Cement blocks were also placed at 6 ft intervals as

fiducial markers, or 36 ft from left to right markers. The experiments

were recorded on 16 mm color film with one Bell and Howell camera at

64 f/sec and one Fastax camera at about 4000 f/sec. In several tests

two Fastax cameras were used at about 4000 f/sec, but one was

shuttered down from F4 to F22, so as to provide the details of the

flame growth. Photographs reproduced from this later 16 mm film

record of a test with aluminum and BrF 5 appear in Figure 3. The

results of the tests conducted with this device appear in Table II.
S",

Table II

IITRI ONE-STEP FUEL AIR EXPLOSION DEVICE TESTS

Test
-No. Fuel Hypergol Result

1 diesel fuel ClF 3  deflagration

2 water IF 5  dispersal

3 none IF 5  - -

4 aluminum BrF 3  partial detonation

5 aluminum BrF5  partial detonation

6 propylene oxide ClF3  partial detonation
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Each teat used about 5 kg of fuel, about 400 g hypergol, and

about 400 g explosive.

The explosive charge served a dual purpose: (1) it dispersed

the fuel in a manner similar to central burster explosive techniques

in typical FAE tests and (2) it imploded upon the steel lecture

bottle containing the hypergolic interha'logen. The explosive jf
So-adequately disper.aed liquids but gave poor dispersal of the flake

aluminum powder. For implosion dispersion of the hypergolic

interhalogens the explosive fragmented the steel lecture bottle

and allowed about 5 msec delay before dispersal.

"Two tests with aluminum and one test with propylene oxide

resulted in a partial detonation, which was evidently limited to

the fuel-interhalogen reaction and its immediate environment.

Air-blast wave output was felt about 500 m downrange in the

observation building. In the case of the aluminum powder, which formed

an insufficiently dispersed cloud, the fireball growth after the _4

initial fuel-interhalogen detonation progressed at above sonic

velocity. We concluded that these tests achieved an initiating

detonation that did not propagate through the remainder (major) El
fuel-air cloud because of incorrect concentration. There are

practically limitless possibilities of tailoring the device design £11
and the relative amounts and types of fuel, hypergol, and explosive

so that the achievement of a one-step dispersal and detonation of a

two-phase fuel-air system is only a matter of expeditious development.

A major problem remains, however, concerning the adequate dispersal JIM

of the flake aluminum.

In a related effort, reported elsewhere,(8) flake aluminum was 13

dispersed into a linear fuel-air cloud about 4 m long at a near

stoichiometric concentration and detonated at a velocity of about

1.9 mrz/psec. Attempts to detonate similar clouds of atomized

aluminum particles of the finest size commercially available failed

It has become clear that the acheivement of detonation of aluminum

particles by strong shock waves in shock tubes or small-scale-' i

laboratory confined spaces cannot be extended to the unconfined NI
detonation of large-scale aluminum dispersions. There is a highly
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complex interaction between particles in the large-scale field

tests, whereas individual or highly restricted conditions predo-

minate in the lab. Also, radiative energy transfer is substantial

in large-scale field tests and cannot be adequately assessed in

the lab.

CONCLUSIONS

This work was conducted by IITRI as an internal research and

development effort. The objective was to show the feasibility

and clarify the problems inherant in the unconfined detonation

of two-phase solid fuel in air dispersions and the one-step

dispersal/detonation of a two-phase fuel-air dispersion. The

following conclusions were made as a result of this work.

(1) The energetic hypergolic reaction between fuels and interha-
logens when explosively dispersed one into the other results
in a detonation with an output adequate to initiate the
detonation of the main fuel-air dispersion. A one-step fuel-
air explosion is feasible.

(2) The detonation of an unconfined aluminum particle dispersion
in air requires sufficiently small particles (or adequate
surface-to-mass ratio) and proper initiation coupling. The
detonation of such an unconfined aluminum particle in air
dispersion has been achieved in a realistic field test.

(3) Use of the fuel-interhalogen implosion or explosion technique
results in the very rapid (e.g., 10 msec) formation of a
spatially large flare (e.g., 10 m in diameter). Larger flares,
or photoflash outputs, can be just as readily achieved. The
output durations can be extended to many seconds if desired,
but intensity will diminish.

It is evident that much more work will be required to corroborate

T: -these findings and to extend the results of this work to appli-

cations.
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Figure 3

FASTAX FILM RECORD SEQUENCE FROM A ONE-STEP ALUMINUM FAE TEST

Figure 3 is a sequence of 60 consecutively numbered frames repro-

duced on the following pages from the 16 mm Fastax color film re-

cord of Test No. 5. The framing speed was 3800 f/sec and the lens

setting was F22; hence the appearance of nighttime for a broad

daylight test. Pertinent data for this test is as follows:

Frames Time Flame Diameter Flame Velocity

msec m m/sec
0 0.0 0.0 0

"5 1.3 0.0 0

10 2.b 0.0 0
15 4.0 0.0 0
20 5.3 0.9 342
25 6.6 1.9 380
30 7.9 2.7 304
35 9.2 4.5 684
40 10.5 5.7 456
45 11.8 6.5 304
50 13.2 7.3 304
55 14.5 7.9 228
60 15.8 8.3 152

NOTE: The time delay to initiation due to implosion technique

was at least 4 msec. The flame-front velocity was super-

sonic to beyond 6 m diameter fireball growth.
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TECHNISCHES LABORATORIUM
A-4135 $TANS - TIROL I

OSTERREICH

Electrical Igniter

(Hubert Usel)

1". General description

Electrical igniters are becoming more and more attractive

for weapons, as they allow simpler constructions and designs

without cumbersome mechanical firing assemblies.Reliable I
electrical igniters for caseless ammunition have been

sought for many years but in the past they tended to

fouling and corrosion of the contact electrodes.

MI.y activities in this respect date back to work performed

in 1964. Late in 1965 I made an agreement with a US company. -
It aimed at developing the electrical igniter and the case-

less cartridge to salability. Due to slow progress and

technical difficulties the agreement was terminated by the E

US company in 1970.

The technical difficulties lay in the fouling of the electro-

des by lead residues which led to short circuits. Therefore I
the prime endeavour was to get rid of lead compounds.

In 1971 first positive results were obtained with igniter

comDositions containing conductive materials which did not

leave any residues in the electrodes neither with high tem-
perature nor under high pressure. Such materials are, for

example, antimony or intermetallic compounds like silicides.

SSubsequent work - alvays in my laboratory in my home -

resulted in a flat igniter o£ 5,5 mm diameter which gave

Sgood results in coinnectio- with caseless ammunition, and

patents for ttis were subsequently applied for. a
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Slide 1 snows a cut view of a .22 caliber caseless

cartridge with said igniter.

In 1971 the simple construction of the electrical

igniter only consisted of a thin conductive layer

and a booster part of u,3 to 0,4 mm thickness, based

on explosives. This was considerably changed in the last

three years. I wanted to obtain an increased resistance

against moisture and other environmental factors and a

shortening of ignition-time.

2'o understand the working mechanism of this new igniter

vwe also have to consider the ignition electrodes: I I:ave

S"obtained very satisfactory results with two concentrical

electrodes, as shcwn on slide 3, together with the si;:i-

lified electric diagram.

,n slide 4 you see the .22 caliber rifle that I used

during my develonient work. To date I have fired thousands

of rounds without any cleaning of the electrical parts.

4.he main problem, of my previous efforts, namely the

fouling of the firing electrodes has thereby been proved

i" to be solved.

A sporting version of this rifle is currently being

developed by a European weapons mýýnufacturer and the
cartridge for it by a big European ammunition manu-

facturer. 3port weapons licenses for USA have not yet been

issued and neither have any licenses for military uses,

even thourh I aiL in discussion with interested parties

Ln LuroPe.
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2. How does this igniter work?

When a voltage is applied to the igniter across the

two electrodes, electrones pass perpendicularly through

the first layer which has a relatively high resistance j ;+
value. They then travel horizontally through the second

layer, which is relatively good conducting electrically, .1
toward the other electrode. By crossing the first layer

again the electrical circuit is closed and a current can

flow.i

The conductive elements in the upper two layers are

special semiconductive crystals which are imbedded in

an easily flammable matrix such as nitrocellulose and

potassium picrate. Of course, both layers have a different

composition and ratio of ingredients.

With low voltages the current flow is practically nil

and causes no effect whatsoever. However, upon passing

a certain critical voltage, say 15 Volts, which depends

On the composition, the resistance in some individual i I
crystals collapses and a large current starts to flow

trough them. This results in local overheating and

subsequent ignition of the matrix. It then ignites the

booster part of the igniter with resulting ignition and

combustion of the propellant charge, just as in conven-

tional ammunition. The booster layer is compounded for

optimum ignition characteristics of the propellant charge
and also contains nitrocellulose as binder and picrates
for easy and reliable ignition transfer.
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3.,Safety aspects

S [.The beauty of this system is its inherent safety and

reliability. It can be tested by resistance measurements

without firing the charge.

Even though ignition can be achieved with relatively low
-- voltages, such as 15 - 20 Volts, the igniter is

insensitive to electrostatic discharges of thousands of
-- Volts, such as sparks from piezoelectric devices hitting

the surface or sparks from a flintstonelighter. The reason
is the absence of the high curient concentration in the

individual layer crystals which alone provide the necessary
heat to ignite the inatrix.

On the other hand, even a practically worn out 22 Volt
battery will still be able to achieve ignition. This

has been proved in my laboratory with a small com::ercially

available battery as the one shown on slide ,.

During ignition an initial current flows during the
primary phase. It increases in strength during the

* •combustion in the plasma state while the igniter still
S L is in contact with the electrodes before the bullet starts
S •to move. This current can be limited by incorporation

of the resistor R shown on slide 3. This prolongs the

"active life of the battery.

In extensive tests with different igniter compositions

and arrangements I have been able to reduce the total
energy consumption to currently o :,:illiamperes during

3 - lu milliseconds. This means that a small, inexpensive
battery will easily be able to fire at least 30 ooo rounds
without difficulty.
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Application Potential ]
As already mentioned, u sport rifle is currently being

developed in license in Europe for use of electrically
ignited caseless ammunition. '

Since I had virtually no contact with the defence industry
the whole field of military applications is still open

to negotiations, some of which are just starting in
Europe. I think that there is tremendous potential here.

Additional fields.,, such as safety devices including auto-

mobile air bags, blasting caps and many others might be
of interest to more pacificially minced enterprises.

I will now be happy to answer any questions that you

may have.

MUN

Id8 IF



Pre ,,cI.1

69



-l7

*713

640



(15 Row



SIXTH INTERNATIONAL PYROTECHNICS SEMINAR

Research on plastic-bonded pyrotechnic compositions

Drs. N.H.A. van "nam

Prins Maurts Laboratorium TNO, Technological Research

P.O. Box 45, 2280AA Rijswijk (Neth.)

ABSTRACT

In order to overcome the disadvantages of conventional pressed
powder pyrotechnic compositions, research has been done in the field
of plasticbonded pyrotechnic compositions; better mechanical strength
and storability were expected.
Main objectives were a smoke composition on the basis of polyvinyl-
chloride and an incendiary mixture with polyurethane as a binder.
The smoke composition was developed mainly for the protection of ar-
moured vehicles against anti-tank missiles; the rapid smoke evoluti- -J
on is achieved by means of a progressive increase in burning surface.
The incendiary composition can be used in high explosive shell to
enhance the effectiveness by creating a synergetic effect: upon de-
tonation the incendiary composition sticks to the fragments and will
be ignited by the detonation products, resulting in burning fragments
flying around.

INTRODUCTION

"Conventional pyrot2chnic compositions consist of pressed powdered
mixtures of oxydizing agents, fuels and additives. These mixtures !
have the following disadvantages.

The porous structure of pressed powders makes them susceptible to !

moisture; absorbtion of water will reduce the effect of the pyrotech-
nic composition, resulting in failures.

The mechanical strength of pressed pyrotechnic elements is not
very great. Cracks due to shock or vibration will cause irregular
functioning of the pyrotechnics.

Since powders are usually compacted by pressing, by and large the
outer shape of a pyrotechnic element is limited to that of a cylin- A

der. The feasibility of programming the burning surface is poortherefore.

Handling of dry powders includes safety risks, e.g. explosions
and inhalation of toxic dust.

PLASTIC BINDERS 11
Plastic-bonded compositions can overcome these problems, but the

use of plastic binders introduces another problem; in most cases the
plastic acts as a diluent, reducing the effect of the pyrotechnics as
such. Plastic binders should preferably contribute to the functioning
of pyrotechnic items. A good example of such a binder is describeonin
-U.S. patent 3.724.382 by H.J. Zilkosky. This patent describes the
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replacement of hexachloroethane, in conventional masking smoke, by
polyvinylchloride (PVC); both materials are chlorine donors.
Smoke compositions on a PVC basis have some additional advantages.

The burning surface (and consequently the total burning time) can
be varied over a very large range, as the smoke elements can be cast
or extruded in any desired shape. This means that it is possible to
create a huge cloud of smoke in a short time, or sufficient smoke
during longer times.

The reaction temperature of this PVC-bonded smoke is very low com-
pared with HC types of smoke. In the reaction zone the temperature
rises till 600°C. The temperature of the plume generated from a PVC
type of smoke grenade is about 240°C.
There will be less updraft of the smoke cloud compared with the hot
HC smoke and consequently the covering properties will be better.
This means also a drastic reduction of the fire risk during training

as the plume cannot ignite dry grass or hay.
Due to the low reaction temperature the PVC-bonded smoke composition
can also be applied to evaporate tear gas or IR absorbing agents.

PREPARATION OF A PVC-BONDED SMOKE MIXTURE

PVC is plasticized preferably with a nonvolatile plasticizer such
as diocthylphthalate (DOP). This plastisol is filled with zinc oxide
(Zn 0), ammonium perchlorate (AP) and a chlorine donor such as hexa-
chlorobenzene (ICB). The particle size of all additives should well
be controlled. Addition of surlace active components may be of help
in speeding up mixing time.
The pastelike substance formed in this way can be easily cast or
extruded into all desired shapes of moulds.
At elevated temperatures the plasticizer migrates into the PVC, crea-
ting a solid mass.
The PVC we used forms a rigid body at 145°C; depending on the shape
and mass the elements must be kept at this temperature from several
seconds to one hour.
Example of smoke composition on a PVC basis. Z9

PVC 20 %
DOP 20 %
ZnO 30 %
AP 25 %
HCB 5 %

APPLICATIONS OF PVC-BONDED SMOKE COMPOSITIONS

The rapid and well controlled smoke production provides excellent
covering capabilities for tanks and armoured personnel carriers
against visual as well as TV and laser guided antitank weapons. The
possibility of incorporating an IR absorbing agent will extend the
protective cover; this is still under investigation. Al

6
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The mechanical strength of PVC-bonded smoke compositions makes
21 it an ideal grenade filling with a very accurate burning time; con-

ventional smoke grenades may burst due to cracks, or give irregular
smoke production.

F_ PVC-bonded smoke forms an ideal vehicle for riot controlling
agents: rapid burning of caseless CS grenades.

STORABILITY OF PVC-BONDED SMOKE COMPOSITIONS

Accelerated aging tests with PVC-bonded smoke compositions and con-
ventional HC type compositions have proved the superior qualities of L
the former composition. HC smoke grenades already failed after seve-
ral weeks of storage in a climate cabinet, while PVC smoke grenades
still functioned well after 25 weeks of storage under the same con-
ditions.
APPLICATION OF POLYURETHANE IN THERMITE COMPOSITIONS

Another application of plastic binders is the use of polyurethane
in incendiary mixtures. Conventional high explosive shells have a
marginal effect on armoured vehicles. The use of an incendiary com-
position in combination with penetration of the armour will enhance J
the effect of the ammunition considerably. This can be achieved with
substances such as zirconium and uranium, but also with thermite com--
positions.
The thermite composition will be ignited on detonation of the shelleo

by the hot reaction products, resulting in "burning fragments".
The problems are how to stick the thermite to the shell and how to
keep it in place after detonation. The unique sticking qualities of
polyurethane make it the most suitable plastic binder to solve the
problem.
As a coating (liner) on the inside of the shell the polyurethane-
bonded incendiary mixture also constitutes a good bond between the
explosive and the shell case, preventing base separation and other
voids.

PREPARATION OF PU-BONDED THERMITE MIXTURE

A non-volatile isocyanate is mixed with a polyfunctional alcohol and
castor oil.N
Add magnesium (Mg) ferricoxide (Fe 2 0), potassium perchlorate

(KCl0 4 ) and enough trichlorolethylene to keep a castable composition.
After stirring vigorously the composition is poured into the desired
shapes. The solvent is removed at elevated temperaturt (70°Q and
under reduced pressure. The polyurethane is formed as a result of
crosslinking of isocyanate, polyalcohol and castor oil. The p.u. so
formed is partially decomposed at 200 0 C. The result is a reactive mix-
ture of porous structure.

t
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Example of p.u. bonded thermite mixture

Mg 28 %
Fe20 26 %

2 3
KCIO4  36 %

p.u. 10 %

S "The reactivity of the mixture can be varied by changing the composi-
tion or the degree of decomposition of the p.u.
The presence of ferricoxide guaranties good case bonding. Incorpora-
tion of some TNT in the p.u. binder, on the other hand, helps the
bonding of the p.u. and the explosive.
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By W P lialhort Akl.Ltr , Alcor';naston, -,land

S1 ° INTRODULM ON

There was a requirement for a pyi-otechnic mixture for use in

the exploding brid-ewire igniter sliown in 1i" 1. The ignitur was to
be used for the very rapid ignition of a propellant charge. It had a
2 mil diameter platinum brid1ewire co,-Lmctoud between centru pin and I
case and thLre was a spark gap, operatin, at 600v, in series wfi.th the
bridgewire. The time available for the project was very limited andseparate tasks were alloted to members of a small team of workers. I

The initial work on this project had been carried out using
an SR817 (55.8,a potassium perchloratet 31.4'o aluminiunt 12.8,6 lead)

filling in the iL;niLers. This material was discarded because it gave I
a high proportion oi failures. Dia6rnostic osGilloscope traces of the
firing current and high speed photoiTap , of the i.nitiation process
indicated that electrical conduction through the fill was probably
the major cause of the failures.

Further development work using aluminium/potassium perchlorate
mixtures had indicated that a 22.5/ aluminium/77.5,; potass-,umperchlorate mixture (SR818) might be a suitable filling material. This

9- report describes work carried out on SF818 and similar materials with 3
K ia view to finding an optimum filling for an exploding bridgewire

igniter.

2. TESTS USTNG mR818

Onl the basis of the tests mentioned in the Introduction, a
batch of igniters, filled with SH818, was assembled for more detailed
testing. One igniter out of about 200 filled at 65,0 theoretical
maximum dentsity (T;o) failed to fire. The firing pulse was supplied
by an equipment with a 1.0 )F w.1-.pcitor charged to 2.0 kV. Fig 2 shows
diagnostic oscilloscope traces of the current flowing through the
bridgewires of the failed squib and a normal squib. The trace for theSfailed squib showed a high cvrrenL peak, and current continued to flow

r- for a short time after the first half cycle. These observations can ii
be explained by assuming that in the failed unit a large propor~ioit

of the current passnd through the pyrotechnic fill.. In addition to
the failed uait a F.mall proportion of the units gave similar traces
perhaps indicating that they too were near- to failure.

The single failure ir. the 200 units tested indicated an
unacceptable level of reliability. Work wt:; therefore started to
obtain more evidence on the cause of the failure and to seek ways
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of improving the quality of the filling.- This work will be ?I described in the remainder of this paper. The problums of

identifying the cause of a 1 in 200 failure rate and then
demonstrating that a new filling gave better results were avoided
by testing candidate fillings over a range of experimental parameters
and choosing, on the basis of all the results, the most pronising
filling for the device.

4"" 3. COi.CllT$ISON OF FIRIN3G CUR,•R!,"P L'...LS ,T niA) .,,
UNITS.

Since the ER,-1 squib bodies were exponsive, a cheaper version
was made for use in the experimental progra& e. Fig j shois Oetails
of this body. The experimental device is essentially the sýLme as theSEBW squib except that it incorporates a plastic head and dos not
contain a protective spark gap. Trials were carried out using boTh I
types of body and no differences were found between the results.

A small number of igniters without bridgowires was filled

"with ¶t818 and subjected to the normal firin3 pulse. The uiiits wereSfilled to the 65% TIM used in the ElI3 igniter. Firing; cur±,:,t voltaige
and bridgewire resistance waveforms are shown in Fig 4 . The units
fired normally and after electrical breAkdo;.n of the fill, sho.n on
the voltage waveform, the current traces were comparable witV tho4 e
obtained in units with bridgewires.

The trial was repeated using standard EM34 squib bodies "ith-
out bridgewires. The results were compared with•those given by units
with bridgewires. Fig 5 shows the distribution of the peak firing
currents obtained during the Trials.

The results suggest that the prime source of ignition
is current flowing through the pyrotechnic fill rather than through

the bridgewire. To test this theory a small number of trials was
carried out using standard bodies to measure the V5 0 (the volta,3e
at which 50;' of the units failed to fire) of bridged and unbridjed
units. For these trials a 0.1 g1 firing capoitor was used to ensure

V •that The V5 0 was above the spark gap breakdoim voltage. The results
were:-

SV 50  Bridged units 2000v 8 tests

V5 0  Unbridged units 750v 5 tests

The results certainly show that conduction through L hc
fill is an efficient initiation mechanism. Howea.er, no i for.'oion
is available on the maximiri no-fire levcl &.xid it is possibIc that -a
multiple breakdownm nay occur in a centre pin device in which none
of the paths contains sufficient energy to cause ignition.

4. DC RBEAK1DO)WN TTJST3 011 PYR0¶TXZ1,IN0 ,.,X-1J.'

These tests were carried out using experinta] igirfE3. -.hc

object was to measure the DC breakdown characteristics of a range
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of mixtures. While the DC values m,--y differ from those given b
dyniwnic breakdoim tests, nevertheless the tests were easi.ly caeried

out and gavu a quick comparative as:;e,::.ment of •he electricalN
insulation properties of the various raixes.

For the first series of trials thu following 22.5/77.5 w/w
mixes were tese d:'-R

X 98/76/1 bN818 Type Aluminium sieved thro 63 Pmf mesh sieve

0K C 4 Coarse (thro 125 pa sieve, retained 63 pim sieve)

1KX 98/76/2 * 818 Type Aluminium

* S11818 Type K C14O

X 98/76/3 SR818 Type Aluminium

K 0 Fine (thro 45 in mesh sieve)

X 100/76 As X 98/76/2 but with 0.7% polyisobutylene coating 9-1
on the aluminium

All were filled to a nominal 65% TI.Il) and gave breakdown
voltages of 500v. I

9Z *SR818"Type aluminium contains 75-125 pm 8/&% max# 63-75 Pm 15'1 max;
63 im remainder.

*SR818 Type perchlorate contains 60 151 in the range 45-90 )un. The

remainder is smaller than 45 pun. I
The next series of tests was aimed at finding the effects V

of density changes on DC breakdown voltage. The mixtare tested was
Sfl818 Batch 3 which was the material used when the squib failure
occurred. Fig 6 shows the graphical relationship between the
parameters. There was a very large change in breakdown voltage
over the density range which could occur inlNEJ igniters because of El
variations within the allowable manufacturing toleraaces.

4. ASSESS.ML'I OF BRIDGTY,01.'NTE PEPiORMIANCE B
These tests were aimed at estimating the proportions of A

the firing current passin- through the bridgewires and the pyrotechnic M

fills in various situations.

Two series of tests was carried out:- ll
(a) experimental mixes were made of SR818 type aluminium
and potassium perchlorate. The proportion of aluminium
was varied between 5/0 and 30,% (w/w). The material vas
filled to 055;0" TIM into experUx,•ntal bodies.

(b) Si818 batch 4 was filled into EB,, ig-niters I
Thu filling density was varied between 5(Y, anC
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Units were fircd by the discharge from a 1 )0, capacitor
charged to 2.0 kV. The dynamic resistance and inductmnce of the
circuit were 0.15 ohm. and 2.2 )ill respectively.

For all firings, current and voltage waveforms were
recorded and from these pcak voltage (ie. voltaic at bridge-wire
urst) an'. current at burst were measured. PLom Lhese data pok

resistances (resistance at burst) were measured.

The method for calculating the bridg-wire current and
S• -;current through the fil.L is based on an experimentally feazedi

relationship between resistance at burst and burst current

(Appendix A).

The results for trial (a) are summ-rised in Fig 7 and
for trial (b) in Fig 8.

Fig 9 shows some typical oscilloscope traces used for
making measurements. Some difficulty -.as exoa.1enced with
comoositions containing more than 251; aluh.iniu'a since the urid'c-
wire burst position was not always clearly deiined on the currc.nt
trace.,.

The results indicate -that with 30,o aliuiniui al.out all Lhc
currcnb pa,,sses through the filling at 65}5 TID. 'Jith 22.5 '
aluminiiwm a large proportion of the current passed through "Lu- fillin.;
even at 50CO TI,•O.

5REAR VIi 11101I SP',?D PIIO2TOG`?APirf OF IGH,'TI'42S

High speed photoTraphy was carried out on igniters durin,;
functioning. Modified experimental bodies were used in which Vhe
bridgehead material was made from Perspex (Lucite) so that 'the
bridgehead pyrotechnic interface could br: oserved during firiing.

g--•An AM11]; model 05 hig3h speed framing camera was used. to photog•'aph the
•-: i •'rounds,

The compositions tested wero made from $2818 materials and
the proportion of aluLminitui was varied between 51 and .0,Q. The
s .mterialswre fi lled uto 65,o TI.'3) and the rounds were fired from the

S• standard. firing circuit.

SThe results sho;.cd light ecmanating from the bridgewires
P • El •. using compositions with up to 20 - 251, aluminiu:m. Frolz this level

upwardls there was no evidence of bridgire reaction btr si-ns of
e eco'rical breakdown were observed of the filling in regions away
from the bridgowire.

Examples of phoLogra:phic records are given in Fig 10.

SElectrical breakdown of S1W18 at 65' TiD) was confireid.
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6. ASV-0,30'j',, 00 C )V 1JT,,, FIL-a
I],_'U fli:'j(uv;'*) Ji - L.... LI:.-

The followin, criteria iwere sot for the acceptance of a
filling for uue in an improved version of the EL.; Ij;1itCrs.

1e Conveistent DC breakdourn voltage levels should be Al
exhibited over the range of filling donsities likely
to be found in tihe device. The levels should be above
the 375v miniiawu level of S11318 Batch 3 (see Fig 6). 1N

2. Unbridged units, when fired, should pass less current 19
than units filled with M813 Batch 3.

3. Bridged units, when fired, should givc consistent
current records with a clear indication of bridgewire burst.

4., The bulk density of the mixture should be such that the
soleuted filling density could only be achieved by a press-
ing load of at least 4.8 ilPa (700 psi).

to6 The above criteria could be met by S"118 Batch 3 pressed
,to 60;o TI,1D. However, this material had been used up and attempts
to manufacture furthor batches with the same properties were un-
successful. The new batches were unsatisfactory because of low
DO broakdowm voltages or density.

In view of these problems, attempts were made at AIMl to
produce a mixture with the desired characteristics using readily
available materials. The method of approach was (a) to use finer
powders to give low bulk densities, since fine powders would have
large surface areas and might be more reactive; (b) to use powders
in which the constituent particles have a relatively narrow range of
particle sizes.

Details of the compositions tested are given in the chart
below:-

KCi0 Aluminium Aluminium
(M818 Iype) (SR818 Type) (0 C)

•" •I •ex Reynolds Aluminitum Co

through 45 P through 45 U
sieve sieveil

,•Micronize

B A X Y

(Averag)
Particle) I
Diwnet or)
2-3p )x
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Four mixes all containing 22.5% aluminiu.i were preparcd ie
AX, AY, DX and BY. The mixes were given initial clictrical
s;creening tests with the following results:-

ILAX gave inconsistent results on the *DC breahdkoi.m test and
variable firing current records when fired in igniters.

AY gave consistent firing current records with rel--.ively
low pealks and acceptable D3 breakdown performance.

3BY gave variable firing current records.

BX failed to fire in isni.,rs both with and without bridc-ewires.
On the DC breakdo;n test no breakdown occurred but the

*-material ignited at 2.2 kV 6 yiA and 2.7 kV, 10 jiA.

Clearly mix AY was the most suitable candidate material.

-6.1. lurther Assessment Tests on Mix AY

%The results of the DC breakdo~m tests are smrized
graphically in Fig 11.

The pressing characteristics curve is shown in Fig 12.
14.5 1.!la (2, 100 psi) is required to give 65% TI)ID.

Unbridged units filled with AY to 65;0 TIQ) and -,ubjectd to
firing pulses gave three types of result:

(i) some units fired giving currents comparable .ith
bridged units.

(ii) soine units fired giving low currents (4-10 amp).

"" vBridged igniters filled with AY and fired gave firing

current traces which had a pronounced dip at the bridgewire burst
position. The traces were reproducible and no high second peaks
were found.

Rear view high speed photography in modified experimental

bodies showed that ignition started at the region around the bridge-
r wire. No firing failures occurred with igniteors filled with AY to

'10i' TIMD.

* These results confirmed that AY type powder had good
charactcristics for use in EiNB igniters. A specification was

' wiittoni for it arid it was designated ST818A. Details of its
particle size characteristics are given in Figs 13 and 14.F 7• DISCU3SION

Since this work was completed over 200 igniters filled

wihSiW1A po-wdeIr have bee.,,, fired. successfully.
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- i The HIlMW igniter filled v:itýh S•6•i', to (6,, TI.1) appears
to function reliably. The expc)rimZWItUl data indic;-tte that i11r
reliability is due to the fact that its elecLrical conduction
properties allow reproducible burstitu of the brideewire.

The mechanisms of initiation of alnuininiu /potassium
porchlorato mixturen in cc-ntro electrode igniturs are not well
understood. It sce:es likely that csome mixtures with Lood
electrical cond-iction properties igpite in the fill. The
geometry and ria;erials of the iniiter bodies arc ,elearly of prime
importance.

Although some aluninium/purchlorate compacts can be
ignited by relatively low electrical energies deposited in the fill,
there is evidence that this process is somewhat variable and perhaps
some multiple breakdown conditions result in failure to ignite.

Where compacts are ignited by exploding bridg3ewires there
are some parallela with EA1 initiation of secondary explosives ic:-

(i) The systems exhibit a relatively high V50. At this
level failures may occur although the brid;,cwire is fused.

(ii) initiation appears to depend upon the efficient trans-
port of euertV from the bridgewire into the filling through
the pores of the compact.

(EMW initiation of secondary explosives is critically
dependent on the porosity, density and particle size of r-

the explosive compact).

Failure of compacts made from very fine perchlorste mad
relatively coarse aluminium was interesting. It is possible that
the perchlorate formed a coating around each aluminium particle (the
breakdown voltages were very high). Presumably vapour from the
exploding bridgewire was unable to reach the aluminium because of
the perchlorate.

Many interesting problems have arisen from this work.
Suggestions from experts in the field would be valued.

AR°

To Messrs !R Bance, 0 Foan and M '. Burt who made major
contributions to this work. M

To HARDE who supplied pyrotechnic materials and gave I-
invaluable advice*
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APPFUIDIX 1

F ir
The follolding i.denLities are used:-

IR = ineosured total resistance of device at bridgewire burst ti1 ,.e
1!i'

-_ II total current flowing at bridi-ewire burst

V = vo? tage acr<;Sc device at bridgewire burst time

A..-i n, Th•n,, curreuit flow.s; through •he pyrctechnic material in path3 para))e
to tlec bri d,•cwire

let = bridgewire resistance at bridf;ewire burst time

13i current through bridgewire at bridgewire barst ti me

r = electrical resistance of fi L at bridgewiro, burst timneF; • i = current through f•ill at brid(,ewire burst time

Al so rB resi sttnce at b,,rsL for flT',P filled round-

0 O
B current at burst for FP'iI, filled rounds

It har, been shown exp,.rTiMrcntally (ref 1) that for FIETN file4l roonds

0
rB K

where K 95 for bridgewires similar to those uced in this work. Since .... i"

a non-condTucting fill, the current can be aszuined to floku only throuth the br1 .;-

wire. In a conducting fill, current will flow through the wire &nd al.ko throum ,
the fill, the relationship betwcen the currený flowing throu.gh the wirc. and its
Sresi:i~an~c is assumed to be given by:

:rB K

B

wh ere K 95, as before.

Also for the pyrotechnic filled rounds,

W r RN.

R r
4ging rB (2)

Rr

LR r

-•- -i'1 ~and since I - _+4 .)!

E• :L.!.5



-~~~~ No R i

s K

No IR i-
Rr• Substituting in (4)

S~r s sK

which simplifies to S

K2 IR2  (

I - Now, X is a constant and I and R are obtained from experiment, so r may be
Scalculated using equation (5). The other unknownqs, r and is can now
be obtained using equations (2), (i) amd (3).

ref 1 J John.ston Unpublished report
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I IMPROVED GREEN FLARES

H. A. WEBSTER III

Applied Sciences Department

Naval Weapons Support Center, Crane., Indiana jjj
bIjL0

aABSTRACT [
Formulas for improved green flares are presented. Improvements

in intensity and color are reported. Candlepower values of over

71,000 cd have been obtained with no loss in excitation purity.

= Efficiencies are better than 10,000 cd-s/g. Molecular emission Eh.
-I from boron oxides, barium oxides and barium chlorides is observed.

II
il~
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Li
INTRODUCTION

The production of a good green colored signal has long been the
nemesis of the pyrotechnician. This is especially true if a good green
signal is defined as one with not only good color but also a large
luminous efficiency. An excellent review of green signals and their
associated problems has been given by Jackson, Kaye and Taylor.

ji Green signals currently in use are composed of magnesium, potassium
- perchlorate, barium nitrate, some chlorine donor (e.g., polyvinyl

chloride), other color additives such as copper and a binder. One
Sstandard Navy green flare has a typical output of dominant wavelength

S(xD) =562 nm, excitation purity = 53%, luminous power (cp) 20000 cd,
a ourn time of 29 seconds and a luminous efficiency of 4300 cd-s/g.
In the earlier work reported byockson, Kaye and Taylor an improved'
green signal composed of Delrin and barium chlorate monohydrate was
developed. This flare had xD - 552 nm, excitation purity = 78%,
luminous power = 320 cd, burn time = 80 seconds (calculated) and
luminous efficiency 170 cd-s/g. Thus this flare has a better color
but the color can be obtained only with a large loss in luminous
efficiency. In limited field tests under clear night conditions these
flares were visible at slant ranges of ten miles.I Li

In the course of some experiments on improved illuminating flares
A one of the compositions under consideration produced a good green

flare with high intensity. This report describes preliminary investi-
gations to provide additional information on this formula.

IEXPERIMENTAL*

SLI The formulas used in these experiments are given in Table 1. All
materials were standard Mil Spec materials except the Delrin . and
barium chlorate used in CO-31. The Delrin(1* was obtained from E. I.

"I LIDuPont. The barium chlorate was obtained from Ventron, Alfa Products
R Division. The average magnesium particle size was 375 microns. The

boron particle size was approximately 1 micron. ,.he barium nitrate,
polyvinyl chloride, hexachlorobenzene and Teflon particle sizes

* In order to specify procedures adequately, it has been necessary
occasionally to identify commercial materials and equipment in this•i! report. In no case does such identification imply recommendation,

endorsement, or criticism by the Navy, nor does it imply that the
material or equipment identified is necessarily the best availableS~for the purpose.

I ** Delrin, Teflon-Registered Trademarks of E.I. DuPont de Nemours, Co.

669



were not measured but all were lerj than 400 microns. The binder was
a mixture of Dow epoxy resin, CX 7069.7, and a polyamine. CX 3482.1s
in a ratio CX 7069.7 - 80% and CX 3482.1 - 20%.

After mixitg the compositions were pressed into fishpaper tubes at
5.62 x 10 N/rm (8000 psi). The tubes had been coated with the binder
mixture twenty-four hours prior to pressing. One hundred and fifty
grams of composition were used for each candle. The finished candles
were 4.4 cm in diameter and 5.5 cm long.

The flares were burned face-down at a distance of 1000 cm from the
radiometers and 400 cm from the spectrographs. The radiometers are
fitted with filters such that the filter + detector response curves 1:1
match as closely as possible the CIE color-matching functions x, y, and
z. Measurements from each detector then give the tristimulus values
X, Y and Z from which the chromaticity coordinates, x and y, can be H
calculated. The values of dominant wavelength and purity are then
determined by the standard graphical method after plotting the chroma-
ticity coordinates on a chromaticity diagram.. The radiometer whichgives the tristimulus value of Y is calibrated against an NBS traceable LIstandard lamp to give the values of luminoui power.

Visible spectra were taken with a Spex 1802 one meter spectrograph f
equipped with a 600 gr/mm grating which gives a dispersion of 16.5
A/mm in the first order. These spectra have not been reduced and were
used only to qualitatively identify specific emitters.

RESULTS f
The experimental results of this investigation are summarized in

Table 1. Values are given for candlepower, burn time, luminous
efficiency, dominant wavelength and purity for each experimental com-
position. The results are averages of four to six flares burned.
The average experimental error in luminous efficiency is + 7 percent.
The experimental error in the value of dominant wavelengt"i is + 2 per-cent and the error in the purity is + 5 percent.

The colors observed during the flare burns were green to greenish-
white. The worst green was given by CO-*6, although it was more
intense than CO-22 and CO-23 both of which gave excellent greens but
were not very intense. Compositions CO-12 to CO-20 all gave comparable
green colors of varying intensity. These colors all appeared to be

9 •better than CO-30, the Navy standard green flare formula. The barium
chlorate - Delrin formula, CO-31, would not burn.. A comparison of

21 the above data with that given in Table I shows good agreement between
observation and instrumentation. Figure 1 shows a plot of the chrom-

e ( aticity coordinates for all flares.
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"DISCUSSION

The flares burned in these experiments fall into three basic
categories: (1) those with boron, CO-12 - CO-l6M (2) those with boron
and a chlorine source, CO-18 - CO-23; (3) those with boron and a
fluorine source, C0-26. The results indicate that the use of boron,
magnesium and barium nitrate produces good green flares which have
excellent efficiencies. The excitation purity of these flares is not
as good as that of the flares which contain a halogen source. The
replacement of 5-10% of the fuel with hexachlorobenzene tends to
increase the burn time while lowering the luminous output with a
resulting small loss in efficiency. The color purity does, however,
improve. The replacement of fuel with polyvinyl chloride further
reduces the efficiency. The replacement of oxidizer by Teflon tends
to lower efficiencies while making the flare color more yellow.

The visible spectrum of a standard green flare has been analyzed
previously.' While the spectra obtained in this study do not agree
exactly with those of Jackson, et. al., they are apparently close
enough to not warrant further analysis at this point. The major
molecular emitters in the standard Navy green flares, CO-30, are

[ BaCl(x = 514 tim, 517 nm, 521 nm, 524 nm and 532 nm), BaO (460-678 nin),_
Ba20 2 and BaOH (480 nm, 487 nm, 502 nm, 512 nm and. 550 nm), and CuCl
(extensive system 405-470 nm). Atomic emission from copper, barium,
sodium and potassium is observed. There is also the underlying con-,
tinuum due to hot solid particles such as MgO.

In the boron flares the primary emission is from the boric acid
fluctuation bands system, B02 , with maxima at 452 nm, 471 nm, 493 nm,
518 nm, 545 nm and 580 nm. These bands are overlapped by the BaO/BaOH
system. The increased flame temperatures of CO-12 - CO-16 when com-
pared to the standard green, CO-30, account for the increased intensity.
The increased efficiency is probably a result of the boron oxides
being better emitters than the BaCl. The shorter dominant wavelength L-
in the boron flares is due to reduced molecular emission in the red
region of the spectrum, apparently from BaO and BaCl. The lower purity
is due to the increased emission in the background continuum - a
result of the solid particles being at a higher temperature.

When the chlorine source is added the emission is a result of
BaCl, BaO, BaOH, and B02 . The efficiency does not decrease drastically
with CGC1 6 but does with PVC as the chlorine source. The improvement
in purity when compared with CO-30 is due to added emissions in the
green from B02 and a reduced background continuum due to the lower
temperatures.

= The use of Teflon produces BaF emission at 495 nm, 499 nm and
500 nm, an 2s yet unidentified emission in the red, and in the flares
with B the B02 fluctuation bands. The unexpected red emission and
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the increased underlying cotinuum produced a flare with much higher l
dominant wavelength than expected. Another interesting result was the
disappearance (or drastic reduction) of BaO and BaOH bands. This indi-
cates that the BaF is forming preferentially over BaO- a not unexpected
result.

To get some idea of what these increases in candlepoier mean, cal- j
culations were done by-the method described by Middleton to determinerange of visibility of a colored signal. These results are summarized

in Table 2. The meteorological ranges were assumed to be 5, 10 and'20 1 •
miles. The target distances were then determied for flares of 300,
20000, and 70900 cd at illumination levels of 10 , 100 and 10' ft-cds.
A level of 10 corresponds to a clear day, 100 to twilight and l-"
to starlight. At the lowest level of illumination on a clear starlight
night a 70000 cd flare can be seen twice as far as 300 cd flare.
However, under daylight conditions - not a situation where flares are
now used - the 70000 cd flare should be visible at ranges of 13000 yds g
while the 300 cd flare is visible only for 1700 yds. This of course
assumes an ideal situation where the observer knows the location of the
source. Effects of atmospheric scattering and color shifts have not
been considered in this calculation. Thus it is conceivable that the Ir higher efficiency green flares could be used as day signals.

CONCLUSIONS -

Green flares have been demonstrated which retain acceptable domin-
ant wavelength and purity and produce efficiencies of 6000 - 11000
cd-s/g. The emission from these flares comes from a ccmbination of
molecular emission from B02, BO, BaO and BaOH. While the purity of a
these signals is not as good as other flares which contain chlorine
sources for the formation of BaCl the dominant wavelength is shorter
(as much as 100 A in the case of a comparison with a standard green
flare) making the flares appear less yellow. The addition of a
fluorine source causes the preferential formation of BaF instead of
BaO. This could have some future application in improving the purity
of green flares.
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~ fl ILLUMINANCE LEVEL (ft-cds)

Met. Range Cyds) 1,100 10-4

Intensity 30cp
8800 1400 7500 13500

17600 1600 11600 22000

35200 1700 16800 35000

Intensity 20000 cp

18800 4900 14200 21000

17600 7000 24000 36000
35200 8800 38000 61000

Intensity =70000 cp 
lz

8800 6500 16500 23000

17600 9500 28000 41000J

JL35200 13000 48000 70000

UIM

[TABLE 2 CALCULATED RANGES
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ELECTRICAL RESISTIVITY OF TiHx/KCIO4

SKoto White, John W. Reed, Calvin M. Lcve,
John A. Holy and Jerome E. Glaub

Mound Facility
lMiamisburg, Ohio

ABSTRACT

Various factors affecting the electrical reeist'ivity of the pyro-
"technic pressed powder TiHx/KCI0 4 , which is sensitive to hot wire
ignition yet quite spark insensitive, were evaluated.

The electrical resistivity of the TiHx (x = 0.19-1.9, pressing U
pressure 10 - 160 kpsi) and TiHx/KCIO4 (x = 0.19-1.9, pressing
pressure 10 and 20 kpsi) were correlated with their pressing
pressure, stoichiometry, and powder surface area. The resistivity
increases with x and with surface area, and it decreases non-
linearly with pressing pressure. In addition, the effect of
electrostatic discharge pulsing on resistivity was tested for
various samples of TiHx and TiHx/KCIO4 pressed pellets. For the
higher resistivity pellets (p > 1 Q.cm), a decrease in resistivity
was observed. For low resistivity pellets (p < 1 Q-cm), no change
in resistivity was observed, yet an increase in current flowing
through the pellets occurred. The effect of temperature on re-
sistivity for TiHx pressed pellets from below liquid nitrogen tem-
perature to 500 K was also studied.
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S!i! Ii -A

677

7- AA



ELECTRICAL RESISTIVITY OF TiHx AND TiHc/KC1O4°x
S~Koto White, John W. Reed, Calvin.M. Love,

Oc e A John A. Holy and Jerome E. Glaub

S~Mound Facility*
pcMiamisburg, Ohio

S~~I. INTRODUCTION :•

Objectives An understanding of electrical properties of pyrotechnic
compositions is important because these properties affect ignition
i •wbehavior. In hot-wire initiated actuators and ignitors, where a
pyrotechnic material is in contact with a bridgewire, it is possible
sttfor the pyrotechnic material to have sufficient electrical conduc-
tivity that a parallel electrical path exists between the bridge-
wire posts. With the low energy delivered to this type of device, u
it is possible for the parallel-path condition to produce a situa-
tion where the bridgewire is insufficiently heated and a device,• malfunction occurs. Hence, the objective of this project is to

• ~determine and evaluate the factors that affect the electrical re-
!•=sistivity ofthe pyrotechnic material used in such devices. Since i

•° ~a pressed-powder mixture of titanium subhydride (TiHx) and potassium i
• perchloralle (KClO4) is being used in certain pyrotechnic valve
• ~~actuators, those two materials, individually and blended, were :I

studied.

Four-Probe Resistivity Measurement Technique All resistivity meas- r
urements were made using the four-probe technique illustrated in
Figure 1. An electrical current is carried through the two outer
probes, which sets up an electric field in the sample (in the figure,
the electric field lines are solid and the equipotential lines are
broken), and the two inner probes measure the potential difference
between point B and point C. These inner probes qre made to draw
no current by use of the high input impedance (10O2) voltmeter in the
circuit. Thus, the unwanted voltage drop (ohmic IR drop) at point B
and point C caused by the contact resistance between probes and
the sample is eliminated from the potential measurements. Since
these contact resistances are very sensitive to the pressure with
which the two surfaces are pressed together and to surface condi-
tion (such as oxidation of both surfaces), errors introduced intoF ~ the conventional two-electrode technique (in which the potential
measuring contact passes a current) can be quite large.

*Mound Facility is operated by Monsanto Research Corporation for
the U. S. Department of Energy under Contract No. EY-76-C-04-0053.
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IL :Using a four-point probe of equal spacing, the resistivity (p) of

the sample can be calculated from measured quantities, V [potential
difference between point B and point C in Figure 1, volts (V)],
I [current, amperes (A)] and S [electrode spacing centimeters (cm)]
as:

SV
(Q .cm) = 27rS .

RESISTIVITY AS A FUNCTION OF PELLET CHARACTERISTICS

All resistivity measurements in this section were made using a
spring-loaded, four-point probe of equal-probe spacing (S=0.025 in.)
(Alessi Industries). For each sample pellet, resistivities of four
different locations on each pellet side were averaged for the
average pellet resistivity.

TiHx Pressed Pellets In order to investigate the factors affecting
the resistivity of TiHx pressed pellets at room temperature, 10
different batches of TiHx powder were selected from the stoichiom-
etry group of x=1.9, 1.5, 0.65, and 0.19. Each group includes a

L! batch with high surface area and a batch with low surface area.
Each batch of material was pressed into several pellets with press-
ing pressures varying from 10 to 160 kpsi. The results are shown
in Figure 2 as a function of pellet density with different stoichio-
metric groups represented.

Our findings were:

(1) When pressing, it took more force to press high surface area
materials to a certain density even though they have various
particle size distributions and particle sizes.

(2) When resistivities were compared within a similar stoichio-
metric group, a higher surface area material generally showed

U a higher resistivity.

(3) The difference in resistivity between batches was larger at
the lower density.

S(4) A resistivity versus stoichiometry relationship was seen for
Sa group of high surface area materials, and a higher stoi-
chiometry seem to lead to a higher resistivity. (See Figure 3)

(5) Nonhomogeneity of resistivity within a pellet was noticed _

_A_ and was more evident for lower density pellets.

iit •The first four observations seem to be related to the fact that the
individual TiHx powder pp--.icles are coated with a titanium oxide

F, 679!• -Z-, 
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layer. As shown in a hypothetical picture of powder particles
(Figure 4), overall resistivity of the sample has three com- El
ponents. One component is the resistivity of the titanium hy-
dride particle core, which is in the order of ~10- 4 a.cm. A
second component is the resistance from the titanium oxide layer,
which depends upon the thickness of the layer and the type of
oxide. A third component is the contact resistance between ad-
jacent powder particles, which is likely to depend on the press-
ing pressure, surface area, and particle size distribution. Sincethe first component is most likely much smaller than the others,

the resistivity variation we observed between different batches
and different pressing pressure must be caused by the second
and/or third components.

TiHx/KCl04 Pressed Pellets Several batches of TiHx/KClO4 (33/67
wt %) blends with various TiHx stoichiometries were pressed into
pellets using pressing pressures of 10 and 20 kpsi. The ratios
of resistivities (TiHx/KCIO4 over TiHx) are shown in Table 1.
It can be seen that the effect of blending con resistivity strongly
depends on the stoichiometry of TiH When blended, the increaseI in resistivity is as small as -15 t•-mes for X=0.19 and as large
as -106 times for X=1.9. This might indicate that the surface of
different stoichiometric TiHx reacts with KC1O 4 in a different manner
while blended and develops an oxide coating of different thickness and
and/or of a different type. Here again, the higher surface area TiHx

i seems to yield a higher resistivity TiHx/KCIO4 blend, Lqe
Table 1

RATIOS OF RESISTIVITY

pTiHx/KClO 4/pTiHx

Material TiHx
Identification Stoichiometry 10 kpsi 20 kpsi

P02040/QC1675ET X 0.2 36 15
P03074/QC1761ET , =0.69  2.1 x 102 61
P03089/QC1787ET y= 0.65 2.7 x 103 1.4 x 102

P03060/QC1744ET x= 1.52 1.7 x 104 7 x 103

P03062/QC1623ET y 1.9 1 >106 1.2 x 104

P03047/QC1709ET Y= 1.9 >10 6  >106
P03084/QC1709ET >i06g >lop
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RESISTIVITY AS A FUNCTION OF TEMPERATURE

A cryostat system which is capable of attaining from 3 to 500 K
was constructed to investigate the effect of temperature on
resistivity. The cryostat (Oxford Instrument Model CF 100) was
cooled by a controlled, continuous flow of liquid helium delivered
through a transfer tube from a 60-liter storage Dewar. A 39 Q
internal heater on the heat exchange block and a temperature con-
troller Oxford Instrument Model DT C2) were used along with helium
flow to maintain any desired temperature. Two thermocouples were
located inside the cryostat. One was on the heat exchange block
and was used to control the heater output; the other was very close
to the sample and used for actual temperature measurement and for
indication of thermal equilibrium. Insulation of the transfer
tube was provided by cold exhaust helium gas returning from the
cryostat and by an evacuated space in the outer jacket. The cryo-
stat was insulated by two vacuum spaces separated by a radiation
shield. The initial checkout of the system was accomplished using
a piece of titanium metal as a standard sample. The probe spacer
was fabricated from reinforced phenolic to better withstand the

S~thermocycle.

TiHx Pressed Pellets Fourteen samples of TiHx pressed pellets were
examined in this ;;tudy. A thermocycle consisted of: (1) cooling to
70 K (sometimes down to 50 K), then, (2) heating to 460 K (sometimes
up to 500 K), then, (3) cooling back to the room temperature. The
heating and cooling rates were held close to 10*C/min, and the
samples were soaked at each temperature for 10 min before the measure-
ments were taken. Any residual voltage output (that is, voltage
output when no current is delivered to the sample), was probably
caused by thermal EMF's of various connections in the measuring
circuit and was subtracted from each reading. To avoid possible

dcrumblin, around the four probe tips w he e e apparatus
crband during subsequent thermocycling, the pellets were pressed at high
pressures.

I 0iAll resistivity data obtained as a function of temperature were
normalized by dividing by room-temperature resistivity. Therefore,
the slope of the curve is a 1':-iial indication of the temperature

p coefficient of resistivity, a 1/p /n3IT. This enables com-
parison of various sets of data in aifferent resistivity ranges and

V "also permits visualization of percentage changes in resistivity dur-
ing each thermocycle. In doing this, the resistivity value at room
temperature before going through the thermocycle was taken to be
100%. Here, the observed change in resistivity during the thermo-
cycle is most likely because of the resistivity change of powder sur-
face coating and from the change in contact resistance between adja-
cent powder particles.
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The group of TiHl.9 samples showed large negative temperature
coefficients (Figure 6-10), which indicates that the material
probably has a semiconductor-like oxide coating on it. This
behavior corresponds to the temperature response of Ti20 3 [2].
The one with higher surface area (Figure 6 and 7) showed much
steeper slopes compared to the one with lower surface area (Fig-
ure 8-10). When the data are compared as a fumction of pressing
pressure, the pellets pressed at lower pressures show slightly
larger variations over identical temperature intervals. One can
see that the powder contraction and expansion contribute to the
negativeness in temperature coefficient. And these observations

R might indicate that the TiHI.9 powder particles contract and ex-
ýT. pand noticeably with temperature, and the larger surface area

enhances this effect on resistivity. js

For TiH0 65 and TiH0.19 samples, variation in slope from varia- I
tion in pressing pressure was very slight. The ones with high

K surface area showed a slightly negative temperature coefficient ]'
(Figures 11, 12, and 17); whereas the ones with lower surface area
showed a slightly positive temperature coefficient (Figures 13-15,
18, 19) at below room temperature. Temperature responses of TiHx, I
TiO and slightly off stoichiometric TiO2 are all reported to have
positive temperature coefficient. This positive temperature co-
efficient of oxide coating might be partially cancelled by the -

negative coefficient caused by particle expansion and contraction.

As for the region above 400 K, all samples examined showed a de-
crease in resistivity upon heating. It was also observed that
once the samples were heated to above 400 K, the cooling curve did
not coincide with the heating curve; and the magnitude of permanent
reduction in sample resistivity upon heating depends on maximum
temperature exposure. This could be because of some irreversible
change in material, such as annealing or a break in the surface
coating.

Some of the samples were analyzed for hydrogen content after the
thermocycles; no change in hydrogen content was observed. In order -.

to suppress the possible off-gassing of water from the samples, some
experiments were conducted in a static, helium-gas atmosphere; and
some experiments were performed in air above room temperature,
instead of in the 10-5 torr vacuum. Since no significant difference
in results was observed, absorbed water was probably not responsible
for the resistivity changes observed under these heating conditions.

TiH./KCIO4 Pressed Pellets To date, only three TiHx/KClO4 samples
have been investigated for temperature effect. Preliminary results
are shown in Figures 20-22. Temperature response characteristics
common to all samples are the irreversibility of the heating and
cooling curves. When the sample was cooled below room temperature, U
the resisitivity increased and even after the sample was rewarmed

a682 + 682
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the resistivity remained high (possibly because the sample was
a mixture of two materials with different expansion coefficients
which allowed the powder configuration to perman's.ntly shift upon
cooling). A very rapid increase in resistivity was observed for
above room temperature which might have been caused by a further
0oxidation of the powder surface.

EFFECT OF ELECTROSTATIC DISCHARGE ON RESISTIVITY
OF TiHx AND TiHx/KClO 4 PRESSED PELLETS

All measurements in this section were made using an eight-probe
station (Alessi Industries). The probe spacing was adjusted to
S=0.02 in.

The electrostatic pulse was generated by discharging a 600 pF
i capacitor through a 500 Q resistor to simulate a human body

electrostatic discharge. The capacitor was charged at 5 kV for
all tests. The discharge path was either between four probes and
a fifth probe on the same face of the pellet or between four
probes and the entire opposite face of the pellet. Sample resis-
tivity was measured before and after being subjected to an elec-
trostatic pulse.

Test results for TiHx pressed pellets are shown in Figure 23, and
test results for TiHx/KCI04 blend pellets are shown in Figure 24.
The data points indicate a sample examined and the arrows indicate
the magnitude of reduction in resistivity after being pulsed.
The data were plotted as a function of sample stoichiometry.

As shown in Figures 23 and 24, for both TiHx and TiHx/KCIO4, the
pellets were not affected by the electrostatic pulse when the re-
sistivity of the pellets was lower than 1 Q'cm, and the pellets
with higher resistivity were all affected by the pulses. For very
high resistivity pellets, the resistivity decreased by orders of
magnitude after being pulsed. A possible explanation for this beha-
vior can be found if we review the way we pulsed the pellets.

i Li Since we had a 500 Q resistor in series with the pellet and the
total power (Qo) available in the capacitor is a fixed value in
this experiment, the power actually delivered to the pellet
(Qpellet) is described as:

Qpellet - R +R500

where: R is the resistance of the discharge path through the pellet.
Thus, for the pellets with approximate megaohm range resistance,
almost all the power is dissipated in the pellet; whereas for the low
resistivity pellets, only a small percentage of the total power is
dissipated in the pellet.

Overall reduction in resistivity might be caused by a breakage of
the surface oxide coating or by further introduction of defects into

L!
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the oxide structure when subjected to the pulse (defective TiO2 is
J known to have a lower resistivity than that of rutile TiO2 ).

For all the pellets examined, the current flowing through the outer
two probes (A and D in Figure 1) increased after pulsing which may
be the consequence of the probes being pushed down into the sample
when subjected to pulses besides the reduction in resistivity (See
the Appendix for details).

• SUMMARY AND CONCLUSION

In this series of studies, we have seen the resistivity variation
of TiHx and TiHx/KCI04 pressed pellets as functions of pellet den-
sity (or pressing pressure), TiHx stoichiometry, TiHx powder sur-
face area and temperature. In addition, we studied the effects.
of electrostatic discharge on sample resistivity.

Resistivity of titanium hydride particle cores play an insignificant
role in overall pellet resistivity. The most probable explanation
for the resistivity variations observed among different batches of
materials and different pressing pressure is that the powder par-
ticles are coated with various thicknesses or types of oxide layers
and those surface coatings break when the powders are pressed to-
gether. High surface area powders seem to have less contact areaSbetween adjacent powders when they are pressed together and they
also seem to be less compactible.I Stoichiometry of TiHX is the main factor determining the resistivity
of TiHx/KCIO4 blend material. High stoichiometric TiHx seems to
develop a highly resistive surface coating when blended with KCIO4.

= I When TiHx pressed pellets were cooled below room temperature, the
resistivity of the pellet went up because of powder contraction; but
the resistivity of the oxide coating may go up or down depending on
the type of oxide dominating. So, the overall temperature response
of the samples is either cancellation or enhancement of these two
effects. High surface area materials, when contracted by cooling,
seem to contribute more to an increase in resistivity. For TiHI.9,
the dominating surface oxide seems to have a negative temperature
coefficient. For TiH0 .65 and TiH0 . 1 9 , the dominating surface oxide
has a positive temperature coefficient.

* • •Electrostatic discharge affects the higher resistivity material I
more--partly because the power delivered to the sample pellet de-
pends on the resistivity of the discharge path in the pellet from
the 500 0 resistor we have in series. The electrical discharge
seems to either break the surface oxide coating or introduce further
defects into the oxide structure to reduce the resistivity.

__ - - -684
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APPENDIX

The current (I) flowing through the sample can be described as:

-V o
R+Rcontact

where

and where Vo is the voltage output of current source, Rc ntact is the
contact resistance between probes A, D, (Figure 1) and t~e sample.
R is the resistance of the sample, ro is the radius of the probe
tip actually buried in the sample and L is the distance between

- point A and point D. R can be derived from calculating the power
dissipated in the sample:

RI 2 =JJ~p j 2 dpsin0 de r dr. IN-V-

2ASince at any point in the sample, current density, J I/2nr2
the above equation reduces to:

2 p-" 21 r 2oRI I2 I- L °
I 2

Two possibilities, besides the reduction in resistivity, exist
which lead to the overall decrease in current (I). One is the
reduction in contact resistance Rcontact; the other is the in-
crease in the probe tip radius (ro) actually in contact with the

A isample. Since the probe tip has a conical shape, rO increases
when the probe is pushed down into the sample.

W-,
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((p>1O0f4S2mcmL

~1 FIGURE 4 -A hypothetical picture of powder particles.
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ABSTRACT

The Navy has recently completed an improvement program for 5"/54I Illuminating Projectiles. Through utilization of a Ram Air Inflatable
Decelerator (RAID) in conjunction with a cross (cruciform) parachute,
functional performance has more than doubled the operational effective-
"ress of illuminating projectiles for search and damage assessment
missions (approximately 75% of all missions). Developmental high-
lights are presented which relate to functional performance improve-
ments, some examples of which are:

1. Allows fuze setting times to be reduced from 10 seconds
(6500 yards downrange) to 3 seconds (2000 yards dowmnrange).

2. Utilization of full service propellant charge throughout
t i the range of fuze settings (the present illuminating projectile required

- a reduced propellant charge for fuze settings less than 10 seconds.

Z 3. Decreased deployment distance from load ejection to full
flare performance.

4. Reduce flare descent rate from 41 fps to 7 fps.

( 5. Increased flare performance from 2.79 million square feet
for 47 seconds to 4.32 million square feet for 72 seconds (at an illum-
inance level of 0.2 lumens per square feet).

In conclusion, it will be shown that the operational performance of1
the new illuminating projectile is 2-1/2 times more cost effective than

- the present illuminating projectile.
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AN IMPROVED NAVY 5"/54 ILLUMINATING PROJECTILE

I. BACKGROUND

The Mk 11 Illuminating Load now used in 5 Inch Projectiles repre-
.I

sents World War II suspension system "state-of-the-art". It is a
single-staged, reefed parachute with a swivel to prevent suspension
line twisting during deployment (see Figure 1). The candle air burning
time is 61 seconds at an intensity of 671,000 candlepower. Minimum
usage range is 6,000 yards at full-service propellant charge because
the projectile velocity at time of ejection must be below 1600 feet per
second. After full suspension, the average candle descent rate is 41
feet per second. The area illuminated is 2.79 million square feet at a
threshold illuminance level of 0.2 lumens per square foot, which is 10
times full moonlight (see Figure 2).

Acceptance and surveillance data plus fleet reports periodically
indicate poor reliability and performance. Approximately 10 percent of
the failures exhibit Mechanical Time Fuze (MTF) failures while 19
percent have fouled chutes or short burners. While not considered a
failure, an additional 10 percent have extremely long delays to full
parachute suspension. Candle burn times of all units deployed from S
projectiles are decreased an average of 20 seconds from those burned
statically because of spin rates of up to 12,000 rpm at the time of
ejection.

II. PRODUCT IMPROVEMENT

A. Introduction) ~During FY 69, NAVWPNSUPPCEN Crane, under the direction of the •

Naval Sea Systems Command, initiated a program to improve the 5"/38,
Mk 50, Illuminating Projectile. This program continued at a minimum ii
effort until an accelerated effort was initiated in early November 1972
to incorporate the Mk 18 Illuminating Load (see Figures 3 and 4) into

- • the 5"/54, Mk 48, Illuminating Projectile.

aig To successfully incorporate the Mk 18 into the 5"/54 Illumin-

ating Projectile, five major technical areas were investigated:

1. Aerodynamics performance of the payload.

2. Final decelerator performance. LN

3. Ballistics of the Mk 11 versus the Mk 18 Illuminating
Load.
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L. 4. Collision of the base plug and payload.

I' 5. Unknown performance characteristics of the Mk 18
Illuminating Load fired from the 5V/54 gun.

After a series of static and gun firing tests, including a
iL TECHEVAL, the Mk 18 Illuminating Load was recommended for a release

to pilot production in June 1974.

B. Mk 18 Illuminating Load Functional Performance

The Mk 18 design is a unique staged combination of supersonic
and subsonic decelerators with an improved illuminating'candle compo-
sition. The candle air burn time is 72 seconds at an intensity of
723,000 candlepower. Minimum usage range is 1800 yards with a full-

- service propellant charge at a projectile velocity, at the time of
1 (Jpayload ejection, of 2240 feet per second. When deployed at its
.i optimum altitude of 1050 feet, an average of 4.32 million square feet

is illuminated for 72 seconds at a threshold illuminance level of 0.2
"lumens per square foot (see Figure 2).

C. Mk 18 Illuminating Load Operating Sequence

This illustration presents the functional sequence of the Mk
18 Illuminating Load (see Figure 5). Sequence 1 depicts the projectile
in flight. At sequence 2, the MTF functions and ignites the ejection
charge. The ejection charge expels the payload from the projectile
body, at 260 feet per second, and ignites two (redundant) pyrotechnic
delays. Sequence 3 shows the base plug and rear ballast separationi due
to eccentric loading. This occurs between 5-10 milliseconds. Also,
the Ram Air Inflatable Decelerator (RAID) deployment delay is initiated
at this time.

When the rear ballast travels approximately six feet radially,
a cap is pulled off the rear of the payload and a 12 inch RAID is

• •deployed, as depicted in sequence 4. The RAID inflates in less than
50 milliseconds which reduces the forward velocity from 2240 to 140
feet per second and also reduces the rotational velocity from 200 to
6 rps in 1.7 seconds. This reduction of rotational velocity is neces-

F '•sary since excessive spin rates drastically degrade candle performance
in addition to fouling the parachute.

In sequence 5, the pyrotechnic delays (1.7 secornds) initiate
the ignition pellet. This pellet propels the ejection can from the
candle and simultaneously ignites the candle. This then allows separ-
ation of the RAID and force transmitter, as shown by sequence 6. -A
pilot chute then extracts the nine foot cruciform parachute as depicted
in sequence 7. The parachute and candle, when deployed, appear as
shown in sequence 8.
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0. Mk 11 and Mk 18 Functional Performance

Utilizing basic illumination theory (see Figure 6), graphs of
the Mk 11 and Mk 18 performance are shown. By integrating the area
under each loads' respective performance curve (see Figure 2), it can

E be seen that the Mk 18's performance is better than double that of theLMk 11 (311.0ilo n square-feet-seconds versus 131.1 million square- i

Sfeet-seconds) (see Figure 7). The main reason for this is that the Mk
18, due to its much slower descent rate, allows the flare candle to
operate nearer its optimum altitude. Functional performance character-
istics of each load are shown in Figures 8 and 9.

"E. Mk 11 and Mk 18 Operational Cost Effectiveness

Here are listed (see Figure 10) the costs of component parts
that are consumed each time an illuminating projectile is fired. As
can be seen, this amounts to 448 dollars for a Mk 11 as compared to
528 dollars for a Mk 18. Based solely on the demonstrated reliabil-
ities, 0.71 for the Mkll and 0.87 for the Mk 18, the comparative

%q costs to fire 10 functional rounds (see Figure 11) are:

Mk 11: 14 rounds x $448 round $6272

Mk 18: 11 rounds x $528/round $5808

Besides the comparative costs just to achieve 10 functional
rounds, one should consider the relative effectiveness of each design
to accomplish a search and damage assessment mission; the primary
(75 percent) use of this round as indicated in references l and 2.

The relative effectiveness of an illuminating round for
accomplishing the mission can be measured in terms of amount of
usable illumination on the target for a given period of time; foot-candles (lumens per square foot) for so many seconds. For a flare, Am)

this can be measured by integrating the area under the area-time
curve; i.e., square-feet-seconds. Values for the Mk 11 and Mk 18
are 131.1 and 311.0 million square-feet-seconds, respectively.

A typical search and damage assessment mission, references 1
and 2, required the placement of four flares around the target, such:

OFl are

OFlare )Target OFlare

OFlare
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Four flares, Mk 1l's, translate into 524.4 million square-feet-
seconds of illumination required. To accomplish this, the number of
Mk 1l's and Mk 18's required to produce 524.4 million square-feet-
seconds can be determined, see Figure 12.

(524.4 million square-feet-seconds) A

No. of Mk 11's (131.1 million square-feet-seconds)(0.71) 5.6 or 6 rounds

No. of Mk 18's (524.4 million square-feet-secons 1.94 or 2 rounds
N f 8 (311.0 million square-feet-seconds)(O.87)

i• Thus, the cost to support this type of mission of 2688 dollars
(6 rounds x $448/round) for the Mk 11 versus 1056 dollars (2 rounds x
$528/round) for the Mk 18. Hence, it can be seen that, although the
improved illuminating load is more expensive, it is 2.5 times more costeffective than the old load.
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ILLUMINATION THEORY/EQUATIONS.o 1

h

N~~ COSO- -

(1) E = Cosa

r[, 2 /3_
(2) A = •rr 2 =

•:•"•(3) h ht.-At -At 2 ,h ,

-4) h optimum 0.43869 I)lA

E = THRESHHOLD ILLUMINANCE LEVEL, FOOT CANDLES

-- I = FLARE INTENSITY, CANDLEPOWER

h = HEIGHT OF FLARE AT ANY TIME t, FEET

=ht.At HEIGHT OF FLARE AT PREVIOUS ITERATION, FEET
A CIRCULAR AREA ILLUMINATED TO THRESHHOLD ILLUMINANCE LJI

LEVEL (E), SQUARE FEET

r = RADIUS OF CIRCULAR AREA ILLUMINATED, FEET

Ww = WEIGHT OF FLARE SYSTEM AT ANY TIME t, POUNDS

p = DENSITY OF AIR, SLUGS PER CUBIC FEET

Cd = DECELERATOR DRAG COEFFICIENT ai
A' = DECELERATOR DRAG AREA, SQUARE FEET

Vt = FLARE SYSTEM THERMAL UPDRAFT, FEET PER SECOND

"At = ITERATION TIME INTERVAL, SECONDS
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AREA-TIME VERSUS
INITIAL ALTITUDE
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