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PREFACE

Thus final report 15 a summary of the final portion of the work performed on this contract which deals with
modeling the ESD-caused sgnition of solid propellants. A summary of the prior work was already submuited n an
interim repost that preceded an ARO-sponsored workshop, held i Nashvilie, Tennessee on Apnil 17 and 18, 1989,
devoted pnmarily to the question of sgrition following an ESD breakdown event.  That mntenim report dealt only
peripherally with 1gnition.

However, there was always an intent to consider igniton 1n the final year of the contract, so this
document adds material on that subject as well as containing several new 1tems of research not reported mn a thesss,
that 15 the other mawn output of this contract.

The authors wish to thank ARO's Project monstor, Dr David Mann, for taking a strcng interest i the
subject matier of thus project.
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CHAPTER 1
EXECUTIVE SUMMARY

This document is the final report for a three year study performed at Electromagnetic Applicatons, Inc
(EMA) for the U.S. Army Research Office (ARO). The subject matter 15 an analytcal treatment of mucrostructural
aspects of Electrostatic Discharge (ESD) 1gmuon of sohid rocket motors. This report, and 2 companion document
(Dr. Mark Gyure's thesis) [1], are an expansion of an interim report covenng sumular matertal, released n md 1989
{2].

ESD hazards of the type described herein are now well known 1o the solid propellant industry (2], although
this was less $o at the ume of our original proposal to ARO iz 1986. Since 1985, two accidents mnvolving sohd
rocket motors have caused the loss of cight ives. These are now accepted to have been imtiated by ESD, causing
ESD t0 have become the leading safety hazard withun the solxd propeliant mdustry;

This report describes features of sohid propeliants that make them particularly susceptible to ESD  Primary
emphasis has been placed on microstructural modeling to better understand how to miugate these hazards by
understanding the details of the hazard.

Autempts have been made 1n this and the companion doctoral thess {1] to explan (among other things)
effects of ume (or frequency), propellant formulation, temperature, pressure, and relative humidity  Thus report
explains, but 15 not mtended as a final definive explanation of, much of the experimental phenomena that 15
summarized herem. In summary, we can make the following general statements that are supported by the (primanly)
microscopic analyses within this ARO contract.

As work has been performed on the electrostatic breakdown and ignition of solid propellants
response to the two accidents, 1t has become clear that there are good macroscopic and microscopic
reasons for ESD to be a semous hazard for solid propellants. Based on both static and transient
magroscopic simulations by EMA (not the subject of this report), the propellant fields from realisuc
charge densities can sometmes exceed those known to cause breakdown in small expenimental
samples. From a modeling standpoint, the analysis of the field distribution 1s not simpie, but good
accuracy 15 possible, and there are few doubts that hazardous siuations can occur

From the microscopic viewpount, the general features are also understood Microscopic modeling 15
able to explam, pnmarily through the staustcal details of the proximity of the aluminum particles,
aany of the expenimental breakdown variations. However, the details of the behavior of propellant




breakdown fields, conductivity and permutivaty as a function of ume (or frequency) and temperature
are only incompletely understood.

Among the vanous macromodeling techngues, the finite element techmique has shown the most

sigeificant advantages in terms of y, case of 1on during problem set-up, case of
obtaning solution, quality of display and imterpretation of results, short computing tme, and total
solution time. However, the finite element method has not been of significant value 1n studying
random media (except as 1t occastonally 1s used as in the above ways), since 1t 15 not usually used for
mulisple runs with varying parameters(such as in sequential breakdown discussed 1n [Ref 1] For
thus study of random medsa, resort 15 largely made to boundary element methods {1].

Among the other conclusions, mostly discussed m detail in [Ref. 11

Breakdown fields (at least in the cases studied to date) are lincarly related to average ieterparticle spacings in
hoth highly structured and random media. The relanonshup 1s simpler than onginally expected.

Formuylas have been obtained for interparticle fields between spheres wich acceptable accuracy and speed of
solution.

New insights have been gamed on the effect of differential conductivity 1n explaining both field
enhancement and resistivity vs. tume experiments.

Mauch of the material that would normally appeared m thus final report have already appeared mn Reference
12}, and virtually none will thercfore be repeated here. A brief overview was given m Section 2 of [2] of the four
mayor parts of the breakdown phenomenon. This was followed 1n 1ts Section 3 by a descripuon of a number of
modeling techniques and results that sre primarily useful m macroscopic modeling, but wath emphasis on therr use
m microscopic modeling. Sections 4 and 5 dealt with major portions of Dr Gyure's thesis, which now appear as a
separate componeat of this final report [1]  Brief comments were made 1 Section 6 of a number of topics of
importance o snderstanding the physical aspects of breakdown not covered 1 the thesis; this work was performed by
other mvestigators workang on the project. The final secuon of the mtenim report [2] gave some of the wam's views
on items that were covered in the ARO-sponsored workshop 3] for which the intenim report was prepared That
section has been retsmed and expanded as part of thas document.

A mayor poruion of the team effort was the support of Mr (now Dr.) Mark Gyure 1 obtaining his doctoral
degree (n Physics) at the Unmversity of Colorado  That work was under the direction of Dr. Paul Beale, who has
also authored some sectons in the present volume. Mark Gyure's doctoral work, n 1ts enturety, 1s contained 1n the




scparate report {1]. He has also contributed a short section on energy considerations related to hus thesis work
this final report.
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CHAPTER 2
PARTICLE SEPARATIONS AND EXPERIMENTAL VERIFICATION
(Prepared by Dr. Paul Beale)

One of thc;;mm:ryresult.s""6 of the electrostatic breakdown modeling is the simple connection between the
dielectric breakdown streugth of a metal-loaded diclectne and the average nearest-neighbor surface-to-surface distance
between the metallic particles m the composite.

=Ebinder 8
Bp= B s @D

‘The breakdown field, Ey, is directly proporuonal to the breakdown field of the binder. The proporuonality constant
depends oa, d, the average nearest neighbor distance between metal parucles and, D, the diameter of the metal
particles. Unfortunately, the distance between particies 1n a random composite 1s difficult to measure. Instead we
determined this value by appealing to known mathematical properties of the correlanons between hard sphencal
paticles in the staustical mechanics of simple fluds.

Let p =N/V be the nomber density of particles in a volume V. The pair correlanon funchion g(r) 1s defined
by41:12pg(r)dx-, 1t 15 the probability that the center of a particle 1s Jocated at a distance between r and r+dr from
the center of a chosen particic. The average nearcst neighbor distance can be determined from the distnbution function
for particie separations. Let p(r) dr be the probabihity that the closest nesghbor of a given particle 15 at a distance
between r and r+dr from a given particle. It 15 not too difficult to show that

PO =4npr gl ::{sz 6[ g2 df]‘

From thus distribution function, the determination of d 1s casy.

d= oj rpi)dr - D 23)

Now, the goal of the mucrostructural theory 1s to determine the pair correlation funcuon g(r) The added
difficalty is the situation we have with propeliants 1s that the composte 1s composed of different types and sizes of
particies. Let Nj be the nomber of paruicies of type 1 with diameter Dy, The number densties of the different
components are given by py=Nj/V. There will be several dufferent pair correlanon functions corresponding to the
correlations between particles of type 1 and particles of type ). Letp, 0 By(r1-1) d3r1 d3rz be the probability that a




particle if type i is located inside volume element d3r} located at position r] and a particle of type ) 1s located mnside
volume element d3r2 located at posttion r2, The nearest neighbor probability distnbution functions are pj(:) dr s the
probability that & particle of type i has 1ts nearest neighbor of type ) at a distance between r and r+dr Ths 1§ gotten
from the pasr correlation functions gij(r) by the relation

Pijlr) = 4ipy gy(r) em{”pj ,fgu(r') 2 dr]
g

The goa! of our microstructural theory 1s {0 detern. o th = <i- fe grlggon feneinns and troa those to deiermine the
nearest neighbor spacing between metai parucics The pidGel “Sa. will be cssumed 1s that the pasoicles are hard
spheres of diameter Dj with number densines 1;

The calculation of the parr correlation funcuions procezds ~.:t the ¢ nltzmaro assumpue 2 that any
configuration of particles which 15 possible (no hard sphercs o erfap; has egual a privr  probabinn Jmce s v,
also the basis of all of staustical mechames, we wul maid use of the statistical mechan 6y of suaplc wquids to
determune the parr correlanon funcuons.” The particular approach used 1s bastd en Liz properties of the direct
comelation functions cjj(r) which are defined by the Omstein-Zernuke equation.8

&ij0) - L=cy(n) + 2 pi Jeik() [ giylr-r)-1] dr
k

This 1 tself 0o new nf on. The calculation of the pair correlaunn functions depends on being able to
close these equanons with a means of specifying another constraint on the direct correlation functions. The constramnt
we use is the Perkus-Yevick equauon7'“ which for hard spheres states that the direct correlation function ey s
zex0 for ali > ( Dy + Dj )/2. Thus constraunt allows the exact calculation of all of the durect correlauon funcuons and
pair correlabon functions for up to two different sphere sizes  This approximauon 15 well-tested 1n the staustical

mechamcs of simple liquids and 1s known to be quite accurate even at very high parucle densities near the phase
transttion 10 a solid erystalline phase 7

Lebowitz gives an exact expressica for the direct correlauon functions ) They are of the form

! 21 +byr+dr3  r<Dy
-e1@)=
0 r>Dj




ag+bar+drd  reDp
=M=
r>Dg
a)

2 3 4
e = .1+bx +41dx° +dx

= la<Di2

r>Dyg
where x=r-1 and the coefficients aj , by, b and d are given in Lebowitz's paper 1

‘The Fourier transforms of the direct correlation functions are defined by
4n e
Gl =" frcij() sin(kr ) dr
0
and the Fourier transforms of the parr correlanon function are defined by
4 Ny
hjj) =-* g r{giy(r) -1 dr

In Founer transform space the Omste:n Zenke equatson has the form

4ij(k) = Cijk) + % pn Cin(k) hpy(k)

Thus equation can be solved for the Founer transforms of the parr correlavon functions hy(k) Finaliy the
determunation of the parr corselation functions 1s accomplished by mverse Founter transforming
w

g =1 +—2’:—2r—g Kk hyy(K) sin ke ) dk

Note that tlus step cannot be done analytically (at least not easily) so this final step must be done numencally using
a fast Fourier transform routme. Once thus 1s accomphished equations (3) and (4) can be evaluated numencally 10
determune the nearest nerghbor spacings 1n the composite




Our theoreucal claim 1n equaton (1) that the breakdown field scales simpiy with the nearest-neighbor
spacing can be tested with expenmental data. Table 2.1 shows the mixture proportions and breakdown field for a
senes of ment propellants mixed by Gibson at Edwards AFB and tested by Covino and Hudson at China Lake
NWC.12 In the samples, the hl was replaced by NaCl. From the mixture proporuons the pawr

3

sorrelation functions and hbor spacings were determined using the above procedure The NaCl parucles

L

were assurued to be 100 umes larger tnan the Al paruicles. Figures 2 1 - 2.3 shows the par  orrelation funcuons for
sample KJ-15 and Figure 2.4 shows the Al-Al nearest neighbor distributon function The calculated nearest neighbor
spacing for this sample was 0.045 D}. Figare 2.5 shows the experimental breakdown field plotted vs d/(Dar + d)
Equation (2.1) predicts that the data skould fall on a straight line with slope EpDInder ang mntersect the ongin As 1s
evident, the data 1s well approximated by .. strasght line (whuch intersects the ongin as predicted) and that the siope of
19MV/m 15 10 goou agreement wath the subsequently determuned experimental bindes breakdown field of 23MV/m
This excellent agreemeant between theory and axpeniment 1s very encouraging and constituies a quantitative theoretical
approach for determining the diclectn: breazdown strength of random metal-loaded dielectric composites

Table 2.1
Mixture Proportions and Breakdown Fields for Inert Propellants

Sample Volume % Volume % Breakdown ap
3 micron Al NaCl Field (MV/m)

Ki-17 3.0 55.7 4.7
KI-14 12.7 475 165
KJ-15 224 359 075
KJ-16 334 250 045
KJ-18 54.7 0.0 0.25

The expenmental breakdown field plotted versus the theoretically determined average nearest neighbor
distance. The data is shown in Table 2.1. The slope of the hine 15 18 MV/m which 1s the theoretical prediction of the
breakdown field of the binder. The subsequently determined breakdown field for the binder was 23 MV/m
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Figure 2.1  The Aluminum-Alumipum Paii Correlation Funcaca for KJ-15
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Figure 2.2 The NaCl-NaCl Parr Correlation Function for KJ-15
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Figure 2.3 The Aluminum-NaCl Pair Correlation Functior for KJ-15
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Figure 2.4  The Aluminum-Aluminum Nearest Neighbor Distance Distribution Function for
KJ-15
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Figure 2.5 Test of Theory on China Lake Data




CHAPTER 3
NCRGY FOUND IN MICROSCOrIC MODELING
(Prepared by Dr. Mark Cyure, as an Extension of Work in his Thesis [1])

The work of Reference [1] 1s pnmanly addressing the problem of breakdown 1n randomly inhomogeneous
materials 2nd rot the problem of ignition of actual matenals such as sohid rocket propellants. The breakdown
simulations described in this work do previde enough data, however, to esumate the energy released 1n local
breakdown events and this informaton shoutd be useful, if not essenual, to anyone mterested 1 modeling 1gnition
processes in these matexials.

The igniiion problem of interest to the asrospace commurnily can be stated in the following way If a sohd
rocket propellant expenences diclectnic breakdown, what 1s the probability that the propellant will also 1gmite and
bum? Or put another way, 15 elecincat breakdown a sufficient condiuon for igmtion of a given propellant or can
beeakdown occur without 1igrution? The problem of 1gniton of solia rocket propellants due to diclectnc breakdown 1s
a very difficalt one for several reasons that will not be discussed in detail here. Briefly, the problems encountered are
the mnhomogeneity of the matenial and the difficulty of modeling a system of sufficient size The ignition question 1s
primarily a thermodynamic one; the likely scenanio for igmtion based on a dielecine breakdown event 1s as follows
In cach local breakdown, some amount of energy is dissipated mto the propellant through Joule heating as charge 1s
transferred berween the alummum particles and some energy 1s also dissipated through radianon from the discharge
arc itself. In order for ignition to occur, this energy must be deprsited 1n such a way as to raise the temperature of
the material surrounding the arc to a hugh enough value for a long enough time for a self sustaimng chemical
reaction to occur in the propellant. How high this temperature must be and how long 1t must be maintained 1s 2

functioa of the thermody /ch 1 properues of the matenals involved and the geometry of the propellant at
the microstractural level. These are wssues that will not be addressed here, but one key parameter that 1s needed to
begin any analysis of the igmtion question 15 an esumate of how much energy 1s dissipated 1n a local breakdown or

0 of Jocal breakdowns. Such an esumate can be made from the breakdown simulattons described in Reference
[1}and will be the subject of thus section

At each step 1n the sequence of local breakdowns, two unportant quantities are known that have direct
relevance to the amount of energy released dunng such an event. First, the voliage difference between the metallic
panticles is known just before the breakdown event from the electrostanc solution for the potentials  In addition, the
net charge on the particles 1s known both before and after the local breakdown when the new electrostatic solution 15
fooad. if the particles were not part of any breakdown path before the local breakdown in question, then the net
charge before the breakdown was, of course, zero  From these parameters, the energy can be estmated
stesightforwardly by taking the net charge ransferred across the gap between the parucles and iauluplying that charge




by the voltage drop that existed across that gap before the breakdown This 15 only an estumate, of course, the exact
value for the energy released 1s a function of the exact parucle geometry and local fields This 1s an order of
magnitude estimate only, but one which may be useful as a starting point for more complicated and detaied 1gmution
modeling.

The energy released 1n each local breakdown for the 3D simulations of 135 spheres was estimated from the
simulation data as descnibed above The man conclusion 15 that the energy released dunng a local breakdown between
particles 15 on the order of 10 to 100 micojoules This estmate comes from assumung that the particies have a radis
of n microns and that the electnic field between the parucles just before breakdown is nght at the breakdown field of
the binder which 1s taken o be 20 MV/m. The sumulation data can be scaled to give values for the energy based on
any particle size and any field between the particles. If the particles are larger that 20 microns in diameter, then the
energy released 1s larger because the charge transfer 1s larger Also if the field between the particles is larger than the
breakdown field of the binder, this also the energy released. The basic relattonship which scales the energy
is

U=CE2a}

where U is the energy, E 1s the field between the parucles (or the applied field), a 1s the particle radius which also
determnes the sysiem size for a given volume fracton and number of particles, and C 1s a constant of
proporonahity Hence for any field or parucle siz¢, the encrgy can be estumated from the simulation data.

Another conclusion suggested by the stmulanon data s that more energy 15 released in those breakdowns
that occur later 1n the breakdown process than the mmnal breakdowns. Agawn this assumes that the field between the
particles undergoing breakdown 1s held at a fixed value of 20 MV/m regardless of when they break down Thus result
occurs because more energy 1s available in a region where the field between two particles 1s fixed and the distance
between them 1s increased. Recall that the distance between particles that undergo breakdown generally mcieases as
the breakdown process contmues. With the assumption of a 20 MV/m field between particles and 20 micron diameter
partcles, the encrgy released during breakdown wn samples at the lowest volume fracuons of 20% ranges from 5 pJ
in the early breakdowns to more than 50 pJ for breakdowns occurring at later stages mn the breakdown process

For volume fractions of 50%, the lughest swdied for 3D systems, the energy released ranges from around 5
P for 1mutial breakdowns to only 10 pJ later in the breakdown sequence Thus 1s again easily interpreted: at higher

volume fracuons, the average particle separation d d so that the di mvolved 1n breakdowns later

1n the sequence are still quite small whereas the distances between particles in the inital breakdowns are quite small
1 exther case A final comment 1s that the energy stored between two spheres placed 1in a known, unform field can
be calculated exactly after finding the capacitance berween the spheres In the case of a 20 MV/m field, the energres
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are on the ovder of wens of picojoules for sop d like those eacountered m the breakdown sumutattons
This is not uncxpected simce the energy stored 1n this two sphere system should be the same order of magmitude as
the energy stored betweea two sphieres in 2 random configuration.

In swssmary, the riodeling of sgnition processes in solid rocket propellants 1s 2 complicated problem
involving the conversion of stored electrical suergy to heat and the subsequent thermodynamic transfer of this heat to
the materiai which may or way not canse ignition. Any ignition modeling therefore depends on knowing the
magmtnde of enexgy redeased i a breakdown process. This energy 1s on the order of 10 to 100 mcojoules for local
hreakdowns betveen particles of 20 mi nd depending on the distance between the particles which is
iarge. at small voisrme fractions and smiller at farge volume frachons. Hence, although propeliants with a tugher
volume fracti m of ahumivom break down easier, more energy 1s released mn the breakdown of propeliants with a
lower volsme £:zction of aivmmum. Whether thus amount of energy is large gh and can be dep d rapidly
eno3gh 10 cause am wRitior peocess 1o begin 1s a question 1 need of further investigation. In part 1t is covered
Chaapter 4.




CHAPTER 4
IGNITION OF SOLID PROPELLANTS

4.1  Introduction

Analyses of ESD-caused ignition (as opposed to breakdown) of sohid propeliants must include an
investgation of:

Electncal enesgy available to start ignition in typical system-level geometries,

Electrical energy deposition 1n typical arcs as a function of sample size and charactenisics such as
resistance,

Electrical energy, power, and time requirements for arcs to cause 1gmtion,

Resistive loss mechanisms in arcs, and,

Physical properties of solid propeliants (e.g., heat capacity) that relate to 1gmtion

The above coasiderations can be broken up 1to two levels of investigation  a system or macroscopic fevel,
and a Jocal or microscopic level. In earlier sections, we discussed the electrostatics of system level ESD charging
Qur discuss:on of the local or microscopic level 1s contatned in Sections 4.2 and 4.3, and will be broken up 1nto the
arc electrodynamics and the ignition physics. Section 4.2 addresses the relanonship between erergy and properties of
the arc, and Section 4.3 discusses the basic laws relaung to propellant 1grution, and the extrapolatuon of current
ignition threshold data to the short time scale of micro discharges.

‘We note that the ESD communuty often uses the words vuinerability and susceptibility to describe aspects
of the breakdown and ignit:on probl In our logy, the available energy on a system level 1s related to
vulnerability, and the energy in the micro discharge (between particles m metal loaded propellants, for exampie) 15
related 10 susceptibility.

A pnmary objective of this chapter 15 1o provide a set of nomograms 1o quantfy the relationships between
the various important ignition parameters. There are many parameters to keep mn mund, including power, power
density, energy, energy density, voltage, charge, current, resistance, capacuance, ume, and charge density, for
example. There is generally a physical property of an object that 15 a parameter for curves on the nomogram
Examples of such parameters are arc length, capacitance, spark gap distance, source charge density, and resistance It
is hoped that these nomograms will help the reader to appreciate quantitatively the many relationships that exist at
the system and local levels. Addutional information that may be helpful in understanding the concepts in this paper
are contained n Reference [2, 13, 14]
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_ 4.2 System Level Electromagnetic Principles

At the system level we will show the relation between the internal voltages and fieids, and the external
sources which are charge densines. The physical properties of the system that relate these quantities are capacitance
and system level gap dimension. The mathematical relations between the vanables are:

Q QA
QC
Ed

12CV2 (ori2QV)

total charge (coulombs)

charge density per area (coulombs per square meter)

area (square meters)

voltage across the system (volts)

capacitance of the system holding the source charges (farads)
magmtude of electric field (volts /m)

system level gap (distance over which E 1s developed) {meters), and
available energy (joulzs)

Seemao<d<>»> o0

Figure 4.1 shows these equations 1n graphical form (nomograms), using log-log scales for each nomogram
For example, Figure 4.1a (the nght-hand figure) shows Eq 4.1a, where we can enter a known area A (abscissa) and
an assumed charge deasity Qs, to obtan a specified charge. These nomograms allow one to more clearly visualize
the relationship of the many system level electromagnetic parameters.

In the example, we assume an area of two square meters and a charge density of Qg=15 pcoulombs per
sguare meter. This gives a total charge Q of 30 peoulombs. Traveling left from Figure 4.1a to Figure 4.1b gives a
voltage if the total equivalent capacitance 1s known. In < ir example case, an assumed value of 1 nanofarad would
lead to a voltage of 30 kulovolts With thus voltage, average fields (Figure 4.1c) and energies (Figure 4.1d) can also
be established. In the example, a field of 1 MV with a gap of 3 cm as shown 1n Figure 4.1¢ gives an energy of 0 45
Jjoules with 1 nF




E, Electrig fetd {(MV/m)

Q, Charge {microcoulombs, uC)

Q, Charge {microcoulombs, uC)

3
v, Emrq-y.(Jouln)

Figure 4.1 System Level Relationships Between  Available Charge, Voltage, Field and
Energy (See text for defimng relationships and explanation of example)

All equations here were Iinear except the quadrauc dependence of the available energy, Uy, on voltage, as
seen in the steeper siope for Figure 4.1d. Figure 4.1 can be used to establish upper hmuts for the vanous quantines
that may later be dictating an arc and possible 1gmition.




4.3  Microstructural Electro Magnetic Principles

We now look more closely at the possible values for discharge energy, to assure ourselves that they ar2 not
in fact greater than the available energy. Figure 4.2 shows four mierconnected nomograms  Although each
nomogram can be used to find any vanable as a function of the other two, we underhine below the most hikely
vanable to be solved for The four nomograms respectively are:

a  Lowerleft Resistance vs voltage with current as a parameter

b Upper left: Power vs voltage with current as a paramete:

c. Lowernght Resistance vs Time with capacitance as a parameter

d  Uppernght Power vs ume with power densuty as a parameter

V, Gap Vokage (volts)

1 Ampere

//

P, Power (watls)

—

P, Pom (watts)

R, Reststance (Ohms)
)
g
<

/7

l-Ia

Reasistance (Ohm

g

10 100 ¢ 1670 0¥
Gsp Voltage, V (Voits) Time (seconds)

Figure 4.2 Discharge Parameters (Volts, Current, Resistance, Power, Capacitance, Time,
Energy)




The enuations for these nomograms are*

U=Pt .2

By entenng a voltage 1n Fipure 4.2a (which can be obtained from later graphs, with knowledge of
beeakdown field and separation), and an assumed resistance (obtained from independeant studses of breakdown physics),
we can determme the likely current between the dischargmg spbercs, using Eq. 4.2a. In the example shown, we
assume 10 volis and 1000 amperes, giving a current of 10 milliamperes (ma). Ia fact, we know that both the
voltage and the resistance are time-varying, so the cerrent certainly is also. The graph shonld only be used to get an
oeerage valoe.

Traveling upward with the same voltage to Figare 4.2b, and using the currents just obtained (alternatively,
we could bave ased the resistance with the formala P = V2/R), we can obtain the powsr (ume rate of change of
energy deposited), usng Eq. 42b. A possible error can creep in here, since the currents are reversed from their order
in Figure 4.2a. In the exemple, we obtain a power level of 0.1 Watts.

In the Jower nght qnadrant, we have a meaes of determining the time scale of the discharge, using Eq 4.2¢
The time, ¢, 15 read off of the abscissa, with the discharge resistance, R eatered oz the ord using an d
intersphere capaciance, C. In the example, we take C= .03 picofarads, so the assumed R of 1000 ohms gives a
discharge ume of 3 £-11, or 30 picoseconds.

In the upper night quadrant, the resalts obtained from Figure 4.2b and 4.2c are combined to allow an
independent determination of the encrgy deposited by the arc, using Eq. 4.2d. In the example, we find zbout 3
preojoules. The energy so obtained should not be larger than the available encrgy obtained from the charge transfer

Ug=Jivd =V][1d=05QV=05CV2 (42¢)

To this point, we have estabiished a system level vutnerability energy and a discharge level susceptibility
encrgy (this section). Although a breakdown 1s assumed to bave occurred, 1t 1S not obvious that an 1gnition will




ensue. This 1s the subject of the next section, where we first concentrate on those physical changes (other than
ignitton) that will first result from the breakdown

4.4  Ignition

Our availsble experimental informauon on the power or energy density required for 1igmiuon comes from
laser and ESD experiments A major dufference in the form of energy application 1s that the vast majonty of the
laser energy can be applied night at the surface which must be heated up to attamn an ignition  Only reflection of the
laser beam causes mefiiciency; ths is lied through dari g addinves Electric sparks, on the
other hand, typically demand a large voltage drop within the propellant or along 1ts surface, which 15 only
perpherally useful in heatng the surface. This large snergy may possibly be minimized by using low resistances,
but this in turn leads to shorter arcs and a higher power density (but not energy density) requirement. Current

breakdown experimental research will eventually lead 10 a good understanding of this trade-off wath different
resistances. In an operational (not laboratory) situation, there 15 a selection process which will lead to those being
the most sensitive nanrrally oncurnng first.

Another difference 15 that the arc diameter can be much less than the several miliimeters used in laser
experiments, For small currents and higher pressures, diameters are estimated to be no more than a few microns
(hence appreciably iess than a milhmeter). However, wath an arc to a surface, the arc also 15 known to move around,
50 we might first start with 2 1 square millimeter as a possibie area. In laboratory simulauons, the length of the arc
may only be about 1 min, so the area of the majonty of the energy depostion may be even less than 1 sq mm

One other large difference for electric spark-caused 1gnition 1s that the enure arc 1s at hugh temperature — not
only the surface. As the binder and ammonium perchlorate decomposes, the reaction products will be 1omzed and (1t
is belicved) can thereby more readily react 1n or near the arc. Smce these reactions are exothermuc (they release

energy), 1t scems possible that the electric arc may be more efficient than the lasers in causing igmuon  Future
research will possibly “onfirm this, when the full energy balance 1s understood.

Breakdown conditions are sometimes cited as beimng equivalent to 1gmtion 1n terms of defimng a senous
safety hazard. Indeed, serious concerns have been raised by the observation that 1gnition seems to have been well
underway (before stopped by propellant cracking) without a full discharge across test samples [Ref. 28] There 15
little expenimental data on the amount of energy that 1s associated wath these anomalous conaitions, but the required
external energy would appear w be on the order of p:cojoules However, expenmental tesung also shows that there
are substantial differences - certainly 1 most expeniments, few breakdowns do lead 10 1gniuon. However, we should
note that in high pressure test configurations, other invesugators do find that most discharges will lead to ignition.




4.5  Micro-Discharge Damage

Here, we explore obtaining a hazardous situation with micro-fascharges (uny arcs that occur between small
spheres) of very small energy content. Although the energy content 1s low, the power density can be very high,
gven the small dimensions of an arc between spheres, We will explore this question with the set of nomograms n
Figure 4.3, The primary quantities of interest are the breakdown field and discharge energy The required equations
ae

P

electric field

voltage

height of discharge

duscharge energy

discharge energy density
capacitance

constant volume specific heat
temperature change

arc cylinder volume.

arc cylinder lateral area

Each equation is plotted mn the six parts of Figure 4.3 Our principal mterest 1s 1 dstermuming the radius
of the arc, assumung that the breakdown occurs  Solving the set of equauons 4.3, we find




r=E(Ch)3/(6:28 CvdT) (4.3g)

Howevez, the effects of the four separate parameters (E,C, h, C\dT) are hard to vsualize, and the nomogram gives a
more compact visualization of the relationships. Figure 4.3a (lower left diagram) allows us to specify an assumed
cylinder height and breakdown ficld. In our first example, we assume that an average field of about 10 MV/m mught
be sufficient (this 15 possibly low), giving a sphere to sphere voltage of about 50 volts This 1s an appreciably
lacger voltage than required tor breakdown across say 100 microns of aluminum oxide with a breakdown field
streagth of perhaps 1 GV/m, where only about 10 volts would be required.

Traveling upwards 10 Figure 4 3b, we can intersect with capacitive lines near 0.01 picofarads, appropnate to
a 20 micron sphere size (using C=4nca for a single sphere) Even with the closer spacing of the 100 angstrom
exasnple of case 2 (and consequent higher capacitance), we deduce that the case 1 energy 1s hugher by atmost a factor
of 10, with am energy of 12.5 picojoules

We asstme a thermal capacity of 100 joules per cubic meter per degree Kelvin and a desired temperature nise
of 1000 degeees, so the CydT product 15 104 Tius value of thermal capacity needs more research (that 1s currently
under way), bat the use of nomograms allows a rapid determinaton of the seastuvaty of thus parameter. To keep the
units manageable, we convert 1o picojoules and cubic microns (with a cubic micron denoted as cu in the figure and 1

cu=10-18 cubic meters, making the appropriate diagonal labeled 1000 py/cu). We thus predict approximately 012
and .0015 cubic microns (cu) respectively for the two cases

Traveling downwards to part d of Figure 4.3 to find a cylinder radrus (using Eq 4.3d), we find about 0.03
and 0.5 microns respectively. The aspect ranos (Wr) for the two cases are very dufferent - about 167 and 0 02, the
former a Jong thin cylinder and the latter a disk-shaped object. The temperatures predicted here would not be
achicved, siace we arc violating the assumption of a relatively homogeneous materzal, with the large alummum

spheres so pexby m case 2.

Part ¢ of thus figure (lower nght) camies the computation of the radius (obtamned m part d) an additional step
10 obtain the lateral surface area of the cylindrical discharge path, using Eq 4.2e The lower part of this figure 15 not
valid for estusating ensagy transfer, sice the height of the cylinder is there smaller than the radies  However, the
nossogram still accurately gives the lateral surface arca With this qualification, the “total” area for dissipation of
energy in the discharge 15 read along the abscissa of Figure 4.3¢  Note the closer spacing of ihe r diagonal lmes,
since the latezat urea 15 only dependent on the first power of the radius (Eq 4.3¢), whereas the volume of Figure 4.3d
is depeadent on the second power  In the example showr, a lateral area of 3 square microns (abbreviated su) 1s
shown.




Traveling upward 1o Fagure 4.3f, we can bring the energy obtained 1n Figure 4.3¢ over honizontally, and
find at the 1ntersection the energy density. using Eq. 4 3f. In this example the energy density 1s about 3 picJjoules
per square micron.  This value of energy density can then be used to determine the hkelthood of ignition using the
1gmition charactenstics of the next secion

V, Potentiel Difference (voits) ¥e, 3park volume (cubic microns) A, Lateral Arsa, square mkrons

cm-wooopy/w Us100pysu”
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/ V /W ya
CvdT,

w100 pycu

U, Gap Energy {picojoules)
U, Gap Energy {picojoules)

Ud-1pysu
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Figure 4.3 Characteristics of the Discharge Arc: Voltage, Field, Height, Capacitance,
Volume, Radius, Area, Energy and Energy Density (Surface and Volume)

4.7  Igmtion Cbaracteris‘ics

Figure 4 4 introduces the subject of ignition charactenstics  Here the mierest 15 i the magnitude of the
power and energy densinies that are required to cause igmtion as a function of the length of ume of applicaton of the

power or encrgy The new aspect of tais 15 the continuatton of familiar arguments into the regime of sub




nanosecond pulses. Here the anchor value 1s taken as 1 watt per square mm at 100 mulliseconds (based on data n
Hermanee {Ref. 2], showing approximaiely 25 calonies per cm2-sec, and private communications with workers i the
field [Ref. 15), giving about the same value). We see that at the lowest ume scale on the graph (10'11 seconds),
approxmately 100 kW/sq mm 1s requred for igmition - five orders of magnitude greater than for a ume of 0.1

seconds. However, note that this power level seems more ble when considered at a micron level - 1t 1s only
0.1 watts per square micron. Figure 4.4a also shows a cross-hatched region of departure from the -2 siope, due to
sufficient pressure. In this region, an increase in pressure 1s required o return to the onginal slope

Figure 4.4b shows the same plot as 1t 15 displayed by individuals interested in ESD damage of electronic
parts Now the slope 1s seen to have a value of -0.5. Although the electronucs damage specialist also talks of a
slope of neganve .5, that person 1s talking only of melung, and of course not of 1gmtion as we are domng here
Howevez, the sumilarity in slopes and presentation 1s of course because both are explained as thermal phenomena
The change in slope due to pressure appears different in Figure 4 4b, but 1s of course due to the same phenomenon
Ths phenomenon 15 not roted m the electronic parts hiterature, where they are normally looking at damage deep
mside 2 hegh resistivity poruon of a muln-layered chip, and the thermal melnng 1s unaffected by external pressures

The presentation reversal of Figure 4.4b 1s especially useful in going to Figure 4 4c, which shows the
energy m the same igniuon event. Most importantly, the energy requured for ignition actually decreases with
decreasing time (or increases with ncreasing time). As the product of power and time, the log energy vs log ume
plct 15 found to gave a slope of -5 + 1 = +.5 Ths 1s relatively easily perceived in Figure 4 4¢, with a stmple
ncrease m the slope by the power of 1, due to the muluplicanon of power by ume to obtawn energy The reduction
of the GO area due to msufficient pressure 15 now seen as a horizontal lne defiming a region i which reduction of
ume 15 0o longer able to cause 1gmition, as 1t 1s above and to the nght of that line

The main advantage of this presentation 15 seen 1n Figure 4.4d, whuch 1s the companion to Figure 4 4a, but
with a slope of +2 Thus exponent 1s not immediately obvious, nor 1s the behavior with msufficient pressure  The
most important feature of the graph are the very low values of energy seen with short tme depositions  If one could
get 21l the way to pomt 2 on this plot, then a deposition of only 1 microjoule per square mm 1 10-1! seconds 1s
predicted to be adequate  Expressed in terms of picojoules and square mucrons, this s the same number- 1 picojoule
PeT SQUATE MICIon.

These energy and temperature values seem reasonable 1n terms of what we know about the problem,
although they are much smaller than expenmentally reported values known to have caused an igmtion  The lowest
1gnition energy we know of 1s on the order of millyjoules for a 1 inch sample  Microjoules are reported for one case
when extreme pressure was also present  We think that a lot of the remawung difference can be made up as the
encrgy contamed 1n multple breakdowns mvolving large stnings of parucles




The remaning vanable to worry about 1s the energy and temperature increase required for the Ammonium
Perchlorate particles 1o participate mn & chemical reaction  This will depend greatly on the size of the AP particle,
which generally 1s much larger than the volume calculated above for the discharge volume Thus 15 presumably why
sufficient energy 1s available to melt (perhaps vaponize) the alumina (and a small amount of aluminum), but not

enough 10 cause 1gruuon.
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Figure 4.4 Hypothetical Propellant Ignition Cbaracteristics




4.8 SUMMARY

‘This chapter has attempted to provide a bnef introduction into present understanding about the ESD-caused
1gnition hazard with solid propellants. Although the understanding 1s still imperfect, much has been leamed since
the 1985 Pershing II accident. It 15 clear that the hazard can be pnmanly atributed to the close proximity of
aluminum particles, whach can preferentially cause a breakdown through a propellant rather than around it.

‘We have anempted to develop a graphical mechanism for demonstrating the inter-relationships between all
of the many ESD variables - both for ESD and for igmuon It is believed that these nomograms show all the
various major trends more clearly than would tabulations or multiple graphs wath parametnic vanations. The
primary cntical vanables are the diameters and spacing of particles

Secondly, we have explored quanutatively the possibility that the amount of energy available 1n a micro-
discharge might be sufficient to cause an 1gnition, using an extrapolation of experimental results obtained for longer
times of power appbcaton. It seems likely that the energy 1s available to cause matenal meltng and vaponzation
over a radius of about one thousand angstroms (0.1 micron), when the gap length 15 large. More work 1s required to
determine the likelihood of the large spacings required 1o see the larger energies We do not believe that we have
proved the possibility that internal micro-discharges are adequate 1o cause an 1gution, but we do believe that we have
shown it 1s possible.

Primary among the arcas requinng more research are more accurate measures of the arc resistance  More
accurate determmation of parameters such as the duranon of the micro-discharges will enable the resistance to be
determined. The analysts of the micro-discharge 1s found to be much more complicated than the corresponding
macro-analysts. Significant addiional research 1s required.
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CHAPTER $§
SAFETY OVERVIEW

The previous matenal has summanzed the final analytical work at EMA dealing with ESD breakdown
This has pnmarily dealt with the "genenc” microscopic analyses that we have performed under ARO sponsorship
However, there is another large body of work, both at EMA and clsewhere that has dealt with specific motor
configurations that could not be covered mn this study and this report.  Although much can be leamed from the
general, noa-specific analyses, the specific analyses are necessary to ensure safety for specific systems.

Although the subjct of safety was not a major part of our research, it has an overwhelming importance to
the 1ndustry and indaviduals who will be interested 1n this report. Thus we feel 1t approprate to close this report
with a summary of what we know about safety issues identified through general truths, which are summanzed 1n
terms of the four man ESD areas described 1n Reference 2:

Charge Generation Safety
2. Matenals should be selected which mimimize the imtal electrostatic generation  Although this rule 15

often contradictory with other requirements (for mmmmum fricuon for example), the motor
manufactaring community has been able 1o find replacement matenals that are proving satisfactory.
Conductive matenials are generally less likely to generate charge.
Proper grounding can rapidly remove charge.

Geometric Field Enhancement Safety
Design of solid propellant motors must take account of the ESD hazard i the future, but 1t 1s aimest
impossible to mtroduce a modification into an exsung design  Proper design will ensure adequate
spacing of metal parts and will avord sharp corners that can augment the intenor fields.
Metal shielding can prevent large fields through the "Faraday” shiclding phenomenon. This 1s

especially important for ightning safety. Enclosing propellants in a metallic enclosure 1s the pest
means of ensunng safety The use of carbon fibers 1n composite cases 1s zn excellent alternative




U N P

Microscopic

Applying conductive paint to nonmetallic enclosures 1s of high importance This approach has been
used retroactively with sevesal motor systems and has been under considerauon with other fielded
systems. Inspection programs should be in place to ensure that these paints are adequately
connecting the metallic parts of the motor to the non-metallic

Grounds must be in place to tie all parts of the motor together. Personne] must understand the
function of the grounding systems through traming programs. In some circumstances, personnel
should use personal wrist straps dunng handling operations.

Field Enhancement Safety

The stze of the alumunum and other particles are pnmanly dictated by specific energy requirements
and conssderanons other than ESD. However, the wide range 1n breakdown fields among different
propeliant formulations suggests that a great deal of ESD safety improvement can be obtamned if
more attention is given 1o the formulation. The pnmary task will be to keep the aluminum particles
separated.  The use of smaller ammomum perchlorate particles 15 an 1mpontant first step in this
drection.

‘The conductivaty of the binder is especially important in establishing safety, with additives being
helpful to increase conductivity.

Ignition Safety

Pressure and confinement are extremely important in gomng from a relanvely msignificant breakdown
1o the more catastrophic ignition. Steps must be taken, especially dunng the manufacturing process,
10 ensure that fnction is low and that mechanical pressures are mimimzed, whenever electric charges
may be present.

Since discharge time is so important, with the shorter discharges being more hazardous, sufficient
resistance must be in the grounding paths as to avoid a very rapid discharge  Slow discharge
(mcroseconds or milliseconds) ts better than rapid (picosecond) discharge




References

Gyure, Mark F,, "Theory of Diclectric Breakdown in Randomly Inhc
December 1991,

Materauls,” EMA-90-R-50,

Larson, R.W., et al ., "Microstructural Modeling of Elecirical Breakdown 1n Solid Fuel Propellants,” EMA-
89-R-37, Apnl §, 1989.

Mann, D. M., et &'., "Workshop Summary: ESD Igmtion of Composite Sohd Propellants,” Apnl 4,
1990, presented at the JANNAF Propulsion Systems Hazards Subcommittee Meetng.

Gyure, Mark F. and Paul D. Beale, "Diclectric Breakdown of a Random Array of Conducting Cyhinders,”
Physical Review B 44, 9533 (1989).

Gyure, Mark F. and Paul D. Beale, "Modeling of Diclectnc Breakdown 1n Metal-Loaded Dielectnics:
Theory™ presented at the Joint Army, Navy, NASA, Air Force JANNAF) Propulsion Systems Hazards
Subcommittee Meetng at the Johns Hoplans Applied Physics Laboratory in Laurel, Maryland, Apnil 3-5,
1590,

Beale, Panl D. and Mark F. Gyure, "Modeling of Dielectnic Breakdown i Metal-Loaded Dielectnics
Applications” preseated at the Jomt Army, Navy, NASA, Arr Force (JANNAF) Propulsion Systems
Hazards Subcommittee Meeting at the Johns Hopkins Apphed Physics Laboratory in Laurel, Maryland,
April 3-5, 1590,

Hansen, J. P. and LR. McDonald, Theory of Simple Laquids, (Academic, New York, 1976).

Perkus, K. and GJ. Yevick, Physical Review 110, 1 (1958).

‘Wertheim, M. S., Physical Review Letters 10, 321 (1963).

Theile, E., J. Chemical Physics 39, 474 (1963).

Lebowitz, J. L., Physical Review 133, A895 (1964)

Coviro, J. and F. Hudson, "Current Assessment Methodology for Electrostanc Discharge Hazards of
Energetic Matenals,” Journal of Propulsion and Power, 1990.

Larson, R. W., "An Overview of the Ignition of Solid Propeliant by ESD and Transient Phenomena,’
presented at the 1988 Intemational Acrospace and Ground Conference on Lightning and Statsc Electricity,
April 19-22, 1988, Oklahoma City

Larson, R. W., “Apalytical Considerations in the ESD-Caused Igmution of Solid Propellants, presentation at
JANNAFCcnfemce,Laurd MD, April 4, 1990 (Based on ARO work)

Hermance, C. E., "Solid Propellant Ignition Theones and Expenments,” Chapter 5 m K K Kuo,
Fundamenials of Sohd Progellant Combustion, Vol 90, Progress m Astronauacs and Aeronautics, 1984




