The copyright of this thesis vests in the author. No
quotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



BISRU

BLAST IMPACT & SURVIVABILITY RESEARCH UNIT
L LK T TNl S S T B

A Thesis submitted by Andre Roux
B.Sc., B.Eng., for the degree of Master
of Science, Department of Mechanical
Engineering, University of Cape Town.

March 2007




Protection of Electronics Against Underwater Explosions Page 2
A. Roux

ACKNOWLEDGEMENTS

Soli Deo Gloria

My sincere gratitude is also extended to:

Professor G.N. Nurick: for his esteemed advice, wisdom, willing guidance and
support in his professional overall supervisory capacity, and
also as respected friend for many years.

Mr. 8. Ginsberg: for his valued technical input and advice in his supervisory
capacity for this study as electronic measurement specialist.

Mr. J. Treurnicht: for his support and input with respect to the control systems
theory.
BISRU personnel: for their general support and scientific assistance whenever

it was required.

Colleagues: D.F. Malan for his support, assistance and organisational
skills during field tests, A. Coetzee for the drawing and
manufacture of the Aluminium Enclosure, and T. Maskowitz
for his assistance with the measurement setup before and
during field trials.

SA Defence Force: for their untiring and motivated assistance at the underwater
demolition range.



Protection of Electronics Against Underwater Explosions Page 3
A, Roux

STATEMENT

This thesis contains no material which has been presented for the award of any other degree
or diploma in any university. | understand the meaning of plagiarism and declare that, o the
best of my knowledge and belief, contains no material previously written or published by
another person, except where due reference and acknowledgement is made in the text.

Signed by candidate

André Roux



Protection of Electronics Against Underwater Explosions Page 4
A Roux

SYNOPSIS

Background

in the past, the subject of damage to contained electronics due to underwater blasting has
generally been prone to speculation, as scientific publications on this topic have only become
available in recent times. The problem of controlling damage to enclosed electronics and
hardening' of electronics against the blast environment have now come to require urgent
attention as an input to the design and manufacture of military equipment. This study provided
direction with respect to discovering the root cause(s) of the problem and to solve the
problem.

Rationasle

In the milieu of military sea mine design, it is often necessary to design mines that are fo be
placed at small distances from each other. A possible tactical purpose may require that each
mine be set to explode at controlled instances in time without disturbing the operation of the
other mines in the field, or causing sympathetically detonated reactions. Thus two problems
{on face value) are prevalent when reliable operation of two mines in close proximity is o be
considered:

The first problem is sympathetic detonation. This is the term used when one explosion causes
another explosion to occur, due to the shock-effect of the blast of the original explosion. The
cause of this sympathefic phenomenon is generally ascribed to the effect of the shock caused
by the blast of the first explosion on the primary’ explosives of the neighbouring mine
detonation chain (or train), which can initiste the explosion of this neighbouring explosive
chain. {Chung and Kinsey [1] have executed compelling experiments in this field). Modern
tendencies are o use only insensitive explosives, to avoid the sympathetic detonation effect.
However, insensitive munitions are not generally used in South Africa, and therefore the
problem of sympathetic detonation should still be addressed.

The second problem is reliability failure. Although the description in the previous paragraph
may suggest that the shock effects on the primary explosives are the only causes of
sympathetic detonation, it must be said that this phenomenon is only valid under certain
circumstances. In practice, the first link in the explosive chain is a detonator, which contains
primary explosives. This detonator forms part of a “safely arming and firing unit” (SAFU),
which is constructed by mechanical parts as well as electronic assemblies. The detonator is
initiated by electrical means. If a failure of the SAFLU is experienced, the operation of the mine
is compromised. The experience during military operations has been that failures do occur
due to blast effects, when sympathetic detonations do not ocour.

in general, it was observed by military investigations that sympathetic detonations cccur when
the standoff distance between the two explosive bodies (mines) are extremely small, relative
to the size of the explosive mass. When the standoff distance is increased to the extent that

! The word “hardening” refers to a design process to protect the elecironics against the blast effects of this
environment.

% The term “primary explosives” is in fact etomology of the concept of explosives that are not as siable as the
“secondary explosives” (also an etormnology) or insensitive explosives in the final stage of an explosive chain. Primary
explosives thus effectively are the “sensitive explosives” in the explosive chain and form part of the sections of the
chain that iniiate the explosion. The speaking term of “primary explosives” is derived from its implermnentation origin.
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sympathetic detonation does not occur, the shock effect was still powerful enough to damage
the SAFU of the neighbouring mine. A dangerous disadvantage of damage to the SAFU (by
whatever means)}, is that the damage occurs in an uncontrolled manner, and therefore could
also cause initiation (or delayed initiation) of the explosive chain, causing a face-value
{possibly incorrect} conclusion that the second explosion was caused by sympathetic
detonation.

The second problem, as discussed above, forms the basis of this study, which is intended fo
find a viable solution to eliminate damage fo the SAFU at standoff distances as small as
possible beyond the sympathetic detonation distance.

Results and Conclusions

The shock wave of an underwater explosion was found o be the main confributor towards the
darmage results, and therefore the well published shock wave characteristics were revisited,
with respect to the specific problem as addressed by this dissertation.

On the evidence found in the literature, it was hypothesised that the shock wave induced an
acceleration into an Electronics Enclosure of an adjacently positioned mine {in the mine field).
This induced acceleration was then passed onto the printed circuit board which was mounted
inside the Enclosure, and hence io the electronic components, each having a different mass
{therefore a different inertia). Each component then acquired a different momentum and
brakeage occurred,

Field tests were performed to obtain results of acceleration of the Enciosure as well as
acceleration of the elecironics hardware under different conditions. Internal (to the Enclosure)
damping devices were also tested to measure the acceleration attenuation.

The results obtained indicated that a very uncomplicated, but feasible damping-solution had
been found, and that the mathematical description had been established for simulation
purposes and repeatability reasons. Application of the newly prescribed method would
successfully protect the electronics of a neighbouring mine in the presence of an explosion of
one of the mines in the minefield.
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LAYOUT OF THIS DISSERTATION

Chapter 1 This chapter describes the aim of the study. For better understanding of the
‘ course of the study, it was necessary to describe (or to summarise) the work
that had been done on this subject before this study was undertaken. These
data sets which are summarised in Chapter 1 have not been published widely
before. The reasons for doing the study are noted and it was thought to be
appropriate 1o include the research design {0 emphasise the structural

approach to the execution of this research project.

Chapter 2: This chapter presents the main literature review, which discusses the main
contributions to this specific topic, as well as some of the supporting literature
for the sake of characterising an underwater explosion. The rationale was
that it is necessary to understand the scientific characteristics of the
phenomenon which causes damage to electronics before an acceptable and
repeatable solution could be found to counteract the phenomenon. The
literature research therefore concentrated on the characterisation of an
underwater explosion, and its effects on objects in close proximity. The single
most significant contribution was found in the form of an unpublished short
report by Strdm and Janzon [10], and a set of raw data of digital
measurements using 20 measurement series. it was thus necessary to
elaborate on this data in order to form the basis of the analysis to steer the
study in the appropriate direction, and to characterise an underwater shock
wave.

Chapter 3: This chapter discusses the factors leading to the cause of damage o
electronics, taking cognizance of the characteristics established in Chapter 2.
if the cause were known, the solution could be found. This chapter therefore
produces the hypothesis of the most probable cause of damage to electronics
during and after an underwater explosion. Leading from the hypothesis, two
postulations were formulated, which were expected to lead to the mitigation
of the effects of the underwater blast on nearby electronic equipment.
Chapter 3 furthermore considers a possible solution, which this study accepts
as the main subject of measurement and analysis to prove the hypothesis.

Chapter 4: The hypothesis in Chapter 3 required that certain measurements should be
' taken to be able to conclude, by analysis, whether the hypothesis was true.
The characteristics established in Chapter 2 were taken into consideration to
select the appropriate sensors and measurement apparatus. The
characteristics of the sensors and the characteristics of the detonalors, as
well as the estimated time delays and the synchronisation requirements are
discussed in this chapler, together with the limitations of the fast digital
measurement equipment that was envisaged to be used for the data
collection. A discussion on the asymmetrical waveform that was to be
measured, and the measurement limitations of sampled-data systems, led fo
the detailed analysis and empirical verification of a possible bandwidth
problem.
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Chapter 5 This chapter describes the practical field work that was done to obtain and
analyse the digital data that eveniually led to the solution of the stated
problem. The first experiment was aimed at gaining hands-on experience with
respect to finding a convenient size of scaled explosive mass in relation to
the wall thickness of the Enclosure at convenient scaled standoff distances.
No sensors were used, due to the uncertain variables..In the second and third
experiments sensors were used, and a grommel-suspension was evaluated.
The fourth experiment replaced the grommets with a softer (sponge rubber)
suspension method, which was ultimately accepted as the ideal suspension
method. In the experiments that inciuded sensors, it was found that the
synchronisation method was not ideal. A fifth experiment was executed to
evaluate the use of a light sensor for improved synchronisation, and was
successful. A sixth and final experiment used the best fealures of the
previous experiments, and using an optical sensor synchronisation was
successful. This experiment also used sponge rubber as a suspension
method to verify that this was the best suspension method.

Chapter 6: This chapter concludes the findings of Chapter 5, and verifies that a solution
had been found. This chapter also emphasises the contributions made
towards the shock wave theory, and the mitigating factors {o counteract the
shock wave effects.
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course of the study, it was necessary to describe (or to summarise) the work
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appropriate to include the research design to emphasise the structural
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Chapter 5. This chapter describes the practical field work that was undertaken to obtain
and analyse the digital data that eventually led to the solution of the stated
problem. The first experiment was aimed at gaining hands-on experience with
respect to finding a convenient size of scaled explosive mass in relation to
the wall thickness of the Enclosure at convenient scaled standoff distances.
No sensors were used, due to the uncertain variables. In the second and third
experiments sensors were used, and a grommet-suspension was evaluated.
The fourth experiment replaced the grommets with a softer (sponge rubber)
suspension method, which was ultimately accepted as the ideal suspension
method. In the experiments that included sensors, it was found that the
synchronisation method was not ideal. A fifth expariment was executed to
evaluate the use of a light sensor for improved synchronisation, and was
successful. A sixth and final experiment used the best features of the
previous experiments as well as using oplical sensor synchronisation, which
was successful. This experiment also used sponge rubber as a suspension
maethod to verify that this was the best suspension method.

Chapter 6: This chapter concludes the findings of Chapter 5, and verifies that a solution
had been found. This chapter also emphasises the contributions made
towards the shock wave theory, and the mitigating factors to counteract the
shock wave effects. '
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Acceleration in an equation

Charge radius in an equation

Analogue to Digital conversion

American Standard Code for Information Interchange
Blast Impact and Survivability Research Unit
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Council for Scientific and industrial Research
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Defence Science and Technology Organisation
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Force in an equation
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integrated Circuit
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Chapter 1

11. TITLE

Protection of Electronics contained in Submerged Enclosures against Underwater Explosions

1.2. AIM

An empirical study was done to investigate the parameters that are involved leading to the
design of electronic equipment which would be subjected to blast loading during its
operational life, and which should be able to withstand several such blast-loading events.

1.3. INTRODUCTION

Typical blast loading in practise would be generated by explosive charges of 40 kg and more,
at typical distances of 5 m. Charges of 40 kg and more were, for practical purposes, too large
with which to execute experiments. According to established scaling parameters (Cole [5] and
Equation 3 on page 29), these target specifications could be scaled to typical standoff
distances of 250 mm to 350 mm from an explosive charge of 30 gm Pentolite.

it was proposed that an in-depth study be done on the characteristics of an underwater biast,
in close proximity to the blast, and to determine the physical effects on slecironics enclosures
that are situated in close proximity to the blast. The study shows how these effects translale
to ultimate damage of electronics contained within the enclosures, and that solutions needed
to be found to eliminate damage to the electronics.

This study was underiaken after literature recording of the information that follows had been
perused.

The problem of damage to electronics contained in Aluminium enclosures was investigated by
the CSIR some years ago. A number of identical pieces of equipment (contained electronics)
were placed at various distances from an explosive charge. After the explosives had been
detonated, the electronic equipment was retrieved and examined for damage caused by the
explosion.

First-line tests were conducted at the scene of the explosion, and more extensive tests were
executed in the laboratories at a later stage. A CSIR internal report by Malan [12] explained
that a certain® piece of equipment was placed at various distances from an underwater
explosion, to find a correlation between stand-off distance and damage for a certain explosive
charge weight.

® This “certain” piece of equipment was a custom-designed unit that was specifically designed to have mechanical as
well as slectronic "soft spots”.
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The Test setup is depicted graphically in Figure 1. The test results were evalusted by Roos
[18], but the tests were found to be inconclusive due to the fact that some damage was
sustained at ong distances. while less or ng damage of the same Kind was sustained at
cleser stand-off distances. The stand-off distances which produced no damage were also
declared unacceptable This test was the cataiyst that induced further résearch to find a
solution to the problem of operating equipment much closer to an underwater explosion
without the risk of damage.

1
£
Ei

Figure 1: Test Setup for the damage tests

Further research was conducted by Hattingh [8] whose appreach was {o add a shock-
absorbing protective layer to the outside of the equipment to reduce the intensity of the shask
before the residual shock wave made contact with the eguipment, According te Hattingh [8]
pumice-stone & used in the USA for this shock-absorbing purpose, but he also states that this
material is not readily available in the KA. Four different materials were used in the research
cehducted by Hattingh [8], and a general-purpose electro-mechanical time clock was used as
test object. The test ohjects were fully enclosed in the shock absorbent materials, and placed
at a stand-off distance of 2 m from @ 253-gram charge, at a depth of 3 m. This charge would
generate a shock wave with peak amplitude of 14 85 MPa at 2 stand-off distance of 2 m,
according to the Cole [5] Eguation. Hattingh [8] concluded that two of the four types of
materials used were not suitable due to excessive heat release during the casting and curing
phases. The other materials protected the elecironics adequately for that specific test setup,
but it was estimated that only one shock of this magnitude would be withstood, due to
cracking of the material after the first blast

Hattingh's [3] results showed that this type of external shock absorber casing has the distinst
disadvantage that it covers the eguipment completely, and does not allow for testing or
settings after the casing 15 moulded into position. The reguirement for accuracy of external
dimensions, plus characteristics such as testability, setting ability, and waterpraaf ability can
not be met when using the prescribed malerial for the application as addressed by this study.
See Figure 2 for damage to the shock-abscrbing material. Unfortunately, not encugh tests
were conducted to formulate any trends. and therefore no statistical conclusions could be
drawn,

intraduction



FProtaction of Electronics Against Underwater Explosions Page 20
A Roux

Figure 2: Cracks on the test sample of shock-absorbent
protective material

The inconclusive findings derived from Hatlingh's [3] work. led to a decision to do mare trials
with a typical aluminium enclosure containing typical electronics to find selutions with
improved results.

Further trials were conducted with three of the units as described by Malan [12], but the
electronics were replaced by a single CCA containing typical electronics for this discipline,

such as a battery, |Cs, capacitors, LEDS and micrg-switches (see Figure 3), The design was
kept simple, for easy testing before and after the blast ocourred.

Figure 3. Custom electronics used by Malan [13]

The results were recorded by Malan [13]. who used three mechanical housings {containers)
containing the special custom elestronics. The units were placed at three stand-off distances
from & 1.17 kg PE4 explosive charge, by suspending the test units below the charge as in
Figure 4
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Figure 4: The test set-up by Malan [13]

The units wers retrieved only minutes after the detonation and it was immediately apparant
that all units sustained severe damage. It was also apparent that the unit closest to the
charge sustained the most damage, and the unit furthest away from the blast sustained the
least amount of damage, 23 would be expected Both mechanical assemblies and electronic
assemblies sustaned damage. The elecironics damage s shown in Figure 5

CCA furthast e o
from the o= - Sl 1 T CCA closest
explesion Ll 8L "I A to the
Less damage. R WL IR T explosion.
' More damage.

Figure 5: Electronics damage as recorded by Malan [13)

The damage was sufficienily examined at the laboratory. Parlicular attention was given to
getalls o enable a conclusion that the electranics damage was mainly caused by collateral
effects. Mechanical parts were sheared off from their mountings and struck the electronics
due to the momentum of the parts that were dislodged. There 15 some degree of evidence
that the electronic components sustained damage without interference from the maoving
machanical parts. A recommendation was made by Malan [13] to parform furher trials, but
with the use of a custom-designed enclosure, which would ensure that (if the electronics
sustained damage} the damage would not resull from collateral effects.
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1.4. Research Design

1.4.1. General

The canclusion drawn from the preliminary literature study summarised above, is that recant
tests done at sea found that typical ESAD electronics in watertight containers in close
proximity to a blast sustain darmage due to the effects of underwater blasts.

The extent of such damage has been enough to render the elestronics unsarviceable. This
posed & genaral question about the physical design parameters of the present eguipment for
use under these circumstances, and about whether it is able to withstand the effects of an
underwater blast. There are no user specifications as yet to specify the size of the explosive
mass and the stand-off distance to be achieved without damage to the electronics, but
preliminary target iigures are defined as: 40 kg PE4 explosive charge, at a stand-off distance
af 4 m.

The elzctronic unit of choice that was to be used in the experiments as input {o this
dissertation was a generic ESAD, containing most of the popular electrome componants
generally used for an ESAD, as well as specific “soft”! com ponents, which were expected to
sustain damage more readily. The soft compeonents, as shown in Figure 8, were:

Commergial plastic enclosed switches Figure G(A)
Crystals Figure g{8)

Socket-rmounted integrated circuits Figure 6(C)
Through-hole soldered transistors Figure 6(0)
Commergial Batterigs Figure 7{E)

Total mass
of CCA =
33.6 gram

=

Figure 6: The electranics Circuit Card Assembly (CCA) used in
experiments for this dissertation

b By ncorporating soft’ components, the iuggedness of 3 miked-companent degign could be assetsad for gesign
reference purpasss. If it were in fact true that these components did not withstard the rigours of the expariments.
tlear design spesfications could be drawn Up concerning Sompanerts (or campanent iypes: that have w be omitted
frarm ESAD desigr=.
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The CCA that was designed for the experiments of this thesis were contained in an
Aluminium enclosure, of which the wall thickness and general layout was a good
representation of a typical ESAD mechanical design {see Figure 7). The mechanics weare
designed in such a manner that four CCAs could be fitted into one enclosure. to gain a larger
statistical value for the experimants.

Total mass.
including CCAs,
batteries and

mounking screws
= 1046 gram.

Four CCAs
are Lsed,

O-Ring to
seal the
enclosure
against the
ingress of
water.

Figure 7: The Electronics Enclosure containing four CCAs

The preliminary literature study gave the hackaround to this study, which seeks to determine
the causes of electronics damage or failure In environments where they are exposed o
severe shock No clear conclusion could be drawn up to this point in the investigation as to
the roct cause of the damage, and therefore no process could he implemented to harden the
electronics against the shock affects of blasts.

it is important to distinguish between the different characteristics of an underwater blast and
its effects on an object in close prowimity to the blast, to make it possible to formulate a
postukation that will lead to a sclution to the research problem. The research design thus
includes an in-depth study of the charactenstics of an underwater biast. From the knowledge
of these charactenstics, @ cleer understanding of the cause of the electronic damage was to
e derived.

The research problem is based on practical experience gained through placing sensar
equipment (for measuring and recording data} close to underwater explosions, as well as
subseguent experimentation as part of the investigations to scive the prablem. The results
obtained during these investigaticns have not led to a solution yet. This present study is
therefore designed to include an overview of investigations into this specific problem that
were executed in South Africa, and to conclude whether the principles that were
followedisugoested by the investigations. constitute possible true and effective solutions, or
whether different approaches should be followed.

A literature study invalving current literature on the subject was reduiregd 10 determine what
has been published on an international level, to direct the postulation for the solution of this
regearch problem. The research problem is a military problem by nature, and therefore it was

frtroduction



Protection of Electronics Against Underwater Explosions Page 24
A Roux

expected that a strict secrecy classification would be placed on information at the level of
international publication. However, a vast amount of research has been done and published
in the specialized area of underwater blast, and the relevant publications were to be filtered to
select topics that might contribute to the body of knowledge concerning the specific problem
of protecting electronic assemblies of a military nature typical of the units used in this study.

Fieldwork was to be conducted to extend hands-on knowledge and experience. It was
expected that such fieldwork would also reveal certain practical aspects of the research
problem, which would contribute to the solution. The data gathered from the fieldwork were to
be analysed, a solution suggested, and simuiations planned to constitute design modeis and
design parameters.

1.4.2. Methodology

In broad terms, an underwater blast causes different kinds of pressure in the water. It is
known that these pressures can be divided into two sequential operations, i.e. the shock wave
(creating shock wave energy E;) and the bubble formation (creating bubble energy E;). It is
therefore necessary to establish which of these phenomena causes the specific damage as
described, and then to establish the characteristics of the phenomena to be able to determine
measures for mitigation. Chung and Kinsey [1] have highlighted the probability that the shock
wave effect causes the damage and that this is more probable than that damage will be
sustained as a result of the bubble effect at distances greater than the near field of the
explosion.

There is no freely available data o establish design parameters for these environmental
conditions at present, and also no test recommendations or standards to prescribe laboratory
gualification tests for this specific application. The intention with this study is therefore to
obtain or generate information that will lead o the successful hardening of electronics
intended {o operate under these extreme conditions.

The foregoing statements are {aken as a starting point for this study. The probability of the
shock wave effects being the root cause of electronic damage is demonstrated in this study.
Therefore the shock wave characteristics of a blast were to be analyzed by studying the
literature, and confirmed by experimentation. These characteristics were expected to be
related in terms of possible cause of damage to instrumentation. In more detail, what was
planned was:

1. To undertake a literature study concerning the characteristics of shock waves
created by explosions in sea water with regard fo the aspects listed below, and
conclude the findings of the literature study in terms of a transfer function, and/or
other physical characteristics:

a. The velocity function of the shock waves,
b. The mathematical function: pressure amplitude vs. distance from the charge,
c. The shock wave pressure decay function,
d. The rise time of the pressure wave,
e. The impulse energy.
2. To determine the following characteristics of the shock waves created by

explosions, as measured by Strdm and Janzon [10] in Sweden:

a. The mathematical velocity function at which the shock waves of explosions
are propagated through seawater.

b. The predicted mathematical function of the shock wave in seawater, pressure
amplitude vs. distance from the charge.

¢. The shock wave pressure decay function,

d. The rise time of the pressure shock wave.

e. The impulse energy.
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Then, by mathematical modelling, to predict by interpolation or extrapolation what
the pressure amplitude will be at variable distances (relatively close {o the
charge) when a variable mass of explosive charge is detonated.

To determine from the above, the requirements of a measurement setup to
measure the same characteristics as calculated in 1.a, 1.b, and 1.c.

To acquire the test equipment.

To measure explosions in the sea, and correlate the findings with the theoretical
model of the measurements as supplied by Strém and Janzon [10].

To repeat the measurements until a clear conclusion can be drawn on the
characteristic behaviour of a certain compound of explosive, when detonated at a
certain depth.

To incorporate a standard electronic unit in the above experiments, and
determine damage for various standoff distances.

To define, from the results of this study, physical design and test rules for
electronic equipment that would service under these conditions, to test this
solution by experimentation, and conclude the findings.
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Chapter 2

2.1. Literature Review

Two sections of the literature review are presented:

a) The section in Chapter 2 which had a direct impact specifically on the
characteristics of a shock wave, and which were extracted according to specific
characteristic, and

b.) The section in Appendix 5 which was applicable by author. A detailed analysis of
the data sets given by Strdm and Janzon [10] is also contained in this section,
because it had not yet been published.

The intention behind this study was to find a solution to the problem of damage to electronics
due to underwater biast effects. To be able to contribute significantly to a solution, the root
cause of the problem has {0 be well defined. The root cause of the damage, by definition, of
course is the underwater blast itself. If the characteristics of the blast could be understood, a
target postulation of the root cause of the damage may readily be conciuded, from which a
solution could be found.

This chapter presents the review and analysis of the literature and data that was found {o be
relevant to the definition of the root cause of the problem, and in some cases relevant to the
imminent solution.

it was essential to study the physical and the mathematical descriptions of the blast, and to
list the characteristics that play a role in causing the damage {0 enclosed electronics. These
characteristics were extracted from the sources, and are discussed/listed in this chapter. The
main parameters that contributed to damage were filtered into a group of parameters that
seemed {o reveal the probable cause of damage.

This group of parameters was reduced to:

1. Shock Wave propagation velocity at the position of the targef;
2. Peak pressure of the Shock Wave versus the stand-off distance; and
3. Shock Impuise Density versus stand-off distance.

2.2. Shock Wave Characteristics from the Literature

The author of this dissertation was privileged to have obtained raw data from underwater blast
measurements in Sweden. These measurements were taken in fjords with a depth of 40 m, at
a measurement depth of 20 m, and at stand-off distances ranging from 3.5 m {0 20 m.

The measurements taken by Strdm and Janzon [10] were analysed and this is presented in
Appendix 5 on Page 195. These measurements were taken in the far field of the underwater
explosions.
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2.21. Characteristic 1: Shock Wave Propagation Velocity:

A consolidation of the calculations of the propagation velocity is shown in Figure 8. A curve
representing all the velocity data was fitted over the velooity measurement results. The "best
fit" for a near graph that represents the data set, is y = 1469.6x — 0.0387. This result means
that the averade propagation velocity is 1465.6 mfs {the offset of -0.0233 should be ignoreds,
and the fact that this fit 1s linear to a probability of 99.95% (R® = D.99595) means that the
velocty is constant over the data range of the data set The stand-off distance ranged
between 3.2 m and 20m. and the charge size ranged between 941 kg and 27.33 kg. The
largest charge radivs (2733 kg for Plastic X Blast 3) is calcwlated to be 160 mm if & relative
density of 1.6 is assumead, The charges closes: to the blasts were at stand-off distances near
to 3.8 m. This is more than 20x the Charge radii. 48 discussed in the paragraph lzbelled
Conclusions drawn from the Literature Review on page 40, the charge diameter (or radius) in
relation to the stand-off distance is generally used to determine whether the stand-off distarce
is in the near fi=ld or the far field of the explosion,

Shock Wave time vs distance

Distangs botwoan sonsors {m)

vl Jooe C ooz anaz Cho4a 0 ooz C.oce Qoo |

Tima bateean sensors {5

Figure 8: Graph of the shock wave distance propagated, vs. time.

If the individual velocities are taken (from Table 44 to Table 48) as data input, the averzge
propagation velocity is calculated to be 1460 m/s. This 15 a2 good corrglation with the graph-
average of 1469.6 mfs shown in Figure 8. This Shock Wave Propagation Velocity for this set
of data i constant, and i in the range of the speed of sound In water.
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2.2.2. Characteristic 2: Peak-Pressure Function

Strém and Janzon [10] defined the peak pressure to reduce at 2 rate of;

'\I—I.IE'SS

P s = {I ! | -."q R// 1 MF'E[ _____________

/¢
Where

R 15 the standoff distance in m.
@ is the charge weight in kg

Page 28

Traditicnally, the eguation for Pr:, is written such that the charge weight {mass) is divided by
the distance. Rewriting the 5trdm and Janzon [10] Equation in the traditional format. we get:

i 1 '\Ill_l'-!ii
- £ |
P = 51175 4 TR o N

A
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2.2.21. The shock pressure function

Far Field Pressure:

Giving due consideration to the above disgussion and combining the eguations for the shack-
history-functions as given in the literature, the complete definition of the shock pressure wave,
is:

The peak pressure at a distance R from the blast
{given by Cole [5: p241] and Cooper [6: pd13]
for Pentolite):

abe? Where:
o Py ie In 1bin’
g o o TR
e Ay ; (//R Ihim Wi b
, R is the standoff distance
. ) from the Blast in ft.
Or in the metric system:
W
& f +
Pun=354377"/ | MPa Where,
SR i P s in MPa
. | Wisinkg

£ 15 the standoff distance

This equation is trug in the far field of the explosian. from the blastin m.

The Shock wave front end or glope function has

not yet been determined.

The shock wave decay function {as defined by Cole [5]): | Pt} 8 in MPa
Far t = 0 to typically ©, when the most

impartant energy containing partion of the
Plti= Pﬂe”“ﬂ_MPa shoek front is considered,

Where!

.= Peak pressura at time ER/c inMPa
Where: R = stand-off distanea from the blast in m
¢ = speed of sound in water in mis

i lige i 022 t=hme in us
A =02 30" é Hs @ = decay constant in ps
Wis in kg

Equation 3: Composite Equation for the shock prassure history in
the far field

Literature Review, Discussions



Protection of Eleclronics Against Undenvater Explosions Fage 30
A Roux

Mear Fieid Pressure:

The shock pressure function as given in Equation 3 above was guoted from Cole [5]. This
empirical approach by Cole [5], howewver, does not present any accuracy in the near field. Kira
ef al [10] gave a different approach, using more modemn methods as well as numerizal
methods fo obtain the pressure fynction, espemally in the near figld, In fact, their
measurements ware taken from the edge of the explosive charge (standoff distance R = 0.
Although they did not measure the actual pressure at R = 0, they caleulated the pressure as
follows:

Kira et af [10] first measured the shock wave by streak photography, and then plotted the
Distance v Time graph as it was captured by this photography method (see Figure 3A). By
using nonlinear curve fitting methods, they extracted an equation for R:

R=4 (1 —e7 }"‘ A {] —e ™ ]'+ A, (_1 e __:|+ Gf¢  FeeEnoeE 4

Where A = Standoff Distance
C.= Sound Velozity in the medium
A-and B, = coefficients chtained
by using nonlinear curve fitting
methods.

Difierentiating Equation 4 with { the propagation velocity of the underwater shock wave was
ohtaingd:

U, =dRidt  wrrmrmmrmTrT e §
sohd = B NG Bie ™ il B =y eessiaasie 6

Kira ef af [22] as well as Cooper [6. p186] described the relatonship between propagation
velesity and particle velocity as follows:

BE st SR, i i S e eI i 7

Where (U, = Shock velocity
C.= Sound Veloacity in the medium
= Particle velocity
5 = constant

According to Kira ef af [10], the constant s = 1.79, while Klaseboer &t af [11] named this
constant the “shock density ratio parameter” and guoted it to be 1.815. Cooper [6: p187]
explained that the reiationship between the shock velocity and the particle velocity was linear,
and that & = slope of the relationship for that material. So it would be expected that 5 would
differ between materials, but that one should recognise that 5 in water should not differ.

U; was known from Eguation 5, and substituted into Equation 7 to obtain u,.
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Comparing Equations & and 7, the following equation couid be derived;

sy, = ABe 1 ABe M 4 ABe M eeeeea g

o, =B e bar i BT s Ay B iy e 9
Cole [5: p35]) and Cooper [22: p182] reported that

.P — .Ip — I,f)‘::,fz'lxuf: """"""""""""""""""""""""

VWWhere P = Shock pressure
.= Atmospheric pressure
fp= Density of sea water
£1; = Bhock velocity
i, = Particle velocity

With Lf. and i, derived from Equations 7 and 9 and substituted into Equation 10, the shock
pressure Fcould be calculated as shown in Equation 111,

P—p = plaBe™ +A,8.0 % + 488 " +C M ABe ™ )is+{a,Be P )is+{4,Be ¥ i)

Conclusion: If the shock velocity is known, then the shock pressurs could be calculated.

Kira et af [10] caleulated the pressure (presumably) in this way, and the result is shown in
Figure 9B. Mote that the curves for all three expiosive massas were vary nearly the same
when the experimental results were compared to the calculated resuits. Note also that the
value of the pressure at the border condition of the expiosive mass after full detonation had
been reached, (R+rfr = 1), was approximately 100 000 atmaospheras for all three expliosive
masses. This was also confirmad by Cooper [E], who stated that the peak pressure generated
by an explosion was dependent only upon the explosive mass matarial, not the size of the
expinsive mass {as may intuitively be expected).
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Figure 3: The calculated pressure result, photographs and

results courtesy from the paper of Kira et al [10]

From the data obtained, Kira &f &/ [10] an empirical equation had been obtained for the peak
pressure of SEP explosives (Asahi Chemical Industry) with 2 WOD of 8370 m/s as a function
of explosive radius at standoff distances in the near fisld. Sae Equation 12:

£ o FE
i fz{(ﬁ'ﬂ‘).- BT Mguuscrsvssusvensreisrusesss 12
i}

Where F = Shock pressure Nota. v and B are coefficients
Fs =EAtmospherg_ pressure that depend upon the
1= EXpIosIve racius explosive formulation.
R = Standoff Distance P
A N0
8=18

The peak pressure, according to Equation 12, will therefore always be the same for the same
explosive formulation, regardless of the mass of the explosive. Equation 12 1 shown
graphically in Figure 10, for three sizes of explusive mass. The figure is only shown in the
near field. because not encugh information is at hand to compare Equation 12 {for SEP} with
Equation 2 by Strém and Janzon [10] which was for an RDX formulation with a YOO of
approximately 8700 mis, and valid for the far field. The coefficients «+ and £ in Eguation 12
would be different for a different explosive formulation.
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Peak Pressure in the Near Fiald
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Figure 10:  Comparative Peak Pressure graphs for 3 sizes of SEP
axplosives

Possible Error Conditions:

In the paper of Kira ef af [10], the shock velccity was measured and calculated by first
measuring the physical distance on a streak photograph (see Figure BA), and then by platting
the data. In this figure, Kira ef af [10] used the inverse notation for standoff distance and
charge radius, R= Charge Radius. and r= standcff distance {in this disseration the notation
for standoff distance. the letter R was used, and for the Charge Radius the |etter r was used).
The vertical line in Figure 94 corresponded to the real distance of 50 mm. The horizontal line
correspended to the real time of 20 ps. The harizontal straight line EX indicated the explosive
charge. The white line SL corresponded to the light due to the detonation. The edge of the
curve SW indicated the propagation of the underwater shock wave, A resuit of approximately
10 GPa (100 D00 atmospheres) was ohtained {see Figure 98). An error in the measurement
at the blast origin may have been possible, dus to the fact that the P, for the explosive is
giver by Cooper [6] at approximately 24 GPa or more. That would give a much higher initial
pressure, and consequently 2 higher initial shock velocity than the published results.

A possible method of error insertion was discovered by the author of this dissertation by
synthesizing the data fram the results published by Takahashi f af [22], who aiso used this
streak photography method to obtain shock velgcity {see Figure 114) It was found that, if &
small error in physical digitisation of the gptical data was made, then a large error for the
shock velocity could be made. The data from the printed paper by Takahashi ef af [22] was
extracted a8 accurately as possible, and the end result corresponded gquit well by visual
inspection, see Figure 11B. The curve-fitted data was integrated, and a graph for the velocity
was obtained {see Figure 118}

However, when a slight change was made to the information arcund the shock origin,
changing the slope to a larger initial value. a large change in shock velocity was obtained. A
wigllal inspection and compariscn between the black graphs in Figure 118 and Figure 11C
revealed no (or extremely small) visible change, and the graphs comparad very well with the
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original streak photograph, yet the velocity comparison between the two sets of data differed
quite drastizally at the origin of the shock wave, as shown in Figure 11C,

Coneciusion:

The conclusion may be drawn that the streak photography method may not be the best
method to obtain velocity measurements at the arigin of the blast, but is 8 good method to
abtain the shock characteristics fram a position very close (o within 1 radius) of the blast.

ff the pressure is required for a cerain explosive formulation, the shock speed for that
farmulation and explosive weight must be measured. The pressure may then be calculated
from Equation 11. after first determining by non-lingar curve fitting methods, the constants A,
to A, and By to Bs
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Figure 11:  Synthesized data from the grinted data as supplied in
the paper by Takahashi ef al [22], and illustrating error
conditions.
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2.2.3. Characteristic 3: Shock impulse Density

The shock impulse density is in fact the shock wave pressure which is time-integrated over a
certain period. in broad terms, this means that the longer the high pressure persists, the
higher the shock impulse density.

A mathematical representation of this characteristic was given by Cole [5] (see page 213).
However, this study was interested in enclosures in the near field of an underwater explosion.
This meant that Cole's [4] approximations were not valid for this study. Cooper [6] reported
the phenomenon of pressure much closer to the edge of the explosive mass. The pressure-
characteristics within an explosive mass during the explosion are known. From this data, one
could extrapolate the effect that the water exerted on the pressure after the explosive mass
was converted to a gas bubble.

The pressure at the boundary condition at the time when the explosive mass has completed
the conversion to a gas bubble, and before the gas bubble starts with the expansion process,
is given by Cooper [8] as Pgj (first defined by Chapman-Jouguet, see Figure 12). The Von
Neumann Spike disappears quickly (in the transfer of pressure to the sea water) in relation to
the rest of the rarefaction wave, and therefore its effect is negated for this study. This
pressure differs with regard to the type of explosive material, but not with explosive mass. An
increase of the explosive mass would increase the time that the high pressure is maintained,
increasing the shock impulse density.

Von Neumann Spike

CJ-Point

Pressure

Taylor (Rarefaction) Wawe

reaction zone length

Distance (x}

Figure 12: The pressure within an expiosive mass during the
explosion process. {Picture by courtesy of Cooper
{6: p258]) and redrawn by F. Mostert.
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Kira of al [10] contributed significantly to the understanding and calculation of the shock
impulse density, due to the fact that mechanisms were put in place with which the impulse
density could be calculated. :

From Equation 3, the following pressure-time history function is repeated:
O Y 13

When the pressure is normalised, Equation 13 can be rewritien as:

@ is a time constant which indicates the inclination of the pressure-time history after arrival at
a certain standoff position. To be able to show Equation 14 graphically, 6 would have to be
known. Kira ef al [10] gives the following linear equation for 6;

G=kR+h  ccemmemeiemaceaacacaacaaaa 15

Where k and h are coefficients and R is the standoff distance. Both the coefficients are
dependent upon the explosive charge radius, r, by:

k=0.00417 +0.058  ---s-s-c-soemooooaooo. 16

h=0093r+29 —--emmmmmeeeeee 17

The coefficients that are multiplied by the charge radius r are for the charge radius being
expressed in mm.

Therefore, the time consiant is dependent upon charge radius, as well as the standoff
distance. This relationship is depicted in Figure 13. The relationships are linear relative to the
charge radii.
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Theta vs Standelf Distance for differing charge radi
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Figure 13: The relationship between THETA.& and the standoff
distance, for several charge raclii.

The mass of the explosive charge is dependent upcn the density of the explogive material,
and the charge radius in a non-linear equation. due to the volume being non-linear fo the
charge radius.

The time constand 8 can now be c\E__I.lG.L;_iigted using Egquation 1%, and the result inserted into
Equation 14. The resultis shown in Figure 14,
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Figure 14:  The normalised pressure decay function {Eguation 14)

for several charge masses, at one standoff distance of
0.5 m.

Literature Review. Ciscussions



Protection of Electronics Against Underwater Explosions Page 38
A Roux

The impulse density function is the integral with time of the curves shown in Figure 14,
multiplied by the peak pressure at that specific standoff position. | is ohvious that the impulse
density is more for larger explosive masses.

Mote also that, for one specific charge mass, the time constant becomes longer the further the
standaff distance. This observation is shown in Figure 15, and agrees with Equation 3.

Decay vs. Standoff Distance

5 15 ‘55 00 a5 i a5 auy 454
Time: [ps)

Figure 15: The decay time constant relative to the standoff
distance, using standoff distances of 0.6 m and 1 m.

Using the preceding data, the Shock Impulse Density could be calculated.
Cole [5: p241] gives an empirically formulated impulse for Pentolite as follows:

j(r,.fw"'3):,FW]"3[W;3]’” ________________ 18

Whara W = Explosive wamm in lb.
R = Standoff Distance in fi.
= Constant = 2.18 far Pentalite
g= Tﬁﬁfﬁﬂ?ﬁmﬂﬁm '

Therg seems to be some disagreement in the literature on the value of & (Held [8] assumes
that =028 whist Cole [5] reports it to be 1.05 for Pentolitel, These differences could be
attributed to the fact that each researcher studies a different explosive formulation, and then
uses & freely according ta the researched farmulation.
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2.3.2. Conclusions: Near Field vs. Far Field characteristic

In many studies reference is made of the near field and the far field of the shock wave,
because some resulls are different depending whether the standoff position is in the near or
far fields.

In this study, reference to the extent of the damage to contained electronics can be
referenced to whether the contained electronics is positioned within the range which is
defined as the near field, or the far field.

The near field and far field definition has been discussed by many authors, but comparing the
results and opinions has made the author of this dissertation aware of the distinct probability
that the difference between the near and far fields is generally defined to suit the specific
needs (effects and after-effecis) of the specific application of the specific researcher, and an
absolute scientific definition is (in the author's opinion) still lacking.

Examples are listed below:

1. Hammond [7: p12] discussed the near and far fields, and mentioned the
propagation velocity differences: “The velocity of the shock wave in the near field
{o the underwater explosion is typically several percent greater than the acoustic
wave velocily in the far field region.” This was however not offered as a definition,
but rather stated as a fact. In the same chapter, Hammond also noted: “Near-
field interactions involve relatively smaller standoff distances to an extent that the
expanding gas-bubble is close enough to the target structure so as fo interact
with it.”

2. Cole [5: p8] discussed the properties of the shock wave as follows. “The velocity
of propagation near the charge is several limes the limiting value of about
5000 fi/s, this value being approached quite rapidly as the wave advances
outward and the pressure falls to ‘acoustic’ values.”

it seems as if these different definitions do not tie up to a firm definition to suit applications
universally. The author of this dissertation leans towards offering a definition of the near and
far fields of a shock wave that is scientifically uncompromised in nature as follows:

Definition Offered:

In the far field, the shock wave has reached a constant velocity,
equal to the speed of sound in that medium. Before this constant
velocity characteristic is reached, the shock wave velocity is higher
than the speed of sound, with a maximum value at the border
condition (0 charge radii), and tapers down non-linearly towards the
speed of sound as the standoff distance increases. This is the near
field. This near field is usually defined by a number of charge radii.

Literature Review: Conclusions
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2.3. Conclusions drawn from the Literature Review

2.3.1. General Conclusions

1. Two distinct phases of pressure history are associated with an underwater blast,
the shock wave pressure history, and the bubble pressure history. The shock
wave and bubble are closely associated in time at the origin of the explosion,
after which the shock wave pressure is propagated at a greater rate than the
bubble pressure.

2. There is evidence to suggest that the blast shock wave would induce more
damage than the blast bubble.
3. All reviewed writers on the subject as cited in this study agree that the shock

wave characteristics can be accepted from the empirical findings recorded in the
literature where the scaled distance (principle of similitude) W'®R of the charge
weight (W) and the stand-off distance (R) are used to describe the nature of the
shock wave. This scaled distance parameter forms the basis of the scalability
conguest as always prevalent in the calculation of underwater blast effects. This
study will make extensive use of this parameter.

4. Itis clear that all reviewed writers agree that the characteristics of the shock wave
differ in two distinctive phases, i.e. the near field, and the far field. However,
these phases are not well defined and therefore the area of cross-over between
the near field and the far field is undefined at this stage and ranges from 10
charge radii to 25 charge radii. In the near field, the propagation velocity of the
shock wave is higher than the speed of sound, and the peak pressure parameter
decays at a faster rate than the normal sound pressure parameter 1/R. In the far
field, the shock pressure assumes the same characteristics as sound pressure.

5. There seems to be some disagreement between Cole [5] and Swisdak [21] as to
the number of decay time-consiants used to calculate the impulse of a shock
wave. Cole [5] uses 6.76, while Swisdak [21] uses 56.

6. The mounting methods of the electronic components on a PCB are important,
because not all of the shock acceleration is absorbed by the PCB soft-mounts.
Designers also have to cater for smaller-amplitude vibration testing, as well as for
shocks produced when the equipment is dropped.

7. The velocity of both the bubble and the shock wave has been measured by
Chung and Kinsey [1] at distances where R=a,. It was concluded that the velocity
in the explosive boundary conditions, is approximately 4 times the normal speed
of sound in water.

8. According to the form characteristic of the velocity curves, the “near field” could
quite comfortably be defined as the region where the velocity is greater than the
speed of sound. Chung and Kinsey measured this distance to be 2.3 charge radii.

9. There seems to be some disagreement with respect to the rise time of the leading
edge of a shock pressure pulse. The author assumes at this stage (o be verified)
that the slope of the leading edge is important to determine the impact history on
a freestanding object (electronic enclosure) in the water in close proximity to the
blast. This leading edge and the velocity of impact have the greatest influence on
the acceleration of the enclosure. It is therefore very important to analyse the
slope of the leading edge in more detail. See paragraph on Conclusions: Near
Field vs. Far Field characteristic on page 41.

Literature Review: Conclusions
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2.3.3. Conclusions: Pressure Pulse Leading Edge Analysis

Refer to Figure 176 presented here for ease of discussion as Figure 16 below,
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Figure 16:  Incremental distance vs. normalised (relative to their
individual maximum values = 1) shock at all four sensor

positions

It iz clear that in the far field of the shock pressure pulse, the rise-time of the leading edae s
measured to be approximately & - 8 ps in all cases in this data set.

In the guest to determing the rise function of the leading edge of the shock wave. these
measurements are of some importance, Taking the limitationg of the test equipment {and in
thiz case more importantly the sensors) into consideration, it cannot be stated that the shock
wave |eading edge is in fact & - 8 us, although it has been measured as such. In consulting
with the authors of these measurements (Faul Strim and Bo Janzon of FOI in Sweden), thelr
comment was that the width of the sensors (approximately 10 mm} and the constant
propagation velacity in the far field {1469 6 més as shown in Figure 8) causes the pressure {o
rise at the sensor elements (contained within the sensor housing) to maximum value in:

10mm 1469 6m s = 6.8y ——cvem-omommm-- 19

This value of & 8 ps rise time (see Equation 19) means that the measured valug of - B s is
too inaccurate to determine the actual rise time. Measuring of the actual nze time may have to
be dane by other means, nat the Toaurmaline gauges used by Strdm and Janzen [10] which
were algo chosen for the measurements for this dissertation.
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Chapter 3

3.1, DAMAGE TO ELECTRONICS: HYPOTHESIS

3.1.1. General

The purpose of this study, briefly, is o find a selution to the preblem that electronics
contained in aluminium enclosures are damaged as a8 result of underwater blast when these
cantainers are placed in close proximity to the blast.

The first course of action, and method that was followed in this study, was to postulate the
causes of damage, after dus consideration of the facts that were gathered Up to this stage of
the study, A possible sclution was deducted, and a2 model tested in fisld expenments.
Refinement of the model was necessary, and the refinement was also tested in furthar field
expariments, with positive results. Thiz chapter is cencentrated on the facts lsading to a
postulation, as well as the postulation.

MNote: It would be desirable to build a mathematical model that wolld determine the stand-off
distance from a specific charge at which enclesed electrenic equipment might be placed,
before imminent damage might accur.

The underlying methed of research is o characterise an explosive charge, and to measure
the effect of blast loading on nearby electronics. Additionally, in this process, aise to
determine the primary cause of electronic damage, then to prescribe corrective actions.

It 's clear that the underwater blast causes rapid movement of the equipment (enciosed
electronics]. The rapid movement of the enclosure is transmmitted to the contained electronics,
causing the electranic components to gain relatively unequal mementum. These components
then tear loose fram their mounted positions. For example, a switch (such as may sometimeas
be used on a PCE) is constructed by the assembly of varicus smaller parts. In this case, each
part of the switch ig accelerated to gain the total switch mamentum, but each part differs in
construction and mass and therefore attempts to accelerate at a different rate. This causes
the gwitch construction to collapse, and the switch breaks apart.

Damage io Electronics: Hypothesis
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Consider the movement of a shock wave generated by an explosion. as depicted from actual
measurements supplied by Strdm and Janzon [10], in Figure 17:

Mormalized Value of Fressure

Incremental Distance inm

Figure 17: Normalised shock wave of five blasts, using different
charge sizes, at sensor 1 position

The analysis of the raw data provided by Strom & Janzon [20] showed that the shock front
maves through the water at the speed of sound in water, i.e 1469.6 m/s [see Figure 8]. The
speed of sound is generally rounded to 1500 m/is for ease of comprehension of the problem,
and for gquick salzulation,

For ease of reading, the graph in Figure 167 is presented in this section as Figure 18 to show
the selected data serigs. To be able to visualise the physical size of the electronics container
of this study, it was necessary to transpose ths time axis of Figure 167 to a distance axis (see
Figure 18] with the use of the farfield characteristic (constant propagation velocity {see
Figure BY). In Figure 18, the Plastic X Blast 1 Sensor 1 graph is expanded horizontally,
keeping the horizontal axis in the distance unit. Note: In the near field, the velocity is not
constant. The shock pressure propagation velacity starts at & high value and then drops to the
velocity of sound within a few charge diameters, depending on the pressure resulting from the
composition of the explosive material and the sustained period during which the pressure is
above the elastic pressure threshold (Cooper [B]) caused by the mass of the explosive
material, The effact of the shock wave in the near field is discussed |ater in this study.

To be able to formulate 3 hypothesis on the cause of damage to the elecironics, the shock
wave in the far field is considerad.

Damage to Electronics: Hypothesis
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Figure 19: The movement of a shock front appreaching and
passing an object

The author considered the fact that a shock wave ia & high-pressure front moving through the
water at the speed of sound (in the far field). This causes impact on any staticnary equipmant
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in the watsr, If the impact of the extremely high pressure front on the electronics container is
considered, Newton's second law should be considered;

It is implied that a force F is exerted on an cbject (container with electronics) with rass re by
the meving shack front, and this causes the okbject to accelerate. In this equation, two variahle
characteristics are to be observed. the force, and the acceleration. If any one of these
characteristics is minimised, the damage to the contained electronics will be minimised.

If the force on an object is to be minimized the object could be made physically more
streamlined, which implies that the object must be modified. This is not an option, beca.se
the object is 8 given enclosure. containing spectfic electronics, and the manufacturer will only
consider modifications to the internal structure. Therefore, the anly remaining characteristic to
be minimised is the acceleration of the object.

The shock wave of an underwater explosion is a8 high pressure frant of relatively short
duration and moving through the water at the speed of sound {in the far fizld). The force
exarted by the shock front on the electronics comtaner causes the container to accelerats
The ghort duration of the force means that the displacement couid be relatively small

Before any solution to this acceleration problem is considered. it is necessary to congider the
armount of movement (displacement). This is possibie if the amount of acceleration and time
of acceleration is known.

When movement of an object {e.g. electronics enclosure) is to be considered, and
displacement is to be calculated. then Eguation 22 should be considered. In the case of
Equation 22 the acceleration is a constant value, and should only be used when a constant
acceleration is experienced hy the ohject, However, when an average acceleration is known,
the average wvalue may be used in Equation 22 to obiain an approximate value for the
displacement.

: Where:
5= ur +] f"z Fir{ S 22 s =distance (displacemneant) inm
¢ = initial zpeead in miz
f=time in seconds
a = acceleration (m/s”)

3.1.2. Acceleration and Displacement Prediction

To be able to formulate the hypothesis of the cause of damage to electronics, it was
necegsary to consider the amplitude of the acceleration, as well as the displacement of the
object caused by the acceleration. This was also necessary for determining the type of test
equipment that would be required for field testing.

Brett ef af [Z] experimented with a metal cylinder placed under shock loading as a result of
underwater explosions, and obtained results which gave credibility to the amplitudes and
periods of typical accelerations of such a metal ohject.

Damage to Elecironics: Hypathesis
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Brett ef af [2] performed seven tests in all, of which event two had the most significant results
for the purposes of this study. due to the fact that the feast amount of damage was caused to
the gylinder. This is important, because, if damage occured, the accelerometer fixed on the
inside of the cylinder would register a different value to when no damage occurred.

As will be seen later in this study, the eguipment (electronics containers) usea by the author
of this study was designed to not be stréssed beyond the elastic properties of the electronics
confainer when subjected fo shock lnading. Brett ef af. (6] established that the acesleration
on an object as a result of an explosion of 5§ gram PE4, at a stand-off distance of 300 mm, s
38 700 g (see Table 1, Event 23

Tahle 1: Acceleration measurements by Brett f af [2]
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Unfartunately, the time-axis measurements taken by Brett ef af. [6] for event 2 were not very
clear, but an approximation could be established {see Figure 20).
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Figure 20:  Acceleration and velocity curves from Bratt et af [2].

Figure 20 shows that the peak acceleration is very short in comparison to the velocity, and the
velocity 15 positive as well as negative at times, meaning that the hydrodynamic effects after
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the two peak periods caused the cylinder either to slow down, or to move in the opposite
diraction.

Consider Equation 22 and assume that the initizl condition of the object was stationary, This
means that & —f), and the subsequent displacement would be:

]
e FIT mmmmm e el 23
2

Where:

= = distance (displacement) in m
t =timea in seconds

a = acceleration {mfsz}

The average displacement was calculated by approximation, assuming that the average valus
of the first peak acceleration in Figure 20B was 50000¢, and this acceleration was
maintgingd for B0 ps. Inserting these approXimations into Equation 23, we get:

§ :%Sﬂﬂﬂﬁ*‘},gl LO00005F "

LoperrkBIEE S S S oo 25

The result was an approximate displacement of 0.6 mm. After B0 ps, the acceleration was
zero, which meant that the velocity was constant at that point. This meant that the object kept
on moving, and the rnegative part of the acceleration curve during the following
{approximately) 70 ps, caused the object to slow down, and possibly to stop. This means that
the displacement {in this specific case) would be morg than 0.6 Y35, and was estimated {o be
1 mm.

The significance of this calculation is that the displacement of the electronics container which
was used for this study was also predicted to be in the order of 1mm. due to the fact that the
mass was approximately the same as the mass of the object used by Erett et af [2].
Therefore, when shockfaceeleration mitigating actions were planned, the size of the damping
materials could be relatively small to allow for movemesnt of anly one, or perhaps (in worst
cases) several millimeatres

Looking ahead at some results of the fisld work for this study (e.g. Figure B0), the peak
acceleration period of the electronics ¢ontainer (object of this study) correlates very closely
with the 60 ps per half period, as was measured by Brett &t af [2].

3.1.3. Variables to consider

Mote: if the contained electronics did ot accelerate at all, ne movement would have been
experignced, and no damage would have cccurred. This means that one of the solutions to
be found is a method to preclude the scceleration of the container from the containgd
electronics, or to reduce it to below the damage threshold,

If this statemegnt were true. it means in theory that, if all compaonents inside the container had
no mass, or all components were accelerated axactly at the same rate (by absolute rigid fixing
methods), no damage would occur. In most cases, however, not only the electronics are
contained in the container, but alsa some mechanical moving parts. At most, a combination of

Damage to Electronics: Hypoihesis
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solutions will have to be found, if & solution of the rigidly mounted electronics only were to be
attempted. Suspensicn methods should rather be considerad.

Considering the mass of the container and Equation 22, accaleration will be smaller when the
mass is increased. This is not a viable solution, due to the fact that the mass specifications of
the electronics container will be fixed for a certain application.

The strength of the container itself (for chbvious reasons) also plays 8 major role in the
damage affected on the contained parts/components, For this study. and ko limit the number
of variables, it will be assumed that the container is physically unaffected during and after the
explosion {no physical damage).

it must be acceptad that each solid state electronic component, although rigidly mounted in its
packaging, has many components internally, constructed by micre silicon layers of differing
types and dimensicns, The characteristics of these materials determing the functions of the
compgnent. |bis readily understood that these malernials, each piece being of different mass to
its neighbour, may, under conditions of severe acceleration, alter the internal structure of the
electronics. The |evel of the severe conditions causing internal damage is an unknown
guantity at this stage.

Damage to Electronics: Hypothesis
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3.1.4. Other possible causes of damage

Consider again the shock wave moving through the water in the far field, and passing by an
object with a length measurement of 120 mm (see Figure 21). The physical size aof the
enclosure used for this study is preésented relative to a shack wave in the far figld which was

generated by an explosive charge (Plastic X) of 17.568 kg at a standoff distance of 35 mata
deptn of 15.85 m.

Shock Pressure/Distance histony
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Figure 21;  Typical shock loading of electronic equipment

From Figure 21, it is clear that when a shock wave passes over an lectronics container and
reaches the stage shown in this figure, the pressure around the box s in excess of 200 Bar,
This is far the shart duration of approximately 100 ps, after which the exponential decay of the
rerefaction préssuré continueas to lgwer levels,

The cansideration is that, although these pressures are present for a short while, they will
initigte 3 crushing effect. It is predicted that the time that the pressures are prevalent will not
be enpugh to compléte the crushing effect The hypothesis s therefore farmulated as follows:

Damage to Elgcironics: Hypothesis
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3.2. Hypothesis

Damage fo elecironic equipment 33 a result of undenwvater exposions is caused by
the phenomencn of acceleration of the confainer housing the electronics.
- Minimising the scceferstion may avoid demage and prowide a solution fo the
probient,

Qualiffcation: Shock loading fas 8 result of an underwaler explosion) of an
elecironics container causes the electronics container to accelerate. The
acceleration of the conlainer fs passad on o the contained carmponants wa their
mounting methods. Each component {whether elecironic or mechanicsl] has &
different mess, and therefore & different inerfia. In an affemp! to resist fhe
perpefustion of the acceleration fo all parts within. each companeni-inertia tends o
exert different forces on its mounhings. If the force ampliiudes are high enough, ihe
breaking/shearing strengths of either the component ifseif or its fixing meckanics s
exceaded, and permanent damage oocrs, j

It was necessary to establish whether this hypethesis was ¢redible before elaborating tests
were performed (o prove the hypothesis. The suggested pian of actich was set out as follows:

From the foregoing discussions only, it was necessary 1o

1: Confirm the environmental parameters prevalent in the water near the electronic
equipment and their influence an an cbiject when (and after) an explosion occcurs,
by measuring the acceleration.

2 Establish the environmerntal effect of the above parameters on the container of

glectronics. Using the information obtained in this study, the parameters could be
used to simulate the acceleration and displacement effects on an object

3 Cetermine a suitable scluticr and test the soclution to the extent that it can be
classified as a technolegy by which electronics could be protected against
urnderwater explosions,

Damage ta Efectronics, Hypoliesis
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3.21. Postulation 1

fti a,: m's:uﬂagﬂd that there is an electronics Circuil Card Assembly accelers
jmﬂbﬁ;wsrﬂm :

and ﬁei‘mﬁ; which the mmpmem will ot ﬁa&#amm (see Figure 22).
This damage threshold is dapeﬁ:—;‘ammm ﬂeiyga of components used

Accelerstion: Acceleraometer 2, Event 1, 25 Septembor 2006
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Figure 22:  Typical acceleration of an ohject caused by an
underwater explosion

3.21.1. Description

In broad terms the above postulation means that in specific cases of elestronic designs,
component usage and PCB layout design, there is an acceleration threshold above which
electronic component damage would be expested. Below that threshold, no physical damage
is expected. This also means that the threshald changes for each designicompenent, and it is
assumed that the mechanical design does not influence the result.

If this postulation were true (and assuming that no mechanical components caused collateral
damage), it could be concluded that the only enviranment that waould have to be reduced {to
below & specific threshold) to prohibit electronic damage, would be the phenomenon of
aoceleration.

Damage (0 Electronics: Hypothesis
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3.2.2. Postulation 2

it is postulated that, if the acceleration an the PCB is reduced (by means of a
damping method such as “soft” mounting methodst to below e damage
threshoid. no damage would occur,

An experiment was devised to determing, visually only, whether there was enough evidence
to suppert the postulation or not. If there were positive evidence, then further tests would be
devised to confirm the findings, which coutd lead to the definition of damping design criteria,

It was foreseen ihat the first experiment may produce positive results, but that these results
might not be conclusive because of the choice of soft mounting. which has a limited capahility
to reduce scceleration. It was also foresssn that experments would have 1o be canducted
with different types of soft mounting methods, to be able to establish the dynamic range of the
damping effect of the chosen material and the effectivenass of the damping characteristics.

The ultimate goal was o conduct a number of experiments, which would indicate a choice of
mounting mathods that would be successful for the pratection of elestronics in & blast shock
gnvironment as produced by a 40 kg charge at a stand-off distance of 4 m, thus withstanding
& pressure shosk wave of 44 75 MPa (see Appendix 1)

3.2.3. Consideration of a possible solution

According to the hypothesis. a selution could be found when a suitable damper of
acceleration is used belween the source of the acceleration and the slectronics contained
within the electranics unit (see Figure 23).

Refer to Equation 21, and assume that the shock wave exerts a force on the electronics
container depicted in Figure 23, causing it to accelerate. A good example of the mathematics
that follows was obtained from Ceata [17:83], The mathematics below is not to be attributed
to the author.

The acceleration of the electronics CCA of mass m is investigated. The mathematical modal
of the damping system of Figure 23 is derived fram the schematic diagram of the eguivalent
spring-mass-dashpot system shown in Figure 24. The acceleration of the electronics
container will be measurad, and 13 therefore assumed to be a known quantity. Conseguently,
it can be assumed, for this mathemalical model that the electronics container is without mass.
The initial condition for time ¢ < 0 is static (ne movement),

In the system presented in Figure 24, the following status is denoted:

u{r} is the displacement of the container, and is also the input to the system.
1{t) is the displacement of the electronics CCA, and is the autput of the system.

b i3 the viscous friction coefficient of the dashpat.
£ s the spring-constant

Damags fo Electronics: Hypolfesis
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Assume that the friction force of the dashpeot system is proportional to v— i
Assume the spring is g lingar spring and the spring force is proportional to 1 —u
Attime £ =10 the container is maved by the force of the shock wave.

Electronics

/container

ql\
Electronics

Shock wave
propagation
directian |‘—
Figure 23: The submerged alectrenics container with
mounted on dampers
i . J:
k
A A
Mass of
Electranics
= E +PCE=m
—
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Figure 24:

FCB

Mathematical schematic equivalent of the damping
system

Page 54

In Newton's second law, shown in Eguation 21, # is 8 mass, « is the acceleration of the

mass, and Z

Damage to Elecironics: Hypothesis
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Applying Newton’s second law to the schematic diagram (Figure 24), we obtain:

Mass*acceleration of electronics CCA =
Viscous force + spring force

Taking direction of the forces into consideration, we get:

d’y dy du
=-b{ gy =) e 26
" {dr dt} (-u)
2
def+b%+ky=b—u-+ku ------------------------ 27

This is the mathematical model of the system. To be able to do mathematical simulations with
specific inputs, it is useful to obtain the transfer function of the system. Taking the Laplace
transform of each term of Equation 27 results in the following:

2

P|m2 } = m[fY(s) - 5(0) - y(O)}

dr?

L7 b%}b{sf’(s)—y(m]

L lyl=kr(s)
LY {b%} = bsU (5) - u(0)]
L lku]=kU(s)

Set the initial conditions equal to “0" y(0)=0, y(0)=0‘ and u{0)=0. The Laplace
transform can be written as:

(ms2 +bs+ k)Y(s) =(bs +kYU(s)
The transfer function is the ratio of Y(s) to Li(s), therefore:

_Y(s)  bs+k

G(s) = -
)= 06) ms s ok

This transfer function as given by Ogata [17:84] contains both the spring constant and the
damping (viscous friction) coefficient. The mass of the elecironics CCA is known. To design
the damping system shown in Figure 23, the author chose to follow an empirical method to
obtain the constants of a certain damping device, which may be suitable for this purpose.

Damage to Elsctronics: Hypothesis
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This transfer function can be applied to a simulation process (with an acceleration of the
container as input, and the acceleration of the CCA as the output) when constants b (damping
coefficient) and k (spring constant) are known.

When it is assumed that the spring constant is much less than the damping coefficient,
Equation 28 can be simplified as follows:

G(S) = l};(s) = . 1 _ .

&) m s+1 T 29
or
Y(s) bs

G(s) = e

() U(s) ms® +bs 30
m

giving a solution of one poleat —-—  ---e----eeeoeseiiieiooaoconan 31

b

When m (mass of the CCA) is known, b {the damping co-efficient) can be calculated by
empirical methods for simulation purposes.

The ideal method of determining both the damping coefficient as well as the spring constant
would be by measurement of the chosen damping system. This measurement is, however,
not easily performed due to the fact that the damping coefficient is a value associated with the
resistance to velocity. Another reason is that the damping coefficient and the spring constant
forms part of the same material, and while measuring one parameter, the other parameter
influences the measurement. The test equipment to perform the measurement of the damping
coefficient was not available to the author of this dissertation, and hence the simulation of the
damping system was not performed for this study. This was also the case for the transfer
function given by Equation 46 on page 172.

3.2.4. Scaling Factors

The original scenario was to have moored sea mines spaced at typical distances of 5 m from
each other. Those mines are armed with 40 kg and more (up to 200 kg). They are typically
launched from submarine tubes, so they are typically cigar-shaped, 0.5 m in diameter, and
approximately 3 m in length. The mass of the armed floating section is typically 300 kg in the
case where a payload of 200 kg is carried, and the floating section floats horizontally at
depths of typicaily 20 m.

When a charge of 200 kg is detonated, it produces a shock pressure pulse that moves
spherically outward. This shock pressure pulse is typically 25 GPa (Cooper [6: p258] for
Pentolite) at the boundary between the explosive charge and the sea water. This peak
pressure then reduces in relation to the outward motion of the shock wave to typically 63 MPa
when the shock wave had moved 5 m (Equation 3 transferred from Cole [5]).

This pressure exerts a force on the neighbouring mine during the time that the shock wave
passes over the mine, causing this neighbouring mine to accelerate. This acceleration is
passed onto the electronics that are contained within the neighbouring mine, causing
electronic damage.

Damage to Electronics: Hypothesis
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The force is not known (because of the impracticality of the measurement process), but from
the literature on scaled tests (Brett of af [2]) it was assumed that the acceleration of the
neighbouring mine would be in the order of 80 000 g for a very short (50 us half sine) period.

The mass of the test unit that was used by this study, was approximately 2 kg, and was
accelerated (first experiment on page 98) between 50 000 g and 80 000 g (see Figure 84: half
sine 50 ps) using a 30 gm Pentolite charge at a standoff distance of 675 mm. The pressures
produced (measured 20 MPa at standoff distance of 733 mm, see Table 22), equated to
200 kg at 13.5 m. This scaling of the test unit was deemed to be a good representation of the
full scale mine. The acceleration was estimated to be slightly too high, but the mass could be
increased when necessary, reducing the acceleration according to Newton’s second iaw.

Damage fo Eleclronics: Hypothesis
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Chapter 4

4.1. SELECTION OF MEASURING EQUIPMENT

Various factors have to be taken into account when equipment is selected to measure the
effects of underwater explosions on an enclosure unit.

From the chapter on the Literature Study, it is clear that the pressure shock wave resulting
from an underwater explosion causes an object located in close proximity to the blast fo
accelerate. Therefore there are two phenomena to measure, i.e. the shock pressure at the
point where the object is located, and the acceleration of the object.

The selection of the measurement equipment (o measure both the shock pressure and the
resuitant object acceleration) is discussed in this chapter. Additionally, the expected
characteristics of the phenomena are examined closely to determine the required
characteristics of the measurement equipment.

The characteristics of the pressure shock wave suggest that a rather fast rising edge
(measured to be 6 ps in the far field, and faster’ in the near field) should be taken into
consideration. The discussion in Chapler 2 revealed that the measurement of 6 ys rise time is
not a true representation of the actual rise time, but that the output of the sensor is in the
region of 6 us due to the physical construction of the sensor. The elecironic measurement
equipment shouid therefore cater for the output of the sensor.

All equipment for measuring is limited by a frequency bandwidth characteristic. A general rule
is that the more amplification one requires, the less the equipment bandwidth would become.
Some techniques are used to refine and counteract the limitations of bandwidth, and the more
expensive equipment models of the same manufacturer invariably have wider bandwidths.

41.1. Pressure Sensors

To measure the pressure history of explosions, two Tourmaline piezo-electric sensors with
built-in charge amplifiers, specially designed for measuring underwater explosion pressure
shock waves, were purchased. The specifications are attached (see Appendix 2). Two
models were purchased, i.e. one 138A10, and one 138A50. The only difference between the
two sensors involved the sensitivities. These are listed in Table 2.

Table 2: Pressure Sensor sensitivities

Model Calibrated Sensitivity Max Pre_ssure Max Pressure
(mV/MPa) {kpsi) (MPa)

138A10 73.57 10 69

138A50 12.32 50 345

® The varying propagation velocity in the near field is discussed in Chapter 2. This propagation velocity has an
influence on the measurement of the rise times, which is also discussed in Chapter 2.

Measurement Equipment Selection
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An RG58C/U co-axial cable of 25 m in length was attached to each sensor via connectors at
both ends. To measure the explosion result, these sensors and cables were connected to a
PXi-format DAQ card, with the capability of measuring 4 channels, with each channel
sampling at 2 MS/s. The memory was able to store up to 1 second of data samples. The
expected rise times of the explosions (from Chapter 2) was 6 us. This means that, if these
explosions exhibited similar characteristics, 12 samples could be obtained on the rising edge
with the use of this specific A/D card, which is deemed to be adequate. There is ample
reason to believe that the slope of the rising edge of a shock wave will increase in the near
field to approximately 1 us at distances that are applicable to the closest stand-off distance of
the electronic enclosure (40 kg charge at stand-off distances of approximately 2 m). In this
case, there will be two samples on the slope, which is marginal for statistical resolve.

4.1.2. Custom Synchronisation Equipment

Synchronisation of the measurements with the time of explosion is very important due to two
factors.

Firstly, the A/D card is memory limited to record only 2 000 000 samples in each channel,
which translates to 1 s of recording time at a sample speed of 2 MS/s. Recording of data
during this 1 s window is difficult without an accurate means of synchronisation. Secondly,
recording the time taken for the shock wave to reach the sensors 18 necessary to determine
the average velocity of the shock wave. This characteristic of the shock pressure is important
in the prediction of the acceleration of an object in close proximity to the blast, due to the fact
that the shock pressure velocity is related fo the resultant acceleration of the object under
discussion.

An electronic circuit was designed to supply a synchronisation pulse for the measurement
equipment to synchronise with the time of the explosion. The synchronisation pulse was fed
info the digital synch-puise port of the A/D card. The characteristics of this synch pulse were
measured, and are shown in Figure 25. The period of the pulse was approximately 1 s,
although only the rising edge of the synchronisation pulse was used by the A/D measurement
equipment to synchronise measurements with the explosion.

it was also the intention to determine the exact moment when the detonator functioned. For
this purpose, a series resistor of 0.1 Ohm was introduced info the firing line. The purpose was
to measure the Voltage drop caused by the firing current into the detonator, and the change in
Voltage drop when the detonator functioned. Figure 25 shows the synchronisation pulse, as
well as the voltage across the Drain-Source of the firing Field Effect Transistors (FETs) (see
schematic diagram - Appendix 3).

Measurement Equipment Selection
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Figure 26: The load veltage with a lamp as a load

Figure 28 shows the yoltage on the output terminals, with a 0.1 O registor in series with the
load. This s for testing whether the moment when the detonator functions can actually be
detested accurately. From Figure 26 if is clear that this test setup will indeed show when the
detonator funstions, by the rising edge when the current drops 1o zero,

Practical results were obtained by finng the detonator in ses water when the detonator was
inserted into a 30 gm Pentolite charge (see Figure 27).
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Figure 27  Measured detonator current

The rising edge of the detonator current pulse was used as an input to the synchronisation
sircuitry. The result was that the rising edge of the current pulse triggered the digital circuitry,
which also produced a rising edge within fractions of @ microsecond {44 ng, as shown in
Figure 281 which was used to trigger the measurement cycle of 1 5,

The result obtained and illustrated in Figure 27 suggests that an accurate indication {within a
few microseconds) of the moment that the charge was detenated could not be determined by
using this method. Two pulses showing detonator current disturbance (shown in Figure 27)
could have been due to the functioning of the detonater, and the detonation of the charge.
The disturbance was probably caused by ionisation of the water in the immediate proximity of
the two detonator wires. This, however could not be venfied at the time, and a differsnt
synchronisation method had te be investigated.

41.3. Bandwidth Requirements

When purchasing the additional eguipment, it is necessary to estabhsh the maximum
bandwidth of the equipment. and the effect that bandwidih limitabon will have on the
measuremeants. The fellowing paragraphs deal with the question of bandwidth cencerning the
eguipment that introduces the bandwidth problem, (e the A/D card, and the signal
conditicner These test equipment units aré arranged in tandem, and the tandem
arrangement therefore has to be investigated after coensidenng each unit indvidually.

Measurerment Equipment Sefection
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41.3.1. A/DCard

To explore the limitation effect of the bandwidth charactenistic of the A/D card, 2 sguare wave
was produced by a signal generator with rising-edge-times much greater than the AD card's
ability to follow the signal due o its bandwidth limitation. The AD card san measure voliages
ranging from a 0O kevel [0 a bandwidth-limited high-out-off frequency

A generator frequency of 100 kHz (square wave) was chosen, at amplitude 2 Wp-p. This
signal was fad into the input port of the A/D card, and the AD card was set 3t a sampling rate
of 2 MSis.

The input signal is shown in Figure 28a. Figure 28b iz a time-amplified version of Figure 28a
for measuring the rige time of the leading slope more accurately.
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Figure 28:  Test input signal

The leading edge of the generated signat was measured, using a 100 MHz oscilloscope, to be
44 ng (see Figure 28k,

The A/D card has the characteristic that, if a full-scale-amplitvde of 10V is chosen. the
bandwidth is 1 MHz. If a ful-scale-amplitude of 2.5V is chosen, the bandwidth is 500 MHz.
This characteristic is the result of the standard concept of the "gain-bandwidth”™ product.
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The input signal was applied to the A/D card at the full scale of 10V, and measuremeants were
taken. Then the input signal was applied at full scale of 2.5V, and measuremeants were taken
again. In both cases, the amplitude of the input signal was kept at 2 Vp-p.
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Figure 28: A 100 kHz square wave measured at higher bandwidth
{top =1 MHz), and lower bandwidth (bottom = 500 kHz)

From these two measurements {see Figure 24, it can be seen that the rising aedge stars the
rlsing process (bottom edge of rising pulse) and shows no "rounded shoulder”, but when the
input signal approaches its peak. the measurement "shoulders” are rounded. This is
consistent with low-pass bandwidth limitations.

Applying this bandwidth limitation effect to a square wave, such as in Figure 29, the rasult is
quite pradictable, and 1t may not present a problem when measuring lower freguencies.
Applying a shock wave to this Iimiting feature, however, may present probiems, due to the
fact that the peak amplitude of a shock wave is reached in microseconds. but the pulse starts
to drop "immediately’ upon reaching its peak. It is therefore necessary to investigate the
respenge of the measurement system 0 a typical explosion shock waveform. But it is
necessaty to first determine the filter arder of the A/D card, before such an attempt is made.
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Signal Conditiguer

It was the intention to measure the explosion pressure pulses with the use of the pressure
pulse sensors (as before) and using 8 "conditioning amplifier” or “signal conditioner’ to supply
the canstant current to excite the sensors (which have built-in charge amplifiers), and to
condition the signal for recording purposes.

In discussions with the supplier on the signal conditioners that are compatible with the
sensors. it was found that there are various models that can be purchased.

Some signal conditioners have only unity-gain amplifiers. They have bandwidths of 1 MHz
each. Some signal conditioners have the ability to amplify the signals by X1, X10 or X100,
These conditioners have bandwidth limitations in the order of 100 kHz, which means that thay
may not be sble to messure the rising edge and amplitude of a shock pressure pulse
carrectly. The effect of thase limitations on the préssure pulse is unknown at this stage, and it
therefore becomes necessary to investigate the effect of bandwidth guantifiably, or to be able
to make the correct choice by simulation. A simulation process to determine the effect of
handwidth limitations on the measurement end result was attempted in this study.

4.1.3.2. Signal Conditioner and AfD Combination

The combination circuit that was considered was the cascaded signal conditioner and AD
card {see Figure 307,
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Figura 30: Combined circuit to be simulated, in simplified first-
order filter notation

41.3.3. Analysis of Bandwidth Limitation

Each of the devices connected in series ({the signal conditionar and the &/0 cardy had a
bandwidth limitation. The AD card had a bandwidth of 1 MHz. and the bast signal conditioner.
supplied by ICP, had & bandwidth of 1 MHz (@ unity gain).

The bandwidth of the A/D card was known, and the step response had been determined by
actual measurements. The first task, therefore was to determine the order of the low-pass
characteristic of the A/D card, and then to extrapolate the findings ta the signal conditioning
equipment, The method was to simulate a step-function stimulus on various orders of low-
pase fiters, and then to compare the response with the actual measurement of the step-
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respense of the A/D card shown in Figure 31. The response that comparaed best with the
measured result was to determine the order of the filter of the A/D card.
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Figure 31:  Actual measured result w'fl:ﬁ-."ihe AID card of a step
function input '

Nilsson and Riedel [16: pé66] showed ihaE:t_tfm low-pass frequency of a simple (first-crder) R-
C circuit, is:

T L S

From Equation 32, the values for R and C can be caiculated for a low cut-off frequency of
1 MHz. The values of R = 1000 @ and C = 0,158 nF were calculated and applied to the
simulation process.

It had fo be considered that the bandwidth of the fest equipment (the AD card in this
instance) weuld not be a first-order filier, but rather a second or third (or nthj arder filter. The
first task was to simulate this filter, as well as various orders of the same filter, and then to
compares ihe result to the measured response of ihe A/D card,

Milsson and Riedel [18: p742] have indicated that the result of cascading identical low pass
filters (see Figure 32). will sharpen the bode-plot {see Figure 33), but the resultant low cut-off
frequency will still be at the ariginal frequency.
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Figure 33: From Nilsson and Riedel [16: p742]: the bode result of

the cascading of low pass filters

A simulation of the circuit up to the third erder (yellow measurement paint) in Figure 34 was
done first, to find the best fit for the measured result of Figure 31
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Figure 34:  The cascaded identical 1 MHz low pass filters

The simulation result was superimposed on the measured result, and is shown in Figure 35.
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Figure 35: The simulated result superimposed on the measured
result

Figure 35 clearly shows that the third order filler was the best fit for the measured result, and
that it could be concluded that the A/D card low pass filter was a third order filter,

The order of the low-pass filter in the signal conditioner was unknown, It was considerad fair
to assume that the signal conditioner would also have a third crder response. (The
conditioners were not available to measure the bandwidth at that stage). It was possible to
gxpand the simulation circuit of Figure 34 to a sixth-order filter (Figure 28 = two third-order
filters cascaded). and to apply an actual measured pressure shock wave (as supplied by
Strém & Janzon [20]) a8 & stimulus (Figure 37).
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Figure 37,  Typical measured (normalised) shock wave, to be used
as simulatien stimulus

The data points of the actual shock pulse measurem_ent of Figure 37 was taken as an input
stimulus for the simulation model (Figure 38), resulting in the cutput response shown in
Figure 38,
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Figure 38: Simulation results with actual measured data used as
input stimulus

From this simulation, it is ¢lear that the influence of the specific bandwidth limitations that the
instruments would ntreduce into the measurad result were not significant. it can be seen that
the peak amplitude as well as the time delay of the result varied very slightly compared to the
actual stimulus, and thus the result was a fair reproduction of the stimulus. The filtered peak
voltage differed from the input signal by approximately 1% and after 13 Js there was hardly
any difference betweaen stimulus and response.

It could therefore safely be said that, if the measurements in Figure 38 were correct, then the
series bandwidth limitations as would be introduced by the signal conditicners plus the AD
card, (6" Order Filter), would net influerce the measurements adversely.
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4.1.3.4.

4.1.3.4.1.

Sensar Simulation Circuit

Measured Response of the Signal Conditioner and Sensor

Page 70

Experiment: Determine the response of the sensaor simulating circuit, in caombination with the

signal canditioner,

Signal
Benerator

e @
SISl

Figure 39:

Test set-up to test the Signal Conditioner response

-

| Signal
Sansor Conditioner
Simulating
Circuit
— iy
| Emi

using an excitation current of & mA

Signal
Generator

-:::'!h

1 i

Figure 40:

R i

Test set-up to test the Signal Conditioner response
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Sensar Conditioner
Simulating
Circuit
.‘_
| 16mA
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using an excitation current of 16 mA
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The signal generator was connected to the circuit shown in Figure 39 and adjusted to producs
a 1 kHz square wave with 50 % duty cycle, hetween 0V and 5%, The signal conditioner was
adjusted ko deliver a constant current of & mA to the sensor simulator shown in Figure 39, The
oscillescope probe {Channel A) was conneclad to the output of the signal generater, and the
oacilloscope Channel B was connscted to the output of the signal cenditioner. The result is
shown in Figure 42, The measured result showed that the input signal changed much faster
fram one level (5 %) to the next level {0V) than the output (12 W to +12 V) as measured at
the output of the signal conditioner. This indicates that the combined effect of the sensor
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simulator and the signal conditicner introduced & slew reduction to large signal amplification.
The FET produced the inverted response seen in Figure 42, as was expected. Notice also
that the change in cutput was linear betwesen -11 W and +11 V. This was due to the fact that
the FET {with output impedance consisting of & resistance. Rog o and 2 capacitance Cps)
had an output-impedance that is dominated by Caq {see Figure 413,

g || % Drain. |
] -

5 i.i% -
]

& |

= =

5 7) |

]

'_

E } Source.

Figure 41:  Output impedance characteristics of an FET

Mote: Rps.an 15 the resistance measured betwesn the Drain and the Source of the FET whean
the FET is switched ON,

The output from the signal conditioner to the sensor is a constant current {set to 5 mA in the
case of Figure 35, and to 16 mA in the case of Figure 40). This means that Rpgon itypically
0.3 Ohm) does not play & significant rele in this measurement, because the current source
{signal conditioner has & much larger internal resistance {typically 1 M) compared to Rps.
an. 1 Me capacitance of the FET i combination with the capacitance of the oscilloscope probe
iz thug the dominant load impedance of the sensor-simulator on the signal conditioner. and
therefare the typical linear response shown in Figure 42 |5 obtained.
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Figure 42: Test resuits showing the slew action of the signal
conditioner with a constant current of 5mA

To demonstrate the effect of the capacitive impedance of the sensor simulation circuit of
Figure 39, the signal conditioner source current to the sensor was adjusted to 16 mA, In
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practise, relatively long cables are used to connect the sensors with the measuring
instrumentation. These cables have a certain amount of capacitance, which is simulakted by
the test circuit shown in Figure 22. A good cable to use would be one with a very low
capacitance. To overcome the effects of the cable capacitance, the sensor-excitation current
fram the signal conditioner san be increased.
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Figure 43: Test results showing the slew action of the signal
canditianer with a constant current of 18 mA
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The rasults of this experiment show clearly that the slew-rate response of the sensor-signal-
conditioner setup was improved by increasing the current, which proves that the capacitive
effect of the cables would be reduced when the sensor-excitation current is increased.

As expected, the rate of change in Vg was much faster than in the case of a source current
of 5 mA. confimming (and walidating) the finding that this waveform was caused by the
capacitance of the FET in combination with the ¢apacitance of the oscilloscope probe. The
slope rate was measured to be 20V in 400 ns = 50 Wips or 0.02 ps/v,

4.1.3.5. Signal Conditioner Response

Experimant Te determing the large signal response of only the signal conditicner, the test
setup of Figure 38 was used, but the aput from the signal conditioner was compared o the
input to the signal conditioner. The graphical results are shown in Figure 44

Figure 44B i= g time-stretched-cut version of Figure 444 to enable visualising clearly that the
fising edge changed from -12 Y o +12 Y within 1.5 ps. To see the difference betwean the
input and output signals, the cne signal was offset manually with respect to the other. Notice
that there iz no visually detectable difference between the input and output signals. This
means that a linearly varying large signal input that changss more slowly than a rate of
16 Vs {or 0.0B245 usivy will be reproduced without any distorion by the signal conditioner,
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Figure 44:  Qutput signal compared to the input signal of the signal
conditioner

The small-signal response of the signal conditioner was testad using an altered version of the
sensar-simulaticn circuit, as shown in Figure 45,

Sigral
Sensor Conditioner
; Simutlating
Signal Circuit
Gengrator | i
'--':\'-'..}‘..I-'* | 4 ¢
| dg 4 16mA
_|r _ _J'_I i __'—_.-- ?E
(| = "
it e
T r +3

Figure 45.  Circuit for small-signal response testing

The signal gererator was adjusted to deliver a pre-programmed arbitrary sigrnai with & fast
rfsing edge, and an exponential decay. This signal represented a typical shock wave
respanse. Unfortunately the capacitive propedies of the sensor-simulating circuit changed this
ideal waveform to a fitered version which had slower-changing properties, The input and
autput waveforms were compared, and shown in Figure 464, The amplitude change fram a
maximum valus to a minimum valueg, was 6 us, (repetition period = 30 us) which is equivalent
to a shock pressure responsge in the far field. The output response was superimposed with the
input waveform, and it can be seen that the result showed no visual difference.
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A sine-wave of frequency close to 1 MHz {830 kHz) was measured in Figure 468, The input
to the signal conditionsr and the output from the signal conditioner are superimpased in
Figure 46B. It can be seen that & very slight phase difference was noted between input and
output signals, but no amplitude difference was detected. This means that the signal
conditicner perfarmed very well with a 1 MHz signal.

Phase difference noticeable.

g e e
aa o

[-'_.a P _

Figure 46; Comparison of the ouiput response of the signal
conditioner to an arbitrary asymmetrical input
waveform, as weall as a Sine waveform

The performance of the signal conditioner in response to the signal generated by an
accelerameter was tested experimentally to verify the performance, and to predict what the
outcome would be when an underwater expiosion would not be directed exactly to the centre
of the electronics enclosure. The accelerometer was fixed onto an Aluminium enclosure,
offset to one side as shown in Figure 47,

Accelergmeter pasitian.

Figure 47:  Accelerometer positign in the Aluminium enclosure
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The enclosure was accelerated using hammer impact (see Figure 48). Two peoints of impact
were used, one directly adjacent to the point whare the accelerometer was fixed for Event 1,
and at the cenire of the enclosure for Event 2. The acceleration meaasurament for Event 1 is
shown in Figure 43, and the acceleration measuremant for Event 2 is shown o Figure 51,
Mote that the acceleration for Event 1 stated with 3 positive acceleraticn, as would be
expected. The acceleration for Event 2 started with 3 negative acceleration, which did not
amount to much before the valug changed to a positive value. which was in the same
amplitude region as for Event 1. This is because the hammer impact on the off-centre position
of the enclosure caused the enclosure to have g slight rotational acceleration due to inertia,
which was overcome and dominated by the overall acceleration caused by the direction of
impact of the hammer,

Impact a1
centre of
glectronios
anclaesung.

Accelerometer

Impact directhy
an
accelercmeatar
position.

Figure 48:  Impact positions for Event 1 (A) and Event 2 (B}

Hammer accelerallon

Amgiitudr (v

Time {ua)

Figure 49:  Acceleration for Hammer event 1
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The ascilloscope recorded both the input and output of Event 1 to the signal conditioner as
shown in Figure 5. These two signals were supermposed, with a very slight offset to show
the two signals separately. Note that the waveforms of the two superimposed signals are
exactly equal. This means that no distortion was added by the signal conditioner due to
bandwidth limitations (low pass filtering effects). The recording equipment also recorded the
measurement with no distartion, which means that the highest frequency companent of the
acceleration was unaffected by the measurement equipment. The conclusion can be drawn
that the measurement eguipment was adequate for measuring the ascceleration which
displays characteristice of the nature of this experiment

|
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Figure 50:  The 100 MHz oscilloscope response to the input and
output measurement of the hammer acceleration,
Event 1

Figure 51 shows the result of Event 2, where the impact was at the centre of the electronics
container. Note that the first recorded impulse is negative, relative to Event 1. This means that
the acceleration was in the opposite dirgction to the direct impact of Event 1, due to the swivel
movement caused by an offset impact.
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Figure 51:  Acceleration for Hammer event 2
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4.1.3.6. Validation of the measurement equipment

The conclusion that could be drawn fram the foregoing empirical analysis was that the
equipment that were selected for the experiments in Chapter § met the reguirements of the
expected signals that were to be measured. The bandwidih of the equipment matched the
requirement of the expected signals, and the sampling rate of the DAQ equipment was
adequate for the expected rate of change of the signals.
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Chapter 5

51. MEASUREMENTS and ANALYSES

5.1.1. Experiment 1: Initial Experiment to determine general
parameters

The previous chapter pointed ouwt that acceleration is the phenomenon to be counteracted to
ensure successful pretection to electronics contained in @ mechanical housing. it is thus
cbvious that acceleration measurements are to be taken and analysed in an attempt to find a
solutian to the problem.

From the calzulations in the prévious chapter, and Eguation 28, it was clear that the soiution
concermning the required hardware would have to be some method of damping ({shock
acceleration filter), and that. if the correct damping could be found, the probability of damage
would be minimised. The strategy that this experiment followed was to select any cost
effective damper. and to place 16 CCAs at various distanses and origntations frem a single
tlast (with and without damping for the purpose of comparison’. and to analyse the results in
terms of electronic damage.

The author of this dissertation had no previous experience of the measurement of underwater
explosion sffects, and an experiment was devised to produce initial (pré-measurement)
infurmation about the effects of underwater explosions on objects such as electronic
containers in close proximity to a blast. Due to the author's inexperience, and considering the
cost of sensora, it was advisable o perform the first experiment without instrumentation.

511.1. Purpose

This first experiment was aimed at gaining hands-on experience with respect to finding a
canvenient size of scaled explosive mass in relation to the wall thickness of the Enclosure at
convenient scaled standoff distancez, No senzorz were used, due to the uncertain variables.

Further to the above purpose, additional investigations were done, e 9. to determine the effect
of cost-effective damping methods on a CCA under blast conditions. This was & first-test ball-
park estimation eXperiment and was intended to establish whether there was visible
improvement when Using standard dampers (8.9, grommets) a5 8 mounting method, instead
of & rigid mounting method.

The choice of "grommets” as a mounting method stems from the calculation {see paragraph
an Acceleration and Displacement Frediction on page 48} that a relatively small (fram 3.75
mm to 1.5 mm) displacement was predicted during the high damage-acceleration time. The
method chosen for this experiment was to select Neoprenes grommets as a2 mounting method
for 80% of the CCAs, and no damping for the other 50% of the CCAs. Statistical information
was not expected as an output of this expenment. Therefore the physical arrangement was to
have both a “soft'-mourted as well as a rigid-mounted PCB 0 the same enclosure, and to
subject it to exactly the same acceleration within practical limits.

It was acknowledged that, if positive results accumulated from this experiment, further
experments could be devised to confirm the findings statistically. Simulation would also he
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required to confirm the findings, and to quantify the damping constants of the mounting
methods.

5.1.1.2. The UUT

The most cost-effective damping method seemed to be 1o use of "off the shel™ Neoprene
grommets {32e Figura 52}

Tutal mass
of CCA =
33.5 gram.

Neoprene
grommets

- o o w

Figure 52: Grommet mourting method

The electranics enclosures that were used for this experment are shown in Figure 53, Two
identical PCBs were mounted onte one side of the enclosure, and two identical PCBs were
meunted to the other side of the enclosure. A CCA on sach side made use of Neoprens
grommet mountings (see Figure 52). The enclosure was closed up with the soft-mounted
CCAs on the same side,

Total mass.
including CCAs.
batteries and
screws = 1996
gram.

Rigid

miunted
r PCBs

O=Ring to
seal the
enclosura

Figure 53.  The electronics shown in an opened enclosure unit
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Four of these enclosures (each containing four identical PCBs) were mounted at various
distances from the charge. After the explesion, the enclosures were recovered, openad, and
visual findings noted.

51.1.3. Component Choice

The components were chosen o represent a wide range of component types. Some were
chosen to be small outline SM compenents which are predicted to withstand the shock
envirgnment better. and some were chosen [0 represent components which would most
probably fail under shock conditions. These latfer components typically were the white
Burgess swifches the crystal. and the socket-mounted 1Gs. The component choice was
varied to assist with the determination of a damage threshold,

It was expected that the ICs would not withstand the forces that are apparent in the
accelerations near an explosion, and would be removed from the sockets. The removal of the
iCs would probably dampen the effect of the shock, and it was expected that the 1Cs would
still operate aftar the blast, if replaced in their ariginal sockels.

it was also expected that the crystals would sustain internal damage 1o the extent that they
would not operate. or they would operate at a different frequency.

It was expected that the military standard switches would withstand the shock environment
much better than the commercial switches,

It was expected that the soft-meounted FETS and regulators would withstand the shock
environment, due to the fact that the soldered wires would provide enough flexibility te absarb
the shock effects.

It was expected that the LEDs would withstand the shock, dus to their well-known rigid
construction.

5.1.1.4. Physical Test Set-up

Faur Aluminium enclosures, each containing four identical CCAs, were tied down with cable-
ties on a relatively “soft" frame of PVC piping (see Figure 54).

1 (8 'E. Fosition of

charge

im
L wd i AL
Lo V. ). =
¥
| Each enclasure
was marked with
“1 the corresponding

| serial number of
2| the CCAs it
contained, in the
relative pasitions
as mounted.

Figure 54:  Four enclosures mounted on a PVC frame

Measuraments and Analvses



Protection of Efecironics Against Underwater Explosions Fage B1
A Roux

A 29.2 gram Pentolite charge was placed at the centre of the frame (see Figure 53). Adding
the detonator explosives, this totalled 30 gram of sxplosives.

The areas facing
the charge ware
marked on all four
gnslosures. |

Cetonator

Pentolite charge

Figure 55: The position of the charge, relative to the enclosures

The frame was then turned upside down. and suspended from a crane at a depth of 2 m (see
Figure 53). The frame and enclosures were coverad |oosely with a net for easy recovery after
the explosion,

Figure 56: The test setup suspended below the water surface, at a
depth of 2 m
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The charge was then detonated from a safe distance and the four enclosures were recovered,
still in the net. The frame was damaged beyond repair, a5 was expectad.

5.1.1.5. Results and Analyses

The results are grouped into four sections, each relative to a specific distance from the hlast.
The closest electronics container was placed with its face 100 mm from the blast. and
numbered enciosure 1, The furthest container was 380 mm from the blast and numbered
enclosure 4.

51.1.5.1. Enclosure No T at 100 mm from the blast

This container sustained fatal damage to that face which was closest to the hlast (see
Figure 57).

The PCBs contained within this hgusing, serial numbers 01. 02, 03 and 10, are shown in
Figure 58. This housing was drenched in seawater as a result of the damage sustained on the
mechanics, and the components were hroken to the extent that the circuit had no chance of

aperation, and it served no purpose
e ese s to re-test the circurts,

The peak pressure at the surface of

Hollow, most this = specific  enclosure  was

.~ pronounced on the calculated o be hetween 180 MPa
seam, in the middle and 200 MPa, according 1o

of the rectangular calculations from Cale [5] The

face = 16 mm deep. | standoff distance of 100 mm was

less than 10 charge radii, and
therefore the eguations by Cole [5]
would have heen inaccurate. and
the peak pressure predicted to
actually be more than 200 MPa
Therefore  this peak  pressure
equated to a 40 kg charge at a
standoff distance of fjess  than
115 m {(which is closer than the
target user requirement of 4 m or 22
charge radii).

Figure 57; The housing with marked face
clgsest to the blast at 100 mm

An interesting cbservation was that the plastic deformation of the battery housing was in the
oppasite direction to the plastic deformation of the blast impact face (see Figure 57}, This
damage was caused by the fact that the enclosure movement was forced in one direction by
the blast. and the battery housing inertia resisted the motion. causing & refative movement
{with consegquent plastic deformation’ of the battery housing in the opposite direction. It i3
clear that the battery did not cause this battery-housing deformation. because both the
opposing side walls were deformed approximately equally (see Table 3}
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Table 3: Deformation guantities of the battery housing
Sidewall No Deformation of top of the sidewall (in mm}
1 4
2 29
10 &
3 53
Table 4: Deformation of the shock-loaded areas.
Sidewall Mo Deformation of the sidewall face {in mm}
2a 18
3a 15

The deformaticn illustrated that this phencmencr was in fact the prmary cause of all
glectronic component breakages, and supported the hypothesis {in the relevant chapter on
page 43} that high acceleration of the main object (housing) and the franslation of the
acceleration to the mechanical and slectronic components, would be the primary cause of
physical failure.
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MNote 1:
Plastic

"’ deformation
in different

direstions.

ounted
without
grommets.

founted
weith
r grommets,

Mote 2; Evidence
of possible
caollateral
damage,
{companegnts
bend in
uhnexpected
direction), ses
Figure 1.

Figure 58: Damage to the electronics, 100 mm from the blast

In comparison to cther resylis, it also supported (o a8 certain extent) the postulaticns on
page 52 of this study, that there is a threshold below which ne permanent deformation occurs.
The inertia of a component (mass = inertia = resistance o movemsent) tends to force relative
movernent hetween the component and the FCE on which it is mounted, tearing it off from the
PCB.

Ag a resuit of this observation, the selution would guite chviously be to use "soff” mounting
metheds for mounting those extremely inert components.

A conclusion that perains to this specific container was drawn that none of the circuitry was
expected to function. due to ingress of sea water, plus the fact that componants were broken.
Two types of switches were used, white {not MIL-STD, Burgess), and brown (MIL-5TD, used
in other military applications).

In both cases, the grommeb-syspended PCBs were the closest ko the explosion. It was
therefore not possible, n this specific case. lo conclude whether the grommets had the
desired damping effect. When looking at the FETs driving the LEDs (see Figure 58] on PCB
Mo .M. it Is noticeable that the FETS are bant further than the FETs an PCB No 02, whish was
closer o the explosion. The grommet-suspended results gave plausible indisation that the
damping-effect was evident The non-MIL-5TD Burgess switches were damaged beyond
repair, except in the cases where they were situated on the grommet-mounted FCE (see
Figure 50 and Table 5, This was further evidence that the grommet-mounted PCBs had
succeeded in damping the siectronic compeonents more effectively.
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Pags BS

Card 01 furthest
| but mounted
W | without grormmets.

Shock Direction

T ———

Card 02 nearest,
Eut mounted with
grommets.

Shock Direction
‘—_—_..

Figure 59: Comparing shock acceleration on FETs at 100 mm from

blast

Card {1 furthest,
but mounted
without
gromimets.
Switeh braken.

Shock Direction

- i

| Card 02 nearest,
out mounted with
grommets. |
Switch in tast,

Figure 60: Comparing shock acceleration on swiiches at 100 mm

from blast

Table 5: Damage to switches, side impact, 100 mm from blast

Switch Type Grientation 1

Cirientation 2

Marrow end towards

Burgess Swiiches: )
explasion

4 visibly slightly broken (non-

operational}

Honeywell 215X38-T 1 wisibily broken (3 were

Switches operational}

Long end towards explosion

4 broken

1 wisitily broken (3 were
opeiational)
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A concliusion was drawn that the Honeywell MIL-3TD switches withstood shock better than
the commercial Burgess switches, as had haen expectad.

Table 6: Damage to general components, side impact, 100 mm
from blast

General Components Remarks

DIF Integrated Circuits All DIP 1Cs were remaved from the sackets
SM ICs Ne SM |Cs were removed from their soldered positions

Test Paints 2x Test Points were removed from the PCBs

From Table §, it was clear that more components sustained damage (far example the test
pointg) than would be expected. This means that the standoff distance was too small.

Further (dhservations

There was evidence that collateral damage had been caused by the 10s which were removed
frem their sockets during the acceleration stages caused by the blast, and then impacted an
compenents in the vicinity (see Figure 81). One LED and cne FET was {maost prabably) struck
by the accelerating IC. and bent in the oppesite direction to what was expected. The LED that
was struck by the 1T was bent over and struck anather LED, which then shattered (ses
Figure 813

Figure &1: Collateral damage

5.1.1.5.2 Enclosure No 2 at 160 mm from the bilast

This enclosure contained CCA numbers 04 and 08 The charge size was 30 gram. At a
distance of 160 mm the peak pressure was predicted to be between 108 MPa and 115 MPa.
This was equivalent to a charge size of 40 kg, at a standoff distance of 1.8 m.

This enclosure was mounted with its (electronic) most susceptible face towards the blast, with
cards 04 and 09 closest to the blast within the container.
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Cards 04 and 09

Figure 82 and Table 7 and Table 8 show the results of this experiment (160 mm from the
blast).

Blast on
bottom face
of PCB

Figure 52: Cards 04 and 092 after the blast

Table 7: Faults on Card 04: Saft-mounted on grommeats
Comp 1D Fault Comments
C7 C13 Broken off from PCE SM capaciters on the face of the PCR nearest to the
' {On Bottorn of PCB) gxplosion, PCB moved away from capacitors,
AR Broken in half Does hot operate, but PCB connection still OK
Remaowved from the When replaced, the circuit was still operational, except
Cs
sockets for SW5.
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Table 8: Faults on Card 09: Hard mountad onto enclosure

Comp 1D Fault

Cormments

C14, C11, Broken off from PCE
R14 (On Top of PCB}

A0, G153 Broken off from PCE
C7, €6, C5  (On Bottam of PCB)

Ei8, R22,

R16, B21.  Broken off from PCB
Rz4 R1z2, {On Bnottom of PCB)
R23 R15

Removed from the

|

k3 sockets
S,

SWE, Broken
SVVE SWT

SM capacitors and rasister on the face of the PCE
furthest from the explosien. PCE whip-lashed,

S capacitors on the face of the PCB nearest ko the
explasion, PCB moved away from Gapacitors,

SM resistors on the face of the PCE nearest to the
explesion, and mounted near mounting screw: PCB
moved away from resistors.

Circuit will not operate, dus to SM components and
switches broken or remoyed.

Beyond operaticn

These PGE!s were the only instancas in this experiment of the Sk (surface mount} resistors

Figure 63:  Surface Mount
capacitors broken
away from their
soldared positions

Measurements and Analyses

and capacitors having broken away and being
catapulted from their mounting posticns. Although
there was less damage te the soft-mounted PCBs,
even they lost 2 components by this means. which
meant that the Neoprene grammet salution was
not ideal in this instance, in which the shack wave
propagation direction was perpendicular to the
FCB, and this stand-off distance was maintzined.
This gave cause for further investigation.

A close-up photograph was taken of one specific

FCB in which a SM capacitor was removed only
partially from the PCE {see Figure 63},
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Cards 14 and 16

The results for cards 14 and 16 are shown in Figure B4 and Table 9 and Tatile 10.

Blast onto top
face
{compaonent
sides of PGB

Figure 64: Cards 14 and 16 after the blast

Table 3: Faults on Card 14; Soft mounted on grommets

Comp D Fault Comments

Removed from the

ICs When replaced. the circult was still cperational.
sockets
One LED {red) was When another LED was soldered in parallel to this
LEDs . P ; :
non-operational LED, the circuit was again fully operational.
Table 10: Faults on Card 16: Hard mounted onto enclosure.
Comp iD Fauit Comments
4, C3, Braken off fromn PCEB  SM capacitors and resistor an the face of the PCE
G111, R4 {On Top of PGB} nearest io the explosion.

R20, R15 Broken off from PCB  SM resistars on the face of the PCE furthest away from
{Cn Bottorn of PCB) the explosicn, ahd mounted near mounting screw.

ICs Remaoved from the Circuit would not operate, due to SM compeonents and
sockets switches broken or removed.
S, SWT Broken Commercial switches only, broken beyond operation

Measuraments and Anafyses



Protection of Electronics Against Underwater Explosions Page 90
A Roux

Further observations

The cards that were mounted with grommets sustained the least damage, In fact, when the
ICs were replaced onto cards 04 and 14, (soft-mounted). both circuits operated correctly,
except for the broken switch, SWE5.

The hard-mounted card {09), sustained more damage:. afl four switchas were broken, and a
number of SM resistors and capacitors were removed from the PCE. The SM components
which were removed were from both sides of the card. It is probable that the high
perpendiculsr acceleration and deceleration that the card expenenced during the shock
period was adequate, dus to inertia, to overcome the bond strength of the surface-mounied
capacitors and resistors,

The shocok was damped by the enclosure (a5 could be seen from the indentations on the

battery compartments), and thus the other hard-mounted card (card 16} lost only 6 SM
components, compared to card 08, which lost 16 SM components.

5.1.1.5.3. Enclosure No 3 at 370 mm from the blast

The charge size was 30 gram. At a distance of 210 mm the peak pressure was predicted to
be between 51 MPa and 54 MPa. This was equivalent to a charge size of 40 kg, at & standoff
distance of 3.4 m,

This enclosure was mourted with its (electronic) least susceptible side towards the blast, with
cards 07 and 15 closest to the blast, see Figure 65 and Figure 66 25 well as Table 11 to
Table 14 for the results.

Cards 07 and 08

Shock
direction

Figure 65: Cards 07 and 08 after the hlast
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Tabkle 11:  'Faults on Card 08: Soft mounted on grommets
Gomp_I.D Fault y Ccmmentﬁ.
General Mo fallts Complate circuit was operational.
Table 12 Faults on Card 07: Hard mounted onto enclosure
Comp ID Fault Comments

Dnly one (counter) G
ICs removed fram the
socket

When |C was replaced. only the ascillator circuit was
operational. The UP circuit was non-operational

XTAL bent slightly towards the shock, uncertain if this

PRIt REes Pt Opelale is the cause of P malfunction.

Cards 13 and 15

The results for cards 13 and 135 are shown in Figurs 66, 85 well a3 in Table 13 and Table 14.

Shock
direction

Figure 66:  Cards 13 and 15 after the blast

Table 13: Faults on Card 13: Soft mounted on grommets

Comp D Fault Caomments

B8-Pin IC was moved
ICs slightly, but still made The complete circuit was operational
contact.
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Table 14: Faults on Card 07: Hard mounted onto enclosure
Comp 1D Fault Comments
i Both 1Cs were After re-insertion of the ICs, the complete circult was
? removed. operational.

Further chservation

Al components were uhbroken, Excention; card 07, which malfunctionad for some unknown
reason. Further investigation is required to identify the cause.

51.154. Enclosure No. 4 at 360 mim from the biast

The charge size was 30 gram. At a distance of 360 mm [from Appandix 2) the peak pressure
is calculated to be between 43 MPa and 46 MPa. This is equivalent to a charge size of 40 kg,
at a stand-off distance of 4 m.

This enclosure was mounted with its {electronicy most susceptible face towards the blast and
cards 11 and 12 were the closest to the blast, see Figure B and Figure 88, as well as
Table 15 10 Table 18 for tha results.

Cards 11 and 12

Mo 1 i
Blast an

bottom |

face of |
FCB

Figure 57: Cards 11 and 12 after the blast

Table 15; Faults on Card 12: Soft mounted on grommets
Comp D Fault Comments
Generai No Faults Cireuit fully operational.
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Table 1&: Faults on Card 11: Hard maounted onte enclosure
Comp ID Fault Comments
ICs Both |Cs were Whean |Cs were replaced, anly the oscillatar circuit was
removed. operational, The WP circuit was non-operational.

Cards 05 and 06

Blast onta top
face

i {component
sitde) of PCB

=xm
==

\ 4

Figure 68: Cards 05 and 08 after the blast

Tahle 17: Faults on Card 05: Soft mounted on grommets
Comp ID Fault Comments
e Baoth DIF [Cs were After re-inserion of the [Cs, the complete circlit was
removed. operational.
Table 1%: Faults on Card 06; Hard mounted onte enclosure
Comp ID Fauit Comments
1Cs Both DIP 1Cs were When ICs were replaced, anly the oscillatar circuit was
removed. operational, The pF circuit was non-operational.
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Further Observation

After re-insertion of the |Cs, both the soft-mounted PCEs were fully operational. Both the
hard-meounted PCBs had faults on the pP circuitry, in that no function was detectad.

51.1.6. Simulations

The rasult for Enclosure Mo, 1 as was reported on Page 82 and the result for Enclosure No 2
as was reported on Page 86, are summarised as follows:

i The surface area that faced the shock loading at a standoff distance of 100 mm,
suffered severe damage due to the enclosure being deformed into its plastic
regian. A "dent’ was created on the said surface.

2 Enclosure Mo, 2 which was positioned at a standoff distance of 160 mm, did not
display any visual deformation after blast loading

These large wvarigtion in the results were unexpected and difficult to explain, Due to the
difficulties of interpretation, Snyman [18] performed a simulation on Autodyne of the two
instances discussed above.

Snyman [19} used Autodyne for simulation. He used the Euler solver for the water and

explosive charge and the Lagrange solver for the Aluminium box. The mesh for the
computation of the 100 mm and 313 mm standoff distance is shawn in Figure 65

EE -1k o

™[ E LK

Figure 63: The computational model used for the 100 mm and
310 mm (courtesy of Snyman [19])

The result is shown in Figure 70 Visual inspection shows remarkable correlation of the
permanent deformation, vet the depth of the “dent” was calculated by simulaticn ko be
11.3 mm, which is below the measured depth of 16 mm. The deformation is therefore under-
predicted by sirmulation.

Meazurements and Analyses
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Figure 70: Comparison of the simulation result with the empirical
result of Enclosure Na. 1 after shock loading

The walls of the battery compartment were permanently deformed in the opposite direction
due to inertia, which is demonstrated clearly in Zigure 71, supplied by Snyman [19].

AFTAHARE il a
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Welocity of

the outer \ :
walls of the
enclosure Relative velocity "
7y of the battery i
. d compartment s
|:..-,I-=.. . Wa“s LT
Bay S srnkire FITY S

Figure T1:  The velocity distribution of the enclosure at 120 s after
the collision with the shock wave

The simulation {of the blast using the enclosure which was positioned at 180 mm) showed
negligible permanent deformation. This fact correlated well with the expenimental result
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5.1.1.7. Conclusions

1. From the evidence produced by this experiment alone, it is clear that the soft-
mounted PCBs survived the shock of the explosion better than the hard-mounted
PCBs, although undue damage was still sustained. There is thus ample motivation
for doing further investigations to improve and optimise the soft mounting method.

2. Simulation results with respect to permanent deformation of the enclosure showed
remarkable correlation with the empirical result. The conclusion was that there was
a threshold in the near field of the explosion where parameters of the blast
phenomenon (which included the bubble and the temperature gradients) interacted
non-linearly with the material of the structure to cause permanent deformation or
rupturing.

3. A significant result is that of CCA numbers 04 and 09. It is clear that:

a. The soft-mounted CCA sustained damage to the SM components on one
side of the CCA only. This means that the acceleration of that CCA only just
exceeded a damage threshold for SM components.

b. The rigidly mounted CCA sustained SM damage to both the top and the
bottom areas of the CCA This means that the damage threshold was
exceeded for SM components, both in the positive and negative halves of the
acceleration curve. Although the acceleration is not known at this stage, this
evidence supports the postulation of this study.

4. The soft-mounted PCBs that were positioned in enclosures further away from the
explosion survived the shock better than the soft-mounted PCBs closer to the
shock, as expected.

5. On the evidence that only two SM components were removed, and one switch
broken at the experimented 180 mm stand-off distance (card 04), it is concluded
that it is quite possible to harden electronics against shock caused by a 40 kg
charge and at the required stand-off distance of 2 m, which produced the same
amount of shock as in the case of card 04. The condition for this finding is that the
“soft” electronic components that are prone to damage, and which have been
included to find the damage threshoid, should be hardened by replacement with
gither surface mounted components, or design changes should include other
components which would withstand the shock loading.

8. When comparing enclosures 2 and 4 (see Figure 54), in both of which the most
susceptible axis of the PCBs were facing the blast, it was found that the soft-
mounted PCBs contained in enclosure 2 sustained damage whilst the soft-mounted
PCBs in enclosure 4 sustained no damage. This supports the postulation as
described on page 52.

7. On the evidence from the SM components that were dislodged from the PCBs
(cards 04 and 09), it was concluded that the grommets used in this experiment,
were too hard. It seems as if a softer compound grommet or softer mounting of
another material is required, with enough translation potential, to protect
components against tearing from the PCB in the most susceptible axis.

8. The ICs mounted in sockets have shown a larger degree of rigidity than expected.
in 7 instances, the ICs were still positioned in the sockets.
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9. No conclusion could be drawn concerning the crystals, due to the impossibility of
examining them internally. The evidence revealed that only two crystals were
dislodged from the PCBs, which is much better than expected. However, 3 uP
circuits were not able to function, for no apparent physical reason. The faulty
crystals may or may not be the cause of dysfunction. Further investigation is
required.

10. The MIL-STD switches withstood the shock environment much better than the
commercial switches, as expected.

11. The plastic FETs and regulators as mounted freely on the three wire terminals
withstood the shock environments, as expected.

12. One LED failed, which, due to the proven reliability of this type of component, was
not expected.
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5.1.2. Experiment 2: First experiment which included
Accelerometers and Pressure Sensors

51.2.1. Purpose

The purpose of this specific experiment was to measure the acceleration of the enclosure
when it was subjected to blast loading, and at the same fime {0 measure the acceleration of
the contained CCA, which was mounted on grommets. The acceleration attenuation was to
be caiculated and a conclusion drawn concerning the efficacy of the grommets for
safeguarding the electronic components against failure due to acceleration effects. The
experiment made use of a scaled blast, using a 30 gm charge, and a typical stand-off
distance of 750 mm.

5.1.2.2. Equipment

A bought-in signal conditioner was used in conjunction with all four sensors. The equipment
list was as follows:

a. PXi computer with a fast independent four-channel A/D conversion card with
interface connection box.

b. Custom detonator-computer synchronisation box.

c. 1x Tourmaline blast pressure sensor with sensitivity 0.5 mV/psi, with a 20-m low
noise cable.

d. 1x Tourmaline blast pressure sensor with sensitivity 0.1 mV/psi, with a 20-m low
noise cable.

e 2x PCB accelerometers with identical specifications, with 20-m low noise cables.
f. Mounting frame and cables.

g. 100 MHz Storage Oscilloscope for measuring the synchronisation pulse.

5.1.2.3. Sensor Mounting Arrangement

The two accelerometers were mounted inside the electronics container (Figure 72).

Four identical CCAs were used in one enclosure. Two CCAs were mounted onto one side of
the enclosure, and two CCAs were mounted to the other side of the enclosure. Neoprene
grommet mountings were used for one of the CCAs on half of each enclosure. The other two
CCAs were mounted firmly onto the Aluminium casing. The enclosure was closed up in such
a manner that the soft-mounted PCBs were opposite each other (see Figure 72).
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Accelerometers Harg-
mounted

PCBs.

Grommet-
Mo nted

Figure 72:  Accelerometer mounting positions in the enclosure

Orne of the two dentical accelerometers was mounted firmly onto the container through the
FCE. with a fastening torque of 1 Nm. The other accelerometer was mounted onto the PCB
{using a8 nut to fasten the accelerometer) of a8 grommet-mounted CCA with a torque of 1 Nm.
The orientations of both sensors were such 25 o produce a positive wolitage when the
direction of the acceleration was in the direction of the movement of the shock wave, This
catered for a shock wave direction as indicated in Figure 73.

Crientatian of the
ascelerometers relative
t2 the mowvernent of the

Direction of movement
of the shock wave

shock wave
Jne acceleromater r;'f +— Electronics
mounzed on PCE \ { Enclosure

Figure 73:  Accelerometer orientation relative to the diregtion of
the shock wave’s movement

The electronics enclosure containing the accelerometers was mounted onto a collapsible
PYC frame. The shock pressure sensors were mountad onto the frame in such a2 manner that
the shock wave would reach the enciosure before it reached the sensors, but alse in such a
manner that reflections from the enclosure could not interfere with the pressure
measuraments {see Figure 74).
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Fosition of first
Fressure SENSGT

Fosition of the
Test Enclosure

Position of the
explosive charge

Position of second
Pressure Sensor

Figure 74:  lllustration of the frame, showing the mounting
positicns of the sensors, test Enclosure, and the
explosive charge

The senzors were not mounted symmetrically, in order to measure the propagation velocity,
and verify this infarmation with the theory.

51.24. Custom Synchronization Equipment

The custom firing and synchronisation equipment (Figure 75) used in the previous experiment
(page 78], was used unmodified in conjunction with the IMP! military fifng unit  The
synchronisation equipment senses the positive
Fising edge of the current passing through the
detenator. This preduces & TTL-compatible signal
with which the PX| computer synchronises the
measuremant pericd of 1 second to capture the
complzte blast event. Various tests were conducted
to ensure that the synchronisation eguipment was
functicnal.

Figure 75:  The Custom Synchronisation Unit
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5125, Physical Test Set-up

One Atuminium enclosure containing four identical PCBs was tied down with cable-ties on a
relatively "soft” frame of PV piping (see Figure 78).

Pasitian of

sharge _' Test Box
cantaining the
accelerometers.

Shock pressure
BENSCIS.

Figure 76:  The enclosure mounted on a PVC frame with the charge
and sensors in position

A 282 gram Penfolite charge was placed at the indicated position on the frame. With the
getonator explosives added to the Pentolite charge, the total charge weight was 30 gram.

The frame was then turned upside down, suspended from a crane isee Figure 773 and
lowered to a depth of 2 m below the surface of the water. The enclesure was covered loosely
with 3 met for easy recovery after the explosion.

A period of two minutes was allowed for the sensors to settle, to obtain a steady state for the
test setup below the water. Continuity between the signal canditioner and the sensors was
checked.

The charge was then detonated from & safe distance, and the enclosure plus sensors were
recowvared. The frame was damaged beyond repair, 8s expected, but the sensors and wires
were 100% intsct.

It was expected that the mpact of the shock on the frame would have an effect on the
measurement of accelerations, because the electronics enclesure was nol completely
igolated from the frame. It was fastensd by cable ties, and nested cn sponge rubber. The
effect was expected to be insignificant due to the fact that it would cccur before the shock
wave arrived at the enclosure. Sound travels “aster in materials of higher gdensity. thus the
shock travelling through the frame, would reach the electranics enclasure before the shock
wave travelling route through the water.
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Figure 77:  The test setup being (owered to below the surface of
the water, to a depthof 2 m

5.1.2.6. Results and Analyses

51.2.6.1. Damage Assessment

The test box was opened after the first blast, and the CCAs were tested. The results are given
in Table 19 and Figure 78,

Table 19; CCA test results after Event 01

COA number Remarks

The microprocessor circuitry was faulty. All other components

PR o s were unaffected. and the [Cs were still in the sockets,

The microprecessar circuitry did net function. One 1€ was
removed from its socket, whilst the other 1C was still in its soccket.
All gther components were unaffected. When the loase IC was
replaced, the circuit that it was part of was operatianal.

Mo 06

Both socket-mounted 1Cs were displaced from the sockets. When
Ma 11 they were teplaced into their sockets, the complete citcuit,
including the microprocessor. was gperational.

All 1ICs were intact in the sockets, and the full circuit was

Mo 12 (Saft mounts) e
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Notes: From the results of the previous experiment (page 78], it was found that the
microprocessor crystals of CCAs 11 and 06 were faulty. These crystals were replaced after
the expariment, using a strain-relief technique. The original crystals of CCAs 05 and 12 were
kept unchanged for this experiment, and the traditional mounting technique was used. After
this experiment, both the crystals of CGA numbers 05 and 06 were fauity. After replacement
of the crystals. all crcuits were again fully functional. No conclusion with respect to the crystal
mounting method is possible from this result, because one tradiional and one strain-relieved
crystal were faulty. Both the crystals of the CCAs which were mounted closer to the
explosion, were affected adversely.

its socket,

COA 12 mounted
an gr:-mmets,

CChA 08, hard-maurted,
has ane IS ramowed frarm

A1 hand-
miauntad,
having both 1Cs
remavad fram
the sockets.

showing na physical

Figure 78:  The four CCAg after Event 01

Field replacement of the crystals was not possible. Only the [Cs were replaced into their
sockets, and the enclosure was again assembled for the second test |t was noticed that the
iC insertion was not met with the regular physical resistance, indicating that less forse would
be required to extract the |Cs under shock conditions. This was due to the numerous times
{(wear on the pins and sockets) that the 1Cs were replaced, while using the same components
that were in the sockets on previous occasions.

A second blast was obtained with the same setup as for Blast 1, to abtain comparative data.
The second blast results are shown in Figure 75 and Table 20,
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CCA 1Y hard-mounted,
hawing both ICs removed
from the sockels.

CCA G5, mounted on
gremmets showing no

physical damage

{ CCA L8, hard-maunted,
has one |G removad from

CCA1Z mounted on its socket.
gremimets, showing no

phiveical damags.

Figure 79: The CCAs after Event 02

Table 20: CCA test results after Event 02

CCA number Eemarks

The microprosaessor circuitry was faulty (un-repaired frem
No 05 (Soft mounts) Event 01). All other components were unaffected, and the ICs
were still in the sockets,

The migroprocessar circuitry did not funstion {un-repaired from
Event 01). One |G was removed from its socket whilst the

Mo 05 other 1C wag still in its socket All other components were
unaffected. When the loose |G was replaced, the ircuit that it
farmed part of waz cperationai.

Both sccket-mounted 1Gs were displaced from the sockets.
Mo 11 Withen they were replaced into their scckets, the complete
cirguit, including the microprocessor. was operational,

All ICs were intact in the scckets. and the full circult was

Mo 12 (Soft mounts) o

The above result is exactly the same as for Event 01,
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5.1.2.6.2 Measurement Resulls
5.1.2.6.3. Acceleration Measurements during Event 1

Accelerometer 1 was mounted on the PCE, and Accelerometer 2 was mounted on the
enclosure, As can be seen in Figure 80, the resultant ocutput of Accelerometer 1 is an
amplitude-reduced, phase-shifted response relative to Accelerometer 2, Compare this result
with the simulated result from the report [1] in Figure 81 and Figure B4, From this result, the
empircal damping factor can now be detarmined, if required for further simulation,

Acceleration: Event 1

8000000 +50 788 g

40000.00

2000000

-4 0000, 20
-5L000.28

-20000.00
g E Tima (ps)

Figure 80;:  Acceleration results for both sensors for Event 01, over
the first 140 ps after the shock wave collision

5.1.2.6.4.  Object motion during Event 1

Enclosure muotivn. Event 1;

The acceleration of the electraonics container that was measurad during Event 1 {Figure 80)
was double-integrated to find the displacement of the container. The result on getting rid of
the integraticn constants is shown in Figure B1, This result showed that the displacement as a
conseguance of the shock wave collision with the Enclosure occurred approximately 1 mm

after 1 ms.
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Metion of the Enclosure: Event 1
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Figure 81:  Double integration of the acceleratiﬁnagftﬁe electronics
container, producing the displacement of the container
during Event 1 over the first 1 ms period

CCA motion. Event 1:

The double integration process applied to the accelaration of the CCA produced the motion
result depicted in Figure 32,

Motlon of the SCA: Event 1

Acceleratlon (gt 100D
welacity fmis)
Displacement (mm}p
m
=
{1

-4.00 -

Time (Ws]

Figure 82: Double integration of the acceleration of the electronics
CCA, producing the displacement of the CCA during
Event 1 over the first 1 ms period
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Cwer the first 1 ms after the shock wave collision with the Enclosure, the displacement was
negative, due tc the negative acceieration during the first 50 ps. The velocity was also
negative (relatively small amount), causing the displacement to be negative, On face value, it
would be expected that the acceleration of the CCA would start with @ similar polarity to the
acceleration of the Enclosure. However, if the shock front collided with the Enclosure at an
angle slightly cifset from zero degrees. a swivelling effect would be experienced by the
Enclosure,

The two accelerometers were offset by approximately 50 mm on the horizontal plane, and this
had the resylt that the offset shock front changed the polarity of the offset accelerometer. This
effect was also demcnstrated in Figure 51 in which a laberatory setup with a hammer
providing the acceleration is shown. The inertia of the Enclosure (approximately 2 kg) caused
the relatively long time delay to obtaining a positive displacement.

Relative Displacement, Event 1:

The relative dispiacement between the Enclesure and the CCA over a pericd of 16 ms is
shown in Figureé 83. The fact that the shock front collided with the Enclosure at a slightly offset
angle caused the large relative displacement between the Enclosure and the CCA (4.1 mm -
see yellow curve in Figure 83).

Eelative Displacement

20,00 |

- Relativa displace~ent ;1
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Dizplacemant {mm}
=
=
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Figure 82  The relative displacement of the Electronics Container,
relative 1o the CCA, using grommet suspension during
Event 1 over the first 1 ms period
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5.1.2.6.5. Acceleration Measuremenis during Event 2

Event 2. Accelerationing

sooo0. oo
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Figure 84:  Acceleration results for both sensors for Event 2 over
the first 140 ps after the shock wave collision

5.1.2.6.5. Ohbject motion during Event 2

Enclosore Motion, Event 2:

The acceleration that was messurad on the CCA during Event 2 {Figure 85) was double-
integrated to find the displacement of the CCA. The result obtained after elimination of the
integration constants is shown in Figure 85. This result shows that the displacement as a
cansequence of the shockwave collision with the Enclosure, which was passed onto the CCA,
cccurred approximately 0.5 mm after § ms.
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Metion of the Enclogurs: Event 2
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Figure 85:  Double integration of the acceleration of the electronics
container, producing the displacement of the container
during Event 2 over the first 1 ms period

CCA motion, Event 2:

The double integration process applied o the acceleration of the CCA produced the motion
result as shown by Figure 85

COwer the first 1 ms after the shock wave collision with the Enclosure, the displacement of the
CCA was negative, due to the negative acceleration during the first 50 ps. The velocity was
glso negative (relatively small amount) causing the displacement to be negalive. Similar o
Event 1, the shock wave Incident angle was slightly off-zerc with the result that a swiveliing
effect was most probably experienced by the Enclosure.

The two accelerometers were offset on the horizontal plane by approximately 50 mm, and the
affset shock frant consequently changed the polarity of the offset accelerometer. The inertia

of the Enciosure (approximalely 2 kg) caused the relatively long time delay in obtaining a
positive displacement
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Matlon of the CCA: Evant 2
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Figure 86:  Doublg integration of the acceleration of the electronics
CCA, producing the displacement of the CCA during
Event 2 over a period of the first 1 ms.

Relative Displacement. Event 2:

The relative displacement between the Enciosure and the CCA over a period of 16 ms is
shown in Figure 87. During Event 2, the maximum relative displacement (yellow graph} was
approximately 0.9 mm, and it oceurred during the first 1 ms of the event,

Ralativa Displacement

Displacement [mm)

Time {pE]

Figure 87 The relative displacement of the Electronics Container,
relative to the CCA, using grommet suspension during
Event 2 over the first 1 ms period
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51.26.7. Summary: Acceleration Results

The tweo acceleration results (Event 01 and 02) were similar, a3 tabulated in Table 21. In both
cases, the negative half cycle of the accelerations was larger than the positive half cycles, but
the net digplacement was in the direction of the positive acceleration. The akbenuation
produced by the damping effect of the grommets was therefore saleulated in dB relative to the
acceleration positive half cycle.

Table 21: Maximum accelerations.
Blast Maximum Pos Maxirmurm Neg Maxirmurm
T Acceleration Acceleration Acceleration Attenuation
Enclosure Enclosure measured on CCA
3| S0 7A8 g -57 295 g +1500 g 15,82 dB
02 5763049 -F7 363 g +13580 g 16.30dB

The acceleration attenuation is the amplitude portion of the damping co-efficient (6] of
Equation 31. The phase relationship is not discussed in this study, because it was postulated
that the amplitude of the acceleration was the phenomenon that caused the damage.

Result of the spring ¢ffeet of the PCR

The spring effect of the PCE (manufactured from FR4 fibre glass composite rmaterial) on
which the electronic components were mountzd, has not been discussed before. It is
necessary to investigate the movement of the accelerometer that was mounted on the PCE o
explain the cyclic nature of the CCA displacement curve as shown in Figure 83 and Figure 87

In both the foregoing Figures it could be seen that the Enclosure statted mowving in the
direction that the shock waves were moving at the point of collision. The inerfia of the CCA
working in concert with the damping effect of the grommets, as well as the spring effect of the
PCB, caused the displacement of the CCA to introduce a time constant, bringing the CCA into
matien at a delayed time. The inertia of the CCA and the stiffness (spring constant) of the
PCB then caused the CCA to uvershoot the position of the Enclosure at paint A, in Figure 87.
Al paint B in the Figure, the Enclosure passed by the CCA, relative to its motionless position.
This means that the stiffness of the PCB played a large role when the grommets were used,
The damping effect of the grommets, plus the damping effect of the PCE. contributed to the
overall damping effect. However, the combined damping did not allow enough reduction in
acceleration to have precluded damage, as noted in Takle 19. The conclusion could be drawn
that the gremmets were not the ideal solution to the damping problem under shock loading.
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5.1.2.6.8. Pressure Measurement Analysis

Fvent 1 Shock Pressure
The pressure measurement results are shown in Figure 88 and Figure 89,

174 MPa |

Reflections

wi

— Prassurg 1
[ Fiessura 2

o

Pressure in MPa

L

Figure 88:  Two shock pressures measured during Event 1
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Figure 83;:  Shock pressures measured during Event 2
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51.26% Summary: Pressure results

Fressure measurements are discussed here only to confirm that the pressures were in
relation to the values that would be expected for 2 30-gram explosive charge. The measured
maximum pressures are shown in Table 22 and Figure 90,

Table 22 Maximum pressures.

E_uenh’sensqr Maximum Fressure Calculated Maximum Sitrdiolt Bittahee ik
umber . {MPa) Pressure (MPa) :

1/ Sensor 1 18.1 10 48 ' (.733

1/ Sensor 2 17.4 19.13 0.745

2! Sensor 1 ol B 1948 0733

2/ Sensor 2 168.0 1913 0745

Sensor 1 denotes the sensal closest to the blast, and sensor 2 denotes the sensor furthest
from the blast.

Shock Amplitude vs Distance from Blast
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Figure 90: Calculated and measured maximum blast pressures

The results of the measured peak pressures did not follow the traditional shock pressure
curvature of a typical blast closely, as would be expected (see Figure 88 and Figure 89). The
abnormality could possibly have been due o a small amount of movement of the senasor
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during the shock wave measurement. Ofher reasons for this may be reflections or other
interactions. and werg not researched as part of this study because it was not important to
this research. What was important was the fact that the measured pressures (sese series 3 in
Figure 909 correlate with the theorstical values to the extent that confidence was established
in the acceleration measurement vafues.

5.1.2.6.10. Bubble measurememt

The measurement duration was exended in time to capture the bubble’'s sffect on
acceleration and pressure. as shown in Figure 91, and the bubble pressure effect is tabu lated
in Table 23,

!
1
LIS

Figure81: The bubble pulse influence on pressure and
acceleration
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Table 23; Bubble pressure and accelerations as a result of the
bubble pulsa
Maximum Madmurn
Blast number {1 Bubble Acceleration
Pressure (MPa) (g}

Fressure Sensor 1 27

Pressyre sensar 2 1.9

Accelerometar 1 (on PCE) 385
Accelerometer 2 {on enclosure) 1256

Mata: The bubble period was measured to e approximately 20 ms {sge Figure 213, which
cofrelates well with the Bubble Period calculated from Eguations given by Brett [1], see
Equation 33.

|
i = KWL < 33}: --------------------- 33

Where ¥ = a constant specific to a given explosive type = 4 268 for TNT
W =the eguivalent mass of the explosive charge in b TNT
Z  =the water depth in feet

Lsing Equation 33, and substituting 30 gm Pentolite (equivalent to 0.0746 b of TNT) into W,
2m {or BE ft) inte 2. and using K = 4 288 for TNT, the Bubble Period was calculgted to ba
84 ms. This confirmed the measured disturbance at 80 ms as being the first bubble pulse

Although the bubble pulse produced much less (approximately 1/10) pressure when
compared to the mitial shock wave, the acceleration on the PCB was only reduced to 25% of
the acceleration caused by the shock wawve This was as a result of the longer period of the
bubble pulss as compared to the shock wave, oversoming the inertia with time.

Measurements and Analyses



Protection of Electranics Against Underwater Explosions Page 116
A Roux

5.1.2.7. Problems encountered

The problems encountered during thiz exercize are listed as follows:

a There was not sufficient shade on the jetty to be able to see the details on the
oscilloscope and computer screens. Make-shift screening methods were used and
these were |ust adequate for seeing the details only, but not of adequate standards
conducive to good experimentation.

b The lack of shade, as well as fack of a proper equipment-safe workspace,
contributed to the fact that the oscilloscope measurements could not be seen or
photographed, and was therefore omitted. The time of detonator function could
therefore not be taken. The wariance in time from moment of measurement-
initiation o time of arrival of the shock wave at the accelerometers could be the
variance in detonator funclion time, but this statement could not be resolved due to
this specific lack of infarmation.

c. Diue to time required for setup, only two valid explosion events were possible.

d.  There is evidence that the connection between the Pressure Sansor and the cable
was momentarily disrupted after the collision with the shock wave. See pressure
measurement over expanded time frame in Figure 82

120 -
Fogsible
temnporary open
cirguit in the

L connestor at the
SENEOr -
connestion with

_— the cabie.

il -

|—--?m55JrE 1

— Preszare 2 |

Pressure (MPa)

Tirme {ys]

Figure 92:  Pressure measurements over expanded time frame
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5.1.2.8. Conclusions

5.1.2.8.1. Displacement analysis

it was predicted in Chapter 3 that the movement of the enclosure during the shock wave
acceleration peaks would be relatively small. In fact, the movement during the first
acceleration peak was predicted to be in the order of 1 mm. This led to the design-conclusion
that damping mechanisms could physically be relatively small, allowing for the movement of
approximately 1mm, hence the choice of grommets as damping mechanisms.

The relative displacement between the electronics enclosure and the CCA during the first
peak acceleration period was less than 1 mm in Event 1 (Figure 83), and less than 0.5 mm
during Event 2 (Figure 87). This meant that the damping mechanism was, as had been
predicted, a means to allow "soft’” movement of the enclosed electronic units to protect the
electronics from damage. The choice of a grommet, which in general allows movement of
<1 mm, is not regarded as the best solution for the acceleration rates greater than those
experienced in these experiments.

54.2.8.2. General

a. The pressure measurements were within expected limits, but could be done more
accurately if the test set-up were to be improved. The pressure amplitudes
correlated very well with the empirical values of Cole [5], and therefore it was
concluded that complete detonation had occurred.

b. The acceleration measured on the enclosure was within expected limits when
compared {o the measurements by Brett ef a/ [2].

C. There was a drastic reduction in acceleration between the enclosure and the
grommet-mounted CCA. Although there was not enough statistical evidence to
guarantee that the present acceleration reduction of approximately 16 dB
(Table 21, last column) would repeatedly be achieved in practise, both the fests
yielded results which were within the same amplitude ranges. This also means that
there is no statistical evidence to the contrary. Although a degree of credibility is
evident, further tests are suggested.

d. From the repeated failures of the crystals only, it was evident that crystals provided
the weak link in the chain with respect to this specific environment. It is suggested
that an alternative time pulse generator be used in the electronics hardening
process.

e The repeated finding that some ICs were dispiaced from their sockets indicated
that this also constituted a weak link in the chain under the prevailing conditions. it
is suggested that the ICs be soldered directly onto the PCB as an electronics
hardening action.

f. Apart from conclusions d and e, above, the other components on the PCBs were
unaffected by the blast-events during this experiment. The achievement at this
stage, (taking into account that the crystal can easily be replaced by components of
the same type as have been used in this test unit, and that the ICs can easily be
soldered directly), is that the electronics as used in the test unit would be immune
against a blast caused by a charge of 40 kg at a distance of 8§ m. Although the
general target user requirement mentioned on page 18 is 5 m, the accelerometer
amplitude measurement capability is only 100 000g. Al the presently scaled
distance, accelerations close to 100 000 g have already been measured. Moving
the test unit closer to the blast may result in damage to the sensors.
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5.1.2.9. Recommendations

a. To design an improved frame on which the sensors could be mounted so that
minimal sensor movement would be allowed during the arrival of the shock pulse,
and for one subsequent second.

b. To repeat the same tests and then to correlate the findings with previous
measurements.

c. To repeat the tests and measure acceleration only on the dampened PCBs fo
enable the target distance (40 kg at 4 m) to be achieved.
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5.1.3. Experiment 3: Second Experiment which included
Pressure Sensors and Accelerometers
5.1.3.1. Purpose

This experiment followed on from the first experiment (on page 98) to gain statistical data on -
the accelerations that may be expected vs. the stand-off distance.

In the previous experiment, it was found that the frame was damaged bevyond repair, and
therefore a more durable frame was constructed for further experimentation. The main aim of
this interim experiment was to establish whether the newly designed frame would withstand
the rigour that was expected in the next experiment, which used an up-scaled charge (390 gm
in stead of the 30 gm used in the previous experiment).

5.1.3.2. Equipment

The equipment list was as follows:

h. PXl computer with fast independent four-channel A/D conversion card with
interface connection box.

i. Custom detonator-computer synchronisation box.

j- 1% Tourmaline blast pressure sensor with a sensitivity of 0.5 mV/psi, with a 20 m
jow noise cable.

k. 1x Tourmaline blast pressure sensor with a sensitivity of 0.1 mV/psi, with a 20 m
jow noise cable.

L 2x PCB accelerometers with identical specifications, with 20 m low noise cables.
m.  Custom-made Aluminium mounting frame and fioat,

n. 100 MHz Storage Oscilloscope for measurement of the synchronisation pulse.

5.1.3.3. Accelerometer Mounting Arrangement

The same electronics enclosure used for the previous experiment was used for this
experiment, and the accelerometers were positioned at exactly the same positions (see
Figure 93).
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Hard-
oL nted
PCBs

Accelerometers

. Grommet-
mounted
PCBs

Figure 83:  Mounting of the accelerometers

The azsembled unit containing the accalerometers and the electronics was fastenad anto the
frame end using duct tape. The electronics unit was seated on sponge rubber, to minimise
any high amplitude movements of short duration of the frame being passed on to the
accelerometers (see Figure 94).

Fully assembled
Electronics Unit,
containing

accelerometers.

Sponge
rubber,

Frame end.

Figure 84:  Electronics unit mounted on the frame end.

5.1.3.4. Pressure Sensor Mounting Arrangement

The Pressure Sensors were mounted in such a manner that the two sensor elements were
next to each other, to enable good comparison of pressure amplitude and waveforms. These
sensors were positioned on sponge rubber. and duct taped to the frame. see Figure 85 The

shock wave was expected to reach the pressure sensors uninterrupted by any hardware, see
Figure 54,
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Figure 85. Mounting arrangement of the Pressure Sensors

5.1.3.5. Custom Synchronisation Equipment

The same custom firing and synchronisation equipment used in the previous experimeant
fpage S8} was used in this experiment. This means that the start of the measurement cycle
was synchranised with the rising edge of the firing supply current.

Sensor measurement
synchronised with
leading edge.

Figure 96:  Photograph of the oscilloscope measurement of the
current through the detenator circuit
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51.3.6. Physical Test Set-up

One Aluminiurm enclosure centaining four identical PCBe was tied down on an Aluminium
frame with reinforced tape. A layer of soft sponge rubber placed between the frame and the
enclosure was intended to minimise the transfer of acceleration effects from the frame to the
enclosure {see the path of the shock wave in Figure 97),

330 mm

Fosition of Fosition of
- pressura pressure
Eﬁ:r't'gn of SENSOrS enclosure with
_ / 4 . accelerometers
| T T s .\ .
1023 mm P 1959 mm
T ). ---»|C
I'__I_ - *T & o
b
Alurminium
Frama.

Figure 97: The enclosure mounted on an Aluminium frame -
distances are for Event 1

i Puosition of : Positi ;
‘ pressure i p?s;;orneu
— i B55U
SEMs0rs - ;
Er?asrltlgn of i enclosure with
(/ g ‘ accelerometars

Alurminium
Frame.

Figure 98: The enclosure mounted on an Aluminium frame -
distances are for Event 2

Mote: The dis;ances that were chosen did not represent the target user requirement, due to
the measurement limitaticn of the accelerometers. More tests are needed at a later stage. o
prove that the target requirement will be meat.

Measuremants and Analyses



Frotection of Efectronfes Against Underwater Explosions
A Roux

F

L% ]
it

- mmmmmm

-k

Float

Figure 98: The complete test set-up with float

Fage 123

A 282 gram Pentolite charge was placed at the end of the frame, on a PVYC holder, See
Figure 54. Adding the detonator explosives to the charge explosives brought the total

explosive charge mass to 30 gram.

The frame was then suspended from a crane and positioned in the water. Then the crans was

removed to enable an independent test station at a depth of 2 m.
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51.3.7. Results

5.1.3.7.1. Raw dafa

The results are shown in Figure 100, and Figure 101,
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Figure 100: Results for Event 1, measured in Volts
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Figure 101: Results for Event 2, measured in Volts
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The measurement set-up was the same for Event 1 and Event 2, excapt for a slightly different
charge holder height above the frame. As could be seen in these two figures, the time
between the measured pressure shock pulse and the acceleration, is different for the two
cases The shock wave average velocity was calculated for both cases in Table 24 The
shock wave propagates spherically oubwards. and could be depicted in bwo dimensions by the
curve A-B in Figure 97 and Figure 8. The shock wave travel distance between sensors was
thus the distance B-C in the same figures. The time taken for the shock wave to propagate
between the sensors s equal to the time taken to travel from point B to point C. This time s
shiown in Figure 100 and Figure 101 as 602 ps and 533 ps respectively.

Table 24: Average shock wave velocity calculations
Shock wave distance babiaen Tirme betwaen Average Velocity
Blast Mo j
gensors, paints B-C {m} SEnsors (ps) (mifs)
1 0.935 Go2 1853
2 0.929 533 1554

Ag seen in Table 24. the average shock propagation velocity was calculated to be between
1653 mfs and 1583 mis. This result is significant, because the velocity was greater than the
small sighal sound velocity in water, indicating that the sensors were positioned in the near-
figld® of the explosion.

51.3.7.2 Pressure analysis

The pressure measurements are shown in Figure 102 and Figure 103.

Mote that the illustrated pressure histories per sensor are similar for Event 1 and Event 2. but
that the two sensor pressure histories differ in form: Sensor 1 (in both blasts) has a "rounded”
positive pulse, whilst Sensor 2 (in both blasts) has a sharp riging edge {measured at 1 us in
both instances),

® Gee page 40 for suggesied definition of the near fizld,
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Figure 102: Event 1 Pressure histories for two sensors
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Figurg 103: Event 2 Pressure histories for two sensors
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a9.1.3.7.3 Acceleration analysis

The aceeleration measurements are shown in Figure 104 and Figure 105.

The characteristics of the accelegration meassurements are similar for both blasts of this
experiment. These characteristics entail & large positive peak followed by 2 large negative
peak, similar to a Sine function. Subsequently, the characteristics change according to the
hydrodynamic circumstances during the specific blast period. The period of the first two
halves of the characteristic curve is shown in Table 25,
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Figure 104: Accelerations for Event 1
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Figure 105: Accelerations for Event 2
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The acceleration analysis is shown in Tatle 25 The attenuation is significant with regard to
the reduction of the Electronics Container acceleration of 15 309 g to 235 g (to 1.54%, or by
17.7 dB) for Event 1. and 17 224 g to 210 g (to 1.22%, or by 18.7 dB) for Event 2. The fuli
cycle period of the first cycle was approximately 80 ps for both events.

Table 25: Acceleration analysis of the second experiment, which
included accelerometers

Delay from pos peak

First Full i i on enclosure to
u :
e : between ;
Event  Positive  Negative Cycle E:iif ';:i.B CCA and maximurn
No Peak (g) Peak(g)  Period ok acceleration on the
(g} Enclosure
{Hs) ; PLB
(dB)
(L)
1 15308 -11450 62 258 TR a2
p 17224 -12485 =] 235 8.7 327

5.1.3.7.4. Displacement analysis

The displacement was caloulated by double integration of the acceleration data. Figure 106
depicts the motion parameters for the Electronics Enclesure during Event 1, and Figure 107
depicts the motion parameters for the CCA which was enclosed 0 the Container during
Event 1. The relative displacement showrn in Figure 108 is the result of the displacement of
the COA suttracted from the displacement of the Electronics Container. showing that the
relative displacement is less than .28 mm. This means that the relative movement was within
the capability of the suspending grammets.

Matlon of Enclosurs for Event 1

Elsp}aﬁgm;a:.rtiz-aﬁ'ar
1ms=05mm

Aaceleration [[m'e)s)*100 900
Valosity fmla)
Dizprla carment fmm)

Time [ps)

Figure 106: Motion analysis of the Electronice Enclosure for
Event 1
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Figure 107: Motion analysis of the CCA contained within the
Electronics Enclosure for Evant 1" /
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Figure 108: Relative movement between the Electronics Container
and the CCA is suspended within for Event 1

Figure 108 depicts the motion parameters for the Electronics Enclosure duning Event 2, and
Figure 110 depicts the motion parameters for the CCA which was contained (suspended) in
the Enclosure during Event 2. The relative displacement shown in Figure 111 is the result of
the displacemant of the CCA subtracted from the displacement of the Electronics Enclosure.
showing that the relative displacement was less than 0.25 mm.
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Figure 109: Motion analysis of the Electronics Enclosure during
Event 2
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Figure 110:  Motion analysis of the CCA contained within the
Electronles Enclosure during Event 2
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Figure 111: Relative movement between the Electronics Enclosure
and the CCA suspended within it for Event 2

There is a remarkable correlation (by wisual inspection] of the dispiacements of the
Electranics Enclosure, the CCA and the relative displacements betwean Events 1 and 2.

51.3.7.5 Damage aq_ai_ysfs

Mo damage was sustained during this expenment. This was significant, because parameters
such as the amplitude of the acceleration of the CCA and the relative displacement between
the enclosure and the CCA become parm of the solution of preventing damage to the

electronics.
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51.3.8. Discussion

1. Concerning the shock wave velocity:

The shock wave welocity could not be calculated accurately near the point of the
explosion, due to the fact that the time taken for the detanatar to actually detanate its cwn
1 gram explosives and the time taken for this event to be transferred onto the main
charge, and also the time taken for the main charge to actually transfer the pressure to
the water, could not be determined accurately.

Event 1 revealed some activity on Pressure Senser No. 2 (see Figure 100) voltage at
503 us before the préssure was measured. This could be due fo some form of induction
inte the cables by means of a phencmencn like an electromagnetic pulse (EMP}, but this
cause could not be confirmed. Event 2 does nat have any prominent induction at a
correspending point,

The distance that the shock wave covered hetween the pressure sensors and the
accelerometars, however, could be measured. } is simply given as 1858 mm — 1023 mm
=836 mm, due to the spherical propagation of the shock wave. The shoak frant velosity
function is non-linear near the explesion (as measured by Takahashi [23]). Therefore the
average velocity which could be calculated betwsen the sensors would give some
indication of the velocity profile. This is 838 mm { 602 ps = 1553 m/s. which is higher than
the normal sound velocity in water {1450 mis — 1500 m/s), as would be expected for
sensors that are positioned in the near field.

2 Concerning the pressure measurements of this experiment:

The amplitude measurements, seen in yellow triangles in Figure 112, are about haif the
expected values predicted by the Cole [5] Equaticn, although all feur measurements are
very similar. This may be due to the mounting method used for this experiment, which
intreduces attenuation of the pressure measurements.

Shock Ampllitude vs Distance from Blast

L TP T —
12000 - Equation by
Cole [5]
190,90 &
& Fressure Measurements
= for previous experiment
% &0 DO
E Pressure Measurements
for this experiment
20,00 -5 5 T :
20,00
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01 03 g3 i i 1.1 i 5

Standoff Distance {m)
Figure 112: Amplitude measurements shown in yellow triangles.
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3. Concerning the Acceleration measurements:

The hard-mounted accelerometer (on the Electronics Enclosure) measured the normal
high acceleration peaks as expected, the first two peaks (full cycle) lasting between 62 us
and 60 us for Event 1 and Event 2 respectively. The attenuation of acceleration (passed
onto the CCA), is 17.7 dB and 18.7 dB for Event 1 and Event 2 respectively (Table 25).

Two experiments (four blast events) had been done using the grommet-mountings as
damping material. Comparing the acceleration that had been passed onto the CCAs, it
was possible to notice a distinct pattern of movement of the CCAs. The acceleration of
the CCAs followed an initial increase up to a maximum at roughly 350 ps after impact,
dropping down, and reaching a negative peak at roughly 550 us after impact.

4, Concerning the displacement;

The displacement of the electronics container was compared with the displacement of the
CCA to find the relative displacement. The result indicated that the displacements during
Event 1 and Event 2 compare well, considering the usual integration process elimination
of the constants. The relative displacement was approximately 1 mm for both the
electronics container and the CCA during the blast period only. it was accepted that the
bubble would have a greater effect on the displacement, which would take place at a
much slower pace.

5. Concerning the electronics damage:

No damage was sustained. All four contained electronics assemblies were fully
operational after both blasts.
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5.1.3.9. Conclusions

a. It is clear from the discussion in paragraph 1, above, that the measured
shock wave velocity is higher than sound velocity in water. This means that
the measurements were done at least partly in the near field.

b. The fact that Event 1 occurred about 3 ms after the rising edge of the
synchronisation pulse generated by the firing current, and Event 2 occurred
at about 6 ms after a similar origin, indicated that the detonation of the main
explosives for Event 2 occurred approximaiely 3 ms later than that of
Event 1. Synchronisation by detonator current only, is therefore not
considered to be good enough to determine the shock wave velocity between
the first sensor and the blast position.

¢. The pressure sensors could be positioned closer to the charge, because the
pressure measurement in Volt at the present distances is less than 0.5 V,
whilst the dynamic range of the equipmentis 0Vio £ 10 V.

d. The pressure measurements measured at approximately 50 % of the values
that would be obtained when the pressure sensors are positioned in an un-
obstructive manner. This was expecled, because this experiment was
designed also to analyse the time measurements to determine the
effectiveness of the detonator current as a synchronisation tool.

e. The accelerometer tests vielded the expected results. The accelerometers
could also be mounted at a scaled distance closer to the blast, because the
maximum readings were less than 2 V.

f. The significance between the higher acceleration attenuation that was
obtained during this experiment when compared to the previous experiment
lies with the higher impact acceleration on the Enclosure of the previous
experiment. It could be concluded that the grommet-suspension method has
a dynamic range of proper function at input accelerations up fo 15000 g.
Applying input acceleration beyond 15 000 g would cause the grommet o be
compressed to its physical limit, and consequently a lower attenuation would
be expected.

No electronic damage was sustained, due to the distance from the blast and the explosive-
charge size.
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5.1.4. Experiment 4: Third experiment which included Pressure
Sensors and Accelerometers

5.1.4.1. Purpose

This experiment was undertaken in continuation of a series of experiments to characterise the
shock waves of underwater blasts t0 be able to protect other electronics and explosive
devices against the effects of the blast. Previous measurements were made with the use of
30 gram of Pentolite. The purpose of this specific experiment was to measure the pressure
history of a blast using a larger explosive mass, i.e. 390 gram of PES (see Malan [4]), at a
stand-off distance of approximately 0.5 m, using the traditional sensor positioning method to
determine whether similar pressure histories would be obtained from the two sensors. The
purpose was extended to also measure the acceleration of an Aluminium box containing
electronics and the attenuation of acceleration, using a new "softer” mounting method for the
CCA. On previous occasions, one of the electronic boards was mounted by means of
Neoprene grommets. In this experiment, a softer sponge rubber mounting was used, to
compare attenuation characteristics of acceleration with the attenuation of the grommet
mounting method used in the two previous experiments.

5.1.4.2. Equipment

The equipment list was as follows:

1. PXI computer with fast independent four-channel A/D conversion card with
interface connection box.

2. Custom detonator-computer synchronisation box.

3. 1x Tourmaline blast pressure sensor with sensitivity 0.5 mV/psi, with a 20-m
low noise cable.

4. 1x Tourmaline blast pressure sensor with sensitivity 0.1 mV/psi, with a2 20-m
low noise cable.

5. 2x PCB accelerometers with identical specifications, with 20-m low noise
cables.

6. Custom Aluminium mounting frame and float, adapted to couple magnetically
with the mini ship target to keep the frame in position.

7. 100 MHz Storage Oscilloscope for measurement of the synchronisation
pulse.

5.1.4.3. Sensor Mounting Arrangement

Two identical PCBs were mounted onto one side of the enclosure, and another two identical
PCBs were mounted {o the other side of the enclosure. The enclosure was closed up with the
soft-mounted PCBs positioned opposite each other.
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Sponge rubber strips

Accelarometer mountad H
or Aluminium casing. 1

| Accelercmeter on floating

(soft-mounted) PCE.

Figure 112: Soft-mounted PCE in an electronjcs enclosure

5.1.4.4. Custom Synchronisation Equipment

The custem firing and synchranisation eguipmzant used in the previcus expariment was used
for this experiment in conjunction with the IMPI military firing unik. To summarize: This
synchranisation equipment was desighed to trigger & measurement cycle on the leading edge
of the detanater firing current.

5.1.4.5. Physical Test Setup

One Aluminium electronics enclosure containing four identical FCBs was ted down with
cable-ties on a relabively “soft' [sponge rubber) mounting arrangement on a frame
manufactured from Aluminium.

The frame was suspended from a float {see Figure 114} by means of Polypropyiene rope.
Attached to the float were two Neoprene pipes. Each Neoprene pipe had a magnetic coupling
device fitted to the front end, to enable nen-solid coupling with the target,
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Figure 114: The sensor arrangement mounted on an Aluminium
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Aluminium float.

Magnetic coupling
devicas mounted
on Negprens

piping.

The intended final positicn of the frame (containing the Préssure Sensors and the Electronics
Container] refative to the target and the explosive charge is shown in Figure 115 and

__,Target_

Figure 116,
Neoprena piping and
NG magnetic coupling
{ Flaat with target.
Wiaterline. !
\ e e e A 5,
e L5
I 1]
1l |
I |
Electronics .I|I J .
Enclosure. i i I
Il I it b f
j h . 2281mm
L / B30 mm
A i ~ | . i
B . =y
Y i s
i
Frame.

Figure 115, Schematic drawing of the test setup
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Figure 118: The completed measurement setup in the sea

A 350 gram PE& chargs was plaged at the positior as irdicates in Figuré 115, ano after al'
measuremeant conrechens were chacked the charge was decnaten.
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51.46. Results
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The "raw” measurement results of the four sensors are given in Volts in Figure 117, to show
the paositions of the pressure results relative {in time) to the accelerometer measurements.

34¢ gm Charge 8 Dec 2005

400 : — -
188 ps —Fl g ) -
2 e B o e
300 I = 1037 pE =
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L [T L e teraalar - |
& | I ArcalernTeler 3
£ | I"_.H_ J & Pressare
an e —— . = — == Prrssare 2
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| »
5 : l & T
2 a0 R S H ) Probable paint in
R — time of the
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Figure 117:

up with the detonator currgnt

The photograph of the
defonator cusrent that was
taken at the test site, [A), 15
matched up in this figure in
synchronisation with the
computer test data (B).

All measurements of the four sensors in Volits, matched

Synchronisation with the momeant of detonation and the explosion could not be detérmined
accurately in this experiment, due to the fact that the explosion occurred some indeterminate
time after the leading edge of the detonator current A photograph of the oscilloscope
measurement of the detonator current was taken, and is shown in Figure 117, The harizantal
axis of the photograph was increased to match the scale of the Voltage measurements.

An interesting phenomenan, which matches a measurement result, is seen on the detonator
current curve shown in Figure 117 as the "probable point of explosion™. Measurements of
pressure are recarded before the actual shock pressure pulse reaches the sensors. This
could be explained by the theory that an EM pulse is generated at the moment of explosion,
and that thizs EMF causes electrical Induction inta the measurement {sensor) cables.
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The explozion also cauzes ionizaticn of the detenater surrounds, which could explain the two
prominent "humps”, as seen in Figure 118, where the current increases for short periods
{approximately 80 us each). It is thought that the first "hump”™ 18 probably caused by the
functianing of the detonator explosives (1 gram), and that the second *hump” is caused by the
functioning of the explosives of the main charge. These |atter considerations are not based on
facts, and therefore it is suggested that this phenomenon is further investigated in future.
Figure 118 shows two scaled views of this phenomenon,

As illustrated in Figure 117, the time taken from the leading edoe of the pressure shock pulse
to the start of the leading edge of the accelerometer measurement was measured to be 1037
ps. In Figure 117 the distance that the shock wave travelled from the time that the pressure
pulse was tsken o the fime that the accelerometers started reacting, 13 shown to be
{2281 mm — 530 mm} 1651 mm, recording an average pressure pulse velocity of (1651 mm /
1037 ps) 1582 mis, as measured between the pressure sensor distance and the
accelerometers. This is higher than the expected sownd velodity {1470 m/s - 1500 mis).

Also gathered from Figure 117, {if the assumption that the time origin of the explosion as
shown in Figure 117 is true), the time taken for the shock wave to reach the (first) pressure
gensors waz 168 s, The calculated distance from the explosive charge to the pressure
sansors was 830 mm. This translates to an average shock wave velogity of 3750 m/s.
Comparing the average shock wave propagation velocity bebween senscrs with the average
shock wave propagation velocity bebween the moment of explosicn and the first sensors,
leads te the conclusion that the shock wave velogity is nen-lingar, and that the average shock
wave velogity of this specific charge for the first half meter is more than double the speed of
scund in the water,

The “humps" that
may hawve indicated
the detonation of the
detonator and the
main charge.

Figure 118: The oscilloscope measurement of the detonator current
on two time scales: B is a stretched-out version of A
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5.1.4.7. Electronics damage analysis

The result of the blast effects an the electronics is shown in Figure 119 and Table 26.

Both ICs removed
from the sockets,

Figure 119: Electronics after the blast
Tahle 26; Electronic failure analysis
CCh Ser.
Ne General Companents Remarks
V8 ispongg DIF Integrated Circuits
mounted)
S 1G5 CCA s fully operaticnal
Crystal
Se s DIF Integrated Circuits Eoth ICs removed from the sockets
moLnted)

SM ICs
Crystal

Ok
OK

12 (grommet

DIF Integrated Circuits

mounted)

S ICs

Crystal
Gl DIP Integrated Circuits
mounted)

SM ICs
Crystal

CCA is fully operational

CCA is fully aperational
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The "soft-mounted” PCBs were in full working condition after the blast. The pressure peak at
the electronics unit (stand-off distance = 2,281 m} is expscted to ke 15 MFPa according to
Cole [5] (see Figure 121). This pressure is equivalent to a 40 kg charge at a stand-off
distance of 10.7 m.

5.1.4.8. Pressure measurement analysis

The measured pressurss were below the expected values {Figure 120 and Figure 121 and
Takle 27, The reason could be that the calculated distance from the charge was smaller than
the actual distance achieved during the experiment. The measured value corresponds to a
stand-off distance of 0.73 m, instead of the calculated 0.63 m. This is very reasonable, given
the fact that the frame [(on which the sensors were mounted) was suspended by
Folypropylens repe only. Movement of the frame relative to the fioat by 8.1 m is considerad to
be wery reasonable.

Praseurea

—Fiezzure 1
: Frezzim 2

Fressure in i Pa

Tirna (s

Figure 120: Pressure history measurements
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Ehock Amplitude vs Distance from Blast
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Figure 121: Expected vs. measured pressures

Table 27: Pressure maasurements

 Standoff Distance (m)  Pressure (MPa)
)

ransiite 0.63 54.13
Sensor 1

Pressure 0.63 43 89
Sensor 2 = :

5.1.4.9. Motion Analysis

The acceleration history is shown in Figure 122, The accelerabion attenuation accomplished
by in experiment was 22 dB, compared to 17.7 dB and 18.7 dB (see page 128} obtained
when grommet mountings were used.
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Accelarameters
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Figure 122: Acceleration measuremeants

The acceleration results are tabulated in Table 28, and are compared with previous results in
Table 29.

Table 28: Acceleration analysis

L _— First Full Max CCA Delay from pos
5;:}':';“5; gﬁéﬁtﬁ Cycle Period  acceleration  peak to Max on
i\ S B - R
31 346 25433 64.5 200 321
Table 28:  Acceleration analysis of pravious experiment
4 i First Full Max PCEB Delay from pos
Blast No E::E'.E’; Ezgit:;‘c}" Cycle Period  accsleration  peak to Max PCB
' (s} (9] (s}
1 15309 11490 o 259 342

i 17224 -12498 £0 230 327
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From the result obtained in this experiment, it was clear that the sponge rubber damping
method had improved damping characteristics when compared to the standard grommet
suspension method for this specific Electronics Enclosure. The attenuation far the sponge
rubber mounts gave an approximats 2.5x advantage aver the grommet mounts,

An interesting observation concems the comparative penod measurements: Ali threes full-
cycle perigds were in the order of 60 ps, and the delays to the CCA peak accelarations were
in the order of 330 s,

The motion of the Electronics Encicsure and the COA is shown in Figure 123, The time
refarence was shifted {relative to Figure 122) far clarity of reading. The velocity was abtained
by intagration of the accalaration, and the displacameant was obtained by integration of the
velocity. The integration constants were discarded. Figure 123 shows that the displacement of
the Elgctronicg Enclogure during the first 14 mg after the shock wave collided with the
Enclosure. The displacement of the Enclosure was approximately 5 mm.

Motion Enclosure

~00a

AL RS OSUNE (]

6.0z Hf . Shook wave hits

g _ . it
. fheenmtauraal Englosure Velacity stil
aEy 0 G abave zera after 14 ms
= - -
§§§ 2.00

Z.a0 .

| :  period during which the
et displacement rate is at its largest.

Figura 123: The maotion of the Electronics Enclosure under shock
wave load

The maotion of the CCA that was contained within the Enclosure, and which was suspended
by means of sponge rubber (only), is shown in Figure 124, The time reference was taken to
coincide with the accalerations in Figure 123, for raasons of comparison. As was expected,
the acteleration of the CCA was much less than the acceleration of the Enclosure. but
axtendad over a longer pericd. Consequently, the valocity and the displacement were alzo
lower. The velocity had not reached zero during the 14 ms that is depicted by the graph,
which means that the CCA had not reached its point of equilibrium, where all the oscillations
that were caused by the blast had faded sut. This was confirmed by the displacement graph
which shows that no steady state had been reached.
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Figure 124: The motion of the CCA contained within the Enclosure,
under stress from the movement of the enclosure

For Figure 125 the displacement of Figure 123 and that of Figure 124 were plotted together,
to examing the relative movemsnt The resulting graph {in vellow) was the relative
displacement when the displacement of the CCA was subtracted from the displacement of the
Enclosure. In & steady state, this resulling displacement would be zero, and the two relevant
displacement graphs would end at the same point {not zern). The relative displacement
reached @ maximum of approximata_ly":-ﬂr.ﬁ mm, which is plausible due to the fact that the
suspending sponge rubber allowed more mavement than the grommet due to its softer
structure.
Rolative DHaplacement

Dixplacement [mm]

Tima [us|

Figure 125: The relative displacement between the Electronics
Enclosure and the CCA under shock loading

Measurernents and Analyses



Frotection of Electronics Against Underwater Explosions Page 147
A Foux

51.4.10. Acceleration Scaling

According fo Mewkon's second law, it is o be expected that a linear relationship exists
between force, mass, and acceleration.

Cole [5] has farmulated the fact that there iz a non-linear relationship between the peak shock
pressure of an underwater explosion and the stand-off distance for a certain explosive mass,
when detonated.

The data tabulated in Table 30 were captured during the various experiments of this project
for meszsuring acceleration of a specific Aluminium box containing electronics. when
subjected to different charge sizes and stand-off distances. The result s presented
graghically in Figure 1286,

Table 30 Relationship hetween peak pressure and acceleration
. o Theoretical
Charge size Fositive half Standoff Standaff )
{gm) cycle {g) Distance {mm)  Distance (radi . L recied Peak
' Pressure (MPa)
390 31348 2281 ‘5B 8 15
30 17224 1964 1191 6.8
30 15308 1958 118.8 8.5
30 50788 575 409 227
a0 7630 B¥5 409 22

Relationship between Acceleration and Standoff
Distance in Charge Radii

Acceleration

20 A Bl 80 100 120 140
Standoff Distance {Radll]

Figure 126. Relatlonship between peak Enciosure Acceleration and
standoff distance

The data gathered from the three experiments {5 events) during which acceleration
measurements were taken, were used for the investigation into acceleration scaling (see
Figure 126). A trend line was drawn for a nan-linear exponential option.
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Although a good correlation 18 shown in Figure 128 (R =0.9519), the number of data
points and the variation in acceleration measurements were considered to be not enough to
detarming the exponential relationship to & required degree of accuracy, especially in the
region closer thar 40 radii from the blast.

£.1.4.11. Conclusions

el The result that this experiment =st out to obtain had been achieved: The
accelerafion abtenuation had been improved substantially by using the sponge
rubber mounts in stead of the grommet mounts. The protection of the electranics
zgainst shock had improved., but futher experiments at stand-off distances closer
o the explosion are now required to determine whether the target user requirement
i rnet.

3 The blast shook wave propagation velocity between sensors was larger than the
speed of sound. This indicated that measurements were taken in the near field.

Y Tha pressure megsurement from Pressure Sensor 205 suspect, due to the much
lower ampliiudes measured. No definite conglusion could be drawn from this
measuremeant,

4. Pressure Sensor 1 measured the peak pressure to be in the order of the value as
predicted by Cole [3].

5 The acceleration analysis indicated that the first cycle acceleration characteristics
were nearly identical to previously measured accelerations.

g Mo conclusion could be drawn (yet) for the relationship between peak pressure and
scceleration, due to the small number of data points.

7 The synchronisation of the measurements with the moment of blast had not been
achieved due to the varying time between detonator curment start-of-flow and
detanator functioning.

51.412. Recommendations

Refer to conclusion 7 above: |t is recommended that the moment of explosion of the
charge is measured (possibly by light-detection techniques) to determine the reference
paint of measurement cycles.
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5.1.5. Experiment 5. Experiment which included only Pressure
Sensors

51.5.1. Purpose

During previous execution of the measurement of time-related incidents during underwater
explosions, seme difficulty was experienced with correlating the recorded data with the
marnent of the explasion (see paragraph on Recommendations on page 148).

The synchronisation was effectad by measuring the cusrent flow through the detonator. Some
detonators  hawe characteristics which would render this method practical for some
applications, but the time difference between the detonator current and the actual main
charge completing the detonation process mostly vared too much to take delicate
measurements of, e.g., the shock wave propagation velocity in the near field

This experiment investigated the possibility of using a photo tramsistor (or array of photo
transistors) to sense the flash that is produced when an underwater explosion coours. Due to
the fact that light travels much faster than any other known phenomenan in a transparent
medium, the measurement of the flash of the explosion was a good method for determining
the moment of explosion.

To vahdate the measurements, the average shock wave velocity was determined through the
measurement of the shock wave pressure at predetermined positions, and using the light
measurerment as a time marker. A good correlation between blast events would mean that a
solid time marker had been obtained,

5.1.5.2. Methodology

An optical sensor was designed to give a high (10Y) voltage output when the flash of the
explgsion ooccurred. In the dark water, the optical sensor had a low voltage output [close 1o
DY), The amount of light that was expected from a light flash of an explosion was not known;
therefore the methodology was to include repefitions with altered designs should the first
estimation be incorrect

The experiment was designed to place two pressure sensors in close proximity toa 30 gm
FE4 charge, and {o place the light sensor approximately 0.5 m from the charge

Five blast events were planned i be executed, in three of which the two pressure senscrs
were placed at the same distance from the blast as the light senser. and in two of which the
pressure sensors were placed at greater distances from the blast.

The sgticnale was to calculate the average propagation velocity of the shock wave by
measuring the time that elapsed from the moment of the explosion as measured by the light
senser until the time of the shock wave's arrival at the pressure sensors at two predetermined
distances from the blast The experiment would be successful if the calculation of the average
shock wave velocity between the eguidistant points would correlate above 95%. and the light
sensor output would give & sharp rising edge <5 s, which could be used as the time marker
of the blast event
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§5.1.5.3. Experimental Setup

A 30 gm PE4 charge was mounted at the centre of the bottom plate (see Figure 127}, For
blast events 1 through 3, the Pressure Sensars were mounted close to the outer corners of
the pyramid base while during events 4 and 5 they were mounted on the edges (see
Figure 128}, The position of the light senser is shawn in Figure 130.

| B

Direct

distance L
between

sensors and Nﬁ:*
charge is '
approximataly
&30 mm, see
Table 32. |

30 gm PE4 charge

Pressure sensors mounted an a
circular plastic base.

Figure 127: Mechanical details of blast events 1 through 2 for this
experiment

Direct distance between
sensors and charge is
approximately 450 mm, see
Table 32 5

TEDTIONAL ADE HLA

LT
Fressure sensars mounted on a |
circular plastic base. I

Figure 128: Mechanical details of blast events 4 and 5 for this
experiment

Measurements and Analyses



Frataction of Electronics Against Underwater Explosions Fage 151
A Roux

5.1.5.4. Equipment

5.1.5.4.1. The Optical Sensor

One of the characteristice of @ shock wave that is known o contribute to damage inflisted
upan & blast loaded object (2.9, a ship's hull). 5 the speed at which the shock wave
propagates. At the boundary condition. where the shock wave is transmitted from the
exploded mass to the surreunding water, the speed of the shock wave is at its highest value
{see Chung & Kinsey [3]). The measurament of the spesd of the shock front has therefore
become an important measurement quantity in the determination of resultant damage. This
gxperment measurad the average speed of the shock wave at two stand-off distances, using
a custom optical sensor o determing the time ongin of the expiosion by capturing {and
marking the start of) the light that the burning material produces, The optical sensor consisted
of a string of 12 optically sensitive transistors, connected in parallel {see Figure 125) The
transistors were connected to & 20 m RGH8 co-axial cable with ENC termination, and potted
with Elite FR-765 polyurethane potting in & small plastic holder.

Fhoto
Transistor

Figure 128: The optical sensor

The optical sensor was directly powered by a conditioring amplifier (model PCB Pigzotronics
482422y The conditioning amplifier supplied & constant current (limited &t 17 ma) to the
sensor, When the flash of the explosion occurred, the light prodused by the eX¥plosion
reduced the forward resistance of the parallel transistors.

The light produced by the explosion of 20 gm of PE4. at a stand-off distance of approximately
0.6 m, was expected to produce encugh photons to push the sensor to its saturation limit.
This was designed to produce a sharply rising leading edge when the light was applied. No
small changes of light imensity were registerad when the sensor was in the saturation mode.
The change in current through the transistors was passed through the signal conditioner to its
putput &% & voltage, and was measurad by the DAQ equipment.

The optical sensor was placed on the side of the test sample in a pesition where it could
sense the flash. yet not be damaged by the blast, It was secured onto the test sample, using
3N double-sided adhesive tape {approximately 3 mm thick} to enable it to tear loose without
systaining damage during the explosion. Figure 130 shows the position of the optical sensor
on the underside of the test unit, relative to the charge position.
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Plate Test Spacimen _
gin FE4 charge

Dptical Sensor

Pressure Sensors

Figure 130 The position of the optical sensor relative to the explosive
charge and the Pressure Sensors

The position of the pressure sensors was mowved from the position shown in Figure 120 (for
Events 2 and 3} to & nearer pasition relative to the explosive charge, as shown in Figure 131,
for Events 4 and 5.

Plate Test Specimen SRgiBha ehare

Optical Sensor

Pressure Sensors

Figure 131: The new position of the Pressure Sensors for Events 4
and &
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5.1.54.2 Signal Conditianer

The pressure sensors had built-in charge amplifiers, and required special conditioning
amplifiers (see Figure 132) to supply the constant excitation current for the built-in ¢harge
amplifiers, and thereby to extract the pressure measurements as were superimposed upon
the excitation current signal. This sighal conditioning amplifier was alsc suitable for supplying
the drive conditions of the photo sensor,

=
LA
- i Current adjust.
& ..ﬁ‘. =
[ntput =3
£ __‘ - A
3
e e
] | Cotput

Figure 132: The 4-channel signal conditioner, PCB Plezotronics
model 482A22.

£5.1.5.4.3. Prassure Senscrs

Ta measure the pressure amplitudes of the explosions at certain stand-off distances, two
Tourmaling pigzo-slectric sensors with built-in charge amplifiers were uzed. These weare
specially designed for the measurement of pressure shock waves as would be produced by
underwater blast The specifications are shown In Appendix 2. Two modals were used, i&
one 1238A10. and cne 138A50 The only difference between the two models nvolved Lhe
sensitivities as listed in Table 31.

Table 31: Sensor sensitivities
K Calibrated Sensitivity Max Pressure Max Pressure
i Pa) {kpsit {MFa)
*3BA10 T3.57 10 [534]
138450 12.22 &0 3d5

An RGESBCY co-axial cable of 25 min length was attached io each senser via a connector at
both ands, To measure the explosion pressure result, thase sensors and cables wers
connecied to a PX|-farmat DAQ card capable of measuring four channels, with gach channsl
sampling at 2 MS/s. The card memory could store up to one second of data samples.
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5.1.5.4.4, Custaom Synchronisation Equipment

The measurement recording eguipment had memory to record cnly 1 s of data in the four
channels. Synchronisation of the fire command with the start of the measurement cycle, was
esgential, and had to be well within the 15 memory limitation to be able to capture all the
required data. This was obtained by means of a custom-built unit {see Figure 133) by simply
measuring the current that the military SAFU supplied to the detonater when the firing
command was given. When this current exceeded a predetermined threshold. a TTL trigger
pulse was generated. This TTL trigger pulse was fed to the DAD equipment as an external
trigger to start the measurement cycle. The maasurement cycle therefore started when the
detonator current excesded a threshold. and thus allowed encugh time for the measurement
of the regquired data. As can be derived from Takle 36, the required data recording starting
pomnt ranged between 2.024 ms and 11467 ms

Cetonator Current Measuring
terminals

Figure 133: The custom-built synchronisation unit

The current through the detonator was measured on previods occasions during blast
experiments, and it was found that the explosion occurred in a time zone of "miliseconds”
rather than "microseconds’. It was also found hat the time taken for the explosion to ocour
after the detonator current was applied, varied by several milliseconds. This fact precluded
this synchronisation method from being used as a time-of-explosion marker, but it was a
reliable methed for starting the measuremeant cycle,

5.1.5.5. Resulis and Analyses

A total of five charges were detonated for this experiment Measurement results were
nbtained for four events. The first event experienced & sub-systermn power loss, and no data
was recorded. Data for Events 2 through 5 were recorded successfully.

5.1.5.5.1. Pressure Measuramenis

Pressuere measurements were recorded through twe pressure sensors per event. For
Events 2 and 3, the pressure sensors were positioned at the corners of the test [ig. giving a
direct {measured) lingar distange from the charge to the sensors of typically between 625 mm
and 835 mm {see Figure 130 for the position of the Pressure Sensors and Table 32 for actual
measuremeantsl. For Evenis 4 and 5. the pressure zensors were moved (o the centre position
of the pyramid test jig edge. giving a stand-off distance of between 445 mm and 465 mm (ses
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Figure 131 for new Pressure Sensor positions). The peak pressure results are recorded in
Table 32.

Takle 32: Measurements of the pressure amplitudes as recorded for both
pressure sensors during Events 2to 5

Peak Pressure Measurements

Ewvent 2 Event 3 Event 4 Event &
e 530 625 450 445
e c20
F'rg;:ﬁrs; g&inoﬁﬁ{?;npm e s & "
NMaasutbmerts from 18.6 18.4 265 26.5

Pressure Sensor 2 {MPa)

The peak pressures were recorded on a graph, shown in Figure 134, superimposed on a
graph of the predicted peak pressures according to an Equation given by Cole [5; p238]

Shock Amplituide vs Distance from Blast
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Figure 134: The pressure results as compared to the equation given
by Cole, and referenced to standoff distance inm
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Shock Amplitude vs Distance from Blast in units of Chargs Radii
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Figure 135: The pressure results of Figure 134, with the stand-off distance
referenced to the number of charge r_':_i"t:lij"

The pressure histories of the measured results are shown in Figure 136 to Figure 133. The
time refererce in each of these graphs is taken fram the moment of explosion it = 9) of the
main charge as measurad from the rising edge of the optical sensor.
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Figure 136: Pressure history of Event 2 in ps and MPa
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Figure 137: Pressure history of Event 3 in ps and in MPa
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Figure 138: Pressure histary of Event 4 in MFa
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Figure 139: Pressure history of Event 5 in MPa

5.4.5.52, Average Shock Wave Propagation Velocity

To measure the actual time that was taken for the pressure shock wave to travel from the
point of detonation to the pressure SENsors, the leading slope measurement output from the
optical sensor was used as t = 0. Figura 140 to Figure 143 show the time reference of
explosions relative to the arrival of the shock prassure at the two pressure sensors.

Event 02 12-07-2006

— Fruvsice Gerson i
-— Fressiare Sersa 2

\oltage

Time (=l

Figure 140: Event 2 Pressures in Volt, relative to the Optical Sensor — time
reference point 0 = time of explosion
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Event 03 13 July 2008
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Figure 141: Event 3 Pressures in Volt, relative to the.qptical gensor — time
raference peoint 0 = time of explasion
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Figure 142: Event 4 Pressures in Volt, relative to the optical sensor — time
' reference point 0 = time of explosion

Measuremenis and Analyses



FProtection of Electromics Against Undenvater Explosions Page 180
A Roux

Event 05 13 July 2008
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Figure 143, Event 5 Pressures in Volt, relative to the optical sensor - time
reference paint 0 = time of explosion

The lingar distances measured from the charge to the pressure sensors do not represent
accurate figures {to single milimetres or parts of a millimatre). due to the flexibility of the
pressuig sensor containment mechanics, and the fiking method allowing for the sensors to
hang from a single fixing mechanism at the base of the sensor (see Figure 132). The
measurements were accurate enough, however, to determine the average speed from the
momeant of the explasion to the mament when the shock wave arrived at the sensors. The
result iz shown graphicatly in Figure 144,

Nofe: The result shown in Figure 144 is an average spesd at cerfain distances from the
explosion time-origin. It must be born in mind thal the speed closer fo he origin is higher
(Cole (E:pS]) than at the measured locations, and also that the speed function is non-tinear at
several charge radii from the explasive charge. The complete near-field speed function
therefore cannol be derved from these measurements only. From Table 34 however, it s
clear that the messuremonts were indicative of a near-fiefd location of the pressure sensors. It
was expected that the pressure sensifive elemenis would {or may) move around when the
test station was submearged due lo the phyvsical Hexibility of the sensors in the moving ses
water. However, Figlire 144 shows that there was good correlation belween measurements,
and that the average speed was calcwlated o be ashove 1500 mis, therefore the sverage
speod of the shock wave during this experment was above the speed of sound

The results are tabulated in Table 33, and the resulting speed calculations are tabulated in
Table 34, The resulis showed a trend thatl was expected, bacause it clearly showed that the
sensors that were positioned closer to the explosion yiglded a larger average speed than the
sensors that were positioned further away. The additional infermation that could be extracted,
was that the speed of the shock wave caleulated from data generated between the two
sensor positions showed that the speed of the shock wave had already reduced to an
average value of 1549 mis (see Figure 132) (which was still above the speed of sound).
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Tahle 33: Measurements and calculations of the Pressure Sensor poesitions
from the explosive charge, with corresponding calculated average
speed

Cirect Distance o Oirect Distance to Tirme measured Time measured
Pressure Sensor 1 Pressure Sensor 2 te Pressure to Pressure
fmm) fmm) Sensor 1 [ps) Sensor 2 {us)

Event
e

1 530 B40 Not measured Not measured
&30 G540 S 3890
B30 B20 asda.0 382.0
460 455 276.5 2705
445 485 2B6.5 276.0

(. TN SR v E (W

Table 34: Speed calculations from Table 33

Ayerage Direct Averagelimeto  Average speed to
Event Mo Listance to Fressure Pressura Pressure sensors
Sensors (mmb Sensors (Us) (mis)

Zang 3 §30.00 384.683 18378
4 and & 458 25 27280 168743

Tahle 35: Average speed calculations between sensors

Average distance Average speed between
between sensor Fressure Sensor
positions pasitions
1 and 2 (mm) 1 and 2 (m/s]

Average time between
sensor positions
1 and 2 (psg)

112.13 173.75 15485

The peak pressure measurerment results are tabulated in Table 32, The pressure results (ses
Figure 134) indicate that a fair comparisen with the Equation for peak pressures that were
defined by Cole [5:p239). had been achieved. Cole stated that his Equation for peak pressure
was valid up to 10 charge radii from the blast. The distance of the pressure senscrs in this
experiment was =30 charge radii. using 30 gm of PE4. The graph in Figure 134 taken from
the equation by Cole [5:p238], was drawn starting from 10 charge radii.
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Veloelty Calculation

5 e | TR e ; Measursments
- previous experiment,

U <5 see Table 24,

Measurements
during this
experiment.

0 107 200 s ] 400 1] a0 voc
Time =)

Figure 144: A plot of the shock wave distance travelled versus the time taken
for that distance travelled, taken from data of two experiments

5.1.5.5.3. Detonator Firing Time

The detonator firing times were invesligated to determine the actual time-spread from the
moment that the detonatar current was apphed by the SAFU, to the moment of detonation, to
correlate the practical findings (as used in the sea waler) with the detonalor specification
which was obtained under laberatory circumstances (no leaking currents through sea water,
etc. ),

The results are tabulated in Takle 36. Three of the events yielded results that were expected,
iz that the moment of detonation followed approximately 2 to 4 ms after the detonator
current was applied.

Nete: This detonation time is the time of detonation of the main charge, The time taken from
the moment of application of detanatar current to the functioning of the detonator was not
measured in this experiment,

Table 36: Measurements taken from the mament that the detonator current
is applied, to the moment of detonation of the main charga

Detanation Time Measurements

Event 2 Event 3 Event 4 Event §
Tirneta'[gi;onation 3263 2 343 5 024 11.467
Optical Zensor
Saturation Time 1.335 1.5324 1429 1.510

(ms)
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The graphical results are shown in Figure 145 to Figure 148, The time duration of the flash as
produced by the explosion is also shown.

The result shown in the coloured (light Blue) cell in Table 38 seems to be out of line with the
rest of the results (11,467 ms va. typically 2.5 ms}. An assurmption could be made that in that
specific case. the detonator current lzaked more than usual through the sea water, causing
less energy rate to be transferred to the detonator causing a delay in the time-to-detonate.
This may very well be expected to happen in practise.

Note: The optical sensor collector-emitter capacifance (C-g) caused the negative slope to
slew at a slower rate than the positive slope. This was due to the fact that the forward
resistance reduced to a relatively small value as compared to the transisior capacitance when
the photo transistors were forward bigsed by the application of light. This relatively small
forward resistance (Rog) of the switched-on transistors appear in parallel with the capacitance
Cee When the light caused by the explosion was expired, the forward resistance of the photo
transistors increased to a value which was very high (practically causing an open circuit). The
transistor capacitance then became the dominant part of the transistor impedance, which
caused the voltage to drop slower when compared 1o the rising slope of the measurement.

An additional “slowing down” of the reactance of the photo transistor, may have been due to
the avalanche effect (started at the presence of light, and activating the phote characteristics
of the transistor) which should be stopped when the light disappears. but does not stop
immediately. This characteristic varies between transistor types. The uncertainty of the
switch-off time caused the measurement of the "sustained light peniod” to be unreliable.

Event 02 13-07-2008

Crptical i
Sensorin
saturation I

wWoltags

. i
Shock FPressure
i — — i -

Time ()

Figure 145: Figure showing the time at which the detonator current started
flowing {detonate command) with respect to the time at which
the actual detonation cccurred {optical sensor), and relative to
the pressure pulse measured by Pressure sensor 1 (630 mm
from the bklast), approximately 380 s after the explosion
occurred
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Figure 147:

Event 63 13 July 2006
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Figure showing the time at which the detonator current started

flowing {detonate command} with respect to the time at which
the actual detonation occurred {optical sensor) and relative to
the pressure pulse measured by Pressure sensor 1 (640 mm
from the blast) approximately 380 ps after the axplosion
oecurred

Event 04 13 Jul 2008

Page 184
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Shock | Bea5crin
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\

Time |us]

Figure showing the time at which the detenator current started
flowing {detonate command), with respect to the time at which
the actual detonation occurred {(optical sensor) and, relative to
the pressure pulse measured by Pressure sensor 1 (460 mm
from the blast), approximately 275us after the explosion
occurred
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Ewinbt D5 13 July 2006
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Figure 148: Figure showing the time at which the detonator current started
flowing (detonate command), with respeact to the time at which
the actual detonation occurred (optical sensor) and, relative to
the pressure pulse measured by Pressure sensor 1 (445 mm
from the blast), approximately 265 ps after the explosion
occurred

5.1.5.5.4. Sustained Light Period

An interesting aspect of the sustained light pericd is that it was sustained much longer than
was anticipated. Table 37 records the sustained light period for this experiment. it is
suggested that the reflection of light from the test specimen may have contributed to the total
length of the measured Iight-p‘gridd.

Table 37 ; Measurad period of light caused by the explosions

Measured Light Periad

Event 2 Event 3 Event 4 Evant 5

1.335 1324 1.429 1510

It is too soon to come to firm conclusions about the light measurement “sustained period® ft is
suggested to repeat the trials, but to replace the optical sensor with @ much faster switching
photo diode which will switch off within one or twa microseconds when the light disappears,
and then to compare the results,
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5.1.49.5.5. Rigidity of the optical sensor

The optical sensor sustained no damage at all and laboratory tesks before and after the sea
trials were identical (within reason;,

5.1.5.6. Conclusions and Recommendations

1. This was the first of a4 serigs of ests that would involve the use of an optical
sénsor to determing the paint in time that could be used as a ime marker for the
moment of explosion. in underwater measuremenkrelated exercises invaolving
Underwater explosions, This method proved s be reliable due to the rigidity of the
sengor, the rapid initial response time, the repeatability of the resulls, and the
good correlation of the curve-fited graph  proving  the  validity of the
measurameants.

2 The secondary information gained from this experiment, the "duration of the hlast”
(the "sustained hight period™, was not seen o be reliable, because the
phototransistors were averexposed and revealed a characteristic of switching off
relatively slowly. If this period should be important, it would be advisable to use a
taster phota transistor or photo dicde and then to calibrate its stand-off distance
in such a manner that it would not saturate during the flash period.

5.1.5.7. Summary of Pressure Measurements

A summary of all pressure measurements t2ken duding this study is given in Figure 148, An
gxplosive mass of 390 gm was used in one of the experiments. Ta be able to compare this
result with the other measurements, all of which used a 30 gm explosive mass. a8 scaling
factor was required. This scaling factor was derived as follows:

H{ -;/ i , I(H.-"ﬂé //* i
P =k '/ R, for 30 gm = fPgs = k /IEN for 20 gm, —----------- 34
Y : L )
s [ b 7 [ "
W 3 H a3
Therefore: ]A = "R 2' ]’ """"""""""""""" 35
LY A ¢
i L [ / o
= | H
. ROKY i 0% ke
L 4 i A.{Bm
Jin K !
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The scaled stand-off distance when using a 380 gm explosive weight at a stand-off distance
of 830 mm compares to 30 gm explosive at 3 stand-off distance of 268 mm. This value was
substituted intoc Table 38 and Table 39 in row 3, column 4.

Table 38: Table of pressure measurements at the 138A10 (the
more sensitive) Pressure Sensor

egn Pressure Distance “JUte sesor Type
igm) for 30 grm
30 151 0.733 0.733 138410
a0 2 L 0.733 0.733 138410
390 5413 0.63 0.288 138A10
30 24.5 063 063 138410
a0 21 0825 0.625 138410
a0 24 .46 .46 138410
a0 361 .445 445 1384810

Tahle 39: Table of pressure measurements at the 138450 (the
less sensitive] Pressure Sensor

Eﬁ;?gs rl*:E PEEHS;’;; 5 Di?::tri?ce Egiizgﬂsg ; Sensor Type
{8m) for 30 gm
30 17.4 D.745 0.745 138A50
30 15 0745 0.745 138A50
350 3269 0.83 D.268 138A50
30 18.6 D.e3 0.83 138A50
a0 18.4 062 D82 138450
30 265 0455 0455 138A50
iy 265 D.465 D.465 138A50
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A graphic representation of the results in Table 38 and Table 389 is compared to the Equation
by Cole [5] in Figure 149, Visual inspestion revealed a good correlation between the Equation
by Cole and the more sensitive Pressure Sensor. The correlation of the less sensitive
Pressure Sensor was not a8 good,

Shock Amplitude vs Distance from Blast

10000 - -
[ # Dugazbo by Szl o TRT
- } L Secs 136270
8000 o : :
i r ® Beass 136A%0
r — Fowe Fqualizn sy (oot 1M

80.00
70.00
B0.00 -
50.00 4
40,00

Amplitude (MPa)

30.00
20.00
10,00

0.c0 : i
0 (.20 G0 40 C.60 0.60C 070 0.8c G0 1.00
Distance m)

Figure 149: Summary of Pressure Measurements for this study,
compared to the Equation by Cole [5]
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51.6. Experiment §: Experiment to test softer damping solution

51.6.1. Purpose

The foregoing experiments tested the appropriate parameters that were expected to play the
major roles in the process of aliminating damage to enclosed electronics under blast loading.
I broad terms, the conclusion was that
1. The electronics would be precluded from damage if adequate damping was
allwed for the COA o filter out the high freguency components of the
accelaration of the Enclosure.
& The components an the CCA should follow certain guidelines to harden’ the
electronics against hlast loading.
I this experiment, both the above conclusions were adhersd to, and the purpose of this
experiment was aimed at positioning the Electronics Enclosure at the target specifisd
Standoff Distance of 270 mm from an explosive charge of 30 gm Pentolite (see paragraph
“Aim" oh page 18}
Damping mechanics acted as low pass fillers to acceleration, The following transfer function
was abtained from the simplest damping mechanism (Equation 30 repeated):

Vi) hs
f/{s) st by

Gis) =

In Equation 37, it was assumed that the spring constant was much smaller than the damping
coefficient, hence the simplified transfer function described by Egquation 37 The spring
constant would never be zero, because then the CCA would not be returmed to itz original
relative poasition ta the Enclosure. The damping material will therefore have to be ¢chosen to
have a larger damping-effect, with & smaller spring-effect

The unit step response of G(s) in Equation 37, is:

] b
GS?,EH=—$— ____________________________________ 38
(g 5 mst +hs
5 h
S T R
( ) s + bs 39

It is obwious from Egquation 38 that & second order low pass filterng operation would
canstitute an effective result. If the damping coeficient is chosen large enough, then the CCA
wolld be accelerated at a much slower rate, and tharefore transfemring the ensrgy at a lower
rate. The result is that at a8 much smaller acceleration amplitude would be obtained, resulting
in no damage effects,

When the damping material has a large damping effect {soft ouch to the hand), it
autornatically wauld have the CCA move much further than when the damping effect is small,

" The term "hardening” of electrenics was mentianed in the Syhopsis on page 4. In this experiment, the electronics
hardening seogestions that wese dictated by the findings of the previous experiments wers implemented.
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e.g. using a grommet for the damping mechanics, Ample allowance must therefore be made
for the larger CCA-travel, to avoid collision with the Enclosure.

The darmping material that was used in the previous axperiment will again be used for this
experiment, because it was proven that the travel distance was small enough, whilst the
damping-effect was large enough to obtain good results.

The purpose of this experiment was to measure the acceleration of the CCA and to compars
the result to the measured accelsration of the Enclosure. An analysis of the displacemeant
should show that the relative movement bebween the CCA and the enclosure was large
encugh to have oblained good damping, but low enough to preclude collision between the
CCA and the Enclosure. No damage should be sustained, due o enough attenuation of the
accelaration transfer to the CCA

The SCA mounting methed (sponge rubber) was ta reduce the acceleration transfer fram the
Enclosure to the CCA to helow damages threshold, Acceleration will not be nullified, and
therefare the component mounting method described above was intendsd to prahibit any
collateral damage.

Figure 150 shows the internal layout of the Electrenics Enclosure. Two layers of 6 mm
spange rubber were used as the damping material. See also Figure 151, The ane layer was
glued to the inner sidawalls. The second layer was made up fram twelve blocks which were
glued onta the first layer, spaced such that coverage of 50% of the damping ares was
ensured. The CCA was suspended between bwo such double layers of sponge rubber
gliminating the need to hard-mount the CCA. A layer of sponge rubber was added an the
inner side panels to damp side movements (when apprograte). This double-layer suspansion
method was chosen to widen the bandwidth of the transfer function to ensure that damping
was also abtained when the vsual drap-tests were performed during the design qualification
PrOCess,

The damping
material

The winng thraugh
potted hale

Figure 150: The Electronics Enclosure with the modifications for
the double sponge rubber damping solution
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8 mm Sponge
rubber

& mm Sponge
rubber blocks ™

Shock wave
direction
orta large
surface.

Figure 151. The suspension method (one side).

The transfer function of the suspension methed of Figure 1571 is derived as follows:

The squivalent system iz approximated by a double spring-dashpot system, shown in
Figure 152, assuming that the mass m; is zero. It is ncted that the spring tonstant (4;} and
the damping coefficient (b} would be different to &, and b, respectively.

— # — A ¥
e — —————
Shock wave 5 k;
propagation- OGN Sl Mass of Electronics
direction + POB + sensor =
ll- ( _ _ E mg =42 gm
"—l || _|
f, h,
L | L1 i_-m:

Figure 152: The equivalent system of the double layer suspension
method

Applying Newton's second law to the systam, we abtain.

Mass*acceleration of electronics CCA=
Visnous force + spring farce

d’x [y dx {n’u a’_::}
S0 e P N vt dlga kg SRI ] FPRY PG e R it ML S R
m b =n)- ] m}+ (=) 22 ‘0

Measurements and Analysas



Pratection of Electronics Against Underwafer Explosions
A Rousx

And:

d?y

m =—k1{y—x]—b,{———'f ———————————————————————

Lt dt dr

Yohen m, = 0, Equation 40 could be rewritten as:;

'[}:kg(,l-'—x}+f?3Jﬁ—£}+k_(u—x}+hl<ﬁ———‘

lar d

Page 172

Taking Laplace transforms of these two equaticns. and assuming zero initial conditions, we

abtain,

[(h +h, W+ [k + &, }]Jf (£)== [E:._,_ s+ k., ]}"{5}+ [b s+k ()

[m:si +ohus bk JI'(&) = [bls + &, ].Y{S)

g o, 5™ + bt + Rijf(.ﬂ'}
s (s + 4)

Substituting Equation 44 into Equation 43. and taking the cutput versus the input, we obtain:

Y(s} (hs+k Koo +4,)

E(s)  (bos +h, Mm,s® +bys ke )= (bos + k Nbos + £,)

Where: (5, +4, )=b, and (&, + & )=k,

) (b5 +k Xb.s+k.)
N by (bt 4 ks BN (ks F Bk, 200k s+ koky — &

46

This constitutes the fransfer function of the double-layer damping material for simulation
purpeses. The measurement of the parametars b, and &, was difficull due to the fact that the
damping material inherently contained both thete parameters. These parameters could not
be measured separately as would be in the case of the suspension on a vehicle. The latter
had a separate spring and shock absorber, making it possible to measure the one without
interference from the other. The spenge rubber (by nature) has properties of a fluid. with 2
large viscosity. During attempts to measure the $pring constant. the viscosity caused some
inaccuracies, and vice versa. The eguipment to measure these parameters were not available
to the author, and thus it was decided that a separate project would be performed to
determine thete parameters, and then to perform the simulation as soon as the correct

equipment were available. The main thrust of this study was unaffected.
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5.1.6.2. Methodology

A frame (see Figure 153) was manufactured onto which the test unit (Enclosdre with enclosed
electranics and accelerometers) would be mounted in a2 moveable Enclosure clamp, The
frame was designed to enable the repositioning of the test unit after each blast. & scaled test
using 3d gm of explosive would be executed at a specified equivalent standoff distance of
270 mm for one of the tests. equaling to a charge of 40 kg at a standoff distance of 3m. The
CCA should be tested after each blast event. and the success ¢riterion should be that:

1 Mo damage would be sustained to the electronics.
2. The electranics would be fully operational after the tests.

For the latter purpose, a test point was idenbfied which delwvers a square wave when the
circult is operational This test point was taken via an umbilical cord through a watertight
pland to the test station where the accelerations were also recorded. The test point was
monitored by an ascilloscope to enable on-line tests at all imes.

—

Moveable Electronics
Enclosure clamp

Swivel

Fixed position of
the explosive
charge

Figure 153: The frame that was used to hold the Electronics
Enclosure in position at various distances from the
explasive charge.

The CCA that was used in the previous experiments was modified at a few places, according
to the recommendations of the previous experiments, remowing the "soft spots. See
Figure 154

These changes were,

1+ The replacement of the c¢rystal with a surface-mounted companent which
produced the required time base for the microprocessor.

2. IS sockets were not used for the larger ICs as before. The |Cs were directly
soldered intp the PCB.

& All switches were replaced by military-standard switches. All switches were

orientated in a flat position, and only a thin layer (0.5 mm) of RTY adhesive was
used to mount the switches. Mo hard-mounts {screws) were used

4, The larger LEDs were mounted flat onto the PCB. and glued to the PCE with
RTY.
o The transistors which were mounted in the upright position were glued together

after the solder gperation
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ils saldered i the PEB,

withou: the |G sackels. Crystal replased by

d Sh oscillator
EDI'T'IPOI"IEHL

All gwitches
replaced by Milsd
flat-rmaunfed cnto

the PCE. resting ca
RTW

Compansnis glied
together with RTY.

Figure 154: The moedified CCA that had the soft spots of electronics
replaced by alternative components

Fosiian ol the SCA in the
£ eciranics Enclosurs.

Tha o SCCaierdmeiars
are ciose enolgh a:
gimilar posiions .o the
EnclosLrs, one moLmies
dirzctly on the Enclasure,
and ane matnted direcily
chto the PCE

Figure t55: The position of the CCA and accelerometers in the
Electronics Enclosure,

Mea=urements and Analyses



Protection of Electronics Against Underwater Explosions Page 175
A Roux

51.6.3. Results

Due o the restricted availability of the range-personnel, it was only possible to execute two
measurement-events. Only one Pressure Sensor was used, because the second Pressure
Sensgr was damaged during the previous experiment.

Dwring the first event. the Enclosure was positioned at 240 mm standoff distance from the
charge, and the Pressure Sensor was positioned behind the Enclosure at 650 mm. During
Event 2 the Enclosure was positioned at 350 mm from the explosive charge, and the
Pressure Sensor was positioned next to the Enclosure. The distance between the centre of
the explosive charge and the Pressure Sensor was measured to be 380 mm. See Table 40

Table 40: Position of the Enclosure and the Pressure Sensaor.

Distance of the Expected Peak Feak Pressures
Standpff Distance  pressure Sensor  Pressure (MPa) Obtained (MPa)

Event No  of the Enclosure from the from Equation 3
{mm) Explosive Charge
(mm)
1 540 B850 2265 8.44
2 350 380 42.03 27.50
51.5.3.1. Pressure Measurements

The pressure history for Event 1 was recorded as shown in Figure 156

Event 1 Frassure

2302

0o

Pressure {MPa}

Time |ps}

Figure 156: Pressure history for Event 1,
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The pressure history for Event 2 was recorded as shown In Figure 157,

Event 2 Pressure

Fressure {MFa)
o
]

=2
=
Iz}

shan

Tirm: {pas]

Figure 157: Pressure history for Event 2, and theoretical pressure
history for 12 gm Pentolite.

The pressure history for Event 1 (Figure 158) uid not follow the usual (theorstical curve in
Figure 158} history format. This weuld ba ex’péctei because the Pressure Sensor was partly
obscured from the explosive charge. Tl're pre*sure history of Event 2 followsd the usual
histary format, except that the peak preasursl that was measured was smaller than the
expected value, see Table 40. According e the theoretical pressure history (also shown in
Figure 157). the measured vaiug Dbtsilned was eguivalent to 12 gm Pentolite. meaning that
either the detonation of the c:har%e was incom plete, or the sensor was suspect.

-“
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5.1.6.3.2 Acceleration Measurements

Page 177

The accelerstion results for Event 1 are shown in Figure 158, and the acceleration

measurements for Event 2 are shown in Figure 159,

Accelerations during Event 4
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Figure 158. Acceleration measurements for Event 1, at a standoff
distance of 240 mm.
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Acceleration measurements for Event 2, at a standofi
distance of 350 mm.
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The maximum CCA accelerations varied between 1042 g and 8238 g during Events 1 and 2

respectively.

The sensitivity of the accelerometers were too high for the chosen standoff distances,
consequently the accelerometer which was mounted on the Enclosure, saturated at
approximately 90 000g. During Event 1, both the positive and the negative peak
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accelerations were cut off at the saturation voltage. During Event 2. only the positive half
cycle was cut off at the saturation voltage due te the larger standoff distance.

The attenuation of acceleration could not be quantified exactly, dus to the saturation at
B0 000 g. Taking the maximum acceleration of Event 2 as 100 000 g (conservalively by
extrapolation), and the peak wvalue as 1050 g at point B in Figure 153, the attenuation is -
19.79dB. This is morg attenuation than previously recorded. iIf the peak at point B is
eliminated, then one could expect attenuation figures in the order of 23 dB. as shown in
Figure 129 paint C.

The accelerations measured for this study before this experiment. was summarised by
Table 30 and graphically illustrated by Figure 126, Adding the acceleration-peak
measuremeant during Event 2 of this experiment changed the curve-fitted result as shown in
Figurg 160. (It must be kept in mind that the peak acceleration for this experiment saturated
during both Events). The curve-fitting process yielded the result that & curve with the format
as described in Equation 47 was obtained.

Acceleration = .4{0'”" ]' -------------------- 47
Whers A = sapogng A \J

And B = 0.018 (constant

And x =

ﬁumftéét‘-ﬁ@aﬁaﬂ’raﬂﬂ

Equation 47 is depicted by Figure 160. This finding has a remarkable resemblance with the
form of the shock velocity LU in Equation 8, and confirms that there is a direct refationship
hetween the induced aceslaration of an objsct and the propagation speed of the shock wave.

Relationship between Acceleration and Scaled Standoff Distance

140C00

120000 =%

100000 -
g Series 2: (Magenta line).
£ eono WMathematical approximation,
: Equation 47. R = 0 9542
= v

a000

Boundary
20000 Condition

I 20 43 EQ EQ 1010 120 140
Standoff Distance (Radii}

Figure 160: Relationship between peak-acceleration and standoff
distance
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5164 Damage Assessment

After each test the electranics were function-tested at the test site. and it was found that these
tests succeeded after both blast events. After the tests, the Electranics Enclosure was
examined in the laboratory. No physical damage had occurred, and all the components were
i sito as they were before the tests. All repeated functional tests passed. Na damage had
Qocurmed.

5.1.6.5. Motion Analysis

The metion analysis was net done for thiz experiment because the acceleration measurement
saturated during both events. The acceleration was more than the dynamic range of the
measurement eguipment.

It i however noticeable, on the CCA acceleration measurement, that a posilive peak
acceleration cocurred at approximately 800 pz after the initial sheek during Event 1 (see
point A in Figure 158), and at approximately 1400 ys after the initial shock during Event 2
{see point B in Figure 155 This may have been attributable to the fact that a mechanical
‘landing” in the Electronics Enclosure [previausly used for mounting purpeses) was too close
ta the position of the CCA-mounted Accelerameter.

£166. Conclusions

The conclusions that could be drawn fram this experiment were that:

i3 The accelergmeters were tog sensitive to measure the acceleration of the
Encicsure at the selected standoff distances. and the combination of the sensor
gsensitivity and the dynamic range of the A'D equipment caused saturation at the
points indicated i Figure 158,

iz According to the pressure measurement during Event 2, it was concluded that
only a partial detomation had occcurred. The close relationship between the
rmeasured histery and the theoretical history {of a reduced explosive mass) was
remarkable. rendering the data valid for a reduced charge mass.

2 The pressure measurement of Event 2 and the “ne damage” finding indicated that
the Electronics Enclozure with the selected damping mechanism protected the
electronics successfully against an explosive charge of at least 12 gm Pentolite at
a standoff distance of 240 mm. This was equivalent to a 40 kg charge at a
standoff distance of 5.5 m.

Measuremenis and Analyses
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Chapter 6

6.1. DISCUSSION and CONCLUSIONS

6.1.1. Introduction

This final chapter reviews the work undertaken to address the main aim of the thesis
infroduced on page 18, and by which the related sub-aims {stated on page 24} were executed
te enderse the conclusion that the main aim had been accomplished.

6.1.2. Theories noted and defined

The literature was studied to note the characteristics of an underwater explosion with respect
fo the effect that the explosion had on chjects that were positioned harizentally at standoff
distances which were applicahle to this study. it was found that an underwater explosion
consisted of two main elemeants, that s, the shock wave and the bubble formation. The
hypothesis of this study stated that the shock wave was the main contributor fowards the
damane to electronics in close proximity to the blast, and consequently the shock wave
characteristics (using several saurces) were noted in depth (ses Equation 3 thraugh 11). The
bubhle formation and collapse were thus ignored during this study.

During the lierature study it became evident that the shock wave had two regions in which
the propagaticn-velocity of the shock wave was different. These regions were called the
"near-field” [near to the explosion) and the “far-field" (3t further standoff distances than the
near fieldy, Howewver, no clear definition of this characteristic was offered by the kterature, and
therefore a transition between the two regions was unclear. Hence the autnor of this thesis
offered a definition (see. "Conclusicns: Near Field vs, Far Figld characieristic” on page 41,
and repeated here for elucidation purposes) which would satisfy the requirements of this
dissertation with respect to the characteristics of a shock wave which would influence a
damage factor.

Defintion Offered:

tn the far figld, the shock wave has reached & constant velocity,
equal to the speed of sound in that medium. Before this
constant velocily characteristic is reached. the shock wave
velogity is higher than the speed of sound, with a maximium
value at the border condition (0 charge radi}, and tapers down
non-linearfy  towards the speed of sound as the standoff
distance fnoregses. TiNs is the near flefd This near field is
usually defined by & number of charge radit

Briefly, the shock wave propagation velocity in the near field starts with a maximum [several
times the speed of sound in the water, and typically 4000 — 5000 mis) at the boundary
condition. This propagation welocity then reduces by a function which approximates an
exponantial farmat, until the spesd of sound is reached (see Figure 11) (the maximum
amplitucle depends upon the explosive pressure - P, - and its pressure-transfer-coefficient to
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the surrounding water). In the far figld the shock wave propagates at the speed of sound. The
border between the near field and the far field is not & sharp fransition, and therafore the near
field definition could be terminated by the standoff distance at which the propagation velocity
has reduced to within (say) 5% of the speed of sound.

The near field is significant far the purposes of defining design paramaters of equipment that
Wwill be situated near imminant underwater explosions due to its non-lingar nature It is
reasonable to accept that damage may also increase non-linearly in the near field, as the
explosive charge is approached (standoff distance is decreased).

6.1.3. The Hypothesis

During the first experiment, the measurement resulls showed that more electronic damage
ocourred close to the blast {see the results of Enclosure Nol at 100 mm [= & charge radii]
standoff distance on page 82), than further away (see the results of Enclosure Nod at 360 mm
[= 22 charge radii] standoff distance on page 82 The damage results could not be presented
in a more scientific format. because the damage could not be calculated on any acceptable
scientific scale. Also, some design "damage soft spots” were deliberately introduced into the
CCA-design, and some CCAs were mounted on damping material, whilst others wera
mountad hard against the Enclosure. The purpase was to invastigate the standoff distances
where:

i Damage would cccur where it was not expected, e.g. surface-mounted
components being dislodged, switches physically broken, etc.

2. Damage would ocour only to the "soft spots’ on the CCAs.

3. No damage would ccour.

From the results obtained in Experiment 1, it was reasonable to conclude that the damags to
the test-electronics increased non-linearly as the standoff distance decreazed.

Keeping cognisance of the fact that the water particle velocity sssociated with the propagation
of a shock wave is directly proportional to the shock wave velocity (see Equation 7) and the
speeding particles are origntated in the direction of propagation, the bases of the hypothesis of
this study was established. The conclusion drawn from this statement is that the cutward
force which is created by the shock wave would also ingrease exponentially closer to the
charge in the near fisld, and reach a maximum at the houndary condition. In the far field, the
pubward force would reduce propertionally with the shock-wave-generated pressure (e
Equation 10) until the force would ke too small to have a significant effect. {Equation 10 Is
valid for the condition where P == Py, This outward force, according to the hypothesis, is the
cause of chject acceleration. and consequantly electronic damage.

The acceleration measurement results that were recorded for this study suggest that a8 good
carrelation had been found between the peak acceleration of the Electronics Enclosure and
the scaled standoff distance (in charge radii) from an underwater explosion (saa Figure 1607,
This validates 2 conclusion that the outward force of the explosion {and therefore the
acceleration of an object on which the force is exerted) is related to the shock wave velogity.

It must also be kept in mind that the experiments for this study were conducted using a
standard explosive mass of 30 gm, and that the equation for the decay function of & shock
prassure pulse {see Figure 10} indicates that 2 larger explosive mass would sustain the
particle velocity for & longer duration. This means that the shock impulse density {integral with
time of the shock pressure pulse history) 15 also directly proportional with the accelerabion,
and would contribute to an Equation which would describe this conglusion.

It sppears reasorable that an Equation illustrating this conclusion could be given by
Equation 48 on page 182. This function includes all the properties of a shock wave that were
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identified in the "Research Design” (sub-paragraph “Methodology' on page 24) ta have
influenee on the damage to enclosed electronics.

Mote also that the total force [ZF}I on the object which weould culminate in an acceleration
of the object is also dependent on the available area on which the force is exerted (force
aperture — which includes the drag-coefficient). A smaller aperture leads to & smaller
acceleration.

b i T R 48
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Refer to Experiment &, Figure 156, The aperture was reduced at the position of the pressure
sensor as a result of the Enclosure partly abscuring the shock wave, causing the Fressure
Impulse energy to be reduced (area under the pressure-history clurve).

To swmmarise, This study showed that there was an un-quanfified refationship
between the hard-mounted efectronics damage in an Enclosure and the acceleration
of the Enclosure. The conclusion was also that the damsge closer to the explosion
was 1of onfy due to the pressure, but also due to the shock wave velooily.

6.1.4. Mitigation factors

The hypothesis of this study stated that the acceleration of the Enclosure is the cause of hard-
mounted electronics contained in the Enclosure. This implies that mitigation lechnigues
should incerporate a sclution to preclude (as far as possible) the transfer of the Enclosure
acceleration to the contained CCA.

It was calculated as a ball-park figure that the displacement of the Enclosure would be less
than 1 mm {Acceleration and Displacement Prediction on page 48) during the large
acceleration period when a shock wave collides with the Enclosure. This gave rise to the
canclusion that an internal (ko the Enclesure) damping mechanism may be provided, which
wolld be physically small, and therefore cost effective. As a first solution, a standard
Mecprene "gremmet” was used to mount the CCA, which would serve as a damper to the
aceeleration. However, the grommetsclution would be effective for larger distances {e.q. if
the Enclosure was situated in the far figld) only. Ancther (softer) damping mechanism was
tested, and it was found (using Neoprena spenge rubber — see Experiments 4) that the
acceleration was dampened more adequately than for the grommet-mounted CCAS (sponge
rubber attenuation of 21.85 dB — sea Figura 122 — versus grommet attenuation of 15-18 4B —
see Table 21 and Table 25)
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Note: The refative displacement of the CCA (relative to the Enclosure) was farger for the
softer mountings (as would be expected). Care must be taker in the design of the equigmert
to cater for the correct expecter sooelersiion. because a mounting method which affenuates
adequately, may alfow too much CCA displacement, causing the CCA to take up all the slack
diaring blast foading. and thett collicing with the Enclosure,

There is some evidence that the selected mounting method for Experiment 8 was too soft for
the selected standoff distanca. In Figure 158 point A and in Figure 159 point B indicated a
sudden increase in acceleration which could be attributable to all the slack of the damping
material eing taken up. If these peak accelerations were in fact as a result of the reduced
damping material slack. then it could well be envisaged that the maximum acceleration would
te in the order of 400 g. This would constitute an acceleration attenuation in excess of 24 dB
{assuming the saturated peak acceleration in Figure 15% would be in excess of 100 D30 gb,
which 12 an improvemant aver the damping methad of Experiment 4. Unfortunately the test
range team was unavailable b execute an experiment to prove this statement.

6.1.5. Field measurements and sensors

Applied Research had been perfarmed on the subject of safeguarding slectronics that were
enclosed in a watertight Electranics Enclosures against underwater blast loading. The results
of the field experiments were mostly positive, see conclusions on pages 96, 117, 134, 148,
166, and 178. The following conclusions &re highlightad or added:

1 The damping solution of Neoprene sponge rubber that was bsed in Experiment €
was adeguate for the protection of the enclosed electronic CCA for the pratection
against blast foading of 30 g at scaled standoff distances as Jow as 15 charge
radi (240 mm for 30 gm explosive charge at g relative density of 1.6), which is
within the goals for this study. A 30 g charge produces approximately 73 MPa
pressure at a stanaoff distance of 240 mm. which is eguivalent fo a 40 kg charge
al a standoff disfance of 2.6 m.

2 The acceleration that the selected Enclosure undergoes during blast loading in
the near field region of 20 charge radil (see ascoeferstion measurements on
page 177 is too high lo measwe using the given accelerometers [with fhe
sensifivity of D073 miig). A possible solution s to increase the mass of fhe
Enclosure, after all scaling factors were considersd, because the force fand force
apenure) is constant.

3 A qgood cotrelation betwesn the explosive charge radivs and the acoeferation was
obiained [see Figure 128) front which it cowld be predicted what the edpecied
aceeferalion wouwld be al specifled standoff distences for a 30 gm explosive
chatge. Esfimating that ihe maximum  acceleration of Evenf 2 during
Experiment § was 100 000 g, this point was added to Figure 128, which produced
the graph shown in Figure 180 A curve (with R° = 0.8542) was fitted over the
data poirts 1 Figure 160, producing an equation of,

Aeceleration=130000{e 0%} oo oo 80

Where ¥ = number of radii
And R* = 0.9542

This clirve was valid for an explosive mass of 30 gm Penfolife, an Enclosure with
mass = 1.996 kg aitd with an aperture of (180 mm x 120 mm = 00216 m’) and a
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drag coefficient =1 (Enclosure facing the explosion at right angles with the shock
velocity).

4. Only two pressure sensors were used in multiple experiments. The pressure
results (see Figure 149} indicate that one sensor (the less sensilive sensor)
consistently produced results which were lower than the other sensor. These
readings were also consistently lower than the theoretical values indicated by
Cole [5] on the same graph. This indicated that the sensor may have sustained
some damage during tests prior o this study.

5 A method had been researched whereby the flash that was generated by the
under-water explosion was recorded by means of optical fransistors (see
Experiment 5 on page 149), and this measurement was used to synchronise the
pressure and accelerometer measurements with the moment of explosion.
Although air-blast operations use the flash of the explosion for many reasons, as
far as could be established, the optical transistor synchronisation method for
under water experiments had not yet been published. It is recommended that
further studies are undertaken lo investigate the optical transistor {or optical
diode) for use in underwater measurement, especially to obtain shock wave
velocity. The shock wave velocily is in direct relation with the pressure (see
Equation 10), and seeing that pressure measurements are difficult to obtain due
fo pressure sensor shoricomings, an alternative would be to determine pressure
by measurement of the shock wave velocity.
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APPENDIX 1

GRAPHICAL PRESENTATION OF THE COLE [5] EGUATION FOR PEAK PRESSURE WS.
STANDOFF DISTANCE FOR PENTOLITE,

Graph of shock wave peak amelitude relative to standoff distance, for a charge weight of 40 kg
Fentolite.

Shock Amplitude vs Distance from Blast
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Orig nal equation for Pentolite:

NS L ifhere: ]
P =2.25x% ”}\l W% ihi i E‘-In:;:ﬁ 1lgllhﬁn :

R iz in ft.

o

Equation for Pentolite translated to the metiic systern;

g =k

5 // Where;
. .3 Prmax is in MPa,
P mige = 543‘5‘ 'H "/R ,'\,('fPff Wis in kg,
,K_ Fd Ris in .

The specification of 40 kg at a standoff distance of 4 m equates te 44,75 MFa, and thus an equivalent
charge mass of 30 gm at a scaled standoff distance of 380 mm. This distance equates to 22 charge
radii.

Appendix 1; Peak FPressure Eguation by Cofe [5]
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APPENDIX 2

SPECIFICATIONS OF THE TOURMALINE PRESSURE SENSCORS USED IN THIS STUDY.
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Aopendix 2- Pressure Sensor Specifications
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APPENDNX 3

THE SYNCHROMNIZATION UNIT SCHEMATIC DIAGRAM
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Figure 162: The schematic design of the detonator firing electronics with synchranisation to measurement equipment.

Appendix 3 The Svackronisaton Unit Schematic Diagram
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SYNCHRONIZATION UNIT CIRCUIT DESCRIPTION

This unit operates in conjunction with the IMPI™ firing unit, and provides a synchronization pulse to
the measurement equipment as soon as current is detected in the detonator circuit.

The high-level principle of operation is described by Figure 163 below. The IMPI™ supplies a high
voltage (from an internal capacitor) on its output terminals as soon as its firing button is depressed.
This voltage is applied to the detonator via a long (variable between 100 m and 1000 m) cable. The
synchronization unit is placed in series with this detonator current, and for easy operation, the
synchronization unit is polarity protected, meaning that its two input terminals may be connected in
either way. This is quite necessary, because the IMPI™ output terminals are not marked, and the
operators of the IMPI™ may connect it onto the detonator circuit in either way, without heeding the
polarity.

The IMPI™ ¥ Synchronization » Detonator
Detonator Firing Unit
Unit

Arrows indicate Detonator
current flow

A

Figure 163: The high-level connection-diagram using the IMPI™ connected
to the detonator via the Synchronization Unit.

The IMPI™ has its own battery, making the unit a voltage-floating unit. The synchronization unit also
has an internal battery, which also makes this unit a voltage-floating unit. Two diodes connected back-
to-back (D3 and D4) facilitates that the current may flow in either direction. One of the terminals are
connected to a voltage divider (R1 and R2), placing the TP5 at half the VCC voltage (2.5 V). This
voltage is connected through a high impedance resistor (R6 = 100kQ) to the two input terminals of the
voltage comparators in U4.

Steady state:

As there is no (or negligible) current flowing through R86, the voltage at pins U4A/p2 and U4B/p6 is
also 2.5 V. The voltage divider at U4A/p3 (R11 and R12) gives a voltage of 2.25 V at U4A/p3. This
means that, if the unit is at rest (no current flowing through D3 or D4, the output of the comparator
(U4A) at UdA/p1 is in a LOW state (= GND) due to the voltage at pin U4A/p2 being higher than the
voltage at U4A/p3. This LOW state is fed to the input of a comparator (USA/p2). This latter comparator
performs the function of a logic inverting amplifier because the voltage divider at USA/p3 (R14 and
R15) sets the voltage at USA/p3 to 2.5V, and the input at USA/p2 is expected to be either logic HIGH
(5 V) or logic LOW (0 V). With the input of the comparator USA at USA/p2 in a LOW state, the output,
U5A/p1, is in the high-impedance open-drain state. This means that the conductor marked N-EDGE is
pulled to a HIGH state by R18, because the outputs of all the LM393 comparators are in the “open
drain” configuration.

Appendix 3: The Synchronisation Unit Circuit Description
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In the steady sate, the voltage at the input of the comparator U4B at U4p6 is 2.5 V. The voltage divider
(R17 and R19) sets the input of the comparator U4B at U4p5 to 2.75 V. This means that the output at
U4B/p7 is also in the high-impedance state with U4B/p5 (positive input) at a higher voltage than
U4B/p6 (negative input). This output (U4B/p7) is also connected to the conductor marked N-EDGE.

Both the outputs (LU4B/p7 and U5A/p1) of the comparators are in the now in the high-impedance state,
allowing R18 to keep the conductor N-EDGE in the HIGH state.

The conductor N-EDGE is connected to the input of a mono-stable multi-vibrator (U3A), which needs a
negative edge to trigger the output of U3A. In the steady state, there is no negative edge, and
therefore U3A/p13 is steady at a LOW level.

Positive current flow when detonator is activated:

A positive current flow is relevant when the current is in the direction as indicated on the schematic
diagram, flowing into Terminal 1. This means that the voltage across D3 rises from 0V fto
approximately 0.7 V in a relatively short time. For the purposes of this circuit, the current performs a
0.7 V step function. The voltage at U4B/p6 therefore rises from 2.5 V to 3.2 V, which is higher than the
comparator voltage threshold of 2.75 V. The output of U4B/p7 then flips from a high-impedance state
to an active LOW, due to the fact that U4B/p6 (negative input) > U4B/p5 (positive input).

This means that the conductor N-EDGE is pulled LOW by U4B/p7, providing the negative edge that is
required at U3A/p1 to trigger the mono-stable U3A at U3A/p13. This output steps to 5V, and stays at
5 V for approximately 1 second, providing the required synchronization pulse. This mono-stable time is
a function of the values of R3 and C7.

Negative current flow when detonator is activated:

A negative current flow is relevant when the current is in the opposite direction to the indicated current
on the schematic diagram, therefore flowing into Terminal 2, through D4, and out of Terminal 1.

In this mode, the voltage drop across D4 (approximately 0.7 V) causes the voltage at TP4tobe 0.7V
lower than the voltage at TP5. The voltage at U4A/p2 (negative terminal of U4A) = 1.8V, which is
lower than the voltage at U4A/p3 (2.25 V). This means that the output of U4A (U4A/p1) flips to a high-
impedance state, pulling the input to USA at USA/p2 to a HIGH state via the resistor R13. This means
that USA/p2 > USAp3, and therefore the output USA/p1 is pulled into an active LOW state. This means
that the conductor N-EDGE is pulled LOW, providing the required negative edge for the mono-stable
U3A to activate a 1 second positive pulse at U3A/p13, which is the synchronisation pulse. '

Output indicator:

LED D5 switches ON when the voltage at U3A/p13 goes HIGH, indicating when a synchronisation
puise is obtained.

Other circuits:
Comparator U5SB, and mono-stable U3B are not connected to function.
U2 provides a regulated 5 V, called VCC from a 8 V battery.

Appendix 3. The Synchronisation Unit Circuit Description
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A BX| computer containing a 4-channel AD card was used, In a configuration for measurermnent at
0. 5us intervals, The specifications for the AD card, is shown in Figure 164,

v Analeg Input (Al)

Number of channels: 4 diffarential
AD converter:

2010 LTC1414 or equivalant
2105 ATTH6H or equivalent

2006 AMTTEA3 or equivalent

Max sampling rate:

2010: 2MS/=

20058, 500kSHs

2006, 250kS/s

Resolution:

20100 14 Bits, no nussing cods
2005200614 bits, mo missing cods
FIFQ huffer size:

201G 3K samples

2005/2006. §12 samples
Programmable Input range:
Bipolar, 10, £5v, £2.0V, £1.25V

+ -3dB small signal handwidth: {Typical, 25°C)

Device | InputRange | Bandwidth (-3d8)| input Range | Bandwidth (-348)
45 1170 kHz O=-10% 1660 kHz
5031 =5 1050 kHz 0-&Y 1020 kHe
.55 800 kHz 0-2.5% THO hHz
=125V S30 kH= 0~1,25% 30 Rz
1oy 1160 kHz D~t0%° 110 kHE
2005 - {050 kHz D=5V HIEI wHE
=22 780 kitz D2 5 7l kHzZ
=1.25¢ 820 kHz O~1 28 530 kH=
bt L1115 B30 kHz 0~10v B40 kHz
S50 == B20 kriz 0~5v 820 kH=
=28y 54 iz b-25v 540 kHz
=1.25v 410 ki O~1.25v 420 hHz

Unipolar: 0~ 10V, 8~5Y, G~2.5V, 0~1.25V
Crperational commaon mode voltage rangs: $11Y

Overvoltage protection:
FPower on. continuous + 304
Power off continudous + 154
Input impedance: 1GwW100pF

Gain errer

Before calipration: =0.6% of Gutpul mas

After cafibration:  £0.1% of cutput max for DACPXI-2010
=0.03% of output max for DAGAPXI-20052006

Figure 164: Specifications of the DAQ card,
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APPENDIX 5

FURTHER DISCUSSIONS ON LITERATURE

Major Sources:

Sirim and Janzon [10]
The data-sets of the measuraments were given to the CSIR in twe formats:
A A short report explaining the test setup.
2 Data files in TXT format ona CO of the raw data as it was recorded on site.

The four pressure sensors that were used were unknown at the date of publication of this disseration,
The samgling rate was 500 Hz.

The measurements done by Striém and Janzon [10] are regarded by the CSIR {custodian of a copy of
the infermation) to be very significant. The results obtained are the mest comprehensive results of
underwater blast measurement that the author could find, and the raw data was made available to the
CSIR tu analyze indepandently. The raw data was presented tothe CSIR in raw (net analyzed) format,
therefore this dissertation analyzes the data in detail.

One of the tests performed by Strdm and Janzon [10] will be described in this literature reyiew.
Figure 1685 shows the typical test set-up as vsed by Sirdm and Janzon [10],

Buoy Buocy Barge

Buoy

Expiosive Sensors
WMass \k\ / ,[\
_ o SR S ® Weight
Vireight Detonator Signal
structure Conditioner

Bea

Weight Bottorm

Figure 185: Typical Test Set-up in a Swedish fiord.

Four pressure s$ensors were positioned at variocus distances from an explosive charge, The distances
were typically 3.5 m, 6m, 11 m, and 20 m {see Table 43 for accurate recorded distances). As can be
seeh from Figure 165, the four sensors that were used were strung horizontally away from a charge, to
ensure constant depth. The depth was typically 20 m, ina 40 m deep zone.

Five charges were exploded. and recordings made from all four sensors, and stored as ASCI files.
One of the files {representing one of the explosions) was entered into MatlabE, and the result is

Appendices
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shown in Figure 188 The very sharp rising pressure shosk pulse can be seen, as well as the pressure
effects of the bubble formation roughly 380 ms later. The five charges were of differing charge
compounds and charge weights.

Mi-4323-1-p1-143T 2941 kg HBX3
e | T T '
z0r- ...__.._..__...___..E.____._-..J:-.------.IJ........_..i.___ -———
b _______--------i.--------%,”.....i..._.__ -E—-- -
L [l ' ' ' '
£ i i i i i
Z i i i i i
L [ S T e T T e T
2 . : i i |
2 5 i i i |
E_lk_‘-;hl,- | : : —-_‘{l'_\_f'::'l‘_—_T:'r__ s
i i i i i
i i ' i 1
5 1 | | 1 1
u} I~ ey An 4 acd G0
Time | ~z]

Figure 166: Plot of one of the five explosions, pressure versus time.

Some reference figures mentioned in the report by Strom and Janzon [10]:

A 941 kg HBX3 ¢harge produced a 24.8 MPa pressure peak being measured 3.65 m from the point of
detonation.

» Utlizing TNT as the reference, the energy can be calculated as 2 Md/kg.
« Theta = (.264 ms,
«  Shock energy s calculated utilizing the Equation:

4ar®’
Buhock — packi
Q LI £

«  Maximum pressure is calculated as follows:

. 1. 1255
y 1 MPa
L Q . A

The graph (Figure 166) shows that the shock wave pressure pulse has a very large peak pressure, as
opposed to the bubble pressure pulse which has a much lower peak pressure pulse. On face value the
shock wave will have the largest probability to cause damage.

The data as supplied by Strom and Janzon [10] is discussed below in terms of the characteristics as
required by the intended research methodology:

P.T;n = 51]?5

Qusted from Strom and Janzon [10]
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Characteristic 1: Shock Wave Propagation Velocity;

The test set-up (Figure 185} was constructed to have 4x sensors, which weré placed at roughly 3.5 m,
gm. 11 mand 20 m from the blast. The task to determing the propagation-velacity is simply to take
the known distance between sensors, and divide this distance with the time taken for the shock wave
to propagate between the known positions. This will give an average value of the propagation velocity,

The time-base of the pressuré medsuraments was given as 2 ps. As can be expected, the practical
placement process of the sensors could not be executed to a very high dearee of accuracy, and
therefore the sensor positinons were recorded by Sirim and Janzon [10] o be at slightly variable
distances from the blast, as compared to the interded 3.5 m, 8m, 11 m, and 20 m. This in itself does
not constitute 3 problem, 1f it could be accepted that the actual distances from the blast is measured o
a high degree of accuracy.

The experiment was conducted by executing the detanation of five charges, and all four sernsors wers
aetivated to start measuring simultanecusly. Unfortunately, from the raw data it was not possible to
detect a marker, which indicates the moment of blast This means that the position {in time and/or
distance} of the first sensor cannot be determined from the raw data. This also means that {for a first
iteration approach), the position of the first sensor has to be accepled from Table 42, as 3.5 m.

Some of the data from the report by Strom & Janzon [20] is shown in Table 41. P11, P2, P3, and P4
denate the four positions of the four pressure sensors fram =ach blast.

Table 41: Recgrded sensor standoff distances from the hlasts.
No. Type  Weight  E(s) E(s) E(s) E(s)  Bubble
L] (MJikg]l  [MMkgl  [MUkg] [Mdikgl  Period
P1 P2 P3 P4 [ms]

PL Blast 4 1 Flastic X 17 486 1.1573 1.0624 09549 09698 127 Of
Bl Blast ? 2 Flastic X 22448 1.26828 1.0854 1.0425 09733 30128
PL Blast 3 2 Flastic X 27.328 1.208 1.13EBR 1.4047 1.0431 27072
HE Blast 1 4 HEX3 041 1.0614 10184 Das78 04958 15587
HE Blast 2 5 HEX3 O 48 1.073 1.000% 09733 049658 arg.02

For mare clarity, this study will dennte the five blasts as Plastic X Blast 1. Plaslic X Blast 2, Plastic X
Blast 3, HEX3 Blast 1, and HBX Blast 2 respectively from the top to the bottom of Table 41,

More information about the recorded standoff distances is shown in Table 42 The cell shown with a
yallow background is assumed to have incorrect information. Correst information was obtained from
the ASCI file containing the raw data, see Table 43, row 2.

Appendices



Protection of Electronics Against Underwater Explogions FPage 198

A Rous
Table 42: Standoff distances and recorded peak pressures of five blasts.
Mo, Distance Pmax Distance Pmax Distance Pmax Distance Pmax
P1(m) {MPa) P2{m} (MPa} P3(m) (MPa] P4{m) (MPa)
PLBlast: | 35 3TO07 617 882 1108 G958 1995 488
Pl Blast 2 2 384 27 537 19.54 1% 48 §.96 20.2 4.0%
PL Blast 3 3 Fid 4 55 538 2162 11.44 1.4 2023 5.04
1B Blast | 4 5 55 2345 537 12.81 51,36 582 2023 387
B Blas- 2 5 3.88 A 4D 8452 12.484 1,54 543 2037 3.47

A discrepancy of the data in Table 42 with respect to the raw data has been
found, and Table 42 has been rewritten by the author as

Table 43, correlating the data in the table with the dawa contained i1 tha raw data €les.

Table 43; Table with information taken from the raw data of standoff
distances and peak pressure valuss of five blasts.

Mg, Distangce Pmax Distance Pmax Distance Pmax Distance Pmax

Pl1im) (MPa} PZ(m) (MFa] P3{m) (MPa} Fd4im} (MFa)

FL Bast1 1 35 3508 847 1928 5105 1034 1555 5.04
FLBas:2 2 484 3893 537 205% 1445 1084 2032 5.04
FLBastd 2 377 43N 5§33 2233 1944 4193 2023 5490
HB Blast© 4 365 247¥2 &37 4332 14938 708 2023 347
HE Blast2 5 388 2337 852 13557 1554 68 20,37 353

lastic X Blast 1 oroduced the pressu-e resals as shown in Figare 5671t is impeortan: to 1ote that the
independent axis (Time) dencies the time ta<en from the mament of the sw@art of the recarding. |7 dass
qot denate the tima taken from the memens that the blast cecurad

£ This ze | coers inforeatian imcpe Ncorres: inonis dissertstion for the surposes of accuasy of queation) which was rocorscd
Feoeracty oy Sirom & Janzan [22] The -aw dats confirns thet ths deslance showd 2e 3 68 m jgee Tazie £3).
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Plastic @ Blast 2 produced the pressure results as shown in Figure 167,

PlasticX Blast 1

| —T-anssuoer
- A08.0% MPa | i — Transgunar ¢
5 ———— | nsausar 3

—= Traisanar 4

[eaeies |

Frastura (MPR]

- I

Time |ps|

Figure 167: Pressure results from Plastic X Blast 1,
The calculation of the propagation velogity for Plastic X Blast 1 is shown in Table 44.
Table 44: Calculation of propagaticn velocity for Plastic X Blast 1.

PlastickX Blast 1 17.568kg

Distance from blast frem report (m) 3.5 BELF 11.08 19.85m
Distance from blast an raw data recorgds (m) 3.50 817 11.08 18.95 m
Shock Time between sensors {g) o 1843 a4g 8038 ps
Distance between sensors (m) o 287 4 88 §.8%9 m
Velocity {mis) 1445 1431 1472 mis
Distance hetween first and |last sensor (m) 16.45 m
Time batween first sensor and last sensor (Us) 11304 ps
Averase velocity imis) m's
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Plastic X Blast 2 produced the pressure results as shown in Figure 168

PlasticX Blast 2

39.53MPa

2059 MPa |

Thwe 1)

Figure 168. Pressure results from Plastic X Blast 2.

The calculation of the propagation velocity for Plastic X Blast 1 is shown in Table 45.

Table45:  Calculation of propagation velocity for Plastic X Blast 2.

PlasticX Biast 2 22.448kg

Distance from biast from report (m} 3.84 6.37 1146 202m
Distance from blast on raw data records {m) 384 637 11.46 2020 m
Shock Time betweean sensors (us) 0 1782 3430 6028 ps
Distance between sensors (m) 0 253 5.09 B74m
Velocity {m/s) 1412 1484 1450 mis
Distance between first and |ast sensor (m) 16.38 m
Time between first sensor and last sensor {Us) 11250 ps
Averaje velocity (mis) mis
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Plastic X Blast 3 produced the pressure results as shown in Figure 165.

PlasticX Blast 3

Time ()

Figure 169: Pressure results from Plastic X Blast 3.

The zalculation of the propagation velocity for Plastic X Blast 3 is shown in Table 46.

Table 46: Calculation of propagation velocity for Plastic X Blast 3.

PlasticX Elast 3 27 33kg

Distance from blast from report (m) 371 6.39 1144 20.23m
Distance from blast on raw data records {m) an 638 11.44 20.23m
Shock Time betweensensors (s) 0 1788 2442 6028us
Distance between sensors (m) 0 268 5.05 8.76m
Velogity (m/s) 1499 67  1458mis

Distance between first and last sensor (m) o . 15 52m

Time betwaen first sensor and last sensor {us) 11268ps
Avera e velocity (m/s) ¢
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HBX3 Blast 1 produced the pressure results as shown in Figure 170,

HEX3 Blast 1
500

Tt 1 |

Toadues 2 |
20050
|

Tonmdusen 20

e Traadi oo 4

0.

R \ _ 367 M7a |

Pressure (MPa}

Tine (pz]

Figure 170: Pressure results from HBX3 Blast 1.
The calculation of the propagation velocity for HBX3 Blast 1 is shown in Table 47.

Table 47: Calculation of propagation velocity for HBX3 Blast 1.

HEX3 Blast 1 9.41kg

Distance from blast from report 6.65 637 1139 2023m
Distance from blast on raw data récords 365 a.37 11.38 2023 m
Time between sensors (us) o] 1870 3446 BO3E ps
Distance between sensors (m) 0 272 5.02 8.84 m
Velocity (m/s) ! 1455 1457 1484 mis
Distance between first and last sensor (m) 18.58 m
Time betwaen first sensor and last sensor (ps) 11354 us
Avera e velogity (mis) mis
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HEX2 Blast 2 produced the pressurs résults 35 shown in Figure 171,

HBX3 Blast 2

2500 -

Transduce: 1
— Transduvs" 2

Transdues: 5
2o = Transducs 4

*5.00
R

a53MPa |
=00 £ - |

Fressura (MPa)

Thime (ps)

Figure 171: Pressure results from HBX3 Blast 2.
The calculation of the propagation velogity for HBX3 Blast 2 13 shawn in Table 48,

Tahle 48:; Calculation of propagation velocity for HBX3 Blast 2.

HEXS Blast 2 D.428kg

Distance from blgst from report 288 G.62 2037 m
Distance from blast on raw data records 3.88 B.52 2037 m
Shock Time betwaen sansors {us) Q 1832 5992 s
Distance betwesn sensors {m) i 264 883 m
Velocity (mis) [ L 1474 mis
Distance between first and last sensar {m) 1549 m
Time between first sensor and last sensar (us) 11283 ps
Avera e velocity (m/s) mis
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Characieristic 2; Peak-Pressure Funclion

Figure 167 to Figure 171 show the pressure functions as measured at standoff distances between
3,5m and 20 m from the blasts. From these figures, it can be seen that the peak pressures reduce
with distance. Strom and Janzon [10] defined the peak pressure to reduce at a rate of;

& 11333
r I
Prum:il.lTiT“ 'E/,_ MEg: -sssmsamsssssEEeTs 51
i
Wh - el o)
Ris the standoff distance in m

Qs the charge weight in kg.

Traditionally. the equation for Pra, 15 wiilten such that the charge weight {mass) is divided by the
distance. Rewriting the Strém and Janzon [10] Equation in the traditional format, we get:

e W= l12ss
2| @3
Pl = 81.175 LK‘ T 52

iri this farmat, Equaticn 52 can be compared with the Equation offered by Cale [5], which is graphically
ilustrated in Appendix 1 on Page 1388.

Equation 52 was superimposed graphically over actual measurements taken by Strim and
Janzon [10] in Figure 172. It is clear that the theorelical Equation has slightly farger values than the
actual measurements as produced by the specific HBX3 blast1. This is due to the fact that the formula
was composed for a different explosive material.

HBX3 Blast 1
..... i ). T
Equation 52: Y
Calculated Peak Transouze: 2

Transduce: 2
Transducar 4
=¥ Taloukle:s e Sher & oosnsen
—— Tuloulgle b2zl

250 (8 Pressure Curve.

08 Caleulated Peak

Pressure Curve by

1 Cole.

]
Measurements by
Stréim and Janzon

Prassura {MPa)

Timwe (px|

Figure 172: Egquation 52 (Peak Pressure Curve) superimposed on actual
pressure mesasurements.
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in ancther format {for better amplitude compariscn), the measured values of the twa HBX3 blasks
(btasts 4 and &) are shown relative to the corresponding calculated Peak Pressure in Figure 173 A and
B. It can be seen that, for both the HBX3 blasts, the measured peak pressure values are generally
below the formulated curve of Equation 52,

Measyured w3 Famulabid Peak, Presgares
far HEX3 Blast 1

Praggure (MPa)

s i EEN SENTG ]

Ralative Tima {4451

000 prlhl ey e

Measured w_i--FormuIaté:l Faak Frassums
For HEXS Blast 2

Fressure [MPa)

Taldfc MHEL I H ot BTN AN Sk ELHIN OO0 RA0OO eLLCo
Ralative Tira [us)

Figure 173: Comparison of the measured Peak Pressure values against the
calculated Peak Pressure values for HBX3.

The apposite finding is true for the Plastic X composition (blasts 1 to 3). Figure 174 A B and C shows
that the measurad values are in fact larger closer to the blast than the caleulated values according fe

Equation 52,
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Figure 174: Comparison of the measured Peak Pressure values against the
calculated Peak Pressure values for the three PlasticX blasts.
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It can be seen that for all three the PlasticX blasts, the measured values are slightly above® the
formulated curve of Equation 52, A conclusion could be drawn that the PlasticX explosives arg
therefore more successful with respect to the peak pressure amplitude than the HBX 3 compasition.

The mathemalical equation given by Strim & Janzaon [20) has an asymptotic result when the distance
approaches O m. This, in theary. means that the predicted peak pressure at the point of explosion —e,
This anocmaly was discussed in paragraph on Characteristic 3 Shock Pressure Leading-Slope Rise-
Times on page 207), where it was shown that the description of the leading edge does not allow

infinite amplitudes at the expicsion origin {boundary condition of R — a; whera ap is the charge radius).

Observations:
The mathematical model that is given by Strom & Janzon [20] 12 applicable to their own proprietary
compesition, calied Plastic X (unpublished somposition).

The mathematical Equation for each type (composition) of explosive differs with respect to the
expected peak amplitude of the explosion at any given distance from the explosion. If a company
preduces ite own composiion of explosive, it will probably be required to measure a8 number of
explogions at & given distance to determing the specific mathematical model to be used for that
specific composition. This statement is general knowlzdge amangst expiesive manufaciurars.

Characteristic 3: Shock Pressnre Leading-Slope Rise-Times

The interest-value of the rise-time lizs in rel@ticnship of the rise-times with respest 10 the acceleration
{that is caused by an explosion) of an enclosure containing electrenics, in close proximity of the blast.
This study investigates this relationship.

The main purpose of this Section was to determing the rise times of explosion shock fronts as derived
from the raw data as given by Strém & Janzen [20). Information on this topic was not readily avaiable
in the literature, except that it was referred to as “discontinuaus” or “practically instantanecus”. Actual
values for rige times could not be found in the literature, and thereforg this disseration analyzed the
data as supplied by Strém & Janzon [20] Figure 175 shows that all nermalised rise-times have
approximately the same history characteristics, and for the relevant twenty measurements supplied by
Stromn & Janzaon [20]. the rise times were approximately 6 ys.

*The measure of “shghtly ebove” rafers 16 tha influence of a combination of the constant in Equation 52 as well as the power to
which the quanhty in brackets are raised. Caie [5] subscribes the conslant 25 54,56 a5 apposed 16 the conslant by Strom &
Jarnzon [20] af 51,175, The power of the quantity between brackets is subscribed by Cola [5] as 1.13, while 3iram & Janzan [20]
defined itio be 1.1255. il must also be kept n mund that the type of sxplosive defines these two numbers. This thesis does not
discern between types of explosives 10 an exact amount with respect 1o the peak pressure prosuced by the explasian, but rather
what order of prazsuare (and shock wave propegation velocity] will be experiencard by an abjoct at stand-off distances of
approvimately 2 m from 3 hlesl of 2 40 kg cherge. Dus 1o reflections from nearby objecis, 2.0, 8 snip's hull, it & expected that
the peak pressure will vary by as fiuch 82 30%. The difference betesen quantities given by Cola [5] and Strim & Janzon [20]
ama neghoible for the purposes of this dissertation
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Figure 175: Rise-times vs, normalised shock at all four sensor positions.

The inclination to suspect that the similarity between these measurements was induced by bandwidth
limitations of the test aquipment could be discarded due to:

1 The fact that bandwidth limitation would keep the dPidt charactenstic of the waveform
constant {over the linear region) for all values that the pressure slew action is faster than
the bandwidth capability of the measurement equipment, and

2 The fact that this is not tha case for the measurements taken by Strom & Janzon [20].
because the dPidt characteristic decreases with range, although the rise times remain
canstant.

It iz also necessary to investigate the pressure history, not in the time dimension, but in length
dimension. Gole [5] refers to this length dimension to determine the “thickness" of the shock front. Now
that it 15 known that the shock front mowves at constant welocity in the far field (at approximately
1470 mish, and together with the fact that the rise times are approximately Gps in the far field, the
shock front thickness can be guantified for the far field as 1470 mfs x &ps = 882 mm (or
approximately 8 mm to round off the result). This is significant, because now the rise times can he
superimposad upon the physical dimensions of the electronics container, see Figure 13, for
applications in the far figld.

Figure 178 depicts the same data a3 was used by Figure 175, but translated into linear dimensions as
a prelude to the discussion of Figure 14.
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Figure 176: Ingcremental distance vs. normallsed shock at all four sensor
positions.

Dis¢ussion

The results {in all cases shown in Figure 175} illustrate that the rise times were recorded to be
approximately 8 ps {or @ mm). irrespective of peak pressure value. or distance from the blast This
ohsenvation was valid for the data as supplied by Strom & Janzon [20], ie. for distances betweesn
3.5 m and 20 m, relative o explosive masses between 3.5 kg and 27 kg, for the two different explosive
compositions that were used.

Strom & Janzon [20] offered the explanation that the sensor width was approximately 10 mm. When a
shock wave with an infinitely fast rise-time approached the senscr at a constant speed. (typically
1468 mis), the time taken for the shock wave to completely engulf the sensar from the time that the
shoek front touched the sensor, was 0.01m{1486m/is = B.73ps. If the rise-time was measured to be
B us, then the actual rise time would be 0.73 Ks Howewver, the rise-times were nct messured with
enaugh accuracy to deduct an actual rise time of less than 1 ps.

Appendices



Frotection of Elecironics Agains! Underwater Explosions Page 210
A Roux

Cole [5]:

The manuscript by Caole [5] gives insight into the early research years about the subject of underwater
explosions. His manuscript was first published in 1946, but ovear the yaars this document remained tha
prime reference manuai for most explerers of the subjact of underwater blast.

Cna should realize that in the years prior to 1348, eguipment was not as sophisticated as modern
eguipment. Keeping in mind that the Cole [5] research in many ways is still holding watar, his
manuseript is a remarkable achievement.

The specific characteristics that are researched by the author, is found in Cole [5:p40]:

Characieristic 1: Shack Wave Propagation ¥clocity
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Fig. 2.3 Vealocitire at s whark front as a lunetion of presaure for high presaaces,

Figure 177: Velocities at a shock front as a function of pressure.

Caole [op4] reports that, if the prassure is small enough, the rate of propagation 15 practically
independent of the magnituda of the pressure. This statement refers to pressures, which are small
ensugh to be considarad "acoustic’ pressures, as could be found in the far figld™ of a shock wave.
The threshold of the transition to "small enough” is not given.

Cole [3:p40] shows that {see Figure 177 tha shock front propagation velogity is higher than the speed
of sound for high pressures. He also reports that (Cole [5:p8]). when a blast oceurs, the shock wave
velocity prapagation is -several fimes” the "limiting value of 5000 ft/s” {i.e. the speed of scund) at (and
very near) the explosion. This shock wave velocity drops to the speed of sounc quita rapidly as the
shock wave advances outward and the prassure falls to acoustic values. Gole [5] does not give a mare
detailed description of the propagation velocity near the blast,

M The consept of the “near field” and the “far field” is distussed on page 40 of this dissetation.
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Characteristic 2: Peak Pressure Function

Cole [5:p5] states that the pressure level in the spherical wave falls off more rapidly with distance than
the inverse first power law (1R predicted for mall amplifudes. but eventually approach this behaviour
in the limit of large distances. He also states that (Cole [5:p7]) the pressure-time curve at a given
distance from the explosion will kave the same general fom.

Cole [5:p122] reparts that it has been found that for limited ranges of the argument W'™/R (where W is
the weight of the explosive charge, and R is the standoff distance) the peak-pressure P can be
approximated by power laws of the form:

( /\
B oo TR
£ ru k| B | mmemmesmossoes £3
h J

Cole [5:p122] also reports that this Equation is “a fairfy accurale expression of theorelical resuits
between 10 ang 100 charge radii” He plotted values for TNT on a graph, and empirically fited a
straight line of slope <+ = 1.16 onte the data. He reports (Cole [5:p123]) that "+ = 1,16 gives a good fit
except for WR = 0.3 (Ria, < 25)" a, = the charge radius. This means that a less accurate fit for 1 =
1.16 was experienced for standeff distances that were less than 25 charge radil.

To complete the Eguation of Cale [8], the values far =113 and k =216 {from Table 7.3: Cole
[5:p242] for TNT. which differs slightly from «~ = 1.16 as reported in Cole [5:p123]) is inserted into
Equation 54

i
1

|
P oae = 2.1 6210 W'/‘fl; Wity®  ssssads 54

Equation for THT:
Where Wisinlband R is
in feet

Cole [5:p238] also reports an experiments done with spherical Fentolite charges. His data were
obtained from 47 records at 12 distances frem 51 and 80-pound charges, as well as from 73 records
at 4 distances from 0.5, 3.8, and 7.5-pound charges. Peak pressures were plotted against W'5/R
using fogarithmic scales. A straight line of slope 1.13 {different from the 1.16 as shown in Equation 54}
on a log-log scale fitted the data farly well, and Cole [5:p239] reports a completed Equation for the
peak pressures as generated by Pentolite charges:

| (/"'Ill
Pu= 3050 WL L iy e 55
/R

Equation for Pentolite:
Where W is inlband R is
in feet.

This Equation for Pentolite charges canh be ranslated o the 31 (melric system) as shown in
Equation 5&:
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| Equatian for Pentolite in SI:
Where Wisinkgand R is
mnm.

This result of Equation 56 is depicted in graphical form for Pertolite in Appendiz 1. The starting point
of 2 m is purposely selected to be more than 10 charge radli, because of the inaccuracies reported by
Cole [5] at closer distances than 10 charge radil.

Charaeteristie 3: Shock Pressure Leading-Slope Rise-Times

Cole [6:p230] measures the shock wave as shown in Figure 178:

Figure 178: Pressure history as measured by oscilioscope prior to 1946,

Cuole [5:p5] reports that the pressure rise is for all practical purposes discontinuous.

Churacteristic 4: Shock Pressure-Time History

Cole [5:p230] reports that the pressure history that follows the inital peak pressure, decays
exponsntially, and the pressure shock wave can be approximated by Equation 57,

B= L:“""” ____________________________ 57

nax ™

f1is the time-canstant of exponential decay, and this time-constant is given by Cole [8], (converted to
S1y, as shown in Equation 58:
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) i pum
£ 92.5&1”‘-'5(“"%] g 58
Where:
Wis in kg
R is inm

Characteristic 3: Shock Impulse Energy

Cole [A:p231] reports: “For many purposes, e effectiveness of a shock wave depends on e time-
imtegral of pressure, or impulse. more significantly than on the detalled form of the pressure versus
fime" In general form, this is shown in Equation &8

)= Jf’{f 1=/ S S— 2 (5, N 59
0

Cole [5p235] experimented with 2 time constant 0, and derived an empirical Equation for the Impulse
for an integration period of 6.7 x 4. as shown in Equation 60

o 145

16,760y =2180"7 H”/",{J _______________________ 80

Vithare:
WWisin b

Risinft |
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Chung & Kinscy |3

Chung & Kinsey [3] of DSTO i Australia made great strides forward in 19598 to measure the shock
detonation velocity making use of optical methads {framing and streak records of a camera which is
capable of 10° frames per second), Both the initial velocity of the shock wave and bubble formation
were measured, and the results shown in Figure 172, This figure shows the rapid initial expansion of
the detonating Pentolite sphere [section AB} and the shock wave (BC,) rapidly separating from the
bubble of detonation products {section BC).
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Figure 179: Expansion of the shock wave and bubble surface in the
distance-time domain.

This means that, in the inhal stages of the expicsion (after the detonation has besn completed) the
bubble and shock waves are effectively moving together at the same speed. until point B is reached,
approximately 2 us after the explosion. The bubble and shock waves then separate. and the bubble
starts slowing down at & greater rate than the shock wave. Chung & Kinsey [3] plotted the velocity of
the shock wave against Reduced-Distance, as shown in Figure 1840,
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Figure 180: Variation In velocity of expansion of the shock wave, with
reduced distance.
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The author is of the opinien that Chung and Kinsey maintained a high degree of accuracy for this type
of expariment, yet the graph shown in Figure 180 may naot be entirely accurate, dug to the tendency of
the velocity to become less than the speed of sound when the graph is extrapolated. The expected
knee in the graph may be too prominent, see Figure 151,
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Figure 181; Sound velocity compared to shock wave velocity.

MNevertheless, it has been substantiated that the velogily of propagation of the shock wave is nan-
linear for ranges between the reduced distances of 12 mmikg' (0.22 charge radii) to 120 mm/kg™®
(2.3 charge radii) and that the initial velocity in this segrment is appreximately 3.4 mmiys. This means
that the initial velocity is approximately 2.3 times the speed of sound in water, depending on the size of
the charge and related pressure that is created.

Chung & Kinsey [3] also showed that the mathematical Equation whish fits this velocity curve. is given
by curve-fiting methods as:

[/ =11.33 R““"‘? ML HeershRaSas S 61

The correlation of the curve fitting process was R* = 0. 83,

Chung & Kinsey [3] alsc shows that (see Figure 182) the section closer than 0.23 charge radii
(12 mmikg"™ the velocity follows a different curvature. In this region, the highest velocity is recorded
as B mmius. This equates fo 4 times the speed of sound Although Figure 182 depicts the
measuremants reparted for the hubble expansion, it has been shown in Figure 178 that the first
portion of the curve, the velocity of the shock wave is equal to the velocity of the bubble. Therefore the
first portien of Figure 182 is also valid for the shock wave.
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Figure 182: Variation in velocity of bubble expansion with reduced
distance.
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Supporting Sources

Hammond |7|

Hammaond [7] set out “to develop 8 numencal simulation method for predicting the strucfural response
of submerged. alr-backed plates to far-fisld underwater explosions and to further the understanding of
the pliysics associasted with fhe coupfed fuid-structural response, including local cawifation-
phenomenag’

His discussions on the definition of the near field and far field of an undenwater explosion are dirested
towards his specific application needs, and does not give the definitions in absolute terms. However,
Hammaond [7] indirectly supports the author's view that the definition of the near and far fields should
he related to the shock wave propagation velocity Hammond [7:12]

"The welocity of the shock wave i the near fisld to the underwaler explosion is typically seversl
percent greator than the acoustic wave vefocity in the far field region. Acoustic wave velocities arg
attamed at approximataly twanty charge radil from the detoration centra”

Burdick |15]
Burdick [15] states that undenwater sound velocity is formulated by

¢ =1449 + 4,67 005577 +0.0003F" +(1.39-0.012TKS - 35) 1 0.0 Tk ------- 62

Where:

C= Melgoity of Sound in mfs

T= Temperature in "C

5= Zalinity in parts per thousand
h= depth in m

Using a temperature of 15°C. a salinity of 4.8 %, and a depth of 20 m, the velocity of sound I8
calculated to be 1461.3 mis. This result shows good correlation with the result obained by Figure 8.

Cichocki [4]

Cichocki [4] was congerned about the protective capacity of containment structures subjected to
impulse loading. His study was therefore someawhat different to this study, which was intent (o protect
much smaller objects than the structures of Cichocki [4]. However, it is of interest that his protective
methods are similar to the protective methods as is suggested by this study for smaller units.

He suggested that one of the possible means of protection of important structures, was that the
protective one could be placed at a certain distance from the main one, and would act as a protective
shell. This protective shell can be connected with the main structure by means of diapbragms,
stiffeners and other structural elements. The main purpose would be to dissipate the maximum
amount of energy in the protective containment.

The correlation between the principles of the solution that this study presents for the protection of
smaller units against the rigors of underwater blast loading. and the solution as offered by Cichocki [4]
% in gssence 100 %. This study. however, uses the protective shield as part of the functionality of the
unit, i.e. the container of the electronics is designed to withstand the pressure loading, but all internal
components (mechanical or electronic) are suspended by energy absorbing material.
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Morrison |15]

Maorrison [15] reports an a different kind of shock-acceleration, | e the shack prodused by launching an
electonics ¢ontginer from & cannon. What is interesting and applicable about this paper, 15 the
desciiption of his solution to counteract the effects of acceleration. i.€. concentrating on the maunting
methads, in stead of making use of an cutar st'ucture that absorbs the shock and protects an inner
structure.

One must take into account that the accelerations caused by cannon-launched missiles are much
smal er than the accelerations that are considered by underwater explesions, Figure 183 shows that
the peak acceleration that is experienced by the cannon-faunched missiie, is in the order of 5000 g.
The period over which this acceleration is expenenced (=10 ms) is much longer than the accelerations
caused by underwater explosions (<100 us). The acceleration impulse {integral of the acceleration
owvear time} curve may have the same typical value.

LORGITLINHA | Al baTi0k = 9 X 100

L : < CR ] ) i I
TIAr = #5

Figure 183: Accelerations caused by cannon-launched missiles, Morrison
[15].

This study by Morrison [18] reports that a very careful compeonent screening procass must be adhered
to before companents are used in & production run. During and after production the assembled units
are also subjected to more tests, to ensure reliabibty. In Figure 184 Morrison [15] shows the type of
eomponant sereening that was done prior to assembly. Unfortunately he did not report on the failure
rate of companents that were subjected to the tests to enabie the reader to assess how successiul this
pre-screening process was.
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Figure 184: Part and component screening reported by Morrison [15].

However Marrison [15] did reper that a "reliablity tdiemma” was encountered using integrated circuit
(IC) components. “Because of thelr sirain rale properties, both plastic end spoxy encapsulated 1C
parls proved more folerant of canon-launched environment than ceramic ICs. Nevertheless, the
superior hermetic characteristics of ceramie components made them more refiable” It must be said
that this study [18] was performed in the early 1970s. and that the modem IC-packaging is much more
rugged as well as mare reliable. This paradox is therefore not applicable today as it was at the time of
the study [18]

Morrison [15] also reparted that crystal devices were found to be susceptible to launch-induced failure.
However, a mounting method was found (additional supporth, which assisted the pass rale of crystals.
This is an interesting finding, because the author of this dissertation also used crystals in high-
acceleration tests (a purpose-designed soft spot because of its known failure rate under high
accelaration), and found these companents to sustain internal fallure.

The only other device, which Morrison [15] reports that had prablems during the screening process.
were transformers. These transformers used a bonded cup core spindle, which had to be replaced by
a solid core spindle to achieve 100 % pass rate

Morrison [15] gave special attention to component mounting and placement methods. The tact that the
acceleration loading had a specific direction in the cannon-launched missiles, the compenents could
be placed such that the load was exerted as a compression rather than tension or shear. Figure 185
shows vanous preferred methods of mounting the components.
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Figure 185; Suggested mounting methods prescribed by Morrison [15].

The principle of "soft-mounts” are ilustrated quite well in Figure 185 and the author will show in later
chapters that extensive use is made of de-locahsed soft mounting metheds to ensure that acceleration
is damped before it is passed on to the components, It must also be said that de-localised soft-mounts
are more successhull when the time of acceleration is relatively short, irrespective of the amplitude, De-
localised soft mounting may therefore not be a good solution to the relatively long acceleration
duration of the cannan-launched unit,

Maorrison [15] discussad the potting principle, and found that two problems arose when the entire card
was potted, i.e. the total weight increased, and acceleration became preblematic {not reported why),
and rewnork of the cards became wery difficult The authot predicts that this method 15 cantra-
praductive, because of the gualification and inspection of the production gquality becomeas extremely
difficult

Appendices



Fratection of Electronics Against Underwater Explosians Page 220
A Roux

Urick [23]:

Lirick [23: p11E] defines a "velocity profile” as “the variation of sound with depth, or the velocity-depth
furetion”,

Urick reports that a wvelocity profile can be obtained by velocity measuring instruments, OR by
hydrographical observations of temperature, salinity. and depth.

The three parameters identified, s thus:

1. Temperature
2 Salinity
3 Depth

It is assumed (intuitively at this stage) that the "depth” parameter may in fact have a relation to
DENSITY, althcugh Urick gives non-lingar curves of velocity vs. depth. The author concludes that
density varies non-linsarly with depth, due to factors such as salinity and tempetature, both of which
contribute o the density. The conclusion is thus that the density is a function of depth, salinity and
temperature.

Background:

Urick states that there are four discernable layers in deep-sea waters of different wvelocity
characteristics, i.e.

Surface layer: {top layer), In which the velocity of sound is "susceptible” to daily and iocal changes of
keating, cooling, and wind action. From this statement. the author identifies one distinct parameter, 1.a.
Temperature. Wind-action may influence temperature. and is thus not seen as a separate parametar.
Seasonal Thermo-cline layer: (below the top layer). "The word 'thermo-cling' denoting a layer in which
the tempetature changes with depth”. He states that the seasonal thermo-cling s characterized by a
neqative thermal gradient {temperature and velocity) relative to depth (and varies with seasons).

Main Therma-cling layer. {below the seasonal thermo-cling) Urick states that seascnal influence is
minimal, and that the temperature actually increases with depth

Desp Isothermal Layer: {below the main thermo-cling): Im this layer, Urie states hat the temperature

remains “nearly constant™ at 38°F (just above 4°C). and that the sound velocity increases with depth
because of the effect of pressure on sound velpgity.
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Figure 186. The different thermal layers illustrated by Urick [23: p113]

120 [ principics of snderwnter sonnd

wat fude 135

Ve by Thaosa s of feat

1 1 i 1
4850 4R3S 4430 497D 50 LGS0
Hgatd we ity fi65

Ag. 538 Veiocity prafles an different latstudes. A
IR, SOCOW, spring. Br S1P02'N, 34ITW,
spring, (Ref. 47, profiles 47 and 143

Figure 187: Graphical presentation of the sound velocity profile illustrated
by Urick [23: p120]
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Quantitative findings:

Urick's finding as depicted by Figure 188, is that the velocity typically changes from 4350 ft's to 5000
ft's in seawater. Translated to the metric system, this is 1478 m/s to 1524 m/s.

Urick [23] also showed that the sound velocity varies drastically at shallow depths measured at
different locations in the warld, The range is from 1448 mis o 1540 mis,

Conclusion:

The author draws the conclusion that the term "speed of underwater sound” relates to sound, which
propagates in seawater at 1440 m/'s to 1540 m/s, depending upon the density of seawater only. In the
absence of any stimulus, which would increase/decrease the density of the seawater temparanly {thus
in its steady state) the density is a function of salinity, temperature and depth. explaimning the varying
measurements as shown in Figure 187,
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Cooper |b]

This manuscript concerns itself with the engineering principles that support the design of explosives.
The authar's {of this disseration) interest lies with the qualitative descriptian of a shack wave (Cooper
[B: p167]), which describes the shock wave in modern, easy-to-read language. He states that, in the
elastic region of the explosion medium {Cooper [6: p169]), the sound velozity is canstant.

. _dp
dp

Where

¢ = sound velocity

P = pressure in the medium
£ = density of the medium

o

If the medium is pressurised to beyond the elastic region, the wave velocity increasses with pressure or
density and I'/ 2 is not IInearly proportional.

Cooper (2. p170] describes the shock wave as a wave with a vertical front (an infinitely high slope rate
of the leading edge), and the wave velocity in this region was equal to the sum of the sound and

particle velocities, and the wave speed increases with increasing pressure (Cooper [B: p172]). He also
makes the following remarks relative to this dissertation:

Cooper [B: p174):

a Shock waves occur when a materiai is stressed far bevond its elastic limit by a pressure
disturbance,
b Because the rarefaction wave moving into the shocked region travels faster than the

shock front. the shock 15 attenuated from behind.

The comment b. atove suggests that the form of the shock wave does not change with distance. 1t will
be assumed by this study that this phenomenon occurs in the region (near field) where the elastic limit
is exceeded, because in the far field Cole [5] and Kira et af [10] give equalions that the time constant 8
of the rarefaction wave increases with range.
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