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SUMMARY

This workbook is intended to provide the designer and the safety
enpinecr with the best available technology that they need to predict damape
and hazards from explosions of propellant tanks and bursts of pressure
vessels, both near and far from these explosion sources. The information
is presented in the form of graphs, tables, and nomographs to allow easy
calculation without recourse to difficult mathematical manipulation or the
use of extensive computer programs. When complex methods have been
used to develop simple prediction aids, they are fully described in appen-

dices.

Topics covered in various chapters are:

(1)
(2)
(3)
(4)
(5)
(6)

Estimation of explosive yield
Characteristics of pressure waves
Effects of pressure waves
Characteristics of fragments

Effects of fragments

Risk assessment and integrated effects,

Short chapters giving discussion of results, conclusions, and recommenda-
tions for further work are also included.




SORGY, Wi

i
PRI A AN

PR
Z e

R

:mvs,mv‘ DI

.
'-"t.'

v wh
N eh e

. "_',l‘_:'

AR Wb

,
Y

RV

.

]

-

R SRR VR Rk T

" ‘
0 i, ..

k“sa‘m'l ' ._-‘ ‘_-_-- ' ‘..t_;_f‘:-,.“'.'l__..--.._fi[ S 1

INTRODUCTION

Nature of the Hazards

The likelihood of accidental explosions, in the various activities
that involve liquid propellants for space vehicles, can best be decreased
by improvements in design practices and operating procedures. Over the
years, the frequency of occurrence of accidental explosions in the space
programs has decreased with advances in technology. Nevertheless, the
possibility of space vehicle fuel/oxidizer explosions or pressure bursts
will always exist, especially with reusable propulsion systems that must
be more reliable compared with those in the "one-shot' space vehicle.
Excessive cyclic stresses, wear of moving parts and the accumulation of
contaminants are some of the factors that could contribute t6o component
malfunctions or material failures during the lifetime use of such systems.
These malfunctions or failures could, in turn, contribute to accidental
explosions with risk of damage to facilities and hazards to people. Thus,
it becomes important to predict the explosive yield and the effects of
pressure wave and fragments in a quantitative marner.

It is the intent here to provide the designer and the safety engi-
neer with the best available technology that they need to predict damage
and hazards from explosions of propellant tanks and bursts of pres;ure
vessels in the near and far fields of interest.

In a launch configuration within tankage in a rocket motor, liquid
propellants and nonreacting gases are initially contained within vessels
of various sizes, geometries, and strengths. Various raodes of failure
of these vessels are possible, from either internal or external stimuli.
If the vessel is pressurized with static internal pressure, one possible
mode of failare is simply fracture, instituted at a critical size flaw and
propagated throughout the vessel. A similar kind of failure can occur if
¢he vessel is accidentally iranmersed in a fire, and pressure increases
internally because of vaporization of the internal propellant. Some launch
vehicles have the liquid fuel and oxidizer separated by a common pbulkhead.
Accidental over-pressurization of one of these chambers can cause
rupture of this bulkhead, and subsequent mixing and explosion of the
propellant. External stimuli that can cause vessel failure include high-
speed impact by foreign objects, accidental detonation of the warhead of a
missile, dropping of a tank to the ground (as in toppling of a missile on the
launch pad), as well as many other external sources. Vessel failure can
result in an immediate release o energy or it can cause subsequent energy
release because of mixing of propellant and oxidizer and subsequent ignition.
Other modes of failure which have resulied or could result in violent
explosions are fall-back immediately after launch due to loss of thrust,
or low-level failure of the guidance system after launch resulting in impact




into the grounrd at several hundred feet per second.
-

Failure of a vessel containing liquid propellants cr compressed gas ns
can result in various levels of energy release, ranging from negligible to
the full heat value of the combined propellant and oxidizer, or full value
of stored eneryy in the compressed gas. Toward the iower end of the scale
of energy release might be the failure of a pressurized vessel due to
ductile crack propagation. Here, the stored pressure energy within the
compressed propellant or gas in an ullage volume above the propellant
could split the vessel or generate a weak blast wave. In the intermediate
range of energy releases could lie vessel failure by external stimulus and
ignition, either very rapidly or at very late timee, so that only small
proportions of mixed propellant and oxidizer contribute to the energy
release. In this intermediate range could also lie the rapid fracture of
gas storage vessels after heating or very rapid crack propagation. At the
upper end of the scale could be the explosion in a vessel wherein a pre-
mixcd propellant and oxidizer detonate in much the same fashion as a high
explosive, and explosions resulting after violent impact with the gxround.
In past studies of possible blast and fragmentation effects from vessel
rupture, a critical problem has been to accurately asscss the energy
relexse as a result of the accident or incident. A zommon method of
asscssment of possible energy release or correlation of the results of
expeiiments has been to assess the energy release on the basis of equivalent
pounds of TNT. This method is used because a large body of experimental
data and theorctical analyses exist for blast waves generated by TNV or
other solid explosives (refs. 1 and 2). Although the comparison with TN1
is conven.ent, the correlation is far from exact. Specific energies which
can be released, i.e., energy per unit volume or mass of material., differ
quite widely between TNT, various liquid propellants or mixtures of liguid
prcpellants and oxidizers, and gases stored in pressure vessels, The
charactoristics of dantaging blast waves from explosions which can occur
in flight vehicle accidents can therefore be quite different {rorn blast waves
from TNT explosions. The accidntal explosions usually generute waves
with lower amplitudes {peak overpressures) and longer durations than
equivalent energy TNT explosions, at least close to the explosion source.
Reference 3 discusses in some detail the blast waves from accidental explo-
sions of the classes covered in this handbook.

Dependent on the total ¢nergy release and the rate of this energy
release, the sizes and shapes of fragments generated by bursting liquid
propellant vessels and their appurtenances, and bursting gas vessuls,
cuver a very wide spectrum. At one extreme is the case of a vessel bhursiing
because of seamn failure or crack propagation from a flaw wherein only one
"fragment” is generated, the vessel itself, This fragment, from a very
slow reaction, can be propellcd by releasing the contents of the vesnuel,
At the other extreme is the conversion of the vessel and pavis near it into
a cloud of small fragments by an explosion of the contents nf a vessal at a e
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vory rapid vate, aimilar to o TNT axplosion (rafn. 4 and 3). For mos?
accidental vossal fallurre, the UatziPuting ol (raginont masses and skapos
ndoubtodly liew botwagr: thesy two axtroimce. ‘I'he modas of (allure of the
vessc) may b dey.andent upon detalls of ronstructiun and thw motalluryy

of the viepnal ratarial, Samm of (e manatn st ahapes ara dictated by the
mansas and shupe. of Attached or vearby appurtenances, In any uvunt,
unnesnmont und previct'on of these paramaters is much more diffirult than
in true for the Cittar understhiod phenomenon of shell casing fragmentation,

Once the nines” 9, vhapes, and in)ilal velocities of fragmants from
liquid propellant vasuals oy hureting gai vaasule have baun detarmined in
wome manner, then the (rajeciovian of thase fragments and their 1ncean in
velocity duv Lo alr drag or mrforation or ponetratior of various materialy
must be computad, This prablem s primarily une of axtarior tallistics,
it differs Irom convention sl extarior hulliatic studiny of trajectories of
projectiles, bomba, or missiles In that the ba'y in flight is Invariabiy vary
irrogular in shape and cai he tunibling viclently., ¥oxnct trajecteelnn cannot
be datarinined then in the same aense that thay can be o1 well.desiagned
project‘les. Only approximate trajectorine ¢an be wetimated, usually by
wosumirg rolulively shinply ganmatric shapes, such as spharas, discs or
cyiinduir, o whlch extarior atlisth o dare and teahniques axist, But,
in soma fashion, vne ven pradict thy vingae wnd IMpags valovition {or
frogments whicl, vere inttially projectad \n vpogifiod diractions from the
hureiing 7avee) with aparified in,tial valncitive,

~ 'Fwip problem ta not coniplete until nne can 1esady the elfniie uf
Blant wuves and fragnients from the accider o on varioaa "targote. " For
Apropar assesstront of hasurda, one should conslunr o wide v, rictly of
baryett, including hurnan helnge, various clownas of buildings, vehidles,
and perhapn aven sircrall, Problam: of (rayment damage sre excoaldingly
complax, not unly becausa of the interrnt elatistical natuer of the charac:
tmriviic o af the «mpacting {ragments hut alvo bacause the terminal hallistic
alfucts for \arge irragular objecis binpacting any of the taryets describar
ara not vary well kown, In tmoet pant stiudies of {ragment damage from
accidents, the nvastiyators have baan contant to simiply locats und approxi-
mate the sizn and maow of the fragmants in irapact areas snd have ignorad
the irnnortant problem of the wrimina! bhallistic offect of theso (ragmente,
Prediciion of blant damage is aleo not sirple, hul much more work has
beon dena and reasonable satimaten can e 1ade for Mmost stractyres and
for hunians, provided the charactarinticn of the blast waves can he dofined
{vafu. O and 1Y,

Muuns for Aseosetnant of Hisk

Thia handbouk 1n dignected toward estitnation of blast and fragrmontation
sffectn of acctdental axplosions in Bight vehiclaa, 1 ie oot intendo d Lo
encompana the antire problom of tivk anansamnnt fur luunch and operation
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of thcse vehicles. This more comprehensive task includes the estimation
of the probability of vccurrvence of various types of failures .+ accidents,
and must employ methods such as failure mode analysis or fault-trec
analysis to obtain such probabilities. In this handbook, it is assamed that
a specific oxplosive accident has occurred, and the hazardous effects of
that acclident are predicted. A brief discussion ot methods of risk as-
sassment is given in Chapter 6.

Scope and Significance of Material Presented

Thes material presented in the handbook is based on a previous study
of fragmentation from bursting propellant vessels (ref. 8) and on the litera-
ture on characteristics and cffects of blast waves and fragment impact,.
Methods a~e given for predicting the damage to facilities and hazards to

people {rom exploding liquid propellant tanks or bursting gas storace bottles.

Vartows chapters prescrl inaterial which allows estimation of explosive
yield or energy for a variety of propellant explosions and gas vcssel bursts,
pive prodictions of characteristics of pressure waves from these explosions,
and prosont techniques for making damage estimates for structures and
{acilitios, ard mortality or injury to people subjected to the h'2st waves.,
Othe s chapters include estimates of fragment initial velocities and the
statistics of mass and shape, termunal velocities and impact condition:,

and effects of such impact on facilitics, structures and people. 1hroughent
the workbook, presentations are made in the form of scaled graphs,
uquatiuny, nomographs or tables which allow casy calculation withuuat

reeouree to difficult mathematical maripulation or use of extensive computer

prugrams., When such mothods have been used to develop simple prediction
avdn, they are fully described in appendices,

It is believed that this workbook is the first to provide rafety engi-
heers with relatively simple yet comprehensive imethods for estimating
blast and fragmernt hazards for accidental explosions in liquid- propellant
fucled flight vehicles, Some methods {or estimating blast yield for classes
of 1 quid praopellant accidents are given in ref, 9, and ref. 10 discusses
blast and tragmentation from such explosions. But, ncither of these
rcfusnnces allows estimation of fragrment characteristics and effects for
niguid propellant explosions, nor do they treat gas vessel bursts, Special
teatures not seen elicwhere are the prediction of blast wave characteristic:s
forgas vessel bursts, cffects of fragment impact on structures and fa-
crlittes . wad axtensive application of the pressure-impulse (P-1) damage
consept to 0 wide variety of structures and to humans.
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Intended Purpose and Limits of Use

The purposc of the workbnok is to provide typical safety engincers,
with training at the bachelor's degree level in some cngineering specialty,
with methods for rapid ¢cstunation of blast and fragment hazards from acci-
deatal explosions in flight vehicles. It should requive ouly a desk or pocket
calculai..r or slide rule to perform any of the neceded calculations. There
are, of course, a number of limits to the calculations and their applicability
which the user should observe. Because almost all of the data he will use
ar¢ graphical, thesc iimits will often be self-evident from the extreme
values on the graphs. In general, one should not extend or extrapolate
these graphs, but should instead merely report that prediction is not
possible if input parameters fall outside the range of the plot.

Factors of safety are included in the prediction methods in various
ways. When curves are based on experiments, error bands are usually
given. Use of average curves through the data will give most probable
vajues for such loading parameters as blast overpressure and impulse;
use of the upper limits of the error band will assure conservatism by en-
compassing all of the extreme values in tho measured data rather than the
most probable. Most of the fragment data must be presented statisticailly.
The user is oftcn given a choice of several regression lines through the
data. Choice nf such a line with a very high probability of, say, predicting
that all ‘ragments less than a certain mass will fall to earth within a given
distance, will assure a high factor of safety in estimating exclusion
distances for possible fragment damage. In estimating cffects of blast
and fragments, factors of safety are included by estimating different depgrees
of damage given blast envelopment or fragmeat impact. For structures,
estimates can be made for jower limits to damage (threshold of ro damage
at all) through quite severe structural damage to buildings, vehicles, etc.
For people, estimates can be made for threshold of ear damage through 1%
chance of mortality ‘c 99% chance of mortality. For estimation methods
which are based on sparse data or analysis, we have large bands of un-
certainty--the user should apply upper limits of these bands, if in doubt,

Applications to Areas Other Than Aerospace Rocket Launch
and Research Facilities

This workbook was prepared primarily for use by safety engineers
and site planners at aerospace rocket launch and research facilities, It
emphasgizes the blast and fragment hazards which could occur at such sites,
and the pre-iction of their damaging effects. The prediction of blast and
fragment hazards is specific for liquid propellant explosions and gas bottle
bursts. The comimon use in explosive safety circles of conversion to TNT
equivalency is nearly completely avoided, so the workbook cannot be (nsily

u ' to predict hazards from detonations of condensed explosizes such as
TNT. On the other hand, the methods given in Chapters 1lI, V and VI for




prediction of damaging effects arc quite independent of the methods for

cstimating the hazcrds. Blast damage predictions could as casily be made

for TNT or nuclear explosions as for propellant explosions, provided tho .
blast wave characteristics wore definod. Similarly, {ragment damage [,
predictions are independent of the sources of the {ragments, and only

depend on a knowledge of the impact conditions. Indoed, the treatment of

damage effects is much moro extensive than one would be apt to find in any

other single document, and could find much wider use than for damage

prediction near acrospace test and Jaunch facilities.

Additional Areas of Research

Tho bases {or the prediction methods given in this workbook range
from a firm foundation of extensive testing and analysis, through analysos
supported by limited testing or accident reporting, to some predictions
which are quite speculative bocausc of little corroborating evidence. Pre-
dictions in the latter case could ofton be improved by additional research.

Arcas in which we feel there is a pressing nced for additional study
are:

(1 Definition of fragmentstion characteristice for bursting guw
storige bottles. Existing data consist of only {ive tests for unu
bottle zauometry and material, and one gas.

(2} Delinition of blast wavo charascteristics [or burst of cylin- -
drical gas storage vessels, oither analytically or exjur mentally.

Present methods arc limited to eswsontially spherically sym. i "ic

cases.

(3) Better definition of fragment impact effocts un n variety of
structures and facilitics, for fragments typical of those oc:urring

in acrospace vehicle explosions. Most fragment impact data or
methods developod *o date are related to high velocity, small maus
penctrators which are nct ¢ pical of accidentally produced fragmunts,

{4) Extension of the present work to accidontal explosions in
thick-walled storage vessols typical of yround transport and storage
vessels, The current work is directed toward explosions of flight-
weight hardware. Blast and fragmentation characteristics can bu
drastically difforent for hsavier vessels.

In Chapter IX, wo discuss these und othor arcas (or further wi <k .0 mare
detail,
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ESTIMATES OF EXPLOSIVE YIELD

CHAPTER 1

1-1 Explosive Yield as a Function of Propellant Type and Accident
Conditions

1-1. 1 General Discussion of Propellant Explosives

Accidents involving liquid propellant rockets, both during static
firing on a test stand and during launch, have shown that liquid propel-
lants can generate violent explosions. These explosions ''drive" air blast
waves, which can cause direct damage and can accelerate fragments or
nearby objects, In fact, the specific energies of liquid rocket propel-
lants, in stoichiometric mixtures, are significantly greater than for TNT
(specific energy is energy per unit mass). (I) The estimation of explosive
yield, the energy released during the explosion, is a prerequisite to the
determination of expected damage resulting from the explosion. Before
delving into the method of calculating explosive yield, however, a general
discucsion of the characteristics of propellant explosions will help the
reader understand tle complexities involved in the determination of ex-

plosive yield. :

One extreniely important fundamental fact concerning liquid pro-~
pellants is that their potential explosive yield is very high, but their
actual yield is much lower. This situation occurs because the propellant
and oxidizer are never intimately mixed in the proper proportions before
ignition. The degree of confinement of propellant and oxidizer can also
seriously affect the actual explosive yield of liquid propellants, For
example, a liquid propellant mixture could conceivably explode inside a
storage vessel or could leak out of a2 containment vessel and form a
shallow pool of large lateral extent before detona ion. Each case produces
different values for explosive yield. Presently, there are at least four
methods for estimating yield from liquid propellant explosions v/hich,
unfortunately, do not necessarily give the same predictions: Orne method
is based on Project PYRO results, (2-4) 3nd two of the others are the
"Seven Chart Approach' and the '""Mathematical Model" of Farber and
Deese.{3) The fourth approach, which is really based on the previous
three methods, was developed by Baker, et al., (1) and is easy to use and
readily adaptable to the calculation of explosive yield. For further in-
formation concerning the development of this method, Reference 1 is
recommended,

From the test results reported in Reference 2 and 6 through 8. a
number of observations can be made regarding blast yields from liquid




propellant explosions, (1)
'- {1 Yield is quite dependent on the particular fuel and oxidizer Ll
being mixed.

f (2) The yield is very dependent on the mode of mixing of fuel

| and oxidizer, i.e., on the type of accident which is simu-~
lated. Maximum yields are experienced when intimate
mixing is accomplished before ignition.

(3) On many of the liquid hydrogen/liquid oxygen (LH, /LO,)
tests (regardless of investigators), spontaneous ignition
occurred very early in the mixing process, resulting in
very low percentage yields.

4) Yield is very dependent on time of ignition, even ignoring
the possibility of spontaneous ignition.,

{5) Blast yield per unit mass of propellant decreases as total
‘ propellant mass increases.
(6) Variability in yields for supposedly identical tests was

great, compared to variability in blast measurements of
conventional explosives.

1-1.2 Scaled Curves for Explosive Yield for Various Propellants and
Types of Accidents

If a blast source is placed on or near a reflecting surface, such as
the ground, then the initial shock is very quickly reflected and the reflected
wave merges with the incident wave 8o rapidly that a single, strengthened
blast wave is formed. The characteristics of this single wave are often
almost identical with the characteristics of blast waves in free-air experi-
ments, except that the blast source appears to have greater energy than
for free-air tests. The proportion of energy reflected from the ground is
a function of how perfect a ref -:tor it is, that is, how little energy is
imparted to the ground in cr2 . ring, ground shock, and so forth. If the
ground were a perfectly ri.:a surface, then the equivalent {free-air energy
driving the air blast wa:.- would be £.!' = ¢E. The other extreme case is
that of a perfect absr -,er, for which E' = E, All actual tests will have
cquivalent free-aiv  uergies lying between these limits.

All of the PYRO experiments, on which the prediction curves in
this section are based, were conducted on the ground surface, with no

cratering. When the curves are used to predict blast yields for explo-
sions occurring in flight or far enough above the ground that the imme-
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diate reflection discussed does not occur, one must account tor the ab-
: ~-.-- -= -gence of-the '‘perfect' reflecting surface. This is done by dividing the
blast yields calculated from curves in this chapter by a factor of two.

1-1. 2,1 Terminology

- In this document, three types of fuel and oxidizer combinations
and three different modes of mixing will be considered. The three types
. of propellants are:

(1 The hypergolic propellant which is in widest use. A fuel
of 50% N H4 ~ 50% UDMH and an oxidizer of NZO4 in a
mass ratio of 1/2,

(2) Liquid Oxygen-Hydrocar »n - This propellant uses kerosene
(RP-1) as a fuel and liqui-' oxygen (LO;) as the oxidizer in
stoichiometric mass ratic of 1/2. 25,

{3) Liquid Oxygen-Lliquid Hydrogen - This propellant is an

entirely cryogenic combination of liquid hydrogen (LH,)
. fuel and liquid oxygen (LO;) oxidizer in stoichiometric
mass ratio of 1/5.

’ The three modes of mixing (failure modes) discussed are:

! (1) Confinement by Missile (CBM) - This type of accident
: consists of failure of an interior bulkhead separating fuel
and oxddizer in a missile stage.

L (2) Confinement by Ground Surface (CBGS) -~ This type of -
accident includes impacts at various velocities (e.g.,
fall back on the launch pad) of the missile on the ground,
with all tankage ruptured, and subsequent ignition.

e edan 2L

. (3) High Velocity Impact (HV1) - This type of accident involves
: high velocity impact of a missile after launch,

DTS S

1-1,2.2 Methods for Calculating Explosive Yield

Some parameters which become important in determining explo-
sive yield are the type of propellant, the failure mmode and in some cases,
ignition time, impact velocity, and type of surface impacted. It is
important to keep in mind, however, that blast yield as a percent or
fraction of energy available decreases as total combined mass of propel-
lant and oxidizer increases. Figure 1-1, which is a normalized plot ior

P
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Figure 1-1, Estimated Terminal Yield as a Function of
Combined Propellant and Oxidizer Mass (Ref, 9)
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all propellants, depicts this rclationship and should be used as an upper

_limit for percent_explosive yield. Since this is a normalized plot, the

percent yield for a particular propellant can be determined by obtaining
the normalized fractional value from the graph and multiplying by the
multiplier factor for the particular propellant under investigation. These
multiplier factors, shown on the figure, are:

Hypergolic (50% N,H, - 50% UDMH fuel and N,O4 oxidizer in
mass ratio of 1/2) - 240%){10)

Liquid oxygen-hydrocarbon (RP-1 fuel LOz oxidizer in mass ratio
of 1/2.25) - 125%

Liguid oxygen-liquid hydrogen (LH; fuel and LO; oxidizer in mzss
ratio of 1/5) - 370%‘3;

Careful examination of Figure 1-1 and the multiplier factors indicate
that explosive yield can be greater than 100 percent. Also, in certain
cases, explosive yield will be greater tl.an 100 rercent when calculated
by other methods. This anomaly occurs because explosive yield, as it
is used here, is really terminal yield, or yield based on "TNT equiva-
lence'. Since the specific energies of the liquid propellants invelved are
greater than the specific energy of TNT, terminal (TNT equivalent) yield
can be greater than 100 percent. Calculations were done in this manner
to correlate with other methods discussed in subsequent paragraphs.
Whenever the value of percent explosive (terminal) yield determined by
these other methods exceeds the value of percent explosive (terminal)
yield determined by using Figure 1-1, the value from Figure 1-1 is the
correct choice,

(1 Hypergolic materials, by definition, ignite apontaneously
on contact, so it is not possible to obtain appreciable mix-
ing before ignition unless the fuel and oxidizer are thrown
violently together. Ignition time is therefore not an
important determinant of blast yield for hypergolics, but
impact velocity and degree of confinement afier ‘mpact 2re
important factors. If a CBM or CBGS failure mode is
being considered, percent explosive yield can be acquired
from Table 1-1. I a HVI failure mode is assumed, then
percent explosive yield can be determined from Figure
1-2. The percent yield determined by any one of these
methods must then be compared to the percent yield deter-
mined from the weight of the propellant (Figure 1-1).

The smaller of the two is the correct choice.




: . .
' " ' -

-—

rr e e e - - - P

! 50 ! ot 1 T T T Y T
a0l SOFT SURFACEK R 4
® . -
P d
> 3} i
[an )
=
>
-
z af -
® =
&= HARD SURFACE
'—
: 10} )
0 N 1 ] [l L 1
20 4 60 8 100 120 140 160 180

IMPACT VELOCITY Uy, mis

{ft/sec am/e X 3,281

Figure 1-2, Terminal Yield Vs Impact Velocity
for Hypergolic HVI (Ref. 3)




%, TARLE 1-1. ESTIMATE OF TERMINAL YIELD FOR
A ] ~ - +e-~~.—-HYPERGOLIC CBM AND CBGS (REF, 3)

13
‘ Terminal Yield Range Estimated Upper
A Failure Mode {%) Limit
ol Diaphragm rupture (CBM) 0.01 - 0.8 1.5
e Spill (CRGS) 0.02 - 0.8 0.5
b Small explosive donor 0.8 -1.2 2
Large explosive donor 3.4 -3.7 s
Command destruct 0.3 - 0.35 0.5
310-ft drop (CBGS) 1.5 3
'
g {2) Because liquid oxygen/hydrocarbon propellants are not

hypergolic, considerable mixing can occur in various
types of accidents, and time of ignition after onset of
mixing is an important determinant of blast yield. For
the case of mixdng and an explosion within the missile
tankage (CBM), percent explosive yield can be determined
by a%suming an ignition time and then examining Figure
) 1-3." For simulated fall-back on the launch pad (CBGS),
impact velocity as well as ignition time are important
parameters in estimating blast yield. A two-step

_7;42:‘)' _V;_o' ALy ‘
.

'f approach has been developed to calculate blast yield. (1)
g : After assuming an impact velocity, maximum percent
5 yield Ym can be determined for Equation (1-1):

Y = s+ d&82y oy < 16.8m/s (1-1)
£ m (m/s) "1 = "1 -

R

*A word of explanation will help clarify the meaning of the central solid
Jine and shaded area of this graph and similar subsequent graphs. The
shaded portion represents an area in which data from actual propellant
blasts was found. The central solid line is an estimate of the most
likely occurrence and, for most cases, is the recommended choice.
Conservative estimates of explosive yield can be made by choosing the
B uppermost boundary of the shaded area. The vertical depth of the shaded
< area at any abscissa inc :ates the total range of data, and therefore the
' . total uncertainty in the 2stimate.
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where Y__ is expressed in percent and Uy i in maeters per

. ,.ucud.."}'ncqm explosive yield can then ba detarminoed
from Y., an estimate of {gnition time, and Figure 1-4,
The determination of explosive yinld fur the KV] failure
modo {s somewhat simpler bacause theve is Jittle ignition
delay and therefore only impact velecity a‘fects yiald,
Thus, blast yield can te acquired by using Figure 1-5
directly. The parcent yleld determined Ly any one of these
mathods must then be sompared to the parcent yleld deter-
mined from the waight of the propellant (Figure L-1), The
smaller of the two in the correct cholca,

{(3) The determination of explonive yleld, for the entirely
rryogenic combuinavian of liqutd hydrogen (LH,) fuel and
lquiJd exygen (LO 2) exidizur o similar to thet of lquid
oxyyen- )\Mrocubon propeilants, For the CHBM case, it
if neceansary for ene to asswne an ignivaen time and then
ute 1'igurn 1.6 1o finy explonive ylald, }or the CDCS case,
an impact vulocity Is assiuried and maximym percent yield
Ym can b determinad fren Y.quatior {i-¢):

. 123 . PR )
Y (0% « (m7n) Upe 02 U & ¢4mfu (1-2)

where Y (s axpressed in parcant and Up io in matere per
etevond., Farcent wapliaive yrald can nun he detorminad
from Y an nstimate of ignition Lima and Figure 1-7,
Vor hia?n‘ veloclry Uenpact (LIVI) of this propellunt, the blawt
yield is depandent only un tha irnpacc ~alocity and ¢ ' be
arquirad fram Figure 1-8 divectly, The parrent yield
detarmined by any one of these 11ethodn must then be com-
Fered to the parcent yleld detarimiied f1um the weight of
the propelant (Figure 1-1), Tha amaller of the two is the
Lorrect choice,

TVuble | 2 naw baen prepared tu alleviate the nes essity of roreading
the preceding presentation aucli time & value of explosiv. yieli: must be
determined. "0 use the tible, all one neads tu do is identily tar type of
propelant and type Jf accldent, ‘“han *hy praoper sequence in "Part 1"
vhould be followed after making the necassary seeumptiors (e, g., ignition
time or limpact velocity and type of surface (impacted) to arrive st a value
for axplosisa yicld, rxplosive yirld should then by Jeterminud by ueing
the nminthod deplicted in "Part 2" which {nvolves the vee of Pigure -1 and
multiplior factoss (see pagn 1.4), Thea amaller va'ua (o1 explonive yield
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determined in ""Part 1" and "Part 2" is the correct value. This value

can then be used to determine an effective weight of propellant, and
pressure and impulse at scaled distances using the mefHods"demonstrated

in a subsequent chapter.

-1, 3

Examples for Determining Explosive Yield

Example 1:

Propellant-Hypergolic
Combined mass of propellant and oxidizer-10, 000 kg (22, 000 lbm)
Failure mode - CBM

Solution: Examine Table 1-2 for "Part 1'" and "Part 2'* solution
Sequances.

Dart 1: Table 1-1 implies that for the CBM failure mode,

Y = 0.01-0.8%
Using the higher portion for safety reasons,
Y = 0.8%

Part 2: Figure 1-1 implies that for a combined mass of propellant
and oxidizer of 10, 000 kg,

Y = (24%) (0.37) = 88.8%
where 240% is the hypergelic multiplier factor,

Y = 0,8%, the smaller value, is the correct choice.

Example 2:

Propellant-Hypergolic

Combin~d mass of propellant and oxidizer-1000 kg (2200 b))
Failure mode - HVI

Impact velocity {assumption) - 140 m /s (459 ft/sec)

Type of surface impacted - hard

Soluticn: Examine Table 1-2 for "Part 1" and '""Par® 2" solution
sequences,

Part 1: Figure 1-2 implies that for an impact velocity of 140 m/s
{459 ft/sec) onto a hard surface, Y = 15%,




TABLE 1-2, SEQUENCE FOR DETERMINATION

OF EXPLOSIVE YIELD * -
- S et c e o ee . mo -
Tyre of Type of ) +
Propellant Accident Segnence
& Oxidiger Failu.re Mode Part 1} Part 2 (check)
Hypergolic CBM Table 1-1 Figure 1.1
Ly -
(50% N2H4
50% UDMH/NZO4) CBGS Table 1-1 Figure 1.1
HVI Figure 1.2 Figure 1-1
Liquid Oxygen - CBM Figure 1-3 Figure 1-1
Hydrocarbon
(LOZ/RPol) CBGS Eq. (1-1) Figure 1-1
Figure 1-4
Hvi Figure 1-5 Figure |-}
Liquid Oxygen- CBM Figure 1-6 Figure 1-]
Liquid Hydrogen
(LO,/LH,) CBRGS Eq. (1-2) Figure 1-1 ”
2 2 . -
Figure 1-7
Hv] Figure 1-8 Figure |-1
= 1/3

For explosions occurring far above the ground (H/W >10 m/kgl/3
where H is height above the ground), blast yields calculated from
curves in this section should be divided by two.

Correct choice is the smaller of Part 1 and Part 2.

¢ Sec footnote on page 1-7.
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Part 2: Figure 1-1 implies that for a combined ma3s of propellant

by ' and oxidizer of 1000 kg (2200 lbm)

Y = (240%) (0.6) = 144%

'1,-'\.: where 240% is the hypergolic multiplier factor.

Y = 15%, the smaller value, is the correct choice,

5:-; Examﬂe 3:

¥ Propellant and oxidizer - LO,/RP-1

4 Combined mass of propellant and oxidizer-10, 00v kg (22, 000 1b_ )
;\‘ Failure mode - CBM

oy Ignition time (assumption) - 0.2 seconds

X

£ Solution: Examine Table 1-2 for "Part 1' and ""Part 2'' solution

sequences,

I N
Ve et s N gL

. Part 1: Figure 1-2 implies that for an ‘gnition time of 0. 2 seconds,
. Y = s2%

o Part 2: Figure l-1 implies that for a combined mass of propellant
s . and oxidizer of 10, 000 kz (22, 000 lbm)

Y = (125%) (0.37) = 46%

-
v
PEIF RS 1)

‘,: where 125% is the LOZ/RP-I multiplier factor.

Y = 46%, the smaller value, is the correct choice.
Example 4:
+ 1 Propellant and oxidizer - LO,/RP-1

Combined mass of propellant and oxidizer - 150, 000 kg
{330, 000 1b )

Failure mode - CBGS

Impact velocity (assumption) - 10 m/s (32.8 ft/sec)

Ignition time (assumption) - 0.5 seconds

Solution: Examine Table 1-2 for "Part 1" and "Part 2" solution
sequences,

oowt
AL

Part 1: Equation (1-1) implies that for an impact velocity of
10 m/s, (32.8 ft/sec)

s

it

®::
¥

'’

{

¥
g
2
,




2% + (6. 82%) {10 m/s8)

-
»

m {m/s)

Y = 5% + 68.2% T —
m

Y = 73,2%

m

Figure 1-4 implies that for an ignition time of 0. 5 seconds

Yy- 100 = 70
m
or
Y Toor e
Y = ?1177%’)' (73.2%) = 51.2%
Part 2: Figure 1-1 implies that for a combined mass of propellant
and oxidizer of 150, 000 kg (330, 000 lbm),
Y = (125%)(0.05) = 6.25%
where 125% is the L02/RP-I multiplier factor.
Y = 6.25%, the smaller value, is the correct choice.
Example 5:

Propellant and oxidizer - LO,/LH;

Combined mass of propellant and oxidizer - 10, 000 kg (22, 000 lbm)
Failure mode - HVI

Impact velocity (assumption) - 40 m/s (131 ft/sec)

Type of surface impacter. - hard

Solution: Examine Table 1-2 for '"Part 1'" and "Part 2' solution
sequences

Part 1: Figure 1-4 implies that for an impact velocity of 40 m/s
(131 ft/see),




. and oxidizer of 10, 000 kg (22, 000 lbm),
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Part 2: Figure 1-1 implies that for a combined mass of propellant

e e s = . ew-- . -a

Y = (370%)(.37) = 137%

where 370% is the LO,/LH, multiplier factor.

Y = 30%, the smaller value, is the correct choice.

1-2 Explosive Yield as a Function of Fiuid Type and Initial Conditions
for Gas Vessel Bursts

1-2.1 General Discussion of Gas Vescsel Explosions

When a pressurized gas-filled vessel bursts, a shock wave in

many ways similar to that which results from a TNT explosion propagates

from the source. The overpressure behind this shock wave may be quite

large and capable of caueing damage. The specific impulse associated with

this shock wave is also important for the prediction of damage from a gas

vessel burst. These two parameters vary with distance from the source.

In the analysis that was used for the overpressure and specific
impulse calculations, the effects of the containing vessel and its {Iag inents
were ignored, that is, all of the energy of the gas in the vessel was put

. into the flow field, rather than into the fragments as kinetic energy. For

a spherical vessel, the flow field was assumed spherically symmetric.
Also, the surrounding atmosphere was assumed to be air.

To determine the overpressure and impulse, one must know the
initial corditions of the gas in the vessel. The pressure P, . temperature
Tl . and ratio of specific heats of the gas vy must be known.

The conditions of the atmosphere into which the shock wave propa-
gates also must be known. These are the atmospheric pressure P, the
speed of sound a_, and the ratio of specific heats Ya- The latter value
will be a constant for all explosions in air.

1-2.2 Discussion of Erergy

The energy contained in a pressurized gas vessel can be obtained

P, =P
( 1 a) 2
RS !

by
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where

Vi ig the volume of the vessel before it bursts“.” a

p. indicates absolute pressures.
i _—

The overpressure and impulse are graphed versus a dimensionless
scaled distance:

ﬂ 1/3
: E _ r Pa
E”3
 gs . (12)
A scaled specific impulse is used:
Ia
I = _—2——
2/3 E:1/3
Py
. Note that there is no need to calculate a TNT equivalent for gas vessel

bursts,

1-2,3 Example Calculations

Example |, Calculation of Energy

1,013 x lOS Pa (1 standard sea level atmosphere)

yl—l i 1.4 - 1

un

1.00x 10" J (1.34 x 10° ft-1b )

nd e .

;
i Let P, =
| (14. 7 psi)
|
; p, = 4L013x 10° Pa (595 psi)
]
: Y, *® 1. 4 (diatomic gas)
;
; v, = 1.0 m> (35.3 1)
i
f
E = u) v = {41.013x 10° Pa - 1.013 x 10> Pa) Im

3
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Examgle 2, Calculation of Scaled Distance

. Using the same conditions as in the previous example,

1/3
_

R = —2——

P, - -
El/3 p./p. - V)V, 1/3 r/41.013 x lOs Pa ’ 3 §1/3
17 °a i Sﬂ -1}lm
‘ yl~l L\l.OleO Pa

T

l.4 - 1
- 0.216 r (rinm) [0.0658 r (rin ft) 2

Example 3, Calculation of Scaled Impulse

Let a. = 331 m/s (speed of sound at standard sea level condi-
tions) (1086 ft/sec).

For the conditions used in the previous examples,
b 1a
. _ a ; 1 {331 m/s) .
7.1/3

pa2/3 el (Lo3x 10% pa)?/? (1. 00 x 10"

|
1]

’ 7.070 x 1071 (1in Pa* s)

I




I

4,

5,

9.

1-22

LIST OF REFERENCES

Y

Baker, W. E,, V. B, Parr, R. L, Besnsey and P. A, Cox,
"Assembly and Analysis of Fragmentation Data for Liquid Pro-
pellant Vessels, ' NASA CR-134%38, NASA Lewis Research
Center, January 1974,

Willoughby, A. B., C. Wilton and J. Mansfleld, ''Liquid Propel-
lant Explosive Hazards, Final Report-December 1968, Vol. [ -
Technical Documentary Report,' AFRPL-TR-68-92, URS-/,52-35%,
URS Rescarch Co., Burlingame, California.

Willoughby, A, B., C. Wilton and J. Mansfield, ''Liquid Propel-
lant Explosion Hazards, Final Report-December 1968, Vol. Il -

Test Data, ' AFRPL-TR-68-92, URS 652-35, URE Research Co.,
Burlingame, California,

Willoughby, A, B., C. Wilton and J. Mausfield, '"Liquid Propel-
lant Explosion Hazards, Final Report-December 1968, Vol, IU -
Prediction Methods, " AFRPL-TR-68-92, URS 652-35, URS
Research Co., Burlingame, California.

Farber, E. A,, and J. H. Deese, "A Systematic Approach for the )
Analytical Analysis and Prediction of the Yleid {from Ligquid Pro- )
pellant Explosions, ' Tech. Paper No, 347, Eng. Progress at the
University of Florida, AX, 3, March 1966,

{Anonymous), '""Summary Report on a Study of t+ Blast Effect of a
Saturn Vehicle, " Report No, C63850, Arthur D, Little, Inc.,
Cambridge, Massachusetts, February 19¢2,

Pesante, R. E., and M, Nishibazashi, "Evaluation of the Blast
Parameters and Fireball Characteristice of Liquid Oxygen/Liquid
Hydrogen Propellant, '* Report No, 0954-01(01)FP, Acrojet-
Cereral Corp., Downey, California, April 1967,

Cayle, J. B., C. H, Blakewood, J. W. Bransford, W. }H. Swindecll,
and R, W, High, '"Preliminary Investigation of Blast Hazards of
RP-1/1.0X and LH,/LOX Propellant Corabinations, " NASA TM
X-93240, Georpge C, Marshall Space Flight Center, Huntsville,
Alabama, April 1965,

Farber, t.. A,, F. W, Klement, and C. F. Donzon, '""Prediction

of Explosive Yicld and Other Characteristics of Liquid Propellant

Rocket Explosions, 't Final Report, Octaber 21, 1968, Contract No.

NAS 10-1255, University of Florida, Gainesville, Florida. -




\
AN
: ) 10.
‘e .
tl,
12,

Carter, P, B,, Jr., "A Method of Evaluating Blast Parametcrs

Re:ulting from Detonation of Rocket Propellants, ' AEDC-TDR-

64-200, Arnold ¥ngincering Dev. Cencer, Alr Force System» e e - -
Command. October 1964, AD 450-140,

Huang, S. L., and P. C, Chou, "Calculations of Expanding Shock
Waves ond l.ate-State Equivalence,' Drexel Institute of Technology
Report 125-12, April 1968.

Ctrehlow, Roger A., ''Accidental Non-ldeal Explosions,’ Progress
Report NASA NSC 3008, December 6, i974.







N76-19298

CHAPTER 1I

CHARACTERISTICS OF PRESSURE WAVES

2-1 Ceneral

Explosions from liquid rocket propellant accidents ""drive'" air
blast waves, which can in turn cause direct damage and can accelerate
fragments or nearby objects. The launch pads at the Air Force Eastern
Test Range (ETR) have for a number of years becn instramented with air
blast recorders to measure the overprcasures generated during launch
pad cxplosions, so some data are available on the intensities of the blast
waves generated. Such measurements, and the common practice in safety
circles of comparing explosive effects on the basis of blast wavens gener-
ated by TNT, have led to expression of blast ylelds of propellant explosions
in equivalent "pounds of TNT." (Although a direct conversion of pounds of
TNT to energy can easily be made --1lb  of TNT equals 1.4 x 106 ft-1bg --
this is seldom done).

Liquid propellant explosions differ from TNT cxplozions ir 2
number of ways, to that the concept of "TINT equivalence' quoted in
pounds of TNT ie far from exact. Some of the differences are described
below.

(1) The specific energies of liquid propellants, in stoichio-
metric mixtures, are significantly greater than for TNT
(specific energy is energy per unit mass),

(2) Although the potential explosive yield is very high for
liquid propellants, the actual yield is much lower, because
propellant and oxidizer are never intimately mixed in the
proper proportions before ignition.

(3) Confinement of propellant and oxidizer, and subsequent
effect on explesive yield, are very different for liquid pro-
pellants and TNT. Degree of confinement can seriously
affect explosive yield of liquid propellants, but has only a
secondary effect on detonation of TNT or any other solid
explosive.

(4) The geometry of the liquid propellant mixture at time of
ignition can be quite different than that of the spherical or
hemispherical geometry of TNT usually used for generation
of controlled blast waves. The sources of compiled data
for blast waves from TNT or Pentolite invariably rely on




measurements of blasts from apheres or hemispheres of
explosive. The liquid propellant mixture can, however, be
a shallow pool of large lateral extent at time of detonation.

{5) The blast waves from ligquid propollant explosions show
different charactoristics as a function of distance from the
explosion than do wuves {from TNT oxplosions, This is
undoubtedly simply a manifestation of some of the differ-
ences discussed previously, but it does change the "TNT
equivalence' of a liquid-propellant explosion with distance
from the explosion. Fletcher (Raferunce 1) discusses
these diffcrences and shows them graphically (see Flgures
2-1 and 2-2). These differences are very evident in the
results of the many blast experiments reported in Project
PYRO (References 2-4). They have caused the coinage of
the phase "terminal ylold', meaning the yield bascd on
blast data taken at great enough distance from the ¢xplosion
for the blast waves to be similar to those produced by TNT
explosions. At closer distance, two different yields are
usually reported; an overpressure yield baved on equiva-
lence of side-~-On peak overpressurocs, and an impulse yield
based on equivalence of side-on positive impulses.

Accidents with hursting gas storage vessels also can generate
damaging blast waves, The characteristics of the blasty from these and
other accidental explosions are reviewed in Reference 5, and rather
complete descriptions given of the theory of such "non-ideal'’ explosions,
Again, these sources generate blast waves which can differ significantly
from blast waves generated by condenscd explosives such as TNT, with
the differences being greatest close to the source. The trend is similar
to that for propellant explosions, i.e., peak overprevsures are less and
impulses are greater than for ""equivalent! TNT explosions. But, the
potential maxdmum yield or blast energy from gas vessel bursts i{s much
more apt to be realized than for liquid propellant expiosions. The high
pressure gar already contains the necessary enery and can be rapldly
released without the prior mixing and ignition required for the propellants.

However, lct us for the moment ignore the differences between
accidentia) explosions and planned ones, and discuses instead the general
characteristics of the hlast waves generated by any explosion. Referencns
6-8 are good general source references on air blast waves and their
behavior,

As a Llast wave panses through the air or interacts with and lo.ads
a structure or target, rapid variations in preusure, density, temperature
and particle velocity occur. The propertics of hluust waves which are
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usually defined are related both to the properties which can be easily

measured or observed and to properties which can be correlated with -
blast damage patterns, It is relatively easy to measure shock front ~,
arrival times and velocities and entire time histories of overpressures.
Measurement of density variations and time histories of particle velocity

are more difficult, and no r«iiable mcasurements of temperature varia-

tions exist.

Classically, the properties which are usually defined and measured
are those of the undisturbed or side-on wave as it propagates through the
air. Figure 2-3 shows graphically some of these properties in an ideal
wave (Reference 6).

N POSITIVE PHASE
P’ R
a NEGATIVE
¥ Lty PHASE

b RN
R F
0 . .
0 PO S & 1geT%er”

Tim

Figure 2-3. Ideal Blast Wave

Prior to shock front arrival, the pressure is ambient pressure P,-
At arrival time t_, the pressure rises quite abruptly (discontinuously,
in an ideal wave) to a peak value pt 4 Po * The pressure then decays
to ambient in total time t, + Tt , drops t0 a partial vacuum of amplitude
P_ . and eventually returns to p, in total time t, + T + T . The
quantity P; is usually termed the peak side-on overpressure, or merely
the peak overpressure. The portion of the time history above initial
ambient pressure is called the positive phase, of duration T*. That por-
tion below Py of amplitude P; and duration T~ is called the negative
phase. Positive and negative impulses, defined by

t +TY
+ [ 2 .
Ig f Lp(t) - pldt (2-1)
t
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and t + T 4T
a
S f (p, - plt) Jat (2-2)
t Q

1 =
S + 1t
a

respectively, are also significant blast wave parameters.

In most blast studies, the negative phase of the blast wave is
ignored and only blast parameters associated with the positive phase are
considered or reported. (The positive superscript is usually dropped).
The ideal side-on parameters almost never represent the actual pressure
loading applied to structures or targets following an explosion. So a
number of other properties are defined to either more closely approxi-
mate real blast loads or to provide upper limits {21 such loads.

An upper limit to blast loads is obtained if one interposes an
infinite, rigid wall in front of the wave, and reflects the wave normally.
All flow behind the wave is stopped, and pressures are considerably
greater than side-on. The peak overpressure in normally reflected waves
is usually designated Pr. The integral of this pressiure over the positive
phase, defined similarly to Equation (2-1), is the reflected impulse I..
Durations of the positive phase of normally reflected waves are designated
Ty. The parameter I, has been measured closer to high explosive blast
sources than have most blast parameters.

In certain instances, damage estimates involve P_ and Ir instead
of P, and I, . This situation can occur when one is examining the effect
of an air burst on ground structures. The ground, in this case, acts as
the most significant reflecting surface. Reflected pressures and impulses
are also used in analyzing face-on loading of windows and structures.
Fortunately, reflected pressure and impulse can be calculated directly
from side-on pressure and impulse. For values of Pr < 3,5 where '51.
is Py/p, (p, is atmospheric pressure),

_ _ (v+ B2
Pr = ZF’s + - l)-ﬁs + 2y (2-3)
where -P. = Pg/py and y_is the ratio of specific heats which equals

1. 4 for air. For values of Py > 3.5, P, , and subsequently P;, can be
determined f-om Figure 2-4.

Over the range 0.00141 < P, < 1.38, T, (= I a /p,'*E'/?)

can be calculated from




-1 ok (24) 1.
s P ,
s
where Ts = I a /p 1/3 21/3 For values of Bs < 0. 00141,
T = 21 (2-5)
r 8 ‘

A real target feels a very complex loading during the process of
diffraction of the shock front around the target. Figure 2-5 shows
schematically, in three stages, the interaction of a blast wave with an
irregular object. As the wave strikes the object, a portion is reflected
from the front face, and the remainder diffracts around the object. In
the diffraction process, the incident wave front closes in behind the ob-
ject, greatly weakened locally, and a pair of trailing vortices is {ormed.
Rarefraction wavas sweep across the front face, attenuating the initial
reflected blast pressure. After passage of the front, the body is
immersed in a time-varying {low field. Maximum pressure on the iront
face during this '"drag' phase of loading is the stagnation pressure.
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Figure 2-4, Scaled Reflected Overpressure Vs Scaled
Side-nn Overpressure
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We are interested in the r.ot transverse pressure on the object as
a function of time. This loading, somewhat idealized, is shown in Figure
2-6 [details of the calculation are given by Classtone (Reference 7) ~.
At time of arrival t,, the net transverse pressure rises linearly {from
2ero to maximum of Pr in time (T - t;) (for a flat-faced object, this
time is zero). Pressure then falls linearly to drag pressure in time
(T, - T;), and then decays more slowly to zero in time (T3 - T;). This
time history of drag pressure q is 4 modified exponential, with a maxi-
mum given by

2
C,R = Cp.(1/2)0 v, (2-6)

D

where Cpy is the steady-state drag coefficient for the object, Q is peak
dynamic pressure, and o_ and u, are peak density and particle velocity
respectively for the blast wave, The characteristics of the diffraction
phase of the loading can be determined if the peak side-on overpressure
P, or the shock velocity U is known, together with the shape and some
characteristic dimension D of the object, The pcak amplitude of the drag
phase of the loading can be determined if the peak side-on overpressure
P or the shock velocity U is known, together with the shape and some
characteristic dimension D of the object. The peak araplitude of the

drag phase, CpQ, can also be determined explicitly from Pgor u,.

Figure 2-5, Interaction of Blast Wave with
Jrregular Object
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Because of the importance of the dynamic precssure q in drag or
wind effects and target tumbling, it is often reported as a blast wave
property. In some instances drag impulse I, defined as

t +T r.a+T 2
a
Id = f qdt = (l/Z)f ou dt (2-7)
t t

a a

is also reported.

Although it is possible to define the potential or kinetic ¢nergy in
olast waves, it is not customary in air blast technology to report or
compute these properties. For underwater explosions, the use of
"energy flux density' is more common (Reference 9). This quantity is
given approximately by

t +T

E, = L 3 p(t) - ’Zdt (2-8

[ n ¢ P P°= )
t

o o

a
Blast waves from real accidental explosions can differ in a number
of ways from the essentially clean spherical waves considered in most
theorcetical treatments, and in many field or laboratory experiments, As
an example, any explosion source which is not spherical in free air or

2-8




hemispherical in contact with a reflecting plane will penerate a blast wave
which is, at least in its cariy stages, non-spherical. Thec wave may well
have an axis of symmetry, but rcquires definition in at least two space
cvoor-linates and time. Analytically, the trcatment of non-spherical waves
requires more mathematical complexity, and experimentally, m.asure-
ment requires many more tests than for spherical waves.

The simplest type of non-spherical behavior probably results from
elevation of a spherical explosion source above a reflecting plane (usually
the grov "d). The resualting reflection process is described in Baker
{Reference 6) and Glasstone {Reference ?), A structure or target on the
ground feels a double shock if it is in the region of regular reflection
close to the blast source, or a single strenpgthened shock if it is in the
region of Mach reflection. Even this ""simplest' case of non-spherical
behavior is quite complex.

The second type of asphericity is that caused by sources which are
not spherical. Most real blast sources are non-spherical, and can be of
regular geometry such as cylindrical or block-shaped, or can be quite
irregular in shape. Few analyses or experiments have been done for
other than cvlindrical geometry of solid explosive sources. For cylinders,
the wave paiterns are quite complex. The pressure-time histories exhibit
multiple shocks, and decay in a quite different manner in the near field
than do spherical waves. Fortunately, asymmetries smooth cut as the
blast wave progresses, and 'far enough'" {rom most real sources, the
wave will become a spherical wave.

Other effects which can significantly alter blast wave properties

are:
(1) Effect of partial or total confinement,
(2) Atmospheric propagation effects.
(3) Absorption of energy by ground shock or cratering.
(4) Transmission over irregular terrain.

These effects are often ignored or roughly approximated in safety studies
because they are quite variable or can be adequately accounted for by use
of simple safety factors or energy multipliers. They are discussed in
some detail in References § and 6.
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2-2 Pressure Waves From Propellant Explosions
2-2.1 Introduction “ -

The characteristics of pressure waves, particularly peak side-on
overpressure and specific impulse, are used extensively in developing
damage estimates from propellant explosions. This portion of this chap-
ter is therefore devoted to the calculation of pressures and specific
impulses at varyinyg distances from a prorellant explosion based on
methods given by Baker, et a1(10),

The same terminology used in Chapter I, Section A for propellant
types and failure modes is used in this chapter. Three different types of
propellant-oxidizer cornbinations are considered. These are hypergolic
(50% N,H, - 507 UDMH fuel and NpO4 oxidizer in a mass ratio of 1/2),
liquid oxygen-hydrocarbon [ Kerosene (RP-1) fuel and liquid oxygen (LO,)
oxidizer in a mass ratio of 1/2.25), and liquid oxygen-liquid hydrogen
{ cryogenic combination of liquid hydrogen (LH,) fuel and liquid oxygen
(LO,) oxidizer in stoichiometric mass ratio of 1/57. Three types of
failure modes are considered; namely, confined by missile (CBM), con-
fined by ground surface (CBGS), and high velocity impact (HVI), If
needed, Chapter 1 should be consulted for 3 more complete explanation of
types of propellants and failure meodes.

2-2,2 Determination of Peak Side-On Overpressure and Specific
Impulse

Throughout the PYRO (2-4) work, blast yield is expressed as per-
cent yield, based on an average of pressures and impulses measured at
the farthest distance {rom the source when compared to standard reference
curves {Reference 11) for TNT surface bursts (terminal yield). Hopkin-
son's blast scalinz is used when comparing blast data for tests with the
same propellants and failure conditions, but different mass of prorellam.
So, the blast paramecters P (peak side-on overpressure)and 1/wl/3
(scaled impulse) are plotted as functions of R/W‘/3 (scaled distance).
after being normalized by the fractional yield. This procedure is equiva-
lent to determining an eifective mass of propellant for blast {rom:

w = w X A (2’9)

where Wo is total mass of propellant and oxidizer, Y is terminal blast
yield in percent and W is effective mass of propellant. Because the data
are normalized by comparing to TNT blast data, the effective Llast eneruy
E can be obtained by multiplying W by the specific detonaticn energy of

.-10
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TNT, 4. 18 x 100 J/kg (1.4 x 108 £t 1b /b ). Baker's(10) smoothed
curves through the scaled PYRO blast data, and LEquation (2-9) will be
used to obtain blast wave properties for particular combinations of pro-
pellants and simulated accidents.

Table 2-1 contains the different propellant failure mode combina-
tions under consideration and the figure numbers of the graphs {following
Table 2-1) needed to determine peak side-on overprecsure and scaled
specific impulse as a function of scaled distance for cach accident situa-
tion. The procedure for finding peak side-on overpressure and specific
impulse are as follows:

(1) Calculate terminal yield ¥ using methods discussed in
Chapter I, Section A,

(2) Determine W, effective mass of propellant and oxidizer,
from Equation (2-9).

(3) Choose a specific standoff distance R from the center of
the anticipated blast and calculate scaled distance R/W /3

(4) Examine Table | and acquire the proper figure numbers for
finding peak side-on overpressure P and scaled impulse
1/W1/3 for the particular propellant/oxidizer and failure
mode under consideration.

(5) Determine P from the appropriate Pressure versus Scaled
Distance curve and the predetermined scaled distance.
(6) Determine I/Wl/3 from the appropriate Scaled Positive

Impulse versus Scaled Distance curve and the predeter-
mined scaled distance.

(7) Calclullgte specific impulse 1 from scaled positive impulse
I/wii2,

lelA word of explanation will help clarify the meaning of the central solid
line and shaded area of the graphs. The shaded portion represents actual
data from propellant blasts. The central solid line is an estimate of the
most likely occurrence and, for most cases, is the recommended choice.
The vertical distance between the two dashed lines at any abscissa is a
measure of the data spread, or uncertainty in a prediction from the solid
line,

2-11
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T ! 1/3 .
1=< ”3> (W) (2-10)

1ABLE 2-1, GUIDE TO SELECTION OF PROPER GRAPHS FOR THE
DETERMINATION OF PRESSURT AND SPECIFIC IMPULSE

Scaled
Type of Type of :+ cidernt  Peak Side-On Impulse
Propellant & QOxidizer _(Failure Modc) Overpressure(P) (I/W!/3)
Hypergolic CBM Figure 2-7 Figure 2-8
. (50% N,H,
50% UDMH/NZO‘) CBGS Figure 2-7 Figure 2-8
HVI Figure 3-9 Figure 2-8 :
Liquid Oxygen- CBM Figure 2-10 Figure 2-11
Hydrocarbon
(LOZ/RP-I) CDGS Figure 2-12 Figure 2-12
vl Figure 2-12 Figure 2-13
Liquid Oxygen- CBM Figure 2-14 Figure 2-15
Liquid Hydrogen
(1_02/1_}12) CcBGS Figure 2-16 Figure 2-17

HV1 Figure 2-16 Figure 2-17
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2-2,3 Examples for Determining Peak Side-On Overpressure and
Specific Impulse

The problems which follow are continuations of some of the example
problems started in Chapter I, Section A.

Example 1: (Continuation of Example 1 of Chapter !, Section A)
Propellant-Hyperjgoli«
Combined mass «f propellant and oxidizer-10, 000 kg (22, 000 lbm)
Failure mode - CBM
Standoff distance R (assumption) - 50 m (164 ft)

Solution:

(1) Terminal yield y = 0, 8% (See Example | of Chapier I,
Section A for calculations)

1
= W
(2) w T ™ 100%
0. 8%
— Yo
W = 10, 000 kg x 1007
W =

k 61
80 kg (176 1b )

/3 /3

Scaled distance R/Wl

-~
in
~—

= 50 m/(80 kg) /> = 12 m/kg!
(4) Table 2-1 indicates:
Acqiire P, peak pressure, from Figure 2-7.
/3

Acquire I/Wl , scaled impulse, from Figure 2-8.

(5) From Figure 2-7, P = 8,2 x 104 Pa (11.89 psi)

(6) From Figure 2-8, I/Wl/3 = 27 Pa. s/kgl/3
/1 1/3 -
(7) 1 =;——T/—3—> w3y - e Pa- s (1.682 x 10°2 psi/sec)
\
\ W
Fxamnle 20 (Continuation of Example 1 of Chanter I, Section A)

Propcllant and oxidizer - LOJ/RP~ |
Combincd mass of propellant and oxidizer- 150, 000 kg
(330, 000 1b )




Qv — . f .

Failure mode - CBGS

Impact velocity (assumption) - 10/ms (32. 8 ft/sec)
Ignition time (assumption) - 0.5 seconds

Standoff distance TasSumption) - 100 m (323 ft)

M
»

#
)

RO R o IS o,

AN W
" SR}

(1) Terminal yield y = 6.25% (See Example 4 of Chapter 1,
Section A for calculations).

I

() W woox ke
6. 25%

w 100%

150, 000 kg x

w

[}

9375 kg (20, 600 1b_)

/3 /3 /3

(3)  Scaled distance R/W'/3 = 100 m/(9375)"3 = 4.7 m/kg!

(4) Table 2-1 indicates:

' A~quire P, peak pressure from Figure 2-12.

<r Acquire 1/W1/3, scaled impulse {rom Figure 2-13,

o -

(5)  From Figure 2-12, P = 3.8 x 19" Pa (5.5 psi)

(6) From Figure 2-13, I/Wl/3 = 55 Pga- s/kg”?’
! \
| ) S w1/3

(7) I = \\_w_;/-;) { ) = 1160 Pa-s (0, 168 psi/sec)

P N T RTy

LA we

Example 3: (Continuation of Example 5 of Chapter I, Section A)

Propellant and oxidizer - LO,/LH,

Combined mass of prupellant and oxidizer-10, 000 kg (22, 000 lbm)
. Faiiure mode - HVI

Impact velocity (assumption) - 40 m/s (131 ft/sec)

. Type of surface impacted - hard

Standoff distance (assumption) - 100 m (328 ft)

“ e

Solutiorn:

(1) Terminal yield y = 30% (See Example 5 of Chapter I,
Section A for calculations)

smv‘w’n Mg
e v

9




N X
@ W= Wr X To0% ]
. 30%
W = 10, 000-kgx Fopor- -+ --
w =

3000 kg (6600 1b )

/3 /3

(3)  Scaled distance R/W'/> = 100 m/(3000 icg)/> = 6.9 m/kg’

(4) Table 2-1 indicates:
Acquire P, peak pressure, from Figure 2-16,

/3

Acyuir E/Wl , scaled impulse, from Figure 2-17.

(5)  From Figure 2-16, P = 2.2 x 10" Pa (3. 19 psi)

(6)  From Figure 2-17, JW'/® + 45 Pa- a/kg*/?
{(7) 1 = __I__? (Wl/3) = 649 Pa+-s (9.4 x 102 psi/sec)
wl/
2-3 Fressure Waves From Gas Vessel Bursts

Application to spherical vessels will be discussed first,
2-3.1 Overpressurcs for Various Gases and Initial Conditions

The overpressure versus distance relationship for a bursting gas
vesnel is strongly dependent upon the pressure, temperature, and ratio of
specific heats of the gas in the vessel. For high prassures and tempera-
turcs, rclative to the alr cutside the vessel, the overpressure Hehavior is
much Hxe that of « blast wave from a high explosive. On the P, versus R
graph (Figure 2-18), the curves for higher pressures and ternperature are
located near the high explosive curve. The curves for lower pressures
and :emperatures lle jarther from the high explosive curve,

The procedure fur relating overpressurces and distance from the
sovrce of A s vessel hurst 18 the followinp: Determene the starting
overpressure and distance,  Locate this point on a .135 veraus Rograph,
{(Fiupure 2-18). TFollow the nearcest curve on thin praph tor the overpressure

vierauas distance behavior, Choouse the R of interest, and read F\; from the
proper curve. Alternatively, one can choose a value for PPy and locate the
corresponding T. For R areater than about 2, Figure (2-19), Py versus R
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for pentotite (a high explosivc)(b) can be used as am upper timit for -ﬁs-.
For a given p,/p,;, T}/T, . and v, P, , the nondimensional starting
shoek overpressure can be read from one of the graphs in Figure 2-29
and 2-21, For diatomic gases, such as air, O, and Hp, let v,, equal
l.i. For monatomic gases such as He, let v;, = 1.667. The nondimen-
sional starting distance R, is

- (2-11)

o !"4-(13-1\'}1/3
— 1
3
)

Locate R, and P, on the graph of P, versus R as in Figure 2-22.
This is the starting point. Follow the nearest curve for the P, versus R
Lehavior. The -1-55 versus R curves in Figure 2-18 are accurate to

ahout = 207,

Tc determine the overpressure at a given distance, first compute

R.
- r
R = r 1/3 (2-12)
- e cmst—— v.
P, i
L Y- 1

where r is the distance from the center or the vessel, and Vi is the
volume of the vessal before it bursts,

Then, read '158 from the proper cusrve. Compute the overpressure:

. P.-P - =P
Ps = & __a o then P, " P, Ps P,
pa

The quantity pspa is

the overpressure,

To determine the distance at which a given overpressure will be ob-
served, compute :53 from the given P, - pa:
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Figure 2-22. Location of Starting Poin. on
Graphof P, vs R

P - Ps_ Pa (2-13)
s
Pa
Read R from the proper curve, and calculate r:
R = d h 2-14
= 173 then (2-14)

p
(2]
P, i
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e 2.3.2 Specific Impulses for Various Gases and Initial Conditions

] B} . e . v . e . e .
b For the burst of a pressuve vessel, the I versus R relationship
in Figure 2-23 or 2-24 shuuld be used. For R in the range of 10" 1o
100 , the I versus R curve in Figure 2-24 is more convenient. This is
an enlargement of part of Figure 2-~23, These curves are accurate to
about +25%, For a given distance, R is calculated, and 1 is read from
Figure 2-23 or 2-24. Then 1 is calculated. Alternatively, one can
choose a maximum acceptable specific impulse and {ind the minimum
distance at which the specific impulse is less than this value.

Example:

A spherical pressure vessel of radius 1.0 m (3.3 ft) containing
air (yl = l.4) bursts in a standard sea level atmoaphere. The inside
gas pressure is 1. 013 x 106 Pa (147 psi) and the temperature is 300 K
80°F). There are no reflecting surfaces nearby, Find the peak over-
pressure and specific impulse at a distance of 5,0 m (16. 4 {t) from the

' source.

Solution for peak overpressure:

R, and R for the distance of interest are calculated, ;.o, the
i° starting peak overpressure is obtained from Figure 2-20. The correct
curve is located in Figure 2-18 and P, is read from the graph for the R
of interest,

- 1

R, = 1/3 -
iz [ p

3 - -1
pa
vl-l
(2-16)
! = 0.2197

4n (1.013,(106& -1) 1/3

1.013 x 105 Pa
1.4 - |
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r
R (atr = 5.0m) = 3 1/3 = _.{.___ -
inr (p > :
—__0 1
3 - -1
pa
\-l -1
{2-17)
5:.0m
1.0
= ’;‘ 73 = 1,099
4= (1L013x10@§ . 1)
3 l.Ol3.~<lO5 Pa

1.4 -1

For p,/p, = 10 and T /T, = 1, Pg = L7 (Figure 2-20).

Looking at Fxgure 2-18, this pomt (R0 ' PSo ) fails near the third curve
from the bottom. Following this curve, for R = 1.099, B, = 0. 26.

Since B, = pg - Pa » Pg - Py = Pg Py = (0.26) (L. 013 x 10° P,) =

Py

4
2.6 x 10 Pa (3.77 psi).
Solution for specific impulse:

The E of interest has been calculated above. Read I- for this E
from Figure 2-23.

For R = 1.099, I = 0.046 (Figure 2-23).

2/3 1/3
p Iaa - P E
Since I = 373 VE .o =1 _a——— (2-18)
p E a
a
- 3
E:=(P1L Pa A 1,03 x 10°Pa - 1,013 x 10 Pa
v -1 1.4 -1
1
(2-19)
\“—ii(xoln) - 0,55 % 10" 3




L' 4

(0. 046) (1. 013 x lOSPa)2/3 (9.55 x 106.!)”3 o
I = = 6“ Pa-s
331 m/s

-3 (2-20)
(9. 28 x 10 ~ psi-sec)

2-3.3 Cylindrical Vessel

Fora cylindricalzvessel, given the length L and the diameter D,
use its volume (Vi = “'40 L) in the equations above, performing the
calculations as for a spherical vessel. After P, and I have been deter-
mined, further corrections are necessary. For R less than about 0. 3,
the calculated overpressure should be multiplied by a factor of 4 or 5.
For R near 1.0, the factoris 1.6, For R greater than about 2 5,
multiply the calculated overpressure by about 1. 4. For R less than
about 0.3, the calculated specific impulse should be doubled. For R
near 1.0, the factor is about 1. 1. For R greater than about 1.6, no
correaction to the specific impulse is nccessary. The difference between
spherical and cylindrical vessel bursts is only known qualitatively,

Therefore these corrections are very crude.

2-3.4 Ground Burst

The method descrived above is to be used for gas vessel bursts far
from any reflecting surfaces. If there is a reflecting surface adjacent to
the gas vessel, such as with a gas vessel on the ground, multiply V., the
volume of th£ vedsel, by a factor of 2. Use this new Vi in zhi ralculations,
Also. once P, has been calculated, increase it by 100% for R less chan
about 1, and by 10% for R greater than l. After I, has been casculated,
increase it by 60% for R less than about 1. There is little effect for
longer distances. Only qualitative effects are known, and therefore these
corrections are very crude.
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APPENDIX U.A

GAS VESSEL BURST

2A -1, Nondimmentional Paraineters

A model analysias was perfo., for the presaurized Jas-filled
vessel bursr. The lollowing dimenrionlets pararueters were ottained: (1)

1a
S —2—75~-F IVES specific impulse (2A-1)
P, ’
oo .l._'.‘-._.lli peak shock ovirprossuye (2A-2)
i»
P,
A
173
rp,
. e B iatan eA=-3
R E.1/3 diatarce (eA=3)

AL, Sourcn L Data

‘The data which were used in the shock overprecsrurs and specaific
binpulse calculatione are yencrated numerically &0 a {irnite-difference
coarnputcr prograrn In whitv b the one-dimensionas (spherical courdinates)
unstrady egrations of consarvation of masy, momenturn, and cnerpy in
Lagranpian form ave melved for o perfact pas. Artiflcial viscosity is used
t. simooth the shack wave s, (2)

Vrrvioualy, othar anventigiutor s have uned nurnerical methads to
vabiulate the flaw {icld variaulens after the buret of a pressurized sphere,
Huany ond Chouw used the Hartree micthod of chygracteristics with Rankine-
Hugonot jump candfrfons acrousn the shocka,(7) fioyer, et al,, used a
nuthiericel progrdm simidar to the unr yard hece yund compared their re-
ulte ta exper hinental doty obtained by breaking glass spheres pressurized
with air, He, and bt ., (47 Tirtr valiew of nondd nensional impulee veorsgs
Sretance 1o an well with those calculated here,

e LA e he I tiar - ghetet a Gf the v ase - thyt were

.

IR ITER g usea gt th

par U,
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TABLE 2A-1l. INITIAL CONDITIONS FOR PRESSURE

SPHERE BURSTS l
T
] 1
T Y
Sase. Pa a_ 1
1 5 0.5 1. 4
2 5 2. 5¢ 1. 4
3 & 10 1.4
4 5 50 1.4
5 16 0.5 1.4
[ in 50 1.4
7 100 0.9 1. 4
8 100 50 1. 4
49 150 50 }. 4
10 00 50 1.4
A 94, 49 1,0 14
3] 94, 49 1. 167 1,2
C 94, 49 0. 84 1, 607
11 37000 0.5 1.4
12 37000 5 1.4
13 32000 10 1.4
14 1000 J l. 4
15 1000 4 1. 667
16 1000 0.5 1. 4
17 5 5 1. 4
18 22 1 1.4 (Ref, 4)
ZA T, Dhve ressuce Caloulation

-~

The Ps versus R data were ;ﬂ()ucd for b:_vcrnl sevs of initial
conditions, and it was found that the Py versus K curves for high
pPressure bursty pass through the curves (Or lower pressures (sce
Figure ¢A-1). (There in sormie crowsing of the - urves, but same of this
1w due toanaccuracy inthe compuer program). Therefore, i a nuuber
Ol turves were pencrated lore high vessel pressures and various tempera-
tures, tha T.‘,_ versuys R Lehaviur for I)ur_ril LAt lower pressur s cculd be

determocd by S the wtartang pomt (R, T ) of adower preasar

HO \

bucst ang Jollowing the nearest B versun U o ve.l ')'l b cur.eun 1n
2]

Fapure £-0 of the text were dravn bhased upun the car ceoan brpure 240 )

al the appendia. “Therr an ertasaty should not e cenurned o b Tess than

Dot 4 A0

Py
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The starting distance R, corresponds to the surface of the vessel

) before it bursts, where (r/rj) = L. ‘{;
- - r r
. R = = =
: 3 3
e, N 1 Tfe, \enro® 17
—_ == - 11V, - -1 3
\ * Py
:‘ ll = 1 Yl = l
(2A-4)
T
To _
r 1/3
Py
_____ — - 1) 4z
pa 3
X ) Yl - l
4rr 3
__ o

. i3 (2A-95)

1 ,
Then R = 1/3 (2A-6) !
(3-8
= t fa
A (R
-I;so is obtained by use of the shock tube equation:
N
v, <!
.El-i". l‘(-:/-l)(a/a)(p/p-l)
- /2"'.' 72. z .’_ )
P Pa I a 'a‘ Ya? l)(p‘/pa !
(2A-T7)
a S p T
where = /‘—a' ___,1 , and y = 1,4, I-'uru.f'_i\,en")" . ‘—" . oand
a4, Y, 1 , a P | }
K thin cgquation must be solved 1leratively for l_',l . Then Fy, - _‘_,: - 1
Py Py

e e e e e - o




The _l_)__l versus h versus -l;So graphs (Figures 2-20 and 2-21in

Pa Ta

the text) were obtained {rom this equation.
2A-4 Impulse Calculation

+

Specific impulse is calculatedas 1 = I {p - pa) dt, where +
denotes the poeitive phase of the pressure wave. See Figure 2A-2,

The I versus R data were plotted for geveral sets of initial
conditions (Figure 2A-3), For R less than about 0.5, the behavior
is not clear, and a maximum 1 was chosen for the 1 versus R relation-
ship in Figure 2-23 of the text. For R greater than about 0.5, ali of
the curves lie within about 25% of the high explosive (pentolite) curve.
The pentolite curve“ was therefore chosen as the best T versus R
curve in this region.

YA-5 Effect of Cylindrical Geometry

This analysis can be used for bursts for cylindrically shaped
pressure vessels if the volume V, is known, The cylinder is treatcd as
an '"equivalent sphere" with same energy as the given cylinder.

Besides the energy in the vessel, its orientation with respect to
the target is important. Qualitative relationships between 138 and 1
and the angle between the location of the target and the longitudinal axis
of the vessel can be observed {rom the high explosive data in Refercence »u.
However, this angular orientation is usually unknown, and the "worse
case' must be assumed. Then, the peak overpressure will be grecter
than that calculated for a spherical vessel for all R. The specific impul se
would also be greater in the near field,

2A-6 Effect of Reflecting Surface (Burst at Ground f.evel)

In this analysis, it was assumcd that the vessel burct occurs {ar
away from any reflecting surface. To apply this to a burst occurring on
the ground, assume that twice as miuch energy is released, implyiny
that the volume of the vessel is doubled. The reason for this is illustrated
in Figure 2A-4. In (a), all of the energy is releasedé avove the reflecting
ground surface. In (b) one-half of the cnergy is released above the ve-
flecting ground surface, and onc-half of the enevyy i3 rclecased belaw, Fort
a point P located above the ground surface to experience the same blast
wave, the energy in vessel B must be twice the enrrgy in vessel A, For
the samc pressure and ratlo of specific heats of the gas, the vnlume of
vessel B must be twice the vessel A, The situationin (b) is vhosen ve-
cause the analysis requires a spherically symmatric flow field,

2A-5




POSITIVE PHASE

NEGATIVE

Figure ZA-2. p vs t

In addation to the effect upan the effecrive energy released, the
presence of the pround surfice must be accounted for in another way,
Data in Reference 8 indicate that the peak overpressure should also be
doubled near the source of the burst, and this factor should be decreased
t2 anity in the far field. Thosc tests were conducted with high expiosives,
aad, thus, only allow a qualitative description for pressure bursts, but
it can be concluded that th> overpressure would be ¢reater for a spierc
burst on the ground than would be expected from iaitial source encrpy
considerations alonce. The specific impulse would also be higher, at
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Figure 2A-4, Assuimed Spherical Geometry
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SYMBOLS
speed of sound
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energy in pressure vessel
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nondimensional specific impulse
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pressure
nondimensional overpressure
starting nondimensional overpressure
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time
temperature
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decay constant of pressure-time curve

SUBSCRIPTS

ambient conditions

behind shock wave

inside vessel before burst







o CHAPTER 1l N76'19299

Tt EFFECTS OF PRESSURE WAVES

c s ww . - - -

3-1 Damage Estimates to Structures

Previous sections have shown how to predict the peak free field
side-on overpressure P, and side-on impulse ig at various locations
around an accidental explosion. In this section, we show how to relat:
these two loading parameters to structura! damage to buildinygs and ve-
hicles in the vicinity. DBefore this discussion prcceeds, the reader must
decide what constitutes damape. For example, is breakage of glass and
some damage to ceilings an acceptable or unacceptable level of damage ?
Or, can you accept minor structural damage *vith partitions distorted
and joinery wrenched from {ittings ? On the other hand, might the target
structurc be darngerous to inhabit with the roof partially or totally col-
lapsed, at least partial damage to one or more external walls, and somme
failed load-bearing structural members? Or, can onc tolerate the
building being 507 to 75% completely demolished? There is no one
answer to what level of damage is acceptable. The engineer must decide
for himsel!. 1f buildings are or can be inhabitated by many people, the
levels of damage should perhaps be low, while greater damage to

‘ individual dwellings could be tolerated.

Because different modes of response {or types of damage) must be
considered, arious solutions must be considered. The first solution
deals with glass breakage. It yields a procedurec for predicting the thres-
hold of breakace of glass of various thickness and spans. The second
solution is a curve fit to bomb damage data compiled by the British at the
end of World War U. Although this curve {it was developed for a stardard
dwelling, it is also used for factories, main offices, and/or main
engineering shops without introducirg significant error. Threc different
empirical pressure versus impulse diagrams will be presented- -the tirst
is for minor structural aamage involving wrenched joints and partitions,
the second is for major structural damage with load bearing members at
least partially destroyed, and the third is for 50% to 75% of the building
demolished. These results yield gencral pguidelines when accurate
structural details are unknown., The third selution is for o-erturning a
bus, truck, mobile home, missile on the launch pad, or other margirally
stable target subject to toppling. The fourth and fifth soluticns are for
the initiation of yieldiny (the start of permanent deformation) in cither
beam or plate structural components. The beam clements can have

-




various support conditions. Plate elements can be either simply-
supported” or clamped. These generalized solutions car be applied
whenever the response of a structure looks critical and structural
details are known in sufficient detail to override the second empirical
__solution based upon bombs da.raging British residences. Thesec
generalized beam and plate solutions can be applied to many types of
structures: cranes, frames, powerlinc towers, and components of
houses and buildings. Each of the soluticns will now be presented.

3-1. 1 Breakage of Glass

The threshold applied pressure Pr for breaking plass can be
Jetermined from Equation (3-1}).

5 : 2 . 4
pr x" ] ll'0+3.08 %." + é
) =
7 b 8. 68 io.79+o.11£’§ 2+o.79 % ) |
3- l.)
where
:‘,' = yield stress of glass ¢ use Equation {3-2)
h = thickness of glass
X = shori half span
Y = long half span
P = threshold applied maximum reflected pressure

r

{The equation is valid for any self-consistent set of dimensions), Equa-
tion (1-1) works for either sheet or plate glass. The yield stress -

ior glass, however, is not a simple material property, as in steel or
other metals. The strength of glass is related to flaws which are both
statistical in nature and a function of thickness. Although a complete
theory of the kinematics of flaw behavior is not possible, the effective
yield point for glass can be approximated by Fquation (3-2).

‘Siimple support Loundary conditions imply restriction of displacements
at the houndaries, but no restraint on rotations.
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(3-2)

e-. . —— The parameter Pr in Equation (3-1) i5 the peax applied load, and
not the side-on free field overpressure P, For weak shocks with

P, < 10 kPa that strike a wall head-on, P; equals 2.0 P4. For all
shocks with flow paralle!l to a wall, P, equals Pg. In general, the ratio
P./Ps is a complex function of both shock strength P, and the angle of
incidence 3. Figure 3-1 can be used to estimate P_ from Pg and o
under ambient sea level atmospheric conditions, An & of 90" in

Figure 3-1 means that the flow is parallel to the wall. All pressures in
Figure 3-1 and this analysis are overpressures and not absolute pressures.

To illustrate the use of this solution, assume that a building has
glass windows with panes that are 1.0 by 1.5 x 0.01 meters (3, 28 by 4. 92
by 0. 0328 {t). Equation (3-2) indicates that the yield stress =, €quals
10*8 Pa (1.43 x 10% psi). Because the aspect ratic X equals 0. 6666,
[ p? . Y
Equation (3-1) gives a scaled applied load [ r’ of 0.296. Sub-
|
\ - n?
Ty
stituting for ~ , X, and h in the scaled applied load yields an applied
pressure Pr Yof 2960 Pa (0. 424 psi). Because this is a weak applied
load. glass will begin to break in walls facing an accident whenever Ps

P
exceeds -éi or 1480 Pa (0.212 psi). If the building has no v¢lass in

the walls ‘acing the accident, but has glass in side walls, breakase will
begin whenever Ps exceeds Pr or at 2960 Pa (0. 424 psi).

The derivations of Equation (3-1) and (3-2) are presented in
Appendix 3A, Equation (3-1) is a special case of a plate equation {rom
subsequert sections: a brittle, simply-supported plate in the quasi-stalic
loading realm. Experimental test data from static tests in the literature
are also presented in Appendix 3A to demonstrate the validily of this
solution. Figure 3-1 comes from curve fits to high-pressure data de-
scribed in Reference 1,

3-1.2 Empirical Blast Damage Curves for Buildings

Figure 3-2 shows thr. e different isodamage lines plotted as
curves of side-on, free-field impulse versus side-on maximuim over-
pressure. The basis for these curves is British data from cnemy bormb-
ing in World Wur Il plus record: ol explosions datin; from 1871, Al-
thaugh this relationship was deve.oped for the average British dwelling
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“guse, it also works ‘vell tor factories, main otfices, and main enginecr- '
iry workshops. Reference 2 presents this relationstup as a quas.tity- ‘
distance cquation {charuge weight versus standoff equation); however, we
have modified the results so they car be presented as a pressure versus
- -irmutse-viragra.rr (2 P-i diaaram). Notice that as the level of damage in-
creases, the pressures and impulses required to create the increased
damaze al3o increase. For pressures and impulses less than those
showr in Figure 3-2, the specified magnitude of damage should not be
obtained. The three levels of damage shown in Figure 3-2 are for minor
structural damage, major structural damage, and partial demolition.
By minov 3structural damage, we mean that glass has been broken, joints
are wrencied, and partitions are out of some fittings. Major structural
damage implies that the roof is partially or totally damaged, at least one
external wall [, ~artially damaged, and some load-beariny partitions or
members tave been destroyed., The term ''partial demolition” implies
that 507 10 757 of external brickworx or walls have been destroyed or
rendered unsafe.

The British present an addition. | threshold for breakage of glass
which we do not show in Figure 3-2. Most modern windows have larger
spans and Ar2 citen thinner than the standard window sizes asscciated
with houses built in the 20's and 30's. The preceding analysis should be
userd 1 211535 Dreaxade constitutes serious damage. In addition, Jarrett
. presents i :ifth contour {or complete demolition. We do not present i
this rontour Because it is too extreme; a building suffering from partial
demolition i35 unirhabitable and would have to be leveled.

Naturally, contours as presented in Figure 3-2 are apgruximations.
These approximations suiiice for large variations in structural types
Secause the 10ads are also approximations, If a2 hardened structure or
atypical bLuilding exists, damage can be better estimated by subdivision
into its component plate and beam type elements. Adter a building has
bheen subdivided into components, equations presented in subsequent
section3 can be applied to determine loads for initiating fracture in
brittle structures and permanent deformation in ductile structures.
These subsequent analysis procedures are more difficult to use than the
araphical relationships shown in Figure 3-2; however, if they are properly
applied, thev can supplant Figure 3-2.

To illustrate the nuse of Firure 3-2, consider ceveral illustrative
c<amples. For example, suppose the {ree ficld blast conditions were
P, cqual to 10 kPa (1.45 psi). 1, equal to 200 Pa‘ s (0. 0290 psi/sec),
then munor siructural damage should be cxpecied, Lut not major struc-
tural camage. On the other hand, if Py equaled 50 xPa (7. 25 psi} and i
equaled 100 Pa. s (0. 0413 psi/sec), partial demolition should be expected.
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Figure 3D-3., Interaction of Blast Wave with
Irregular Object

To determine the momentum imparted to the body from the blast wave, it
is necessary to consider both the diffracted phase of loading and the drag
phase of loading.

Side-on overpressure is often expressed as a function of time by the
modified Friedlander equation:(8)

pE) = P, (1 - %\/ e Bt/T ERCLEY
where |

P’ is peak side-on overpresaure

T is the duration of the positive phase of the blast wave

b is a dimensioniess time constant.
Integrating this equation gives specific impulse

I = P:T [I - Q—'t,—e-b—)-! i,0-2)




Diffracted specific impulse I can be approximated by

I
r
where
P
r
At
or
I
r
where
d
8]

is peak reflected pressure

is length of time for the blast load to veach Pr after
initial interaction with the blast wave

_Froa
-2 U

is effective diameter of human

is shock front velocity

Shock front velocity can be expressed as

2

—
c‘“lc‘
~

M

—

+
o
°'° '“’U

where
a
o
P
s

pO

iy the speed of sound
is peak side-on overpressure

is ambient atmoapheric pressure

For shocks of intermediate to weak strengths (I”a/pQ <3. 5):(8)

Thus, from Equations (3D-4), (3D-5), and (3D-6),

(3D-3)

(3D-4)

(3D-5)

(3D-6)

v
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The time history of drag pressure, slightly modified from Glasstone, is

2
q(t) = Q(l - %) e Bt/T (3D-8)

wnere

Q is peak drag pressure,

Integrating Equation (3D-8) with respect to time over the time interval from
0to T, drag speciiic impulse Iq becomes:

L
@ T
: 1 = (le) Ih-2+% (1-e‘b)j{l (3D-9)
) 9 L b . :
{
‘ From Baker, (3) peak drag pressure (for P /p, £ 3.5) can be determined by
2 7}
2 2 3
a Q = ZCD Tp +P) (3D-10)
g o s
! where
»
i CD is the drag coefficient for the human body.
g Solving Equation (3D-2) for T and inserting Equation (3D-10) into Equation
5 (3D-9):
; P,
5 . - /
; _ 5 o ! P2 b ;
: I 2 ¥ 7 “pls AR - { (3D-1h
§ i 7 + i —i> 1 e + b - 1 l
‘ L7 " \e, | J
Lo

AT
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Specific impulse is the integral of pressure with respect to time, whilce [
‘impulse is the integral of force with respect to time, pressure beiny force )
per unit area. Total momentum imparted to the body is equivalent to total

impulse iy:

i = mV (3D-12)
where
m is the mass of the kody

V is velocity

or
, 2
mV = \1r+lq) (5.54d7) (3D-13)
where
(5.5 dz) is the assumed cross-sectional area of the body.
Substituting Equations (3D-11) and (3D-17) into (3D-13) and rearranging .
terms produces !
A} . 2 AY
P % 3\ P, P_ ;P
v ‘-—’)+<§>;‘—3) = 2. =)
M _ \ Po \ Py Y . \ Py /
- 3 B - ; P
-5 d'p, /14-{%‘,'"3' [7 ¢ ==
v SRR L7 oe,
N - a C_1
e )
e e wb-1/) 1 P

which is a nondimensional equation. If one assumes that the density of man
is the same as the densiiy of water p,, and that the shape of man can be
approximated by a cylinder with a length-to-diameter ratio of 5.5, then
mass becomes

(5.5 4d) (3D-15)

—-—
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d = | —=2— (3D-16)
5‘5"9-«
Substituting Equation (3D-16) into (3D-14) and rearranging terms, one can
obtain
P 'P \Z_] (P P
s 3 ,-_3':;_3) (2.5) _9.)
DA Y BECLATY BTN SRS
e, T . P
) ° ~/1+ & P—a\ '7+'_’)]
! P/ _Z_‘), + b \ a CDIs (5.5 n 1/3 P (3D-17)
{ = . _ ] 17
‘. ’;\ b 7\eb+b_l") P, 4 ;13
® :
Thus,
‘ lp_a V | P Calpl/3\\
1 "w o s D os"w
j——— . = f -, —— | (3D-18)
' ) P 1/3 :
o — o P, ™ .

Equation (3D-18) demonstrates a nondimsnsional functioral dependence.
Dimensionally, for constant values of p, ., a5, and p,. Equation (3D-18)

becomes
!' Is
Vv = f qu’. _T/T) (3D-19)
\ m

Thus, after calculating the pressure and impulse combinations re-
quired to translate an individual of a certain mass at a specific potentially
hazardous velocity, it is beneficial to plot the calculations on a graph of Py
versus (I_/m!/3). By doing this, pressure-impulse combinations needed
! to propel different body masses at the predetermined velocity can be ac-

? quired directly from the graph, assuming that the density and length-to-
E diameter ratios of the body are the same. Hence, =ight graphs (2 damage
) conditions X 4 altitudes), instead of the previously mentioned 32 graphs
(2 damage conditions X 4 masses X 4 altitudes), are required to identify

3D-13
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the pressure-impulse combinations which will produce the human transla-
_tion velocities specified in Tables 3D-1 and 3D-2 for any mass human body
thhm the limits of the aforementioned assumptions. The results are plotted
in Flgures 3-12 through 3-19.

B

1t is a very simple martter to use the graphs to determine if there
exists a pctential threat due to whole body translation and subsequent decel-
erative impact on a hard surface. An example will demonstrate the proced-
ure.

Suppose a propellant blast occurs at sea level (pQ = 101 kPa). The
closest people to the blast are several adult males with an approximate mass
of 70 kg (154 1by,). Using methods established in Chapters I and II for cal-
culating pressure and impulse, it is determined that these humans are ex-
posed to an incident overpresasure of 1600 Pa (0.232 psi) and a specific im-
pulse of 20 kPa.s (2.90 psi-sec). Scaled impulse (I, /m1/3) is then 4850
Pa.s/kg 1/3, Exa.mmm% Figures 3-12 and 3-16 indicates that the point
(1600 Pa, 4850 Pa-s/kg ) lies below the threshold curves for skull frac-
ture and for whole body impact, respectively. Since the point is belcw the
curves, no skull iracture or death is expected from whoie body dm-c.ement.
It should be kept in mind that the curves cannot be extended for impulses

. lower than those shown on the graph, and thus the graphs are somewhat
limited since they dc not appear to be asymptotic.
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CHAPTER IV 76-19
I N76-19300

CHARACTERISTICS OF FRAGM™=NTS

4-1 Ceneral

The fragments generated during accidental explosions of the types
covered in this worlkbook can come from several sources. They can be
oleces of the exploding vessels themselves, or pisces of wreckage from
an impact which also results in an explosion, or nearby objects
(appurtenances) accelerated by the blast wavas from the explosion. The
methods of prediction given in this chapter allow one first to estimate
initial fragment velocities for various types of accident and geometry of
vessel or explosion source. Next, predictions can he made of fragment
ranges and impact conditions using initial velocities as inputs. Finally,
fragment mass distribuuions can be predicted in a s:iatistical sense for
several classes of accidental explosion.
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The various graphs and equations used to generate predictions of
fragment characteristics are the result of exexrcise of a number of com-
puter programs, and fits to experimental data. A number of appendices
are included in the chapter to describe the computer programs, 9dtatistical

' analyses, and other supporting information.

[ ¥

4-2 Methods for Estimating Fragment Initial Velocities

RIEC I IR

4-2.1 Spherical Gas Vessels

-, .

The following is the deterministic technique for predicting initial
fragment velocities for fragments emanating from containment vessels of
spherical geometry. This technique requires that you know the external
radius of the spherical confinement vessel, the thickness of the wall of the
spherical confinement vessel, the density of the confinement vessel
: material, and the internal gas pressure at burst. The present figures
allow this technique to he used for gases whose properties are similar to
air and helium.

Sl (1 Nk W

The first step in the procedure is to calculate a mass ratio con-
sisting of the mass of a volume of gas equal to the internal volume of the
sphere at standard temperature and pressure, divided by the mass o7 the
confinement vessel. The eguation for calculating this mass ratio is given
in each of the examp’es3 in terms of the radius of the spherical confine-
ment vessel, the thickness of the vessel walls, and the density of the gas
and ve3asel material, respectiveiy.
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The second step in this procedure is to calculate a pressurc ratio --
whichTs fhie Bressuré of the internal gas at the time the confinemen: -
vessel bursts divided by atmospheric pressure. Having obtained the
mass ratio and the pressure ratio, a value for initial velocity ratio Vv
can be obtained from Figures 4-1 through 4-8, which constitutes Step 3
in the procedure. The figure used to look up the value of ¥ depends upon
whether air or helium .3 considered and the radius of the confinement
vessel., Since figures are not generated for all possible vessel radii, it
is necessary to consult the figure with a radius value that is nearest to
the radius of the confinement vessel considered. Since plats are not
given in the figures for all possible mass ratios, it is also necessary to
read vaiues for V from the plots for mass ratios having values most
nearly above and below the mass ratio considered. The appropriate value
for vV can then be obtained by the method of linear interpolation as in
Step 4 of the ezamples. Once the velocity ratio value has been obtained
for the specific case considered, it can be multiplied by the appropriate
speed of sound at ambient conditions for the gas considered to obtair. the
initial fragment ‘relocity.

N

Examples | tisrough 3 illustrate how this procedure may be used to
obtain initial fragment velocities from bursting spheres. Fragment velo-
cities from bursting cylinders are discussed in the next gection with ex-
amples. Example | is the caiculation for a case in which scme experi-
mental data have been obtained to verify the results, as is Example 2.
Discussion of experimental results which verify the code used to generate
Figures 4-1 through 4-8 is given in Appendix 4A. Example 3 i3 taken
from 2 proposed case where a Centaur pressure tank is overpressurized
with helium.

The procedure illustrated here for estimating initial fragment
veiocities from bursting pressurizecd confinement vessels was made
oossible by the generation of Figures 4-1 through 4-8 from the computer
code SPHER. TLis code and the theory behind it are discussed in the
appendices. A similar code used to gencrate Figures 4-9 through 4-1¢
for cylindrical confinement vessels was generated from a code CYLIN,
This ~ode i3 also discussed in the appendices.

Example ., For Spheres

Assume: A spherical containment vessel of glass

R

1

2.54 cm (1l in. ) internal radius of sphere

-2
1 mm (3.94 x 10 in. ) glass wall thickness
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Figure 4-1. Fragment Velocities for Contained Air
in a Sphere of Radius 0.0762 m
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Figure 4-2. Fragment Velocities for Contained Air
in a Sphere of Radius ¢.254 m
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Fragment Velocities for Contained Air
in a Sphere of Radius 0.762 m
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Figure 4-4, Fragment Velocities for Contained Air
in a Sphere of Radius 2.54 m
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Figure 4-5. Fragment Velocities for Contained He
io a Sphere of Radius 0.0762 m
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Figure 4-7, Fragmen: Velocities for Contained He
in a Sphere of Radius 0,762 m
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Burst from internal air pressure
()
PO = 2.25x 106 Pa (326 psi) ottt

Step 1. Calculate mass ratio Mos/M: {from equation

3

T T T T WP S IR AN - YL S Y -!

R o..
o8 _ air
M b 3 3
t [R™ - (R-t) jogh!t
From assumptions R = 2.54cm
t = 0.lcm
From density tables fair = 1.293 x 10.3 g/cm3. at standard
ternperature a:.d pressure,
3
. Sglass 2.60 g/em
' Therefore,
K i-.
‘. M. (1.293 x 107°) (2.54)° -3
M = 3 — 3 = 4.38x 10
: [ (2.54)" - (2.54 -~ 0.1)" 1 (2.6)

Step 2. Calculate pressure ratio p {from equation

P
0)

1.0l x 105

) P =

From assumption PO = 2,25x 106 Pa

: Therefore,

: - 2.25 x 106

: p = ————— = 22,21
1.01 x 10

Step 3. From Figure 4-2, for a vessel of radius closest to the
vessel considered containing air, find V for the M,,/M, ratio

D A B O W M e
[l
—
—




most nearly above and below the value of Step 1 fo. the ; of l-.
Step 2. This is: S O 4

at ; = 22.2
3

M, = (M_/M)below = 1.40x107° , V = 0.140
! os ¢t 1
- = -3 v =
M2 = (Mos/Mt) Stepl = 4.38x10 . V2 ?
M. = (M /M)above = 4.67x 10-3 ., V. = 0.266
3 os "t 3
Step 4. Find VZ by linear interpolation from the equation
- -— - - Mz -M -
APEERE SR SUNR S v vl BN AU
\ 2 P
- %.38 - 1.40
- - { V = .
Vz = (0.266 - 0,140) \%.67 - .40/ + 0. 140 C. 255
Step 5. Multiply -\72 by the ag5 value given in Figure 4-2 to i -
obtain the initial {ragment velocity -
V. = V,.a_ = (0.255)(3.31x10°m/s) = 84.4 m/s
i 2 os

The initial fragmert velocity is 84.4 m/s (277 ft/sec)

Note: This example was run using code SPHER, the code used to
generate Figure 4-2, for the specific data assumed. The results
gavea V; = 80.2 m/s (263 ft/sec) compared to our result of
84.4 m/3 (277 {t/sec) obtained from the figure. This gives some
indication of the interpolation error and error in reading numbers
from the figure which can be expected.

This particular example was taken from the data of D. W. Boyer,
et al., (1) whe performed experiments in which glass spheres of various
dimensions were burst under internal gas pressure. For this particular
sphere dimension and gas pressure, the experimental cdata showed {rag-
ments had an average initial fragment velocity of 75. 6 m/s (248 ft/s).
Our value obtained from the tables is about 10% higher than this.
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- A comparison of other data from the tests by Boyer with fragment
U velocities obtained from code SPHER or the tables generated from code
SPHER is given in Appendix 4A. o ST sem e e =

e KN ety e 4 g

Example 2, For Spheres

Assume: A spherical containment vessel of glass

R = 2.54 ¢cm (1l in.) internal radius of sphere

t = lmm(3.94 x IC-Z ir. ) glass wall thicress
¢
s Burst {rom interral helium (M=) pressure

lF’° = 2.25x 106 Pa (326 psi)
1 Step 1. Calculate mass ratio MQS/Mt from equation
§

3
1
. : MOS - R oHe
. 3 b 3 3
| M, R R®R-1)7 0
3 glass
8
y |
g - From assumptions: R = 2.54cm
¢
) t = O.lcm
| -3 3
From density tables: ‘He * 0.1785 x 10 ~ gm/cm™ at STP
s’ 3
5 oglass = 2,60 gm/cm
3 Therefore,
: Mos (0. 1785 x 107°) (2. 54)° -4
vl 3 : : 6,05 x 10
t [(2.54)” - (2.54 - 0.1) (2.6)

Step 2. p = 22.2 (same as in Example 1)
: Step 3. From Figure 4-5, for a vessel of radius closest to the
L vessel considered containing He, find V for the MQS/MA ratio

most nearly above and below the value of Step 1 for the '[3 of
" g Step 2.




(A
¢ at p = 22.2 s
! s W ow e -— - - - -
M = (M /M)below = L.88x10°%, V = o.036
1 Qs t 1
-4 -
M, = (Mos/Mt) Step 1l = 6,09x 10 .oV, = ?
M. = (M /M}above = 6.26x10°% ., V. = 0.068
3 (¥} t 3

Step 4. Find 72 by linear interpolation from the equation

M. - M =°
— _ — . — z 1 ) -—
\ VZ - (V3 vl) M. - M ) M Vl
! 3 1
- . 6.05 - 1. 88
VZ = (0.068 - 0.036) \ —_——6. 26 - 1. 88 ) + 0.036

. | = 0,066

Step 5. Multiply V, by the as value in Figure 4-5 to ohtain the
| initial fragment velocity .

; V. = V.. a = (0.066) (9.63 x 10° m/s) = 64.0 m/s
! i 2 X}

The initial fragment velocity is 64 m/s (210 ft/sec)

Example 3, For Spheres

Assume: A Centaur pressurant tank

v 0.121 m3 (71361 in3) volume of tank

t 2,46 ¢cm (0. 181 in. ) titaniurn wall thickness
Burst from internal He pressure

,
Pz 2.07x 10" Pa (3000 psi)

Step L. Calculate mass ratio Mos/Mt, from - Jration




X T S i . N

3
D M R “He

o3

=

M, rR3m-te
: titanium
from assurmptions
4
Vv = ‘53*_R3 = 0.121 m3
Therefcre
) ' @)qo12y |13
: R = . 1 m
: 44'7 _1
R = 0.307m = 30.7cm
t = 0,46cm
. From density tables
-3 3
" . CHe ° 0.1785x 10 ~ gm/cm at STP
-/
3
er; = 4.5 gm/ecm
B Therefore,
‘ Mo, (30.7)° (0. 1785 x 10 ) -4
X v, = 3 3 = 8.96 x 10
: t r(30.7) - (30.7 - 0.46) 1 (4.5)
Step 2. Caiculate pressure ratio p from equation
) P
p = —_
S
1.01 x 10
from assumption
. P = 2.07x10 Pa
. o
Therefore,




0.
(\v
- 2, 07 x 107
[ p o= BT = 208 - -
1.01 x 10 T oTo
Step 3. From Figure 4-6, for a vessel of radius closest to the
vesgel considered containing He, find V for the My4 /M, ratio
most neariy above and below the value of Step | for the P value
of Step 2. This is:
at p = 205
-dd —
3 = » 2 6. 10 i . = -
\Al (Mos/Mt) below 95 x Vl 0. 30
- - -4 v =
M2 z (MoslMt) Stepl = 8.96x 10 , V2 ?
- . -3 > .
M3 = (Mos/Mt) above =z 2,32x10 , V3 0. 49
Step 4. Find _\;2 by linear interpolation from equation
- - - ‘m, - m -
V2 = (V3 - Vl) 2 1 + Vl
m, - m,

,,' [y’ - *,
V. = (0.49 - 0.30) 8,96 - 6,95 + 0.30

= 0,32 m/s

Step 5. Multiply V) by the agg vaiue given in Figure 4-£ to
obtain the initial fragment velocity.

Vi = \v’z.aos = (0.32)(963 m/s) = 3lim/s

The initial fragment velocity is 311l m/s (1022 ft/s).

4.2.2 Cylindrical Gas Vesseis

The following deteyministic procedure inay be used to estimate
initial fragment valorilies emanating from containment vessels of
eylindrical confignration, Figures 4-9 turough 4-16 mav te aged to
estirnate in1t1al frag:ment velocities for a hroad spectrum of burg: pres-
sures and confinenient vesse! dimensiona. Figrres 4-9 threugh 4-12
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Figure 4-7. Fragment Velocities for Contained Air
in @ Cvlinder of Radius 20,0762 m
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Figure 4-10, Fragment Velocities for Contained Air
in 2 Cytinder of Radius 0,54 m
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Figure 4-11. Fragment Velocities for Cnntained Air
in a Cylinder of Radius 0,762 m
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Figure 4-12. Fragment Velocities for Contained Air
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may be used f{or estimating initial fragment velocities for a confined gas
with properties similar to air, Figures 4-12 through 4-16 may be used
for estimating initial fragment velocities for o confined gas whose
properties are similar to helium, The code used to generate these

fipures (code CYLIN) i3 described in Appendix 4A. It should be pointed out
tha! because of the twu-dimensional nature of the analysis, the effects

of the cylinder ends are not taken into account. The length of the cylinder
thus does not affect results and is immaterial so long as the properties

of the cylinder per unit length are known.

Example | Lelow demonstrates how the initial velocity of frag-
ments emanating from a bursting containment vessel may be obtained
through the use of the figures. In this example, a steel cylinder approxi-
mately a foot in diameter and having wall thickness of approxdmately a
quarter of an inch is assumed to burst at 104 psi from the pressure of
confined air. It should be noted that all calculations are done using
standard SI units. It should also be noted that the tank mass is nondimen-
sionalized in the figures by the use of a ratio with the mass of the con-
fined gas at standard temperature and pressure. Example 2 is a calcula-
tion for the initial fragment velocities emanating from a cylinder similar
to that of Example 1, which bursts under pressurization from helium gas.
The method for calculating fragment velocities shown in these examples
for cylindars is the same as those for spheres with the exception of a
diffcrent equation for calculating the mass ratio and the use of the differ-
ent fligures to obtain Vv as a function of P and the maas ratio.

Examples 1, For Cylinders

Assume:
A cylindrical confineiment vessel

t

"

0.5 cm (~ 0. 25 i1.. ) steel ‘»all tkickness

ZR 0.30 m [~ '2.0in.) diameter of tank

t

Bursts from internal air pressure

P = 7.00x 10’ Pa (- 10" psi)

Step 1. Calculate mass ratio Mos/M; irom equation




from assumptions

R 0.15m = 15em i

N = 0.5c¢cm

from density tables

oL = L293x 107> g/cm3 at STP
air
= 7.8 m/cm3
Ogteel -~ '*°8
Therefore,

Mos (1,293 x 102 (15)°
M, (7.8) (15° - 14.5 %)

2.53x 107>

Step 2. Calculate pressure ratio p from equation

P -
)

p 4
1.0L x 10°

from assumptions

P = 7.03(107 Pa
o
-
; . 7.0xl% - 693
1.01 x 10

Step 3. From Figure 4-10 for a vessel of radius closest to the
vessel considered, find V for M, /M  ratio most nearly above
and below the value of Step 1l for the p of Step 2. This is:

p = 693




. S U ~. -} ' . '
{
{
- M = (M /M)below = 1.73x 103, V. = 105
1 3 L os 1t 1
o -3 -
= = 2.5 10 . .
MZ (M“/Ml)z 3x v2 ?
M. = (M /M)above = 5.19x 107}, V. = 1.38
3 os t 3

Step 4, Find VZ by linear interpolation from equation

Jo- o7 -V (MM L ¥
2 3 1 M - M / 1
3 1
- 2,53 - 1.73 )
v, = (138 - L0S) (S5 93/ ¢t .05 = 1.13

Step 5. Multiply V, by tre a3 value given in the figure to obtain
the initial fragment velocity

v = V..a = (1.13)(3.31x10°m/s) = 315 m/s
i 2 os

The initial fragment velocity is 373 m/s (1220 ft/sec).

Example 2, For Cylinders

Assume same conditions as Example 1, but the vessel contains
helium.

Step 1. Calculate mass ratio MQSIMt from equation

2
Mos - R ‘He
M - 2 2
- - hl
¢ (RT - (Rt 70 el
5 - 0.1785 x 107> gm/cm® t STP
“helium =~ x gmyc at st

Other values as in Example 1.
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Mos (0. 1785 x 10’3) 11512 ) -4 L.
vallt > 5 = 3.49x 10
t (7.8) (15° - 14.5°)

Step 2. Same as in Example 1, ; = 693,

Step 3. From Figure 4-14 for a tank of radius closest {0 the tank
considered find V for Mgy4/M, ratio most aearly above and below
the value of Step L for the P oi Step 2. This is

v s e Gmem e

, ) -4 -
Ml = (MQ’/I\(t} below = 2.32x 10 y Vl = 0,67
: -4 S
= = 3, 49x 10 . =
f Mz (Mos/Mt) x VZ ?
f -4 -
= = 6,95x 10 ) = .
. M3 (Mos/Mt) above 95 x V3 0. 41

Step 4. Find V?_ by linear interpolation from equation

vV, = (V. -V) i3 1| + Vv
2 3 1 \M V] ) 1
3 1
- /3.49 - 2.32) )
V, = (0,67 - 0.41) (T35 ) +0.41 = 0.48

Step 5. Multiply V, by the a,, value given in the figure to obtain
the initial {ragment velocity

Vi 7 Vaa,

"

(0. 48) (963 m/s)

1]

458 m/s
The initial fragment velocity is 458 m/s (1500 ft/sec).
4-3 Estimate of Ini:ial Velocities of Fragments from Spheres and

Cylinders Bursting into Two Equal Halves

(2)

The method developed by Taylor and Price fo. calculating

velocities of fragments from bursting spherical reservoirs was modified
to provide velocity calculations for fragments from both cylindrical and
spherical gas vessels. The development of the necessary eqyuations, the
. : numerical iteration method used to simultaneously solve the resulting .
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differential equations, the computer pragram and results of the analysis
are all explained in consideratle depth for the inter:sted reader in
Appendix 4C. Only assumptions and conclusions necessary fer deter-
mining fragment velocities are included here.

" The assumpticns relevant to the calculation of fragment velocity
in this section follow. Mare complete listing of assumptions are con-
tained in Appendix 4C, but only essential elements are contained here.
The pertineat assumnptiors upon which conclusions which follow are based
are:

(1) The vessel with gas uiuder presasure hreaks into two equal
halves along a plane perpendicular to the cylindrical axia,
2nd the two container fragments are driven in opposite

directions.
(2) The thickness of the containment vessel is aniform.
(3) The containment vessel has hemispherical end cups.
(4) Vessels are made of Titanium or Titanium allovs (mareriaz

used fo- containment vedsels in flignt-weight vehicles) and
has a length-to-diameter (L./D) ratio of 10, {.

(5} - Contained gases are c¢ither air. carbon dioxdde (CO;) or
hydrogen (Hz).

The summarized calcuiarions are presented in nondimensionalized
units in order to condense and simplify the determinaticn of fragment
velocity. The pertinent nondimensional (unitless) relations are defiried as
follows:

(1) Nondimensional pressure

P = initial pressure/atmospheric pressure (or P/p,)
where the change in atmospheric p.essure p, with altitude
is shown in Figure 4-17.

(2) Nondimensional thickness

h/D = cylinder thickness/cylinder diameter

(3) Nondimensional length

L/D = total length/cylinder {iameter
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(
- 4, Nondimensional velocity
oo 7 = final velocity /sound speed of gas (or V/a ) where
V is the velocity of the fragment and a, is sound speed.
The sound speeds a for the gases mentioned are:
Air - 344 m/s (13 550 in/sec)
CZO2 - 258 m/s (10 150 in/sec)
H, - 1270 m/s (50 000 in/sec)
Figures 4-18 through 4-20 centain plots of V versus P for air,
carbon dioxide and hydrogen gases, respectively, the L/D ratios being
neld ronstant at 10. 0 and as many as three curves, one for each h/D
ratio (0. 0G1, Q.01 and 0. 1), being plotted on a single figure. Nondimen-
sional velecity and pressure combinations for intermediate values of h/D
can be approximated from these figures. Figure 4-21 contains a plot of
‘/ versus L/O. It should be noted that, for high nondimensional pres-
c sures F ~ 4080), V is essentially independent for values of L/D from

i. C (sphers) to 10. 0.

The procedure {for determining the velocity of fragments consist-
ing of halves of spheres or cylinders made of Titanium or Titanium
alloys and containing air, carbon dioxide or hydrogen gas under pressure,
is aos follows:

(1) Determination atmospheric pressure P (see Figure 4-17).

! 2) Calculate nondimensional pressure P:

] B .
P = P/po

(3) Calculate nondimensional thickness h/D,

(4) Calculate nondimensional length L/D.
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Figure 4-20. Nondimensional Velocity Vs Nondimensional
Pressure for Vessels Containing HZ
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{5) For L/D equal to 10.0, * choose the appropriate figare of |

_ Figures 4-13, 4-19 or 4-20 which relate to contained e
gzses of air, carbon dioxide (CO;) and hydrogen (H2),
respectively,and choose the curve with proper h/D value.
Positions of curves for intermediate h/D values can be

interpolated.

(6) Knowing the gas, h/D and .P-, find V from the figure and
calculate veiocity V (m/s):

where a 344 m /s (air)
258 m/s (CO5)
1270 m/s (HZ)

Some examples will help clarify the procedure for calculating fragment
velacity.

Example 1:

A pressure vessel made of a Titanium alloy is cyliedrical ie
shap> with hemispherical end raps. The vessel is 3m (16,4 {t) long and
0.5 m (!. 64 ft) outside diameter. Its thickness is uniform and is 0.5 cm
(0. 197 in). Contained gas is air at a pressure of 1. 0135 x 107 Pa(1.47 x
103 psi). The vessel is located at sea level. If the vessel splits imo two
halves along a plane perpendicular to the :ylindrical axis, what are the
expected velocities of each of the two fragments?

Sclution:
(1) From Figure 4-17,
p, = 1.0135x 10° Pa (14. 7 psi)

(2) Nondimensional pressure P:

"Extreme caution should be taken when L/D ratios differ from 10.0.
Figure 4-21 18 a graphical representation of V versus L/D varving from
1.0to 10.0. Accurate values of V cannot be determined for values of
L/D less than 10. 0 and for gases, values of P and h/D ratios which are
not contained in Figure 4-2],




e

C
C
) _ P 1,0135 x 10’ Pa
N P = = 5 = 100
e e T 1.0135 x 10” Pa
(3) Nondimensional thickness L/D:
/ \
j (0.5 cm)k.Ol{—n';/
~ L/D = 0.5 m = 0.0l
{4) Nondimensional length L/D:
S5m
L/D = 0.5 m 10. 0
(5) The center curve of Figure 4-18 is the appropriate curve

for air, L/D of 10.0, and L/D of 0.01.
(6)  From Figure 4-18 and P of 100, one finds that

vV . 0.36

. V = {0.36) (344 m/s) ~ 124 m/s (407 {t/sec)
Example 2:

Same as Example 1, except let P be 3.45 x 106 Pa (48.5 psi) and
length of the vessel be 1 m (3. 28 ft).

(1) po = 10135 x 106 Pa (see Example 1)
- 3. 45 105 Pa

2) P === ~ 34

1.013% x 10” Pa
(3) h/D = 0.0l (see Example 1)

Im

C T = = 2
4) L/D 0.5 m 2

_ (5) Since L/D is not 10. 0, Figures 4-18, 4-19, and 4-20
" . cannot be used. Normally, the fragment velocity could not




be calculated from the information in this chapter., How-
ever_,_Figure 4-21 applies for contained air, h/D of 0.0l :
- == ~=-—-and P of 34,and zan Le used.

(8) From Figure 4-21:

vV ~.28
or
V = (.28) (344 m/s) ~ 96 m/s (315 ft/sec)
Example 3:

Same as Example | except hyrdrogen is the contaired gas.

Solution:
(1) p, * 1.0135 x 105 Pa (see Example 1)
. (2) P = 100 (see Example 1)
(3) h/D = 0.0l (see Example 1) |
(4) L/D = 10.0 (see Example 1)
(5) The center curve of Figure 4-20is the appropriate curve

for hyarogen, L/D of 10.0, and h/D of 0.01.

(6) From Figure 4-20 and ; of 100 one finds that

V ~ (0.07)
or
V ~ (0.07) (1270 m/s) ~ 89 m/s (292 ft/sec)
4-4 Dectermination of Appurtenance Velocity

The method used here to calculate appurtenance velocity is an
extension of work performed ty Baker, et al. (3) Appendix 4D contains
the development of the basic equations as well as a listing of the computer
program used to generate nondimensional velocity curves as a function of
nondimensional pressure and nondimensional impulse. The interested
reader is encouraged to examine the appendix for a better understanding

4-38
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of the interaction of appurtsnances with blast wavea. I order to arrive
at values for appurtenance velocity, however, it is not necessary to refer
to the-appendse since-all of the curves and equations redguired to calculate
velacity are contained in this section. It is beneficial, however, to keep
in mind that the method used for calculating the velocity of an appurte-
nance asswies *hat the appurtenance behaves as a rigid body, that none
of the eneryy in the blast vave is absorbed in breaking the appurtenance
loose frem its moorings or deforming it elastically or plastically, and
that gravity effects are ignored during the acceleration phase af the
motion.

The velacity of an appurtenance can be determined from a naondi-
mensional velocity which depends on nondimensional pressure and nondi-
mensional irnpulse. In functional format

Q = { i _3 . D_s o
poA(K}H'o-X) pQ’ PS(K}‘.+A

nondimensional nondimensional " nondimensional
velocity V pressure P. impulse Is

where M is the total mass of the appurtenance
v is the velocity of the appurtenance
2, is the velocity of sound in air
Po is atmospheric pressure
A is the mean pres=nted area of the appurrenance

K 1s a2 nondimensional constant whicii is 4 {or appurtenances
on the ground and 2 for appurtenances in the ajr,

H is the minimum transverse distance of the nean presented
area
X is the distance from the front of the object to the location

of its largest cross-sectional area

is peak incident Overpressure

4-306




CD is the drag coefficient
and et . . e =
ls is the peak incident specific impulse

The variables can be classified into three major categories:
(1) static environmental variables (ag, pg)
{2) blast wave variacles (1-'-’s . 13)
3) appurtenance variabies (M, V, A K, H, X, CD)

The statdic environmental variables, sound speed 2, and atmosgheric
pressure p  vary with altitude or location above sea level. This altitude
dependency i3 showr inFigures 4-22 and 4-22. The blast wae variables,
peak incident overpressure P, and specific impulse I at specific
standoff distances (i. e., distance {rom center of the explosion to the
center of the appurtenance) can be determined {rom Chapters I and II of
this handbook. Appurtenance variables are all associated with rhe object
which may be propelled after interaction with the blast wave., The methad
for determining the velocity V wall be discussed later. The choice of
total mass M depends on the volume and densicy of the object, and noa-
dimensioral constant K depends on its positicn. Representative values
for drag coefficient Cp can be acquired from Figure 4-24. The mean
presented area A of the appurtenance depends on its shape. It is the
largest projected ar=a of ti.e appurtenance facing the approachinrg blast
wave. The transverse distance H is the minimum dimension of the
largest cross-sectional area of the object facing the blast wave. The
Jength X is the distance from the peint of the appurtenance which first
interacts with the blast wave to the plane cortaining the largest cross-
sectional area facing the apprcaching blas: wave. For abjects which have
a flat face facing the blast wave,which is 3130 the location of the plane
with the largest cross-sectional area, X equals zero /X = 0). Figure
%=-25 helps exnlain the meaning of ihe various apourtenance variacles.

Figure 4-26 is a graphical representation of Equation (1) for
varions values of nondimensional velocity. The procedure for calculating
appurtenance velucity V follows. Care, however, should be taken when
interpolating between curves and extcnding curves. Estimates made by
extending the curves to lower nondimensional impulses are especially
hazardous.
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(1)

(2)

(3)

(4)

Determine static environment variables, 3speed of sound
a, (m/9) and atmospheric pressure p, {(Pa), from Figures

" 4.22 and 4-23, respecttvety, - - - —-

Determine blast wave variables, peak incident overpres-
sure P_ (Pa) and specific impulse I, (Pa-s), from
Chapters I and II.

Determine appurtenance variables:

(a) M - total mass in kilograms
(b} A - mean presented area in square meters
{c) K - dimensionl.ss constant which equals 4 for

appurtenances on the ground and 2 for
appurtenances in the air

{d) H - minimum transverse distance of the mean
presented area in meters

te) X - distance from the front of the appurterance
to the location of its largest cross-sectional
area in meters

(£f) Cp - nondimensional drag coefficient of the
appurtenance (see Figure 4-24)

Calculate nondimensional pressure P where
T o= Fs

s -2

Po
Calculate nondimensional impulse -is where
CD IS %o

s P‘ (KH + X)
Find the location of the point (-Is . Pg3) on the graph in
Figure 4-26 and estimate a value ior nondimensional

velocity V from the curves of constant nondimensional
velocity.




C
C
- (7) Calculate appurtenance velocity V (in m/s) where
. .
i MVa T TEEsmm e e =
- —Ce
v = poA(KH + X)
and thus

VpoA(m+X)

- Ma
°

Some examples will clarify the procedure.

Example 1:

Assume that an explosion occurs at sea level. A cubical cement
block with a side facing the blast front is located at such a distance from
the source of the explosion that it is exposed to an incident peak overpres-
sure P, of l.4 x 10% Pa (1. 97 psi) and an incident specific impulse I,

‘ of 1.9 x 104 Pa.s (0. 267 pﬂ./!ec) The density of the cement block 13
1.792 x 10* kg/m3 (0. 647 1b__ /in3).

{ Solution:

{1) Static environmental variables:

a = 340 m/s

)
5
= 13s !
P, 1, 0138 x 107 Pa
{2) Blast wave variables:

P = 1.0x10° Pa

s
1 = 19x10" Pas
(3) Appurtenance variables:
(a) M = density x volume

1.792 x 104 kg/m3 x (2.5 rr'.)3

2.8 x 10° kg




C - -

(4)

(5)

(6)

(7)

® A = (2.5m) |
A = 6.25 mz TUTErTmsTme s e T -
{c) Appurtenance is on the ground. Therefore,
K = 4
(d) H = 2.5m
{c} X = O m since the portion of block facing the
blast wave is flat.
(f) Drag coefficient from Figure 4-24
CD = 1.05

Nondimensional pressure

P 5
P = =2 - 1.0x 10 5PL- = 0.99
s Po 1.0135 x 10° Pa

Nondimensional impulse

T . Cols? 05) (1,9 x 10%) (340

s P UKH+X) 5 10%)0 14) (2.5) + (0)°

W

6.8

From Figure4-2%. the point (I , P ) or (6.8, 0,99)is
located very close to the V- 5 ] hne

Appurtenance vclocity

T/po A (KH + X)
Ma
[+]

v = {SHX.OlSSxIOSH(:.ZS}' {4) (2.5} + (0} -

{2.8 x 105) {340)

0.33m/a (1.08 ft/sec)
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{
Assume an upright cylindrical pole weighing IO:Okg'fZZ-!bm) .- -

with radius of 0. 01 m (0. 0323 ft) and length of 4 m (13.11t) is subjected
to the same blast parameters as mentioned in Example t. The blast is
incident on the curved portion of the pole.

Solution:
{1) Static environmental variables:
a = 340 m/s
-]
P, ° 1.0135 x 105 Pa
2) Blast wave variables:
5
Ps = 1.0x 10" Pa
4
I’ = 1.9x1C Pa-s
' (3) Appurtenance variables:
T (a) M = 10.0 kg
{b) A = 2 x radius i length
A = (2)(0.01)(4)
A = 0.08 m?
(c) K = 4
{d) H = 2r = 2)(0.01) = 0.02m
(e) X = r = 0.0l m
{f) CD = (from Figure 4-24) = L. 20
P 5
(4) 5 . -2 . 1.0 > 10 - 0.9
3 Py 1.0135x 10

4.40




(5 T . Cplsie ) (1.20) (1. 9 x 10°) (340) .
S o - S i m i — mm - -
3 7 (KH + X) (1.0 % 10°) { (4) (0. 62) ¥ (0701}

= 8.6l

(6)  Figure4-26,the point (I, , Pg) or (8.61,0.99) is located
above the V = 50.0 line at a location where one might
expect V . 200,

(7) Appurtenance velocity

?poA(KH+x)
Ma
o

v

200 1.0135::105 0. “{4) (0. 02} + (C.O!)"

(10) (340)

V . 42.9m/s (141 ft/sec; .
4-5 Metheds for Computing Fragment Ranges and lmpact Conditions

Two methods have been developed to estimate the range and
terménal velocities of fragments. They depend on the fragment shapes.
Ir the first method, th= fragment is assumed to have a disc shape witha
diaMeter a: lcast live i:nies gredter thas sne Buckness of the fragment.
For these frazments lift effects are taken aato consideration. A second
muethod may be used where fragments are "chun«y' shaped. These frag-
ments may be represented by a sphere or cube where no single linear
dimension can be said to be very much greasser than any other. For these
fragments lift forces are nezlected and only draz forces are consicdered.

To estirnate fragment ranges. the following techniques may be
used based an Fivures 4-27 throvgh 4-3¢ which have been generated by
computer cedes. The codes (FRISE anc TRAJE) and their unduerlyin:
anralysis are discussed in Appendi. 4E. To determine {rapgment termanal
velocities, data rnust be input to the code: themsclves.
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4-5.1 Lifting Fragments

Where fragments {rom hursting vedsels ace deterriined to 'se diu
shaped, the fragurest condd conceivably fly o Litr 1 muel the sarne
manne r as 4 Frisbee, U this eccurs the fragment may po further than
one without lift. A computer progran: (FRISB) was writien to detersriine
the trajectory of a flying disc generated by an explosion. Details oi the
FRISB code are shown in Appendix 4E.

Several irdependent viriables govern the flight of a disc fragment.
To determine the effrcts ¢f these variables on the fragment trajectory, a
number of sasmule cases were analyzed by the FRISB code. A list of the
input variables for the sample cases is presentec in ‘Table 4-i. Plots of
maximum range versus initial trajectory angle are shown for those values
of the indepen-iert variahles in ¥Figures 4-27 through 4-36. These graphs
may be used to predict the maximum range of fragments having similar
properties.

The following information must t¢ lknouwm about the fragment ro
calculate its range using the figures:

I. initial frzgmernc velocity - V; (m/3s)

2, mass of the fragmert - M (k3z)

3. diameter of the fragment - d (m)

4. thickness of the fragment - t (m)

S. planform or top surface area cf {ragment - A (mz)
6. initial trajectory angle of the fragment - Ji (rad)

The procedure for determining fragment range is:

Step L. calculate the aspec: ratio, AR = 4/t, for the fragment

Step 2. calculate the masz t2 area r2tio M/A {o: the fragment

Step 3. locate the 2raph for the assumed value of V, a:id select
the curve for the calculated vzlue of the mars to area

ratio. M/A

Sten 4. lucate the point on the cuarve for the initfial trajectory,
angle, -, rear. the corresponding maximum rarige.
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TABLE 4-1. PROGRAM FRISB TEST CASES

- These cases were run for the
following initial velocities: Lift and Drag Coefficients

160 m/s c, = .32 C. =.85
150 m/s
200 m/s
250 m/s
300 m/s

-

- 0

)

<< <<=
"

-

Fragment Initial
Fragment Aspect Fragment Area Fragment Mass Trajectory Angle

Ratio AR A - m M - kg 9 - dey.
5 0. 0139 l 10
. 0. 0139 1 20
0. 0139 1 30
- 0. 0139 1 40
0. 0139 1 50
0. 0139 l 60
__ 10 0. 022 1 10
- 0. 022 i 20
0. 022 1 30
0. 022 1 40
— 0. 022 1 50
- 0. 022 1 60
5 0. 02389 3 10
0. 0289 3 20
. 0. 0289 3 39
. 0. 0239 3 40
— 0. 0289 3 50
3 60

Q 0. 0289




TABLE 4-1. {cont'd)

Fragment Initial
Fragment Aspect Fragmeat Area Fragment Mass Trajectory Anglc

Ratio AR A - m? M - kg A - deg.
10 0. 0461 3 10
0. 0461 3 20
0. 0461 3 30
0. 0461 3 40
0. 6461 3 50
B 0. 0461 3 60
i 5 0. 0645 10 10
0. 0645 10 20
0. 0645 19 30
‘ 0. 0645 10 40
0. 0645 10 50
0. 0645 10 60
) 10 0. 102 10 10
0. 102 10 20
0.102 10 30
0.102 10 40
0. 102 10 56
- 0. 102 10 60
5 0. 134 30 10
0. 134 30 20
. 0. 134 30 30
) 0. 134 30 40
0. 134 30 50
0. 134 30 60




TABLE 4-1. (cont'd)

Fragment Initial
Fragment Aspect Fragment Area Fragment Mass Trajectory Angle

Ratio AR A - m M - kg 9 - deg.
10 0.213 30 10
0.213 30 20
0.213 30 30
0.213 30 40
0.213 30 50
0.213 30 60

Since there are an infinite number of possible combinations af the
independent variables, the graphs presented must be limited to particular
values. However, most of the curves are parallel for varying values of
the independent variables M/A, AR and V, allowing estimations to be
made for fragmcnts that are not represented by the curves presented.
The procedure for this extrapolation is explained in Examples 3 and 4.

Example 1:

Determine the maximum range of a disc shape fragment assuming
the following properties: V; = 100 m/s (328 ft/sec), Mass = 1 kg
(2.21b_,). Area = 0.0139 mZ (0.150 t?), 4 = 0.25m (0.820 f1), t =
0.05 m (0. 164 {t), and the initial trajectory of the fragment at t = 0 was
-~ ® 30°.

Step 1. First determine the value of the aspect ratio for the

fragment AR = d/t = 0.25/0.05 = 5.

Step 2. Determine the value of the mas3 to area ratio {or the
fragment M/A = 1/0.0139 = 72,

Step 3. From Figure 4-27, which is the figure for V. : 100 m/>
and AR = 5 (which are piven),it can be seen that the
maximum range of the fragment is 463 meters (1330 1),




Determine the maxtmum range of a disc shaped {ragment assuming
the following properties: V; = 300 m/s (984 ft/sec), Mass = 1 kg
(2.21b ), Arca = 0.0139 m¢ (0. 150 11~), d = 0.25 m (0.820 ft), t -

1
0,05 my (0, 169 f1), and ., = 30°,

Step 1. Same as Example L.
Step . Sayme as Example I
Step . From Figzurce 4-35 for V; = 300 m/5 and

AR = 5,the maximum ranue is 138 meters (617 {t).
But this particular point lies to the left of the straight
line marked, 3; = 90°. This line indicates that all
events to the left of this line resulted in the iragment
attaining a completely vertical flight. At this point it
was assumed that all Lifr and siability were lost and the
fragment {ell straight to the ground. All events to the
rieht of the lire indicate a "normal” (light. The ~; =
90° line is present only where the initial velocities
and/or trajectory anules were sufficient to cause a
vertical trzjectory.

Example 3:

Determine the maximum range of a disc-shape fragment asswuming
the following properties: ,Vi = 230 m/s (755 ft/sec), Mass = 18.6 k¢
(40.9 l‘om). A = 0.155 m~ (l.67 £12), d = O.444 m (1.46 &), t =
0. 0444 m (0. 146 f1), and ~; = 30°.

Step . Calculate the aspect ratio for the fragment from the
assumed data. AR = 0.444/0.0444 = 10.

Step 2. Calculate the mass to area ratio for the fragment from
ithe assumed data. M/A = 18.6/0.155 = 120,

Step 3. Since no graph exists for V; = 230 m/s we must inter-
polate using the graphs for ¥V, = 200 and V; = 220 m/s,
AR = 10.

Acurve for M/A = 120 also does not exist so an interpolation pro-

cedure mast also be used here. Tne curve for toth grapns and all values
of MA are essentially parallel so it will only be necessary to determine
ore point at the correct M/A and V; to construct the curve for all valuss

of 3. Ata = 30° for M/A = 98 and L4l for botk V| = 200 and
! 1




V. =
3

250 (Figure 4-32 and 4-34) read the values of range.

Vi = 200 m/s Vi = 250m/s

~ = 30° n, = 30°

i i

M/A = 93 Range = 283 m M/A = 98 Range = 245 m

M/A = 141 Range = 440 m M/A = 141 Range = 400 m

Step 4. For each velocity find the range for M/A = 120 uy
interpolating between M/A = 98 and M/A = 141. For
V; = 200 m/s:

Range Difference 440 - 283 = 157 m

2

M/A Difference 141 - 98 = 43 kg/m
157

or 3.65 m/(kg/mz)

43

The difference between value of nearest curve and
required value of M/A is:

141 - 120 = 21 kg/m®

The amount of change in the range for this increment is:

21 kg,/m2 (3.65)m /(kg/mz) = 77Tm

The range at M/A = 120 will therefore be
440 m - 77 = 353 m

Similarity for V; = 250 m/s

440 - 265 = 135

141 - 93 = 43

135/43 = 3.13 m (kg/m°)

(21) (3. 13) = 66 m

440 - 66 = 334 n
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With these values of range curves for M/A = 1240 can be con-
structed by drawing the curves parallel to the curve fer ¢ther values of
RS .
M/A and throuch tiaese values of ranpge at . ;s 307,
Sten &, With these values ol range tor M/A - 120, anterpolitee

for the vorrect velocity of V.‘ -"230 a/s.

Difference in rance for Vi = 209 m/s and Vi . 230 my/s
is 363 - 334 m = 29n
The velocity difference 15 280 - 200 = 30 m/»,

The change in range per | m/scec change in velauity 1s

29 m -

50 m/sec = -8 m/lm/s)
The change in range from 200 to 230 m/s is:
(30)(.58) = 17Tm

Since the range :s decreasing with increasing velccity,
the range for M/A = 120, Vi = 230 m/s will ide:
362 - 17 = 346 m (1140 fr).

A curve can be constructed to give the values of range at other

values of -~ using the procedure described in Step 4.

Example 4:

Ditermine the maximuem range of a disc-shape fragment assuming
the following properties: V, = 448 m/s (1470 {t/sec), M = 0.0495 kg
(0.1091b_), A = 0.00129 m? (0.0139£t°), d = 0.40 m (L. 31 ), ¢ =
0.00919 m (0,030 ft) and ~; = 15°.

Step 1. Calculate the aspect ratio for the fragment from the
assumed data. AR = 0.040/0,00919 = 4.4,

Step 2. Calculate the mass to area ratio for the fragment from
the assumed data. M/A = 38.4.

Step 3. Since no graph exists for a V. = 448 m/s and an AR =
4.4 we must choose Figure 4-35 for V, = 300 m/s,
AR = 5 to obtain an approximation for range. There is
no cucve in Figure 4-35 {or which M/A = 38 but the
curves are parallel and evenly spaced. Between M/A =
7Z2and M/A = 104 at ~; = 40° there is a difference in




> —— o .,

[0} 113
range o »0 meters or 2 -7 188 .
- T kp/m
From M/A = 10¢ to M/A = 155 at a; = 40°, there is
110

a difference in range of 110 meters or 155 - 1C4

2.1c 5 . This is an average of about 2 -

kg /m . ke /m

It is required to construct a curve for N/A = 38 ku/m"°,
The necarest curve to this value is M/A = 72 for a d.f-
fererce of 72 - 38 = 34 kg/mz. The value of the ranue
tcr M /A = 38 at 40° should be about 70 meters. Con-
struct a curve through this point and paralle!l to the
other curves. The range for 9; = 15" is then read as
155 meters 1309 ft),

This particular case was checked by substitution of the assumed
data into the FRISB code (described in Appendix 4E). Tre maixi.mum
range predicted by the code was 142 meters which is about 87 lower than
the curve approximation. '

Several cases where the initial conditiors did no! tnatch a particular
xraph were cnecked in this manner to determine the acsuracy of the
approximation. The error ranged from 5% to 90%. The greatest errors
occurred ~hen trying to predict the range fo- values of (M/AY ~ 20,

These checks indicate that 2lthough the predictions from interpolation are
crude, they provide 3 means of obtaining a rough order ¢f macnitude for
the {ragment rarge, when gross extrapola:tions ar.. required.

The FRISB code may aiso be used to predict the trajectory of a
frdgment that generates no lift as does the TRAJE code. A valuce of CL =
0 is input into FRISB tor this computation. The code can also be usod
10 predict the trajectory of a fragment that is lony and thin and spins like
2 helicopter rotor blave. The input involved for the use of this feature is
prusented in Appendix 4E alony with a discussion of the analysis procedur..

--3.2 Drag Fragments

Some fragments are shapecd such that no ore iincar dimension is
significant.y greater than any other. The maximum ranpe for such frag-
ments (i. e., chunky fragments, frauments which can be approximated by
a cube or sphere) car. be obtained usiny the technique to be d.:scribed.

Required input data are the initial velocity, \'i , of the fravment, a
characteristic area A of the rragment (which can be gereruted as shown
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below), the mass of the fragment, and an initial trajectory anuie or
spertrum of initial trajectory augles, ;. Typical steps in the procedure
Tor calcularing the maximum range from Figures 4-37 through 1-45% are
the tollowing:

Step L. Find the characteristic arca of the fragment:

(a) f{rom the equation

A = VZ/3

where V is the fragme it volume. V may be ob-
tained from the ma.s of the fragment, M, and
its density, - , {rom the equation

Vv = M/-

{b) from the projected area of the fragment if 1t has
three-dimensional symmetry or can be nearly
aporoximated by a solid cf three-dimensional
symmetry {i e., 1 sphare or a cub. ).

Step 2. Calculate the mass area ratio for the fragmeut, M/A.

Step 3. Consult Figures 4-37 through 4-45 to {ind the figure for
a VY, and A value most nearly equal that of the frag-
ment considered. Linear interpolation can be used
where necessary (see example prokleras).

Step . Rezcd the maximuvm range from the figure for the M/A
of Step 2 and the initial trajectory angles considered.

For a more precise range calculatior the computer code, TRAJE,
used to generate these figures may be used along with the input data jor

the fragmunt,

examnle |, Ter Drag Fragments

Assume: A nearly spherical shaped fragment that can be approxi-
mated by a4 3pher: of radius R = 584 mm {0. 192 ft; having an initial
velocity of 200 /s (656 it/sec) and mude out of sterl, Find *he maximum
ran-te ¢xnected {or Any initial trijectory ancle,

Step 1, The characteristic area ol the fragmernt is, by
method (a)
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Step 2.

Step 3.

Step 4.

R

3 2
A, cr@w/r22Y 260RY < 0.00887T m®
by method (b}
N S B
A = -,Rz‘z 473 R :

3
[

Calculate the mass arca ratic for the fragment where

M : v : (4/3-R°

For a sphere

3
dsteel - B glem
therefore
M = (?.8)(4/3)(-)(5.84)3 = 6.51 kg
using Az from Step |,
M/AZ = 6.51/0.0107 = 608 kg/mz

The given V; of 200 m/s and A, = 0.0107 mz
corresponds to values for Figure 4-41. . rom this
figure it can be seen that the maximum range for a
fragment having an M/A of 932 kg/r'n2 iex; = 1170 m
and for an M/A of 280 kg/m? is x; = 900 m,

. 2
By linear interpolation for our M/A of 608 <g/m

2
m, = M/A = 280 kg/m~ x, = 900 m
- - ¢ = 3

m, = M/A = 608 kg/m x, =
my = M/A = 932 x, = 1800m




{rn, - m )
X, = (x, - x) —L L L
2 3 1 (m3 m') 1
~ .. _ {608 - 280
x, = (180890 - i 280y T 07

1352 m (4, 430 ft)

Example 2, For Drag Fragments

Assume: A chunky aluminum fragment of a mass of approximately
1. 20 kg (2. 64 Lby,) and an initial velocity of 250 m/s (820 ft/sec). Ficd
the maximum range expected for any initial trajectory angle.

Step . The characteristic area of the {ragmentis, by
method (a)

A = /a3

from density tables

3
‘Al 2.7e/cm
‘ therefore
/3 2 " -3 2
A = (1200/2.7)7% = sa.3em” = 5.83x107
Step 2. Mis given as M = 1.2 kg taking A {rom Step I, thus
1. 2 2
M/A = ——————-— = 206 kg/m
5.83 < 10
Step 3. A conservative value for the range will be obtained Ly

usingz data {romn igures 4-40 and 4-43 for a fragment
of characteristic area 5. 16 x 10°3 m® which is slighuly
less thuan the arca of the fragment considered, calcu-
lated in Step !.

From Faipgure 4-40, for a {ragment havi)ng V; = 200 m/s we may
obtain a maximum rance for M/A = 206 kz/m* by linear interpolation
from the .mmaximum ranges, x, for M/A ratios most nearly areater and
less ther M/A = 206 ka/m?:




194 kg/r‘n2 x

t . m = M/A = . 700 m
. 2
m, = MJ/A = 206 kg/m x, = ?
2 2
: R J .=
m. = M/A = 582kg/m Xy = 400 m
(m, - m ]}
_ 2 1"+ ) (206 - 194)
X bymx)) (my - m ) = (1400 - 700) g 154
700
x, = 720m
i
From Figure 4-40, for a fragment having a Y. = 300 m/s we

may obtain a2 maximum range for M/A = 206 kg/m ! by linear inter-
polation as in the previous paragraph.

1 2 '
- m,o= M/A = 194 kg/m” X, = 8s0m
® * ' 2
m, = M/A = 206 kg/m XZ = ?
) Z L}
m, = M/A = 582 kg/m X3 = 1920 m
! {206 - 194)
- 20 - . 5 - .
X_ (1920 - 850) (582 - 194) + 850 880
S.ep 4. I{nterpolatinz fora V. = 250 m/s between the

values found for \’i i 20 m/s and 300 m/s

X

5

- 2
) {250 ~ 200) X

[ ]
x, - X (300 - 200) "2

b

(880 - 700) 1/2 + 700

790 m

A conservative valoe for range {or this fragment i35 790 m (2390 ft).




Example 3, For Drag Fragments

Assume: A titanium alloy {fragment with a mass of 3. 12 kg
{6.84 lbm )} initial velocity of 125 m/s (410 {t/sec). Find its maximum
range for any initial trajectory angle.

c e pm e . mmem - C -

Step 1. A = (M/A Ti)2/3
since
3
o S 4.46 g/em
3 2/3
0 3.12x10 _ A -3 2
A = _4.46 = 79 em 2 7.0x 10 "m
3.12 4
Step 2. M/A = —;? = 395 kg/m
7.9x 10
Step 3. Fcr a conservative value for range use Figures 4-37

and 4-40 for an A 5.15 x 10°3 which is less than the
area of the fragment considered, from Figure 4-37.

-3

for Vi = 100m/s A 5.15x 10 mZ M/A

2
194 <g/m )(i = 420 m

1}
1]

- 2
for Vi = 100m/s A 5.15x 10 3m M/A

582 kg/m2 X3 = 660 m

therefore, interpolating a.s,in the previous examples
for an M/A = 395 «xg/m*

for v,1 = 100 m/s A = 5.15x 10 2 M/A -

’
395 kg/m” X) = 544 m

<

From Figure 1-4U0, simularly




Lot

-3 2
5.15x 10 "m M/A =

for Vi = 200 m/s A

395 kg/mz X = 1062 m

]
2
interpolating for a Vi of 125 m/s

e v - ew - - R

- >
Vi = 125m/s A = 515x 10 3m~ M/A =

395 kg/mZ X:Z' 2 673 m

Thus a conservative value for the range would he 673 m (2210 ft).
4-5.3 For Cylindrical Propellant Tanks

Data from initial velocity measurements of fracments from Pro-
ject PYRO experiments (Referern = 3) verz used to derive an estimate of
the fragment initial velocity distr. 1tion. For medium percent yields
(S to 15%), Figures 4-46 and 4-47 present the fragment initial velocity
distributions for LOZ/L.HZ , and LO2/RP-1 respectively, confined in a
cylindrical missile (CBM). For medium percent yields (5 to 15%) Figaires
4-48 and 4-49 show the fragment initial velocity distributions for LO,/
LH; and LO3/RF-1 re rectively confined by the ground surtace (CBCS).
In the CBCS tests, the missiles were allowed to fall back to the pad. In
the CBM tests, the bulkheads between the LO; and LH, were rupturca,
allowing the liquids {0 mix inside the missule.

Figures 4-46 through 4-49 can be used to estimate the percentayge
of fragments which will have an irnitial velocity, V, . equal to or less than
a puarticular Vi .

For example, if we wished to estimate the percentage ol frag-
ments which would have an initial velocity equal to or less than |, €00
m/> (328C ft/sec) for a LOZ/LHZ CBM case, we would refer to Figure
4-46 and on th- l.itial velocity axis (abcissa)at 1, 000 m/s go upward
to the intersection with the line. Then, at the intersection point read the
percentage value from the ordinate, which is 75, 5%, Conversely, if we
wanted to know what initial velocity 909 of the fragments would not exceed,
we would enter the chart on the 90% line, go cver the intersection with
the curve and read downward to the initial velocity axis the value 680 m/s
(2230 ft/sec).

rigure 4-50 is a plot of {ragment 1nitial velocity versus yield (%)
for LO,/LH, CBM tests listed on page 8€ of Refereace 3. A 95th
purcentile has been included based on the same standard deviation as “..e
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distribution shown in Figure 4 46 From Figure 4-50, for a yleld of
'50%, we would expect that 95% of the fragments would have an initial
velocity of 1900 m/s (6230 {t/sec) or less,

Dctails on the derivation of Figure 4-46 through 4-50 are given
in Appendix 4A, Sections 4A-1 and 4A-2,

4-6 Fragment Mass Distribution

4-6.1 Propellant Explosions

From the data in Reference 3, the fragment mass (weight) follow-
ed log norrmal distributions. That is, the logarithms of the {ragment
masses followed a normal or Gaussian distribution.

Figure 4-51 and 4-52 present the fragment mass (W,) distribution
for two events taker. from Reference 3. These were termed Events 1 and
2, and were Saturn 1V confined-by-missile (CBM) explosions. Event |
had & percent yield of 5%, and Event 2 a yield of 1. 1%.

Figure 4-53 is an average of the distribution of Events 3, 4, and
5 from Reference 3. These events were spill tests using three tanks on
120 radials with LOZ/LHZ/RP- 1, and mixing on the ground (CBGS), The
rationale for averaging the distribution of these events is given in
Appendix 4F.

These charts can be used in the same manner as Figures 4-46
through 4-50 are used for fragment initial velocity.
4-6,2 Gas Vessel Bursts
In experiments by Pittman, (Reference 4), five tanks (two cylin-
ders and three spheres) were ruptured by increasing pressurization
until rupture. The tanks were made of the same material (Ti 6 Al 4V
alloy) with an ultimate stress (g,) of 1. 05 GPa (150, 000 psi). Pertinent
data and calculated parameters for four of the tanks are given in Table
4-2, where W is the geometric mean fragment mass, W(T) is the tank

weight, P is the burst pressure, and E_  is the energy of detonation of 1
gram of TNT or 4190 J. It is interesting to note that the ratio “W/W(T)"

doubles while the ratio (P/cu) changes by an order of magnitude. As
shown in Appendix 4F, the fragment mass follows a log normal distribu-
tion. That is, the logarithims of the fragment masses follow a normal
or Gaussian distribution.
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TABLE 4-2, PARAMETERS OF BURSTING TANKS

Mean
Burst Frag.__ -
Pressure (P) Volume Mass (W) w P PV
Tank # MPa m3 g W(T) ~y Eo
A 4. 309 0. 038 19.5 0. 00505 0. 0042 32
B 4, 137 0. 048 20.6 0. 00444 0, 0040 47
D 55. 160 0. 170 713 0. 00917 0.0533 2, 238
E 56. 050 0.170 795 0. 00964 0.0542 2,274

Tests for significant differences in means were made for Tanks A
and B and for Tanks D and E. As shown in Appendix 4F no significant
difference was found, so the fragment mass distribution of Tanks A and B
and of Tanks Dand E were averaged. These average distriutionc arc
shown in Figures 4-54 and 4-55. These figures can be used for fragment
mass estimation in the same manner as Figures 4-46 through 1-50 are
used for fragment initial velocity estimation.

Figure 4-56 is a plot o normalized yield (PV/E_) versus mean
fragment mass (W) for the four tanks, Two of the four points are
clustered at each end of the range showna in Figure 4-56. Thus, the
response in the middle of the range is still unknown. That is, the rela-
tionship of W to PV/E, may not be linear 7n a log-log-scale. Data
points in the mid-ranges are needed to confirm or deny the linear rela-
tionship,

With the risks described above, one can estimate mean fragment
mass for any decided ratio of PV/E, up to 3 kg. One could then estimate
the 90th percentile of the distribution (that value of fragment mass which
would equal or exceed the mass of 90% of the fragments) by using the
estimate of the standard deviation (S) from the average of Tanks D and
E (1.695). An example follows:

8 .
For a burst pressure (P) of 107 Pa (I, 400 psi) and a tanik volumne
of 0.80 m> (2.83 112)

PV = (. 080)(10%) - 8=x 10°

4-94
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Entering the chart (Figure 4-56) on the abscissa of 1900, reading
up to the intersection of the line and over the ordinate, a value of 560 2

is obtained for mean fragment mass. Any Percentile (Pp) value of frag-
ment mass can then be estimated by the formula:

PP = exp. (In TV- + K s),

where W is the mean mass, 8 is the estimate for the standard deviation,
and k is a value from the normal distribution table. Typical values are

shown in Table 4-3.

For the 90th percentile,

LY
"

90 exp "ln 560 + 1,28 « 1, 6951

n

exp (8.4976) = 4.903 kg (10.79 b)) et

Thus, one would expect that 90% of the fragments would have a
mass equal to or less than 4. 903 kg (10. 79 1b,).

TABLE 4-3, VALUES OF k OF PERCENTILES
OF THE NORMAL DISTRIBUTION

Pcrcentile 99 95 90 80 70
k 2.33 1. 65 1. 28 0. 84 0.53

4-7 Probability of Fragment Arrival Versus Range

4-7.1 Progcllant Explosions

From Reference 3, Figure 4-57 is a representation of fragment
distance versus percent yield, with a 95 percent confidence interval.
The derivation of this figure is explained in Appendix 4F,




lm Illllll L | lﬁff"l 1

2

LR

2

1
i

MEAN WEIGHT OF FRAGMENTS W (grams )

2

104111111 0 11 aaal !

40 60 100 200 400 600 1000 2000

NORMALIZED YIELD (lEV-)
0

(1b_ = kg X 2,205)

Figure 4-56, Normalized Yield Vs Mean Fragment Mass
for Bursting Tanks



—— g v Y G WA e P 1§ W -t A rs

MEAN D{STANCE R, meters

Figure 4-57,

YIELD Y, percent

(ft =mX 3,.281)

Fragment Range Vs Yield, Propellant
Explosinns

T T T T TTTT] T I m—
— <
MEAN DISTANCE
00 — — 95% CONFIDENCE LEVEL I
1000 |- —
- _—
. —
- Y — -
400 |- Rey =
/
- //
- \(0'2115/
i 3 _
200 R =253
100 -
60| ]
40 1 L1t eateqd ! L1 L 111
1 2 4 6 10 20 40 60 100




-

N U,
TR

b
y
{
f
;.
f
¢
4
i
'
f
:\.
¢
v
f.
|
l
§
f
f

Figure 4-57 can be used to estimate the mean distance of a frag-
ment range for any given yield (percent). Also, one can obtain a 95%
confidence level on maximum distance. For example, given a yield of
20%, one would expect that 95% or more of the fragments would fall
within 560 meters ol the explosion center.

4-7.2 Gas Vessel Bursts

In the experiment by Pittman (Reference 4), the fragments from
the bursting tanks were partially contained in a circular area with a 20
foot radius with 8 ft high walls on the perimeter. Thus, the data on the
fragment range was severely biased.

However, by exercising the computer programs {Appendix 4E)
for fragment range as a function of fragment mass, drag, and flight
angle, a distribution of fragment ranges was obtained for each of four
tanks, These distributions were well {itted to members of the normal

of Gaussian family.

Then, "t'" tests for significant difference in mean ranges for
Tanks A and B and for Tanks D and E were made. In the statistical
sense, there were no significant differences in means between Tanks A
- and B, and between Tanks D and E,

Figures 4-58 and 4-59 present these simulated fragment range
distributions for Tanks A and B and for Tanks D and £ respectively.
These charts can be used to estimate fragment range for similar gas
vessels,

Complete details on the derivation of the simulated fragment
range, goodness of fit tests, and ''t'' tests are given in Appendix 4F.
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APPENDIX 1V. A

METHODS FOR ESTIMATING FRAGMENT
INITIAL VELOCITIES

Figuvre 4A-1 shows the conceptual models used in analyeing burst-
ing confinement vessels to obtain estimates of initial fragment velocities,
The spherical confinement vessel case has been discussed in References
I and 2. For this case the srhere is conceived of as fragmenting into n
fragments of circular projection, and the fragments travel in a radial direc-
tion without tumbling. The energy of the confined gas is partitioned between
the kinetic energy of the fragment, the energy of the gas escaping between
the cracks between the fragments as they are formed, and the energy of the
expansion of the internal gas. The equationa of motion for the fragments
are developed in Reference 2, and a computer code SPHER has been de-
veloped for the solution of these nonlinear differential equations describing
the fragment motion. Solution of the differential equations is accomplished
by use of Runge-Kctta integration techniques. Program SPHER appears at
the end of this appendix with a description of the input-output variables,

Figure 4A-1 also shows the conceptualization of a cylinder fragrent-
ing into n fragments., For this case, the fragments are considered to be
strips which move radially from the center of the cylinder. Motion of the
cylinder ends is not considered. Figure 4A-2 shows the geometric param-
eters of the cylinder used in the analysis, A cylindcr of length L and radius
R is assumed to burst into n strip fragments of width d and thickress th.

A cross-section of each strip is a segment of the cross-section of the cylin-
der having a segment height of h and segment diameter d. In the following
analysis, the projected area of each fragment is obtained from the surface
area and the initial subtended angle of the fragment at the center of the
cylinder, with the result being Equation (4A-11). The area of a crack about
any fragment at any time is obtained by assuming the cracks only foim
lengthwise along the cylinder, and by obtaining an equation fur the width

of these cracks in terms of the initiai radius of the cylinder and the radial
distance r, the fragment has traveled at any time, t. The equation for
fragment area is given in Equation (4A-14). One of the differential equations
of motion derived on the basis of an adiabatic gas expansion and radial mo-
tion of the fragments is the same for this analysis as it was for the sphere,
as are the general equations used for nondimensionalization; see Equation
(4A-15). A second differential equation, Equation (4A-35), is obtained from
the perfect gas law assumption, an equation for the mass flow of gas through
the cracks formed between the fragments [Equation (4A-19)., and cylinder
geometry considerations. Values for the nondimensional constants are also
obtained through these considerations and are given in Equations (4A-36)
and (4A-137),

4A-1
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This analysis does not take into account the stored energy (strain
-- energy) in the walls of the container immediately prior to burst. The
strain energy for the spherical containment vessel case can be shown to
be given approximately by:

SE

2 of
27R°h (1 - K) -E:"- (4A-1)

' where
g = the stress in the container wall

the strain energy stored in the vessel

w
m
"

R = the sphere radius before burst
; h = the sphere wali thickness
v = Poisson's ratio for the material

_ : -

= the bulk modulus for the material

This equation may be written:

SE = uR4Pz (%2—-12'2—1":-; (4A-2)

where P is the preasure of the confined gas, by substitution of the approxi-
mate relation,

Zhoy = RP (4A-3)
The stored energy in the confined gas is

3
42 PR
GE = J%oh (4A-4)

Thus, the ratio, e, of the strain to stored energy is

3RP(l -7 (K- 1)
= 8hE (4A-2)

For a steel container pressurized with air having R/h <100,
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5.25 X 10‘6

P (kg /cmz)

> 3.70X 10’ p (psi)

1

5.37%x 101! p (Pa)

"

Thus, even for this very high radius-to-thickness ratio, pressure would
have to exceed 105 psi to produce significant strain energy (3%) relative to
the total energy available. We therefore conclude that, as a ru'e, strain
energy can be neglected, This is emphatically not true when the vessel
rupture proceas is similar to that of a high explosive bomb casing burst,
where considerable expansion of the case occurs before rupture (up to 1.8
radii).

A computer code for the simultaneous soiution of nonlinear differ-
ential equations [ Equations (4A-15) and (4A-35)) (CYLIN) has been developed.
This code, similar to code SPHER, uses the Runge-Kutta integration tech-
nique for the solution of the differential equations. The code, along with
definitions for its input and output parameters, is given at the end of the
appendix. Figures 4A-3 and 4A-4 show comparative results from the two
computer codes. Figure 4A-4 shows the maximum fragment velocities
predicted for spheres and cylinders of equivalent volume as a function of
the number of fragments assumed., For all cases, the value for maximum
fragment velocity becomes a constant when more than about 10 to 30 {rag-
ments are assumed. In general, for equal volumes and radii, the sphere
fragment velocities are less than the cylinder fragment velocities. This
may be because of the agsumption that no energy is used in accelerating
the ends of the cylinders. Thus, more energy is available for the fragments
formed {rom the cylindrical wall. Figure 4A-3 gives comparative results
for maximum fragment velocities for the two geometric cases versus mass
ratio for gases of various specific heat ratios. Again, the predicted cylindri-
cal velocities are higher than that of the spherical velocities.

Some empirical verification of the results from program SPHER is
given in Appendix IV, B, Very little data are available, however, to verify
this analysis. Although there are data available for fragment velocities
from cylindrical confinement vessels, most of these data are from burst-
ing artillery shells. The processes involved in the fragmentation of these
shells are so dynamic that the shell may expand up to twice its diameter
before cracks are formed between the fragmente, Our analysis would not
be applicable to this kind of event. Our analysis assumes a relatively brit-
tle confinement vessel which does not expand significantly prior to the time
that cracks arz formed between the fragments, This would be the case for
confinement vessels which are slowly pre. surized, as opposed to the highly
dynamic situation existing when a high explosive is detonated internal to the
confinement vessel,
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Analysis for a Cylindrical Shell Fragmenting Into Strip Fragments

Variable List:

A .
Af -
a -
(o1
a, -
B -
C -
D -
d -
F -
4 -
h -
k -
L -
M -
Mf -
M -
T
n -
P -
p:': °
P -
(o]

'1['\-8

term in Equation (4A-16)

fragment area

sound speed in confined gas, t = 0
critical sound speed in mass flow equation
term in Equation (4A-16)

term in Equation (4A-16)

term in Equation (4A-16)

width of fragment segment

iragment projected area
nondimensionalized displacement of 2 fragment
segment height (see Figure 4A-2)

mass flow rate coefficient

cylinder length

mass of contained gas at any instant, r
fragment mass

cylindrical shell mass

number of fragments

crack perimeter about a fragment
nondimensionalized pressure

pressure of confined gas at any instant, +



—-- . fh.. O- P - initial pressure of confined gas
ff R - 1initial cylinder radius
r . fragment displacement at any instant, T
s - segment length
T - temperature of confined gas at any instant, +
t - shell thickness
V_ - volume of confined gas at any instant, ~
v - ‘volume of shell material
w - crack width
x - nondimensionalizing constant for displacement
. a - nondimensional constant
J A - nondimensional constant
& e

- nondimensionalizing constant for time

0 - angle subtended at the center of the cylinder by a ‘ragment
r =0

K - ratio of specific heats for confined gas
P - confined gas density at any instant, T
P, - critical density of gas in mass flow equation

0 - density of shell material

T - time

e
)

Prime denotes derivatives with respect to $.

- nondimensionalized time
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«-. . =- From considerations of the cylinder geometry (see Figure 4A-2): 1
of .
‘ M = p V =mp L [(Rst)2.R (4A-6)
f t s s s h
2nRL
Af = “n (4A-7)
| 2 S1/2
. F=L-d=L-2[R-(R-h) (4A-8)

From Figure 4A-2:

A =L-S, s=;-2—-zwa = R, e=cos'l(R'h)

{ R
_ Therefore,
! ) -1 (R - h)
A = L R:cos (=% (4A-9)

From Equations (4A-6) and (4A-9),

h = R (1 - cos 3’7"-) (4A-10) '

From Equations (4A-10) and (4A-8),

F =2L‘R [1 - (cos ZT“)Z]IIZ {(4A-11)

The crack area at any time v f{or fragment i is

(}?w)i = 2L w (4A-12)

From Figure 4A-2, it may be seea that

w =9[r(r)-R]=:—;‘71 {r(r) -R] (4A-13)

From Equations (4A-12) and (4A-13),

(Pw) = . (r-ry s IR (2l ) g,y

n n
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‘From Reference 2, Equations (4A-19), (4A-20), and (4A-21),

v 2 1 w/e-1
: 1
g" = nP 1 - s __
5 ” w-1/x
)
Mta:o A 1/2
x = 7522 () (4A-15)
oo
o = Mtaoo 2 \1/2
T FP « -1 )
oo

From differentiation of the ideal gas equation,

dpo(f)/dT ) . aMi) , 1 dT_(v)
P (r) - p (r)1V (r) dr T (r)  dr
dv (=)
1 o
T Vm as (#A-16)

A =B+C-D

Using the variable changes Po(f) =P - P*(‘,) tr = 64, term A becomes

00
1 P;(‘,)
o P2

A = (4A-17)

and using these variable changes with the ideal gas law, term C becomes

1 -1 *
LS —_ (4A-18)
2} ® 17’,.l

‘u

The confined gas mass flow rate through the cracks is [from Equation
(4A-12), Reference 2]

dM(+)

5 = - kp,a Pw (4A-19)

4A-11
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. e -=me-.-. -Thetotal crack area is
Pw = )"..(l'-’w)i = n(l”w)i
and from Equations (4A-14) and (4A-19)
= -kp,a 4nl - R ( £ (4A-20)

But from the cylindrical geometry
2
Vo(f) = nr (v)° L (4A-21)

Thus, from Equations (4A-16), (4A-20) and (4A-21), term B becomes

1 dM (+)
p (T)V (1) dr
o o

B =

k)

1 {-kp*a*‘iﬂL-R(r—(RIl-l‘);

po(‘r)- ﬂrz(f) - L

"

4kp,a_R )
&% 1 - 1
(4A-22)
b {7) ’_R"” o ]

From standard one-dimensional flow relationships

1/ -1
2
0 L)

Py

1/2
{2 )
- ao(")\x-o’))

a

Assuming an adiabatic gas expansion

a (r) = a p ¥
o oo *

and nondimensionalizing displacement and time

r{r) = Xg(%) vt =68 (4A -24)
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“'we ¢Ltaid from Equations (4A-22), (4A-23) and (4A-24)

2 )”"'l < a2 (M2 k-1/2x
a P

vk o+l Lkl 00 *

-4k

Lo}
"

R If 1 1 }
— .
| RXg (5) ngmz

Lkl /2(k-1)
- 4ka PK-l/ZKRl 2 \ - . 1
- 00 * \wu+l / ngu,)_l_
x2g? (2 I. R J

From Equation (4A-16)

dVv (+)
1 o
vV (r) dr
o

D =

Differentiating Equation (4A-21) gives

]
- dv (7) 2
0 _dwr (vr). L _ dr (<)
dr - des -ﬂL.Zr(T)'ﬁ_
Thus,
D = 1 dvo im0 dr(n)
Vo('r) dr T or(r)  dr

Changing the variable with Equation (4A-24), term D becomes

: .2
8’ () = 3 g (%)

2 X
b T Xg($) e

From Equations (4A-16), (4A-17), (4A-18), (4A-26), and (4A-30).

k+l/2(k-1)
P' 4ka P “’I/Z"R(—L) .
1 = oo * x+1 ({ .
o P_ 2 g2 R &7 °/
( .
- {(continued)

(4A-25)

(4A-26)

(4A-27)

(4A-28)

(4A-27)

(4A -30)
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g 4A-31
" ( )

x-1/2x . 2 w+l/2(x-1)

t 1]
P,  4ka P, R (Eg y
exp* ngz R
2 g
i (4A.32)
Multiplying through Eq. (4A-32) by 6x g°
) \REi2(x-1)
::i 2 4kx9adog (u+l) k-1/2x
F,E8 °° X Py
K H/2(x-1)
64kxa R )
« +1 -
+ == \? p /2% e (4A-33)
A %
x -~
From Equatiuon (4A-15),
8 1 ( 2 )-1/2
x a k-1
oo
2_2
<2 1
L poo ( 2 ) Mtao':’ ;2 ) /2
2~ 2.4 k=1 FP \ -1
X a 00
t oo
FP 2 -3/2
- —22 (A 1) (4A-14)
M a ¥
t oo
Assume constants @ and p such that Equation (4A-33) becomes
pl
% -
ogd = (-agrap) PP L gy (4A-35)

{A-14
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Then from Equations (4A-33), (4A-34), and (4A-35),

e er e tiwme - o -

Y IU VN , 172
T g, Lk o e (44-36)
ou
2 k+l/2(x-1) 2 =172
= dkx Ty o (4A-37)
x+l /2(r-1) FP .-3/2
ﬂ=4knan(2) . °—°—(2
00 x+1 3 I |
M. a
t“o0
. 1
)K+I/Z(K-l) 2 L=1/2
ke (T -1/
2 -l Fpoo
ﬁ=R(K-]/‘ > (4A-38)
M a
t oo

Differential Equations (4A-15) and (4A-35) are solved simultaneously by
code CYLIN using the Runge-Kutta integration techinique for initial condi-
tion:

g (0) = ;3(- P,(0) = 1.0 and g'(0) = O

Since M, and F are both proportional to L, M{/F is independent of the
cylinder length. Thus, length L drops out of the equations for §, X, and
0;:1l.e., the cylinder length does not enter into the solution for Equations
(4A-15) and (4A-35).

Coraputer Codes CYLIN and SPHER

The following computer codes were used to solve the simultaneous
nonlinear differential equatinns for motion of fragments emanating from
bursting confinement vessels of cylindrical and spherical configuration.
These codes were used to generate the data for the method of deterministic
fragment initial velocity calculations given in the text of the workbook.
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PROGRAM VARIABLE DEFINITIONS FOR CODES

SPHER AND CYLIN

Program Units

Variable Definition St English

CAPI Ratio of specific heats of gas .- -

AO Sound speed m/s in/sec

PO Iaitial pressure Pa psi

RR Cylinder radios m in,

CcL Cylinder length m in,

EL Ead length m in

CT Cylinder thicknzss m in,

ET End thickness m in,

DEN Density kg/m lb‘lin3.

vo Volume m’ in -

™ Total mass of confinement vessel kg lb[“

FN Number of fragments (always two) .- .-

FK Gas discharge coefficient .- .-

AH Time intervai of iteration -- --

XMAX Maximum time of ituration -~ --

PERI Perimeter (calculated) m ia.

rrF Area of cross scction to which 2 2
force is appiied (calculated) m in

XX . Characteristic dimension (calculated) m in.

.lb indicates English weight mecasurement of pounds of {orce. Sca level

gravitation {s assumed.

=16




\ . \ A |

' I
O - ! '
’ LN O N I - I *. - . e D | o wmmem Yo §
¢
‘s
0
!
K
Program Units
Variable Definition s English
THETA Characteristic time (calculated) ] s
Al Dimensionless mass parameter .o .-
Bl Dimensionless geometry pacameter .- .-
: NEND Branching constant, If zero, program
. stops. If > 1, program continues. .o -
f Gl distance to initial velocity m ina.
r.
;{ G2 initial fragment velocity m/s f/sec
{ Gc3 initial fragment accelcration mh2 in/lecz
’ G4 final explosive product mixture
’ pressure Pa psi
. ‘ T! time to initial velocity s s
¢ Pl the constant, w aone aone
" L' CAP2 the quantity {1 - «)/x none none
1 .
5 CAP3 the quantity -1/« rone aone
3
" CAP4 the quantity (3x-1)/2x none none
g( ce normalized initial fragment dis-
A placement {rom center of sphere none oone
44
é’ X normalized time none sone
{f Y(2) normalized velocity none none
§ Y(3) normalized pressure none sone
..
,!_;'- Y(1) normalized {ragment displacement none aone
¢
¥ NA number of differential equa‘tions to
¥ be solved aone sone
3
3
- F(1).F(2), différential equations solved
§ F(3)
',
5} TT normalized time none sone
' E C’ PS normalized pressure none aone
)
RIGINAL PAGE g 4A-17
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PROGRAM SPWER (INPUT,OUTPUT,TAPEL sOUTPUT, TAPER =INPUT) . )
- DINENSTION F(3); V(J?;ll(!).NE(J) PS(!DO),TT(ZOO) .
310 FORMAY (3€10, S)
212 FPORMAT(eELD,3) e
31y FONMAT (2€10,)) N T — .
31§ FORMAT (3/,20N GAS CNARACYER!S?ICS,/.7N KAPPAR,E10.3,
118H SOUND SPEEDE,E13,5,74 IN/SEC,/,10M PRESSURE ,E1LO, 3.!" PSln.
T Ll2Zsé4M VESSEL CHARACTERISTICS,/,0n RADIyYS=,E10,3,85M ln-,, Tl
CL8W MaSS=,E10,3,16M LBS,<3EC,80,/1N,/,184 NO, OF FHAGMENTSE, '
" 1€10,3.27) PR

K13 FORMAY (3/,13M FINAL VALUES,/,bW TIMEZ,E}0,3,%M 3€EC,/, .

110% DISTANCES,£10,3,%M INS,/,100 VELOCITYS,E10,3,90 FT/SEC,7s

L19M ACCELERATIONS,£10,3,10K !N/SO-S!C;I.ION 9a£ssuﬂt=.txo 30 __

1M PST)

320 FORMAT (S2% CHARACTERISTICS OF MOTION OF FRAGWENTS (NORMALL12ED)

1027,10H TeNORM, 94X, 1HG, 10X,2MG, 2X,IHGTY Y ,/) .

!!1 FORMAT ( /,22M PHESSUNE (NORHALIIED).I.!!.?n Y-NOR" i!o,_
1oMPeNNRN, /)
322 FORMAT (1% INITTAL CONDITIONS,/,bM x(0)s,ElQ, 9.7" c(o)-.tno 'o

18 G'(0)3,E10,%,% PeNORME,E1Q,%,2/)
§02 FORMAT (/,8WIQ0 MUCH) e e e
800 FORMAT (12) R,
300) FORMAT (E10,))
$00 JJs0O

READ (2,310) CAPL,A0,PO

READ (2,7312) FN,RR,TM,FK

READ (2.31!)_Au.xnnx

~ READ (2,600) NEND

GO 10 sS|
$%0 PO3PO/)0,

AW3] ,QF =S _ ) . N .
$S1 CONTINUE . o -

WRITE (1,31%) CAP)1,AQ0,PQ,RR, TM FN o B . )

PIE 3,1915926528

FFze, 'PX-(R“"G Yo(CL7FNYn(L /FNex2))

!YSYMQ(AOQOE.G)O(E OI(CIPIOI))I(?FtPO)

THETASTMOA00((2,0/(CAPL=1,0))®20,5)/CFFePO) =

CAP22(1,00-C3P))/CAPY o T

" CAP3Ee} ,0/CAP2 R o

CAPYS(3,0+CAPL=(1,0))/(?,08CAP]) ) )

ALZY oFKaCPLO((?,/7(CAPL41,))a((CAPL#1,)/(2,4(CAPL L)) ) )0

1(¢e2,0/(CALPLl=l,))9220,5)

BIB{(RR)Ae2)e((2,/7(CAP ], ))0ne2)a((FFePQ)ns2)/

1((TMee2)a(AQes"))

CO®RR/XX

X20,0

vy(1):=€co

v(2)an,o

Y(3)sl,0

YT20,0

Y1720,0

WRITE (1,322) X,Y(1),Y(2),Y(Y)

NAE)

F(irsv(2)

F2)=FNeY(2)a( (1 ,NOe(Y(2)002,0)9(Y(3)22CAP2))0eCAP])

FCII2C(Y(1)onmi)ea(V(3)0aCAPY)R(ALet)mA)e(Y(])e00¢2)))e

13,0CAP (o (YL2)2Y(I)/Y(]))

- - sen

. —n Ce . - e r s e e e e ame—

 cemeimiade s miimm . s evea- - . - B L T T P
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m:m“-..L . ....._.i [..._. . l. *. 'l e l -~.~--_:.J.-....._.-.,~.i

FasPF(2)
- 30 SsRXLDEQ (NA,Y,F,X,AM,0)
{} . . 86 FLLIsYQR)
- F()mFiiey(3)e({1,00e(Y(2)ee2,0)0(Y(2)eeCAP2))00CAP])
- F())l((1(l)tt~3)-(Y(J)toClP\)O(lltalﬁll'(Y(l’ﬁ-!)))"—
13,0CAPLO(Y()0Y(II/Y (1))~ -
N IF (8=]l,) qooao.~o
%0 couttNuE
- FaTs(FRefF (2))/F2 —
T FatsABS(F2T) -
ST 1IF (Fle,10) 700.700:701

“700 ANS),0¢AN s
T203 CONTINUE "~ ~ ~—— - '“—_‘":‘“ = —
T T disdded ) D B -
' Y777 1F(JJ=200) $0%,S03,503 -
30% CONTINUE . o B
L ITeddyex LT ,.-;_'_.’.’._' -
{ T Ps(Ideve3) T -
y s v(evn)/veey T T T
, Y18v(2) T = :
\ T T 1F(YTTe,001) 10,10,%1 -
y sy Comtnge o T T T T
. ~ 60 70 30 LTI T T -
) i 10 CONTINUE . -
’ £ T TISTHETAeX T s T
; T GLEXXeY(l)exXeCO T T TS T T
: T Gesxx/ymETAe(Y(2)) Tt TTTT T -
: G2sG2/12,0 T T T s e
‘ ; - cu(xx/nnnl)--a.o)or'a) T T T e e
T GesPORY () TmTTIT e ST
- b T MRITE (1,319) T1,61,62,63,6% Tt T m o e
3 - IF (PO~10000,) 552,552,550 T T
N (_) $52 1F (NENDel) son.soo.soo T T T T T
' $03 CONTINUE ST T sTEs T T T
¥ wRITE (1,502) T T TS mes me e
v solL ST0P ot T T mrTmme s e
‘ Euo - .o - - . . - - - - ...; :.:_:-_—_ -..:t—....
2
}.
i\_‘
i
¥
!
5,
A
- ;‘
- ‘ii
{
¢t
k.
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PROCRAM CYLIN (INPUT,OUTPUT,TAPE]L =0UTPUT,TAPER sINPUT)
OEZMENSION F(3),Y(3)ymi(3),M2(2),PS(200),TT(200)
310 FORMAT(IET0,N)° N
312 FORMAT(VEL0,d) T — --
1% FORMAT (2€10,))
318 FORMAT (3/,20M GAS CMARACTERISTICS,7, 7N KAPPas,B10y2,” ~ 7 ~° 7"
$16M  SOUND SPEED=,€13,5,7m IN/SEC,/,104 PRESSURE ,€10,3,%n PSI,
127,230 VESSEL CNARICYERISTICSo/oIN RADIUSE,E10,2,8M INS,, )
I:N MAS38,E10,3,100 LBS,e3EC,30,/1IN,/,18M NO, OF FRAGMENTS3, "~
1€10,%,27) -
318 FOAMAT (3/,13W FINAL VALUES,/,bH TINMES,£10,3,%H SEC,7,- — ~ "7 °
T JAoM DUISTANCLE,ELD, 3, 9M INS, /7, 0N VELOCITYE,E10,2,74 FT/3EC,/,
T 10eM ACCELERATIONS 10430201 IN/SQuSLCs/)10H_PRESSURES,EL0, 3, o
“1eH PSI1) e ——
320 FORMAT (So% CHARACTERISTICS OF MOTION OF FRAGMENTS (nonnAleED)"
1,2/7,10M TeNORM, %X, IHG, 10X, QHGT , 2X,ING1E, /)
321 FORMAT ( /,22M PRESSURE cnomuuzcoa 1 /a¥X TN ToNORM,&X,— ——
T T JONPeNORM, /) e m
322 FORMAT (19¥ INITIAL CONOITIONS,/,0M X(0)%,E10,4,70 cm-.(xo % -
164 G1{0)%,£10,%,4% PeNORMS,L10,%,2/)
32¢ FORMAT (/,12n cu Lcuctm.eu.a) - T
$02 FORMAT (/,8NT00 MYCW) ~ ' T T T T T
%00 FORMAT €[2) N
300) FORMAY (E10,3)
$00 JJs=0 T —
7T READ (2,310) CAPL,AQ,PO0 T T T —_——————
_ READ (2,312) FN,RR,TMFx ~T U7 T T T
T READ(2,3001) GNL T T T e e e
T T READ (2,31%) AWM, XMAX
T READ (2,600) NENO T 7 T T - .-
§0 10 $S) L. T T m——————ee
$50 PO3PO/10, ) :
AMS) ,0€eS
$51 CONTINUE T T T T
aRITE (1,32¢) GAL e sme—m e e e e s
wRITE (1,319) ClPx,AO,PO.RR,tn,!N e e — e Em————e e - s~ - e
P13 3,1%15%26535 : Tm s m e e
"'?-'G"L°"R'¢(1.-((costa.-91/r~),..; ))0e0,8) T T
AXBTMa(AQe82,0)8(2,0/7(CAPL=1))/(}FaPQ) Tt T
TMEYARTMOADS((¢,0/(CAPL®],0))020,8)/(FFepD) ~ ~~ ~ 7
CAP2E(1,00=CAPL)/CAP) ) e
CaPise) ,0/CAPR2 ot T e T
CA'\U(J.noCAPlotl 0))/(2,0eCAP}) ' N
Alee, 00sFKaCAPL#((2,0/CCAPL#1,0))a0((CAPL61,0)/¢2,00(CAPL=1,0))))
10¢(2,0/(CAPel,))0eeD,5)
M'RR-((2./(CAP1-|,))n-;,)o(ﬂ'-Po)/un.“o..e'))
COSRR/XX
X80,0 '
v(1)sC0 _ , L
Y(2)20,0 - ]
v(3)=1,0
Yvs0,0
YT1%0,9
wREITE (1,322) X,Y(1),¥(2),Y(Y)
NAB) ]
FeLyavee) :
Fe2)3FNeY(3)a((),00a(V(2)002 )*(Y(I)eaCAPR))eaCAPY)

e e ———— ——— v — — - — -

-— - ————— e —— . c— -
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s EATITINERS S

PP EW IR
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N

[ R T 08 2o o R J-RY

i
Bpa N £ o, R A

{)

.30
S0

. §s2
S03

sol

IF ($=1,) %0,30,%0

T IFCYTYe,001) 10,120,410

I PR T PO R R

TEAM22  eCAPLe(Y(2)eY(3) /Y (1))

'(’)'((*(i%"'l Ja(v{3)eeCAPY)o(ALeBLsAlo(Y(]1))))wTEAMR
Fraf(2)

SERKLOEQ (NA,Y,FoX)AM,0)
FllYav(d)
'(a)"N'V(3)'((loOO'(V(Q)"a )'(Y(!)"CIPQ))‘GCApil
TEQWRu2,eCAPLo(Y(2)0Y(3)/Y(]))

Fea)m((Y(1)enmd Ja(V(I)oaCAPY)e (ll‘ﬁl'llo('(l))))'fﬁﬂné

- — —— - — —— . — -

CONTINUE
FaTa(FaeF(2))/P2
FaTsABS(FRT)

IF (F21e,10) 700,700,701 _
AMZ ] SeaH
CONTINUE
JizJJel
1F(JJe200) $0%,503,503°
CONT INUE
T1¢JJ)8x
PS(JJI2Y(D)
YET8(Y(2)eYT) /Y ()
YrsY(2)

fEmm e mm e e e . ————— — -

- e —————— =t —————— i —

e tem e e M S ——— - — -

Cee e alamim . e le W e M T CET——— e —— —

- e e e cm———— . — T " ——

- i R e e St - — =

e m— e A e et — - — " ——— e St - &

4 et —— —n —— o A——— +  —

et s mTEmS e A W —— e — . . - —— e —

——— e e mem e e ——— e o ——

CONTINUE
60 10 0
CONTINUE
TisTHETAeX
GlaXXevY(l)oXXSCO
cazxx/TmErAe(Y(2))
G2sGes12,0
Giif'll(Yﬂ!Tl)nGQ,o)'F(a)
GvaPQev () T
WRITE (1.3194) v1,61,62,G3,G6Y

1F (P0«]0000,) 5%2,552,550

15 (NENDe)) $01,500,500
CONTINUE

wRITEL (1,502)

sror

EnNO

PR - - - — e e e —— - — T ——— .
- e 4t s+ e emm seme e e e et s e ———— -
 mteamt s e mammma e tw W e e Sm—alm_ e . W @Be s e

- - - L T . e =
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| FUNCTION RRLOEQCN,Y,F,X,H,NT)
02 UCs0 RK\DEQ ﬁUNGE-KuY?I-GlLL llNEla OIFFERENTIAL EQUATION SOLvtn pasd
D2 UC3SD AXLDEQ . 5

TEST OF ALGOL ALGORITHM

— —— ., — — — —

¢

¢ _.
: ¢ T WOOIFIED MAY 1%%3 (O REMOVED FROM CALLING SEQUENCE)
¢

¢

OIMENSION v(10),F(10),0¢10) ~ ~~° ° _ RKLDA
‘ T REAL X HeoINTEGER N NTeeCOMVENTeoBEGIN INTEGER T,J,LeREAL'A
! ~t-~tu o I (¥ -3
i GO YO (Ledsde¥)NT T — _ . RKLOS
! _c.__ Go To S(NU,_____ _______,_____,':":_________.__;______,‘____ e .
i U 00 1L Jmy,N . T R
! u_ ‘otdrse, YT T e
; I 1 7 T . T - L maLDy
: C . XeXeHZY, . v e —— e e e o ... BNLDD
) . . Go 11 S - T im0
! t I Aa.:~aauauu T o
) . GO VS ¢ T A R LY
¢ A Asg 00108832 T T — e . _mxer
' _ xuon/a._" T = T T T T T e
i "7 760 Y0 R 118
_%_ 00~} tu.h e ] _ . mKLen
AR 221322 SXLIIAS ST X 1-13 3 Vs FOUNEE S axLO"
L £ I T - - ARl
T TTew0€Qs2, T - T T T T T T T e
R T IR { - T T 1 o
. R ) Do S \=mi,N e S a0
I YEuIsY (L) she(MaF (L)eQ(L)) 1Y &
TE1TT T QLN b N (L)AL e 0 A)eQ(L) T T T T T T T RKLE,
T RRLOEQRY, 1
b CONTINUE _ I 11 ¥ -3
RETURN e e el I RXL Y.

B U I T RKLO

e s me e e . ass e . i e - - . ce e e -
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COMPARISON OF EXPERIMENTAIL RESULTS
WITH CODE PREDICTIONS

Some experimental data for initial fragment velocities {from burst-
ing containment vessels are available to check the predictions of fragment
velocities from code SPHER, For example, D. W, Boyer, et al. (Refer-
ence 1) have measured fragment velocities from bursting glass spheres of
various dimensions where the contained gas was air or helium (HE). The
text of the workbook, '"Example 1 for Spheras, ' shows how the initial frag-
ment velocity for one of these cases could be obtained from the tables,
Table 4B-! lists the data from the Boyer report and compares it with values
obtained from Tables 4.1 through 4.8 of the workbook text, using the meth-
od demonstrated in the examples shown in the text, The data are also com-
pared to values obtained by runs of code SPHER for the specific burst pres-
sure and sphere geometries used in the experimental runs.

Results are within about 10% of one another for any of the rmethods
used,

Table 4B-2 lists data for fragments from bursting titanium alloy
spheres pumped up with nitrogen. The experimental data are from a re-
port by Pittman (Reference 2). Pittman measured the velocities of frag-
ments emanating from the spheres with breakwire and strobe photographic
techniques. Code SPHER and the tables predict the velocities from the
' small diameter sphere within 107. Velocities predicted for the larger
diameter spheres are low by 15% where breakwire techniques were used
to measure the fragment velocities. They agree well with the measured
data where strobe photography was used to measure the fragment velocities,
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TABLE 48-1, INITIAL FRAGMENT VELOCITIE |, VvV,
FROM ROASTING GLAST R PHTES !
3
P 2,6 cm’)
Sphere Characteristics |Pressurizing Cas Initial Frarment Velocitins
Wall e
Radius Thickness Pressure VS(BOY" ‘) vi (Code) V.‘(Tahlca)
cm cm Type Pa m/s m/s m/s
1,27 0.100 Air 2.25!106 1.8 §1.58 57.6
2.54 0.100 " "on 75.6 80.2 84.4
6.35 0.1 . v 1.18x10° 69. 8 78.0 =54,
1.27 0.100 He 2.25:106 44,2 8.4 43,6
2.54 0.100 " eon 79.4 61,6 64,0

.Vl values were obtained from Roference | by averaging mcasured values {or
similar cascs from Table | of Refcrence 1 for the 1.27 and 2.54 cm radius
sphores and by mcasurements from Figure 13 of Reference | for the 6,35 ¢cm
radius sphere.

TABLE 4B-2. INITIAL FRAGMENT VELOCITIES, Vv,
FROM BURSTING TITANIUM ALLOY SPHLERES

{p = 4.46 cm})

Sphere Characteristics | Pressuriring Cas Initial Fragmer: Velocitics
wall » -

: . V. (Tabh

Radius  Thickness Pressure Vi (Pittman) Vt (Code) i (12 tes)
cm cm Type Pa m/s m/s m/s
11.7 0.274 N 5.5!![07 366 £ 15 352 338
34,3 0.919 " v 342 + 30! 339 322
34,3 0.9!9 " oo 420 ¢+ 278 319 322
34.3 0.919 “ non 445 + 30? 130 122

.
Values taken from Reference 2.

lrhn value was based on velocitly measurements using a strobe photocraphic
technique,
3

These values were tasced on velocity measurcments using breakwire maasurement

techniques.
ORIGINAL PAGE
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APPENDIX IV, C !
ESTIMATE OF INITIAL VELOCITIES OF FRAGMENTS FROM
SPHERES AND CYLINDERS BURSTING INTO TWO EQUAL HALVES

The inethod developed by Taylor and Pricel!) for calculating ve-
locities of fragments from bursting spherical gas reservoirs was modi-
{fied to provide velocity calculations for fragments from both cylindrical
and spherical gas vessels. These modifications were primarily geo-
metrical in nature and will be discussed in more detail in subsequent
pages. To compute the velocity of fragments from bursting spheres or
cylinders which contain gas under pressure, the following assumptions
were made:

(1) The vessel with gas under pressure breaks into two equal
halves along a plane perpendicular to the cylindrical axis,
and the two container fragments are driven in opposite

directions.
(2) Gas within the vessel obeys ideal gas laws.
(3) Originally contained gas escapes from the vessel through

the opening between the fragments into a surrounding
vacuum. The escaping gas travels perpendicular to the
direction of motion of the fragments with local sonic re-
locity.

(4) Energy necessary to break the vessei walls is negligible
compared to the total energy of the system.

(5) Drag and lift forces are ignored since the distance the
fragment travels before it attains its maximum velocity
and the time it takes to attain its maximum velocity are
too short for drag and lift forces to have a significant
effect,

A schematic depicting the essential characteristics of the Taylor
and Price solution for bursting spheres is shown in Figure 4C-1. Before
accelcrating into an exterior vacuum, the sphere has internal volume
Voo and contains a perfect gas of adiabatic exponent (ratio of specific
heats) K and gas constant R with initial pressure Py, 1nd teroperature
Too (Figure 4C-1la). At atime = = 0, rupture occurs along a peri-
meter 7, and the two fragments are propelled in onposite directions due
to forces applied against the area F which is perpendicular to the axis
of motion of the fragments (Figure 4C-1b). The mass of the two irag-

4C-1
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ESCAPE VELOCITY GAS a+ | CCELERATING GAS

‘ Figure 4C-1. Parameters for Sphere Bursting
: into Two Halves
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ments, Ml and M3, is considered large relative to the mass of the re-
malning pas at elcvated pressurc (Figure 4C- lc).
As mentioned carlier, the Taylor and Price solution for calcu-
lating velocities of halves of bursting spheres was modified to predict
velocities of halves of hursting cylinders. Figurc 4C-2 contains the
geometric paramceters associated with cylindrical vessels. The gener-
alized fragpment velocity solution and subsequent computer program
allow for computation of the velocity of half of the cylinder. The vessel
is assumed to break into two cqual halves along a planc perpendicular to
its cylindrical axis, The cylinder can have spherical segment ond caps
or can have (lat faces. The vessel has cylindrical radius r, cylindrical
thicknese C., end cap thickness Et' cylindrical lenuth €y . and end cap
length E, beyond the cylindrical portion. When C, =C, = 0 and E,=r,
the containment vessel becomes a sohere, and the solution corresponds
to that formulated by Taylor and Price. That is, a ¢yvlinder with hemi-
apherical end caps with length-to-diameter (L/D) ratio of 1,0 is a sphere.

The Taylor and Price(l) solution, generalized to allow for cylin-
dricai as wei! as spherical vessels, follows, The cquations of motion and
initial conditions of the two fragments are

dle dxl(O)
M = FP (1), with x (0) = 0O, =0 (4C-1)
l 2 1 1 dr
dr
2
d x5 dxz(O)
Mz i 2 = FPZ(T), with xz(O) = 0, T =0 (4C-2)
T

where subscripts refer to each fragment and Xy and x, arc displace-
ment distances and are taken along the axis of motion. To allow for
cylindrical containment vessels, the cross sectional area F over which
the force is applied becomes

F=n{e- Ct)2 (4C-3)

The cquation of state for the unaccelerated gas remaining within the con-
finement of the container fragments is

P} V (r} = C()RT_(r) (4C-4)




B X IR W e - -

. CYLINDRICAL
SN W A AXIS
:
PLANE 7 7 Ey
OF FRACTURE —|—— Le, J
—_ )

Figure 4C-2, Geometry of Cylindrical Vessels

where subscript 0 denotes rescrvoir conditions immediately after failure,
R is the gas constant, P is pressure, V is volume, T istempcrature
and C(1) is the mass of gas confined at high pressure as a function of
time. The rate of change of the confined mass is

d C

—d—:m' -k!‘;xc‘la:l (4C-5)
where

x = xl + x, (4C-6)

and k is the coefficient of discharge of the area between the {ragment.
and ¢ is the pas density at critical gas velocity a, . The expression
for perimeter 1 is the samc as for spheres,

o= Zar (+C-7)

Gas density -~ and a, arc standard expressions




[l ]
L

1/(k-1
% = po(f).' 2 ( )
K+l
cee -(.;(.:-8) -
a, = a (1, . 2 "\l/2

K+ 1/

where K is the adiabatic exponent (ratio of specific heats) for an ideal
gas, The volume i3 assumed to be variable and can be described by

- rY -
VO(T) Voo * ° (4C-9)

Nrarly ail of the gas is assumed to be accelerated with the fragments,
with gas immediately adjacent to *he fragments being accclerated to the
velocity of the fragments, From simple-one-dimensional flow relation-
ships,

B K/(K-1)
o i dx (1)
P =P(n (1- K- i = di
'\ Z[ao(f)] : '
' (4C-10)
, . K/K-1)
P)=P () 1-._K-1 - dx, ()
°e :odr

2(a (11 °

To generalize the solution, one can use the following nondimensional
forms of the variables:

Dimension: x(r) = Xg(°) xl(f) = Xgl (2) x, = ng(‘.’)
Time: T = Q97 {(4C-11)
Pressure: PO(-r) s poo P, (7)

From appropriate solutions and initial conditions:




d.xl(T) X, -er(Y) X - o — i —— .. l;_,
dr T o 81 Tar T g B
~ d xl(f) X . - d xZ(T) X .-
2 - 2 2 -
dr ] Lo dr ez ¢
dP (1) P
) . _00 . )
ar 5 g P, (4C-12)
dx,(0)  dx,{0)
= = = = = = 4 = p =
x,(0) XZ(O) dr dr 80(0) RZ(O) g, (0) g, (0)=10

‘ P,(0) =1

where primes denote differentiation with respect to f. The pair of |
characteristic values for dimension X and time ¢ chosen by Taylor and

Price are:
M az
X = t 00 2\
° FP VK- 1]
0o
{4C-13)
M a 1/2
e = ! 00 ! 2
FP VK~
00

The final derived equations contain two dimensionless groups which de-
fine the nature of the solutions, these are

PV
00 __ 00

t oo (4C- 14)

—
~—
o~
=1
<

|
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Diffcrences between the Taylor and Price solution for spheres and our

solution for cylinders, with spherical caps being a special casc of

cylinders, occur in the determination of area F given by Fquatioh™(4C-=3y~ =~ -~ -~
and perimcter N given in Equation (4C-7) where r is cylindrical radius

{except for the special case of a sphere where r is spherical radius)

instcad of spherical radius, A difference also exists in the calculation of

initial volume of the gas which, for the cylindrical case with spherical

segment endcaps with one base, becomes

Q

l. 2 ’ 2 ZT
= ; - + - E - - !
Voo n i(r Ct) C‘ (E! t) (r Et) +1/3 (I-.‘." Et) |
(4C-15)
for the adiabatic case,
K K 2K
P L 0 T o T ) K-1 Pl K-l
Poo i P00 : TOQ | 40

' (4C-16)

Substitution of Tquations (4C-10), (4C-12) through (4C-~14), and (4C-14)
into Fquatio:s (4C-1) and (4C-2) gives

K
K- 1
M ,2
;;le%P* ! - gy
t K- 1
(P,) R i
(4C-17)
K
K- 1
,2 ‘-
M, 5,
Mt“zzpt - e ) Bl
' K

-

Differentiation of Equation (4C-4) and substitution of Equations (4C-5)
through (4C-9) and (4C-11} and (4C-12) yields

K- 1
P’ 2K

-Kg’' (4C-18)

2}

4C -7
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Since fragment masses are equal (Mi = MZ = MtIZ). the equations for -
the motion of the two fragments become identical, with identical initial _ L .
conditions and identical solutions so that g, = g, = g/2. Equations in

Equation (4C-17) then reduce to

T e s | e - - - -

( N
! g,l t K-1
g" = 4P, ' (4C-19)
K-1
4(P,) K
Rearranging terms in Equation (4C-18) produces
3K-1
S ep, X kg p,
o
P’ = T (4C-20)
2 ) e

For initial conditions, g(0) = 0, g/(0) = 0, and P4(0) = |, nondimensional
values of distance, velocity, acceleration and pressure as a function of
time can be calculated by solving Equations (4C-19) and (4C-20)
simultaneously using Runge Kutta method of numerical iteration., Dimen-
sional values can then be calculated from

xg"l 1 x A Y
T = 07, xl(T) = > X, () = 2g © ()
(4C-21)
" - -.X_ T (= - -
X, ( = 2£2 g (%) PO(T) = POOP*(_)

The computer program entitled/Frag 2/ was written in Fortran
IV and exercised on a teletype tymshare terminal. The computer pro-
gram is user-oriented and accepts either SI or English units and outputs
either SI or English units. Rigorous English measurc input is not used
for length and mass measurements. Instead, inches are used instead of
fect for length measurements and pounds-force {(weight measure) are uscd
instead of slugs for mass measurements in both input and output stages
of the program since these units are commonly used in these types of
mcasurements, The ratio of specific heats (K), speed of sound (ag,),
initial pressure (Poo), external radius of the cylinder of sphere, and the
discharge coefficient, chosen as 1.0 in all cases examined, are input
parameters. The user has a choice of inputting cylinder length, end
length, cylinder thickness, end thickness, and wall density; or volume,
mass of the reservoir and cylinder thickness (see Figure 4C-2), The

4 8
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program also rcquires that a step sizc and limit be added to allow {or the
iteration process to begin and end. Nondimensional times are inputted

for this purpose. The user hae a choice of displaying nondimensional-»- < — . — ..
distance, velocity, acceleration and pressure as a function of nondimen-

sional Lime and/or displaying dimensional distance, velocity, accelera-

tion and pressurc as a function of dimensional time. In all cases, final
dimcnsional times, distance, velocity, acceleration and pressure arc

printed.

An explanation of the Runge-Kutta subroutine is contained in Table
4C-1. This is a standard computer library function which has nine
arguments, After the Runge-Kutta subroutine explanation, one can {ind
a list of the program variables, a listing of the program, and sample
input and output in Table 4C-2.

TABLE 4C-1. RUNGE-KUTTA COMPUTER J.IBRARY FUNCTION

FILE NAME: Flé

SUBROUTINE RUNGE

NAME:

PURPOSE: This subroutine employs the Fourth Order Runge-

Kutta Methnd to solve N simultaneous first-order
ordinary differential equations by calculating
successive values of Y according to the formaula:

h -
Yi+l—Yi+6(Kl+2KZ+ZK3+l\4)

where K = f(X., Y.)
1 i 1
hK
. h 1
Kp =i+ 50 vy v 37)
hK
- h -2
K3 = f(xi+2. Y, + >
K4 = t’(xi+ h, Y, + hK3)

4C-9




METTIOD:
4
P -

ARGUM ZNTS:

TABLE 4C-1. (cont'd)

Tt we tam .

The subroutine is called by the calling program five
times in order to approximate successive Y{I)'s; the
first time to initialize, the sccond time to calculate
Ky(1), the third time to calcualte K2(1), the fourth
time to calculate K4(I) and the fifth time to caleulate
K,(I). In addition, each time the subroutine is
called, it calculates a new Y(I)and a new X(I) whi n
arc returned to the calling program where the func-
tions ({irst-order differential ecquations) arc evaluated
with the new X(1) and Y(I}). These values ul the
function are then returned to the subroutine where
they are used as K, (1), K, (), K3(1), or K4(l) and
approximately accumulated to obtain Y, (1) in

the § calls to the subroutine,

The subroutiiic RUNGE uscs nine arguements: N, Y,
F, X, H, M, SAVEY, PHI, K.

1. The first argument, N, represents the number
of simultaneous first-order ordinary diffcrential
equations to be solved.

2. The second argument, Y, is the array name
which the calling program uses to transmit the
initial Y(1) values for each differential cqua-
tion. Upon completion of the 5 calls to RUNGE,
Y(I) will contain the new approximated valucs
for the Y, , (I)'s,

3, The third argument, F, is the array which
contains the current values of the differcntial
equations calculated by the main program, i.c.,
F(J) contains the value of the Jth first-order
differential equation.

4. The fourth argument, X, represents the jn-
dependent variable which should be initializoecd
in the main prouram before calling RUNGI,
RUNGE increments X by the stepsize 11,

5. The {ifth argument, H, represents the step
stze for X,
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TABLE 4C-1 (concl'd)

L a4
o

6. The sixth arpument, M, indicates which of the
{ive passes of the subroutine is to be executed.
The main program must initialize this argu-
1aent as 1, RUNGE then successively incre-
ments the variable by 1 up to 5.

7. The s-venth argument, SAVEY, is used within
RUNCE and must be dimensioned in the calling
program to be of size N,

L AT e N AT e n T e T -”""j!:f‘_‘d'

8. The cighth argument, PHI, is also used inter-
nally by RUNGE, but must be dimensioned in
the calling program to Se of size N.

9. The ninth argument, K, is manipulated within
RUNGE. K should be tested right after the
call to RUNGE, in the calling program.

R SR

» When K = 1, control should transfer to a set of
- code in the calling program which calculates
(.,’ new values for the first-order differential
equations, F(l), with the current values of X
and Y(I). Then RUNGE should be called again.

RS eanll 0 O SCLNRRy CPPP

-

When K = 2, the approximation for Y(I)is com-
pleted. Values for the Y; 4 ;(I)'s are stored in
Y(I) at this time, and normal flow of the calling
program should resume,.

- p—

LT S T

LIMITATIONS 1. The calling program must dimension SAVEY
AND and PHIL.
COMMENTS:

>
N

The calling program must set M = | before
calling RUNGE,

3. The calling program must set up the N first-
order differential equation values in an array
F to be passed through to RUNGE when the
subroutine returns with K = 1,

TS TO SN TR XYL

h

{ 4. The calling program must set up separate arrays

¢ . if all X and Y values for the set of differential
’ . ‘ (J equations are to be saved, perhaps for plotting

{ purposes,

5 -
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TABLE 4C-2, COMPUTER PROGRAM ENTITLED/FRAG/
IN FORTRAN 1V - C e enae

Function: This program computes the velocity of a fragment from a
bursting sphere or cylinder, with or without spherical segment cnd caps
with one base, which contains gas under pressure. It is assumecd that
the vessel breaks into two equal halves along a plane perpendicular to

- the cylindrical axis. Distance, acceleration and residual pressure as a
function of time are also computed.

Input-Output Considerations; The prograra accepts input in either Sl or
Englis!. 1nits and can print output in SI or English units making any con-
versions needed internally. The program considers Sl units of mass in
kilograms, length in meters and time in seconds. The program con-
siders English units of rnass in pounds of force (weight measure used for
convenience), length in inches and time in seconds. Input data are:

(A) Gas characteristics:

. : (CAP1) Adiabatic expnent (ratio of specific heats) for gas
in the containment vessel.

; (AO) Speed of sound in gas of vessel.
i (PO) Initial pressure of gas in vessel.
. (B) Vessel characteristics:
(RR) Cylinder radius
choice of
(ZN) = 1: {(A) Cylinder length
(B) Length of end cap
(C) Cylinder thickness
(D) Thickness of end cap

(E) Wall density

$C-12
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(C)

(D)

TABLE 4C-2. (cont'd)

(ZN) = 2: (A) Volume of containment vessel
{B) Mass of reservoir
(C) Cylinder thickness
Dynamic variables:
(FN) Number of fragments (always 2.)
(FK) Discharge coefficient (chosen to be !.)
(AH) Nondimensional time increment for calculations
{XMAX) Maximum r ndimensional time calculation,

Input /Qutput {ormat:

(ZN2) Input units
1. = 8I
2. = English
(ZN3) Output units
I, = SI
2. = English
(FN1) Display nondimensional dynamic variance
l. = Yes
2, = No
(FN2) Display dimensional dynamic variance
1. = Yes
2, = No
(FN3) Make range calculation always
2. (NO)

Variables: The definition and units of variables in this program follow,

4C-13
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Program
Variable

FN2

FN3
CL
EL
CT
ET
DEN
vOO
voO
vOow
™
POl
RR!
CL1
ELI

CTl

Variable

TABLE 4C-2, (cont'd)

Definition
if = 1., program displays
normal time, distance,
velocity, accelerations
and pressure
(always 2.)
cylinder length
end length
cylinder thickness
end thickness

density

outside volume of vessel

.internal volume of vessel

wall volume

total mass of reservoir
unit conversion step for PO
unit conversion step for RR
unit conversion step for CL
unit conversion step for EL.

unit conversion step for CT

Units
SI  English
m in
m in
m in
m in
kg/m>  1b-f/in>"
3 . 3
m in
3 .3
m in
3 .3
m in
kg 1b-{

»
1b-f indicates English weight measurement of pounds of force. Sea level

gravitation is assumed.
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g TABLE 4C-2. (cont'd)

ot an

)

v Program Units

Variahle Variable Definition S1 English

g

hY ET1 -- unit conversion step for ET -- --

%

% DEN1 -- unit conversion step for DEN -- --

S TM1 -- unit conversion step for TM -- --

[

CAP! K ratio of specific heats of gas -- --

" A, a,, sound speed m/s in/sec

Y

‘ Po Poo initial pressure Pa psi

' RR r cylindes radius m in
‘ ‘ ZN1 -- if = 1., inputis C , E,, -- --

Cy Eys density of vessel
(A, B, C, D, E in pro-
N gram)

-\

if = 2., input is voo' M,, -- --
Ct (A, B, C in program)

ZN2 -- specifies input units -- --
1. implies SI
2. implies English

ZN3 -- specifies output units -- --
1. implies SI
2. implies English

FN -- number of fragments -- - -
(always 2)

FK -- gas discharge coefficient

All -- dimensionless time inter- -- --

val of iteration

SmMAX -- maximum dimensionless -- --
time of iteration

LS
’

4C-15




Program
Variable

FNI1

VOl
PERI

FF

XX

THETA

CAP2
CAP3
CAP 4
Al

Bl

X

Y(1)

Y(2)
Y (3)

F(1), F(2),
F(3)

Variable

TABLE 4C-2, (cont'd)

Definition

if = 1., program displays
8, 8 B’o g'o P#

unit conversion step for VO
perimeter (calculated)
area of cross-section to
which force is applied

(calculated)

characteristic dimension
{(calrulated)

characteristic time

{calculated)

quantity K/(K-1)

quantity (3K-1)/2K
quantity (K+1)/2(K-1)
dimensionless parameter

dimensionless geometry
parameter

norrmalized time

normalized initial frag-
ment displacement

normalized velocity

normalized pressure

differential equations
solved (see Equations
4C-19 and 4C-20)

in

in

in

sec




o TABLE 4C-2. (concl'd)
Program Units
Variable Variable Definition SI English
TT -- normalized time (output) .- --
G g normalized distance {output) -- --
GG g’ normalized velocity (output) -- --
GGG g’ normalized acceleration -- .-
{output)
PS P, normalized pressure -- --
{output)
Ti -- time (output) 8 sec
‘ CL, -- distance (output) m in
1'G1
‘\_ G2, -- velocity {output) m/s in/sec
FG2
G3, .- acceleration (output) x'n/ti2 in/sec
FG3 '
G4, -- pressure {output) Pa psi
FG4 ’

4C-17




TABLE 4C-2. (cont'd) ORIGINAL PAGE BB
' OF POOR QUALITY,
XTRAN *
VER. JUL 1)
+QED
®APPEND/FRAG2/ .
o/

DIMENSIBN F(J2,YCJ),T1(I),d2(3),PS(50),TT(50),G¢50),GC(50),GGG(%0)

001 FORMAT (E10.D)

09 FORMAT (2/,45H PEAD IV KAPPA, SOUND SPEED, INITIAL PRESSURE)

310 FORMAT (JZ10.5)

1) FORMAT (27,19t IF PARAMETERS ARE1,7,621 CYL. LENGTH, END LENGTH,

CYL. THICK., END THICC.» YJALL DENS..,/,

SH ENTER 1,2/,80H VILIME, MASS QF RESERV@IR, CYL. THICK.,./,

8 ENTER 2)

312 FORMATY (SZ210.4)

1) FIRMAT (27,34 PEAD 1IN TIME INTERVAL, MAXINYM TIME)

J1a FIRIAT (2£10.D)

316 FORMATY (2/7,43H IJ1SPLAY NINDIMENSIIMAL OYNAMIC VAR.? YESe| NO22)

9 FIRMAT (27,434 DI3SPLAY DIMENSIGHNAL DYMNMAMIC YAR.? YES=t N2s2)

318 FORMAT (27,354 MALE RANGE CALCULATIIN? YZISs) NJe2)

320 FORMAT (S2H CHARASTERISTICS JF MATICN 37 PRAGIINTS (NINMALIZED)

027+3IX,6HT=NIA4,6X, 185,96, OHS .BX, 246,54, 6HP-NIRM, /)

322 FORSAY (27,191 13ITIAL CONDITIANS,/,6H X(0)w,L!02,4,7TH G(O)=.EI0.4,
. B8 G'(0)e,E1G.4.94 P-N3R4e.EI0.4,2/)

895 FORMAT (/.23 EXILISH INPUT/EIGLISH QUTPUT,27,4X%X,5H (TL1,06X.

18K ENGLISH UMITS,27.,6H KAPPA, DA, Z10.@,7, 521 330D SPZED,IX.EN10 .4,

T IN/SEC./.,94 PRESITARE,O6X,E10.4,4id P3a,/7,74 RADIVUS,B8X,FiC.q,

MW N, /. TH VILIIE,BXA,E10.4,6H CU IN, /7,854 RESZRYIIR HA3S,E10.4,

QM LOF,/7,12H €CYL. THICK.,IX,E10.4,34 13,/7,13d NI3. 3F FRALS,2X,E10.4)

896 FONMAT (27,241 EZ3LISH IWPUT/S JUTPUT,c/,aX,5H 1TE1,6X, 14H

ENGLISH UNITS,10X,9H S1I UN1TS,2/7,6H AK&PPA,9X,E10.4, 14X,E1004,7,

124 SQLalD SPEZD,JIX,E3.4,7H IN/SEC,74,81Q0.4,6H 4735C,/,94 PRESSURE,

X, E10.4,4H PS1,10X,E10.4,8H PASCALC, 7.7/ RADIUV.L.EXLCI0.4L,3H U, 11X,

£10.4,7 METERS,/,7d VOLUME,BX,E1C.4,64 CU 1,8X,E£10.4,104 CU MZTEZR’3,

/7, 15H RESERYIIR MAS55.810.4, 4H LBF, 10X, E82.4,0il KC,/7,12H CtL, THICK..

IK,E10.8,34 12, 11X, E80.4,7TH METERS, /7,1 0 3. 3F TRAGS5,2X.EL1Q.4,

1aX,£10.4:

87 FIRMAT (27, 1% 7 ENGLISH BUTPUT.2/,aX, 5K 1TEM,6X,94

51 UNITS,ISX,t» T85,2/,6H 4APPL,9X,E10.4,10X,E10.4,7,122
SOUND SPEF . EC/BX,E1C et 1N/52C,7,9H PRESSURE,6X,E10.4
+8H P¢ C/ e84 P51,7,7H RADIZS.3X,210.4.7H METERS, 7X,

E10.4," « TILTAELBX,Z210.4, 104 = METERS,,«X,E10.4,64 CU IN, 7,

1SH RE AAS5,530.48,3H KG,LIAL,ElBoa, & LBr./, 1201 CYL. THICK.,
X,EL0. . NMETERS,7X.E10.4,3H 1./, 5B N&. QF FRAGS.2X,E10.4,

1aX,E10. 4, .

898 FARAMAT (2/,19H 33 INPUT/S| AUTPUT.Z7,«5,5H ITEV,(X,9d Sl
UNITS.27,6H AAPPAL9IX.E10.4,7,12H SQUND 8Pt 2,3 E1% 6.6 “7537C. 7,
O PRESSURE,6X, 214,21 PASCALS./.TH 2ADIUS. 39X .+ 10 .a, TH M LS, r,
TR V@LUME,8X,210.4, 194 CU HOTEARS, /, 1 1M TOTAL MAaSS. ax,FIQ. ., )N <%,
7+, 12K CYLe THICK«sIXoE10.4, Tt METERS, /o134 NO. OF FRAGS(3Y. L. 3. w3
900 FORMAT (2/,24H ZXAD [N CYLINDEM RADIVUS?

901 FARMAT (S10.%)

902 FOMIAT (27. 154 RIZAD 1IN VALUES)

903 FORMAT (E1J.5)

904 FORMAT (2/,-16M RIAD IN NO. OF FRAGIINTS(2.) QS {SUMARGE Cetlr.»

4. -.8




ORI G
TABLE 4C-2. (cont'd) OF POO;;LQELL?TL'S

905 FORMAT (27,284 INPUT UNITS? Slel ENGLISH22)

906 FORMAT (27,2911 OUTPUT UNITSY? Si=l ENGLISHe2)

907 FORMAT (2/,19H 51 INPUT/S! QUTPUT,2/,4aX,5H 1TEM.6X,

9 SI UNITS,2/,6H KAPPA,9X,E10.4,/7,12H SOUND SPEED. )X, E10.4,6H M/SEC,
/7,94 PRESSURE,6X,Lt10.4,84 PASCALS,/,»

™ RADIYUS,BX,E10.4,7H METERS,/7,12H CYL. LENGTH,IX,E10.4,7TH METERS,/,
1IN END LENGTH,4X,E10.4,7H METERS,/,124 CYL. THICK.,JX,E10.4,

™ METERS,/,11H END THICK.,aX,E!10.4,7H METERS,/,!3H VALL DENSITY,
2XsE10.4,8H K5/CU M,/7,1%H RESERV@IR MASS,

E10.4,3H KG,7,13H NA. OF FRAGS,2X,EI10.4)

908 FORMAT (2/,2aH SI INPUY/ENGLISH QUTPUT,27,4X,SH ITEM,6X,9H Si
UNITS, 19X, 140 ENGLISH UNITS.2/,8H KAPPA,9X,EL10.4, 14X,E10.4,/:

12H SQUND SPEED,JX.E10.4,6H M/SEC,B,E10.4,TH IN/SEC./,9H PAESSURE,
6X,E10.4,8H PASCALS,6X,E10.4,4H PSI./.TH RADIUS,8X,E10.4,7H METERS,
TX,E10.4,3H IN,/,12H CYL. LENGTH,IX,E10.4,7H METERS, TX,E10.4,

I IN,Z,11IH END LENGTH,4X,E10.4,7Th HETERS, 7X,E10.4,JH IN,7,I2H CYlL.
THICK.,IX,E10.4,7H METERS,TX,E1Q0.4,3H IN,/,12H END THICK.,JX,
E£10.4,7H METERS, 7X,E10.4,3H IN)

9081 FOARMAT (13 WALL DENSITY,2X,E10.4,8H KG/CU M,6X,810.4,

104 LBF/CU IN,7,

1SH RESERVOIR MASS,E10.4,3H XG,11X,E10.4,4H LBF,/, 134 N3. 3F FRAGS,
2X,E10.4,14X,E10.a)

909 FOARMAT (2/,24Hd ENGLISH INPUT/SI QUTPUT,2/,aX,SH ITEM,6X,14H
EMGLISH UNITS,10X,9d S1 UNITS,2/,86H KAPPA,9X,E210.4,148X,E10.4,7,

12H S@UND SPEED,JX,E10.4,7H IN/SEC,7X,E!10.c,6H M/SEC,/,9%H PRESSURE,
6X,E10.4,4H P51,10X,E10.4,8H PASCALS,/,TH RADIUS,3X,E10.4,3H IN,
11X, £10.4,7H METERS,/, 12K CYL. LENGTH,IX,E10.4,JH IN,1IX,El10.4Q,

™ METERS,/,1lH END LENSTH,4X,E10.4,3H IN,L1IX,EI10.4,7TH NETERS,/,
12K CYL. THICK.»IX,E10.3,dH IN,LIX,EN0.4,TH METERS,/, 12H END THICK..
IL,E10.4,0K IN,LIX,E10.,4,7TH METERS)

9091 FIRMAT (1IH WALL DINSITY,2X,E10.4,10H LBF/CU IN.&X,

€10.4,8H KG/CU M./,

ISH RESERVAIR MASS,E10.4,4H LBF,I0X,E10.4,3H KG,/., 13K N3. @F FRAGS.
2X,E10.4, 14X, E10.4)

910 FORMAT (2/,29H ENGLISH INPUT/ENGLISH QUTPUT,2/7,4X,5H ITEM.6X,
LAl ENGL.ISH UNITS,2/,6d KAPPA,9”,E10.4,/7,120 S3UND SPEED,IX,EL1Q.4,
™ IN/SEC,/,9H PRESSURE,6X,E10.4.4K PS1.,/,7H RADIUS.8X,E10.4,

M IN,/,124 CYL. LENGTH,IX,EIQ0.4,3H IN,/, 11K END LENGTH,aX, 21044,
M IN,/,12H CYLs THICK.,IX,E10.4,0H IN,/,120H END THICK.,IX,E10.4,
IH IN,/,13H VALL DENSITY,2X,E10.4,104 LHF/CU IN,/,

1SH RESERVOIR MASS,E10.4,4H LDF,/,134 NB. @F FRAGS,

2,E10.4)

91t FORMAT (4/,50H CHARACTERISTICS OF MOTI@N OF FRAGMENTS (51 UNITS),
2/:,2X,5H TIME,SX,6H D15T.,5X,5H VEL.,aX,7H ACCEL..,2X,9H PRESSURE, 7}
912 FORMAT (2,,55H CHARACTERISTICS OF MOTIAN 8F FRAGMENTS

CENGLISKH UNITS),

2/,2X,5H TIME,SX,6H DIST.,SX,5H VEL.,AX,TH ACCEL.,2X,9H PRESSURE./)
913 FARMAT (3/,13H FINAL VALUES,/,6H TIMEe, E10.4,4l SEC,/,10H
DISTANCES ,E1044,7TH METERS, /7,100 VELACITY2,E10.4,6H M/SEC, /7, 14X
ACCELERATION? ,EIO0.d,94 M/SQ-SEC,/,10H PRESSUREs,Lt10.4,8H PASCALS)
914 FORMAT (J/, 124 FINAL VALYES,/,6H TIMEs,E10.4,4H SEC,/,10H
DISTANCE=,EI10.4,31 IN,/7,10H VEL3C1TYs, E10.8,7H IN/SEC,/,14H
ACCELERATIAON,E10.4,10H IN/SQ-SEC,/,10H PRESSURE+,E10.4,4H PS!)




TABLE 4C-2. (cont'd)

JJed

YRITE ¢(1.,309)

READ ¢0,310) CAP!,AQ,Pd
VRITE (1,900)

READ (¢0,901) RR

VRITE (1,311

READ ¢0,3001) 2N}

VRITE ¢1,902)

READ (0,901) A,8,C,D,E
VRITE ¢1,90%)

READ (0,3001) 2N2

VRITE (1,906)

READ (0,J001) ZN)

VRITE ¢1,904)

READ (0,J143) FN,FK
WRITE <1,313)

READ (0,314) AH,XMAX
VRITE (1.,216)

READ (0,23001) NI

WRITE ¢1,3t7)

READ (0,3001) rn2

VRITE (1,318

READ (0,J001) FNI

IF (2N1-1.0) 100,100,101
100 CL=A

b

CT=C

ET=D

CENSE

Pi=J3.141%924%2%
VoQsPle(RRsAReCLeEL ¢RRORPSELOELSEL/I.O)
V@ePIe((RR-CT)®92,00CLe(EL-ET)e{(RR-ET)*02,0+(EL-ET)002.0/3.0))

VovavoQ-vea
THaDENVQAY
IF ¢(ZN2.EQ.1.0.AND.2ZNJ.EQ.1.0)
IF (ZN2.EQ,1.0.AND.2NJ.EQ.2.0)
IF (ZN2.EJ.2.0.AND.2HIEQ.1.O)
IF (IN2.EQ.2.0.AND.INJ.EQ.2.0)

a2 To 102
GY Ta 103
G3 T3 10a
G3 To 105

102 VRITE (1,%07) CAP1,A0,PG,AR,CLLEL,CT,.ET,DEN, TN, FN
G TO 106

103 A12A2/0.023%4

PO1=PRe0.02%5420.025a/4,448222

RRI=RR/0.02%4

CL1=CL/0.025A *

EL1sEL/0.02%4

CT1sCT/0.02%4

ET1*ET/0.0254
DENI=(DEN/14.5939)8(9.30¢66>,9,3048)8.,0.025q9¢2.0)
T™I9TM/14.5723C(9.8066570.3048) .

WRITE (1,908) CAPI,CAPI,AB,AN,P2,POL,RN,RRL,CL,CLI,EL,ELL,CT,CTI,
ET,E")

SRITE C1,9081) DEN,DENI,TM, TMLLFNLFN
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TABLE 4C-2. (cont'd)

ABeA! OF POOR QUALITY!

PoeFPR1

RMReRAI

QLsCLI

B.=ELl

CTaCTI

TT=ET! .
DEN*DENI/J86.0886

T™MsTM1/386.0886

V92vV@/0.02540¢3.0

ae To 106

104 AD1=A0+0.0254

”l0POOC.4Q8222/0.O25l/0.02$4

RRi*RRe0,02%4

CLisClLe0.0254 .
ELI=ELe0.02%4 .
CT1=CTe0.02%52

ETI=ET«0.02%4
DENIeDEN®(0.30426/9.80665)014.5939/(0.02540¢).0)
™MieTMe(0.3048/9.80663)¢14.5939

WRITE (1,909) CAPI1,CAPI,AQ,AQ1,P3,PO1,RR,RAI,CL,CLI,EL,ELL,CT,CT!,
ETLETI

WRITE (1,9091) DEN,DENI,TM,TMI,FN,LFN

ABsAQ |

PO=P21

MR=RR)

Q=CLi

BsEL1

CTsCT)

ET=ETI

DEN=DENI

™MeTMI

VO=sV3+0.0254¢¢3.0

GO T 106 t
105 WRITE ¢1,510) CAPI1,AQ,PO,RA,CL,LEL,LCT,ET,DEN, TM.FN
DEN=DEN/386.0886

™eTM/386.0886

G8 TO 106

101 vasaA

T=8

Cr=C

P10).141572653S

IF(IN?.EQ.1.0.,AND.ZNJ.EQ.1.0) GO T@ 98
IF(IN2.EQ.1.0.AND.ZN2.EQ.2.0) GO Td 9«
IF(IN2.2Q.2.0.AND.ZNJ.EQ.1.0) GG T3 92
JF(IN2.EQ.2.0.AND.2ZNJ.EQ.2.0) C? T@ 92

9% VRITE(1,898) CAP1,AQ,P3,RR,VA,TM,CT,FN

Ce T3 106

4C-21




TABLE 4C-2. (cont'd)

94 AQ1=40/0.02%4
PA1PR¢0.02%4¢0.02%4/74.4248222
RRi=RR/0.02%4
Vé1evV@/¢0.0254)09#3.0
™I (TM/14.5939)2(9.80665/0.3048)
Ct1=CT/0.02%4
WRITECL1,897) CAP1,CAPI,AQ,A3!1,P9,.POI.RR,RRI,VE,VII, TN, T™I,.CT,.CTI,
FN,FN
AsAD )
PRepgi
RR=RA1
Veevol
' TNeTM1/386.0886
' CtsCT!
G0 T8 106
93 AG1°AQ+0.0254
i "ltPloa.048222/0.025l/0-025‘
1 RRIsRR*0.0254
VQisVQ@e(0.02%a)¢2].0
T™MIeTMe(0.3048/9.80665)214.59)9
CTi=sCTe0.0254
B WVRITE(1,896) CAP1,CAPI,AB,AC|,P3,.PSI,RR,RRI1,VE,VB1,TH. ™!.CT.CTi,
‘ FNLFN )
Adepd )
PosP@)
RRsRR1
: Vasvel
i THeTHI
! Crt=CTI
. G TO 106
; 92 VRITE(1,895) CAPI1,A0,PO,.RR, V3, TM,.CT,.FN
' T™MeTH/386.0886
) 106 CONTINUE
! PERI®=2.0ePlvRR
: FFePl+s(RR-CT)2e2.0 .
! XXs TMeA2eAQ+(2.0/(CAPI-1.0))/(FFePO)
i THETASTMsAQe ((2.0/(CAPL~1.0))20.5)/(FFePO)
i CAP22CAPL/(CAPI-1.0)
: CAP3= (3.0¢CAP1-1.0)7(2.0CAPI)
! CAPa= (CAPIe1.0)/(2.0e(CAPL-1.0)
=PQe (TM+AJeAD)
! ::-::-zg:OI(CAPloI.0;)--CAPLc((2.0/(CAPl-l.O))OOO.S)OPERIOVGI(TF'FF)
X=0.0
Y(13=0.0
. Y(2320.0
' Y¢3)=1,0
' VRITE ¢1,322) X,YC1),.YC2),.Y(D)
- ) NA=)
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TABLE 4C-2, (cont'd)

FClleyY(R)
rcz’-n.o-vtaa-cl.o-v«za-v(z)/cA.Oov(:»--(n.o;capz))»--cnvz
F(J)'(-BIOCAPIIAIOY(I)OY(J)OCCAPJ-CAPIO\'(2)-‘((3))/( (CAP1=1.0)/72.00Al¢
Y¢1))

IF (FN1-1.0) 200,200,230

200 VRITE ¢1,320)

30 CALL RUNGE (NA,X,Y,F,AH,KA,V1,V¥2)

IF (KA-1) a0,50,40

%0 F(l)=Y(2)
F(2)-A.OOY(3)O(I.0-Y(2)0Y(2)I(0-00Y(3)00(1.OICAPZ)))-OCAPa
r(3)~(-Bl-CAPl/AloY(l)oY(J)--CAPS-CAPI-Ytz)ov(a))/((CAPl-l.O)/Z.OoAxo
Y1y

G To 0

a0 LF (FN1-1.0) a%,45,201

4% VRITE (1,312) X,Y(1),Y(2),F(2),Y(I)

201 CONTINUE

AisdJel

TTCJJ ) =X

G(JJ)n YLD

GG(JJIY(2)

GGG(JJIaF(2)

PSCJJ)IeY (D)

IF (X-XMAX) al1,10,10

al CINTINUE

Gs To 20

10 CONTINLUE

IF ¢(FN2-1.0) 130,130,131

g et fov oene onigDiAL PAGE
Ge To 110 OF POOR QU

109 VRITE(!,912)

110 D@ 107 I=1,J4J
TISTHETACTT(1)

Gle (XXeG(1))/2.0
&'(XX/(z.O-THETA))OGG(H
GI*XX/ (2. 06 THETASTHETA) GGG (1)
GasP@eP5S(1)

107 YRITEC]1,312) T1,61.62,G63,064
131 FTIsTHETAsX
FGls(XXeY(C1)3/2.0

FG2e (XX/7(2.0¢THETA) YaY(2)
FGIaXX/ (2.0 THETASTHETA)eF (22
FGAPA=Y (D)

IF(IN3-1.0) 111,110,102 ,

111 VRITEC1,913) FTI,FGI1,FG2,FGI,FGA
Ge T2 112 '

112 VRITE(1,914) FTI,FG1,FG2,FGI,FG4
113 CONTINUE

" (FNJ-I-O) 20“:20‘)205

204 CeNTINUE

208 CaNTINUE

END

[ ]
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TABLE 4C-2. (cont'd) l

READ IN KAPPA, SQUND SPEED, INITIAL PRESSURE
1.67.6880.,%00.

.Rtkb IN CYLINDER RADIUS
«0

tF PARAMETERS ARE:
CYL. LENGTH, END LENGTH, CYL. THICK., END THICK., WALL DENS..
ENTER |

VOLUME, MASS OF RESERVOIR, CYL. THICX..
ENTER 2

READ IN VALUES
00006001000‘20000‘2400 ‘622

. INPUT UNITS? Slsl ENGL1SHe2
2

OUTPUT UNITS? Slel ENGLISHe2
1

READ IN NO. OF FRAGMENTS(2.), DISCHARGE COEF.
2e0te

READ IN TIME INTERVAL, MAXIMUM TIME
0.4,1.7

DISPLAY NONDIMENS1ONAL DYNAMIC VAR.? YESel NQs2
!

DISPLAY DIMENSIENAL DYNAMIC VAR.? YESel NOs2
1 .

MAXE RANGE CALCULATI@N? YESe| N@s=2
2

4T -?74
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TABLE 4C-2. (cont'd) DRIGINAL PAGE IS

-
{

OF POOR QUALITY
1] . e
SR S U6 S,
¢
£ ENGLISH INPUT/S1 @UTPUT
v
f 1TEM ENGLISH UNITS $1 UNITS
\
i KAPPA «1670E40) +1670E01
; SOUND SPEED  .6880E+04 IN/SEC L174BE+03 M/SEC
! PRESSURE +8000E+03 PS! +3487E+07 PASCALS
i RADIUS «6000E+01 1IN «1524E£+400 METERS
f CYL. LENGTH .00N0E+0i IN +0000E+0l METERS
} END LENGTK .6000E+01 IN «1524E+00 METERS
1 CYL. THICK. +1200E-01 IN +3048E-03 METERS
! ENDC THICK.» +1200E-01 IN «3048E-03 METERS
' VALL DENSITY .1622E+00 LBF/CU IN +Qa90E+0Q KG/CU M
! RESERVOIR MASS .8783E+00 LBF . +J986E+00 KG
: NO. OF FRAGS  +2000E¢0! +2000£+01
]
¥
: INITIAL CONDITIONS
! X(0>e +0000E+01 6¢0)s »0000E+01 'G'(0)= +0000E+01 P-N@RN= +1000£+01
. ' CHARAC.ERISTICS OF MGTIAN OF FRAGMENTS (NORMALIZED)

T~-NORM G G G P-NORM

+ J000E+00 +1960E-01 .J843E+00 .ISSOE+O01 .976SE+00
} «2000E+¢00 ,T7ARJ4E-01! .694JE+00 .2619E+01 .9138E«00
: +3000E«00 .1554E+00 9!I16E+Q0 17612401 .8203E+00
! +4000E+00 .,2S4AJE+00 .1058E+01 11SIE«O01l .7388E+00
- +S000E+00 .J648E+00 .1149E+01 +7525E+00 «6516E¢00
. +6000E+00 .ABJIIE+00 .1215Z+01 .4992E«00 .S720E«0Q0
. +7000E+00 .6063E+00 1251E+¢01 +3277E+00 .SOI1SE+Q0
! +B8000E+00 .7329E+00 .1278BE+0]l 217IE+00 .4a)98E+00
. +9000E+00 .E61TE+00 .1296E+01 ,14GJIE«Q0 .)B864E+00
i +1000E+21 ,9919E+00 ,1J08E+01 .9J16E=01 +JAa02E-00
' eU100Ee0]l ,112JE+01 +1J1SE+0] +5936E-01 +J00IE+Q0
. ¢ 1200E+401 .12S5ZE+0! J1320E+01 +J65BE-01 .2658E+00
s JJO0EO! .1387Z¢0) (1323E+0)1 +214JE-01 .2359E«00
¢ JA00E+O! .1SICE+0l .1324E+01 +116JE-0l +2099E+00
s 1S00E01 ,1652E+01 +1J2SE«Q! .S591E-02 .187JE«00
«1600E+01 .178AE+01 .1J26E+0] +2174E-02 .167SE+00
o1 700E+01 1917TE+0] .1J26E+0] +5397E-0) +1502E+00
¢1B00Z+01 ,20S0E«O01 .1326E+01 .2697E-04 1J50E«00

.‘l'
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TABLE 4C-2,

(concl'd)

CHARACTERISTICS OF MOTION OF FRAGMENTS (S! UNITS)

TINE

+AB0AE-04
«9607E-04
+lAQIE-0)
«1921E-0)
+8402€-0)
*+8882E-03
*JJ6IE-0D
«JBAJE-0)
+d323E-0)
+4804E-03
+S284E~0)
+ST6RE-0)
+6243E-02
+«8T725E-02
+7208E-02
e 7686£-02
+8166E-02
«864°7-02

D1ST.

«14a21E-02
«$391E-02
«13127E-01
«1844E-01
«2646£-91
«J3S0JE-0!
0‘3912'01
«S$IISE-O!
«6249E-01
«T19JE-01
«8134E~-01
«9100E~0OI
+1006E+00
«1102E+00
«1198E400
«12945+00
«1J90E-00
«1486E«00

s . s VALUES
TIME= .8647E-03 SEC

DISTANCE=
VELECITY=>

*STAPs

«1486E+00

VEL.

+5804E+02
«10QB8E+02
e 13JT6E+0)
«1593E4+0)
«1735E+0Q3
«1828E«03
«18B9E«0]
«1930E+02
«1956E+01
«1974E+03
«19855+0)
¢« 19923E+0)]
e1997E+03
« 19992401
«2001E+0)
«2001E+403
«2001E+0)
«2001E«02

METERS

»2001E+03 M/SEC
ACCELERATIQMN= .8476E+01 M/5Q-5SEC
PRESSURL* .4955E¢06 PASCALS

(SMAINS )205+1

*

ACCEZL.

«1118E+07
«82J0E+06
«553JE+06
«J618E+06
«2J6SE+06
+1556E+06
+«1030E+06
«6B21E+0S
«R497E+0S
«2928E+05
«1B66E+0S
«1150E+08
06735500‘
«J655E404
+58J1E+03
+1696E400
«BuT6E0!

PRESSURE

eJIGTE+QT
+3150E+07
«28S9E+07
«2547E+07
0 2246E+07
o 1972C+07
¢ 1 T29E+07
e1516E«07
«1332E4+07
¢i1TIE07
«103S5E+07
eF162E+06
«8132E+06
+T2I6E+06
«6456E+06
«eSTT15%404%
«51792+06
+U4655E+06




The matrix of different initial conditions run on the computer is
given in Table 4C-3, For these calculations, the coatainment vesscl

‘walchosen to be made of a titanium alloy since thesc alloys arc often

uscd for {light-weighi containment vesscls. Gases chosen were air,
xcnon (Xe), hydrogen (HZ). and carbon dioxide (CO;,). Table 4C-4 con-
tains nondimensionalizced input parametcers and nondimensionalized final
velocitics., It should be noted that these nondimensional quantities are
not the same as the dimensionless parameters generated in the program
to calculate velocity., Rather, the rondimensional parameters in

Table 4C-4 take the following form:

{1) Nondimensional pressure P = initizl pressure/atmos-
pheric pressure

{2) Nondimensional thickness h/D = cvlinder thickness/
cylinder diameter

(3) Nondimensional length L/D = total length/cylinder
diameter

(4) Nondimensional velocity v o= final velocity/sound speed
of gas,

For all of the cases run, the following conditions hold:

(1) All vessels were assumad to be made of titanium or a
titanium alloy.

(2) The thickness of the containment vessel is uniform,
(3) All containment vessels have hemispherical endcaps.

Figures 4C-3 through 4C-5 contain plots of V versus P for h/d ratios
of 0,001, 0.01and 0.1, respectively, the L/D ratio being held constant
at 10.0 and as many as three curves, one for each of the gases (CO-,
air, il;), being plotted on each figure. Figures 4-18 through 4-20 con-
tain plots of V versus P for air, carbon dioxide and hydrogern gases,
respectively, the L/D ratio being held constant at 10. 0 ar.d as many as
thrce curves, onec for each h/D ratis (0,001, 0,01, and 0. l) being plotted
on a single figure. Figure 4-21 contains a plot of V versus L/D ratio
for air and a h/D ratio of 0. 0l. Two curves arc plotted or tLhis figure,
one for cach of two different initial gas pressurecs.

From the curves in the figures mentioned above, one can make 2
few conclusions,

e g e i e
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_ TABLE 4C-3
L INITIAL CONDITIONS !
Containment Vessel Characteristics Sonic Velacities
R - {.901n Air - 1355011 /sec 344, 0T/ s
5y = 0.16221bf/in3 Xe - 6880in/scc - 174,752/«
N = 2. HZ - 50000in/3¢c - 1270 m/y
k = 1.0 COZ- 10150 in/s¢c - 257. 81 mi/x
Run ayuo Pgoo CL EL cr kT
No. L/'D Gas Y (in/sec) (psi) ~(in) (in) h/D {in) {in}
1 1.0 Air 1.4 13550 500 0.0 6.0 0. 001 0.012 0.0]2
2 | 60600 ' ' | i
3 500 0,0! .12 o, 12
4 | 60000 ¥ | I
5 | 500 0.1 1.2 1.2
b ) ] / 60000 P | }
7 Xe 1.67 6880 500 0. 00! 0.0)2 0.0)2
8 ‘ 60000 I " ¢
9 500 0.0 0.12 0,12,
10 I 60000 | [’ D .
1] ! 500 i 0.1 1.2 | I
12 . i ¥ 60000 v ¥ ¥ ' v
13 2.5 Air 1.4 13550 500 18.0 6.0 0,01 0. 12 012
14 ! V v 60000 ) V 1) v
15 5.0 Air 1.4 13550 500 48'.0 6.0 0.0] 0.12 0,412
16 ! / ¥ ' 60000 | ) v :
17 7.5 Air 1.4 13559 500 78. 0 6.0 0.0] 0.12 0,12
18 v ¥ Y 60000 v | v v i
19 10.0 Air 1.4 13550 S00 108.0 6.0 0.00) 0,012 0.0
20 1 2000 .
2 ' l 8006 I ,
22 25000 '
23 I 695000 v
24 I 500 0.0} 0,12 0,12
25 2000 |
26 } 8000 , : ;
27 | 25000 | :
| - ,
28 v v 60000 v 4 v v v

4C-28
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Nt e - -

Run

29
30
3
32
33
34
35
36
37
38
39
40
41
42
43
44

45

18
49
30
51
52
53
54
35
26
37
58

'
co;

TABLE 4C-3.

300
{in/sec)

1.4

||

1.225

13550

1
1
£0000

Poo

(psi)

500
2000
8000

22000
60000

500
2000
8000

25C00
60000

500
2000
8000

25000
60000

500
2000
8000

25000
60000

500
2000
8000

25000
60000
5J0
2000
8uno
25000
60000

(Cont'd)

CL EL CT T
_(in) {in) h/D (in) {in)
108.0 6.0 0.1 1.2 1.2

: z
: |
! ; :
' ‘ J '
0. 001} 0.012 0.0]2
: .
i |
: i
! |
i ’ \
i 0.01 0.12  0.12
I :
1
! I [} 1
l . 000 1.2 1.2
] [ .
| \ .
; 0.001 0.012 0.312
| 1
| !
|
k) ¢ Y
(S | 1.2 1.2
]
i
|
!

4C .29
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" TABLE 4C-4. NONDIMENSIONAL INPUT PARAMETERS K
AND NONDIMENSIONAL VELOCITY

Nondim, Nondu:,
Run Pressure Velogity Velocity
No. L'D Gas ~ {Pgg/ At ) h/D IV agg) (i /aegs
j 1.0 Air 1.4 34.01 0. 0ol 0,95)0 3127.6
2 i 4041.63 i 1.4666 6356.2
3 | 34.01 0. 01 n.3094 106. 2
4 i 4081.63 . 1.5841 342.2
5 . 34.01 0.) n.0527 1.3
6 . i 404).63 . 0. 8406 287,3
7 Ne 1.67 34.01 0. 001 ). 1451 200,
3 ! 4081.63 ; 1.6337 285.3
9 ! 34.0) 0.01 0.5734 1002
) 19 : i $0H1.63 . 14918 260, 7
.- 11 ! 34,01 0. 0,154 2008
12 , , . $081.63 \ 1.0787 181, 3
13 2.5 Air 1.4 34.01 0.0} 0.267Y 22,20
. 14 i i . 4231.63 ’ HAER A S47.5
PN 15 5.0 Air 1.4 34,01 0.0} 0.,2233 TTed:
16 | ‘ ' 4081.63 . 1.5611 537.3
17 7.5 Air 1.4 34. 0] 0.01 0.2014 67,130
~ 18 ) i i 4081.63 , 1.5344 523,
T 19 10.0 Air 1.4 34.01 0. 001 0. 7284 250.7
20 l l 136,905 1.2128 417.4
21 544.22 1.5870 546.2
22 ! | 1700. 68 ). 788) 613. 4
23 ! i 4081.63 . 1.9005 654. 1
e 24 | i ! 34.01 0.01 0. 1851 63. 72
25 : | 136. 05 - 0.4373 1505
26 : ! 544.22 0.8792 302.¢
\ 27 | 1700. 68 1.2703 437.2
. 28 ‘ 4051,63 \ 1.5129 520.7
29 . _ 34.01 0.1 n.,0292 10. 93
30 : 136.05 i 0.073] 25,16
Lo ; : 544,22 : n. 1812 62.37
. 32 1700, 68 , 0.3713 127.8
) 33 40K1.63 0.6102 210.0
. + . 1]
e
. .

4C-30
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34

35

‘;‘)

37

I8

k3

40

i

42

43

44

45

‘I' . 46
47
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- L S0
5
52
53
54
55
i 56
57
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. TADRLE 4C-4., (Cont'd)

Nondim. Nondim,
Presxsure Veloeity Velocity
1./1) Gas y (P,,/1 Atm, ) h/ D {Viigyg) (m/sec)
10.0 1E) 1.4 34. 01 0.00} 0, 156 198, 2
| i 136. 05 { 0.3739 4748
| 544.22 | 0, 7847 996.6
| 1700, 68 ; 1. 1850 1508,
| 1081.63 ; ). 4457 1436.
i 34.01 0. 01 0.0333 42.35
: 136.05 i 0. 0833 105.8
| ! 544.22 : 0.2054 260.8
' 1700. 68 0.4159 528.2
' ! 4081.63 . 0.6712 852. 4
| ! 34,01 0.1 0.0052 6.550
i 136,05 0.0130 16. 46
: 544.22 n.0325 41.30
1700. 64 0. 069 87.74
y . 4081.63 . 0.1228 156.0
cOn 1.225 34.01 0,00} 1. 0081 259.9
i 136.05 1.5550 00,9
! | | 544,22 1.9600 505.3
i | | 1700. 64 2. 1958 566. 1
| | 4081,63 . 2.3339 601.7
: | ! 34,01 0.) 0. 0440 11.35
! - I 136. 05 ; n. 1100 28.137
! ' : 544,22 0.2711 69.90
1700.68 0, 5446 140. 4
4081.63 ! 0.8627 222. 4

4C - 31
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In all cases, fragment velocity increascs as initial
pressure increascs, but at a decreasing rate.

Fragmeuent velocities from vessels containing the heavier
gases (and the lower sonic velocities) are higher than that
for the lighter gases (and the higher sonic velocities) for
the same initial pressure, L/D ratio and h/D ratio. The
rate of change in velocity with increasing pressure, how-
cver, is greater for the lighter gases, and all the curves
plotted appcar to approach an asymptotic limit for a

fixed h/D ratio (Figures 4C-3 through 4C-5).

Fragment velocities for thin-walled vesscls (low h/D
ratios) are higher than those for thick-walled vessels
(high h/D ratios), for the same initial pressure, L/D
ratio and gas. The rate of change in velocity with in-
creasing pressure, however, is greater for the thick-
walled vessels, and all the curves plotted appear to
approach an asymptotic limit for a fixed gas (Figures
4-18 through 4.29),

For a fixed initial pressure, fragment velocitics decrcasa>
with increasing L/D ratios, For higher iniiial precssures,
however, the rate of decrease in the fragment velocity
with increasing L/D ratios decreases (Figurc 4-21),
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APPENDIN-FV. D oo- . ~-

ESTIMATION OF VELOCITLHES ATTTANED Y
ADPPURTENANCES SUIMECTED 7O
BELAST LOADING

The situation discussed here involves the interaction ol appurte-
nances {nearby objects) with the blast wave from propellant or pressure
vessel explosions. These abjects can be parts of the launch tower, stor-
ape tanks, vehicles, and objects in or attached to the upper stages of the
launch vehicle itself, or they can be tools, benches, chairs, and machinery
in a shop arca. The types of appurtenances depend upon the location of the
explosion, and, for this reason, results in this appendix are presented in
such v manner that velocities of essentially any conceivable appurtenance
in the blast ficld can be calculated.

T'a be able to predict velocities to which appurtenances are accel-
crated by explosions, one must consider the interaction of biast waves with
sotid objects,  Figure 4D-l“) shows schematically, in three stages, the
interaction of a blast wave with an irregular object, As the wave strikes
the object, a pertionas reflected {rom the front face, and the remainder
ditfracts around the object. In the diffraction process, the incident wave
tront closes in behind the object, pgreatly weakened Incally, and a pair of
trailing vertices is formed, Rarefaction waves sweep across the {ront face,
attenuating the initial reflected blast pressure. Ater passaue of the {ront,
the body is immersed in a time-varying flow field. Maximum pressure on
the front face during this "drag' phase of loading is the staguatinn pressure,

To pruedict the elfect ol a blast wave on an appurtenance, it 1s neces-
sary to exarmine the net transverse pressure on the object as a tunction of
Ve, CThis loading, somewhat idealized, is shown in Figure 4D-2. After
tine ol arrival 15, the net transverse pressure rises lincarly from zero
too maxnnnn peak reflected pressure Pooan time (1 |- t4). For anobject
weth i flat face nearcst the approaching blast wave, this time inter-~al s
zero, Pressure then falls lincarly to drag pressure an time (TZ - Tl) and
decays thore slowly 1o zero ji time ('I'-‘ - T.’_)'

Ounce the time history of net transverse pressure loading 18 known,
the prediction ol appurtenance velocity can be made. The basic assump-
tions are that the appurtenance behaves as a rmigid body, that none of the
encrpy in the blast wave is absorbed in breaking the appurtenance loose
from ats moorines or deforming it elastically or plastically, and that
uravity ¢ffects can be junored during this acceleration phase aof the motion,
The equation ot motion of the nbiect is then




Figure 4D-1. Interaction of Blast Wave with
Irregular Object

Pressure

1 2
l(t)=CDq(t)=CD' 3P

Ti
ta 1‘2\ 'r3 ime

Figure 4D-2, Time History of Net Transverse Pressure on
Object During Passave of Blast Wave
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.\
! wherc
. A~ arca uf the object presented to the blast front
;
: p(t) = net transverse pressure according to Figure 4D-2
v M = total mass of the object
x = displace: -t of the object (dots denofce derivatives
with reg: * (0 time)
The object is assumed to be at rest initially, so that
x(0) = 0, x{0) = 0 (4D-2)
Figuation {(4D-1!) can be integrated directly. With usce of the inihiial condi-
tions, Equation {4D2-2), this operation yields, for appurtenance velocity,
-1
TR A
x(T.) = = t = = 4D-3
() x ( 3) M J p{t)dt MId (4D-3)
i 0
where
1 = total dray and diffraction impulse

q

The integration in Equation (4D-3) can be performed explicitly ii the pres-
sure time history is described by suitable mathematizal functions, or per-
formed graphically or numericells if p(t) cannnt be easily v ritten in fnnc-
tion form. 1In either case, Fquation (4D-3) yields the desired result--a
predicted velocity for an object. The intepral 1n Equation (4D-3) is mierely
the area under the curve 1n Figure 4D-2.

The time history of drag pressure is the modified exponential with
maxinum piven by

|
D pz o (4D-4)

where




i
I'
|
i
'
|
K}

CD = steady-state drag coefficient"fsr the objett  —- !
Q = peak dynamic overpressure

Py 7 peak density

u = peak particle velocity

The characteristics of the diffraction phase o/ the loading can be deter-
mined easily if the peak side-on overpressure P, or the shack velocity u
is known , together with the shape anu sume cliaracteristic dimensions of
the object. The pcak ampiitude of the drag phase CpQ can also be deter-
mined explicitly from Pg or u,. The time history of the ¢nsuinu dray
loading Cpqlt}, however, is quite difficult to predict accurately for pro-
pellant blasts or blasts from gas vessel explosiors,

Side-on overpressure is often expressed as a function of time by
the modified Friedlander equation, (2)

\ /1 -ty -bt/T
plt) = Pl T )e (4D-4)
where
T = duration of the positive phase of the blast wave
Integrating this equation gives the impulse
;T ' -b
i H 1 - \
fe ) pwma - BL G, (oo (4D-1)
7y b P b J
The dimensionless parameter b is called the time constant, 1s a4 tunciion

of shock strength, and is reported in Chapter 6 of Refercnce 20 1k plotted
graphically in Figure 4D-3 for a range of shock strenpths, P, vhere

- P
P = - (4D-7)
P

[}

and pg is ambient air pressure, Ambient air pressure p, vares wath ali-
tude as shown in Yigure 3-9.  The peak reflected overpressure P and
peak dynanne pressure O are unique functions of P2 tor i miven ambneng

pressure p,. For shouns of intermemate 1o weak strencths, P - 3046

. these tunctions aro("")
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P -a2p+ 2L (4D-8) '
, 4
and
=2
- 5% P .
Q—'_5)7+i3 (4D-)
where
P
P --f g-% (4D 10)
r po PO

For the time history nf{ drag pressure, a good (it to experimental data for
TNT is a slightly modifi~d form of that employed by Glasstone, (3)

<

- -bt/r
® o =@ byt

In order to estimate values for the time intervals shown in Figure
4D-2, it is necessary to obtain_the shock front velocity U. This is a unique
function of the snock strength P and, for P < 3,5, is given by(2)

(4D-11)

— 6 P
LS (4D-1.)
=

for

U - Ua (4D-13)

0

whure

a - ospecd ol sound an air

(3]

The manner in which a,) varies with altitude is shown in Figure 3D-2, For
shock strenpths P ourcater than 3.5, P, Q and U for kEquations (4D-8),
(4D-9), and (4D-12), respectively, can be approximnated from tables in
Chapter 6 of Reference 2. jvethods for estimating (TI -t )and (’1‘2 - Tl)

arc given by Norris, et al, (4) and depend on the shock front velocity piven
above and the geometry of the appurtenance. The lirst time interval can
Lbe acquired trom
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where X s the distance from the front of the abject 1o the plane facing the
approaching blast wave which has the larpest cross-sectional area. The
lattere time interval can be determined from

(v, 4_“'_' (4D-15)

lor appurtenances on the pround and

2h

('1'2 - Tl) ST (4D-1b)

(or appurtenances in the air, where 1l is the minitum transverse dimen-
sion of the largest mean presented arca. Time interval 7y - ta) is equiva-
lent to T and can be acquired by rearranging Equation (4D-u) civing

® T

[ (4D-17)
(- u-l)

Por - =
1}

The intepral in Equation (4D-3) is just the arca under the curve in
Figure 4D-2. Using the law of similar triangles, 1ime interval (T' - 1)
(see Fivure 4D-2) can be obtained (rom

(T, -T,)  CLalT,) -
@, =T P =

i r

Solving Equation (4D-18) for Tl )

c .
. M)
e v |
P t
v _ (ID-19)
C I
! Cpathy)

l)

-

r

The (total area under the curve in Figure 4D-2 is then
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where 3, P U} represents the triangle with vertices ., Pooand 1, and

AN Z[CDq('l 2) T represents the triangle with ve l‘ll(‘t.s '2 v Cpyalt ), and
Ty. The integral in Equition (4D-20) can be solved by substituting b -
tion (4D-11) for q(t). Making sumilar substitutions and solving the inte.
zral, Equation (4D-20) becomes

Pr(ll -1 )

1y
g © 3
1 ]
. | 2 v
B oY 172 L R BT R AP S
I T oL T Lo g R
1 |
2 4
c.Q T b1 /T
L P (T, - T,) .
z T ' PR (4D.21)

After substituting appropriate values for the variables and cevaluating 1the
iniddle portion of Fquation (4D-21) over thz time interval T, to 1", 1ol
drag and diffraction impulee Id can be determined. Substituting total jon-
pulse I4q, the mean presented area A and total mass M of the object ino
Equation (4D-3), the maximum elocity o1 the appurtcnance can Le found,

Surcly, this is a needlessly long procedure 1o tollow every Tine ay
cstimate of appurtenance velocity is required. Inorder to sunplily 1he
veloeity calvulation, Fauation (FD-3) can be pat aato noodimc isynoal coen,
This was done by substitaling known environniental variahles ima Fgoo
toons (AD-3) and (AD-21) and rearranging termns, Alter perfovonag atl o
the sihstitctions, 4 tremendously oo equation evolves, which “cduces 1,

the simple tunctional format

N Va P CcC..1 a '
o s Ds o ! .
—— — ) ————— (+-22)
P AR+ X) " P (KIl + X)
¥ [h] S
Wi re
40-K




M = mass of object

V = velocity of object

a = velocity ~f sound in air coTTTTITmr oot
po = atmospheric pressure

A = mean presented area of object

K = constant (4 if appurtenance is on the grourd and 2 if

appurtenance is in air)

H = minimum transverse dimension at location of largest
presented area of cbject

X = distance from the frent of object to location of largest
cross-sectional area

P' = peak incident overprezsure
CD = drag coefficient
1 = peak incident specific impulse

The manner in which p, and a, vary with altitude is shown in Figures 3.0
and 3D-2, respectively, Representative values for drag coefficient Cp can
be found in Figure 4D-4. Equation (4D-22) states that nondimensional appur-
tenance velocity is a function of nondimensionai pregsure and nondimensional
impulse. A computer program was written {0 determine combinations of
nondimensional pressures and impulses required to produce various non-
dimensional velocities. A graphical representation of the nondimeusional
pressure Py and nondimensionul impulse 'I-' combinations producing vari-
ous values of nondimensional velocity V is shown in Figure 4D-5. Objects
of various sizes and shapes, as shown in the key for symbols, were used

as input into the program to test the nondimensional scaling law, As ex-
pected, all calculated points were near the appropriate nondimensional
velocity curves. Thus, Figure 4D-5 can be used to calculate the velocity

of any type of appurtenance. Care should be taken when interpolating be-
tween curves and extending curves. Estimates made by extending the curves
to lower nondimensional impuises are especially hazardous. An example

for calculating appurtenance velocity follows.




- SHAPE SKETCH Ch
i

Right Circular Cylinder 1,20

(long rod), side-on B . .-
Sphere 0,47
iRod, ¢end-on 0.82

- [

Diec, face-on 1.7
 1he, farc-on 1.95
Cube, cdge-on 0.5%0
Long Rectang t'ar Member, 2.05

{rce-on
I.ang Rectan>-lar M:mber, 1.55%

cdge-cn
larrow Strip. face-on 1.98

[]

Figure 4D-4. Drag Coef{icients, CI)' for Various Shapes
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i Example !

Suppose a square cement block is subjected to an exnvlosion. Al the
block it was determined that

P, = 1.0 x lO5 Pa (14.5 psi)

I. = 1.9« 104 Pa.-s (2.756 psi-sec)
The explosion occurs at sea level, Therefore,
P, ° 1.0135 ¥ 105 Pa
ao = 340 m/s (1115 ft/sec)
The block has characteristics { see Equation (4D-22)])
X = Om
H = 2.5m(8.21t)
c.= 1,05

® i
!

A 25 m? (269 ft°)

2.8 x 10° kg (6.17 ¥ 10° b_)

M
Since the appurtenance is on the ground,
K = 4

Nondimensional pressure P is then

Py 1.0 x 10° Pa

®s  1.0135 x 10° Pa

P = 0.99
8

Nondimensional impulse .I_s is

Y = CD!sao _
s P'(KH +X) 7

(1. 05) (1.9 x 10 (340)

(1.0 ¥ 105) ((4)(2.5) +(0))




I = 6.8

N\ . S

l.ocating the paint (Pq. ls) on Figure 4D-5, one can find that it lics very
near the 5,0 nondimensional velocity Vo curve, Choosing V. egaal to 5.0,
appurtenance velocity can be calculated as follows:

R o LR S

MVa
()

P, A (KH ¥ X) 5.0

(5.0)p_A (KH +X)

Vo= Ma
o]
Y 2 )
v o (5:0)(1.0:13x10° Pa)(26 mT){(4)(2.5 m) + (0):
(2.8 ¥ 10° kg) (340 m/s)
V =z 1.33m/s (4,306 ft/sec)

The listing of variables and list of the computer program follow.

COMPUTER PROGRAM ENTITLED /NDAPVE/
IN FORTRANIV

Function:

This program computes nondimensional appurtenance velocities
for various nondimensional pressures and nondimensional impulses.
Input data are:

(A) Nondimensional values for calculations

(PB, BB) Ordered pzirs of nondimensional
peak incident overpressurec P

and dimensgionless time constant
b.

({PBB,UB,QB, PRB) Ordered quadraplets of non-
dimensional vaiues of incident
overpressure P, shock front
velocity U, dynamic pressure

£ Q. and reflected pressure P .




(NDV) Nondimensional velocity values,
(E) Blast wave characteristics
PM Peak incident overpressure - S e
{PID) _ Specific impulse
{C) Ambient conditiuns
(po? Atmospheric pressure p_
taom!? Speed of sound a_
{D) Appurtenance characteristics
(X) Distance X from front of object
to location of largest cross-
sectional area.
-
(H) Minimum transverse distance
H of the mean presented area
‘ of the appurtenance.
(CD) Drag coefficient CD
(A) Mean presented area A
(TM) Mass M of appartenance
Variables:

The definition and units of the variables in this propram are given
in the following table.




TABLE 4D-1. DEFINITION OF PROGRAM VARIABLES
FOR APRPURTENANCE PROGRAM

Program

Varable Variable Denmitian
it P rondimensional pressgre tor calculating 1y
) b dinensionleas titme constant h
PAR | 3 nondimensiondl prak incident preasure for
calculating u, Q. P
r
UR u nondimensional shock frant velocity
Qn Q rordin.ensional peak dvnamic pressure
PRR P rond:Mmensional peak retlecied pressyre
3
h'$o 2% v nondimersioral velacity for internat
calculatiory
(1) l" peak incident averpressure vaiues
Pry 1 inc tdent specitic 1ntpulse values
»
oIt p atmiospheric pressare values
i)
AQ((D 3 apeed ot sound values
]
X X distance Jrom front of aliedt th latarian
larpgest nieuan presented area
H ! noanimutns transverse distance o! ivan
proesented area of appurtenance
(@Y «, drav coethicien:
i
A A mearn prescnted area
™ MM nass ol appurtenance
%} - number ol p,,. 4, input combiratiung
\ - nutber of P{I) weput values
R - - namhber of PH({I) input valurs
S rurtber af NDVID) input ~alues
PUAR 1 nondimensinnal peak incident pressure {or
a particalar iteration
H v, 3 total duration o hlast wane
Do eR P nondirsensioral prak retlectied presssire
r

1or a particular tteration
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Program
Variable Varabhle
QBAR Q
UHBAR v
PR P
r
Q Q
v |8
T 1 Tl
Y Ty
Q7 ? alT,)
coo ..
H 1
!
AR ..
AC L .-
MNP .-
\,' - - -
N AT !
[\
Ny

NIV k)

TARBLLE 4D-1. (CONT'D)

Detimition

nondimensional dynamic pressure for
a particular iteration

nondimensional shock {ront velocity for
2 particular itcration

peak rellected pressure
peak dvnamic pressure
shock 1ront velocity

time caorresponding 1o occurrence ol
prtak retlected pressure

time corresponding to secord interaction of
dufeacied and dra: phase o! loading: curves

dinarmic pressure at time T
2
T

ntermediate caleslathion tor

i e at which ditracted phase a1 loading
19 T

intern.cdiate calcutation inr 1
rtorrediate calcalanier tor |
ntern ediate caic1latior 'or |
ntere cdiate calcalation tor |

1te s cdoate catealation tar ]

e g il - tnr ]

inters cdiate calcslation tar ]

D

caicalatiar e smregral !

D
calivlared appurtenance weingat

caloulated sondin ensyonal elogity 4

Ioarears calvalated Voas tar crons anpLt

2 rreans ¢l it ad Vs s orapur N

nits
UL




TAW {41y 0, (CONCL'D)

. Yrop ram
' varieble Variaule Renngon Luits,

NNNDYIM, )Y f'hal ealulated v
' XX 3M, S, L) f1aal ¢ ol ulsing V' mis
[RELY] 2T T 9% P peahk sni den’ prassure Inr & pariiculer finel
calruisted V ard input Laiuwe Fa
PHI(M, I, L) i eperiite \inpulse lur particular iinal calculsted
! and inpul vaiuey Pa's
OO, 1, 1) R stmuapherie prevsure Pa
ADO(M, 1,10 a oned o A} T
Yisy, Lt r' mmdmunu:.nnl pressure for particular
roltulsird V' and \np parernimters
, XIS, 11 i nondimensinnsl impvise tur perticuiar
. oy coloylated Vo oand cnpal peranciers
VHANXO . subircriting variable used to calinlate Vs e
1"rAUX .- sulirouting variehile uewd 1o L aloulate |, ‘o
priy . subrautine variahle ubed {1 caiiulgte
(PP ¥ I
[4
ey . _o_uw_l_-u'mo carisble used tu coliulete
S5 I | '

$oohviararn o Dinate of calrulaty. e
NNLDY e KXY v L] 0 indiceiee l'. LA Y]
AN F AR & SN IR O TR T IY O YN T ) 12 L | l:.r'!’)

IR e VU it sres pnpt ST yroaive than mamitnun - gl ulated v

NN andiate s anput N e lene than meangnun csloulated

B
. NMI "A:ﬁﬂ
\JI
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PRUGRAM NDAPVE IATAL) oPTa} FIN 4 ,207%32%

4D-18

2 XsXakaXaXaXaXaksal

FeYaXoXaXnNataXetakaXaKaXaNalaXaNaXalal

. PROGRAM NDAPVE(INPUT,DUTPUT)

379

ie

I1H]S PROGRAV NETERMINES THE COMRINATIONS CF ADVIIMENS Dhial

QUENTITIES ~HICH AlLL PRODLCE 4 SPFCIFIED SOAOI™#™SI0-.2L viaLut

MOy (MONCTIME: SITSAL VELCCITY) ¢OW VAWIOUS 8PPURTELWNCES,

APPURTELANCE VELOGCTITY,

NIvERSIAS PREIN),BO(INY, PHE(S5),UR(S) RA(S)PHR(G),PI(Y],20(),
IP(50),PIien), PR (e, ,80),PRT1(20,+,50),B00(2C,%,50)sall(2,000]),

2XN(CTa% SN )oY (PN, %, 50) ¢ XTALL;, 52T 3(2N0,%,57)

IATLGER G,W,S5,v,FIND

WEAL JOWEL, DV (E0) M0V (80), 1 DvLan, ,5N)

PELD IMN CURVES FOR PRAR vS, h a4D

FHAR VS, UHAK,Gd2R,PRIRRA

PO = ATYPSHRER]C PRESSURE

A0 = SPEED CFf SCUKD

G, 1 = ORJECT m &1R

2 > 0edtl1 G GRUUND

P z puEJSURE oL ) ,

Py s IvPLLSE fapRulnd
X £ OIST, FWCM FROMT OF OBJECY TO LOCATION OF LARCGEST MEan

C e Dbt AREA

Moz VINTvow TRANSVENSE (70 SWOCH wAVE OIWECTION) O0187AmC: 4
LOCAT|EN OF onlbST PEAN PRESENTED AREA

€N = OWAG CUefFICIENT

A4 = VEAN PRESELTED aKER

T = OkJECT Vi8S

AT3 = vELOCITY OF APHURTENANCE

ofv = CONSTALT VALUE FOR TMelUaXT13/((POed)(SaMex))

3 ]

&€LD 0N, (PH(T), BUC(T),
KELE a0, (Pru(]),UB(])
RELD 12Nn,0

ar:o 10n, (FO(1),40(1)4133,9)
kLD 120,V

REan 1IN, {F(1),181,V)

KEAD j2N,R

PESAD 137, (P1(1),0%20,8)

Wt id 12n,9 .

RE22 98,0 01y, 121,8)

WEAD 10, X, N 00dTM
IF(X,th,n,00) GO 7O 323

en 11 M=), S

CO 1y Jsl,v

0C 11 L=,

07 10 K=1,V

[ B ERE-S1

FUHARZP(KY/PI(.))

CaLl PaWZ“H(r PR, PA,HN)
(A, 66, r)y 20 10 30

Tt )ev /(- ()0 ( 1l Nl () Nt XP(=11))/B)))
JE e A LT 0,0 G0 YO 309

Prlimds2 oot o0, NeP5taN 02,074 ,D

I=1,21)
,08(1),PBR(1),121,9)

-~ GINAL PAGE 18
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PRUGRAM 1DAPYVL AT A oPT=y FIN 4 209

309

n?

ne
309

—

CRAR=S,0/2 ,0ePRAR®eR2 0/ (7,0¢PHAR)
UBARZSLAT(1,0eb,NeFBIR/I 1)

6o YO 3n?

CaLL PLRUSP(PRAR,UBAR,0R48R,PHARR,PRB,UB,08,PBR)
1F(UuBLR G, 0,0) GO 10 30

PRzPHRNWSPO(Y))

A=CRLEPD ()

UsUBa«ed0(J)

11=x/0

1F(G,EC,1) GO TO 3CB

T2 NerH/UeT ]

tn Tu 3n9

1222,0Ger/UeT]

CONT ] LE

1F(12,07,T) GO 10 3¢

CT2zue ()1, NetP/T)ae2 DeEXP(wbaT2/T)
CON=CsT2/PR
TLE(T12-CDReT1)/(},0~C0Q}
APR=PPeTL/2,0
4CDO=CPeCT2e(TL=T2) /2,0
Rl2(l ,N/k)e(P,0/h*e2,0)el D
EXPTIZ{NoQeaTefXP(=Li)/B
YIYE132) ,0e2,N/H
LXPTP=CDeRaTelXP(=B012/7)/H
TIVET22 (P NeT2/T)=(2,0012/(Hal))o(TP/T)ere, 0
JGRALS(EXPTIC(TIVETI+RL) e (LXPT2a(TIVET2+8)))
ATI(x)=L/Tve(APReICHAL=ACDQ)
KDV(R)STEedD(JINATSI(R)/((¥C(G)0b)n(GereX))
IF(ABS{(r DV(N)aRADV(K))/ZNDV(M) ), LE,D,008) GO YO lb
TFEety(s) LY Nv(l)) GO TN 1?2
TF(x,f0,1) GO TUu 10U

IFC(FIV,EQ,2) GO TD 13
IF(NOV (M) ,GTNNDVI(RY) GO TO 1O
FInDz2

P(Rel)sP(X)
P(R)=P(na)l)e(P(Rel)=P(Ka]))/2,0
¢o Y0 12 -
IF(RDV{x) ,GT ,NOV(M)) GO TO )% _

 P{mMe}):=P(X)

P(XK)sP(Ke))e(P(Kel)oP(Ku]))/2,0
60 10 12 o
CONTI%NUE

sy .
ANDV(K)ze3, 0

¢0 10 Jo .
ANDV(L)zow 0

GO 10 1s
ANDV(K)=xTI(R)2e] 0
6o 10 1w )
ANDV(K)2XTI(R)Ze2,0
NNNDV(M, J, L) SNADV (K)
XV I(*, J,LI=XTI(X)
PP(M,J,L)=P(x)
PPLI(™,J,L)=PT (L)
POO(M,J,L)=PO(J)
AD0(M,J,L)zAD(J)
Y(M,J,L)=F (%) /P0(J)

onNaL PAGE IS

or FUUR C“JAIJTja
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NOAPVE ARAA opP1=z1 FIN &, 2074325 na/sucsry
x ¥ (M, JpLISCRaPI(LY 82 (J)/ ((P(K))n(Gorex))
13 LostInuE Fr-
. Dt-«.,u‘-N/;
PRINT OUT FESULTS Tx R..b i
PPIs]IvPULSE . . <40,
PP2PRESSURE o , Q. “

XXT19=VELOCITY OF APPURTEMANCE
NWNHYZX2TIEel 0 ILDICATES PP ,GT, $7,9
NNNDVEXXTI222,0 10 1CATES T2 CT,T
NNNDVE®3,0 T0DIC2TES NDV(MY) (6T, NNDV(V)
NNNDVSey 6 THDTCSTES AOV (™) LT NNDV())

YENCLOIMENSELY AL PRESSURE
XXSANGRDIMEMSTON &L IMPULSE

iS(G,EQ,0) GO 10 %00
PRINT wao, x,=,CD,A8,T™ .
coh 10 w0} .
00 PRINT Snp,x, b, CD,8,T™
s0} PRINT %01
DO 2u M=1,S
D0 20 J=i,¢
pn 20 L=1,9
_ 20 PHINY SR, R0, N L), A00(%, 0, 00,0010, L), PP(M, L) XTI (M J, L),
IOV (V) oo NOV (%, L) X3 (% Jsl) s Y(MedoL)
60 70 30D
301 COonTInLE
1nn FORVAT(2F14,9)
110 $OPVAT(GF15,5)
120 tov~21{12)
130 FCVMAT(RF]0,?)
08Q FCHMAT(IM1,5m X 2 ,E12,5,7,80 W & ,E12,5,/,0H CO & ,k12,5.7)
YoM £ B LEL1P,G,/.bm M T ,[12,5,//7,204 APPURTENALCE N AIR)
500 FORMAT(1=),5M X = ,112,5./7,hr M 8 ,012,5,7,bm (D ¢ B 1,507
JOR A T Lk 12,57,k TM 2 L1 12,5,/7,83M APPURTENANCE OV GoLus)
G0) FOFVAT(Im],Ha,3% VU AK, In A0, Hx,0n PPT, QX AN PP AR, Sm XRTD, 78,
JeM LOY e pA LU0V, T3 XX, 9%, 0 V)
02 FovraT (e ,Ob12,5)
ape LavaT (et ], Q)
ant Foaeat{ive,2)
L3 A

| R

4pD-20




KSURROUTTaE FLichug 7%/7%  OPTS] FIN %,2e0,

SURROUTINE PARAMEB(B8,PBAR,P8,B0)
ODIMENSION PA(30),B8(3N0)
REML H,PRAR
16 (POAR,LE,PB(21)) GO 1O 20
8s0,0
o 10 11
20 00 10 It1,2)
IF(PIARLEQ,PB(13) GO TO &,
Ksie}
PUARXDELARS(PA(K)ePB(]))
PUARYTAUS(PBANSIA(T))
¢ (PRANY,GT PHAWX() GO 10 10O
Ba(BU(R)eBACIS)/(PH(R)=PH(]))a (PBARSPB(1))e8B(])
60 10 1 ,
e . N BEBA(])
60 10 31
10 CONTINUL
{1 RETURN
(X ]

- - - P -

B ? {“';?' ‘B

s QU
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S RUOPT— S/ .OPT*L -

SUBROUTINE 'lﬁun'(!ﬂlﬂ.ueta.cltﬂ.rnndn,psu.uu,on,Pun)

DIMENSTON '!F(S)yUG(S).nh(S),PUR(S)
REAL OBAR,UHAR QBARPRARR
1&(PuAR.LE.ﬂbB¢s)) GO0 10 20
ug;n:oatﬂs?llaazo,o
Go 10 1}

20 DO 10 183,59
1f (FSlR.CO.PH&(I)i GO 10 &

[T DY
PEXOEARI(PBA(X)PBB(]))
rux:nsﬁt!aa»-pns(l))

1F (PBX,0,PRx0) co0 10 10

Bhﬂ“t(Pbi(K}'PﬂR(l))/(PHU(ﬁ)~PbB!l)
0 10 1} . -
o UpARSUB(]) .. .
OBA&RSQE(]) e e - .-
.Pld!ﬂc'l!(x)

) PCTURN o e . =

. OV RND L e e e e e e

41)-22

- . - —

FIN ¢ ,2679 225

uatustun(&)Oun(I))l(vsntl)-Psn(Ili-(PnAn
GOARI(HH(K)'UB(I))/(Pé!(‘)'FBS(!)}‘(PHAR

«PRALTYISUBL])
~EAB(])I4NBLY)
).(Pﬁnw.pua(xy)tPBR(xx

- - . - . cmmmme cm  acas

¢0 10 13 oo e e e —
10 CONTINUE e - e - e e e e e e

0N/02/75 oW, !~
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ANALYSES FOR FRAGMENT TRAJECTORIES

ER Y

Analysis for Obtaining Fragment Range and Terminal
Velocities for Disc-Shaped Fraginents

.:" e

. List of Variables
A - planform area - m
f AP - projected area - m2
\ AR - disc aspect ratio (diameter/thickneas)
;' C - chord or width of rotor blade - m
CD - drag coefficient
. : CL - lift coefficient
E (. Dp - profile drag - N
I - mass moment of inertia of rotor
L - lift -« N
M - mass - kg
Q - torque - N-m
-i” R - radius of rotor
7 T - thrust - N
3 Vc - rotor blade velocity along rotational axis
Vi - initial velocity of fragment
L v, - tip velocity of rotor
é vin - induced velocity from thrust

‘l’ {- X -

l,
I
3
HE
B
i

range - m

4E-1




List of Variables (C: ... .

Y wisiude - ™

)‘( horizontal velocity

Y vertical velocity

X horizontal acceleration
:Y‘ vertical acceleration

a - airfoil curve slope

b - number of rotor blades
d - disc diameter

- acceleration of gravity

. r - disc radius

t - disc thickness

At - time increment l‘
a - trajectory angle - rad

ari - initial trajectory angle - rad

P - density of air - kg Jm>

e - angle of attack of disc - rad

w - angular velocity -~ rad/sec

The range of disc-shaped flying fragments from an exploston was
determined from the fragment accelerations due to lift and drag ferces.
The forces acting on the particle are as follows:




mom e = e 4 7w £ CXWP P,
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6-Angle of Attack

a - Trajectory Angle

M - Mass

The acceleration in the Y direction is:

22 22 22 2
v
ACDp X +Y) ACLP X +Y)

;1. = -g - M sina + v cos a
and for the X direction
. Acho'cz+§'2) Ach(f(zH}Z) .
= BV cosa - v sin a
{0 where
- A = area of fragment
CD = drag coefficient
CL = lift coefficiert
At t =0
J.( = Vi cosa,
§' = Vi 8in a,
where
Vi = initial velocity
ai = initial trajectory angle
It is assumed that the fragment is spinning about its Y axis.

maintain a constant angle with respect to the relative wind.

(4E-1)

(4E-2)

(4E-3)

(4E-4)

This

motion gives the required stability for flight and allows the fragment to

4E-3

S




I R B

A complete program (FRISB) was written to determine the particle
trajectory from these equations., The second order differential equations
were solved simultaneously using a fourth order Runge-Kutta method.
These solutions gave the velocitieg, which were then numerically integrated
to yield the distances,

The lift coefficient based on the planform area was determined
from

CL = 1.82 tan (8) (see Reference 1) (4E-%)

which is valid for a "thin' circular wing. It was assumed that the particle
retained a constant angle of attac.. throughout the flight, which resulted in
a constant lift coefficient., The maximumn lif{t coefficient would be for ap-

proximately a 10° angle of attack. Larger angles would result in siall or

total loss of lift. Using © = 10* in Equation (4E-5), CL = 0.32.

. - 2 .
The drag coefficient was chosen from Hoerner for a fragment with
a rectangular cross section

g d
C

tr ]

For a "thin" disc or d/t > 3, the drag coefficient based on the pro-
jected area is constant at 0, §5,

As canbe seen bt v amiiing Equations (4E-1) throueh (4E-4). 1he
trajectory of a tragment is governed by a number of dependent and inde-
pendent variables. The dependent variables are displacenents X and Y :
the independernt variable list includes a2, Vi, M, A, and AP. To con-
s'ruct a usefl system of graphs, a spectrum of values for the irdependo e
variables was input to FRISB, which jave the flight traectories.

The input data were seiected by assuming a disc aspect ratin

AR =

Q (4E~())
t

and values of fragment mass and density. The mass is expressed as

M = ,”.2 L err p (4E-7)




and

R R e

1/3
_.._AB‘) (4E-8)
np

i kS

=

Now the planform or lift area is given as

2/3
M AR )
A Swp (4E-9)
The projected or drag area is
AP = dt (4E-10)

where 4 .s calculated from Equatio: (4E-8), and t is determined from
Equatior. (4E-6) for a given value of AR. The indepandent variables used
in various computer runs are shown in Tabls 4.1 of the text. The resuits
of these runs are plotted in Figures 4-27 through 4-36 of the text. The
graph shows the maximum range of the fragment versus the initial trajec-
tory angle, For a given velocity and aspect ratio, a family of curves is
shown for various valnes of M/A., For several cases the iift force would
act to pull tl.e fragment up into a completely vertic.l flight. When this
occurred, it was assumed that the fragment became unstable and fell
straight to the ground. This phenomenon generally occurred for relatively
high initial velocities and/or trajectory angles. A line has been drawn on
Figures 4-28 through 4-35 to depict this occurrence, All points to the
right of the line represent a "norrnal'’ flight, and those to the left are for
the fragments that attained a vertical flight,

The value 300 m/s (938 ft/s) was used as a maximum initial velocity
for the test cases, This velocity is very close to Mach 1 for STP conditions,
and velocities above this would result in the need for a more complex aero-
dynamic analysis. The FRISB code would most likely predict larger ranges
thar would actually occur at higher velocities due to the increased drag at
supersonic speeds. Therefore, for the purpose of estimation, the results
from FRISB could be used for higher velocities.

Some fragn.ents may not be disc or spherical shaped, butlong and
thin as a helicopter blade., The disc analysis is not valid for such a frag-
ment because of the differing mechanisms of flight. The disc depends upon
the forward motion to generate 1ift, where a whirling blade would generate
most of ite lift from the thrust due to the whirling motion, niuch the same
as a helicopter rotor blade. Due to the possible need for such an analysis,
the FRISB code was adapted with a subprogram to compute the trajectory
of a fragment that flies, such as a helicopter rotor blade. The fragment
geometry is as follows:




v V. =velocity at which blade moves
C along vertical axis
Vin Vin © velocity induced by thrust of blade
o a = pitch or trajectory angle
S Y Vi = tip speed = Ru

The induced velocity is obtained from (see Reference 3}):

/ v
v :v,“,abc + =S

: -
in t L \léwR ZVt
/ v 2 abecV -]
R abce . =< + abca . c | (4E-11)
16 «R ZVt 8 nR 81'rRVt l
The thrist is determined by
i 2z bcR
5 - \' - —— -12
T ” C.L ¢ P " (4E-12)

The acceleration in the y direction due to the thrust is

1/2
r 2 -2
g \ T - . 'l
Y = ] \.—E'M)coca-g, + {(\JM)lxna/{ | (4£-13)

The change in vertical velocity is




N a '
m."l’.‘.’?{!"(-r-n-v--l--.ww-m 1 | ! l ) I ! " :
) .. .. B o> . - L | .. ]

O av_ = Yat o (4E-14)

The torque produced by the rotating biade is

T (\r'c -+ V,m)
Q = - ——v:—-— 4 DP ;' R (4¥-195)

where D 9s the profile drag, which is given by:
P .

2
vV, Ck
D g

]
Dp 2{)C

(4110}

The change in angular rotation is

I R R s s o )y

CAw = QTM_ (4£-17)
‘ : where ] igs the mass moment of inertia of the blade,

A fragment flying in this fashion would eventually lose its angilar
U velocity due to drag. and thus lose its lift. This procedure differs from
that for a disc in that it asavmes thut the 1ift force comes from the rotation
of the fragment and not the {ragment forward mceion, The drag due to the
ferward motion of the fragment blade is considered whan the computation
is returncd from the subroutine to the main program,

Input Data
1ot data card NN - number of test runs included in data check
2nd data card N - number of differential equations to be solved by

Ru.yge-Kutta « 2

MO e o e i R R e e T S TR

X - initial time - 0.9

H - 7ime increment (0, ] sec §o usuully sufficient)

ey

*
AP - proiected arca and dray ares - m

OFER - 1 for diec - 2 for rotnr blude

-1
{ If rotor subprogram is vsed, this is read in as anything becausa 3t will
s_) 1ot be used,

= PRLIPE™ ~ ~ o N———s -

4E.7
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3ré data card RO - density of.ljt.r.kslfl‘.,. o -
| A - lift ares (planform) - mz

CL - lift coefficiant

CD - draz confficiont

AMAABS . iragment maes - kg

ALPHAO - initia) trajactory angle - rad

VO - initial fragment velocity - tn/s

C - scceloration of gravily - m/ed

' 4th dats card EMLGA - angular velocity - rad/s

(only {f using

rot0r anslyeis) R - redive of hisde - m

‘ ASLF - 1ift curve slope of ratur airfoll » 2 »
C ~ churd or width of roter

B - number of rotor blades - 2

EM] - mass momaent of inartia - N»uz—m
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PROGRAM FRISS (INPUT,0UTPUT,TAPES

EEEEREEREEEEEREEEENFIE N I E RN EEEREEEN]

T THIs PADGRAM SOLVES TNE SECOND DRDER DIFFERENTIAL EQUATIONS THAT
GOVEAN TwE TRAJECTORY OF AN E£XPLOSION FRAGMENT, THWE SECOND ORDER

EQUATIONS ARE RRITYEX AS FIASY ORDER AND SOLVED 8Y RUNGE KUTTA
TECHHINUES, THT SOLUTIONS ARE THEN INTEGRATED 10 OBTAIN THE FRAGMENT
TRAJECTORY, e e e

THE INPUT VARIABLES ARES XeINITiAL TIME, NeNUMBER OF EQUATIONS,
ROea IR UDENSITY, At RACMENT PLANFORM AREA,CL=LIFT COEFFICIENT,CD=DRAG
COEFFICIENT ,aMaSSoPaARTICLE MaSS,aLPHAD=INTITAL TRAJECTORY ANGLE,
VOeINITIAL VELOCTTY, THETawANGLE OF ATTACK,H=TIME JANCREMEXT, AP=PROJEC

AREA, OPLR<SIGNALS USE OF ROTQOR SUMRQUTINE, OPERz1-DISC,OPERz2~ROTOR

_..ﬂ.'.l.'.....".'O..Q'l‘ﬂ'l.........
. DIMENSION Y(2),F(2)¢AN(2),88({2),08UmY(1000),0SuUMXx{1000),0x001(2)_.
INTEGER OPER . e e e e e e
READ 25,MN e e s e e
_ DN Se% K], NN e —— e o e = e e .
RLAD Sa,n, X, % ,lP.OPCQ - e L
.. nes0 1004'01‘cCLoCnn.“lssi‘L’NAOQVOOG ———
co.. 15 (OPER NE,2)6G0 TO 3L e e
.. .. REMD 1000,EMEGA ,H,ASLP,C,B,EN]. - _— T,
e CoNTINUE L . _ . e e e e e .- .
— PRINY 100 L e e
.. PRINT 112,CL,C0 . . e =
— . PRINT 86 . . e e e
PRINT 132, APASS __ . J U
e PRINT 336 o e . —— — . R
e PRINY 203,A. . - e e e —— e e
o PRINT 3110 _ . —— e e
- PRINT 318, ALPMAD _ _ —_ —. -
—_——. PRINY fl6 . .. - - o —— e e
- PRINT HS.VO. o e —— —— e
_ PRINT 330 . . o e e e e — e - - .
. LPRINT AL, M e e .
- FRINT 116 . . o e e e et . — . A
PRINT 150 .. e e e e e .-
PRINT 130 L e e ee e e
.4 CCNTINVE . e ————— — —_ _
—_- Li®d_. e i et e —— e o —— et ——— —— e« — o —— . — .
o [ . e e e ee s e et i et —— . ——— ———— =
Y ¥ Oy, e e e e A
ALPHABALPMAD . . e e e e e
. NTsQ | O, e e e m ..
. SumMysg,0 . . - ‘- = . . e a e P -
. Syvisg,.n | . . - e m e L. o
eee L JENT 2 0 e e e e i e
——- . YC1)®0,0 .. e i e e e e
Y(2)sn,0 _ . - . .. o
2¢ CONTINUE .. .
1CNT 8 ICNT o 1 _ - .
- YOOTsY(1) ¢ VOeSINCALPNAD) . _— i - -

19 (OPER,EQ,2)YNNT 3 YOOT « VCoCOS(ALPHA)
X00Tsy(2) ¢ vO*COS(ALPHAQ)
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IF(CPER,EQ,2)XD0T=XD0TavCaSINCALPHA)
DxDOT(1Y = xDOY
DALPHA = ATAN(YDOT/XDOT)

ALPHA = DALPHA _
1F (ALPWA,GY,1.5) GO TO e8? e
1IF(ALPWA,LT =1,%) GO TO wey- : -

IF(OPER,NF,2) GO Y0 320
Catl 9""0"(?"‘561 R, CLy CD,ALPNAO.ASLP C.B EHI RO, VC, ,DVC, Moy AMASS A

. 1LPma) I - - e =
~ 320 CANTINUE —
L Aa(1) = Y(1) — — .
. BR(1) = Y(2) _ : ———
e BETA = .5-Pn-AP-CDIAMl$3
o Gav = ,GeRNedelL/AMASS e
. n(.wev €EG,2)6av 2 g 0 [
_ ...22 LouTINUE
YSPXS T Y(1)992 v y(2)ee2.¢ 20Y(1)evoeSINC(ALPMAD) ¢ 2ey(2)aVDeCOS(
T saPuap) s vOese? —— -
7 F(1) = =G ~ BETA«(YSPXS)#SINCALPHA) ¢ CAME(YSPXS)eCOS(ALPHA)
_ _ F(2) = «BRETAe(YSPXS)IsCOSCALPRA) «GAMe(YSPXS)eSIN(ALPHAY  _ =
S 3 RELDEN( MY F e Xy Mo NTY —
___ 88 = 5=1,0 - g e ————
- {F(SS,EQ,0,0)060 10 32 — - P
. A3?2) = Y[l) . U — —_—
... 8B(2) = ¥(2) I, o e
o YDOUT=Y(}) + v0-sIN(ALPHAO) R
T IF(0PEN,ET,e)YDNT = YOOT o VCeCOSCALPWAY) ____ 7 .
___ _XDoY2Y(F) ¢ VOeCOS(ALPHAO) e e i
. 1F (OPER,ER,2 X00T=XDOTavCoSIN(ALPHAY  __  —— —— e e . R
o DyHOTL2) = xCATY e e e - e e -
_ IF{X,Gt,N,S) CO TO. 13 e e i— e ————
13 CONTINUE

497

3904

DISY = (A8(1) ¢ (AA(2)e Al(l))ll )'H eVOeSINCALPMAD) oW
DI3X = (RH(L) ¢ (BR(Z)~ RU(1))/2,)en o VOaCOS(LLPPRAD) N _
IF(OPER,£7,2)015Y = DISY e ovc-nw - P

SUVY = Suvy ¢« DISY e e e
SUYX s SUVX ¢ D15X . el —

LovTIngE
I=1¢}
BENALESS]
nE gl
SLpseToIr)
P AT T

JMY

KA |

30 S YDAT X207 4 PHaA

RN B PR SRS FHTIPE ISt PR 15 S5 B N IR 1P S5 3% 15 Rl IS S FIVIPS 25 WHIE B

L [ I 1]

I = 07,0 (5,%1)

WITOSUEX/ L NealN)) e ) vilG

w..'.y = “*ftlf:-rl-‘l OF ngAL PAGEB
CeLL EXTVaL(OSUMY,1CHT,YvAK,0MIN) TR QUALITY
FEINT 300}

FORMAT(1MY)

CALL PLOTiI(2,2)

CALL PLOT2(x™aXx,0,,YMAX,0,)

CALL PLOTI()~X,DSUMX,NSUMY,])




TR R

T ve

R

CatL PLOTS(D,/D,1H ).
-, a8 COYTINUE
‘\.; 25 SDRHPAT(ILD)
103 FORMAT(RF10,0)
106 FOarAT(1M])
110 Foi""lu"oﬂlﬂtv.xe! oy Dls'uceﬂtnh,u,u ou'uu-tuh.u,cv vt
.. sLOCTITYo, lix, oK VELOCITY®,1¢X,0ALPHASY
~o. 111 FOwAY(10X,2TIME INCRECENT 3 n's.tn&fc-)
o VLT FORMAT(10X,eLIF7 COEFFICIENT s -.no.s,xox.-onc "COEFFICIENT 5 oy
——— $ID%) . L e iei meemem oo - eme.
—_ - 143 lc"nuox,-xuuln N" s’ e fl0, b.ﬂlcﬂ v e - ————— -
C..dVe FOUNMAT(10X,eIN]TIAL ﬂu:ctonv MGLE -o.uo.a.-uoxns-)
. . 118 SowMAY(10x,«INSTIAL VELOCITY 5 #,F10,3,0#/8ECw)
e 316 POAVAT(1M9) ———tee . -
. 293 FORYAT (10X, oFRAGMENT ARCA = o.mm,.u. u:uuaq.________ L
—. 5000 FORMaT(6F10,5) __ e e —— e — = ot ot i ——+ —— - - — — ¢ — — -
L1 ] 'Onnﬂllu,)“o.hlw) e s e cee e =

—_— iv0r —— et —

v e e Ge e . ere. . ..

- —

- wn s e vreem

- S ————————  — . * — - "

- --EnD — —
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SUAROUTING PLOY S (NVS,NhD)
e tOHIDNIGII’Hll?NNf('h“ﬂoﬁ“

' - emm— aa— - guamm
.C.eae0saeq_INPUTY. .00000.0 e S L e n -
P -, - -
e NV 8 NO: or VIHICCL TR0 LINES (wUSTY te. u.b.:. PCLIK "._.. e
.C . NMB m ND, OF MORTZONTAL GA1IO LINES (MyST EQ, $,3, OR 2) .. ..
L. JUPE e e . . - .

.C IMIS IS A FORTAAN VROGRAM mpeiCH BUILDS A PLOY GRID FOR 4 PRINTERPLOY
.C IHL.POLLOWING PROCRAMS wAVE T0 O€ USED IN CONJUNCTION wlTw THIS PROGRA?
¢ . A& BUBROUTINE PLOTE o e i e v e e e e e n = - s -
< B BUARDUYTINE PLOTY .. .. . e camioimm— @ meme crm—— =
.g - . . € SUBQOUTINE PLOTY —— = s
. € o.no.nnounnuna. - ——— e s - — — - ———
€ PO e @ emmem s mare o ——— = - . .
. v AN U S—— - ———— — e
e .. VC 9 _gN] — - —————— = oo— —— e -
. - ~c . ‘“. Y G . WD Ag— - - Rt ¢ @D  EEPP SR - -
€ s §Me - — e+ — — . —-
... BLANK OUT THE PLOT AQIA._ - an— - s = ————tm s e mae
00 1 Isi,%}) - rimrm = cemve e o @ —— ———— . . e
00 § J83,10) . . @ e e mcecm i e U L. -
3 POINT(L,J) 8 B4 e armmer = —— 00 e s @
.6 Dl?l"!“l 1Yre OF GHID 10 9L ustod __ ——— —— e - e men
JE S ANN/ZINYE @ L) |, L L e e it e - i —— e .
- . 188 w0/(wm e )  — = - e . - - — Ve
€ BuILd T»t "O'HOMAL GI!D I.XN!. . . - mt—— e = - —— s s
. - 00 2 1si,01,18  _ . . . . —— ——— —— -t ¢ — o~ . e
- . DN 2 J0 100 . e e e e e e e e ————— . —— s & -
- P POINT(S,J)0NC .
g v J5L0 THE VENTICAL GHD U““c AND PUT. CN“AHH TAT INTERSECTING
6. PUINTS . . ——— e — e s mme- .
1] ’ J'hlﬂh’. v —— — R .
.- .00 3 181,08 _. —— — - . eee—
—— e "(PO!‘H(!N) ol". NC) 00 10 9 . —— -t oo e — = ..
~. POINT(1,J) 8 VE . o o . m el s e i~ e
60 10 ) e e remamr e s = e e e e smam e aem —e. -
v POINT(1,J) & C__ ——eee e me e memm = e —s .
) Continvt
LG PUT CHARACTER AT UCN mnu SPOT OF THE PLRIMFIER OF TwE mo
— .~.DO % J83,100400. . . e e e e oo -
- ... DO S_1s),08,8%0 . . ____. c e e e+ e e .
DS POINT(T,J) 8 € L L L e i e+ mae
e ae D0 8 1031 M0 e e - e . e e e e e ——— e -
- 00 & J91,101.400 — e e . e G s mmames o = .
b POINTLI ) 8 € o e o i e e evmem e e e e
Re TURN .- - . e e e -

cee . UMD . - - - ..
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FUNCTION ORLOFQ(N,Y,F X M,NT)
¢ D2 UCSD PKLDEQ RUNGE-RyTYaelILL LINEAR D"fEPEN"lL EOUI?!ON SOLVER

g___D! UC30 RNLDEG ._. 22 P w -

: “ODIF €0 K4Y 1463 (Q REMOVED FHOM CALLING SE°U£NCE)- —_—
G TCT OF ALGOL ALGORITHM
DI¥ENSION v(10),FC10),08(30)

€. RESL X, MeeINTEGER N NT=aCOMMENTeeBLGIN INTEGER t, JoLeREAL & .
. NTSNTel .
ce—. 60 10 (1,2,3, wen T T T — ————-
<6 .. 60 TO (NYY -— . —

— -—. -

——— —_— - .

1 00 11 Jay,N __ . —_— . ————

11 0¢Jyso, e rrm s e ar o —— . ve——— —— - — - ———

e AB,8 _ ——— e -— —— —- . —_— -
e .- KBKeM/R o e e - ————— e -
e 60 10 §. o ———— e e m et s e - e e —— it ——— - =
.2 AR 2928902100 e .. . et e e ot = —— e
——— % .. . - .. - — -

D T Y T T Y F TS T ¥

——— e l'l’"l!...—._——-.-—. ——em et = i ma— s e

SOV - I I S U c———

—% .. DO %} l'h . L e—. e - - -
-4 v:nsunomru:/b.-nmn. B P -

e NYSOL e m——— i —— _—
————— WMLDEOR, e ————— e
...... ~ G0 10 & . e ——————

-8 . D0 SL Lsl,m i i ame . e T e ————— -
___.___V(L)IY(L“I'("“F(L)'Q(L)) - e e+ e -
—-% __ O(L)'l.“""F(L)'(l."!.")'o(k) — . —-

- ... . ReLDEQe), . _ .. ———— —————

.0 L CONTINVE L . - L L e m it e mem e -
e BTN e e e et e e s
S 1 |




SUOQOUY!NE GOTOR(EMQGA.R.CMCD.!LP“AD.‘SLPJ.B.E“!oﬂb.vc.DVC.N.S.A R
IMASS,ALPHA) l
- - ZZ YV 4 - e w o etmam e vEmA—. e hodmme - - hene . —te —ra - cm- an - ®e e.ame -
VY & EVEGAeR . oL e - . - . . -
VA = VI/e2, . —— e e -
On x ASLPeBeC/ (¥, l‘l?an)
V] & VYe(oDD/1lb, = VC/(2,0VT) ¢ ((Dbllb. ¢ VC/C2rVT))ead ¢ (DDA PN
140)78, = (ONeVC)/(BeVTI))ew,8) R
Y = ,SeClLe(vAre2)eRDe8:CeR/C
. ALC 3 L0{T1eG/AMASS)eCOSCALPRA)Y=G)ne2 ¢ ((TeG/AMASS)eSINCALPHAY )0
1)ee,5
Op = SeRDsCDe(Vined)s 0DY2/6
0 & (Te({VvC ¢ vI)/vh) ¢ DP j}eR .. R
DMEGA = QewsEM] - . .
EvEGa s EMEGA = DMEGA . . -
VE = ACCen . e e .
. DvC = vC = 22 . . et e eem mee e e -
__.PRINT191,EVEGA,VvC,T,0
181 FORMAT(SX,*EMECA ze,Flo, z.Sl.-vce-.fxo !.Slo'T=-,Flo.‘ Ex,efze,FlO
/%) . e em e am e R
o5 . T
IS 1 e - e o e e . e -

-— - -

e e e ¢ e e ema = ie ceme— - ———— e -

- — - Cm - ————m— . m —— -

1
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SUBROUTINE PLOY2(XMAX, XMEIN, YMAX,YMIN)
COMMON/GRAPHL/X(100),Y(100) o XF XL, YF,Y_,NPT3

N -S

L. assesane _INPYY evensese

<

o e G— . —mmmeiva

“C___ xMAY m XL 8 THE WaxX, SCALE VALUE FOR THME X x-nxs_._____h___.. .
TC T auIN = XF 3 YHE MIN, SCALE VALUE FOR THE Xeaxls —
. Ywax ® YL = THE max, SCALE VALUE FOR THE YeAXIS __ f——-
€ YMIN_S_YF = _THE_MIN, SCALE VALUE FOR TWE_veAX1S_ __ __  ~ "
TG YIS I3 A FORTRAN PROGRAM wHICH SETS TME PLOT. SCAWLE_ ..
c .:‘.l.tl.'lli.'.l"’l" - ;-_.-_ __‘__.:j___—_____-_-.-— R .--:‘
¢ . e i i, o
XL & XMAX . -
—_———- YF ® OUMIN ______ . e e e v m e — —_—
e YL _®_YMAX —_—
———YF_ 3 _YMIN. —— ——
e RETURN ——— . = ——— — e e -
END e .
pAGE
omc,\}“g‘qum
oF ¥O0

4E-15
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C
; SUBROUTINE PLDTI(CHAR, YARAY,YARAY,N)
! DIMENSION XARAY(200),YARAY(200)
{ - COMMON/GRAPML/ZXCL00)YCL00) o XF o XL, YF,YLoNPTS -
: - _COMMON/GRAPHZ/POINT(1,101)LM L e
i :-g tesnnape INPUY .--a..a;.—_- —
€ TCMAR = PLOY CHARACTER Y0 BE USED . .. R I
—C . XYaRAY = VALUES OF x YO P OY . __ _ ___ o

=G __YARAY = vALUES OF v 1O PLOY
—€___N__._s NO, OF POINTS (OR DIMENSICN OF XARAR, AND YARAYITO P m.ot
_.g____.-.-.xr .GT, 100 THE ARRAY wIlLL BE SCALED 10 (LE, 100 __ __ .__
T C._THIS IS.A FORTRAN PROGRAM wnICH SCALES ARRAYS TO Bt PLUTTED,.

_.C l..lt.'ﬂ"t"..c!t...'l

- ————

—— —— —— - - ——— - -— -

- @ am am a e mm—— - —

. < —_— -
~Je_0___ —

e CW = CHAR___ _
——m.— ISTEP 3 N/100 ¢ 1__... e ———— _— ——
— DO ) ImI, N, ISTER c——
_ JeJe)y. __ _ . e ————— - —— -
—_—— . XtJ)Y ® XARAY(]) ——— _ -
____1 Y)Y & YARAYQY) o e e et o e .
—— e e NPT 3. J__ —_ — v e e
- - - CcaL PLOY______...._- e et 4 e e e e e

— .. RETURN ___ _ —_— ——— c—— —————— e

——— —END.

——— e ————— . ——— e —— B . S — . - —— ——— =+ Smin = - —

FPOR




1
i
i
"
i
+
L
t
,

-------

SUBROUTINE PLOY
s COMMON/GRAPMI/ZXLION) ,YL100) o XF o XL, YFy YL ,N
L  _COUMON/GRAPHE/POINTLNL, 101 ¢CH_
. COWMON/GRAPHIZSCLL) o TLS) . o o j Ttmm e e
- i —_——— .
Casming
Cizine
Caz]lNe
Ceslne e = — e+ -
.. %OLD ® 102 ..
.. LDLD = w2
IF(XL LEN, XFIRETURN
...... 1IFCYL 60, YFIRETURN . __ ___ .
.. A 3 100,/70XL = XF)_
. 8 & %0, /(YL = YF) _
Ox & (XL & XF)/10,0 . ... .
L.0v B (YL e YFI/%,0
—~ . 8l) =_XF -
o= Te1).s YF —_—
... DO & 131,10 ..
—— 0 S(lel) ® SC1) .0 OX_
— DO w1 1wl
%1 T(lel) ® T(1) ¢ DY
iemme DO YD ISA N
Koz (X(1).» KF)Yed o ), ... .
Lo L Ee0,0 . (Y(I) e YFYSR o 3,8 _ __ _ o
e _IF(X_,GY, 101360 YO 10 . .. ———
e 1F L GLT, DIGD TO 10 — —_ .
_IFCL .61,.%1)6GC 10 10 _____

- -~ - _— . e -
.

= ew N ceme s

. .t —— - v ts = s f E e e e Sm——— - . = . e

o e e -t e . .M % v v m—— . - =

——— — —— o —

_ TIF(K ,EQ,.XOLDIGO.T0 1L . -
S0 Y0 12 L T

u IF(L €0, .LOLD) CO. To1
_ le %ouh = x___

_ . ApotD = { .

e S IFLPOINTILL %), NE, CL.AND POINT(LoM.NE.ce.AND POINNL.K) NE.
8 C2,wD, POINNL K} NELEW)GO YQ .8 .

- — " . . S— . ——— — . — —: ——— - — e e - —e—— - e —

POINY'L.K) s CN__-._,. e —— e et e« - -
B+ IO D X
CCBONTINUE D T -
o POINT L KIBCS - .
10 CONYINVE. L e — — - -
—— - RETWAN _ L e e e~ -
——-END . S . e i i ——— e a == -
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SUBROUTINE PLOTW(NCY, ~CX,LABEL)

COMMON/ZGRAPH) /X {10D), V(lUO)o"olLoYF»YLv
COMMON/GRAPHI/POINT (41,2010 0 EM.
_COMMON/GRAPMI/ZS(LL)»TIS) ..
DIMENSION LABEL(20).

~ 6. ———— —_ —— . ———

e s ol M W04 o L AP

. 'nuun_lNPul Qli"l!'______-_ I
! ST S .. _—
: .__C-._ NCY. ® SnIYCH INDICANNG YeAX1S CAPTION __ o
‘ G .® Dy NO CAPTION _ .
e Cee . .. % 1y UP TO 12 BCD CNANCTEHS IN Y!YLE N
€. NCX = SWIYCH INDICATING xeaxld CAPTION . e e e e
—C . ® 0y NO CAPTION L
_C . ... %14 uP YO 72 BCO CHARACTERS YO BE PRINTED ls N n[loxnn
& _____ ... ABOVE TWE PLOT, &ND UP T0 72 HCO CHARACTERS TO BE PRINTEN
.. ¢ . ON A LINE BELOW THE PLOY . oL -

—C.
R TTREY A FORTRAN PROGRAM wnICW PRINTS THE PLOTS, CAPTIONS AND SCALES
_C. OF._THt DESIRED GRAPMS . cem —eem - .

_— - o e - Ve —

N < .0.0.0.0......0.!!.'...

. ———— - — —— — —— — o -

- ——— — —— —— - —— - —— —

S -, —_—— - e — r———————— T L =

— IF(NCX .EO. 0) GO 101 . e e ——— —— — ————— - ———
... PPINT 101.(LABEL(IX), xna.xn - e ———————— . ——
. .10] FOR“AT(1M]1,/, 29K, 4pesne .uu.u.sn-n.fn _______________ .
—— 1 50 ¢0 121,18 .. - - - et e m . cam e e = a= =
e ee o YR ODU(1410) LES, 1) 60 7" v — e ————— e S,
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- . GO YO 0 _. e e m e ——— — e e
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o MBO FORMAT(IX,E25,3¢RX4201A1) L L e e b —
%0 .CONTINUE i ——- e e e e - —————
. IF(NCY JEG, 6)G0 T0 2 ——— e -
.. PRINT 12n,(LABEL(IY), Iv:x.z)o(POINt(u.J) Jei, 100
. 120 FOPMAT(6X,280,1014A1) - —_ s — —— i ——
L. G0 T0 3 e e e e e e e e -
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. =) DD SO 1317,%] s i ——— e - =
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__.._-.-r.o 10 0., . — — e e it —— - T,
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S0 COVYINUE _ .. . e e . —————— e~ —m -
. . _ PRINT 130, (S(I).IH;H 2) . . e m - em e ——— ————— ———
130 FOWAT\HO:H.EIS B.S(bx.ExS ) e e = -——
JIFINCY ,EG, D) GO TO .
..... ¢ RETURN . . . -

e END L — - = o~
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SUBROUTINE EXTVALIX Ny XMAX , XNIN,
DIMENSION X{1}

C____FIND MAXIMUM aND MINIMUM VALUES IN THE ARRAY X WWICM WAS N ENTRIES
e . _RMAXEXRY) ...

o T Tweeamn L oo R
T D _oo 200 1w, . ~ -
LT TT1F tumax,GY.x(1)) GO YO 100 . . . _. __

—_— .. WvAXBX(]I)___ .

ZUI100.1F (XMINGLYLR(1)) 60_T0 200
. MINRX{T)

... 200 CONTINUE - —-— —— —— e —m e et
- - . NNBALOGLO(XMAX) _ —_— ————— - —
———— ME(XMAX/(L0eeNN) ) e L e e e e
. XMAX B Ma]lDeeNN _ e —m e e i e e e — e - =
—— RETURN o o e o e i e i ————aa
e END. ——— — ——-
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Computer Code TRAJE for Obtaining the Range and
Terminal Velocities of Drag Fragments

The following computer code, TRAJE, was used to generate figures
for fragment range versue initi2l trajectory angle for fragments which ex-
perience no lift forces. It can be used to determine the terminal velocity
of fragments at their maximum range. The program is based on a pertur-
bation technique described in Reference 4. The following table lists the
program variables used in TRAJE that were not previcusly defined in FRISB,

Drogram

Variable Definition Unit
FM input fragment mass kg
AF input fragment characteristic area m2
CcD input fragment drag coefficient --
NCD input branci; constant (for NCD >1 the

velocity dependent drag coefficient is
introduced) .-

DT 17put time increment s
™ input maximum time limit s
vo initial {fragment velocity m/s
ALQ initial trajectory angle rad
BBT drag constant N/kg
TT test time s
XQ fragment horizonta) displacerent m
Y fragment vertical displacement m
vX fragment instantaneous horizontal velocity m/s
vy fragment instantaneous vertical velucity /s
ALP instantanecus trajectory angle rad
v total frav:nent velocity n/

41-20
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APPENDIX IV, F

STATISTICAL FITTING TO FRAGMENT DATA

iF-1 Derivation of Figures 4-46 through 4-49

From the initial {ragment velocity data on grouped tests Ly pro-
pellans and configuration given on page 102 of Reference 1, the following
estimated means and standard deviations for the log-normal (to the base
e) distributions aze shown i1, Table 4F-1,

TABLE 4F-1, LOG NORMAL DISTRIBUTIONS OF FRAGMENT
INITIAL VELOCITY (TO THE BASE =) BY PROPELLANT
TYPE AND CONFIGURATION

cem ceM CBCS . cBCs

LO,/LH LD /RP-1 LO./LH, LO,/RP-1
Estimated Mean 5.2759" £, 5249 4.9410 4.7739
Estimated Std, Dev. 0. 9875 5. 5249 0.7715 0. 6387

These distributions are plotted on Figures 4-!4 through 4-49,
respectively. The goodress of {it statistics (W) are piver in Relerence 1.

4F-2  Derivation of Tigure 4-50

The data from paye 86 of Referencs 1 for frazment initial velocity
measuremonts wery uscc 1o determine the regression line (least syuates
fit) shown of {nitial velocity, VU, in Figure 4-50, The 95th percentile
(Uge) estimate was constructed by taking the estimate for the standard
deviatian (<) {from the CBM LOZ/LHz group in Section 4F -] above,
establishing a point 1. 65 ¢ above the point U = 73,906, Y = |% by the
formula:

095 = exp [ln 73.96 + (l,65) (C.9875)°

377.24 mnetere (1237,7 1)

-

" .
To determine the geornetric m=an ir. meters/second, raise ¢ 1o the
power shown.




A lice was then extended {rom the point U = 377.24, Y = 1, parallel to
*he regression line for U on Y (U 2 73,96 Y°'4296). {

The vuu‘u for nire tests irom Reference ! are presented in
Tablo 45 -2,

TABLE 4F-2, MEAN AND MAXIMUM FRAGMENT INITIAL
VELOCITY FOR LOz/LHZ CbM

Mean Velocity Maximum Velocity

TastNe, Xield (W) m/s —Measured
043 4 110.3 240
g1 29 4:7.2 1100
118 20 ' 215, 4 340
199 8 201, 2 455
200 17 268, 2 504
210 7 98.1 462
212 27 240.8 383
213 35 3o0l.8 459
265 10 210.3 44)

Figure 4F-1 shows the regression line, the estimated 95-k
percentile line, and the mean and maximum observed velocity point..

4F-3  Rationale for Averaging Fragmert Mass Distribution for Events
3, 4, and 5

The estimated meane anc standard deviations (log-normal to the
base e)for the fragment mass for the five events from Referrnce | are
shown in Table 4F-3,

The estimated means and standurd deviations of events 3, 4, and
5 were {airly closc to each other, and the events wetre of the same type.
Therefcre, it scemed tcasonabice to apply a "t" test (soc Refecrence 8)
for significant difference in means, TLis test was applied to events 3 and
4 since the ditference in estimated means was the greatest for any pair
of estimated means fromn events 3, 4, and &,
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TABLE 1F-3. ESTIMATED MEAN AND STANDARD DEV1ATION
FOR Fh..”"MENT MASS DISTRIBUTION (LOG NORMAL TO
BASE e) FOR IIVE EVENTS

Fragment Mass Distribution

Event No, Mean Standaxd Dev, Percent Yield
1 7.7226" 0. 4920 5.0
2 9. 3940 11142 1.1
3 9.7761 1. 1787 23,0
4 10. 1488 1. 0367 24. 4
5 10, 0522 0.8838 62.6

The '':"" test is applied using the following steps:

(1) The pooled estimate for the standard deviation (Sp)is
calculated by:

sp =V (slz + 5,52
(2) The '"t'" statistic is calculated by

t = (W, - W,)/(Sp) ( /2/n),

where n is the number of points to estimate W1 and W,
in our case n = 9.

(3) The "t" -“atistic is then compared to a value in the t
distribution table, tii2(n-1)+ Where n isthe
probability of type ] error or risk of accepting the
hypotkesis that thereis no significant difference in means
where there is, and 2( n - 1) is a parameter in the t
distribution (degree of freedom) used to find the tabled
value.

(4) If the calculated value of t (from step 2) is between
tt . 2m-1) {the table value), we accept the hypothesis

*
To determine geometric mean weight, raise e to power shown in table.

F-4
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.t that there is nc significant difference in the means. If
- IR not, we rcject the hypothesis, and conclude there is a
significant (. ferencc in the means.

Choosing an ~ of 0. 20, the table value of t for 16 degrees of
frcedom is 2 1,337,

The formula for calculating "'t' can be further simplified to:

e 2 2 WZ) (4F-1)

Using the above formula, the calculated value of t is:

. = 3(10.1488 - 9 7761)

1.0367% 4 1. 1787°

. Since the calculated value of t of 0. 712 lies between the table value
) +1.337, we accept the hypothesis that there is no significant differerce in
1. means and can use a single distribution for the fragment mass distribu-
N tion for events 3, 4, and 5, Averazing the means o events 3, 4, and 5
yielded an average value of 9. 9924, and for the st .ndard deviation an
average value of 1. 0331. These values were used to construct Figure
4-53,

4F-4 Fragment Mass Distributions For Gas Vessel Bursts

The fragment mass data from cach of the tanks were sorted in
ascending order; the values for the mass for the 10th to the 90th per-
centiles in 10% steps were identified, Table 4F-4 is a listing of these
values,

Figures 4F-2 through 4F-5 are plots of the percentile points on
log normal probability paper for tanks A, B, D and E,respectively.

Table 4¥-5 is a listing of thr estimated means and standard
deviations for the log normal (to the base e) distriburions.

A "W statistic (see Reference 9) for goodness of fit was calculated
for each of the distributions. The approximate probability of obtaining
the calculated test statistic, given that the chosen distribution is correcs,

. A was then determined. The results are shown in Table 4F-6.
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TABLE 4F-4, PERCENTILES FOR PLOTTING FRAGMENT
- = MASSES OF TANKS A, B, D, AND E

NSRS Yo b et

Mass (g)

Pergent Tank A Tank B sank D Tank E
10 2.2 1.1 85 61
20 3.7 4.6 199 199
30 5.2 6.6 454 454
40 11.0 24.0 624 738
50 15.0 3L 0 1731 1277
60 42.0 38.0 2015 1617
70 53.0 63,0 2156 1873
80 96.0 92.0 2270 227¢
9c 145.0 125.0 2639 3036

TABLE 4F-5. LISTING OF ESTIMATED MEANS AND STANDARD
DEVIATIONS FOR LOG-NCRMAL DISTRIBUTION
(TO THE BASE ¢) FOR GAS VESSELS

Tank No, Estimated Mean Estimated Standard Deviation
A 2.9730 1.4821
|5} 3,0327 1. 6329
D 6.5698 1.8080
E 6.6782 1.5815
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. TABLE 4F-6. SUMMARY OF "W TEST ON NORMALI ¥ FOR
FRAGMENT MASS DISTRIBUTION FOUR
TANKS A, B, D, AND C

Tank Neo, W Erobrbijity

A . 948 . 68
B . 929 49
D .85} . 08
E . 9%6 .14

As it is customary to consider valuen exceeding 2 tn 107 ¢
adequate grounds for not rejecting the hypothesis that the daia belong to
the chosen distribution, the fits for tanks A, B, and E are more tran
adequate, and for D somewhat quastionabls.

Except for Tank D, the other values compare favorably with those
obtained for tho log-normal fragment distribution for Events |, 2, &, 4
and 5 for the propellants (Reference 1),

4F-%5  Rationsle For Averaging Fragment Mass Distribyiions For
Tanks A and B and Tanks Dand E

A "t test for significant difference in means was made for each
of the puirs of tanks, with the following results:

For ‘anks A and B, the calculated value of '"t" wes 0. 314
versus the table value 21 ¢ 1, 337,

¥or tanks D and E, the calculated value of 't was , 13%4
versus the table value of 21, 337,

Thus, no significant difference in means for either pair was
found, and ¢ single distribution for sach pair was derived by averaging
the respective pair of means and standard deviations, Table 4F-7 pre-
sents the results. and the distributions are charted in Figures 4-54 and
4-58,




__TABLE 4F-7. ESTIMATED MEAN, AAD STANDARD DLVIATION .
(TO THE BASE ¢ FOR TANKS A AND B, ANDD AND E ;

/ 7

Tanke Ewimated Men  Fstiroated Sisptard Doy,

Aand B 2. 798¢ : 1.583
Daend E 6. 6240 1,693

4F -6 Derivation of Figure 4-537, Fragment Listance Versus Percent
Yield For Propelaot Explusions

Table ¢F-8 is taren {rom Refevsnce |, #ith some minor correc-
tions. Fot each of the five s7ents, a 95'% upp=r confidenco limit was put
on the estimated mean (M) and a 90% upper cenfidence 1limit was estab-
1ished for the estimated standard devistion (§), using methods outlined in
Referencs 2.

The confidence limit orn. the mean was calculated vsing the follow-
ing formnula:

-
Cl. r M+ '(n;95)

n is the nwnber of fragments and t(,.q95) 19 the value of the t distribu-
tion with o degress of freedom at tge 9gth percentile,

The confidence interval for the standard deviation was calculated
using the following formula:

~ 2 2 -1/2
Y'/n

X, - (TtX
L 2 (n.1);90
-

CL = A 4

where X, is the distance of the ith fragment, n is the number of frag-
ments, and Xz(n - 1);90 is the value of a chi square distribution with

n - 1| degrees of freedom at the 90th percentile.

Then, using the new upper confidence level values of M and 5,
the Rgg in which 95% of the fragments should fall was calculated as
follows:

4F-17
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Rog = M+ 5t .o

The interval frnm the mean {M) to R95 is indicated for each event on
Figure 4F-6 by a bar.

A line was then drawn parallel to the regression line, and just
touching the lungest bar. Thus, the distances read from this line could

be expected to encompass at least 95% of the fragments resulting {rom a
given yield.

4F-7 Derivation of Simulated Fragment Range Distribution for Gas
Vessel Bursts

For each tank, the fragments were divided into classes by frag-
ment area. The computer program FRISB was then exercised taking
into account fragment shape {from drag) for initial angles of 15, 30, 45,
60, and 75° to determine a range for each angle for ecach class of {frag-
ment. Table 4F-9 presents the results of the range simulation.

In the table the fragments have been divided into groups or classes

with the average planform area AL and the average ma9s M of each
class listed. The area data were obtained by measurement from the
photographs of Reference 2. Mass data were given in the reference for
each fragment, AD is the average drag area for eacl class of fragment;
this area is calculated on the basis of the thickness n{ the fragments and

2 characteristic width dimension equal t0 the square rcot of the {r»gment,

planform area. The maximum range of the classes of fragments Jor
various values of initial trajectory angle {(n = 5 n°, n =3 1%) was

calculated using code FRISB assuming the average characteristics for the

fragments in each class, and that the iritial velocity was the maxdmum
initial velocity for the fragments measured for each tank,

The fragment ranges were ordered, and the percentiles were
determined and are shown in Table 4F-10. Then ¢he percentiles wezre
plotted on norraal probability paper and are shown in Figures 4F-7
through 4F-10. The estimates for the mean and standard deviation for
each distribution were then calculated and are shown in Table 4F-11.

A "W" poodness of fit statistic was calculatcd for cach distribu-
tion and the probability of obtaining the calculatcd test statistic value,
given that the chosen distribution is correct was then determined. The
results are shown in Table 4F-12,

4F-1¢
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- TABLE 4F-10. PERCENTILES FOR SIMULATED RANGES
. FOR.CAS VESSEL BURSTS

Percentile Tank A Tank B Tank D Tank E
10 0. 566 0, 532 6.4 6.9
20 0. 806 0. 747 1.9 20.8
30 2,330 1.98 23.5 25.4
40 2. 947 2,95 28.7 45. 4
50 5, 107 4.33 43.8 56.0
60 6.473 6.38 63.8 77. 4
70 8.679 7.39 66.5 96.3
80 11. 120 10. 25 108. 4 114. 6
90 12,969 11,00 131, 6 143.3

C TABLE 4F-11, ESTIMATES FOR MEAN AND STANDARD
- DEVIATION FOR SIMULATED RANCE DISTRIBUTIONS

Estimate for Estimate for
Tank No, Mean (M) Standard Deviation (S)
A 5. 67 6.72
B 5. 06 3.92
D 53. 05 44, 05
E 65. 1 46. 20
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TABLE 4F-12, SUMMARY OF "W' TEST ON NORMALITY FOR
SIMULATED FRAGMENT RANGE DISTRIBYTION EOR _ L
GAS VESSEL BURSTS

Task Ne. LWy Probability
A « 929 . 46
B .921 .37
D .933 .47
E . 956 . 74

As shown {rom the probability column of Table 4F-12, the normal
distributions are fairly good fits to the data.

4F-8 Rationale For Combining Simulated Range Distribution For Tanks
A and B and ‘or Tanks Dand E

A 't" test for significant differences in means was made for each
of the pairs of tanks, with the following results,

For tanks A and B, the calculated value of "t'" was 0, 235 and for
tanks D ana E was 0,558 versus the table value of ¢+ 1,337. Thus, no
significant dliference in means for either pair was found, and a single
distribution for th: simulated range for each pair was derived by
averaging the respective pair of means and standard deviations. Table
4F-13 presents the results, and the distributions are charted in Figures
4-58 and 4-59,

TABLE 4F-13, ESTIMATED MEAN AND STANDARD
DEVIATION FOR SIMULATED RANGE DISTRIBUTIO FOR
TANKS A AND B, AND TANKS D ANC

Tanks Estimated Mean Estimated Standard Deviation
Aand B 5.4 5.5

Dand E 59.2 45, 1
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EFFECTS OF FRAGMENTS

5-1 Damage Estimates to Structures and Facilities
5-1,1 General

One can see {rom Chapter 1V that there are wide variations in
characteristics of fragments generated during accidental explosions of
the types covered in this handbook. Large sections of pressure vessels,
and appurtenances accelerated Ly the explosions, can be quite massive
{over 500 kg or 1000 lbm), while some fragments thrown to large dis-
tances are quite light (less than 1 g or 0. 002 Ib_.). Impact velocities can
range {rom a few meters per second to several hundred meters per
second. Also, in Chapter 1V, methods are given for estimating the
probability that {fragments of given mass and impact velocity will strike
a structure located a specified distance from an accident. An important
characteristic of {fragments from these accidents is that they are of low
velocity, and large average mass, compared to fragments from muni-
tions which are intended to cause damage by penetration or perforation.

Conventicnal structures which can be damaged by fragments in-
clude frame or masonry residences, light to heavy industrial buildings,
office building-, public buildings, mobile hoines, cars, and others too
numerous to na:n.e, Damage can be superficial, suci as denting of metal
panels or breakay:: of panes of glass., But, massive fragments can cause
more extensive damage such as perforation of wooden roofs, severe
crushing of mobile homes or cars, etc. Mout of the fragments will be
nonpenetrating and will cause damage by imparting impulsive loads
during impact. Methods similar to those used to establish threshold
damage levels under blast loadings can also be used to establish thres-
holds for impact damage by fragments, i.e., lower limits for superficial
damage. The methods will be somewhat simpler because the inpacts
will almost certainly be of short enough duration to be purely 1mpulsive
for almost any ‘'target'’ structure or structural component. Impact con-
ditions with large fragments which can be certain to cause significant
structural damage can probably also be established by equating kinetic
energy in the fragment to energy absorption capability for typical roof
panels, roof supporting beams, etc.

Launch facilities for liquid-propellant rockets present some
special ''targets'' tn fragments {from accidental explosions which can be
especially susceptible to perforation damage. These are thin-walled
tanks for storage or transport of energetic propellant liquids such as
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LH,, RP-l, or LO,. Fragment impact conditions which would cause
per%oration of such tanks can be estimated from ballistic-perforation - -- .- --
formulas for munitions fragments and from hailstone impact data. These
formulas will be presented and discussed.

5.1-2 Impact of Fragments on Thin Metal Targets

The following methods can be used for fragment impact on .netal
sheets or plates. The details of the formulation of these methods are
presented in Appendix SA,

The Vggq limit velocity is defined as the velocity at which a pro-
jectile will have a 50% chance of penetrating a given target. Knowing the
properties of the projectile (fragment) and the target, Vgn can be ob-
tained from Figure 5-1.

In this figure, a is the radius of the fragment (assuming a spher-
ical shape), h is the thickness of the target, ~_ is the density of the
fragment (or projectile), -, is the density of the target material, and
=y is the yield stress of the target material,

The solid line in Figure 5-1 gives the relationship between limit
velocity and target thickness., As the graph shows, there is uncertainty
in this relation. For hard fragments which are less likely to deform, a
lower nondimensional limit velocity (more conservative) should be chosen,
For softer fragments, a higher limit velocity can be used. At this time,

it is not known whether this relationship holds for values of % greater

than about 2. 2.

This method is good for the impact of a {fragment with its velocity
normal to the target surface. For oblique impacts, the normal compo-
nent of the velocity should be used. According to one report, (1) for
oblique impacts, the penetration velocity is minimum at an angle of 30°
from the normal direction. The difference between the penetration veio-
cities at 0° and at 30° may be as great as 20%. Therefore, if oblique
impact is expected, the penetration velocity obtained by use of Figure 5-1
should be multiplied by 0. 8.

For fragment velocities iess than V50. the permanent deflection
~ at the impact point on the target can be determincd, Figure 5-2is a
graph of nondimensional deflection versus nondimensional velocity.

For given fragment prope:ties, a given target, and a given normal

component of fragment velocity, * can be obtained. O1 course, for very
low fragment velocities, there is ndo permancnt deflection.

5-2
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; L This method was developed for impacts .not very close totheedge __. . ...
: L of a sheet or plate. For fragment impact near the edge of an unsupported
or simply-supported sheet or plate, the deflection may be twice the de-
S flection that would be otherwise expected.
¥
!. This analysis has been formulated for spherical fragments. To
; ; L 13
i apply this to fragments of other shapes, leta = R
i "

ig
. % 3

where m is the mass of the fragment., More research must be done to

determinz other efiects of fragment shape.

Table 5-1 is a list of the important properties {(density and yield
stress) of a few selected fragment and target materials,

£ —— e e Ty T

TABLE 5-1. MATERIAL PROPERTIES
(References 2, 3)

« Ll

;. density o yield stress 7

i

= g

{ 3 3 P .

'i m ft _a _ __psi

i Steel 7850 489

f

) 1015 3.46 - 4.49 x 10° 50, 000 -

g 65, 000

§ 1018 3.66 x 10° 53, 000

: 1020 (large grained) 4.42x10% 64,000
1020 (sheet) 3,11 x 105 45,000

: Aluminum Alloys (sheet) 2770 173

‘- 2024-0 8.85 x 10 12, 800
: 2024-T3 3,66 x 105 53,000
f 2024-T4 3. 66 x 10° 53, 000
: Titanium Alloy 4520 282

. . 6AL4YV L11x10° 160, 000




Exam 1: l
Civen fragment radius a = 0,020 m (0. 066 ft) and density 7, =
7000 kg/m>? (440 Ibg, /1t3), target density o, = 7000 kg/m> (440 1b_7£t3)
and yield stress -, = 4.40x 108 Pa (6,38 x 104 psi) and fragment velocity
V = 200 m/s (660 {t/sec), {ind the minimum target thickness h to
prevent penetration. Solution: Nondimensional velocity is computed, and

h/a s read from Figure 5-1:

% Vso (7000 kg /m>) (290 m /s) 0.798
/<. o) - 8 2 3,172 0
t% [(4.40 x 10" N/m") (7000 kg/m") ]

Then from Figure 5-1, n/a = 0,202. For the given a2, h = 0.0040 m
(0. 013 ft).

Example 2:

Giv:;.-n fragment §adius a = 0.010m (0. 033 ft) andsdcnsity °p =
7000 kg/m” (440G 1b_ /1t7), larget density % = 7000 kg/m~ (440 1b_/ft7),
yield stress &y = 4,40 x 10 Pa (6.38 x 10® psi) and thickness h = 0. 0010
m (0.0033 §t), find Vgg. Solution: h/a is computed, and the nondimen-

sional velocity is read {rom Fipure 5-!:

0.0010m

ha s Gotom = 010

Then {ro:n Figure 5-1, o V. = 0.43. For the given
-2 50
/e, e

properties, Vg, = 110 m/s (360 {t/s).

Example 3:

Given the same frajment and target properties as in Example 2,
and a fragment velocity less than the limit velocity V = 52,0 m/= (i71
ft/s), find the Jdeflecuion at the impact point on the targe:.

g v (700 kg/m>) (52,0 m/s) . o207
== - 2..1/2
tote 1(4.40 x lO8 N,'mz) (7000 kg/m™) /




on
N':r

From Figure 5-2, = 0, 068. Then for example, &= 0.0068 m

(0. 022 1t).
5-1.3 Impact of Fragments on Roofing Materials

Nearly any impact of a2 fragment upon the roof of a building will
cause at least some superficial damage. Damage which only affects the
appearance but which does not interfere with the performance of the
roofing will not be discussed here. Serious damage includes cracking
and complete penetration.

Because of the many kinds of roofing and the scarcity of dati of
fragment impact upon roofing materials, the following discnssicn will be
kept as ganeral as possible, presenting only the lower limits of damage
for groupings of roofing materials, with the understanding that these are
not known very accurately.

The analysis for the impact upon metal targets leads one to be-
lieve that the important projectile property is momentum. Until more
information js obtaiped, it must be assumed that momentum is also im-
portant in impact upon roofing materials. {The foliowing discussicn is
based upon data in Reference 4 in which synthetic hailstones were pro-
jected at roofing materials targets. The velocities in the tests carrespond
to the termimal fall veiocities of hailstones of the particular sizes used).

The roofing materials can be separated into three classes:
asphalt shingles, built-up roofs (alternate layers of bitumen and rein-
forcing membranes, >ften topped wit pebbles or r rmshed stone), and
miscellaneou: materisls (asbestos cement shincies, siats, cedar
shingles, clay tile, and sheet metal). Lower- limits ¢f {ragment momen-
tum for serious damage to common roofing materials are given in
Table 5-2,

For oblique impact, the component of the velocity ormaltot e
surface of the roof should be used in the calculation of memen:ium.

Aged shingles may sustain serious damage at a lower {ragment
momentum than that which is given in the table. Also, the tests were
conducted at room temperature. The limiting momentum would be gre ater
for shingles at a higher temperature, and less for shingles at a Icwer
termnperature.




TAILE 5-2. FRAGMENT IMPACT DAMAGE FOR
ROOFING MATERIALS (Reference 4)

Miaimum rFragment Momentuin
For Serious Damage (mv)

Roofing Materizl krm/s lbm ft/aec Comments
Shingles G. 710 5.13 crack shingle
6,12 44, 1 damage deck
Built-up roof <0.710 - 5.13 crack tar flood coat
2.00 14.5 crack surface of con-
ventional built-up roof
without top layer of
stones
>4.43 >31.9 with a 14 kg/m’ top

layer of slag, there
was no damage up to
4,43 kg m/s, whi:zh
was the maximum
momentum of the test

Miscellaneous
0.003m (1/8")
asbestos 0.710 5.13

0. 006 m (1/4")
asbestos cement

shingles 1. 27 9. 16
0.006 m (1/4")

green slate 1. 27 9. 16
0. 006 m {1/4")

grey slate 0.710 5.13
0.013m (1/2")

cedar shingles 0.710 5. 13
0.019m (3/4")

red clay tile 1. 27 9. 16

Standing seam
terne metal 4.43 3.9 plywood deck cracked
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E:umgle 4:

A {ragment with a mass of 0. 25 kg (0. 55 1b__) and a velocity of
20.0 m/s (65.6 {t/s) strikes a roof of asphalt chmg'ru in a direction
normal to the surface of the roof. What kind of damage can be expected?
Solution: Calculate the momentum of the fragment, and compare it to
the values in Table 5-2. Momentum = mv = (9, 25 kg) (20,0 m/s) 2
$.0 kg m/s. According to Table 5-2, this momentum will crack the
shingle, but it will not damage the deck.

5-2 Damage Estimates to People {rom Secondary Fragments
5-2,1 Penetrating Fragments

Fragments can be divided into two categories, penetrating and
nonpenetrating. Due to a limited amount of available dats, penetrating
fragments will refer to {ragments welghigg up to 0, 015 kg (0. 033 1b.)
and area-to-mass ratio A/M upto 0,09 m®/kg where A {s the cross-
sectional area of a fragment along its trajectory and M §s the mass of
the fragment. Nonpenetrating {ragmaents will refer to {ragments welighing
4.54 kg (10 1b,) or more. Only a summary of the methods for deter-
mining fragment damage to people will be presented here, The develop-
ment of these methods is given in Appendix 5B for the convenience of
the interested reader.

To determine whether a fragment can cause severs body penetra-
tion damage, it is necessary to determinae its striking velocity V in (m/s)
and A/M ratio: these parameters can, in general, be determined from
other portions of this handbtook with the exception of parameters {rom
glans window {ragments which follow, The ballistic limit velocity Vgq
{in m/s), which is the velocity at which half of the missiles incident on
the body are expected to perforate the skin with enough residual velocity
to cause severe damage is(3

CAC .
Veo * 1247.1 ) ¢ 22,03 m/s (3-1)

for
A/M ¢ 0.09 mz/kg. M - 0,015kg
where

A is_the cross-sectional area of the {ragment along its trajectory
in m

M is the maas of the fragment in kg




Vso is the ballistic limr .t velocity in m/s

Uvyyv
tration.

50’ then one can expect some serious wounds {rom body pene-

To determine if a glasJs fragment {rom a window pane broken by
the blast wave can cause severe body penetration damage, it is necessary
to calculate an effactive peak overpressure Pe

where

P s P p

e . I (5-2)

for windows oriented side-on or back-on to the approaching blast
wave where p, is atmospheric pressure in Pa, see Figure 5-3,

or

P = P p (5-3)

e ro

for windows orientcd face-on to the approaching blast wave.
{or

P z 3- 5(1)0

S
P+ 2F (v¢ NP, (5-4)
. = hP ¢ 2
[

where

vy o L4

For ;. ~ 15, ;, can be acquired directly from Figure 5-4. The ratio
A /M should be chosen as the smaller of

A - L (5-5)
M t.

ur

.10
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- A 1
: A (5-6)
¢ ‘) M -~/ A"
1
where
t is the thickness of the window pane in meters
- is the density of the glass which is approximately 2471 kg /m3
{from Reference 8)
A' js the geometric mean {rontal area of the glass {fragment in
m® expressed by
A' = 6,4516 x 10‘4e ! 2.4 - /12.5 + (5.8566 % 10‘5 Pe)Z ] (5-7)
for P, in the range 0 Pato 9¢.5 kPa. (From References 8 and
9).
. Striking velocity v (in m/s} is
- -4.-0.92
Vo= [(0.2539)+ (1.896 x 10" %) (v - 7.62 x 107479 728,

(5-8)

x 3.3443 P 0.347
¢

-4
for P, in range 690 Pa to 689 KPa and t > 7. 62 x 10 m.

1If V > Vgp, then one can expect some serious wounds from body pene-
tration.

5-2.2 Nonpenetrating Fragments

Criteria for body damage from nornpenetrating objects are con-
tained in Table -3, It should be nnted that damage is dependent on
fragment mass and velocity only. The table also only contains one frag-
ment mass value. One can logically assume that larger masses pro-
pelled at the same velocities shown in the table will produce more
damage than the 4.54 kg (10 1b) mass presented in the table.
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TABLE 5-3, TLENTATIVE CRITERIA FOR INDIRECT BLAST
CEFFECTS FROM JONPENFTRATING FRAGMENTS
(References 10, 11, 12)
P Extent
: Mass Event o mage Imgact Velocity
4. 54 kg Cerebral Concussion Mostly '"safe’ 3.05m/s (10 ft/sec)
(G 1 )
m Threshold 1.57 m/s (15 ft/sec)
Skull Fracture Mostly "safe' 3,05 m/s (10 {t/sec)
Threshold 4.57 m/s (15 ft/sec)
Near 1009, 7.0l m/s (2. ft/sec)

5-4,3 Example Calculations for Determining Damage Estlinutes to
People from Sccondary Fragments

® S

Fnvironmental Conditions:

P« 33x 109 Pa (0.3 psi)
3 .
1 o L1Gx 107 Pa-w (0.0163 pus/scc)
L .
]»U 1,013 x 107 Pa (14,2 pwy)
Penetvating fragments - Maso M = 0,015 kg (0, 033 lbm)

Velocity Vo= 13 (t/sec

CCross scectional area A along trujectory
ol frapgnient = 0, 0016 e (0. 0172 ft*)

Windowu i o nearby bodlding are 3,075 m (00 125 i) thae v e wry
fave con o the approaching blast woese,
Miubprenetratingy frapgnoent - vass P 2 400 kg (8, M I'Jm)

’ Vilouoity Vo o 20 /s (THat /sed)
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(c)

(d)

(e¢)

2.4 = {125 + ((5.8566 x 16°%) (8. 7567 x 10%) °

\Mll om-

From Equation (5-7):

A' = (6.4516 x 107
112

A' = 0,1402 m2

Therefore,

A 1 2
(g) - = 0.00108 m (kg

2 (2471) J/0.1402

The smaller value for A/M (0, 00108 mzlkg) is
the better choice.

Voo for A/M = 0,00108 m?/kg can be calculated
from Equation (5-1):

VSO

1]

(1247.1) (0. 00103) + 22,03

VSO

23.4 m/s (76.8 {t/sec)

From Equation (5-8), the striking velocity V is

V o= (10.2539) + (139 x 167 1) (3. 175 % 107> -
7.62 x 104798 (5.3443) (8. 7567 x
1040 547

VvV = 53,Cm/s (174 {t/svec)

Since V -~ Vg0, &ne ¢an expect some severe body
penetration damage.
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{3) Nonpenetrating fragments:

re
—J

The mass (4. 00 kg) and velocity (2 m/s) of the nonpene-
trating fragment are less than the mass and velocity re-
quired for the mostly “safe'" damage condition shown in
Table 5-3, Thus, one would not expect deaths to result
from nonpenetrating fragments.
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APPENDIX V. A

EFFECTS OF FRAGMENTS ON STRUCTURES

The structures that are considered here are metal plates and shects.
There does not appear to be any effect of the curvature of the target; there-
fore, it is reasonable to use data for flat targets and appiy them 1> arny gen-
eral shape that may be of interest,

The imethods described in Section 5.1 are based upon an examination
of data of fragxment and hailstone impact upon metal sheets and plates.“ -3)
In these studies, synthetic hailstones (ice spheres) were fired at target
sheets of aluminum alloys, and various shapes of fragments were fired at
steel targets, A model analysis was performed, using ‘he methods de-
scribed in Reference 4. The parameters of interest are listed in Table
SA-1,

TABLE 5A-1. LIST OF PARAMETERS

a radius of fragment (assuming spherical
shape)

h thickness of target

v velocity of fragment

& permanernt deflection of target at point
of impact

c. density of {fragmert (projectile)

p‘t density of target

o vield stress of target material

This analysis is concerned with plastic deformation, which makes
the parameter 7, more important than the modulus of elasticity of the tar-
get material. Also, the iragment is assumed to be a rigid body, which
makes the strength of the fragment an unnecessary parameter. The model
analysis and a study of the data resulted in the nondimensional terins
(Table 5A-2).




TABLE SA-2. NONDIMENSIONAIL TERMS

L2 dimensionless projectile velocity

| -5-:— ! dimensionless target deflection
W2

( 2 ) dimensionless target thickness
Bh oV 1
When =3 ¢ is plotted versus £ !, the data follow a straight
a R
tt

line with some scatter in the cata points {see Figure 5-2 in text), The line
intersecss the horizontal axis at a positive value of velocity, This is ex-
pected because there is a finite fragment velocity below which no permanent
target deflection occurs.

Letting the velocity in the cimensionless projectile velocity term be
35 Vso h°
the limit velocity, the locus of L= ) versus 3 is lirear with

- ]

the data points lying within about i5% of the vajiues on the lire (see Figure
5.1 in the text). The hailstone impact data fall in the region above the line
{hicher limit velocity), and the szeel fragment data fall on and below the line
{1: ver limit velocity). This indicates a possible effect of fragment strength,
For this reason it may be desirable to be more conservative with steel frap-
ment=, choosing a lower limit melocity, and less conservative with alumi-
num fragments, choosing a higher limit velocity.
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o = APPENDIX V. B

DAMAGE ESTIMATES TO PEOPLE FROM
SECONDARY FRAGMENTS

sn.t Penetrating I'ragments

Undon-ilitedly a great deal of research has been conducted to nroduce
classifiecd wound ballistics equations for the military. Althoughtt .enuzk une.
clansified equations of this type do not exist, some publicly availanle boév
penetration data have bexn accumulated in recont times and some relati.ely
simple anal. ses have bevn performed. Methods for predicting body damage
from (ragn.enis using lrarment parameters avajlable i1n this docament are
preosented ;. this appendi):, More reliable damage criteria will undoubtedly
be produced as the state-f-the-art improves,

Sperrazeza and Kokinokil“ ) z,concermd themselves with a ballisiic
Lt velority vgp tor anuim] targets. The Vg veiocity is the striking .e-
Tocity 8t which ore expects aslf the :mpacting missiles to perforate an oliect,
They found that this velocity depended on the area to mass rat,o, that is

A
. - -
XSO « M (83-1)

where A .,e cross-sectional arca of the projectile along the traicctory, and
M is the mass of the projectile, Thaey fired stesl cubes, spheres and cvlin-
ders of various masses up to 0. 015 kg (0. 033 1bp,) into 3 mm (0,118 in.)
thick 1solated arain (human and goat) to establish a ballistic limit, One o!
their assumptions was that, if the projectile penetrates the skin, its resid-
ual velocity wouid be pufficient ensugh to cause severe damage. This cau-
tious assumpt.on 1s appropriste for establishing a certain margia of sajety
in the calculation, Their conclusions were that, 'n the range of their daza
for stcel cubes, spheves and cylinders, Vi, depended linearly oa projec:ile
A/M ratio. Specifically,

kg A “
- . 7 he - N z, E -2
Vso 1247.1 -~ (\ ‘ o+ 22.03m/s (£3-2)

2. .
where AN s ainm< kg, and V., s anm/s,

1 /3
Equation (5B-2) has been adjusted far S anits.




Kokinakis(z) later fired plastic sabota end-or into 209 pelatin that
was | em thick. The sabots were fired end-on since this represents the
‘wors{case, 3hd 20% ge.atin was uscd bucausce this ballistically simulate:s
isolated human skin. The linear relation of Vg versus A/M formulated
Ly Sperrazza and Kokinakis{!) is plotted in Figure SN-1. The average values
for these experiments are locaied on this craph, Circles on the figure rep-
resent the initial experiments using steel cubues, spheres and cylinders
weighing up to 0.015 kg (0.033 1b,), and each average valuc represents ay
many as 30 data points. The line drawn on the graph is a least squares fit
to these average values, Upward pointed triangles represcent the average
values for the subsequent experiments with end-on plastic sabots. These
average values also lie near the line drawa for the prior study, thus addine
a degrec of confidence in the analysis,

Unfortunately, other authors have not presented their penetration
data in the same form as Sperrazza and Kokinakis. Glasstone(3) expressed
the probability of ¢lass fragments penetrating the abdominal cavity in terms
of the mass of the glass fragments., To compare Classtone's conclusions
with that of Sperrazza and Kokinakis, it is neccssary to make a few asgsump-
«ions., The first assumption is that the glass fragment velocity for 50"
probability of penctration of the abdominal cavity is biologically equivalent
tn the ballistic limit velecity Vg fer penetrating isolated human skin. This
assumption is true provided that, after the glass fragment penetrates the
skin, it does not encounter too much resistance beforec it perforates the
abdominal cavity. Glasstone only specifies the mass of the glass required !
for penetration and does not give its cross-sectional area, thickness or
density. For the purpose of comparing the conclusions of Glasstone with
those of Sperrazza and Kokinakis, it was assumed that glass {ragments are
propelled edge-on, which is probably the worst case, and that they are
square with thicknesses of 3. 175 mm (1/8 in.) to 6. 35 mm (1/4 in. ). It
was also assumed that the glass fragmenis have an average density of 2471
kg/m3.(4) With these assumptions, it is not difficult to calculate A/M,
1f the glass fragment has a thickness t, and edge length y, then for volume

Vo= yzt (¢B-3)
where

V. =  wvolurme of the fragment

y = edge length

t = thickness

Thus, the mass m of the fragment is
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(5B.4) l
wherce ¢ is the density of the glass., Rearranging Equation (5B-4) cives the
vdge length,

- M ce -
y = _\ — (313-3)

~

The area-to-mass ratio A/M , assuming edge-on impact, is

i = Y (5B-u)

or irom Equations (5B-4), (SB-5) and (5B-9),

AL "”-t_
M TV oM

Glasstone's criteria for 50" probability of glass fragments penc-rating 1he
abdzminal cavity are shown in Table 5B-1. This table also contains the eati-
mates for A/M for glass thicknesses of 3, 175 mm (1/8 in.) and 6. 35 mm
{1/4in,), The velocity values and calculated values for A /M which fall in
the range of values used by Sperrazza and Kokinakis are plotted as squares
in Figure 5B-1. The dashed lines indicate a range of A/M values for thick-
ness values from 2.175 mm (1/8 in.) to 6.35 mm (1/4 in.). Even with the
crude assumptions mentioned above, the calculated points fall very near the
line drawn on Figure SB-1.

(5B-7)

3 . .
Whi:e( ’ also related skin penetration velocity to the masses impact-

ing fragments. He concluded that slight skin laceration occurred when
spherical bullets with mass 0.0087 kg (0.0191 1b_ ) were propelled inta the
body at 57.9 m.s (190 1t/sec). Assuming that the density > ot stecl is
7023 kg/m3, the A/)M ratio can be calculated from

-2
2. oL (B-8
MM -B-3)
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TABLE 5B-i, SO PERCENT PRCBABILITY OF CLASS

cieeesm .ema. . J..FRAGMENTS PENETRATING ABDOMINAL
CAVITY(3)®
Maes of Class A/M AIM
Fragment Impact Velosity [(3.17Smm (1/8in,) thick] [6.35mm (1 /4in.) thick ]
kg m/is (ft/sec) mz/kL md/kg
0. 0001 125 {410) 0.1136 0.1603
0, 0005 84 (275) 0.0507 0.0717
0,001 75 (245) 0.03%8 0.0507
0.01 s (180} 0.0113 0.0160

.Tlhlc $B-1 haas veen adjusied for ST units,

Using Equation (5B-9) aud the mags and density mentioned above, A/M bLe-
comes 0.0148 :mi2/kg. The velocity value given above (57.9 m/s) and the
calculated value for A/M are plotted on Fipure 5B.1 as a dowrward nointed
triangle. This point appears to be a little hicher than expected, especially
since only slight akin laceration is expected at these velocities instead of
507 pene‘ration,
(e) . . . . .

Custard, et al,, 1ike Classtone, specifly velocity as a function of
mass only for 50% penetration, Making the assumptions that the thickreas
of the glass can vary from 3. 175 mm (1/8 in,)to 6,33 mm (1/4in,), that
the fragments travel edge-on and are square, and that the density o zliss
is 2471 kg/m3, A/M was calculated from Equation (5B-7). The results arc
plotted on Figure 5B-1 as diamoads and agree fairly well with the conclusions
of Sperra~za and Kokinakis. Thus, for values of A/M up to 0.€% m2/ky and
values of M up to 0,015 kg {L.033 ib,), the functional relationship expresscd
in Equation (5B-2) and drawn ~s a solid linc in Figurc 35B-1 is an adequate
repres. ntation of 50": probability of skin penetration by a projectile that can
result in serious wounds.

LCstimates of velocities, presented arcas and masses _up to 0,015 kg
(0.033 1b,,)" of fragments from a propeliant or gas explosion can e acquired
from other portions of this documrent and compared wath Ficure 25-1 ) de-
termine if pene‘ration is hikz!v, No estimate, however, o1 the velocity,
mass and area o window glass itagnments his been made elsewhere 10 this
report. Since woundirg from flying class is a ma:nr concern, a n.ethnd :or
determining these parameters will be included here, Fletcher, Rickmong
and Jones(#: ) conducted blast experiyneants to obtain infngmation on ;lass
fragments {rom breaking window panes. Fiom their gt tistical analveis o
the data, they were able to establish functional relationships among several
variables. To be able to be used 1n conjunction with the work ¢f Spercrazza




G
, N K .
| ' LR
3 okiares, it 13 necessd- to obtain the velocity and ares tn mass
‘ rtatie 41 the gipgp fraginents (roin the work of §letcher, ot al i 7 Aftur
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1f all glass fregments travel flat side forward, then
A = A' (5B-15)
Irall glass ¢ nents travel edye forward, then

A =1t/AN {5B-16)

“hus, .or these two cases, the ratic A/M is

% = ‘LJ (5B-17)
or
|
% LA (5B-18)

Whichever gives the lower value for A/M should be chosen for salety rea.
sonh, The xeulnelric theat veiutily can be acquired {rum Fieteher, ot a4
After converting their equations to SI units,

- 1

: P -0,928
¥ (0.2537) + (1,896 x 107 7)(t - 7.62 vy 10 ) |
CU, 3443 p2'5‘7 (sB-19%

for }, in the range 090 Pa to L89 kPa and t 27,62 7 104 m,

A sunsmary of the methads for determiningy the cnmbinations cf pa-
rametars whichk may produce serigus penetrating danage ‘rotn ‘rapments
Yewe than O,UV5 by (0,03) lhm) 18 piven here ‘or ronvenierce. To daterinine
whather & fraytnent « 3 cause sevare body pac.or o &1.on demage, it i neces.
aary to determmane Wy striving velocity Y (int/s) and A/NY ratin - herc A
i the croag-sectional area of the projectile g'onyg iy by ajectary (1n me) and
Mode the russ of the projectile (in k). These paratnieters can, in peneral,
ba doetegronned from ther portione of tine handhook, The Lallistic Hindg
velooary V,.,I (i i/ w) 1o then

'
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Yoy ic47, | < Y S TN | ("¥.71
1) d

2
e AL 2 T kg whiere A gp the crowa cssctional mea of the fre,
vl alor, Uy trasectsry U e the mare of the tragment in kp, ans
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Tqq 18 the ballistic limit velocity inm/s., If V> Veo - then one can cxpect

some serious wcunds from body penetration,

To deterntine whether a glass {fragment {rom a window pane broken
by the blast wave can cause severe body penetration damage, it is neces-
sary to calculate an effective peak overpressure P, where

Pc z pspo (3p-21)

tor windows oriented side-on or back-on to the approaching blast wave
(py is atmospheric pressure in Pa; see Figure 5B-2), or

P =P p (5B-22)

(4 T v

for windows criented face-on to the approaching blast wave.

: . _ s
r r - B e .2 3)

whure ¢ = 1.4,

TFor )’7‘ > 3.5, !3‘, can by acquired diructly from Figure 58-,, The
ratio A/ stould be chosen as th: amaller of

.’ . 1 [V}

Y (512.24)
[V

,:E,‘ "'lf"',' (51%-25)

- A

et e thee (e kneww o [ the wandew pane o reetess, £ s the dendity o
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cean T ot pres ar pae clars traptaent in meé exprogved by
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Striking velocxty V (in m/s) is

a P g -0-928
Vo= (0.2539) + (1,896 x 107) (t - 7.62 ¥ 107") '

1

v 0.3443 p° 347 (53B-27)

for P in the range 690 Pa to 689 kPa, and t > 7,62 x 10'4 m., I V>Vgg,
then one can expect some serious wounds from body penetration,

SB-2 Nonpenetrating Fragments

Criteria for baody damage from nonpenetrating fragments are rather
limited. ‘table 5B-2 ~ontains tentative damage criteria for indirect blast
effects invuliing nonpenetrating objects, It should be noted that the table
Apilics to # fragmert ¢f ouly one mass. One can logically assume that
lavger masuon propelled at the same velocities shown in the table will pro-
dice mnre damige than the 5,54 kg (10 1b) mass presented in the table.

TABLE 5c2-2. TENTATIVE CRITERIA FOR INDIRECT BLAST
EFFECTS FROM NONFENETRATING FRAGMENTS(9-11)

Extont of
Mass ovent ~amage Iinpact Velncity
4,54 kg (10 1b) Cerebral Mostly '"'szie" 3.05 miys (10 ft/sec)
Concunsion Threancld 4,57 tals (15 ft/mec)
Shutlt Mosntly "safe' 3,05 m/a (10 ft/sec)
Fraciurs Tureshold 4.5Tm/s (15 1t/sv()

Near 1009, 7.01 mi/e {278 ft/wec)
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—7"- : CHAPTER VI N76-19302

- RISK ASSESSMENT AND INTEGRATED EFFECTS

e u-1 Risk Assessment

. A systematic, etlfective approach is required to ideitify the tvpe,
RS S magnitude, and probatility of occurrence of undesired eveats ir the opera-
tion of any given systemn, Certain well-knowrn related techniques have been
used in industry (chemical, aerospace, nucleir and deiense) to accomplish
this result. These systems analyses are alternitely referred to as “"Hazard
Sr——— Analysis, " "Safety Analysis,’” "Risk Asscssment’’ and "Reliability Analysis, "

- Three basic related systematic imnethods are employed, eitker singly
or in combination, to accomplish thess types of analyses. These rmethods
are:

(1) Event Tree - Starts with an event that initiates a pr.ssible
accident and develops the possible consequences
of the event by ~onsiderinp the response o. engi-
neered safety systems that would be called upon
as a result of the initial event,

)
.' {2) Fault Trec Provides a method for determining the proie-
bilities ns eded for the event trees. Faull trevs
- employ a logic almost the reverse of event ‘rees
in that they start with an undesired e.ent ard
identify the ways 11 mav have been caused,

(3) TMECA The Fallure Monde Eifects and Criticality A-aly-
sis is & systematic procedure for 1deatgiyyng
each failure mnde of the system and ior evalu-
atiny the consequences, The FMECA »starts
with the compunents ot the system, works up
through the subsystem to the system le-el, ard
identifius the effects of each {ailure nnde ¢,
the system operation,

An example ¢f a simple cvent tree 1s shown in Figure v} and a s
ple fault teee in Figure 4.2 for a chemical spill 1n 8 storaue transter s.ptlen:,
— Given an outcnme from the event tree, & spill magnitude 10 defined., For each
spill magnitude, a hazard or rish usseagiment can be made., Frar~ the (ault
tree, the probabilities of failure are deterrained to assign to each Sranch of
the event tree, Then, the probability (ur expected frequency) of occurrence
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is determined by the proper algebraic combination of the branch probabili-
ties leading to the outcome,

Examples of these types of analyses can te found in references 1,
2, 3, 4, and 5,

For gas vesscl or propellant systems, the figures and methods
described in Chapters [ through V can be used to asscus the pussible effects
of any piven undesired event based on the characteristics of iragments (mass
initial velccity, and range) or blast phenomena.

The workbook does not give methods for estimating probabilities
of catastrophic events occurring, nor does it employ the methods of risk
assessmunt just discussed. It does, however, allow prediction of severity
of certain classes of accidental explosion, as well as effects, under the
assumption that an explosion does occur.

6-2 Prediction of Relative Blast and Fragment Effects

In Chapters I through 1V, we give a number of examples of specific
calculations for use of graphs, tables or simple equaticns each of which
provides an estimate of some aspect of explosion hazards or their effects.
But here we give a series of more complete examples. Each example
represents a possible accident which can occur at aerospace launch or
test facilities. Our assessment, as is true for all such estimates which
can be made from this workbook, starts with the assumption that an accident
has occurred and does not consider the probabkility of occurrence. Five
different accident "'scenarios' are presented, and estimates of blast and
fracmentation cffects arc made for cach scenario. The quantitites of prop-
cllant, volumes and ty~es of compresscd gases, masses of vehicle structure,
etc., arec often approximate, but they are realistic values. The prublems
arc intendced to illustrate the way in which the data in Chapters Il through
IV can be uscd to estimate relative blast and iragment characteristics. for
some ''typical” accidents.

b-2.1 Scenario #l. Fall-back of Space Shuttle during launch.

The scenaric for this accident 18 a failure of thrust just after Lift -off
cf thic space shuttle:, This multi-stage vehicle is a large, winged orbiter
and landwing vehicle samailar an configuration to a large arrcraft. whichas
boosted by the solid propellant rocket enpines and a3 liquid -fueled engane.
At Lift-off, allthree engines are firing and delivering thrust. The veanle

18 assumed to risc at most a few meters, and then to fall back onto the laundh
pad with sufficient impact velocity to rupturce the liquid rocket tankay~. The
propellants mix on the ground surface and reach an ignition source after

some time delay.




Data for types and amounts of propcllant in the Space Shattle at
lift -off, flow rates, and estimates of structural weight are given in Table
6-1. Because this accident occurs immediately after lift-off, all propellant
weights are (conservatively) assumed to be the same as at lift-off. Assuming
fall-back under gravity {rom a height of 10 meters (33 ft), the impact velocity

. - a—

is U‘ = 14.0 m/s (45.9 ft/sec). ’ ' ' -

The propellants in the solid propellant boosters are assumed not
to be explosive. This assumption scems well founded, based on the extensive
testing of detonability of solid propellants in Project SOPHY. Furthermore,
the quantities of liquid propellants listed for the first four subsystems in
Table 6-1 are relatively emall, and the type of accident postulated would be
unlikely to rupture tanks containing these prog-llants. So, we assumec for this
example problem that only the external tank ruptures and spills its propellamts
in a CBGS 1vpe of accident. For estimating {ragmentation effects, we also
use only the structural mass of the damaged external tankace.

A nuinber of other hazards are obviously associated with this type
of accident, but some are not calculable from methods given in this workbook.
In particular, the trajectories and impact cffects of the propulsive solid pro-
pellant boosters, which are burning and thrusting when fall-back occurs,
cannot be estimated. Presumably, the orbiter with its human payloacé can
cscape by igniting cscape rockets in the event of fall-back., U we can e¢stimate
its flicht location when explosion occurs, some predictivus of blast effects
can poswibly be made. But, we have too little data i hand at present to mixe
this estimate.

6-2.1.1 Yicld

The yield is calculated by the methods in Chapter 1. Accordinc to
Table 1-2, Equation i-2 and Tigure 1-7 are used to determine a value for the
yield, which is compared with a value obtained from Figure I-1. The smaller
value is used:
4.43%

“quation l-2: o2 10% ¢ —— U (N <U <c4.4 m/
Equa n \m L0 (m/s) Li( JSF m/s)

e < A43% (140 mls) o,
° (m/s) )

In Ficure 1-7, choose ¢t . for maximum Y: t = 0.0 sec.
ignition ignition
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2 0.

Thren

Y - 100 m .
—_— - ¢ C R e———— - - = o
Yin be. N 100 100 44, 6%

c ee tam . ew e - - - -

From Figure l-1 {using a total propcellant and oxidizer mass of 711000 kg 1,
y 2 0,06, The multiplier is 370%. Y = (0.06)(370%) = 22.2%. Choosc
the lcwer value of ¥ which is 22.2%.

0-2.1.2 Overpraessure and Specific Impulse

The overpressurc and specific impulse arce cal:ulated by the methods
in Chapter 1I. The effcctive mass is calculated from Equation 2-9:

W= wa Y . Tabla2-1 gives the procedure for findiny the overpressure

10
and specific ({mpulse as functions of distance:

W = wa Too ° (711000 kg) 100 15800 kg (348, 000 lbmp

According to Table 2-1, the overpressure is read from Figure 2-16, and the

specific impalse is recad from Figare 2-17
R

The following (Table 6-21is a list of overpressures P, anu
specific impulses (Is) from Figures 2-16¢ and 2-17. The solid lires
ir. these figares were used. The other terms in Table -2 will be explained
later.

0-2.1.3 Effect of Blast Waves on Structures.

The mecthods described in Section 3-1 are used t» determiine the
cffects of blast waves on structures.

Glass Brcecakacve

Equation 3-1 relates overpressure for glass breakace to the prop-
crties of the glass pane.
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P =2P for a blast wave striking a window head-on.
r s
Pr = P for a blast wave traveling parallel tothe surface of the
s
elass.

e i me s e . ewow. . ..

It can be shownthat P incrcases as l(' increases. For the
west P to break any kind of‘;:lass that is like}y to be found, choose
2 20.20) and X = 0.300 m (0.98 ft). Then, P_=2420 Pa (0.351 psi)
Por vlass brecakage with the glass surface perpendiscular to the direction of
travel of the blast wave. P = 4840 Pa (0.702 psi) for glass breakage with the

direction of propagation of the Llast wave parailel to the surface of the window.

Looking at the data in Table 6-2, it can be seen that, for no :lass
breacage with windows facing the source of the blast wave, the distance
must be much greater than 1080 m (3500 ft). (By extrapolating curve =1,
the i vs P curve inthe next Figure, Figuv-e 6-3, it appears that the
distance for :n overpressure of 2420 Pa is near 2000 m (6000 ft).) With
the glass surface parallel to the direction of travel of the blast wave, the
distance for no glass hreakage must be about 1100 m (3600 ft.).

Building Damage

The degree of building damage as a function of distance {rom the
source of the blast wave can be cbserved in Figure 6-3. Figure 6-3 is a
copy of Fipure 3-2, with the (impuise, overpressure) points for selected
distances R. The (i, P ) paths for four of the scenarios to be discussed
in this chapter are inciudeé in this figure. The paths cross the limit of
damage lines. By finding the values of R at which they cross one knows
the minimum distance at which a given degree cf safety exists. One can
interpolate between two adjacent values of R bv assumirg a logarithmic
scale for R on Figure 6-3. Alternatively, one can determine the overpres-
sure or impulse at the point of the intersection of the (i , F ) path and the
damage limit curve, and then go back to the tigure in the text where the
overpressurc or impulse was obtained and find the correspending distance.
Tke resulting building damage for this scenerio (#1) is presented in Table
b-3.

Overturning of Object:

One can use the methods of Section 3-1.3 to determine the minimum
distance from this explosion at which a Saturn V rocket may be placed, for
wnich 1t will not be overturned by the blast wave. Assume that the fucled
Saturn V 1s standing vertically without restraints. Assume standard atmos -
pheric temperature and pressure. Let h = 110 m (360 ft), h., = 30 m (10U &,

b= 10,1 m (33 ft), H=10.1 m (33 ft), hbl=h/2 255 m (180 ft), m = 2.8 v 10°
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ki TABLE 6-3. BUILDING DAMACGE

Y

Distance
Devrvee of Damage (m} . .oy e e e . -
threshold of minor structural damage 120¢ 2006
threshold of major structural damaye 170 1304
(some load-bearing members fail)
tiireshold of partial demolition 279 9l

kg (6.2 ¥ lO6 b)), and C_ = 1,2. Then, A =1100 mz (12000 (tz),
h/b=10.9, andh_ /h = 0.973. The procedure is to find the minimum 1maulse
i. for overturning.” Setting this equal to the applied impulse i allows ane

to find the maximum distance for which the vehicle will overturn. For al!
larger distances, the vehicle will not overturn.

h/b is too large for Figure 3-4, so use Cquation 3-4.

— uipaniing e |

{ Ah 2 2 /nt z =

Y’ [z h Zh ( A )][ 1 )"k hegli

8 bt £, =R ey <2). (2 <&)i
mg”zb3/z 37 B2 i) B Iy b2 W2 ( b) h /J

= 1,25, Then i, =5810Pa- 5. (.8427 psi - secy

Let i =3810 Pa- s. Then a i /p H = 1.77 {.000257 psi * s
This is the minimurn nondimensional app?ied Cgmpulse fcr overturning wh:c
is shown on Figure 6-4, a copy of Figure 3-3. The points fa C_ig/p H, P
were plotted on Figure 6-4 for several values of R. The plac% where this °
curve {curve #l) crosses the line of minimum applicd impulse for overturnming
gives the value of R for the '"threshold' of overturnine. For Scenar:o =1
this distance is 220 m (720 ft). At distances greaver than 220 m (720 ft ,
a Saturn V will not be overturned by a blast wave {rom this ¢xplosion.

L-.

€-2.1.< Effcct of Blast Waves on Humans

The methods described in Section 3-2 are used to determine the effects
of blast waves on humans.
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.. Lung Damage
r
Ficure 3-10 in Scction 3-2 is used to determine the extent of damauc to
the lungs of [humans by blast waves. Figure 6-5 is a copy of Figure 3-10 with
the (Ps.“‘r/zs"'m) points for selected values of R . P, = 1.013 x 10° 2
P, m
(14.7 psi). The value of m is chosen as 5.00 kg (11 lbm). The same pro-
cedure as the one that was used for building damage is also used here to
determine the values of R for various degrees of lung damage. The results
are presented in Table 6-4.

TABLE 6-4. LUNG DAMAGE

Distance
Degree of Damage {m) (ft)
threshold of lung damag;e 170 560
a9, 100 330
907 100 330
. 50% a0 300
- - 10% 70 230
1% 0 230

Ear Damage

Figure 3-11 is used to determine the extent of damage to the vars of
humans by blast waves. Figure 6-6 is a copv of Figure 3-11 in Section 3-2
with the (P_, 1 ) points for selected values of R. Table 6-5 shows the results.
Note that a value of R cannot be determined for TTS because the curve for
Scenario #1 never reaches the TTS datnage limit curve, and it is inadvisable
to try to extrapolate this curve.




§# y3dnoay | solieuldq

19) saaany s adewe Fun‘] 10) $2AIDD |BATAING "G -9 adndiy
(.00 X €526 X 2_9_7 e 2_9:8. N\__::
by - %51- 51
(g By 81 g, W, 1°T- L "IS10WH 03108
01 NE ;01 cg 72
TTT T T T 7 DT T T T 71 .443%- T 7 T T T T ~H.=
8 woge -y .
w
. 1 ¢
s W09Z=Y »p W P2 Y =
- \Eo—moz 09¢-4 e mn =
[ GI0HSTYHI rSt 3 z
B =
801 =z
= V4 V4 { (o]
E¢ 7—7" =
NNN‘ o]
- 2
” ;
- sabe)s 2-¢ 4 360)S 1-£ 4 .-
ﬂ 13
%01 1A O
- ﬁa I .
T..<>_>~_:m$_ =
— 0/
- —
. ’
ST SN I W A lies e 0 0 11 BT TR N I B B H,E
[4

.

fald




f YInosy ], | sotavuadg
4O SDAIND) PIA D3UBPLOUT JO 2]TUY ITIA0N
18 HUTATILY SP2ABAL ISEY] 40) SAAIND AR 4] uvinngg

(0t X0spr'I X8 -°d - ras-1sd)

A

IRARREREE

Ty-g o dandy g

wnyaav3 %05

W sabers z- 4

4
( p-O1 X DOETI N T tad )
(s-ed) 1 “3SINAWI D14123dS
(0t 1 0!
—:—~«_ T  § :J—_ﬁa 1 I _:Aﬁd_ I T :-.7&:.;-&
loyg
WOBl - ¥
weeZ ~ Y
s
QI0HSIYHL
WNYauY3
o€l
J9N1dNY

Tap ,c~
1990
4}
abeys 1-¢ #
i lags g 4 3 14 [FEU N S dyi1a

1

RN

|

g1
o
—

59 'YNSSIUIYIAC NIQION

[Ta)

L
(84

1

U]

TN U U N S



-e v

TABLE 6-5. EAR DAMAGE

Distance

Degree of Damage {m) (ft

temiporary threshold shift (TTS) over 2000 over 6000

907 o loss)
threshold of vardrum rupture 270 890

507, cvarcrum rupture 130 430

skull Fracture

Fizure 3-12 is used to determine the chance of Skull Fracture due
to bodil, translation and impact ~aused by blast waves. Figure 6-7 is a
copy of Figure 3-12 writh the (P I ) peints for sclected values of R.
s’ 173
m

The body mass, m, is chosenas 5.00 kg (11 lbm). The results are gre-
sented in Table 6-o.

TABLE 6-6. SKULL FRACTURE

Distance
Chance of Skull Fracture (m) (ft)
mostly safe 350 1100
threshold 310 1u00
50", 270 8IU
near 1007% 240 760

Bodyv Translation and Imoact

Fivure 3-10 is used to determine the probability of mortality from

whole body translation and impact uvon a hard surface causcd by bhlast waves,
I ) ponts for sceledted

Fignre 6-% as a copy of that figure with the e

m
values of R . The body mass m is chosen as 5.00 kgo  Table -7 shows the
cesults. Nate that po value of distance s piven for near 1000 mortahity”

HYeeause 1t s nadvisable to extrapolate the curves an Fagnre 65,

o1
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TABLE 6-7. MORTALITY FROM BODY IMPACT

( R - --

Distance
Devree of NMaortality (m; (1t)
nhlﬁl.l.\‘ safe - 340 1106
threshold of lethality 240 T
50% mortality 160 520
6-2.1.5 Fragment Characteristics

The initial fragment velocity distribution 1s obtaired from Figire 4-48.
957 of the fragments have an initial velocity less than or equalto $00 m/s
(16D0 1t/ sec).

]
s

The fragment mass distribution 1s obtained from Figure 4-73.
of the fraecments have a mass less than or cqual t2o 120 vp 12621
® s
The fragment range is obtained from Figure 4-37. 257 of the frac-
ments will strike the pround at a distance less than or equal to 380 ny (1300 ft1,

6-2.1.06 Appurtecnances

As an example of an appurtenance, a cement block wdentical to that
cescribed in Example | of Section 4-4 will be used. Supposc that it is located
at a distance of 108 m (350 ft) from the source of the vlast wave, and one must
krow its velocity after being picked up by the blast wave.

At R=108m, P =1.52»10" Pa, P =1.30, and | =7.03»1% Pa- s.
The nondimensional impdc’lse 1s s s

C
- D[sa

1 - 0 1,05:7.03 « ‘.'.‘31{34”\
S PS(KH = X)

= = l.o>

.52 x 10° [4(2.5) . 0]

Locating the IPS. IS) point on Figure 4-20, one finds that \ T 3.

L

v \.P()A(KH * X _ (3.5“1.013.‘:10:|(0,:5L[4(.5) s .:)]

B Ma B
e} (2.8 ¥ 1D )34

.24 m:is (d.To ft/sec).
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This cement bl.ck would be thrown at a very low velocity.

TeeXT1.7 7 Efigct of Fragments on Humans

The cifect on humans of {lying plass from windows broken by blast
waves will be considered. In Example 1 of Scction 5-2, the 507, penctration
limit velocity \'_0 for typical glass was found to be 23.4 m/s (76,8 itisece).
Equation 3>-& relates striking velocity V to overpressure Pg . which may
he P or Pr , depending upon the orientation of the glass with the hlast

wave.,

4 -0.6G28 b, 947

4 - - . 0,
Y(+ - T.62X 10 ) t').344'52’c

o= 0,2530 + (1.8¢H X 10~

S.a

Setting vV = V_ ., one can solve for the minimum P, for human injury from
flving ¢lass. ? Letting £ = 3,175 ¥ 1073 m, Pu = 1, %0 v 10 pai2. 84 psil.

FTor windows where the direction of propagation of the blast wave 1s
parallel to the glass sarface, P, =P . Then P = 1.3y 10" Pa. From
Fivure 2-ib, R =380 m {1200 7t), At bamy distancr:slcss than 380 mi, there s
likelihood ot humen winjury by flying glass from windows witn surtfaces varsilel
to the direction of propauvation of the blast wave.

Far windows where the direction of propagarion o the bias: wave 1y
normal to the glass surface, P, =P . Solving 5-4 for P and manipulating
gives P, = 17,45 x 13 Pa (.37 psi). TFrom Figure 2-16, R = 40 ~y (2100 1),
Tables -2 and 5-3% s mumarize the dan age and injury that can b experted,

n-2.2 Scenario 2. Explosion of Space Shuttle Propellant Tanrks in Larly
Stages of Fliyht

In this "'scenavin', the Space Shuttle has lifted off from the pad aud
started its ascent. A failure occurs in the tankage for the main liquid
propellant rocket engtne. causing the LH, and LO_ to rmix and ignite within
thetanks (CBM), The explosion occurs at about 106 m (3280 1t) altitede,
where cround refllections do not affect the blast wave properties. This
altitude 15 not wreat enough, dowever, to affect blast wave characteristics
sther than by lack of grourd reflection. The initial quantities of propellants
at Lit-nif are civen in Table £-1. Assaming 30 seconds of proo :llart consemeo-
tion, ronvming wetrhts are:

oaternal Tank I R TH U0 ke 1167,000 1
- "

LO, 244 09D ke (477,000 16
h

%

Solud Propellants - 885 000 wye (1,730,000 th
m




TARBLE 6-8 SCENARIO I:

- e .-

DAMAGE TO STRUCTURES

Distance

PDarave to Structures (m) (it
threshold of everturning Saturn v 221 ;:s‘
e showd o pactiad dlemolition 270 s
theeshials o RARUERI S cuctnral d oenazse T Lot
o of fracmients will strike the ;rru-,uul
within trnis distance 530 110
threshold of side-orn vlass oreakage 1130 3L
tireshold »f munor structural damage 1200 3901
threshold of face-on plass breakage 203¢ £ 290

TABLE 6-9 SCENARIO 1: HUMAN INJURY
Distance
Humarn lnjury (m)} (ft
172137 survival (lung damage) 70 230
507 survival (lung damage! 90 300
90-99% gurvival (lung damagc) 100 330
S cvardruam rupture 130 430
507: mortaiity from body impacs 160 520
threshold of lurng damaaze 170 503
mear 1207 chance of skull fracture
threshold of lethality from body 'mpact 240 70




-~

- = =TABLE 6-9 SCENARIO 1: HUMAN INJURY (CONCLUDED)

Human Injury

threshold of eardrum runture,
53¢ chance of skull fracture

threshold of skull fracture

mostly safe from body impact injury

mostly safe from skull fracture

threshold of injury from flying 2lass (side-on)
threshold of injury from flying zlass (face-on)

temporary threshold shift (hearing)

Distance
(rm) (ft}
270 530
310 1000
340 1100
350 1100
380 1200
640 2100

over 2000 over ¢£000




In this type of accident, we can estimate explosive yield and blast
elfects, . as.well ag initial velogcities of fragments, making the sarie res-
trictive assumptions as for Scenario ii. But, {rapment trajectories and
imipact conditions cannit be estimated, becausce all of the graphs in Chapter
IV relaiing to these properdies of {ractnents are based on explasions which
ovour on the gronnd sarfaces T he methods for computing fragraent tra-
jeatortes arc applicable, bul the appropriate computer programs have not
been exercised for initial conditions of significant altitudes above the gzround.
Hecause we cannot estimate impact conditions, we, of course, cannot use
the methods of Chapter V for predicting damaging effects of fragments.

6-2.2.1 Yield

The yield is calculated by the methods in Chapter I. Accerding to
Table 1-2, values for the yield are obtained from Figures 1-1 and 1-6,
and the lower value is used:

Fro:in Figure 1l-1, for a fuel and oxidizer mass of 5.20 x 10° kg,
v 20,05, The multiplier is 370%. Y = (0.06)(3707%) = 22.2%

[n Figure 1-6, choose ti%'mtion for maximum Y. Then 7 = 387,
Using the lower value, Y = 22.2%,

The overpressure and impulse curves for propellant explusions werc
obtained from data of explosicns occurring on the grourd. An argument
stmilar to that used in Section A-2-6 can be used here. The ground explosion
can be approximated by the vessel in Figure A2-4b, wtere half of the eneruv
is releasced above the ground. To_apply the analysis to an explosion in frec

L

air, the energy (or vield) must be halved. Then Y = 11,19,

6-2.2.2 Overpressure and specific impulse

The overpressure and specific impulsce are calculated by the methnds
in Chapter iI. The cffective mass is calculated from Ecuation 2-9:

., ) T . .
W W, «—= . Table 2-1 vives the procedure {or finding the overpressure
and spccific impulse as functions of distance:

v e Y - 5 11, 1%
W=y —_— .’.'20 107 k¢ = < 5 - 5 i H )
¥ oo ¥ Ky ) 1007, 57 500 <«¢ 112¢,090 ab“

According o Table 2-1, the overpressure is rcad {rom Figure 2-12, and
the specific impulsc is read from Figure 2-15,

The tnllowing (Table €-10Vis a list of overpressires (P ) and
e . v - 48 .
specific impulses (!s) from Figure 2-14 and 2-15. Tlte solid lines in these
figures were used,
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-2,2.3 Effvet-of- Blase -Waves-on Structures

The mcthods desceribed Sa Section 3-1 are used to determine the

clfects of hlast waves on structures.
Glass Breakage

In Scenario 21, it was found that the minimum overpressure to break
a typical pane of glass facing the explosion 1s 2420 Pa. For a pane of glass
parallel to the path of the blast wave the minimum overpressure required to
break it is 4840 Pa. We are concerned with damage on the ground. The
Llast wave will be reflected by the ground, Therefore, the reflected over-
pressure is important here. Replace P by P and cilculate the new P .
From Equation 2-3, P_ =2420 Pa (0.381 psi),"P_ = 1280 Pa i0.186 psi .
For P_ = 4840 Pa (0,702 psi), P_ = 2420 Pa (0.351 psil. As inthis
particu‘iar calculation, P and ! will be used in place of P and 1|
throughout this scenario. ' From igure 2-14, one wnuld expectto be
able tc obtain the distance at which these overpressures would be observed
for Scenario #2. For P = 2420 Pa, or P_ = 1280 Pa a valueof R/w!/3
cannot be read from F‘igu?c 2-14, but it can'be seen that the distance R
must be over 1000 m (3020 ft), Therefore, glass breakace will occur on
the ground below the explosion.

Building Damage

The (i ., P ) points for selected values of R for Scenario =2 are
tncludr ' in Fidure ©-3. Using the same techniques as in Scenario =1, bat
using the reflected overprescsures and impulses, Tableo-11was assembled.
{The reflected impulses are calculatzd bv Equation 2-4). For this cxplosion
at an altitudc of 1000 m, there might be building damage on tne ground
(possibly minor structural damage).

TABLE 6-11., BUILDING DAMAGE

Distarce
Degree of Damace {m) (f)
threshold of minor structural damagze over 800 over 2ulJ
threshold of major structural damage 430 1599

thresnuld of nartial demolition 300 289
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c-1,2.4 Zifect of Blast Waves on Humans_

The methods described in Seciion 3-2 are used to determine the
effects of blast waves on humans.

Larne Damaoe

4

3
The P, 172 m1/3 ) points for selected values of R (or
[o]
Sceni rio =2 are included in Figure 6-5. Table $-12 was obtained from
tris figure. There will be no luug damage to humans from this explosion.

TABLE ©-12. LUNC DAMACGE

Distance
Chance of Survival (mi e
. threshold of lung damage 170 :_;J---.‘
qar; 100 330
anT, 100 330
307 Q0 300
1™ 90 300
L 20 300
Far Damace
The (P, ! v points {or selected values of R for Scenarto =2 are

L _. 5 s . . )
inclided in Ficdre 0-¢. Table b-13 was assembled using thes tizgure. The
data . ould not be extrapoalated to firnd the distance for "Temporary Threshold

D,




TABLE 6-13. AR DAMAGE

Distance
Deeree of Damage (m)} (ft)
threshold of eardrum rupture 340 1100
507, cardrum rupturc 150 100

Skull Fracture
I
-5
The 4PS. m1/3) points fo. selected v--lues of R for Scenario =2

arc included in Figure 6-7. Table 6-14is the resuit.

TABLE v-14. SKULL FRACTURE

Chance of Skull Fracture Distance
(m} (ft)
mostly safc ) 390 R L300
threshold 360 1200
50"- 348 1166
rear 1007 320 1000

Body Translation an.d uanpact
|
S

The lPS, n 1/3) points for selected values of R for Scenario =2
1

arc included in Ficure 2-8. 'nthe result, Table v-15, note that ne value
of R is ziven for 'near 100% mortalit'" because 2xtrapolation is nct
recommended.




TAPT.E 6-15, MORTALITY FROM BODY IMPACT

‘ . ¢ i me e e . .- PR - -

Deuree of Mortality (m)D“’ anee o

mastly zate 390 1300
threshoid of lethality 370 1200
20" mortalily 300 660

There would be injury to people on the ground due to the blast

wave.

>
(%)

.3 Fragment Characteristics

The initial fragment velocity distribution is obtained from Figure
4-30;357, ol the frapuments have an initial velocity less than or equal to
1920 m/s {3300 {t/s).

. The frag:nent mass distribution cannot be determincd with the mcethods
that are presently available. Figures 4-51 and 4-52 show the mass distribu-
tion for CDBM cxplosions with yields of 5% and 1. 1%. There is obviously
a stronp dependence of mass distribution upon yield, and it i1s not valid to
attenint to extrapolate the information in these figures to a yield of {1, 170,

n-2.2.6 Effcct of Fragments on Humans

The effect on humans of flying glass from windows broken bv blast
waves will be considered. In Scenariv 41, it was shown that for injury
from flying elass, P 17,45 x 193 Pa +i.37 psi} with the blast wave striking
the pane of class head-on, and F_ =1.% x 10" Pa {2.84 psi) with the blast
wave propagcating tn a directicn pa;allcl tothe surface of the glass,

As for other types of damage tn this Scenario, the reflected over-
pressure must be nsed in place of P, Then, P_ = 2,43 x 193 Pa for
normal blast impact and P_=1.7%0 x H? Pa for bla'st impact parallel to the
slass serface. The corgespondiug values of PS are then 4. o4 v 10° 1,
(0,73 psiYand 7.435 » 107 Pa (1.37 psi).  From Ficurce 2-14 of Chapter 11,
Al aodhstance R Mess than 30 (3100 g1, there as Likchihood of hanan
e Ly Meine elass {from waindows normal Lo the directraon o fravel of 1he
Hiast wave The corresponding distance for wiadiws parallelb 1o the direciion
of travel s 420 my (1400 ey

' There will be no ey by flvine lass te Liemans on the croand.




6-2.3 Scenario #3. Fall Back of the Titan Cuvntaur ¥ehicle During Launch

The scenario for this accident is nearly identical to the [irst, except
that the lauanch vehicle is different. The Titan Centaur is a three-stage,
liquid-fueled rocket vehicle with a mass fraction of 0.85. The firut two
stapes are fueled with the hypergolic propellant combination N,0, and
Aerozine 50, and the third stage with LO, and LH; . The missile is
assumed to rise a short distance when loss of thrust in the first stage
allows it to fall back on the launch pad. The impact is assumed to he
sufficiently violen. that at least the first stage ruptures and spills its pro-
pellant on the launch pad. Impact velocity is 14.0 m/s (45.9 ft/s). Table
6-16 gives propellant masses and estimaes of structural masses f(or each
stage, based on the mass fraction of 0.85.

Several possiblc assumptions regarding severity of the fall-back
accident can be made. We will make two such assumptions, and predict
effects {or both, These assumptions are:

1) Only the first stage ruptures and explodes, and

(2) Both first and second stages rupture and explode
For the first assumption, the structure of the first stage is assumzad to be

the only source of fragments, while [or the second assumption, thz structures
of both first and second stages arc fragment sources.

TABLE 6-16. PROPELLANTS AND STRUCTURES
AT LIFT-OFF OF TITAN CENTAUR ROCKET

Stage Propellants Propellant Masses Structure Masses
{ ' }
(kg) (lbm) ke) 'lbm
Titan First NZO4 75 900 167, 000 20 600 45,300
Aerozine 50 40 400 88,900 -- --
Titan Secornd N,O4 19 500 42,900 5 360 11, 800
Acrozine 50 10 200 24,000 -- --
Centaur (Third) I_.O‘2 11 400 25,100 2 410 5300
LH, 2270 4990 .- --

H-29




6-2.3.1 Yield ... —_— e s --

The yield is calculated by the methods in Chapter I. According to
Table 1-2 values for the yield are obtained from Figure l-1 and Tahble
1-1, and the lower value is used:

From Figure l-1, for a fuel and oxidizer mass of 116 000 kg
(255, 000 lbn ) (only the first stage), or 146 000 ky (321,000 1b_ ) (first
and second Stages), y = 0.06. The multiplier is 240%. Y = (0. 06)(240%) =
14.4%. From Table 1-1, Y = 1.3%. Using the lower value, Y = .57,

6-2.3.2 Overpressure and Specific Impulse

The overpressure and specific impulse are calculated by the methods
in Chapter !{[ The effective mass is calculated from Equation 2-9.
W= WT x =—— . Table 2-1 gives the procedure for finding the overpressure
and specific unnulse as functions of distance:

W, =W  —— = 116x105k )—1—‘—5—% = 1740 kg (3820 1b
T T e 8) [00% frokg m'

(only the first stage)

< 1.5%
=/ _—tl0 - 9 )
W1 +2 (1.46 x 107 kg) 1007, 2190 kg (4820 1bm)

{first and second stages)

According to Table 2-1, the overpressure is read from Figure 2-7, and
specific impulse 1s read {rom Figure 2-8.

The following (Table 6-17) is a list of overpressures (P ) and
specific impulses (Is) from Figures 2-7 and 2-R. The solid lines in the
figures were used.

6-2.3.3 Effect of Blast Waves on Stiuctures

The methods described in Section 3-1 are used to determine the
effects of blast waves on structures.

Glass Breakage

In Scenario #1, it was found that the minimum overpressure to break
a typical pane of glass facing the explosion is 2420 Pa {.351 psil. For a
panc of 7lass parallel to the path of the blast wave, the minimum overpressure
requ'red to break it i5 4840 Pa ( , 702 psi). From Figure 2-7 one would
expect tc ce able to obtain the distance at which inese overpressures would

he observed for Scenario #3. For P = 2420 Pa or 4840 Pa, a value of
S

5-30
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3 . - . 1.3
R/W cannot be read from Figure 2-7, but it can be secen that R W st
bLe over 00, corvesponding to R greater than 720 m 12400 fU) for only onu B
staze exploding and R u¢reater than 78C m 12600 ftj {or both the first and

second stages exploding.
Building Damage
Tre (i, P ), points {or sclected values of R for Scenario =3 arc

. , .S S . . . )
included in Figure -3. Using the same technique as in Scenario =1, Table

o-18 was asscmbled.

TABLE 6-18. BUILDING DAMAGE

Distance
lst Stage lst and 2na Stages
Degree of Damage (m) (ft) (m) ift)
threshold of minor structurai damare 380 1200 4lo 1400
threshold of major structural damage i40 460 160 529
threshold of partial demolition 95 310 100 339

Overturning of Objects - Two Stages Exploding

a C.i
_g_:{_s’ PS) points for sclected values of R arc included

o
in igure v-4. For R less than or equalto 25 m (310 £t), a Saturn V
rocket can be expected to overturn as a result of this explosion.

The (

n-2.3.4 Effect of Blast Waves on Humans

The methods described i Section 3-2 are used to dcte=minc the
effects of Llast waves orn humans.

Lane Damave

b points lor sclected valves of ® for Scenaric

5 1/72 1/3

=Y are indluded i Ficure -2, Tavle o+ 1% was obtained (rom this figure.




0
¢
TABLE 6-19. LUNG DAMAGE
¢« | NV
Distance
Ist Stage lst and 2nd Sauvces

Chane e of Survival (m) (ft) (n1) )

threshold of tung damage 120 390 130 410

8a% 53 170 53 180

Q07 16 150 52 170

50Q7%, 39 130 43 130

109, 35 110 40 120

175 32 100 36 120

Ear Damage

' The (P,, L) points for selected values of R for Scerario #3 are
included in Figure 6:6. Table 6-20 was assembled using this (ipure. The
! data could not b extrapolated to find the distance for "Temporary Thresn-

old Shift".
TABLE 6-20. EAR DAMAGE
Distance
lst Stage 1st and 2rd Stages
Degree of Damage {mj) (ft) (m) iy
threshold of eardrum rupture 260 850 280 220
407" eardrum rupture 10 3e0 120 390

Skull Fracture

1
. s . . . .
The (P ,— ,3) points for sclected values of R for Scena~io =3 are
S ¥

included in Figure 6-7. Tablc 6-2) i3 the result. The curves in Figurec-c
should 2ot Le extrapolated to find the damage limits beyond ""mostly satfe .




TABLE 6-21. SKULL FRACTURE

Distances
lst Stage tst and 2nd Staves
Chance of Skull Fracture .m) (ft) {m) (e
rmostly safe 110 300 120 39

Bady Translation and Impact

04

s
1/3
m

included in Figure 6-8. In the result, Tablec 6-22, note that a value of R
is given only for '"mostly safe' because extrapolation is not recommended.

The (Ps, ) poirts for sclected values of R for Scenarin #7% are

TABLE 5-22, MORTALITY FROM 3ODY IMPACT

Distances
Deprce of Mortality lst Stage Ist anc 2nd Stages
(m) (ft) {m (it
mostly safe 110 360 120 391

6-2.3.5 Fragment Characteristics
The fragment mass and initial velocity distributions cannc¢t be determined
by the methods in Chapter IV because the figures there are not to be usca for

hyperueolic propellants.

The fragment range i3 obtained from Figure 4-57. 93% of the fragments
will strike the ground at a distance less than or equal to 270 m {590 fu).

0-2.3.6 Appurtenances

As an example of an appurtenance a cement block will be ared as

Scenario 1o The stand-off distanc e s S22 (170011, where B Sobe i ‘ b,
P2 and L 1149 Pa + 3. Then | O 20%, Locating the (ff L 0

N ht . = .S ~ B
pSint on Frewre 4726, one finds that ¥~ 570, Then v 0,85 myze U e,

Thas,this coment bleck would be thrown at a low velocaty.




:-2,3.7 Effect ! r ragment on Humans

;; The effect on humans of flying glass from windows brokep by blast.
waves wilt be considered. In Scenario #1, it was shown that for injur rom
flying glass, Py =945 x 103 Pa with the blast wave striking the panc of
glass head-an. and P = 1.90 x 104 Pa with the blast wave propauat; (n
a direction parallel to the surface of the glass, From Figure 2-7, a! 4 dis-
tance R/W1/3 jess.than 38.0, there is likelihood of human injury by tlying
ulass from windows parallel to the direction of travel of the blast wave.
The correxponding distance R/W1/3 (or windows normal to the direction
o! travel cannot be read from the graph., The maximum distarnces from the
explosion for human injury from f{lying glass are shown in Table £-23.

The damage and injury to be expected in Scenario #3 are summarized
in Taties 6-24 and 6-25,

TABLE ¢-23. MINIMUM SAFE DISTANCE FOR INJURY
BY FLYING GLASS

Digtance
. Orientatior of Glass to Direction of lst Stage lst and 2nd Staces
Travel of Blast Wave (m) (ft) (m e

parallel 460 1500 490 1600

TABLE v-24. SCENARIO 3: DAMAGE TO STRUCTURES

Distance
lst Stage lst and 2nd Staces

Damadce to Structures (m) (f) () ot
Saturn V overturning

threshoid of partial demolition a5 310 a3 310

thresnold major structaral damave 140 460 160 5§29

a5 of fragments will strike the ground 270 890 270 SR
within this Jdistance

threshold minor structural damage 380 1200 1l¢ 1400

‘ threshold of side n vlass breakaze > 729 > 2400 > TR > 2
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TARLE 6-25, SCENARIO 3: HUMAN INJURY
: S et -e - .. -
Distance
lst Staye lst and 2nd Staces
Human [njury (m) (fty rm ({ty
] N
17, survival (lung damage) 32 100 3 129
107, survival {(lung damage) 35 110 49 139
509 gurvival (lung damage) 39 130 43 150
5 22 |
907 gurvival (lung damage) 46 150 2 1
17, survivai (lung damaye) 53 1790 2 Lan
50", eardrum rupture, mostly safe from 110 369 12 3y
skull fracture and bodv impact
‘ threshold of lung damage 120 390 134 430
threshold of eardrum rupture 260 8510 250 a2
threchold injury from flying plass
(side-on) 460 1500 400 100
6-2.4 Scenario #4. Pressure Burst of a Centaur Pressurant Tank

During Pneumatic Str-ngth Testing in a Shop Area

One of the spherical pressurant tanks for the Centaar launch vehicle
is assumed to fail catastrophically while it is being proof testea in a shep
area. ’I'hf vessel is spherical, made of Ti-6 ALtV alloy, has a volunic of
0.:.206 m7(4.20 ft”), and fails at *lic design pressure of 20.7 M Pa 13000 ps1),
and at room temperature of 25 C (/7 F). The vessel is being pressurized
with heliurn, with a - ot l.b7. The radius of the vessel 1s 00007 m (L 00wy,
and the wall thi~'.uess is 4.60 mm (0.9151 5. The density of the Gtanmm
allov s 3,00, Mu/m3 (279 lhn]/ﬂ ), maxing the mrass of the vessel 2403 ke

(53.5 1h ).
m
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2.4.1 Overpressurc and Specific Impulse
Dctermine the starting point and locate it on Fivure 2-18, Us¢ He'™ ~ 7

nearest curves to find the overpressure versas distance behavior. Use

Fronee 2

-2V ta determine the specific impulac versas distance behaviar:

2.07 x lO7 Pa (g)=2.08 x 10" Pa (absolute)

P, *
5 -
P, *© 1,013 x 107 Pa. Then pl/pa = 205.3
T, = T =208°K. Then T,/T = 1.00,
1 a 1 a
For ¥, = 1.667, from Figure 2-21, ?so =4,8.
R : 1 = 0,0920

o s (P2 1\ V2 [ 4af2.08 x 107 Pa ) l) N
1-3 \p. / 3 \l.OlelOSPa
vl-l

1.667 - 1

in Figure 2-18 the point (R , P o) _lies nearest the
4th curve from the bottom. This gives s Ps versus R,

r 4__<pl V173
—_— —_— — -1

r _ 3 o /

R = 2 173 ° Then 1'=Rr0 2

T -1
i:(p_l_ > !
b/ QSR
- pa

i:.( 2.08 x 10’ Pa _1>
> \oi3 «10° pa

= R(0. 307 . = R(3. 33¢ {
507 m) L. o67 - 1 Ri3.336) (rin m)

p. - P ;




P TPy . (2.08x107 Pa - 1,013 x 10° Pa)(O.llObn\3) Tt
E= — v = <
Voo i 1,667 - 1
= 3.74 x 1077
- 313
- Iaa lpaZ/ E
V== 173 Them 1= a
P a
a
- 5 6. 1/:
= 101, 013x 10° Pai?/ (3. 743 x 10% 1) /3 -

1)

10191, (Iic Pa - s)
3315;-

Cverpressures and specific impulses versus distance are listed in Tablc 0-26
and graphed in Figures 6-9 and 6-10,

‘ 6-2.4.2 Effect of klast Waves on Structures

The mathods described in Section 3-1 are used to determince the !
effects of blast waves on structures.

Class Breakage

In Scenaric 41, it was found that the minimum overpressurec to break a
tvpical pane of zlasz facing the explosion is 2420 Pa. For a panc et ulass
parallel to the path of the blast wave, the minimum overpressurc required to
break it is 4840 Pa. From Figure £-9 one can ubtain the distance at which
these overpressures would be ohserved icr Scenario 44, For 7 = 2420 Pa,
it can be scen that the distance R must be 28m (72 ft). For P_S = 4H43 Pa,
the distance R is loem (52 ft'. S

Building Damage

The (is, PSP points for sclected values of R for Scenaric =4 are
included in Fayure v-3. Usinge the same techniques as in Scenario o1, Table
6-27 was assembled, It is unlikely that any building damage will resul,
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TABLE 6-27. BUILDING DAMAGE '

Distance
Degree of Damage (m) (ft)
threshold of minor structural damage 1.3 4.3
threshold of major structural damage 0.6 2
threshold of partial demolition 0.5 l.6

-

h-2.4.3 Effect of Blast Waves on Humans

The methods described in Section 3-2 are used to determine the effects
of blast waves on humans.

Lung Damag-=
l-
by
The (PS, p1/2.ml/3) points for selected values of R for Scenario =74
o
are included in Figure 6-5. Table 6-28 was obtained from this figure. The
"I survivability ' limit cannot be determined, but it certainly lies within the
gas vessel, and thercfore is of no interest.

TABLE 6-28. LUNG DAMAGE

Distance
Chance of Survival {(m) (ft)
threshold of lung damage 1.2 3.a
297 0.54 L.
207, 0.48 1.6
509 0,41 L. 4
Lo 0. 35 i1

Ear Damage

The (PS, Isl poeints for selected values of R for Scenario 74 are




-

included in Figure G-6. Table 6-29 was assembled using this figure.
Althouuh it s inadvisable to extrapolate the curves in Figure 6-6, one
can estimate values of R far "threshold of eardrum rupture’ and 507

eardrun pupture',

TABLE 0-29. EAR DAMAGE

Distance
Depree of Damage (m) (ft)

threshold of cardrum rupture 4(approx.) i3(approx.)
50, ecardrum rupture l.6(approx.) S(approx. ;
TTS 147 480

Skull Fracture

Is
The (Ps. ——=) poiats [cr selected values of I {or Scenario #+

/3
m

could not be included in Figure 6-7. Because extrapoiatior is not recommend~«d.
little information on safe stand-off distances {(with respect to skull fracr )

can be obtained. It appears that distances greater than about 1 m (3{t) will

be safe for humans for this type of injury.

Body Translation and Impact

[
Thre (Ps, _il_/—3; points [or selected values of R for Scenario ¢4
m
could n-t be included in Figure 6-8. As above, it seems that a safe distance
{or humans, considering whole body translation and impact, is abour 1 m (3 ft).

6-2.4.4 Appurtenances

This vessel burst occurs in a laboratory. A reasonable object for an
appurtenance miprht be a hammer. This is grossly idealized as two vertical
cylinders, once ontop of the other. The ten cylinder, the head. has a radius
of 0.01905 m (2.75 in), a length & 0. 1216 m (4.0 in), and a mass of 0.918 kg
(2.01b ). The lower cylinder (thec handle) has a radius of 0.01905 m (0.75 n),
a len_f:tgnof 0.254 m (10 in), and a mass of 0.679 kg (1.5 lb_}. The tota!
mass is 1.¢0 kg (3.537 b ), and the cross-sectional arearpacing the Liast
wave A is 0.0135 m® (dT1451t2). Cp= 1.20. K=4.




Then, X =0, and H = 0.01905 m (0.06250 ft), Assume that the
hammer is located 9.067 m ( 2. 19 {t) from the center of the vessel. At
this distance, P_ = 2.74 x 10° Pa ( 39.7 psi), P 2.7, and I = 235
Pa -+ s (0. 0399 psi + ) s s

CDIsAo

P _(KH + X)
s

For Figure 4-26, I-s =

41.20)5(275)(331) = 5.23., From that graph, © 3 20.
{2.74 x 1073 4(0.01905) + 0

VEAMKH * X)50)(1.013 x 10°)(0. 0125) 4(0.01905) + 0 ]

Ma_ (0.679)(33,) =9 m/s

Then V

(30 ft/s). A hammer can be thrown at a high enough velocity to be dancerous.

6-2.4.5 Effect of Fragments on Humans
. The effect on humans of flying glass from wincdows broken by blast
waves will be considered. In Scenario #1, it was sacwn that for injury

from flying glass, P =9 ,45«x 103 P3 withthe blast wave striking the pane
of glass head-on, and P_ = 1.96 x 10° Pa with the blast wave propaeating
in a direction parallel to'the surface of the glass. From Figure 6-9, at

a distance R less than 9,8 m ( 32 ft), theie is likelihood of human injury
bv flying glass {rom windows normal to the direction of travel of the blast
wave. Thre corresponding distance for windows parallei to the direction of
travelis 5,9 m 12 ft),

A summary of damage and injury for Scenario 4 is given in Table

ub-2.4,6 Fravment Barrier

A metal sheet or plate can be used as a barrier to stop fragments
from a bursting pressarant tank. It was found that the initial fracmeo
velocity is 711 m/s. Assume tnat the barrier is close enough to the vessel
that the fracment velocity does nut decrease significantly before the fraument
strikes the barricr.

- 3
For g barrier, assumc a stcel sheet ar plate (¢ = 7850 ke/m™,
2 =3, 11 x10° N/m"). The barrier may surround the vessel, but cffects
of curvature and oblique impact will be ignored.




0
¢
¢ . l TABLE 6-30, SCENARIO 4: DAMAGE TO STRUCTURES
AND INJURY
Distance
Damage and Injury _(m) )
10% survival (lung dzmage) 0.35 1.1
507" survival (lung damage) 0.41 1.4
90% curvival (lung damage) 0. 48 1.6
997, survival (lung damage) 0.54 1.7
mostly safe from skull fracture and mortality
due 10 body impact ~1 -3
' threshnld of lung damage 1,2 3.9
50% eararum rupture ~-1.9 -5
threshold of eardrum rupture ~4 ~13
threshold of injury from flying glass (face-on) 9.8 32
threshold of injury from flying glass (side-on) 5.9 19
threshold of side-on glass breakage 16 52
threshold face-on glass breakage 28 22
tempcrary threshold shiflt 147 480

v-42




The fragment mass is determined by choosing the 90th percentile
of distribution of fragment mass (the mass which would equal or exceed |
the mass of 90% of the fragments), From Figure 4-55, the fragment mass '
is then 6.6 kg (15 lbm). Assume tnat the fraument is a sphere of radius  a.

1/3 1/3
a - | —= 2| —b-bkr = 0.0704 m {0.271 ft)
4 ke 47
c —3-~ 4520 3 *—3'-
p3/ m

The nondimensional limit velocity is
v (4520 —*‘-’;’-)(311'—;‘—)
e
'p 50 m = 0. 900

‘\/°t°t \](3. 11 x 108 -—; )(7850 —k3ﬂ)
m m

From Figure 5-1, h/ato stoo the fragment is 0.23. Then h = 0,22,
3 ={0.23%0.0704) = 0.016 m = 9.052 {t = 0.63 in.

. A steel plate of 0.016 m (0.63 in) thickness would stop 507, of the
fragments with the given initial velocity. Before such a barrier is used,
the blast loading should also be determined.

6-2.5 Scenario é5. Rotor Burst of an Aircrzii Gas Turbine Running
on a Test Stand

This probiem is quite different from the previous four. It does not
involve accidental explosions at all and is included to demonstrate the atility
of some of the methods given in the workbook to salety problems other tiran
the primary intended ones.

The problem is as follows: Predict the maximum range and terminal
velocity for a fan blade fragment of a gas turbine engine assuminy that the
blade fatlure occurs at its connection to the rotor disk.

Fur Case I, assume the spinning blade leaves throuph the enuine
inlet with a deflection that tips it into the horizontal plane within an :aizial
trajectory greater than 33°, with no loss of kKinetic eneray. Whouph the
twist in blade may not contribute to the assumption of 1ift forces, as~ame that
the hlade s a spinming body or deformed into a boomerang - ke shaj.
vdentify the anele-or-attack and trajectory angle for maximum fravnent sance.

For Casc Il - The fan blade is deflected and deforms by carhine ineo
’ a cvlindcer or sphere-like shape apon leaving the inlet to The cas tarbine ath




a loss of 107 af the translational kinetic encrgy.  In this case, predict the
maximum possible range and terminal velocity using drag ocfficients for
a ~vlinder or spherc.

Fragment characteristics are as follows:

Geometrical shape (see Fig. 6-11)

Rotat nnal kinetic encrpy = 17,400 J
Translational kinetic enerpy < 200 J
Mass = 0.5 kg
Fan bLlade tip spved = 393 m/s
Fan spced = 123.1 RPS
Fan jet velocity = 25% mi/s
Location of fan blade center of

gravity (CG) from C; of engine = 0.342 m

Location of fan blade CG from
failure = 0,1l6m

These types of jet enpine rotor failures have occasionally occurred during
takeof! and climb-out, Some have also occurred on atatic jet engine test
stands. Documented evidence shows that trajectories have been as much as
7° forward, relativeto the plane of (iilure for fan rotors. Containment
barricrs cannot be provided at the inlet of engines on static test stands
without upsetting inlet performance data. Thus, it becomes important to

identify hazards to people and risk of damage to facilities for such failures.

Case | vvas run under two scts of assumptions. Since FRISB was
written for '"disc'' fragments, it was necessary to assumec that the blade
curled into a disc shape. The planform arca of the blade fragmeat was set
cqual to the surface area of a representational disc. The planform thickness
of the blade as viewed {rom the front was set equal to the thickness of a
representational disc. The optimal lift coefficient for a circular wing
.’C,Lz 0.32) was taken, assuming gyro stability for the circular disc and assuming
a constant angle of attack. A drag coefficient of 0.85 was obtained from
tables relating drag coefficient to the thickness-to-diameter ratio of a plate-
shaped fragment.” ‘I'he area over which pressure .irsg acied was taken ac the
thickness times the diameter of the representativral disc. The initial velocity
of th: disc was assumead to be the initial translational velocity of the fragment.
The rotational velocity of the fragment only contributes to the eyro stability
~f the dise. [Results were obtained {rom the spectrum of initial truiector
angles from 30to 70° in five-dearece intervals. The results niven in Table
6-31 are for the maximum range obtained.

As a check onthe results obtained for Case 1 urder the assumptions
of the dizc geometry, the trajectory characteristics of the fragment were
determined under a different set of assumptions rolating to lift. For these




“thrust ' assumptions, the blade was assumed to spin about an axis normal

to its planform area, producing athrust like a helicopter rotor blade. and
thus lift. All cther sources of liit were ignered. The fragment was approxt-
matced from drawings to have the shape of a NACA 4412 air foil. Therota-
ticnal kinetic energy contributing to the thrust is assumed to dissipate as a
result of pressure drag forres as a function of th: average linear velovity

of the blade in rotation, The rotation of the blade coriributes oniv to lift.
The initial velocity of the blade is the initial translational velocity as in the
disc case. The drag resulting from the translational velocity of the blade
ants to dissipate the tronclational Minetic energy.

For Case Il in which nn 1ift i3 congidered, the fragment was assumed
to delorm into a cviindrical shape, and a pressure drag coefficient of 0.85
was used (which is approxirmarely vorrect for cylindrical fragments traveling
at Mach numtbers less than 1/2). Trajectory differential equations were
solved both by the use ot Rung}e-Kutta techniques and the time interval pertur-
bation technique as of Zaker. Results were the same. Predictably, for
the no lift case the maximum range is less than for the case where lift is
assumed. The terminal velocity is also ¢lightly less. See Table 0-31.

TABLZ 6-31

Gy t R
deg m m/s deg
Casel
Disc 37.5 110 29.0 38
Thrust 40 97 27.9 24
Case Il
No lift 45 84 27.0 47

Table 6-31 and Figure 6-11 show the results of predictions obtained
for both cases for the optimum initial trajectory angle @ and under various
assumptions to be described. The maximum range in meters R_. 1is viven,
as well as the terminal velocity Vt ip moters per second, and the terminal
ballistic angle of attack in degrees £. From thretable it may be scen that
the maximum range exgected under any of these sets of a~sumptions s 112
meters (367 tt) and the terminal velcciiy is only slightly less than the initial
translational velocity of 30 meters per sccond (78 ft/sec). To put the damage
potential of this fragment in perspective, a sphevical fragment haviny the same
mass with this terminal velocity could penetrate a 0. o-mm-thick (. 223c in:
steel plate or a [.p-mm-thick 1. 06279 tn) aluminam plate.
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CHAPTER VI

DISCUSSION OF R:i.SULTS

Chanmwers 1 throuph VIin this workbook give a number of simpli-
fied prediction methods wnich hopefully can be used by a typical safety
engineer to estimate damaging effects for certain classes of accidental
e¢xplosinnsg in aerospace launch facilities and flight vehicles. All predic-
tion metihods employ relatively simple graphs or equations, and require
at most the use of a desk calculator or slide rule io make estimates,
Fxample calculations are given in each chapter to illustrate use oi the
graphs.

Generally, the {irst step in predicting the effects of an accident
is to estimate the total explosive yield or energy. ¥or accidents involv-
ing the linuid propellants commonly used in rocket veninles, a number
of curves are prescnted in Chapter I for prediction of explusive yields
given the propella.t mixture and type of postulated accident, Thrse
graphs are based primmarily on scaled resrults from Project PYRO rests,
with upper limits established by vther related work. This chapter also
contains scaled graphs for estiimating explosive cnergy release for yas
vissel bursts, given the vessei characteristics and size, type of zas, and
in:tial conditions. These graphs ar= based primarily on computer code
golutions rather than erperimental data.

Once explosive yields or energies are estimated from Chapter I,
they can be used a3 inputs to graphs in Chapter LI to obtain predictions of
blas: wave characteristics over a range of distances from the explosive
sources. The primary blast wave properties included in Cnapter 1I are
side-on peak overpressure Ps and side-on impulse [, although we
include discussions of other properties such as reflected peak overpres-
sure P and time histories of drag pressure q. Again, blast data for
liquid propellants are based primarily on experiinent, while data for
bursting gas vessels are estimated from computer code solutions for
such waves.

Chanter Il is devoted to prediction of damaging effects of blast
waves, and is designed to give such predictions once blast pressures and
impulsec are known. The chapter therefore contains a number of scaled
P-l (pressure-impulse) curves which are associated with various levels
of damage or injury to a variety of structures, structural elements, and
peonle. From cifferent graphs, one can estimate minor damage through
complete collapse of residences, threshold for glass breakage, incipient
damage to beams or plates, and incipient toppling or overturning of a
vehicle. Probability of injury or mortality ¢f peopie can be predicted




_from other scaled graphs. Tuese give estimates of threshold of ear

damage, various probabiliti=s of m~uiality as functions ot size of an ‘
individual as well as blast wave properties, tertiary blast damage from

irdivicuals being tumbled by a blast wave, and probability of injury from

flying glass from windows destroyed by blast waves. The prediction

methods for blast damage to structures are based on bomb damage studies

from World War [l. and a variety of other analytic and expcrimental

sources, Extensive work by Lovelace Foundation over a number of years

is the primary basis for the estimates of injury and mortality to people.

Knowledyge or estimate of some o1 the general characteristivs of
vessels involved in accidental explosions, and explosive yieid estimates
‘rom Chapter I, will aliow one to estimate characteristics of fragments
generated by thes. xplosions. The first set of sriphs allows cstimation
of fragment initial velocities. These, and fragment mass and shape
distributions, allow use¢ of other xraphs to predici {ragment termina!l
-elocities and impact conditions. Finally, several curves give probabi-
iz, of fragment arrival versus range. Most of the predictions from this
cnapte. ~-e statistical functions because of the inherent statisticai nature
of fraamentation. The graphs for fragment initial velocities are bascd on
exercise of computer program deveizped under this cortract and a pre-
vious one, supported by limited experimental data., Graphs for mass and
shape distributions of fragments are, on the other hand, based entirely
or. fits of statistical functions to experimental ‘missile maps'.

Once frazgmert impact conditions are known, one should then be
able to estimate effects of such impacts on structures, facilities and
peonle. Thaptcr V provides d~ta for making soine fuch predictions.
These include incipient damage to lizht structures or panels, and blunt
obicc* impact injury :n pcopie. Some data on thresholds of penctratior
of licht panels are also given, This part of the workbook is, because of
lack of sufficient experimental data or analyses, and in somiec 1instances
the classified nature ¢{ fragment impact cffects on humans, less complete
than other chap'ers. Some of the uriphs for itnpact damaye are based
on tests and analysis of what onc might thirk to be an unrelated field,
i.e., hail camage .0 aircraft and ground wtructures,

The sixth chapter inciudes a brief discussion of the more complete
ficld of risk assessment, of which damage cstirmation is a part. We
npoint out that a more complete analysis is necded 1f one 15 to estimate
the prodability of an ace:dent ocvurring, which type of accident s more
prubable trap another, ez, Most of Chapter VIis devoted to oo series of
astracions of use of the methods of Chapters I throush Viin nredicting

soth blast and fragmentation effccts for tive accident Vscenarios'. The
five postulated accidents include se:veral which could oo cur durire launch
or lizht of multi-staz: rosxer vericles, or during teat of compoancents in




a test bay or laboratory. Hopefully, study of these examplcs should lcad
“the reader through the workbook methode for reasonably complete
estimates of effects of certain accidents, as opposed tu calculation of
scparate parts of the effects given in previous chapters.

Throughou! the workbook, the ''tolerances', or possible errors,
involved in various calcrdations are indicated. These are included in
various ways, such as error bands about groups of measured data, a
range of probabilities of mortality or iragment impact, etc. A wide
errotr band indicates cither large inherent spread of data or considerablie
uncertainty in the maethod of estimation because it has not been validated
by experiment. Factors of safety are not incluued as such, although usc
of upper bourds to loadiny; parameters such as blast pressure and iimpulse
or impaci velocities of iragments will assure conservation.
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- CHAPTER vl

CONCLUSIONS

Some vonclusions can be drawn regarding the applications of thys
workboox, and limitations to its use. These are discussed in this brief
chapter.

It 15 possitle using methods jiven in the wornbook to make rea-
sunable eslimate s of blast wave characteristics over a wice rargc o
distances from ihe source of the accident. These character:istics can
then be uscd to predict damage to structures, for a number of types of
structures and damage modes, and can also be uscd to predict various
levels <« finjury ‘o and probability of mortality of humarns, Corfidence in
blast damauge ard injury prediction is good, given xnowledge of the blast
wave prcperties, because of extensive past testing and analvsis, The
blast damave prediction mechods are cast in a format which allow their
use for o:rer types of explosions.

Prediciion methods are given for estimating initial velocities,
ranges, masses, and impact conditions for fragments generated by
propellant expiosions and 7as vessel bursts. The methods for predictin:
initial velocities are veasonably well founded on theoretical aralyscs andg
¢xperimental data, and apply over a wide range of simulated burst cendi-
tions, Mlcthods for predicting fragment ringes and impact corditions
have a ucod ihcoretical basis, and can be used for other predictions ir.-
volving fight tnrouuh the air of high-velocity objects. Such predictions
can h¢ made for objects launched over a very wide raage of initial Mach
numbers. Methuds for predicting fragment mass and shape dustributions
are entirely Lased on statistical fits to quite limited data, and therefore
involve considerable uncertainty, as well as being impossible to
accuraiely extrapolate.

Soine predictions can be made of fragment impact etfects on
structures and structurai elements from zraphs and equations givea in ¢ ¢
workboox. Thesec effects are much less well-known than are blast cffects,
50 only limited predictions are possible. Some effects of fragmant im-
Pact on humans can also be predicted, but these predictions are limited
by security restrictions on wounding potential ol fragments, Throuchout
the workdook, limitations such as this are noted when they are krown.

This workbook is hopefully presented in 2 manner which allows
easy use Dy typical safety engineers. For readers who arec interesicd in
the deiail behind the relatively simple equations or graphs used tv maiic
predictions, a numder of detailed appendices are included in appropria.c




_ chapters. We believe that the workbook is the {irst to provide safety
engineers with relatively simple estimates of blast and {raginent hazards
{or accidental explosions in liquid- propellant fueled {light vehicles,

As noted before, some parts of the ‘vorkbook have wider potential
application than explosive hazard prediction for liquid-fueled rockets.
The sections on fragment trajectory prediction, or the associated com-
puter programs, can be used to predict ranges and impact conditions for
many types of fragments or objects thrown irto the air. The sections on
blast effects apply for blast loads from any source. The methods for
estimating fragment impact damage, though limited, are independent of
the sources of these fragments or impacting objects.




CHAPTER IX

S e s e e -a - -

RTCOMMENDATIONS

This workbook will allow prediction of blast and fragmentation
effects for a wide variety ol explosive accidents which could occur at
acrospace launch and test facilities, It is based on a rather exhaustive
review nf saisting test and cccident data; analyses of blast and shock
wave physics and cffects of such waves on objects and humans; and
analyses of fragment velocities, trajectories, impact conditions, and
effects of impacts. A number of suoporting studies have been made in
generating relatively simple application formulas or graphs - these are
reported in appropriate appendices.

The bases for the prediction methods given in this workwook
range from a firm foundatior. of extensive testing and analysis, through
analyses supported by limited testing or accident reporting, to some
predictions whinh are quite speculative because of little or no corroborat-
ing evidence. Predictions in the latter case could oiten bLe impro-ed by
additional rescarch. Also, some of the methods which have been devel-
oped here have potentially wide application to problems in hazards
prediction other than explosive effects for flight-weiznt aerospace
vehicles., We thercfore give in this short chapter a list of recomnienda-
tions for areas in wnich we feel there is a need for additional testing,
analysis, or coriclation of prediction methods,

Scme of these areas are:

{1) Defirition of fragmentation characteristics for bursting cas
storage bottles. Existing data consist of only five tests
for two bottle gecmetries, one material, and one gas.
There are no reliable ''‘missile maps' for such bursts,
Curves for fragment range presented in the workbhook are
based on computer-generated predictions, which shouid be
validated by test.

(2) Definition of blast wave characteristics for burst of cvlin-
drical gas storage vessels, either analytically or expzri-
mentally. Present methods are limited to esscntiaily
spherically symmetric cases.

The analysis in this workbook is based upon data gencrated
by a computer program, It has been confirrved to some
extent by experimental data, hut more experiments are
needed. More work must be done 15 determine specific
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(3)

(4)

(5)

impulse versus distance for gas vessel bursts, Then, a

.good nomograph should be developed.

The cffects of charging the vessel shape from spherical to
cylindrical should be investigated, both theoretically and
experimentally.

In this analysis of the blast wave, the cnergy required to
burst a pressure vessel and accelerate the iragments was
neglected., Analytical and experimental studies would
allow this cffect to be included in the calculation of the
blast wave parameters.

This workbook cdrals with very particular types of frag-
ments and targets. The analysis shnould be extended to
include shapes of fragments other than spherical and
targets other than mectal sheets and plates.

Targets that might be studied include wood, concrete,
brick and glass. Also, it may not be desirable to trcat
the side of a fucl tank as an unsupported metal sheet or
plate. There is probably some efiect of the liquid, and
one is concerned with the possibility of a fragment igniting
a fuel tank, in addition to only puncturing it.

Oblique impacts by fragments deserve more study, and the
cifects of the strength of fragments is presently unknown.
A model-scale experimental program is recommended to
fili this void.

We recommerd extencsion of the present work to accidental
explosions in thick-wali=d storage vesscls typical of grourd
transport and storage ves3els. The current work is
directed toward explosions of flight-weight hardware.

Blast and fragmentation chara-teristics can be drastically
different for heavier vessels, aind consequently, so can the
effects on structures, facilities, vehicles and humans,
Included in this work should be exer-ise of the SPHER and
CYLIN codes for typical initial conditions for massive
vessels.

The analyses used to develop scaled curves for fragment
range and impact conditions, for both liftiny and drag-type
fragments, have potentially wider application than genera-
tion of some of the scaled curves of Chapter 1V, W




cecommend that those programs be used to develop more
womuy saphs which ioclude cther parameters such as
initial altitude of an explosion, flight velocivy as a funcuon
of this altitude, and additional mass to area ratios typical
ol ground storagce vessels., We also recommend that the
programs be used {or other typas of accidents involving
high-velocity missiles or fragments such as the pieces
from a turbina rotor burst pastulated in the fifth appliza-
iion problem in Chapter VI,

(6) The existing codes for predicting initial fragment velocities
rv limited to one space dimension and time (1-D codes).

We recommeand the development of a limited 2-D code for
cylinder fragmentation, bascd on a combination of the
assumptions inkerent in the FRAG-2 and CYLIN codes used
in this workbook., Such & code should more accurately
predict initial fragment velocities for real vessels, but
would certainly be more complex and more expensive to
run than ecither of the existing codes.

(7) As a part of studies of :ccidental explosions of thick-walled
vessels, we recommend a literature search for tests or
accident cases, where data on projection of large parts of
tanks could be compared with predictions from FRAG-2,
which assumes that a tank separates into two pieces which
arc propelled by the ¢xhausting fluids. Rail tank car
accident reports, and burst tests of tank cars concucted at
White Sands Missile Range, would perhaps be appropriate
sources of such data.

(3) We recommend using the pregrams {or prediction of {rag-
ment ballistics to gen=rate tables for range and terminal
impact conditions, svch as was <done in a limitec sense
for fragments from tursting sas spheres in Chapter IV,
These predictions wculd supolemcent, or could conceivably
supplant, missile map data for this class of explosion.

The specific recommendaticns listed before can be supplemented
by a last seneral recommendation. This workbook contains, we believe,
the most accurate assessments which can be made based on the current
statc of the art. In almost all areas covered, either ongoing or future
studies may well alter the prediction raoethods, or the results of apolying
the prediction mcthods., The workbhook is 50 organized that alterations or
modifications can be made to individual chapters, without a complete
revisien of the c¢ntire book. It is strongly recommended that revision. be
considered on some regular schedule, say at two-year intervals,




LIST OF SYMBOLS
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terms in equations for bursting vess2! motion
presented target area

area of an object presented to the blast front
planform or top surface area of fragment
cross-sectional area of a fragment along its traiectory
mean presented area of object

average drag area

average planform area

fragment area

geometric mean frontal area of giass fragment
radius of a fragment

airfoil curve slope

critical sound speed in mass flow equation
ambient sound velocity

sound speed in confined gas, T =0

vehicie track width or depth of target base
number of rotor blades

drag coetficient

li{t coefficient

cylinder length

cylinder thickness

mass of gas confined at high pressure as a function o: tirre
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LIST GF SYMBOLS (Cont'd)

prdfile..d.r-a.-g -
diameter of fragment

width of fragment segment

modulus of elasticity

effective blast energy

bulk modulus

end cap length

end cap thickness

stored energy ratio

fragment projected area

nondimensionalized displacement of a fragment
acceleration of gravity

minimum transverse dimension at location of largest
presented area of object

thickness of a target, glass, or plate
sphere wall thickness

segment height

mass moment of inertia of rotor
nondimensional specific impulse

total drag and diffra:tion impulse
incident specific impulse
nondimensinnal 1ncident gpecific imoulse

initial trajectory angle of the fragment

side-on impulse
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LIST OF SYMBOLS (Cont'd)

threghold impulse

a.iabatic exponent (ratio of specific heats)

constant {4 if appurtenance is on the ground and 2 1f
appurterance is in air)

value from the normal distribution tahle
mass flow rate coefficient

cylinder length

length-to-diameter ratio

mass of fragment; of contained gas
average mass

fragment mass

cylindrical shell mass

total mass of targeti; of iragment
number of fragments

pressure of confined gas

crack perimeter about a fragment
nondimensional pressure

peak overpressure

pressure of confined gas at any instant
initial pressure of confined gas

threshold applied maximum reflected pressure

reflected peak overpressure




LIST OF SYMBOLS (Cont'd)

peak reflected pressure

peak side-on overpressure
nondimensional pressure

ambient air pressure

net transverse pressure

peak dynamic pressure

peak dynamic overpressure

gas constant

sphere radius before burst

radius of rotor

initial cylinder radius

distance from center of a vessel
cylinder radius

disc radius

fragment Jdisplacement at any instant
strain energy stored in vesgel
estimate fcr the standard deviation
segment length

duration cf the positive phase of the blast wave

temperature

teraperature of confined gas at any instant
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LIST OF SYMBOLS (Cont'd)
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temperature

thickness of fragment; disc; window pane
time of arrival

shell thickness

shock velocity

peak particle velocity

velocity of fragment

volume

nondimensionali velocity

initial velocity ratio

rotor blade velocity along rotational axis
volume of the vessel betore it bursts
initial fragment velocity

induced velocity from thrust

volume of confined gas at any instant
volume of shell material

tip velocity of rotor

ballistic limit velocity

effective ntass of propellant

Imearn 1mMass

total mass of propellant and oxidizer

crack width
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LIST OF SYMBOLS (Cont'd)

e . e - - - -

di¢placement of an object

disiance from the {ront ¢f object to location of largest
crouss-sectional arca

the distance from the front of the object to the plane
facin,y the approaching blast wave

horizcntal velocity

horizontal acceleration

short halfspan

nondimensionalizing constant fnr displacement
terminal hlast yield

vertical velocity

vertical acceleration

edge length

long half span

nondimensional constant

initial trajectory angle

nondimensional constant

permanent deilection of target at poiut of impact
time incrementi

nondirnensionilizing constant for time

angle of attack of disc

angle subtended at the center of the ¢ylinder by a
fragment = = U
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LI5T OF SYMBOLS (Cont'd)

i me tae . wea - . .- - -

ratio of specific heats fur confined gas
ratio of specific heats for confined gas
Poisson's ratio for the ma.2rial
nondimensionalized time

density of glass, air

confined gas density at any instant
density of & fragment (or projectile}
density of fragment

density of shell material

peak density in shock wave

density of target

critical density of gas in mass flow equation

yield stress of target material
yield stress of glass; plate
stress in container wall

time

impulse shape factors
pressure shape factors

angular velocity




CONVERSION FACTORS

The following table provides multipl'{ring factors fo-r‘converting
numbers and miscellaneous units to corresponding new numbers and SI

units.

The first two digits of each numerical cntry represent a power of
10. An asterisk follows each number which expresses an exac: definition,
For example, the entry "—02 2,54%" expresses the fact that | inch =
2.54 x 10’Z meter, exactly, by definition. Mot of the definitions are

extracted from National Bureau of Standards documents,

Numbers not

followed by an asterisk are only approximate representations of definitionsg,
or are ihe results of physical measurements,

To convert from

atmosphere

baa

British thermal unit [mean)
calorie (mean)

dyne

erg

Fahrenheit (temperature)
foot

inch

Ib¢ (pound force, avoirdupo:s)
b, (pound mass, avoirdupuis)

pascal

pound torce (lbg avoirdupois)
pound mass {(lby avcirdupois)

poundal

slug

to

newton/meier?
newton/mete rz
joule

joule

newton

joule

Celsius

me:er

meter

new.on
kilogram

m!wtc»l'l/mete:‘Z

newton
kilogram

newton

kilogram

multigly by
+05 1.013 25:=

+05 1, 00«

+03 1.055 &7
+00 4,190 02
-051,00%
-07 1, 00%
te=(5/9)(tp=32)
—C1 3,048

- 0¢ 2,54

+00 4.444 22 651 250 5=
=01 4,535 923 7=

+00 1.00=

+00 4,448 221 615 200 5=
—0i 4,535 923 7

—01 1.382 549 543 75=

401 1,459 390 29




To convert from

x'oot/?econclZ

inch/s c:ccmd‘Z

s "imj/centimete r3

lom? inch3
b,/ foot
slag /oot

1bg /ioot?

15, /i.nchz(psi)

foot/second
inch/second

3

{oot

inen

to . _.._ . ... multiply by

meter/ser ond?‘

meter/second?

kiicg ram/meter>

kilogram/mete £

kilogram/meter
kilogram/meter-

2
newton/meter=
newton/meter

meter/second
meter/sacond

3

meters

3
meter

~01 3. 048
-02 2.54=

+03 1, 00=

+04 2,767 990 5
+01 1.601 846 3
+02 5,153 79
+01 4.788 025 &
<03 6,394 757 2

—01 3, 6483?
—-02 2,54

=02 2,83 x4 392

—-05

I.

638 700 47




GLOSSARY OF TERMS
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Alr-embolic Insult - air bubbles circulating m the blood which can
contribute to v collapse of the heart,

Angie o/ sttack - ongle betwren fragment horizontal axis anc the
relative wind vector.,

Applied impulse - actual impulrive loading applied to a "target”,
Appurtenance - - olece cf equipment or an oblect located near a source
of an explesion, whickh can be accelerated by the blast wave from

the explosion.

Blast yield - energy release in an explosion inferred from measuremen:s
of the characteristics of blast waves generated by the explosion.

Blunt trauma - injury caused by a nonpenetrating object,

Burst pressure - the pressure at which a gas storage vessel bursts or
fails,

CBGS - Confinec by Ground Surface, This c:bbrev.ation designates a
liquid propellant explosion occurring on the ground after spill and
miking,

CBM - Confined by Missile. This abbreviation designates ar explos:on
within the tankage of a liquid provellant vessel or rocket,

Critical threshold impulse - blast wave impulse which determines the
impulse asymptote for an isodamage contour,

Drag coeffirient - ratio or drap force to dynamic force exerted by
wind pr2ssure on a reference area,

Edema - abnormal accumulation of lurld in connective tissues causing
local 3welling.

Energy of detonation - the energy in an explosion which dr:ves a blast
wave,
Lwvent tree - a method employed in risk assessment {or systersatic

estimation of consequences of an accident,




Explosive yield - energy released in an explosion, often expressad as
a pervcent or fraction of energy which would be released Ly the
same mass of a standard high explosive suchas TNT, ~°7 77 o

FMECA - abbruviation for Failure Mode Fifects and Criticality Analysis,
A systematic procedure for identifying failure modes of a system
and fov evaluating consequences of failures,

Fall-bact. - an accident in which a launch vehicle settles or falls ba:k
to ci.rth in initial stages of launch,

Fault trece - 4 method employed in risk assessment {or determining
protabilities for event trees {see event tree),

irotiz famv - fin: scars of the lungs,
Frce-field impulse - see side-on impulse,
Free-fleld pressure - see side-on oveirpressure,

HV1 - lligh Velocity impact. Thnis abbreviation designates a liguid
propellant expiasion occurring after a vehicle with unburned
propeijant imgacts the earth at relat.vely hiyrh velocity,

Ignition time - time after begink.ing of an accident invelving liguid
propellants at which initiat.en of an explosior: occurs,

Induced velocity - velocity aleng rotor axis, indiced by thrust generated
by the whirling blade.

Init.al trajectory angle - angle of fragmen.:'s horizontal axis relative
to the ground -urface at the begmning o’ the flight,

Isodamage line - Loci of combtinat. ms of oversyressure and 1mpulse
which priduce the same level vl bla~t dainage " 4 2iver "arget',

Lift coefficient - ratio of 1'ft force to dynamic tor & cacvrtea b win
pressure on a reference area,

L:mir velocity (Vgg) - impact velccity, for a tragmont of nad s v
striking a target, at which 30 perfc alons ocom

Major structurai damage - damage w a tesiden v ocovolvang partal
or total collapse of roof, partal demolit.cr 0! e HF twoe extetnal
wills, of severe damaye o load-bearmy pariitiors reqgurin

replacement,
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Minor structural damage - damage to a residence invelving window
breakage and wall and support cracking,

Overpressure - pressurc ina blast wave above atmospheric pressure,

Partial demolition - damage to a residence in which 50% to 75% of the
external brick work is destroyed, or the building is rendered so
unsafe that it must be demolished.

Planform area - tne area viewed by looking dowr on the fragment -
top surface area.

Pla‘e aspect ratio - ratio of length to width for a rectangular plate,

Projected area - area of fragment viewed perpendicular to the top
surface area,

Pulinonary hemorrhage - internal bleeding occurring in the lungs,
Reilected :mpulse - integral of reflected pressure-time history.
Relative wind vector - vector along which the fragment flies,
Sige-on impulse - integral of time history of side-on overpressure,

Side-on overpressure - blast wa're overpressure in an undisturbed
blast wave,

Standoff distance - distance from center of an explcsion,

Temporary threshold shift - the case where 90 percent of those
exposed to a biast wave advancing at norma. angle of incidence to
the earth are not likely to suffer an excr.ssive degree of hearing
loss.

Terminal yield - blast yield from measurements made far enough from
an explosion that the waves are similar to those generated by a
specified mass of TNT.

Threshold bending impulse - blast wave impulse which produces an
incipient bending failure,

Threshold membrane impulse - blast wave impulse which produces an
incipient stretching failure.
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