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PRESSURE VESSEL BURST TEST PROGRAM:
PROGRESS PAPER NO, 2

Mourice R. Cain*, Donglas . Sharp®, P.E,, Michael D, Coleman
General Physics Corporation
Cape Canaveral Air Force Station, Florida

Abstract

Anupdatad progress report is provided on a program
developed to sindy through test and analysis, the
characteristics of blast waves and fragmentation gencrated
by ruptured gas filled pressure vessels. The initial paper on
this USAT/NASA/QGeneral Physics program was presented
to the ATAA in July 1990.

( Since the initial paper, several pressure vessels have
been burst using pneumatic pressure. Tests were designed
to explore burst characteristics and wtiliced a well
instrumented arene, Data trends for current experiments
are presented.

This paper is the second progress report on the
program and addresses: 1) a brief review of currem
methods for nssessing vesse! safety and burst parameters, 2)
a review of pneumatic burst testing operations and testing
results, including 4 comparison to current methods for burst
assessment and 3) a review of the basis for the current test
program including planned testing. )

L Introduction

Pressure vessels are used extensively in bpth ground
end spacecraft applicailons. Explosive failures of vessels are
rare due to precautions normally taken such as following
consensus desigi, fabrication and test codes and standords,
Inservice integrity is maintained through monitoring of
vessel service conditions and cyclic history. Yet pressure
vessels do occasionally fail, releasing signi'icant energy and
possible hazardous commodity into the surroundings. Often
it is prudent to assess the damage that could result from
explosive fallure when locating pressure vessels, designing

nearhy structures and equipment or considering other safety
precautions.

A considerable body of data exists on damage and
injury due to blast wave and fragmentation, much of it from
tesearch using TNT or similar high explosives. However
substantially less is known ahout blast and fragmentation of
bursting pressure vessels than of chemical explosions such as
TNT!. Further, current methods documented in standards,
hendbooks and other references used to quantify expected
energy release, blast waves, and fragmentation are
inconsistent and vary in resuits’. Accordingly, a pressure

*Member AIAA
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vessel burst test prograun is heing conducted for the USAF -

Eastern  Space and Missile Center and NASA
Ilendquarters. ‘The program studies the blast wave and
fragmentation of bursting gas filled pressure vessels.

JL_Energy Release

An explosive rupture of a pressure vessel, where the
stored energy is released instantaneously, would create a
blast wave (i.c., shockwave) in the surrounding air and
propel fragments.  The shockwave and fragment
characteristics depend on such things as vessel contents,
pressure, vessel geometry and breakup mode.

Energy & TNT Equivalency

The explosive energy from the rapid expansion of
compressed gas can be determined by application of buasic
thermodynamic relationships that are a functioa of pressure,
volume, and temperature, The expansion is most ofien
assumed to he isentrapic (isothermal, considered applicable
by some references, would require that heat be added to the
expanding gas). The follewing equation gives the isentropic
energy released by the failure of a vessel containing a
volume of {deal gas, V,, at a pressure of P,. P, is the

surrounding atmospheric pressure. K is the specific heat
ratio:

I AANTAL
v ()

This equation assumes ideal gas behavior. Ideol gas
behavior is considered adequate for most low pressure
situations (1500 psi). The ideal gas assumption for high
pressure ruptures gives expansion energies that can be
unrealistically high. Accurate estimates of available blast
energy from high pressure bhursts require calcuiations based
on real gas equations of state supported by empirical data,
such as the commonly used compressibility factor Z, defined

.a8 Z = Pv/RT. Since RT/P is the ideal gns specific

volume, the compressibility factor may be considered a
measure of the ratio of the actual specific volume to ideal
gas specific volume (Z = 1). A deciease in stored enerpy
due to compressibility hecomes appreciable as pressures are
increased above 1500 psi.

Using an isentrople real gas relationslip, the
calculated stored energy in a cubic foot of GN2 at &
pressure of 10,000 psi would be 1,952,744 ft 1b, A comrnon
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practice in determining explosive potential ot rupturing
pressure vessel Is to assume the explosive characteristics are
what would be generated by a TNT detonation of equivalent
energy. (Other high explosives, such as composition B and
composition C-4 are used in the test program and their
characteristics relative to TNT have been established®. The
TNT cnergy equivalent of the 10,000 psi vessel filled with
GN2 Is 1.26 Ibs TNT equivalent per fi* of volume using
1.545 x 10* ft 1b/1b after Kinney'. The TNT equivalent and
energy vs pressute for both real and ideal GN2 with
isentropic and {sothermal expansion (W = PV, In P,/P,) is
shown in Figure 1. The real gas curves were approximated
by dividing the ideal gns energy by the average Z to the
pressure of interest. {The average was found using the
integral of the Z vs P curve. Data will be sought for
applying first principles.) .

10

/ 3500 psla
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~=- real isentrople
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40.1

1000 10000
Vessal Pressure (psio)

Figure 1, Expansion Encrgy and TNT Equivalence vs Vessel
Pressure for GN2
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Explosive disintegration will generate a blast wave
resulting in a high overpressure (pressure  ahove
atmospheric) at the vessel surface.  As the blast wave
advances, the energy s spread over the wave's frontal area,
this area increases with the square of the distance from the
point of rupture. Overpressure, blast wave velocity and
therefore blast effect, lecrease rapidly with distance. After
passage of the shockwave, the pressure decreases until &
suction phase [ollows in which pressure drops below normal
atmospheric pressure. The negative pressure is a result of
the outrush of gases frem the center of the rupture causing
en overaxpansion. The pressure ahove atmospheric at the
shockwave front is the peak overpressure and is used with
impulse to establish the relative hazard (ie., shockwave
intensity and duration) associated with rptures and
explosions at a given distance. The blast wave emanating
from a bursating pressure vessel (Section 1V) is somewhat
gimilar to thu, caused by a high explosive detonation, The
pressure close in due to vessel burst is generally lower than
uigh explosive detonation and is a function of burst

pressure. Other varlations are caused by vessel and failure
geometry and distance from a firm reflecting surface.
Figures 2 through 4 show the blast wave characteristics for
the detonation of 30 1b of Compasition B high explosive that
was exploded in an instrumented arena as part of this
program (See Sections ill and 1V). Figure 2 is a plot of
pressure vs time at a particular location (90° @ 15') in the
arenr. Figure 3 is a plot of pressure vs distance for all the
arrays in the arena. Figure 4 is a plot of impulse vs distance
for the locations shown in Figure 3. The impulse is the area
of the positive portion of the pressure-time curve,
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Figure 2, Overpressure vs Tim: for Composition B at Guuge
Location 26 (90" at 15 fi)
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Figure 3, Peak Overpressure vs Distance for Composition B Charge

Fragmentation

The explosive faiture of n pressure vessel not only
generates a blast wave but preduces fragments, with very
high velocities possible. Fragments constitute a significant
hazard to personnel, systems, components and structures in
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the vicinity. Primary fragments are portions of the vessel or
18 attachnvents ‘that are accelerated due to the internni
pressure of the vessel. Secondary fragments may niso be
produced due to the action of the blast wave or primary
fragments on nesrby objects.

500 |

10

Distance (ft)

Figure 4, Positive Impulse vs Time for Compasition B Charge

Studies’s” of the characteristics of vessel fragments
has addressed the veiogities of fragments produced, their
trajectories and, as o result, their ranges and their impact
veiceities.  Determination of the initial velocities of
fragments has heen undertaken by several researchers.
Most such studies are based upon work by Taylor and Price®
which predicted the velocities of two spherical vessel
fragments accelerated by either an expanding isothermal or
adisbatic, ideal gas. Their anaiysis has been used, extended
or modified by several other researchers to improve upon
their assumptions or 1o ndapt the analysis to other cases.

Once the initial velocity of & fragment has been
determined, Its range may be found through ballistic
calculations, generally done through the use of a computer
code, a number of which are available, Code considerations
are drag coefliclent, 1ift coefficient (if any), initial trajectory
angle and reference area - either fixed or varying (tumbling
or gradually changing).

Experimental determination of fragment velocities
was discusséd in the Initial program paper. The reader is
referred to work by Pittman’, Jager™'® and Baum® for further
information.

III. Test Program
Test Program Matrix

A test program matrix has been developed that
includes a serles of test plans each with multipte pneumatic
vessel bursts. The objective of the program matrix was to

force vessel bursts in such a way as to generate worst case
blast waves and fragmentation, such that a model could he
developed that would envelop generally expected vessel
failures. The latter test plans of the matrix would include
such representative vessel failures. Worst case however is
& function of several varlables, including location and
orientation of failure, pressure, veusel shape, fragment type
and number and height above ground. The plans and tests
comprising the program matrix have been developed to
minimize the number of vessel bursts yet meet the stated
objective with valid data.

In the development of a test matrix, it was also
recognized that a pressure vessel burst may not produce a
spherical shockwave as does a TNT explosior., The blast
wave from a pressure vessel burst may be much stranger in
one direction than another based nn how the vessel shell
comes apart. To provide a direct experimental comparison
with pressu.e vessel bursts, spherical high explosive
detonstions will be conducted as part of the test program,

Accordingly, a test program matrix was developed
which incorporated varied failure locations and mechanisms.
Seven test pluns were envisioned with each test plan
consisting of several vessel bursts. The failure geometry
shown In Figure 5a and b for five of the seven test plans
would be accomplished through the use of optimally
selected shaped charges and pre-machining of grooves. Test
plan four would use shaped charges alone. Test plan seven
is intended to protuce only one fragment with a side split.
The anticipated split will be oriented toward the arena
transducer field.

Other burst parameters are also varied in the
program matrix. These include the split location, burst
pressure and L/D for two fragments and multi-fragment
vessels as shown in Figure S,

Vessel measurements of interest are pre-burst gas
pressure and temperature, pressure during the fragment
acceleration phase, fragment velocity and blast overpressure.
Fragment velocity will be sssessed using accelerometers,
contact wire strikes and high speed motion picture and
video. Biast overpressures will be measured on the ground

in a multi-point arena and at height of burst (HOB) at a
lesser number of points.

The matrix shows what results are being emphasized
for each test plan, however all the tests are interrelated.
Other results include TNT equivalency, energy distribution
and fragmentation characteristics for TP #7.

Test Planning & Preliminary Testing

Burst Initintion

The use of pre-machined groaves and optimum
shaped charges presents several questions to he addressed
in the planning stages. The typical groove geometry is
shown in Figure 6 with the linear shaped charge (1.5C) and
the shaped charge cut aren shown with dotted flines.
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Figure Su, Test Progvsm Matrix

Machining such a groove with a constant remaining wall
thickness in a vessel of non-uniform roundness and wall
thickness presents an interesting challenge. For single
circumferential grooves, this challenge was met using 2
procedure for eight equaily spaced ofisets of the vessel
towards a lathe cutting tor |, using & computer supported
setup, tad swinging a stightly larger radius than the desired
and resultant cut. For multi-iragment vessels, having
grooves in two directions, Computer Numerical Control
milling is indicated.

OUTER WALL

{—' ]

CUT BY SHAPED CHARQE (NEF )

Figure 6, Typlcat Vessel Cross Section Showing Groove and Shaped
Charge C o

The typical 2:1, tangential to longitudinal, stress ratio
in a cyiindrical pressure vessei causes concern regarding the
stress environment at a narrow groove, particularly when &
failure due to longitudinal stress iz desired. This concern
led to material tests on a sacrificed vessel and a preliminary
hydrostatic burst test. These tests showed that, in a non-
cyclic application the tangentia! stress in a narrow
clrcumferential groove can be used alone to predict failure.
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Pigure Sh, Matilx, Continued

A linear shaped charge is used to cut a groove at the
bottom of the machined groove to increase an already high
stress level, due to pneumailc pressure, thereby causing
failure. The difficulty is selecting » small LSC sufficient to
cause failure. A small LSC is desired to reduce the
possibility of shaped charge fragments damaging transducers
and to reduce the explosive blast wave since the vessel burst
blast wave is to be meusured. A preliminary
LSC/pneumatic burst test was deemed appropriate for 1)
finding the detonation cut in the particular vessel material,
2) quantifying an LSC shock effect on a relatively thick wall
vessel that would assist the detonation cut in causing failure
and 3) quantifying interference of the LSC blast in
measuring the blast due to vessel burst. From the Iatter
cffect an LSC blust pressure tare subtraction routine was
anticipated. The tests showed that any shock effect was
minimai and that the LSC blast pressure has practically
returned to ambiznt prior to the vessel blast shock arrival as
shown in Figure 7, thus minimizing measurement problems,

Pressurization System

A pressurization system was designed and built for
the burst testing. Due to the potential hazard to equipment,
the system evolved into the use of a protected and semi-
buried stornge vessel and a free flow/booster system
operaied remotesy by personnel in a blockhouse shelter. A
frapment hazard assessment was conducted using a Taylor-
Price® computer code, a bhallistics computer code for
fragment flight distance and data from Baker® and Moore'?
to predict penetration/protection of the blockhouse,

Instromentation Ranging

Camera speeds were determined based on calculated
frogment velocity. For blast pressure transducer setup and

A}




ranging, th= blast pressure expected from a high explosive
burst of equivalent energy was used for the {irst pnenmnatic
burst. This resulted In near-field pressure measurements
which were noisy, but useable, due to nctual pressures being
lower ihan anticipated. Subsequent ranging of transducers
for pneumatic bursts is being adjusted accordingly as
described in Section IV.
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Figure 7, Overpressure v8 Time for 3300 psig Vessel at Gauge
Location 26 (70 at 15 f1)

Test Site

~ Pneumatic burst tests have been conducted at the
" Naval Surface Warfare Center's (NSWC) Dahlgren, VA
explosives test area. The Center has personnci experienced
in explosive detonation and blast data recording from small
up to very large charges of high explosive. High speed
motion picture caverage Is available with multiple cameras
and hardened camera shelters.  Heavy duty handling
equipment is available such as cranes, fork lifts, payloaders,
ete. A variety of transducers, tape recorders and timing
controls are available for testing. A hardened blockhonse
and instrumentation room plus the capability of tape
recorder control from a remote site is available. This site
provides an already wired arena in close proximity to a
biockhouse which can prevent penetration of high kinetic
energy fragments. An isometric -‘rawing of a pressure vessel
installed in a blast field arena at NSWC is shown in Figure
8.

IV. Test Results

Two pressur> vessels were burst at 3300 psig and
4750 psig, respectively in the preliminary pneumatic burst
test series and three vessels were burst at 1500 psig, 3500
psig and 5500 psig, resrectively in an abbreviated execution
of Test Plan #1. A Vuurth vessel burst, planned for 7500
psig in the second (ext series, wes postponed due to a
malfunction of the pressurization system. In addition to the

vessel bursts, high explosive (FT12) shots were conducted for
each test series to check out the instrumentation and to
serve ns comparison data. This also permits pressure vessel
data to be compared to standards such as TNT.

For ench of the vessel bursts and HE shots, pressure
was recorded at hetween 46 and 51 locations, using mostly
transducers flush with the ground surface. Positive impulse
was obtained by integrating the pressure ttime data, For
each vessel burst, vessel pressure and Internal gas
temperature were measured up to the point of burst.
Attempis to measure internal vessel pressure decay using
the same high response pressure transducer met with timited
success. Attempts to measure vessel fragment acceleration
using accelerometers were unsuccessful and led to the use
of contact wires during the second test serles. High speed
motion pictures und high speed video were recorded for
estimating velocities of vessel halves. Figure 9 shows a
frame from high speed video of the 4750 psi burst.

Data is presented and discussed primarily for the
3300 paig vessel burst and for a 30 pound charge of
Composition B of about the same TNT energy equivalence
8s that vessel burst,

Figure 9, Vessel Burst at 4750 psig, from High Speed Video




‘The pressure vs time response of a typical ground-
lush transducer Is shown in Figure 7. For comparison, this
{s the same transducer (reranged) and location as used for
Comp B overpressure shown in Figure 2. The initial small
pressure increase Is due to detonation of the shaped charge.
Pressure has decayed to zero before the vessel blast reaches
the transducer. Rather than the sharp pressure rise and
rapld, exponential decay characteristic of a high explosive
(HE) blast, pressure Increases to a peak value and remains
approximately constant for 8 ms. Subsequent decay is
slower than that from a HE blast.

The peak overpressure recorded at each transducer
location is plotted vs distance for five arrays (identificd in
Figure 8) of tne 3300 psig vessel burst in Figure 10. The
data points shiown are the peak overpressures recorded at
transducer focations. The lines are the best log-log curve fit
for each of the arrays. Overpressures are higher for the
arrays approaching normal to the vessel than for arrays
approaching paraliel to the vessel axis due to jetting of gas
along the 90° array (vessel center). This asymmetric
pressure varlation was especially noticeanle ciose-in to the
vessel.
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Figure 10, Peak Overpressure vs Distance for 3300 psig Vessel
Burst

Figure 10, pressure vessel overpressures, may be
compared to Figure 3, the spproximate energy equivalent
high explosive shot. The vessel near field overpressuras are
seen to be less and those for the far field greater than
Comp B. Ovempressures in Figure 3 are expected to be
symmetric for an HE blast.

Overpressures in the 90° array are plotted vs distance
in Figure 11 snd superimposed over expecied pressure-
distance curves for 5 different charge welghts of TNT. The
S charge welghts chosen are those that would yicld the

overpressures measured from the vessel burst at the
transducer distances. The TNT overpressure vs distance
curves are from a functional relationship for chemical
explosions in Kinney & Graham®. 1t is seen that in the near
field (10" distance) the measured overpressures from the
vessel burst are the same as would be measured from a
small charge weight TNT blast. But in the far field, (50

distance), the magnitude of the measured overpressures are
equivalent to that produced by a large charge weight TNT
blast. The TNT energy equivalence of this vessel was 31.6
pounds, Similar results were obtained for the other arrays,

1mpulse

Positive impulse measured during the 3300 psig
vessel burst is plotted vs distance for § arrays in Figure 12.
This figure may be compared to the impulse data shown in
Figure 4 for the approximate energy equivalent Comp B
high explosive shot.
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Figure 11, Peak Overpressure vs Distance Contours for Different
TNT Fquivalences

Also plotted in Figure 12 are lines showing the
expected impulses from various values of TNT explosions,
taken from a function for chemical explosions in Kinney &
Graham®, This may also be compared to the #30 Comp B

blast, Figure 4, which has & TNT equivalent for impulse of
28 pounds.

Arrays in Figure 12 which are nearly normat to the
vessel axis (75°, 90°, 105%) produce impulses greater than
expected for the equivalent energy TNT charge while arrays
nearly parallel to the vessel axis (30°) produce impulses less
than expected for the equivalent energy TNT charge. The
3300 psig vessel burst impulses exceeded thuse expected
from Comp B nearly normal to the vessel axis but were Tess
than that from Comp B nearly parallel to the vessel axis,
again due to jetting effect, This npproximately supports the
expectation of Held et al* that a pressure vessel burst has

the same Impulse as a high explosive blast of the same
energy equivalence,
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Fragment Velocities

Velocitles of vessel fragments (halves) were
estimated from films or high speed video taken of the vessel
butsts. The velocity of the fragment connected to the fill
tubing was slightly less than its opposing end due to the
work required to drag and deflect the tubing. (The tubing
brenks between the vessei and an anchor point after iuii
velocity has been achleved.) Velocity of the unhindered half
of the vessel, afier initial acceleration, is shown for each
vessel in Table 1. Fragment velocities were compare: to
predictions made by a code based upon the Taylor-Price
analysis®, It was found that by modifying the discharge
coeflicient, k, (of the area between the fragments) the code
- full velocity could be matched to the measured velocity.
Table 1 also summarizes the discharge coefficient required
to match the measured velocity.

Table 1
Comparison Between Measured and Calculated Velocities

Vessel Pressure Measured Discharge
(psig) Velocity (ft/s) Coelficient, k
-3300 246 041

4750 i 306 043
1500 148 044
3500 250 0.46
5500 315 0.55

For vessels #1 and #3 of Test Plan #1 (1500 and
550C psi respectively) wire contact times were measured as
a sharp edge attached to the vassel passed through wires on
a close proximity breakwire frame, Tables 11 and IfI
compare the average velocities during the one foot intervals
for the measurad d.:a and for calculated positions using k
= 6 and the Taylor-Price code.

Table Il
Vessel #1 - 1500 psig
Distance: average velocity (ft/sec)
from -+ to
measured calculated
448' -+ 1,448 104.0 103.1
1.448' - 2,448 129.7 126.5
2448 - 3448 148.1 1324
Table 111
Vessel #3 - 5500 psig
Distance: average velocity (ft/sec)
from » to
measured calculated
J50' - 1.750¢ 2208 2308
1.750" -+ 2.750' 2475 276.2
2.750' -+ 3.750' 275.5 294.5

The reason for the calculated velocities to he
underestimated at 1500 psig and overestimated at 5500 psig
is unclear. An increase in the discharge coefficient, k, has
an inverse effect on calcuinted velocitics due to the
incrensed flow normal to the fragment Night direction, A
value of k = .44 for the 1500 psig case and k = 8 for the
5500 psig case produces close results for fines one and three
of both tables, although the center position of both tables is
overpredicted.

Shock Velogities

Average shock velocities betwzen  fransducer
positions on an array were found from delta arrival times
for PV #2 (3300 p7)) and TV #3 (4750 psi) of the
preliminary test. The velocity between 10 and 15 feet for
both bursts was a maximum of 1430 feet per second (FPS).
The velocity generally diminishad with distance for each
case and was 1150 FPS between 130 and 200 feet on the 75°
array for the 4750 psi case.

Figure 13 is a plot of average shock velocity between
points vs peak overpressure at the downstream point for
both 3300 and 4750 psi pressure vessels noted above.
Superimposed over the vessel data is a curve {ilustrating the
functional relationship hetween shock velocity and
overpressure from Swisdak® at a temperature of 84°F
(the avercge of the ambient temperatures for the
two vessel bursts). The data trend is to follow
the curve with more scatter in evidence for the
PV #3 burst than the PV #2. (Instrumentation for
the PV #2 burst wns better ranged as discussed in
Section 1I1) A statistical error analysis
showed that the PV #2 data fit the curve twice as

good as PV #3 which had an error deviation, S, of
2.9 psig,
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For the 5500 psi burst of TP #1 an attempt
was made to measure pressure at eight inches from
the vessel surface and on the ground 2 1/2 feet
below the wvessel surface. Arcival  times were
measured for both but the setup for the & inch
distance transducer was blown away during the
pressure rise time. The transducer at 2 1/2 feet
experienced & gradual pressure increase to 310
psl.  The difference in arrival times provides an
average velocity of 1900 FPS between the two
points, also shown on Figure 13.  This velocity
would seem to indicate a low average pressure

between the two polnts which is not
. substantiated by the ground mounted transducer.
V. Future Efforts g

Problems with the pressurization system

will be corrected. The one remaining burst in
Tesi Plan #1 wiil be conducted during Test Pian
#2. Data will then be availab'e for a burst
pressure range of 5 to 1.

An attempit
nondimensionalize
coefficlent form, Preliminary  indications are
that "this may be possible by dividing the
overpressure  In  absolute units by the maximum
shock pressure expected, Held et al'. The
maximum shock pressure iz from the one
dimensional flow shock tube equation applied to

will be
the pressure

made to
data to

the threz dimensional vessel burst, This  may
only apply to 10 feet away and farther until
additonal ground reflection data close to the
vessel is obtained (TP #2). Maximum initial
shock overpressure (shock tuhe equation)
expected s 145 psi for the 7500 psi vessel
without considering reflection. A pressure  of

310 psi was measured under the 5500 psi vessel,

An attempt will be made to look for real gas
effccts although these may be somewhat siaall up
to 7500 psi as depicted in Flgure 3. Ideally,
testt showdd be conducted at pressures as high as

15000 psig in order to assess real pas cifecis.
This was not considered due to  pressurization
system and iessel costs and  the more  limited
applicatiility of such data.

Test Plan #2 will provide blast field
pressure variations  with height of burst,
Additionally close pressure  measurement  will  be

sought in the absence of a close ground surface
to complement the data obtained in Test Plan #1.

Test Plans  #3  (dual
(multifragment) will each vary
to dinmeter ratio (L/D). Figure 14 shows the
calculnted vessel energy remalning as ¢ function
of time, shown ns a percent of the energy at 3500

fragment) and #6
the wvessel length

psi burst for five vessels and failure
geometries. TFour of the curves ure for a 22
cubic foot wvessel which shows a large variation

with L/D from 16 inch dinmeter vessels to 34 inch
dinmeter vessels.  The other cmrve applies to the
53 cubic foot, 24 inch diameter burst at 3500 psi
(Test Pian #2). The escnpe rate of the vessel
should

encrgy cffcct  overpressute  measvrements
and fragment velocityy. The two test plans permit
approaching the case of sudden disintegration of

the pressure vessel walls, an assumption made in
some comparisons of vessel burst overpressure to
high explosive blast.
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" Figure 14, Remsining Vewsel Encrgy vs Time Following
Vessel Burst

VI. Summary

A data base exists for estimating injury and damage
frem blast wave overpressure and impulse and from
fragment impact velocity and mass. ITowever much of the




dats compares g pressure vessel hurst to s high energy
expiceive blant. Additional vessel burst testing is needed to
sugment existing data in quantifyiag pressure vessel burst
characteristics. ‘The current test program will provide a mix
of vessei falture modes, pressures, and ather variables. This
data, together with data from other researchers will permit
anessing the results of different assumed options for vessel
faliures such that the instaliation designer or user ean welgh
the Nkelthood of such feilures and the hazards should they
OCTuY.

Thiz paper I+ the second progress renost on the
prexsure veswl burst test program. Some pnevmatic burst
testing has been accomplished and timited conclusions are
dravmn. Since test plans are interretated, furiher testing will
carlly existing results and provide conclusions (o he
prescated in the future.

Tentatlve conclusions are as follows:
1) Al close distances, vessel buist overpressures are less
than that of high explosive blasts with equivalent energy and
are greater than HE far from the vessel. For an example
clted, the overprestures due to vessel burst and HE blast
were equal at about 40 feet from the vescel.
2) Both the overpressure and impulse data are very
directiona! for a drcumfierential vessel failuze, However,
the vessel imputse is approximately equal to the 1B impulse
along ev arena line 50° from the veseel axis at all distnnices
from 10 fect to 50 feet. This approximstely supports the
conciusion (hut the impuise Is the same for both vessel
buisis end equivaient energy 1IE blasts,
1) The funciional relationship between shock velocity and
overpressure ratio appears to be the same for vessel bursts
a8 for HE blaes,
4.) Fraginent velocity may be celculated using » Taylor-Price
type code, however the disckarge coefficient, k, to use is
uncerialn and may not be a constant during acceleration,
" Full velocities (after acceleration) were calcuiated using
k = 41 to 55. Velocities during sccelerstion were
cakulsted using k = .M 1o .80.
5.) Bnsed on limited duta, averape shuck velocily te 6.1 feet
fromn the vessel sutface i fess thar Macn 2. This, combined
with #3 of thl summary supports the conclusion that the
inftlal shock overpressuce Is much less than vessel pressure
and ey be found using the one dimensional shock tube
equation,
6.) Dividing the overpressure in absulute units by the initial
shock overpressure as predicted by the shock tube equatiun,
appeared to remove all data trends except for distance and
array angle for distances of 10 feet to 50 (eet. This provides
2 tnethod for esilmating ground overpressures for this
particular vesse! fallure geometry, length to dlameter ratio
and height of burst.
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