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BLAST AND FRAGMENTS FROM SUPERPRESSURE VESSEL RUPTURE

Vessels containing gases at pressures above 10,000 psi are becoming commonplace
in industrial and research areas. Hazards resulting from their accidental rupture
must be evaluated for their safe deployment. This report describes work done to
extend the present data base to include very high pressure ruptures under various
conditions.

The airblast portion of this task was performed for the Union Carbide Corporation,
Nuclear Division, Y-12 Plant, under contract to the Energy Research and Development
Administration of Oak Ridge, Tennessee. The NAVSURFWPNCEN Task number was
NSWC-1189/ERDA X0124. The fragment portion of the study was performed for the
Aerospace Safety Research and Data Institute, NASA Lewis Research Center under
Task NSWC-1178/NASA X0124. The experimentel work was carried out at the Naval
Surface Weapons Center Dahlgren test facility. The mention of propletary items

in this report implies neither critism nor endorsement of such products by
NAVSURFWPNCEN. P
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1. INTRODUCTION i

1.1 Background

i Vessels containing gases at high pressures are used throughout industrial and
i research areas. Their users range from gasoline service stations to nuclear power
plants to spacecraft. The potential hazards from accidental rupture must be con-
sidered in their design and siting. Hazards include blast waves and high energy
fragments generated by vessel rupture.

Blast and fragment data from the pneumatic burst of high pressure vessels are
not extensive. Empirical data include the low pressure work of reference (1) in
which an Atlas missile was burst at a pressure of 49.7 psiA and the work of
reference (2) which is based on the rupture of small glass spheres at pressures up
to 400 psiA. The higher pressure work in reference (3) is based on the burst tests
of full scale vessels at pressures ranging from 640 to 8145 psiA. Data from
A vessels burst above 8145 psiA are not available.

The investigation described in this report was designed to extend empirical
data to higher pressures and to generalize the results through computer techniques.

1.2 Scope of the Investigation

Seven vessels were pressurized with argon until they burst. The area was 4
instrumented to measure the blast and fragment paremeters generated by vessel
rupture. All vessels were T-1 steel spheres with an internal volume of 1 ft-.
Design burst pressures were 15,000, 30,000, and 50,000 psi. §

Blast calculations were made in tw.> ways. A one-dimencional calculation was 7
used to calculate airblact puramcters in a fiee-air situacion. A two-dimeasional 1
hydrocode, TUTTI, was developed to give a better calculation of the blast field {
about vessels burst in real situations.

One vessel was burst inside a five-sided steel structure to obtain blast
loading on containment walls in a real situation. The two dimensional hydrocode
can be used to obtain blast loads on a confining structure's walls.

LT 19 fac e

(1) Moskowitz, H."Blast Effects Resulting from Fragmentation of an Atlas Missile",
AIAA Pazper No. 65-195, ATIAA/NASA Flight Testing Conference, Huntsville, Alabama,
February 15-17, 1965
(2) Boyer, D. W. et al "Blast from a Pressurized Sphere", University of Toronto
Institute of Aerophysics, Report No. 48, January 1958

- (3) Pittman, J. "Blast and Fragment Hazards From Bursting High Pressure Tanks", ‘
Naval Ordnance Laboratory, Report No. NOLTR T2-102, May 17, 1972 ”
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2. RXPERIMENTAL OUTLIND

The experimental plan is given in detail in Annex A. It is summarized here to
aid in understanding the investigation.

For the investigation, & pressure vessel was located a few inches above ground/

firing pad level and was pressurized with argon until it burst. The vessel was
instrumented to monitor internal gas pressure and temperature and circumferential
expansion. The area around the vessel was instrumented to measure the airblast
generated by the rupturing vessel. A system of breakwires was assembled about the
vessel to measure vessel-wall fragment velocities. A semi-circular arena made
from pressed board panels was set up to recover vessel wall fragments.

The expermental layout is shown in Figures 2.1 and 2.2. A drawing of a
50,000-psi vessel is shown in Figure 2.3. Details of all pressure vessels are
given in Table 2.1.

3. AIRBLAST RESULTS

Airblast generation by high pressure vessel rupture is controlled by a number
of factors. These include the geometry of vessel breakup, the volume of the
vessel, the type of gas in the vessel, and the temperature and pressure in the 3
vessel at failure. In this experiment, the test vessel internal volume was 1 ft
for all tests. The internal gas temperature at rupture was between 300 and 3TL°K,
a spread not expected to affect airblast generation. A monotomic fill gas, argon,
was used. Thus the only variables in the experiment were: the controlled one,
vessel pressure at rupture, and the uncontrolled one, the geometry of vessel
breakup.

3.1 Effects of Rupture Geometry

All the vessels used in this test program burst into two pieces. Both the
15,000 and 30,000-psi vessels burst into two hemispheres. The 50,000-psi vessels
separated into two pieces, one slightly larger than the other as discussed in
Annex B where vessel rupture histories have been reconstructed. From these
reconstructions, we determine the direction of maximum gas motidn, or jetting.
Asymmetries in the blast field about the bursting vessel correlated with the
direction of the Jetting.

The estimated direction of jetting for each sho’ is plotted in Figure 3.1.
This estimates the jet direction in the horizontal plane only. Estimates of
Jetting in the vertical direction will be discussed for specific cases.

Airblast overpressure data from all unconfined tests are plotted in Figures
C.5, C.9, and C.13 in Annex C. Curves fitted by eye to these data are shown in
Figures 3.2, 3.3, and 3.4. These figures show the overpressure/ground range
relationship for gage lines 1 and 2 for each test. A single gage was deployed on
a third line after shot 1. Data recorded at this position were suspect for shots
3 and 4 in that it generally read half the expected overpressure. The entire gage/
electronics were changed after shot U4; after this overpressures were recorded that
support the conclusions drawn here.

10
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Curves from Figures 3.2, 3.3, and 3.4 have been replotted in Figures 3.5, 3.6,
and 3.7; this time they are grouped according to their angular relationship to the
estimated Jet direction. Figure 3.5, shows overpressure/ground range curves
measured along lines ranging from 13° to 33° from the estimated direction of
maximum argon motion. At ground ranges greater than 20 feet, (overpressures less
than 5 psi), the vessel burst pressure has little effect on airblast overpressures.

Even at closer ranges and higher overpressures, differences in overpressure in
Figure 3.5 may have been due to geometry rather than burst pressure. For instance,
the 15,000-psi vessel's bottom half served as a shield for the closer gage positions
(see Figure B-5). For the 22°, 50,000-psi curve,the vessel burst so as to direct
the blas® upward. The 33°, 50,000-psi vessel's blast was directed downward (see
Figure B-12 and the paragraph below).

The angles between the gage lines and the argon Jets were greater for the data
displayed in Figure 3.6. The anomaliy where the 68°, 50,000-psi curve shows higher
pressures than the 57°, 50,000-psi curve may be due to the fact that the first
opvening for one tank occurred along a line described by the tanks center and a
point on its surface that was nearly vertical to the ground in one case (57°) and
horizontal in the other (68°). Thus for the 68° case, close in gages were shielded
giving low pressure close in; but the jet was broader horizontally, tending to
generate higher pressures further out. The 57° jet was broad in the vertical
direction. The family of curves in Figure 3.6 indicate lower overpressures for a
given distance than is shown in Figure 3.5. They are however, higher than those
for even larger angles shown in Figure 3.7.

The overpressure/ground range relations plotted in Figure 3.7 show a greater
angular distance from the jet than is shown in Figures 3.5 and 3.6; and therefore,
lower pressures were measured along these lines than those in Figures 3.5 and 3.6.
The greater angular dispersion of the data in this figure also make for wider
dispersion of the curves.

From the above, the factor controlling the magnitude of the airblast overpressure
from the high pressure vessels ruptured in this investigation was the .Jetting
direction of the high pressure gases. For fill gas temperatures in the range of
300°K, increasing rupture pressure does not significantly increase the airhlast
pressure for rupture pressures above 15,000 psi.

3.2 Effects of Temperature and Pressure

The airblast energy transferred to the surrounding medium from vessel rupture
depends on the internal temperature and pressure of the gas at burst. Fill gas
temperatures were generally about 330°K, although for test 7, they climbed to
374°K. At these low temperatures, vessel pressure at rupture did not significantly
affect airblast, i.e., airblast pressures from the 50,000-psi ruptures were not
measurably higher than those from the 15,000-psi ruptures. The reason for this is
that there is very little difference in the expansion energy of argon at these
pressures. Consider the expansion data in Table 3.1 below based on a real argon
equation of state from reference (4). The data are for.a 1 £t3 volume of argon

(4) pin, F. "Thermodynamic Functions of Gases, Volume 2: Air, Acetylene, Ethylene,
Propane, and Argon'", Butterworths, London, 1956
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at 290°K. The expansion energy, i.e.the work done egainst the atmosphere, is
taken as the difference in internal energy after iscntropic expansion to a pressure
of 1 atmosphere.

TABLE 3.1 ENERGY IN ARGON PRESSURE VESSELS

*
Vessel Density Internal Energy Total Energy for TNT Equivalent

Pressure in gm/cc drop on expansion 1 Ft3 Volume in pounds_for
in psi cal/gm cal 1Ft
15,000 0.99 13.48 3.81 x 105 0.82
30,000 1.2k 12,45 4.38 x 10 0.95
50,000 1.39 11.81 k.64 x 10s 1.00

* Based on heat of detonation of 1018 cal/gram

There is little difference in the expansion energies at these pressure levels. The
shell of a 50,000-psi vessel is about 4 times as massive as that of a 15,000-psi
vessel and therefore absorbs relatively more kinetic energy than does the lighter
vessel. This should decrease the differences even further.

The remarks on energy equivalence in the remainder of this discussion do not
imply that tank rupture airblast is identical to blast generated by equivalent TNT
charges. The TNT equivalence given in Table 3.1 is used as an energy unit. As
may be seen in Section 3.5, neither the overpressure versus distance nor the impulse
versus distance curves for tank rupture are identical to those from TNT. While the
energy avallable from vessel rupture does not increase above that for an ideal gas,
shock wave parameters are still a strong function of gas temperature. Figure E.6
shows the dependence of the initial air shock pressure on temperature for real and
ideal argon for several rupture pressures.

Consider now the case where the vessel's internal gas temperature is very high.
As temperature 1s increased (somewhere above 1350°K for 15,000-psi pressure) argon
behavior approaches that of an ideal gas. Since for an ideal gas, the expansion
energy is independent of temperature and molecular weight, the ideal gas internal
energy represents an upper limit to the blast energy available from an argon vessel
rupture.

This upper 1limit is shown in Figure 3.8. Note that for 31 ft3 of argon burst at
15,000 pei and 1273°K, the TNT energy equivalent approaches 2 pounds. Further fill gas
temperature increases will not increase this energy beyond 2.15 1lbs TNT., Argon
approaches an ideal monotomic gas asymptotically with temperature increase. The
reason for this is that at constant pressure, a temperature increase is accompanied
by a density decrease. At low densities, the intermolecular forces that cause
non-ideality become unimportant. At pressures above 15,000-psi, temperatures
greater than 1300°K are required for argon to approach ideal behavior. Isentropes
generated from the data in reference (5) are shown in Figure 3.9. From these,
argon must be near 2100°K at 50,000-psi to approach ideal behavior.

(5) Brahinsky, H.S. and Neel, C.A., "Tahles of Equilibrium Thermodynamic Properties
of Argon Vol. III Constant Entropy". Arnold Engineering and Development Co., No.
AEDC-TR 69-19, Vol. III AD68L532, March 1969.
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The upper limits for other gases are shown in Figure 3.10. The upper energy
bound for a diatomic gas at 15,000 psi is about 3.25 1lbs TNT equivalent versus
about 2.15 1bs equivalent for argon.

The free air overpressures calculated via WUNDY, a one-dimensional hydrocode
and plotted in Figure 3.11 illustrate the dependence of airblast pressure on argon
temperature.

3.3 Effects of Volume

Of all the factors that determine airblast from pressure vessel rupture, the
effect of change in vessel size may be easlest to handle. Cube root scaling, as
used to compare airblast parameters in explosives studies, seems applicable here.

Cube root scaling is most applicable to spherical or point source explosions
in free air. Change the charge shape, put a case around the charge, or fire the
charge near a boundary and the use of cube root scaling must be qualified.

Insufficient vessel-burst data exists to verify the use of cube root scaling.
Certainly, one expects it to apply to spherical tanks burst under the conditions
where the only variable is the vessel volume. Thus distances, times, and shockwave
impulses that characterize the airblast from vessels of different sizes are
related by the ratio of the cube root of their volume.

There are more uncertainties for vessels not spherical in shape. The most
likely vessel shape will be cylindrical. Conventional explosive cylinders generate
an airblast field near the charge that reflects the charge dimensions and the
detonation scheme (reference 6). However in the case of a cylindrical charge,
asymmetries in the blast front disappear by the time the blast wave has propagated
to the point where the airblast overpressures are about £ psi. From then on, the
front expands spherically.

Perturbations due to the detonation scheme of a conventional explosion never
appear on the tank rupture blast front. These are replaced by perturbatimscaused
by the vessel failure scheme. The high initial shock velocities that allow the
shock front from a conventional explosion to approach spherical symmetry at late
times may not exist in the vessel rupture situation. Therefore, the blast front
from vessel rupture may never overcome its initial asymmetries. 1In spite of these
‘protlems, no better method exists to relate the blast from different sized vessels
than one using cube root scaling. As the vessel rupture approaches an ideal
spherical explosion, cube root scaling will obtain.

3.4 Effects of a Confining Structure

Most working high pressure vessels will be housed in some kind of structure
built to contain or modify the blast and fragment patterns should accidental
rupture occur. Estimates of damage to personnel and nearby structures must take
into account the effect of this confining structure on damaging airblast pressures.

.

(6) Wisotski, J. and Snyer, H. "Characteristics of Blast Waves Obtained from Cylin-
drical High Explosive Charges". Denver Research Institute, DR1#2286, Nov 1965
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The confining structure test described in Annexes A and C show some of the
§ effects resulting from the presence of a five-sided enclosure about a bursting
high pressure vessel. Curves fitted to the measured data from Figure C.1l7 are
shown as solid lines in Figure 3.12.

L i

For the confined test on which the solid-line curves in Figure 3.12 are based, ]
. the vessel burst at a point that directed the major gas motion against a sidewall
3 of the structure. 4

g

If the vessel had burst in a manner so as to direct the argon jet out through
the open wall of the structure, then airblast overpressures would have been even
| higher. The dashed line in Figure 3.12 was obtained from the average of the curves
i in Figure 3.5. This curve probably represents the maximum airblast overpressures {3
4 in front of the structure. E

e gt o

The dotted curve in Figure 3.12 represents the average of the curves shown in
Figure 3.6. This curve gives pressures along lines up to T1° from the argon Jet.
Even for these conditions, airblast overpressures at some distance from the burst-
ing vessel are higher than would have been predicted for a confined burst. Thus,
1 under certain burst conditions the five-sided confining structure does not
reduce airblast overpressure.

Pressure on the interior walls will also depend on burst geometry and
internal gas temperature. The 2-dimensional Hydrocode, TUTTI, will calculate the
entire pressure load on the walls as a function of time for all burst conditions.

L

3.5 Comparison of Data

Measured airblast overpressures are compared with calculated data in Figure
3.13. The upper bound of the shaded area was arrived at by taking the average of
the data from Figure 3.5; the lower bound is the average of the data from Figure :
3.7. :

SO ST S TP T

The data from the one-dimensional calculation, WUNDY, was modified to fit the &
burst geometry of these experiments. Specifically, data above 40 psi are from ;
Figure E.11. Data below 20 psi was obtained from Figure 3.11. In this case, the
WUNDY Curve for all burst pressures with an argon temperature of 290°K (17°C) was
used. The one-dimensional calculations are for a free air burst. To account for
the presence of the gro%pd, the energy output was doubled. Therefore, distances
were multiplied by (2)1/3 or 1.26. The TNT curve was obtained from Figure C.1
using the equivalent weight data from reference 7.

Airblast overpressures at a ground range of 1.0, Figure 3.13, range from 10
psi for the lower bound of the measured data to about 1,000 psi for the TNT data.
The curves converge at lower overpressure levels. The upper bound of the measured data

(7) Swisdak, M..A“Explosion Effects and Properties: Part 1 - Explosion Effects in
Air", Naval Surface Weapons Center Report NSWC/WOL/TR 75-116
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from the TUTTI claculation, and the TNT data coincide at overpressures below about
5.0 psi. Thus either the TUTTI results or the TNT curve represent an upper bound
to the airblast overpressures generated hy vessels ruptured in this investigation.

L, FRAGMENT DATA

Detailed fragment data are given in Annex D, All vessels burst into two pieces.
Of these 14 pieces, 10 were recovered. Weights of the recovered sections
ranged from 51.1 pounds to 271 pounds. The recovered sections were those that hit
the arena walls and were stopped or those that hit the ground or firing pad and
traveled only a short distance. The positions where the pieces of the vessels
vere found are shown in Figure D.1l.

The fragment velocity system did not function satisfactorily. Either the
pleces of the vessel failed to hit a screen; or when they did, the electronic
counters did not function. Fortunately, a piece of the vessel hit the firing pad
on all the unconfined tests except shot 5. This produced a distinctive signal
on the time resolved pressure gage recordings. The points where the vessel seg-
ments hit the firing pad and the original position of the vessel were used to
determine the distance the fragment traveled. Early fragment velocities were
determined from this information. For the test where the vessel half did not hit
the firing pad, shot 5, (see Table D.1l) one section hit velocity screens.

The mean velocity measured for the approximately S50-pound portion of the
15,000-psi vessels was 320 feet/second. The minimum velocity measured was 310 feet/
second and the maximum was 330 feet/second.

For the 30,000-psi vezsel, the mean velocity measured was 353 feet/second for
the 147 pound segment of shot 3 and 274 feet/second for the 108-pound segment of
shot 7. The average of all fragment velocities measured on shots 3 and 7T is 326
feet/second with the highest value measure 373 feet/second and the minimum velocity
measured 250 feet/second. The wide velccity differences are between the two shots
rather than between individual measurements on a single shot.

For the 50,000-psi vessels, the average velocity measured for tl. 258 pound
portion of the vessel used on shot 4 was 215 feet/second. The only velocity screen
measurements were made on shot 5. The heavier portion of the vessel, 271 pounds,
+1aveled 17.5 feet at an average velocity of 273 feet/second. The lighter portion,
142 pounds traveled a distance of 6.8 feet in the opposite direction at an average
velocity of 278/feet/second. Average velocity for all 50,000-psi Vessel fragments
was 235 feet/second.

Case velocities from the one-dimensional code calculation are shown in Figure
4.1 for the 15,000-psi vessel. Note that measured velocities are less than half
the calculated value. A method for calculating case velocity from reference 3 gives
similar results, i.e., higher than measured values by a factor of 2. No explanation
for this discrepancy is readily available. A sophisticated technique for fragment
velocity calculation is given in reference 8. However it was not applied to these
experiments.

8. Baker, W. et. al. "lssembly and Analysis of Fragmentation Data for Liquid
Propellant Vessels,”" NASA CR 134538 Prepared for NASA Lewis Research Center,

e osgac% Safet* Reseaich and Data Institute by Southwest Research Institute, San
ntonla, Texas, Jan 197 15
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5. SUMIARY

Several factors control the airblast field from the pneumatic burst of high
pressure vessels. Those related to the vessel and its contents include the type,
temperatur:, volume, and pressure of the gas in the vessel and the geometry of
rupture,

For a vessel filled with a monotomic gas and burst at a temperature below
about 330°K, increasing burst pressure from 15,000 to 50,000 psi does not measurably
increase blast energy. However, at elevated fill gas temperatures, rupture
energy is increased. ‘ihe upper limit is reached when internal temperatures are
high enough to cause the fill gas to approach ideal gas behavior. These temperatures
are about 1300°K for 15,000 psi and about<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>