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AUTHORS COMMENTS

The English system of units are utilized exclusively in this report.
This was done in order that the results of this experimental program
would be compatible with the previous efforts and reports pertaining to
the Category I shield development. In particular, the results are
intended for use in structural design evaluations, evaluating compatibility
with specifications in the DOD Explosive Safety Standards and to be
compatible with predictions, analyses and design effort of other category
shield programs which utilize the Enelish system of units.

The use of double scales and/or conversion factors throughout this
report was considered but not included because of the considerable effort

and expense involved for what would be of minor benefit to the principal
users of this report.



I. 1INTRODUCTION
A. Background

This work is part of the Category Shield Program and is specifically
related to Category I. The Category I Shield is being designed to con-
tain the fragments and attenuate the airblast from an accidental explo-
sion in a melt-pour operation containing 2500 pounds of explosive. The
size of the structure was to be a 40 foot cube.* The peak overpressure
must be attenuated to 50 percent of that expected at a scaled intraline

distance of 18 (ft/lbsl/S) without shielding.

In order to construct a cost-effective Category I Shield, the necessary
critical design information was not available. Both BRL and a contractor,
Southwest Research Institute (SwRI) recommended that a 1/4 scale structure
be designed and tested with required instrumentation. This recommendation
was accepted by Edgewood Arsenal. Because of the large number of candi-
date panel designs, and the lack of knowledge of the effect of their vent-
ing characteristics on the decay of the internal gas pressure and blast
attenuation outside, BRL investigators suggested that a 1/16 size struc-
ture be made for each candidate panel and that tests be conducted with
scaled charge weights.

Eight 1/16 size structures were constructed at the National Space
and Technology Laboratory (NSTL), Bay St. Louis, Mississippi and shipped
to BRL for testing.

B. Objectives
The objectives of this phase of the Category I Shield program are:

1. To document and present in a usable format the blast loading
versus time generated at the walls of eight 1/16 - size structures from
an internal explosion.

2. To determine the effective vent area ratios of selected candidate
panels based on a comparison of the measured decay rate of the internal
gas pressure with that of several prediction methods.

II. TEST PROCEDURE

Test procedures followed in designing the experiment are described
below. The gages were selected based on the anticipated environment,
then calibrated and integrated with the proper mounts, amplifiers, and
recording system.

*The design was later changed to a cylindrical structure with the same
volume.
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Spherical 50/50 pentolite charges having nominal weights of 0.5 and
1.0 pounds were fired in the geometric center of each structure to bracket
the scaled charge weights of 0.61 pounds (2500 x 1/163) and a 25 percent
overweight of 0.76 pounds.

A. Test Structures

The test structures are not true scaled models because the components;
i.e., I-beams, angle irons and perforated plates are the same size as
planned for the 1/4 scale structure. Scaling by 1/16 reduces the interior
dimension to 2.50 feet (as-built 2.58 feet) and the volume by 1/163. Figure
la and 1b are drawings showing the details of the type "T" and type '"O"
structures. There were three type "T'" structures, four type "O" struc-
tures and one closed or non-venting structure. The sub-scale structural
description was based upon the fabrication drawings prepared by the General
Electric Co. at the NSTL, Bay Saint Louis, Mississippi (DWG 1E700F33012).
Figure 1 includes only those details that are considered important for
documenting the physically significant characteristics. The three inter-
locking I-beam cubicles were given the notation of T-1, T-3, and T-5 which
corresponds to the identification of structures Type 1, 3, and 5 in
Figure la. The configurations utilizing perforated plates in this design
were given the notation 0-1 through 0-4, these correspond to the cubicles
identified as options 1 through 4 in Figure 1b.

A method for calculating the effective vent area Aeff was developed by

SwRil based on airblast attenuation outside of the structure. The spac-
ing of the panel components and the vent area of the individual perforated
plates were designed using this method. It is described as follows:

1. The vent area for each element of each panel was determined.

a. For angle iron configurations - the distance between flanges
of adjacent angles was determined. This distance was multiplied by the
total number of spaces between members and this result multiplied by the
length of the gap between angles (30 inches) to give vent area, Av'

b. For I-Beam configurations - the distances between flanges
and/or between flange and adjacent web were summed for each of the 4
planes in which the I-beam flanges were located. These distances were
then multiplied by the length of the gap between I-beams (30 inches) to
give vent area, Av’ for each plane.

c. For plate configurations - the cross-sectional area per
drilled hole per plate was determined and multiplied by the number of
holes per plate to give vent area, Av’ for each plate.

JBdker, W. E., Westine, P. S., et al, "Analysis and Preliminary Design of
a Suppressive Structure for a Melt Loading Operation," Tech. Report
No. 1, Southwest Research Institute, San Antonio, Texas, Mavrch 1974.

12



T 40 | 133HS

(s}

€'1 3dAL)

34NLINYLS Wv3g T

ATaIN3SSY 3unixid 1S31

]
“wwgz

UNZI-8 11 MHL 030¥aEH]
E:._..h__.___._; Siuvd °1

ROTLINELENGD O73M
13714 SNOANILNDY

40367 SITEWISEY 1Y T |

*ZLIFHE [NOHLIM
LTl LON B0 SIHL CE

"ME X f
IR 1

H1hE E ¥ Fdid USORHS,) &
TS UNILEST NO S30HESLE
HLIM 3434 05 =20 WL S
IHITIES F o ND S30H FIE
HiM F43d "08 8-F 1 Md SIE | £)
‘NI-TENE AR IR || i
AN &7 A0 W0 §30M 9108
HiM 443 05 9-7 % WHLE
UE HLS S .BAKNANT] 2
UN3Y 66¥ 59 WD TIWH ¢ 84
HLIM 43 D5 9-Lx4va0i| 1)
M= XS ELA

W 13318 DL EXASE
S ANy LA
WS LR ELS

WIS AN LR LTS
MEI-EX VLN

& G5 X 3did S OFHIG )
"MSEETLERE _

LS O1W TIE-F EpELA
Mm% 12ALYLY

ai
-]
L]
£
¥
1
¥
1
[ 1
!

REIETLET

soanionils odAL ,.L. I0F ATqUesSy oINIXTy 1S9l ‘B[ oInd1q
[ v | ses [ 809 T o6t” | 809°] € | [3 0 | e 9t §
1 18 | 665°] v ] 6o | Zir ] € ¥ § o | ES°1| t0E] £
] 76l |_ofs'| €ve | oos | zier | y Z 8 ] 6zZ1[6Sv e |
‘0,03y {$310H | 1 34AL oy s oafvas 0l 2|5 (RN
! 3 ¥ r H f . § : R
MEwIssY 13NYd TV
3
LTI, ]
ATEW3SSY 13Nvd 008 q I : T
i _ %
4 _.ﬂ 5" ......-__H
: G
B =T 1 “ i
msd & 1 L
: — .vi .-.- o | m._. —
(e 3 " il ;ﬂ- ﬂ.@
e - Y Py % muha...ﬂ_ﬂ —a3l T ——
£- ¢ ra ‘N340 D59 NIHLIM |
- : N NH3L ¥4
L 390H wig B
H 7 A
3
s30is ¥ n% =0 (8)
9=TINN Thm i i ATENISSY TWNId 3dnixXid 1S3l
0= [P~z sy
0-T3Nve ._.._.q__...—|.x1 =
t H ) ] ol INEDD TIWA JAL
L ! _ = ﬁ_._imn
b f./r .....1\
: ny “WITEY
3 e
1| =
-
.;.!.f.l .
Ry DAL ‘
ok Al /|®
_— w ..._r_”.|.__. »W. ot n|L._ 2
D ¥- 13N o+ |= .z _..J

1L

Tivm

13




saanioniig adAl ,,0,, I0F ATqWASSY SINIXTJ 1S9 -qI oin8T1y

7 40 T 133HS ALMYYY 04 QISVIMING 3IVIS NOILO3S AGWNISSY T3INVd 1IVM
[v 2 €21 SNOILdO) “03LON §Y L3 * INVS SIINW 4004 278,v S13v
e 5 L5 T1Em NOIL23S
TYNLoNNLS 3LVS m. TNV INTd MOHS SNOILZ mu« )
¥ KOIL4D £ NDIZdD I NOULJO | WOULAD ﬁ_ NO LIWO
MSNISSY 3LNLXI4 {S3L = 5 _ o
LA H-H 9-9 4-4 3-3 / ~e—H94'3
.H = " T r—
I . _ _
_ | _ _
il |
_ m “
| _
TSalon Il @ f (&) | -z
“1 133HS NQ "NAWIO 4 H
S3NYe SY 2NES IUY NMOHS LON NAWID T e ﬂ I Sy
ﬁ li (®) [} Eoagl _ '
“XISW3ISSY 13N (Ft : g ) - —-L.
A TTM3LvY ¥d4 ) 133HS 335 T, _ i g - £ @.\\ ; ;
_ (- ™| ——H9'4 3
LI 1O snmveo sty € | | IHEID)
213743) 10N INIMVYQ i { I o |
NG WI.\. | _. w.,..m = { [ a7k _
- I
B3 L
[1H91S 40 3NM) dN 3NN : B
10N 00 $370H LYHL 0S Q3N9IY’ D ) (s o110 1
ONy 1NJ 39USAW 3.v1d 4834 1Y §3I¥ 1 T dal) o
, k) {e) sa1v 53V
i 6vzE— 91 1YVd PEETYEL z)
S6S1—— S1 1¥vd a
: §121— £ Lywd
31V, /S310H 0681—— 11 LYVd b

ATEWISSY 13NYd J00H

ﬁHIIh@w__m

9
]
| I

&% 1.v/E [.v/¢ 1%/1 1].%/1 1| ¥ NOILdO . |

Sz {1 T.1 A NVT.ZATE NOILO -2

0c v 11 .1 18/811.2/71 1] NalLso)

4] L (ZAT] W2 .Z |1 NOILO
S3YH| W ] A r

SNOISN3WIC Y000 NI S3T0K =3

14



2. The vent area for each element of each panel was used to deter-
mine the effective vent area for each panel using the following relation-
ship.

1 1 1 1
—_—= —t — + ... + — (1)
Av A1 A2 An

n = number of venting elements.

For the "T" configurations four vent areas (Ai) would be combined, for

the 0-1 configuration three vent areas would be combined, and for con-
figurations 0-2 through 0-4 four vent areas would be combined.

3. The effective vent area ratio, for a given configuration, was
determined by multiplying the effective vent area per panel by the number
of vented panels per structure (5 for our cubicles) and dividing the
result by the internal surface area of the 5 panels.

The effective vent area ratios determined by BRL using the preceding
method are listed in Table I for all test structures.

B. Instrumentation

The primary objective of this report is to present a record of the
gas and shock pressure generated within a structure when high explosive
charges are detonated in the geometric center of the structure. Two of
the measurements (P7 and P8) record peak reflected pressure data, and
one (P9) measured quasi-static pressure data. The location of all gages
are shown in Figure 2. A special gage mount (Figure 3) isolated the
pressure transducers from the severe mechanical shock and vibration
environment of the panels they were attached to. Gage location P8 did
not utilize the protective shield (bottom plates) as indicated in Figure
3 so that the gage mount would have a minimal effect on the ability to
indicate the high reflected overpressure shocks that were to be measured.

Gages P7 and P8 were tuned to measure the high frequency shock pres-
sure fluctuations and therefore were not expected to be too effective in
indicating the quasi-static pressure fluctuations which were at much
lower pressures. Gage P9 was included to measure the quasi-static pres-
sure fluctuations inside the enclosure. Therefore, its upper frequency
response and full scale pressure recording level were reduced so that
the high frequency and high pressure shocks would have a minimal detri-
mental effect on the desired measurements.

Locations P7 and P8 utilized Susquehanna Instrument Model ST-4
gages having a tourmaline sensing element. These gages have a natural
frequency of 1.5 m Hz, and installed time constant of 4 seconds, and a
useful indication capability over the pressure range between 10 and
10,000 psi. These gages were of the piezo-electric type and utilized
in-line source followers.

NOTE: Aeff and AV are used interchangeably to denote effective vent area.
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SECTION A-A

Figure 2. Gage Positions
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Location P9 utilized a Quartz sensing element piezo-electric type
pressure transducer with attached source follower. The gage was a PCB
Electronics Inc. Model 113A22. This gage has a natural frequency of
500 k Hz, an installed time constant of 2 seconds, and a useful pressure
indication capability over the pressure range between vacuum and 6000
psi.

The signals from the pressure transducers were amplified as necessary
by using Newport Laboratory Inc. Model 60-S D.C. amplifiers having an
adjustable upper frequency cut-off which was set at 100 k Hz for measure-
ments at P7 and P8 and at 10 k Hz for measurements at P9. This was per-
missible because the measurement at P9 was intended to indicate only the
quasi-static pressure variation produced inside the test structure. In
addition, the lowered high-frequency cut-off would minimize overdriving
the recording system as a result of the very high shock pressure that
would be sensed prior to the quasi-static pressure of interest.

All pressure data were recorded on a Honeywell Model 7600 tape recorder
having a frequency response from D.C. to 80 k Hz. This established the
upper frequency limit for all measurements except P9 which was previously
limited to 10 k Hz. The low frequency capability of the system was limited
by the characteristics of the pressure transducers as determined from the
time constants indicated above.

For several tests, toward the end of the program (configurations 0-3
0-4, and N-V) measurements at P8 were recorded on an oscilloscope as wel
as on the tape recorder, in an attempt to determine the amount of peak
overpressure loss that could be expected from the tape recorded data.
The upper frequency for this measurement was still limited to 100 k Hz
by the instrumentation amplifier in the circuit between the transducer
and the oscilloscope.

H
1

ITI. RESULTS

A total of 58 test firings was conducted. All charges were located
in the geometric center of the structure. The blast parameters recorded
at the three gage locations are presented in the following sections in the
form of tables and curves. Reflected pressure parameters are compared
with accepted standard references and effective vent areas are calculated
from the quasi-static pressure durations.

A. Reflected Pressure Parameters

The reflected pressure impinging on the interior surfaces of the
structure were measured at two locations. The locations P7 and P8 are
shown in Figure 2. Special gages and mounts were used to record the
high pressure and short duration associated with the reflected pressure
pulse. Documenting the reflected pressure shock parameters for comparison
with theoretical values or other experimental work is difficult because
of the changes in the roughness of the reflecting surface, the thermal
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environment, detonation products, gas pressure, the short time duration
and the repeated reflecting shocks. The data obtained are presented in
tables and graphs in the following sections.

1. Peak Reflected Pressure. The peak reflected pressure is defined
here as the peak value of the first shock arrival and is not necessarily
the maximum reflected pressure. The average value of the peak reflected
pressure recorded at P7 and P8 for the two charge weights detonated in
the type "T'", "0", and un-vented structures are listed in Table I1. The
average values listed in Table II are plotted versus scaled distance in
Figure 4. Also plotted in Figure 4 as a solid line are the reflected
pressures versus scaled distance taken from Reference 2. 1t is clearly
evident that measured values fall far below the theoretical curve. This
is caused by the limit in the frequency response of the recorder. Based
on work reported in Reference 3 a loss of 20 percent of the peak reflected
pressure could be expected in the 1000 psi range and a loss of 40 percent
in the 5000 psi range. Accounting for these losses would bring the
measured values closer to predicted theoretical values. Because of the
higher frequency response the oscilloscope data for P8 are closer to the
predicted curve than the tape recorded data. The large scatter of the
data is due to the differences in structure reflecting surfaces.

2. Reflected Pressure versus Time. Computer plots of the reflected
pressure versus time recorded at gage positions P7 and P8 from a 1 pound
charge are presented in Figures 5, 6, 7, and 8 for four of the eight
structures.

In Figure 5 the recordings at gage position P7 in structure T-5
(I-beam) and structure 0-2 (¥ iron) are presented for the first 10 msec.
The first shock reflection is the one moving across the wall of the
structure while the second reflection, which is of greater magnitude, is
produced by the interaction of the adjacent side wall reflection moving
out of the corner and passing back over the gage. Also shown in Figure 5
are multiple reflections from the corners and center of the structure.
The difference in pressure decay is a function of the effective venting.

In Figure 6 records from P7 are again presented from structure 0-4
(perforated plates) and structure N-V (non venting). Here the same
phenomena are recorded. The primary difference is the magnitude of
the peak reflected pressures. Only the first 0.6 msec of record is
considered valid for reflected pressure studies.

2Kingery, C. and Pannill, B., "Parametric Analysis of the Regular Reflec-
tion of Air Blast,'" BRL Report 1249, June 1964.

3Minutes of the Fifteenth Explosives Safety Seminar, Giglio Tos, L.,
Linnenbrink, T., "Airblast Pressure Measurement Systems and Techniques,”
Pages 1359 - 1402, September 1973.
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Table II. Average Reflected Pressure Parameters
for Measurements P7 and P8

Nominal
Configu- Charge
ration Weight Peak Pressuﬁe (psi) Time Duration (ms) Impulse (psi-ms)
*

(1b) P7 P8 P8 pg*
T-1 0.5 1035 2440 22 71
1.0 1322 3720 75 125
T-3 0.5 980 2190 .23 74
1.0 1655 4200 .28 122
T-5 0.5 300 1270 .37 74
1.0 490 2580 .50 121
0-1 0.5 527 2580 S 79
1.0 610 2990 .30 119
0-2 0.5 460 1940 2, 97
1.0 660 3590 (3990) i) 138
0-3 0.5 682 2240 | 99
1.0 1015 3080 (3760) .24 (.24) 114 (108)
0-4 0.5 597 2120 (3145) 2B 1. 28) 73 (68)
1.0 654 3375 (4040) 28 1(:25) 122 (111)
N-V 0.5 452 1590 (2100) .20 (.20) 71 (66)
1.0 708 3510 (3940) .20 (.20) 127 (131)

*

Numbers in parenthesis are values determined from oscilloscope records
having a higher frequency response capability than the magnetic tape
recorder. (see section 2 part B)
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Gage position (P8 is in the center of a side wall and should record
the normal reflection of the first shock arrival. In Figure 7 the
reflected pressure versus time tape recorded at (P8) for a 1 pound charge
fired in structures T-5 and 0-2 is presented for a time period of one
millisecond. Although the initial reflected pressures recorded in struc-
ture T-5 is lower than that recorded in structure 0-2, it should be noted
that the second reflections are quite different. The pressure in the
0-2 structure has a slower rise and is much lower than that recorded in
structure T-5. This lowering of the second reflected pressure is
apparently a function of surface roughness. It can be seen in Table I
that the interior surface of structure 0-2 was quite rough.

In Figure 8 the two pressure versus time plots are presented from
(P8) as tape recorded in structures 0-4 and N-V., Here again the peak
reflected pressures are quite similar but the second reflected pressure
is higher in the non-vented structure because of the smooth wall sur-
face.

3. Reflected Pressure Duration. The duration of the reflected pres-
sure is another blast parameter used in describing the loading on the
wall of a structure. The durations recorded at P8 were measured for all
structures and average values are listed in Table II. The values of
scaled duration versus scaled distances are plotted in Figure 9. The
values have less meaning for blast loading on the interior walls of a
structure than reflected pressure on a plane wall in free field blast
because of the repeated reflections, plus the build-up of internal gas
pressure. The solid line in Figure 9 was taken from Reference 4. The
data from this series of tests are found to vary about the reference
curve, with the exception of configuration T-5, where the duration was
found to be considerable longer than expected,

4. Reflected Pressure Impulse. The impulse in the first reflected
shock is listed in Table II for gage location P8. The scaled impulse
versus scaled distance for the two charge weights are plotted in Figure 10.
The solid curve plotted in Figure 10 was taken from experimental results
reported in Reference 4. The reflected pressure impulse values recorded
on this series of tests are approximately 20% lower than those reported
in Reference 4, but it should be noted that the surface was not '"ideal
and the frequency response of the recorders was not optimum.

5. Reflected Pressure - Impulse versus Time. The reflected pressure
impulse is one of the primary blast loading parameters. Therefore, the
reflected pressure impulse versus time for a maximum of 500 psi-msec of
the record obtained from gages P7 and P8 from a 1 pound charge are pre-
sented in Figures 11, 12, 13, and 14 for four of the eight structures.
These figures indicate the difference in impulse as a function of time

4Jack, W. H. "Measurements of Normally Reflected Shock Waves from Explo-
stve Charges," BRL Memo Report No. 1499, July 1963.
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between gage locations P7 and P8. 1In general the impulse load is applied
faster at location P8 than P7. The first plateau noted on the recorder

from location P8 is the impulse in the first reflected shock on the side
wall.

B. Quasi-Static Pressure Parameters

The quasi-static pressure is the term used to define the overpressure
generated from the gaseous by-products when an explosion occurs in a
closed or partially closed vessel. The magnitude of the quasi-static
pressure is a function of the charge weight to structure volume ratio

(W/V) (1bs./Ft3). The duration of the quasi-static pressure is a func-
tion of the ratio of the vent area to volume of the structure (AV/V)

(1/Ft). On this series of tests the volume of the structure remained
constant, 17.24 cubic feet. There were two charge weights, nominally

0.5 and 1.0 pounds. The effective vent area is the unknown parameter

and an attempt will be made to determine it for each structure using the
recorded duration and impulse of the quasi-static pressure pulse and
relating them to experimental results obtained from structures with known
vent areas.

1. Peak Quasi-Static Pressure. Determining the peak quasi-static
pressure requires a degree of interpretation which is quite subjective.
The quasi-static pressure is generated while the repeated reflected
shocks are still in evidence, and in the structures where the vented area
is large, the decay of the reflected shock pressures is in progress while
the gas pressure is still being generated. The surface roughness of the
structure wall affects the magnitude of the reflected shocks which in
turn appears to affect the magnitude of the quasi-static pressure.

Two values of quasi-static pressure are listed in Table III.
The first value P__ is an extrapolation of the quasi-static pressure

QE
versus time back to a zero rise time. This method of extrapolation is
shown in Figure 15 where the rate of decay of the quasi-static pressure

due to venting is used to determine the value of PQE' A second value
is also listed in Table III. This

QA
is an average value determined at time of t equal to WZ/S, where W is

the weight of the explosive charge in pounds and t is the time in milli-
seconds. This second value should be the maximum gas pressure prior to
any decay due to venting. An example of the method used to determine
the value P, is shown in Figure 15. The two values of peak quasi-

QA
static pressure listed in Table III are average values recorded at
position 9.

of quasi-static pressure noted as P

Averages of the extrapolated values of quasi-static pressure

(P..) listed in Table III are plotted in Figure 16 versus the charge

QE

weight to structure volume ratio. There is excellent correlation in
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QE
two structures had the angle irons on the inner surface giving an
extremely rough surface which lowered the peak reflected values thereby
lowering the extrapolated value PQE' Values of PQE from structures 0-1 |
and 0-2 were not used and an average value of 213.4 psi was obtained for |
the 0.5 pound charge and 316 psi was obtained for the 1.0 pound charges.
These values show excellent agreement with those obtained from Proctor's
INBLAST computer code described in Reference 5. Also plotted in Figure
16 are values obtained from the 1/4 scale Category I testing, reported
in Reference 6.

the values of P._ recorded in all structures except 0-1 and 0-2. These l

The method of determining P., is shown in Figure 15. The average

QA
values determined for each structure and for the two charge weights are
listed in Table III. Here again the quasi-static pressures measured in
structures 0-1 and 0-2 were considerably lower than the other structures

and were not included in the final average. The final pQA values
determined were 150 psi for the 0.5 pound charges and 201 psi for the
1.0 pound charges. The two quasi-static pressure values (PQA) are

plotted in Figure 17 are data from the 1/4 scale Category I structure
tests and test data from Naval Ordnance Laboratory and Naval Civil
Engineering Laboratory reported in Reference 7. The data from this series
of tests are in excellent agreement with other reported experimental
results.

2. Quasi-Static Pressure Duration. The duration (tg) of the quasi-

static pressures recorded for each structure and charge weight are listed
in Table III. The duration (tg) in a suppressive structure is a function

of the charge weight and the area vented (AV) or A effective. The mea-

sured duration will be used in a later section to determine the effective
vent area-using different published methods in which the known vent areas
were correlated with duration of the quasi-static pressure. When deter-
mining the quasi-static pressure duration it is difficult to interpret
the exact time at which the overpressure returns to the ambient condi-
tion. From Table III it can be seen that there is little difference

in the duration, tg’ for a 0.5 pound charge and a 1.0 pound charge

detonated in the same volume structure with the same venting character-
istics.

5Proctor, J. and Lorenz, R. A., "Internal Blast Computer Program,'
NSWC/WOL TR 75-183 (To be published). .

6Sehumacher, R., Kingery, C., and Ewing, W. Jr., "Airblast and Structural
Response Testing of a 1/4 Scale Category I Suppressive Structure,
BRI, Memo Report.

"Minutes of the Fourteenth Explosives Safety Seminar, Keenan, W. A. and
Tanereto, J. E., "Effects of Venting and Fragibility on Blast Environ-
ment from Explosions in Cubicles,” pp 125 - 161, Nov. 1973.
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3. Quasi-Static Pressure Impulse, The quasi-static pressure impulse
(Ig) was calculated from the records obtained at gage position P9 for

all structures and charge weights, The average values are listed in
Table III. The impulse (Ig) is a function of both the charge weight to

structure volume ratio and the effective vent area, Since the effective
vent area is an unknown parameter the measured impulse (Ig) will be used

to infer the vent area, using relationships developed in Reference 8.
It should be noted that the magnitude of the impulse (Ig) listed in

Table IIT tends to increase as the calculated effective vent areas from
Table I decreases,

C. Effective Vent Area

In any containment type structure the amount of venting has an effect
on both internal and external pressure. The relationship between the
effect of venting on internal and external pressure is discussed in
Reference 5, 7, and 8 for known single vent areas. In this test series
the four structure walls and roof were vented with the multilayer panels
for which proven methods for determining the effective vent area have not
been developed. The measured duration and impulse from these tests will
be used in an attempt to determine an effective vent area by comparing
them to published data relating to known vent areas.

1. Effective Vent Area from Quasi-Static Pressure Duration. The
durations of the quasi-static pressure (tg) are listed in Table III for

each structure and two charge weights. These values will be used in
four different methods to establish effective vent areas for each struc-
ture.

In Reference 1 a relationship was established by Southwest Research
Institute (SwRI) showing that the quasi-static pressure duration could be

described as
t A.V3/2
o176 1750 T\, (2)
QA

Using Figure 6 in Reference 1 values of effective AV were determined.

These values are listed in data column one of Table IV. The curve pre-
1/6 v1/3
QA

sented in Reference 1 was extrapolated to smaller values of tg/P

to accomodate the '"T'" type structures and structure 0-4.

8Minutes of the Sixteenth Explosives Safety Seminar, Keenan, W. A. and
Tancreto, J. E., ""Blast Enviromment from Fully and Partially Vented
Explosives in Cubicles," pp 1527 - 1559, September 1974.
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Table IV. Effective Vent Area (Duration tg)

SwR1 NCEL NSWC K&S Average Percent
Structure Chg WT AV Av Av Av Av Area

Pounds FT2 FT2 FT2 FT2 FT2 Vented
T-1 0.5 3.39 2.83 3.26 2.91 3.10 9.29
T-1 1.0 3.12 3.00 3.61 3.34 3.27 9.79
T-3 0.5 2.28 2.39 2.17 1.89 2.18 6.53
T-3 1.0 2.36 2.60 2.34 2.16 2.37 7.10
T-5 0.5 1.62 1.84 1.52 1.32 1.58 4.73
T-5 1.0 1.86 2.07 1.75 1.62 1.81 4.85
0-1 0.5 .458 .526 .519 .419 .481 1.44
0-1 1.0 .475 .532 .546 .468 .505 1.51
0-2 0.5 .571 .664 .634 .533 .601 1.80
0-2 1.0 .630 .690 .682 .613 .654 1.96
0-3 0.5 .806 . 889 .816 .709 .806 2.42
0-3 1.0 .794 .852 .819 .751 .804 2.41
0-4 0.5 1.67 1.84 1.52 1.32 1.59 4.76
0-4 1.0 1.43 1.54 1.36 1.25 1.40 4.19

Area of vented walls = 33.37 FT?

_ vent area
Percent of vent area = —3337 x 100
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An extensive series of tests was conducted by Kennan and Tancreto
of the Naval Civil Engineering Laboratory in an effort to relate the
duration of the quasi-static pressure (tg) and the area vented AV' This

work is reported in Reference 8. An equation was developed where

tg/W1/3 = 2.26 (Avwl/s/V)" BREY (3)

2/3

This equation is valid for A /V®/® < 0.21 which means the vent area

should be less than 1.4 ft2 for this equation to be valid. For vent
areas greater than this a family of curves presented in Reference 8 was
used. The values obtained from the curves and equation are listed in
data column 2 of Table IV,

A third method used for calculating the effective vent area from
the measured quasi-static duration (tg) is based on a family of curves

developed by Proctor of the Naval Surface Weapons Center (NSWC) and
published in Reference 9. In Figure 9 of Reference 9 curves of scaled

/3 1/3

duration tg/W1 versus scaled venting (V/Av)/W , for different charge

weight to structure volume ratios are presented. Based on these curves,
a simple equation was established for the two charge weight to structure
volume ratios; i.e., 0.029 for the 0.5 pound charge and 0.058 for the
1.0 pound charge. The equation is

Av=f—gy~, (4)
where
K = 1.375 ms/ft for W/V = 0.029 1b/ft>
K = 1.425 ms/ft for W/V = 0.058 1b/ft>.

The effective vent area AV was calculated for each structure and charge

weight and the values are listed in data column 3 of Table IV. There
is good correlation between the three methods with no significant dif-
ferences or trends noted.

961-JYCGAME—73-3 Joint Technical Coordinating Group for Munition

Effectiveness, Proctor, J. F., "Internal Blast Damage Mechanism Computer
Program," 10 April 1973.
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A fourth method relating effective vent area to quasi-static
pressure duration was developed by Kinney and Sewell and is reported in
Reference 10. 1In this reference an equation was derived to describe
the quasi-static pressure decay versus time.

Log P 315 fX— t (5)
Log P = Log T . v s

where
P = absolute pressure in atmosphere

A_ = vent area - square meters

V = volume - cubic meters

ts = time - milliseconds.

Arranging the terms to calculate Av’ when = tg then P = 1 and the

equation becomes
AV = (Log pmax) (V)/.315 tg. (6)

For these calculations the values for PQE listed in Table III were used

for Pmax' A value of AV was calculated for each structure and charge
weight using the measured tg listed in Table III. These values are

listed in column four of Table IV and with the exception of structure
T-1, the results are slightly lower than those calculated using the other
three methods. .

Average values for the four methods are listed in data column 5
for each structure and charge weight. There is excellent correlation
between the two values of effective vent area established for each
structure from the two charge weights. Using the relationship estab-
lished in Equation 4 two solid lines are drawn in Figure 18 for the two
charge weight to volume ratios. The data points are the average values
from data column 5 shown in Table IV.

2. Determining Effective Vent Area from Quasi-Static Pressure

Impulse. The primary source of information relating the quasi-static

pressure impulse (Ig) to known vent areas and charge weight to structure

ZOKinney, G. F. and Sewell, R. B. W., "Venting of FExplosives," NWC Tech
Memo 2448, July 1974.
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Table V. Effective Vent Area - Impulse Ig

Structure Chg WT I Av
Lbs psigms

T-1 0.5 380 2.77
T-1 1.0 443 2.80
T-3 0.5 393 2.64
T-3 1.0 510 2.60
T-5 0.5 659 2.18
T-5 1.0 807 2.56
0-1 0.5 1480 .772
0-1 1.0 1930 .838
0-2 0.5 1140 1.07
0-2 1.0 1757 .943
0-3 0.5 1100 1.13
0-3 1.0 1880 .865
0-4 0.5 680 2.09
0-4 1.0 1003 1.94
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volume ratios is published in Reference 8. 1In this reference an

equation was developed which is valid for AV/VZ/3 < 0,21. The equation
is
1/3 2j8. =1 _.38
Ig/W =11969 (AV/W ) w/vy "7, )
2/3 . . .
For AV/V greater than 0.21 there is a family of curves from which AV

can be determined if Ig is known. The equation and curves were used to

determine the effective vent area of the seven vented structures. The
values determined by this method are listed in Table V. The correlation
of effective vent areas determined from the impulse (Ig measurements and

duration (tg) measurements) 1s only fair. The impulse (Ig) determinations

of the effective vent area are larger than those determined from the
duration (tg) with the exception of structure T-1. One reason suggested

for the difference in the two is that the filtering of the record in
recording the quasi-static pressure versus time may have inferred smaller
values of impulse and thus larger vent areas. It is suggested that the
effective vent areas (AV) determined from the duration t data be

utilized and less reliance placed on those determined from the impulse
data.

D. Internal Pressure Loading

The pressure loading the walls of the 1/16 size structure is a
combination of repetative reflected shocks and the gas pressure generated
by the explosive., The records presented in this section will show the
reflected shocks and while the time of occurence is accurate the
pressure magnitude is not. This is because the signal was filtered in
order not to overdrive the recording system. The primary interest was
in the quasi-static pressure which is always much lower than the
reflected pressures,

The magnitudes of the repeated reflected shocks are affected by the
type of interior surface of the wall panel. The rate of decay of the
quasi-static pressure is of course a function of the effective vent area.

1. Internal Pressure in Structures T-1, T-3, and T-5. A sketch of
the construction of the '"T'" type structure (Interlocking I-Beams) panels
is presented in Figure la. It should be noted that the wall thickness
remained the same and the different effective vent areas were obtained
by changing the dimensions of E or the separation of the I-Beam flanges.

In Figure 19 the internal pressure versus time recorded on the
center of the wall of structures T-1, T-3, and T-5 is presented for the
first .01 second. The first peak reflected pressure should be ignored
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Figure 19. Internal Pressure versus Time at P9 in Structures T-1,
T-3, and T-5, 0.5 Pound Charge
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because it has been allowed to overshoot the recording system as shown
on records from T-1 and T-3 and it has been filtered out in the data
processing as shown on the record from T-5. The pressures reflected
from the walls converge back to the center of the structure and then
reflect outward again. This process is repeated a number of times with
the reflected pressure impinging on the wall decreasing in magnitude
each time.

It should be noted in Figure 19 that in all three structures the
first pressure reflection after the decay of the peak reflected pressure
is approximately the same magnitude and occurs at the same time. The
magnitude of this outward reflected pressure recorded on a non-filtered
high response gage is approximately 500 psi rather than 250 psi as shown
on the records in Figure 19.

As the vent area is decreased in going from T-1 to T-3 to T-5
the rate of decay of the internal pressure is decreased and duration is
increased.

In Figure 20 the time scale has been compressed to show the total
duration of the pressure pulse recorded in structure T-5 at Position 9.

2. Internal Pressure in Structures 0-1, 0-2, and 0-3. The walls of
structures designated 0-1, 0-2, and 0-3 were comprised of different panel
elements as shown in Figure 1b but were predicted to have the same venting
and attenuation characteristics. In structure 0-1 the wall consists of
one layer of closely spaced angle iron and two perforated plates. In
structure 0-2 the angle iron is larger and wider spaced and there are
three perforated plates, The 0-3 structure wall had four perforated
plates. They were off-set so that the holes did not fall in line.

The internal pressure versus time during the first .0l second in
structures 0-1, 0-2, and 0-3 is shown in Figure 21. The rate of decay of
internal pressure in the three structures appears quite similar in that
they show approximately the same overpressure at .0l seconds. The first
pressure reflection after the peak value is lower in structure 0-1 than
in structure 0-2 and also lower in structure 0-2 than in structure 0-3.

The magnitudes of these reflections are a function of the initial reflected
wave on the wall surface and the outward reflection from the center of the
structure. The wall panel in structure 0-1 has small closely spaced angle
irons (Figure 1b) which apparently disturb the formation of the peak
reflected pressure on the wall causing a lowering of the outward reflection
from the center of the structure. Note record from structure 0-1 in

Figure 21.

The wall panel of structure 0-2 is shown in Figure 1b. The larger
angle irons and wider spacing apparently produce a higher reflected pres-
sure than structure 0-1. Therefore, the first outward reflected wave in
structure 0-2 as shown in Figure 21 is of greater magnitude than that of
structure 0-1.
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Figure 21. Internal Pressure versus Time at P9 in Structures 0-1,
0-2, and 0-3, 0.5 Pound Charge
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Since structure 0-3 has a wall of perforated plate, the second
shock reflection on the wall would be expected to be greater than those
recorded in structures 0-1 or 0-2. This is recorded in Figure 21. Here
it should be noted again that comparisons are between relative magnitudes
of the outward reflected pressures and are not quantitative. The magni-
tude of the reflected wave in structure 0-3 is approximately the same as
that recorded in the type "T" structures which also have relatively flat
walls.

The total pressure durations of the records presented in Figure
21 are shown in Figure 22 with a compressed time scale. Although the
overpressure was approximately the same at a time of .010 seconds, the
pressure decay rate at times greater than .010 seconds as well as the
total duration are different. Structure 0-1 has a slower decay rate and
longer duration than structure 0-2 which implies less effective venting
than structure 0-2. Structure 0-2 has a slower pressure decay rate and
longer duration than structure 0-3 which implies that structure 0-2 has
less effective venting than structure 0-3. Although planned to have the
same effective venting characteristics based on the method discussed
earlier, the three structures have three different effective vent areas
(see Table 1IV).

5. Internal Pressure in Structure 0-4. Structure 0-4 was option 4.
It consists of four perforated plates as shown in Figure 1b. The primary
difference between structure 0-3 and structure 0-4 is the number of holes
in the perforated plates. Structure 0-4 had almost twice as many holes
per plate as structure 0-3 and was calculated to have the same effective
vent area as structure T-5.

The internal pressure versus time recorded at P9 from the detona-
tion of a 0.5 pound charge in structure 0-4 is presented in Figure 23.
A similar record from structure T-5 is also presented in Figure 23 for
comparison. It is quite clear from this comparison that the 0-4 struc-
ture does have a similar effective vent area as structure T-5, as pre-
dicted in Table 1 and determined in Table IV.

4. Internal Pressure in Structure N-V. Structure N-V was a solid
wall box structure and the N-V designates non-venting. It had the same
interior dimensions and volume as the other structures. It was manu-
factured from 3/4 inch steel plate. This configuration was utilized to
determine the internal pressure on the wall of the structure as the vent
area approached zero. Structure N-V approximated a non-venting structure
but could not be completely sealed. The access door used for placement
of the charge was close-fitting but not sealed, and a 1/8-inch hole was
drilled through the center of the top plate for installation of the
firing line.

The internal pressure versus time recorded at P9 from the detona-
tion of a 0.5 pound charge in structure N-V is presented in Figure 24.
The pressure is shown for 0.05 second and there has been a relatively
small pressure decay during that time. The internal pressure decayed to
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Figure 22. Compressed Time Scale Showing Complete Pressure
Duration of Figure 21 Records
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a zero overpressure in approximately 0,7 second, Also shown in Figure 24
is the internal pressure recorded in structure 0-3. This comparison is
presented to show the difference in the internal pressure loading on the
wall of a vented and non-vented structure.

5. Internal Pressure in Structure T-5 and 0-4 from 1 Pound Charges.
Both one pound and one-half pound pentolite charges were detonated in
each structure. Only a few representative records from the one pound
charges will be presented for comparison and discussion because the
trends are similar and conclusions would be the same as established for
the one-half pound charges.

In Figure 23 a comparison was presented showing the similarity
in the internal pressure and decay rate in structure T-5 and structure
0-4 when a 0.5 pound charge was detonated in the geometric center of
each structure. A similar comparison is presented in Figure 25 where the
pressures recorded for the detonation of 1.0 pound charges are presented
for the same two structures. The two records in Figure 25 show very
similar pressure fluctuations and decay rates.

6. Internal Pressure in Structure 0-3 from 0.5 and 1.0 Pound Charges.
A comparison of the internal pressure versus time recorded at P9 from
the explosion of a 0.5 pound and 1.0 pound spherical charge is presented
in Figure 26. The primary differences are the peak internal gas pressure,
the magnitude of the internal reflections and the rate of decay of the
overpressure.

E. Internal Pressure versus Time Predictions

There are several methods reported in the literature for predicting
the peak internal gas pressure generated from detonations in closed and
partially closed chambers!s>,7,10  Reference 5 is believed to be the
best source available for calculating the internal pressure versus time and
therefore it has been set in operation at BRL on the BRLESC computer.
Runs were made for the charge weights, volume and several vent areas
related to the 1/16 size structures being tested.

1. Internal Pressure versus Time for Structures with Different Vent
Areas. Computer runs were made using the Proctor code5 for the sub-scale
structures with different vent areas and a 0.5 pound charge. The output
was plotted as internal pressure versus time for the different vent areas
and is plotted in Figure 27. This figure shows the effect of vent area
on the rate of decay of internal pressure versus time. The rate of decay
of the internal pressure within the different structures has been recorded
but the effective vent area is the unknown variable, therefore in Figure 28,
the computer output was plotted using time versus percent vent area for
constant internal pressure. Here a measured record can be matched with the
pressure versus time along a vertical scale and the effective percent vent
area can be estimated or if the effective percent vent area is known a
pressure versus time can be predicted.
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Figure 25. Comparison of Internal Pressure versus Time Recorded
in Structure T-5 and Structure 0-4, 1.0 Pound Charge
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Figure 26. Comparison of Internal Pressure versus Time Recorded
in Structure 0-3 from 0.5 and 1.0 Pound Charges
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Computer runs were made for a one pound spherical charge in the
same structure volume with similar vent areas, From the computer output
several plots of time versus percent vent area for constant overpressure
were developed. These curves are presented in Figure 29.

2. Comparison of Measured Records and Computer Output. The effec-
tive vent areas (AV) established in Table IV were used for comparing the

quasi-static pressure versus time predicted from Figures 28 and 29 with
selected measured records.

A selected example showing the comparison of a measured record
from structure T-1 and the predicted computer record for a vent area
determined from Table IV is presented in Figure 30. The internal pressure
versus time for a 9.3 percent vent area appears to give a good fit to the
recorded data. The peak internal gas pressure from the computer program
was 220 psi for the .5 pound charge weight, compared to 214 psi measured
average.

The same method was used to determine a complete pressure versus
time for a 4.7 percent effective vent area for structure T-5. The com-
parison is presented in Figure 31. Here it can be seen that a vent area
of 4.7 percent shows a good fit to the measured records.

In Figure 23 it was shown that the internal pressure versus time
recorded in structure T-5 and 0-4 was quite similar. This is shown again
in Figure 32 where a 4.7 percent vent area calculation from the computer
program appears to also be an adequate fit to the measured internal
pressure versus time from structure 0-4.

For structure 0-3 the percent vent area predicted by BRL in Table
I was one-half that of structure 0-4. The effective vent area based on
duration (tg) and listed in Table IV is 2.4 percent for structure 0-3

which is very nearly one-half the value determined for structure 0-4.
In Figure 33 the internal pressure versus time (for a 2.4 percent vent
area using Figures 28 and 29) is plotted with the records obtained in
structure 0-3 for the two charge weights to show the correlation of the
records and computer program

3. A Second Method for Determining the Internal Pressure Decay Rate.
In Reference 10 a rather simple equation was developed whereby the
internal pressure versus time can be calculated if the maximum value,
the vent area and the volume of the structure are known. The equation
is given as follows:

A
= = oA
Log P = Log Pmax .315 v ts (7)
P = Pressure (atmospheres)
PMax = maximum pressure (atmospheres)

60




TIME - SECONDS

.1000

.0100

.0010

.000l

Pressure, 1.0 Pound Charge

61

0'06, W=1.057LBS
V=17.24 FT>
o
oo\
/oo\\
N NON
AN N N \\
eO AN N\ N
o \\ S \\ N
BN RN NN
%, \\ NENE \\\
Y N
N | \
i U % \\\ NN
g \ \\ N\ \\ \
w
z NN \
(7)) \\\ L] \\\ N N\
i ™ N
& "N N\ AN
S ! \\ . \ \ \
= u \\\ J \ \\
N N
\\\\\\ \\\
0 20 50
PERCENT VENT AREA
Figure 29. Computed Time versus Vent Area for Constant



oLo’

BOIY JUSA 3ULDIdd ¢°'6 ® I0F anding
xo3ndwo) oyl pue [-J], WOXJ BlB(] poansesl Jo uostaeduo)

s 'IWIL

600" 800" OO’ 900° 600" ¥00° €00 ZOO° 100" 0

"0¢ @andty

1 1 ! 1 1 1 1

T

VIYV IN3IA IN3DYIJ €6 - @

1 ! | 1 ! i 1

i

6d NOILVDOO1 915" -1

9¢€1 'ON 1S3l

00¢-

0ol-

001

002

00¢€

1sd ' JYNSSIAJYIAO

oov

00§

62



i BOIY JUSA\ 3USDJISJ L'y B JOF
indang goindwo) pue §-J WOXF eBIBQ poInsesp Jo uostaedwon T¢ 9an3Ijg

s ' 3IWIl
0L0" 600" 800" ZOO° 900 §00° ¥00° €00 ZTOO" 1000 O
" T T T SE =~ Y T T T 002-
e 4 00l-
0

00l

002

[ -~ 00¢

B VIV IN3IA IN3IDYd L'v-@ -] oov

| ] | | i 1 1 \ \ 006

6d NOILVDO1 81" §-1 ol "ON 1S3l

1sd ' 3JYNSSIYLYIAO
63



oLo’

BOIY JUSA 3U8D2X9d L ¢y B X0F 3nding xeindwon
puB {-(Q 9In1dNIIS WOIF eIR( paInsedly Jo uostaedwo) -zg oandiyg

s ! IWIL
600" 800" L0O0O° 900" SO0° ¥00" €00 ZTOO 10O 0

T 1 1 1 T I T T T — 00¢-

<1 00l-

ool

002

00€

-1 Oov

VIV INIA INIDY3Id L'V -@

] ] | ! ] ] : ] | | 00S

6d NOILVOO1 816" v-O 991 'ON 1S3l

3INSSIY4I3IA0

!

isd

64



s3y8ToM o3xeYy) OML JOF BOIY 3JUd) IUSDISJ §°g I0F 3Inding
I93ndwo) pur ¢-(Q 9IN3IONIIS WOIXF BB PaInsedy Jo uostaedwo) ‘¢¢ oandrg

s ' IwWIl

0s0° S¥0O° Ov0D" SEQ" 0E0° SZOT  0ZO"  SLO° olo”  soo° 0

o O 0

ool

00z

00E

= V3V IN3IA IN3D¥3d v 2 @ ooy

l 1 1 1 | 1 1 l 1 00¢
6d NOILvDO1 81l £-0 €91 'ON 1S3l

00l

00z

00€

i V3¥V INIA LINID¥Id p°Z @ 0o¥

| | | | | | | | | 00S
6d NOILVYD01 4915 E£-0 651 'ON 1531

J¥NSSIALIIA0

L

1sd

65



A = Vent Area, square meters

v

V = Structure volume, cubic meters
t = time (milliseconds),

s

Calculations were made for a 4.7 percent vent area. A comparison
of the internal pressure versus time obtained from the Proctor computer
code and the Sewell-Kinney equation given above is presented in Figure 34,
along with the measured values from structure 0-4. The comparison be-
tween the two methods and the record shows excellent agreement.

IV. CONCLUSION

The first conclusion to be drawn is that the stated objectives of
the program have been achieved. Other specific conclusions reached from
an analysis of the results are listed as follows:

1. There are two methods (Reference 5 and 10) that appear adequate
for predicting the internal gas pressure versus time over the range of
tests conducted in this program if the effective vent areas are known.

2. The method devised by SwRI and used by BRL to calculate the
effective vent area based on blast attenuation outside the structure does
not apply to effective vent areas determined from the decay of internal
pressure and computer calculations.

3. The third conclusion is that there is a need for more basic data
on the decay rate of internal pressure versus known vent areas. This
should be done with the same experimental layout and a structure with
single plate walls of known vent area.
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LIST OF SYMBOLS

Vent area for each individual venting element of a wall, ft2

Quasi-static pressure - extrapolated to zero rise time, psi

Quasi-static pressure - average at a time equal to W
W/V of .01.% .06

Vented Area, ft2

Volume, ft3
Charge Weight, 1bs.

Duration of quasi-static pressure, msec

Impulse of quasi-static pressure, psi-msec
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