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I. INTRODUCTION

Diaphragm pressure gages provide a convenient and inexpensive method to

measure peak blast overpressure. These devices are frequently employed where

electronic transducers are not available, the environment is not conducive to

the use of electronic transducers, or where a backup system to measure peak

overpressure is desirable.

As with all types of pressure gages, there exists the problem of achiev-

ing repeatability and rel~ability. The requirements for achieving repeatabil-
ity and relitbility with diaphragm or foil gages were established through the
work of Read at Princeton. These tests were conducted with Ballistic

Research Laboratories (BRL) type blast gages. Figure 1 shows a Combat Systems
Testing Activity (CSTA) gage, which is an example of the diaphram gage. For
the proper use of this gage it is necessary to determine the following:

1. selection of diaphragm material
2. calibration procedures
3. dependence of critical or rupture pressure on wave form
4. dynamic reloading effects

5. static load effects
6. apparatus procedure.

The BRL type gage contained a series of circular diaphragms. Pres-
sure readings with this gage were indicated by the largest diaphragm

ruptured, and the smallest diaphragm that failed to rupture. A discrete
rupture pressure or critical pressure exists for each diaphragm diame-
ter. A ruptured diaphragm records a pressure interval, the lower limit
being the rupture pressure of the diaphragm under consideration and the
upper limit, the discrete rupture pressure of the next smaller
diaphragm. Hence, instead of continuous pressure readings, the actual

pressure is only bracketed. The pressure range bracketed depends on the

diameters and the number of diaphragms in the gage housing. As a conse-
quence, this type of pressure gage is quite limited in its utility.

BRL has developed a new diaphragm gage that retains the simplicity
and repeatability of previous diaphragm type gages, but provides a con-

tinuous scale for pressure readings. This gage called "Non-Discrete
Diaphragm Pressure Gage (NDDPG)," has not only the advantages, simpli-
city, and ruggedness of the old gages developed at BRL and refined at

Princeton, but also, these gages avoid such problems as artificial

IRead, W.T.; "Calibration and Use of Diaphragm Blast Meters," NDRC
Report No. A392 (OSRD Report No. 6363), Division 2, National Defense
Research Committee, Washington, D.C., 1945.
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pressure readings (spurious electronic spikes) or loss of signal due to
broken lead-in wires to electronic devices. When the central question

to be answered is "what is the peak effective pressure (i.e., ignoring

exceedingly brief transients that do not produce effects on men or

equipment) exerted in the test environment?" the gage can provide

dependable information.

Unlike prior mechanical gages, this NDDPG has proved to give accu-
rate peak overpressure readings that appear to be less dependent on the

incident pressure pulse shape.

To explain the operations of these new continuous reading diaphragm

pressure gages, we need to consider, in detail, how the conventional
gages work. The tests at Princeton showed that a metallic diaphragm of

pure annealed aluminum foil is best for providing uniform test results,
and the initial pressure pulse produces the maximum deformation or
causes the diaphragm to rupture. Small subsequent shock pressure wave

reflections have an insignificant effect. The effect requiring signifi-
cantly higher reflected pressures to increase permanent deformation to a

diaphragm, concave to the direction in which the wave propagates, is due
to the fat that the diaphragm is strengthened when the initial shock
deforms it.

The Princeton study also showed that the maximum deformation or
rupture pressure depends on wave form. When step waves generated by a
shock tube were used to calibrate the gages, pressures recorded from
small charges having wave forms that could be expressed with an exponen-

tial function or waves that decayed rapidly, had to be 10% to 20% higher

in order to rupture the same size diameter diaphragms. The diaphragm
surface was recessed in its housing and the wave front direction of pro-

pagation was normal to the diaphragm surface. Hence, face-on pressures
or normally reflected pressures were measured. At Operation Greenhouse

(a nuclear blast trial), a surface mount discrete diaphragm pressure
gage (SMDDPG) with foil at the surface rather than being recessed was
used to measure side-on pressure. The direction of travel of the blast
wave was parallel to the foil surface, hence side-on pressure. There

were no significant differences in the maximum pressure measurements by
the foil gages and those measured by electronic transducers.

2Dresner, Lawrence; "Motion Of Elasto-Plastic Membranes Under Shock
Loading," Journal of Applied Physics, Volume 41, No. 5, 1970.

3Meszaros, Julius; "Determination of Mach Region Blast Pressure with
Foil Meters," Operation Greenhouse, Scientific Director Report WT-55,
Annex 1.6, Part III, Section 2, Ballistic Research Laboratories,
Aberdeen Proving Ground, MD, 1951 (C).
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A non-rupturing diaphragm gage has also been devZloped that deter-

mines the peak overpressure to an accuracy of 10%. Even though this
gage has circular diaphragms, it gives a continuous pressure reading
from the correlation of maximum deformation and pressure as long as the
diaphragm does not rupture. However, the total continuous peak over-
pressure range of this gage is less than that of the new NDDPG.

II. OBJECTIVE

The objective of this work was to develop an inexpensive diaphragm
type gage, requiring minimal time for set-up in test situations, with
reliable, repeatable, continuous (non-discrete) overpressure readings
with or without rupture of the diaphragm.

III. GAGE CHARACTERISTICS

The size of all gages discussed in this work is constrained to
approximate the size of the foil gage used by the CSTA at Aberdeen Prov-

ing Ground, MD. Figure 1 depicts the CSTA type gage. A rupture type
gage (discrete pressure measurements), with the diaphragm mounted at the
gage housing surface, instead of being recessed was fabricated and is
shown in Figure 2. This gage which was called the surface mounted
discrete diaphragm pressure gage (SMDDPG) had more diaphragms than the

CSTA gage, thus increasing the number of pressure intervals and decreas-
ing the range of each pressure interval.

The final permanent shape of the ductile diaphragm material after
blast loading is well defined, and when rupture occurs several varia-

tions of , 6single crack without branches occur for circular
diaphragms. 6 For the NDDPG, a diaphragm material of pure annealed
aluminum, 99.4% pure, with negligible elastic effects (elastic limit

occurs at negligibly small strain) was selected. This material is such.

4Manweiler, R.W.; Chester, C.V.; and Kearney, C H.; "Measurements of
Shock Over-Pressures in Air by a Yielding Foil Membrane Blast Gage,"

ORNL Report 4863, Oak Ridge National Laboratory, Oak Ridge, Tennessee,

September 1973.

5Hudson, G.E.; "A Theory of the Dynamic Deformation of a Thin
Diaphragm," Journal Of Applied Physics, Volume 22, No. 1, January 1951.

6Sachs, George; Epsey, George; and Kasik, G.P.; "Circular Bulging of
Aluminum-Alloy Sheets at Room and Elevated Temperature," ASME,
January-December 1946.
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that strain rate does not affect the flow for the finite deformation and
strains considered. A cone-shaped gage design was selected to control
the direction of the crack when the foil ruptured (see Figures 3a and
3b). This gage combines the features of a yielding diaphragm gage
without rupture, and a gage where pressures were determined by the rup-
ture length in the diaphragm. In the case of non-rupture, the peak
overpressure is determined from the maximum depth of the diaphragm
deformation. For rupture, the crack or ruptured area propagated in the
direction of the cones axis and the length of the crack or rupture area
is used to determine the peak overpressure. These peak overpressures
are read off a calibrated scale on the front of the gage housing, for
the rupture case. In the case of non-rupture, the accuracy is dependent
upon the accuracy with which one measures the maximum foil deformation.
If the foil ruptures, the pressure measurements are not as accurate
because of the scatter in the length measurements of the rupture crack
or rupture area that are read from the scale on the gage housing.
Nevertheless, good peak overpressure measurements can be obtained. In
both cases, rupture or non-rupture, the readings are non-discrete; thus
providing a NDDPG or continuous reading diaphragm pressure gage.

International Foil of Alliance, Ohio supplied the diaphragm materi-
als for the NDDPG which was 1145-0 annealed aluminum foil, 99.4% pure in
thicknesses of .0005 inch, .001 inch, .003 inch, and .005 inch. Initial
tests showed that a knife located behind the foil, at the center of the
maximum diameter of the cavity, shown in Figure 3a, caused rupture to
occur after a small deformation. The length could be read directly from
a scale on the housing. The foil puncture knife had two sharp edges
aligned along the cone axis and came to a point at its upper end.

Because of the gage size constraint, the pressure range of this version
of the NDDPG gage was short and not adequate for mcst of the field tests
for which it was designed.

The gage shown in Figures 3a and 3b without a knife, utilizing
deformation, and rupture characteristics was adopted as the most reli-
able and accurate gage for measuring the face-on peak overpressure of a
fast rising transient pulse with blast or shock wave characteristics. A
3/4 inch cavity behind the foil was used so that natural rupture could
occur before the deforming foil reached the bottom of the cavity. In
order to keep the foil from being cut along the cavity edge at high
pressures, the edge of the cavity adjacent to the foil had a 1/32 inch
by 45 degree chamfer.

Figures 4a & 4b show a variation of the NDDPG gage, the quasi-
static diaphragm pressure gage (QS-DPG) designed to measure the peak
overpressure of a slow rising pulse generated due to some source of heat
energy in an enclosure. This quasi-static pressure was measured by
creating two cavities separated by the foil, and allowing the hot gases
to enter the front cavity through a shock attenuation tube, located at
the small end of the cavity. The entrance to the front cavity of the

6
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gage was positioned so that if shocks entered, the foil deformation at
this point would be minimal and the maximum deformation would occur at
the large diameter, because of the high pressure gas or quasi-static
pressure buildup. Plates A and B, of Figure 4b are welded together to
form the entrance cavity and plates D and E were welded together to form
the rear cavity of the gage. The foil C, in Figure 4b was placed over
the cavity in plate D with an adhesive sealant (Silastic 722RTV). Fig-
ure 4a shows the front and side views of the assembled gage.

IV. CALIBRATION

The 99.4% pure annealed aluminum metallic diaphragm material was
calibrated in the BRL 24 inch open end shock tube (ST) and later in
field experiments using eight pound spherical pentolite charges fired
near the ground so that measurements could be made in the Mach stem
region. For the shock tube tests, the foil in the NDDPG gage housing
was mounted in the center of the ST tube and oriented so that the shock
wave impacted side-on (90 degree incident angle), 30 degree incident
angle, 10 degree incident angle, and face-on or normally reflected (0
degree incident angle). The angle of incidence is defined as the angle
between the shock front normal and the normal to an impacted surface.
Hence, side-on orientation is that in which the plane of the foil in the
gage housing is parallel to the direction of propagation of the shock,
and the shock travels across the face of the gage with a finite velo-
city. Face-on or normally reflected measurements were made when the
orientation of the foil in the gage was such that its plane was perpen-
dicular to the direction in which the shock propagated, and the shock
impacted the foil surface at all points simultaneously.

In order to keep the enveloping shock from affecting the foil from
the rear of the gage cavity, the cavity behind the foil was closed. A
small hole was placed in plate D of Figure 3b so that the barometric
pressure and temperature changes would not change the maximum permanent
deformation for a given pressure level. In these tests it was found
that the maximum deformation depth was the same at the shock pressure
levels tested with or without the hole. However, for .0005 inch foil
the permanent maximum deformation depth was not smooth with the hole in
the cavity.

The peak side-on overpressure at the NDDPG gage location in the
shock tube was measured with a Piezotronic PCB type 1134A24 quartz
piezoelectric electronic transducer. Figure 5 is a typical pressure
time trace. The side-on and face-on pressures were also computed from

VV9
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the gas properties in the shock tube. The recorded pressures,
corresponding to the deformation or rupture experienced by the foil,
were the average values of the side-on pressures measured by the PCB
gage and those computed from the gas properties in the shock tube.

Maximum permanent deformation depth occurred in the large diameter
of the NDDPG foil gage, and this depth was measured with a depth microm-
eter gage having a base and measuring rod with .001 inch graduations.
The zero of the rupture scale on the gage housing was the mark at max-
imum diameter. This mark represents the minimum pressure needed to
cause rupture and at this point rupture begins. It should be noted that
it was impossible to determine a single rupture pressure and there is a
discontinuity or transition region in the immediate vicinity of the rup-
ture point. A similar condition occurs for electronically measured
shock pressures when the ratio of local flow velocity and local sound
velocity behind the shock is one. The scale on the gage housing is read
from the initial scale mark at the maximum opening (cone base) toward
the vertex of the cone. The length of the rupture was defined as the
rupture length in the direction of the cone axis beginning at the ini-
tial scale mark. In many instances the ruptures were elliptical and the
lengths were along the major axis beginning at the initial mark of the
rupture scale.

V. RESULTS

LSPLOT-CDC VERSION, an interactive data plotting and analysis pro-

gram for use with the Tektronix graphic terminals, has been used to plot
and analyze the experimental data. Computer drawn curves are presented
in Figures 6 through 11, and Figures 16 thru 20 showing the data points,
together with least square fitted polynomial curves, to serve as pres-
sure calibration curves.

Even though the gage may or may not have been oriented side-on, the
pressure data was converted to peak side-on overpressures because this
was the pressure of interest in the project. These side-on overpres-
sures were those measured electronically or computed for the calibration
orientation. Figures 6 and 7 give the overpressure versus permanent
deformation, and overpressure versus rupture length for .0005 and .001
inch foil mounted in the NDDPG when impacted face-on by a shock. In
these tests each scale mark shown on plate A of Figure 3b is a unit of
length measurement and the mark at maximum diameter is the initial

7Goodman, Henry J.; "Aerodynamic and Frequency Dependent Errors in Air
Blast Gages," BRL Report 1345, Ballistic Research Laboratories,
Aberdeen Proving Ground, MD, October 1966.
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point. The plots show a transition region between the maximum point of
foil deformation and the minimum point of rupture on the rupture scale
and an extrapolation should not be made in this transition region.

The steel mounting shaft used to insert the gage housing into the
shock tube was not adequate to withstand pressures required to determine
the rupture scale presures for .003 and .005 inch aluminum foil. How-
ever, the range of pressures determined from the maximum deformation
depths were sufficient for the field tests in which the gage was to be
used. Attempts to extend the range of pressures into the rupture region
for these two thicknesses were discontinued, because the mounting shaft
began to bend at the high pressures.

Figure 8 is the pressure versus maximum deformation for .003 inch
foil mounted in the NDDPG when oriented side-on (90 degree incident
angle), at 10 degree incident angle, at 30 degree incident angle, and
face-on (0 degree incident angle). The solid line is for face-on (ST),
long dash for face-on (EXPL), dot for 10 degree, short dash for 30
degree, and dash for side-on (ST and EXPL). This Figure shows that at
10 degrees and 30 degrees the pressure deviation is not significantly
different from face-on pressure measurements. For side-on pressure, an
order of magnitude increase in pressure is needed to produce the same
permanent deformation as a wave impacting face-on. This Figure can be
used to determine the peak overpressure when side-on pressures are
desired. For a small angle of misalignment, the gage will give good
face-on pressure measurements.

Figure 9 is the pressure versus maximum deformation for the .005
inch foil mounted in the NDDPG when oriented face-on and side-on. The

solid line is for face-on (ST) and the dotted line is for face-on

(EXPL).

Figure 10 is a plot of the rupture pressures for the CSTA type gage
and the SMDDPG. The SMDDPG measurements were made at face-on and side-
on orientation. This figure shows that an order of magnitude increase
in side-on overpressure must exist in order to have similar diameter
diaphragms that ruptured face-on to rupture side-on. These gages give
discrete pressure ranges for ruptured diaphragms and these values are
given in Table 1 for the CSTA type gage and Table 2 for the SMDDPG.

14
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TABLE 1. Rupture Overpressure for Combat Systems Testing Activity

(CSTA) Diaphragm Pressure Gage with .0005 Inch Foil

I Diaphragm Pressure
Ruptured

I I
inch psi

none P < 3.3
1 1/2 3.3< P < 6.2

1/2 6.2< P < 8.0
1/4 8.0< P <17.1
1/8 17.1< P

Gage orientation is face-on with corresponding side-on overpressure

recorded.

TABLE 2. Rupture Overpressure for Surface Mounted Discrete

Diaphragm Pressure Gage (SMDDPG) with .0005 Inch Foil

Diaphragm Pressure
Ruptured

inch psi

none P < 3.0
1 1/2 3.0< P < 5.0

3/4 5.0< P < 7.6

3/8 7.6< P <11.5

1/4 11.5< P <16.9

3/16 16.9< P <22.0

1/8 22.0< P

Gage orientation is face-on with corresponding side-on overpressure

recorded.

18



The SMDDPG was also oriented face-on and tests were conducted to

determine the maximum, permanent, deformation in the 1 1/2 inch and 3/4

inch diameter diaphragm for .001 inch and .003 inch foil. These test

values are plotted in Figure 11 and show the effects of foil diameter on

permanent, maximum, deformation. The face-on orientation produces a

more accurate gage and if the individual chambers are isolated, the

range could be extended by using the rupture intervals whenever the 3/4

inch and 1 1/2 inch or large diaphragms rupture. Several shots against
this gage oriented side-on without diaphragm rupture gave a deformed
shape that was asymmetrical with the maximum permanent deformation depth
being shifted from the diaphragm center. This condition also occurred

for the NDDPG, shifting the maximum permanent deformation depth off the

diaphragm axis of symmetry for side-on measurements. Since this shift
in position of the depression is always in the direction of the shock
velocity vector, one could use this characteristic to determine the

direction from which a shock wave propagates when the direction is unk-
nown.

Subsequent to the calibration in the ST, some field tests were con-
ducted with eight pound spheres of pentolite to determine the effects of
wave shape on these mechanical diaphragm gages (NDDPG's and SMDDPG's).
Side-on pressure-time histories generated with explosive charges were
measured with PCB type electronic gages. Typical examples of these his-
tories are given in Figures 12a through 15 for shock strengths ranging
from 3.7 psi to 64 psi. There is a decrease in positive duration as the
pressure increases, hence, the impulsive load is delivered at shorter
times as the pressure increases. These explosive shock data have been
plotted together with the data generated from the shock tube experi-

ments. Figures 8 and 9 show that the NDDPG is not sensitive to wave
shape in the pressur.e range under study for face-on and side-on measure-
ments when .003 and .005 inch foils are used. Figure 10 shows that
when pressures are determined by using the r'?pture pressure of

diaphragms, the shape of the wave and duration must be taken into
account when calibrating the gage. This is not the case using foil
deformation as the basis of pressure measurement, as shown in Figures 8
and 9.

No adequate apparatus was available for calibrating the quasi-

static diaphragm pressure gage (QS-DPG) so the shock tube was used to
approximate the peak overpressure of the long duration slow rising pres-
sure that is generated when blast expands within enclosures. The QS-DPG
was oriented such that the shock attenuating tube faced the on-coming

shock, then rotated 180 degrees to determine the pressure for the same

strength wave. Figure 16 shows that deformation was the same at both
orientations for .005 inch foil. Since the shock was attenuated and did

not affect the foil appreciably in the entrance area because of the
small size, it was assumed that the high pressure gases behind the shock
front that entered the front cavity of the gage deformed the foil. The
fact that there was was no change in deformation at both orientations
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substantiate this assumption. Only one orientation for .001 and .003
inch foil was used. In order to measure the maximum deformation in some
tests, air had to be let into the rear chamber after the test. This was
done by making a needle hole in the foil at the entrance (smallest diam-
eter) or by placing a razor blade under a portion of the sealed side of
the foil to relieve pressure buildup in the sealed cavity after deforma-
tion.

A large number of clean out shots were required to remove the accu-
mulation of debris generated by the shock tube diaphragms during shock
tube calibration. Provisions also had to be made to ensure debris did
not impact the gages when field tests, with the eight pound Pentolite
charges, were conducted.

The traditional method of assessing the effects of overpressure on
exposed personnel requires estimates of the peak side-on overpressure
and duration of the positive phase of the overpressure event. From the
theory based on the Rankine-Hugoniot relationships, peak face-on or nor-
mally reflected pressure (P r can be calculated according to these rela-
tionships by:

( (Pi + Po)(2 + 1)[ P 1]

Pr - Po " i o )  . o ()
r 1 P i +  Po0

2 P
0

Where

C - specific heat at constant pressurep

C - specific heat at constant volumev

Pi " total peak side-on pressure

P r- total peak face-on or peak reflected pressure

P - ambient pressure

Cc

Y C
v

1 _ y+I
2 y - 1

2
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Figure 12a. Pressure-time history for 8 pounds of pentolite
with a Pmax of 3.7 psi.

SHOT 6 GAGE I

Tstart(ms)- 0.000
Pmax- 10.4

20 Impuls;(psi-ms)= 12
aTime at Pmax (MS)= 8.000

L 15-

U)I to-

U)
LLi

0

IS t op

.0 1. . 16 . 2.0

TIME(ms)

Figure 12b. Pressure-time history for 8 pounds of pentolite
with a Pmax of 10.4 psi.
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Figure 13a. Pressure-time history for 8 pounds of pentolite

with a Pmax of 14.2 psi.
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Figure 13b. Pressure-time history for 8 pounds of pentolite

with a Pmax of 18.8 psi.
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Figure 14a. Pressure-time history for 8 pounds of pentolite
with a Pmax of 26.7 psi.
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Figure 14b. Pressure-time history for 8 pounds of pentolite
with a Pmax of 45.1 psi.
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Figue 1. Pessre-imehisoryfor8 pounds of pentolite
with a Pmax of 64.0 psi.
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The peak face-on overpressures, (P -Po), computed from the peak side-on

overpressures, (Pi-Po), in equation 1 are tabulated in reference 8 and

these face-on peak overpressures versus peak side-on overpressures,

along with peak overpressures determined during calibration, are plotted

in Figure 17; data are given for gages where the propagating shocks

impact the foil face-on, 10 degree incident angle and at 30 degree

incident angle. The long dash is for 0 degree (BRL RPT), the dot is for

10 degree, the short dash is for 30 degree, and the solid line is for 0
degree (ST). The pressures from reference 8 in this figure agree with
those that were determined experimentally. The pressures for oblique
reflections also agree. Hence, this Figure will be used to relate
side-on pressure to face-on pressure in this work. One must be aware,
however, that pressures for oblique impact of the shock may not always
be less than those from a similar wave impinging face-on and may actu-
ally be greater. This is especially in evidence for sufficiently small
angles of attack and where Mach reflection occurs.

Other important shock parameter relationships in incapacitation
studies are pressure versus positive impulse, pressure versus positive
duration and positive impulse versus positive duration. These relation-
ships were obtained in the measurements made with the electronic gages
when the eight pound spherical pentolite charges were used to calibrate
the foil gages. These data are plotted in Figures 18, 19, and 20.

The expected pressures should determine the thickness of foil to be
used in an experimental environment for the NDDPG and the QS-DPG. The
NDDPG is not calibrated for multiple shocks or slow rising pressure
pulses. For slow rising pressure pulses, the QS-DPG should be used.

In an environment where multiple shocks occur the NT)DPG may be used
if a thickness of foil is used that precludes rupture and the gage is
oriented face-on to the initial shock. A small reflected shock which
would not increase permanent deformation may increase the rupture length
(especially for thin foil such as .0005 inch) if rupture occurs. For
thicker foil (.001 to .005 inch) the rupture length should not increase

significantly, if at all, for weak reflections. Therefore, one should
still read the pressure from the gage if rupture occurs. It is assumed

that the initial shock causes the maximum permanent deformation. If the
NDDPG is mounted flush with the interior of an enclosure where shocks
propagate, gage orientation is not a factor if the gage has been cali-
brated to measure side-on pressure.

8Kingery, C.N. and Pannill, B.F.; "Parametric Analysis of the Regular
Reflection of Air Blast," BRL Report No. 1249, Ballistic Research
Laboratories, Aberdeen Proving Ground, MD, 1964.
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Even though only the QS-DPG was designed to measure p:essures

inside an enclosure, all gages have been used inside troop compartments

to measure the pressures generated when a shaped charge impacts the com-

partment. The NDDPG was used for shocks and the QS-DPG was used for

quasi-static pressure. In an enclosure impacted by shaped charges, usu-

ally there is no definitive evidence on the obliquity of the blast wave

that propagates inside. In the absence of knowledge of the obliquity of

the blast wave, it was assumed that foil gages oriented to face the

impact point, when located inside an enclosure, were measuring face-on

pressures and the initial shock causes the maximum deformation. Elec-

tronic transducers, when used, are mounted flush with the exposed inte-

rior. The NDDPG was placed inside the enclosure and correct orientation
was impossible because the shock wave direction could only be assumed.

Figure 17, however, shows that small deviations in the orientation angle
causes insignificant changes in the pressure measured. Figures 21 and

22 show the deformed or ruptured foil when the gages were mounted in an

enclosure impacted by a shaped charge. Several NDDPG oriented similarly
to electronic transducers had measurements that were 5 to 15 percent
below those measured electronically and in the range predicted by the

SMDDPG and the CSTA gage. This is considered good agreement since the
peaks of electronically determined pressure time histories of measure-

ments in an enclosure impacted by a shape charge are not always clearly
determined. The quasi-static pressure was approximated with the QS-DPG.

The maximum pressures measured with the QS-DPG were in good agreement
with the quasi-static pressure taken from the long time pressure-time

curves produced by electronic transducers.

All equations generated from the LSPLOT program are given in the

appendix. These equations can be used to compute the pressure wlenever

the deformation or rupture is known.

VI. CONCLUSION

Even though the calibration shots indicate the NDDPG is less sensi-
tive to the pulse shape than previous diaphragm gages, we feel that the

calibration pressure pulse should be similar to the pressure pulse
existing in the test environment in which the gage will be used. If the
initial impulsive loads delivered are similar (calibration and actual

tests), it might be possible to approximate a shock duration for the

NDDPG by comparison with the electronically measured pressure time his-

tories. For CSTA type foil gages, the calibration pressure pulse should

be similar to the test environment pulse. Otherwise, when a shock tube
is used to calibrate the CSTA type gage and the gage is used to measure

pressure pulses similar to those generated by small explosive charges,

the pressure may be greatly underestimated.The importance of this factor

is vitiated when the NDDPG is used to measure the pressure.
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The NDDPG is a self contained, inexpensive, non-electronic gage

that gives an accurate peak overpressure measure of shocks without mul-
tiple reflections that appears to be independent of the shape of the
shock pressure pulse. Within the limits of the gage range, the NDDPG

provides a continuous scale for the measurement of shock pressures.

Moreover, the gage can still be read even if the foil ruptures, although
with reduced accuracy.

The NDDPG is designed to measure fast rising pressure pilses

(shocks) without multiple steps or reflections. However, if it is
understood that it is the initial shock peak pressure that makes the
maximum deformation or rupture used to determine the peak overpressure,
the NDDPG should provide good pressure measurements in an enclosure even
in the presence of such multiple pulses. The effects of orientation can
be eliminated, if the gage is calibrated for side-on pressures with the
gage in its test environment mounted in the walls, ceiling, or floor of
the enclosure.

Experience with electronic gages has often shown that it is diffi-
cult to sort out the many peaks and spikes in pressure time histories
that are produced. It's often difficult to know which represents
genuine peak overpressures. Because of such difficulty in determining
the actual peak overpressures from the pressure-time records of the
electronic gages, located in an enclosure, the NDDPG may prove to be a
valuable tool in determining the effective peak overpressure on the

pressure-time record.

In the characteristic response tiWe of 2.23 ms as set forth in
Richmond's Partial Impulse Criteria, Figure 19 shows that 8 pounds of
jentolite delivers an impulse of 20 psi ms. This is below the lung dam-
age threshold of 34 psi ms. A side-on impulse of of 20 psi ms
corresponding to 22 psi on Figure 18 is related to a deformation of .38
inches on Figure 8 for .003 inch foil oriented side on. This analysis
shows that the gage can be calibrated to give incapacitation levels
without recourse to relating the deformation to pressure. This would
eliminate the interpretation of peaks on suspect records.

The QS-DPG shows promise as an invaluable device for measuring
quasi-static pressures. It provides accurate values of the peak over-

pressure for slow rising pressures in a chamber. Such pulses cause con-
siderable damage to structures because of the high impulsive loads gen-

erated.

9Richmond, D.R., et.al.; "The Relationship Between Selected Blast Wave
Parameters and the Response of Mammals Exposed to Air Blast," DASA
1860, Lovelace Foundation, NM, August 1966.
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The gage should be used in a non rupturing mode whenever possible,
because of the ease in calibration and the repeatability of the calibra-
tion measurements.

These inexpensive, easy to use gages should always be used as back-
ups when electronic transducers are used to measure pressure in a hazar-
dous environment, thus, damage to the transducer will not result in com-
plete failure to obtaining peak overpressure readings.

We should caution that the aluminum foil from different sources may

differ in specific metal properties, and foil quality and any new batch
of foil should be calibrated before using.

35



REFERENCES

1. Read, W.T.; "Calibration and Use of Diaphragm Blast Meters," NDRC Report
No. A392 (OSRD Report No. 6363), Division 2, National Defense Research
Committee, Washington, D.C., 1945.

2. Dresner, Lawrence; "Motion of Elasto-Plastic Membranes Under Shock
Loading," Journal Of Applied Physics, Volume 41, No 5, 1970.

3. Meszaros, Julius; "Determination of Mach Region Blast Pressure with
Foil Meters," Operation Greenhouse, Scientific Director Report WT-55 Annex
1.6, Part III, Section 2, Ballistic Research Laboratories, Aberdeen
Proving Ground, MD, 1951 (C).

4. Manweiler, R.W.; Chester, C.V.; and Kearney, C.H.; "Measurements of Shock
Over-Pressures in Air by a Yielding Foil Membrane Blast Gage," ORNL
Report 4863, Oak Ridge National Laboratory, Oak Ridge, Tennessee, Sep-
tember
1973.

5. Hudson, G.E.; "A Theory of the Dynamic Deformation of a Thin Diaphragm,"
Journal of Applied Physics, Volume 22, Number 1, January 1951.

6. Sachs, George; Epsey, George; and Kasik, G.P.; "Circular Bulging of
Aluminum-Alloy Sheets at Room and Elevated Temperature," ASME,
January-December 1946.

7. Goodman, Henry J.; "Aerodynamic and Frequency Dependent Errors in Air
Blast Gages," BRL Report 1345, Ballistic Research Laboratories, APG,
MD, October 1966.

8. Kingery, C.N. and Pannill, B.F.; "Parametric Analysis of the Regular
Reflection of Air Blast," BRL Report No. 1249, Ballistic Research

Laboratories, APG, MD, 1964.

9. Richardson, D.R., et. al.; "The Relationship Between Selected Blast Wave
Parameters and the Response of Mammals Exposed to Air Blast," DASA
1860, Lovelace Foundation, Albuquerque, NM, August 1966.

37



APPENDIX - EQUATIONS

39

lk -% - ... N k



APPENDIX - EQUATIONS
No - is
Gage Type - NDDPG
Foil Thickness - .0005 inch
Orientation - Face-on
Measurement Type -Shock Deformation (A-M) / Shock Tube
See Figure 6.

Pi=.402+6.84DM psi (A-I)

No - lb
Gage Type - NDDPG
Foil Thickness - .0005 inch
Orientation - Face-on
Measurement Type -Shock Rupture (A-R) / Shock Tube
See Figure 6.

Pi=2.80+.243DR psi (A-2)

No - 2a
Gage Type - NDDPG
Foil Thickness - .001 inch
Orientation - Face-on
Measurement Type -Shock Deformation (A-M) / Shock Tube
See Figure 7.

Pi=-.355+13.2DM psi (A-3)

No - 2b
Gage Type - NDDPG
Foil Thickness - .001 inch
Orientation - Face-on
Measurement Type -Shock Rupture (A-R) / Shock Tube
See Figure 7.

Pi=3.34+.598DR psi (A-4)
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No - 3
Gage Type - NDDPG
Foil Thickness - .003 inch
Orientation - Face-on
Measurement Type -Shock Deformation (A-M) / Shock Tube
See Figure 8.

Pi=-1.64+.346DM psi (A-5)

No - 3b
Foil Thickness - .003 inch
Orientation - Side-on
Measurement Type -Shock Deformation (A-M) / Shock Tube
See Figure 8.

P =-2.81+61.2DM psi (A-6)

No- 3c
Foil Thickness - .003 inch
Orientation - 10 Degree Incident
Measurement Type -Shock Deformation (A-M) / Explosive
See Figure 8.

Pi=-1.46+32.8DM psi (A-7)

No - 3d
Gage Type - NDDPG
Foil Thickness .003 inch
Orientation - 30 Degree Incident
Measurement Type -Shock Deformation (A-M) / Shock Tube
See Figure 8.

Pi=-1.76+38.1DM psi (A-8)
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No -3e
Gage Type - NDDPG
Foil Thickness - .003 inch
Orientation - Face-on
Measurement Type -Shock Deformation (A-M) / Explosive
See Figure 8.

Pi=-I.28+32.8DM psi (A-9)

No - 3f
Gage Type - NDDPG
Foil Thickness - .003 inch
Orientation - Side-on
Measurement Type -Shock Deformation (A-M) / Explosive
See Figure 8.

P=-3.Q2+68.gDM psi (A-10)

No - 4a
Gage Type - NDDPG
Foil Thickness - .005 inch
Orientation - Face-on
Measurement Type -Shock Deformation (A-M) / Shock Tube
See Figure 9.

P-=-2.37+49.4DM psi (A-11)

No - 4b
Gage Type - NDDPG
Foil Thickness .005 inch
Orientation - Face-on
Measurement Type -Shock Deformation (A-M) / Explosive
See Figure 9.

Pi=-I.74+48DM psi (A-12)
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No - 4c
Gage Type - NDDPG
Foil Thickness - .005 inch
Orientation - Side-on
Measurement Type -SlDc kDeformation (A-M) /Shock Tube
See Figure g.

Pi=-5 .30+gg.8DM psi (A- 13)

No - 5a
Gage Type - CSTA
Foil Thickness - .0005 inch
Orientation - Face-on
Measurement Type -Shock Rupture (A-R) / Shock Tube
See Figure 10.

Pj=39DR-443("-'*00'psi(A- 14)

No - Sb
Gage Type - SMDDPG
Foil Thickness - .0005 inch
Orientation - Face-on
Measurement Type -Shock Rupture (A-R) / Shock Tube
See Figure 10.

Pj39D-I~(4Id2 psi (A-i15)

No. -Sc
Gage Type.- SMDDPG
Foil Thickness - .0005 inch
Orientation - Face-on
Measurement Type -Shock Rupture (A-R) / Shock Tube
See Figure 10.

Pj=4.1D eA-ft0 ps (A- 16)
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No - 5d
Gage Type - SMDDPG
Foil Thickness - .0005 inch
Orientation - Side-on
Measurement Type -Shock Rupture (A-R) / Shock Tube
See Figure 10.

Pi=8.03DR-"' psi (A-17)

No - 6a
Gage Type - SMDDPG (A-ithout rupture)
Foil T hickness - .001 inch in 1 1/2 inch diameter
Orientation - Face-on
Measurement Type -Shock Deformation (A-M) / Shock Tube
See Figure 11.

Pi=-.832+42.ODM psi (A-18)

No - Ob
Gage Type - SMDDPG (A-ithout rupture)
Foil Thickness - .001 inch in 3/4 inch diameter
Orientation - Face-on
Measurement Type -Shock Deformation (A-M) / Shock Tube
See Figure 11.

Pi=-4.26+115DM psi (A- 19)

No - 6c
Gage Type - SMDDPG (A-ithout rupture)
Foil Thickness - .003 inch in 1 1/2 inch diameter
Orientation - Face-on
Measurement Type -Shock Deformation (A-M) / Shock Tube
See Figure 11.

Pi=-2.57+ 122DM psi (A-20)
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No- 7.
Gage Type - QS-DPG
Foil Thickness - .001 inch
Measurement Type -Shock Deformation (A-M) / Quasi-Static Pressure
See Figure 16.

Pqs=-. 28+47DM psi (A-22)

No - 7b
Gage Type - QS-DPG
Foil Thickness - .003 inch
Measurement Type -Shock Deformation (A-M) / Quasi- Static Pressure
See Figure 18.

P s-. 84+88.5DM psi (A-23)

No - 7c
Gage Type - QS-DPG
Foil Thickness - .005 inch
Measurement Type -Shock Deformation (A-M) / Quasi- Static Pressure
See Figure 18.

P q3=-.6 42+ 122DM psi (A-24)

No - 8a,
Gage Type - Electronic
Orientation - Face-on and Side-on
Measurement Type - Shock Pressure-Time Histories (A-BRL Report 1249
See Figure 17.

Pr=-1.43+2.44Pj+.313Pj 2 psi (A-25)
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NO -8bI
Gage Type - Electronic
Orientation - Face-on and Side-on
Measurement Type - Shock Pressure-Time Histories (A-BRL Report 1249)

See Figure 17.

Pr=-1.54+2.47P+O3Pj 2 psi (A-26)

No - 8c

Gage type -ElectronicI
Orientation - Face-on and Side-on
Measurement Type - Shock Pressure-Time Histories (A-BRL Report 1249)

See Figure 17.

Pr=-1*O4+239P+O25p 12 psi (A-27)

No - 8d

Gage Type - ElectronicI
Measurement Type - Shock Pressure-Time Histories and Computed Shock Pressures
See Figure 17.

Pr -.297+2. 19p1+.034P 12 pSi (A-28)

No -9
Gage Type - Electronic
Orientation - Side-on
Measurement Type - Shock Pressure-Time Histories / Explosive

See Figure 19.

Pi=.062 11.92 psi (A-29)I

47



VTJ' -' iw . . -. VV " '-- Lw ww ': '

No- 10
Gage Type - Electronic
Orientation - Side-on
Measurement Type - Shock Pressure-Time Histories / Explosive
See Figure 20.

Pi=125T- 2 psi (A-30)

No - 11
Gage Type - Electronic
Orientation - Side-on
Measurement Type - Shock Pressure-Time Histories / Explosive
See Figure 21.

li-34.OT -' I psi ms (A-31)
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LIST OF SYMBOLS

CSTA - Combat Systems Testing Activity

C -specific heat at constant pressure

Cv  -specific heat at constant volume

DG - degree

DIAM - diameter (inch)

DM - deformation depth (inch)

DR - rupture length (graduations) beginning with graduation at
maximum diameter on gage housing

s - millisecond

NDDPG - non-discrete diaphragm pressure gage

P - overpressure of the SMDDPG or CSTA gage (psi)

Pi - total side-on peak pressure (psi)

Pmax - electronically measured side-on peak overpressure (psi)

PO - ambient pressure (psi)

Pr - total face-on or normally reflected pressure (psi)

psi - pounds per square inch

QS-DPG - quasi-static diaphragm overpressure gage

RPT - report

SCALE - graduations on front of gage housing that are used to measure
the rupture length

SMDDPG - surface mounted discrete diaphragm pressure gage

ST - shock tube

THK - thick

CP

Cv

2 -I

'+1
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