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efficient and reliable high-pressure diaphragms for shock
tunnels and gas guns and a method to predict their burst
pressure.
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LIST OF SYMBOLS

a, in. radius of unsupported area of the diaphragm
d, in. = thickness of material left at the bottom

cf the groove
r, in. = diaphragm bend radius
t, in. = thickness of the diaphragm
E, psi = modulus of elasticity
P, psi = burst pressure
Tult, psi = ultimate strength (stress)
Tau, psi = apparent ultimate strength
Tult, psi = shear ultimate strength
Cau, in/in = apparent ultimate strain
Eult, in/in ultimate strain

See Figure 1 for explanation of the above
dimensions.
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THE DESIGN OF FIAT-SCORED HIGH-PRESSURE DIAPHRAGMS
FOR USE IN SHOCK TUNNELS AND GAS GUNSI.I

INTRODUCTION

1. Flat-scored metal diaphragms have been used successfully
in the various hypersonic shock tunnels and gas guns at the
Naval Ordnance Laboratory as quick-opening valves between the
driver and driven gas chambers (Figures 1, 2 and 3). The
diaphragas are e3sentially flat metal disks. They are grooved
in order to adjust the burst pressure of the diaphragms and
to minimize fragmentation. Upon reaching the predetermined
burst pressure, the diaphragm ruptures along the base of the
grooves forming petals which fold back against the sides of
the holder. It is essential for efficient and safe oper-
ation to hold the burst pressure within close limits in
order to allow the driver gas mixture to burn completely
before the diaphragm bursts and still not be in danger of
producing a hangfire. At the present time, in the NOL Shock
Tunnels, these diaphragms are being used at burst pressures
up to 40,000 psi with a typical pressure rise time of 15
milliseconds and a total flow duration of 10 to 15 millis8 conds.
Maximum total t mperatures of the order of 2,500 to 3,000 K
(4,000 to 5,000 F) are reached. These conditions are pro-
duced by igniting a hydrogen-oxygen-helium mixture in the
driver gas chamber.

DIAPHRAGM DESIGN CURVE

2. Since it is desirable to be able to operate over a wide
range of pressures, some systematic approach to the design
of the diaphragm is necessary. This report presents - design
curve (Figure 4) for flat-scored diaphragms based on existing
diaphragm burst pressure data (Tables I and II and Figures
5 and 6). Table I is a list of diaphragms from which the
data were obtained. Table II contains burst pressure data
used in plotting the curves in Figure 5, which in turn was
used to determine the final design curve, Figure 4. The use

4 of this design curve facilitates the design of the diaphragm
and provides a means for determining an optimum design for
a given burst pressure. The set of curves is a plot of P/S
versus t/a for a series of constant iau values where CaLL

3. Flat diaphragms with bursc pressures of 40,000 psi have
been designed with the aid of these curves. They were made
of type 305 annealed stainless steel plate. was 0.0025

~1
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assuming an ultimate stress of 85,0C psi. Best results are
obtained with C values near 0.0023 for stainless steel.
This gives a groove depth of 15 percent to 20 percent of the
thickness. Shallower grooves will result in excessive shear
stresses at the periphery of the diaphragm resulting in its
failure. Figure 7 shows the results of a borderline case of
two identical flat diaphagms burst under practically identical
conditions. They were made of 305 annealed stainless steel.
One of them retained all petals whereas the other one lost

• all petals through shear failure at the base. It was deter-
mined through measurements that the effective shear stress
( T" ) at failure was 104,000 psi which is in excess of the

• static ultimate tensile strength of the material. This is
probably attributable to a shock loading effect, which should
be further studied. By equating pressure force to resisting
shear force one obtains:

PI (/T/E)(t/a)

Ansuming a working effective shear stress of 100,000 psi, a
shear limit curve has been added to the design curve (see
Figure 4). This limit is tentative upon further investigation.
Low burst pressure diaphragms may require a lower Ca) in
order to keep the petals thick enough to prevent their burn-
ing off. For higher pressures, diaphragms with (t/a) values
of .275 have been used. However, this appears to be approach-
ing the practical upper limit for thickness. Thicker diaphragms
do not fully open resulting in choking of the flow.

MATERIAL

4. The choice of material from which the diaphragm is to
be fabricated is important. It must not only have reasonably
high tensile and shear strength, but must be able to withstand
a high degree of deformation without fragmenting. During
the bur.;ting process, the dLaphragm must deform from a flat
plate to a hemisphere and upon bursting fold back against the
holder's cylindrical wall so as to prevent choking of the flow.
If particles are shed (during this process) they attain extreme-
ly high kinetic energies in the flow and produce disastrous
results upon striking expensive models and instrumentation
in the test section.

5. Austenitic stainless steels appear to be the best choice
of material. In the annealed condition, they have very high
elongation and relatively high ultimate strength. They also

2
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have high valuee of specific heat, density, and melting point
with a low thermal conductivity which aids in resisting petal
erosion and failure. Types 304 and 305 appear to be the best
choice of the austenitic stainless steels with 305 preferred
because of its lower work hardening property.

6. An example of the extreme formability of annealed 304
stainless steel is illustrated in Figure 0. This flat dia-
phragm is 0.25-inch thick with an unsupported diameter of
approximately 2.50 inches and has a design burst pressure
of 15,000 psi. Although designed for a shock tunnel, it
was used in the NOL 2-Stage 20-mm Gun between the chambers.
It appears that the diaphragm opened to a nearly full position
and then four of the six petals were bent backwards when a
strong shock reflection produced a large pressure reversal
across the diaphragm. There was no apparent loss of material
and only minor cracks appeared at the base of the petals.
Figure 6 also shows another flat 304 diaphragm of the same
outside dimensions which was used in the same facility. It
had shallower grooves which raised its design burst pressure
to 30,000 psi. It was scored for six petals; however, it
produced only three petals upon bursting. There was no
serious cracking at the base of the petals.

7. It has been found through trial and error that a four-
petal configuration produces the most consistent results with
no serious cracking or fragmenting under normal conditions.
However, if a detonation occurs in the driver chamber there
is usually serious cracking of the petals and occasionally
a loss of one or more of them.

8. Using 304 or 305 stainless steel, it has been found that
the radius over which the petals are formed can be as low as
1/2 t although larger radii are preferable.

DIAPHRAGM HOLDERS

9. Flat diaphragms were originally used at NOL in a 20-mm
shocktube wind tunnel and a .50-caliber gas gun by P. Aronson
and T. Marshall, respectively. These diaphragms were used
at relatively low pressures (4,000 - 6,000 psi) and had
large flanges to resist radial forces tending to pull the
diaphragm inward. As flat diaphragms began to be used in
other facilities at higher pressures, various methods were
used to prevent the pulling in of the flanges. The usual
method was to have a lip on the outer edge that could be held
positively by the holder.

3
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10. Another approach uned by R. Stewart of NOL was to make
the holder an integral part of the diaphragm, as shown in
Figures 3a and 9. This utilized the same principle as used

reviously by B. M. Shepard in designing 
diaphragms for a40-mir shocktube wind tunnel and has proved successful.

11. A series of plain flat diaphragms of the same configu-
ration as used in the 20-mm Hypersonic Shock Tunnel and .50-
caliber gas gun, have been designed and successfully burst
at pressures of approximately 40,000 psi. The typical
holder for this type is shown in Figure 3b. There is a
noticeable "pull-in" as shown in Figure 10 but this is no
more than noted on the integral holder types and has no det-
rimental effect on its performance. As the diaphragm deforms,
the radial forces on the flange diminish, approaching zero
as the diaphragm approaches a hemispherical shape. At the
same time, the flange's resistance to "pull-in" increases as
it is compressed tangentially. Therefore, the flange reaches
an equilibrium point where it no longer "pulls in." The
ratio of over-all diameter to the diameter of the uns'ipported
area of these diaphragms is approximately 1.35 and appears
to be adequate. A slightly smaller ratio could probably be
used if necessary.

COMPARISON OF FLAT AND HEMISPHERICAL DIAPHRAGMS3

12. Hemispherical diaphragms have been used in the belief
that they could be designed for higher pressures and would
have faster opening times than flat ones. The cost of fab-
-icating these by the present means, however, is very high
compared to the flat diaphragm. Present cost figures based
on limited production indicate a cost ratio of about 5 to I.
The cost of the flat diaphragms could be further reduced if
they were designed with standard stock thicknesses. This
would eliminate the need for facing down the material to the
proper thickness, which is, in most instances, the most time-
consuming operation in the diaphragm's fabrication. The
flat diaphragms mentioned are of the type having a uniform
thickness and do not include o-ies with any type of flange
variation for pull-in restraint purposes, the more elaborate
of which have costs approaching that of the hemispherical
type diaphragm. In view of the high cost differential, it
seems worthwhile to investigate the advantages of the hemi-
spherical configuration over the flat, if any, and under
what condittons these advantages are worth the higher cost.

4
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13. The approximate burst pressure of the hemispherical
diaphragm is given by the equation:

P (d/a)
twhich is arrived

at by equating the stress force at the bottom of the groove~to the pressure force. For comparison with the flat diaphragm

design curve (See Figure 11), this equation can be rewritten
as:

PIE t r P/E m e (t /a
14. It appears from Figure 11, that for pressures below
15,000 psi and (t/a) values of less than 0.10 the hemispher-
ical diaphragm is superior from the minimum thickness stand-
pcint. However, as the thickness is increased for higher
pressures, the effect of bending in the flat diaphragms be-
comes noticeable in resisting the pressure load resulting in
higher burst pressures for the flat diaphragms. It is not
fully understood, however, why diaphragms with high Cau
vdlues which deform to a hemispherical shape before bursting,
have higher burst pressures than hemispherical diaphragms
of the same thickness and groove depth. It might be due to
interaction of pressure rise time and the time necessary to
deform the flat diaphragm or some work hardening phenomena
produced by the deformation of the flat diaphragm.

15. Although there is no expCrimental verification, the
author believes that there is little difference in the opening
time of a properly designed flat diaphragm and a hemispherical
diaphragm where the opening time is defined as the time from
initial rupture to the time of full opening. It would appear
though that there is a delay in the f .t diaphragm from the
time of application of pressure to the time of rupture be-
cause of the deformation process. This delay should have
little or no detrimental effect where the diaphragm is used
between the driver and the driven gas chambers.

16. However, this delay is important for muzzle diaphragms
(between the driven chamber and nozzle). Here it is usually
desirable to have the diaphragm open as zapidly as possible
after reaching the desired burst pressure in order to minimize
reflections of the shockwaves from the diaphragm. (The re-
flected shocktube wind tunnel is an exception to this.)
Figure 12 is a comparison of muzzle pressure traces using a
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typical hemispherical diaphragm and a flat diaphragm which
were usad under identical conditions. Both diaphragms had
static burst pressures of about 1,500 psi. The generation
of a strong shockwave reflection by thq flat diaphragm is
obvious from the pressure trace. All petals were blown off
of this diaphragm since the ultimate shear stress . reached
at the periphery of the diaphragm before it had sufficient
time to open.

17. Aside from the high costs, hemispherical diaphragms,
fabricated by the usual means (turned from solid stock),
have inherently poor grain orientation. This can be re-
duced by employing various heat treating processes. However,
this is costly and nit too reliable. A better method for
both improving grain orientation and reducing co4t tG to
hot-form the hemispherical diaphragms from flat blanks
(Figure 13). Figure 14 compares a muzzle diaphragm machined
from a solid blank with one finish machined from a hemispherical
forging. Both are made from mild steel. The first one had
consistent fractures at the bae of the petals whereas the
forged one had no such failures. The tips of the petals were lost
due to the necessity of using a holder which was known to be
too short for the diaphragm tested.

CONCLUSIONS

18. The design curve presented in this report has been useful
in designing flat diaphragms. It could be further refined by
conducting additional tests in which a set of diaphragms of
varied thicknesses and groove depths would be burst under
controlled conditions. The pressure rise time undoubtedly
has an effect on the burst pressure and should be studied in
more detail. It might be practical to derive a static burst
curve similar to the curve presented here, to which an adjust-
ment factor could be applied to account for various rise times.

19. Through experience it has been found that for best
results at high pressures, up to 40,000 psi, the flat dia-
phragms should be made of 304 or 305 annealed stainless steel
( Tu 85,000) with IE = .0023 referring to Figure 4.
It should have four petals and a petal bend radius of 1/2t
or greater.

20. The flat diaphragm does not appear to be practical for
use in the muzzle of standard shocktube wind tunnels because
of the opening delay due to the deformation process. Here it
is necessary to use hemispherical diaphragms or some other

6
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device. The flat diaphragm may be applicable and is being
investigated for use as a muzzle diaphragm in reflected
shocktube wind tunnels.
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DRIVER CHAMBER DIAPHRAGM

FIG. 3 A

RETAINER

DRIVER CHAMBER DIAPHRAGM

FIG. 3B

TYPICAL FLAT DIAPHRAGM HOLDERS

FIG.3
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FLAT DIAPHRAGM WITH
INTEGRAL HOLDER
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