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Stretch Time of Scribed
Metal Diaphragms

S. K. CHAN*
Institute for Aerospace Studies, University of Toronto,
Toronto, Canada

Introduction

TAPHRAGMS are commonly used in shock tubes as quick-

opening valves to release the high-pressure driver gas into
the low-pressure channel. Ideally the diaphragm should open
fully instantaneously. In practice the diaphragm opens in two
stages ; namely, the stretching stage and the petaling stage, each
of which takes a finite time. In a conventional shock tube, the
exact time the diaphragm starts to open is not critical to the
operation. Therefore, the stretch time is immaterial. However,
the petaling time has a strong influence on the shock-formation
processes.!? Tt is possible to estimate the petaling time of a
scribed metal diaphragm from a number of analyses.> > Never-
theless, there does not appear to be a theory dealing with
diaphragm stretching. The stretch time of a diaphragm is a very
important factor in the operation of devices such as the free-
piston shock tube® and the UTIAS implosion-driven shock
tube.”-® In particular, the UTIAS implosion driver is a dynamic
system for which the timing of the implosion wave to match the
diaphragm opening is very critical in order to obtain the
maximum possible shock velocity, from a given driver condition.
Otherwise, some of the implosion energy is dissipated in opening
the diaphragm. Therefore, it is very important to have an estimate
of the diaphragm stretch time. In the following analysis, only
scribed metal diaphragms are considered. It can, however, be
applied equally well to nonmetalic diaphragms.

Analysis

Figure 1a shows a sketch of a sectional view of a typical scribed
diaphragm. The diaphragm is divided into two layers, 1 and 2,
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Fig.1 Sketch of a section of the diaphragm and the stretching-
diaphragm model.

with thickness 7, and 1,, respectively. In the following analysis it
is assumed that only Layer 1 exerts any resisting stress against
stretching.

Consider an elemental ring with width Ar as shown in Fig. 1b.
Pressure p, on the inside of the diaphragm exerts on the element a
vertical force AF, given by

AF, = 2nr*-cosf-sinfdf - p, (1)

The resultant vertical force AF due to circumferential stress ¢, on
the two sides of the ring is given by

AF, = —2nto,r-cosf-sin6df )
where 7 is the instantaneous thickness of Layer 1 during the

stretching process. The negative sign indicates a downward force.
Apply Newton’s second law to the vertical forces

AF, + AF, = Amd*yjdr* 3
where Am is the mass of the elemental ring which includes the
mass of Layer 2.

To obtain an estimate of stress o, we assume that the stretching
diaphragm behaves as a section of a thin sphere with a uniform
thickness. Equation (3) can then be integrated with r, 7, and g, a
function of time ¢ only

/2 72 dzy
j (AFF+AFS)=J Am—= 4)
61 o dt
where
/2
j AF, =nH%, &)
81
and
w2
J AF,= —nto,rcos?0, (6)
01
with

cosf, = 2BH/(H*+ B?)
=1, H*/(H*+ B?)
The right-hand side of Eq. (4) is simply
n/2 d2 y d2 /2 d2b
Am—5 =— Am-y =m— 7
L, " T Ll mY="ae @)
where m is the total mass of the diaphragm and b is the distance
of the cg of the bulging diaphragm from the base and
b= B/2.
Substituting Eqgs. (5-7) into Eq. (3) and letting # = b/H, after
simplifying,
pa T o, 4y d ®)
pt,H 1, pH*> (1+4n)?  di?
where p is the density of the diaphragm material. The stress-
strain relationship in the plastic region can be represented by the
usual form g, = K ¢," where K is a stress proportionality constant
and n is the strainhardening exponent. The tangential strain ¢, is
related to the thickness strain ¢, by the following

G148 +6=0 ©)
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where
&1 =86 = ¢
Therefore
g, = —& 2
= 3[t/e, — 1] = 3[%/(1 +4n%)] (10)

Substituting Eq. (10) into Eq. (8), after simplifying and integrating,
we have

dn\*  2pa 1y K [ ™22y d(1+49%) an
at) “pr H" 2Hp,), T (t+anp?

If we further assume that the material behaves as a perfect plastic
with n = 0 or ¢ = K = const, we can integrate Eq. (11)

_ (pr. H\'? dn
“ ( 2p, ) [n— B A1 +4n)] 2 12
pt, H 1/2 dn
~ ( 2p, > [n— pn*]? (12a)

where

B =2(x1/H)(K/ps)

In general, n ~ 0.1-0.2 and Eq. (12a) is a good first approxima-
tion that has the advantage of being integrated to obtain an
analytical expression

tawretch = 2.54 x 10*(p7,d/pa)*/* cos ™' (1—2png)usec  (13)
where p is in Ib/in3, 7, in inches, d is the diaphragm effective
diameter in inches, and p, in pounds per square inches. The
dimensionless fully stretched diaphragm height #5 is the height
of the dome B divided by the diameter d after the diaphragm
completes stretching and just begins to crack. ng is determined
experimentally from the diaphragms which have been subjected
to static loading to burst.

Results

Equation (13) can be used to estimate the diaphragm stretch
time with a knowledge of p,, the diaphragm geometric charac-
teristics, such as d, 7,, t,, and its dynamic characteristic constants
K and n3.

Some experimental results on diaphragm stretch time were
obtained from the UTIAS Implosion-Driven Shock Tube. This
UTIAS facility consists of an 8-in.-diam hemispherical implosion
driver chamber and a 1-in.-diam shock-tube channel separated
bya 1-in.-diam stainless steel-scribed diaphragm. The diaphragms
were machine scribed by a sharp mill cutter forming two right-
angled grooves passing through the center.

Details of the operation of the UTIAS implosion driver are
given in Ref. 8. Briefly, a detonation is generated in a stoichio-
metric hydrogen-oxygen mixture at the geometric center of the
hemispherical driver chamber by an exploding wire. The hemis-
pherical detonation wave moves towards the periphery and
reflects from a shell of PETN explosive thus initiating the
detonation of the explosive which drives an implosion towards
the origin where the diaphragm is situated. In order to maximize
the channel-shock velocity, it was necessary to allow the
diaphragm to open before the arrival of the implosion.

It was shown® that the base pressure on the diaphragm
increases rapidly from the initial loading value of 400-800 psi
after the initiation of the detonation of the 2H, + O, mixture
and after a short (~4 pusec) period of overshoot it settled to a
nearly constant value before the arrival of the implosion. The
diaphragm undergoes stretching to burst then starts petaling
open under this base pressure, p,. The value for p, was found®
to be very close to 6.7 times the initial loading pressure.

Table 1 Values of height of statically ruptured diaphragm with ¢, =
0.029 in. and different values of 7,

7, (in.) 0014 0.016 0.018 0.020 0.022
ng = B/d 0.15 0.19 0.23 0.28 0.33
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Fig.2 Comparison of the predicted and the measured diaphragm-
stretch time.

The diaphragms used in the experiment had a basic thickness
(t,) of 0.029 in. and different scribed thicknesses (t;). The
diaphragms were calibrated by subjecting them to static loading
to burst. The corresponding values of #p are shown in Table 1
for different values of 7,. The diaphragm material was type 304
stainless steel which has a static stress-strain relationship o =
Ke" in the plastic range with K = 9.4 x 10* psi and n = 0.262 at
room temperature as obtained from tensile test data in Ref. 9.
This value of K was used in Eq. (13). The material density p is
0.29 ib/in.2.

Stretch times determined from Eq. (13) are plotted in Fig. 2
as a function of p, for different values of t,. Open squares on the
curves indicate the static bursting pressure of the corresponding
diaphragm. Shown in the same figure are a number of experi-
mental points. The experimental data were obtained by monitor-
ing the opening of the diaphragm with the use of a telescope
focusing the diaphragm image onto a photomultiplier. The time
lapse between the initiation of the gas detonation and the first
detectable light signal was taken as the stretch time of the
diaphragm.

Experiments were carried out at initial loading pressures of
400, 600, and 800 psi. The corresponding diaphragm base
pressure p, was estimated to be 6.7 times the initial loading
value. The agreement between theory and experiment is very
good considering the simple model used. Notice that for 7, =
0.022 in the static bursting pressure is higher than 7 x 10® psi
(the point is off the graph). However, the diaphragm was still
able to burst at a much lower (about 5200 psi) base pressure in
the experiment. This suggests that the material does behave
plastically under the present conditions. Experiments® also
showed that maximum shock velocities could be obtained as long
as the diaphragm began to burst at a time between a half to
two-thirds the total time that it takes the implosion to reach the
diaphragm.
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Simple Technique for Predicting Type I1I
and IV Shock Interference

T. Taz BRAMLETTE*
Sandia Laboratories, Livermore, Calif.

HE problem of shock interference has been the subject of

several recent experimental and theoretical investiga-
tions.' ~* These references present theoretical methods for pre-
dicting the six types of interference observed by Edney' and
suggest empirical correlations! 3 for computing the heat transfer
associated with each type of shock pattern.

The exact computation requires iterative solutions of the
Rankine-Hugoniot relations. Since, in general, this requires a
computer and under certain conditions (e.g., if trajectory cal-
culations are desired) may involve considerable computing time,
rapid approximate techniques are desirable. One such approach
was recently suggested by Crawford,* who presented a clever
graphical technique for predicting all six types of interference.

The purpose of the present Note is to describe an approximate
method (based in part on a suggestion by Edney®) for com-
puting both Type III and IV interference (see Fig. 1) and for
predicting when the transition from one to the other occurs.
These two interference patterns are of particular interest, since
they may lead to the most severe shock interference heating
problems.

Type 111 and 1V interference patterns result from the inter-
section of an impinging weak oblique shock wave with a
strong bow shock (Point A in Fig. 1). A shear layer emanates
from this point which may impinge on the body (Point B) that
generated the original strong bow shock (Type III interference),
or it may form the first part of a more complex interaction which
results in the formation of a thin, supersonic jet which impinges
on the body at Point B’ (Type IV interference). If Type IV
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Fig. 1 Initial shear layer and transmitted shock deflections for
M,=6,7=14.

interference occurs, then the Point C intersection is similar to
that at Point A; if Type III occurs, this intersection is more
complex than schematically illustrated here, but the character-
istics of the impingement Point B are independent of this detail.
Whether Type III or IV interference occurs depends upon the
angle between the shear layer AB and the surface tangent to the
body at Point B.

The exact calculation for all six types of interference is de-
scribed in detail in Ref. 2, which also contains computer program
listings for each type. For Type III or IV the complete inter-
ference flowfield may be calculated if the freestream Mach
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Fig. 2 Shear layer impingement angle for transition from Type III to
Type IV interference for M, = 6,y = 1.4.



