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Since the downstream conditions have been altered, the
shock will travel downstream with increasing velocity. Thus,
an average shock velocity must be found from the velocities
calculated at various distances along the nozzle. If the velocity
of the starting shock at station z is ¥, then mass continuity
across the shock gives

V=(p-a-A-/A;-p.W.)/ (px-p;) ®)

Neglecting any change in stagnation conditions caused by the
flow combination, the Mach number M, downstream of the
moving shock can be found from

W, =(kDoy/Poy) (1 + M, 2(k-1)/2) M, ©)

and hence p, can be found.
Mass continuity between the reservoir and the nozzle throat
gives

p-a:A- :WIAt(pz)l/k 1o

and hence V can be found. If the average value of the velocity
in traveling to the nozzle exitis ¥, then

t,=L,/V, a1y

where L, is the length of the nozzle from throat to exit.

For the shock traveling through the test section, the con-
ditions upstream of it are the given constant test section con-
ditions, while the downstream conditions vary. Using an ap-
proach similar to the above, we find the shock velocity V at
any point. In this case the area coefficient £ in Eq. (7) is
always unity. Mass continuity across the shock gives

V= (pnwn'pzwz)/(pn'pz) (12)

Since w, can be found from the given test section Mach
number M, then ¥V can be calculated. If V3 is the average
shock velocity in the test section then

t3 =L3/V3 (13)
where L, is the length of the test section.

Results and Comparison with Experiment

Schlieren observations were taken of the starting processes
of the 4 nozzles of the Leeds University Supersonic Ludwieg
Tube. The measured times of each starting phase are com-
pared with the estimated times in Table 1. (There is no
measured value of #; for the M, =4 nozzle, since complete
starting did not occur.) Furthermore, the previous theory has
been applied to the MSFC high Reynolds number axisym-
metric tunnel® with nitrogen at Mach 1.7 and 3.5

At Mach 2 and above the prediction of the starting times is
accurate, even though the unsteady starting flow had a
pronounced two-dimensional nature? while exhibiting such

real gas effects as separation. In the transonic region

agreement is poor, and it may be advantageous to revert to the
method of characteristics® in this region, since the two-
dimensional effects are not severe. Improved accuracy is
unlikely with Falk’s method' because the prediction of ¢,

Tablel1 Measured (estimated) starting times in msec
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using the zero length nozzle analysis is very sensitive to the
choice of conditions in the variable entropy region, down-
stream of the starting shock (e.g., for Falk’s M =3 nozzle, a
1% change in the nondimensional sound speed at the edge of
the variable entropy region causes approximately a 20%
change in ¢,). This virtually precludes the use of Falk’s
method, especially at the higher Mach numbers where the noz-
zle starting time 7, is dominant.

The errors involved in the estimations of ¢ are difficult to
assess. The theoretical model is not truly representative of the
physical situation, but the method does have the advantages
that the complex flow regimes that actually occur during
starting are not relevant to this analysis. Care must be taken in
the numerical solution of the shock velocity very near the
throat. This is because the equations are ill-conditioned and
round-off errors become important near this region.

Conclusions

It had been shown previously that a more complicated
analysis did not produce a reliable estimate of the nozzle
starting times at the higher supersonic Mach numbers. The
simpler one-dimensional method of this investigation in-
corporating a semiempirical equation is useful for predicting
the starting times with reasonable accuracy, especially at the
higher Mach numbers. These estimates are, in general, only to
be used as a fairly rough guide to the expected starting times.
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Impulse Loading of Finite Cylindrical
Shells
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IMULATION of impulse loads produced by radi-
ation induced material blowoff has recently received the
attention of several investigators. The loading of rings with a
cosine distributed impulse over half the ring circumference
has been accomplished with explosives, > magnetically driven

“flyer plates,®> and magnetic pressure pulses.* This Note

describes. a method of loading finite length cylindrical shells

M, t . 1 t; t

1.4 43(3.1) 3.9(1.0) 4.0(1.0) 12.2(5.1)
2.0 3.1(2.6) 6.0(4.8) 4.4(1.9) 13.4(9.3)
3.0 2.9(2.3) 9.1(9.1) 3.0(2.2) 15.0(13.6)
4.0 2.92.2) 11.7(14.5) (2.9) (19.6)
1.7 @.n (3.2) (3.0) 21.0(8.3)
3.5 2.6) (20.6) (4.4)  25.0(27.6)
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with magnetically propelled flyer plates. The experimental
arrangement is described, and application of the loading
technique is demonstrated with an experiment on the elastic
response of a circular cylindrical shell with free ends. In par-
ticular, excellent agreement is found between measured and
predicted strains.

Experiments

A sketch of the experimental arrangement is shown in Fig.
1. The setup consists of a capacitor bank, a switch, and the
flyer plate-load coil transmission line. When the switch is
closed, a magnetic pressure is generated in the insulated
region between the flyer plate and the load coil. The magnetic
pressure accelerates the flyer plate to a cos 6 velocity
distribution and the impact of the flyer imparts a short-
duration pressure pulse to the shell. As discussed in Refs. 3
and 4, magnetic pressure is proportional to the square of
current per unit width normal to current flow. The cos 6
velocity distribution of the flyer plate is achieved by varying
the thickness of Mylar dielectric, which insulates the flyer
plate and load coil. Briefly, current density is greater where
the separation distance between conductors is smaller. The
design for the #-distribution of Mylar is complex and it is
achieved with the aid of the computer program described in
Ref. 5. For these experiments, the §-distribution of Mylar is
accomplished by gluing together 10 thin strips of Mylar be-
tween two sheets which extend over 1| <80°. The dielectric
spacing is reasonably smooth over 18} <80°, and varies from
0.008 in. at # = 0° t0 0.038 in. at 6 = 80°.

For this structural impact experiment, the flyer plate con-
sists of 0.030-in. polyethylene with specific gravity 0.92 and

0.006-in. 1100-0 aluminum.§ There is an air layer between the

flyer and the cylindrical shell, which is compressed as the flyer
approaches the cylinder. The air layer acts as a spring and
eventually causes the flyer to rebound back towards the load
coil; consequently, the impulse delivered to the cylinder is
greater than the incoming flyer momentum. Flyer velocity and
arrival time are measured with an array of six pin switch pairs
mounted on the shell at #=0°, 1.0 in. either side of center;
and at 6= +30° and 6= x60° in the center plane. Cylinder
motion is measured with a framing camera.

Cylindrical shells were machined from 2014-T651
aluminum round stock to an outer diameter 6.865 in. and
thickness 0.166 in. As shown in Fig. 1, the 6.00-in. long shell
is suspended by thin glass rods. The flyer-to-shell gaps are
0.0701in. at #=0° and 0.022in. at #=80°.

Results and Comparisons with Predictions

Two sets of experiments were conducted. The first set of ex-
periments emphasized diagnostics of the setup; namely, flyer
plate velocity distribution and impulse delivered to the cylin-
der. The ¢-distribution of Mylar spacing between load coil
and flyer determines the incoming flyer velocity as a function
of 8. After a few preliminary experiments and code runs,’ the
Mylar spacing was adjusted to bring the measured velocity
distribution within 10% of theoretical. Once the #-spacing of
Mylar was acceptable, two experiments were conducted in
which the peak impulse intensities delivered to the cylinder
were determined from framing camera data to be 179 and 178
Pa-s.{ The ratio of cylinder impulse to incoming flyer
momentum for both experiments was 1.53.

For the second set of experiments, circumferential strains
were measured with two Micro-Measurements EA-07-125-
AC-350 strain gages mounted to the inner and outer surfaces
in the cylinder center plane at #=180°. Oscillograms of the
circumferential membrane strain e, = Y4(¢; + ¢,) and bending
strain e, = Y2(¢g-¢,), where ¢; and ¢, are the strains on the in-

§Current is carried by the aluminum; the polyethylene is on the im-
pact side.

91 Pa-5=0.10 dyne-sec/cm? =1.45 x 10 ~ psi-sec.
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Fig.1 Experimental arrangement.

Fig. 2 Strain-time at §=180° and the center plane; a) membrane
strain 1000 pe/div, 50 us/div; b) bending strain 1000 ye/div, 1 ms/div.
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Fig.3 Strain-time predictions at 6 = 180° in the cylinder center plane;
a) membrane strain, b) bending strain.

ner and outer surfaces, are shown in Fig. 2. Predictions of the
strain-time histories were obtained from the finite element
computer program DYNAPLAS® for the peak impulse in-
tensity 167 Pa-s. DYNAPLAS uses a shell of revolution
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element and a Fourier expansion in the circumferential direc-
tion. The predictions sum seven modes (n=0 to n=6) and
comparisons of the measured and predicted strains are shown
in Figs. 3a and b. Bending strain response is dominated by the
fundamental bending mode (n =2) and has lower amplitude,
higher frequency modes superimposed.

Asindicated in Fig. 3, excellent agreement is found between
measured and predicted strains for this experimental setup.
These simple structural experiments are used in our
laboratory to select reasonable flyer plate designs and flyer-
to-shell air gaps before testing full-scale systems.
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Expansion Tube With Nozzle Plate:
Theory and Experiment
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Introduction

HE expansion tube uses unsteady expansion to

generate high-enthalpy high-velocity flows of test gases
initially isolated in the driven section by the first and second
diaphragms (Fig. 1) —on one side against the high-pressure
driver gases and on the other against the evacuated expansion
section. The BRL expansion tube has been used to make
measurements in nonequilibrium shock layers as selected
gases flowed past axisymmetric bodies. For those ex-
periments, it was desirable to have a freestream flow uniform
in density and velocity with low dissociation and low impurity
level.

An earlier paper! reported extensive investigations of test
flow characteristics in our original expansion tube (using
simply-supported mylar second diaphragms) and preliminary
results in the modified tube (using scribed metal second
diaphragms placed adjacent to a perforated plate, called a
nozzle plate.?) Test flows in the original tube were found to be
quite uniform for the most part—density fluctuations were
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typically less than +15%.3 However, it appeared that with
the nozzle plate the flow could be made more uniform (and
more contamination-free) by forcing the diaphragm to petal
open along the scribes into the holes of the nozzle plate; and
model and instrumentation damage could be reduced, since
the nozzle plate blocks first diaphragm particles.

The purpose of this paper is to present results of com-
putations of test flow properties which supplement limited
preliminary data'? and, for the first time, to evaluate the

‘computation model by experimental results. In our ex-

periments, we use a new nozzle plate design suggested by the
results of Refs. 1 and 2.

Computations

We adopted the operation cycle for the modified expansion
tube shown in the x-f diagram of Fig. 1. For the computations
we assumed that: 1) diaphragms open ideally; 2) expansion
waves are isentropic centered rarefactions; 3) one-
dimensional conservation equations for an inviscid, non-
conducting, diatomic gas in vibrational and chemical
equilibrium are valid; 4) steady quasi-one-dimensional flow in
a single nozzle with an effective area ratio, A/A4*, is ap-
plicable (4 =cross-sectional area of expansion tube, A* =sum
of nozzle throat areas); and 5) the first shock is fully reflected
from the second diaphragm before the diaphragm opens.

The governing. equations are given in Ref. 4, and the
numerical-graphical procedure used to solve them is outlined
there. Flow properties in each section of the expansion tube
were computed for the following range of parameters: 1) first
shock Mach number, M : 3-9; 2) initial pressure in the driven
section, P,:2.76x 10°N/m?-8.28x 10°N/m?2; 3) initial
pressure in the expansion section, P;;:6.66N /
m?—26.7N m?; 4) effective nozzle area ratio, A A*:
2 (new nozzle plate)’ and 4 (first nozzle plate)?; 5) initial tem-
peratures in driven and expansion sections, 7, and T,,:
300°K.

From an operational standpoint, the most important
properties of the test gas are the density p; and the velocity u
in the test section. They are plotted in Fig. 2 for the new noz-
zle plate (4/A4* =2). Each symbol gives the result of a com-
putation for real air and a discrete set of initial parameters.
The degree to which initial parameters affect properties in the
test section is summarized in Table 1.

Experimental Measurements and Techniques

The experimental measurements and techniques used here
have been described in detail. ! Detailed descriptions of the
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Fig. 1 Sketch of modified expansion tube and x — ¢ diagram showing
full reflection of first shock.



