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Fig. 3 Spray angle.

free expansion of a gas.5 The jet exits at a pressure above
ambient, expands to a pressure below ambient and contracts
to recover the initial exit pressure. The process is then re-
peated giving the periodic jet boundary until the jet is dis-
sipated.

As the pressure ratio across the jet is increased, the spray
mode reported in Ref. 1 develops. The angle of the spray
is quite sensitive to pressure ratio as shown in Fig. 3. Data
for other nozzles and other concentrations show similar trends.
At higher concentrations a secondary flow develops with the
spray (see Fig. 1). This appears to be a thin fluid layer which
separates at the edge of the nozzle and is sometimes entrained
downstream in the spray.

Breakup occurred over a range of pressure ratios and was
difficult to reproduce partially due to mechanical factors, i.e.,
nozzle configuration, vibration, etc. No detailed quantita-
tive measurements of breakup were attempted. Tangren
et al. have suggested that the jet is disrupted by the rapid
expansion of the jet downstream of the nozzle. This explana-
tion appears to be quite reasonable in view of the present
experiment since breakup can be prevented by using a liquid
of higher viscosity than water. Presumably the bubble
expansion is less violent in the more viscous glycerine. We
have further observed that some of the continuous jet struc-
ture remains even while the spray is developing. The jet
structure for pressure ratios of Pa/P0 = 0.11 and 0.06 show
this effect.
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A High-Performance Shock Tube
with Air Driver
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THO produce shock waves in a shock tube with Mach num-
A bers of the order of 10 in air, it is usual to employ as driver

gas either hydrogen, or a combustible mixture of oxygen and
hydrogen diluted by helium. However, the use of air offers
advantages. For example, in shock tunnel operation this
would render the consequences of contamination of the test
gas by driver gas less serious than they are in present high per-
formance facilities,1 while in shock tube operation it offers
improved safety and economy.

The experiments reported here were associated with de-
velopment of a shock tube for use in a university under-
graduate laboratory. The purpose was to achieve shock
speeds which would allow experiments involving substantial
real gas effects, in a facility which would be both safe and
economical when operated by undergraduate students. The
facility is shown schematically in Fig. 1. Essentially, it is a
double diaphragm or "buffered" free piston shock tube.2'3
The free piston driver, shown in Fig. la, consists of a com-
pression tube 1.98 mlong and 80.5 mm in diameter, together
with a piston driver reservoir 1.0 m long and of the same di-
ameter. The primary diaphragm was located at the down-
stream end of the compression tube, and was followed by an
intermediate shock tube 38 mm in diameter and 0.83 m long.
The intermediate tube terminated at a flanged mount for the
secondary diaphragm, and was followed by a test shock tube
38 mm in diameter and 2.75 m long. This opened into a
dump tank at the downstream end.
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Fig. 1 Schematic general arrangement of shock tube
facility.
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In all tests, the compression tube was initially filled with air
at 1 atm, and a piston driver reservoir pressure of 40 atm was
used. A test was initiated by releasing the piston from the
launcher, whereupon it was driven rapidly along the com-
pression tube, compressing the air in the tube until it reached
a pressure such that the primary diaphragm ruptured. This
diaphragm, which was made of mild steel, ruptured under
static hydraulic tests at a pressure of 250 atm. Taking this
as the rupture pressure under the conditions of the experi-
ments, and assuming isentropic compression of the driver
gas in the compression tube, it follows that the temperature
of driver gas at rupture was 1400°K. Rupture of the primary
diaphragm caused a shock wave to traverse the intermediate
shock tube and reflect from the secondary diaphragm. This
was made of aluminium, 1.27 mm thick, and was scribed to a
„depth of approximately 0.35 mm. Upon reflection of the
shock wave this diaphragm would begin to yield. The process
of yield prior to opening of the diaphragm was of time duration
sufficient to allow formation of a quiescent slug of shock
heated air adjacent to the diaphragm, and this acted as the
driver gas for the test shock tube.

Shock speeds in the test shock tube were measured using
three piezoelectric pressure transducers, which were manu-
factured in the laboratory and mounted with careful attention
to requirements of vibration isolation. The transducers
were located as shown in Fig. Ib, and their output was dis-
played on a Solarton CD 1400 C.R.O., with precalibrated
sweep. Initial shock tube pressures were read using a mer-
cury manometer, with a micrometer screw reading attach-
ment. The optimum initial pressure in the intermediate
tube was determined by performing a series of tests with an
initial pressure of 1 torr in the test shock tube, It was found
that maximum shock speeds were achieved with an inter-
mediate tube pressure of 0.56 atm, and this was used in all
subsequent tests.

Shock speeds in the test shock tube were measured over a
range of initial tube pressures. Results obtained for the
shock speed between the two downstream timing stations
are displayed in Fig. 2, where it can be seen that shock Mach
numbers of 13 have been achieved. Shock attenuation
varied with shock speed. For example, at Ms = 6 the shock
decelerated by approximately 8%/m, at Ms = 10 no change
in speed was observed, and at Ms = 13 the shock accelerated
by approximately 5%/ m.
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The benefit conferred through use of the secondary dia-
phragm is illustrated in Fig. 2., by comparing the shock speeds
plotted with those obtained in the absence of this diaphragm.
It can be seen that at high shock speeds a gain exceeding 30%
was achieved. Using the initial intermediate tube pressure
employed in the tests, and shock speeds measured without the
secondary diaphragm, it was calculated that a pressure of 79
atm and an ideal gas temperature of 2700°K would be reached
in shock reflection from the secondary diaphragm. Assum-
ing ideal gas behavior in the subsequent unsteady expansion
of the shock heated gas, the shock speeds indicated by the
theoretical curve (a), in Fig. 2, were obtained. These under-
estimate the measured values. However, calculations which
were made by allowing isentropic compression to twice the
shock reflection pressure before subsequent unsteady ex-
pansion in the shock tube produced the curve (b) in Fig. 2.
Noting that the shock wave decelerated at low speeds, and
accelerated at high speeds, it is clear that curve (b) provides
reasonable estimates of the mean value of the shock speed
over the length of the shock tube. Thus, the results suggest
that compression subsequent to shock reflection in the gas in
the intermediate tube plays a role in producing the high shock
speeds measured.

The experiments reported show that strong shock waves
can be produced with safety and economy by using a free
piston shock tube with air as driver gas.
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A New Assumed Stress Hybrid Finite
Element Model for Solid Continua

SATYANADHAM ATLURI*
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Introduction

IT is comparatively recent that several finite element
models were formulated from different variational princi-

ples of solid mechanics, and their modifications, by system-
atically relaxing the continuity requirements at the inter-
element boundaries of adjoining discrete elements. A sys-
tematic classification of such finite-element methods is given by
Pian and Tong,1 and the author.2 The commonly used as-
sumed displacement models satisfy the requirements of inter-
element displacement field continuity and the rigid-body mode
representation to various degrees; however, the strain and
stress fields are discontinuous across the interelement bound-
aries. Tong3 constructed a finite-element model, wherein an
arbitrary smooth displacement field is assumed in the interior,
and the interelement displacement compatibility is satisfied in
the average by prescribing an independent compatible ele-
ment-boundary displacement field and choosing an arbitrary
set of boundary tractions as Lagrangian multipliers. In this
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Fig. 2 Measured shock speeds in air.
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