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high-pressure ratios and vortex shedding (Fig. 3b) at low-pressure
ratios with hysteresis for the discharge coefficient (Fig. 2b). The SA
turbulence model also gives both flow regimes, but without the hys-
teresis, and the flow becomes steady again at low-pressure ratios.
The k–ε turbulence model does not predict any vortex shedding.
Transient boundary conditions were used changing P/p in steps
of 0.01 · p in the hysteresis region. Almost all simulated values are
within the range of the different experimental data sets from Refs. 3
and 4. Note that the measured discharge coefficients from Ref. 3 ap-
pear to be overestimated by 4–5% (Ref. 8). The vortex shedding flow
regime shows higher discharge coefficients than steady-state flow.

Simulations for incompressible flow were made using pipes with
four times the orifice diameter and a finer mesh at Re = 1.028 × 105.
Vortex shedding is suppressed for a constant mass flow rate by pre-
scribing the velocity at the inlet. The discharge coefficients for the
incompressible case (Fig. 2b, P/p = 1) match the compressible nu-
merical results well.

A mesh refinement by quadrupling cells for the zero length ori-
fice with RS turbulence model at P/p = 1.074 increases the dis-
charge coefficient by 0.5%. Taking a 10 times smaller time step for
l/d = 1/2 for the RS turbulence model at P/p = 1.074 increases
the discharge coefficient by less than 1%. In contrast to the zero
length orifice, the wide variation of the results for t/d = 1/2 for
different turbulence models indicates the limitation of the numer-
ical method for modeling this configuration. However, the results
of the RS turbulence model seem to replicate the physics of the ar-
rangement qualitatively. They confirm the hysteresis in the discharge
coefficient and the vortex whistle mechanism.

Whether the pipe geometry has a significant influence on the dis-
charge coefficient with respect to resonances needs to be examined.
However, the vortex shedding for the incompressible simulation,
where resonances cannot be taken into account, indicates that this
is not the case.

Conclusions
It has been shown that the hysteresis observed previously can

be explained by the transition between two flow regimes, which
are defined by steady-state flow at high-pressure ratios and vortex
shedding at low-pressure ratios. Because the vortex shedding is part
of the vortex whistle mechanism, the hysteresis effect is linked to
this phenomenon.

The results are consistent with the initial observations, which
include a hysteresis, a train of vortex rings, and a vortex whistle.
Transitions between the two flow regimes, that is, separated flow
and reattached flow, with a hysteresis2 cannot be confirmed.
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Introduction

C OMPOSITE materials are used in a wide variety of low-
temperature applications because of their unique and highly

tailorable properties. These low-temperature applications of com-
posites include their use in arctic environments and most of them
involve dynamic loads. According to the U.S. Navy, under certain
conditions naval vessels may encounter strain rate up to 1200/s.
Because the dynamic properties of composite materials may vary
widely with strain rate, it is important to use these dynamic proper-
ties in design when the loading conditions require it.

All too few materials have been characterized both at high strain
rates and at low temperature. Still less effort has been spent in trying
to model the high strain rate properties to develop a predictive capa-
bility. It has been hoped that earlier modelings for metals, such those
as Johnson and Cook1 and Zerilli and Armstrong2 might be used
for composite materials. The Johnson–Cook model was modified by
Weeks and Sun3 for composite materials. Other recent modeling and
research have been performed by Thiruppukuzhi and Sun,4 Hsiao
et al.5 and Tsai and Sun.6 Vinson and Woldesenbet7 have character-
ized the high strain rate and fiber orientation effects on one typical
graphite/epoxy composite. Most of these characterizations model
ultimate strengths only.

Over the last several years a program has been conducted to deter-
mine experimentally the dynamic compressive material properties
of various composite materials that are of interest to industry and to
various government agencies. A split Hopkinson pressure bar was
used for all of these compression experiments. In all cases, at least
three replicate specimens were tested, and subsequently the data
was analyzed to determine both mean values and standard devia-
tions. Those experiments were conducted at room temperature, and
the results are presented in Refs. 8–18. The mean values of those
data8−18 were presented recently in Ref. 19, where polynomial ex-
pressions for the ultimate strengths and moduli of elasticity were
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developed for the materials tested over the range of strain rates that
were investigated.

This study extends the experiments at high strain rate compressive
testing from room temperature down to the liquid nitrogen temper-
ature (−196◦C). The same equipment, testing technique, and data
reduction were employed for these tests as were used for the previ-
ous room temperature tests.

Standard Equipment
The split Hopkinson pressure bar is used to obtain high strain rate

compressive properties of the tested materials. It is an inexpensive
device for performing high strain rate experiments. This appara-
tus consists of three long pressure bars, that is, striker bar, incident
bar, and transmission bar. The specimen is sandwiched between the
transmission and incident bar. A striker bar is propelled by nitrogen
gas released from a tank, strikes the incident bar, sending a com-
pressive wave into the incident bar. Strain gauges are mounted on
the incident and transmission bars equidistant from the specimen
interfaces and are connected to an oscilloscope. The oscilloscope
records and keeps all of the output from the strain gauges. When it
is assumed that wave propagation in the bars is nondispersive, the
force and displacement at the contact between the bar and specimen
can be derived from the measured strains, and further, the strain
rate, ultimate strength, and ultimate strain can also be derived using
well-known equations. Usually, the range of the strain rates varies
from 250 to 2000/s.

Modified Equipment
To perform high strain rate tests under low temperature, the fol-

lowing changes are made to the split Hopkinson pressure bar (SHPB)
device. A low-temperature dewar supported by a laboratory stand
is used to drip liquid nitrogen down to the specimen, which is sand-
wiched between the incident and transmission bars. The specimen
was soaked in a liquid nitrogen bath for over 1 h before being placed
in the SHPB device. The specimen temperature is monitored by
the thermocouple temperature monitor, where the up-to-the-second
temperature can be read, so that any predetermined temperature can
be chosen to be the testing temperature. This continues until the
specimen reaches a uniform temperature throughout its volume.

Specimen Description and Testing Conditions
An E-glass/urethane material is tested in this study, and the spec-

imens were provided by the U.S. Naval Surface Warfare Center, at
Carderock, Maryland. They are small cubes measuring 6.25 mm
on each edge with the three directions x , y, and z marked on each
specimen. The cross-ply configuration involves the fibers all being
in the x–y plane, whereas z is the through-thickness direction. The
fiber volume fraction is 48%.

The specimens are tested in dynamic conditions with strain rates
from 1521.3 up to 2005.0 1/s in the x direction, from 1353.0 to
1895.1 1/s in the y direction, and 1713.6 to 1925.1 1/s in the z
direction. Along every direction, five temperature points, −196,
−100, −50, 0, and 25◦C (room temperature), were selected where
the tests were performed, but due to difficulty in practice, the actual
temperatures were different to some degree, but fairly close. Also, at
every temperature point, there were at least three specimens tested
so that the mean and deviation can be obtained.

Results and Discussion
From the experiments, most E-glass/urethane specimens fracture

into small pieces. Examination of the collected pieces and the scan-
ning electron microscope photographs show that interply delamina-
tion is the primary failure mode.

It is found that the effects of low temperature are significant on
properties such as ultimate compressive strength, total strain energy
density to failure, and the modulus of elasticity. As will be shown the
experiments were conducted with a constant nitrogen tank pressure
of 0.28 MPa because the focus of these early experiments is to show
the effects of temperature primarily, not varying strain rates. Al-
though the nitrogen pressure was held constant, it is seen that strain

Fig. 1 Comparison of ultimate compressive strength of E-glass/
urethane in the x, y, and z directions and pure resin: �, x direction;
�, y direction; �, z direction; and �, pure resin.

Fig. 2 Comparison of modulus of elasticity of E-glass/urethane in the
x, y, and z directions and pure resin: �, x direction; �, y direction; �, z
direction; and �, pure resin.

rates do vary somewhat from test to test. As described before, x and
y directions are in-plane along which the fibers are aligned, whereas
the z direction is the thickness direction, which is matrix dominated
and, therefore, comparatively weak. When Figs. 1–3 are examined,
one finds that the properties at low temperature are greatly improved
compared with those at higher temperatures; for example, in Fig. 2,
the moduli in the x and y directions are much larger than those
at higher temperature, increasing 2.48 and 2.34 times, respectively.
Consequently one hypothesis is proposed: The resin is sensitive to
temperature change. When exposed to very low temperature, the
resin becomes stiffer, thus better supporting the fibers so that they
resist higher stress failure and buckling loads, that is, the fibers are
supported on an improved elastic foundation, which increases sig-
nificantly as the temperature is reduced. Finally, when the matrix
fails, interfacial debonding occurs. The hypothesis has been veri-
fied by performing the tests of the urethane neat resin at the same
temperatures. Clearly in Fig. 1, the ultimate compressive strength
of the neat resin increases by a factor of 6 from 32.2 to 195.7 MPa
as the temperature goes from 24.9◦C down to −192.3◦C. Mean-
while the ultimate compressive strength of the composite increases
about 3.5 times along the x direction and 4 along the y direction.
Also, it can be seen in Fig. 3 that the strain energy density increases
more than twice as much from 23.3◦C down to −191.2◦C. Thus,
it can be seen that not only the elastic constants, such as modulus
of elasticity, shear modulus, or Poisson’s ratio follow some certain
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Fig. 3 Comparison of strain energy density to failure of E-glass/
urethane in the x, y, and z directions and pure resin: �, x direction;
�, y direction; �, z direction; and �, pure resin.

rule, but also all other properties, for example, ultimate strength
and strain energy density to failure do so also. The rule is similar
to the rule of mixtures P = (Pf V f + ηPm Vm)/(V f + ηVm) derived
by Hahn,20 where Pf and Pm are the properties of the fiber and the
matrix to be calculated, respectively, and V f and Vm refer to the
volume fraction of the fiber and the matrix, respectively. Therefore,
if a composite material requiring strong properties is to be used, but
the fiber is not available, then the matrix can be of use if it is much
stronger under cryogenic conditions. In other words, the matrix can
be mixed with an other comparatively weaker fiber to still provide
desired strong properties. However so far, the data are insufficient.
We cannot derive the formula to determine the constant η governing
such a phenomenon.

Comparison Among x-, y- and z-Direction Tests
From the preceding analysis, it is easily seen that properties along

the x and y directions, that is, in-plane directions, have much larger
increases from room temperature to liquid nitrogen temperature,
than those in the z direction, the through-thickness direction, which
is matrix dominated and, therefore, comparatively weak. Also at
the liquid nitrogen temperature point, the ultimate strength values
along the in-plane x and y directions are equal to each other and are
greater than the values in the thickness direction. For the modulus
of elasticity, the same thing happens, but it seems that strain en-
ergy density to failure does not follow these trends. The preceding
discussion can be seen in Figs. 1–3.

Before this study, there was very little21−23 experimental data
for high strain rate mechanical properties of composite materials at
temperature approaching the liquid nitrogen temperature.

Conclusions
For the E-glass/urethane materials, at a constant strain rate, when

various properties in going from room temperature to liquid nitrogen
temperature were compared, the following results were obtained.
In the x direction, 1) the ultimate compressive strength increased
249.3%, 2) the modulus of elasticity increased 148.8%, and 3) the
strain energy density to failure increased 458.3%. In the y direc-
tion, 1) the ultimate compressive strength increased 298.2%, 2) the
modulus of elasticity increased 133.8%, and 3) the strain energy den-
sity to failure increased 381.0%. In the z direction, 1) the ultimate
compressive strength increased 121.1%, 2) the modulus of elastic-
ity increased 76.5%, and 3) the strain energy density to failure in-
creased 111.1%. For neat resin, 1) the ultimate compressive strength
increased 507.8%, 2) the modulus of elasticity increased 1463.0%,
and 3) the strain energy density to failure increased 241.2%.

When the data for the x , y, and z directions are compared, it is
seen that changes of ultimate compressive strength, modulus, and

strain energy density to failure in the x and y directions are larger
than those in the z direction, where z is the thickness direction.

Primarily it is the increase in the properties of the neat urethane
resin that makes the significant increase of the composite material
properties between room temperatures and the reduced tempera-
tures. Also the properties follow the rule of mixtures provided by
Hahn.20
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