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This method was shown to provide substantial model reduction
(two orders of magnitude) without significant loss of accuracy for
representative aerodynamic and aeroelastic problems. Unlike the
eigensystem approach to reduced-order modeling, which discards
states based on modal damping, balanced model reduction discards
states that provide little contribution to the system output. This cri-
terion yields better performance for both transient and long time
response.

A physical interpretation of the first few balanced states suggests
that the optimal basis vectors are composed of solutions to simple,
exact problems. Two examples shown here related transient response
to a flat plate either descending or rotating with no mean flow. Such
limiting-case behavior may serve as a guide in finding balanced
states of more complex configurations.

The algorithm employed to calculate the appropriate balancing
transformation carries the same computational cost as an eigenvalue
decomposition, which is proportional to system size cubed. Thus, as
problem size grows, direct calculation of the balancing transforma-
tion becomes infeasible. Special algorithms, similar to the Lanczos
algorithm for finding the dominant eigenvectors and eigenvalues of
very large systems, will be necessary to find the dominant balanced
coordinates at reasonable cost. It is believed that the physical in-
sight provided by the simple cases discussed here will provide a
solid starting point for such algorithm development.
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Introduction

N the literature, discharge coefficients scatter widely for square-

edged orifices, where the orifice thickness is similar to the ori-
fice diameter. The physics of this uncertainty has been subject of
discussion. Lichtarowicz et al.' investigated incompressible flow
through such orifices. In the case of a thickness-to-diameter ratio
of t/d =1/2, two different flow regimes were identified. A hys-
teresis in the discharge coefficient was presumed to exist. Other
experiments showed a train of vortex rings at certain low Reynolds
numbers.” Hay and Spencer® also measured different discharge co-
efficients for the same arrangement. By the referencing of their mea-
surements with compressible flow, Deckker and Chang* identified a
hysteresis in discharge coefficients with respect to the pressure ratio
att/d =1/2. When steady flow was assumed, the hysteresis effect
was explained as to be the result of reattachment and nonreattach-
ment of the flow to the orifice.?*

When it is considered that flow through an orifice can generate
sound,’ it is shown that the discharge coefficient is influenced by an
acoustical phenomenon, the socalled vortex whistle, a self-induced
unsteadiness driven by feedback oscillations. Numerical simulations
have been produced that connect this phenomenon to the discharge
coefficient hysteresis mentioned earlier.

Discharge Through Orifices

The discharge coefficient is defined as the ratio of the actual mass
flow rate m to the theoretical mass flow rate for isentropic flow m:

Cp =m/my, (1)
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where the theoretical mass flow rate is
my = QAP [NT )

When the pressure ratio is less than or equal to the choking pressure
ratio, the mass flow function is determined by

0> = 2/Bly/(y = DI[1 = (P/p) """ ](P/p)" 3)

The orifice pressure ratio P/p is defined as the total pressure
upstream of the orifice divided by the static pressure downstream of
the orifice. Beyond the choking pressure ratio (P /pcho = 1.893 for
y = 1.4), the mass flow function remains constant at the choking
value. Only Reynolds numbers higher than Re > 2 x 10* have been
considered. In this case, the influence of the Reynolds number on
the discharge coefficient becomes negligible.’

For steady flow, there are different flow patterns depending on the
thickness-to-diameter ratio of the orifice.? For a thin orifice plate,
the jet contracts to the smallest cross-sectional area downstream of
the orifice, the so-called vena contracta. A toroidal vortex starting at
the orifice plate is formed around the jet. When the thickness of the
orifice plate becomes larger, the expansion after the vena contracta
is limited by the orifice bore, that is, by reattachment of the flow to
the wall of the bore. Hence, one toroidal vortex originates at the inlet
edge, and a second one forms at the downstream edge of the orifice.
Both enclose the jet in their center. The transitional region has been
considered in a marginally separated and a marginally reattached
flow regime.?

In addition to the steady-state flow conditions, it is also known
that under certain conditions flow may produce a vortex whistle
when the orifice diameter is comparable to the plate thickness.® It
is produced when the edge at the orifice entrance serves as vortex
generator and the edge at the bore exit serves as the vortex receiver.
Every vortex passing the outlet of the orifice induces a sound wave
that travels back through the bore of the orifice and separates the
next vortex when it reaches the inlet.

Numerical Simulations

Numerical simulations have been performed using FLUENT®
with a two-dimensional axisymmetric model using the k—¢,
Reynolds-stress (RS) and Spalart—Allmaras (SA) turbulence models
(see Ref. 7). Pipes of three times the orifice diameter are attached
upstream and downstream of the orifice. This ensures a negligible
approach velocity. The lengths of the inlet and outlet are 5 and 30
orifice diameters, respectively. The influence of inflow and outflow
boundary conditions is thereby minimized. A structured mesh with
5757 cells and local mesh refinement was used (Fig. 1). Further
characteristics of the compressible simulations are pressure inlet
and pressure outlet boundary conditions® and wall functions.

To test the accuracy of the model, the zero orifice plate thickness
model results were compared to the standard International Organi-
zation for Standardization—American Society of Mechanical Engi-
neers (ISO-ASME) discharge nozzle characteristics for flow me-
ters adapted for compressibility effects® (Fig. 2a). The simulated
discharge coefficients match the values delivered from the ISO—
ASME formula very well. This applies to all three turbulence models
considered.

Unlike steady-state flow for the zero length orifice, for 7 /d =1/2
different turbulence models deliver different results. The RS turbu-
lence model delivers two flow regimes, steady-state flow (Fig. 3a) at

Fig. 1 Section of the axisymmetric mesh showing three levels of local
mesh refinement around the orifice plate.
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Fig. 3 Qualitative static pressure contours Reynolds-stress turbulence
model I/d =1/2 and P/p =1.345: dark colors correspond to low pressure.
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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—e 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 x 10°.
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
I/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 hysteresis? cannot be confirmed.
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Introduction

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 Cook' and Zerilli and Armstrong? might be used
for composite materials. The Johnson—Cook model was modified by
Weeks and Sun? for composite materials. Other recent modeling and
research have been performed by Thiruppukuzhi and Sun,* Hsiao
etal.’ and Tsai and Sun.® Vinson and Woldesenbet’ 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
data®~'® were presented recently in Ref. 19, where polynomial ex-
pressions for the ultimate strengths and moduli of elasticity were
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