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Fig. 3 Instantaneous velocity field over a NACA 0012 airfoil.

Fig. 4 Flow over NACA 0012 airfoil: a) isovorticity contours, b)
streamline pattern.

For the boundaries of the velocity field, an excentered
scheme is used to evaluate the spatial derivatives. Figure 4a
displays the vorticity contours. An improved representation
of the flowfield is obtained using the stream function (Fig.
4b). The later is computed using the vorticity values and in-
tegrating the Poisson equation. The features of this
flowfield, for the Reynolds number presented here and for
angles of attack greater than 15 deg, can be described as
follows. First, a starting vortex is created at the trailing edge
and sheds immediately downstream. This process occurs for
t* <0.1. Concomitant with this, the flow at the leading edge
separates and forms a closed recirculating bubble. This bub-
ble is then convected downstream (large vortex in Fig. 3) as a
vortex along the upper surface of the airfoil. This vortex is
accompanied on its upstream side by another small vortex,
as shown in Fig. 3. Similar observations were made by other
investigators using conventional visualization techniques.
However, Figs. 3 and 4 show vividly the quantitative velocity
field and associated vorticity, along with a clear definition of
the location of the vortex centers, vortex size, and the flow
separation and reattachment points.
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Multiple-Scale Turbulence Model
in Confined Swirling Jet Predictions

C. P. Chen*
NASA Marshall Space Flight Center
Huntsville, Alabama

Introduction

N the last decade, advances have been made in turbulence

modeling such that it is now possible to predict mean and
turbulence characteristics of many shear flows. Among the
models, the so called k- model has been shown to be adequate
in a variety of flows.! However, in complex flows, such as
confined swirling flows, the k- model is known to be defi-
cient? due to the neglect of anisotropy in the turbulent viscosi-
ty and additional turbulence generation arising from
streamline curvature. Several recent proposals,>* which
modify the k-¢ model based on the streamline curvature
Richardson numbers, give improved predictions in only cer-
tain limited regions of the swirling flow.>¢ The purpose of this
Note is to present a recently developed multiple-scale tur-
bulence model, which seeks to circumvent deficiencies of
earlier models by taking into account the nonequilibrium spec-
tral energy transfer. The validity of this model is tested by
predicting the confined swirling coaxial jet flow in a sudden
expansion.
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Turbulence Model

Turbulence effects, which enter the governing equations,
are modeled through a gradient-type approximation. Because
of the nonequilibrium energy spectrum of the swirling flow,
the eddy viscosity is represented by a multiple-scale turbulence
model. A basic feature of this model is the partition of energy
spectrum. This would allow the energy transfer of energetic
eddies to be modeled based on the properties of the large scale
flow characteristics, such as mean velocity gradients and
degree of swirl, while the dissipation rate is related to the
energy transfer by its own action rather than to the overall
kinetic energy.

Two transport equations are provided representing the
evolution of turbulent energy associated with the production
range of the energy spectrum £, and the transfer region of the

energy spectrum k,. To close these equations, two transport

equations for the energy transfer rate across the spectrum are
derived. The dissipation rate of the energetic eddies ¢, is in-
terpreted as the energy transfer rate from the energy-
containing eddy motion. The dissipation rate of the small ed-
dies, ¢,, is related to the energy transferred by its own action in
the high wave number region of the spectrum. The modeled
transport equations are summarized here (in cylindrical
coordinates):
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The quantity G in Egs. (1) and (3) is the production of energy-
containing eddies by the mean gradients, 7,=k,/¢,, and T,s
Tkys Oeps e, C‘,,1 , sz, C,l , and C are model coeff1c1ents
The present multiple-scale model was developed based on
the earlier version of Hanjalic et al.” and has been tested on
several free shear and confined recirculating flows.® The
details of the model development and established model coef-
ficients can be found in these two papers. Using these model
equations, the Reynolds stresses are expressed according to
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where k=k,+k, and the eddy viscosity is given by »,=
C, (k,+k;)(ky/ep) with C, =0.09.

Numerical Results and Discussion
Numerical method, grid system, and boundary conditions
used for computation are detailed in Ref. (9). The experimen-
tal work used to evaluate the turbulence model — a confined
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coaxial jet involving sudden expansion with swirl in the an-
nular jet—is by Roback and Johnson.!® The recirculation
zone shape, formed .in Roback and Johnson’s experimental
setup, is of type 3 (cf. Dixon et al.!!), i.e., combination of a
central reverse zone and an annular recirculation zone. This
shape is faithfully mimicked by the multiple-scale model, as il-
lustrated by a radial profile of mean axial velocities plotted in
Fig. 1. The “‘three cell’’ flow structure at x/D=0.21 is cor-
rectly reproduced by the multiple-scale turbulence model. It is
interesting to note that this flow structure cannot be predicted
by a more complicated non-isotropic algebraic stress model,
[cf. Ref. (6)].

Figure 2 compares radial profiles of mean tangential
velocities at two downstream locations. The k-¢ model has a
more rapid decay of the swirl component than the multiple-
scale model at the upstream location. However, both models
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Fig. 1 Axial mean velocity profiles at x/D=0.21.
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Fig. 2 Tangential mean velocity profiles at several downstream loca-
tions. Curves have the same meaning as Fig. 1.
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predict tangential velocity decay for a solid-body rotation
prematurely, while experimental data show a persistent com-
bined vortex (i.e., combination of a free and forced vortex)
profile even at the far downstream location. The discrepancies
between the calculations and measurements indicate the defi-
ciency of isotropic eddy viscosity hypothesis used in this level
of closure. This discrepancy is also shared by the non-isotropic
algebraic stress model (ASM) prediction.® As indicated by
Sloan et al.,® the failure at the downstream location probably
has to be resolved by solving the full stress transport equa-
tions, with convective and diffusive terms, rather than the ab-
breviated ASM.

More detailed comparisons, such as centerline mean veloc-
ity decay, envelope of the central recirculation zone, tur-
bulence intensities, and the sensitivity of the numerical predic-
tions to the inlet boundary conditions, have been documented
in Ref. (9). The preliminary success of this model stems from
recognizing that turbulence in swirl flows departs significantly
from spectral equlibrium conditions and that the different
energy transfer rates for energy-containing eddies and transfer
eddies should be modeled separately. However, the multiple-
scale model still adopts the isotropic eddy viscosity formula-
tion. To account for anisotropic turbulence, a full Reynolds
Stress Model needs to be used. Incorporation of the multiple-
scale turbulence model, which takes into account the non-
equilibrium spectral energy transfer rate, and a simplified
Reynolds stress model should pave a promising avenue for
numerical modeling of swirling flows.
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Analogy for Postbuckling Structural
Resistance Capability

Elie Yitzhak* and Menahem Barucht
Technion—Israel Institute of Technology, Haifa, Israel

Introduction

HE notion of static postbuckling analysis is contradic-

tory. The use of static assumption presumes that ac-
celerations and inertial forces remain inexistent during the
loading process. On the other hand, sudden changes in the
modes and rates of displacement, followed by different
dynamic effects, are to be expected when buckling is about to
occur. This contradiction makes questionable the ability of
static analysis to provide actual information on postbuckling
structural behavior. Therefore, the results usually supplied by
static postbuckling analysis (i.e. the forces vs displacements
diagrams) must be considered to be no more than estimations
of the structure’s ability to develop resistance forces when
stability disappears.

Arguments similar to those expressed here have led several
authors to inspect the possibility of performing dynamic
postbuckling analyses in place of static ones.!* The purpose
of this Note is to point out that, in addition to the structural
behavior history generally expected, it is possible to extract
from the dynamic analysis results information such as
diagrams of the structural resistance force vs displacement
that are equivalent to the static postbuckling ones. In certain
simple cases, diagrams from dynamic analyses are identical to
those from static analyses. In more complicated cases, they
will be different. Logically then, the dynamic analysis force vs
displacement diagrams must contain better information about
the structural strength capabilities. All of the existing
theorems for the behavior of diagrams of static postbuckling
analyses must also be valid for the equivalent dynamic analysis
diagrams.

Example Case of Structural Instability

As an example, the assumption noted above will be applied
to the case of the structural instability of an elastoplastic thin
spherical pressure vessel (Fig. 1). This problem has already
been treated from a classical static point of view by Durban
and Baruch.* The static behavior of such a structure is analo-
gous in many aspects to a nonstable postbuckling history
without bifurcation. It is noted that the critical point is ob-
tained on the load displacement path when the load reaches its
maximum value. (Real structures, due to their imperfections,
do not buckle generally by bifurcation and have a similar
behavior to the spherical pressure vessel of this example.)

The internal pressure p is supposed to increase as a
monotonic function of the time variable ¢,

p=at (a=const) (€8]

Two different kinds of forces act together against this
pressure: the structural resistance p, which represents the
resultant of the existing membrane stresses ¢ within the struc-
ture, and an inertia pressure q:

hy+
p=20 00 @a)
Iot+u
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