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all along the manipulated area, would be representative of the rib
geometry for given test conditions. The explored Mach numbers
and stagnation pressure ranges allowed variations of the 4], pa-
rameter from 2 to 31.

Computations based on the integral method showed that the
friction contribution of the manipulated area was almost indepen-
dent of the freestream conditions and equal to 65% of the total
drag of the model. The variations of the friction drag coefficient of
the manipulated area are plotted vs A}, in Fig. 3, taken from Walsh
and Anders.’ Such a representation allows us to gather together the
results; even though some scatter is observed; the latter is not due
to the Mach number but could be attributed to the extreme sensi-
tivity of drag decreases to cross section uniformity, surface fini-
tion, etc.

Hence, these supersonic results are compared with Gaudet's data
and both the low-speed film data and the fit of transonic data. It
should be noted that for 4;, < 20, drag decreases are obtained
while increases are recorded for higher values; maximum friction
drag reductions occur for 4, close to 10. The drag reducing bene-
fits are comparable to those recorded earlier by several investiga-
tors at different speeds. Thus, our supersonic data fit perfectly with
the other data, provided that the rib height is scaled with the vari-
ables taken at the wall.
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Introduction

ORTEX breakdown is an intriguing phenomenon that has

been observed both on delta wings and in tubes. Compared
with the internal flows in tubes, the major difference of the lead-
ing-edge vortex over a delta wing is the continuous feeding of vor-
ticity from the leading edge. In the early studies of vortex break-
down over steady delta wings, flow visualization was used
extensively to observe the effects of geometric parameters such as
angle of attack, sweep, and yaw angle.!” For a summary of obser-
vations and related interpretations, the reader is referred to the
reviews of Wedemeyer,? Lee and Ho,* and Rockwell.’ The obser-
vations in tube experiments and different explanations of the phe-
nomena based on instability, wave propagation, and flow stagna-
tion are summarized in several review articles.*?

The observations over steady delta wings and in tubes showed
that there are two important parameters affecting vortex break-
down location: swirl angle [¢ = tan~'(v/u), where v and u are the
swirl and axial components of velocity, respectively] and external
pressure gradient outside the vortex core. An increase in the swirl
angle or in the magnitude of adverse pressure gradient causes the
breakdown location to move upstream. For a leading-edge vortex,
the swirl angle is related to the wing geometry such as angle of
attack and sweep angle. It was shown that an increase in angle of
attack or aspect ratio corresponds to an increase in swirl angle.?
The streamwise pressure gradient on the suction surface of the
wing is an adverse one due to the existence of a trailing edge, and
its magnitude depends on angle of attack and sweep angle. For
unsteady wings, both the swirl angle and the pressure gradient are
expected to vary in time during a maneuver.

In this study, vortex breakdown characteristics over stationary
delta wings in an unsteady freestream were investigated. Break-
down may occur over the wing with increasing unsteadiness even
when no breakdown is observed over the wing in steady
freestream at the same angle of attack. Experiments were con-
ducted on two delta wings (aspect ratio A = 1 and 2). The charac-
teristics of breakdown and its time-dependent behavior were
documented by flow visualization and laser Doppler anemometer
(LDA) measurements.

Experimental Facility

Experiments were conducted in a vertical unsteady water chan-
nel with a cross-sectional area of 45.7 X 45.7 cm. The freestream
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velocity control was achieved by a rotating gate located down-
stream of the test section. The principle and the process of control-
ling the freestream velocity are explained in detail elsewhere.’
Amplitude and frequency of the freestream speed can be varied
over a wide range. The accelerating or decelerating freestream can
also be obtained in this facility. For the periodic unsteady
freestream, the velocity can be represented in the form of

U/U,=1+Rcoswt = 1+R cos2nt/T (1)

where U, is the time-averaged velocity, R is the dimensionless
amplitude (R < 1), and o = 27/T is the radial frequency.

The velocity field was measured with a two-component laser
Doppler anemometer operated in the forward-scattering mode. The
optical system was equipped with a beam expander, a 310-mm
focusing lens, and a Bragg cell for frequency shifting. The nominal
measuring volume was estimated to be about 0.1 mm in diameter
and 1 mm in length. Velocity measurements across the vortex core
were made with a spacing as small as Ay = 1| mm. These measure-
ments were repeated at different streamwise locations spaced as Ax
=1 cm (Ax/c = 0.036), covering a domain roughly a half-chord
length from the trailing edge. The ensemble-averaging technique
was applied to the signals to extract deterministic parts.

Different delta wings were used for flow visualization and LDA
measurements. For flow visualization, the chord lengths were ¢ =
20 cm for A =1 and ¢ = 17 c¢m for A = 2. The blockage ratio was
0.044 at the maximum angle of attack o = 40 deg. For LDA mea-
surements, a wing with aspect ratio A = 1 and ¢ = 28 cm was used.
At the maximum angle of attack of o = 28 deg, the blockage ratio
was 0.04. The leading edges of the wings were beveled with a 30-
deg angle. The Reynolds number was in the range of 3 X 10* to 6
X 10* for all wings. The freestream turbulence level was about
0.5%. Additional information on experimental techniques can be
found in Ref. 10.

Results

The global feature of the vortex breakdown phenomenon in the
time-varying freestream was first examined by the flow visualiza-
tion technique. For a constant value of the reduced frequency & =
wc/2U,, and the amplitude R, the variation of the vortex break-
down position depends on the aspect ratio and angle of attack of
the wing (Fig. 1). At a small angle of attack, the vortex breakdown
takes place near the trailing edge and moves upstream with an
increasing angle of attack. The breakdown position does not
change very much during the cycle of freestream velocity variation
at a large angle of attack. However, the variations of the vortex
breakdown location are fairly large at a small angle of attack.
Especially, at a certain phase (#/T = 0.85), the vortex breakdown
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Fig. 1 Variation of vortex breakdown position for sinusoidal free-
stream variations (k¥ = 0.93, R = 0.42).
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suddenly occurs at an upstream location, and then it moves down-
stream with a convection velocity U, = 0.2U...

The detailed velocity field was measured by LDA for a delta
wing with an aspect ratio of unity, A = 1. Measurements of veloc-
ity components parallel and normal to the wing surface were taken
in the plane containing the vortex core axis (see the insert in Fig.
2). Since the measurements were taken along a traverse line paral-
lel to the trailing edge (which is not perpendicular to the vortex
axis), the velocity components approximately correspond to the
axial and swirl velocities across the vortex core. From phase-aver-
aged measurements taken at different streamwise stations, the
velocity field along the vortex core was constructed and presented
in Fig. 2 for o = 15 deg. (The origin of the coordinate system is
located at the trailing edge). When vortex breakdown occurs over
the wing, the axial velocity distribution (normalized by U..) shows
an abrupt transition from a jetlike to a wakelike profile at the
breakdown location. During the deceleration (0 < ¢/T < 0.5), the
breakdown moves downstream. After the breakdown leaves the
wing, a jetlike velocity profile is observed everywhere. The accel-
eration starts at /T = 0.5; however, as the freestream increases,
there is not a corresponding increase in the axial velocity inside the
vortex core. Around #T = 0.75, the velocity inside the vortex core
starts to decrease as the velocity outside the core increases with the
freestream. A very interesting feature is observed at #/T = 0.875:
the velocity is almost uniform everywhere on the wing. After this
moment, a wakelike profile is observed from the midchord to the
trailing edge. The same phenomenon was observed when the angle
of attack is 28 deg (see Ref. 10).

Based on the measured axial and swirl velocity components, the
swirl angle can be calculated at each location at every instant. The
variation of swirl angle with the distance from the vortex axis was
given in detail in Ref. 10. The swirl angle is zero at the center of
the vortex core and reaches a maximum at the edge of the subcore;
the subcore being the region where most of the streamwise vortic-
ity is confined. The maximum swirl angle does not change much
before and after the breakdown. When the maximum swirl angle is
plotted as a function of the streamwise distance and time (Fig. 3),
this quantity remains constant. The solid line in the x- plane
denotes the movement of the breakdown. At any point downstream
of the solid line, a wakelike velocity profile exists. In the shaded
time interval, the transition from a jetlike to a wakelike profile
takes place. It is concluded that the maximum swirl angle is not
correlated with the movement of the vortex breakdown. This sug-
gests that the time-dependent character of the breakdown must be
due to other dynamic features.

Hall® suggested that vortex breakdown occurs as a result of an
adverse pressure gradient along the vortex axis, which leads to a
stagnation point. With the assumption of quasicylindrical flow
(which is a reasonable approximation before the breakdown),
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Fig. 3 Variation of maximum swirl angle as a function of streamwise
distance and time: o = 28 deg,A =1,k=1.27,R = 0.42.
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Fig.4  Path for circulation measurements and variation of dimension-
less circulation as a function of streamwise distance and time: o = 28
deg,A=1,k=127,R = 0.42.

In this equation, x is the streamwise distance, # is the radius mea-
sured from the center of the vortex, and R is the edge of the vortex
where the external boundary conditions exist. The first term is the
external pressure gradient, and second term is the contribution due
to the swirl component. The latter is related to the swirl angle,
which confirms the observations in steady freestream that an
increase in swirl angle (due to an increase in angle of attack or
aspect ratio) causes an earlier breakdown. The present experiments
in unsteady freestream show that the maximum swirl angle is not
correlated with the movement of the vortex breakdown. It is obvi-
ous that the variation of the external pressure gradient should be
responsible for the dynamic character of the vortex breakdown.

Since dramatic changes take place in the core during the break-
down, its effect on global quantities such as circulation is of pri-
mary interest. For this reason, circulation measurements were car-
ried out at each streamwise location (Fig. 4). The dimensionless
circulation I'/U..c is shown as a function of streamwise distance
and time at the bottom of Fig. 4. The circulation seems to be vary-
ing in harmony with the freestream at any x station. It is also an
approximately linear function of streamwise distance, except in a
region very close to the trailing edge. The circulation in a conical
flowfield would also give a linear variation. It is concluded that the
variation of circulation is not influenced by the breakdown. This is
in agreement with the results obtained for the leading-edge vortex
over a steady delta wing.!’

Conclusions

In this study, the vortex breakdown phenomenon was investi-
gated on a stationary delta wing submerged in an unsteady
freestream. Large variations in breakdown location were observed
when vortex bursting occurred near the trailing edge. At a certain
phase during the acceleration of freestream (/7 ~ 0.85), the vortex
breakdown suddenly occurs at an upstream location regardless of
the angle of attack and the aspect ratio. Around that moment, the
axial velocity profile is almost uniform everywhere. After this
instant, a wakelike velocity profile is observed.

The maximum swirl angle is almost constant and not correlated
with the variations of the vortex breakdown location. This result
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suggests that the external pressure gradient might be the cause of
the time-dependent nature of the bursting phenomenon.

The circulation around the leading-edge vortex was measured
along the vortex axis during the whole cycle. The value of the cir-
culation increases linearly with the distance from the apex and fol-
lows the pattern of the variation of the freestream velocity. These
variations do not depend on whéther the vortex bursting takes
place or not. In other words, the vorticity shedding from the lead-
ing edge is not affected by the breakdown.
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Introduction
ANOCRYSTALLINE materials (NCMs) by definition are
single or multiphase polycrystals with a crystal size on the

order of 1-10 nm. NCMs seem to permit the alloying of compo-
nents, which results in alloys with properties attractive to the aero-
space industry. The research around nanocrystals adds a few more
difficulties. There is a smaller size and very random arrangement
of atoms. Such uncontrollable characteristics are related to the vis-
cosity model by Herring.! In aerospace research much time has
been spent on changing the shape of crystals by moving atoms
around by diffusion. This research has revolved around polycrys-
talline creep and specifically the work model by Coble.?

The focus of this paper is to improve the creep model accepted
today along with its diffusivity parameters. By using both the
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Coble and Herring models and Coffey’s assumptions® for grain
boundary sources and by adjusting the vacancy concentration gra-
dient, one can derive a more accurate nanocrystalline creep equa-
tion.

Background
The diffusional creep was shown by Herring' to result from a
change in equilibrium stress-vacancy concentration. The change in
vacancy concentrations is

AC = C,0Q [kT (1

where C, is defined as the equilibrium vacancy concentration at
temperature 7 in a stress-free crystal; o is the normal to the bound-
ary local stress; & is constant at temperature T; and Q is the vacancy
volume (usually denoted as Q = aé ).

In tensile tests by Nieman et al.,* when comparisons between
nanocrystalline lead (Pb) and coarse grained Pb were made, the
former exhibited an increase in hardness and a significant flaw size
sensitivity. Once uniaxial tensile stress is applied, the maximum
change in vacancy concentration AC occurs on boundaries perpen-
dicular to the applied stress. When boundaries are parallel to stress
then the equilibrium vacancy concentration is C,,.

Coble, making some assumptions about the vacancy source on a
spherical surface, introduced the boundary diffusion creep rate as

é =150 sD,WQNGS)* kT 2)

where D, is the boundary diffusion coefficient, W is the boundary
width, and GS is the average grain size. The grain size dependence
and the numerical constant differ from Herring’s assumptions.

Possibilities for crystal size enhancement were shown by
Birringer’ where grain boundary diffusivity D for a 8-nm crystal
was enhanced by a factor of 10'” when compared with the lattice
diffusion. Such enhancement may be the result of low impurity
concentration in the nanocrystalline boundaries as opposed to that
of common polycrystals; it could also be rapid diffusion that
moves along the connected boundary triple junctions. The earlier
enhancement could be the result of the different boundary struc-
tures than those of polycrystals.

In the grain’s geometry, two restrictions apply. The stress distri-
bution must vary continuously, and the nanocrystalline matrix
must continue to expand. As shown in Fig. 1, the atoms relax from
the ideal lattice sites given by a hard-sphere model.’ The relaxation

Fig. 1 Nanocrystalline cross section. Different interatomic spacings
are shown with arrows.
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Fig. 2 Boundary interface between slightly tilted crystal grains with
primitive lattice structure. The string of impurity is perpendicular to
the plane of the figure.



