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I. Introduction

HE flows over various axisymmetric bodies such as ogive-

cylinders, hemisphere-cylinders, and prolate spheroids have
been studied numerically and experimentallyby many investigators.
An extensive literature review can be found in Ref. 1. An interest-
ing feature of the flow over axisymmetric bodies at large incidence
is the asymmetry of the mean vortical patterns of the wake. This
phenomenon has been well documented for pointed bodies such as
conical and ogive-cylinder bodies.>* Flows over such bodies are
sensitive to many parameters, such as irregularities at the nose, sur-
face roughness, body length, slenderness of the nose, angle of at-
tack, freestream turbulence,and Reynoldsnumber. Moskovitzet al?
investigated the effects of geometric perturbationson the asymmet-
ric flow past an ogive/cone cylinder. Roos and Kegelman® studied
asymmetric flows at angles of attack up to 60 deg over three generic
forebodies,namely ogive, elliptical,and chined bodies. Blunt-nosed
models are less prone to asymmetry. Forced asymmetric wake pat-
terns over blunt-nosed cylinders have been experimentally docu-
mented by Hoang and Telionis.*

In all of these efforts, steady-state flowfields with the models at
fixed angles of attack were investigated. Very little has been pub-
lished on the flowfield developmentover dynamically maneuvering
bodies. A numerical investigation was carried out by Ying et al.’
on dynamic motions of slender bodies. However, the work was not
substantiatedby experimental comparison. Stanek and Visbal® have
also calculated the flow over a pitching slender body. The reduced
pitch rates employed there were much larger than the ones consid-
ered here. Experimental efforts on pitching slenderbodies have been
confined to flow visualizations or force measurements.”~°

The purpose of the present investigation is to extend our un-
derstanding of the development of the leeward vortices over a
hemisphere-cylinder and, in particular, asymmetric leeward vor-
tices under unsteady conditions. This was accomplished by placing
a hemisphere-cylindermodel in a steady flowfield and mechanically
pitching it about its nose. The unsteady development of the wake is
studied. To induce vortex asymmetry a disturbanceis introduced on
the nose of the hemisphere-cylinder.
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II. Facilities, Instrumentation,
and Experimental Conditions

The work was conductedin the Engineering Science and Mechan-
ics (ESM) water tunnel through laser Doppler velocimetry (LDV).
The water tunnel has a 25.4 x 30.5 cm test section and can achieve
speeds up to 3 m/s at turbulence levels ranging from 0.6 to 1.5%.
Three-component LDV was employed in the water tunnel. The
system employed is a Thermal Systems, Inc. (TSI) LDV system
operating in backscatter mode with a 35 mW helium-neon laser.
An assembly of mirrors and traversing mechanisms operated by
stepping motors facilitates displacement of the measuring volume.
Measuring grids normal to the oncoming stream can thus be auto-
matically traversed. The measuring volume can be positioned on
a grid point with an accuracy of 0.1 mm through the use of two
linear variable differential transformers (LVDTs) that are integrated
in a position feedback loop. The entire data-acquisition operation
is controlled by serially communicating laboratory computers that
are programmed to operate the pitching mechanismand the travers-
ing systems, collect the information on the instantaneous angle of
attack, performthe LDV dataacquisition,reduce the data, and trans-
fer the data to a mainframe IBM 3090 for postprocessing and pre-
sentation. Detailed information on the LDV instrumentation and
data-acquisition scheme can be found in Ref. 10. The hemisphere-
cylinder model tested was provided by the Fluid Dynamics Branch
of NASA Langley Research Center. The model was machined out of
aluminum, with an overalllength of L = 14.73 cm and a diameter of
D =2.95cm.

Experiments were conducted with a fixed as well as with adynam-
ically pitching model. The dynamic motion chosen was a pitch-up
about the nose, followed by a slow return to the initial angle of at-
tack. Data were obtained at 100 time instantsduring the pitch-upand
were ensemble averaged. To decide on the number of realizations
perensemble average, we took measurementsover 50 realizationsat
representativewake locations. For each location,ensemble averages
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were then calculated by considering$5, 7, 10, 15, 25, and 50 of these
realizations, respectively. For a number of realizations of seven and
higher, the results varied by less than 3%. This was considered an
acceptableerror. The data presentedin this Note were averagedover
seven realizations. Notice that the estimated velocity measurement
uncertainty for the LDV system was 2.5%.

A triggerto the data-acquisitionhardware was provided from the
pitching mechanism. In addition, an encoder recorded the instan-
taneous angle of attack at each of the sampling time instants. The
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model was pitched up from o =15 to 30 deg. The dimensionless
pitch rate is defined as k =wD /22U, where D and U, are the
model diameter and the freestream velocity, respectively, and w is
the average angular velocity of the pitch-upmotion. The dimension-
less pitch rates tested were k; = 0.0 (steady state), k, = 1.4 x 1073,
k3=6x 1073, and k; =1 x 1072, Figure 1 presents the pitch-up
schedules. It was attempted to generate ramplike pitch-up motions.
However, some acceleration and deceleration effects were present
at the beginning and the end of the motions. The Reynolds number,
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Fig.3 Axial vorticity contours and crossflow velocity vectors along the measurement plane.
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based on freestream velocity and cylinder diameter, was around
1.2 x 10*.

Because blunt-nosed cylinders do not develop wake asymme-
tries as easily as ogive-cylinders, the asymmetry was induced by
introducing a disturbance in the form of a hemispherical bump of
diameterd, withd /D = 0.15, positionednear the nose of the model.
The effect of the disturbance position on the flow over blunt-nosed
geometries(nose finenessratio of 0.5) has been carefullyexplored.!!
In the work presented here, the disturbance was positioned at an az-
imuthal angle of 120 deg measured from the windward side of the
model and at x’/D = 0.122, with x” measured along the axis of the
model, from the model nose tip. All of the results presented here
were obtained along a plane normal to the freestream, downstream
of the model back end. The tunnel-fixed coordinate system is shown
in Fig. 2, with its origin at the center of the model base when the
model is at its initial position, i.e. « =15 deg. In this coordinate
system, the position of the measurement plane was x /D =0.5.

III. Results and Discussion

In Fig. 3 we present crossflow velocity distributions,i.e., velocity
components in the measurement plane. On the basis of these data,
the nondimensionalaxial component of the vorticity
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was calculated and presented in terms of color contours. In Eq. (1),
v and w are the velocity components along the axes y and z, re-
spectively. For the motion with k, = 1.4 x 1073, the accuracy of the
data acquired above o =24 deg was compromised because of dif-
ficulties with the experimental setup, and therefore these data are
not presented here. The uncertainty in the evaluation of the vortic-
ity was calculated from the uncertainties in the measurement of the
velocity and in the positioning of the measurement volume, by us-
ing a constant-odds combination.'> The estimated uncertainty was
4%.

Physical insight into the important flow timescales, as compared
with the timescales dictated by the reduced frequencies tested, can
be gained by recalling two-dimensional results. If one were to ne-
glectthe influence of the model ends, then the flow along a crossflow
plane, i.e., a plane normal to the axis of the model, would resem-
ble the flow over a circular-cylinder started from rest. It is well
established that unsteady separation develops at a dimensionless
time t =tU, /D of approximately 1, but a pair of vortices requires
about 10 dimensionless time units before growing to its regular
size. The time spans of the motions depicted in Fig. 1 based on the
maximum crossflow velocity are about 50, 10 and 6 dimensionless
time units for k, =1.4 x 1073, k;=6 x 1073, and k, =1 x 1072,
respectively. Therefore the motion with k, =1.4 x 10~* could be
considered practically quasi steady, whereas this is not the case for
the other two motions. As shown in Fig. 3, in steady state (k =0.0),
wake asymmetries caused by the flow disturbanceintroduced at the
nose are first manifested at « = 24 deg. In the unsteady cases with
k;=6x 1073 andky = 1 x 1072, the vortical flows are initially sym-
metric. At low angles of attack, there seems to be little deviation
between the steady- and the corresponding unsteady-flow patterns.
However, in the unsteady cases, after « = 24 deg the flow continues
developing in a symmetric fashion. The evolution toward asymme-
try is now delayed. These results are in qualitative agreement with
those of Montividaset al.,” who also observed via flow visualization
a delay in the development of the vortex asymmetry. However, for
the unsteady case with k, = 1.4 x 1073, signs of vortex asymmetry
are already exhibited, as in the steady-state case, at « =24 deg.

IV. Conclusions

In the work presented here, LDV was employed to study the dy-
namic evolution of the wake of the hemisphere-cylinderas a repre-
sentative of blunt-nosedaxisymmetricbodiesat incidence. Contrary
to pointed axisymmetricbodies, which can sustain highly asymmet-
ric wakes, no such asymmetries exist in the wake of blunt-nosed
axisymmetric bodies such as the hemisphere-cylinder.In the case
considered here, a disturbance introduced in the nose region re-
sults in significant departures from symmetry. This phenomenon
was exploited to induce asymmetric wakes and study their dynamic
evolution during a model pitch-up maneuver. Velocity data were
obtained over a fixed model at a range of angles of attack, as well
as over a model pitching dynamically from o =15 to 30 deg, at
three nondimensional pitch-up rates. The effect of nondimensional
pitching rate on the wake development was documented. The data
presented here indicate that vortex wake asymmetries are delayed
significantly if the model is pitched up dynamically at nondimen-
sional rates higher than roughly the rate correspondingto a motion
period equal to the time required for the leeward vortices to develop
downstream of a two-dimensional circular cylinderin flow starting
from rest.
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