D v

NASA-CR-194420 /L (L

JOINT INSTITUTE FOR AERONAUTICS AND ACOUSTICS

National Aeronautics and
Space Administration

Ames Research Center

JIAA TR - 110

Three-Dimensional Structure of Straight
and Curved Plane Wakes

By

James H. Weygandt and Rabindra D. Mehta

Stanford University
Department of Aeronautics and Astronautics
Stanford, CA 94305

September 1993

(NASA-CR=-194420) THREE-DIMENSIONAL N94-13266
STRUCTURE OF STRATIGHT AND CURVED

PLANE WAKFS (Stanford Univ.)

339 p Unclas

G3/02 0186127






ACKNOWLEDGMENTS

The research work upon which the present study is based was supported by
and conducted in the Fluid Mechanics Laboratory at the NASA-Ames Research
Center (Grant N CC-2-55). We are indebted to the Chief of the Fluid Mechanics
Laboratory Branch (RFR), Dr. Sanford S. Davis, for his continued support and
interest and generously deploying the resources of the Branch to aid the present
research work. We are also grateful to Professor Leonard Roberts for his interest
and support during the course of this work.

Considerable help has been provided by the technical support staff at NASA-
Ames, particularly Manny Irizarry, David Yaste, and Jose Espina of the RFR
Branch, Joseph Andes (Digital Equipment Corporation), Gordon Goodfellow and
Chris Boswell (Sterling Software), and Fred Lemos of the Model and Instrument
Machining (ETM) Branch.

We have benefited from stimulating discussions with our colleagues at NASA
Ames, especially James Bell, Michael Plesniak, Richard LeBoeuf, James Chow,
Blair McLachlan, Gregory Zilliac, Jon Watmuff, Lyndell King, Michael Rogers,
and Robert Moser. We are particularly grateful to James Bell, whose familiarity
with the the subject of free-shear flows and the experimental apparatus provided
significant contributions to the present work.

We greatly appreciate the time and effort of Professors Peter Bradshaw and
James Johnston, whose critical reviews of earlier drafts of this report have been of

great help in preparing the final product.






ABSTRACT

Although the plane wake is marked by the formation of strong spanwise
vortices, the initially two-dimensional Karman-like vortices soon develop a three-
dimensional structure in the form of secondary streamwise vortices. So far, this
streamwise vortex structure has been studied mostly through flow visualization and
at relatively low Reynolds numbers. The primary objective of the present program
was to investigate the origin and evolution of the three-dimensional structure of
straight and curved plane wakes at relatively high Reynolds numbers (Re; = 28,000)
through detailed measurements of the mean and turbulent properties at several
streamwise locations.

The experiments were conducted in three phases. In the first phase, the
development of a straight plane wake was investigated. In the second phase, the
effects of imposed streamwise curvature on the wake development were examined.
The streamwise curvature was of constant radius and very mild in terms of the
curvature ratio (b/R < 2%). In both the first and second phases, the role of initial
conditions was examined in wakes generated from both untripped (laminar) and
tripped (turbulent) initial boundary layers. In the third phase, the effects of in-
Jecting streamwise vorticity and the effects of increased Reynolds number on the
tripped wake structure and development were investigated.

In the straight untripped wake. large-scale spanwise variations were observed.
This spanwise variation manifested itself in the form of “pinches” and “crests” in
the contours of mean velocity and Reynolds stresses. Well-organized spatially-
stationary streamwise vorticity was generated in the near-field region in the form of
quadrupoles, to which the relatively large spanwise variations in the mean velocity
and Reynolds stress distributions were attributed. The mean streamwise vorticity
decayed on both sides of the wake at approximately the same rate and appeared
to have fully decayed by the far-wake. Despite the decay of the mean streamwise
vorticity, the large-scale spanwise variations persisted into the far-wake. The effects
of tripping the initial boundary layers in the straight tripped case was to remove

the large-scale spanwise variation which resulted in the contours of mean velocity
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and Reynolds stresses appearing nominally two-dimensional. The two-dimensional
appearance was a consequence of spatially-stationary streamwise vortices not being
generated in this case, although this does not preclude the generation of temporally-
variant streamwise vorticity.

The curved wake cases were affected by the angular momentum instability
such that the inside half of the wake was unstable, whereas the outside half was
stable. With the initial boundary layers laminar, the curved case exhibited spanwise
variations, which were qualitatively similar to those seen in the straight case. Al-
though the mean streamwise vorticity on both sides (stable and unstable) decayed
with streamwise distance, the rate of decay on the unstable side was considerably
lower than that in the straight case, while that on the stable side was higher. As in
the straight cases, with the initial boundary layers turbulent, spatially-stationary
streamwise vorticity was not observed. The curvature affected the wake growth and
defect-decay rates, but in different ways for each of the two initial conditions. The
effects of curvature were also apparent in the Reynolds stress results, especially in
the primary shear stress distributions, which showed that the levels on the unstable
side were increased significantly compared to those on the stable side with the effect
much stronger in the initially laminar wake.

The effects of Reynolds number were examined on the curved tripped wake
only. The increase in Reynolds number (from 28,()00 to 41,000) did not alter
the mean properties of the wake and had no significant effect on the normalized
Reynolds stresses. The effects of injecting a single array of streamwise vortices
in the straight wake developing from tripped initial boundary layers were to pro-
duce large-scale, regular spanwise variations in the near-wake. Although the mean
streamwise vorticity decayed relatively rapidly, the wake growth rate and Reynolds
stress levels in the far-field region were reduced significantly.

The two-dimensional structure of the wake is qualitatively similar to that of
the mixing layer, in that it also consists of spanwise rollers connected by braids. It
is therefore expected that the same type of instability mechanisms as in the mixing

layer are responsible for the generation of the three-dimensionality. The instability
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