Scaling of streamwise vortices in wakes
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In this Letter, we demonstrate the coexistence of two distinct systems of streamwise vortices in a
bluff body wake. It appears that there exist conditions to amplify streamwise vorticity in bluff body
wakes, by vortex stretching, in both the separating shear layers from the sides of the body and also
iin the vortex street wake. The length scale governing the streamwise vortices in the shear layer has
a 1/JRe dependence, whereas the scale of such structures in the wake is independent of Reynolds
number, Re (over a large range of Re). The proposition that there should exist two distinct, and
possibly disparate, spanwise length scales in the cylinder wake is well supported by compiled
measurements, particularly those of Williams and co-workers (Mansy er al. [J. Fluid Mech. 270, 277
(1994)]), as well as those from Chyu and Rockwell (submitted to J. Fluid Mech.). © /995

American Institute of Physics.

There has recently been a surge of activity regarding
bluff body wakes, which has been fueled by the present ca-
pacity to compute by direct numerical simulation the wake of
a body, as well as to determine experimentally the structure
of wakes using cutting-edge techniques such as Particle-
Image-Velocimetry (PIV) and the scanning laser anemom-
etry technique of Williams and co-workers.!? It is the emer-
gence of these computational and experimental techniques
that has partly triggered the present paper.

For Reynolds numbers above the “laminar regime” (Re
>180), it was shown by Hama® that the shedding primary
“Karmdan” vortices behind a cylinder exhibited a small-scale
spanwise waviness, which Gerrard* later described as “fin-
gers of dye.” These structures were shown by Williamson>~’
to be manifestations of streamwise vortices, amplified by
vortex stretching in the “braid” regions between primary
Kérman vortices, closely similar to those streamwise vortices
studied in mixing layers (Bernal and Roshko;® Corcos and
Lin%), and in unseparated wakes (Meiburg and Lasheras'®).
In the transition regime of vortex shedding, extending over a
range Re=180-260, it was shown (Williamson®~7) that there
exist two discontinuous changes in the wake formation as
one increases Re through this range, each stage being asso-
ciated with a distinct spanwise length scale of the streamwise
vortex structure. In the range Re=180-245, one observes
predominantly the formation of vortex loops during wake
formation, with a spanwise wavelength of around three di-
ameters, in what has become known as ““mode A” shedding.
For Re>245, the predominant structures are finer-scale
streamwise vortex pairs with a spanwise length scale of
closer to one diameter, in what is known as “mode B”” shed-
ding. These vortex pairs are clearly seen in the visualization
of Fig. 1, taken using laser-induced fluorescence in our XY
Towing Tank. Both of the modes A and B, with their distinct

spanwise wavelengths, have recently been computed clearly -

in direct numerical simulation by Thompson ez al.'!

Phys. Fluids 7 (10), October 1995

1070-6631/95/7(10)/2307/3/$6.00

Although the spanwise wavelengths associated with the
above shedding modes were measured in Williamson,® and
included later in Fig. 2, it can be seen that such measure-
ments were coarse. The recent use of new techniques of PIV
(Wu et al.;[2 Lin and Rockwe:ll;13 Lin et al. 14) and scanning-
laser anemometry. (introduced to this flow by Williams and
Economou”) now allow us to measure much more accurately
the spanwise length scales. In fact, it is the extension of such
measurements up into the Reynolds number range of order
10*, that has triggered the suggestions in Williamson'® and
Wu et al.'® that one should find more than one distinct span-
wise length scale for the streamwise vortices, depending on
the downstream location where a measurement is made. The
suggestions and evidence for the existence of these two span-
wise length scales at moderate Re forms the basis of the
present paper.

In this Letter, we should briefly outline a central mecha-
nism to generate and amplify such vortices. Wei and Smith!’
hypothesized that the streamwise vortices are produced by
distortion of shear layer vortices, which form out of an in-
stability of the separating shear layers from the sides of the
body. It was alternatively shown in Williamson>® that the
streamwise vortices in a cylinder wake originate from vortic-
ity stretching in the “braid” region lying between primary
Karman vortices. The principal point that we make in this
paper is that the conditions for such streamwise vortex gen-
eration can exist both in the vortex street wake and also in
the separating and unstable shear layers coming from the
sides of the body.

We may expect one length scale based on the three-
dimensional (3-D) instability of the Karman vortices, which,
judging by existing measurements (see Fig. 2, in particular,
the measurements of Williams and co-workers! for x/D = 10)
and the relatively small changes in the.character of vortex
shedding over g surprisingly large range of Re, would have a
spanwise wavelength Azx of around 1D or #h\g, where
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FIG. 1. Streamwise vortex pairs in the cylinder wake, Re=300. The vortex
pair structure is clearly shown from this laser-induced fluorescence visual-
ization in a plane close to the wake centerplane, taken from our XY Towing
Tank facility. The streamwise vortex pairs, which actually reside (and are
stretched) in the “braid” region between primary Karman vortices (verti-
cally oriented but not seen in this image), pass through the light sheet plane
at an angle of around 45°. The flow is from left to right. The vertical body
surface is seen to the left.

Ag=streamwise wavelength of the Karmin vortices. (We
may note that we are not discussing the mode A three-
dimensional instability of Williamson,® since the latter mode
is only observed at Re close to incipient wake transition, in
the range Re=190-245.) One may surmise that such a wave-
length scales on the dimensions of the primary (turbulent)
vortex street, yet is independent of Reynolds numbers, based
on a similar independence of streamwise vortex scale discov-
ered from turbulent mixing layer studies by Bernal and
Roshko.® It would appear that in both of these flows, the
streamwise vortex spacing would scale on the thickness of
the *“braid” vorticity, which, it is suggested, varies only little
with Reynolds number.

We may expect a second length scale from the 3-D in-
stability of the shear layer vortices. It has long been known,
since the work of Schiller and Linke in 1933,18 that the shear
layers separating from: the sides of a cylinder become turbu-
lent at sufficiently high Reynolds numbers. However, it was
not until Bloor'® that the frequency of the shear layer insta-
bility waves were detected. She demonstrated that the shear
layer instability frequency scaled approximately with JRe,
by considering the thickness and velocity of the separating
lJaminar boundary layer. One would expect the shear layer
frequency fg to scale on a velocity near separation Uggp,
and on a dimension that we take to be the shear layer mo-
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FIG. 2. Two spanwise length scales shown from a plot of normalized span-
wise wavelength (\/D) versus Reynolds number (Re). Curve (a) represents
the streamwise vortex scale in the wake, which is reasonably independent of
Re. Curve (b) represents the streamwise vortex scale generated in the sepa-
rating shear layers from the sides of the body. Their curve represents the
relation: A,/ D~22/{Re, which is close to the predicted spanwise scale based
on the separating shear layer. The data near A and B represent those shed-
ding modes found from Williamson.>-"

mentum thickness 6y . This is consistent with the work of
Michalke,zo who showed that

Fs1.=0.017Usgp/bg.. (1

The momentum thickness is expected to scale on the thick-
ness of the laminar boundary layer at separation, which
Bloor suggested would vary as

61 \vD/U., 2

(where D=cylinder diameter, U,=free-stream velocity;
v=kinematic viscosity). Over a large range of Reynolds
number, a rough estimate for the separation velocity may be
given by Uggp/U.,=J1—Cpb=constant (roughly 1.4), where
Cpb is the base pressure coefficient. If we estimate the Strou-
hal number to be roughly constant over this range of Re,
such that the Kéarman vortex shedding frequency
JFx*(Ux/D), then the above equations give

Fsulfg*VRe, (3)

as first considered by Bloor, and confirmed by her measure-
ments, for Re>1300. A typical relationship from Kourta
et al®! and Braza er al.?? gives

fsi/fx=0.095Re. (4)
The streamwise wavelength of the shear layer vortices is
given by

AsL=1/2Usgp/fs G

which can be combined with (4), and an estimate for the
Strouhal number S=fg D/U,=0.2 over a large range of
Reynolds number, to give

As./D~37/\Re. : (6)

Based now on the results of Bernal and Roshko,® one might
expect a spanwise wavelength A ¢ of around #\g; . In sum-
mary, one might expect the following distinct spanwise
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scales (given that an estimate of primary vortex street wave-
length, Ax~5D):
(a) Streamwise vortices in separating shéar layer:

)\.ZSL/D“"ZS/\]RC or )\'ZSL/)\KNS/‘/RB; (7)
(b) streamwise vortices in wake:
)\.ZK/D""I or )\ZK/)\KN:é_' (8)

Some spanwise length scale measurements are compiled
in Fig. 2. It can be seen clearly that the data support the
proposition of two distinct scales. This is particularly evident
from the data made using the laser scanning anemometer
technique developed by Williams and co-workers (data from
Mansy et al.!), which admitted some spatial averaging. It
appears more precise than the data of Williamson® or Wu
et al.,lé'23 who used simple counting of streamwise struc-
tures. The measurements of Mansy er al. show a spanwise
length scale of around 1-1.3D if a measurement is made
beyond x/D =10, which is the scale based on the vortex
street wake. Interestingly, a smaller length scale is measured
upstream at x/D=3, which can be shown to have the ap-
proximate relation {using a least-squares fit to their data
points) :

Az/D~22/Re. )

(In their paper, Mansy eral.! had already proposed from
their own curve fit, the relation \,/D~20/yRe.) Their up-
stream measurement, represented here by Eq. (9), is.close to
the estimate made in Eq. (7) above, suggesting that this
streamwise structure scales on the separating shear layer. The
above results, plotted in Fig. 2, appear to support well the
concept that two distinct spanwise length scales exist in the
cylinder wake.

Mention should be made of the ongoing work of Rock-
well and co-workers at Lehigh University, who have devel-
oped a digital PIV technique, and are carefully studying
wake vorticity. Chyu and Rockwell®* have found that span-
wise scales of between 0.85-1.07D are measured at Re
=5000 and 10000, and the average of these values have
been plotted in Fig. 2, lending strong support to the existence
of a Reynolds-number-independent streamwise vortex scale
for the vortices generated in the wake. Their study also finds
the existence of smaller scales right near the body, and sug-
gests, in good accordance with the present conclusions, that
different length scales could be associated with vortex
stretching in the shear layers and in the wake.

In conclusion, it appears that there exist conditions to
amplify streamwise vorticity in bluff body wakes by vortex
stretching in both the separating shear layers from the sides
of the body and also in the vortex street wake. The length
scale governing the streamwise vortices in the shear layer
has a 1/yRe dependence, whereas the scale of such structures
in the wake is independent of Re, both of these conclusions
being based on previous work in mixing layers. The propo-
sition that there should exist two distinct, and possibly dis-
parate, spanwise length scales in the cylinder wake is well
supported by measurements, particularly those of David Wil-
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liams and co’—workers,1 as well as those from Donald Rock-
well’s research group (Chyu and Rockwell?4).
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