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Visualization of the space-time impulse response of the subcritical wake of a cylinder
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The well-known Beard—von Kaman cylinder wake is one of the most challenging phenomena of fluid
mechanics. As the Reynolds number of the flow around a cylinder passes through a critical value, alternating
vortex shedding appears via a Hopf bifurcation. Theoretical studies of the wake have described the appearance
of this self-sustained oscillation as the result of a convective to absolute transition resulting in the formation of
a global mode. We illustrate here the convective global regime of the subcritical wake by analyzing visual-
izations of its impulse response.

PACS numbgs): 47.20-k, 47.27.Vf

Since the seminal work of Beard at the beginning of the tive type of instability were revisited and expressed in terms
century[1], the alternate vortex shedding of the wake of aof propagating front velocitiegl8,19. These essential prop-
cylinder has continually attracted fluid dynamicists. Manyerties of wake behavior are usually illustrated by space-time
impressive visualizations have been obtained in wind or wadiagrams showing the advection and diffusion of a wave
ter tunnels and have appeared in many publicati@g., packef11]. The goal of this work is to present an illustration
[2]). But complete understanding of the instability which of the impulse response of the cylinder wake in the convec-
causes growth and shedding of the vortex street is still notive regime of the global instability, that is, below the vortex
complete. One of the oldest analyses was performed by voshedding threshold, which is around-R47 for a sufficiently
Karman [3], who described the cylinder wake by a double long cylinder. The study of the impulse response of the sub-
row of point vortices. This approach was continued by Kidacritical wake is a classical procedure for analyzing the criti-
[4], but more significant progress was in fact obtained bycal slowing down near the Hopf bifurcatig20-23, but to
linear stability analyses of the wak®,6]. The appearance of our knowledge, this is the first time that it is the subject of an
self-sustained oscillations was finally interpreted by meangxperimental spatiotemporal analysis.
of results originally obtained in plasma phys[@s8]. In this Our experiment was realized in a vertical water tunnel
context, it was possible to establish the link between localvith a 200 mm side square section. The stainless steel cyl-
linear analysis of velocity profile®] and global oscillating inder has a diameter of 2 mm and is fixed rigidly through a
modes of wakef10,11]. Contrary to two-dimensional analy- groove in the wall of the tunnel on a displacement system in
ses that use linearized Navier-Stokes equations to determirseich a way that its free end is very clodg10 mm) to the
the criteria of stability of 2D flow$12], local analyses make opposite window. Therefore, the effective length of the cyl-
the assumption of locally parallel flows in the streamwiseinder is 200 mm and we emphasize that no end plates have
direction. At each streamwise position, a linear stabilitybeen used in order to control parallel vortex sheddi?4j.
analysis is used to determine the local nature of the instabifhe wakes were visualized by a white silicon emulsion
ity. The flow is then said to be absolutely unstable if its (Rhodorsi), which can be gently emitted through a 0.05 mm
impulse response grows in time at the considered locatiordiameter hole, drilled at midlength in the rear face of the
and convectively unstable if the impulse response growsylinder. The Reynolds number Re of the wake, based on the
while propagating downstream. In other words, the instabil-diameter of the cylinder, is adjusted by controlling the flow
ity is absolute if the mode with a null group velocityersus  rate in the tunnel. The visualizations presented in Fig. 1 are
the cylindej has a positive growth rate. These concepts leadbtained for a Reynolds number R85 (corresponding to a
also to the definition of criteria for the frequency selection ofvelocity of 17.5 mm/s which is less than the global mode
the global modd13]. Using the Orr-Sommerfeld equation, threshold. Despite the fact that we study a streak-line defor-
Monkewitz showed 10] that, above a threshol@Reynolds mation and not the velocity field, we will see that no locally
number Rg=25), there is a region of absolute instability absolutely unstable behavior is detected in the wake, al-
downstream from the cylinder which needs to be largethough the excitation is done in a regime and in a region of
enough for the instability to become global. These resultshe wake where the dynamics is absolutely unstabg.
have then been further analyzed in the framework of the When the flow is not perturbed, the streak line is a straight
complex Ginzburg-Landau equation by Chonetzal. [14]  vertical line except in the recirculation eddies just down-
and Le Dizes et al. [15] and verified by Hammond and Re- stream of the cylinder. But, as soon as the cylinder is very
dekopp in direct numerical simulations of wake-shear layerslightly displaced in a single back and forth rapid motion of
[16]. More recently, a nonlinear extension was obtaified,  a tenth of a millimeter, a wave packet is generated and ad-
and the criteria that distinguish the absolute from the convecvected downstream. The series of photographs presented in
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FIG. 1. Visualization of the spatiotemporal impulse response of the cylinder wake3'®ReThere is a time lapdeertical axis between
each photograph of around 3 sec.

Fig. 1 shows the deformation of the white streak line causediumerical simulation results presented 4¥]. In particular,

by the evolution of this wave packet. As can be seen, the dyealthough the amplitude of the streak-line deformation is ob-
filament presents first a slight undulation in the near wake&sously linked to the amplitude of the velocity fluctuations, a
and finally is rolled up by the flow. For a very small pertur- gjrect relation between these two fields is far from being

batilotn(lesstjthan on:e—tt_anth ofa ”(‘ji”zng’et"r’]".e cal? realli:ze ?h' established. However, the analysis of the pattern determines
real-ime video analysis, unimpeded by this roll-up. For this, shedding frequency=0.75 Hz, which corresponds to a

purpose, an analog device was built in order to record d|—St hal b | t0 0.08. The ph loci I
rectly the shape of the dye strefR5]. The output analog rounal number close to 0.08. The phase velocity evolves

signal is composed of a succession of dye filament profiled’M 13 mm/s near the cylinder to 16 mn&0% of the fluid
These profiles, each consisting of 256 data points in the lonvelocity) in the far wake. This feature generates a very slight
gitudinal X direction, corresponding to a total length of 18.2 curvature of the isophase lines, as can be observed in Fig. 3.
cm, are recorded by a microcomputer by a standard acquisiWe remark also that no waves are generated at the leading
tion chain. One of these profiles is given in Fig. 2, where itedge of the wave packet, as observed in the numerical simu-
can be noted that the dye filament deformation wave growsation of Delbende and Chom47], in the case of a non-
linearly with space and where the wavelength evolves frontgonfined wake.

18 mm near the cylinder to 21 mm in the far wake. By piling

up these successive profiles, space-time diagrams can be eas-

ily constructed. Figure 3 shows such a diagram representing \ye are grateful to S. Le Dizefor stimulating discussions
the _evolutlon of the wave packet for a series of video images 4 1o A. Morand for the photographic work.

having a total duration of 24 sec. The gray level represents
the amplitudeA(X,t) of the dye deformation. The convec-
tive nature of the wake is made clearly. As the Reynolds
number approaches the global instability threshold, this rear —
front would be expected to propagate more slo(ity angle LOLN
with the vertical time axis will be smallerWhen reaching B
the Benard—von Kaman instability threshold, the phase ve-
locity of this edge should then vanish. We emphasize that the
recorded pattern is relative to the deformation of the streak 201
line and not to the velocity field directly, in contrast to the N
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FIG. 3. Space-time diagram(X,t) of the dye streak pattern of
FIG. 2. Dye streak profile at time=14.5 s. Re=35. The am-  the impulse response of the cylinder wake.=R85. Time is in
plitude A of the dye filament deformation is in arbitrary units. seconds.
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