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FIG. 3. Root-mean square af, atx=18.85.
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FIG. 2. Bubble-laden flow: vortical structures tat60. FIG. 4. Wall streaks: contours of the instantanedusg0) streamwise fluid
velocity in the horizontaky-plane atz* =0.58.

Evolution of Quasistreamwise Vortex Tubes tive values of\,, where\, is the second largest eigenvalue
and Wall Streaks in a Bubble-laden of the tensor & Sy;+ Qi Qy;); Sj=(d;U;+d;U;)/2 is the
Turbulent Boundary Layer over a Flat Plate strain rate tensor, anf;;=(d;U;—4;U;)/2 is the rotation

rate tensor. The depicted structures areNfpr — 4. The vor-
tical structuregFigs. 1 and 2 sometimes appear as asym-
metric horseshoesr hairpins However, in the bubble-laden
flow, the generatedrelocity divergence? induces a wall-
normal fluid velocity that displaces the vortical structures
away from the wall, to a region of smaller mean shear. Con-
Ferrante and Elghobashperformed direct numerical sequently, the peak of the root-mean square\ gfis dis-
simulation(DNS) of microbubble-laden spatially developing placed about five wall units away from the wall, and the
turbulent boundary layer over a flat plate to explain the funjntensity of the vortical structures is reduced near the wall
damental physical mechanisms responsible for the reductio&+<75)’ as shown in Fig. 3. The displacement of the vor-
of skin-friction due to the presence of the microbubbles. tjcal structures increases the spanwise gaps betweamathe
Here, we present flow visualizations obtained from thestreaksassociated with theweep eventéed regions in Fig.
above-mentioned DNS dat& The spatially developing tur-  4) and reduces the streamwise velocity in these streaks in
bulent boundary laye(of liquid watey is laden with gaseous  comparison to that of the single phase flow as shown in Fig.
air microbubblegbubble diameter in wall unitd, =2.4) at 4 thus reducing the skin friction by up to 14% for plate-on-
an average volume fractio#,=0.02. The gravitational ac- pottom and 20% for plate-on-top fak,=0.02.
celeration is perpendicular to and oriented towards the plate
(*plate-on-bottom,” case E in Refs. 1 ang.2ur .DNS re- IA. Ferrante and S. Elghobashi, “On the physical mechanisms of drag
sults for the bubble-laden flow are compared with those for reduction in a spatially developing turbulent boundary layer laden with
the single-phase flow (1020Re,<1480, case A in Refs. 1 microbubbles,” J. Fluid Mech503, 345 (2004.
and 2. 2A. Ferrante, “Reduction of skin-friction in a microbubble-laden spatially

Figures 1and 2 display the instantaneous surfaces of thedeveloping turbulent boundary layer over a flat plate,” Ph.D. thesis, Uni-
versity of California, Irvine, 2004.

quasistreamwi§e V(_)r_tical structures at timeE.SO. These- 33 je0ng and F. Hussain, “On the identification of a vortex,” J. Fluid Mech.
structures are identifiédas connected flow regions of nega- 285 69 (1995.
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