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Abstract. This study investigates vorticity transports in wall turbulent flow under
blowing-suction (BS) and spanwise opposed wall jet forcing (SOJF) control via
direct numerical simulation of the Navier-Stokes equation. For combining SOJF and
BS control, the drag reduction can achieve maximum value about 33% - obviously
larger than individual control (18% for SOJF and 27% for BS). Following Ji et al.
[1], the mean spanwise vorticity({2,), the vorticity fluctuation transports in spanwise
direction(—v'w,") and normal direction(w'w,,") are investigated. Results support our
previous conclusion that the frictional drag is considerably contributed by the
transports of vorticity fluctuations. A triple decomposition (mean, coherent and
random) shows that the role of the random —v" w,"" is drag adding, but other terms
- random w"w," and the coherent —#@, and W, transports — are all drag
decreasing.
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1. Introduction

Wall turbulence induces much skin friction drag that contributes approximately 90% of
the total drag of underwater vehicles and 50% of commercial aircraft. It is no doubt that
the turbulent flow near the wall must be controlled for drag reduction. According to
whether extra energy is required, the control strategies are grouped into passive and
active categories[2]. For passive control, riblets and superhydrophobic surfaces are two
kinds of common controls which can yield significant drag reductions[3-6]. On the other
hand, blowing and suction [7], as well as streamwise traveling wave-based strategies|8§-
11] are active controls resulting in considerable drag reductions. However, the
application of these methods is obstructed by various problems including high power-
input, sophisticated sensors and actuators, or difficulties in wall-surface sustenance[12,
13].

The study of drag reduction mechanisms keeps research hot in recent years that
notable progress has been made. One remarkable finding of recent study is that the skin
friction is not only related to the inner flow of the turbulent boundary layer, but also outer
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large-scale vortices which generates skin friction growing with the Reynolds number
[14]. This finding implies that, in the turbulent boundary layer, drag reduction can be
realized by manipulating large-scale coherent structures which are far away from wall.
Schoppa and Hussain[15] suggested imposing large-scale counter-rotating streamwise
swirls to reduce drag, and 20% drag reduction was obtained in a turbulent channel at
Re=100. Furthermore, Yao et al. [10, 11] developed the large-scale drag control concept
works by using the near-wall spanwise opposed wall jet forcing (SOJF) and obtained
inspiring drag reduction for Re up to 550.

Several frame works have been put forward to analyse decompose scheme of skin
friction drag based on different flow motions. For example, Fukagata et al.[16] first
derived well known FIK identity that builds relation between the Reynolds shear stress
and the skin-friction coefficient; Renard & Deck[17] proposed an alternative expression
for Crby considering the effect of production on drag; Chen et al.[18] start from energy
budget analysis and identified roles of dissipative structures on skin friction. Recently,
Ji et al[1] derived the formula that links the drag coefficient and the motion of the
vortical structures, and applied new formula to analyse channel flow under SOJF control.

The present work makes direct numerical simulation (DNS) about channel flow with
SOJF and BS control which yields 33% drag reduction. Then, the DNS data is analysed
by using vortical formula developed in [1]. The results is consistent with previous
conclusion that the random spanwise-vorticity transport( —v"w,’ ) is only term
contributing to drag which should be suppressed for more effective drag reduction.

2. Computational Approach and Drag Decomposition

2.1. Control Schemes

The simulation is based on the incompressible Navier-Stokes equations as follow,
u,[ox, =0, 1)
Ou; +0uu, =v0,0,u,—0,pl p+F,. 2)

For SOJF, a spanwise forcing is added [11]:
F, = A sin(fz)g(y) 3

where A4, is the forcing amplitude, S(=27/A4) is the spanwise wavenumber, and g(y)
is a dimensionless forcing as a function of y . In this paper, all control parameters are
nondimensionalized by viscous units of uncontrolled flow(indicated by the subscript 0):
a) A  =Av/ul, ;) A =27/ B (B =pv/u,,); and ¢)y* =yu,,/v. The forcing
function g(y") in Eq. (3) is g(»")=y"exp(-ny™) , where the decay factor 7
specifies the wall-jet velocity profile in the wall-normal direction. The function g has
its maximum at y* =y’ =1/ \/% , corresponding to the height of the spanwise wall-jet
maximum velocity. The function g is normalized by its maximum value. In addition,



508 Y. Jiand X. Chen / Vorticity Transports in Wall Turbulent Flow Under Spanwise Wall Jet Forcing

blowing and suction is applied at bottom and top wall of channel. According to
Han&Huang[19], we set v| where v normal velocity at wall.

+ ]5 9
2.2. Simulation Parameters

The open-source finite difference software “Incompact3d” [20] is used to realize control
strategies. The no-slip conditions are applied at the walls, and the periodicity in the
streamwise and spanwise directions is imposed. In wall normal direction, sixth-order
compact schemes are used based on a stretched Cartesian grid. A low-storage third order
Runge-Kutta scheme is used to perform time integration. A constant flow rate is set and
the bulk velocity U, is maintained at a constant value by a procedure that adjusts the
mean pressure gradient. The simulated Reynolds number Re: is 180. The SOJF
parameters are set as same with Ji et al.[1]. The Cr at the bottom wall is used to calculate
drag reduction R,

R=(1-C" /C,)x100% ()

More information about simulation is listed in table 1.

Table 1. Details of the present direct numerical simulations

Re, Rep T Ly/h, L/h L5 L~ NyXNyx N, R

180 2800 800 4m, 21 2264,1134  192x129x128 27%(BS), 33%(BS+SOJF)

2.3. Drag Decomposition

According to Ji et al. [1], the drag coefficient can be decomposed as follow,

C, j—d’ j"

Co Iz Ty (5)

“ i w—a)udy'

Furthermore, introducing the triple decomposition,

’

u =u +u, +u, u'=u —1i, (6)

where #, is the coherent part, and u," is the random turbulence part, satisfying uTI =0,

u_l.” and #/'=0. The triple-decomposed Eq. (5) formula is:

cf:jozidy'+joz"fjﬁdy'Jrj;T:’ﬁdywjo W:) dy' +j dy (7)

("Q TZ C TZ*R TY C T)' R
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where the sub-scripts C, R indicate coherent and random motions, respectively. Using

Eq. (7), we can separate the drag contributions by other vortical motions and by the large-
scale swirls resulted from control.

3. Results

-
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Figure 1. The iso-surface of instantaneous weighted wall-normal (iw'w,,") (a) and spanwise (—tiv'w,’) (b)
vorticity transport or dispersion in Eq. (5); the color bar denotes v/U}, ranging from -0.2 to 0.2. Contour of
streamwise velocity fluctuations in the (x—z) plane at y* = 20 (c). Note that for (a) the iso-surface value is -
0.1 and for (b) corresponding value is 0.7, the color bar for (c) ranges from -0.4 to 0.4.

Figure 1(a) shows the three-dimensional(3D) iso-surface of weighted wall-normal
vorticity transport or dispersion given by equation (5) in channel under the BS+SOJF
control. It is obvious that, under the large scale spanwise control, the fluctuated structures
mostly concentrate near the middle region of channel, which is different from no-control
case. These structures contribute much on wall-normal vorticity transport or dispersion
among the whole channel, because they induce intense velocity fluctuation increasing
the transport rate. Figures 1(b) further displays the 3D iso-surface of weighted spanwise
vorticity transport or dispersion —@iv'w,’ which is similar with the distributions of
uw'w,’. This is reasonable because the . can also be generated by spanwise vortices
tilted from the quasi-streamwise vortices generated near the middle-span. Figure 1(c)
shows that there is low speed region in cross plane central, which is formed by merger
of streamwise streaks under the action of the opposed wall-jet.

The time and x-axis averaged patterns of #w'w,’ and —iiv'w,’ in cross-section
view are shown in figure 2(a) and figure 2(b). The cross-plane velocity vectors (W, ¥) are
also displayed. It is obvious that SOJF results in upward flow motions distributing at
both sides of the middle of the channel. As a result, the streamwise velocity at the central
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is slower than at the flank with the same height, which can be seen from figure 2(c). The
value of (uw'w, ), is negative across all y-z plane, but the value of (—uiv'w,’),; is
negative at most region but positive in the jet collapsing region (0.5< z/L.<1.5 and 0<
y/H <0.4). Compared to results shown in reference [1], the intense (iw'w, "), and
(—uv'w,'),; are little weaker but still occurs at the flank of the streak envelop where
du/dy changes dramatically along the spanwise direction.
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Figure 2. Cross-plane (y—z) view of the mean velocity field (i, normalized by U,) with the contours of
aw'wy'(a) and—uv'w,’ (b) in wall unit, and (c) is the contours of streamwise < u >, showing the envelop of
streaks. Color bar for (a) ranges from 0 to —0.15, for (b) ranges from 0.14 to —0.04, for (c) ranges from 0 to 1.

Figure 3 shows the wall normal profiles of different C; components under the BS
and BS+SOJF control. Figure 3(a) shows that the BS control leading to a bulge structure
at about y* = 10, especially for C,(blank dashed line) and T(blue dashed line). After
adding SOJF control, this bulge structure impaired by spanwise jet (see black and blue
solid line in figure 3(a)). Furthermore, the trip decomposition components under
BS+SOJF control are shown in figure 3(b) and 3(c). The profiles of Ty and Ty_( p are
similar with previous result[1] that Ty is always negative and coherent part Ty_.
contributes most part of T, with a maximum location y*~30. On the contrary, the
behaviour of T, near wall is obviously different from result in [1] that the T,_g first
increases and then decreases and the maximum location of T is more outer than the case
with only SOJF control.

Figure 4(a) shows the quantitative contribution to Cy that the red color denotes C,
contribution and the blue color denotes Ty + T, contribution. Before control, C,, is 61%
and Ty + T, is 39%; after BS control C, is 50% and Ty + T is 23%; after BS+SOJF
control, C, is 53% and Ty + T, is 14%. The BS control decreases C, and Ty + T,
simultaneously, but BS+SOJF control mainly decreases Ty + T, and increases C,
compared to BS control. Figure 4(b) show the coherent and random decomposition of Ty
(left bar) and T, (right bar) for BS and BS+SOIJF control, respectively. It is reasonable



Y. Ji and X. Chen / Vorticity Transports in Wall Turbulent Flow Under Spanwise Wall Jet Forcing 511

that BS control only has random components. The random component T,_p is only term
contributing to drag under BS+SOJF, which is consistent with result of [1].
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Figure 3. (a) Wall-normal profiles of C,, 7y and T defined in Eq. (5); Solid lines — BS+SOIJF control; dashed
lines — only BS control. (b) Wall-normal profiles of Ty, Ty and Ty-c defined in Eq. (7). (c) wall-normal
profiles of 7, T,—r and T defined in Eq. (7)
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Figure 4. (a) Bar chats of Cq, Tz and Ty for uncontrolled and controlled cases. (b) Triple decomposed Ty and
Tyv-c (leﬁ bar), Tz-rand Tz (rlght bar)

4. Conclusion

Following the idea of composite active drag control [21], we investigate the vorticity
transport in turbulent channels under BS and BS+SOJF active control. The
decomposition of friction coefficient based on vorticity transport is examined. We find
that BS+SOIJF control perform a better drag reduction (33%) compared to individual BC
control (27%) or individual SOJF control (18%). Under the BS+SOIJF control, the
contribution of different vorticity transport terms to total drag coefficient is similar with
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our previous result [1] that T,_p is only term in charge of drag friction, other terms play
arole in drag reduction. This analysis suggests that the suppression of random spanwise-
vorticity transport is still the target for effective drag reduction under composite control
including SOJF.
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