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Turbulence control with wall-adjacent 
thin layer damping spanwise 
velocity fluctuations 
Shin-ichi Satake and Nobuhide Kasagi 
Depar tmen t  of Mechan ica l  Eng ineer ing ,  The Univers i ty  of Tokyo, Tokyo, Japan 

Direct numerical simulations (DNSs) have been carried out for fully developed turbulent 
channel f low and heat transfer with an assumption of a thin layer adjacent to the wall, in 
which a virtual body force acts to damp the spanwise velocity fluctuations. Fourth-order 
finite difference computations were made over a relatively small computational volume to 
repeat simulations under various damping force conditions. It is found that both turbulent 
friction and heat transfer coefficients are substantially reduced in such manipulated flows. 
Compared with the pumping power saved, the extra dissipation due to the damping is 
sufficiently small as long as the damping layer exists close to the wall. In addition, the 
present control method is most efficient if the damping is imposed on the layer in contact 
with the wall rather than away from the wall. It is observed that the streamwise elongated 
streaky structures meander tess in the spanwise direction and the coherent vortical 
structures are attenuated in scale and intensity. Thus, the vortex regeneration as well as 
the primary turbulence mechanisms, such as the production redistribution of Reynolds 
stresses played by the vortical structures, should be considerably suppressed by the 
selective damping of the near-wall spanwise velocity fluctuations. 

Keywords: wall turbulence; active control; direct numerical simulation; coherent struc- 
tures; drag reduction 

Introduction 

Turbulence control has been one of the central issues in modern 
scientific, engineering, and environmental research efforts. Its 
potential benefits can be easily recognized if one thinks about 
the significance of the artificial manipulation of turbulent drag, 
noise, heat transfer and chemical reaction, to name a few. 
Although there is considerable empirical knowledge on how to 
attenuate or enhance these processes, the underlying mecha- 
nisms, in most cases, have not been fully explored. Hence, any 
attempt at optimizing the turbulence control is likely to be based 
on empiricism or intuition. The turbulent transport processes are 
known to be ruled by the so-called quasi-coherent structures 
(Cantwell 1981; Robinson 1991; Kasagi et al. 1995), but their 
generation mechanisms, of which knowledge is indispensable for 
developing rational and efficient control methods, still require 
further study. 

Turbulent friction drag is selected as a control target in this 
paper. Many intensive investigations have been undertaken fo- 
cusing on possible drag reducing techniques over the decades. 
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Among them, microgrooved riblets are believed to be a most 
promising passive device for practical applications. However, the 
drag reduction mechanism also has not been fully revealed. 
Suzuki and Kasagi (1994) recently carried out detailed experi- 
mental measurement along the riblet surface in a turbulent 
channel flow using the three-dimensional particle tracking veloci- 
metric (3-D PTV) technique and conjectured two possible drag 
reduction mechanisms from noticeable reduction of spanwise 
velocity fluctuations. One plausible mechanism is that the riblets 
impeded the spanwise fluid motion and, hence, the wall splatting 
(Moin and Kim 1982; Lee and Hunt 1988); this produces the 
pressure reflection, which might suppress the wall-layer vortex 
regeneration (Hamilton et al. 1995) and /o r  damp the vortex 
itself. The other is the formation of a virtually free-slip plane at 
the level of the riblet crests; it may not trigger the regeneration 
mechanism of the coherent vortices (streamwise vorticity). 

The objective of the present work is to study further the 
former of the above two dynamical effects by making direct 
numerical simulations (DNSs) of turbulent channel flow. Direct 
numerical simulation is known to have the ability to guide testing 
and designing of turbulence control methodologies because of 
the availability of all flow variables at any spatial location and 
the ability to alter flow boundary conditions readily (Jung et al. 
1992; Choi et al. 1994; Coleman et al. 1995). In the present 
simulations, we assume that a thin layer exists adjacent to the 
wall, where a body force acts to impede the spanwise velocity. 

0142-727X/96/$ 15.00 
PII SO142-727X(96)O0034-1 



Turbulence control with velocity fluctuations. S. Satake and N. Kasagi 

This is the consequence of direct similarity to the microgrooved 
surface, which impedes the spanwise fluid motion. The virtual 
decelerating body force, whose magnitude is proportional to the 
spanwise velocity, is introduced into the w-momentum equation. 
Particular attention is paid to the statistical characteristics of 
turbulence as well as to the time evolution of the coherent 
vortical structures. They are compared with the authors' previous 
DNS results obtained in an ordinary channel and also in a 
channel where the spanwise velocity component was allowed to 
slip freely on the wall (this latter case simulated the other of the 
two dynamic effects mentioned above). The observations of the 
near-wall turbulence under these different dynamical conditions 
would offer an additional benefit in that we might better under- 
stand the inherent regeneration mechanism of the wall-layer 
vortices. 

Numerical procedure 

The convective and viscous terms in the momentum equations 
were discretized by using the fourth-order central finite differ- 
ence method proposed by Kajishima (1993) on the staggered grid. 
The scheme consistent with the continuity equation was adopted 
for the convective term, while that consistent with the momen- 
tum equations was adopted for the budget equations of the 
Reynolds stress tensor. This scheme has been shown to provide 
good agreement with the DNS data obtained by the spectral 
method (Satake and Kasagi, 1994a). For time integration, the 
second-order Adams-Bashforth scheme was adopted for the 
nonlinear terms, and the Crank-Nicolson scheme was used for 
the viscous terms. The time integration was made by the partially 
implicit fractional step method developed by Kim and Moin 
(1985). The discretized Poisson equation of pressure was solved 
by a fast Fourier transform (FFT) in the streamwise and span- 
wise directions and by T D M A  with the fourth-order compact 
finite difference method of Lele (1992) in the wall-normal direc- 
tion. 

Computational conditions 

The flow geometry and the coordinate system are shown in 
Figure 1. The Reynolds number, which is based on the wall 

W 
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friction velocity u~ and channel half-width 8, is kept at 150 in all 
test cases. The computational domain is relatively small and 
similar to the "minimal flow unit" used by Jim6nez and Moin 
(1991) and Hamilton et al. (1995). It was conjectured that the 
flow dynamics as well as turbulence structures would be more 
clearly observed with a reduced degree of inherent radomness. 
Thus, the streamwise and spanwise computational periods are 
1.25~T8 and 0.375v~ (589 and 176 wall units), respectively. Note 
that only one low-speed streak and just two or three vortical 
structures are found within the computational domain. Although 
the turbulence statistics in the region away from the wall can be 
substantially different from those obtained from computations 
with a "regular sized" channel (Jim6nez & Moin), the turbulence 
statistics in the near-wall region are very similar to those found 
in the regular channel. It is, therefore, believed that the key 
mechanism that maintains turbulence in the minimal flow is 
nearly the same as that in the regular channel. 

The number of grid points is 48 × 97 × 36 in the x-, y-, and 
z-directions, respectively. A uniform grid with spacings dx +~ 12.3 
and dz +~ 4.9 is used in the x- and z-directions; whereas, a 
nonuniform mesh of 97 points with a hyperbolic tangent distribu- 
tion is used in the y-direction. The first mesh point away from 
the wall is at y+=0.127, and the maximum spacing at the 
channel centerline is 7.63 wall units. 

Notation 

bij 
cr 
Cp 
h 
II 
III 
k 
Nu 
Pr 

P 
q 
Re b 
Re,  
U 
Vb 
U,U,W 
Ui 

x, y, z 
X i 

stress anisotropy, b i j  = uiuj /2k  - ~i)/3 
friction coefficient 
specific heat at constant pressure 
heat transfer coefficient 
second anisotropy invariants, / / =  -bqbj i /2  
third anisotropy invariants, III = bqbjkbei/3 
turbulent kinetic energy 
Nusselt number, Nu = 2h~/h  
molecular Prandtl number, Pr = pCpV/h 
pressure 
heat flux 
Reynolds number, Re b = 2Ub~/V 
Reynolds number, Re¢ = u ~ / v  
mean velocity 
bulk mean velocity 
velocity components in the x, y, and z directions 
velocity component in the ith direction 
friction velocity, u~ = ( ' r w / / p )  1 / 2  

streamwise, wall-normal, and spanwise coordinates 
Cartesian coordinates 

Greek 

C~ 

-q 

0 
0 
O¢ 
k 
p 

p 
Tw 

+q 
O) x 

damping parameter 
channel half-width 
ratio of the pumping power saved to the damping 
dissipation, Equation 5 
bulk mean temperature 
temperature 
friction temperature, 0¢ = qw/pCpUT 
thermal conductivity 
kinematic viscosity 
density 
wall shear stress 
pressure-strain correlation tensor 
vorticity component in the x-direction 

Subscript 

)rms 
( ) '  
( )+ 

( )  

root-mean-square value 
fluctuating component 
normalized by the wall variables 
ensemble average over the x-z  plane and time 
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The no-slip boundary condition was imposed on the two walls, 
and the spanwise velocity was damped in the vicinity of both 
walls, as shown in Figure 1. Air was chosen as the test fluid, and 
the Prandtl number  Pr was 0.71. Any buoyancy effect was 
neglected, hence the temperature  was considered as a passive 
scalar. On the two walls, a uniform heat flux boundary condition 
was imposed. Further  details of the thermal boundary condition 
can be found in Kasagi et al. (1992). 

An externally imposed body force term is introduced to the 
w-momentum equation, which is given as: 

Ow Ow Ow Ow 
- - + u - - + l ; - - + w - -  
Ot Ox Oy Oz 

= - - - + - -  + - - +  - (1) 
0z Re~ ~ 0X 2 0 y  2 0Z  2 ] O~W, 
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where the velocities are nondimensionalized by u T. The last term 
on the right-hand side of Equation 1 is the virtual body force 
term, whose strength is given by a dimensionless constant ct, 
( >  0). Nonzero values of ct are assumed in the prescribed layer 
parallel to the wall, as shown in Table 1. In Cases 1A ~ 1C, c~is 
gradually increased up to 4; whereas, in Cases 2A ~ 2D the 
damping layer of thickness Ay +=  10 is shifted away from the 
wall. 

The initial velocity field was generated from the instanta- 
neous velocity field of the DNS of Kasagi et al. (1992). The 
governing equations were integrated forward in time until the 
numerical solutions reached a statistically steady state, and then 
the computation was further continued for about 2880v/u 2 in 
order to calculate turbulence statistics as ensemble averages over 
space and time. Note that our previous DNS (Case WS, Satake 
and Kasagi 1994b) with the free-slip condition for the spanwise 
velocity component  on the wall was carried out by the same 
numerical method. All the results discussed in the following 
section are nondimensionalized by the wall friction velocity u~ 
and the kinematic viscosity v. 

equation, 

Cfo = 0.0698Re m 0.25 (2) 

which has the same dependence on Re m as the original formula. 
The Nusselt number  obtained in each corresponding case is 
shown in Table 2. The Nusselt number  Nu 0 for c~ = 0 been 
calculated from the following modified equation: 

Nu 0 = 0.0206Re~ ~ Pr °4 (3) 

which is derived from the empirical formula of Kays and Craw- 
ford (1980). In all cases with ct :g 0, both friction and heat 
coefficients are decreased. Note that the bulk Reynolds number  
is increased in drag-reducing cases, because the streamwise mean 
pressure gradient is kept constant in the present simulations. 

Table 2 Nusse l t  n u m b e r s  

Case c~ Nu = 2h$/k N u / N u  o 

Resul ts  and d iscussion 0 
1A 

The mean flow parameters  and the skin friction coefficients 1B 
obtained are summarized in Table 1, where Re,,, Cf, and C:o 1C 
denote the bulk-mean Reynolds number  based on ~ and Um and 2A 
two skin friction coefficients, respectively. The skin friction coef- 2B 
ficient Cfo for the ordinary case (c~ = 0) has a slight deviation 2C 
from the empirical formula of Dean (1978), as shown in Figure 2, 2D 
so that Cfo in Table 1 has been estimated by fitting the following WS 

c~ = 0  15.4 1 
c~ = 1 ( y + = O  ~ 20) 14.8  0 . 9 2 6  
cx = 2 (y+ = 0 ~ 20) 14.5 0 . 8 8 5  
c~ = 4 (y+ = 0 ~ 20) 13.4 0 . 7 7 3  
c ~ = 4 ( y + = O  ~ 1 0 )  14.1 0 . 8 3 6  

c~ = 4 (y+ = 10 ~ 20) 15.2 0 . 9 5 6  
c~ = 4 ( y + =  20  ~ 30) 14.9 0 . 9 3 0  
c~ = 4 (y+ = 30  ~ 40)  14.9 0 . 9 2 5  

w f ree -s l i p  19.4  1 .534  

Table 1 Skin f r i c t i on  coefficients and bulk-mean Reynolds n u m b e r s  

Case c~ Re,,, = 2Um~//1) C t Cf//Cfo 

0 ~x = 0 4 6 0 5  8 .48  x 10 3 1 
1A o~ = 1 ( y + =  0 ~ 20)  4 7 4 0  7 .96  x 10 . 3  0 . 9 4 5  
1B e = 2 ( y + = 0 ~ 2 0 )  4 8 9 0  7 . 4 9 x 1 0  3 0 . 8 9 6  
1C ~ = 4 (y+ = 0 ~ 20) 5 2 5 0  6 .55  × 1 0 -  3 0 . 7 9 8  
2 A  o ~ = 4 ( y + = 0  ~ 1 0 )  5 0 7 0  7 . 0 1 × 1 0  3 0 . 8 4 7  
2B o ~ = 4 ( y  + =  1 0 ~ 2 0 )  4 7 1 0  8.11 x 10 -3  0 . 9 6 2  
2C ~x = 4 (y+ = 20  ~ 30)  4 7 5 5  7 .96  x 1 0 -  3 0 . 9 4 6  
2D oL = 4 (y+ = 30  ~ 40)  4791 7 .86  x 10 . 3  0 . 9 3 6  
WS w f ree -s l i p  3 5 4 0  1.43 x 10 2 1.58 
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The effects of the strength parameter and the damping layer 
location are shown in Figures 4a and 4b, respectively. The drag 
reduction simply increases with eL, and the largest drag reduc- 
tion, of which ratio Cf/Cfo drops to about 80%, is obtained in 
Case 1C with oc = 4 over the interval 0 < y ÷ <  20, as shown in 
Figure 4a. The second largest reduction to about 85% is obtained 
for Case 2A, where the damping is applied over 0 <y+ < 10, in 
Figure 4b; this thinner damping layer seems almost equally 
effective, and it is found more effective than that applied to the 
regions away from the wall in Cases 2B ~ 2D. The ratio of 
N u / N u  0, also plotted in Figures 4a and 4b, is always slightly 
smaller than that of ratio Cf/Cfo. 

The near-wall velocity and tempeature profiles for four differ- 
ent values of e~ are shown in Figure 5, where the results in Case 
WS are also included. It is evident that the logarithmic profile 
shifts upward, and its slope becomes steeper as c~ is increased 
both in Figures 5a and 5b. Note that the skin friction is increased 
by more than 50% in Case WS; one thus concludes that the 
absence of streamwise vorticity at the wall would not lead to 
turbulent drag reduction. This result supports similar findings by 
Choi et al. (1994) and Jimdnez (1994) on the effect of the 
free-slip transverse condition at the wall. A similar change in the 
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logarithmic profile has been reported previously in the drag-re- 
ducing flows on riblets by Choi et al. (1993) and Suzuki and 
Kasagi (1994), and in the turbulence control simulation by Jung 
et al. (1992) and Cho ie t  al. (1994). 

Figure 6 shows the mean velocity and temperature profiles for 
various locations of the damping layer (of Ay ÷= 10 in thickness). 
Every profile for a = 4 deviates above that for a = 0, In accor- 
dance with the relative change in the skin friction coefficient, the 
deviation is largest when the damping is imposed on the layer 
attached to the wall; whereas, the damping in the layer farthest 
from the wall gives the second largest deviation. It is of interest 
that the turbulent flow field is most affected by the local w- 
damping when it is imposed beneath or above, but not in the 
buffer layer where the turbulent production rate is maximum. 
Coleman et al. (1995) studied nonequilibrium three-dimensional 
(3-D) turbulent boundary layers, and obtained a similar result, 
namely that application of a spanwise shear led to reduction of 
both the turbulent kinetic energy and Reynolds stress with the 
largest reduction occurring when the shear was applied between 
y+=  0 and 10. The temperature profiles in Figure 6b for c~ =~ 0 
change in a similar way to the velocity profiles, but somewhat 
less strongly; this is because the present Prandtl number is close 
to 1. 

The total and Reynolds shear stresses are shown in Figure 7. 
The fact that the total stress distributes linearly gives us confi- 

346  Int. J. Heat and Fluid Flow, Vol. 17, No. 3, J u n e  1996  



25 

20 

15 

10 

5 

0 

(a) 

U + = y +  

/ o°'~ 

s 

ct---O 
. . . . . .  ct----4 ( O < y + < l O )  
- - -  ct--~, ( lO<y+<20)  
. . . . . .  ot =4  (20<y +<30) 
- -  - - -  ot =4  (30<y +<40) 

i i 

2 3 
i i i i i i i  

4 5 6 7 8 9  
1o 

' I i I I i l l l  
2 3 4 5 6 7 8 9  

÷ 100 
Y 

20 

15 

10 

5 

(b) 

0 + = P r y  + 

\ . . . /  

# 

# • 

0 

0 

a=o 

...... ct=,4 (O<y+<lO) 

--- a = 4  (lOq+<2o) 
...... a ---4 (20<), +<30) 

- - .  - -  ot - - 4  (30 .<y  * < 4 0 )  

0 r . . . . . . .  ; I  . . . . . . .  ; I  
2 3 4 5 678 2 3 4 5 678 

I I0 I00 '4- 

Y 

Figure 6 Near-wall mean velocity and temperature profiles; 
(a) velocity; (b) temperature 

dence that the present statistics have been sufficiently sampled 
after the statistically stationary state was reached. It is evident 
that the near-wall Reynolds shear stress is reduced considerably 
by the presence of the w-damping layer, and the maximum 
Reynolds stress moves away from the wall. 
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Figure 7 Reynolds shear stress 

The root-mean-square (rms) velocity and temperature fluctu- 
ations are shown in Figures 8 and 9. In general, the streamwise 
component becomes larger with w-damping, but the increase is 
least when the damping is applied at 0 <y+ < 10. As the damping 
layer is moved toward the channel center, the location of maxi- 
mum U'rm S moves slightly away from the wall. In Figure 8(b), the 
value of J r m s  n e a r  the wall decreases in all cases with the 
w-damping. It is natural that the damping effect is especially 
strong in the W~m s distribution, where a concavity appears at the 
location of the damping layer because of the direct suppressive 
effect there. The magnitude of the w-damping effect is largest 
when the damping is applied at 30 <y÷ < 40. Choi et al. (1993), 
however, reported that all turbulent velocity components in the 
channel manipulated with local blowing and suction become 
smaller than those in the unmanipulated channel. In Figure 9, it 
is evident that, as in the streamwise velocity fluctuation, the 
temperature fluctuation is increased from the location of maxi- 
mum 0'rm S toward the channel center. 

The above-mentioned peculiar behavior of the rms velocity 
fluctuations can be more clearly examined in terms of the invari- 
ants of the stress anisotropy tensor, which is defined as bij = 
u i u J 2 k  - 5ij/3. Figures 10a and 10b represent the second ( - I I )  
and third (III)  invariants, respectively. The second invariant of 
- H  is zero if turbulence is isotropic, while it takes the largest 
possible value of 1 /3  when turbulence has only one nonzero 
component (Lumley and Newman 1977). In Figure 10a, H gener- 
ally takes larger values near the wall owing to the stronger 
anisotropy there. When the damping layer is introduced near the 
wall, it affects the anisotropy not only near the wall, but also over 
a wide region in the channel. The third invariant of III in Figure 
10b is an index of whether a component is larger or smaller than 
the other two. It takes the smallest value of - 1 / 1 0 8  when a 
component is zero, and the two other components are equal, 
while it becomes the largest of 2 /27  when two components are 
zero. The change in III is similar to that in H, but it is evident 
that III shows more prominent increase near the wall in the 
cases the drag reduction is large. 

Figure 11 shows the pressure-strain correlations, which stand 
for the redistribution (or intercomponent transfer) of turbulent 
kinetic energy. In a two-dimensional (2-D) wall flow, the produc- 
tion due to the shear only exists in the streamwise component, so 
the two other components gain energy through this redistribution 
process. As expected, dpH is negative, while d~22 and (b33 a r e  
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Figure 8 Rms velocity f luctuations: (a) streamwise compo- 
nent; (b) wal l -normal  component; (c) spanwise component 

positive, except for the region close to the wall, where ~b22 is 
largely positive owing to the wall-blocking effect. When the 
damping force is imposed, the magnitude of all pressure-strain 
correlations is decreased considerably near the wall (y+<  10). 
This fact is consistent with the enhanced anisotropy of the 
Reynolds-stress tensor. In contrast, the redistribution is some- 
what activated in the region away from the wall. This apparently 
inconsistent trend can be accounted for by the enhanced turbu- 
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Figure 9 Temperature f luctuations 

lent diffusion of u '2, which is implied in the energy budget shown 
later. 

In Figure 12, it is seen that the rms streamwise vorticity 
fluctuation is generally decreased with the w-damping layer. The 
damping at 0 <y+ < 10 is most effective in the vicinity of the wall 
(y+ < 15), while that at 30 <y+ < 40 gives the largest decrease in 
6°'x rms over a broad region away from the wall. It is of great 
interest that, even if the damping layer thickness is increased 
from 0 <y+ < 10 to 0 <y+ < 20, to x does not decrease; indeed it 
increases in the near-wall region (y+ < 25). 

The transport equation of the turbulent kinetic energy is 
written as: 

Dk _ _  3U 1 3u~u~U' 02k 3v'p' 
- -  U ' U '  + u - -  

Dt Oy 2 3y Oy 2 Oy 

Production Turbulent Viscous Pressure 
diffusion diffusion diffusion 

Ou~ Ou' i 
U O ~ W r W  ' (4) 

Oxj Oxj D ~ g  

Dissipation dissipation 

Each term in the above equation near the wall is shown in 
Figures 13a (Case 2A) and 13b (Case 2D). In Case 2A, the 
production and dissipation terms decrease at y+ < 15 compared 
with those of a = 0; whereas, they increase in the region further 
away from the wall. This is due to the reduced Reynolds shear 
stress near the wall (Figure 7) and the increased mean velocity 
gradient in the logarithmic region (Figure 6). Note that the same 
tendency can be observed in the results of Choi et al. (1993). The 
damping dissipation term is found to be generally small, although 
it is appreciable in the w '2 budget (not shown here), and it is 
multiplied by a factor of ten in Figures 13a and 13b. Its distribu- 
tion appears almost linear in the vicinity of the wall in Case 2A, 
while almost constant in the logarithmic layer in Case 2D. 
Naturally, the damping dissipation rate is larger in Case 2D, 
because the spanwise velocity fluctuation is larger away from the 
wall. Note that the turbulent diffusion is also appreciably in- 
creased at y+>  20. 

The efficiency of the process under study is evaluated by 
referring to Choi et al. (1994); i.e., by estimating the ratio of the 
pumping power saved to the damping dissipation rate (or the 
work required for control): 

,q = ( ( - d p + / d x + l ,  + dp+/dx+la)U+,,) 

1 
/ - ~  fv~W'~-+--~ / R e ,  dV (5) 
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where - d p + / d x  +1., and - dp+/dx +la are the mean pressure 
gradients in the undamped and w-damped channels, respectively. 
Because the present simulations were carried out by keeping the 
mean pressure gradient constant, the baseline pressure gradient 
at the same bulk Reynolds number  cannot be calculated and it is 
estimated from the modified Dean 's  formula of Equation 2. The 
dependence of the efficiency on the strength parameter  and 
damping layer location is represented in Figures 14a and 14b, 
respectively. When o~ = 4 at 0 <y+ < 10 (Case 2A) and 0 <y+  < 20 
(Cases 1C), the above efficiency becomes about 80 and 30, 
respectively, indicating that the damping dissipation should be 
negligible. As ment ioned previously, 15.3% and 20.2% drag re- 
duction is obtained respectively in these Cases. It is obvious that 
the thinner  damping layer is even more advantageous from the 
viewpoint of the first law of thermodynamics. In contrast, when 
the damping region exists away from the wall, the extra dissipa- 
tion is no longer negligible; for example, the efficiency remains 
to be only 8 when the drag reduction is 6.4% with a = 4 at 
30 <y+  < 40. It is noted that, although the damping dissipation is 
assumed to be a complete loss of energy in the present evalua- 
tion, an additional benefit  may possibly be brought  about by 
converting it to some effective energy in future implementation. 

Figure 15 represents local low-pressure regions visualized in 
an instantaneous flow field without the w-damping layer. The 
low-pressure regions in the large scales have been confirmed to 
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correspond to intense rotational fluid motions (quasi-coherent 
vortices) in the DNS databases of turbulent boundary layer and 
channel flows by Robinson (1991) and Kasagi et al. (1995). The 
latter authors found that these vortices are associated even with 
the diffusion, redistribution, and destruction mechanisms of 
Reynolds stresses. A typical banana-shaped inclined streamwise 
vortex, that appears most frequently in the near-wall region, can 
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Figure 12 Streamwise vorticity fluctuations 

100 

be seen in Figure 15. Because the present simulation uses a small 
computational volume, the near-wall structures are emphasized 
enabling them to be very clearly observed. 

The time evolution of the flow field in the ordinary (a  = 0) 
and w-damped (a  = 4 at 0 < y + <  20) channels from t += 0 to 
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Figure 13 Budget of turbulent kinetic energy: (a) c~ = 4 at 
0 < y+< 10 (Case 2A); (b) c~ = 4 at 30 < y+<40 (Case 2D) 
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Figure 14 Ratio of pumping power saved to damping dissi- 
pation: keys as in Figure 2: (a) effect of strength parameter 
c~; (b) effect of location of damping layer 

129.6 is shown in Figure 16a and 16b, respectively. The gray 
and black contour surfaces in the sequence of top (x-z) views 
respectively represent the low-pressure and low-speed regions; 
i.e., vortical structures and wall-layer streaks. The same initial 
flow field, which has been reached without the w-damping layer, 
is assumed for both cases at t += 0, and then the flow field is 
observed with and without the w-damping. In the initial period, 
the structures in the two cases appear almost of the same shape 
and size, and at the same location; e.g., as can be seen at 
t += 57.6. However, the vortical structures as well as the streaks 
are drastically altered after t += 79.2. The meandering of the 
streak, which is known to be one of the major phases in the 
regeneration mechanism of the streamwise vortices (Hamilton 
et al. 1995), is seen at t ÷ = 57.6 and later, but this meandering is 
considerably suppressed in the w-damping channel. Typically at 
t ÷= 129.6 in Figure 16b, the streak is oscillating less in the 
spanwise direction, and the vortical structure is reduced to a 
much smaller size; i.e., a weaker vortex. Thus, the flow field 
becomes markedly quiescent in the w-damped channel. It is 
believed that the decrease in the streak meandering and the 
reduced size of vortical structures should lead to the suppression 
of the vortex regeneration process. 

In Figure 17, the low-pressure and high-damping-dissipation 
regions are visualized at the same instant of t ÷= 57.6 in Figure 
16b. It is noticed that the regions of large damping dissipa- 
tion exist beneath most of the vortical structures. Thus, the w- 

II 

Figure 15 Contour s u r f a c e  of  l o w - p r e s s u r e  regions: p '+< 
-4 .0  (c~ = O) 
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Figure 16 (a) Contour surface of low-pressure and low-speed regions in Case 0 (cx = 0): gray, p ' + <  -4 .0 ;  black, u ' + <  -4 .0 ;  
(b) contour surface of low-pressure and low-speed regions in Case 1C (c~=4 at O < y + < 2 0 ) :  gray, p ' + < - 4 . 0 ;  black, 
u ' + <  - 4 . 0  
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Ax+589 
Figure 17 Low-pressure  and high-damping-diss ipat ion  re- 
gions ( t + = 5 7 . 6 ,  c t = 4  at 0 < y + < 2 0 ) :  gray, p ' + < - 4 . 0 ;  
black, - c t w ' + w ' + / R e ~  < - 0 . 0 3 5  

damping force effectively decelerates the rotation fluid motion 
induced by the vortical structures. 

Conclusions 

A series of direct numerical simulations have been carried out of 
turbulent channel flow with a thin w-damping layer assumed in 
the vicinity of the wall. It is found that the w-damping brings 
about marked reduction in the turbulent friction drag and heat 
transfer coefficients; e.g., by as much as 20% when ct = 4 over 
the range of 0 < y + <  20. The extra dissipation due to the w- 
damping remains very small as long as the damping layer exists 
close to the wall, and its magnitude relative to the pumping 
power saved is only 1/80 when ct = 4 at 0 <y+ < 10. In addition, 
the present control method is more efficient if the damping force 
is imposed on the layer in contact with the wall (0 < y + <  10), 
rather than on layers away from the wall (say, 30 <y+ < 40). 

From the observed time evolution of th flow field with the 
w-damping near-wall layer, it is found that the wall-layer streaks 
meander less in the spanwise direction. The growth of the 
coherent vortical structures is attenuated markedly, and this 
results in the reduced intensity and scale of rotational motion. 
Thus, the vortex regeneration as well as the important turbu- 
lence mechanisms played by the vortical structures, such as the 
production and redistribution of Reynolds stresses, should be 
considerably suppressed by the w-damping layer. 
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