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Introduction

W ALL blowing or suction through a spanwise slot in a turbu-
lent boundary layer has been frequently employed because

of its possibility for turbulence control. A literature survey reveals
that many experimentalstudieshavebeen made on turbulentbound-
ary layers subjected to a concentrated wall suction1 and blowing.2

Direct numerical simulations were performed for testing the local
wall blowing/suction in turbulent channel3 and boundary layer.4 It
was found that when wall blowing is applied through a spanwise
slot turbulentmotions are enhanced with increasing turbulent shear
stress, while suction diminishes turbulent � uctuations.

To assess the effect of blowing/suction on the downstreamdevel-
opment of the � ow, a measure of the local blowing/suction rate is
generally used:

¾ ´ vwb

U1µslot

(1)

where vw is the blowing/suction velocity, b is the streamwise width
of the spanwise slot, and µslot is the momentum thickness of the un-
perturbed � ow at the slot location.1;4 This quantity ¾ represents the
ratio of momentum � ux gain/loss caused by the blowing/suction to
momentum � ux of the incoming boundary layer.1 A perusal of the
relevant literature indicates that ¾ has been employed as a princi-
pal parameter to de� ne the local blowing/suction.1;5 For example,
Antonia et al.1 reported that the minimum value of skin friction
decreases linearly with increasing j¾ j when the suction rate is suf-
� ciently high (¾ · ¡2:6). Sano and Hirayama5 demonstrated that
the slot width hardly affects the turbulence characteristics as well
as the velocity pro� les when ¾ is � xed at a constant value.

Although¾ has been employedas a representativeparameter, it is
necessaryto furtherinvestigatetheeffectofvw on theperturbed� ow.
From the de� nition of ¾ ´ vwb=U1µslot, the role of vw is signi� cant
even though ¾ is constant. This can be easily detected from the
momentum integral equation
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where vw is closely related with the pressure gradient @ P=@x , the
skin friction c f , and the momentum thickness µ of the perturbed
� ow. The purpose of the present study is to evaluate the role of
vw at a � xed value of ¾ . Emphasis is placed on the relaxation of
the perturbed � ow. An understanding of the relaxation is of prime
importance in analyzing the effect of blowing/suction through a
spanwise slot, where the blowing/suction is applied only over a
limited spatial extent.Three differentblowing/suctionvelocitiesare
applied at the slot. Toward this end, a direct numerical simulationof
turbulent boundary layer is performed. The recovery process of the
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perturbed� ow is examined in terms of the mean � ow characteristics
and the wall pressure � uctuations.

Computational Details
As mentioned earlier, a direct numerical simulation of turbulent

boundary layer is performed to test the � ow. A schematic diagram
of the computational domain is displayed in Fig. 1. The domain
size is 200µin £ 30µin £ 40µin in the streamwise, wall-normal, and
spanwise directions, where µin is the momentum thickness at the
inlet.Realisticvelocity� uctuationsat the inletare providedbyusing
the method of Lund et al.,6 and the convective out� ow condition
is used for the out� ow boundary condition. A no-slip boundary
conditionis imposedat the solidwall. At the freestreamu D U1, and
@v=@y D @w=@y D 0 are applied.The periodicboundary conditions
areused in the spanwisedirection.The governingNavier–Stokesand
continuityequationsare integrated in time by using a fractionalstep
method with an implicit velocity decouplingprocedure.7 A second-
order central difference scheme is used in space with a staggered
mesh. The Reynolds number based on µin and U1 is Re D 300,
and the mesh contains 257 £ 65 £ 129 points. The mesh is uniform
in the streamwise and spanwise directions, whereas a hyperbolic
tangent stretching is used in the normal direction to cluster points
near the wall. In wall units the mesh resolution is 1xC ’ 12:40,
1yC

min ’ 0:17, 1yC
max ’ 23:86, and 1zC ’ 4:96, based on the friction

velocity at the inlet. The computational time step 1tU1=µin is 0.3
(1tC ’ 0:25), and the statisticalquantitiesare sampled at every � fth
time step and averaged for 3000µin=U1 (’2517º=u2

¿
).

Results and Discussion
For a � xed j¾ j D 0:322 three differentblowing/suction velocities

are imposed through the slot, jvw j=U1 D 0:01242, 0.02425, and
0.04630. Because ¾ is � xed, the streamwise width of the slot is in-
versely proportional to vw , i.e., vwb D const. The center of the slot
for all cases is located at x=µin D 83:2. The detailed blowing/suction
conditionsare listed in Table 1. To examine the effect of local blow-
ing/suction, streamwise variations of the mean wall pressure are
displayed in Fig. 2. For blowing, the adverse pressure gradient ap-
pears before and after the slot, whereas the favorable pressure gra-
dient occurs above the slot. For suction the opposite is observed.
This feature is consistentwith the result of Park and Choi.4 A closer
inspection of the wall pressure recovery after the slot discloses that
the recoveries for blowing collapse well on the same recovery line.
However, the recovery processes for suction are different, i.e., each
wall pressure recovers just after the slot.

To characterize these different recovery processes, the behaviors
of each term in Eq. (2) are plotted in Fig. 3. At the inlet ahead
of the slot, a canonical relation of turbulent boundary layer is sat-
is� ed, i.e., c f =2 D dµ=dx . Near the slot, however, the variations

Table 1 Blowing/suction conditions

jvw=U1j Slot width b=µin

0.01242 67.2µin » 99:2µin 32.0
0.02425 75.0µin » 91:4µin 16.4
0.04630 78:9µin » 87:5µin 8.6

Fig. 1 Schematic diagram of the computational domain.
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of
R

.@ P=@x/ dy and ¡dµ=dx are signi� cant because of the blow-
ing/suction.For blowing a localmaximumof

R
.@ P=@x/ dy appears

after the slot, and it increases with increasing vw . It is remarkable
to � nd that the maximum points are located at the same position
(x=µin ’ 104). However, the behaviors of

R
.@ P=@x/ dy for suction

in Fig. 3b show that the pressuregradients monotonouslyrecover to
zero just after the slot. The behaviorsof

R
.@ P=@x/ dy are similar to

those of the mean wall pressure in Fig. 2. The streamwise variation
of c f =2 for blowing is much smaller than for suction.

It is important to examine the downstream turbulence quanti-
ties that arise as a result of the blowing/suction. The streamwise
variationsof 1p0

w;rms.D
p

p02
w ¡

p
p02

w;0/ for blowing/suctionare ex-
hibited in Fig. 4. Here, the subscript0 stands forno blowing/suction.
As shown in Fig. 4, the effect of the blowing/suction is signi� cant.
For blowing 1p0

w;rms increases after the slot, whereas it decreases
for suction. As similar to that shown in Fig. 3a, the distributions
of 1p0

w;rms have a local maximum after the slot for blowing. It is
also found that the maximum points are located at the same position
(x=µin ’ 104) for three blowing cases.

Fig. 2 Variations of mean wall pressure at j ¾ j (=0.322).

a) ¾ = 0:322 (blowing) b) ¾ = ¡ 0:322 (suction)

Fig. 3 Variations of terms in the momentum integral equation: , j vw j = 0.01242U 1 ; , j vw j = 0.02425U 1 ; and , j vw j = 0.04630U 1 .

a) ¾ = 0:322 (blowing) b) ¾ = ¡ 0:322 (suction)

Fig. 4 Variations of the rms of wall pressure � uctuations. Vertical lines denote the spanwise slot.

a) ¾ = 0, vw = 0

b) ¾ = 0:3223, vw = 0:01242

c) ¾ = 0:3223, vw = 0:02425

d) ¾ = 0:3223, vw = 0:04630

Fig. 5 Three-dimensional views of the streamwise vortices very near
the wall for blowing (isosurfaces of j !x j = 0.35U 1 /µin ): a) no blowing,
b) vw/U 1 = 0.01242, c) vw/U 1 = 0.02425, and d) vw /U 1 = 0.04630.
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a) ¾ = 0, vw = 0

b) ¾ = ¡ ¡ 0:3223, vw = ¡¡ 0:01242

c) ¾ = ¡¡ 0:3223, vw = ¡¡ 0:02425

d) ¾ = ¡ ¡ 0:3223, vw = ¡¡ 0:04630

Fig. 6 Three-dimensional views of the streamwise vortices very near
the wall for suction (isosurfaces of j !x j = 0.35U 1 /µin ): a) no suction, b)
vw /U 1 = ¡ 0.01242, c) vw/U 1 = ¡ 0.02425, and d) vw /U 1 = ¡ 0.04630.

Three-dimensional views of the streamwise vortices very near
the wall are illustrated in Figs. 5 and 6. These instantaneous � ow
visualizationsare helpful in capturing the global effect of vw on the
� ow. The contour values of !x are j!x j D 0:35U1=µin. The regions
of blowing/suction are denoted in gray. For blowing (Fig. 5) the
vortical structures are lifted up above the slot and become much
stronger downstream.4 An interesting � nding is that the strength-
ened near-wall vortices are accumulated at x=µin ’ 107, regard-
less of vw . The maximum 1! 0

x;rms.D
p

!02
x ¡

p
!02

x;0/ is located at
.x=µin; yC

in / ’ .107; 15/ for threeblowingcases.For suction(Fig. 6),
however, the vortical structures are drawn toward the wall above
the slot and become weaker downstream.4 Because of the suction,
the near-wall vortices are substantiallyweakened at the immediate
rear of the slot. Just after the suction, they begin to recover with-
out relaxation.This re� ects that

R
.@ P=@ x/ dy and 1p0

w;rms recover
monotonously for suction as shown in Figs. 3b and 4b.

Conclusions
The role of vw at a � xed value of ¾ is tested for blowing/suction.

Toward this end, a direct numerical simulation of turbulent bound-
ary layer is performed at Reµ D 300. The results for three different
values of vw at a constant j¾ j D 0:322 reveal that j1p0

w;rmsj and
j
R

.@ P=@x/ dyj increase with increasing jvw j above the slot. A lo-
cal maximum exists after the slot for blowing.The localmaxima for
three blowing cases are located at the same position (x=µin ’ 104).
The streamwise variation of c f =2 for blowing is much smaller than
for suction. For blowing the strengthenednear-wall vortices are ac-
cumulated at x=µin ’ 107, regardless of vw . For suction, however,
the near-wall vortices are weakened at the immediate rear of the
slot.
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I. Introduction

L ARGE-MAGNITUDE surface-shear-stress pulses, which are
present in all turbulent boundary layers, do not appear to be

accounted for in current turbulence models. The pulses are related
to the “sweep” motions observed near the surface in shear � ows.
These pulses are not only large in amplitude, but also the highest
frequencies present. Thus, low-frequency (large-eddy) simulation
models might not be able to capture them.1

Surface hot-wire evaluationsof the time-dependentsurface shear
stresswere employedto identifycharacteristicmagnitudesandtimes
for the pulses.

II. Experimental Results
Figure 1 shows a typical time trace of the surface shear stress

obtained in an adverse-pressure-gradient turbulent boundary layer.
The trace was for � ow along a curved � oor in a 61 £ 61-cm wind
tunnel (see Ref. 2 for experimental setup). Figure 2 shows the
pressure-gradient variations along the curved � oor for a number
of Reynolds numbers (q is the upstream dynamic pressure). “Inter-
mittent” turbulent separation occurred near the end of the curved
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