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Effects of Periodic Blowing from Spanwise Slot
on a Turbulent Boundary Layer

Kyoungyoun Kim¤ and Hyung Jin Sung†

Korea Advanced Institute of Science and Technology, Daejeon 305-701, Republic of Korea

Direct numerical simulations were performed to analyze the effects of time-periodical blowing through a span-
wise slot on a turbulent boundary layer. The blowing velocity was varied in a cyclic manner from 0 to 2A+

(A+ = 0:25; 0:50, and 1:00) at a � xed blowing frequency of f+ = 0:017. The effect of steady blowing (SB) was also
examined, and the SB results were compared with those for periodic blowing (PB). PB reduced the skin friction
near the slot, although to a slightly lesser extent than SB. PB was found to generate a spanwise vortical structure
in the downstream of the slot. This vortex generates a reverse � ow near the wall, thereby reducing the wall shear
stress. The wall-normal and spanwise turbulence intensities under PB are increased as compared to those under
SB, whereas the streamwise turbulent intensity under PB is weaker than that under SB. PB enhances more energy
redistribution than SB. The periodic response of the streamwise turbulence intensity to PB is propagated to a lesser
extent than that of the other components of the turbulence intensities and the Reynolds shear stress.

I. Introduction

M ANY attempts have been made to devise a practical method
for controlling wall bounded � ows. These include the mod-

i� cation of the wall surface by installing riblets,1 as well as the
use of a compliant wall2 or a spanwise oscillating wall.3 Among
the approaches considered to date, the use of local suction/blowing
deserves more detailed study because it provides an ef� cient and
simple means for locally actuating the wall-bounded � ow. More-
over, the strength of the actuation can be controlled with relative
ease by local suction/blowing.

Most previous experimental and numerical studies of local suc-
tion/blowinghave focusedon steady actuation.Sano and Hirayama4

examined the effect of steady blowing or suction through a span-
wise slot in a turbulent boundary layer. They found that steady
blowing (suction) decreases (increases) skin friction and increases
(decreases) turbulent intensity behind the slot. Park and Choi5 con-
ducted direct numerical simulations to investigate the effects of ap-
plying weak steady local blowing or suction. They reported that
steady local blowing lifts up the streamwise vortices, thereby re-
ducing the interaction of the vortices with the wall. This leads to
a reduction in the skin friction near the slot, combined with an in-
crease in the turbulent intensity and skin friction far downstream
from the slot. Krogstad and Kourakine6 conducted experiments to
investigate the effect on a turbulent boundary layer of weak blow-
ing through a porous strip of limited streamwise extent. Kim et al.7

examined the effect of blowing velocity on the characteristics of
the turbulent boundary layer through direct numerical simulations.
They conducted simulationsat three different values of the blowing
velocity under conditions of constant mass � ow rate through the
slot.

In contrast to the previous studies that considered only steady
blowing (SB), Tardu8 carried out wind-tunnelexperiments in which
he compared the behavior of a periodically blowing system and a
steady-blowing system. He showed that both types of blowing led
to a reduction in the skin friction. When the blowing frequency
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is larger than a critical value ( f C
cr D 0:008), the blowing induces a

positive wall vorticity layer that subsequently rolls up into a coher-
ent spanwise vortex. Farther downstream, a negative vorticity layer
rolls up in its turn. Tardu attempted to explain the response of the
� ow to periodic blowing in terms of physical arguments based on
the vorticity dynamics near the wall. Park et al.9 performed experi-
ments to probe the effects of periodic blowing and suction through
a spanwise slot on a turbulentboundary layer. They showed that in-
creasing the forcing frequency from f C D 0:011 to 0:044 caused a
reduction in the skin friction. The higher forcing frequency induces
greater changes in the turbulent structures of boundary layer. Rhee
and Sung10 performed unsteady Reynolds-averagedNavier–Stokes
simulations and compared the simulation results with those of the
experimentsofPark et al.9 They examinedtheeffectof forcingangle
on the skin friction. The � ow characteristicsdownstreamof the slot
could be mainly related with the spanwise vortical structure caused
by the periodic forcing.

In the present study the effect of periodic blowing (PB) on a
turbulent boundary layer was investigated through direct numerical
simulations of the spatially evolving turbulent boundary layer. In
these simulations the Reynolds number based on the momentum
thickness at the inlet was Reµ D 300, which is relatively low com-
pared to the relevanthigher-Reynolds-numberexperimental results.
The time-mean blowing velocities were restricted to values smaller
than10%of the free streamvelocity(AC D 0:25,0.50,and1.00), and
the blowing frequency was � xed at f C D f º=u2

¿; in D 0:017, which
corresponds to twice the ejection frequencyof the inner layer.8 The
objective of the present study was to elucidate the response of a
turbulent boundary layer to PB, with particular emphasis on the
modulationof the wall shear stress and mean velocities.A spanwise
vortical structure was generated by PB, which led to a reduction
in the skin friction near the wall. The oscillating components of
the turbulent intensities and Reynolds shear stress were analyzed to
characterize the unsteady dynamic response of turbulent structure
to PB. In addition, a comparison was made between the time-mean
velocity, turbulent intensities, and Reynolds shear stress under PB
and SB. The budgets of the Reynolds stresses were scrutinized to
investigate the energy redistributioncaused by PB and SB.

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

boundarylayer is performedto test the � ow. A schematicdiagramof
the computationaldomain is displayed in Fig. 1. The domain size is
200µin £ 30µin £ 40µin in the streamwise,wall-normal,andspanwise
directions, where the corresponding mesh size is 257£ 65 £ 129.
The mesh is uniform in the streamwise and spanwise directions,but
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Fig. 1 Schematic diagram of the computational domain.

a hyperbolic tangent stretching is used in the normal direction to
cluster points near the wall. The mesh resolutionsare 1xC ’ 12:40,
1yC

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

velocity at the inlet. Realistic velocity � uctuations at the inlet are
obtained using the method of Lund et al.11 The convective out� ow
condition .@ui =@t/ C c.@ui =@x/ D 0 is used at the exit, where c is
taken to be the mean exit velocity. A no-slip boundary condition is
imposed at the solid wall. At the freestream the conditions u D U1
and@v=@y D @w=@y D 0 are imposed.Periodicboundaryconditions
are used in the spanwise direction.

The spanwise slot for periodic blowing extends from x D 75:8µin

to x D 82:0µin, where the location of the inlet is de� ned as x D 0.
The slot width is bC ’ 100 in wall units. The periodic blowing at
the slot is generated by varying the wall-normal velocity according
to the equation

vslot=U1 D A.1 C cos 2¼ f t/ (1)

Thus, the blowing velocity varies periodically between values of 0
and 2A. As mentioned earlier, the time-mean blowing velocitiesare
restricted to values smaller than 10% of the freestreamvelocity, that
is, A D 0.0134,0.0267,and 0.0534,which correspondto AC D 0.25,
0.50, and 1.00 in wall units, respectively.Although the forcing am-
plitudes employed in this study are very small, it has been previ-
ously shown that they are suf� cient to affect signi� cantly the � ow
variables and turbulence characteristics in the downstream.5 The
correspondingtime-mean � ow rates throughthe slot are ACbC D 25,
50, and 100, respectively. The blowing frequency f is � xed at
f C D f º=u2

¿;in D 0:017, which correspondsto twice the ejection fre-
quencyof the inner layer.8 The presentblowingfrequencybelongsto
the high-frequencyexcitationregionas comparedwith other forcing
cases.12

The governing Navier–Stokes and continuity equations are inte-
grated in time by using a fractional step method with an implicit
velocity decouplingprocedure.13 A second-ordercentral difference
scheme is used in space with a staggeredmesh. The Reynolds num-
ber based on the momentum thickness at the inlet is Reµ D 300.
The computation time step is 1tU1=µin D 0:3, which corresponds
to 1tC ’ 0:25 in wall units. The total time over which statistical
averages are calculated is Tavg D 15; 000µin=U1 . Each period is di-
vided into 234 phases, and the statistics are obtained by averaging
213 periods.

The impositionof periodicblowingcan lead to periodicvariations
in the global physical quantities of the � ow. Hence, it is necessary
to represent each � ow quantity as a superposition of three compo-
nents:

q.x; y; z; t/ D Nq.x; y/ C Qq.x; y; t/ C q 00.x; y; z; t/ (2)

where the instantaneousquantityq is decomposedinto a time-mean
component Nq, an oscillatingcomponent Qq , and a random � uctuating

component q 00. The time average is

Nq.x; y/ D
1

Ttot L z

Z Ttot

0

Z L z

0

q.x; y; z; t/ dz dt (3)

where Ttot D N T is the time over which the quantity is averagedand
N is the total number of periods. The oscillating component Qq is
obtained from the relation

Qq.x; y; t/ D hqi.x; y; t/ ¡ Nq.x; y/ (4)

where hqi.x; y; t/ is the phase average, which is de� ned as

hqi.x; y; t/ D 1
N L z

NX

n D 1

Z L z

0

q.x; y; z; t C nT / dz (5)

Accordingly, the random � uctuation component q 00 is expressed as

q 00.x; y; z; t/ D q.x; y; z; t/ ¡ hqi.x; y; t/ (6)

III. Results and Discussion
First, we examine the variationsof the mean wall variablesalong

the wall by the presentforcing.Figure 2 shows the streamwisedistri-
butionsof time averagesof the skin friction c f and wall pressure Pw .
For both PB and SB c f decreasesrapidlynear the slot.Adversepres-
sure gradientsappear upstreamand downstreamof the slot, whereas
a favorablepressuregradientoccursabove the slot.The overallchar-
acteristics are in good agreement with previous results.5;7 Previous
studies have shown that the application of blowing through a span-
wise slot causes the streamwise vorticies to be lifted up, leading to a
decrease in the skin friction above the slot. However, this reduction
in the skin friction at the slot is accompaniedby a slight increase in
the skin friction in the downstream caused by the increased turbu-
lence induced by blowing.5 Inspection of the recovery of the skin
friction behind the slot reveals a signi� cant difference between the
� ow characteristicsunder PB and SB, although the recovery of the
wall pressurecollapseswell at the same AC. The differencebetween
the value of c f for PB and SB increases as AC increases (Fig. 2a).
Interestingly,the skin friction near the slot is greater for PB than for
SB, which suggests that PB reduces the skin frictionnear the slot to
a lesser extent than SB.

a)

b)

Fig. 2 Variations of cf and Pw for three forcing amplitudes.
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Table 1 Comparison of terms in the time-averaged x momentum at the slot center (££10¡3)
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vslotb

U1µslot

²
vslot
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@y

­­
w

fvslot
@ Qu
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­­
w

¡
@ Np
@x

­­
w

1

Re

@2 Nu
@y2

­­
w

Blowing
type

0.25 25 0.068 PB 6.900 ¡0.997 4.962 0.977
SB 6.382 —— 4.986 1.379

0.50 50 0.136 PB 11.290 ¡1.703 9.102 0.501
SB 9.786 —— 9.317 0.419

1.00 100 0.272 PB 18.275 ¡2.438 15.640 0.212
SB 16.065 —— 15.956 0.262

Fig. 3 Time-mean velocity pro� les.

To analyze the difference in the skin frictionbetween PB and SB,
we examined the time-averaged x momentum at the wall:

vslot
@ Nu
@y

­­­­
w

C fvslot
@ Qu
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­­­­
w

D ¡ @ Np
@x

­­­­
w

C 1
Re

@2 Nu
@y2
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w

(7)

The magnitude of each term in Eq. (7) was calculated for three
forcing amplitudes at the slot center. As shown in Table 1, the mag-
nitude of .1=Re/.@2 Nu=@y2/jw is relatively small in comparison to
the magnitudes of the other terms. This term becomes even smaller
as AC increases. The magnitude of ¡@ Np=@x jw is almost the same
under PB and SB, as can be seen in Fig. 2b. Thus, the magnitude
of vslot.@ Nu=@y/jw C fvslot.@ Qu=@y/jw under PB is almost equivalent to
that under SB. However, because the term fvslot.@ Qu=@y/jw of SB is
zero, it follows that

Á

vslot
@ Nu
@y

­­­­
w

C fvslot
@ Qu
@y

­­­­
w

!

PB

¼

Á

vslot
@ Nu
@y

­­­­
w

!

SB

(8)

As shown in Table 1, the term fvslot.@ Qu=@y/jw for PB has a negative
value. This is because the phase of the blowing velocity is opposite
to that of the wall shear stress above the slot. This negative“stream-
ing” gives [vslot.@ Nu=@y/jw]PB > [vslot.@ Nu=@y/jw]SB. Given that the
time-mean blowing velocity (vslot) under PB is the same as that un-
der SB, we conclude that the skin friction under PB is larger than
that under SB.

Figure 3 shows the distributionsof the time-mean streamwise ve-
locity in outer coordinates at � ve streamwise locations (x=µin D 80,

Fig. 4 Spatio-temporal evolution of the relative modulations of wall
shear stress (A+ = 0.5). The contour levels range from ¡¡1 to 1 by incre-
ments of 0.1.

90, 100, 110, and 120). A region of retarded � ow is observed close
to the wall, and the magnitude of this retardation increases with
increasing AC . As the � ow moves downstream, the region of re-
tarded � ow gradually shifts away from the wall and decays. This
is consistent with the � nding of Park et al.,9 where the blowing ef-
fect dominates the mean velocity pro� les. In the region of y=µin < 1
near the slot, the time-mean velocity under PB is slightly greater
than that under SB. This is analogous to the difference in skin fric-
tion between PB and SB just described. The pro� les for both PB
and SB collapse at the same value of AC except for the region of
y=µin < 1 near the slot. The time-mean streamwise velocity pro� les
are seen to be insensitive to the present blowings.8

Figure 4 shows the spatio-temporalevolutionsof the relativemod-
ulation of wall shear stress (e¿w=¿w ) during one period of blowing.
The relativemodulation indicates the unsteady response of the wall
shear stress (e¿w D h¿w i ¡ ¿w ) to the imposed periodic blowing. As
time proceeds, e¿w=¿w changes considerably close to the slot. The
phase of the blowing velocityvslot is opposite to that of e¿w above the
slot. A regionof lower wall shearstress is observednear the slot, and
it decays in the downstream region (x=µin > 110). The convection
velocity is detected by tracing the lower wall shear stress region,
which is denoted by a thick solid line in Fig. 4. The convection
velocity increases slightly on moving downstream. This is consis-
tent with the results of Rhee and Sung,10 who found that the tem-
poral variation of the local minimum of skin friction corresponds
to the trajectory of the large-scale vortex generated by the local
forcing.

Figure 5 shows contour plots of the oscillating components of
the spanwise vorticity (e!z ) along with the vectors of the oscillating
components of the velocity ( Qu, Qv). Eight snapshots taken at intervals
of T=8 are shown, where T is the blowing period. As in Fig. 4,
the maximum blowing is imparted at t D 0 and the minimum at
t D 4T=8. The velocity vectors in Fig. 5 clearly show the genera-
tion of a strong spanwise vortical structure caused by the periodic
blowing,and this vortexconvectsdownstreamover time. During the
phase of maximum blowing, the incoming freestream is temporar-
ily blocked by the strong upward motion. The pressure in the close
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Fig. 5 Contour plots of the oscillating components of spanwise vorticity with the oscillating components of velocity vectors (left) and streaklines
(right) for A+ = 0.5.

Fig. 6 Contours of the differences of the time-averaged rms velocity � uctuations and Reynolds shear stress. Contour levels are from ¡¡0.02U1 to
0.02 U1 by increments of 0.002 for the velocity � uctuations and from ¡¡0:002 U2

1 to 0.002 U2
1 by increments of 0.0002 for the Reynolds shear stress.
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a)

b)

c)

d)

Fig. 7 Variations of time-averaged turbulent intensities and Reynolds shear stress for A+ = 0.5: a) u00
rms, b) v00

rms , c) w00
rms , and d) ¡¡u00v00 .

downstream vicinity of the slot abruptly decreases, leading to the
formationof a reverse� ow region.At the beginningof the minimum
blowing phase, this reverse � ow region becomes larger such that it
engulfs the preinjected � uid and a vortical structure is created. This
vortex generates a reverse � ow near the wall, thereby reducing the
wall-regionvelocity.As the � ow moves downstream,the large-scale
vortical structure gradually shifts away from the wall and increases
in size. To more clearly observe the vortex formation process in the
presence of periodic blowing, streaklines are plotted in Fig. 5 over
one blowing period. The vortex with negative !z induces a negative
streamwise velocity in the vicinity of the wall.14 This leads to the
reduction of skin friction, which is closely related to the convection
velocityof the localminimum of e¿w=¿w in the downstreamin Fig. 4.

Impositionof a local forcing (PB or SB) leads to a decreasein the
velocity � uctuations and Reynolds shear stress near the slot. These
quantities decreasebecause the � uid is lifted away from the wall by
the blowing. However, the velocity � uctuationsand Reynolds shear
stress are signi� cantly enhanced downstream of the slot. Figure 6

shows contours of the difference between the rms velocity � uctua-
tions under the present forcings (PB and SB) and the values under
the “no-forcing” condition. This � gure also shows the correspond-
ing contours for the Reynolds shear stress. The global features of
v 00

rms , w00
rms , and ¡u 00v 00 are quite similar, but u 00

rms shows different
behavior. Under both PB and SB, the maximum change of u 00

rms is
located closer to the slot than the maximum changes of v 00

rms, w00
rms ,

and ¡u 00v 00. Note that the maximum changes of v00
rms, w00

rms, and
¡u 00v 00 forPB are locatedcloserto the slot than those forSB. This in-
dicates that the velocity � uctuationsv00

rms and w00
rms and the Reynolds

shear stress (¡u 00v 00) respond more quickly to PB than to SB.
Pro� les of the rms velocity � uctuations (u 00

rms , v00
rms, and w00

rms ) and
Reynolds shear stress (¡u00v 00) are shown in Fig. 7. As just men-
tioned, the velocity � uctuationsand Reynolds shear stress are atten-
uated near the slot (x=µin D 80) but are enhanceddownstreamof the
slot (x=µin ¸ 100) for both PB and SB. The maximum change of u 00

rms
is observed at x=µin D 100, whereas the maximum changes of v 00

rms ,
w00

rms , and ¡u 00v00 are located in the far downstream (x=µin ¸ 110).
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a)

b)

c)

d)

Fig. 8 Variations of the energy partition parameter K¤ = 2u002 /(v002 + w002).

The increases in v00
rms and w00

rms for PB are larger than those for SB,
whereas the increase in u00

rms for PB is slightly smaller than that for
SB. This suggests that PB enhances the energy redistributionin the
streamwise downstream more strongly than SB does.

To examine the energy redistribution altered by the local forc-
ings, the energy partition parameter K ¤ D 2u 002=.v 002 C w002/ is
employed.15 This parameter is a measure of the relative contribution
to the turbulentkineticenergyof the streamwise turbulenceintensity
and the intensities normal to the mean � ow.16 As shown in Fig. 8,17

K ¤ signi� cantly decreasesnear the wall for both PB and SB in com-
parisonwith the no-forcingcase.Above the slot (x=µin D 80) theval-
ues of K ¤ for SB are smaller than those for PB in the vicinity of the
wall (yC · 10). However, the values of K ¤ for PB are smaller than
those for SB in the downstream(x=µin ¸ 90). The amount of energy
transfer from the streamwise velocity component to the other two
velocitycomponentsunderPB isgenerallylarger than thatunderSB.

The budgets of u 002 , v002, and w002 are analyzed to examine the
energy redistributionjust mentioned.The transport equation for the
time-averaged Reynolds-stresscomponents is expressed as

@u 00
i u00
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k i

@hu j i
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j ±ik /
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(9)

The budgets of u002, v 002, and w002 for PB and SB are shown in Fig. 9.
The thick and thin lines denote the pro� les of PB and SB, respec-
tively. The budgets are signi� cantly disturbed by the forcings near
the slot; however, by x=µin D 140 they have mostly recovered to the
values observed under the no-forcing condition. In the budget of
u 002 shown in Fig. 9a for both PB and SB, the production term is in
balance with the dissipation and pressure-strain terms away from
the wall, whereas the diffusion and dissipation terms are dominant
close to the wall. Above the slot the viscous diffusion and turbu-
lent transport terms for PB are much smaller than those for SB. In
the near downstream of the slot (x=µin D 90 and 100), the behav-
ior of u 002 is very similar for PB and SB, with the exception of the
pressure-strain term. At these locations (x=µin D 90 and 100) the
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a) u002 budget b) v002 budget c) w002 budget

Fig. 9 Terms in the budget of u002 , v002 , and w002, nondimensionalized by u4
¿; no forcing /º (A+ = 0.5): ——, production; – - –, dissipation; - - - -, viscous

diffusion; – - - –, convection; – – –, turbulent transport; ¢ ¢ ¢ ¢, pressure transport; and s , pressure strain.

magnitude of the pressure-strainterm is greater for PB than for SB.
The budgets of v 002 and w002 are shown in Figs. 9b and 9c, respec-
tively. Note that the production terms in the v 002 and w002 budgets are
negligible, and the pressure-strain term is dominant except in the
vicinity of the wall. Similar to the u 002 budget, the pressure-strain
term for PB is larger than that for SB in the near downstreamof the
slot.

It is known that the pressure-strain term Ái j D p00.@u 00
i =@x j C

@u 00
j =@xi / plays a dominant role in the energy redistributionamong

thecomponents.18 The negativesignof Ákk (no summation) indicates
a loss of energyfromu 002

k or a transferof energyfrom this component
to other components, whereas the positive sign of Ákk (no summa-
tion) denotes an energy gain. In the downstream (x=µin > 90) the
magnitudes of Ákk (no summation) for PB are larger than those for
SB. This indicates that more energy is redistributedunder PB than
under SB, which is in agreement with the behavior of the energy
partition parameter K ¤ shown in Fig. 8.

To examine the unsteady dynamic response of the turbulence
structure to the PB imposed in the present study, we consider the
oscillatingcomponentsof the turbulentintensities(fu 002 , fv 002 , and fw002)
and the Reynoldsshearstress ( g¡u00v00) overoneperiodof blowing.A
sequenceof eight snapshotsshowing the evolutionof the oscillating

components is plotted in Fig. 10. The vector plots of the oscillating
velocity components are superimposed to gain a better understand-
ing of the � ow evolution. In the contour plots of fu 002 (Fig. 10a), the
unsteady response of fu 002 to the PB is signi� cant above the slot, and
it gradually decays downstream. The oscillating component above
the slot is negative during the blowing phases 0/8T » 2=8T and
is positive during the phases 4/8T » 6=8T . Closer inspection of
the fu 002 contours reveals the generation of a positive weak oscillat-
ing component downstream of the slot (t D 5=8T ). Examination of
the streaklines in Fig. 5 further discloses that this positive oscillat-
ing component is created at the bottom left of the spanwise vortical
structure. The positive oscillating component of u 002 is generated
as a result of the enhancement of the production term of hu 002i by
the strain rates induced by the spanwise vortical structure, that is,
OP11 D ¡2.hu 002i@hui=@x C hu00v 00i@hui=@y/ is activatedby the strain

rates (@ Qu=@x < 0, @ Qu=@y > 0).
The evolution of fv002 (Fig. 10b), similar to fu 002 , shows that the

oscillatingcomponent is negative above the slot during the blowing
phases0/8T » 2=8T and is positiveduring the phases4/8T » 6=8T .
However, fv002 graduallystrengthensin the downstream,whereas fu002

is con� ned to near the slot. Downstream of the slot, a positive os-
cillating component is created at the right bottom of the spanwise
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a) fu002 /U2
1

b) fv002/U2
1

c) fw002 /U2
1

d) ¡¡ gu00v00/U2
1

Fig. 10 Contours of the oscillating component of turbulent intensities and Reynolds shear stress (A+ = 0.5). Contour levels are from ¡¡0.004 to 0.004
by increments of 0.0008 for fu002 /U2

1 and from ¡¡0.001 to 0.001 by increments of 0.0002 for fv002 /U2
1, fw002/U2

1, and ¡¡ gu00v00/U2
1. The plot domain is

70 <– x/µin <– 120 and 0 <– y/µin <– 5.

vortical structure in the phase t D 2=8T . The production term of
hv 002i becomes signi� cant because of the strain rates of the span-
wise vortical structure, whereas the production in the v002 budget is
negligible. The spanwise vortical structure induces a “downwash,”
which leads to @ Qv=@y < 0 at the right bottom of the vortical struc-
ture. Because this oscillatingcomponentof the strain rates enhances
the productionterm OP22 D ¡2.hv 002i@hvi=@y Chu00v00i@hvi=@x/, the
positive oscillating component of v 002 is generated. The global be-
havior of ew002 is very similar to that of ev002 (Fig. 10c). This indicates
that the unsteady effect of PB on u002 is con� ned to near the slot,
whereas the unsteadyeffect of PB on v002 and w002 is propagatedfur-
therdownstream.In the contourplots of g¡u 00v00 (Fig. 10d), a negative
oscillating component is observed above the slot at the maximum
blowing (t D 0=8T ); this negativeoscillatingcomponentis engulfed

in the spanwise vortical structure and then convectsdownstream. In
contrast, a positiveoscillatingcomponent is observedabove the slot
at the minimum blowing (t D 4=8T ). The positive oscillating com-
ponent is not engulfed into the region of e!z > 0. This is because
the positive modulation of spanwise vorticity (e!z > 0) is not a real
vortical structure as shown in Fig. 5.

IV. Conclusions
A detailed numerical analysis was performed to delineate the ef-

fects of periodic blowing through a spanwise slot on a turbulent
boundary layer. Statistical descriptions of � ow quantities were ob-
tained by performing direct numerical simulations of the spatially
evolving turbulent boundary layer at Reµ D 300 for three blow-
ing amplitudes (AC D 0.25, 0.50, and 1.00) with the same blowing
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frequency ( f C D 0:017). The simulation results show that periodic
blowing reduces the skin friction close to the slot and increases the
turbulent intensities and Reynolds shear stress in the downstream.
Inspectionof the time-dependentcontourplots of the spanwise vor-
ticity and streaklines revealed the formation of a spanwise vortical
structure. This structure was closely related to the region of lower
wall shear stress downstream of the slot. Investigation of the oscil-
lating components of the turbulent intensities and Reynolds shear
stress showed that the unsteady response of the streamwise turbu-
lent intensity (u 002 ) to PB is propagated to a lesser extent than the
unsteady responses of the intensities normal to the mean � ow and
the Reynolds shear stress (v 002 , w002 , and ¡u 00v00). A systematic com-
parison was made between the behavior of the time-mean velocity,
turbulent intensities, and Reynolds shear stress under PB and SB.
Near the slot the skin frictionof PB is larger than that of SB because
of the negativestreaminginducedby PB. The cross-streamturbulent
intensity and Reynolds shear stress are enhanced to a greater extent
for PB than for SB. In addition, the wall-normal and spanwise ve-
locity � uctuationsas well as the Reynolds shear stress respondmore
quickly to PB than to SB. Examination of the energy partition pa-
rameter showed that the amount of energy transfer from the stream-
wise velocity component to the other two velocity components was
larger under PB than under SB. This was con� rmed by evaluating
the pressure-stain correlation tensor in the Reynolds-stress budget
analysis.
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