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Initial Relaxation of Spatially Evolving Turbulent
Channel Flow with Blowing and Suction
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A direct numerical simulation is performed to examine the initial relaxation of spatially evolving turbulent
channel � ow subjected to uniform wall blowing and suction. Just beyond the entrance section, a uniform blowing
is applied at the lower wall and a uniform suction at the upper. The relaxation processes of the mean velocity,
turbulence intensities, Reynolds shear stresses, and vorticity � uctuationsafter the sudden wall blowing and suction
are scrutinized. The effect of wall blowing and suction on the location and strength of the streamwise vortices is
signi� cant. The relaxation associated with suction is much slower than that with blowing. The initial relaxation is
evaluated in terms of the turbulent kinetic energy transport. Blowing enhances the intercomponent energy transfer
between the Reynolds stresses, whereas suction suppresses it.

I. Introduction

W HEN a fully developed turbulent wall-bounded � ow is sub-
jected to a step change in wall boundary conditions, there is

an initialrelaxationtoward an equilibriumstate after the step change
of perturbation.1;2 The perturbations can consist of, for example,
wall blowing and suction, transverse pressure gradient, streamwise
curvature,wall roughness,or wall temperaturevariation,etc.Among
otherperturbations,ofmajor interest to thepresentstudyis the initial
relaxationafter the impositionof uniformwall blowing and suction.
Wall blowing and suctionhave been encounteredin many engineer-
ing problems such as turbine-blade cooling, transition delay, and
separation prevention.3¡5

Most previous studies of wall blowing and suction have con-
centrated on asymptotic cases. For these studies, uniform blowing
and suction was applied for a long distance and the effects on the
� ow were investigated after the initial relaxation. Examples of this
type of study are the experimental investigationsof Antonia et al.,3

Fulachier et al.,4 the direct numerical simulation (DNS) of Sumitani
andKasagi,6 and the large eddy simulationof Piomelli et al.7 A DNS
for a turbulentboundary layer with uniform suction is performedby
Mariani et al.8

Although the effect of asymptotic wall blowing and suction on
turbulenceis well documented,studies on the initial relaxationafter
the wall blowingand suctionare relativelyscarce.9;10 An experiment
on a turbulent boundary layer subjected to a sudden increase in the
wall blowing rate is performed by Simpson.9 He reports the skin-
friction coef� cient and the mean velocity variations caused by an
increasedblowing rate, but details on the turbulentquantitiesare not
available from the experiment.The extent to which previous studies
have been performed has established that the � ow cannot attain an
equilibrium state immediately after wall blowing and suction. In
the recovery process it is known that the � rst-order statistics such as
the mean � ow relax � rst and the second-order statistics such as the
Reynolds stresses relax next.

The present study aims to depict the initial relaxation of a turbu-
lent channel � ow after wall blowing and suction. A fully developed
turbulent channel � ow is subjected to a sudden uniform wall blow-
ing and suction immediately upon its exit from an entrance section.
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Figure 1 gives a schematic diagram of the � ow con� guration. The
turbulence is perturbed from its equilibrium state and then allowed
to reach another. An understanding of the initial relaxation is of
prime importance in analyzing the effects of wall blowing and suc-
tion through a spanwise slot, where the wall blowing and suction
is applied over a limited spatial extent rather than uniformly in
space.11¡14 If the slot width is shorter than the length scale required
for the initial relaxation, the � ow cannot attain an asymptotic state.
In general, the effects of local wall blowing and suction on the � ow
depend on the streamwise extent of the slot as well as the strength
of the blowing and suction and consequentlyon the characteristics
of the initial relaxation.

II. Numerical Method
A. Governing Equations

For an incompressible � ow, the unsteady three-dimensional
Navier–Stokes and continuity equations can be written in the fol-
lowing nondimensionalform:
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where u i is the instantaneous velocity in the xi direction and p
is the pressure. The instantaneous velocity is decomposed into
u i D Ui C u 0

i , whereUi is the time-meanvelocityand u0
i is the � uctu-

atingvelocitycomponent.The subscriptsi; j; k takevaluesof 1; 2; 3
to denote the streamwise x, normal to the wall y, and spanwise z
directions, respectively. All � ow variables are nondimensionalized
by the inlet bulk mean velocity Um and the channel half-width h.
The Reynolds number is de� ned as Re D Um h=º, where º is the
kinematic viscosity of the � uid.

The numerical method used for this study was originally devel-
oped by Yang and Ferziger.15 Here, we only summarize the numeri-
cal method brie� y. Details regarding the procedurescan be found in
Yang and Ferziger15 and Chung and Sung.16 The governing equa-
tions are discretized on a staggered grid. They are integrated in
time using a fractional-step method,15;17 based on a time-splitting
methodin conjunctionwith theapproximatefactorizationtechnique.
The solutionprocedureconsists of a semi-implicit approach. It uses
a low storage, third-order Runge–Kutta method for the nonlinear
convective terms and a second-orderCrank–Nicholson method for
the viscous terms. For spatial discretization, second-order central
differencesare used. The Poisson equation for pressure is solved in
the wave-numberspaceby Fourier transformationin the streamwise
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Fig. 1 Schematic diagram of � ow con� guration.

Fig. 2 In� ow simulation.

and spanwise directions, taking advantageof the uniform grid spac-
ings in those directions. The code has been used for transitional18

and turbulent � ows.15;16

B. Boundary Conditions
In the presentstudy,uniformwall blowingand suctionare applied

from x D 5 to the exit of the computational domain. A uniform
blowing is imposed at the lower wall and a uniform suction at the
upper wall (see Fig. 1). The rates of blowing and suction set equal.
This boundary condition implies that the net mass � ux associated
with the blowing and suction is zero and that the bulk mean velocity
is constant through the computational domain. At the wall, no-slip
boundary conditionsare imposed. The vertical componentv is zero
at x · 5 and v D v0 at x > 5.

At the out� ow boundary, the convective boundary condition19 is
applied

@u i

@t
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@u i
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D 0 (3)

where Uc is the convective velocity at the exit. In this study Uc is
equal to the bulk mean velocity at the inlet Um . Periodic boundary
conditions are employed in the spanwise direction.

C. In� ow Simulation
Implementationof a proper in� ow conditionis important to simu-

late spatiallyevolvingturbulent� ows.16 To impose a real turbulence
at the in� ow boundary, an auxiliary periodic DNS of a fully devel-
oped turbulentchannel� ow is performedconcurrentlywith the main
simulation. As sketched in Fig. 2, the instantaneous velocity � eld
obtained from the in� ow simulation on a plane perpendicularto the
streamwise direction is imposed at each time step.16 It is known
that the in� ow data taken from an auxiliary in� ow simulation can
supply an ideal in� ow condition to a spatially evolving simulation.
The main advantage of this in� ow condition is that it can provide
an unsteady turbulence in� ow with correct phase information and
dynamics. Thus, the dynamic characteristicsof � ow structure, such
as the low-speed streaks, can be portrayed. However, in other syn-
thetic boundary conditions, the correct near-wall behavior of each
component of the Reynolds stresses could not be obtained.

The in� ow simulation is matched to ensure that the meshing in all
threedirectionsand the timestepare identicalto themainsimulation.
The streamwise and spanwise dimensions of the in� ow simulation
are 12.8h and 3h, respectively.A 128 £ 129 £ 64 grid systemis used
to obtain identical grid spacings compared to the main simulation.

D. Numerical Parameters
In the presentstudyRe D 2:18 £ 103 , which correspondsto Re¿ D

1:5 £ 102 based on the wall frictionvelocity at inlet u¿in . Here, u¿ is
de� ned as

p
.¿w=½/, where ¿w D ¹.dU=dy/ is the wall shear stress

and½ is the densityof the � uid.The dimensionlesswall transpiration
velocity vC

0 .Dv0=u¿in ) is set to be 0.05, which correspondsto a wall
transpiration rate v0=Um D 0:00344. The transpiration velocity is
the same as used by Sumitani and Kasagi.6

The computational domain size and the grid resolutions are
chosen through preliminary simulations.11;12;20 The streamwise
and spanwise dimensions of the computational domain are set to
L x D 51:2h and L z D 3h, respectively. So as to describe the ini-
tial relaxation process after the perturbation, the box length in the
streamwise direction is made large. The spanwise autocorrelation
decays to zero. This suggests that the box size is suf� ciently large
in the spanwise direction.

Grid re� nement is performed until more grid points do not cause
any signi� cant differences in the result.20 A 512 £ 129 £ 64 grid
system is used in the x , y, and z directions, respectively.To resolve
the near-wall structure, grid stretching is implemented along the
wall-normaldirection y usinga hyperbolictangentdistribution.The
� rst grid point away from the wall is located at about yC ¼ 0:1.
The streamwise and spanwise grid resolutions are 1xC D 15:0 and
1zC D 6:25, respectively. Effects of computational time step are
investigated by successively halving the time step. The time step
used is 1t D 0:02.1QtUm=h/, i.e., 1tC D 0:21Qtu2

¿ =º in wall units,
where Qt is the dimensiional time. After a transientperiod converged
time-meanquantitiesare obtained for 12,0001t , which corresponds
to 240.QtUm=h/ or 2400 Qtu2

¿ =º in wall units.

III. Results and Discussion
A. Instantaneous Flow� eld

To gain a better understanding of the initial relaxation, instan-
taneous � ow� elds are displayed. Figure 3 gives contours of three
components of instantaneousvelocity at midspan in the x– y plane.
The time-mean velocity is not subtracted from the instantaneous
velocity. The y coordinate is enlarged by a factor of four giving a
more detailed picture near the wall. A global inspectionof the � ow
changes after the uniform blowing and suction (x > 5) reveals that
the turbulent motions are energetic in the lower wall. However, the
near-wall turbulent motions are suppressed for the upper wall.
The in� uence of blowing and suction is more distinctly shown in
the transversecomponents.It is seen in Fig. 3a that the formationof a
shear layer, with a locally high velocity gradient, in the vicinity of
the upper wall is signi� cantly suppressed.On the suction side, there
are few in� ections in the instantaneousstreamwise velocitypro� les.
This is indicative of suppression of the near-wall turbulent bursts.
These observations are consistentwith the experimental � ndings.21

The instantaneous streamwise velocity � uctuations at yC D 5 in
the x –z planeare exhibitedin Fig. 4. The low-speedstreaksare elon-
gated substantially on the suction wall; in particular, some streaks
are as long as ¸C

x D 2000 (Ref. 3). The elongated streaks imply an
increased mean period of the bursting near the suction wall,21 caus-
ing a weakening of the downstream turbulence. The meanderings
of the low-speed streaks are signi� cantly weakened because of the
reduced transverse motion.

B. Coef� cient of Friction and Pressure
The wall skin-friction coef� cient C f , which is de� ned as

C f D ¿w= 1
2 ½U 2

m , is normalized by the inlet velocity Um . The initial
relaxation process with uniform blowing can be divided into four
regions as shown in Fig. 5. In region I (5 < x < 8), C f decreases
sharply after the application of blowing. Consequently, large varia-
tionsof V in the wall-normaldirectionare produced(see Fig. 6b). In
region II (8 < x < 18), C f on the blowing wall increases slightly to
a localmaximum. The � ow characteristicsin region III (8 < x < 32)
show a very small decrease in C f . In region IV, extending down-
stream from x > 32, C f on the blowing wall has almost a constant
value. The overshoot of C f in region I indicates that the early re-
sponse of C f seems to be less related to the turbulent � ow structure.
It appears that the later adjustment observed in regions II and III is
associated with the turbulent coherent structure modi� cation. The
early response of C f with uniform suction in region I shows a simi-
lar behavior to that of the blowing case. However, C f on the suction
wall does not reach a fully developed state until the exit of the com-
putational domain, showing a slower relaxation with suction.

The pressure coef� cient C p is de� ned by C p D .p ¡ pin/= 1
2 ½U 2

m ,
where pin is a reference inlet pressure. The streamwise variations
of C p are represented in Fig. 7. Except for region I (see Fig. 5)
where the pressuregradient changes from adverse to favorablewith



CHUNG AND SUNG 2093

a)

b)

c)

Fig. 3 Contours of instantaneous velocity components in the x–y plane: a) U ++ u, b) V ++ v, and c) w. Contour lines for u are from 0:0 to 1:23 with
increments of 0:082, v from ¡ ¡ 0:189 to 0:177 with increments of 0:026, and w from ¡ ¡ 0:286 to 0:291 with increments of 0:041.

Blowing

Suction

Fig. 4 Contours of instantaneous streamwise velocity � uctuations in the x–z plane.

Fig. 5 Streamwise variations of the skin-friction coef� cient Cf .

blowing and favorable to adverse with suction, C p has almost a
constant gradient. This suggests that in this case the wall pressure
is not as sensitive as C f to the downstream � ow development.

C. Mean Velocity
Figure 6 plots mean velocities at six streamwise locations. The

periodic DNS results of the unperturbed turbulent channel � ow22

and the asymptoticwall blowing and suction6 are included for com-
parison. At the in� ow region, the streamwise velocity shows good

agreementwith theperiodicDNS.22 After theapplicationof blowing
and suction, the core region has a slow response to the wall blowing
and suction. However, the time-mean velocity near the wall adjusts
quickly to the perturbation (see Fig. 5). Near the exit the general
features of the velocity pro� le are consistent with those of the pe-
riodic DNS.6 For 0 < y < 0:3, the pro� le at x D 45 is in agreement
with periodic DNS data,6 whereas the suction pro� le deviates sub-
stantially from the periodic DNS, showing a slow response to the
wall suction.

For the early stageof initial relaxation(x D 6 and 13), @U=@x < 0
in the lower part of the channel (0 < y < 0:5) and @U=@x > 0 in
the upper part (1:5 < y < 2). Consequently, because of continuity,
@V=@y should be positive in the lower part of the channel and neg-
ative in the upper part. Away from both walls, the normal velocity
V increases from the wall transpiration velocity v0 and is nearly
uniform across the channel. Just after the wall blowing and suction,
V has a maximum, i.e., V D 3v0 at x D 6.

To examine the near-wall behavior, the streamwise velocity pro-
� les are illustrated in terms of uC D QU=u¿ and yC D Qyu¿ =º (where
U D QU=Um and y D Qy=h). Here, the local friction velocity u¿ is
calculated along the streamwise direction at each wall. Figure 8
shows the logarithmic velocity pro� les at several representative
downstream locations, together with DNS data.6;22 As seen in prior
experimental and numerical studies,6;7 an upward shift of the loga-
rithmic velocity pro� le caused by blowing and a downward shift by
suction are clearly displayed.

A fast initial relaxationwith blowing is observed in Fig. 8, which
is in accordwith the � nding for the C f distribution.For blowing, the
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a) U

b) V

Fig. 6 Pro� les of time mean velocity components at several streamwise locations.

Fig. 7 Streamwise variations of the pressure coef� cient Cp.

velocity pro� le attains almost its fully developed state as early as at
x D 18. In the case of suction, it is not until the furthest downstream
locationthat the pro� les approachthe periodicsimulationdata.Near
the exit the logarithmic velocities show good agreement with the
periodic DNS.6

D. Turbulence Intensities and Reynolds Stresses
Figure 9 gives contours of the turbulenceintensities (u02; v 02 , and

w02) and the Reynolds shear stress (¡u 0v 0/. As seen, blowing and

suction signi� cantly modify the turbulence intensities. It is evident
that the former enhances turbulenceand the latter suppressesit. The
blowing side response is faster than that for the suction side. Af-
ter the wall blowing the turbulence intensities have an increased
near-wall peak. Farther downstream, the turbulence intensities on
the blowing side reach an equilibrium state in region III, while tur-
bulence intensitieson the suction side keep decreasingto the exit of
the computational domain. The response of each turbulence inten-
sity component to the wall perturbation is seen to be different. The
streamwise component shows the quickest response.

Streamwise variations of the maxima in the Reynolds stresses
(u02; v 02; w02, and ¡u 0v 0) with blowing and suction are displayed in
Fig. 10. When suction is applied,v 02 and w02 have a broad peak (see
Fig. 11) indicating that the local maximum in the suction side is not
distinctive. To avoid any ambiguity, therefore, the v 02 and w02 data
on the suction side are the values at y D 1:7, corresponding to the
location for the maximum values without blowing and suction. For
convenience to match the magnitudes, values multiplied by four for
v 02, w02 , and ¡u0v 0 are shown.

When blowing is applied, u 02 increases, having a maximum
value at x D 13. It then decreases to its in� ow value. The responses
of v02 and w02 are slower than that of u 02 . It is seen that v 02 reaches a
maximum at about x D 20 and w02 at around x D 16. In the case of
suction, relaxation is much slower. There is no sign of attaining an
equilibrium state until the exit of the computational domain.

The in� uence of wall blowing and suction on the transverse
component is larger than on the streamwise component. Blowing
enhances v02 and w02 more signi� cantly than u02 . The increase of
u 02 after blowing is almost negligible although it has a maximum
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Blowing

Suction

Fig. 8 Mean streamwise velocity pro� les in wall coordinates at several streamwise locations.

a)

b)

c)

d)

Fig. 9 Contours of turbulence intensities: a) u0 , b) v 0 , c) w0 , and d) ¡ u 0 v0 . The increments for u0 are 0.01 and 0.005 elsewhere.
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Blowing

Suction

Fig. 10 Streamwise variations of the Reynolds stresses (u 0 2; 4v 0 2; 4w0 2 , and ¡ 4u0 v 0 ).

increase of 30% at x D 13, whereas v02 and w02 are increased by
90%. Consequently, blowing plays a role in returning to isotropy.
In the upper wall, suction weakens the transverse motion rather
than the streamwise motion. The reduction rate of u 02 by suction
is about 35%, whereas v 02 and w02 are about 70 and 80%, respec-
tively.

Comparison is extended to the Reynolds-stress anisotropy tens-
or bi j D u 0

i u
0
j=2k ¡ ±i j =3 and its second invariant I I D ¡ 1

2
bi j b ji

(not shown here). Just after the application of wall blowing, an im-
mediate increase of the anisotropy is observed as a result of the
earlier increase of u02 in region I (Figs. 9 and 10). As v 02 and w02

increases, anisotropy decreases in region II. Farther downstream in
regions III and IV, it is likely that the � ow anisotropy on the blow-
ing side approaches an equilibrium state along with the Reynolds
stresses. On the suction case the anisotropy increases slowly with
a small decrease after the application of the suction. This is attrib-
uted to the earlier response of u 02 to the application of suction. The
enhanced anisotropy in the wall region with suction is also found
in the experiment of Antonia et al.3 and DNS boundary-layer � ow
data.5;8

Figure 11 gives the near-exit turbulence intensity pro� le. An in-
crease with blowing and a decrease with suction are clearly seen.
As mentioned earlier, v0 and w0 increase substantiallyon the blow-
ing side although u0 has almost the same magnitude as the in� ow
value. Where v 0 and w0 are in� uenced more than u 0, turbulence
is suppressed enhancing anisotropy. Because of the variations of
u¿ shown in Fig. 12, when nondimensionalizedby wall variables,
changes in turbulence intensities are ampli� ed.

Fig. 11 Pro� les of turbulence intensities at x = 45.

E. Vorticity Fluctuations
Contours of the three components of the vorticity � uctuations

.!i D
p

!02
i / are analyzed but because of space limits not shown

here. Comparing with Fig. 9, the response of !x is similar to those
of v 0 and w0. The strengthof v 0 and w0 increases to 10h downstream
after the application of wall blowing. On the contrary, !y has an
immediate response to the wall blowing and suction. Because the
streamwise vortices are closely related to the near-wall turbulent
activities, the response of the near-wall turbulent � ow to blowing
and suction can be explained in terms of the streamwise vortices.
The location of the local maximum !x corresponds to the average
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locationof the center of the streamwise vortices.The average size of
the streamwise vortex can be estimated from the distance between
the local maximum and minimum.23

Figure 13 shows the variationof the maximum values of vorticity
� uctuations. In region I, as blowing is applied, the streamwise vor-
tices move away from the wall while the strength of the streamwise
vortices does not adjust to the new environment, having the same
value. At the same time the wall value of !x experiences a sharp
drop after the application of wall blowing. Because of the no-slip
boundary condition, the streamwise vorticity with opposite sign is
created at the wall. The response of the wall value of !x is im-
mediate upon the application of the wall perturbation. In region II

Fig. 12 Streamwise variations of the friction velocity u¿ .

Blowing

Suction

Fig. 13 Maximum values of vorticity � uctuations.

the strength of the streamwise vortices increases up to 40%. Subse-
quently, the wall value of !x also increases.In region III the strength
of the streamwise vortices reaches a fully developed state, which is
consistentwith the � ndings in the Reynolds stress shown in Fig. 10.

In the suction wall at region I the response of !x is signi� cant.
Further downstream from region II, all of the vorticity � uctuations
gradually decrease until the exit of the computational domain. Al-
though the decreases are small, they never attain a fully developed
value again.

F. Turbulent Kinetic Energy Budget
The transport equationsfor Reynolds stress can provide more in-

formation on the underlying physics of near-wall turbulence trans-
port. For an incompressibleturbulent� ow theReynolds-stresstrans-
port equations are given by
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Fig. 14 Budget of k.

whereCi j ; Pi j ; Ti j ; 5i j ; 8i j ; Di j , and ²i j denote theconvection,pro-
duction, turbulent transport, pressure transport, pressure-straincor-
relation, viscous diffusion and viscous dissipation, respectively. In
other studies the sum of 5i j and 8i j is referred to as the velocity-
pressure gradient term.24

The budget of these terms is shown in Fig. 14 at four streamwise
locations. The location x D 18 is the end of region II. The location
x D 45 is close to the end of the computationaldomain (see Fig. 5).
The budget terms are normalizedby U 3

m=h. The budgetat the in� ow
agrees well with that of periodic DNS.22;24 In region I (5 < x < 8)
blowing signi� cantly increases Pk , Tk , and 5i j , whereas Dk and
²k experience a sharp near-wall decrease. At x D 8 the wall values
of Dk and ²k have a minimum. In region II all of the budget terms
including Dk and²k increase,havinga maximumat x D 18, followed
by a slightdecreasein region III. In region IV there is little change in
the budget. This suggests that near the blowing wall an equilibrium
state is achieved.

As suction is applied, Dk and ²k increase sharply in region I,
having a maximum at x D 8. From region II all of the budget terms
decrease monotonicallyuntil the exit of the computationaldomain.
The budget in the blowing side at x D 18 and 45 is not changed
signi� cantly.However, it decreasesby half in the suctioncase, show-
ing a much more rapid response of � ow to blowing. Near the exit
(Fig. 14d), the budget on each side is qualitativelysimilar.However,
magnitudes are much different. The magnitude of each term in the
blowing side is increasedby 30%, while the reduction in the suction
side is about 60%. This means that the suction effect is substantial.
When the budget terms are nondimensionalizedusingwall variables

Fig. 15 Pressure-strain correlation term U ij in the budgetofk at x = 45.

(u4
¿ =º) with the local frictionvelocity at each wall, the budget in the

blowing case increases 2.5 times. However, the magnitude in the
suction side is reduced to only a quarter of its in� ow value. In wall
units the locations for the local maximum and minimum of the bud-
get are also changed: it moves toward the wall in the blowing case,
whereas the reverse occurs on the suction side. Again, the effect of
u¿ in Fig. 12 is signi� cant in the budget change.

To investigate the intercomponent energy transfer between the
Reynolds-stress components, the pressure-strain correlation terms
8i j near the exit are represented in Fig. 15. In the budget of tur-
bulent kinetic energy (see Fig. 14), there is no contribution from
the pressure-straincorrelation term. As the � ow goes downstream,
8i j near the blowing wall approachesan equilibriumstate in region
II, whereas the relaxation is not completed in the suction case even
near the exit. It is seen that the change in 8i j is more signi� cant than
for the other terms in the turbulenceenergy budget. On the blowing
side 8i j is double the in� ow value, while 8i j on the suction side is
a quarter of this value. The turbulent kinetic energy budget shows
a 30% increase on the blowing side and a 60% decrease on the
suction side. Blowing enhances the intercomponentenergy transfer
substantiallywhile suctionprevents it. Consequently,blowing gives
rise to much enhanced isotropy and suction the reverse.

IV. Conclusions
In the present study a direct numerical simulation is performed

to scrutinize the effect of uniform wall blowing and suction on tur-
bulent channel � ow. A fully developed turbulent channel � ow is
subjected to sudden wall blowing and suction. The downstream
evolutions of � ow structure and the rate of adjustment to a new
structure are evaluated. The initial relaxation after the wall blow-
ing and suction is found to be slow. Because of the vertical mo-
mentum � ux, immediately after blowing and suction (region I) the
streamwise vortices move. Consequently, the time-mean velocity
begins to change. However, the strength of the streamwise vortices
is not adjusted until region II, where blowing intensi� es the vortical
motions and suction suppresses them. In this region all of the tur-
bulent quantities are modi� ed, including the anisotropy tensor and
the Reynolds stresses. Farther downstream, with uniform blowing
near-wall turbulence shows a quick response compared to the suc-
tion case.However, turbulenceon the suctionside never approaches
an equilibrium state until the exit of the computationaldomain. On
the blowing case all terms in the budget of turbulent kinetic energy
k and vorticity � uctuation !x increase substantially, whereas with
suction they decrease. It is found that blowing enhances intercom-
ponent energy transfer between velocity � uctuations,while suction
diminishes it. Consequently, anisotropy is much enhanced on the
suction side.
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