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Modulation of Near-Wall Turbulence Structure
with Wall Blowing and Suction
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The effects of wall blowing and suction on a fully developed, equilibrium turbulent channel flow are studied
numerically. Direct numerical simulation data are analyzed to investigate the modulation of near-wall turbu-
lence anisotropy after the sudden application of wall blowing and suction. The effects on the near-wall turbu-
lence structure are examined in terms of the asymptotic near-wall behavior of various turbulence quantities and
the turbulence anisotropy. It is found that blowing makes the near-wall flow more isotropic and enhances the
transverse (v' and w') components of velocity fluctuations. A significant increase in the anisotropy of the near-wall
region is found in the suction case. The anisotropy invariant map for the Reynolds stress anisotropy tensor indicates
that the relaxation processes of the anisotropy of the near-wall turbulence are different for the blowing and suction
cases, respectively. The response of the flow to the sudden application of wall blowing and suction occurs earlier
for blowing than for suction, although there is a delayed response in both cases.

Nomenclature
b;; = Reynolds stress anisotropy tensor,
uu'; [2k — 5;; /3
F = invariant function, 1 4 911 + 27111
G = invariantfunction, —(111/2)% /(11 /3)?
h = channel half-width
11 = second invariants of b;;, —b;;b;; /2
i = third invariants of b;;, b[ij,» /3
k = turbulentkinetic energy, u, u; /2
L, Ly,L, = domainsizeinx, y,and z directions, respectively
Re, = Reynolds number, u, h/v
U, = bulk mean velocity
u,v,w = velocity componentsin x, y, and z directions,
respectively
U, = friction velocity, /(t, /),
where t,, = u (dU /dy)
Vo = wall blowing and suction velocity
X,y,2 = streamwise, normal, and spanwise coordinates
8ij = Kroneckerdelta
" = dynamic viscosity
v = kinematic viscosity
P = density
; = Jo?
W] = vorticity fluctuations
' = streamwise vorticity fluctuations,
dw'/dy —dv'/dz
), = normal vorticity fluctuations,du’/dz —dw’/dx
a)7Z = spanwise vorticity fluctuations,dv’/dx — du’/dy
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Subscripts
in = inletvalue
rms = root-mean-square value
Superscripts
! = fluctuation component
+ = wall unit
I. Introduction

URBULENT flow with wall blowing and suction has been in-

vestigated considerably over the past few decades.!~!7 Wall
blowing and suction have been applied either uniformly in space!~’
or locally through a thin slit over a limited spatial extent3~!4 It is
known that wall blowing and suction change several aspects of the
flow. Wall blowing gives rise to an upward shift in the mean veloc-
ity logarithmic law, whereas a downward shift of the logarithmic
velocity profile results from wall suction. The turbulent stresses are
activated by wall blowing and decreased in the suction case.

It is evident that wall blowing and suction primarily affect the
near-wall turbulence structure. In the blowing case, decreasesin the
turbulent length scales were observed experimentally by Krogstad
and Kourakine'>!* in a boundary layer with blowing through a slot.
The Taylor microscale (see Ref. 14) and the mixing length scale'?
were reduced significantly as the blowing rate was increased. A de-
crease in the longitudinal integral length scale was found by Senda
et al.’® Sumitani and Kasagi® also observed streamwise vortical
structures in smaller scales near the blowing wall in their direct nu-
merical simulation (DNS). On the other hand, when wall suction
was applied, an increased mean period of the bursting near the suc-
tion wall was found in the experiment of Elena.!® Antonia et al.2
observeda more orderly behaviorof low-speed streaks and a greater
longitudinal coherence of the low-speed streaks from visualizations
of a turbulent boundary layer with uniform suction. The elongation
of the low-speed streaks and the suppression of the spanwise me-
andering motion of the streaks were also observed in recent DNS
study.®>!” These findings imply that the anisotropy of the near-wall
region can be significantly affected by the applicationof wall blow-
ing and suction.

The interest in turbulence anisotropy is motivated not only by
the better understanding of the turbulence structure but also by the
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Fig.1 Schematic diagram of flow configuration.

developmentof nonlinearturbulencemodels.!® However, only a few
studies on the anisotropy of turbulent flow with wall blowing and
suction are available in the literature. The anisotropy of a turbulent
boundary layer with uniform suction was investigated by Antonia
et al.'? by analyzing a DNS of Mariani et al.* They!' found that
the anisotropy increased significantly near the wall region when
suctionwas applied at the wall. On the other hand, the effects of wall
blowing on turbulenceanisotropyis not conclusive,'® althoughsome
experimental’> and numerical®® studies suggest that wall blowing
makes the flow more isotropic.

The objective of the present study is, therefore, to investigate the
effects of wall blowing and suction on turbulence anisotropy. The
modulation of the turbulence structure is studied by analyzing DNS
data. The databases used in the present study are obtained from
DNS of a spatially developing turbulent channel flow.® A fully de-
veloped turbulent channel flow is subjected to sudden wall blowing
and suction after an entrance section (Fig. 1). Uniform blowing is
applied at the lower wall and uniform suction at the upper wall of the
channel. The DNS used in this study is different from the previous
DNS studies that dealt with a temporal simulation.’~> The temporal
DNS presumes that the flow is homogeneous in the streamwise di-
rection and applies periodic boundary conditions in that direction.
Consequently, the turbulent flow with asymptotic wall blowing and
suction was investigated in the previous DNS.

The modulation of the near-wall turbulence associated with uni-
form blowing and suction is examined in terms of the limiting be-
havior of turbulence intensities and the Reynolds stress anisotropy
tensor. The anisotropy invariant map (AIM) for the Reynolds stress
tensor is also analyzed. The instantaneous and time-mean velocity
profiles and the turbulent kinetic energy budgets were published in
an earlier paper by Chung and Sung.®

II. DNS Methods

In the DNS® that provides the data set employed in this analysis,
the code developed by Yang and Ferziger?® is used. Here, we only
summarize the numerical method briefly.

The second-orderaccurate finite difference scheme is used for the
convective and viscous terms. The solution procedure consists of
a semi-implicit approach. A low-storage, third-order Runge-Kutta
method is used for time integration for the nonlinear convective
terms and a second-order Crank-Nicholson method for the viscous
terms. The fractional-stepmethod of Kim and Moin?! is used to en-
force the solenoidal condition. The resulting discrete Poisson equa-
tion for the pressureis solved using a discrete Fourier transformation
in the spanwise direction and a pentadiagonal direct matrix solver
in the wall-normal direction.

To impose a real turbulence at the inflow boundary, an auxiliary
periodic DNS of a fully developed turbulent channel flow is per-
formed concurrently with the main simulation>? The inflow simu-
lation is matched to ensure that the meshing in all three directions
and the time steps are identical to those of the main simulation. The
flow is assumed to be periodic in the spanwise direction. A compre-
hensive description of the implementation of the inflow boundary
condition may be found in Ref. 22.

In the present study, the Reynolds numberis Re, = 150, based on
the channel half-width 4 and the wall friction velocity at inlet u,,,.
Wall blowing and suctionare applied for x > 5h. The dimensionless
wall transpiration velocity vg (= vy /u4,) is set to be 0.05, and the
resultant wall transpiration rate is vy/U,, =0.0034. The transpira-
tion velocity is small and comparable to the one used experimen-
tally by Antonia et al.? (v =0.055) as well as computationally by

Piomelli et al.® (vy/U,, = 0.004), Mariani et al.* (vo/ U,, =0.0036),
and Sumitani and Kasagi® (v7 =0.05).

The numerical parameters are chosen carefully through prelimi-
nary simulations.!®!!"!7 The streamwise and spanwise dimensionsof
the computationaldomain are setsuch that L, =51.2h and L, = 3h,
respectively. A 512 x 129 x 64 grid system is used in the x, y,
and z directions. The streamwise and spanwise grid resolutions are
Axt =15.0 and Azt =6.25, respectively. The time step used is
At=0.02h/U,, that is, At =0.2 in wall units. A detailed de-
scription of the numerical accuracy and grid independence as well
as the numerical parameters used may be found in Ref. 6.

ITII. Results and Discussion
A. Vorticity Fluctuations

Figure 2 shows contours of the three components of the vortic-
ity fluctuations, w; = /w/?, where the prime indicates fluctuations
aboutthe mean value and overbar means averagingin time as well as
in the spanwise direction. As seen, blowing and suction significantly
modify the small-scale turbulent eddies. It is clear that the former
enhances turbulence and that the latter suppresses it. Because the
streamwise vortices are closely related to the near-wall turbulent
activities, the response of the near-wall turbulence to blowing and
suction can be explained in terms of the streamwise vortices.

Variations of the streamwise vorticity fluctuations at several
streamwise locations are shown in Fig. 3. The location of the lo-
cal maximum w, corresponds to the average location of the cen-
ter of the streamwise vortices. The average size of the streamwise
vortex can be estimated from the distance between the local max-
imum and minimum.? Because of the no-slip boundary condi-
tion, the streamwise vorticity with opposite sign is created at the
wall, and the wall value of w, has an immediate response to wall
perturbation.

As blowing and suction are applied at x > 5, the changes in w,
distributions are shown first near the wall. At x =6, w, decreases
near the wall with blowing. Because o/, = dw’/dy atthe wall (where
w’ is the spanwise velocity component), the decreases are attributed
to the changes in w’ (Ref. 9). As the flow goes downstream, the
maximum value of w, increasesslowly in the blowing case. Farther
downstream, the streamwise vortices attain an asymptotic state at
x =15. The centers of the streamwise vortices are moved slightly
toward the blowing wall, compared to the unperturbed flow.

In the suction case, the effects on the streamwise vorticity fluc-
tuations are the opposite, with a slower response. Similar features
are also observed in a DNS of Park and Choi,'?> where wall blow-
ing and suction are applied through a spanwise slot. However, note
that, in their DNS, the transpiration velocity was strong enough to
push the streamwise vortices away from the wall in the blowing
side, whereas, in the present DNS, the strength of the streamwise

Fig.2 Contours of rms of vorticity fluctuations, where increments are
0.1 for w, and wy and 0.2 for w,.



Table1 Maximum values of vorticity

fluctuations at exit

Vorticity

fluctuation Blowing® Suction®
Wy 1.38 0.48
wy 1.09 0.69
w, 1.03 0.79
w, at wall 1.42 0.45

@Values are normalized by the inlet value.

Blowing side

3

Suction side

Fig.3 Variationsofstreamwise vorticity fluctuations at several stream-
wise locations.

vortices does not change quickly immediately after the application
of blowing and suction.

The increases and decreases in the maximum values of w; near
the exit, x =45, are summarizedin Table 1. The effects of wall tran-
spiration are mainly on the streamwise vortices. When wall blowing
is applied, w, increases by 38%, whereas the increases in w, and
w. are only 9 and 3%, respectively. The decreases with suction are
much larger than the increases with blowing. The strength of the
streamwise vortices are decreased by more than half when suction
is applied. When normalized by the wall variables (0} = w,v/u?),
the increases with blowing and decreases with suction are amplified
due to the changes in u,. Note u, decreases by 15% when blowing
is applied and increases by 20% at the suction wall.® The changes
in u, due to blowing and suction are in good agreement with those
found in the temporal DNS.? Consequently, ;" increases by 90%
with blowing and decreases by 67% with suction.

B. Limiting Behavior

Figure 4 shows the limiting behavior of turbulence intensities
and Reynolds shear stress at the blowing and suction walls, respec-
tively. Variables are normalized by the leading terms in the Taylor
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Table2 Changes in the limiting values
of turbulence intensities and Reynolds shear stress

Parameter Blowing®  Suction®  Antonia et al.>"
Urms /YT 1.34 0.56 0.55
Vrms /Y2 2.60 0.18 0.14
W /YT 1.94 0.31 0.26
—u'v'/y*t? 3.10 0.12 0.11

4Values are normalized by the inlet value.
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Fig.4 Distributions of the limiting behavior of the Reynolds stresses,
Urmsly™, vrms/y+2 X 20, Wyms/yt,and — u' v’ /y+3 X 100, where y* =yu,/v
and u is the local friction velocity along the wall.

series expansion for each term: Uy, /y", Vims/Y ™2, Wims/y ", and
—u'v'/y*3. Note that, in Fig. 4, ve/y*? and —u’v'/y™3 are multi-
plied by 20 and 100, respectively. The relaxation process associated
with blowing is faster than that with suction. In the blowing case, all
of the components approach an equilibrium state at around x = 15.
Note that the limiting values at the blowing wall have a slightly
faster response than the velocity fluctuations themselves. The maxi-
mum values of the velocity fluctuations have an equilibrium state at
around x = 20 in Ref. 6. In contrast, suction has a slow relaxation,
as shown in Fig. 4b. The blowing introduces a new inner layer that
develops quickly becauseit is related to the inner variables, whereas
suction continuously causes a diffusion toward the wall.

The increases with blowing and decreases with suctionin the lim-
iting values are summarized in Table 2. All of the limiting values are
increased when blowing is applied. In the blowing case, Uy, /y* is
increased by about 34%, compared with about 160% for Vpms /Y2
and 94% for w,,,/y". The amountby which —u’v’/y ™ is increased
is even larger (210%) than that for v,,,/y™. Suction decreases the
limiting values significantly. The effects of suction are more signifi-
cant on the transverse v’ and w’ components of velocity fluctuations
than on u’. The amount of decrease is in good agreement with the
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DNS of a turbulent boundary layer with uniform suction.!” The re-
duction in the near-wall value of u,,,/y" also compares well with
the data from experiments by Antonia et al.2

C. Turbulence Anisotropy

To assess the effects of wall blowing and suction on the tur-
bulence structure, near-wall turbulence anisotropy is analyzed. A
convenient way to characterize flow anisotropy is through the use
of the Reynolds stress anisotropy tensor**:

by =uu',/2k —§;;/3 (D)
where summation over repeated indices is implied. The second and
thirdinvariantsof the Reynolds stress anisotropy tensor b;; are given

by
1= —1b;by 2)

Contourlines of the Reynolds stress anisotropy tensor by, and the
second invariant —II are shown in Fig. 5. It is known that, when a
fully developedturbulentwall-boundedflow is subjected to a sudden
wall blowing and suction, there is an initial relaxation from the up-
streamimpermeable wall boundary conditiontoward an equilibrium
state after the step change in wall boundary condition ®17-23-26 Al-
though wall blowing and suction are applied from x =35, it is found
that there is a delay in the response of the near-wall anisotropy to
the sudden application of wall blowing and suction. The effects of
blowing and suction on the near-wall turbulenceare seen in b;, from
x = 15. The activation of the turbulent motions by blowing and the
suppression by suction are reflected in the changes in by;. In the
near-wall region, a faster response of —II to wall blowing is shown
compared to wall suction, and the changes in the second invariant
are also discernible at x = 15 (Fig. 6).

Figure 6 shows the variations of —/I at several streamwise loca-
tions. It is clear thatblowing decreases —II and makes the flow more
isotropic in the logarithmic layer. The magnitude of —II decreases
overmostof the channel, exceptfor the coreregion, y > 0.6, where it
decreasesslightly. The decreased anisotropy is attributedto the acti-
vated v’ and w’ components. When suctionis applied, the anisotropy
is improved. A substantial decrease in the v" and w’ components,
which is responsible for the enhanced anisotropy with suction, is
observed by Chung and Sung.® Isotropy is slightly improved in the
coreregion,and the same trend is observedin a boundary layer DNS
by Antonia et al.!” The faster response of —II to blowing is clearly
seen, which is consistent with the limiting behavior in Fig. 4. The
overall behavior of III (not shown here) is found to be very similar
to the behavior of —1I.

Each component of the Reynolds stress anisotropy tensor b;; at
several streamwise locations is shown in Figs. 7 and 8 for the blow-
ing and suction cases, respectively. The most distinct effects of the
blowing and suction in the near-wall region are observed in bs3: In
the blowing case, the near-wall value of bs; is closer to the isotropic

a)

b)

Fig. 5 Variations where increments are 0.02 of a) the Reynolds stress
anisotropy tensor by, and b) the second invariant — 1.
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Fig. 7 Reynolds stress anisotropy tensor b; at several streamwise
locations in the blowing case.
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0.8

bIZ

Fig. 8 Reynolds stress anisotropy tensor b;; at several streamwise
locations in the suction case.

state b33 =0, whereas bs3 changes by 50% in the suction case. The
faster response of b;; to blowing is clearly seen from the data at
x = 15. The decrease of b,; and the increase of b,, and b33 in the
blowing case are attributed to the enhanced transverse v’ and w’
components of velocity fluctuations® The absolute value of b, in-
creases when blowing is applied, and this indicates the activated
turbulent motions with blowing. In the suction case, the early re-
sponse of b;; is very slow, and b;; does not change much at x = 15.
The decrease in absolute value of b;, shows the suppression of the
turbulenceactivitiesby suction. The enhanced anisotropyin the wall
region with suctionis also found in the experimentof Antonia et al .
and DNS boundary-layerflow data.'
Two invariant functions are examined in this study:

F=1+91I +27111 “4)

G = —(l1/2)*/11/3)? 35)

The first function represents the two-component turbulent state and
F shouldgo to zero near the wall. Without blowing and suction,near
the wall, the velocity componentnormal to the wall, v’, is suppressed
by the “splatting” phenomenon >4 and the turbulence approaches
the two-component state. The second function represents the ax-
isymmetric turbulent state and the ratio should be 1. As shown in
Fig.9,in the blowing case, the two-componentturbulentstate region
is decreased significantly. On the other hand, suction increases the
two-component turbulent state region substantially. These features
are attributed mainly to the changesin by, with blowing and suction
near the wall. Note that when suction is applied by,, at x =45, is
almost zero for y* < 20. The ratio G deviates from the unity when
blowing is applied (Fig. 10). In the suction case, the region for the
axisymmetric turbulent state is elongated substantially. The ratio is
about 0.99 in the range 5 < y™ < 20 at x =45. Similar features are
observed by Antonia et al.'” The ratio is about 0.98 in their study
for 3 < y* <20.

Blowing

1

0 .
10°

Suction

Fig. 9 Anisotropy invariant function F =1+ 911 + 27111.

D. AIM

Lumley and Newman®’ have shown that the cross plots of the
invariants —II and /I for axisymmetric turbulence and for two-
component turbulencedefine the AIM that bounds all physicallyre-
alizableturbulence.Inthe AIM, turbulencemustexist within the area
surrounded by three lines. The upper straight line 11 4 3111 + % =0
represents a state of two-component turbulence. The right and left
boundaries of the AIM (—II* /3> = I1I? /2?) identify the prolate and
the oblate axisymmetric turbulent states, respectively. The right ver-
tex of the AIM (=1 = %, 111 = 2—27) indicates one-component turbu-
lence. The bottom cusp (/I =0, III = 0) characterizes the isotropic
state of turbulence.

Figure 11 shows the AIM for the Reynolds stress tensor at in-
flow. The invariant data from a homogeneous channel flow DNS of
Kuroda et al.?® are also included for comparison. The present data
show all of the characteristicsof the near-wall turbulenceanisotropy
and are in good agreement with the temporal DNS data.?® Without
blowing and suction, turbulencein a plane channel flow varies from
a two-component turbulent state near the wall to a nearly isotropic
state in the core region. At around the boundary of the viscous sub-
layer, the anisotropy tensor is closest to the one-component state.

The downstream relaxation of the turbulence anisotropyis exam-
ined in some detail. The AIMs at two downstream locations, x = 15
and 30, are shown in Fig. 12. It is clearly seen in Fig. 12a that the
flow becomes more isotropic when blowing is applied (compare
Fig. 11). The early response of the near-wall anisotropy to blowing
is substantial. At x =15, the anisotropy data are shifted to the left
in the AIM from the inlet values. This feature is consistent with the
activated transverse components of velocity fluctuations observed
by Chung and Sung.® To assess the changes in the AIM, the max-
imum values of —1II and /I are monitored. The maximum values
of —II and III at several streamwise locations are summarized in
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Fig. 10 Anisotropy invariant function G = — (II1/2)2/(I1/3).
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Fig. 11 Anisotropy invariant map for the Reynolds stress tensor at
inflow.

Table 3. At x = 15, the maximum values of —II and /1] in the blow-
ing case are decreased by 13 and 21%, respectively. These values
correspond to two-thirds of the total decrease obtained at the exit
of the computational domain. Farther downstream, at x = 30, the
effect of blowing on the anisotropy tensor is mild compared with
the strong early response at x = 15.

The relaxation processes of the near-wall anisotropy in the blow-
ing and suction cases are different from each other. In the suction
case, the early response of the near-wall anisotropyis rather slow. At
x =15, the AIM in the suction case shows little change from the in-
let values shownin Fig. 11. Farther downstream,at x = 30, however,

Table3 Maximum values of — II and III at several
streamwise locations in the blowing case

Invariant® x=0 x=15 x =30 x =45
—1lp 0.255 0.221 0.217 0.204
1 0.0484 0.0380 0.0367 0.0324
—Ilg 0.255 0.260 0.284 0.295
I 0.0484 0.0498 0.0579 0.0614

aSubscript B indicates values in the blowing side and S in the
suction side.
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O’ 1 L 1 L L L L 1 L L L L
-0.02 0 0.02 0.04 0.06 0.08
nar
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o2t
0.1f
0",,,.‘.<|,‘,‘|‘,.‘|,.‘,
-0.02 0 0.02 0.04 0.06 0.08
I
b)

Fig.12 Anisotropy invariantmap for blowingata)x =15and b) x = 30.

the turbulence becomes more anisotropic and the Reynolds stress
tensor begins to approach the right-hand-side vertex corresponding
to the one-componentturbulence. The maximum values of —// and
IIT at x =30 are increased by 11 and 20%. The slow response of the
anisotropy is also seen in the Reynolds stress anisotropy tensor b;;
shown in Fig. 8.

The different responses of turbulence anisotropy to wall blow-
ing and suction are clear in Fig. 13, which shows the AIM near
the exit of the computational domain, at x =45. The invariant data
calculated from a temporal DNS? are also included for comparison.
The trends observedin Fig. 12 are manifested in Fig. 13. It appears
that the anisotropy tensor of near-wall turbulence approaches its
asymptotic value near the exit. The near-wall value at the suction
wall approaches a right-hand-side vertex correspondingto the one-
component turbulence. The maximum values of —II and /I in the
suction case are very close to the coordinates of the top vertex
(Table 3). The maximum values of —II and —/II decrease by 20
and 33% in the blowing case and increase by 15 and 27% in the suc-
tion case, respectively. This is fairly close to the asymptotic values
obtained from the periodic DNS of Sumitani and Kasagi’ In their
DNS, the decrease in the blowing case was 22 and 36%, and the
increase was 14 and 24% in the suction case, compared to the no
blowing/suction case.?®
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Fig.13 Anisotropy invariant map for suction at a) x =15 and b) x =30.

IV. Conclusions

DNS data of a spatially developing turbulent channel flow are
analyzed to investigate the modulation of the near-wall turbulence
with uniform wall blowing and suction. It is found that blowing ac-
tivates the transverse v’ and w’ components of velocity fluctuations
and decreases the anisotropy of the near-wall turbulence signifi-
cantly. When suction is applied, turbulence becomes much more
anisotropic, and the near-wall values approach the one-component
turbulence limit. Previous findings that suggest the effects of wall
blowing and suction on the near-wall turbulence structure are cor-
roborated in the present study. After the sudden application of wall
blowing and suction, there is a delay in the response of the near-wall
anisotropy to the sudden change. A study of the AIM indicates that
the response of near-wall anisotropy to blowing is faster than the
response to suction. The early response of the near-wall anisotropy
to blowing is clearly observedin the b3; componentof the Reynolds
stressanisotropytensor. The region for the two-componentturbulent
state near the wall is enlarged when suction is applied. Axisymmet-
ric turbulent state region is also increased with suction.
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