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Direct Numerical Simulation of Turbulent Transport with
Uniform Wall Injection and Suction

Yasushi Sumitani* and Nobuhide Kasagi'
University of Tokyo, Bunkyo-ku, Tokyo 113, Japan

A direct numerical simulation (DNS) of the fully developed turbulent channel flow and heat transfer with uniform
wall injection and suction was carried out. The Reynolds number, which was based on the channel half-width and
the friction velocity averaged on the two walls, was set to be 150, whereas the Prandtl number was 0.71. The
walls were assumed to be kept at isothermal but different temperatures. With any buoyancy effect neglected,
temperature was considered as a passive scalar. The computation was executed on sufficiently dense grid points by
using a spectral method. The statistics obtained include the mean velocity and temperature, Reynolds stresses, and
turbulent heat fluxes. Each term in the budget equations of the second-order velocity and temperature correlations
and of their destruction rates was also calculated. It is found that the injection decreases the friction coefficient,
but tends to stimulate the near-wall turbulence activity so that the Reynolds stresses and turbulent heat fluxes are
increased, whereas the suction has an inverse influence.

Nomenclature
Cy = friction coefficient, t,,/(pU2/2)
Cp = specific heat at constant pressure
F = mass flux ratio, vy/ U,
F = mass flux ratio, vy/ U,
h = heat transfer coefficient, g,,/(©, — @)
k = turbulent kinetic energy, u}u} /2, or wave number
kg = variance of temperature fluctuation, 62/2
Nu = Nusselt number, 245/A
Pr = molecular Prandtl number, v/«
14 = pressure
q = heat flux
Rey, = Reynolds number, 2U,8/v
Re, = Reynolds number, u,é/v
U,v = mean velocities
U, = bulk mean velocity
U, = maximum mean velocity
u, v, w = velocity components in the x, y, and z directions
Ug = friction velocity, /7,,/p
X, ¥, 2 = streamwise, wall-normal, and spanwise coordinates
8 = channel half-width
£ = dissipation rate of k
£p = dissipation rate of kp
o = mean temperature
(G = bulk mean temperature
6 = temperature
6, = friction temperature, g,/ 0¢, U,
A = thermal conductivity
v = kinematic viscosity
o = density
Tw = wall shear stress averaged on two walls, unless
otherwise noted
Subscripts
Oy = on injection side
O s = root-mean-square value
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s = on suction side

Ow = wall value

o = without injection and suction

Superscripts

Yy = fluctuating component

Ot = normalized by the wall variables on each wall
[0k = normalized by u., v, and 6,

O = ensemble average over x-z plane and time

Introduction

HEAR flow turbulence control techniques are of great impor-

tance in a variety of engineering applications.! Among them,
injection or suction of fluid normal to a wall surface should be one
of the most effective methods. For instance, injection is applied to
turbine-blade film cooling? and it is also known to bring about sur-
face drag reduction effectively.3 On the other hand, suction is often
used as an aerodynamic flow control technique to prevent laminar-
to-turbulent boundary-layer transition as well as flow separation.
Up to the present, considerable effort has been made to accumu-
late knowledge of the effects of injection and suction on turbulent
wall-bounded shear flow and heat transfer. The surface friction and
heat transfer in turbulent boundary layers with and without accel-
eration and deceleration were extensively investigated and reported
in Refs. 4-8. The mean velocity and temperature distributions were
also measured to analyze and model the turbulent momentum and
heat transport in the presence of injection and suction.5~® Further-
more, the measurement of velocity and temperature fluctuations was
recently undertaken in an attempt to study the detailed flow struc-
tures of a turbulent boundary layer® and of a pipe flow!? with wall
suction. Despite these research efforts, many aspects of heat and
mass transfer mechanisms affected by injection and suction still re-
main unknown due to the complexity of near-wall turbulence; and
even basic turbulence statistics, particularly in the near-wall region,
are insufficient for further refinement of the existing turbulence clo-
sure models.

With recent developments in computers and computational fluid
dynamics, numerical simulations have been performed for this class
of turbulent flows. Moin,!! Piomelli,'2 and Piomelli et al.'® carried
out the large eddy simulations (LES) of turbulent channel flow with
injection and suction using the no-slip or approximate wall bound-
ary conditions. They confirmed the previous experimental findings
on the behavior of the flowfield with injection and suction and, in
addition, presented data of Reynolds stresses.'?!* A direct numeri-
cal simulation (DNS) of an asymptotic turbulent boundary layer over
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a flat plate with suction was recently reported in Ref. 14, wherein
the Reynolds stress budgets were also first reported.

In this paper, a DNS of the fully developed turbulent channel
flow and heat transfer with uniform injection and suction at the two
opposite walls was carried out in order to establish a comprehensive
database including various turbulence statistics and their budgets. In
addition, instantaneous flowfields are visualized to get an indication
of how the wall injection and suction alter the turbulent transport
mechanisms.

Numerical Procedures

The flow geometry and the coordinate system are shown in Fig. 1.
The Reynolds number Re,, based on wall friction velocity u, and
channel half-width §, was set to be 150. Note that u, is calculated
from the wall shear stress averaged on the two walls. The resultant
bulk Reynolds number Re, was 4357. The Prandtl number of fluid
was assumed to be 0.71. Referring to the numerical procedure used
by Kim et al.,”* a fourth-order partial differential equation for v, a
second-order partial differential equation for the wall-normal com-
ponent of vorticity, and the continuity equation were used to solve
the flowfield. A spectral method was adopted with Fourier series in
the x and z directions and a Chebyshev polynomial expansion in the
y direction. The flow and thermal fields were assumed to be fully
developed, so that the periodic boundary conditions were imposed
at the periods of 578 and 278 (2356 and 942 in wall units) in the
x and z directions, respectively. Chebyshev polynomials up to 96th
order and 128 x 128 Fourier modes in wave number space were used
to resolve all essential turbulent scales on the computational grid.
The collocation grid used to compute the nonlinear terms in physical
space had 1.5 times finer resolution in each direction to remove alias-
ing errors. For time integration, the second-order Adams-Bashforth
and Crank-Nicolson schemes were adopted for the nonlinear and
viscous terms, respectively. The time increment was 0.12v/u2.

The ordinary no-slip boundary condition was imposed on the u
and w components at the walls, but a constant mean velocity was
given to the wall-normal component (V = vy). Its dimensionless
value v (= vo/u.) was set to be 0.05 and the resultant mass flux
ratios were F = 0.00344 and F” = 0.00287, respectively. The two
walls were assumed to be kept at different but constant temperatures
without fluctuations, and any buoyancy effect was neglected.

A program code developed in Refs. 16 and 17 was modified and
used. The computation was carried out on a HITAC-S820/80 super-
computer system at the Computer Center of the University of Tokyo.
For one time step advancement, 5.3-s CPU time was required. Ini-
tially the computation was continued until both flow and thermal
fields were judged to have reached a fully developed state. Then,
in order to obtain various turbulence statistics and their budgets,
ensemble averages over space and time were taken for 7200 v/u?
(60,000 time steps) and 3600 v/u? (30,000 time steps) in the flow
and thermal field, respectively.

Because of an extremely heavy computational load, the computa-
tion was not repeated with changing the number of numerical grids
_ systematically. However, the statistics and instantaneous flow pat-
terns_of the turbulent velocity field without injection and suction
were ékt@g{sii}ely compared to available experimental and simula-
tion data including the DNS of Ref. 15. In general, the agreement
was very good;-and the Reynolds number dependence of the statis-
tics was confirmed to be consistent. As for the thermal field, global
parameters, such as the heat transfer coefficient and the mean tem-
perature profile, were confirmed'® to be in good agreement with the
available experimental data. In the energy spectra of velocity and
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Fig.1 Flow geometry and coordinate system.
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Fig.2 Energy spectraaty/§= — 0.97 (near the injection wall).

temperature fluctuations (typical examples near the injection wall
are shown in Fig. 2), there is no noticeable energy accumulation at
high wave numbers that should be evidence of insufficient numerical
resolution. As shown later, it is found that the momentum conser-
vation is confirmed, and even the dissipation budgets are smooth;
these add to the confidence of the present simulation.

Results and Discussion
Mean Flow Parameters and Turbulent Statistics

The distribution of mean velocity U normalized by U,, is shown
in Fig. 3, where the results of Kuroda et al.!” and Piomelli et al.!* are
also included for comparison. In Ref. 17, a DNS of ordinary fully
developed channel flow (F = 0) was made at the same Reynolds
number of Re, = 150, whereas inRef. 13 LESs were carried outata
much higher Reynolds number, Re, = 833, with a larger mass flux
ratio, F” = 0.004 (or, approximately, F = 0.0049). It is seen that
with the mass flux ratio increased, the degree of asymmetry is more
enhanced, and the position of the maximum velocity is shifted to-
ward the suction-side wall. Presently, the maximum velocity, which
isU* = 17.4,is located at y/8 = 0.48. Note that the near-wall pro-
file of Ref. 13 is fuller than the others, because the former Reynolds
number is higher.

As has been experimentally reported, the mean velocity gradient
near the wall becomes gentler on the injection side although steeper
on the suction side, if compared with that of F = 0. The friction
coefficient C is 6.29 x 1072 and 1.27 x 1072 with injection and
suction, respectively, whereas without them Cyy = 8.64 x 1073
Therefore, with only 0.34% of the bulk flow rate, C; decreases by
27% on the injection wall and increases by 47% on the suction wall.

~ These are compared with the previous experimental,>’ LES,'* and

DNS* results in Fig. 4, where the friction coefficient C is defined
based on the maximum (or freestream) velocity instead of the bulk
mean velocity. Good agreement is obtained between the present
DNS and the experimental data.>’

The near-wall mean velocity distributions of U™ are shown in
Fig. 5, where comparison is made with the LES resuits'® with a
larger mass flux ratio. Note that the superscript ( )* denotes a value
nondimensionalized by the friction velocity on each wall and, here-
after, y represents the distance from each of the two walls. When
compared with the case!’ of F = 0, both mean velocity profiles
obtained by the LES'7 and the present DNS shift upward on the
injection side, although downward on the suction side. Thus, these
simulations give a consistent variation of the logarithmic velocity
profiles. It is also evident in the present results that a wider logarith-
mic layer is established with injection, but with suction it no longer
exists. These results should be useful for testing and improving var-
ious versions of the generalized law of the wall which have been
developed, e.g., Refs. 5 and 12.

The dimensionless root-mean-square velocity fluctuations in the
near-wall regions are shown in Fig. 6. On the injection side (Fig. 6a),
the fluctuations are activated. The maximum streamwise fluctuation,
which is increased by about 25%, is located closer (y* = 13) to
the wall than in the case without injection (y* = 14). The wall-
normal and spanwise components, v/, . and w/, are also increased
by about 60%. However, as shown in Fig. 6b, all of the fluctuations
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Fig. 5 Mean velocity profile near the wall.

are decreased on the suction side; v/ . no longer has a peak and
remains less than half of that without suction in the region of y*© <
60. The maximum values of u;_ and wy_ ¢ are smaller by about 35%
than those without suction. The maximum u_, is moved farther
away (y* = 16) from the wall.

The near-wall stress balances are shown in Fig. 7. The averaged

momentum equation of the fully developed flow leads to

2+ +
Uq y aUu _
1—1 — = — oyt — U+ .t 1
(utl ) Re,, ay+ wrv Yy ( )
Uy g yt Ut —
1 — —_ - gt U+ gt 2
(m,) Re,, ayt wrv Yy @

for the injection and suction walls, respectively. Hence, the sum of
the viscous stress, the Reynolds stress, and the convective momen-
tum transport on the right-hand side (RHS) of Egs. (1) and (2) should
balance with the pressure gradient on the left-hand side (LHS) and
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Fig. 6 Root-mean-square velocity fluctuations: a) injection side and
b) suction side.
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be linear with respect to y*. Note that the convective transport
should be zero if F = 0. As seen in Figs. 7a and 7b, the RHSs
of Egs. (1) and (2) actually show linear distributions and, hence, the
flowfield is judged to be fully developed. The total shear stress is
zero at y/8 = 0.53, which is close to the maximum velocity point
(y/8 = 0.48). On the injection side, the Reynolds shear stress in-
creases twice that of F = 0, and the viscous stress also increases
slightly, whereas negative convective transport takes place. As a
result, the sum of momentum flux is a little smaller than that of
F = 0. However, the total flux is larger on the suction side, where
the Reynolds stress decreases to about a quarter, and the viscous
stress also decreases, whereas the convective transport is largely
positive.
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Figure 8 shows the mean temperature profile normalized by the

friction temperature on each wall. The curve denoted as F = 0 in~__

this figure is that in a channel flow which is heated with a constant
wall heat flux at the two walls.!® Despite the clear change in the mean
velocity profiles with injection and suction, the temperature profile
seems to change only moderately. The Nusselt number obtained by
the present simulation is 3.48 and 15.3 on the injection and suction
walls, respectively, whereas the value for F = 0 estimated from
Ref. 18 is 13.1. The dimensionless root-mean-square temperature
fluctuation is shown in Fig. 9. It is evident that, like the velocity
fluctuations, the temperature fluctuation is increased by injection
although decreased by suction.

Figure 10 shows the distributions of streamwise turbulent heat
flux with injection and suction. The relative difference in the mag-
nitudes is greatly enhanced if compared with the rms temperature
fluctuations, and this suggests that the correlation between the ve-
locity and temperature fluctuations is also influenced considerably.
The wall-normal turbulent heat flux is shown in Fig. 11. For the
fully developed channel flow between isothermal walls, the heat
flux balance is derived as follows

1 a0t
T Pr gyt

—ytert — v(—)%— .ot (3)

2.0 i T T T T T
- ]
. T 1
£ sk P .
> k - ]
+f i ,»"// 1
> L e P
< L 1
:®° 1Opégmmesoone @ 0N L A -CR OAC -6 TTA DAG 70 W T DA DD~ & T
& AN ]
v oosk /T 3
£ 2 i
S
S e _
0ol 1 1 1 1 i
0 10 20 30 40 50 60
y+
Fig. 11 Component distributions of wall-normal turbulent heat flux.
—v/*e*: , F = +0.0034; ----- , F = —0.0034; (1/Pr)8©* /8yt —
vEgrt .. , F = +0.0034; —-— «, F = —0.0034; (1/Pr)8©* /8y* —

V4@ —vp X ©F: 0, F = +0.0034; A, F = —0.0034.

As seen in Fig. 9, the RHS of Eq. (3) is actually equal to 1 over the
channel cross section, and the scalar field is found to be fully devel-
oped. The wall-normal turbulent heat flux is remarkably affected by
a small amount of fluid injection and suction.

Budgets of Velocity and Temperature Correlations and
of Their Destruction Rates

In the fully developed channel flowfield, the budget equation for
the turbulent kinetic energy k™ leads to

dk —aU 13
—uy —

0=—-V— — ——(uiujv")
ay ay 293y !
—— [
convection production turbulent diffusion
%k )y 0 @
i - —(p'v — —L
ay? dy dx; dx;
N
viscous diffusion pressure diffusion dissipation

where the subscript ( )* is omitted for simplicity and the repeated
indices obey the summation convention rule. Figure 12 shows each
term included in Eq. (4). The magnitude of each term is markedly
larger and smaller on the injection and suction sides, respectively,
than that in the case!” of F = 0. With injection, the maximum value’
of the production term increases by 2.5 times. This must be due to
an increase in the Reynolds shear stress —u/v’. Away from the wall
(y* > 30), the production term balances with the dissipation term.
On the suction side, the maximum production rate is only a quarter
of that for F = 0. The convection term, which is characteristic of
the present flowfield, is generally small and only appreciable in the
near-wall region; the sign of the term is opposite on the two walls.
The pressure diffusion term is negligibly small over the whole cross
section. :

The transport equation of the dissipation rate of turbulent kinetic
energy £* is written as

0= — Vi)f- ‘Zau/ av' aU
Jy dx; dx; 3y
N~

convection

du; du; dU

dx dy dy

mixed production mean gradient production

SRR SY P

vz =
dy dy? dx; dx; dx; Dy dx; dx;

gradient production  turbulent production turbulent transport

9 d ((ap' v u,  u]
a°e 2( ((__p_i)_—z d<u; ocu; (5)

W h 5 8)(7,' Z)xi ij(’)xk Z)xjaxk
o

viscous diffusion

pressure transport dissipation

Each term in Eq. (11) is shown in Fig. 13. On both sides, the gradient
production, turbulent transport, pressure transport, and tonvection
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terms are negligibly small. The magnitude of each term is again
much larger on the injection side and smaller on the suction side. In
the vicinity of the wall (y* < 3), the viscous diffusion term balances
with the dissipation term. At y* < 30, the mixed production, mean
gradient production, and turbulent production terms balance with
the dissipation term. However, the turbulent production term mainly
balances with the dissipation term at y* > 30 on the injection side
and y* > 40 on the suction side.
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Fig. 14 Budget of the Reynolds normal stress ut a) injection side
and b) suction side.

The transport equation of the Reynolds stresses ——u§+u’j.+ is de-
rived as
3 —— —0u; —iu; d —
0=—V—@uu)) —upy'—= —uv'— — — (uju;v")
Jy ay ay ay
— —————
convection production turbulent diffusion
/
? —— (w0 D —— ——
+ ﬁ(u,-uj) L4 Urvallewull A —(p'uidj + p'udy)
dy Xj X; ady
——
viscous diffusion  presure strain correlation pressure diffusion
du du;
—2—t-d ©
ka (')xk
dissipation

The budget of each Reynolds stress component is successively
shown in Figs. 14-17. In general, the magnitude of each term is
much larger on the injection side and smaller on the suction side
than that with F = 0 in Ref. 17. This is in qualitative agreement
with the DNS results of turbulent boundary layer with suction in
Ref. 14. _

In the budget of «'*? shown in Fig. 14, the production is a dom-
inant gain term in the region of y* > 5 on the injection side. The
maximum production rate is located at y* = 10, which is closer to
the wall than y* = 12 for F = 0 (see, also, Ref. 16). At y* > 30,
one-half of u’* gained by the production is lost by the dissipation,
whereas the other half is redistributed to v'? and w’? through the
pressure strain correlation. It is found from comparison with F = 0
that the injection should activate this redistribution mechanism. On
the suction side, the maximum production is located at y* = 15,
which is shifted a little farther away from the wall. At y* > 30,
the production and dissipation terms mainly balance, but the pres-
sure strain term remains very small. Thus, the suction considerably
suppresses the redistribution. The convection term is small and ap-
preciable only at y* < 10 on both sides.

The budget of v/*? is shown in Fig. 15. Note that there is no
direct production term for the v'2 and w2 components. On the in-
jection side, the pressure strain correlation is negative and balances
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with the pressure diffusion term at y* < 10. In this region, the
pressure strain term of w'? is positive, as shown later, and, hence,
the redistribution even from v'? to w'? takes place. However, at
y* > 10, the pressure strain correlation is positive and balances
with the sum of the dissipation anﬂurbul_ent diffu_sion terms. Thus,
the ordinary redistribution from x> to v'> and w’> occurs. On the
suction side, however, the pressure diffusion is a main gain term,
which balances with the pressure strain correlation at y* < 20 and

3 T L T T 1
03 -
I PPET, Pressure strain ]
' e R correlation
0.2 , S~ E
v ./ Turbulent S-.
o / sep o R J
[N R dlfqu{On Dissi}Jation ________________ |
0.0 =
ol ~---~" 7 S ~—Pressure
e diffusion

Viscous
diffusion

02 N

L Production

-0.3}  Convection _-J

| 1 | I |

0 10 20 30 40 50 60
+
a) y

0.012 - T T T T T 7
0.00g [ Dissipation et i —.;. b. ; \[‘ ~. Pressure strain J
N o dlilfr'ﬁilsi(:;:l “~..  correlation ]
0004 | hY 3

0.000

-7 TT——Pressure

-0.004 diffusion

L T

Viscous
diffusion

-0.012 1 L | 1 L
0 10 20 30 40 50

b) y
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Fig. 18 Budget of the temperature variance k;: a) injection side and
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with the dissipation at y* > 20. The pressure strain correlation is
appreciable only at y* < 30. On both sides, the viscous diffusion
and convection terms are negligibly small. o

In Fig. 16, any remarkable change in the budget of w'** cannot
be found, although the magnitude of each term is much different, as
mentioned previously. In addition, the present budgets on the two
walls are qualitatively quite similar. The pressure strain correlation
and dissipation terms are dominant except for at the region very
close to the wall.
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The budget of the Reynolds shear stress u/Tv't is shown in
Fig. 17. As awhole, the effect of injection and suction on this quan-
tity seems much stronger than that on each of the normal stresses.
The convection term is again negligibly small over the whole cross
section. On the injection side, the production term becomes larger

due to an increase in the wall-normal velocity fluctuation v'2. Away
from the wall (y* > 35), the production and pressure strain cor-
relation terms are dominant. The dissipation and viscous diffusion
terms are negligibly small except in the vicinity of the wall. On
the suction side, the wall-normal velocity fluctuation is reduced
and, thus, the production term is also suppressed. The pressure
strain correlation is still a major sink term, but diminishes rapidly
beyond y* > 40.
The transport equation of the temperature variance k; leads to

kg ——0® 10
0=— vk _7l® L1

— ™)
dy dy 2 dy
e —

convection production  turbulent diffusion

1 0%k, 1 86 06’

Pr ay? E(’)x; E
e —’ e e’

molecular diffusion
Figure 18 shows each term in Eq. (7). In general, the magnitude
of each term is larger on the injection side, although smaller on
the suction side. On the suction side, the turbulent diffusion term is
small. This suggests that the velocity and temperature fluctuations
are suppressed by suction, and the temperature variance is diffused
mainly by the molecular diffusion term. The maximurm production
on the injection side is 7 times larger than that on the suction side,
and this is because the wall-normal turbulent heat flux on the former
is about 6 times larger than that on the latter.
The equation of the dissipation rate of temperature variance e
is written as
deg 2 9v 36’ (‘)O 2 96’ 36" 3U

Q)

dissipation

0=—-V— —
ady Pr ox; (’)x, 8y Prox dy dy

——

convection

mixed production mean gradient production

2 o T80 9*@ 2 36’ 30’ du 1 9
Pr oy

89’ 06’
8x, axl

turbulent transport

T Pr dy 3y?  Pr dx; dx; 0x;

gradient production turbulent production

1 9%y 2 9% %

Pr ay?
N —

molecular diffusion

®)

Pr? 3X,‘3Xj ax,»ax,-
—————

dissipation
The various terms in Eq. (8) are shown in Fig. 19. On the injection
side, the gradient production, turbulent transport, viscous diffusion,
and convection terms are all negligibly small, and the three remain-
ing terms, i.e., the mean gradient production, turbulent production,
and dissipation terms, are dominant. The turbulent production is
relatively larger than the mean gradient production on the injection
side but not on the suction side. The turbulent production becomes
a dominant gain term and balances with the dissipation term at
y* > 20 on the injection side, but only at y* > 50 on the suction
~ side.
The budget equation of the turbulent heat fluxes u,* 6" is de-
rived as

'iO —du; d
0=— V—(u ) — uv— — Tt — (Gl
ay dy ay
;_,_._4
convection production turbulent diffusion
P I R L W 1 d (_0)
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Fig.19 Budget of the dissipation rate s; : a) injection side and b) suction
side.
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Fig.20 Budget of the streamwise turbulent heat flux »’* 8’*: a) injec-
tion side and b) suction side.

The budget of the streamwise heat flux w'* 8’ is shown in Fig. 20.
It is noted that the pressure-temperature gradient correlation is a
large loss term on the injection side, although negligibly small on
the suction side. On the injection side, the production term bal-
ances with the sum of the pressure-temperature gradient correla-
tion term and the dissipation term at y* > 30, whereas on the
suction side the production term balances with the dissipation term at
yt > 35,
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Fig.21 Budget of the wall-normal turbulent heat flux v'* 6’*: a) injec-
tion side and b) suction side.

The budget of the wall-normal heat flux v'* 8’ is shown in
Fig. 21. The pressure diffusion and pressure-temperature gradient
correlation terms in the near-wall region (y* < 10) on the in-
jection side are larger than those on the suction side. At y* > 5
on the injection side, the pressure-temperature gradient correlation
term balances with the sum of the production and pressure diffusion
terms, whereas farther away from the wall (y* > 40) the pressure
diffusion gradually diminishes. The production term is increased by
injection and decreased by suction because v'? is influenced in the
same way. On the suction side, the relatively large pressure diffusion
term changes its sign around at y* = 45. On both sides, the molecu-
lar diffusion, dissipation, and convection terms are negligibly small.

Near-Wall Quasicoherent Turbulent Structures

Finally, instantaneous flowfields are visualized to investigate how
the near-wall turbulence structures are affected by injection and suc-
tion. The subvolume visualized has a dimension of about 800, 150,
and 400 (v/u,) in the x, y, and z directions, respectively, and is
about 1/14 of the total computational domain. It was recently re-
ported that the locally low-pressure regions correspond well to the
coherent turbulent vortex cores in wall shear turbulence which gen-
erate most of the high Reynolds stress events, the ejection and sweep,
around them.!”? Kasagi et al.?! visualized the low-pressure regions
in a DNS database!” of channel flow and also found that many
of the low-pressure regions were actually created by intense rota-
tional fluid motions in large scales and associated with the diffusion,
redistribution, and destruction mechanisms of Reynolds stresses.
Thus, the turbulence mechanisms are coherently and intermittently
distributed in space. The three-dimensional contour surfaces of pres-
sure fluctuation at p'/(pl JImax = —1.7 in the case without injec-
tion and suction are shown in Fig. 22, where the grid spacing is
30(v/u.), and the lower grid plane corresponds to the bottom wall.
The mean flow direction is from the lower left to the upper right.
In this figure, typical banana-shaped inclined streamwise vortices,
which have been observed most frequently in the near-wall region,?!
are found. Figures 23a and 23b represent the contour surfaces at
P'/(Plnsdmax = —1.7 on the injection and suction sides, respec-
tively, in the present flowfield. The grid spacing here is 30 wall units
based on the friction velocity at each wall. On the injection side, the

Fig. 22 Three-dimensional contour surfaces of pressure fluctuation,
P,/(I’ims)max = —1.7,in channel flow without wall mass flux.

a)

b)

Fig. 23 Three-dimensicnal contour surfaces of pressure fluctuation,
p'/(p’rms),,mX = —1.7, in channel flow with injection and suction: a)
injection side and b) suction side.

streamwise vortical structures are observed more frequently but in
smaller scales; whereas on the suction side, they appear vaguely
and in larger scales. Thus, the injection stimulates the occurrence of
the coherent streamwise vortical structures and then the production
and redistribution of Reynolds stresses, whereas the suction tends
to damp the vortical structures.

Conclusions

A direct numerical simulation of the fully developed two-
dimensional turbulent channel flow with uniform wall injection and
suction between two isothermal walls was carried out, and various
low and thermal turbulence statistics and their budgets were calcu-
lated. The following conclusions are derived.

1) In accordance with the previous experimental knowledge, with
a small amount of wall mass flux, the mean velocity and tem-
perature profiles become asymmetric with respect to the channel
centerline, and the friction coefficient as well as the Nusselt num-
ber are considerably decreased by injection, although increased by
suction.

2) In general, the wall injection tends to activate the near-wall
turbulence, whereas the suction suppresses it. As a result, the ve-
locity and temperature fluctuations, the Reynolds shear stress, and
the turbulent heat fluxes should increase with injection and decrease
with suction.

3) The detailed budgets of turbulent kinetic energy, its dissipa-
tion rate, Reynolds stresses, temperature variance, its dissipation
rate, and turbulent heat fluxes are calculated. Although the struc-
ture of each budget does not exhibit much qualitative difference, the
magnitude of each term is generally larger on the injection wall and
smaller on the suction wall than that on the ordinary nonpermeable
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wall. The convection term, which reflect a direct influence of injec-
tion and suction, is very small in every budget examined, and it is
mainly through the production and redistribution mechanisms that
the injection and suction should markedly affect the turbulent flow
and thermal fields. In particular, the pressure strain correlation term

of v'2, which is the major gain term for this component, shows much
different behavior on the injection and suction walls; the injection

promotes the intertransfer of turbulent kinetic energy from u? to

1’2, whereas the suction attenuates it.

4) The injection stimulates the occurrence of the quasicoherent
streamwise vortical structures, which are associated with the pri-
mary turbulence mechanisms; on the other hand, the suction con-
siderably suppresses their activities.
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