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Direct numerical simulation of a fully developed turbulent channel flow has been carried
out at three Reynolds numbers, 180, 395, and 640, based on the friction velocity and the
channel half width, in order to investigate very large-scale structures and their effects on
the wall shear-stress fluctuations. It is shown that very large-scale structures exist in the
outer layer and that they certainly contribute to inner layer structures at high Reynolds
number. Moreover, it is revealed that very large-scale structures exist even in the wall
shear-stress fluctuations at high Reynolds number, which are essentially associated with
the very large-scale structures in the outer laydOl: 10.1115/1.1789528

1 Introduction performed an experiment in a turbulent pipe flow at.R2600
The behavior of fluctuations of the wall flow variables in aaglc(i) Z?tunf?ufgﬁgutgﬁsp{ﬁ?tlﬂg'f“eeié;e(g)ﬁr}fg Sueeencct;atsrf-bsﬂ:sgmse
turbulent boundary layer flow or in a turbulent channel flow is Oluctua)t/ions extend over thegmajority of theqradial region. Naguib
fundamental interest in many applications involving drag, n0|se%d Wark[6] also found that the contribution of the outerlayer-

and heat transfer. Among these, the wall pressure fluctuatiq ructures to the streamwise velocity fluctuations increases with
have been intensively investigated by many researchers. The scal Y

: . - “Ificreasing Reynolds number. Hitg8] conducted an experiment
ing law in the wall pressure power spectrum and the function N R
dependence qurms/Tw on the Reynolds number have been fairl a turbulent boundary layer at Re1500—6000 and indicated

. v . hat the premultiplied frequency spectra of streamwise velocity
well established as discussed by Choi and Mdihand Farabee

. . ’S€ fluctuations show a bimodal distribution in the range ok38
and Casarellg2], wherep,, is the wall pressure fluctuations, iS 100 Kim and Adriar{8] measured the streamwise velocity in a

the mean shear stress at the wall, and the subscript rms dengtes,jent pipe flow at Re=1058, 1984, and 3175 and obtained the
the root-mean-square value. _ . premultiplied wave number spectrum of the streamwise velocity
_ Unlike the wall pressure fluctuations, however, only limited,ciyations derived from the frequency spectrum using Taylor’s
information about the wall shear-stress fluctuations has begfiothesis. They showed that the premultiplied wave number
available, mainly because of measurement difficulties associalgfhcira have a bimodal distribution and the characteristic wave-
with the spatial resolution and frequency response of the proRgyih of the large-scale mode increases through the logarithmic
and also with heat conduction to the wall. Therefore, in the eXgyer. Moreover, they found that very large-scale motions corre-
periment, a I_ot of dlff_lcultles have been encountered in determlgponding to, approximately 12—14 times the pipe radius exist in
ing the scaling law in the wall shear-stress, (and 73) power  that region. Gterlund[9] observed the effect from the outer layer
spectra and the functional dependencerof /7, or 73 /7, 0N even in the wall flow variables such as the wall shear stress by
the Reynolds number(see Jeon etal.[3]), where 7, investigating the two-point correlation. Metzger and Klewicki
=uau’ldy|,, and 3= uow’'/ 3y|,, are the two components of the[10] investigated the near-wall turbulence quantities such as the
wall shear-stress fluctuations! andw’ are the streamwise and Streamwise velocity and its gradient for a turbulent boundary
spanwise velocity fluctuations, respectivelys the distance from layer. They found that the influence of the low frequency compo-
the wall, andu the dynamic viscosity. Moreover, the studies fonents, i.e., large-scale structures, on the turbulence statistics in-
cusing on the wall flow variables from direct numerical simulatiogreases with increasing Reynolds number.

(DNS) have been limited mostly to Reu,&/»=180 [1,3,4], Owing to the recent rapid increase in computer power, DNSs of
whereu, is the friction velocity,d the channel half width, and turbulent channel flow have been performed for relatively high
the kinematic viscosity. Reynolds numbergsee, for example, Antonia and Kirfil1],

The importance of the contribution from the outer layer to théoser et al.[12], and Abe et al.[13]), where the Reynolds-
inner layer has been indicated by several experimental studieshi#smber effect on the root-mean-square velocity and vorticity fluc-
wall-bounded turbulence at high Reynolds numtygrs1(. These tuations inside the channel was carefully studied. However, since
studies revealed that large-scale or very large-scale motions in these studies were performed with relatively small computational
outer layer affect the near-wall region and that this effect increagesxes, the effects of very large-scale structures in the outer layer
with increasing Reynolds number. For example, Bullock ef5l. on turbulence quantities were not clearly examined.

More recently, with the aid of huge computer memory, DNSs
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Table 1 Computational box size, grid points, spatial resolution, and sampling time period

Re, 180 395 640
LoxL,xL, | 1285x20x640 12.35 x 26 x 6.46 12.85 x 26 x 6.43
IF x Lt x LT | 2304 x 360 x 1152 | 5056 x 790 x 2528 | 8192 x 1280 x 4096
N, xN,x N, | 256 x 128 x 256 512 x 192 x 512 1024 x 256 x 1024

AT, Ay, Az* | 9.00,0.20 ~ 5.90,4.50 | 9.88,0.15 ~ 6.52,4.94 | 8.00,0.15 ~ 8.02,4.00
Ttm/La 49 50 14

removed, the near-wall turbulence structures become infinitely Results and Discussion
long, but the averaged turbulence quantities do not noticeably
change in the near-wall region. 3.1 Very Large-Scale Structures
In the present study, we have performed DNS of turbulent chan-
nel flow at three Reynolds numbers, R480, 395, and 640, with
a large computational box_ (X L,=12.85X6.45) in order to in-
clude very large-scale structures existing in the outer layer. T
computational box size of our previous study3] for Re,=640
was L, X L,=6.46X26 [4096x 1280(v/u,)?], which contained
sufficient numbers of near-walinore than tenstreaky structures (ilesmaller computational box was used for the same Reynolds

in the spanwise direction, but was not large enough to inclu .
sufficient numbers of very large-scale structures in the outer Iayg .mb_e_r. m WaII-bc_>u_nded tur_bl_JIence,_one .Of the most important
lljantltles is the friction coefficient. It is defined as

Accordingly, the difference between the results from the prese%
and previous computations should be attributed to the effects of T
the very large-scale structures existing in the outer layer. Hence, Ci=7 5
the purpose of the present paper is to investigate the very large- 2 PpUny
scal_e structures and their effects on the tu_rbulence quantities, $Re friction coefficient in the present study for R&40 is C;
pecially on the wall shear-stress fluctuations, from root-mean-

; : =5.47x10 %, whereas the one in the previous studyg] for
square values, power spectra and instantaneous flow fields. ’ . .
g P P Re,=640 wasC;=5.42x 10 3. The difference is less than 1%.

The mean velocity distribution has also been investigated and is
shown in Fig. 1. The experimental result of Hussain and Reynolds
[22] and the DNS results of Moser et f1.2] in a turbulent chan-

. nel flow at Re=590 and of Spalarfi23] in a turbulent boundary
2 Numerical Procedure layer at Re=~650 are also included for comparison. Note that a

The flow in the present study is a fully developed turbulerguperscriptdenotes a variable normalized by wall units. It can be
channel flow driven by a streamwise mean pressure gradient.sken from Fig. 1 that agreement between the present and previous
the present computation, a fractional step method proposed regults is excellent. Other mean quantities were also compared,
Dukowics and Dvinsky 18] is adopted, and a semi-implicit time but their differences were also very small.
advancement is takefthe Crank—Nicolson method for the vis- The root-mean-square values of the streamwise, wall-normal
cous terms with wall-normal derivatives and the second-ordend spanwise velocity fluctuations, s, Uims, and W/, for
Adams—Bashforth method for the other teymBor the spatial Re,=640 are compared with those of the previous studies
discretization, a fourth-order central difference scheme propos@®,13,15,22 and are shown in Fig. 2. Again, agreement with the
by Morinishi et al.[19] is adopted in the streamwise and spanwisgata at the same Reynolds nump&B,27 is excellent except for
directions, and the second-order central difference scheme is used
in the wall-normal direction. Further details of the present numeri-
cal method can be found in Abe et fL.3].

As pointed out by Jimeez[20], very large-scale structures ex-
isting near the center of the channel have a spanwise sizé.of 2
Recently, del Aamo and Jimeez[14,15 reported that very large- 20
scale structures of 2-68n length in the streamwise direction exist
in the outer layer at a relatively high Reynolds number of Re
=550. They also indicated that at least ten washout times ar
needed to obtain stationary statistics related to large scales. Thel =
fore, irrespective of the Reynolds number, the size of the preser 10
computational box I{,XL,XL,) was chosen to be 125825
X6.468 in the streamwisdx), wall-normal (y), and spanwis€z)
directions, respectively, in order to include quite a few very large:
scale structures in our computational box. The integration time fo
statistical sampling was set to be more than ten washout times fi 1 1
all the cases. The computational box size, number of grid point 1()0 101 102
(Nx,Ny,N,), spatial resolution £x,Ay,Az) and sampling time
period (Tun/L,) are given in Table 1, wheney, denotes the bulk Fig. 1 Mean velocity distribution for Re  ,=640. (—), present;
mean velocity. Accuracy at the present spatial resolution has @l= — ) Ape et al. [13]; (- - -); Moser et al. [12] for Re ,=590;
ready been confirmed by Kawamura et[@1], Abe et al.[13], (-..—), Spalart [23] for Re ,~650; (O) Hussain and Reynolds [22]

3.1.1 Effects of Very Large-Scale Structures on Mean Flow
Variables and Turbulence QuantitiesBefore we discuss the be-
H@vior of very large-scale structures in the outer layer, we exam-
ine their effects on the mean flow variables and the root-mean-
square velocity fluctuations for Re640 by comparing the
present results with those from our previous st{ii§], in which

@

v 10°

and Abe and Kawamuril6].
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0 200 400 y+ 600 Fig. 4 One-dimensional spanwise wave number power spec-

tra of u’ and w’ for Re ,=640 at y*=5.38 normalized by u, and
& in linear scales. ( ), present; (— — —), Abe etal. [13];
(- - -), Moser et al. [12] for Re ,=590 y*=5.34.

Fig. 2 Root-mean-square velocity fluctuations for Re ~=640.
(—), present; (— — —), Abe et al. [13]; (- - -), Moser et al. [12]
for Re ,=590; (—-—), del Alamo and Jime nez [15] for Re ,=550;
(O), Hussain and Reynolds [22] for Re ,=640.

ticeable difference is found at low wave numbers, especially for
the near-wall streamwise velocity fluctuations, where the methe spanwise energy spectrawsfandw’. The low-wave number
surement with a hot wire is very difficult. Moreover, the preserfehavior of the spanwise energy spectraibndw’ is shown in
result agrees well with those of the other previous DNS studiesg@gy. 4, which is scaled withi. and 8 and is drawn in linear scales.
slightly different Reynolds numbeid2,15 in the near-wall re- |n Fig. 4, a large local peak is clearly observed in the spanwise
gion, although a small difference is found in the outer layer bgpectra at a low wave number from the present data, whereas a
cause of the difference in Re less prominent peak is observed in the previous studigsl3).

Thus, one can conclude that the effect of the computational bgkis difference is closely associated with very large-scale struc-
size, in other words, very large-scale structures, is negligibhires in the outer layer. Also, we see a number of small local
small for the mean flow variables and the second-order turbulerp@aks at low wave numbers, which could be due to statistical
statistics within the limit of the Reynolds numbers investigatefloise, as will be discussed later. The present comparison suggests
here. that the computational box size used in this study should be re-

We further investigate the effect of very large-scale structuregiired to capture the effect of the outer layer structures on the
on energy spectra in the inner and outer layers. The energy spegigar-wall flow behavior. Nevertheless, when the energy spectra
of u’, v’, andw’ are defined as are integrated for the whole range of wave numbers, the differ-
ences in the mean-square values a®%. In summary, within
the Reynolds number range investigated, the very large-
scale structures in the outer layer have little effect on the time-

averaged near-wall turbulence quantities, but they clearly exist

where ¢(k,) and ¢(k,) are the energy spectra, akgdandk, are : ) .

the waa(e Fl)umbe(r?s(iri)theandzdirec%nsp respectif/jely Fizgure zevenin th% near-wall region and contribute to the energy at low
' : wave numbers.

shows the energy spectra of the velocity fluctuations for R€ An examination of very large-scale structures in the outer layer

- + ~ i i i

[_124f;§at5y ~”5 :ogether W'Ih _ttkk:otshe from the pre\l/t|ogs SbtUd'eﬁﬁjing DNS requires a large computational box. In this region, the
{ ! i : x((j:_e ten adgrheehmen Wi tte)prewo#s resufts 1s 0” sbertv? gest and widest structures are expected for the streamwise and

at intermediate and high wave numbers, whereas a smalfl bu 'gﬁénwise velocities, respectively. This is because streamwise and

spanwise directions are not constrained in the present configura-
tion. Although the present computational box was chosen to be as

f ok )dk,= f (k) dk,=u/ 2 v}2, or w2, )
0 0

10% v large as possible, the box size at ,R640 (L,XL,=12.85
R X 6.49) )is half in the streamwise and spanwise directions of that
10 ] of del Alamo and Jimeez [14,15 at Re=550 (L, XL,=875
10! 4 X 4 8). Therefore, the validity of the present computational box
S o size for Re=640 must be investigated. Figure 5 shows the
>=: 10 T streamwise premultiplied spectrum of and spanwise premulti-
§ 10" . plied spectrum ofw’ in the outer layer for Re=640, together
102 ] with those of del Aamo and Jimeez[14] for Re,=550. Here, the
, premultiplied spectra are defined as
10° 1
10 b * * 12 12
" s b Kep(ky)d(log\,) = k. (k) d(log\;) =Urms OF Wi,
107F (@ 1 107 (o) 1 0 0 o
L] PRI VR \ IOV oL Lad o 3
A TERTE: 10“k+ 00 07 0 0 ot 10°

where N\, (=27/k,) and \,(=2w/k,) are the streamwise and

Fig. 3 One-dimensional wave number energy spectra of veloc-

ity fluctuations for Re ,=640 at y*=5.38 in wall units: (a)
streamwise wave number; (b) spanwise wave number. (—),
present; (— — —), Abe et al. [13]; (- - -), Moser et al. [12] for
Re,=590 at y*=5.34.

Journal of Fluids Engineering

spanwise wavelengths, respectively. In spite of the slight differ-
ences in the wall-normal locations where the spectra are obtained
and the Reynolds numbers adopted, agreement between the
present study and that of delladno and Jimeez [14] is very
good, i.e., the peak values of the premultiplied spectra and the
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Fig. 5 Streamwise and spanwise premultiplied spectra of u’ 10-1 100 /1/5 101
and w’, k,p(k)/u'u’ and k,p(k,)/w'w’, in the outer layer: 1 I I
(@), (b) kyp(k)lu'u’; (c), (d) k, (k) w'w'. (—), present for X —_ T - y+=199.9' 1
Re,=640 at y/6=0.47 (y*=298.2); (— — —), del Alamo and - y‘=5.38 ——— )*=298.2 (©)
Jimé nez [14] for Re ,=550 at y/6=0.5 (y*=275). ~ 0.8F...... y'=998 — V'=403.7 -
I o 5y et dtr 5 ]
Ny 0 6 | —— y+= X S ¥ =636.0 i
N — y,=399 .
energy at short wavelengths agree well with those of dald 3§, [ ~.... ;Q;Z']IJ
and Jimeez[14]. Moreover, no artificial energy contamination is A8 0.4 7
observed at long wavelengths. ]
Considering that the area under the premultiplied spectrumre; (.2 -
resents the mean-square velocity fluctuations as shown b{8EQ. ! ]
the present streamwise box size is not still enough to contain & 0 T e T

the large-scale contributior[$=igs. 5a) and 5b)], whereas the 101 102 103 /1; 104
present spanwise box size seems to be quite suffifiégs. 5c) Y TR PP
and Hd)]. It can be roughly estimated from Figs(ab and 3b) -2 -1 0

that one needs at Ieastg:lzﬁyés a proper stream?/vise box size in 10 10 10 ]'2/5 10
order to obtain zero energy at the longest streamwise wavelength,

at which point the simulation becomes very expensive. Fig. 6 Spanwise premultiplied energy spectra of the stream-
wise velocity fluctuations  k,é(k,)/u’u’: (a) Re,=180; (b) Re,
=395; (c) Re,=640

3.1.2 Spanwise Very Large Scales he large-scale structures
are often referred to as the large-scale moti&Ms) existing in
the outer layer of the flowsee, for example, Fald®4]; Brown

; : Figure 6 shows the spanwise pre-multiplied energy spectra of
and Thomag25]), and many experimental studies on the LSM . . .
have been conducted for turbulent pipe, boundary layer and ch;}ﬁg streamwise velocity fluctuations for Rel80, 395, and 640.

nel flows (see, for example, Kim and Adriai8]; Adrian et al. 'he spanwise premultiplied spectrafare aiso included in this
[26]: Liu et al. [27]). Moreover, Kim and Adriari8] found that figure. Note that the peak location in the premultlplled_ spectrum
very large-scale motion8/LSMs), which are much longer than corresponds to the wavelength of the energy-containing eddy

the LSMs exist in the outer layer in a turbulent pipe flow. Thes@€'Ty et al.[30]). In the near-wall regior{up toy*=10), the

studies mainly focused on the behavior of the LSMs or tparemultiplied spectra ofi’ are nearly identical to that of; for
VLSMs in the streamwise direction. On the other hand, sonf@ch Reynolds number and their peaks are founa,at 100.
experimental studies have been performed on the spanwise ofgaving away from the wall, the peak position in the spectra of
nization of near-wall turbulencésee, for example, Smith andshifts to a longer wavelength. With increasing Reynolds number,
Metzler[28]), but little information is available for the spanwisethe small and large scales corresponding to the energy-containing
behavior of large- or very large-scale structures in the outer layeddies in the near-wall and outer layer regions, respectively, are
from experimentgsee, for example, Nakagawa and N¢29]). more clearly separated, and broad peaks appear between these two
Therefore, we investigate here the behavior of the VLSMs in thregions(e.g., aty* = 60— 100 for Re=640). Jim@ez[20] pointed
spanwise direction with the aid of DNS. out that a very large-scale structure with a spanwise wavelength of
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Fig. 7 Spanwise wavelengths of the most energetic eddies ob-
tained from the premultiplied energy spectra of u’ for Re,

=180, 395, and 640

around & exists at the midheight to the channel center. T
present result indicates the same trend with a more definite de
mination of its wavelength as 1.3—b.6see the peak location for
y/6=0.5). It is interesting to notice that the near-wall premulti
plied spectra show a local peak at the wavelength correspond
to the very large-scale structures for R&40 but not for Re
=180, indicating that the VLSMs in the outer layer contribut
more to the inner layer structures with increasing Reynold
number.

The spanwise wavelengths of the most energetic edd
(MEW), for all three Reynolds numbers (Rel80, 395, and 640
are obtained from Fig. 6 and are presented in Fig. 7. Note t
when the premultiplied spanwise spectrum shows a clear peak 8
have taken the most energetic wavelength, while when the spec- ) ) .
trum shows a broad peak we have computed a least-square inﬁé(?'- 8 lIso-surfaces of the instantaneous streamwise velouty+
polating polynomial in the region where the spectrum shows t UCtEatlonS normall.zed by the|_r owr.1 rms valui at each }f f,or
most energetic power. The behavior of the wavelength of the mqQs ~—180 and 640: (a) Re,=180; (b) Re,=640 (red), u'/ums

. . . . . .75; (blue), u'fu/..<—1.75. The boxes visualized here are
energetic eddy can be divided into three regions from Fig. 7. Iy g o sx6.45in them;freamwise, wall-normal and spanwise di-

the central region (0:83y/6<1), the MEW stays essentially at arections, corresponding to those of 2304 X 180X 1152(w/u,)?

constant value of 1.3-1%Fromy " =20 toy/§=0.3, the MEW  and 8192 X 640X 4096(»/u,)? for Re ,=180 and 640, respectively.
is linearly proportional to the wall-normal distance from the wall,

agreeing well with the experimental result of Nakagawa and Nezu

[29] and the DNS result of del lamo and Jimeez [15]. This

lower bound " =20) seems to be scaled well with wall units4 Wall Shear-Stress Fluctuations

whi_Ie the upper bo_undy(/&w 0'3.) may bf scaled with the outer 4.1 Root-Mean-Square Values. The rms values of the wall
var!able 3 Flnally,+|n the wall \_”C'mty " <20), the ME_W " shear-stress fluctuations( and 73) normalized by, for Re,
mains constant at, ~ 100 that is the well-known spanwise sepa=1g0, 395, and 640 are given in Fig. 9, together with those ob-
ration distance of the near-wall streaky structui28]. tained from DN[3,11,31-34 and experimen{35] for the chan-

3.1.3 Visualization of Very Large-Scale Structure3o visu- nel flow. The present result agrees very well with those of other

alize the VLSMs in the outer layer, iso-surfaces of the instanta- ms 7 :
neous streamwise velocity fluctuations normalized by their owinaller(~11%) than that ofr; _(~31%), which agrees well with

rms value at eacl™ for Re=180 and 640 are shown in Fig. 8.the finding by Moser et a[12] thatw,,s Shows a larger variation
This normalization is done because when the streamwise velodfnUms as Re increases. Especially, the valueaf _seems to
fluctuations are normalized by the friction velocity, the structurdse nearly saturated at around f),4at Re=640. This can also be
emerge only in the wall vicinity due to the strong intensity theregbserved from the literature. That is, Alfredsson e{36] carried

and thus no structure can be captured in the outer region. It is s@it an experiment using a hot-film probe and specially designed
from Fig. 8 that the VLSMs appear in the outer layer for botgensors for the channel and boundary layer flows and reported that
Reynolds numbers and as expected the high Reynolds numbey, = 0.40r, . Recently, Fischer et al35] conducted an experi-
case shows a wider range of scales. The high- and low-spemdnt using a laser Doppler anemometry and reported that the
regions appear with a spanwise spacing of about 1.3-ar®l limiting value of 7; _tends to approach 0.4() at relatively high

with a streamwise extent larger thaa. Jhis streamwise structure Reynolds number. More recently, Metzger and Klewidd] per-
corresponds to those obtained from the measurements in pipe &thed an experiment using a hot-wire probe in a turbulent
channel flowgKim and Adrian[8]; Liu et al.[27]) and from the boundary layer at high Reynolds numbers and indicated that the
DNS of a channel flowidel Alamo and Jimeez[14,15)). wall value of the spanwise vorticity fluctuations, i.e;, , does
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Fig. 9 Variations of the rms wall shear-stress fluctuations as a Fig. 10 One-dimensional wave number power spectra of n

function of the Reynolds number. ~ (O) present study; (V). ang 7, normalized by the mean-square values:  (a) streamwise
Kuroda et al. [31]; (+), Gilbert and Kleiser [32]; (®), Kuroda \\aye number; (b) spanwise wave number. (O), Wietrzak and
et al. [33]; (A), Antonia and Kim [11]; (X), Gunther et al. [34]; Lueptow [37] (Re,=896); (A), Nepomuceno and Lueptow [38]
(0), Jeon et al. [3]; (—), fitting for T T by Fischer et al. (Re,=751). T

[35] from DNS; (— — —), fitting for 7, '/, by Fischer et al. i

[35] from experiments; (- - -), fitting for 73, AT

increase in power at large scal@=., at small wave numbers
with increasing Reynolds numbggig. 10b)]. This indicates that
not vary with the Reynolds number when the Reynolds numbertige contribution from large scales in the spanwise direction to the
sufficiently high, although they showed a logarithmic increase fins values increases with increasing Reynolds number. Moreover,
the peak value ofi’. Also, recent DNSs of turbulent channel flowit is interesting to note that local peaks are observed at low wave
indicated thatr; =0.405r, at Re=590 [12] and 0.408,, at numbers for Re=395 and 640 and the corresponding wave num-

Re =640[13]. Fro?n the past and present results, therefore, it m rs in walls units become smaller with increasing Reynolds num-

be’concluded that,,,, 15 about 0.4, at suffiientl high Rey- Dot INdIcaling that very arge.seale structures should exit n
S 3 .

nolds numpers. . L In order to examine the behavior of these local peaks, the span-
Conducting another investigation on the Reynolds-number dgise spectra of, and 75 normalized withr,, and & are redrawn
pendence of the wall shear-stress fluctuations as the mean-sayare|| three Reynolds numbers kté< 100Win linear scales and
values, i.e.,; andr3 | the increase in] and73 from are shown in Fig. 11. In this figure, there appears a clear local
Re,=180 to 640 is 0.030 and 0.029, respectively. Interestinglpeak atk,6=5 in the spectra of; at Re=395 and 640, where
almost the same increase is obtained in the streamwise and spgha-wavelength corresponding to this wave number ig. IVBre-
wise directions. over, this local peak is identical with that of the near-wall span-
wise premultiplied spectra af’, which is closely associated with

4.1.1 Power Spectra. The power spectra of, and r; are the most energetic peak in the outer lajgae Figs. @) and Gc)].

defined as These results indicate that the VLSMs in the outer layer maintain
* * ) ) a certain influence even upon the wall flow variables such as the
, P (k) dk= , d(k)dk, =7y or 73 , (4)  wall shear stresses at high Reynolds number cases. Moreover, it

can be seen in Fig. 11 that the local peak in the spanwise spectra
where ¢(k,) and ¢(k,) are the power spectra. As was shown i®f 7, becomes more prominent with increasing Reynolds number.
Fig. 9, the mean-square values, i.e., integrations of the specaRe, =640, an excess of the power at the local peak over the
over the wave number, increase with increasing Reynolds numbavyeraged power in the nearly constant rankgj=10-30, is
Accordingly, the streamwise- and spanwise-wave number specizout 3% of the total power. In contrast, integrating the spectra
of 7, and r; are normalized by their own mean-square values ayer the range of wave numbeksg=0-10, in which the spectra
are shown in Fig. 10. The frequency spectra measured by
Wietrzak and Lueptow/37] (Re,=896) and Nepomuceno and
Lueptow[38] (Re,=751) are also plotted for comparison, using
Taylor’s hypothesis with a convection velocity of 053 [3], 0.01 ' B
whereU, is the freestream velocity or channel centerline velocity . :

Agreement between the present result and the measurement i Re. = 640
sults [37,39 is satisfactory, although there exists a discern-«o 0-008“; . -—— Re.=395 |
ible difference at high wave numbers. This difference may b™ z | I TR Re,= 180 7

caused by the fact that the convection velocity associated with tt < 0.006 g .

energy containing eddyi.e., low wave numberis used for all | .

wavenumbers. % 0.004}
In Fig. 10a), the streamwise wave number power spectra;of ‘ /

and 73 show good collapse at the whole range of wave numbel 0,002

for the three Reynolds numbers, meaning that the contributior

from small, intermediate, and large scales in the streamwise dire .

tion to the rms values are essentially the same, at least for tl 0 20 40 60 80 kz§ 100

Reynolds number range investigated. In contrast, the spanwise

wave number power spectra of and r3 show collapse at small Fig. 11 One-dimensional spanwise wave number power spec-

scales(i.e., at large wave numbe@rsnly, whereas they exhibit an tra of 7, and 73 normalized by 7, and &in linear scales

~:"1'*'...1‘ - ‘.z e el
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N T (b)

Fig. 13 Enlarged view of Fig. 12: (a) 71; (b) 75

Fig. 12 Contours of the instantaneous wall shear-stress fluc-
tuations for Re ,=640; (a) 71; (b) 73

ferent regions: one of them consists of dense clustering of strong
show the local peak, the power contained in the range of the wagesitive and negative;'s (called an “active” region, hereafter
numbers is about 20% of the total power, suggesting that thed the other is a region of weak's (called an “inactive” region,
importance of the low wave numbers in the spanwise directidrereaftey. A careful inspection of the instantaneous flow fields
increases with increasing Reynolds number. At the low Reynoliigicates that the active region of is closely associated with the
number of Re=180, we see local peaks kté=7 and 9, which group of positiver;’s and the inactive one occurs where the group
correspond to\,/8=0.9 and 0.7, respectively. The latter waveof negativer,’s exists(see Fig. 13 for the enlarged vigw
length is very close to the streak spacing at this Reynolds numberTo inspect the very large-scale patternsgfin more detail, a
It is not so clear why we have the first peakkab=7 rather than filtering procedure is applied to the instantaneous field shown in
atk,5=5 for Re,=180. We consider the first peaklgtd=7 to be Fig. 12a). A top-hat filter defined as
the result of a low Reynolds-number effect because the separation 1 6 (6
of two scaledstreaky structure near the wall and very large-scale T(X,2)= —— f f X+ &2+ £)dZdé (5)
structure in the outer laygis not so evident at Re-180 as shown 4682 )¢ -0,

in Fig. . On the other hand, a clear local peak is not observed . ) )
at kzgzeéaéither in the spectra ofs in Fig. 11, l?ecause the power's employed, where a tilde denotes a filtered value. Referring to

at this spanwise wave number is much smaller than the maximd§gmminaho et al[40], the streamwise filter lengthy is chosen
as the integral scale and the spanwise filter lerfgtlis roughly

Y . : )
power atk, =0.06 corresponding to the streak spacing unlike th(ﬂe same length as the first zero-crossing point of the spanwise

case ofr, at high Reynolds numbgsee Fig. 1()]. rﬂ/(\:/\o-point correlation. The filtered instantaneous field with

One may wonder if these local peaks in Figs. 10 and 11 come . S
from insufficient time averaging, and they could be due to thg 232 and¢, =44 is shown in Fig. 1), where very large-scale

statistical noise. In order to investigate this issue, we performed@tterns with a spanwise spacing of about 1.3étaout 1000 in
long time integration for the case of Re395, where the sampling wall units for Re=640) are more clearly illustrated. This span-
period is 5Q,/uy, . Indeed, with longer time averaging, the spec?/!S€¢ spacing corresponds to the spanwise wave numbégof
tra become smoother but the large local peak still exists. =4-5 (ork; =0.006-0.008) at which the spectrumafshows
) ) ) a local peak at Re=640 (see Fig. 1L In order to examine the
4.1.2 Instantaneous Flow FieldsIn this section, we show jnteraction between the inner and outer layers, the top view of the
from instantaneous flow fields that there exist very large-scalesiantaneous low-speed regions in the outer layet/u,
patterns in the wall shear-stress fluctuations and the corresponding | 75) shown in Fig. &) is superimposed on the filterenc]f
length scales are closely associated with the peaks at low W%Yﬁ)wﬁ in Fig. 14a). The.resultant figure is given in Fig. ®). It
numbers in the spanwise spectra in Fig(10 is clear from this figure that the negative dominant regions;of
Figure 12 shows the contours of the instantaneous wall shegg, mostly overshadowed by the low-speed regions in the VLSMs.
stress fluctuations for Re 640 in the full computational domain. — 14 oy amine this point more quantitatively, we introduce a func-

n Ithe case O&Il(’ 3 few(c;}r seveéal strlfaks of negative,’s ébg‘e tion called an overlap rati@OLR). In the OLR, variablegp and ¢
color) are packed together and make a group in sfi@eded a ¢ hinarized to be either 0 or 1 based on a certain threshold, and
negative dominant” region, hereafter Moreover, this dense the binarized tedbund . Then. the OLR i
clustering of negativer,’s clearly exhibits a very large-scale (€ Pinarized ones are representeddognd./. Then, the OLR is
pattern. defined as the ratio of the overlapping area betwgeand ¢ to

In the case ofrg [Fig. 12b)], there exist two substantially dif- the area of either} or i
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Fig. 14 Contours of the filtered 7, and top view of the low- Fig. 15 Contours of the filtered 73 and top view of the high-

speed regions in the VLSMs for Re  ,=640: (a) filtered 7,; (b) top  speed regions in the VLSMs for Re ,=640: (a) filtered =5; (b) top
view of the low-speed regions in the outer layer (u'luy,s view of the high-speed regions in the outer layer (U'lulys
<—1.75 denoted as blue iso-surfaces ) shown in Fig. 8 (b), >1.75 denoted as red iso-surfaces ) shown in Fig. 8 (b), which is
which is superimposed on the filtered 7, shown in Fig. 14 (a) superimposed on the filtered 73 shown in Fig. 15 (a)

color) regions are more clearly seen fey. From Figs. 14a) and

_ 20 iy 15(a), one can easily notice that the active regionmgfcorre-
OLR($< g OF > oly<iho OF ¥=>1ho) =2 dul 2 ¥, sponds much more often to the positive dominant regiorr;of

(6) than the negative one af . The OLR between the positive region

where ¢, and y, are the threshold values. We obtain the OLFf 71 and the active region ofry is OLR(7,> l-(S'lij [73] '
between the filtered, (i.e.,7;) and the projected area of high- or> 1.575 )=0.43, whereas the OLR between the negative region
low-speed regions in the VLSMs. First, is binarized with a of r, and the active region of; is OLR(7;<—1.07_[[7|
threshold oﬁ-loﬁ-lrms:il.s. Next, the projected and blnarlzed>1_§3 5)20_02’ which clearly supports the visual impression
high- and low-speed regions are obtained through the followir}gentio;]"‘ed above.

operations(i) u’ is binarized with respect tog/u;,=*1.75,(ii)  To examine the relation between and the VLSMs, the top
the binarized values’ are integrated along the wall-normal di-view of the high-speed regions in the outer layar /(1]
rection up to the channel center, afiid) the integrated values are > 1 75) shown in Fig. @) is superimposed on the filteret
rebinarized to be either 0 or 1 with a threshold of 1. This proc&hown in Fig. 15), and the result is given in Fig. 5. The OLR
dure reveals that the OLR between the low-speed region in thgnyeen the high-speed region in the VLSMs and the active re-
VLSMs and the negative region ofr, is OLRWU'< gion of 75 is OLR(U'>1.75u/,d [73|>1.57; )=0.55, whereas

~L78nd7<— 157, )=0.76, whereas the OLR between thgns o) R between the high-speed region in VLSMs and the inac-
low-speed region "l VLSMs and the positive reg_iqn of IS tive region of 73 is OLR(U'>1.75u/d[75|<0.375 )=0.16.
OLR(u'<—1.78ufJ71> 157 )=0.20. Moreover, it is found rp s the active region af; mostly corresponds to the high-speed
that the OLR between the high-speed region in the VLSMs amggion in the VLSMs.

the positive region ofr; is OLR(u’>1.7HJ,’mSJ~¢l>1.57r1rmS)

=0.65, whereas the OLR between the high-speed region &n Summary and Conclusions

. : . , ;o
VLSMs and the negative region af is OLR(U'>1.781,J7; In this study, we obtained the mean flow variables, root-mean-
<-—157, )=0.19. These results clearly indicate that the very, are(rms) values, power spectra, and two-point correlations
large-scale structure observedipis essentially associated withfrom direct numerical simulation of turbulent channel flow at
the VLSMs existing in the outer layer of the flow. Re,=180, 395, and 640, and examined the very large-scale struc-
Now we will examine the active and inactive regionsmgfin  tures and their effects on the wall shear-stress fluctuations.

detail. To emphasize the difference between these two regions, th& was shown that very large-scale structures with a spanwise
filtering procedure is again applied tg. In the filtering of 3, its  spacing of 1.3—1.6exist in the outer layer and that they certainly
absolute value is filtered to avoid possible cancellationpbe-  contribute to the inner layer structures for high Reynolds number.
cause its positive and negative values lie quite close to each oth@breover, it was found that the effects of the very large-scale
The filtered instantaneous field wittf =80 and¢; =28 is shown structures in the outer layer on the mean flow variables and the
in Fig. 15a), where the activered colo) and inactive(green turbulence quantities are negligibly small for the Reynolds num-
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