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Lagrangian statistics in turbulent channel flow
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The Lagrangian dispersion of fluid particles in inhomogeneous turbulence is investigated by a direct
numerical simulation of turbulent channel flow. Lagrangian velocity and acceleration along a
particle trajectory are computed by employing several interpolation schemes. Among the schemes
tested, the four-point Hermite interpolation in the homogeneous directions combined with
Chebyshev polynomials in the wall-normal direction seems to produce most reliable Lagrangian
statistics. Inhomogeneity of Lagrangian statistics in turbulent boundary layer is investigated by
releasing many particles at several different wall-normal locations and tracking those particles. The
fluid particle dispersion and Lagrangian structure function of velocity are investigated for the
Kolmogorov similarity. The behavior of the Lagrangian integral time scales, Kolmogorov constants
a, andC, of the velocity structure function near the wall are discussed. The intermittent behavior
of the fluid particle acceleration is also examined by kurtosis of the Lagrangian structure function.
Finally, the effect of the initial particle location on the dispersion is analyzed by the probability
density function of particle position at several downstream locations20@4 American Institute

of Physics. [DOI: 10.1063/1.1644576

I. INTRODUCTION Lagrange polynomials or the Hermite schemes in homoge-
neous directions and Chebyshev polynomials in the wall-
One of the most interesting approaches for the turbulenhormal direction. In the present work, we have re-evaluated
study is the investigation of turbulent flows in Lagrangianthe accuracy of various interpolation schemes in DNS of
frame. An issue of primary importance for the Lagrangianturbulent channel flow and focused on the effect of the inter-
dispersion of fluid particles in turbulent flow concerns Under-po|ati0n schemes on high-order Lagrangian statistics such as
standing of underlying turbulent physics and the developgcceleration correlations.
ment Of the StatiStical mOde]f§.8 Past researches focused on A |iterature Survey reveals that many numerical and ex-

Lagrangian statistics closely related with turbulent flow. Yetperimental studies have been performed to examine the La-
little is known regarding the fluid particle dispersion in & grangian statistics of fluid particle dispersion in isotropic
wall-bounded flow. It remains still unclear how to relate theturbulence“.‘7'12‘l4They have focused on the examination of
presence of the wall to anisotropy and inhomogeneity of L& agrangian time series in relation to Lagrangian stochastic

grangian stafistics. model. The major question in stochastic modeling is how to

The wall-bounded turbulent flow at low or moderate implement inhomogeneity and anisotropy of near-wall flow

Reynolds number is weI.I resolved by d|rept numgncal SIMU-and the effect of Reynolds number into models. In an effort
lation (DNS) of the Navier—Stokes equations, since all es-

. . ...~ to overcome inefficiency of the first-order stochastic model
sential scales of turbulent motions are resolved. A Cr't'cal(stochastic model for the Lagrangian velocity increrhént
part of the calculation in particle tracking is application of representing anisotropy or Reynolds number effect, some

interpolation to obtain particle velocity from the known val- proposed the second-order stochastic models for the incre-
ues of the Eulerian velocity field$ecause the instantaneous CUE 16, e :
ment of acceleratiort*®within the context of the well-mixed

position of a particle does not coincide with a computational

17
grid point. Yeung and Popg designed TS13, which is a class. . S
. . . . . Important elements in such approaches are specification
third-order accurate, thirteen points, interpolation scheme

and applied it to isotropic turbulence to extract Lagrangiand)f model constantLCo and a,, which scale the velocity

statistics. Balachandar and Maxtglso presented Lagrang- structure function in terms of the dissipation rate in the iner-

ian statistics by using several algorithms including a partiai'aI rangf;et:h ar:qu t.h et_root-r?ean-qu-(amas).t accelerattl-onl n A
Hermite interpolation scheme. Kontomagsal® computed erms of the dissipation rate and viscosity, TeSpectively. Ac-

the fluid particle velocities in turbulent channel flow with cording to the classical Kolmogorov scaling analy€lg.and

combined interpolation schemes which consist of sixth-ordeflo 8€ universaf. Recently, Yeung sugggsted tha_t the con-
stanta, for low Reynolds number flows is not universal and

rather increasing aﬁi/z whereR, is the Taylor-scale Rey-
dpresent address: Center for Environmental Medicine, Asthma and Lunq;]oldS number Recently La Port al 7,14 reported similar

Biology, University of North Carolina at Chapel Hill, Chapel Hill, NC . . . .

27593Y7310. Y P P trend in their experiments. Vedula and Yettgrovided fur-
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pressure gradients, which are highly intermittent and concenl-agrangian statistics are investigated in Sec. V; finally, con-
trated at intermediate scales in the turbulent spectrum, thududing remarks are provided in Sec. VI.
ay deviating from the Kolmogorov scaling.

Direct estimate ofC,, which is essential in Lagrangian
stochastic models of any ord€r,?°in either experiment or
numerical simulation is difficult. Instead, the peak of the  For an incompressible turbulent flow, the Navier—Stokes
Lagrangian velocity structure functigdv(7)2) when nor-  equations and continuity equation can be written as
malized by the dissipation rateand time sparr, known as

8, has been widely investigated. Yeung and Popave
reported by using DNS thal; has a strong dependence on
Reynolds number in their low-Reynolds number simulations. 5y,

Recent high-quality experiméhyielded C%~2.9. The dis- o =0 2
cussion on the Kolmogorov constant has continued by a '

compilation of available experimental and numerical data, wherexy, X,, andx; are the streamwise, wall-normal and
delivering the uncertainty in the estimate®§. Since most Spanwise directions, respectively; are the corresponding
works are restricted to isotropic flows, it is necessary first tovelocity componentsp is the pressure normalized pu?,
characterize anisotropic nature of the Lagrangian statisticend Re is the Reynolds number, Reu.d/v. All variables

including the scaled velocity structure functions and accelare nondimensionalized by the wall-shear velocity and
eration correlations in near-wall turbulent flows. the channel half widths. Periodic boundary conditions are

For homogeneous shear flow with mean velocity somdémposed in the streamwise and spanwise directions. The flow
investigations were carried out in the Lagrangianrate in the streamwise direction is kept constant.
framework?223 |t was reported that the Lagrangian auto- Direct numerical simulations of turbulent channel flow
correlation of the streamwise velocity persists significantlyat two Reynolds numbers (Re200 and 40Dare performed

longer than that of the other components. However, due t&0 investigate the Lagrangian statistics. Both a Chebyshev-
the non-stationary nature of the simulations, it is difficult totau method in the wall-normal direction and a dealiased Fou-

define the integral time scale of the velocity auto-rier method in the streamwise and spanwise directions are
correlations, thus preventing detailed investigation. used. A semi-implicit time advancement scheme is employed
For the wall-bounded flow, the Lagrangian statisticsby using the Crank—Nicolson implicit method for the viscous
have been studied for the investigation of transporterms and an explicit third-order Runge—Kutta scheme for
mechanisnf*?® for the evaluation of particle tracking the nonlinear terms. The spectral numerical scheme used in
algorithm? and for the dispersion of particle tracéf’ Us-  this study is nearly the same as that used in kinal** The
ing DNS, lliopoulos and Hanratt§ have studied point- domain size in the streamwise, wall-normal, and spanwise
source dispersion at a distance of 40 wall units from the walHirections is (1256,400,418 wall units for Re=200 and
in a fully developed channel flow for the evaluation of their (2513,800,83y wall units for Re=400, respectively. The
stochastic model. Detailed statistics of Lagrangian quantities;orresponding grids in each direction arex@¥x64 and
however, have not been provided for anisotropic and inho128x193x128, respectively. For both Reynolds numbers,
mogeneous turbulent flowear the wall Ax* =13 andAz" =4, which are sufficient to resolve small-
The main purpose of this study is to characterize thescale structures near the wall.
inhomogeneity of Lagrangian statistics in turbulent channel ~ The trace of a fluid particle is calculated by the numeri-
flow by using DNS. In our simulations, our strategy is to cal integration of the equation of particle motion, with the
release many particles at the several wall-normal locationgeleased particle positiorx¢) at timet=0 as the initial con-
and then to track those particles to obtain the Lagrangiaflition:
statistics. The inhomogeneity of fluid particle dispersion is dX (t:x0)
. . . . 1 A0
discussed in the small-scale and inertial ranges. The auto- T
correlations of each component of the Lagrangian velocity
and acceleration are obtained to examine near-wall inhomowhereX andV are the position and the Lagrangian velocity
geneity of dispersion. The classical Kolmogorov similarity of a fluid particle at timet, respectively. The instantaneous
hypothesis is applied to investigate the inhomogeneity andelocity of a fluid particle is the same as the Eulerian veloc-
anisotropy of the universal constartg andC,. Obviously, ity at the position of the particle which generally does not
such information is very useful for the development ofcoincide with the computational grid, i.e.V(t;xp)
Lagrangian stochastic models of velodity®?® or of  =U(X,t). Therefore, the Lagrangian velocity should be nu-
acceleratiort®?° In addition to the analysis, the probability merically extracted from the nearest grid information using a
density function of the particle position is examined in theproper interpolation scheme. To evaluate the algorithms,
view from the inhomogeneity due to the different initial par- fluid particle velocity along a particle trajectory is computed
ticle locations. by employing several schemes such as linear interpolation
The paper is organized as follows: Numerical methodgLinear, sixth-order Lagrange polynomial interpolation
for direct numerical simulation will be briefly described in (LG6CH) and the two-point and four-point Hermite interpo-
Sec. Il; particle tracking algorithms are summarized in Seclation schemegHM2CH,HM4CH) in the homogeneous di-
[II; an assessment of the algorithms is presented in Sec. IMection and Chebyshev polynomial in the wall-normal direc-

II. NUMERICAL SIMULATION
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FIG. 1. Trajectories of a particle released at the center of channel using
different interpolation schemes.
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tion. The performance of the schemes is evaluated through
comparison of errors in computed particle positions, veloci-
ties and accelerations against spectral interpolati®pec-  FIG. 2. Time histories of velocity and acceleration of a particle released at
tral). A fluid particle is assigned with an initial position. This the center of channel using different interpolation schemes.
particle is then tracked by continually updating its position
using the third-order Runge—Kutta time-advancement
scheme.
tween the estimated velocity using LG6CH and the exact one
is clearly seen in Fig. 2 after=1.5u,/6 from the released
instant. However, the estimated velocities using HM2CH and
In order to assess the several interpolation schemes b&tM4CH are in good agreement with the exact velocity in the
fore proceeding the investigation of Lagrangian statistics, wg@resent particle tracking. When acceleration is evaluated by
have simulated fluid particle dispersion in turbulent channelising the velocity gradient in time, the errors between the
flow by using DNS. For the test of interpolation schemes, aestimated accelerations and the exact one can be intensified
fully developed channel flow at (Rell2) using 32 because abrupt changes of the velocity cause large interpo-
X65X32 grids in(44r,2,47/3) 5 box is spectrally simulated. lation error. Figure &) shows the time histories of the
Figure 1 shows trajectories of a fluid particle released astreamwise component of acceleration using the different in-
the center of the channel which were calculated by the aforeterpolation schemes. The history of acceleration obtained by
mentioned interpolation schemes. Three different planghe linear interpolation is not included in Fig(d? because
views of the computed trajectories are shown in Fig. 1. Thehe estimated acceleration has incomparably too much error
trajectories are initially identical and they remain reasonablyas expected from the behavior of the estimated velocity. Un-
close to each other until the particle reaclkxé§=6 [Figs.  expected small-scale fluctuations of acceleration are found in
1(a) and ib)]. The computed trajectory using Linear first the prediction by LG6CH. A closer inspection of the accel-
begins to deviate from the exact spectral interpolation afteeration for a short time interval (1s6tu./6<1.1) in Fig.
x/ §=6. The excursion of the trajectory obtained by LG6CH 2(b) discloses that the oscillatory pattern albeit small is also
from that obtained by Spectral is noticeable after the particl@bserved in the prediction by HM2CH. This may give rise to
passe/5=16. Interestingly enough, the trajectories usingundesirable errors in Lagrangian statistics for the accelera-
HM2CH and HM4CH are nearly the same as that obtainedion. If the acceleration is obtained from the velocity which
by the spectral interpolation up td §=40. The discrepan- was obtained from any interpolation scheme using data at a
cies in the estimated trajectories are exaggerated yrz a few nearby grid points, the numerical errors can be generated
plane view[Fig. 1(c)], because gz plane view can provide when a particle crosses a grid point. This is because using
the secondary flow patterns caused by turbulent structuredifferent sets of data to get velocity before and after the
near the wall. The trajectories begin to be contaminated iparticle crosses a grid point can cause discontinuous
the near-wall region by numerical interpolation errors. derivative® It is interesting to find that the acceleration by
The sample time histories of the velocity and acceleraHM4CH is exactly the same as that by Spectral for a suffi-
tion of a fluid particle that is released at the center of theciently long time period. This result suggests that HM4CH
channel are displayed in Fig. 2. The Lagrangian acceleratioshould be applied to evaluate the small-scale variation of
was calculated by using the second-order time-accurate dificceleration with good accuracy.
ference scheme. Time history of the streamwise velocity is  To quantify the interpolation errors of the position, ve-
shown in Fig. 2a) in which the estimated velocity using locity, and acceleration of fluid particles, the root-mean-
Linear shows a slight deviation from the exact ¢8pectral  squared difference between the interpolated quantity and the
right after the particle tracking begins. The discrepancy beexact one is defined as

IIl. ASSESSMENT OF INTERPOLATION SCHEMES
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TABLE |. Root-mean-squared position errors af,2and computational

overhead.

Linear LG6CH HM2CH HM4CH Spectral
|Al |2TL 16 0.458 0.186 0.042 0.001
CPU Time(sec) 0.033 0.120 0.208 0.347 24.4

Although the highly accurate interpolation schemes and
the time integration are applied to the particle tracking, the
accumulative errors are inherent if the particle is numerically
tracked during long time period. Therefore, it is important to
know whether the errors of the Lagrangian quantities are
allowable in the period to acquire the Lagrangian statistics.
Root-mean-squared differences between the interpolated and
the exact positions are summarized in Table | in terms of the
interpolation errors at the twice Lagrangian integral time
scales T). Table | shows that obviously the largest error
appeatrs in the linear interpolation scheme. It is interesting to
see that the errors|41|/5=0.001) of HM4CH is smaller
than the Kolmogorov length scaley/5=0.03 at the center
of the channel. The CPU times on COMPAQ-DS20E re-
quired for the interpolation are also listed in Table I. Neces-
sarily, higher-order interpolation schemes need more compu-
i tational time. Conclusively, adopting HM4CH appears to
107 E produce most reliable Lagrangian statistics including accel-
eration statistics with a reasonable amount of computation

; overhead(Table )). Finally it is worthwhile to mention that
10} "4 o~ 10 o an even higher-order or more accurate interpolation scheme

tu/d is not necessary for meaningful Lagrangian statistics since
by the time the interpolation error gets large enough, most
P_agrangian quantities are decorrelated with the initial values.

2/8)

1Aal / (u

FIG. 3. Root-mean-squared errors for the position, velocity, and acceleratio
of 1024 particles using different interpolation schemes.

IV. LAGRANGIAN STATISTICS

1 N The Lagrangian trajectory of a single particle is not usu-
|A¢|= \/NE (o~ o). (4)  ally of major importance in a particle dispersion process.
n=t Detailed Lagrangian particle flow should be analyzed by the
ensemble averaged quantities, such as the particle dispersion,
Here, ¢; and ¢, denote the interpolated and exact quantity,correlation, Lagrangian structure function and so on. In the
such as position, velocity and acceleration, &hd the num-  previous section, we have assessed the performance of the
ber of particles. In the present study, 1024 particles are rarspatial interpolation schemes. Among the interpolation
domly released in the interior of the channel. Figure 3 showschemes, we adopt the HM4CH schemes for the particle
the temporal growth of the errors as the fluid particles ardracking in all the following computations. Particle statistics
tracked. The errors between the estimated position and theere obtained for channel flow at Re200 and 400. To
exact one are shown in Fig(8. After the particles are re- examine the inhomogeneity of Lagrangian statistics, a num-
leased, the errors of the position are accumulated over timéer of particles are released at the several wall-normal loca-
The initial errors grow linearly witht, but the growth rate tions and then tracked. The Lagrangian statistics have been
rapidly increases aftetu./6=0.3 which is closely related obtained by releasing 1024 particles from each of four dif-
with the Lagrangian integral time scale. It is natural that theferentxz planesy*=5.22, 30.2, 100, 200 for Re200 and
smallest error can be obtained by using HM4CH. Figuresy*=5.34, 30.4, 99.3, 200 for Re400. These selections
3(b) and 3c) show the errors of the velocity and accelera-were made such that different behaviors were expected to be
tion, respectively. Similarly, the smallest error is obtainedobserved for particles released in the sublayer, buffer layer
when HMA4CH is applied to the interpolation. The initial and log layer. For unbiased universal statistics, averaging
growth of the errors is nearly stationary in contrast to thewas made not only over an ensemble of independent particle
position while the errors rapidly increase after the aboverajectories, but also over an ensemble of independent turbu-
characteristic time. It should be noted that the error causelknce realizationd.In the present study, the independent 100
by HM4CH is about two orders of magnitude smaller thansets of particles were newly released every= 80 which is
that obtained by LG6CH. sufficient to avoid a biased turbulence. Each particle was
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FIG. 4. Taylor-scale Reynolds numbRy , kinetic energyk* and dissipa-

tion ratee* along the wall-normal direction. Q_g"

tracked up tot* =400, which is long enough for careful
investigation of long-time variation. The Lagrangian integral
time scale, typical decorrelation time of the velocity correla-
tion, ranges from 4 to 100 wall units for the released posi-
tions given above, with the maximum occurring wat
=200 (see below The tracking time steps aut,;=0.08
for both Re=200 and Re=400, smaller than the smallest
Kolmogorov time scale of order 1 wall unit, which guaran- =
tees negligible time-stepping errors compared with the sug-
gestion in Kontomarigt al®

Prior to the discussion on the Lagrangian statistics, we
investigate the inhomogeneity of Eulerian flow quantities
which are necessary for the analysis of the Lagrangian sta- 2o 100 ’ 200 300 300
tistics. Figure 4 shows the turbulent kinetic energgy Y and t

A " S .
dISSIpatIQn rat?< ) a_long the wall-normal direction. Smce_ FIG. 5. Velocity auto-correlations of fluid particles released at the different
the flow is not isotropic, the Taylor-scale Reynolds number isvall-normal locations(a) Streamwise (b) wall-normal, and(c) spanwise

defined asR, = V(20/3)(k*"/€*) and the variation oR, in e

the wall-normal direction is shown in Fig. 4. In the vicinity
of the wall, R, increases with the distance from the wall

AR

while R, decreases slightly near the center. Except for th@fter..ln the present channel rovy, th_e streamwise velocity in
above two limiting regionsR, is nearly constant around Eulerian frame has a mean varying in the wall-normal direc-
R, ~32 for Re=200 andR, ~48 for Re=400. In the con- tion due to the inhomogeneity from the existence of the wall.

stant R, region, we can investigate the inhomogeneity of The Lagrangian fluctuation velocity;(t) is obtained from
Lagrangian statistics excluding the influence of the Reynold§Xracting the Eulerian mean veloclty[ X(t)] at the instan-
number. Later, the representative values of several Lagrang@neous particle positioX(t) from the Lagrangian particle

ian quantities in this region will be compared to other simu-Velocity, as similarly applied in homogeneous turbulent shear

lation results. flow.? It should be noted thatv?(t+1t))*? changes with
time unlike homogeneous turbulence.

A. Velocity correlations Figure 5 shows the effect of the released position of fluid
particles on the Lagrangian velocity autocorrelation func-

For_ a stat|s_tlcally stationary flow, the velocity auto- tjons The correlation functions are shown ug te= 400 for
correlation functiorp;;(t) is defined as

(vi(to)vi(t+tg)) ) with an initial velocity aftert* =400. As the initial particle
, 5 e . .
(02(t)) P02 (11 1)) 12 position is located closer to the wall, the decaying rates of

pii(D)=

Re, =400, because the particle velocity is no more correlated

the correlation of all components are accelerated. Specially,
wherev; is the turbulent fluctuation velocity of the Lagrang- both the wall-normal and spanwise velocities become deco-
ian particle andty is the released time and the auto- rrelated faster than the streamwise velocity. This is closely
correlation does not depend dp due to stationarity. The related with the presence of small-scale vortical structures
subscripti denotes the direction of the velocity, i.e4, v,, near the wall such as the streamwise vortices. Investigation

anduv; are streamwise, wall-normal and spanwise velocity,of the flow field near the wall clearly explains different cor-

respectively. The brackét) denotes the ensemble-averagedrelation property between each component. Figure 6 shows

quantity. The repeated index does not imply summation herewo representative fluid particles released at=13 and the
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FIG. 6. Trajectories of two particles
released aty*=13 and the corre-
sponding temporal variation of the
fluctuation velocity.
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corresponding temporal variation of velocity componentsin the wall-normal and spanwise correlation for the entire
along the trajectories. Here, the mean Eulerian streamwisghannel, whereas the streamwise correlation is hardly influ-
velocity is subtracted from the streamwise velocity. The heenced by the wall except for the region very close to the
lical trajectory of Fig. 6a) is associated with a streamwise wall. As the release point moves away from the wall, the
vortex, thus the wall-normal and spanwise velocities exhib-correlations become more isotropic than the near-wall re-
iting an oscillatory pattern with the period af* =80 as gion.

shown in Fig. &c). The other kind of trajectory in Fig.(B) is As a quantitative measure of the time interval over
found in the low-speed streak, which is almost straight in thavhich the particle velocity is correlated with itself, the
streamwise directiofinote that different scales are used in Lagrangian integral time scal ; is defined in the present
the streamwise and spanwise directions in Fige) &nd  study as
6(b)], thus contributing almost nothing to the wall-normal

and spanwise velocity correlations. Therefore, an ensemble _[4Tei
average results in the rapidly decaying correlation near the L‘_f pir(dt ©)

wall as shown in Figs. ®) and 5c). On the other hand, the

streamwise velocity associated with the streamwise vortedlthough the Lagrangian integral time scales should be ob-
obviously oscillates with the same period as the wall-normatained by the integration of the correlation function on the
or spanwise components as shown in Fi@)6whereas the time interval (0), practically, the upper bound has to be
nonvanishing streamwise velocity in the low-speed strealiinite. In the present study, the estimated Lagrangian time
exhibits a variation in much longer time scale as shown irscaleTg; is introduced and %g; is used as the upper bound.
Fig. 6(d). Summing all contributions yields a relatively Here,Tg; is defined as twice the value of the tirhat which
slowly decaying correlation of Fig. (8. We investigate the Lagrangian correlation coefficient is equal ¢o2.
many other trajectories, finding similar behavior. Therefore Variations of the Lagrangian integral time scales together
it can be concluded that the near-wall structure such as lowwith Kolmogorov time scales in the wall-normal direction
speed streaks are responsible for the different correlatioare shown in Fig. &. The Kolmogorov time scale mono-
characteristics between each velocity components. Armenitonically increases with the distance from the wall. As ex-
et al,?® however, observed in their LES of channel flow thatpected, the Lagrangian time scales increase with the distance
the streamwise velocity correlates with itself for much longerfrom the wall. It may be concerned with the inhomogeneity
time than our results fop,,. This is because they evaluated resulting from the presence of the wall. The Lagrangian time
the correlation including the mean streamwise velocity comscale in the streamwise direction is longer than those in other
ponent. The wall-normal component tends to decorrelatelirections in the whole region of the channel. Specially near
with itself faster than the other components and even showthe wall, the fluid particle velocity in the streamwise direc-
negatively correlated behavior. This is probably due to theion is correlated with itself for much longer time than in the
presence of the wall which plays a role as an obstacle tother directions because of the turbulent structures near the
vertical motion. The effect of the wall is mainly manifested wall as explained above. On the other hand, the Lagrangian
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FIG. 7. Lagrangian integral tim&_; and Kolmogorov time scale,, along
the wall-normal direction.
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time scales normalized by the Kolmogorov timg;;/r,,
exhibit an opposite trend in Fig(3): As the initial position  FG. 8. Fluid particle dispersion in the inertial range for three release loca-
of the particle approaches the wall,, /7, increases while tions: (@) y*=30.4; (b) y" =99.3; (c) y " =200.
T /7, and T 3/7, remain at almost the same level. This
increase in level of anisotropy near the wall implies that a _
coherent structure has a preferred direction in location itselfiniform except for the region very close to the wall, the
near the wall. Streamwise vortices and low-speed streaks afspersion normalized by 2?5, +uf) T ;t for three differ-
good examples that show such behavior. Figure 7 also shov@t release locations are illustrated in Fig. 8. Here, the values
dependence of; on the Reynolds number. Particulafy,  of U, Uiz, andT; at the release location are used. In most
increases with the Reynolds number in more sensitive margases, the streamwise mean velocity is much greater than
ner thanT , andT, ;. turbulence intensity, resulting in that the normalized disper-
sion in the streamwise direction grows linearly with time in
B. Dispersion statistics the whole region as shown in Fig. 8. Quantitatively, the value
. . . L , of the normalized streamwise dispersiontatr, according
Fluid particle dispersion is defined as the ensemble;[0 Eq.(8), 0.5r, /T, is confirmed. When the 7r7nean shear is

ay_eraged displacement of particles relative to the initial PO%aken into account, the late-time dispersion is known to be
sition. : . . onan
cubically proportional to timé>*?i.e.,

2 N N 2 _
ox (D ={(X(1)=X(0)%. " 0%y (1) = 30T 1%, (10

An applicatiop of the classical Taylor’s' theory t.o h.omoge'whereSis the shear rateJU,/dx,, which is assumed to be

neous flow with uniform mean streamwise velodifyyields constant. Such a behavior of the streamwise dispersion is not

observed in the region investigated for the two reasons that

the mean shear is weak and that the wall-normal dispersion
o2 (1) =U28,t2+ 20T it, t>T,,, (9)  is bounded by the walls.

b On the other hand, the horizontal dispersion at the early
whereu? denotes turbulent intensity in the Eulerian frame stage follows Eq(8) very well as shown in Fig. 8. For the
for each direction. Whet =0, Egs.(8) and (9) reduce to three release locations, this was confirmed quantitatively. Ac-
classical scaling relations for each time range. Since theording to Eq.(9), the normalized dispersion in late times
mean streamwise velocity in the channel flow is relativelyshould approach 1. Investigation of Fig. 8 reveals that in

o% ()=(U%5,+udt?, t<Ty, (8)
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most cases except the wall-normal dispersion of particles re-
leased aty " =30.4, it is the case. Still, the normalized dis-
persion approaches a finite value greater than 1. This is be
cause by the time particles disperse over more than one 2.0
integral time, the particles do not have memory of the initial -
location any more, thus intensity and integral time scale be- 1.5
ing changed. Therefore, scaling by those values at the releascc
point can overestimate dispersion. In summary, the effect of

the mean shear is minimal and the classical Taylor dispersion

is valid when the uniform mean flow is taken into account
instead.

2.5

. - y.‘. i i ) " | I i | N i ) | | i
C. Lagrangian structure function 0.0O 30 1(10 150 300

In the Lagrangian frame, it is important to examine the y
behavior of the increment of velocity in time following a

single fluid particle. The second moment of the increment i IG. 9. Kolmogorov constard, in each direction along the wall-normal

irection.
well known as the second-order Lagrangian structure func-
tion defined as
Dii () ={(v;(t+1tg) —vi(ty))?). (11)  correlation near the walla, does not exhibit such aniso-

tropic behavior, probably due to the fact that acceleration is
The application of classical Kolmogorov's similarity hypoth- dominantly determined by structures of small length and
esis to the Lagrangian structure function was given by Moninime scales. The acceleration of a fluid particle in turbulent
and Yaglon?: The initial asymptotic behavior according to flow arises from the viscous damping and the pressure gra-
the first Kolmogorov's hypothesis for sufficiently high Rey- dient term, where the viscous damping term is small com-

nolds number is pared to the pressure gradient term in homogeneous’ftdw.
In the channel flow, however, viscous damping term in the
Dii(t)=ao(e)¥? V4%, t<r,, (120  streamwise direction is not negligible specially very near the

h is th d dissipati . wall, which is responsible for the nontrivial value af in
where(e) is the averaged dissipation rate aaylis assumed the streamwise direction near the wall in Fig. 9. Thus, the

to be universal constant which is approximately 1 in @ modelyivectional variance of, tends to be localized to the viscous
assuming Gaussian fluctuation¥ The Lagrangian structure sublayer. With the increase of the Reynolds numagrin-

functions in small-scale range are investigated to reveal th@reases slightly for all components for the same release po-
quadratic dependence on time for sntalt, in accord with sition in wall unit

Eq._(12). For more _detailc_ed variat.ion @y, thg acceleration Kolmogorov's second hypothesis suggests the behavior
variances can be investigated since EIp) simply means ¢ yhe | agrangian structure function in the inertial range as
ap=a’l((e)*?v~?) wherea’ denotes mean-square accel-
eration. This approach has an advantage that the acceleration D;;(t)= Co(et, T, <t<Ty;. (13
can be obtained in the Eulerian frame by calculating the right
hand side of Eq(1) and, therefore, particle tracking is not Kolmogorov constan€ is an essential parameter because it
necessary, thus interpolation and differentiation errors notmplies the rate of de-correlation of Lagrangian velocity
occurring. It was confirmed that both calculations yield thefluctuations, similar to the Kolmogorov constant in
samea; . the Eulerian structure  function C5(=((uj(x+r)
Kolmogorov's first hypothesis implies that in isotropic —u;(x))2)/({(€)?*%3)). The value ofC§ is relatively well
turbulence the variance of acceleration is universal when thknown to be approximately 2 in the longitudinal direction of
acceleration is scaled by the local dissipation rate and visthe channéf and linked directly to Kolmogorov constants in
cosity. It has been reported that at low Reynolds numbeone- and three-dimensional energy spectrum in wave number
flow, Kolmogorov constang, is not universal and depends space® In contrast toCE, C, is rather uncertaift and has
on Ri’z in stationary isotropic turbulendeSimilar trend was  been widely investigated within the scope of homogeneous
observed in the recent experimehté.In the present channel turbulence. To investigat€,, the scaled Lagrangian struc-
flow, this constant depends further on the initial particle po-ture functionD;; /({e)t) is plotted against/ 7, in Fig. 10. A
sition and direction of velocity. Correspondiag along the plateau ofCy within the inertial range should be observed
wall-normal direction is displayed in Fig. 9, clearly showing according to the Kolmogorov similarity. In practice, how-
strong inhomogeneity but weak anisotropy in turbulent chanever, for a low Reynolds number isotropic turbulence Yeung
nel flow. a, in all directions monotonically increases as theand Pop#found that such plateaus f, are not observed,
releasing position moves away from the wall except for theinstead the local maximum val@@ appears in the Lagrang-
spanwise component gt =200 for Re=200, which is be- ian structure function, of which the value increases Wth
lieved to be due to the symmetric property at the channeln the present study, the plateaus@f are not observed and
center. Despite high level of anisotropy of the velocity auto-C§ depends on the initial particle locations and directions as
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FIG. 10. Scaled Lagrangian structure functions in the inertial range for thre

release locationga) y* =30.4; (b) y*=99.3; (c) y* =200.

well. Wherever the particles are releas€g, for the stream-

wise direction is larger than for the other directions. Al-
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L 1 L L ]
100 200
+

Y

FIG. 11. Local maximum of the scaled Lagrangian structure func@iprin
each direction along the wall-normal direction.

is believed to be the effect of the center. On the other hand,

& in the wall normal direction monotonically increases
with the distance far from the wall. This inhomogeneity may
be attributed to the nontrivial variations of the energy dissi-
pation rate along the path traced out by some fluid particle
over time® Overall, Cg in each direction approaches each
other with the distance from the wall while it shows signifi-
cant anisotropy near the wall. For all release poit,in-
creases as the Reynolds number increases.

Since our dispersion simulations were carried out for
two very low Reynolds number flows, it is very difficult to
investigate the dependence of the statistics on the Reynolds
fiumber. However, for comparison purposég/,, a, and
Cg for the representativ®, are shown with the reported
values for isotropic flow in Fig. 12. Here, the representative
values of each quantity were obtained by averaging two val-
ues aty"=30 andy" =100 for Re=200 and by adopting
the value ay ™ =200 for Re=400 in Figs. 7, 9, and 11, since

thoughCg in the isotropic turbulence is reportedly located atR, is quite uniform in the region, as shown in Fig. 4. For

aboutt=4.57, for all Reynolds number$the local maxi-
mum instants are found in 2-5<t<57, depending on the
initial location and direction.

T, /7, [Fig. 12a)], the relation proposed by Sawfotd,
T, /7,=2R,/Co15¥%1+7.5CR; +*) with Cy=86, which
was obtained by second-order Lagrangian stochastic theory,

To investigate the effect of the inhomogeneity and an-is drawn together. As expected, high level of anisotropy in
isotropy, C§ is displayed against the initial particle position T, is observed between the streamwise and other directions.

in Fig. 11. Typical reported values @} range from 2.5 to
4.5 for R, between 38 and 240 in the isotropic turbulefite.
As shown in Fig. 4R, ranges from 25 to 32 for Re200
and from 36 to 49 for Re=400 except for the near wall

However, the dependence on the Reynolds number is not
confirmed. Fora,, the power-law relationa,=0.13R%%*,
proposed by Sawforfdis drawn together. Although the Rey-
nolds numbers are quite low, strong isotropy is observed,

regiony <15 in the present channel flow. The correspond-which is favorable from the stochastic modeling point of
ing C§ ranges from 0.5 to 3.0. In the streamwise direction,view. Sincea, is a local quantity scaled by viscosity, strong

Cg is approximately 2.50.5 for Re=400, which is consis-

dependence on the Reynolds number is easily noticeable,

tent with the previous founding for isotropic turbulence suggesting a different scaling dependence on the Reynolds

Re =38 considering Reynolds number dependeéhtalike
the normalized acceleration varianagin Fig. 9, Cj in the

number. Similarly, the representative value@¥ is shown
in Fig. 12c). Lines drawn are the correlation obtained by a

streamwise direction is larger than those in other directionsagrangian stochastic mod® Compared to the shear flow
and nearly constant when the initial particle location is suf-cases, similar kind of anisotropy is observed Ry=48 in

ficiently far from the wall. HoweverC§ in the spanwise

that the wall-normal dispersion is most suppressed while the

direction increases as the releasing position moves awagtreamwise and spanwise dispersions are most enhanced. For

from the wall and further increases for Ret00 while it
decreases towards the center of channel for-R80, which

R,=32, however, the spanwise dispersion is also sup-
pressed.
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FIG. 12. Reynolds number dependencéafLagrangian time scalg,_/r,,

(b) Kolmogorov constant®,, and (c) local maximum of the scaled La-
grangian structure functio@j in the streamwis¢®), wall-normal(A), and
spanwise(ll) directions for the present simulation and for isotropic turbu-
lence(Ref. 4 (). The lines are from stochastic mod&efs. 15 and 3b
using the indicated values @,. The open symbol§O,A,[) represent the
corresponding values for the homogeneous shear flow in the streamwis
wall-normal, and spanwise directions, respectiv@tef. 35.

D. Acceleration statistics

Choi, Yeo, and Lee

(2) y'=30.4

(b) y'=99.3

L (c) y'=200

FIG. 13. Acceleration auto-correlations of fluid particles released at the
different wall-normal locations against time normalized by the Kolmogorov
time scale.(a) y*=30.4,(b) y"=99.3, and(c) y*=200.

wherea; is particle acceleration and subscripdenotes the
direction of acceleration.

Figure 13 shows the acceleration auto-correlation for
three initial positions of particles against time normalized by
the Kolmogorov time scale defined at the release location.

In this section, we investigate the Lagrangian statisticEach acceleration is found to have essentially zero integral
of the fluid particle acceleration in the turbulent channeltime scale because the negatively correlated part almost can-

flow. Recently, Lagrangian statistics of the fluid particle ac-

cels the positive region. This is consistent with the results of

celeration have been studied by direct numerical simulationthe homogeneous shear flo\iherefore, the zero crossing

of isotropic turbulence and homogeneous shear ffowhe

time scale was suggested as a characteristic time Stile.

previous finding is that the one-particle acceleration autointeresting to see that the zero-crossing time scale is esti-
correlation decays rapidly with time, with a zero crossingmated as about#, in all cases except for the correlation of

just over two Kolmogorov time scalé$® In the present
study, the one-particle acceleration correlation is evaluated
order to investigate the inhomogeneity due to the presence

the streamwise acceleration of particles released very near
ithe wall. Considering the distribution of the Kolmogorov
oine scale(see Fig. 4, the decaying rate of the acceleration

the wall. Lagrangian particle acceleration is calculated bycorrelation decreases as the particle is released further away

using a second-order accurate time derivative of the partic
velocity. Similar to the Lagrangian velocity auto-
correlations, the acceleration correlation is defined as

_ (ai(to)ay(t+tg))
(a?(to)) X a(t+1g)) Y2

P

19

(t)

lrom the wall. This phenomenon is closely related with the
fact that small-scale structures near the wall possess short-
time scales. Investigation of acceleration field near the wall
reveals that very localized wall-normal and spanwise accel-
erations of large amplitude are mainly associated with the
near-wall streamwise vortices which are almost parallel with
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5 R
‘ linked to high intermittency of acceleration. However, all of
ol N ‘ . the kurtosis indicate that the distribution is expected to ap-
25 proachK=3, typical value for the Gaussian shape after the
[ © particles are tracked for more than several Kolmogorov time
20¢ scales, which is of order of the integral time scale of the
e velocity auto-correlation.
27 For very small time lag, the kurtosis of Lagrangian struc-
M o . ture function approaches that of the acceleration compdhent.
. %&h The initial kurtosis level of velocity increment along the
st wall-normal direction is displayed in Fig. 15 to disclose the
ﬁ %’m effect of the particle position on the high kurtosis levels.
05 < s - e Except for the near-wall region, the values of the kurtosis
th range from 10 to 20, which are consistent with that in iso-

tropic turbulencé. K shows constant behavior gt > 100,
FIG. 14. Kurtosis of Lagrangian velocity structure function for three releaseVhere the value is approximately 15. In the near-wall region,
locations:(a) y* =30.4; (b) y" =99.3; (c) y " =200. however,K shows the highly intermittent behavior specially

in the wall-normal direction. In Fig. 15, the data l§&=131

for Re,=200 andK=111 for Re=400 in the wall-normal
the wall, while the nonvanishing streamwise acceleration iglirection for the particles released at near wall region are not
found near the head of the streamwise vortices or the horsghown. This kind of high intermittency has never been ob-
shoe vortices. This suggests that the characteristic time scas@rved. A close examination of a flow field in that region
associated with the streamwise acceleration is larger thaf¢veals that the wall-normal motion induced by the near-wall
those of the wall-normal and spanwise acceleration since thgiructures is greatly suppressed by the wall, specially the
head of the streamwise vortices or the horse-shoe vorticg®otion toward the wall, causing very large positive wall-
are typically found a little farther away from the wall than normal acceleration. Figure 15 also suggests that the kurtosis
the near-wall streamwise vortices. This explains that tha@s not a sensitive function of the Reynolds number. This is
streamwise acceleration correlates with itself for longer timeopposite to the experimental finding of La Poetaal.” that

than the other components as shown in Figal3 the Kurtosis rapidly increases with the Reynolds number at
As a measure of Gaussianity, the kurtosis of thelow Reynolds numbers although their Reynolds number is
Lagrangian structure function defined as still high compared to ours. If the intermittent behavior of
(i(t+to)—vi(t) ) near-wall acceleratlon. is linked with the near-wal cqherent

Ki(t)= — of TR ' (15)  Structures, such a universal trend of the kurtosis might be

{(vi(t+1tg) —vi(tg))?)? expected. However, it is not conclusive at this stage and

is investigated. In homogeneous turbulence, the acceIeratioﬁlérth(:"r Investigation is necessary.
exhibit highly intermittent behavios®”* It has been
known that the accelerations many times the rms value ar
frequent in the probability density function of the The study of Lagrangian statistics are extended to the
acceleratiori. Now, the effect of the inhomogeneity and an- probability density functiofPDF) of the expected position
isotropy on the kurtosi& is examined in Fig. 14. When the of the drifting particles for Re=200. To investigate the spa-
particles are released, the flathess of Lagrangian structut&l distribution of the particles, two-dimensional PDF
function shows very high kurtosis level initially, which is P(y,z;x) of the particle position is calculated by using the

E. Probability density function of particle position
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FIG. 16. Probability density functioR(y;x) of expected wall-normal loca- S

tion of particles released &) y*=30.2,(b) y* =100, and(c) y*=200.
FIG. 17. Moments of probability density functid(y,z;x) of wall-normal
particle location:(@ Mean position, (n,—Y,)/ 5, (b) spreading rate in the
wall-normal direction,o, /8, (c) o, /6.

Gaussian kernel regressinat several downstream loca-
tions. The mirror image of the Welght function is used for my:J fyP(y,z;x)dydz (16)
impermeability in the near-wall region. The selected down-

stream locations are/6=1, 2, 4, 8, and 16 where the par- )
ticles are released at=0. To obtain a quasi-steady distribu- Uy:f f (y—my)“P(y,z;x)dydz (17)
tion, particles are newly released at the particular wall-
normal location after ninety percent of particles have passed J J 2 _

: . S ; = P(y,z;x)dyd 18
through the final downstream location. The initial particle 7z y'Ply.zx)dydz (18)

plosmons in the wall—nqrmal direction are selectgd yis. wherem,, o, ando, are the mean position and spreading
=30.2, 100, and 200. Figure 16 shows the one-dimensionghtes in each direction, respectively. By symmetry the mean
PDF P(y;x) along the wall-normal direction, which is ob- position in the spanwise direction is 0. The relative mean
tained by integrating®(y,z;x) in the spanwise direction. As  position (m,—y,)/ & with the initial wall-normal particle lo-
shown in Fig. 16, PDFs are fairly symmetricab@d®=1, but  cationy, is shown in Fig. 17). Here, the mean position for
become more spread toward the wall with increasinghe particles released gt" =100, 200 are not shown since
x/5.7"?% This asymmetric patterns are more augmented agey remain almost zero for the region investigated. As the
the initial position is closer to the wall. Particles approachingparticles are released closer to the wath, - yo)/ & is more
to the near-wall region move shorter distance to the downgdeviated with the increasing/d, although the maximum
stream. Consequently, the maximum PDF moves closer tPDF moves closer to the wall. The increment ahy(
the wall. However, PDF at the center has maintained a sym-y)/§ is directly linked with the long-tail ofP(y;x) to-
metric behavior. At sufficiently far downstream, the particlesward the center of channel, meaning biased dispersion due to
would be uniformly spread over the wall-normal direction. It the wall. The late-time behavior of the mean position grows
is interesting to note that at the initial stage, the wall-normalinearly with the distance, i.e.,nf,—y,)/6~x as shown in
dispersion is more active near the wall than at the center. Fig. 1%a). The spreading rates of PDFs to the wall-normal
To quantify the spatial PDF in detall, the first and seconddirection are also shown in Fig. (). General trends are
moments of the PDF in the wall-normal and spanwise direcsuch that the particles spread more widely and rapidly at the
tions are defined as downstream as the releasing position is further from the wall.
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The spreading rate for the particle releasedyéat=200 & ranges between 0.5 and 3.0. In the streamwise direction,
shows a typical behavior of dispersioajry~x1’2 while the & is approximately 2.%50.5, which is consistent with the
dispersion of particles released near the wall behaves likeesults of low Reynolds number isotropic turbulenceRat
oy,~x* with @<1/2. Similarly, the moments of PDFs in =38. Cj for the spanwise and wall-normal directions in-
spanwise direction are illustrated in Fig.(&) the spreading creases with the distance of the releasing position from the
rateso,/ 5 seems to approach’? behavior unlike the wall-  wall. The anisotropic behavior o€j is more magnified
normal dispersion, meaning that the presence of the wallvhen the initial particle position is closer to the wall. When
does not significantly influence the dispersion in the spanthe Kolmogorov constants were compared with the previous
wise direction. findings, the constants for the spanwise direction is closest to
the isotropic relation, whereas high level of anisotropy
is realized in the streamwise and wall-normal directions.
The wall-normal dispersion is most suppressed while the
Detailed numerical analysis has been performed to chaistreamwise dispersion is most enhanced. Although our simu-
acterize the Lagrangian behavior of fluid particle in turbulentlations were carried out for two relatively low Reynolds
channel flow. Direct numerical simulations of turbulent chan-numbers, dependence ®f , a;, andC§ on the Reynolds
nel flow at Re=112, 200, and 400 were carried out in a number was investigated. Most quantities increase with the
spectral domain. The performance of the particle trackingReynolds number with different scaling relations as shown
algorithms were re-evaluated through comparison of errorgn Fig. 12.
in computed particle kinematic information against those = The inhomogeneity of the acceleration correlation for
obtained by spectral interpolation scheme for RE12. the initial position of particles was also examined. The ac-
Root-mean-squared error of the particle position at the twiceeleration is rapidly de-correlated as the particle is released
Lagrangian integral time scales shows that the error irfurther away from the wall. Accelerations are found to have
HM4CH is smaller than the Kolmogorov length scale at theessentially zero integral time scales. The zero-crossing time
center of the channel. The oscillatory patterns in the estiscale is estimated to be about,2 which is similar to that in
mated acceleration are observed for all interpolation schemdsmogeneous turbulence except for the streamwise accelera-
except for HM4CH. Adopting HM4CH appears to producetion. The characteristic time scale for the streamwise accel-
most reliable Lagrangian statistics including acceleratioreration is larger than those of the wall-normal and spanwise
correlations with a reasonable amount of computationahcceleration due to the near-wall streamwise vortices. The
overhead. effect of the inhomogeneity and anisotropy on the kurtésis
To investigate the in homogeneity of Lagrangian statis-of Lagrangian structure function was also examined. For
tics, a large number of particles are released at the severaéry small time lagsK in the near wall region shows the
wall-normal locations and then tracked using HM4CH for highly intermittent behavior specially in the wall-normal
spatial interpolation scheme and the third-order Runge-€omponent of acceleration.
Kutta scheme for time integration. Particle statistics have  Finally, the spatial probability density functiof®DF)
been calculated for the two cases of channel flow af Reof the position of the drifting particles were investigated.
=200 and 400. Except for the near wall region, the presenAsymmetric patterns of the spatial PDFs are magnified as the
R, is observed to be nearly constant arouRg~32 for initial position is close to the wall. The mean of particle
Re,=200 and R,~48 for Re=400, respectively. The position in the wall-normal direction deviates from the initial
Lagrangian velocity auto-correlations are maintained for gosition as the particles move downstream, while the maxi-
long time in the order of streamwise, spanwise, and wall-num PDF moves closer to the wall. The increment of mean
normal direction, which is related with the elongated coherjosition is directly linked with the long-tail of PDFs toward
ent structures near the wall. The initial dispersions indicatehe center of channel. However, the dispersion in the span-
that the asymptotic behavior in the small-scale range wouldvise direction is homogeneous and the spreading rates in-
not depend on the initial position and direction. Contrastcreases with downstream.
to the homogeneous turbulence, the initial dispersion should
be normalized considering the mean streamwise velocity.
The different asymptotic behavior of the dispersion in iner-
tial range is related with the suppressed dispersion nedfCKNOWLEDGMENT
the wall . : . . This research was supported by a grant from KOSEF
The normalized Lagrangian structure functions in small-
scale and inertial ranges were investigated for the effect 0fR01-2000-000-0030650
inhomogeneity and anisotropy on Kolmogorov constants
andC,. The scaled acceleration variaregin all directions
increases with the distance from the wall with weak aniso-AppEme: HERMITE—CHEBYSHEV INTERPOLATION
tropic property. The plateaus @, in the inertial range are
not observed and instead the local maximG depend on The fourth-order Hermite interpolatibhis expanded to
the initial particle location and direction. Unlike the behavior two dimensions for the homogeneous directions, suck as
of the acceleration varianc€g for the streamwise direction andz directions and combined with Chebyshev interpolation
is larger than that for the other directions. The correspondingn the wall-normal direction. The scheme is specified as

V. CONCLUSIONS
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