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Intermittency of acceleration in isotropic turbulence
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The intermittency of acceleration is investigated for isotropic turbulence using direct numerical simulation.
Intermittently found acceleration of large magnitude always points towards the rotational axis of a vortex
filament, indicating that the intermittency of acceleration is associated with the rotational motion of the vortices
that causes centripetal acceleration, which is consistent with the reported result for the near-wall turbulence.
Furthermore, investigation on movements of such vortex filaments provides some insights into the dynamics of
local dissipation, enstrophy and acceleration. Strong dissipation partially covering the edge of a vortex filament
shows weak correlation with enstrophy, while it is strongly correlated with acceleration.
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I. INTRODUCTION II. KINEMATICS OF ACCELERATIONS

Acceleration in fluid flow that causes erratic f|uctuating In order to obtain the statistics of acceleration, the Navier-

motions of fluid particles is an important element in model-Stokes equations with continuity are solved by using direct
ling turbulence. It is fundamental to transport, mixing andnumerical simulatioDNS). The dimension of the compu-
dispersion in the atmospheric transport as well as mixingational domain is X 27X 2, and a spectral method is
processes in stirred chemical reactors and dispersion of nangsed to expand the flow variables on 12&imerical grids.
particles. Such importance has led to many investigations ofior the temporal integration of the nonlinear terms and forc-
fluid particle acceleration in turbulence. For example, recentnd, the second-order Adams-Bashforth method is adopted
experimental studiel,2] have shown that the fluid accel- While the viscous terms are computed using the Crank-
eration occurs in a very intermittent fashion. Moreover, theNicolson method. A skew-symmetric forf8] is used for the
normalized acceleration variance is found to be dependeritonlinear terms, which is energy-conserving and minimizes
upon the Reynolds number up & ~970[1]. Here,R, de-  the aliasing errors. To maintain the equilibrium state, the
notes the Taylor-scale Reynolds number. A numerical studjowest wavenumber components of the velocity are artifi-
by Vedulaet al. [3] shows that sucl®, dependence can be cially forced, hardly affecting the small scales. A more de-
observed aR, as low as 40, suggesting that these charactertailed description of the numerical method used can be found
istics of accelerations are related to coherent structures ¢f Lee and Se¢9]. The terms on the right-hand side of the
fluid motions. Mordantet al. [4] has claimed that the long Navier-Stokes equation can be decomposed into a sum of
time correlation of acceleration magnitude is the key to thecontributions from the pressure gradigat), which is irro-
intermittent behavior. From a recent study of accelerations iffational (or potential, and the viscous forcéa®), which is

the near-wall turbulencks], it has been shown that the pres- solenoidal for constant density flow.

sure gradient in the near-wall coherent vortical structures,

which is the dominant contributor to acceleration, points to- au +(U-Vyu=- 1 Vp+Wau=a +a’ (1)
wards the center of the axis of the coherent vortical structure. Jt p

This suggests that the centripetal force due to the rotational
motion of the coherent vortical structures, which have value§h
exceeding 20 times its root-mean-squémas) value, is the
dominant source of acceleration intermittency. Still, the
guestion of whether it is the case in general remains una
swered. Recently, Biferalet al. [6] showed that the multi- as the Reynolds number increa$dsl0,11. Therefore, it is

fractal formaljsm can predict the vyide hature of pr_ot_)ability of our interest to focus on the statistics of the pressure gra-
density function(PDF) of acceleration, without providing a dient

dynam|pal content. . . . . Figure 1 shows an example of a coherent vortical struc-
_In th's. study,_ we have car_rled out d"e.Ct numencal SIMU~re, the so-called vortex filament, represented by an image
Iatlon_of |sptrop|c turbulence in a three_-dlmensm_nal pe_rlodlcOf iso-surface of enstrophy defined Y= - /2 with e
domain withR,=44 and 66 to investigate the intermittent denoting vorticity vector. Local maximum enstrophy is
behavior O.f accc_aleration and its .dof“‘”‘?”t source. I:urtherfound at the axis of rotation as can be observed in the cross
more, we investigate how local cﬁssmaﬂon is related to 4Csection of the vortex filament. Instantaneous accelerations of
celeration and local enstrophy raised by Zeffal. [7]. magnitude 20 times rms value are always observed near a
filament, pointing towards the rotation axis, which suggests
that the centripetal force associated with the rotational mo-
*Electronic address: clee@yonsei.ac.kr tion of a vortex filament is the dominant source of intermit-

Here,p is the pressurey the velocity,p the density, and

e molecular viscosity. In the near-wall turbulent flow, the
viscous force has a noticeable effect on acceleration in the
region very close to the wall. For an isotropic case, however,
"the viscous force becomes very small and almost negligible
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FIG. 1. (Color onling Isosurface of enstrophy
at R, =44 along with its cross section, in which
pressure gradient is shown as arrows. Arrows
with large magnitude inside the core of the vortex
filament point toward the center of rotation,
which are mostly parallel with the enstrophy’s
gradient.

tency. This is consistent with the previous study on the neartpressure gradiehtassociated with the rotational motion of
wall turbulence5]. vortex filaments in isotropic turbulence, similar to the result
A qualitative inspection of angle between the negativefor the near-wall turbulencEs] and a recent study by Mor-
pressure gradient and the enstrophy gradient has been pefantet al.[12]. Compared to the near-wall turbulend, a
formed. In Fig. 2, we plot the mean squared pressure gradstrong correlation between the pressure gradient and enstro-

ent conditioned on the angle, defined by phy gradient is more pronounced in the present isotropic
flow. From Fig. 2, the steepening of the curve ngar0 is
-Vp-VQ observed a&, increases, while the PDF ¢f for both Rey-
cosp= Tvelval (2)  nolds numbers are identical.

Figure 3 shows the PDF of normalized acceleration in one
As shown in Fig. 2, large pressure gradients mostly occudirection atR, =44 and 66, featuring very long stretched ex-
when the angle between the two vectors is almost zero, witponential tails. The flatness factor of acceleration was com-
the PDF of B (inse) diminishing to almost zero a8=0, puted to be 13.25 and 19.46 fB;=44 and 66, respectively.
indicating that intermittently found large pressure gradientsThe increasing probability of acceleration of large magnitude
are mostly parallel with the enstrophy gradient. Thus, thisat higherR, is in good agreement with the previous studies
figure serves as a quantitative evidence supporting that tHé.,2]. The large accelerations shown in the ends of the tall
intermittent acceleration is caused by the centripetal forcere associated with vortex filaments, which persist for many
eddy turnover timesa,, defined byay=(aa;)/3(€)*?v 12,

80 5000 with (e) mean dissipation, is a universal constant at high
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FIG. 2. Mean squared pressure gradient conditioned on angle 107 b
between pressure gradient and enstrophy gradient RQr a/<a >

=44 (solid line) and 66 (dash-dot ling Here, the mean squared

pressure gradient is arbitrarily nondimensionalized. The magnitude FIG. 3. Probability density function of acceleration normalized
of mean squared pressure gradient is at its maximum when the twlay rms value atR,=44(solid) and 66 (dash-dot with Gaussian
vectors are parallel. The inset contains the PDF of the afgle distribution (dots.
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Reynolds number according to the Kolmogorov’s hypothesis @ 10—
[13,14]. Here, the bracket denotes ensemble-averaged quan- s
tity. In our study,ag is 2.14 and 2.63 foR,=44 and 66,
respectively. TheR, dependency is well known from the
previous DNS result§3,15] as well as experimental obser- N
vations[1,2,16,17, which is ap~RY? with R, up to 500. €
Unfortunately, the number of cases considered in the present w
study is too few to confirm the trend as suggested by previ-
ous authors. But the importance lies in the increasing trend,
which is a good indication of increasing intermittency of
acceleration with the Reynolds number. . . , ‘ .
If the coherent structures are the main sources of accel- 0 10 20 30 40
eration intermittency, it would be interesting to know the lal/Clal)
conditions on the formation of such structures. Studies by
Cao, Chen, Doolefil8], and Pumif19] suggested by visual
inspection of isosurfaces of pressure that the vortex filaments
begin to form at around®, ~70. The pressure PDF witR,
larger than 70 begins to show superexponential tail, resulting
in a leap of the pressure flathessRat~ 70, which was used
as an indicator of existence of such vortex filaments. Our
DNS results atR, =44 (Fig. 1), however, show that such
vortex filaments are observed from a three-dimensional view
of enstrophy isosurfaces, indicating thigt~ 70 may not be
the physical transitional point. Tha, method[20] also
shows the existence of such structures very cleéiyure 30303030 d 70
not shown. Q/(Q)

Ill. RELATIONS BETWEEN ACCELERATION,

DISSIPATION AND ENSTROPHY FIG. 4. Correlation plots fofa) e—|a and(b) e-Q normalized

by their own ensemble means. Large acceleration is accompanied

The local dissipation rate, which is known to have rel- by strong dissipation. However, strong dissipation is not always
evance to the intermittency of enstropl#, is investigated. associated with acceleration of large magnitug€) plot shows a
The correlations betweeg the absolute value of accelera- similar trend. However, fof)/{Q)~20,e and() is uncorrelated in
tion |a] and() obtained from 4.X 10’ data are shown in Fig. comparison with the same acceleration scaléjn
4. It can be observed that large acceleration is accompanied
by strong local dissipation, while the opposite does not nec-
essarily hold true, as has been found from other stU8igs.

A visual inspection of local dissipation shown in Fig. 5
reveals that local dissipation, which is a measure of irrota-
tional strain, is not only strong in the edges of vortex fila- |5
ments, but also in the area between the vortex filaments|
where acceleration is relatively low. This helps to explain |\
why strong local dissipation is not always accompanied by
large accelerations and enstrophy. However, a strong corre{
lation between large acceleration and strong dissipation can
be observed from Fig.(4), similar to the results by Mordant
et al. [12], in which the joint probability between strong
dissipation and large acceleration is high, while small values
of acceleration and dissipation have a very low joint prob-
ability. Similarly, it is further shown that large enstrophy and
strong dissipation have a high joint probabiljf,12]. How-
ever, forQ}/{Q)) greater than 20, mostly found in vortex fila-
ments, local dissipation is uncorrelated in comparison with
the same acceleration scale in Figa)4Although the scatter
width of the dissipation magnitude becomes narrow with in- |
creasing enstrophy, the width is still too wide everfd()) ‘
greater than 50. Since strong local dissipation lies mostly FIG. 5. (Color online Contours of enstrophy with pressure gra-
outside of the vortex filaments, whil@ has its local maxi- dient vectors. Darkiorange in color regions without arrows in
mum at the center of the vortex filaments, the uncorrelatethem are regions of strong local dissipation, lying on the edges of
result is not surprising in Fig.(8). the vortex filaments and between vortical structures.
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d) - f
x/\‘\‘
tion cancel out each other. As shown in Fig. 5, such a com-

plete cancellation is not likely. Instead, in many cases, they F!G. 6. (Color onling Movement of a vortex filamentlight
are found close to each other, resulting in a very large pres§°|°r) and local dissipatiofidark colpﬂ. The fllament slowly passes _
sure gradient between the peaks of enstrophy and diSSipatiOWrOUQh the center of the box, which records intense peaks of dis-

where gradient vectors of enstrophy and dissipation are opsi'bat'on’ enstrophy, and acceleration shown in Fig. 7.

posite to_each (_)ther. However, enstr_ophy IS mostly found tcéxample of rising local strain followed by growing enstro-
b_e more Intermittent and Ipcal tha_m dISS|pat|on,_thus the CONahy, similar to Zeffet al’s result[7]. Since acceleration is
trlbqthn from enstrophy_ls dominant as confirmed in thelarge on the edges of the vortex filament, acceleration curve
statistics of3 shown in Fig. 2. Thg Iefidlng-qrder cancella.- is also presented. Intense local strain region partially sur-
tion between enstrophy and d|SS|pat|0n_cIa|med by Nelk'nrounding the vortex filament approaches the probing point as
[21] does not seem to occur at Ieast. at this Reynolds numbeg,e a1y of local strain increases. As the filament migrates,
According fo the previous ex_penmental s_tudy by Zetff the high vortical region enters as the strain decreases and
al. [7], a typical sequence of intense strain and Vo_rt'c'tyenstrophy rapidly jumps to a high peak, and finally drops to
growth due to the intermittent nature of turbulence is thee |,y random fluctuating values as the filament leaves the
following: an Intense local dissipation over 10 times its rms robing point. The magnitude of acceleration rises and falls
value grows rapm}ly and the enstrophy. grows in the SaMet the entry and exit of the vortex filament. Sometimes the
order of value \.N'th some dela_y, anql finally decays oy dge of the filament moves across the probe, showing almost
random fluctuating values. To investigate the dynamics Ofincigence of the two peaks. A close observation of Fig. 7
local dissipation and enstrophy in more detail, we have reto 015 that high peaks of dissipation and acceleration par-
corded data from 27 locations within the computational do+ja)y overiap with each other. Since strong dissipation lies in

main, similar to the experiments by. Zeft al.[7] in obta|p- the edge of vortex filaments where acceleratioantripetal
ing the local strain and enstrophy in a very small region of

1.8, scale. Herey is the Kolmogorov length scale. Similar force) is also large, it is not surprising to see a strong corre-
cases of intense peak of dissipation followed by enstrophy 12F o
peak were observed. However, from investigation of many I
cases, we found that the order of sequence is random.

Two possible explanations suggested for this phenomenon
were advection of vortex structures and local generation of
intense dissipation and enstrop#}. As have been found in
Fig. 5, intense dissipation lies mostly on the edges of vortex
filaments having local maximum enstrophy at the rotational

A little manipulation of Eq.(1) yields

1
“Vp=0-—. 3)
p 2v

Taking gradient of Eq(3) under the incompressibility con-
dition leads to

1, Ve

pV (Vp)=VQ 2, (4) (c) \ 7
clearly indicating that the source ¥p, the main contributor

to acceleration, comprises two vectors, gradients of enstro
phy and dissipation. Given that both enstrophy and dissipa:
tion are highly intermittent, it is expected that intermittently
large acceleration is found at the edges of strong peaks o
either enstrophy or dissipation unless enstrophy and dissipa

~
\
N o

<

Q/<Q>, e/<e>, [a/]a])
N

axis. This picture provides an interesting clue that the con-

secutive peaks of local dissipation and enstrophy may be due 2?

to advection of a vortex filament. That is, the probe will i

experience strong dissipation and subsequent large enstrophy N

as the regions of intense strain and vorticity pass through. By U TR T T e 7o S v
sampling the three-dimensional data at every 0.3 7the T/t

n

animation showed smooth movement of the vortex filaments
(Fig. 6). Here, 7, is the Kolmogorov time scale. Although @ F|G. 7. Time histories of normalized dissipati¢aots, accel-
generalized conclusion cannot be drawn from an animatiogration(dash-dotsand enstrophigolid). Four instances, marked by
of the vortex and local strain structure, all 27 cases showa) through(d), correspond to times of each plate of Fig. 6, respec-
advection of such structures rather than local generation anglely. Note that time is nondimensionalized by the Kolmogorov
decay of intense strain and enstrophy. Figure 7 illustrates onme scale.
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lation between large acceleration and intense dissipation agrophy|[7]. Large acceleration and dissipation on the edge of
shown in Fig. 4a). the vortex filament shows a strong correlation, whereas en-
strophy having its local maximum at the rotational axis
shows a weak correlation with strong dissipation. It is ob-
IV. SUMMARY served that the sequence of high peaks of local dissipation,
enstrophy and acceleration as measured at a fixed point is
mostly due to the advection of a vortex filament, rather than

found that large centripetal force associated with the rota :
tional motion of the vortex filaments is found to be the domi_localigenera.'uon. Although the range of th? Reynolds number
tfon5|dered in the present study is relatively low, such an

nant source of acceleration intermittency, which is consisten] ) A
with the result for the near-wall turbulenf8]. This physical 'Nermittent nature of acceleration is expected to be more
picture on acceleration intermittency could be very useful fofPfonounced in high Reynolds number isotropic turbulence.
understanding . how nonex?ensive statistical mechanics ACKNOWLEDGMENTS
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From a direct numerical study of isotropic turbulence, it is
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