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Abstract. Flow topology and its connection to acceleration of indrfparticles is explored through invariants of the
strain-rate and rotation-rate tensors. A semi-quantitatianalysis is performed where we assess the contribution of
specific flow topologies to acceleration moments. Our finglgigow that the contributions of regions of high vorticity
and low strain decrease significantly with Stokes numbegradimensional measure of particle inertia. The contribot
from regions of low vorticity and high strain exhibit a peaksaStokes number of approximately 0.2. The results shown
here have recently been published in [Salazar, J.P.L.C.@allins, L.R., 2012. “Inertial particle acceleration siatics

in turbulence: Effects of filtering, biased sampling, anavftopology’. Phys. Fluids, Vol. 24, p. 083302].
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1. INTRODUCTION

Acceleration is the key input to the family of stochastic ralsdthat yield a one-time continuously differentiable
velocity autocorrelation that attempts to capture the R&sinumber dependence of the Lagrangian velocity and ac-
celeration Pope 200). Because of the usefulness of stochastic equations in Ismddeturbulent relative disper-
sion (Salazar and Collin2009 and Lagrangian probability density function (PDF) meth@bpe 1994, a large number
of direct numerical simulations (DNSYéunget al, 2006ab, 2007 and experimentdordantet al, 2004 Gylfasonet al,
2004 Xu and Bodenschat2008 Brownet al, 2009 have been devoted to the study of acceleration statistifisid
tracers. Beginning with the work @ecet al. (2009, acceleration statistics of inertial particles have béenfocus of
many recent DNSGalzavariniet al, 2009 Lavezzoet al,, 2010 and experiments3erashchenket al, 2008 Volk et al,
2008 Qureshiet al,, 2008. The currentwork is intended to provide a better undedstegof inertial particle acceleration,
aiding the development of finite-inertia particle models.

Particle inertia is usually parameterized by the Stokesbermwhich for a particle of diametet and densityp,,
embedded in a fluid of kinematic viscosityand density is given by St = 7, /7,, wherer, = %S%Pd—j is the particle
relaxation timey,, = (u3/<5))1/4 is the Kolmogorov timescale, the most relevant fluid timdeséar particle clustering,
ande is the instantaneous, local turbulent kinetic energy pet#on rate.

We investigate the relationship between the acceleratiagnitude and the local flow topology and Stokes number.
We use invariant plots of the rotation-rate and strain{esors to characterize flow topology, following the orajiwork
of Chonget al. (1990.

2. NUMERICAL METHODS

The pseudo-spectral DNS code we use is thoroughly desciibBduckeret al. (2007). Of particular relevance to
this study is the forcing scheme we use to obtain stati$fisthtionary turbulence. Energy is injected in the two letve
wavenumbers at each time step, offsetting the losses itiki@eergy owing to viscous forces, such that the total kinet
energy remains constant throughout the simulation. Tablenmarizes the main fluid statistics. The evolution equatio
for small inertial particlesd/n < 1, were derived in final form byvaxey and Riley(1983. For large particle to fluid
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Table 1. Table of DNS flow statistics. The turbulent kinetiergyy is given byfo'“”"max E(k)dk, whereE(k) is the energy
spectrum function and is the largest resolved wavenumber. The longitudinal iatidlgngth scale is given by =
7/(2u'?) o ™ [E(k)/~] dr. The Taylor microscale Reynolds number is giventy = w'?\/15/ (v (e))

Quantity Units Value
Reynolds number — 120
Turbulent kinetic energy [L2T-2]  1.43

Turbulent intensity’ = /2/3k [LT']  0.98
Turbulent energy dissipation rate  [L2T~%]  0.32

Longitudinal integral scalé [L] 1.44
Integral time scald” = L/’ [T) 1.48
Kolmogorov length scale L] 0.017
Kolmogorov time scale, [T] 0.097
Kolmogorov velocity scale,, [LT'] 0.175
Small scale resolutioR, .7 - 2.0
Normalized simulation tim&gng/T - 22.0
Number of grid pointsV3 - 2563
Number of particles at eac$t - 32,768

density ratios = p,/ps > 1, effects of added mass can be neglected. We also negleceseBhistory term and
Faxén corrections to Stoke’s law. Because of the low masdaangolume fractions, two-way coupling and effects on
the continuity equation are neglected, respectively. Tieetial particle evolution equations for position and wipare,

dX;
at (1)
dvi (7 (X) — V;
- o 2
dt ’ )

Tp

whereX; is the particle positiony; is the particle velocity and; (X) is the fluid velocity evaluated at the particle position.
Equationsl and?2 are solved numerically using Heun’s method (two-stage Rtigtta) with use of an integrating factor.
The fluid velocity is interpolated at the particle positiondn eighth-order Lagrangian polynomial. The followingl&is
numbers are simulatedit = 0.025, 0.05, 0.1, 0.2, 0.5, 1, 2. The full velocity gradient tensor is computed and stored
in addition to position and velocity vectors at an interviepproximately0.17,,.

3. RESULTS

Flow topology can be characterized by invariant plots ofitlecity-gradient tensaod;; = du;/dz;, the symmetric
strain-rate tensof,;; = 1/2 (A;; + A;;) and the anti-symmetric deviatoric rotation-rate teridgy = 1/2 (4;; — A;),
where by definitiond;; = S;; + W;;. Detailed information on the subject can be found in presiark Chonget al,,
199Q Cantwel| 1992 Soriaet al., 1994 da Silva and Pereir2008. Each of these tensors satisfies a characteristic poly-
nomial of the form,

MNEPN+QAN+R=0, 3

where) are the eigenvalues arfg] ) andR are the first, second and third tensor invariants respégtiver incompress-
ible flows P = —A;; = —S;; = 0. In this study, we will be interested exclusively in the ineatsQs andQyy, given

by,
1 1
Qs =—55i5; = *552 ; 4)

1 1
Qw = 5 Wi Wi; = *QWQ : (5)
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The physical interpretation of these tensor invariantsdassification of flows based on their values is describetién t
aforementioned literature. The invariants are commorggented in the form of joint PDFs.

In order to understand how inertial particle acceleratilates to flow topology, in particular the acceleration magn
tude and its higher order moments, we associate a giveneaatieh event to a position in tH&)w, —Qs) plane. This
procedure leads to the acceleration magnitude contows gimwn in Figurd.. The main effect of inertia is to stretch the
isocontours of acceleration magnitude towards largeregsabiQ)yy. This effect becomes quite significant 8t > 0.2.
With increasingSt, in the limit of Qs — 0, a given value ofq| is attained at a much larger value @fy than would
be required foiQ s in the limit of Qw — 0. This trend is consistent with the notion that high-inepaticles are less
susceptible to vortex trapping. We also observe a regioheari®@y, —Qs) plane where the acceleration magnitude is
approximately independent ¢f-. We reason that a possible cause for this is that as the part@rtia increases, the
persistence of strain as seen by the inertial particle besdarger than that of rotation (not shown), allowing thetiaé
particle more time to be influenced by strain than by rotatiberefore the observed behavior.

Although the conditional average of acceleration magmtpicbvides an interesting view of how acceleration relates
to flow topology, it must be viewed in conjunction with th@y, —Qs) joint PDFs shown in Figur@. A certain value
of (Qw,—Qs) may be associated with a large acceleration event, howkeegprobability of that event may be very
low, such that the overall contribution to the variance aigthér-order moments is not significant. The converse is also
true. From Figure, we see that increasing inertia leads to a reduction in thmaetry of the PDF. This effect peaks
at St ~ 0.5 and then the asymmetry increases at laigfer This trend more or less coincides with the peak in particle
clustering Sundaram and Collind997) and is consistent with the ejection of |4 particles from regions of larg@yy .

In Figuresl and2 we have identified four regions, where each corresponds #otecplar flow topology. We assess the
contribution of each of these regions to acceleration wagand higher-order moments through the following exjpoass

_(aiai]” |QW < Qw < Q. —Q§ < —Qs < —QF)
! ([aiai]”)
JE 1257 a0(Qu, ~@s) F(@w, ~Qs)dQuw (~dQs)
I 90 Qwe—Qs) f(Qw, —Qs)dQu (—dQs)

A

(6)

whereg,(Qw, —Qs) is the value ofa,a;])” evaluated atQw, —Qs), f(Qw, —Qs) is the joint PDFQY,, Q&,, —QY,
—Q% delimitate the lower ) and upper bounddX) of the region of interest in th&Qw, —Qs) plane and is a non-
negative integer. The computed values fgy are shown in Figur@. The region labeled as “1” corresponds to high
Qw and low—Q s events, which resemble solid body rotation. For fluid tragt = 0) the contribution of this region
exceeds that of the region labeled as “2”, of Iew, and high—Q s, associated with intense dissipation events. However,
as St increases, region “1” contributes less towatfisa!]), attaining a minimum af.5 < St < 1, coinciding with

the peak in clustering &it ~ 0.7 (Sundaram and Collind997. The region labeled as “4”, of loW and low—Qg,
dominates for momengs < 4 at all St. Note that this is also the region with the smallest areaén v, , —Qs) plane.
Forp > 2 and low St this region contributes less to the total moment than theratgions. The contribution of region
“3", of high Qw and high—Q s exhibits lessSt dependence than other regions and is more or less of simignitude

for all values ofp. Region “2” shows a peak at lo#¢. We believe this is related to the accumulation of thesdgdestin
regions of high strain and low rotation, as can be seen infE@icombined with the higher acceleration events associated
with this region for0 < St < 0.5. In addition, a careful analysis of FiguPeeveals that with increasing inertia particles
are ejected from regions of overlapping high strain and higation, while there is an increase in the number of paicl

in regions of high strain and low rotation. This suggestsitha inertia particles are ejected not only from regionsighh
rotation, but also from regions of high strain. The analpggformed here is of a semi-quantitative nature, in tha¢ioth
regions could have been chosen and the statistical comegd the moments > 2 is not as good.
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Figure 1. Conditional average of acceleration magnitufeims(St) on the(Qw, —Q ) invariant plane for (ayt = 0.0,

(b) St = 0.1, (c) St = 0.2, (d) St = 0.5, (e) St = 1, and (f).St = 2. The areas outlied by dashed lines correspondto 1 -
high Qw and lowQs, 2 - highQgs and lowQyy, 3 - highQw, and highQ s, and 4 - lowQy, and lowQs. The values for
the ratio|a|/ams(St) are indicated on the contour lines.
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Figure 2. Joint PDF of the invariant pdi@w , —Qs) for (a) St = 0.0, (b) St = 0.1, (c) St = 0.2, (d) St = 0.5, (e)

St =1, and (f).St = 2. The areas outlined by dashed lines correspond to 1 -@ighand lowQs, 2 - highQs and low

Qw, 3 - highQw and highQg, and 4 - lowQy, and lowQgs. The exponents of the decade are indicated on the contour
lines.
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Figure 3. Contribution of the regions outlined in tf@y,, —Qs) plane of Figured and2 to higher-order acceleration
moments for (ap = 2, (b)p =4, (c)p = 6, and (d)p = 8.
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4. CONCLUSIONS

In order to better understand how acceleration is relatéiduotopology, we compute invariants of the strain-rate and
rotation-rate tensor along particle trajectories. Thaetj@DFs of invariant pairs along with acceleration contdotsgon
invariant planes allow us to compute the contribution ofc#igeflow topologies to the acceleration moments. We find
further confirmation that inertial particles are ejectashirregions of high-rotation and that these contribute thstléo
the acceleration moments precisely as clustering or mefid concentration peaks 8t ~ 0.7. We believe this work
will contribute to a better understanding of the effectsradrtia on acceleration and how flow topology relates to the
latter.
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