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Abstract The result of a particle-image velocimetry (PIV) measunetris a velocity field averaged over interrogation windows.
This severely affects the measurement of small-scale lemba quantities when the interrogation window size is miacher than
the smallest length scale in turbulence, the KolmogorogtlenIn particular, a direct measurement of the dissipatéia demands
the measurement of gradients of the velocity field, whichreme underestimated because the small-scale motion is solvesl. A
popular procedure is to relate the statistical propertiegkeomeasured, but underresolved gradients to those ofubenes, invoking

a large-eddy argument [3]. We show that the used propotitgrenstant, the Smagorinsky constant, should dependh@rvindow
overlap, on the used elements of the strain tensor, and omaén which derivatives are approximated.

LARGE-EDDY PIV

The result of particle-image velocimetry is a velocity fieldhich is averaged over the interrogation window. This
strongly affects the measurement of small-scale quastitigurbulent flows. For example, the dissipation rate-
D ((0u;/0z)?), wherev is the kinematic viscosity, involves the sum of squaredwdisies of the components

of the velocity field. It requires the resolution of the vatgdield down to the Kolmogorov scalg, where the velocity
field is smooth. Normally, the Kolmogorov lengthis much smaller than the linear dimensiérof the interrogation
window, so that the magnitude of derivatives is under-egtiém. Also, addition, an estimate of those derivativeslire®
finite differences of the averaged velocity field in neighbgiinterrogation windows, so that the estimate dependben t
degree of overlap of these windows, and on the way in whiclvaléres are approximated by finite differences.

In large-eddy PIV it is assumed that the statistics of the averaged velocily feuniversal, with a universal relation
between the measured derivatives of the averaged field artdgh dissipation ratey g [3],

es = 292 €2, L? (5%, (1)

with § = (5;;5:;)1/%, Si; = 3(0u;/0x; + du;/0x;), L the size of the interrogation window andthe velocity field
averaged over an interrogation window. The commonly uségevaf the Smagorinsky constantds;,, = 0.17 [3, 1],

but it should depend on the degree of window overlap, on theimahich derivatives are approximated and on which
components of the strain tensor are used in the estimage dh fact, the commonly used value of the Smagorinsky
constanCs,, = 0.17 is based on a box filter iRourier space, contrary to theeal space box filter that is associated with
PIV.

In planar PIV, not all velocity gradients are acessible, t@ missing ones can be guessed on the basis of isotropy
and incompressibility. Therefore, onls?) can be estimated, and ng$®), and the assumptiotS3) = (S2)3/2 is
unavoidable.

Using a three-dimensional model spectrum (the Pao specfRlnwhich is characterized by the dissipation rajeand

the Reynolds number, it is possible to analytically derive influence of averaging on the measufgdand thus to
check the experimental procedure embodied by Eq. 1. For #asured one-dimensional spectrum and the second-order
structure function the result shown in Fig. 1.

DERIVATIVES FROM FINITE DIFFERENCES

Planar PIV provides averaged velocity fields on a discrateajroverlapping interrogation windows, with< « < 1 the
overlap factor, such that fer = 0.5 windows overlap 50%, and 75% far= 0.25. Derivatives may be approximated by
central differences (CD):

Ou/0zr =~ [u(x + aL,y) — u(x — aL,y)] /2aL, @)

or with a least-squares approach (LS),
ou/0x =~ [2u(x + 2aL,y) + u(z + aL,y) — u(x — aL,y) — 2u(x — 2aL,y)] /10aL. 3

These choices severely affect the outcome of the large-BtMyprocedure and the value of the Smagorinky constant.
In addition, they also affect the apparent small-scalecarapy of the turbulent flow. For isotropic and incompregsib
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Figure 1. (a) Influence of interrogation window averaging on the epesgectrum. Input parameters are= 1.9 m/s, n = 8.7 x
1075 m, 0 = 60 m?s~3, and window sizel, = 1.6 x 1073 m. These numerical values are from the experiment which weill b
discussed in the presentation. (b) Influence of interrogatiindow averaging on the second-order structure functidmre full line
shows the structure function of the averaged velocity fild,dashed line that of the bare, unaveraged velocity field the dash-
dotted line the Kolmogorov predictiofia (1) = Cae?/3r2/3, with C, = 2.12. For the averaged velocity field, an inertial range is
hardly recognizable.

turbulence((0u/dy)?) = 2((0u/dx)?, but this no longer holds for the discretized derivativevdraged velocity fields.
The measured anisotropy now depends on the size of thedgsgion windowL, on the overlap factosx and on the
approximation to the derivative.

The large-eddy correction to the measured dissipation €atg/ e, is shown in Fig. 2. It is almost independent of the
interrogation window size, which, of course is the esseridbelarge-eddy idea. Surprisingly, almost no correct®n i
needed for half-overlapping windows, and the central diffiee approximation of the derivative.
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Figure 2. Large-eddy correcteer,r as a function of interrogation window size for two different values of the window overlap,
a = 0.5 (a) anda = 0.25 (b). We have used the standard value of the Smagorinskyartid&s,,, = 0.17. The thick blue lines indicate
€LE = €0, With ¢ the input dissipation rate. The lines indicated by “CD” aoenputed using the central difference approximation to
the derivative (Eq. 2), those marked by “LS” use Eq. 3. Almustcorrection is needed fer = 0.5 in combination with the central
difference approximation.

In conclusion, large-eddy PIV works, but the Smagorinskystant should depend on the used PIV procedure, and on the
way in wich derivatives are approximated.
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