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SummaryWe present a combined experimental and numerigdy sif transitional pipe flow. The focus is on exasherent structures
in decaying turbulence which in the experimentelized by an injection relaminarisation mechanishe spatio temporal dynamics
observed closely resemble those known from the stige which forms the separatrix between turbglemd the laminar flow. Apart
from matching streak vortex dynamics, the experialestructures also have the same axial advectieadsas the edge state. Next the
experimental velocity fields are used as initiahditions in direct numerical simulations. ApplyiagNewton method the experimental
velocity fields are found to converge to unstatadedlling wave solutions which are known to be edaleel inside the edge.

In addition we report the computation of an exadtable solution which is streamwise localised stmates key spatial features with
turbulent puffs.

Background

Following the discoveries of unstable solutionpipe and related shear flows it has been propdsasdstich unstable
states provide the building blocks of turbulenc2]1ln analogy to lower dimensional systems sucstalsle solutions
are believed to form a chaotic attractor (or reggglthrough secondary bifurcations and entanglengiving rise to the
turbulent dynamics. The laminar state on the ottaerd is known to remain stable for all (or at lagstto very large)
Reynolds numbers. Hence both states, laminar aidlént, co-exist in the same Reynolds number regWihich of

the two states of fluid motion persists dependsirotial conditions and perturbations of finite arntpdle. Recent
numerical studies showed that a single dynamiedé ghe so called edge state[3] exists which segmtaminar from
turbulent motion.

Experimental and computational methods

Experiments are carried out in a pipe of D=30mndiameter and 12 m in length. Velocity fields amdtaneously
measured in two cross sections (perpendicular éopihe axis) separated by 6D using two high spéeckascopic
particle image velocimetry systems. In each measené plane velocity vectors (three components)ddotained in

about 2500 points equally spaced over the cros®redhree dimensional velocity fields can be ated by applying
Taylor’s hypothesis and converting the temporabiimfation into spatial structures. In doing so wéaobfull velocity

fields which can be used as initial conditions iimect numerical simulations. The numerical codéfipased on a
solenoidal Petrov-Galerkin spectral scheme and sesl W resolution of 33 x 77 x 27 axial x azimuthahdial. A

Newton-Raphson method was used to converge expaahflow states to exact travelling wave solutions

Results

Using a method described in an earlier study [Byulent flow structures are relaminarised in theepéxperiment at
Re=1900. Velocity fields are then measured at tweaswise locations in the decaying turbulence. The
measurement locations allow to determine the adwedpeed of the observed structures. The veldatygs found
consist of two high speed streaks in the near regilon and a low velocity streak in the centree&tnwise vortices are
observed (see Figure 1 left panel) between the d&ighlow speed regions. The vortices alternatetpime weaker and
stronger in a quasi periodic fashion. Like for thmemerically observed edge state[3], also the vBidigld in the
experiment is found to be asymmetric and the adwespeed of the experimental flow structure ifbto be identical
to that of the edge state. Furthermore we were tbleonverge experimental three dimensional vejofidlds to
unstable travelling waves (an example of convergea@n asymmetric travelling wave[6] is shownha tight panel of
Figure 1).
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Figure 1: The left panel shows an averaged veldigtg from the experiment,
closely resembling the edge state in pipe flow.tlright hand side a cross
section of an asymmetric travelling wave solutisshown.

CONCLUSIONS

We present the first experimental observation efdtige state in pipe flow experiments. In additiendemonstrate that
experimental velocity fields in decaying turbuleraa be successfully converged to exact solutibriseoNavier-Stokes
equations. This observation strongly supports éfe/ance of unstable solutions to the turbuleré stad more specifically
the laminar turbulent boundary.
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