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Abstract Transition to turbulence in curved pipes is difgrfrom transition in straight pipes, as the omé¢tirbulence is delayed to
higher Reynolds numbers. Moreover, the transitzenario is considerably modified by curvature: gussce of bifurcations instead
of a sudden, direct transition to turbulence isifthu

We investigate the transition to turbulence in edrpipe flow experimentally with particular attemtito the detection of travelling
waves and coherent structures. To that end a rexypsriment was set up that realizes a constant fiderin a toroidal pipe. The
flow is driven by a sphere that is moved from algsthe closed toroidal cavity using a magnet. Thedi®s of tube to coiling
diameter are investigated: 0.1, 0.049 and 0.025.

Laser Doppler Velocimetry and a high-speed stemmsdParticle Image Velocimetry (S-PIV) system h&een used to investigate
and capture the appearance and development ofathgitional flow. Using S-PIV we were able to restact all three components
of the velocity vectors in the measurement planeing the entire cross-section of the tube.

For a Reynolds number below a first critical Regisohumber Rg, which depends on the curvature ratio, we findeady laminar
flow. Above Reg; we find a supercritical instability of the stealigsic flow to a flow which is periodically moduldten the
streamwise (toroidal) direction. Investigationstleé instantaneous flow field, power spectra andrbétion diagrams at the first
instability are presented.

EXPERIMENTAL SETUPAND METHODS

Figure 1 provides a sketch of the driving mechanemd the main parts of the experimental setup. Tighly
transparent and polished plexiglas disks into ezcivhich a concentric notch of half-circular crasesction has been
machined were flush mounted such that they forwraidal cavity. The toroidal cavity is filled witthe working fluid
and a steel sphere. The sphere is actuated by aetadpich is mounted on a rotating arm. To achiaveonstant,
precisely adjustable flow rate in the torus therbas rotated by an electric gear motor, therebyingthe sphere and,
hence, the flow (motor not shown in fig. 1).

Based on the measured revolution times of theingtdtoom and the temperature in the torus, the bel&city in axial
direction U and the kinematic viscositythe Reynolds number Re=Wdbf the flow can be calculated. The setup
provides the possibility to investigate the flowte torus for adjustable Reynolds numbers ranfiogn 1000 to
15.000 with an accuracy of +/-2%. Three differeantvature ratios of the tube (d) to the coiling deter (D) were
investigated: d/D= 0.1, 0.049 and 0.025.

For investigations with Laser Doppler VelocimetyD{), a 2D-LDV system (Dantec Dynamics, Argon-icser
Model 5500A, 750 mW, class IV) was used to measetecity time-series of the streamwise velocity pament at
selected points.

A high-speed stereo PIV system has been used tsumgethe three components of the velocity vectors a cross
section perpendicular to the flow as a functioriimie. The data enable the analysis of the dynaofitke transitional
flow. The PIV system consisted of a pulsed Quartr@arwin Duo laser (diode pumped Nd:YLF laser, ei@ngth
527nm, 60mJ total energy) and two Phantom highépameras with a full resolution of 2400x1900px.

Figure 1. Sketch of the experimental setup used to realzenatant flow rate in a torus: two disks of persimo each
of which a concentric notch of half-circular creestions has been machined, and a rotating boaimglia sphere by
means of a magnet. The sphere hence drives the flow
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Figure 2. Steady and axisymmetric basic flow for Re=3600t:ldean streamwise velocity (color contours) and i
plane velocity (vector field), both normalized witke bulk velocity U. The maximum velocity arisesanthe out wall
(on the left). Right: Three-dimensional view of ttfearacteristic streamwise velocity profile.
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Figure 3. Typical time trace of the streamwise velocity four full revolutions of the sphere in the periodégime for
Re>Reg; measured by LDV. The streamwise velocity is pecally modulated between successive passings of the
sphere in the vicinity of which the oscillation® anterrupted.
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Figure 4. Amplitude of the dominant frequency as a funcidiRe for d/D = 0.049. The dashed line is a squaoe fit
to the data. Error bars represent the maximum tlemiaf the measured values for single revolutions.



