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Particle image velocimetry measurement of
turbulent wake past circular cylinder at Reynolds
numbers from 2.5-10% to 1.5-104

Ondpej Sterly'

'University of West Bohemia in Pilsen, Univerzitni 22, Pilsen, Czech Republic

Abstract. A canonical case of air flow past a circular cylinder is studied by
using Particle Image Velocimetry technique. This contribution focus to the
ensemble statistics (first and second moment) of the stream-wise and
transverse velocity component as well as to the in-plane vorticity
component. Although the range of explored Reynolds numbers is narrow,
we observe a significant shortening of recirculation bubble within this range.

1 Introduction

Many of engineering applications have to deal with interaction of flow and a solid structure
[1]. This includes the effectivity of transportation devices, resistance of buildings against
weather or the power generation. The last means not only the complex flow inside a closed
steam turbine [2, 3] or the open wind turbines [4], but also the heat exchanger flows as well
as the natural convective cooling [5, 6, 7]. Lot of experiments focusing this question is
performed with cryogenic helium [8] due to its high thermal expansivity and thus the
possibility of reach high Grashof numbers (in the relevant literature, the Rayleigh number is
often used instead [7]). The experimental study of turbulent flows has a very wide practical
uses.

The effect of an obstacle to the flow can be mainly studied within the wake [9], i.e. the
part of fluid affected by the former interaction with the obstacle and carried downstream with
the convective velocity component. The wake is typical by periodic oscillations [10] not only,
if the obstacle motion is periodic [11, 12]. The most studied case of wake flow is the wake
past a prismatic circular cylinder with axis perpendicular to the incoming flow [9, 36], which
is the case studied in this contribution as well. This setup is very simplified and for a practical
purposes a more complex prismatic obstacle (or profile) is used [13, 14]. Of course, a non-
prismatic obstacles are studied as well [15, 16], but this approach usually needs a more
complex Stereo Particle Image Velocimetry technique [17, 18], while here we use this
method only in its 2D configuration, which still offers a deep insight into the physics of the
flow [19].

Despite its simplicity, the experimental configuration of a prismatic cylinder placed
perpendicularly to the incoming flow shows a lot of interesting physical phenomena, e. g. the
flow is three dimensional, although the geometry has two-dimensional symmetry [20], the
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flow is periodic even in a steady incoming flow [10]. Therefore, new ideas are often tested
in this simple case [21, 22]. One of the most fascinating properties of this simple canonical
experiment is the wealth of regimes depending only on a single parameter: Reynolds number.
Figure 1 shows the variation of base pressure coefficient Cps (i.€. non-dimensionalized static
pressure p,, at the trailing point of the body) with Reynolds number spanning 6 orders of
magnitude as it is published by Williamson [23].
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Where p is the fluid density, U,.ris the reference velocity and p., is the static pressure far
enough (at the wind tunnel wall)
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Fig. 1. Regimes of the wake past a circular cylinder shown in the terms of base pressure coefficient
dependence on Reynolds number. The figure is copied from the book chapter [23] by C. H. K.
Williamson. The mentioned works are references [24 - 28] except for Flaschbart (1929), which I did
not find. The regimes distinguished by Williamson are denoted A — J. © Kluwer Academic
Publishers.

The regimes observed in the base pressure development in Figure 1 are described in more
details by Williamson [23]. The regime up to A is a laminar steady regime, the laminar vortex
shedding is observed between A and B. Between B and C, there is a transition to three-
dimensional wake. Up to D, the fine-scale three-dimensionalities increase their disorder. The
steep decrease from E to G is caused by the asymmetric reattachment of the bubble
(sometimes called critical transition). Between G and H, the reattachment become
symmetrical and, finally, beyond H the boundary layer transits. More details can be found in
the book chapter [23].

The present contribution shows results of a student project of measuring the wake past a
circular cylinder by using Particle Image Velocimetry technique at intermediate Reynolds
numbers from 2.5-10° to 1.5-10%, which is very narrow range in comparison with the data in
literature.
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1.1 Experimental setup

The measurement has been performed inside the open wind tunnel at University of West
Bohemia in Pilsen [29, 30]. The commercial Particle Image Velocimetry (PIV) system from
company Dantec consists of a 4 MPix FlowSense MKII camera and a solid-state double pulse
laser New Wave Solo of dominant wavelength 532 nm and pulse energy up to 500 mJ. The
used system is the “slow” one with maximal repeating frequency 7.4 Hz, therefore it is not
possible to measure the time development of individual vortical structures in the wake. The
used lens of focal distance 60 mm together with the used camera gives the spatial resolution
of acquired images 34 x 34 mm, i.e. 3.4 x 3.4 the cylinder diameter.

This PIV system has been used for many measurements in the past, for example the flow
inside an axial single stage-turbine [3, 31], which was not so easy as it sounds [32]. From the
laboratory experiments, this system participated in the measurement of secondary flow in a
corner of channel [33], measurement of turbulent mixing past a grid [34] and past a strange-
shaped counter-swirler [16] or in a turbulent jet [35].

The cylinder is made of aluminum, its diameter is 10 mm and height 125 mm filling the
entire height of the wind tunnel test section. The Reynolds number has been controlled via
velocity ranging from 3.8 to 23.0 m/s, which differs only 6 times, but still this range displays
an interesting phenomena of shortening of the recirculation bubble. The working fluid is
atmospheric air of temperature 19.1 = 1.3 °C. The seeding particles are produced by a
commercial fog generator Safex.

In the following, the stream-wise velocity is denoted u, the transverse velocity component
is denoted v. The third velocity component along the cylinder axis is not measured in current
configuration. The ensemble consists of around 700 snapshots. The coordinate system
displayed in figures is in millimeters and it originates at the beginning of the field of view
(FoV), the position of the cylinder is [-5, 16] in the coordinate system of the FoV, the cylinder
radius is 5 mm, its height is 125 mm filling the entire height of the wind tunnel test section.

2 Results

The focus is given to the ensemble averaged quantities, the stream-wise velocity component
u and the span-wise velocity component v. The ensemble average u of instantaneous velocity
signal u; is calculated as

u@ = W@ =7 > w@

And for the second velocity component v analogically. Here, X is any spatial position
within the field of view, N is the number of snapshots in the ensemble, i.e. around 700 in this
measurement.

Figure 2a displays the evolution of the ensemble averaged stream-wise velocity u along
the wake axis. The area of negative velocity called recirculation bubble is formed past the
body and with increasing Reynolds number it shortens significantly with length around 2.3
cylinder diameters at the lowest velocity down to 0.9 diameters at the highest velocity.
Accordingly, the position of minimal velocity moves as well. The deep of the minimal
velocity first slightly decreases down to -0.30 times reference velocity at Re = 5.1-10*
followed by slight increase to values around -0.25 times reference velocity at the higher
Reynolds numbers.
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Fig. 2. (a) Ensemble average of stream-wise velocity component u as a function of distance past
trailing point of the cylinder, the profile is taken at the wake axis. (b) Standard deviation of transverse
velocity component v as a function of distance past trailing point. The number in the legend
represents the Reynolds number with the notation that “E+n” plays for “-10"”, we apologize for this
inconvenient notation.
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Fig. 3. Ensemble average of measured stream-wise velocity component «. The Reynolds numbers are
from left: 2.55-103, 5.1-103 and 1.53-10%. The coordinates are in millimeters, horizontal one
represents stream-wise direction, the vertical one the transverse direction. The cylinder axis is
perpendicular to the field of view and it is placed left hand side of it in a such way, that the trailing
point has coordinates [0, 16] mm.
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Figure 3 shows the spatial distribution of the ensemble averaged stream-wise velocity and
Fig. 4 displays its standard deviation, i.e. second raw moment, which is calculated using:

ol = (@ - @)
Symbol (--- ) means the average, u; denotes the instantaneous velocity at certain position X.
The spatial distribution of o[u] differs significantly from that of o[v] displaying a pair of
peaks past each side of the cylinder. Those peaks are displayed in Fig. 5. First, the peaks are
sharp and probably much higher than the value measured by finite resolution of PIV system.
Later downstream a sudden widening follows splashing the fluctuating fluid mainly towards
the wake axis, later dissipating outside of the wake as well. This is in contrast to the
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distribution of fluctuations in transverse component v, Fig. 7, which has a maximum in
between the peaks of stream-wise velocity fluctuations.
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Fig. 4. Standard deviation of measured stream-wise velocity component u. The Reynolds numbers are
from left: 2.55-10%, 5.1-10° and 1.53-10%.
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Fig. 5. Graphs showing cuts through the ensemble of standard deviations of the velocity component u.
Darker color means lesser distance from measured cylinder. Values of second moment are on the y
axis, on the x axis are y coordinates. The Reynolds numbers are from left: 2.55-10° and 1.53-10%.
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Fig. 6. Ensemble average of measured stream-wise velocity component v. The Reynolds numbers are
from left: 2.55-10%,5.1-10% and 1.53-10%.
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Fig. 7. Standard deviation of measured span-wise velocity component v. The Reynolds numbers are
from left: 2.55-10%, 5.1-103 and 1.53-10%.
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Fig. 8. Mean vorticity component parallel with the cylinder axis. The velocity field is normalized by
the reference velocity Urer in order to compare distributions at different velocities and thus the
effective unit of vorticity changes from [s™'] to [m™']. The Reynolds numbers are from left: 2.55-10°,
5.1-10% and 1.53-10%
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Vorticity is calculated using rotation of velocity as:

®w=Vxi
Note that only the component perpendicular to the field of view can be calculated as only
two velocity components are measured. Thus this quantity behaves as a scalar in the data.
The shear layers are characterized by strong vorticity signal, see Fig. 8, while around the
stagnation point it disappears, which does not mean, that the fluid was quiet there, the
opposite is true, as can be visible in the map of standard deviation (second raw moment) of
vorticity in Fig. 9.
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Fig. 9. Standard deviation of measured vorticity. The Reynolds numbers are from left: 2.55-103,
5.1-10% and 1.53-10%
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Fig. 10. Mean Q. The Reynolds numbers are from left: 2.55:10%, 5.1-10° and 1.53-10* Again, the
velocity field is divided by the reference velocity, thus the unit of Q parameter changes from [s2] to
[m?]

Due to the nature of vorticity — it is made of two components rotation and shear — there
apparently comes need to differentiate these two components of each other. Here we use the
Q parameter

1
Q= > (w? —5?)
this physical quantity tells us which component of vorticity is predominant. Simplified, if Q

. . s . 1(0ou; , Ouj . "
is negative, the vorticity is made mainly of shear s, s = - (i + ﬂ) If Q is positive, then

2\9x;  0x;
component of rotation is predominant. The ensemble average of Q is displayed in Fig. 10
showing a single “Y-like” structure instead of pair of opposite branches as the vorticity do
(Fig. 8). This is caused by the presence of vortices around the stagnation points, but these
vortices are positive and negative averaging to zero signal, while the Q ensures summing, if
the structure is rotational.

3 Conclusion

We used the experimental method of Particle Image Velocimetry (PIV) for measuring the
instantaneous velocity past a circular cylinder [36] of diameter 10 mm placed inside an open
wind tunnel test section. We observed a significant shortening of the recirculation bubble
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appearing in the ensemble-averaged maps. The fluctuations differ between components — the
stream-wise component fluctuates most past the boundary layers of the cylinder with a local
minimum at the wake axis, while the fluctuation of span-wise velocity has maximum at the
axis.

In future we will continue analyzing this data, in focus to the individual vortices and their
statistics, we plan to compare this results to some numerical simulation and later we will plan
better next measurement learning from the current troubles and inaccuracies.

I gratefully thank to RNDr. Daniel Duda for supervising this small student project, although the
measurement was limited due to the general limitations of student works at the university due to the
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student project selecting very interesting topics.
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