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ALICJA JARZA', TADEUSZ TARNOWSKI!

Turbulent flow around circular cylinder in oscillatory inlet
conditions

In the present paper the response of the flow around stationary circular cylinder due to inlet stream
oscillations has been discussed. The unsteady flow field was analysed on the base of complete set of mean
velocity profiles, Reynolds and coherent stress components and spectral records in the near—wake region.

Nomenclature
Cp — drag coefficient, fso
Cp = g—(p—%%’—o—l surface pressure coefficient,
PYo
c;, —  coefficient of pressure ng
fluctuations, U(t)
d — diameter of the cylinder, ul, U
E> — contribution of periodic lateral
motion energy in the total U;
turbulent kinetic energy, Uo
fo — frequency of the inlet flow By
disturbances, (C]
Is —  vortex shedding frequency,

1. Introduction

Strouhal frequency of a stationary
cylinder in a uniform incident flow,

angular velocity of the shutters,
instantaneous flow velocity,
random and periodic velocity
fluctuations components,

time mean velocity,

mean velocity of the incident flow,
coordinate axes, defined in Fig. 3,
angular coordinate of the position
around cylinder.

The particular feature of the velocity and pressure fields around the bluff
bodies in turbulent flows is both random and periodical nature of their time de-
pendence. The oscillating flow field component is a direct result of an alternate
vortex generation and shedding into the body wake. On the other hand the or-
ganised time-dependent fluctuations of the flow surrounding the bluff body can
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be caused by the periodical external disturbances of the incident stream. Recent
review given by Griffin and Hall (1991) has confirmed the fact that, in the case of
stationary rigid bluff body placed in an oscillatory incident flow the phenomenon
of vortex shedding resonance or lock—on is observed. It occurs when the incident
mean flow has a periodical component characterised by properly matched frequ-
ency and amplitude. This opinion agrees exactly with the results of Armstrong et
al. [1-2] and earliest researches of Jarza and Stomczytnski [4]. They emphasised a
particularly strong resonance between the inlet flow disturbances and the vortex
shedding, providing a promising observation for modifications and control of the
near-wake of a bluff-body.

The aforementioned works revealed the limits of the lock-on regime for inci-
dent flow periodical disturbances. According to Fig. 1 (Jarza, Stomczynski [4])
lock-on initiates at around fp/fso = 1 with synchronisation of fso and fs, but
then the shedding frequency fs tends towards the subharmonic of the driving
frequency fo. The value fo/fso = 0.5 is kept constant over relatively wide range
of reduced velocity Up/(fo x d). For the rates fo/fs0 between 2.2 = 2.7 the vor-
tex and inlet oscillations frequencies unlock and the vortex shedding frequency is
again equal to fs0. The present experimental research has been undertaken in or-
der to explain to what extent the turbulent structure of a two—dimensional wake
flow may be affected by the incident flow oscillations. The special attention has
been put on the response of the flow around stationary circular cylinder due to
lock-on conditions. A method of signal processing based on the phase averaging
technique made it possible to consider the instantaneous values of velocity U;
as superposition of the mean U as well as periodic 4; and random u} turbulent
component

U(t) = U + uj(t) + u(t) (1)

2. Experimental arrangement

The investigations were carried out in an open-—circuit wind tunnel at the
Institute of Thermal Machinery of the Technical University of Czestochowa. The
test section was (0.5x0.6)m (W x H) and ~ 4 m long. The free-stream turbulence
did not exceed 0.1% at speeds up to 10 m/s.

The circular cylinder of 0.08 m in diameter and 0.5 m long was positioned
1.5 m from the entrance to the working section, perpendicular to the free-stream
direction. The controlled oscillations of the incident flow were introduced by me-
ans of the set of two shutters rotating in phase at the down stream end of the
wind-tunnel measuring section. For the schematic of the arrangement see Fig. 2.
The generated velocity perturbations were periodic with the fundamental frequ-
ency fo, corresponding to the angular velocity of the shutters (fo = 2 x ng ). The
amplitudes of disturbance harmonics were small compared with the fundamental
frequency amplitude. The additional control measurement taken by means of the
X hot-wire probe confirmed that the incident flow velocity had a large periodical
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component in the streamwise direction only superimposed upon the mean fluid
motion.

The complex flow field around the cylinder was studied using the multichannel
DISA 55M CTA System. A method of signal processing based on the phase avera-
ging technique was applied. The instantaneous pressure signals were transmitted
from taps at the surface of the cylinder to the Honeywell pressure transducer
mounted inside the model.

3. Discussion of the results

3.1. Characteristics of turbulent wake development behind a circular cylin-
der in oscillatory flow

The main part of experimental results obtained here deals with the near wake
flow region and includes the mean flow evolution as well as the turbulent structure
described by random and periodical fluctuations components. The unsteady flow
field was analysed on the base of a complete set of profiles of measured quantities
obtained at different distances x;/d (see Fig. 3) and selected values of inflow oscil-
lations frequency fp. During the experiment the conditions of lock-on occurrence
were fulfilled as well as the state outside the range of resonant synchronisation.

According to schematic sketch in Fig. 3, the degree of the wake-flow non
uniformity can be characterised by the parameter AUj,,/Ug. The profiles of
mean longitudinal velocity component presented exemplary in Fig. 4 for diffe-
rent values of driving frequency fp and corresponding with the sample distance
z1/d = 3 behind cylinder allow to find the empirical dependence between the
level of mean-flow uniformity, coordinate z; and inlet frequency fo. The results
shown in Fig. 5 reveal that the inlet periodical disturbances intensify the process
of mean velocity field stabilisation. One can observe the progressive reduction of
the wake-depth AUj,, as fy increases. The influence of external flow disturbances
is particularly strong for lock-on conditions, achieved in the present experiments
for the driving frequency range fy ~ 21 + 28 Hz (see Fig.1).

In the near wake-flow the presence of lateral mean velocity component Us
is strongly marked as a result of vortex street circulation. The experimental di-
stributions of lateral mean velocity component for the distance z1/d = 3 and a
wide range of driving frequencies fy are presented in Fig. 6. The characteristic
shape of Uj velocity profile results from different sense of velocity vector on both
sides of the wake-center-line. The effects of incident flow oscillations are visible
through the changes of local extremum corresponding to the vortex street forma-
tion and development. An increase in distance z;/d results in a change of profile
depth AUgpmqz shown in Fig. 7 for different values of inlet flow frequency fo. The
experimental data form the common band with the local maximum due to vortex
formation process.

Simultaneously with the measurements of mean flow pattern, all the compo-
nents of double-velocity correlation tensor were determined to describe the sta-
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U=5.7m/s

Fig. 1. Variation of reduced shedding frequency fs/fso versus driving frequency fo /fso (Jarza, Stom-
czynski [4]).
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Fig. 2. Schematic of the experimental facility.



Turbulent flow around circular cylinder ...

U

lmax =

%AUlm
=T
Ulmin Ibo. 5
i AU
1lm
U, \ =T

Fig. 3. Schematic sketch of mean velocity profile.

Fig. 4. Profiles of mean velocity longitudinal component across the wake flow.
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tistical properties of turbulent flow field. The sample lateral distributions of the

normal turbulent stress u/3 presented in Fig. 8 for the wake cross section z; jd =2
reveal a relatively small scatter of empirical results within the range of frequency
fo considered. Insignificant disparity and tendency toward the higher values of

random velocity variances u/? can only be observed for the forcing frequencies fy
corresponding to the lock-on regime. On the other hand the substantial influence

of incident flow oscillations is observed with respect to the cross component u’2
of random motion. The distributions in Fig. 9 clearly show that the growth of the
frequency fo leads to the much higher levels of random motion energy referring to
cross fluctuations component. This effect becomes more visible within the lock-on
range of incident forcing parameters (fy = (22 + 28) Hz).

No significant difference of the results due to the inflow perturbations is visible
in Fig. 10 presenting shear Reynolds stresses profiles. For the zone of lock-on
conditions one can only observe the some growth of turbulent stresses extremal
values.

Some limitations of hot-wire measurements technique in turbulent near wake-
flow should be emphasised here. The relatively strong effect of binormal cooling
due to the organized inwards/outwards motions in the near wake makes velocity
measurements in this region extremaly difficult. Therefore some of the results
presented here should be treated as the rough estimation of the velocity field
characteristics.

The main feature of the flow field around cylinder affected by incident stream
oscillations is a triple decomposition of instantaneous value of each flow parame-
ter, which may be expressed in the form given by Eq. (1).

Thus the present study contains also the characteristics of oscillatory com-
ponents resulting from the existence of organized flow vorticity. Sample results
concerning the variance of longitudinal component of periodical motion are shown
in Fig. 11. They represent the distance z1/d = 2 downstream from the cylinder
and different inflow conditions described by frequency fy. The experimental data
presented here do not reveal clearly any relation between the oscillating velocity
component and external perturbations frequency. It is worth noting that in the
region of the wake center line (z2/d ~ 0) the longitudinal component of periodical
motion does not practically exist. The locations of maximum oscillations intensity

result from the vortex street geometry. The level of periodical variance u?/ U‘é in
this zone is much higher for the lock-on flow conditions. On the other hand, cross
component of periodical variance is generally high near the wake centerline, what
is specially visible in Fig. 12 for the resonant range of perturbation frequencies f;.

It seems interesting to estimate the contribution of periodic motion to the ove-
rall fluctuating energy. On the basis of measured profiles of random and periodic
variance it is possible to determine the average (for the wake cross section) va!
of kinetic energy corresponding both to the turbulent and oscillatory motions
For the example, the normalised average value of kinetic energy of oscillatos
flow can be expressed as
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72 1 [t05_
<:12— == Utdis (2)
UO - UO -0.5
where: T3 = z3/Azoy,

and Azg,, — width of the test cross section z; = const .
The share of periodic motion energy in the total turbulent energy, referring
0 the cross flow component is described by the relation:

()., 3
(7). +(3). i

According to Fig. 13 the rate E; does not exceed the level of 20% even in
ock-on regime, which brings about much more intensive oscillatory motions in
ross direction.

The incident flow disturbances change the Karman peak amplitude in the
=locity fluctuations spectra. This changes have been expressed here by means
f the parameter AA. On the basis of distributions presented in Fig. 14 one can
imate the bounds of vortex formation zone identified with the maximum of AA
cation. As it can be seen here, the inlet flow oscillations intensify the vortex
orming, specially in lock-on conditions.

Ey =

i.2. Pressure field around cylinder affected by incident stream oscillations

The wake flow analysis presented here can be additionally completed by the
nformation about the changes in the surface pressure field around the cylinder
iue to incident stream oscillations.

Fig. 15 shows the selected distributions of the mean pressure coefficient C,,
btained using the central pressure tapping and rotating the cylinder about its
is. The curves composed here were taken in the lock-on region (fy = 26 Hz) and
n steady conditions (fo = 0) respectively. Periodical disturbances of incident flow
were found to have a very small effect on the front-face pressures. The influence
¢ the external flow oscillations appears to be limited to reducing the pressure
oefficient at angular positions larger than 60°. As it can be expected, the perio-
ic inflow disturbances bring about more intensive surface pressure fluctuations
xpressed by the coefficient

2p)
S (4)
PYo

[t is interesting to observe the mutual relation between the surface mean pres-
ure coefficient and pressure fluctuations intensity around the cylinder in the flow
onsidered. The results presented in Fig. 15 reveal the rapid growth of pressure
luctuations intensity c;, in the separation region for the lock-on regime. The mean
rag coeflicient Cp estimated on the base of results presented in Fig. 15 increases
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Fig. 10. Shear Reynolds stresses across the wake flow for different values of fg.
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Fig. 15. Distribution of mean and fluctuating components of pressure coefficient around cylinder surface.

Fig. 16. Effect of inlet flow oscillations on the mean drag coefficient of circular cylinder.
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from 1.2, for the uniform incident flow, to 1.64 in the case of a resonant value of
incident flow frequency f; (Fig. 16).

4. Concluding remarks

Obtained results indicate, that the oscillations of the incident flow conside-
rably change the vortex street geometry and turbulent structure of the cylinder
wake flow. In the lock-on regime the external flow disturbances bring about the
amplification of eddies characterised by frequency closed to the subharmonic of
inlet oscillations. The substantial effect is noted also with respect to the contri-
bution of random and periodical fluctuations to the total kinetic energy of the
fluid motion.

Manuscript received in April 1998
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Turbulentny przeplyw wokét cylindra w warunkach oscylacji
strugi dolotowej

Streszczenie

Praca zawiera oméwienie wplywu oscylacji strugi dolotowej na przeplyw wokét sztywnego nierucho-
mego cylindra kolowego.

Podstawe analizy stanowia eksperymentalne charakterystyki przeplywowe obejmujace profile zaréwne
grednich jak i losowych i okresowych skladowych pola predkodci i ciénien. Rozwazania dotyczg réwniez
udzialéw energetycznych poszczegélnych form ruchu w catkowitej energii kinetycznej fluktuacji prze-
plywu. Szczegélny nacisk polozono na proces formowania sie $ladu zachodzacy w warunkach rezonansu
lock-on.



