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WITOLD ELSNER,!, STANISLAW DROBNIAK!

Phase-reconstruction of a moving cylinder wake

The paper presents a consecutive stage of research devoted to modelling of nonstationary rotor-stator
nteraction in plane cascade flows. Measurements performed with the help of a hot-wire and supplemented
phase-averaged technique allowed to reconstruct the velocity field in the wake behind the moving
inder. The results obtained confirm that the flow behind the moving cylinder is dominated by the
man vortex street forming in a repetitive manner. Triggering of the Karman vortex street which takes
e when the moving cylinder passes the shear layer, has been proven in a direct way i.e. by phase —
onstructed pictures of velocity field.

1. Introduction

The main source of the flow unsteadiness in turbomachinery blading is the
so-called rotor-stator interaction. This complex flow phenomenon consists of two
separate effects, namely the viscous and the potential interactions.

The viscous interaction is caused by stator wakes that produce the circum-
‘erential nonuniformity of the flow-field in the axial gap, which are then cut by
‘he rotor blades. The potential interaction reveals itself as the flow periodicity
nduced by the moving rotor blades, which would exist even if the fluid was an
nviscid one. The latter effect can cause unsteadiness in both the upstream and
downstream directions and its influence decays rapidly with the increase of an
axial gap. The viscous wake interaction convected downstream of the wake - ge-
nerating device is much more durable than the previous one and that is why it is
a point of interest of numerous scientific papers.

The most common method of simulation of nonstationary rotor-stator interac-
tion in linear cascade experiments is to introduce moving rods, rotating upstream
the test cascade as it has been described among the others by Adachi and Mura-
kami (1979). At the inlet of compressor stator blades they applied a rotor wheel
with cylindrical bars, and its rotation was assumed to simulate the interaction of
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18 W. Elsner, S. Drobniak

the real rotor blades. The design of an experimental stand allowed to compare a
3D flow within the blade passages both for the steady and periodically disturbed
inflow. Measurements were performed at a midspan in a stationary frame of re-
ference with the use of the rotating, single-wire hot-sensors. The phase-averaged
procedure made it possible to determine the time-dependent periodic velocity
component with the simultaneous of velocity oscillations damping, induced by
the Karman vortex path behind the moving cylinders.

Another interesting experimental analysis of the unsteady three-dimensional
flow and pressure field in an annular compressor cascade with an upstream rotor
has been described by Schulz et al. [10] and Gallus et al [8]. Rotor-stator viscous
interaction was generated by a rotor, which consisted of 24 cylindrical rods, si-
mulating the rotor blades. The wake-flow pattern behind the rotating cylinders
was also examined by Wiercinski [11] and later on by Poengsen and Gallus [9] as
well as by Wood et al. [13]. A similar technique was used by Dullenkopf et al. [5]
in the research concerning the augmentation of a heat transfer along the surface
of a convectively cooled gas turbine blade. In their research the wake — generator
consisted of a disc equipped with cylindrical bars and their rotation upstream of
the cascade was supposed to simulate the effect of moving rotor blades.

voltage —

velocity —

time
Fig. 1. The sample record of a reference signal (a) and velocity signal (b).

The credibility of simulation of nonstationary rotor-stator interactions by m
ans of rotating cylindrical rods has been questioned by Bogustawski and Elsnes
[2, 7] and also quite recently by Wysocki et al. [14]. It has been shown in the abc
papers that application of the rotating rods as the simplest solution may be =
sleading, when the two processes i.e. wake and vortex street are phase-correlat:
The consequences of the above state may be quite serious as it has been prov=
in Wysocki et al. [14]. Fig. 1 taken from this paper presents a sample veloc:
time record registered behind a row of moving cylindrical bars. The velocity <
gnal recorded by a single hot-wire (trace b) was accompanied by phase refere
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signal (trace “a”) which marked the position of consecutive rods.
As can be seen the velocity signal does not exhibit any trace of periodicity
and furthermore this observation is fully confirmed by the data plotted in Fig. 2.

The value of the overall velocity variance Cx2 = C2 + ¢/2 attains a constant va-

lue at N = 40 recorded periods, while the periodic variance C? appears to be a
monotonic decreasing function of the N number. At the same time the shape of
a phase averaged velocity profile < ¢(t) > (not shown here) tends to a practi-
cally constant value without any symptoms of flow periodicity. One may conclude
therefore that mutual correlation between the cylinder motion and vortex street
zives the velocity field where the results of measurements may depend on their
location in reference to the vortex trajectories and one should treat these results
with caution.

0.03 i

0.02 ==1.0.08

0.01 "’i gg -1 0.04

0.00 0.00

0 20" 40 60 ' BO 100120 140 160 - 180
N=6n

Fig. 2. The distribution of overall and periodic velocity variance.

The most probable explanation of the above phenomenon i.e. the phase-cor-
relation between the wake and the Karman vortex street received however only
the indirect confirmation in the papers discussed above. In particular it has been
shown that phase-average velocity variance showed a distinct periodicity in the
direction parallel to the direction of the cylinder motion and it was believed that
the lines connecting the variance maxima determined a direction of the vortex
trajectories as presented in Fig. 3 (Bogustawski and Elsner [2]). The angle be-
tween vortex trajectories and the direction of the main flow allowed to evaluate
a vortex convection velocity that is very close to the one observed for Karman
vortex streets behind a stationary cylinder. The distances between vortex trajec-
tories were also very close to the predicted value, if one assumed Strouhal number
characteristic to the vortex street behind circular cylinder equal 0.2. These argu-
ments suggested that the flow structure behind the cylinder crossing a potential
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Fig. 3. Spatial evolution of ﬁg(z, s).

jet core was dominated by the Karman vortex street which was generated in -
petitive manner behind consecutive passing rods.

The possibility of synchronisation of the Karman vortex street was questions
by Wood (private communication) whilst analysing the data from (Bogustaws:
and Elsner [2]) came to the conclusion that they do not prove the above pk
nomena. Because the authors of the present paper were convinced about :
correctness of their observations presented in (Bogustawski and Elsner [2]) so *
proper set of experimental research was conducted in order to clarify the ab
arguments.

2. Experimental facility and data processing techniques

In order to verify the existence of mutual correlation between the wake posit:
and Karman vortex street it was decided to recover the unsteady velocity &«
behind a moving cylinder from the phase-locked X-wire measurements with
using the Taylor hypothesis. To obtain a proper resolution of phase-averas
velocity field the above measurements were performed on a very fine gric
measuring points.

The measurements have been performed with the use of a test facility wh:
schematically presented in Fig. 4. The disturbance generator consisted of a
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Fig. 4. Scheme of the experimental set-up.

with 10 cylindrical rods of the length I = 90 mm and the diameter d = 3mm which
was installed at the wind-tunnel exit. The wind-tunnel exit nozzle with a diameter
D = 80 mm ensured a uniform radial velocity distribution C(r) = const at the
exit plane as well as in the flow region occupied by the jet potential core. The
cylindrical rods rotating at a constant speed cut the potential core at 90-degree
angle. The outlet velocity at wind-tunnel exit and the circumferential velocity of
cylinders was kept constant at the level C = U =8 m/s. '

To measure the wake behind a moving cylinder the X hot-wire probe and
two-channel DISA 55M System coupled with PC computer has been applied.
The signals from both channels have been sampled in a 12-bit A/D converter
at the rate f = 8 kHz. The sampling process was started by a signal from a
reluctance transducer, which served as a key-phasor. Contrary to the previous
experiment where each cylinder was generating the phase reference signal it was
decided to perform the measurement behind one and only one cylindrical rod.
One could expect that such a choice should reduce the random scatter of velocity
traces recorded behind the different cylinders. That is why the two reluctance
transducers have been applied with the first starting and the second ending the
data acquisition process.

The 1001 measuring points have been evenly distributed in a measuring vo-
lume as it is shown schematically in Fig. 5. The main axis of the measuring plane
was placed at an angle 45° degree to the axis of an aerodynamic wake, i.e. it was
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Fig. 5. Localisation of the measuring area in reference to the wind-tunnel exit.

parallel to W velocity vector. The width of the measuring area has been adjuste-
according to Bogustawski and Elsner [2], and contained at least one full wid:!
of a moving vortex street. A trustworthy reconstruction of a moving wake wouls
require simultaneous measurements in all measuring points. It is obvious however
that the presence of a large number of velocity transducers would distort the anz-
lysed velocity field. That is why in the present experiment the single X-wire prot
has been applied. The phase-locked measurements enabled the reconstruction
the velocity field generated by a moving cylinder crossing the shear layer. Tk
reconstruction was possible provided that a moving circular cylinder entering %
potential core generated the Karman vortex street in a repetitive manner, i.e. t&
first vortex in the flow field was formed always almost in the same place.

The phase-averaging of the signals recorded by X-wire probe enabled to calc
late the time series of velocity components in the circumferential C,, and axial
directions. Following the triple decomposition idea (Elsner [6]) the instantanec:
values of both axial and circumferential absolute velocity components could
expressed by the formulae:

it =58,

Ca(t) + ¢4 (t)

+
+ Cu(t) + ¢, (¢)

s
l
Q
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where C,C, ¢ denote the mean, periodic and random components of absolute
welocity vector.
The phase-locked averaging procedure (Elsner [6]) based on the relationships

N

<Cot)> = Co+Ca(t)+F X Calt +4T)
e =l (2.2)
<Cu(t)> = Cu+Cult) +# ./;‘21 Cu(t+4T)

where T' = 60/2zn, rejects the background turbulence and extracts only the de-
terministic motion from the total signal. Thus, taking into account (2.2) in (2.1)
and introducing a nondimensional time coefficient 7 = ¢/T' (¢ € (0,T), 7 € (0,1)),
sne may get the mean and periodic velocity components, respectively

= f1< Co(T) > d7

) (2.3)
fsd O (7] > dr

0

Ol = Ca(7) > —-C
o(7) < Cuf7) a (2.4)
Gy ==,
It should be noticed here, that contrary to our previous paper (Bogustawski at al.
1') the mean velocity components have been subtracted in the above relations. It
means therefore, that the observer watching the oscillatory flow field is no longer
placed in the centre of vortex, but it moves with the mean velocity vector instead.

3. Preliminary tests of experimental data

During the experiment the measurements of velocity field have been perfor-
med at 1001 measuring points. The hot wire signals registered in consecutive
wake passages behind the selected cylinder were sampled at a rate equal 8 kHz,
that for the given values of measuring parameters gave 100 samples for one wake
passage. It means therefore that the results obtained allowed to trace 100 time
stages of nonstationary velocity field behind the moving cylinder.

During the preliminary experiment it was necessary to determine the mini-
mum number of periods needed to perform trustworthy phase-averaging proce-
iure. Sample stability tests for axial and circumferential velocity components
have been presented in Figs. 6 and 7 respectively. As can be seen both first and
second order statistical moments became stable for N = 50 and this value has
been applied for further research.
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Fig. 6. The sample stability test for axial velocity component.
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Fig. 7. The sample stability test for circumferential velocity component.
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1. Computer aided visualisation of oscillatory velocity component

The detailed insight into the internal structure of the periodic velocity field
nduced by the passage of the vortex may be obtained from the velocity maps
of periodical velocity components. As it has been stated above the oscillatory
-omponents C,, C,, have been obtained by subtracting the mean value from the
otal signal in accordance to equations (2.4) whereas the magnitude |C| and
direction « of particular velocity vectors has been determined according to the

ollowing formulae
|CI ="/ 62 (t) % C~’12L(t)|7'=idem

= Cu(t)
o =  arctan EZ(T)'Tﬂdem

(4.1)

The resulting phase-averaged velocity fields have been presented in Figs. 8, 9
where one may notice well defined distortions of velocity field caused by passing
vortices. As can be seen the most regular pattern is observed for the initial area
of the wake, where the vortices maintain their maximum spatial coherence while
n the region placed further downstream the intensity of rotation and degree of
spatial coherence is much weaker as indicated by smaller lengths of velocity vec-

One should also notice that the spatial coherence of the vortices is preserved
only in the inner region of the jet where the clear pattern of oscillatory velocity
feld may be observed (see Fig. 8) . In the outer region of the wake the oscilla-
rory flow field is almost non-traceable which suggests that the phase-relationship
s not preserved in this area. This observation agrees with the statements con-
cerning the round free jet made by Crow and Champagne [4] who have noticed
“the short-lived nature” of the outer part of coherent vortices which may be at-
‘ributed to their interactions with the irregular outer structures which are not
ohase-linked with the proper coherent vortices. One may expect however, that
:he phase-averaging procedure cancels all these random phenomena that in turn
results in much smaller amplitudes of oscillatory velocity components in the outer
~egion of the wake.

The distance between particular vortex trajectories determined from Fig. 8
equals As = 10 mm that for the velocity ratio ¢ = C/U = 1 and for cylinder
diameter d = 3 mm gives the value of Strouhal number

et a4t ST (4.2)

Asy/1+ p?
which is in a good agreement with earlier measurements performed by Bogustaw-
ski and Elsner [2] as well as with the results obtained by Wierciniski [12]. Quite
rvpical is also the decay of oscillatory motion at the distance z/d > 8 from the
cvlinder which results from the viscous destruction of the Karman vortex street.
It is worth noticing that the well defined vortical structures visible at the
bhase-averaged picture of velocity field, may be treated as a direct proof of the
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Fig. 8. The phase-averaged velocity field for phase 7 = 0.45 calculated according to (2.4).
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synchronisation between the position of the wake and the Karman vortex street.
The shape of the velocity field shown in Fig. 8 clearly proves that a moving circular
cylinder entering the jet potential core generates the Karman vortex street in a
repetitive manner, i.e. the first vortex in the flow field is formed always almost in
the same place. The substantial length of oscillatory velocity components shown
in Fig. 8 suggest that the contribution of vortex induced velocity field in a flow
behind moving cylinder is quite significant.
More detailed information concerning the oscillatory velocity pattern induced
n the wake by passing vortices may be obtained from the analysis of isolines of
elocity modules calculated from eq. (4.1). Typical picture obtained for phases 7 =
50 and 7 = 0.56 have been presented in Figs. 10 and 11. The velocity modulus
solines indicate the areas of various intensity of velocity gradients characteristic
for the Karman vortex street.

5. Vortex convection velocity in a flow field

Velocity fields presented in Figs. 8, 9 have been obtained only for the two,
sample time stages of a moving Karman street. Taking under consideration all the
wvailable data it became possible to determine all positions of particular vortices
m consecutive intervals of time, and in this way to find the vortex trajectories.
Such frajectories are presented in Fig. 12, where one can easy see that trajectories
«t very close distance to the plane of a moving wheel (0 < z/d < 3) have highly
“istorted shapes. The calculated points can be, however, approximated by straight
“nes of a stable slope for 2/d > 3 and this observations proved that an assumption
werning the straight-line vortex trajectories, presented by Bogustawski and
El fQ], was not preserved in the analysed flow. It should be noted however,

wat the particular points denoting the location of vortex centres in Fig. 12 have

ween determined as the location of the isoline maxima of velocity modulus. It

bvious that the points do not correspond to the velocity maxima and much
wetter indication could be of course obtained from vorticity distributions. It was
decid led that such analysis will be performed in the near future.

T'he analysis of consecutive instantaneous velocity pictures obtained from the
siase-averaged data enabled one to determine the vortex convection velocity
wiich could be calculated as

W, =(1- k)W (5.1)

C = —W,sina+U
s c (5.2)
(Ch)e = —W,cosa
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Fig. 10. Isoline contours of phase-averaged velocity modulus for phase 7 = 0.45.
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Fig. 11. Isoline contours of phase-averaged velocity modulus for phase 7 = 0.55.
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Since
sina = 7 = \/UngO2 - \/1:-902 (5.3)
cosa = T% = \/U2C+C2 E \/1%1«,02

where velocity ratio ¢ = C/U we finally have
(Cu)e=kU; (Ca)e=(1-k)C (5.4)

I'he corresponding value of coefficient k, according to Bogustawski and Elsner [2]
sould be calculated from the equation

ptan (8

where tan [ is the slope of vortex trajectories. Analysis performed by Bogustawski
and Elsner [2] allowed to assume the value of coefficient k equal 0.167 and in
this way to apply the assumption concerning the constant convection velocity of
Karman vortices.

Taking advantage of the fact that vortex trajectories are not straight lines
Fiz. 12), at least in the distance z/d < 3, it was decided to calculate the value of
»eificient k as a function of distance z. The results are presented in Fig. 13 where
e dashed line represents k value taken after Bogustawski and Elsner [2]. It is
war that at very close area to moving cylinder, coeflicient & attains high value

2% but in the downstream direction its value decreases very fast and converges
“0 a level equal 0.167, which has been obtained among the others by Bogustawski
and Elsner [2].

#. Concluding remarks

It may be concluded from the presented work that a moving circular cylinder
sntering the free stream through sharp jet velocity profile generates a Karman
wrtex street in repetitive manner, in which the first vortex in the flow field is
mmed always almost in the same place. The contribution of the vortex induced

#iocity field behind a moving cylinder is significant even in a quite far region
=uem the plane determined by the passing cylinders. However, the trajectories of

iices are not straight lines especially just behind the cylinder, as it has been
wwezled by the varying value of coefficient k.

he final observation is, that experimental results registered in a phase-correlated
waee may be strongly dependent on the location of measuring point, what may be
" vertain importance for modelling unsteady phenomena in fluid flow machinery.
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Fig. 12. Reconstruction of a set of vortex trajectories behind moving cylinder.
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Fig. 13. Coefficient k as a function of a distance behind moving cylinder.
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Fazowa rekonstrukcja §ladu za poruszajgcym sie cylindrem

Streszczenie

Przedmiotem pracy jest analiza oddzialywania $ladu za poruszajacym sie cylindrem na pole predk
na wlocie do kaskady kierowniczej. Pomiary prowadzone byly przy wykorzystaniu aparatury termo
mometrycznej oraz techniki u$redniania fazowego, w ktérej sygnal odniesienia wyzwalany byl przez stas
potozenie katowe wirujacego preta. Jak stwierdzono, przeplyw za poruszajacym sie cylindrem zdomim
wany jest przez powstajace naprzemiennie wiry Karmana. Analiza uérednionych fazowo pél predimss
potwierdzila tezg¢ o synchronicznym formowaniu sie $ciezki wirowej w momencie wejécia preta w potes
cjalny rdzen strugi kolowej.




