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WITOLD ELSNtrR,1, STANISŁAW DROBNIAK1

Phase-reconstruction of a moving cylinder wake

The paper plesents a consecutive stage of research devoted to modellirrg of nonstationary rotor-stator
rteraction in plane cascade flows. Measurements performed with the help of a hot-wire and supplemented
lr phase_averaged technique aliowed to reconstruct the velocity fieid in the wake behind the moving
,-llnder. The results obtained confirm that the flow behind the moving cylinder is dominated by the
{arman vortex street forming in a repetitive manner. Triggering of the Karman vortex street which takes
_..ace when the moving cylinder passes the shear layer, has been proven in a direct way i.e. by phase -
-econstructed pictures of velocity field.

1. lntroduction

The main source of the flow unsteadiness in turbomachinery blading is the
so-ca]led lotor-statol interaction. This complex flow phenomenon consists of two
:eparate effects, namely the viscous and the potential interactions.

The viscous interaction is caused by stator wakes that produce the circum-
ferential nonuniformity of the flow-field in the axial gap, which are then cut by
the rotor blades, The potential interaction reveals itself as the flow periodicity
induced by the moving rotor blades, which would exist even if the fluid was an
urviscid one. The latter effect can cause unsteadiness in both the upstream and
donnstream directions and its influence decays rapidly with the increase of an
axial gap. The viscous wake interaction convected downstream of the wake - 8e-
aerating device is much more durable than the previous one and that is why it is
a point of interest of numerous scientific papels,

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
nith rylindrical bars, and its lotation was assumed to simulate the interaction of

1Institute of Thermal Machinery Technical University of Częstochowa, Al. Armii Krajowej
2I.42-200 Częstochowa



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 plessule field in an annular complessor cascade with an upstream rotor
has been described by Schulz et al. [10] and Galius et al [B]. 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 Wierciński [11] and later on by Poengsen and Gal}us [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 - generatol
consisted of a disc equipped with cylindrical bars and their rotation upstream oi
the cascade was supposed to simulate the effect of moving rotor blades.

--
ume

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

The credibility of simulation of nonstationary rotor-stator interactions b1- ::_,

ans of rotating cylindrical rods has been questioned by Bogusławski and EL-:,. -

|2,7] and also quite recently by Wysocki et al. [14]. It has been shown in the aŁ, ,

papels 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-correla:-,,
The consequences of the above state may be quite serious as it has been prc-,,
in Wysocki et al. [14]. Fig. 1taken from this paper presents a sample velo,--
time record registered behind a low of moving cyiindrical bars, The velocit-., ,

gnal recorded by a single hot-wire (trace b) was accompanied by phase refer._
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Phase-reconstruction of a moving ... 19

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 b_ y the data plotted in Fig. 2,

The value of the overall velocity variance C*2 - Q2 4 
"t2 

attains a constant va-

lue at l/ : 40 recorded periods, while the periodic variance c2 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
gircs 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
u:ith caution.

0.03

F2
=;L6

al

o.12

w*0-=;

0.080.02

0.00 0.00
120 14o 160 18o

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
shovrn 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 (Bogusławski 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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E

l,c_)

Fig. 3. Spatial evolutioli or Ę(r, s).

jet core was dominated by the Karman vortex stleet whiclr was generated ir_ :

petitive manner behind consecutive passing rods,
The possibility of synchronisation of the Karman vortex stTeet was questio]_-.

by Wood (private communication) whilst analysing the data from (Bogusłas,,..
and Elsner [2]) came to the conclusion that they do not prove the above r_.
nomena. Because the authors of the present papel were convinced about :

correctness of their observations presented in (Bogusławski and Elsner [2]) so :

ploper set of experimental research v/as conducted in order to clarify the aL ,

arguments.

2. Experimental facility and data processing techniques

In order to verify the existence of mutual correlation between the wake pos_..
and Karman vortex street it was decided to recover the unsteady velocit1, __",

behind a moving cylinder from the phase-locked X-wire measurements v,it:,
using the Taylor hypothesis, To obtain a propel resolution of phase-avel.-
velocity field the above measurements were performed on a very fine gl:.-
measuring points.

The measurements have been performed with the use of a test facility ri-i_,

schematically presented in Fig. 4, The disturbance generator consisted of e.

l5
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Fig. 4. Scheme of the experimental set-up.

with 10 cylindrical rods of the length l : 90 mm and the diameter d : 3mm which
was installed at the wind-tunnel exit. The wind-tunnel exit nozzle vrith 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 9O-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 Af D converter
at the rate / : 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 cylindeT 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 45o degree to the axis of an aerodynamic wake, i.e. it was
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Fig. 5. Loca}isation of the measuring area in reference to the wind-tunne} exit.

paTallel to W velocity vector. The width of the measuring alea has been adjus:=-
according to Bogusławski and Elsner [2], and contained at least one full u,ii_
of a moving vortex street. A trustworthy reconstruction of a moving wake lł.o,._
requile simultaneous measulements in all measuring points, It is obvious howert:
that the plesence of a large number of velocity transducers would distort the a:,, .

lysed velocity field, That is why in the present experiment the single x-wire prc'
has been applied. The phase-locked measulements enab]ed the reconstluctioi_
the velocity field generated by a moving cylinder crossing the shear layer. T_ .

reconstruction was possible provided that a moving circular cylinder entering __

potential core generated the Karman vortex street in a repetitive manner, i.e. :_

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 ca,.

late the time series of veiocity components in the circumferentia| Cu and axia_
directions, Following the triple decomposition idea (Elsner [6]) the instantane
values of both axial and circumferential absolute velocity components coui,_
expressed by the formulae:

c\i"

C"(t)

C"(t)

e"+ó"(t)+c'"(t)

e,+ó,ę)+c!,(t)
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sbere e ,Ó,C denote the mean, periodic and random components of absolute
rdocitl, vector.

The phase-locked averaging procedure (Elsner [6]) based on the relationships

23

< C"(t) > : e 
"+ 

ó"lt1+ fi
(2.2)

<C"(t)> : e"+C"(t)+ rt 7, c"lt + tr1
ż:1

mbere T:60lzn, 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 r : tlT (t e (0, T), r € (0,1)),
ffile may get the mean and periodic velocity components, respectively

N
D C"(t + żr)
ź:l
N

11\Ja

eu:

1

I < C"(r)
0
1

I < C"(")
0

żdr

żdr
(2,3)

(2.4)
ó"(r) : <C"(r)ż_ao

ó"(r) : <C,(r)ż_eu

lt should be noticed here, that contrary to our previous paper (Bogusławski at al.

P]) the mean velocity components have been subtracted in the above relations. It
lrreans 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
rake passages behind the selected cylinder were sampled at a rate equal 8 kHz,
that for the given values of measuring parametels 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-
nnum number of periods needed to perform trustworthy phase-averaging proce-
dure. 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 .lf : 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 stabiliĘ test for circumferential velocity component.
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4. Computer aided visualisation of oscillatory velocity component

The detailed insight into the internal structure of the periodic velocity field
mduced by the passage of the vortex may be obtained from the velocity maps
lf periodical velŁcity components, As it has been stated above the oscillatory
lomponents Co,Cu have been obtained by subtracting the mean value from the
rotal signal in accordance to equations (2,4) whereas the magnitude |C| and
direction c of particular velocity vectors has been determined according to the
[ollowing formulae

lcl : CZ(t) + CZ(t)l":;a"^
(4.1)

a : arctan ffilr:oo"*
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
r-ortices. 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
in the region placed further downstream the intensity of rotation and degree of
qpatial coherence is much weaker as indicated by smaller lengths of velocity vec-
tors.

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 velocĘ
6eld may be observed (see Fig. 8) , In the outer region of the wake the oscilla-
tory flow field is almost non-traceable which suggests that the phase-relationship
is 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-
rńbuted to their interactions with the irregular outer structures which are not
phase,linked with the proper coherent vortices. One may expect however, that
the phase-averaging procedure cancels all these random phenomena that in turn
results in much smaller amplitudes of oscillatory velocity components in the outer
rąion of the wake,

The distance between particular vortex trajectories determined from Fig. 8

ąuals As 3 10 mm that for the velocity ratio rp : C lU : 1 and for cylinder
dia.lrreter d: 3 mm gives the value of strouhal number

51: --!-o.zA,s1/I + ę2
(4.2)

w-hich is in a good agreement with earlier measulements performed by Bogusław-
ski and Elsner [2] as well as with the results obtained by Wierciński [12]. Quite
rypical is also the decay of oscillatory motion at the distance r ld > 8 from the
cylinder which results from the viscous destruction of the Karman vortex street.

It is worth noticing that the well defined vortical structures visible at the
phase-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 r:0.45 calcu]ated according ro (2.a).
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sr-nchronisation between the position of the wake and the Karman vortex street,
The shape of the velocity field shown in Fig. B clearly proves that a moving circular
cr-linder entering tlre jet potential core genelates the Karman vortex street in a
repetitive manner, i.e. the first vortex in the flow field is formed always almost in
ihe same place. The substantial length of oscillatory velocity components shown
:ll Fig. B suggest that the contribution of vortex induced velocity field in a flow
:ehind moving cylinder is quite significant.

].Iore detailed information concerning the oscillatory velocity pattern induced
-:_ :l_e n-ake by passing vortices may be obtained from the analysis of isolines of
:_, ::n, modules calculated from eq, (a.1). Typical picture obtained for phases r :
, i.r and r : 0,56 have been presented in Figs. 10 and 11. The velocity modulus
;:__ *es indicate the areas of various intensity of velocity gradients characteristic
: : :he Karman vortex street,

5. Vortex convection velocity in a flow field

\-elocity fields presented in Figs. 8, 9 have been obtained only for the two,
. ."*- rle time stages of a moving Karman street. Taking under consideration ali the
.,.,.; abie data it became possible to determine all positions of particular vortices
_ _ onsecutive intervals of time, and in this way to find the vortex trajectories.
: _,:. rrajectories are presented in Fig. 12, where one can easy see that trajectories
,- -"-.:],close distance to the plane of a moving wheel (0 < rld { 3) have highly
- -.:: ::ed shapes. The calculated points can be, however, approximated by straight
,,-s łf a stable slope forr ld > 3 and this observations proved that an assumption
':_-e:ning the straight-line vortex trajectories, presented by Bogusławski and

:-.:_el i2] , was not preserved in the analysed flow. It should be noted however,
- .,: :lre particular points denoting the location of vortex centres in Fig. 12 have",ii: determined as the location of the isoline maxima of velocity modulus. It
,- :-.,:ous that the points do not correspond to the velocity maxima and much
l:-]:l ildication could be of course obtained from vorticity distributions. It was
:,. _ it,l that such analysis will be performed in the near future.

_:.e analysis of consecutive instantaneous veiocity pictures obtained frorn tlre
; ._ L*j-a\-elaged data enab]ed one to determine the vortex convection velocity
r, , ,,:_ could be calculated as

W": (7 _ k)W (5.1)

,'r,, ]l,-,:, i: :s apriori unknown function of time, The convection velocity components
ii]] : :-..:ionary frame of reference might be expressed by

27

(C").

(C")"

-W"sina ł U

-W"coso.
(5.2)
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Fig. 10. Isoline contours of phase,averaged velociĘ modulus for phase r :0.45.

m

10

0

_10

-20

51015202530354045
X[mm]

Fig. 11. Isoline contours of phase-averaged velocity modulus for phase r: 0.55.
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Since

(5.3)
coso : #: -ę- łT+a

rhere velocity ratio cp : C lU we finally have

(C").: kU; (C).: (I - k)C (5.4)

The corresponding value of coefficient k, according to Bogusławski and Elsner [2]
cołrjd be calculated from the equation

(5.5)

sina : #:#_fu

, ętan Pń,--l * ętanP

n'hrere tan B is the slope of vortex trajectories, Analysis performed by Bogusławski
and Elsner [2] allowed to assume the value of coefficient k equal 0.167 and in
dri-. rray to apply the assumption concerning the constant convection velocity of
karman vortices.

Taking advantage of the fact that vortex trajectories are not straight lines
rĘ- 12), at least in the distance rld < 3, it was decided to calculate the value of

mefficient k as a function of distance r. The results are presented in Fig. 13 where
ftp dashed line represents k value taken after Bogusławski and Elsner [2], It is
c&ear that at very close area to moving cylinder, coefifrcient k attains high value
fit -[ł but in the downstream direction its value decreases very fast and converges
",o a letęl equal0.167, which has been obtained among the others by Bogusławski

"*d Elsner [2].

& Concluding remarks

It may be concluded from the presented work that a moving circuiar cylinder
,mming the free stream through sharp jet velocity profile generates a Karman
1mr6€x street in repetitive mannel, in which the first vortex in the flow field is
jfumed always almost in the same place, The contribution of the vortex induced
m$rci§ field behind a moving cylinder is significant even in a quite far region
frunr the plane determined by the passing cylinders. However, the trajectories of
wtices are not straight lines especially just behind the cylinder, as it has been
maled by the varying value of coefficient k.

Th€ final observation is, that experimental results registered in a phase-correlated
nmr&e may be strongly dependent on the location of measuring point, what may be
d om'rain importance for modelling unsteady phenomena in fluid flow machinery.
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Fig. 12. Recon§truction of a set of vortex trajectories behind moving cylinder.
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Fazowa rekonstrukcja śladu za porllszającym się cylindrem

streszczenie

Przedmiotem pracy jest analiza oddziaływania śIadu za poruszająrym się rylindrem na pole
na wlocie do kaska.dy kierowniczej. pomiary prowadzone były przy wykorzystaniu apałaturyIla wlocle oo Kasr€.oy KrerownrczeJ. romrary prowa,dzone byIy ptzy wykorzystaruu apałatury term
mometrycznej oraa techniki uśredniania fazowego, w której sygnał odniesienia wyzwalany byi ptz,e,
PołoŻenie Ętovre wirująpego pręta. Jak stwierdzono, przepływ za poruszająpym się cylindrem zdo
wany jest przez powstająpe naprzemiennie wiry Karmana. Analiza uśrednionych fazowo pól prg
potwierdziła tęzę o sy_nchronicznym formowaniu się ścieżki wirowej w momencie wejścia pręta w
cjalny rdzeir strugi kołowej


