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The description of the internal structure of coherent vortices existing in
the initial region of a round free jet has been experimentally obtained
by means of computer — aided signal processing techniques. It has been
found that the coherent structures in the flow considered appear initially
to be the classical potential vortices. At the next stages of structure
development they are subject to complex deformations which influence
the intensity of transport processes.
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Notation
D — exit nozzle diameter
F(z,t) - instantaneous value of any physical flow property

f — excitation frequency

t - time

U - instantaneous value of velocity
U. — convection velocity

z,r,¢ — cylindrical coordinates
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o*,6** - displacement and momentum thicknesses of the exit
shear layer, respectively

£ — turbulence intensity

o — the instantaneous value of temperature

S

-~ time-dependent temperature components

Subscripts and superscripts
— ambient conditions
— fundamental component
— nozzle outlet plane
time-mean component
periodic component
4y -~ random component,
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1. Introduction

The transport processes in turbulent flows become a difficult matter when
the existence of coherent structures is taken into consideration, because in
this case the turbulent diffusion as a major transport mechanism is replaced
with the large-scale convection. Furthermore, the research done by Elsner
et al. (1993) in the field of coherent structure dynamics revealed, that the
axisymmetric free jets constituted an especially interesting case of the flow
characterized by the presence of inultiscale motion. Among all forms of cohe-
rent structures the so-called "column-mode™ (¢[ Crow and Champagne (1971))
plays a essential role in a round free jet, because this most frequently occuring
coherent structure attains a highest amplitude ol velocity fluctuations. The
”column-mode” structures shed in a quasi-periodic manner are very suscepti-
ble to the external flow-excitation (provided that its frequency corresponds to
the shedding one) and in this way one may apply the phase-averaging proce-
dure to detect the organized vortices and to deduce their internal structure.
Most of the experimental results available in the literature (¢f Hussain and
Zaman (1980)) are based on the comparison of the lorced flow with the "na-
tural” (i.e. non-excited) one. that allows onc to trace the influence exerted
by the organized motion upon the intensity ol transport processes realized in
the flow considered. There is however an evident lack of information about
the internal structure ol vortex as this knowledge is in most cases based on
visualization experiments (c{ Paschercit et al. (1992)) which can give no more
than qualitative description of the vortex pattern. That is why the present
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experiment consists of not only a typical comparison of forced and natural flow
transport properties but also the analysis of vortex internal structure. Fur-
thermore, a small overheat ol the flow has been applied which should enable
tracing of the interaction ol velocity and temperature fields. The comparison
of the internal vortex structure data with the information about its transport
properties, should in turn enable better understanding of the role of organized
structures in mixing processes rcalized in the turbulent flow.

2. Experimental procedure and basic flow characteristics

All the measurements have been taken in an open-circuit wind tunnel (cf
El-Sayed El-Kassem (1995)) equipped with the axisymmetric contoured nozzle
of D = 0.04m diameter at the constant velocity of a jet exit

U,=19.1m/s
that corresponded to the Revnolds number
UD _

Rep = =10
1%

The overlieating of the flowing medinm (i.e. the temperature difference
between the ambient @, and exit air @,) was kept at the constant level

A@ =10°C

According to the experience gathered during the preliminary measurements (cf
Elsner et al. (1989b)) it follows that such a small overheating did not introduce
any significant changes into the transport mechanisms considered, and that is
why the heat could be treated as a passive quantity. As the measuring area was
located in a close vicinity to the jet outlet, no distortion of the horizontal jet
axis caused by buoyancy was observed. The measurements have been carried
out both in the natural and forced jet and in the latter case the flow was
excited at the constant pressure level of P = 110dB with a pure harmonic
acoustic wave of the frequency

f =214 Hz

which corresponded to the "column-mode” (¢f Crow and Champagne (1971))
structures characterized by the value of Strouhal nuinber equal to

D

7
(9
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Fig. 1. Mean velocity profile in the exit shear layer in the universal
coordinates {/+y*

As can be seen in Fig.l the mean velocity profile in exit shear layer, pre-
sented as the Ut = f(y*) distribution. together with the information that
the shape factor equals

I

bxi
allows one to confirm the laminar character of exit boundary layer. The turbu-
lence intensity profile measured at the jet exit (cf El-Sayed El-Kassem (1995))
reveals a flat peak located at the distance y = é* what (cf Drobniak (1986))
may be treated as an additional proof that the above statement is true.

The present experiment is characterised by a very low level of turbulence
intensity outside the exit houndary laver. which was equal to

IR

2.5

as well as even lower the order of intensity of temperature fluctuations, which
in the whole potential core was
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155 measurement points distributed as shown in Fig.2 have covered the area
from the jet exit up to the distance x/D =5, where according to the preli-
minary measurements (cf Flsner et al. {1989b)), the column-mode structures
reveal their coherence. The main cross-sections shown in Fig.2 were accom-
panied by auxiliary measuring plancs which were needed to calculate more
complex estimates of the vortex structure (e.g. the convection velocity U,).
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Fig. 2. Locations of the measuring points

The present experiment was hased on the simultaneous measurements of
three velocity components and instantancous temperature, performed with
the use of a hot-wire probe (I'ig.3), supplied with the triple-wire gold-ploted
DANTEC 55P91 sensor (active length of cach wire equaled to 1.2mm) and
the single temperature probe DANTEC 55P31 of 0.6 mm active length.

The measuring volume occupied by the hot-wires could be approximated
as a sphere of 2mm in diameter and the proper distances between particu-
lar sensing elements ensured the avoidance of their thermal and aerodynamic
interference. As shown in IYig.3. all signals from the 55P91 probe were trans-
mitted to the Dantec 55M01 Main Units and then to the three Dantec 55M10
CTA bridges, while the sensor of 55P31 temperature probe was connected with
the Dantec 55M01 Main Unit and Dantec 55M20 CCA bridge. The voltage
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Fig. 3. Scheme of a measuring setup

signals from CTA and CCA bridges were low-pass filtered to avoid aliasing.
Signals from the measuring circuits together with the acoustic pressure varia-
tion (see Fig.3) were then digitized with a 12 bit resolution, that ensured the
value of quantization error helow 0.012%.

The sampling frequency was equal to 14388 Hz per channel and according
to the results of preliminary measnrements it was sulficient to ensure a proper
time resolution even for the smallest scales of the turbulent flow considered.

The data processing algoritlims were based on the triple decomposition
concept, i.e. each component of velocity U; as well as the instantaneous
temperature @ were treated as the [ollowing superposition

U, = (—‘L + ’17; + UIL-
(2.1)

O=0+70+

Proper processing of the instantaneous time series recorded during the expe-
riment, allowed us to obtain the characteristics of mean motion as well as the
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sets of normal and shear stresses for random {/;, © and periodic components
of flow field, i.e. wju}, w;u;.
More detatls on the data acquisition and processing the reader can find in

El-Sayed El-Kassem (1995).

3. The internal structure of the coherent vortex

In general, the estimates of the periodic component of flow field are time-
dependent and that is why the only possible way of their analysis (c¢f Hussain
(1986)) is to expand the phase-average of any physical flow property (F(z,t))
into the Fourier series according to the formula

(F(z,1)) = F(z) + flz, () = T(z)+ 21: A;(a:)cos{Qn'i% - (Z%(a:)] (3.1)

=1

where
() — phase averaging operator
T — period of the oscillatorv motion
Ai(z),Pi(z) - amplitude and phase angle respectively, of the ith

component of [lourier series.

From the experience gathered so far (cf Favre-Marinet and Binder (1987),
Favre-Marinet (1989)), we know that in the analysis of coherent structures
four components of the series are sufficient to obtain a good representation of
the f(z, t) component. In the case of jet-column mode, which does not reveal
pairing, it is sufficient to analyze only the fundamental component (i = 1)
which represents the behaviour of the whole vortex (CF Drobniak (1986)).

The phase angle @;(z) appearing in Eq (3.1) could be calculated with
respect to the acoustic pressure reference signal, because the following codition
was always fulfilled

Ag > Ay (3.2)
where
Ae — wavelength of the acoustic pressure reference signal
As — wavelength of the analyzed structure.
The courses of amplitudes of the fundamental harmonics (¢ = 1 in

Eq (3.1)) of the three oscillatory components of velocity (71;, (7,.1—, (7,“, as
well as of the periodical temperature component 7y are presented in Fig.4 for
three main cross-sections located at the distances 2 = 1.5, 2.5 and 4D from

10 — Mechanika Teoretyczna
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Fig. 4. Radial distributions of the fundamental harmonic amplitudes for the
oscillatory components of velocity and temperature at the cross-sections:

(a) - 2/D=15(b)-a/D=25(c)-z/D=4.0

the jet exit. It can be easily secen, that the maximum values of the longitu-
dinal l~/1.f and radial ﬁ,,f amplitudes, respectively, are almost equal, while
the circumferential UM amplitude is always much smaller than the remaining
ones. The fundamental amplitudes of velocity and temperature reach their
maximum values at the 2/D = 2.5 cross-sections, that confirms the previous
conclusion (cf Elsner et al. (1989h)). that the column-mode structures reveal
the maximum degree of coherence in this area. The asymmetry in the radial
distributions of (7” with two local maxima which is most clearly visible at
x = —2.5D plane, results from the niutual relation between the rotation ve-
locity inside the vortex and its convection velocity (cf Elsner et al. (1987),
(1989a)). In particular, in the inner zone ol the jet (r/D < 0.5) convection
and circumferential velocities inside the coherent structure point in the same
direction (hence a higher amplitude of the inner peak), while in the outer re-
gion (r/D > 0.5) the two above velocity components have opposite directions
and cancel themselves. One may intuitively expect, that such a distribution
of l~/zf may be treated as a proof, that a coherent vortex is characterized by
the velocity distribution typical for a "free” vortex. The radial l~/Tf amplitude
reveals the maximu located at the line r/D ~ 0.5, which is the trajectory of
the vortex centre. One should also notice an almost linear (7rf profile in the
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inner area of the jet, which is then distorted in the vicinity of the flow outer
boundary.

An interesting similarity may be observed between the profiles of the (7_.[/
and I7¢,f amplitudes at the x/D = [.5 and 2.5 cross-sections, respectively
(see Fig.4a,b). A possible explanation may he found in Drobniak and Elsner
(1986), Drobniak (1986), where it was observed, that the column-mode vortices
have been tilting in the initial jet region and this could give the circumferential
periodic component which is phase-related with the (71] amplitude.

The radial distributions of temperature oscillatory component oy exhibit
the behaviour depending on the location of the cross-section analyzed. In the
z/D = 1.5 plane (Fig.4a) the ¥y profile is cliaracterized by some resemblance
to the (7” amplitude, while in the region placed further downstream (see
Fig.4b,c) the v, temperature component is rather under the influence of
radial amplitude (7,.j of the periodical motion. The explanation of the above
observation is presented by Llsner et al (1989a), who has found that the initial
region of the jet is dominated by longitudinal oscillating and the o, profile
in Fig.4a may support this statement. In the region z/D > 1.5 the radial
transport of heat prevails and that is why the distributions of 7, in Fig.4b.c
are under the influence of 17_1.] component.

(2) N

27

MR

3

L

0 0.5 0

r/D
Fig. 5. Radial distributions of the fundamental harmonics phase angles for the
oscillatory components of velocity and femperature at the cross-sections:

(ay -2/D=15,(b)-2/D=25,(c) -z/D=4.0
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Another important characteristics of the colerent vortex is the distribution
of phase angles of particular oscillatory amplitudes shown in Fig.5 and calcu-
lated relative to the acoustic pressure, which was treated as a phase-reference
signal. The profiles of the phase angle for the longitudinal velocity component
& reveal a phase shift ~ m near the /D = 0.5 line, the presenting the
trajectory of vortex centre. Qne should also notice that in the inner and outer
regions, respectively, of the jet the phase angle 5. is almost constant. Very
similar is the behaviour of the phase angle of circumferential velocity compo-
nent P, while the @5 phase angle is nearly constant across the whole jet
radius in the cross-sections analyzed. All the above observations confirm that
the coherent structures existing in the initial region of the jet mixing layer
have the structures similar to those of free potential vortices.

The phase angle &~ of the temperature oscillatory component changes
gradually within the range (0,7) across all cross-sections (see Fig.5) without
any sudden change in the vicinity of the vortex centre. Such a behaviour of
&> may be interpreted (cf [avre-Marinet and Binder (1987), Favre-Marinet
(1989)) as a result of the interaction of sinall scale turbulence with the oscil-
latory temperature field.

4. Propagation of the coherent vortex in the jet mixing layer

The coherent vortex during its spatial development travels downstream at
a pace different from the velocity of mean flow. which in turn implies a complex
distortion of the flow field analyzed. That is why the experimental determina-
tion of convection velocity is in general a complex problem, the more so if one
takes into account the fact that the colierent structures continously change
their shape, size and orientation, due to the presence of random turbulence.
A large number of different measuring techniques have been developed for this
purpose, starting from simple oscilloscope observations of the signals from the
stationary and moving hot-wire probes (c.g. Paschereit et al. (1992)) to more
complex correlation techniques (c¢f Drobniak (1986)). If the flow is externally
stimulated, then the convection velocity {/. may be calculated from the time-
courses of the oscilatory longitudinal velocity component (L(t) measured at
auxiliary plane placed at a distance Au using the formula

_ 2rw

e= T10 (4.1)

where
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A¢ — phase-shift angle between the two l~]l.(t) courses measured
at some radial distance in two consecutive planes separated
by the streamwise distance Ax.

On the one hand the distance dr between the main and auxiliary planes
(see Fig.2) should be sufficiently small in comparison with the wavelength A
of the column-mode structures and, on the other hand it should be large eno-
ugh to enable the accurate estimation of convection velocity. The analysis of
data collected during the preliminary measurements (cf Elsner et al. (1989b))
as well as the estimates obtained by Favre-Marinet (1989) allowed us to select
the value Az/A; = 0.08 (i.e. Aa/D = 0.125) as an acceptable compromise.
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Fig. 6. Radial distributions of the time-mean (U,-{Uo) and convection (U./U,)

velocities at the cross-sections: (a) - /D = 1.5, (b) - 2/D =25, (c) —z/D =4.0

The results of U.(r) calculations have been presented in Fig.6 together
with the corresponding mean velocity distributions U,(r) for the three main
cross-sections, respectively. One may notice the uniform U, profile inside the
potential core, while outside the core the convection velocity decreases, taking
the U./U, = 0.5 value at the centre of vortex (r ~r7,7) and at z/D = 1.5
and z/D = 2.5 cross-sections, respectively. The higher value U./U, 2 0.6
at the r = ry 7 line for /D = 4 (see I'ig.6c) suggests acceleration of the
vortex centre, when a gradual decay of the structure begins. At first, the
non-uniform radial distribution of /. may indicate the change of orientation
of the coherent vortex, resulting in gradual tilting of its principal axis as it
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has been suggested by Hussain and Zaman (1980). Furthermore, the decay of
coherent structure which is most serious in the outer part of the jet (cf El-Sayed
El-Kassem (1995)), results in the development of smaller-scale vortices which
travel faster than the large-scale ones (c[ Wygnanski and Fiedler (1969)). That
is the reason, why the profile of convection velocity becomes more flat when
the point of observation is being moved downstream. As a result, the growing
fraction of smaller vortices reflects on a higher mean value of U, observed in
the /D = 4 cross-section in comparison with the previous ones.

5. The ”frozen” flow field characteristics of the coherent vortex

The organized motion present in the flow considered, was understood as
”coherent vortices” mainly on the basis of observations of oscilloscope traces
presenting the time-courses of teniperature and particular velocity compo-
nents. The characteristic distributions ol root-mean-square values as well as
the profiles of fundamental amplitudes ol the velocity and temperature fields
could be treated as supplementary proofs of the vortex character of the orga-
nized structures. However, it seems necessary (o have the quantitative data
that could support the idea that the organized motion may be regarded as a
chain of repetitive vortices developing in the mixing layer. That is why it has
been decided to perform a computer extraction of the periodic motion, that
would enable one to reconstruct the flow field picture, as if it was seen by an
observer moving with the structure. The centre of vortex has been selected as
the best location of the obscrver and the average convection velocity U, has
been chosen to be the velocity ol the moving observer. The Taylor hypothesis
has been accepted locally lor cach main cross-section; i.e., z/D = 1.5, 2.5 and
4, respectively. The non-dimensional longitudinal coordinate, calculated as

DD

where At is the time step of calculations has been adjusted properly to locate
the centre of vortex in the middle ol each picture. The length of the pic-
ture has been properly scaled to accomodate approximately one wavelength
of the structure, which in the case ol the present experiment was equal to
As = 1.55D. The Aa/D = 0 coordinate at all consecutive pictures de-
notes the t/T = 0 time of phasc-averaging beginning (i.e. the positive
zero-crossing of the phase-reference signal). T'he radial r/D and longitudinal
Az /D coordinates, respectively. have been drawn in the same scale to enable
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an easier comparison of the shape of colierent strncture as it passes across a
particular cross-section.

The quantitative conclusions about the structure of the vortex may be
drawn from Fig.7 and Fig.8, presenting the isoline contours of non-dimensional
phase-averaged longitudinal ({/,.)/U, and radial (U,)/U, velocity compo-
nents, respectively.

As may be noticed in Fig.7, the region of maximum values of (U;) shifts
gradually towards the jet axis. when the point of observation is being moved
downstream. Furthermore, the highest amplitudes of (U;) are encountered at
the /D = 2.5 plane (Fig.7h and I'ig.8l), where the coherent vortex reveals its
maximum spatial coherence, and the most regular patterns of both (U,) and
(U,) isolines may be observed. As can be seen from Fig.8, the vortex moving
from the left to the right of the picture appears at its front the area of positive
(Uy) amplitudes, which may be attributed to the existence of the outward
radial stream (i.e. directed from the jet axis to the outer jet boundary). The
negative (U,) values observed in I'ig.8 al the rear side of vortex correspond
to the areas of radial transport directed towards the jet axis. The zero (U,)
isoline, which forms a saddle between the areas of positive and negative values
of (U,), respectively, is inclined at an angle smaller than /2 to the jet axis
in the initial jet region (sec I'ig.8a). As the vortex moves downstream the
zero (U,) isoline becomes vertical (I"ig.8h) and then (in the last cross-section
analyzed) it inclines to the jet axis at an angle higher than /2 (Fig.8¢). This
observation proves the gradual deformation of the vortex shape, which takes
place during its movement in the down-strecam direction, which re$ults from
the non-uniform radial distribution of the vortex convection velocity.

More detailed information about the internal structure of the vortex may
be obtained from the analysis of isoline contours of non-dimensional longi-
tudinal velocity component i, /{7, ol oscillating in Fig.9 for the same three
cross-sections. Since U, is relatively small, the isoline contours of 1, are not
very much different from the phase-averaged radial velocity component (U,)
(Fig.8) and were not presented here. The results presented in Fig.9 demon-
strate that the peaks of both the maximum and minimum values of %, are
being shifted towards the jet axis when the vortex moves downstream. At the
same time one may notice the asymmetry of , contours with respect to the
trajectory of the vortex centre (i.e. the /D = 0.5 line) because the absolute
values of %, in the inner arca of tle jet are at least one order of magnitude
smaller than those in the outer region. One may conclude therefore, that the
spatial coherence of the structure is preserved much better on the high velo-
city side of the mixing layer. The resultes of present experiment reveal the
evident similarity (both qualitative and quantitative) with those of Hussain
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Fig. 8. Isoline contours of the phase-averaged radial velocity component (U,)/U, at
the cross sections: (a) - r/D =15, (b) - 2/D=25,(c)-z/D=4.0
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Fig. 9. Isoline contours of the longitudinal oscillatory velocity component /U, at
the cross sections: (a} — x/D = 1.5, (b} - 2/D =12.5,(c)-z/D =40
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and Zaman (1980), where the structure of coherent vortex has been deduced
from the records taken simultancously at a large number of points distributed
uniformly over the whole arca analyzed. As in the latter case there was no
need to apply the Taylor hypothesis, so bearing in mind the correspondence
mentioned above, one may conclude that the use of Taylor hypothesis is quite
permissible for a column-mode structure, which are not subjected to sudden
deformations like pairing or tearing,.

A valuable information about the vortex internal structure may also be
obtained from the non-dimensional phase-averaged temperature isoline conto-
urs (©)/AB, presented in Fig.10. The shape of (@)/AB, isolines suggests
clearly, that the front side of vortex transports the hot air from the potential
core to the outer boundary of the jet, while at the rear side of the cohe-
rent structure the cool ambient aiv is transferved towards the jet axis. Even
more illustrative are the spatial distributions of the non-dimensional periodi-
cal temperature component /A0, isolines, presented in Fig.11 for all the
cross-sections considered. The highest values of © may be observed at the
plane z/D = 2.5 (Fig.11b) that suggests the convective nature of heat trans-
fer processes realized by the coherent vortex, because at this very plane the
maximum amplitudes of oscillatory velocity components may be observed.
The distributions of ¥ isoline contours presented in Fig.11 prove, that both
the hot air stream ejected from the potential core and the cool ambient air
stream entrained into the jet core are inclined backwards at an angle equal
~ /4 to the direction of jet axis. These resnlts prove quantitatively the exi-
stence of typical "wedge” structures lor which (he qualitative evidence has
been given in the previous Schlicren visualizations (cf Yule (1978)). The inte-
resting feature is, that all these conclusions could be drawn from the analysis
of isoline patterns characterizing the temperature field, then from the velocity
ones. Thus the temperature field mayv be regarded as a sensitive indicator
of the internal structurc of coherent vortex, that confirms the validity of the
main assumptions applied in the present experiment.

6. Conclusions

The computer-aided signal processing techniques applied in the present
experiment allowed us to obtain the description of the internal structure of
coherent vortices existing in the initial region of a round free jet. The phase
averaging procedure and computer visualization methods based on the analysis
of velocity and temperature signals, aided by the Taylor hypothesis proved to
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be an effective tool for reconstruction of the Aow patten of coherent motion.
The column-mode coherent structures developing in the initial region of the
jet mixing layer appeared to be the classical potential vortices, at least, at
the beginning of their formation. The vortex flow field is closely related to
the intensity of transport processes realized in the flow considered because the
front side of the vortex transports the air rom the potential core to the outer
jet boundary, while at its rear sicde the ambient air is entrained towards the
jet axis.

At the next stages of structure formation, the centres of vortices are shi-
fted gradually towards the jet axis and the change of vortex orientation may
be observed, because the symmetry lines of vortex cores become more tilted
towards the jet axis. The above deformation stems from the non-uniform di-
stribution of convection velocity and as a resnlt, the air streams transported
by the vortex become inclined backwards, and the typical wedge structure
may be observed in the futher distance from the exit. The coherence of the
potential vortices is lost much faster in he outer region of the jet what le-
ads to the increase of convection velocitv, The distinct relation between the
amplitudes of oscillatory components of velocity and temperature as certains
the convective nature of lieat transport processes encountered in the initial re-
gion of the round, free jet. The above observations suggest therefore, that the
coherent structures of the round. [ree jet arc initially the potential vortices,
then subjected to complex deformations, which in turn finds its reflection in
the intensity of transport processes realized in the flow considered.
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Struktura wewnetrzna koherentuego wirn w osiowo-symetrycznej strudze
swoboduej

Streszczenie

Praca poswiecona jest analizie wlasnosci kinematycznych struktury koherentnej
typu ”modu kolumnowego” wystepujacej w poczatkowym obszarze swobodnej strugi
kolowej. Zastosowanie technik komputerowego wspomagania eksperymentu pozwolito
na rekonstrukcje pola predkosci wewnatrz koherentnego wiru umozliwiajac réwniez
wykazanie, ze struktury koherentne intensyfikuja w sposéb istotny procesy trans-
portu w analizowanym przeplywie. Uzyskanc wyniki wskazuja, ze w poczatkowe)
fazie rozwoju kinematyka wiru koherentnego jest w zasadzie identyczna z potencjal-
nym pierscieniem wirowym. Ni¢jednorodny wzdhuz promiema strugi profil predkosci
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konwekeji powoduje natomiast, ze w miare oddalania si¢ od wylotu z dyszy kohe-
rentny piersciern wirowy podlega de!"onmacji w \\ynil\uel\torej os symetrii rdzenia
wiru przestaje by¢ réwnolegta do osi strugi. Dodatkowo, dzialanie sil lepkosci po-
woduje, ze zewnetrzny obszar strukiury \\uoweJ traci spojnosé fazowa, a powstajace
w wynlku rozpadu struktury koherentnej wiry o malych skalach wywoluja wzrost
predkosci konwekeji w zewnetrznej strefie strugi. Analiza wzajemnych przesunieé
fazowych miedzy oscylacyjnymi skladowymi predkosci i temperatury pozwolita wyka-
za¢ istnienie Scislego zwiazku miedzy polem predkosct w obszarze koherentego wirn
a intensywnoscia realizowanego przezen transportu ciepla.
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