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ABSTRACT

Coherent structures in the near field of an axisymmetric jet have been investigated in awater channel. Instanta-
neous velocity profiles were obtained in the axial and radial directionswith the ultrasonic Doppler method. The UVP
(ultrasonic velocity profile) monitor used in this study is Met-Flow model X3-PS with the ultrasonic transducers of
the basic frequency of 4 MHz. Also, amulti-line measurement system was utilized. Two transducers were connected
to the UV P monitor and aternately switched to acquire two profiles with different angles of azimuthal direction at the
same streamwise position quasi-simultaneously. Dominant time-scale and averaged length-scale of velocity fluctu-
ating fields are examined from DWT, and wavenumber-frequency spectrum is calculated by two-dimensional FFT
along the axial direction. Coherent structuresin the axial and radial directions are investigated in terms of POD.
Axia variation in the amplitude and wavelength of u(x, t) iswell represented in the lower-order POD modesin the
axial direction, and also the radial oscillation of the mixing layer is captured by the only first POD mode with about
half atotal energy. Azimuthal mode of radially oscillating mixing layer is estimated from a cross-correl ation between

the random coefficients (g, t) and V?(q + Dqg, t).
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INTRODUCTION

A study of the jet that is one of arepresentative flow field of
free shear flow has been done alot so far, and the engineering
application field iswide. There are various kinds for athree-
dimensional freejet from adifference of shape of an outlet. Of
these, acircular jet [1], an elliptical jet [2], arectangular jet [3]
arewell examined as a comparatively simple model.

This study is aimed for elucidation of space-time flow struc-
ture of a three-dimensional free jet by water tank experiment
using an Ultrasonic Velocity Profile Monitor (UVP), putting a
center of interest in the flow field close to the nozzle outlet.
The authors have made experiments on a square and a circular
jet and reported the fluctuating flow field of a square free-jet
[4]. Inthisreport, the flow structure of a circular free jet is
examined.

A study of acircular jet is started for along time, and Hinze
describes the prospects of those days in the first edition of his
book [5]. Interest for thisflow field does not run out, and, for
example, many experiments such as Wygnanski & Fiedller [1]
aredone afterwards. With experimental environment fixed bet-
ter, experimental studies are still continued with progresses of
experimental methods[6-8], and the understanding of flow struc-
ture is deepened; these studies contribute to high sophistication
of acaculation moddl. In particular, the devel opment of space
measuring methods promotes a breakaway from conventional
methods|ike point measurements, conditional measurementsand
so on, and it contributes greatly to understanding of the spatial
structure of various flows.

The advantage of the ultrasonic Doppler method used in this

study is to be able to get an instantaneous velocity profile on a
line of ultrasonic beam in time series; the principle of the UVP
measurements and its performance should be referred to Takeda
[9]. Onthe other hand, a particle imaging velocimetry has abil-
ity to acquire two- or three-dimensional information in space,
but it isnot easy to expand thisin thetime direction. Therefore,
the UV P measurements set in an appropriate measuring posi-
tion and direction are very effective to obtain the information of
space-time correlation of the flow field. In this study, acquired
data are analyzed by Fourier transform, discrete wavelet trans-
form and proper orthogonal decomposition, and, from their re-
sults, the flow structure of the circular jet is clarified.

EXPERIMENTAL PROCEDURE
Apparatus

The outline of flow field and coordinate system are shown in
figure 1. Wetake x- and y-axesin the jet-axis and radial direc-
tions, respectively. Test section of the water tank used in this
experiment is an open channel of 0.7 m wide, 0.64 m deep of
water and 3 m long, and jet nozzleis set up at the central por-
tion on the partition of the test section and settling chamber.
The exit diameter of the nozzle is 85 mm, and the contraction
shapeisaquadrant of aradius 12 mm added hereafter a straight
line. In the experiment, Reynolds number Re; based on the ve-
locity U; in the core of the jet and nozzle exit diameter D was
set to about 0.9 10%. Then the initial momentum thickness g,
of the shear layer at the position of x / D = 0.2 was about 1.0
mm, and Re, = U; g/ n» 10%.



Fig. 1. Coordinate system

UV P measurement method

In the UV P measurement, ultrasonic transducer comprising
afunction of transmission and reception is used and velocity
component in the traveling direction of ultrasonic beamis de-
tected almost instantaneously for 128 points on the beam. The
basic frequency of ultrasonic wave used in this experiment was
4 MHz, and hydrogen bubbles generated successively from a
platinum wire of diameter of 30 nm was used for scattering
particles. Anincidence direction of the ultrasonic beam, namely,
the measuring line was chosen as each direction of x- and y-
axes as shown in figure 1, and the profiles along the x- and y-
directions for the instantaneous velocity components of axial
direction u and radial direction v were obtained in time series.
In working conditions of this experiment, the time interval of
velocity datawas about 38 ms, and the space intervals of adja-
cent measuring point were 2.94 mm in the x-direction, and 2.20
mm in the y-direction.

In addition to the experiment using one transducer mentioned
above, to examine the correlation of flow structure in the cir-
cumferential direction the experiment using two transducers si-
multaneously was also made. Azimuthal angle of the fixed
measuring lineis assumed g, and phase angle between the mov-
ing and fixed measuring linesisindicated by Dq (figure 1, right).
In this case because multiplexer built in the UV P works, and
sequential switching measurement is done, time delay of about
39 msisoccurred between the measuring lines in this measure-
ment. The measuring position of the axia directionwasx /D =
2and 3.

If aflight direction of ultrasonic beam is assumedx, the quan-
tity obtained by this measurement is space-time distribution of
x component of the instantaneous velocity, and it is expressed
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Fig. 3 Axia changes in the spatially and temporarily averaged
energy of velocity fluctuation.

Fig. 2 Distributions of mean and fluctuating velocity components.

with V, (X) + v, (X ,1). HereV, (X) showstime-averaged vel ocity
distribution and v, (X, t) space-time distribution of fluctuating
velocity. For data set of this space-time distribution, data analy-
ses such as Fourier transform, discrete wavelet transform and
proper orthogonal decomposition are performed as donein the
previous report [4], and flow structure is examined.

RESULTSAND DISCUSSION
Mean flow field

Figure 2 showsthedistributions of radial component of mean
velocity V and r.m.s. value of fluctuating velocity Vs within
the flow region in this experiment. Mean and fluctuating veloc-
ity profiles become anti-symmetric and symmetric, respectively,
because of the axial symmetry of theflow. Atx/D =1, asharp
change of Varoundy/ D =0.5isseen. Thisregionislocated
between the jet core and the fluid surrounding jet, and isinitial
mixing layer that is comparatively thin. The mixing layer rap-
idly increases its thickness as goes downstream, and the fluc-
tuation intensity in the layer isaugmented. The fluctuation in-
tensity has a distribution with itsminimum aty = 0, and adiffer-
ence of thislocal minimum and the peak value is shortened for
x/D>4.
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Fig. 4 Power spectrum of v-fluctuation at y/ D » 0.4.
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In order toinquire the axial change in the fluctuation energy,
the changes in U2 and V2 at the representative positiony / D »
0.4 and in space average of the energy of y component of fluc-
tuating velocity E, are shown in figure 3. Characteristic change
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Fig. 5 Axid distributions of the wavelet spectrum of v(t) and u(t)
ay/D»0.4.
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Fig. 6 Wavelet spectrum of u(x, t) in space.
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Fig. 7 Wavenumber-frequency spectrum of u(x, t).

isseen in V2 behavior in that it suddenly increases toward the
maximum at x/ D = 2, and thereafter it turnsto decrease. Aver-
aged fluctuating energy E, increasesin therange of x/ D < 3,
and becomes nearly constant afterwards. Unlike these, the dis-
tribution of U2 is monotone increasing in the measuring range.
Figure 4 shows the power spectraof v-fluctuation. For x/D <
2, ahigh energy hump around the dimensionless frequency f D
/' U; = 1isseen, and this central frequency fallsforx/D > 2. It
seemsthat this changeis caused by the distortion and/or coales-
cence behavior of the vortices formed in the mixing layer, and,
as aresult, the maximum of v-fluctuation energy atx/ D = 2is
brought about.

Consequently, to examine the axial change in the fluctuation
energy included in each time scale, an orthogonal wavelet ex-
pansion for u- and v-fluctuations is made about time axis, and
the changein the energy density of each scaeisshowninfigure
5. Because atimeinterva of this measurement is Dt = 0.038 s,
for example, the time scale of the analysis for j = -4 becomes
0.61 s, and the dimensionless Nyquist frequency is 0.67. In
figure 5(a) showing the change in v-fluctuation energy, the re-
sult shown in figure 4 becomes clearer, and the manner that a
predominant scalein the axial direction varies can be grasped.
That is, the fluctuation energies of j =-3 and -4 for x/ D < 2, of
j=-4and-5forx/D=2to35andof j =-4to-6forx/D>35
are predominant. On the other hand, the change of a similar
predominant scale is shown also in figure 5 (b) related to u-
fluctuation energy, but energy contribution rate of scalej =-4is
small compared with v-fluctuation.

Mixing-layer oscillation in the axial direction
From u(x, t) measured at y/ D = 0.4, nearly central position

in the mixing layer, the characteristic of the oscillation of the
mixing layer inthe axial directionisexamined. At first figure 6
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Fig. 8 POD spectrum of u(x, t).
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Fig. 9 Distributions of the eigenfunction at the first two POD
modes in the axial directionaty/ D » 0.4.
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Fig. 10 Radial distributions of the wavelet spectrum of v(y, t) in
time. (@ x/D=2.03, (b)x/D =282 and (c) x/ D =3.95

isthe DWT spectrum obtained from the orthogonal wavelet ex-
pansion made in the direction of spatial coordinate axisin the
range of x/ D =2to 5. From thisfigure, it can been seen that
the energy contribution from the scale j = -5, which is the di-
mensionless wavelength 2.2, isthe highest, and that there exist
waves around the mean wavelength in the mixing layer.

Next, the wavenumber-frequency distribution is sought from
two-dimensional Fourier transformation in spatiotemporal space.
In this case the range of analysis was assumed x / D = 3t0 5.
Figure 7 shows this result in the form of a contour map, where
frequency f and wave number k, are made dimensionless. The
region where the energy is high extends asaridge linearly from
the origin, and the phase vel ocity of the wave is estimated 0.77
U fory/ D = 0.4 from this slope.

Asfor thisflow field, the time scale variesin the flow direc-
tion as described in the previous section, and it seems that the
spatial scale varieswith this. However, two-dimensional Fou-
rier spectrum mentioned above cannot express non-homogene-
ity in space, and also DWT spectrum cannot. Therefore the
proper orthogona decomposition is performed for the same data
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Fig. 11 POD spectrum of w(y, t).

Fig. 12 Distributions of the eigenfunction at the first two POD modes.

set, and at first the spatial mode in which the energy content is
high isdetected. Theresult analyzedintherangeof x/D=2to
4isgiveninfigure 9, and the energy spectrumisshownin fig-
ure 8. It is understood that, from the distribution of
eigenfunction, the variations of the amplitude and wavelength
inthe flow direction are captured. Even if analyzed after divid-
ing the target rangeinto x/ D = 2to 3 and 3 to 4, any difference
between the distributions of eigenfunction was hardly seen, but
as shown in figure 8 the energy density of lower order modeis
higher when analyzed after dividing, and in particular for x/ D
=3to4.

Velocity fluctuation in the radial direction

The change of the time scale of v-fluctuation in the radial
direction is examined using the DWT in representative posi-
tionsx/ D =2.03, 2.82 and 3.95. It can been seen from figure
10 (&) of positionx / D = 2.03 that the energy contribution from
the scale j = -4 holds more than 40 % in the mixing layer, and
that from j =-5islargenext. Atx/D =282 (figure 10 (b)) the
contribution from the scalej = -5 is predominant on the whole.
Because the scale j = -5 is the nearest to a column mode with
respect to time scale, it seems that the column mode is domi-
nant on the whole cross section of thejet at x/ D = 2.82. Onthe
other hand, the scales j = -4 and -5 make contribution of the
same degree in the center of the mixing layer, and the fluctua-
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Fig. 13 Power spectra of the random coefficient at the first POD
mode.

tion having a short time scal e becomes stronger than in the jet
center. Thescalej = -5isalso predominantinx/ D = 3.95
(figure 10 (c)), but its energy contribution becomeslow, and the
fluctuation of the scale j = -6 becomes relatively high compared
with at the upstream positions.

For the radial distribution, the spatial mode was found by
applying the proper orthogonal decomposition. Figure 11 gives
the POD spectrum, and figure 12 shows the distributions of the
eigenfunction forn=1and 2. Thedistributionsof eigenfunction
of low order mode in any position become similar, and only the
radial width expands as goes downstream. From the energy
spectra, extreme prominence of mode n = 1isreaized. How-
ever, this prominence becomes|ow in the downstream. It seems
that the fluctuation of n = 1 correspondsto the inward and out-
ward motions of the mixing layer from the distributions of the
eigenfunction, and superposition of this fluctuation and that of
n = 2 brings about a deviation of the radial position where v-
fluctuation has a maximum value.

The power spectrum obtained from the FFT analysis of ran-
dom coefficient V™(t) for n = 1isshownin figure 13. From this
spectrum, the time periodicity of the spatia variation of mode n
=1 can be examined. There exists aclear hill on the distribu-
tions of spectrafor x/ D = 2.03 and 2.82, and dimensionless
frequency corresponding to each hill is about 0.8 and 0.5, re-
spectively; these values accord with the peak frequencies seen
in figure 4. On the other hand, the spectrum of x / D = 3.95
shifts more to the low-frequency side, but any hill with promi-
nent frequency is not seen. Although the figure was omitted by
limitation of the space, any prominent component in the spectra
for n= 2 does not appear in al positions, and hence there seems
to be little relevance between the generation of spatial fluctua-
tion for n = 2 and the mechanism to produce the fluctuation for
n=1.

Velocity correlation in the azimuthal direction

The experiment on the flow structure in the circumference
direction was made on the two measuring lineswhich are aligned
to the radial direction and different in phase angle; the phase
angle Dg wasvaried from 10° to 90°. Aswas also described in
the previous section, the motion in the jet cross section can be
well expressed by the lower-order POD mode of v(y, t), and this
time fluctuation can be contracted to the random coefficient
V(). Ontheconfirmation that the eigenvalueand eigenfunction
do not change in the circumferential direction, we understand
that the circumferential change affects only the random coeffi-
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Fig. 14 Cross-correlation of the random coefficient of v(y, t) in the
azimuthal direction.

cient; we put thisas v”(q, t). Here, acharacteristic between the
random coefficientswith different phase anglesis examined from
cross correlation.

Figures 14 (a) and (b) stand for the circumferential cross-
correlation coefficients of V and V2 at x/ D = 2 and 3 respec-
tively. Values of correlation coefficient of V¥ decrease with
increase of Dy at al positions, and those for x / D = 2 maintain
thevalueof 0.3t0 0.5 a Dq =90° whereasfor x/ D = 3thereis
almost no correlation at the same phase angle. Thismeanshigh
axially-symmetric nature of the fluctuation at X / D = 2, and the
decreasein correlation length namely the poorness of axial sym-
metry isexhibited at the downstream position. In addition, val-
ues of correlation coefficient of V@ for x / D = 2 suddenly de-
crease to approximately 0 from Dg = 0° to 40°, and correlation
length in the circumferential direction is considerably short. If
this spatial mode means the oscillation of the center of the mix-
ing layer in the radia direction as mentioned in the above sec-
tion, thisflow has structures of scale of 60° to 80° in circumfer-
ential span, and it seems that five or six structures are arranged
in the whole circumference. This result agrees well with the
result of flow visualization made particularly aswell asthe ex-
perimental result of Toyoda[10].

CONCLUSIONS

Results of this study are summarized below.

(1) The energy of fluctuating velocity in the mixing layer
began to rapidly increase from x/ D » 1, and v-fluctuation grew
up firstly. The time scale of fluctuation shifted to the lower
frequency side in the process of this growth, and the difference
of u- and v-fluctuations appeared in DWT scalej =-4, whichis
the dimensionless Nyquist frequency of 0.67.

(2) Mean wavelength of the fluctuation and phase vel ocity
were estimated from axia velocity distributionaty /D » 0.4. In
addition, the change of the wavelength in the flow direction
was well expressed by the distribution of eigenfunction found
with POD.

(3) Nearly 50 % of total energy of the fluctuation were con-
tained only in the first mode of POD for v(y, t), and this time
scalewas about 0.8 and 0.5 in dimensionless frequency at x/ D
=2.03 and 2.82, respectively.

(4) 1t wasshown that the axial symmetry became poor inthe
axial direction from the measurement of phase of v(y, t) along
the circumferentia direction, and the scale of the flow structure
inthe circumferential span was estimated as 60° to 80° from the
fluctuating component of the second mode of POD.
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