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On the Development of Coherent Structure in a Plane Jet*
(Part 3, Multi-Point Simultaneous Measurement of Main Streamwise Velocity
and the Reconstruction of Velocity Field by the KL Expansion)

Yasuhiko SAKAI**, Nobuhiko TANAKA***,
Mutsumi YAMAMOTO**** and Takehiro KUSHIDA**

In order to clarify the dynamics of the coherent structure in a turbulent plane jet, the si-
multaneous measurement of the main streamwise velocity at 21 points in the self-preserving
region of a turbulent plane jet has been performed by an array of I-type hot-wire probes.
Then the KL (Karhunen-Loéve) expansion was applied to extract the coherent structure in
the jet. The total number of eigenfunctions (modes) is N = 21, which corresponds to the
number of probes. The eigenfunctions (modes) are numbered in order of magnitude of their
corresponding eigenvalues. From the investigation of the random coefficients and the eigen-
functions (modes), it is found that the low-numbered (energetic) modes represent the large
scale (coherent) structure, the middle-numbered modes represent the finer (small-scale) ran-
dom structure, and the higher-numbered modes contribute mainly to the intermittent structure
in the outer edge region. From the spatio-temporal velocity field reconstructed by the first KL
mode, it is found that there exist a pair of fluid lumps with the positive and negative stream-
wise velocity fluctuation on the opposite sides of the jet centerline, and the signs of velocity
fluctuation for those fluid lumps change alternately as time proceeds. These characteristics
are consistent with the so called “jet flapping” phenomenon.

Key Words: Jet, Turbulence, Vortex, Flow Measurements, Spatial Velocity Correlation,
Karhunen Loéve Expansion, Coherent Structure, Flapping Phenomenon

extract various statistics. However, this criterion was often
determined from a subjective point of view to extract the

Although the coherent structure observed in turbulent ~ expecting structure. In this study, to extract the coherent
flow is generally recognized as the deterministic fluid mo- structure “non-conditionally (objectively)” from the turbu-
tion, its occurrence is irregular in both space and time. So lent field, the Karhunen-Logve (KL) expansion®~®) was
the “conditional” technique!"’ has been commonly used to ~ applied. The KL expansion is also referred to as the Proper
extract the phenomenon characterizing the coherent struc-  Orthogonal Decomposition (POD), which is a mathemat-
ture and examine the mean feature for a period of time that ~ ical technique based on the two-point velocity correlation
its structure appears. In the usual conditional techniques,a  tensor to capture the energetic structure in the inhomoge-
physical quantity at a reference position was measuredand ~ neous turbulence. The object of present study is a turbu-

some criterion (condition) on this quantity was imposed to  lent plane jet which is of simple geometry and important
in a very wide variety of engineering applications. In our
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self-preserving region) and investigated the development

8603, Japan. E-mail: ysakai @mech.nagoya-u.ac.jp i . ) R )
Mitsubishi Heavy Industries, Ltd., 11 Akunoura-machi of the coherent structure in a viewpoint of two-point spa-

1. Introduction
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preserving region of the plane jet has been performed by
an array of I-type hot wire probes, then the unsteady spa-
tial structure of the velocity field are examined. In particu-
lar, by the reconstruction of velocity filed with the KL ex-
pansion, the details of spatio-temporal coherent structure
called “flapping” phenomenon are investigated. In this re-
port, these results are presented.

2. Experimental Methods and Conditions

Figure 1 shows the schematic of experimental appa-
ratus near the two-dimensional nozzle exit and the coor-
dinate system. The skimmer was installed at the position
of about 1 mm downstream from the nozzle exit to elim-
inate the boundary layer which develops along the con-
traction wall. The height d and the width [ of the skim-
mer exit are 12 mm and 236 mm, respectively. With this
skimmer, only the uniform part of the nozzle exit flow can
be extracted and the initial mean streamwise velocity pro-
file of the jet is almost of a “top-hat” shape®. Further,
the sidewall was set vertically at the test section to inhibit
the entrainment from the surrounding. With the use of
the sidewall, a good 2-dimensional flow field at the test
section could be realized®. In this study, the velocity of
the skimmer exit Uy is about 20 m/s, so Reynolds number
Re(=Uyd/v) is about 16 000. The coordinate system is as
follows: the axial (streamwise) coordinate is x;, the ver-
tical (cross-streamwise) coordinate is x, and the spanwise
coordinate is x3. In the simultaneous measurement, the
21 I-type hot-wire neighboring probes are spaced in the
inhomogeneous x;-direction with Ar =7.5 mm (which is
the interval between probes). Figure 2 shows the arrange-
ment of the rake of I-type hot-wire probes. The measure-
ments are performed at seven downstream locations, i.e.,
x1/d = 10.0, 15.0, 20.0, 25.0, 30.0, 35.0, 40.0. Here it
is noted that since the interval Ar between probes is con-
stant, the information of the outer edge can not be cap-

Nozzle | X >

Skimmer

240mm

Fig. 1 Schematic of the experimental apparatus near the nozzle

exit and the coordinate system
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tured accurately in the far downstream region because of
the spread of the jet. Therefore in this study we mainly
deal with the data at x;/d = 20.0, which cover almost
whole velocity field of the jet (=2.5 < x,/b < 2.5). The
schematic of the multi-point measurement system is also
shown in Fig.2. In this system, 3 hot-wire anemome-
tries on the market (KANOMAX MODEL 1011 (2ch)
and HAYAKAWA MODEL HC30 (Ich)) were used, but
other 18 hot-wire anemometries (18ch) are handmade in
our laboratory. These handmade anemometries give a fre-
quency response —3 dB down at approximately 14 kHz. In
this study, the sampling frequency is 10 kHz and the num-
ber of sampling data is 229 376. The calibrations of hot-
wire anemometries were made by using the potential core
of the jet (See Ref. (8) for the details of the calibration
method).

3. Karhunen-Lo¢ve Expansion

Here, we summarize the theory of the KL expansion
(see Refs. (2)—(6) for details). Eigenfunctions ¢ (x) and
eigenvalues /lff) of the KL expansion for one component
u of the velocity vector u are given as the solution of the
following eigenvalues problem of the two-point spatial ve-
locity correlation Ry, (x2, ) RN

N . , . . . .
3 R () (x D) Ar = AP (D), (1)
j=1

Ruu(x2,x5) = (u(x2,Hu(x5, 1)), (2)
where x, and x& denote the cross-streamwise coordinate
()]

(see Fig.1), then x(zi) and x;° correspond to the mea-
surement position of each probe. N is the number of I-
type hot-wire probes and (-) denotes an ensemble average.
w(xéj)) is j-component of the following N-dimensional
weighting vector w,

N-2

w(x?)=[0.5,1.1,-1,0.5]. &

The important properties of the KL expansion are summa-
rized as follows.

Measurement region
(The self-preserving region)

Rake of Lype

Hot-wire probes |

PC -~
L e R T
|DIMENSION 8200} | | ———= ey ;
[ N— || HAYAKAWA | (KANOMAX INC.] [OF OUR OWN)]
| (AIDBOARD) | ||MODELHC30/| MODEL10I || MAKING |
|MICROSCIENCE| X 3 1CH 2CH | 18CH
‘\ADM-6gsPCT | | Lol Ak s IR ESEY T T AT

Fig. 2 Multi-point measurement system
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(a) The eigenvalues are real, and those are usually
arranged in order of magnitude

AV > AP 543 )
(b) The velocity field can be expressed as a linear
combination of the eigenfunctions

u(e)= 3 a6 (x), s)
n=1

where from the orthogonality of the eigenfunctions the

random coeflicients af,") (1) is obtained as follows

an (= | u(x2,H$® (x2)dxs. (6)
1

I is a domain for the KL expansion to be applied.

(c¢) The integral of the mean square value of the fluc-
tuating velocity u in the domain 1 is given by the sum of
the eigenvalues,

N
E,= f(“z(xz,t)>dx2 =24, )
!

n=1
<u2(x2,t)> = i A {fﬁf,”)(xz)}z-

n=1

(8)

4. Experimental Results

4.1 Profiles of mean velocity and r.m.s. velocity

Figures 3 and 4 present the vertical profiles of the
streamwise mean velocity U and the streamwise r.m.s. ve-
locity u’ at x;/d = 20.0 and 30.0, respectively. The ordi-
nate and the abscissa of both profiles are normalized by the
mean streamwise velocity of the jet centerline U, and the
half width b, respectively. Both profiles are obtained by
“one sampling” data of about 23 sec at the simultaneous
measurement with an array of 21 I-type hot-wire probes.
The solid lines in Figs. 3 and 4 are the profiles obtained
by velocity measurements with a single X-type hot-wire
probe at x;/d = 20.0”’. It is found that the data of the
21-point measurement agrees very well with those of the
measurement with the single X-type probe. Therefore we
concluded that the present simultaneous measurements at
21 points with the I-type hot-wire probes are sufficiently
reliable.

U/U,

——Sakai et al.©
>>>>>> Gaussian

Fig. 3 Vertical profiles of the streamwise mean velocity U
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4.2 Two-point spatial velocity correlation
Figure 5 shows the two-point spatial velocity correla-
tion coefficient for u at x, /d =20.0. The two-point spatial
velocity correlation coefficient® is defined by

(uCe2,nu(xs,0)

\/<u2(,>€2,t)> \/<u2(x'2, t)) ’

The present profile in Fig.5 agrees very well with the
two-point spatial velocity correlation coefficient of the si-
multaneous measurements at two points with the X-type
hot-wire probes reported by Sakai et al.®® Since C,, is
the dimensionless quantity of R,, in the KL expansion
(see Eq.(1)), this agreement warrants the reliability of
the results of the KL expansion. From Fig. 5, it is found
that C,, is negative at the symmetric positions with re-
spect to the jet centerline (corresponding to the second
and fourth quadrant in Fig.5). Tt is considered that this
negative correlation in the opposite sides of the jet cen-
terline would be caused by the self-preserving zigzag ar-

Cuulx2, xf’;) =

©)

ray of counter-rotating vortices reported in many other re-
searchers!! =% " This feature is also understood as the
appearance of the “jet flapping” phenomenon!”) which

0.3 ,

— T T T T T T T T

Sakai et al.® x/d

T

i © 20.0

u/Ug

5

Fig. 5 Distribution of the spatial correlation coefficient C,, at
x1/d=20.0
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was suggested as one of the large scale structures in the
turbulent plane jet.
4.3 Time variation of the streamwise velocity field
The term “flapping” is named from the visual image
of this phenomenon that the jet flaps as a flag does. How-
ever, in authors’ knowledge, there are almost no studies by
which the entity of the flapping phenomenon could be cap-
tured. And in general, the jet “flapping” itself is not well
known in comparison with other coherent structures, for
example, the bursting"? phenomena in a turbulent bound-
ary layer. So more detail examination on the dynamics
of the “flapping” phenomenon is necessary. Figures 6 (a)
and (b) show the time variation of the streamwise total
velocity field @(x,,1) = U(x2) + u(x»,t) and the streamwise
fluctuating velocity field u(x,,t) at x;/d = 20.0. The ab-
scissa is time [sec], the ordinate denotes x, normalized
by the half width b, and the gradation scale shows the
value of the streamwise velocity [m/s]. The time inter-
val shown in Fig. 6 is a part of the whole sampling time
(about 23 sec), in which the flapping seems to be occur-
ing. From Fig. 6 (a), it is observed that the region with
high velocity moves up and down as time proceeds, and
it is thought that this result expresses the feature of the
flapping as mentioned above. From Fig. 6 (b), it is found
that fluid lumps with the positive and negative streamwise
fluctuating velocity on opposite sides of the jet centerline
exist almost alternately. This structure causes the negative
value of C,, of the jet centerline.

5. Results of the KL. Expansion

5.1 Eigenvalues
Figure 7 presents the distributions of the eigenvalue
n .
A" and the cumulative eigenvalues > A9 at x;/d =20.0.

i=1
The abscissa gives the number of modes of the KL expan-

002 004 006 008 01 012 014
Time [sec]

(a) Total velocity field i(x,,1) = U(xy) +u(xy,1)

016 018 02

002 004 0.06 008 0.1
Time [sec]

(b) Fluctuating velocity field u(x,,?)

012 0.14 016 0.18 0.2

Fig. 6 Time variations of the spatial velocity field at x, /d=
20.0
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n
sion 7. A" and >’ A? are normalized by the integral of
the mean square lvéilue of the fluctuating velocity u, i.e.,
21

the sum of all eigenvalues Ay = Y. 4. Consequently the
value of the ordinates means the (lc ]mulative) contribution
of each mode (first » modes) to the sum of all eigenval-
ues. The solid line and the broken line in Fig. 7 show the
results of the simultaneous measurements at two points
with the X-type hot-wire probes at x, /d =20.0©), and it is
found that they agree well with the present results by the
multi-point simultaneous measurements. The energy con-
tribution of the first mode and the second mode contains
approximately 23% and 17%, respectively. The contribu-
tion for the sum of first three modes is about 50% and the

sum of first seven modes captures nearly 80%.

5.2 Eigenfunctions

In the present experiments, the total number of eigen-
functions (modes) is N = 21, which corresponds to the
number of probes. Here we devide these modes into
three ranges, i.e., low-numbered modes (n = 1~5), middle-
numbered modes (n = 6~10) and higher-numbered modes
(n = 11~21), then the characteristics of modes in each
range are investigated. Figures 8 (a)—(c) show profiles
of the eigenfunctions ¢(M")(,x2) at x;/d = 20.0, where (a)
gives the profiles of the representatives of low-numbered
modes (n=1, 2), (b) the ones of middle-numbered modes
(n =17, 9) and (c) the ones of higher-numbered modes
(n =14, 19). It is ascertained that the present profiles
agree with the ones of the simultaneous measurements
at two points with the X-type probes at x,/d = 20.09.
Here, we discuss the shapes of the eigenfunctions. Firstly,
the low-numbered modes (in particular the first mode) in
Fig. 8 (a) are considered. The profile of the first mode
D is the shape like a sine curve. This shape gives an
effect of acceleration at one side of the jet and deceler-
ation at another side. Therefore, ¢,(") plays the role of
making the two-point streamwise correlation C,, on op-
posite sides of the jet centerline negative. This is consis-
tent with the “flapping”'? -4 which is a characteristic

25 T T T T T T T Wﬂ(}o
¢ ifciﬁ

X]/d QDAA 1 §

—20 ® 020 a o
S aa3 | 285> 480 3
— p e
£15- P o=
~ a Sakai etal® 160 2~
2 10f & ey
Chi| P ~
< 4 o 40 =R

Fig. 7 Distribution of the eigenvalues at x, /d =20.0
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(a) Eigenfunctions of n=1 and 2
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(c) Eigenfunctions of n=14 and 19

Fig. 8 Profiles of the eigenfunctions at x,/d =20.0

structure in the self-preserving region. It is also under-
stood that the feature of the negative C,,, on opposite sides
of the jet centerline is due to the most energetic structure
in the self-preserving region, i.e., the first mode of the KL
expansion. Secondly, from the profiles of the 7th mode
5,7) and the 9th mode qﬁf,g) in Fig. 8 (b), it is found that
the middle-numbered modes represent finer (small-scale)
structures because more peaks appear in comparison with
low-numbered modes (see Fig. 8 (a)). Finally, the higher-
numbered modes in Fig. 8 (¢) are considered. It is found
that the profile of the 14th mode #! and 19th mode (/)5,19)
shows almost zero near the jet centerline and a sharp peak
in the outer edge. This means that the higher-numbered
modes contribute mainly to the flow structure for the outer
edge of the jet.
5.3 Random coefficients
Figures 9 (a)—(c) show the time variations of the ran-
dom coefficients a,(,") (t) at x;/d = 20.0 which correspond
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(a) Random coefficients of n=1 and 2

s | n s
0 0.1 0.2 0.3 04
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(b) Random coeflicients of n=7 and 9

0 01 02 03 04
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(c¢) Random coefticients of n=14 and 19

Fig. 9 Time variations of the random coefficients at x, /d =20.0

to the eigenfunctions in Figs. 8 (a)—(c), i.e., Fig.9(a) is
for the low-numbered modes (n = 1, 2), Fig.9(b) is for
the middle-numbered modes (n = 7, 9) and Fig.9(¢c) is
for the higher-numbered modes (n = 14, 19). The KL ex-
pansion enables to decompose a turbulent velocity field
u(x2,1) to random coefficients a'™(r) depending on only
time and eigenfunctions ¢f,”>(xz) depending on only space.
Therefore it can be generally considered that ai”) () has the
random information and ¢f,")(x2) has the deterministic one.
From Fig. 9, it is found that these time variations of ai,") (1)
have different properties depending on #. Firstly, it is ob-
served that the coeflicients of low-numbered modes (the
1st mode a,(}) and the 2nd mode a,(f)) in Fig. 9 (a) include
the small fluctuations, but the large fluctuation is domi-
nant as a whole. Secondly, the coefficients of middle-
numbered modes (the 7th mode a£,7) and the 9th mode

af,g )) in Fig. 9 (b) are almost random signals. Finally, co-

JSME International Journal

NI | -El ectronic Library Service



The Japan Soci ety of Mechanical Engineers

efficients of higher-numbered modes (the 14th mode af,m)

and the 19th mode a3'®) in Fig.9 (c) show the intermit-
tent property. From the above features of the random co-
efficients and the profiles of their corresponding eigen-
functions (modes), it is suggested that the modes of the
KL expansion are classified as follows: the low-numbered
modes corresponding to the large scale (coherent) struc-
ture, the middle-numbered modes corresponding to the
small scale random structure and the higher-numbered
modes corresponding to the intermittent structure in the
outer edge.
5.4 Reconstruction of the streamwise velocity field
Figures 10 (a) and (b) show the reconstructed fluctuat-
ing velocities at x; /d = 20.0 using first » modes U (xy,1) =

n . -
> a ()¢ (x;) (see Eq.(5)). In Fig. 10, the gray lines
i=1

present original signals and the black lines present the re-
constructed ones. Figure 10 (a) gives the signals at the
central part of the jet (xp/b =0.75), and the cumulative
contributions 2™/ A for 2, 5 and 10 are 39.7%, 68.5%
and 90.9%, respectively. Figure 10 (b) presents the sig-

¥ “ _i ¥
— F )
) d { 1]
= O\ { ;
¢ i i A LA
se o ) ]
sm=1Q, | .j
=) L | . !
) 0 ......... Orlgmal
S i Reconstruction
-5 ‘ from first n modes
0 0.1 . 0.2 0.3
time [sec]
(a) At the central part of the jet (x,/b=0.75)
3 ti n=5
e 2H
Z h :

—Reconstruction
from first n modes

— 0.1 02 ' 0.3 0.4
time [sec]
(b) Near the outer edge (x,/b=2.24)

Fig. 10 Reconstruction of the fluctuating velocity at x; /d =
20.0
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nals near the outer edge (x»/b = 2.24), and the cumu-
lative contributions for 5, 13 and 17 are 68.5%, 97.2%
and 99.7%, respectively. Here, it should be noticed that
the increase of the cumulative contribution (the increase
of n) does not necessarily correspond to the efficiency of
a signal reconstruction. This reason is described in the
following. Firstly the signals at x;/b = 0.75 are consid-
ered. From Fig. 10 (a), it is found that for the signal of
u'® large-scale fluctuations are reconstructed well, but the
reconstruction of fine-scale fluctuations is poor. For the
signal of 4>, large-scale fluctuations are aimost the same
shapes as the one of u®, but the fine fluctuations are re-
constructed more sufficiently. The reconstructed signal
of u'® becomes indistinguishable from the original one.
Therefore Fig. 10 (a) shows the successful case that the cu-
mulative contribution (the increase of r) corresponds very
well to the reconstruction of a signal. The reason is that the
eigenfunctions of lower-numbered modes have large mag-
nitudes at the central part of the jet (see Figs. 8 (a) and (b))
so that the reconstruction can be made efficiently by only
low-numbered modes. On the other hand, in Fig. 10 (b),
it is found that the reconstruction of a signal hardly pro-
ceeds in using lower-numbered modes and needs higher-
numbered modes. Therefore the cumulative contribution
(the increase of n) does not correspond well to the re-
construction of a signal near the outer edge. The reason
is that lower-numbered modes have small magnitudes at
the outer edge (see Figs. 8 (a) and (b)) and mainly higher-
numbered modes (see Fig. 8 (¢)) contribute to the recon-
struction of a signal at this position.
5.5 Time variation of the spatial distribution of re-
constructed velocity field
Figures 11 (a)—(c) show the time variations of the
fluctuation velocity field reconstructed from first n modes,

ie., u”(x2,0) = Y, a?(1)¢P(x2) ((a): from the first mode

(n=1); (b): fr(;nll first 2 modes (n = 2); (¢): from first
10 modes (n = 10)). It is noticed that the time interval
shown in Figs. 6 and 11 are same, and the reconstruction
for n =21 corresponds to Fig. 6 (b) (original field). From
Fig.11 (a), it is found that there exist pairs of fluid lumps
with the positive (# > 0) and negative (u < 0) streamwise
velocity fluctuation on the opposite sides of the jet center-
line, and the signs of velocity fluctuation for fluid lumps
changes alternately as time proceeds. In Fig. 11(b), we
also find the similar structure to Fig. 11 (a), but it is no-
ticed that fluid lumps with the same signs pass through
both sides of the jet centerline after about 0.13 sec. This
is explained as follows. Since the first mode ¢£l) is point-
symmetric with respect to x,/b = 0.0 (see Fig. 8 (a)), the
sign of u reverses at x,/b > 0 and x,/b <0, whereas the
second mode ¢f,2) which gives the same effect on the ve-
locity field for both sides of the jet (see Fig.8(a)). In

the present case, it can be understood that the effect of
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Fig. 11 Time variations of the spatial distribution of

reconstructed velocity field at x; /d =20.0

¢,(,2) becomes more effective to the fluctuating velocity
after 0.13sec. (note: the mean energy contributions of
,(,1) and ¢£,2) to the total energy are not so different, i.e.,
;1) 1 23%, ¢f,2): 17%, as shown in Fig.7). Furthermore
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Fig. 12 Reconstructed fluctuating velocity on opposite sides of
the jet centerline at x,/d =20.0
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Fig. 13 Profiles of the two-point spatial velocity coeflicient
for the original velocity signal and the reconstructed
velocity signals at x,/b=+0.75, x, /d =20.0

trom Figs. 11 (b) and (c), it is found that fine and complex
structures are reconstructed more clearly as the number of
mode (n) increases.

Figure 12 shows time variations of the original fluc-
tuating velocity u(x,) and the reconstructed fluctuating
velocity u™(x,,1) at x»/b=+0.75. The upper figure shows
original signals, and the middle and lower figures are sig-
nals reconstructed from the first mode and first 2 modes,
respectively. From Fig. 12, it is found that reconstructed
signals at x, /b= +0.75 present the inverse motion to each
other (strong negative correlation). Further, these recon-
structed signals (in particular n =1 and n = 2) show shapes
like a sine curve, and this feature means that large scale
vortices pass periodically (see Figs. 11 (a) and (b)). Fig-
ure 13 shows the two-point spatial velocity correlation co-
efficient Ru(Xz)u(xp = <u(")(x2,t)u(")(x’2,r)> for the original
velocity u(x,,?) and the reconstructed velocity u™(x,,1),
which are measured at the same positions as Fig. 12 (at
x2/b = +0.75). From the figure, it is found that the pro-
file for the original velocity signal shows the value —0.15
at 7 =0, and the one for the reconstructed velocity sig-
nal from the first mode shows a very strong negative value
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Fig. 14 The first mode model of jet’s flapping phenomenon by
the KL expansion

2

0
X2 /b
Fig. 15 Profile of the first eigenfunction of v, ¢"

from Sakai et al.©

—1.0 at 7= 0. Further, the ones for the reconstructed ve-
locity signals from first 2 and 4 modes show —0.33 which
is two times as large as the one for the original velocity
signal.

Now, we suggest the simple model of the jet flapping
phenomenon shown in Fig. 14. This model is constructed
on the basis of the profiles of the first mode of u, i.e., ¢£¢1)
(see Fig. 8 (a)), the first mode of v, i.e., ¢ (see Fig. 159,
v: the cross-streamwise fluctuating velocity) and the re-
constructed velocity field " (x,,1) in the time interval that
the flapping is occuring (see Fig. 11 (a)). The flow struc-
ture shown in Fig. 14 is explained as follows. Figure 8 (a)
shows that the profile of ¢f41) takes a shape like sine curve
with zero crossing at x,/b =0 and the maximum (mini-
mum) value at x,/b =~ +0.75. In contrast, from Fig. 15, it
is found that the profile of ¢ shows a symmetric shape
with respect to the jet centerline (x/b=0), and this shape
has the same effect on the velocity field for both sides of
the jet (i.e., if the flow is accelerated (decelerated) at one
side of the jet flow field, then the flow at another side
is also accelerated (decelerated)), so the two-point spa-
tial velocity correlation of v, C,,, becomes positive for
opposite sides of the jet centerline®. Consequently, we
can suppose the vortex structure whose center locates in
the jet centerline by combination of ¢(u” and q)f,l). From
Fig. 11 (a), it is also found that the sign of the vorticity
changes alternately as time proceeds. For these reasons,
it is considered that the flapping phenomenon is caused
by the array of counter-rotating vortices whose center lo-
cates in the jet centerline like Fig. 14. Here, it should be
noticed that the model of the organized structures in the
self-preserving region of a plane jet are also suggested
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Fig. 16 Schematic of coherent structure in a plane jet
from Antonia et al.{'?

Fig. 17 Schematic of coherent structure in a plane jet
from Thomas and Brehob!¥

by Antonia et al.!"? and Thomas and Brehob¥. These
models are shown in Figs. 16 and 17 for comparison with
the present model. They suggested the zigzag array of
counter-rotating vortices with respect to the jet centerline.
However, the present model in Fig. 14 does not show the
zigzag array. This is because the present model is sug-
gested on the basis of only the first mode of the KL ex-
pansion, by which the state of the real structure of a plane
jet in the self-preserving region may be not expressed pre-
cisely. If the modes of higher number than n =1 are con-
sidered, it seems that the zigzag structure can be obtained
like other researchers.

Finally, we will give the brief comment on the prob-
ability that the flapping occurs. We devided the whole
sampling time into a lot of short-time intervals of which
each length is taken to be the inverse of the flapping fre-
quency!?-U2) at x,/b = +0.75. Then we calculated the
two-point velocity correlation coefficient. The result was
that the probability of showing the strong negative corre-
lation smaller than about —0.3 is about 17% in the whole
sampling time. This probability agrees more or less with
the energy contribution rate of the first mode. However,
this probability is for the one-cycle flapping, so it is con-
sidered that the probability for several cycles of the flap-
ping to occur as observed in Fig. 6 is very low. This is
a reason that makes it difficult to capture visually the jet
flapping phenomenon.

6. Conclusions

The simultaneous measurements of the main stream-
wise velocity at 21 points in the self-preserving region of
a turbulent plane jet have been performed by an array of I-
type hot-wire probes. Then the KL expansion was applied
to investigate the coherent structure.
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(1) From the results of the mean velocity, the r.m.s.
velocity, the two-point spatial velocity correlation, and the
eigenvalues and the eigenfunctions of the KL expansion,
the reliability of the present multi-point measurement sys-
tem is confirmed.

(2) From the relationship between the random coef-
ficients and the eigenfunctions, it is found that the low-
numbered, middle-numbered and higher-numbered modes
represent the large-scale (coherent) structure, the finer
(small-scale) random structure and the intermittent struc-
ture in the outer edge, respectively.

(3) From the velocity field reconstructed by the first
KL mode, it is found that there exist a pair of fluid lumps
with the positive and negative streamwise velocity fluctu-
ation on the opposite sides of the jet centerline, and the
signs of velocity fluctuation for fluid lumps changes alter-
nately as time proceeds. These characteristics are consis-
tent with the “jet flapping” phenomenon.
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