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ABSTRACT
Plane jet excited by the spanwise non-uniform disturbances were investigated experimentally. The experiment was
conducted in a planar water jet apparatus as shown in Fig.I. The nozzle, having a width B=30mm and an aspect ratio
being 10, was designed to add a disturbance at the end of the nozzle: it has a row of sixty rectangular slots oriented
normal to the streamwise axis. The slots were connected to syringes and servomotors to produce suction/blowing
miniature slot jet. The spanwise wave length λz of the phase variation of the disturbances was set at λz =1.33B. The jet
Reynolds number was set at Re=BU0/ν =2300, and jet Strohal number was set at
St=fB/U0=0.45. Velocity measurement was achieved by the stereoscopic PIV
technique. A laser light sheet illuminated a plane normal to the streamwise direction,
and two CCD cameras were placed to view the light sheet plane. The 3D-3C vorticity
were calculated from the measured velocity field by assuming Taylor's frozen field
hypothesis. In addition to the PIV measurement, scalar concentration of the jet was
measured by laser induced fluorescence technique. The iso-surfaces of the vorticity
magnitude exhibited three-dimensional topological features of complex turbulent
structures produced in the flow. A 'chain-link-fence' like structures were clearly
formed in the case of the temporal phase difference of disturbances in the spanwise
direction being φ=π, as shown in Fig.II. The shear layer thickness for φ=π case was
smaller than any other cases including no forcing case. Such a suppression of the
shear layer growth is also evident in the concentration field shown in Fig.III. Due to
the formation of the ‘chain-link-fence’ structures, vortex pairing of large scale
vortices were suppressed and thus the entrainment and shear layer growth was
reduced. A mixedness obtained from the measured concentration data indicated that
the φ=π flow having strong mixing, although the entrainment was reduced. This is due
to the early development of small scale fine scale eddies, which increases the
interfacial area of the jet and surrounding fluid.
Fig. II Vorticity iso-surfaces for
φ=π case at x=2B.

Unexcited
φ=0
φ=π/2
φ=π
Fig. III Instantaneous concentration distribution.

Fig. I Experimental apparatus and instruments.
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1. INTRODUCTION
This paper is concerned with the near field structure of a plane jet excited by temporal periodic disturbances with
spanwise phase variations. In the past several decades, it has become evident that the development of a plane jet could
be modified by adding artificial disturbances to the initial shear layer to excite primary (Kelvin-Helmholz, K-H) instability
(Sato, 1960; Huang & Hsiao, 1999), as well as other shear flows, such as round jets and plane mixing layers. Jet
excitation significantly affects the evolution of both mean flow and turbulent characteristics. Chambers & Goldschmidt
(1982) studied a plane jet of air under the influence of acoustic excitation and found that the rates of jet widening and
decay were sensitive to excitation frequency even in the self-similar region. The jet widening rate with excitation was
initiallly greater than that without, but the rates decreased to nearly to those without by approximately 80 nozzle widths
downstream. Hsiao & Huang (1990) utilized earphones as loudspeakers placed on both sides of the nozzle exit. They
concluded that jet widening was governed by vortex interaction, and vortex formation and pairing locations could be
determined by saturation conditions in transverse velocity fluctuations. Huang & Husiao (1990) also studied a plane jet
excited by either symmetric-mode or anti-symmetric-mode disturbances. They found that different excitation mode
conditions led to different widening rates and velocity fluctuation distributions in the developing flow field.
This preceding experimental work was intended to excite K-H instability by adding disturbances uniformly
distributed in the spanwise direction. However, secondary instability plays a significant role in the three-dimensional
development of shear layers. Secondary instability such as translative instability (Pierrhumbert & Widnall, 1982), which
induces sinusoidal distortion in spanwise rollers, or braid instability (Lin & Corcos, 1984), which generates streamwise
vortices such as rib structures, can be triggered by adding spanwise non-uniform disturbances. Lasheras & Choi (1988)
used a fluted splitter plate in their plane mixing layer apparatus to dislocate the origin of the mixing layer periodically in
the spanwise direction. Their method was applied to add spanwise periodic streamwise vorticity to the initial stage of the
shear layer, and to form equally spaced rib vortices that connected braids of successive rollers. While their method was
passive, Nygaard & Glezer (1994) established active control of the mixing layer. They placed a linear array of individually
controlled surface heaters on the splitter plate, and time harmonic wave trains were introduced into the heaters. If the
waves to the adjacent heater segments were out of phase, the spanwise roller and rib vortices exhibited
chain-link-fence-like structures. Secondary instability can also be triggered in a forced round jet. Lee & Reynolds (1985)
showed dramatic widening of jet width by adding temporal periodic disturbances with azimuthal phase variations to the
initial shear layer of a round jet. Their jet, called a “blooming jet”, demonstrated the significance of “phase” in
controlling stability. However, no one has reported on any attempts that have intended to exite secondary instability in a
plane jet except for our previous paper (Sakakibara et al, 2001).
The present paper was motivated by a desire to clarify the development of velocity and scalar field, and to
visualize three-dimensional vortical structures in a plane jet excited by spanwise non-uniform disturbances, which
explicitly trigger both K-H instability and secondary instability. The intial shear layer of a plane water jet was excited by
an array of suction/blowing miniature jets with spanwise phase variations. The velocity field was measured by timeresolving stereoscopic particle image velocimetry, and a quasi three-dimensional vorticity field could be
visualized by assuming Taylor's frozen field hypothesis. The scalar concentration field was measured by laser induced
fluorescence technique.
2. APPRATUS AND PROCEDURE

2.1 Flow facility
The experiment was conducted with the planar water jet apparatus outlined in Fig.1. Water from an over-head reservoir
was introduced into a settling chamber that had a perforated plate and a flow straightener consisting of stacked plastic
corrugated sheets. The flow then passed through a smooth contraction nozzle in the shape of a third order polynomial
curve and was issued upward into a rectangular Plexiglas tank (620(H) x 640(W) x 300(D) mm3) forming a initially laminar
plane jet with a flat velocity profile. The jet Reynolds number was set at Re=BU0/ν=2300, where the jet exit velocity was
U0=70 mm/s. The momentum thickness at the nozzle exit was measured as θ0=0.5 mm, and the streamwise fluctuation
velocity at the centerline was u rms=0.7% without forcing conditions. There was a mesh at each side of the jet to maintain
the surrounding fluid which approached the jet without a significant streamwise velocity component or turbulence.
The nozzle, with a width of B=30 mm and an aspect ratio of 10 at the exit, was designed to add a
suction/blowing disturbance: it had a row of sixty rectangular slots at the right (x, y)=(-0.05B, 0.5B) and the same at the
left (-0.05B,-0.5B) aligned in a spanwise direction (Fig.2). The figure also plots the coordinate system. The cross section
of a slot was 1 mm x 4 mm in height and width, with the interval between the center of each slot being ∆=B/6. Each slot
was connected to one of the sixty plastic tubes. As we can see in Fig.2, the tubes from every eigth slot were connected
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Fig.1 Experimental apparatus with PIV instruments

Fig.2 Details of nozzle exit.

to a manifold, and the output of eight manifolds were then combined into another manifold, whose output was finally
connected to one of two glass syringe, each with a capacity of 2 ml.
The pistons of the syringes were actuated by servo motors (Futaba, S3003), which were driven by a driver we
made in-house consisting of micro-computer-chips (Hitachi, H8/3048) and controlled with a digital I/O board (ICPDAS,
A-821PGH) in a PC. Thus, 2 sets of syringes and servomotors produced suction/blowing miniature slot jet. Slot jet bulk
velocity vs at spanwise location z is expressed as,
and
where A and f are the amplitude and frequency of velocity oscillations, Sqr is a square wave with unit amplitude and a
50% duty cycle with phasing like the sine function. Here, φ is the amplitude of phase variations, and ψ is the phase lag
between the shear layer at the left and the right sides.
Under excited conditions, the jet Strohal number was set at St B=fB/U0=0.45, where frequency f (=1/T) was
identical to the most unstable frequency measured in the initial shear layer at x=10 mm. The corresponding streamwise
wave length was λx (=U0/2f0)=33.3 mm. The spanwise wavelength with phase variations was set at λz =40 mm, which is the
total width of 8 slots. The amplitude of oscilation of slot jet velocity was set at A=1.08 mm/s. The phase lag between
shear layers ψ was set at 0, which created disturbance in both the shear layers in-phase.

2.2 Measurement system
Velocity was measured with stereoscopic particle image velocimetry (PIV), which is capable of resolving time-dependent
three-component velocity in a two-dimensional plane (Prasad & Adrian, 1993). The specific algorithm for our sterescopic
PIV can be found in a previous paper (Sakakibara et al, 2004).
A 2-mm thick laser light sheet produced with an Nd-YAG laser (New Wave Research, Minilase PIV-30)
illuminated tracer particles ( Nylon 12, 40 µm ) in a plane normal to the streamwise direction, and two CCD cameras
(Kodak, ES1.0) were placed to capture the same region of interest in the light sheet plane (Fig.1). The angle between the
axes of the two cameras was about 90 degrees, and the lenses were mounted to satisfy the Scheimpflug condition. Prisms,
which were Plexiglas containers filled with water, were placed outside the tank and used to make the optical axis
perpendicular to the air/tank interface. Without this step, the particle images would not have been well focused due to
astigmatism. The images captured with the CCD cameras were stored in the host memory of a PC through image grabbers
(Imaging Technology, IC/PCI) at a maximum frame rate of 30 fps. Our PIV system could typically capture 450 successive
time-dependent images for both cameras. Since the instantaneous velocity field could be measured on the basis of
double images, 225 instantaneous three-components velocity maps with 1/15 s intervals at maximum could typically be
obtained.
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The vortical structures we will describe in the following subsection were obtained from 225 continuous
instantenous velocity data with intervals of 0.066 s. The measurement plane was located over x=1.0B to 10.0B with 1.0B
intervals. The size of the measurement region captured with the stationary cameras was approximately 100 mm x 140 mm
in the y and z directions. Turbulence statistics such as mean and RMS velocity profiles, on the other hand, were
obtained from 675 instantaneous velocity data which were separated by time 0.5 s. Since the measurement region needed
to be extended toward the y-direction to cover the whole width of the jet, flow in the two partially-overlapping
rectangular regions were separately measured by traversing the cameras in this direction. In addition to stereoscopic PIV
measurement, two-component regular PIV was also used to obtain the data for the Fourier spectrum of velocity. The
measurement plane, in this case, was parallel to the x-y plane located at z=0, 0.25 λz, 0.50 λz and 0.75 λz. The temporal
interval of each instantaneous velocity map was 0.066 s and 1024 successive data were used to obtain a spectrum at
each point. The measurement region for instantaneous velocity data was 50 mm x 100 mm in the x and y directions with
one camera, and traversed in the y direction to extend the region. The dimensions of the interrogation spot were
approximately 4.1 mm (28 pixels) in the z and 2.6 mm (28 pixels) in the y directions. The error in measured velocity was
estimated to be 1.2 mm/s in v and 1.6 mm/s in u and w components.
In addition to the PIV measurement, scalar mixing of the jet was investigated by laser induced fluorescence
technique. A laser beam produced by Ar-ion laser (Laser Physics, 1000m, 1W) was delivered to a scanning mirror (GSI
Lumonics, M2S), and scanned in a x-y plane in order to form a light sheet. Fluorescent dye Rhodamine B was solved in
the working fluid, and two CCD cameras took the fluorescent images. On top of the lens of the each camera, a color filter
was installed to remove the scattering light having wavelength of the laser. The cameras were viewing partially
overlapped rectangular regions, and two regions covers from x=0 to 9B and y=-2.6B to 2.6B. To perform experiment,
background images and reference images were recorded first. For the background images, the laser was turned off . For
the reference images, the laser was on, and the fluorescent dye was solved in whole water in the apparatus including jet
to make uniform concentration Cref=0.02 mg/l. After taking these images, additional fluorescent dye was introduced into
the flow in the pipe connecting the over-head reservoir and the settling chamber. The dye was well mixed in the pipe and
lead to the jet flow. The dye concentration at the nozzle exit was set approximately at Cjet=0.04 mg/l. Normalized intensity
I* was defined by

I* =

I − I bak
I ref − I bak

where I is fluorescence intensity at given point, Iref is an intensity of the reference image at the same point, and Ibak is an
intensity of the background image at the same point. Then, concentration of the dye normalized by the concentration at
the nozzle exit was computed by

c=

*
I * − I ref
*
*
I exit
− I ref

.

*
*
Here, I ref
is the normalized intensity of the surrounding fluid and I exit
is the normalized intensity at the nozzle exit. Since

the flow apparatus is a closed circuit, the concentration measurement was limited in a period of 2 minutes from the time
when the dye showing up at the nozzle exit until the dye returns into the surrounding fluid. Typically, 450 planes (67.5
sec) of the concentration data was obtained for each run of the experiment.

2.3 Three-dimensional reconstruction of vorticity field
The following assumption was needed to visualize (or to re-construct) three-dimensional vortices from the continuous
set of the velocity vector field that was obtained. Although our stereoscopic PIV system could only resolve velocity
distribution on a two-dimensional plane, nevertheless, the axis normal to the plane could be locally defined as x*=-tUc , if
we assumed the Taylor's frozen field hypothesis (Taylor, 1938), which states that the flow structure remains unchanged
as it passes downstream, or formally that
for a homogeneous flow. Here Uc is convection velocity of a
spatial structure. Goldschmidt et al (1981) obtained the convection velocity of a turbulent plane jet based on the ratio of
spacing between two hot-wire probes and the time delay between their signals to reach maximum correlation. They
reported that generally the convection velocity is approximately identical to the local mean streamwise velocity, but it is
slightly larger for lateral distances greater than the jet half-width. The convection velocity also depends on the
streamwise location and the wave number of structures. However, in applying Taylor's hypothesis to estimate the
streamwise gradient of the velocity or topology of the structures, Zaman & Hussain (1981) concluded that the least
objectionable results could be obtained by using common, overall structure transport velocity, such as the average
velocity of the low and high speed-side if in a mixing layer, rather than using complex convection velocity, such as that
with location or wave number dependent values. In line with their conclusions, we just used a constant value for
convection velocity, Uc =0.5UCL, where UCL was the centerline mean velocity of a jet at given location x. Thus, the
vorticity vector is given as,
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Fig.4 Vorticity iso-surfaces for φ=0 case.

Fig.3 Vorticity iso-surfaces for unexcited case.

where, i,j and k are unit vectors parallel to the x-, y- and z-axis, respectively. The vorticity vectors were computed with
the 2nd order finite difference of velocity vectors, and was smoothed by averaging 3x3x3 nodes surrounding each node
to reduce the noise associated with random error in the measured velocity.
We should note that the results using a constant value for convection velocity were less ambiguos in the
middle of the shear layer, where this velocity was close to 0.5UCL. However, the convection velocity in the out-side (inside) of the jet could be over (under) estimated.
3. VORTICAL STRUCTURES
Let us begin our discussion with vortical structures visualized by assuming Taylor's frozen field hypothesis described in
the previous section. The vortical structures are indicated by the surfaces of constant vorticity magnitude |ω|=2.5U0/B.
Figures 3-6 plot the vortical structures for an unexcited case and an excited case with φ=0, π/2 and π, respectively. Each
figure contains results measured at (a) x/B=2, (b) x/B=6, and (c) x/B=10. The positive direction of time is right to left, and
thus the mean flow direction is left to right.

3.1 Unexcited case
For the unexcited case at x/B=2 in Fig.3(a), each shear layer exhibits continuous iso-vorticity surfaces with several
concentrated columnar vortices, which is the onset of roll-up in the shear layer. Flow is fairly uniform in the spanwise (z)
direction and also plane-symmetric, in respect to the center plane of the jet.
At x/B=6 in Fig.3(b), the core size of the spanwise rollers are increased, and the spacing between rollers seems
double that in Fig.3(a) due to pairing of vortices (Winant & Browand, 1974). We can also see significant rib vortices
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extending from the outside portion of the upstream roller to the inside portion of the downstream roller. Spanwise
uniformity is lost and the rollers are kinked sinusoidally. Rib vortices and kinking of rollers were frequently observed
in the mixing layer (Hussain, 1983; Bernal & Roshko, 1986; Rogers & Moser, 1992), and recently in a plane jet calculated

Fig.5 Vorticity iso-surfaces for φ=π/2 case.

Fig.6 Vorticity iso-surfaces for φ=π case.

with direct numerical simulation (Silva & Metais , 2002).
Further downstream at x/B=10 in Fig.3(c), the flow field seems less organized and filled with many smaller scale
eddies, although some vortices remain to elongate in the spanwise direction, and large scale streamwise periodicity (nonuniformity) can still be observed.
3.2 φ=0 case
Structures under excited conditions are shown in the three figures that follow. Figure 4(a) for φ=0 at x/B=2 clearly depicts
spanwise rollers in each shear layer of the jet. Roll up of the spanwise roller occured more quickly than for the unexcited
case in Fig.3(a). Since the disturbances added to each shear layer were in phase (ψ=0), the rollers were symmetrical in
respect to the center plane of the jet. In each shear layer, the 1st and 2nd rollers were close to each other as were the 3rd
and 4th and the 5th and 6th. The interval between the 1st and 3rd rollers and the 3rd and 5th was 2T, which leads to the
first vortex pairing immediately downstream. Neither sinusoidal distortion of the rollers nor streamwise rib vortices due to
secondary instability are obvious at this stage. Since the disturbance was two-dimensional and had no spanwise phase
variations, secondary instability was not triggered explicitly, unlike the following case of φ≠0.
At x/B=6 in Fig.4(b), the packets of vortices are now evenly spaced with interval 4T. Individual rollers currently
undergo second pairing, and coalesce. The streamwise rib vortices are extended and engulfed into the paired-rollers,
which is strongly disordered especially in the core. The pairing often initiates the transition to turbulence. Huang & Ho
(1982) indicated that the timing for transition was well correlated with the occurrence of pairing, and the flow became
fully turbulent after the completion of second pairing. Moser & Rogers (1993) found that the three-dimensionality of the
vortical structure in the paired roller core rapidly increased after pairing. The present results are consistent with their
findings.
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The complexity of the structures increased further downstream at x/B=10 as we can see in Fig. 4(c). Although
isolated columnar rollers are broken down into small scale eddies, packets of vortices form large organized eddies.
Streamwise rib structures extending from a packet of vortices to neighboring packets of vortices can still be clearly
recognized.
3.3 φ=π/2 case
On Fig.5, spanwise variations for the phase with φ=π/2 were introduced. At x/B=2 (Fig.5(a)), the rollers have sinusoiadal
indentations with a spanwise wave length identical to that of the disturbance, 1.0λz. According to linear stability analysis,
plane mixing layers are unstable to virtually any spanwise wavelength, although the most amplified wavelength is about
2/3 the spacing between consecutive rollers (Pierrhumbert & Widnall, 1982) and various experiments concur (Lasheras &
Choi, 1988; Nygaard & Glezer, 1991). Here, the roller spacing is λx, so that the ratio λz / λx =1.2. Although this ratio is
larger than 2/3, the growth rate from Fig.7 obtained from Pierrehumbert & Widnall (1982) is approximately 90% of the
growth rate of the most unstable wavelength. Compared to φ=0 in Fig.4(a), the arrangement of vortices in the t-y plane is
quite similar, i.e. two successive vortices are close together, which leads to first pairing.
This geometrical similarity in the t-y plane, however, was lost at x/B=6 (Fig.5(b)). The temporal interval of
spanwise vortices is now 2T, while it was 4T at φ=0 (Fig.4(b)). Vortex pairing from interval 2T to 4T is obviously
suppressed, and instead of this, streamwise rib vortices appears significantly in the braid region. The spanwise
wavelength of rib vortices is apparently 1.0 λz (the sign of streamwise vorticity of each rib vortex changes alternately in
the z-direction) in most parts except some location where the spanwise roller is dislocated upstream and the upstream
side of the rib vortices is displaced from the head of the kinked roller.
The downstream end of the rib vortices is rolled into the region between the roller in the upper (in the figure)
shear layer and the other roller in the lower (in the figure) shear layer. Here, the tip of the vortices elongated in the ydirection can be observed in a region downstream from the roller's core. Similar vortices, called `cross ribs', can already
be found in a plane impinging jet (Sakakibara et al, 2001), which supplies vorticity into the impingement surface and
keeps counter rotating vortices forming on the surface.
Further downstream, the roller and rib structures break down into more disorganized vortices at x/B=10
(Fig.5(c)). Here, the temporal periodicity is completely lost and small tips of vortices are distributed uniformly in time and
space.
3.4 φ=π case
Figure 6(a), where φ=π, exhibits more pronounced features for structures: it consists of sinusoidal vortices
arranged regularly but 180° out of phase between adjacent ones in the streamwise direction. The downstream head of a
sinusoidal vortex dislocates toward the center plane of the jet, and the tail of a neighboring vortex covers it from the
outside. These are most likely to be the lambda-type vortices repeated in the spanwise and streamwise directions. No
clear distinction between rollers and ribs can be made like the other cases. This structure, called a chain-link-fence
structure, had been observed experimentally in plane mixing layers by Nygaard and Glezer (1994), and simulated
numerically by Collis et al (1994). The present results represent the first observation of such structures in a plane jet
except for our previous paper (Sakakibara et al, 2001). Formation of chain-link-fence structures has the criterion required
by Nygaard and Glezer (1994), who concluded that a chain-link-fence pattern was formed under λz > λx conditions,
indicating the existence of short-wavelength cutoff. This criterion was also satisfied (λz > λx ) in the present experiment.
The vortices at x/B=6 in Fig.6 (b) are now arranged homogeniously in the t and z direction without clear
periodicity, which is considerably different from the other cases. Although the chain-link-fence structures completely
break down, the orientation of the vortices is not completely random. The vortices are roughly inclined at 45 degrees, i.e.
the direction of the principal axis of the strain field. At x/B=10, the vortices are diffused and their magnitude decayed,
indicating a smaller population of iso-surfaces.

3.5 Evolution of fundamental and subharmonic mode
The temporal evolution of vortical structures in the previous section provided ideas for the streamwise evolution of
spanwise rollers, which roll up and, in some cases, repeat successive pairing. Such a pairing process is well represented
by the development of subharmonic modes in the power spectra of velocity fluctuations. The power spectra are
integrated from the jet centerline through the outer edge of the shear layer, and normalized by θ, the local momentum
thickness, as defined by Ho and Huang (1982):
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(a)Fundamental ( f0)

(b)Subharmonic (f0/2)

Fig.7 Streamwise evolution of mode amplitude of velocity power spectra.

where is the Fourier coefficient for streamwise velocity flucutations, and * denotes a complex conjugate. Streamwise
evolution of energy at each mode is represented in Fig.7. The f0 mode of φ=0 and φ = π/2 has a peak at x/B=1.2 where the
roll up of the shear layer has completed. The growth rates for these two cases are exactly the same. The φ =π case is not
significantly different, but has a slightly lower growth rate, and the streamwis e location of the peak is shifted slightly
downstream at x/B=1.5. This is because of the rapid increase of w fluctuations required to form the chain-link-fence
structures, which acquired a part of the energy the u component was due to obtain. The evolution of the f0/2 mode in
Fig.7(b), in turn, has a quite different features between φ=π cases and others. Here, the φ=π exhibits a significantly lower
level for the f0/2 mode throughout the entire domain. First, this mode decays by x/B=1 and then increases by x/B=2.5, but
is saturated at a level more than one order less than that of φ=0 and φ=π/2 cases. This is a clear indication of suppressed
vortex pairing in a flow with chain-link-fence structures, as was observed in Fig.6. The φ =0 and φ =π cases have a large
peak at x/B≈2.2 and x/B≈2.6, respectively, which is a location immediately upstream of the first pairing observed in Figs.4
and 5. Ho and Huang (1982) demonstrated that the streamwise location where pairing of spanwise rollers occurred
coincided with the location where the subharmonic reaches its peak, and they defined this location as the pairing
location. Later, Hsiao and Huang (1990) pointed out that the peak occurred slightly upstream from the actual pairing
location where the vortices had vertically aligned, and this is the situation in the present case.
4. MEAN VELOCITY FIELD
In this section, we discuss the time averaged velocity field. The data were averaged over a range of z=-1.5λz to 1.5 λz in
the z-direction, since the structures might have been spatially locked.
The profile of U, streamwise mean velocity, measured at x/B=10 is plotted in Fig.8. The streamwise mean

Fig.8 Profiles of streamwise mean velocity

8Fig.9 Streamwise evolution of the momentum thickness

velocity profile for φ=π/2 has the largest widening and most decay of centerline velocity. In contrast to this, φ=π exhibits
less spread than any of the other cases and centerline velocity remains the largest. The mean velocity profile of the selfsimilar region of the plane jet measured by Gutmark & Wygnanski (1976) has been overlayed on the plot as a reference.
Here, the profile is normalized by the centerline velocity and velocity half-width of the unexcited case. Apparently, the
profile of the unexcited case does not have good agreement with the profile of the self-similar region, suggesting that the
flow field is still developing. However, it is interesting to note that the profile for φ=π, whose centerline velocity and the
half velocity width are very close to that of unexcited case, agrees well with the profile for the self-similar region.
Widening of the jet is apparent from Fig.9 which indicates the streamwise evolution of momentum thickness,
defined as

where y0.05 denotes a transverse (y) location where U=0.05UCL. The φ=π demonstrates a rapid increase in the beginning,
but the growth rate reduced beyond x/B=4 and the thickness reduced to become the smallest beyond x/B=7 compared to
the other cases. The momentum thickness for φ=π /2 experienced the most significant growth by x/B=5, but weakened
beyond this location, although the thickness itself still remained largest. The slope for the unexcited case agreed with
Huang & Hsiao (1999), and with the downstream half of the plots given by Thomas & Chu(1989), although the evolution
of the shear layer in the near field might be strongly influenced by the initial condition. As discussed in the previous
section, the geometrical feature of vortical structures for φ=π and φ=π /2 are significantly different, i.e., the former has
chain-link-fence structures without further pairing of large scale spanwise rollers and the later has large scale spanwise
rollers and formation of rib structures. This might cause the difference in the entrainment and momentum transfer
process by x/B≈5. Beyond this location, however, both structures became similar, i.e. large scale structures vanish and
small scale eddies dominate, and thus the entrainment and momentum transfer process might share the same fate.
5. SCALAR CONCENTRATION FIELD
Figure 10 shows instantaneous scalar concentration distribution. Generally in all the cases, the initial shear layer was
first rolled up, and forms large vortices, then small scale turbulence was exhibited downstream. In the φ=0 and φ=π /2 case,
the vortices grows more rapidly in the initial shear layer than that of unexcited case, and large organized eddies are
developed downstream. In contrast, the size of vortices in the φ=π case is much smaller than other cases, and large
(a)Unexcited

(c)φ=π/2

(b)φ=0

(d)φ=π

Fig.10 Instantaneous concentration distribution

9

(a)Unexcited

(c)φ=π/2

(b)φ=0

(d)φ=π

Fig.11 Mean concentration distributions
eddies are not clearly observed even in the downstream region. Contours of mean concentration are shown in Fig.11. In
φ=0 case, the contours exhibit local peak at x/b=3.5. This is because the formation of the spanwise rollers are fixed in a
streamwise location. The jet spread is the smallest in φ=π case. In order to compare the degree of the spreading of the jet,
the half width of the mean concentration profile is plotted in Fig.12. The growth of φ=π case is much smaller than other
cases, which is consistent with the evolution of the momentum thickness shown in Fig. 9.
The Local mixing was quantified by a non-dimensional parameter ‘mixedness’ (Collis et al, 1994), which is a
reduced population of medium concentration of the jet and surrounding fluid. The mixedness is defined as,

∫ [P [c (x )] − P [c (x = 0)]dy
∫ [P [c (x )]− P [c (x = 0)]]d y
∞

M =

−∞
∞

−∞

where the product of two fluid was assumed to be
P (c ) = 1 − 2c − 1
The mixedness plotted in Fig.6 shows the φ=π flow having strong mixing, although the entrainment was reduced as
presented above. This is due to the early development of small scale fine scale eddies, which increases the interfacial
area of the jet and surrounding fluid.

Fig.12 Streamwise evolution of half width of
the mean concentration profile

Fig.13 Streamwise evolution of mixedness
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6. SUMMARY
A stereoscopic PIV technique allowed us to measure velocity in the cross-sections of a plane jet's flow. By Taylor's
frozen field hypothesis time-series of velocity data in a two-dimensional plane was converted into three-dimensional
velocity data, and it allowed the reconstruction of three-dimensional vorticity distributions. Variations in temporal phase
lag φ of spanwise-distributed disturbance significantly altered the flow field. First, at φ=0, the initial shear layer rolled up
into two-dimensional columnar vortices and exhibited two times vortex pairing until x/B=7. Quasi-streamwise rib vortices
were formed in the braid region connecting successive rollers right after the completion of the second pairing. The shear
layer thickness became large whenever it repeated vortex pairing. The vortical structure at φ=π/2 was more threedimensional in the initial shear layer, which had sinusoidal indentations with wavelength and phase identical to those of
the given disturbance. The rib structures were formed before the first pairing of rollers, and these grew rapidly. The shear
layer thickness first increased rapidly, but the growth rate was reduced beyond x/B=5. Stronger three-dimensionality in
the flow field was achieved at φ=π. Instead of forming spanwise rollers in the initial shear layer, chain-link-fence type
structures were formed. The chain-link-fence structures, however, could not maintain such a regular pattern. Selfinduction by the lambda vortices distorted them and the head of the lambda vortex was finally pinched off, and quickly
broke down into randomly distributed fine scale eddies. Since large scale vortices such as spanwise rollers or rib
structures no longer existed, the flow could not experience any pairing or pairing of large scale vortices. The downstream
shear layer thickness (x/B=10) and also its growth rate was minimum compared to other cases, even the unexcited case.
Scalar concentration field also have similar characteristics as velocity field, i.e. increase of the shear layer thickness is the
smallest in the case of φ=π comparing to other cases. However, the local mixing determined by ‘mixedness’ is fairly large
in case of φ=π, despite the reduction of entrainment. The entrainment is owned by the large scale vortical motion, which
is not necessary to enhance the local mixing. Small scale eddies, which was most populated in the case of φ=π, increases
the interfacial area of the jet and surrounding fluid, and consequently the local mixing was enhanced.
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