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Vortex Behavior of Pulsating Jets from a Rectangular Nozzle∗
Shouichiro IIO∗∗ , Takayuki KAWAMURA∗∗∗ , Masaharu MATSUBARA∗∗ ,
Takashi YOSHIDA∗∗ and Toshihiko IKEDA∗∗
This paper describes an experimental study on the vortex formation of a pulsating jet
issuing from a rectangular nozzle of an aspect ratio of 5 which has a short parallel section upstream of the jet exit. Visualization with hydrogen bubble method reveals three-dimensional
vortex nature. It was confirmed that vortices which originate from short sides of the nozzle
flow downstream faster than vortices from long sides and shift into the jet axis. On the other
hand the vortices from the long sides move away from the jet axis and downstream bend at
their middle with the edges of the vortices going ahead. The three-dimensional vortex deformation that the major and the minor axis of the vortex ring are switched was confirmed
further downstream.
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1.

Introduction

The development of a large vortex structure in fluid
flows is responsible for some of the most fascinating aspects of fluid dynamics such as mixing, transport and
instability. Pulsating jets have been extensively investigated(1) – (5) in the fields of engineering, medical science,
physiology and many others because of their widespread
applications. Previous studies have shown that the flow
structure of pulsating jets significantly deviates from that
of steady jets. Pulsating jets are expected to enhance mixing and diﬀusion compared to steady jets.
Recently, pulsating jet dynamics were examined with
a particular emphasis on vortex formation and behavior.
In the first report(6) , flow visualization was conducted to
clarify the vortex behavior in the shear layer of a pulsating
jet emanating from a rectangular nozzle with a short parallel section at the nozzle exit. This flow was then compared with that of a steady jet. The results revealed that
the frequency of the vortex formation in the shear layer
was in agreement with that of jet pulsation, regardless of
the amplitude ratio of the pulsating velocity. The contraction width of the jets decreased as the velocity amplitude
ratio increased. In the case of the pulsating jets, the formation and growth of vortices occurred upstream, unlike
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in the case of steady jets.
In the second report(7) , numerical studies on pulsating
jets in a shear layer were conducted by solving the twodimensional Navier-Stokes equation in order to estimate
the eﬀects of pulsating frequency, amplitude ratio, and the
Reynolds number on vortex behavior. The results of the
calculation were in good agreement with the experimental
results obtained in the first report(6) .
In the third report(8) , the influence of the jet exit geometry on the vortex formation of the pulsating jets was
clarified. The experiments were performed under three
exit conditions: two nozzles and a rectangular orifice. One
of these nozzles had a long parallel section upstream the
jet exit and the other had a short one. As a result, the flow
patterns were strongly aﬀected by the jet exit conditions.
In the case of the nozzles, the frequency of the vortex formation agreed with that of the jet pulsation. In the case of
the orifice, several large-scale vortices were formed due to
the shear layer instability, and the vortices coalesced. The
vortices for the orifice jet moved downstream faster than
those for the nozzle jets.
In the fourth report(9) , pulsating jets from rectangular chokes were investigated. Subsequently, the relationship between the thickness of the chokes and the vortex
behavior was determined. The jets from the thin chokes
produced symmetrical patterns of small vortices. Due to
the strong discharge velocity acceleration, the symmetrical vortex pair rolled up from the corner of the choke.
In the case of the thick chokes, the vortex evolution was
asymmetrical.
Previous experiments have clarified the vortex behavJSME International Journal
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ior in cases where the jets are free to expand laterally
but are confined vertically by the presence of bounding
walls(6) – (10) . These bounding walls may aﬀect the vortex
formation due to vorticity reduction near the walls. This
study clarifies the nature of three-dimensional vortex formation without the bounding walls by visualizing various
sections of the nozzle.
2.

Apparatus and Procedure

Figure 1 shows the experimental set-up for the pulsating jet. Water in a head tank with an over flow system goes
through the pulsating device, enters the settling chamber
and emerges in the test section through the nozzle. The
water level diﬀerence is kept constant. Figure 2 shows the
settling chamber and the test section. The chamber consists of a honeycomb and screens. The dimensions of the
test section are 500 mm wide, 550 mm long, and 330 mm
deep.
Figure 3 shows the geometry of the nozzle. The nozzle exit is rectangular, the width w is 20 mm, the depth h is
100 mm, and the aspect ratio h/w is 5. The nozzle is composed of two circular arcs, and a parallel part connects the
edge of one of the arcs. The velocity profile at the nozzle exit is uniform, except for the thin boundary layers on
the nozzle walls(11) . The coordinate system is fixed with
the x-axis aligned with the flow direction, the y-axis in the

span-wise direction, and the z-axis in the vertical direction perpendicular to the flow. The origin is located at the
center of the jet exit. The pulsating device using a Scotchyoke mechanism is shown in Fig. 4. The pulsating flow
is generated by the reciprocating motion of a piston in a
cylinder inserted in the water-supplying pipe. The inner
diameter of the pipe is 50 mm. The length, diameter, and
thickness of the cylinder are 280 mm, 20 mm, and 5 mm,
respectively. The amplitude of pulsation and the frequency
of pulsation are varied by the radius of rotation R and the
rotational speed of a motor. The exact sinusoidal change
of the displacement volume is obtained theoretically.
The jet exit velocity um (= Qm /wh) of the steady jet
is kept constant at 8 cm/s by regulating a valve that is
upstream of the pulsating flow generator. The Reynolds
number Re(= um w/ν) based on the nozzle width w is 1 300
and ν is the kinematic viscosity of water. The pulsating jet
is generated by superimposing the pulsation on the steady
flow. The velocity u0 at the center of the exit is measured to obtain the velocity amplitude ratio α, which is
defined in the next chapter. The hydrogen bubble technique is employed to investigate the complex formation of
the vortices. Platinum-wire electrodes are mounted hor-

Fig. 3 Nozzle

Fig. 1 Apparatus

Fig. 2 Test section
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Fig. 4 Equipment of pulse generator
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izontally (parallel to the y-axis) or vertically (parallel to
the z-axis) at the nozzle exit, and an AC voltage of 60 Hz
is applied to the wire. Visualized images are obtained
using a CCD camera (Sony, XC-HR300, 782 × 582 pixel,
0.42 mm/pixel) and a video capture board (Microtechnica,
MTPCI-DD).
3.

Experimental Result

3. 1 Pulsating velocity
A single hot-film probe is employed for the velocity
measurement. The hot-film probe is operated by constant
temperature anemometer. The pulsating velocity with
time at the center of the nozzle exit, u0 is shown in Fig. 5.
u0 changes periodically like a sine wave for each set value
of α, except α = 0. α = 0 represents the case of a steady jet
without pulsation. α is the velocity amplitude ratio, which
is defined as α = Am /(2 · u0 ). The notation concerning u0
is shown in Fig. 6. Am is the diﬀerence between the maximum value and the minimum value of u0 . u0 is the time
average velocity of u0 . The non-dimensional pulsating frequency Fm is defined as Fm = fm w2 /ν, where fm is the frequency of pulsation. The acceleration reaches a maximum
at t = 0 and T , and reaches minimum at t = 2T/4.

Fig. 5 Pulsating velocity

Fig. 6 Pulsating velocity signal
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3. 2 Vortex formation
The vortex formations in the pulsating jets are shown
in Fig. 7 (a) – (f); the jet flows from the left to the right.
The experiments were carried out under the following conditions: Re = 1 300, Fm = 320 ( fm = 0.93 Hz), and α = 0.53.
The images were taken at an interval one-fourth of the
pulsation period T . The platinum-wire electrodes were
mounted horizontally (parallel to the y-axis), shown in
Fig. 7 (a), (b) and (d), and vertically (parallel to the z-axis),
as shown in Fig. 7 (c), (e) and (f), at the jet nozzle exit. In
the inset below the photographs in Fig. 7, the directions in
which the photographs were taken are represented by arrows and the locations where the platinum-wire electrodes
are mounted are represented by dashed lines. The hydrogen bubble is generated continuously in Fig. 7, except in
Fig. 7 (e).
The flow pattern images visualized from the z-direction are shown in Fig. 7 (a) – (c). The images on the xyplane, in which the platinum-wire is located at z/w = 0 (on
the y-axis), are shown in Fig. 7 (a). It is clearly observed
that the vortex pairs are generated at the interval of the pulsation period T (= 1/ fm ). That means that the frequency of
the vortex formation is equal to fm . The vortex pair was
generated near the nozzle exit at t = 0 and stayed symmetric with respect to the jet axis while they were drifting
apart from the jet axis. The vena contracta is also observed
between the pair vortex.
The images at z/w = 2.45 are shown in Fig. 7 (b). A
vortex tube was generated due to pulsation near the short
side of the nozzle and rotates horizontally clockwise. The
middle part of the vortex tube moves faster than either of
its edges, so the vortex tube bends upstream.
The images at y/w = 0 (on the z-axis) and at y/w =
±0.45 in the shear layer are shown in Fig. 7 (c). The vortices generated due to pulsation were observed at y/w =
±0.45. These vortices stayed symmetric with respect to
the jet axis while drifting apart from the jet axis. The
fluid near the jet axis moves faster than surrounding fluid.
Therefore, the vortex bends upstream.
The flow pattern images visualized from the y-direction are shown in Fig. 7 (d) – (f). Figure 7 (d) shows the
images on the xz-plane for the three platinum-wires located at z/w = 0 (on the y-axis) and at z/w = ±2.45 (in
the shear layer). At t = 0, a counter-clockwise vortex was
generated at z/w = 2.45 and a clockwise vortex was generated at z/w = −2.45. It was observed that these vortices moved toward and stayed symmetric with the jet axis
while they moved downstream. The fluid on the jet centerline (z/w = 0) moved straight downstream.
The flow pattern with the wire at y/w = 0 (on the zaxis) is shown in Fig. 7 (e). It should be noted that this
figure shows time-line markers with a square wave of duty
ratio 0.13 at 13.3 Hz; therefore, the hydrogen bubbles are
generated intermittently. The hydrogen bubble time-line
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(a)

xy-plane at z/w = 0.0

(a)

(b)
Fig. 7

(b)

xy-plane at z/w = +2.45

xy-plane at y/w = 0, ±0.45

(c)
Flow patterns (Re = 1 300, α = 0.53)

spacing along the jet axial direction is bigger than that near
the short side of the nozzle. This indicates that the flow
velocity near the jet axis is faster than that near the top
or bottom edge of the exit. In the case of the pulsating
velocity, u0 is larger than the jet average velocity u0 , the
time-line spacing becomes small, and the time-lines are
straight and almost parallel to the z-axis. On the contrary,
for u0 smaller than u0 , the time-line spacing becomes big,
and the time-lines are almost parabolic.
In Fig. 7 (f), the wire was set at y/w = −0.45 and parallel to the z-axis. At t = 0, a vortex tube was generated
near the nozzle exit parallel to the z-axis. With the passage of time, the vortex bent downstream, moved toward
the jet axis, and collapsed further downstream.
Based upon these results, the self-deformation process for a rectangular vortex ring, shown in Fig. 8, was developed. It has almost the same shape as that of the nozzle
exit until t ≈ 0.5. This is observed for vortex ring 1. The
JSME International Journal

(c)

first deformation phase occurred until t ≈ 1.1, where the
short side portions of the vortex ring move ahead faster.
Although the vortices from both the short and long sides
of the jet exit bend at their middle, the directions of the
bends are diﬀerent. The middle of the vortex from the
short side flows faster than the edge of the vortex, so the
axis of the vortex resembles an arrow head that is directed
downstream. On the other hand, the bend of the vortex
from the long side is directed upstream. From this period
of pulsation, the shape of the vortex ring changes considerably, as seen in vortex rings 3 and 4. In vortex ring 3, the
length of the minor and major axis of the vortex ring became equal as the deformation progressed, and these axes
eventually switched completely, as seen in vortex ring 4.
3. 3 Quantification of vortex behavior
To further understand the three-dimensional deformation of the vortex ring quantitatively, let us consider the
behavior of the vortices that are formed in the shear laySeries B, Vol. 49, No. 4, 2006
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(d)

xz-plane at z/w = 0, ±2.45

(d)

(e)

(e)

xz-plane at y/w = 0.0

(f)

xz-plane at y/w = −0.45

(f)
Fig. 7 (concluded)

Fig. 8 Sequence of deformation of a rectangular vortex ring
leading to axis switching

ers. The models of the flow pattern induced by a vortex ring are shown in Fig. 9 (a) – (c). Four values of the
streamwise distances — Lw and Lh — and the distances
between the vortices — B0h and B0w — are defined in
Fig. 9 (b) and (c). The streamwise distances that identify
the positions of B0h , B0w are defined as Lw and Lh , respectively. The locations where the hydrogen bubbles are
concentrated are regarded as the location of the vorticity
Series B, Vol. 49, No. 4, 2006

concentration. Since these events occur near the location
of the hydrogen bubble generation and have only a short
travel time, the concentrations of the vorticity and hydrogen bubbles cannot be noticeably distinguished; of course,
further downstream, the correspondence weakens because
of three-dimensional motion.
The variation of Lw /w and Lh /w against the time t
is shown in Fig. 10. The arrows drawn in this figure indicate the time-instants shown in Fig. 6. Both Lw /w and
Lh /w increase linearly; but the gradient of Lw /w is greater
than that of Lh /w, indicating that the vortex formed at the
nozzle short side flows downstream faster than the vortex at the long side. The variation of B0w /w and B0h /w
against time t is shown in Fig. 11. The broken lines indicate t = 2T/8, 4T/8, 6T/8 ··· 18T/8. These values change
as the deformation of the vortex ring progresses. B0h /w
is the distance between the vortices formed at the minor
axis of the nozzle and has a peak at t ≈ 0.5 after a slight increase, and then it decreases linearly. In contrast, B0w /w,
JSME International Journal
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(a)

Fig. 11 The variation of B0w /w, B0h /w

(b) Top view

(c)

Side view

Fig. 9 Notations of dimensions quantifying flow patterns
Fig. 12 The variation of VLw /um , VLh /um

Fig. 10 The variation of Lw /w, Lh /w
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the distance on the major axis, remains constant at t < 1.2
and increases until t = 2.4. This figure clearly identifies
the axis switching after t = 1.9.
Figure 12 shows the convection velocity of the vortices, non-dimensionalized by the mean flow velocity um .
VLw and VLh are the convection velocities of the vortices
that are formed at the short or long side of the nozzle,
respectively. The variation of VLw fluctuates and synchronizes with the pulsating period. The value of VLh increases
slightly up to 0.5 and increases rapidly from t = 2.2. Compared with the mean flow velocity um , the convection velocity of the vortices that are formed at the short side of the
nozzle and moving downstream is 0.6 – 0.7 times larger,
while it is about 0.5 times larger when the vortices are
formed at the long side of the nozzle. The diﬀerence in
the convection velocity could be due to the diﬀerence in
the self-induced velocity of the each vortex. Namely, the
vortices at the short side of the nozzle are moving about
1.2 – 1.4 times faster than those at the long side. At the
Series B, Vol. 49, No. 4, 2006
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corner of the vortex ring where the vortices on both shear
layers merge, the vortices on the short-side shear layer reduce their convection velocity by dragging the vortices on
the long-side shear layer, while the vortices on the longside shear layer enhance their velocity by dragging the
vortices on the short-side shear layer. This tendency becomes stronger at locations closer to the corner of the vortex ring. Hence the middle part of the vortices formed
on the short-side shear layer move fastest downstream and
that of the vortices formed on the long-side shear layer
move slowest downstream.
4.

(4)

(5)

(6)

Conclusions

The following conclusions are drawn from the results
of this work:
( 1 ) A vortex pair is formed at the interval of the pulsation period T .
( 2 ) The vortices formed at the short sides of the rectangular nozzle exit flow downstream faster than the vortices formed at the long sides, and they move toward the
jet axis. The vortices formed at the long sides move away
from the jet axis and bend at their middle further downstream.

(7)

(8)

(9)
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