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ABSTRACT
This paper describes an experimental study for a self-excited

vibration in the thin film wrapped around an air-turn bar. The
characteristics of a self-excited vibration are investigated by ob-
taining time histories of the film deflection and distributions of a
steady pressure and a pressure fluctuation at a surface of the air-
turn bar. The experimental results show that this system has two
different types of vibration modes. One is a low-frequency mode
which the film vibrates radially with respect to the the air-turn
bar. The other is a high-frequency mode which the film flaps in
the out-of-plane direction of the film. Moreover, a stability di-
agram of the self-excited vibration is obtained by changing the
flow rate and the tensile force acting on the film. It is shown that
the low-frequency vibration mode occurs when the flow rate and
the tensile force are large, and the high-frequency vibration mode
occurs at any flow rate and tensile force in this experiment.

INTRODUCTION
An air turn-bar is a hollow, cylindrical drum with slits which

is set to inject air. It is used in web handling applications where it
is important to change the transport direction of a thin film with-
out contacts. The thin film is supported by an air cushion in a
clearance between the thin film and the air turn-bar formed by
injecting air through the slit. The thin film floats the air cushion
and the transport direction of the thin film can be changed with-
out contacts between the thin film and the air turn-bar. However,

it is reported that self-excited vibrations occur in the wrapped
thin film caused by a fluid structure interaction between the thin
film and the injecting air.

Up to this time, some applications of using the air cushion to
transport techniques without contact have been proposed [1–7].
Chang and Moretti reported aerodynamic characteristics of pres-
sure pad air bars [1]. Deflections of webs in air-flotation ovens
are analyzed by Moretti [2]. Hashimoto studied the air film thick-
ness and friction characteristics on stationary guides in web han-
dling processes [3, 4]. Müftü et al. proposed analytical method
to calculate the fluid mechanics of the air cushion [5]. Moreover,
the steady pressure distributions and the web deflection of the
air-turn bar were analyzed [6, 7]. Other application of using the
air cushion is a flow dynamic conveyor. Ishihara reported that the
self-excited vibration occurs in the flow dynamic conveyor [8,9].
On the other hand, there are many works for the self-excited vi-
bration of a flexible sheet and a web due to air flow [10–14].
However, it is not clarified that vibration characteristics and in-
stability condition of the self-excited vibration generated in the
film wrapped around the air-turn bar.

In this study, we conducted the experiment to investigate
the characteristics of the self-excited vibration in the thin film
wrapped around the air-turn bar. Time histories of film displace-
ment and distributions of pressure in the clearance between the
film and the air turn-bar are obtained by the experiment. More-
over, instability conditions are investigated by changing the flow
rate and the tensile force acting on the thin film. After that, the
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FIGURE 1. Schematic view of experimental setup
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FIGURE 2. Photograph of experimental setup

EXPERIMENT
Experimental Setup

Figures 1 and 2 show the schematic view and the photograph
of the experimental setup, respectively. The major parameters
used in the experiment are given in Table 1. The pressurized air
injected into the air-turn bar is generated by a blower. The air
cushion is formed in the clearance between the thin film and the
air-turn bar by injecting pressurized air through the slits of air-
turn bar. The thin film floats over this air cushion. A PET film
having a width of 450 [mm] and a thickness of 16 [µm] is used
as the thin film, which is supported by guide rollers and the air
cushion formed by the air-turn bar. The tensile force is applied
to the thin film using weights which are hung at both ends of the
thin film.

Air-turn Bar
Figure 3 shows a schematic depiction of the air-turn bar used

in this experiment. The details of the air-turn bar is given in Table
2. The air-turn bar has three slits to inject pressurized air every
45-degree. These slits have the width of 3 mm and the length of
450 mm. The air-turn bar is set that the middle slit of air-turn bar
is directed downward in a vertical direction.

TABLE 1. Major parameters used in the experiment

Film material PET
Width of film [mm] 450
Thickness of film [µm] 16
Wrapped angle [deg] 90
Mass of weights [kg] 1.0 - 5.0
Flow rate [×10−3m3/s] 2.5 - 20.8

3 mm 45◦

450 mm

200 mm 500 mm

Slit

Slit

FIGURE 3. Schematic view of air-turn bar

TABLE 2. Dimensions of the air-turn bar used in the experiment

Diameter [mm] Length [mm] Slit width [mm] Slit length [mm]

200 500 3 450

TABLE 3. Details of data collection and processing

Film deflection Pressure

Sensor type Laser Differential pressure
Sample rate [Hz] 500 500
Sample number 4096 4096

Measurement System
A schematic view of a measurement system for the film de-

flection is shown in Figure 4. The nonwrapped region is the flat
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region of the thin film between the guide roller and the edge of
air-turn bar. On the other hand, the wrapped region is the curved
region of the thin film from the left to right edges of air-turn
bar. The wrapped angle θ is equal to the wrapped region when
the thin film contacts the air-turn bar. In this experiment, the
wrapped angle is set at θ = 90 [deg]. The vibration displace-
ment is measured by three laser sensors. Two sensors are set at
Points A and B, which are the center of the nonwrapped regions.
On the other hand, a sensor is set at Point C, which is the center
of the wrapped region. Figure 5 shows a schematic view of a
pressure measurement system. Distributions of a steady pressure
and a pressure fluctuation in the clearance between the air-turn
bar and the thin film are measured by pressure sensors set at the
surface of the air-turn bar. In this paper, the pressure distribu-
tions are shown by using ξ−coordinate, which is defined as the
coordinate system along the surface of the air-turn bar, as shown
in Figure 5.

The signals of these sensors are amplified by the amplifier.
Then, the data logger records the amplified signals. The details
of the methods used for data collection and processing are written
in Table 3.
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FIGURE 4. Schematic view of film deflection measurement system
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FIGURE 5. Schematic view of pressure measurement system

RESULTS
Film Deflection and Dominant Frequency

Figures 6, 7 and 8 show the typical results of the root mean
square (RMS) values of vibration displacement and the domi-
nant frequencies of thin film at Points A, B and C, respectively.
In Figure 6(a), the horizontal axis indicates the flow rate Q.
On the other hand, the vertical axis represents the RMS val-
ues of vibration displacement of thin film at Point A. This fig-
ure shows that the RMS values of vibration displacement in-
crease rapidly at Q = 5.83 [×10−3 m3/s]. Then, the RMS
values increase gradually between Q = 5.83 [×10−3 m3/s] and
Q = 9.17 [×10−3 m3/s].

The dominant frequencies of the self-excited vibration are
shown in Figure 6(b). In this figure, the horizontal and the
vertical axes represent the flow rate Q and the dominant fre-
quency, respectively. From Figure 6(b), it can be seen that
the dominant frequencies of measured vibration in Figure 6(a)
are about 50 Hz, which is an almost constant value between
Q = 5.83 [×10−3 m3/s] and Q = 9.17 [×10−3 m3/s].
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(b) Dominant frequency of vibration displacement

FIGURE 6. RMS displacement and dominant frequency of vibration
of the thin film at Point A (T = 124.3 [N/m], θ = 90 [deg])
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The RMS values of vibration displacement and the domi-
nant frequencies at Point B are shown in Figure 7. These re-
sults are similar to the results at Point A. Figure 7(a) shows that
the large values of vibration displacement are measured between
Q = 5.00 [×10−3 m3/s] and Q = 9.17 [×10−3 m3/s]. The
dominant frequencies of these vibrations are shown in Figure
7(b). From this figure, it can be seen that the dominant frequen-
cies of the vibrations at Point B correspond to those at Point A.
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FIGURE 7. RMS displacement and dominant frequency of vibration
of the thin film at Point A (T = 124.3 [N/m], θ = 90 [deg])

Figure 8 shows the RMS values of vibration displacement
and the dominant frequencies of thin film at Point C. These re-
sults differ from those at Point A and B. The RMS values of
vibration displacement at Point C remain small in the flow rate
range of Q = 5.00 [×10−3 m3/s] and Q = 9.17 [×10−3 m3/s],
where the vibration displacements at Points A and B became
large. In contrast, the vibration displacements increase when the
flow rate Q is more than 11.7 [×10−3 m3/s].

The dominant frequencies of vibration displacement are
shown in Figure 8(b). It can be seen that the dominant frequen-
cies of measured vibration in Figure 8(a) are about 6.7 Hz. This

dominant frequency is considerably lower than those at Points A
and B.
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FIGURE 8. RMS displacement and dominant frequency of vibration
of the thin film at Point A (T = 124.3 [N/m], θ = 90 [deg])

Time Histories of the Thin Film

Figures 9, 10 and 11 show the time histories of vibration
displacement of the thin film at Points A, B and C in the case
of the low flow rate (Q = 5.83 × 10−3[m3/s]), respectively. In
these figures, the horizontal axis shows the time. On the other
hand, the vertical axis represents the vibration displacement of
thin film. From these Figures, the vibration displacements of the
Points A and B are considerably larger than the results of Point
C. Moreover, the dominant frequency of this vibration is 50.8
[Hz]. This results indicate that, in the low flow rate region, only
the nonwrapped regions of the thin film flaps largely in the out-
of-plane direction of the film with high frequency.
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FIGURE 9. Time history of the displacement of the thin film at Point
A (T = 124.3 [N/m], θ = 90 [deg])
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FIGURE 10. Time history of the displacement of the thin film at Point
B (T = 124.3 [N/m], θ = 90 [deg])
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FIGURE 11. Time history of the displacement of the thin film at Point
C (T = 124.3 [N/m], θ = 90 [deg])

Figures 12, 13 and 14 show the time histories of vibration
displacement of the thin film at Points A, B, and C in the case of
the high flow rate (Q = 20.8×10−3[m3/s]), respectively. In the
high flow rate region, the vibration displacement of the Point C
is larger than that in the case of the low flow rate. Moreover, the
dominant frequency of this vibration is 6.7 [Hz]. In this situation,
it is shown that the thin film slides largely along the air-turn bar
with low frequency.

Based on these results, it is shown that there are two dif-
ferent types of self-excited vibration in this system, as shown in
Figure 15. One is a low-frequency vibration mode which the film
vibrates radially with respect to the the air-turn bar and the center

of wrapped region vibrates largely in the vertical direction. This
vibration mode occurs in the case of high flow rate. The other
is a high-frequency vibration mode which only the nonwrapped
regions of the thin film flap largely in the out-of-plane direction
of the thin film. In contrast to the low-frequency vibration mode,
the high frequency vibration mode occurs in the case of low flow
rate.
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FIGURE 12. Time history of the displacement of the thin film at Point
A (T = 124.3 [N/m], θ = 90 [deg])

-10

-5

0

5

10

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

D
is

pl
ac

em
en

t[
m

m
]

Time [s]

FIGURE 13. Time history of the displacement of the thin film at Point
B (T = 124.3 [N/m], θ = 90 [deg])
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FIGURE 14. Time history of the displacement of the thin film at Point
C (T = 124.3 [N/m], θ = 90 [deg])
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(a) High-frequency vibration mode

(b) Low-frequency vibration mode
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FIGURE 15. Vibration mode of the wrapped thin film around the air-
turn bar

Distribution of Steady Pressure
Figure 16 shows a steady pressure distribution in the

wrapped region and the nonwrapped region when the flow rate
is Q = 5.83 × 10−3[m3/s]. In this figure, the horizontal axis
shows measurement points at the surface of the air-turn bar. On
the other hand, the vertical axis represents the steady pressure.
From this figure, the steady pressure in the wrapped region is
larger than that in the nonwapped region because of injection
of the pressurized air. The steady pressure decreases rapidly at
ξ = 78.5 [mm]. Moreover, the steady pressure is negative at
ξ = 78.5 [mm], and it can be seen that a pressure spike at the
boundary of the wrapped region and the nonwrapped region.

A steady pressure distribution in the case of Q = 20.8 ×
10−3[m3/s] is shown in Figure 17. In this case, the steady
pressure distribution is similar to the result in the case of Q =
5.83 × 10−3[m3/s]. From this figure, the pressure rapidly drops
at ξ = 78.5 [mm]. Moreover, the values of the steady pres-
sure distributions are about the same as those in the case of
Q = 5.83 × 10−3[m3/s].

By comparing Figure 16 and Figure 17, the steady pressure
distributions remain nearly constant, even though more pressur-
ized air is injected into the clearance between the air-turn bar and

the thin film.
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FIGURE 16. Steady pressure distribution of the high-frequency vi-
bration mode at the surface of air-turn bar (Q = 5.83 × 10−3 [m3/s])
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FIGURE 17. Steady pressure distribution of the low-frequency vibra-
tion mode at the surface of air-turn bar (Q = 20.8 × 10−3 [m3/s])

Distribution of Pressure Fluctuation
Figures 18 and 19 show distributions of the pressure fluc-

tuation in the wrapped region and the nonwrapped region when
the flow rates Q are 5.83× 10−3[m3/s] and 20.8× 10−3[m3/s],
respectively. In these figures, the horizontal axis shows the mea-
surement points at the surface of the air-turn bar. On the other
hand, the vertical axis represents the RMS values of the pres-
sure fluctuation. In figures 18 and 19, the dashed lines show the
steady pressure distributions shown in Figs. 16 and 17, respec-
tively. From figure 18, the pressure fluctuation is small in the
case of Q = 5.83× 10−3[m3/s]. In particular, the pressure fluc-
tuation in the wrapped area is almost equal to zero. However,
the pressure fluctuation increases locally at the edge of the air-
turn bar (ξ = 78.5[mm]). On the other hand, Figure 19 shows
that the pressure fluctuation in the wrapped region is consider-
ably larger than that in the nonwrapped region, in the case of
Q = 20.8 × 10−3[m3/s], when the low-frequency vibration
mode occurs. From figures 18 and 19, it can be seen that the
pressure fluctuation in the case of Q = 20.8×10−3[m3/s] is con-
siderably larger than that in the case of Q = 5.83 × 10−3[m3/s]
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in the wrapped region. In contrast to the results of the wrapped
region, it can be seen that the pressure fluctuations in the non-
wrapped region are small.

Based on these results, it is shown that the low-frequency
vibration mode is generated by the large pressure fluctuation in
the wrapped region. On the other hand, the generation of high-
frequency vibration mode is related to the local pressure increase
near the edges of air turn-bar.
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FIGURE 18. Distribution of pressure fluctuation of the high-
frequency vibration mode at the surface of air-turn bar (Q = 5.83 ×
10−3 [m3/s])
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FIGURE 19. Distribution of pressure fluctuation of the low-frequency
vibration mode at the surface of air-turn bar (Q = 20.8×10−3 [m3/s])

Stability Diagram
In order to obtain the instability regions of the low-frequency

and high-frequency vibration modes, the experiment was con-
ducted with changing the flow rate of the pressurized air Q and
the tensile force T . In this experiment, the flow rate Q was varied
between 2.50×10−3 [m3/s] and 20.8×10−3 [m3/s], and the ten-
sile force T was varied between 28.4 [N/m] and 124.3 [N/m].
The experimental results of the stability diagram are shown in
Figure 20. The horizontal axis shows the tensile force T . More-
over, the vertical axis represents the flow rate Q. In this figure,
◦ shows the instability region of the high-frequency vibration

mode, and • shows the instability region of low-frequency vibra-
tion mode. It can be seen that the region of the high-frequency
vibration mode is distributed over the entire region in Figure 20.
In contrast to the high-frequency mode, the low-frequency mode
occurs when the tensile force and the flow rate are large.
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FIGURE 20. Stability diagram

CONCLUSIONS
In this study, we investigated the characteristics of the self-

excited vibration in the thin film wrapped around the air-turn bar
by the experiment. As a result, it was shown that this system has
two different types of the self-excited vibration. The characteris-
tics of these vibration modes are as follows.

One is the low-frequency vibration mode which the film vi-
brates radially with respect to the the air-turn bar. This vibra-
tion mode occurred when the tensile force and the flow rate are
large. Moreover, the pressure fluctuations in the wrapped region
became large when the low-frequency vibration was observed.

The other is the high-frequency vibration mode which the
film flaps in the out-of-plane direction of the thin film. In con-
trast to the low-frequency vibration mode, this vibration mode
occurred without the effects of changing the tensile force and the
flow rate. Moreover, the distribution of the pressure fluctuations
indicates that the generations of the high-frequency vibrationnal
mode are related to the local pressure increase near the edges of
air turn-bar.
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