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Abstract—Pneumatic Booster Valves (PBV), which amplify
air pressure without any electricity or air compressor, has
commonly applied to facilities such as automobile
production lines. However, because PBYV is still not efficient
enough, Pneumatic Booster Valve with Energy Recovery
(PBV-R), which has one additional function that recovers

energy, has been proposed and validated by previous studies.

Nonetheless, a parametric study of the optimal shape of
PBV-R has not been experimentally studied yet. Thus, in
this paper, we experimentally investigate performance of
PBV-R under various conditions such as a stroke length and
an area ratio to find out the optimal parameters of PBV-R
and discuss the results by calculations.

Index Terms— pneumatics, pneumatic booster valves, air
power, energy efficiency, energy recovery

I.  INTRODUCTION

Pneumatic systems are commonly used for its safety,
cleanliness and low cost in overall industry, such as
automobile production lines. Despite the merits of
pneumatic systems, these are mainly operated by air
compressors, of which electricity energy consumption has
risen to 30 % of the whole industrial electric energy
consumption in many countries [1-3]. Also, a report has
shown that up to 9 % of electric energy consumption can
diminish by reducing every 0.1 MPa supply pressure [4].
Therefore, many automobile manufacturing plants have
cut down their supply pressure. However, low pressure in
the plants causes lack of force, which are essential for
efficient production process such as short takt time. For
these reasons, pneumatic booster valves (PBV), which

amplify air pressure, have been developed and studied [5].

Because PBV can double air pressure without additional
electricity, applying one to the processes where high
pressure is necessary can not only save the electric energy
consumption, but also solve the problems caused by
reduced supply pressure. Moreover, some studies have
suggested asymmetric PBV structures that can amplify air
pressure much higher than original PBV [6-8]. However,
in terms of energy efficiency, PBV is not efficient by
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reason of that PBV includes the process of wasting high-
pressure air. Many researchers have tried to improve the
energy efficiency of PBV, such as controlling air supply
or pneumatic circuit [9-11], but (these are difficult to
apply because) they make the pneumatic circuit complex
or use electricity. To solve this problem, a pneumatic
booster valve with energy recovery (PBV-R), which has a
similar structure to PBV but has one additional cylinder
called ‘expansion cylinder’, was proposed by a patent
[12]. Because PBV-R reuses the high-pressure air that
existing PBVs would exhaust, it has been considered that
energy efficiency of PBV-R is higher than that of PBV,
and in reality, improvement of energy efficiency of PBV-
R is numerically and experimentally validated under
certain conditions by previous researches [13-15].
According to the previous researches, however, it is
already proved that not every shape of the expansion
cylinder improves the energy efficiency, but rather
decreases on some occasions. Thus, in this study, we
experimentally investigate performance of PBV-R under
various conditions such as a stroke length and an area
ratio to find out the optimal parameters of PBV-R.

Il. PRINCIPLE OF PBV-R

As shown in Fig. 1, PBV-R mainly comprises three
cylinders: two drive cylinders and an expansion cylinder;
three pistons in each cylinder; two mechanical valves that
change the pneumatic circuit of PBV-R; and a piston rod
that connects the pistons. Also, each cylinder has two
chambers: a drive chamber and a boost chamber included
in the drive cylinders, two expansion chambers in the
expansion cylinder. The pistons move by the force of air
pressure in each chamber. When it reaches the end of a
stroke, it pushes a button that changes the position of a
mechanical valve, then the pistons move to the opposite
direction. There are two modes in PBV-R; the movement
of the piston either to the left or right.

In mode 1, as shown in the left side of Fig. 1(b), piston
moves to the right. First, supply air flows into drive
chamber 1, boost chamber 1 and boost chamber 2. Then,
because the air in drive chamber 1 and boost chamber 2
presses pistons, the air in boost chamber 1 is compressed.
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In this process, the supply air that remains from mode 2
in drive chamber 2 flows to expansion chamber 1, where
it adds force to the middle piston. Finally, boost chamber
1 emits air at higher than supply pressure. In this case,
expansion chamber 2 is open to the atmosphere.
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In mode 2, the piston moves to the left. The right side
of Fig. 1(b) presents mode 2, and the principle is
basically the same as mode 1. Supply air flows into drive
chamber 2, boost chamber 1 and 2. For the same reason
of mode 1, boost chamber 2 emits air at higher than
supply pressure.
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Figure 1. (a) Schematic graphic of PBV-R and (b) principle of PBV-R.

I1l.  EXPERIMENTAL SETUP AND PROCEDURE

As mentioned previously, not every shape of PBV-R
improves the energy efficiency, so it is necessary to
investigate the performances of the PBV-R under several
conditions. In this study, we carry out an experiment with
three different area ratios and four different strokes and
see how the energy efficiency, the boost ratio and the air
consumption rate change.

A. Experimental Setup

Fig. 1 presents the pneumatic circuit of the
experimental apparatus in this study. The experimental
apparatus includes a filter-regulator-lubricator (F.R.L);
two air power meters (APM) that can measure air power,
pressure, temperature, and flow rate; two air cylinders
with a 40 mm diameter for drive cylinders; three air
cylinders with a 50 mm, 63 mm, 80 mm each for an
expansion cylinder; and a 10 dm3 tank. Each diameter

has four different stroke; 25 mm, 50 mm, 75 mm and 100
mm, so total number of air cylinders we prepare is twenty.
Direction control of pneumatic circuit is operated by two
5-way/2-position solenoid valves and a solid-state timer
that has a function of a relay. The pressures of inflow,
outflow and each chamber; the air power of inflow and
outflow; and the flow rate of inflow and outflow are
measured during operation. All data is acquired by
converting analog signals to digital signals with a
sampling rate of 1000 Hz. Table I shows a list of
components included in the experimental apparatus and
their main specification. Fig. 2 is the actual experimental
apparatus with the components described above. Two
drive cylinders and one expansion cylinder are included
for an experiment. Because every end of piston rod of air
cylinder has a female screw, we connect the rods by a
shaft that has male screws on both ends. Also, a U-shaped
button pusher is fixed on the shafts and pushes switch
buttons when the pistons reach to the end of the stroke.
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Figure 2. Circuit diagram of PBV-R.

B. Experimental Procedure

The purpose of this study is to investigate the
performance of PBV-R under different area ratio and
stroke length. Accordingly, we first fix the stroke length
of 25 mm and carry out the experiment for each area ratio
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cylinder and then we carry out the same experiment on
the other stroke lengths. We set supply pressure of 300
kPa, 400 kPa and 500 kPa using a regulator. Also, the
experiment is carried out 5 times at each supply pressure.

We investigate efficiency, boost ratio and air
consumption rate, which are mainly considered as

666
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performance of PBV-R. First, we employ air power for
evaluating the energy of air. Air power is a concept that
quantify the energy of flowing compressed air, according
to the paper [16]. Air power can be presented as Eq.1.

P—GRTlp+K<TllT) 1
—err il S (Fo1mnn) @

Based on Eq.1, we investigate the energy efficiency of
PBV-R. As shown in Fig. 1, because input and output air
power are measured by each APM, the energy efficiency,
n, during the time [0, co] can be calculated with Eq.2.

_ Eout _ fom Poye dt
Ein fooo Pindt

()

Next, we also investigate boost ratio of PBV-R. Boost
ratio means a ratio between inlet pressure and outlet
pressure. Generally, while PBV-R is operating, inlet
pressure, p;,, and output pressure, py.:, are fluctuant.
However, if there is no air consumption at downstream,
the pistons of PBV-R stop their movement finally when
Pout r€aches the maximum pressure. Then, after sufficient
time has elapsed, p;, and p,,: become constant. Thus, we

define the boost ratio, k,,, with the p;, and the p,, as
Eq.3.

_ Pout ()

B Pin () (3)

In this case, .o means the time when p;, and py,: do
not fluctuate anymore.

Finally, we also investigate air consumption rate,
which indicates the percent of air consumed. The air
consumption rate, k,, during the time [0,] can be

P

defined with inlet flow rate, Q;,, and outlet flow rate,
Qout, @S Eq.4. .
k _ Vout _ fg Qoutdt
Vi [ Quat 4)
IV. RESULTS

In this study, we changed stroke length L, area ratio k,
as well as supply pressure ps. Therefore, first, we show
the results when the stroke length is constant, and then,
we show the results when the area ratio is constant.

Fig. 3 illustrates the energy efficiency of each area
ratio. The dotted line indicates the energy efficiency at
ps = 300 Pa, the dashed line indicates the energy
efficiency at p;, = 400 kPa, and the solid line indicates
the energy efficiency at p; = 500 kPa. Also, the dots at
around k,- = 0 are the results with no expansion cylinder
(PBV method). Regardless of the stroke length, the
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energy efficiency is the greatest where k, = 1.56. When
the stroke length and the supply pressure are fixed, the
energy efficiency is up to 10 % different between
k, =1.56 and k, = 4.30. In some cases where k, =
2.66 andk, = 4.30, the energy efficiency is lower than
PBV method although the expansion cylinder recovers
energy.
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Figure 4. Relations between energy efficiency and area ratio at various stroke lengths.
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Fig. 4 illustrates the boost ratio of each area ratio. All  up to 0.4 higher than that of k,, = 4.30, up to 0.2 higher
boost ratio shows a similar tendency that has the highest  than that of k,. = 1.56.
boost ratio at k, = 2.66. The boost ratio of k, = 2.66 is
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Figure 5. Relation between energy efficiency and area ratio at various stroke lengths.

Fig. 5 illustrate the air consumption rate of each area  up to 5 % higher than that of k, = 2.66, up to 10 %
ratio. Regardless of the stroke length, air consumption  higher than that of k,. = 4.30.
rate is the greatest where k, = 1.56 at all supply

pressures. Also, the air consumption rate of k,. = 1.56 is B. The Results with Constant Area Ratios
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Figure 6. Relation between air consumption rate and area ratio at various stroke lengths.

Fig. 6 illustrates the energy efficiency of each stroke L =100 mm is from 50 % to 55 %, whereas the
length. When supply pressure is fixed, the energy  efficiency at L =25 mm is around 20 % for all area
efficiency tends to increase as the stroke length increases  ratios.
for all area ratio. Especially, the energy efficiency at
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Figure 7. Relation between energy efficiency and stroke length.

Fig. 7 illustrates the boost ratio of each stroke length.
For all area ratio, the boost ratio is almost constant at all
stroke length, exclusive of L = 25 mm. The boost ratio

has difference of less than 0.1 at L = 50 mm, L = 75 mm,

22

L =100 mm, although these are around 0.6 different
from the boost ratio at L = 25 mm.
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Figure 8. Relation between boost ratio and stroke length.

Fig. 8 illustrates the air consumption rate of each
stroke length. For all area ratio, the air consumption rate
tends to increase as the stroke length increases when
supply pressure is fixed. The air consumption rate is
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averagely from 40 to 45 % at L = 100 mm, whereas it is
from20to 25 % at L = 25 mm.
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Figure 9. Relation between air consumption rate and stroke length.

V. DISCUSSION

The most interesting thing in the results is that a stroke
length affects the energy efficiency of PBV-R, although it
was numerically proved that there is no relationship
between them. It is assumed that one of the reasons is a
dead volume. Thus, we discuss how big an influence of
the dead volume is. First, in this paper, we define the
dead volume as the whole volume except a chamber of an
air cylinder, i.e., the dead volume includes, pipes, etc.
Then, we also define and use ‘dead volume rate’ that
indicates a ratio of the dead volume to the whole volume.
The whole volume, V,,,.:, €an be presented by using an
ideal volume of a chamber which is considered that no
dead volume exists, Vigea1, and the dead volume rate, «,
as Eq.5.

Vwhote = Videar (1 + @) (5)

Using the dead volume rate, we calculate the energy
efficiency of PBV-R both with and without a dead
volume. To simplify the calculation, we assume that air is
an ideal gas and it satisfies the ideal gas state equation.
Also, temperature change is neglected during state
changes, and the pressure in a chamber is constant as
supply pressure while air flows in and out. Then,
according to the definition of air power, Eq.1, energy can
be simplified with pressure, p, volume, V, mass, m,
temperature, T, and gas constant, R, as Eq.6.

E=pV1n£=mRT1n£ (6)
Pa Pa

As presented in Eq.6, only pressure and mass are

necessary for calculating energy of air. However, the
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outlet pressure and the outflow mass is not constant but
changeable according to the number of stroke, n. Thus,
we need to generalize the pressure and the mass equation
in terms of n.
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Figure 10. Schematic diagram of a drive cylinder, dead volume

and an air tank.

A. The General Term of Pressure

First, we find a general term of pressure without dead
volume. Inlet pressure is the same as supply pressure, ps,
regardless of n, whereas outlet pressure changes by n.
Because, as shown in Fig. 10, the boost chamber and the
air tank can be considered as a closed system and the
initial pressure in the boost chamber is py, EQ.7 is
established according to the general gas equation.

psVp + pr(n- DVr = pr(m)Vy (7)

In Eq.7, pr is the pressure of the air tank. From Eq.7,
the general term of p can be presented as Eq.8.

Vb
pr(m) =ps(1+5-1) ®)
T
If final outlet pressure, ppgyr, IS already known, it is
possible to calculate the number of strokes, N, that occur
until the piston stops. Let pr = ppgyr. then N can be
presented as Eq.9.
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N = (Ppave — PV
pst

Next, we find a general term of pressure with dead
volume. Similarly, inlet pressure is the same as supply
pressure, pg, regardless of n, whereas outlet pressure
changes by n. Because of the same reason above, Eq.10
is established.

psVp(1 +a) + TST(": DV
=pr(m)(Vr + aVy)
From Eq.10, the general term of p; can be presented as
Vr

Eq.11.
n
VT + aVb) ]

Also in this case, if final outlet pressure, pr, is already
known, we can calculate the number of strokes, N, that
occur until the piston stops. Let pr = ppgyr, then N can
be presented as Eq.12.

)

(10)

;amo:% a+1—( (11)

n(a+1-

nVe —In(Vy + al)

In Eq.9 and Eq.12, if the other conditions are equal, the
Pr has the same value whether or not dead volume exists
because, according to the study [15], the final outlet
pressure of PBV-R is presented as Eq.13.

Ppevr = [ps(Ad + Ab) + psAd(Ae - Ad)/Ae
- paAe - zfd - fe]/Ab

By using Eq.9, Eq.12 and EQ.13, N and N can be
determined.

a_ﬁT)
g s (12)

(13)

B. The General Term of Mass

In Fig. 6, the piston of the air cylinder moves to the
right side, boosting the pressure in the boost chamber
while the check valve is closed. When the pressure in the
boost chamber reaches to the tank pressure, the air in the
boost chamber starts to flow into the tank. Therefore, first,
we find a distance, x, that the piston moves until the
check valve opens. Because initial pressure is pg and the
pressure when the check valve opens is py(n), Eq.14 is
established according to the general gas equation.

L—x(n)
L

In Eq.15, L is the length of a stroke. From Eq.14, the
general term of x can be written as Eq.15.

psVp(1 + a) = pr(m)V, (14)

Ds
pr(n)

Because we assume that the pressure is constant, the
ratio of the mass that actually flows into the tank is
1-x/L out of 1 — x/L + a. Therefore, by using Eq.15,
m,, can be presented as Eq.16.

1—x/L
/ mb=[1_

1-x/L+a
© 2020 Int. J. Mech. Eng. Rob. Res

x(n) =L(a+1)(1 -

) (15)

apr(n)

n = (a + Dps

] mp (16)
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In Eq.16, m,, is the initial mass in the boost chamber.
By Eq.16, both cases with and without dead volume can
be explained. In the case without dead volume, m,, is
always equal to m,,.

C. The General Term of Energy Efficiency

First, we calculate inlet energy. Because supply
pressure flows into both drive chamber and boost
chamber, and we assume that pressure is constant, the
whole inlet energy, E;,, is established as Eq.17, based on
Eq.6.

Ps
Ey, = nps(Vh + Vd) In— (17)
Pa

Next, we calculate outlet energy. During the nth stroke,
the pressure changes from p,,_; to p,. However, it is
much smaller than the supply pressure, so we assume that
the pressure during the nth stroke is constant as (p,,_; +

pn)/2. Then, the whole outlet energy, E,,., can be
calculated as Eq. 18
out Z pn(Vb + Vd) ln_ (18)

In Eq.18, k = N if dead volume exists and k = N if
dead volume does not exist. Also, p,, = (Pn—1 + Pn)/2
where p, = pr(n) if dead volume exists and p, = pr(n)
if dead volume does not exist. Thus, with Eq.2, Eq.17 and
Eq.18, the energy efficiency with and without dead
volume can be calculated.

Fig. 11 indicates the relationship between dead volume
rate and the energy efficiency. Overall, the energy
efficiency diminishes as the dead volume rate increases.
In this study, because we did not change the pipe or tube
in the experimental apparatus and the dead volume
accounts for the most part of the apparatus, the dead
volume rate in the experiment is inversely proportional to
the stroke length. In other words, PBV-R with 25 mm
stroke length has 4 times greater dead volume rate than
PBV-R with 100 mm stroke length. Thus, the differences
between the energy efficiency of several stroke lengths
can be explained by Fig. 11. In this study, because the
dead volume rate at L =25 mm is around 0.25, the
efficiency drop is around 30 % according to Fig. 11,

which accords closely with the results.
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VI. CONCLUSION

In this study, we set up an experimental apparatus and
investigated how the performances of PBV-R change
when an area ratio and a stroke length are different.
According to the results of the experiment, the energy
efficiency is the greatest where a stroke length is 100 mm
and an area ratio is 1.56. Also, the boost ratio is the
greatest where an area ratio is 2.66 and a stroke length is
50 mm or more. Moreover, the air consumption rate is the
greatest where a stroke length is 100 mm and an area
ratio is 1.56. Hence, based on the results and the
discussion, we can conclude that a long stroke, which can
reduce dead volume rate, and an expansion chamber with
proper diameter.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS

Conceptualization, J. Lim; methodology, J. Lim;
validation, J. Lim; formal analysis, J. Lim and K. Tadano;
investigation, J. Lim; resources, K. Tadano and T.
Kagawa; data curation, J. Lim; writing-original draft
preparation, J.Lim; writing-review and editing, K.
Tadano and T. Kagawa; supervision, K. Tadano and T.
Kagawa; project administration, J. Lim; funding
acquisition, K. Tadano and T. Kagawa.

REFERENCES
[1]
[2]

Energy Efficiency Best Practice Guide Compressed Air Systems,
Government S.V, Sustainability Victoria, 2009.

P. Radgen, E. Blaustein, Compressed Air System in the European
Union: Energy, Emissions, Savings Potential and Policy Actions,
2001.

Editor August. Energy Tips: Compressed Air, U.D.o. Energy;
2004.

Energy Saving Center .
Technology (in Japanese)
N. Hamaura, T. Fujita, T. Kagawa, “Characteristics analysis of
pneumatic booster,” in Proc. Autumn Symposium on Hydraulics
and Pneumatics, 1994, pp. 77-80.

H. Wang, W. Xiong, X. Wang, “Research on the static
characteristics of air driven gas booster,” in Proc. the JFPS
International Symposium on Fluid Power, 2008, pp. 715-718

Y. Shi, M. Cai, “Working characteristics of two kinds of air-
driven boosters,” Energy Conversion and Management., vol. 52,
no. 12, pp. 3399-3407, Nov 2011.

Z. Li, Y. Zhao, L. Li, P. Shu, “Mathematical modeling of
compression processes in air-driven boosters,” Applied Thermal
Engineering., vol. 27, no. 8-9, pp. 1516-1521, June 2007.

Y. Shi, M. Cai, “Dimensionless study on output flow
characteristics of expansion energy used pneumatic pressure
booster,” Journal of Dynamic Systems, Measurement, and
Control., vol. 135, no. 2, pp. 021007, Nov. 2012.

M. Stephan, M. Murrenhoff, “Exergy based analysis of pneumatic
air saving measures,” in ASME/BATH 2015 Symposium on Fluid
Power and Motion Control, 2015, pp. VO01T01A007

(3]
(4]
(5]

Handbook of Energy Saving

(6]

(7]

(8]

[]

[10]

© 2020 Int. J. Mech. Eng. Rob. Res

672

[11] X. Luo, J. Wang, H. Sun, J. W. Derby, S. J. Mangan, “Study of a
new strategy for pneumatic actuator system energy efficiency
improvement via the scroll expander technology,” IEEE/ASME
Transactions on Mechatronics., vol. 18, no. 5, pp. 1508-1518, July
2012.

T. Kagawa, T. Takahashi, Pneumatic Booster Valve, Japan Patent
8-21404, 1996.

F. Yang, G. Li, K. Tadano, T. Kagawa, “Characteristics analysis
of pneumatic booster valve with energy recovery,” in
BATH/ASME 2016 Symposium on Fluid Power and Motion
Control, 2016, pp. V001T01A016.

F. Yang, K. Tadano, G. Li, T. Kagawa, “Analysis of the energy
efficiency of a pneumatic booster regulator with energy recovery,”
Applied Sciences., vol. 7, no. 8, pp. 816, Aug 2017.

J. Lim, K. lida, K. Tadano, T. Kagawa, “Numerical analysis and
experimental validation on energy efficiency of pneumatic booster
valves with energy recovery,” presented at: 2019 15th
International Conference on Fluid Control, Measurements and
Visualization. Naples, Italy, May 28-31, 2019

M. Cai, K. Kawashima, T. Kagawa, “Power assessment of flowing
compressed air,” Journal of Fluids Engineering., vol. 128, no. 2,
pp. 402-405, Sep 2005.

[12]

[13]

[14]

[15]

[16]

Copyright © 2020 by the authors. This is an open access article
distributed under the Creative Commons Attribution License (CC BY-
NC-ND 4.0), which permits use, distribution and reproduction in any
medium, provided that the article is properly cited, the use is non-
commercial and no modifications or adaptations are made.

Jongha Lim received the B.S. and the M.S.
degree in control engineering from Tokyo
Institute of Technology, Tokyo, Japan, in
2015 and 2017, respectively. He is currently a
Doctoral course student in School of
Engineering, Tokyo Institute of Technology,
Yokohama, Japan. His research interests
include fluid dynamics and pneumatic systems.

Kotaro Tadano received the B.S. degree in
Physics and the M.S. and Dr. Eng. degrees in
Mechanical Engineering from Tokyo Institute
of Technology, Yokohama, Japan, in 2003,
2005, and 2007, respectively. He is currently
an Associate Professor at the Tokyo Institute
of Technology, Yokohama, Japan. His
: research  interests  include  robotics,
A teleoperation, and pneumatic systems.

' Toshiharu Kagawa received the Dr.Eng.
degree in Control Engineering from Tokyo
Institute of Technology, Yokohama, Japan, in

] 1974, then he had worked at Hokushin

)i Electronic for 2 years. Since 1976, he has been

with the Department of Control Engineering,

F Tokyo Institue of Technology, where he was

an Assistant, become an Instructor in 1986, an
Assistant Professor in 1990, a Professor in
1996, and currently an Honorary Professor.

' Ei ik .
His research interests include pneumatic

control systems and fluid measurement.

S,
\



https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/



