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Nomenclature 

 

𝐴 [m2] Area 

𝑏1  [Yen/m] Price per unit length of an air cylinder 

𝑏2  [Yen] Basic price 

𝑐 [kg/s] Viscous friction coefficient 

𝑒 [-] Energy saving ratio 

𝐸 [J] Energy 

𝐸e [Wh] Electric energy consumption 

𝐸v  [Yen/m3] Electricity charge per unit volume 

𝑓 [N] Friction force 

𝑓𝑠 [N] Static friction force 

𝐺 [kg/s] Mass flow rate 

𝑘𝑒 [-] Recovery ratio 

𝑘𝑝 [-] Boost ratio 

𝑘𝑟 [-] Area ratio 

𝑘𝑣 [-] Effective consumption rate 

𝑙 [m] Length of a stroke 

𝑚 [kg] Mass of gas 

𝑀 [-] Motor load factor 

𝑛 [-] Number of strokes 

𝑁 [-] Total number of stroke with no dead volume 

𝑁̂ [-] Total number of stroke with dead volume 



IV 
 

𝑝 [Pa] Pressure 

𝑝̅ [Pa] Average pressure 

𝑝T [Pa] Pressure of air tank with no dead volume  

𝑝̂T [Pa] Pressure of air tank with dead volume 

𝑃 [W] Air power 

𝑞 [-] A ratio that PBV or PBV-R is necessary 

𝑄 [L/min(ANR)] Flow rate 

𝑅 [J/kg K] Ideal gas constant 

𝑠 [km] Lifespan of an air cylinder 

𝑡 [s] Time 

𝑇 [K] Temperature 

𝑢  [m/s] Velocity 

𝑣 [m3] Dead volume 

𝑉 [m3] Volume 

𝑤𝑐  [Yen] Cost loss 

𝑤𝑑  [Yen] Cost of an air cylinder 

𝑊 [J] Work 

𝑥 [m] Distance  

𝛼 [-] Dead volume rate 

𝜂 [-] Energy efficiency 

𝜅 [-] Specific heat ratio 

subscript 
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𝑎 Atmosphere 

all The entire 

b Boost cylinder 

b1/b2 Boost Chamber 1/2 

comp Air compressor 

D Drive cylinder 

d1/d2 Drive chamber 1/2 

e Expansion cylinder 

e1/e2 Expansion chamber 1/2 

in Inlet/Input 

ideal Ideal  

n nth 

out Outlet/Output 

PBV Value of pneumatic booster valve 

PBVR Value of pneumatic booster valve with energy recovery 

s Supply 

T Air tank 
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Chapter 1. Introduction 

Introduction 
 

. Introduction 

1.1 Pneumatic Systems 

Pneumatic systems are extensively used for relatively high power-to-weight and 

cleaner and lower cost than hydraulic systems in industries, such as robot, 

manufacturing industry and environment management systems [1,2,3]. For example, 

beverage plants, as shown in Fig.1-1(a), and sewage treatment plants, as shown in 

Fig.1-1(b), also utilize pneumatic systems for keeping the factories clean even in 

operation and generating a lot of air, respectively [4,5]. Moreover, in automobile 

industry, as shown in Fig.1-1(c), and semiconductor industry, as shown in Fig.1-1(d), 

which are one of major industries in the world, pneumatic systems are indispensable 

to many manufacturing processes [9]. The pneumatic system is closely related to our 

 

Fig.1-1. Plants utilizing pneumatic systems [6,7,8,9] 

(a) Beverage plant

(d) Semiconductor plant(c) Automobile Plant

(b) Sewage treatment plant
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lives, especially in the field of robot. Due to the advantage explained above, pneumatic 

systems are also applied to surgical robots. As shown in Fig.1-2(a), Riverfield inc. has 

developed EMARO, which is the world's first pneumatically driven endoscope 

manipulator robot [10]. Also, several studies have suggested and developed rehabilitation 

wearable robots by using pneumatic system e.g. wearable glove for rehabilitation by 

Xiloyannis, M. et al., as shown in Fig.1-2(b) [11,12,13]. Furthermore, humanoid robots 

and rescue robots that adopted pneumatic systems, as shown in Fig.1-2(c) and Fig.1-

2(d), have been developed by Kurumaya, S. et al. and Tsukagoshi, H. et al., respectively 

[14,15].  

(a)
(b)

(c) (d)

Fig.1-2. Application of pneumatic system to (a) surgical robot, (b) rehabilitation 

wearable robot, (c) humanoid robot and (d) rescue robot [10,13,14,15] 
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In recent years, the demands of pneumatic systems have been rapidly increasing. As 

represented in Fig.1-3, manufacturing output of both automobile and semiconductor 

in Japan rises 7% and 40% in the last 5 years, respectively, which causes an 64.5% 

increase of manufacturing output of pneumatic device in the last 7 years, according to 

the report of Japan Fluid Power Association [16,17,18]. Electric energy consumption 

of pneumatic systems has also increased as the demands of pneumatic systems have 

increased. According to a report, industrial electric energy consumption accounts for 

36% of total electricity [19]. Furthermore, as shown in Fig.1-4, the electric energy 

consumption of pneumatic compressors accounts for 14 % of total industrial electric 

energy consumption in Japan, while it accounts for up to 30 % in many countries 

[20,21,22,23]. Meanwhile, “Kyoto Protocol”, which is an international treaty 

extending the 1992 United Nations Framework Convention on Climate Change, 

encourages major countries to reduce greenhouse gas emission [24]. Also, The Paris 

Agreement, which is an agreement within the United Nations Framework Convention 

on Climate Change (UNFCCC), has been signed in 2016 for dealing with greenhouse-

gas-emissions mitigation, adaptation, and finance [25]. Furthermore, “the Law on 
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Fig.1-3. Annual sales performance of pneumatic device in Japan [18]  
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Rationalization of Energy Consumption”,  which is a decree of Japan enforced in 

1979, has imposed a duty of reducing energy consumption upon industrial facilities 

[26]. Thus, electric energy consumption of pneumatic systems has to be inevitably 

reduced in many factories. 

 Many previous studies have been carried out for energy conservation of pneumatic 

systems. Rinoshika et al. showed that an energy saving method for pneumatic 

conveying systems they proposed can save power consumption of up to 34 percent 

[27]. Yang et al. suggested that a method of pneumatic drive system by using by-pass 

valve control can improve energy efficiency of up to 28 percent [28]. A research 

indicated that a control method for pneumatic servo systems they suggested can save 

10 percent energy, by Al-Dakkan et al [29]. Also, Harris et al. and Ke et al. proposed 

a method of energy optimization for pneumatic actuator systems that can reduce use 

of 29 % compressed air [30,31]. However, one of the easiest method that can save 

electric energy consumption of pneumatic system without any device and control is to 

reduce pressure of air compressor. According to a report, as represented in Fig.1-5, at 

least 8% of electric energy used by a compressor operating can be conserved for every 

0.1 MPa the pressure is reduced [32]. For this reason, many plants have attempted to 

reduce the air supply pressure, especially one automobile plant changed its air pressure 

from 0.6 MPa to 0.35 MPa, which led more than 20 % electric energy conservation. 

Fig.1-4. Details of electricity in a factory [20] 
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However, although this is one of the simplest way for energy saving, it causes some 

problems in cases where factories need a high force e.g. a production process, short 

takt time, or press system. As shown in Fig.1-6(a), if supply pressure decreases from 

0.6 MPa to 0.35 MPa, many processes in a plant operate without any trouble, while 

some processes is not able to be carried out with 0.35 MPa supply pressure. Thus, as 

shown in Fig.1-6(b), it is necessary for the processes that need high-pressure air to 

install air boosters partly in order to solve the trouble.  
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Discharge pressure [MPaG] 
Fig.1-5. Relationship between discharge pressure and electric power [32]  
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I still need 
0.6 MPa..

0.35MPa is 
enough, so 
there is no 
problem.Air 

Compressor

0.6 MPa 
⇩

0.35 MPa

0.6 MPa can 
be provided 
from booster 

device, so 
there is no 
problem.

0.35MPa is 
enough.

Booster 
Device

Air 
Compressor

0.6 MPa 
⇩

0.35 MPa

(a) A problem caused by decreased supply pressure

(b) A problem solved by adding a booster device

Fig.1-6. A problem caused by decreased supply pressure and solution 
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1.2 Development of Pneumatic Booster Valve 

1.2.1 Proposition of Various Pneumatic Booster Valve 

 As mentioned above, local air boosters are needed for plants who reduced supply 

pressure. One of the idea what we can consider is to apply small air compressors to the 

process that need high-pressure air. For instance, compared with a big air compressor 

manufactured by ANEST IWATA as represented in Fig.1-7(a), which is usually used 

for a main compressor, one small air compressor manufactured by MAX shown in 

Fig.1-7(b) is generally less than 5 kW, while the main compressor consumes electric 

energy of more than 100 kW [33,34]. Thus, if the number of little air compressor for 

boosting air pressure partially is small when supply pressure is reduced, this solution 

is effective because a relatively enormous amount of electrical energy can be 

conserved. However, if the number of small air compressor reaches a certain value, the 

energy consumption of additional air compressors becomes bigger than the energy 

saved by reducing the supply pressure. Thus, we cannot say it is a general method for 

boosting air partly. 

 Another idea is to use a device that boosts air pressure without using electricity. 

According to resultant force, the air pressure in the small chamber called ‘boost 

(a) (b)

Fig.1-7. (a) Large main air compressor and (b) small air compressor [33,34] 
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chamber’ can be higher than initial state by pushing a piston from the other chamber 

called ‘drive chamber’. With this principle, many booster devices have been proposed 

by patents. One-way booster devices have been suggested as Fig.1-8(a), which had 

been the most common method until 1980s [35]. This device, however, has problems 

that the boost chamber is too small and it takes much time to boost because the volume 

of compressed air made by each stroke is small. Moreover, the one-way booster device 

adopted one-way boosting process and the other way is not related to boosting process. 

To solve these problems, many patents had been presented to improve the booster 

device. One of the boost devices proposed by a patent is ‘two-way booster device’ that 

has improved the process of one-way booster device, as shown in Fig.1-8(b) [36]. The 

two-way booster device is literally a booster device that boosting process occurs in 

both ways by installing two boost chambers on both sides. The two-way booster device 

can reduce the boosting time to half. Nevertheless, this proposition still has problems 

that boost chambers are small that the boosting time is long, as well as the energy loss 

from drive chambers. Other patents have suggested the methods that improve the 

previous booster devices, but these are difficult to apply to booster devices due to 

complexity and a lot of additional components [37,38,39,40].  

Fig.1-8. (a) one-way booster device, (b) two-way booster device  

and (c) pneumatic booster valve. [35,36,41] 

(a) (b)

(c)

Boost 
chamber

Drive 
chamber

Boost 
chamber1

Drive 
chamber1

Drive 
chamber2

Boost 
chamber2

Drive 
chamber1

Boost 
chamber1

Boost 
chamber2

Drive 
chamber2
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 One of the methods that has markedly improved efficiency of the booster devices is 

suggested by K. Kishimoto [41]. The inventor proposed a new-shaped booster device 

as shown in Fig.1-8(c), also known as pneumatic booster valve (PBV). The PBV is, 

unlike the previous booster devices, has two pistons, two drive chambers and two boost 

chambers. This structure is able to make volumes of both chambers almost the same, 

which can greatly reduce the boosting time. Furthermore, the PBV exhausts only half 

of compressed air due to one more drive chamber, while the previous booster devices 

exhaust the entire compressed air. Thus, it is considered that the PBV is energetically 

more efficient than the previous booster devices. Many researchers have validated  

the PBV and the previous device has been superseded by the PBV that has been 

developed into product by SMC corporation, as represented in Fig.1-9(a), from 1990s 

[42,44]. Moreover, asymmetric PBV which has been presented by patent can boost the 

air four time, while previous PBV is symmetric and able to boost twice [43]. This 

asymmetric PBV has also been verified its validation by Shi et al. and developed into 

product by SMC corporation, as shown in Fig.1-9(b) [45].  

 

1.2.2 Proposition of Pneumatic Booster Valve with Energy Recovery 

 Since PBV solves the problem caused by reducing supply pressure, PBV is effective 

in reducing electric energy consumption of an air compressor. However, PBV exhausts 

Fig.1-9. (a) Symmetric pneumatic booster valve and (b) asymmetric pneumatic booster valve [44] 

(b) (a) 
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part of high-pressure air during the process, which causes energy loss, i.e., there is still 

room for improving the energy efficiency. To improve the energy efficiency, two 

methods can be considered: to apply the method of improving energy efficiency of an 

air cylinder or PBV. Stephan et al. studied to improve energy efficiency of pneumatic 

cylinders by using several extra solenoid valves and a controller [46]. Shi et al. carried 

out numerical research that PBV can be improved in terms of energy efficiency by 

using two extra solenoid valves and a controller [47,48]. However, those methods need 

extra components, which can make manufacturing cost higher, and use electrical 

energy, which can disturb improvement of energy efficiency. To supplement the 

weaknesses and to improve energy efficiency of PBV, Kagawa et al. proposed 

pneumatic booster valve with energy recovery (PBV-R) by patent [49]. Principle of 

PBV-R is similar to that of PBV, although the structure of PBV-R has one more air 

cylinder called ‘Expansion Cylinder’. As shown in Fig.1-10, the Expansion Cylinder 

of PBV-R recovers and reuses high-pressure air exhausted from PBV without any 

solenoid valve and controller. Also, Yang et al. has shown the results of numerical 

simulation that energy efficiency of PBV-R is greater than that of PBV [50,51,52]. 

However, those results are from numerical simulation, which was carried out under 

several assumptions, e.g., there is no dead volume, temperature of the air in a tank is 

constant, etc. Those assumptions on numerical simulations generally make different 

results from actual experiment. Furthermore, even though simulation is implemented 

with no assumption, it is well-known that numerical simulations usually do not 

coincide with experimental result in fluid dynamics, especially gas dynamics and 

aerodynamics that deal with compressible fluid [53]. In the case of PBV or PBV-R, it 

can be considered as airflow in several closed systems that are comprised of two 

chambers and pipe, although the previous studies have not taken the pipe into 

consideration, which causes pressure drop. If it is steady flow and Reynolds number is 

constant, the pressure drop that is directly proportional to Darcy friction factor can be 

calculated [54,55,56,57,58]. Normally, however, unsteady flow occurs inside of PBV 

or PBV-R, which makes Reynolds number not constant and Darcy friction factor 

difficult to find. Several researchers have carried out numerical analysis of such closed 

systems and established the method of simulation of pneumatic systems including pipe 

[59,60]. However, since the studies show unneglectable errors between the result of 

the simulation and that of the experiment, experimental verification of validation of 
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PBV-R is required for precise results. 

 

 

 

 

 

 

 

  

PBV
Expansion 
Cylinder

High-pressure 
air exhaust Recovery 

& reuse

PBV-R

Energy Efficiency 
Increase

Fig.1-10. Concept of PBV-R. 
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1.3 Purpose of this Thesis 

As mentioned above, PBV-R is more efficient than PBV. Nevertheless, verification 

by an experiment is the most accurate method in fluid dynamics. Therefore, the first 

purpose of this thesis is to verify experimental validation of PBV. 

 

Next, it is necessary to investigate the geometric design of PBV-R that maximizes 

performances, e.g. energy efficiency and boost ratio by experiment. For PBV-R, both 

area ratio and stroke length, for example, are two of the most important geometric 

parameters. According to previous studies, area ratio highly affects the performances 

of PBV-R, while stroke length does not have any effect on PBV-R [50,51,52]. However, 

as the explanation above, those results include some assumptions, i.e., those have not 

been verified by experimental validation. Therefore, in this thesis, we vary some 

geometric parameters and investigate how much effect do the parameters have on the 

performances of PBV-R. 

 

Finally, we make prototype of PBV-R and compare the performances of both PBV 

and PBV-R. The conditions of the experiments above, e.g. dead volume and a diameter 

of pipe, are not the same as that of a real product. Therefore, it is necessary to make a 

prototype of PBV-R that is similar to a finished product and prove that the 

performances of PBV-R are better than that of PBV. 
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1.4 Structure of This Thesis 

The structure of this research is shown is Fig.1-11. There are four chapters as 

following: 

 

In Chapter 2, we make an experimental apparatus for examining both PBV and 

PBV-R. Then, using the apparatus, we measure and compare efficiency, boost ratio, 

and air consumption of PBV and PBV-R. In addition, because PBV-R has one 

additional cylinder for recovering and reusing energy, we investigate how much 

efficiency is improved by the expansion cylinder.  

 

In Chapter 3, we make another experimental apparatus for examining PBV-R. Then, 

with this apparatus, we implement experiments on different conditions, i.e., various 

area ratios and stroke lengths, and verify how the performances of PBV-R change as 

the geometric parameters change. Also, we discuss the reason why do the stroke 

lengths have effect on the energy efficiency of PBV-R. 

 

In Chapter 4, we make a prototype of PBV-R. Then, we compare the performances 

of both the prototype of PBV-R and PBV on the market. Moreover, by using these 

results, we carry out a calculation how much energy consumption and carbon dioxide 

are reduced by applying PBV-R in order to understand effects of PBV-R on the whole 

industry in Japan. 

 

In Chapter 5, conclusion of this research are listed. 
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Fig.1-11. Structure of thesis 

Chapter 2. Experimental Validation of Validation of PBV-R

• Making an experimental apparatus

• Validation of PBV-R method experimentally

• Defining recovery ratio and investigating how much energy

is reused

Chapter 3. Impact of Geometric Design on Performances of 

Pneumatic Booster Valve with Energy Recovery

• Making an experimental apparatus

• Investigating performances under different geometric

conditions

• Defining dead volume rate

• Investigating the relationship between energy efficiency

and dead volume rate

Chapter 4. Evaluation of Prototype of PBV-R

• Deciding geometric parameters of prototype

• Producing and verifying validation of prototype

• Comparing existing PBV and prototype

• Calculating how much energy consumption and carbon

dioxide emission are reduced

Chapter 5. Conclusion

Chapter 1. Background
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Chapter 2. Experimental Validation of Pneumatic Booster Valve with Energy Recovery 

Experimental Validation of Pneumatic 

Booster Valve with Energy Recovery 

 

 

2.1 Principle of Pneumatic Booster Valves 

2.1.1 Principle of Pneumatic Booster Valve (PBV) 

PBV is based on the principle of a resultant force acting on pistons and a piston rod. 

As it is shown in Fig.2-1, it is composed of two driver chambers, two boost chambers, 

two pistons, a piston rod, four check valves and a 4-way/2-position mechanical valve. 

Especially in terms of chambers, we call “Drive Chamber 1”, “Boost Chamber 1”, 

“Boost Chamber 2” and “Drive Chamber 2” from left to right. The piston moves by 

the force of air pressure in each chamber, and it pushes a button and changes the 

direction of pneumatic circuit by switching the mechanical valve when it reaches the 

end of each boost chamber. There are two modes for the PBV; the movement of the 

piston either to the left or right. Basically, the two modes do the same process because 

PBV is symmetric, but we call the movement to the right as “Mode 1” and the 

movement to the left as “Mode 2” for the convenience of explanation.  

In Mode 1, the piston moves to the right. Fig.2-2(a) and Fig.2-2(b) present Mode 1. 

First, as shown in Fig.2-2(a), supply air flows into Drive Chamber 1, Boost Chamber 

1 and Boost Chamber 2. Second, because the air in Drive Chamber 1 and Boost 

Chamber 2 presses pistons to the right, the air in Boost Chamber 1 is compressed. 

Finally, as shown in Fig.2-2(b), Boost Chamber 1 exhausts air at higher than supply 

pressure. In this case, Drive Chamber 2 is open to the atmosphere. When the left piston 

reaches the end of Boost Chamber 1, it pushes the button that changes position of the 

mechanical valve and Mode 2 starts. 

In Mode 2, as it is presented in Fig.2-2(c) and Fig.2-2(d), the principle is the same as 
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Mode 1. First, as shown in Fig.2-2(c), supply air flows into Drive Chamber 2, Boost 

Chambers 1 and 2, then the piston moves to the left. Second, because the air in Drive 

Chamber 2 and Boost Chamber 1 presses pistons to the left, the air in Boost Chamber 

2 is compressed. As shown in Fig.2-2(d), finally, Boost Chamber 2 exhausts air at 

higher than supply pressure. In this case, Drive Chamber 1 is open to the atmosphere. 

When the right piston reaches the end of Boost Chamber 2, it pushes the button that 

changes position of the mechanical valve and Mode 1 restarts. 

 

2.1.2 Principle of Pneumatic Booster Valve with Energy Recovery 

(PBV-R) 

PBV-R, which was first proposed in a Japanese patent, has a similar principle to 

PBV but has one additional cylinder, the expansion cylinder, which includes two 

expansion chambers and recover energy. As we described in section 2.1.1, the air in 

Drive Chamber 2 in Mode 1 or in Drive Chamber 1 in Mode 2, is exhausted to the 

atmosphere. This means that energy is partly wasted in the process of PBV. To 

address this waste, PBV-R recovers and reuses the air exhausted to the atmosphere in 

case of PBV. Fig.2-3 shows the inside of PBV-R that includes two drive chambers, 

two boost chambers, two expansion chambers, three pistons, a piston rod and two 5-

way/2-position directional control valves. One of the pistons pushes a button and 

changes the direction of pneumatic circuit by switching the directional control valves 

when it reaches the end of each boost chamber. There are also two modes in PBV-R; 

the movement of the piston either to the left or right. Basically, the two modes do the 

same process because PBV-R is symmetric, but we call the movement to the right as 

“Mode 1” and the movement to the left as “Mode 2” for the convenience of 

explanation. 

 In Mode 1, the piston moves to the right. Fig.2-4(a) and Fig.2-4(b) present Mode 1. 

First, as shown in Fig.2-4(a), supply air flows into Drive Chamber 1, Boost Chamber 

1 and Boost Chamber 2. Second, because the air in Drive Chamber 1 and Boost 

Chamber 2 presses pistons to the right, the air in Boost Chamber 1 is compressed. 

Third, in this process, the supply air that remains from previous Mode 2 in Drive 

Chamber 2, unlike PBV, moves to Expansion Chamber 1, where it adds force to the 

middle piston. Finally, as shown in Fig.2-4(b), Boost Chamber 1 emits air at higher 
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than supply pressure. In this case, Expansion Chamber 2 is open to the atmosphere. 

When the left piston reaches the end of Boost Chamber 1, it pushes the button that 

changes position of the directional control valves and Mode 2 starts. 

In Mode 2, as it is presented in Fig.2-4(c) and Fig.2-4(d), the principle is the same as 

mode 1. First, as shown in Fig.2-4(c), supply air flows into Drive Chamber 2, Boost 

Chamber 1 and Boost Chamber 2. Second, because the air in Drive Chamber 2 and 

Boost Chamber 1 presses pistons to the left, the air in Boost Chamber 2 is compressed. 

Third, in this process, the supply air that remains from previous Mode 1 in Drive 

Chamber 1 moves to Expansion Chamber 2, where it adds force to the middle piston. 

Finally, as shown in Fig.2-4(d), Boost Chamber 2 emits air at higher than supply 

pressure. In this case, Expansion Chamber 1 is open to the atmosphere. When the left 

piston reaches the end of Boost Chamber 2, it pushes the button that changes position 

of the valves and Mode 1 restarts.  

 

2.1.3 Differences between PBV and PBV-R 

 One of the biggest differences between PBV and PBV-R is an expansion cylinder; 

PBV has no expansion cylinder, while PBV-R has an expansion cylinder that can 

recover and reuse high-pressure air. Because the number of chambers of PBV-R is 

greater than that of PBV, two 5-way/2-position directional control valves or a 7-way/2-

position directional control valve are/is necessary for PBV-R, while PBV needs only 

one 4-way/2-position directional control valve. In terms of high-pressure air in drive 

chambers, in the case of PBV, the high-pressure air starts being exhausted from Drive 

Chamber 1/2 immediately after Mode 2/1 begins, respectively. However, in the case 

of PBV-R, part of the high-pressure air in Drive Chamber 1/2 moves into Expansion 

Chamber 2/1 immediately after Mode 2/1 begins, respectively. In this case, because 

the high-pressure air that moved into expansion chambers does positive work, it is 

expected that energy efficiency or boost ratio of PBV-R is better than that of PBV. 
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Fig.2-1. Schematic of pneumatic booster valve 
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Fig.2-2. Principle of pneumatic booster valve  
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Fig.2-4. Principle of pneumatic booster valve with energy recovery 
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2.2 Experimental Validation of PBV-R 

2.2.1 Purpose of the Experiment 

 In this chapter, we carry out experiment for verifying and validating PBV-R. In the 

previous studies, performances such as energy efficiency and boost ratio of PBV-R 

have been improved compared with that of PBV on certain conditions. However, these 

have not been studied by actual experiment. As indicated in Fig.2-1 and Fig.2-3, PBV-

R has one more cylinder called “Expansion Cylinder” than PBV, which includes 

additional components such as one more piston, a longer piston rod and several 

additional pneumatic seals. Those components cause more friction and dead volume, 

which are the determinants that lead energy loss increases and have not been 

considered in the previous studies. However, since Expansion Chamber has proper 

function that it recovers and reuses high-pressure air, we cannot be sure whether 

Expansion Chamber actually do a positive function or negative function. Thus, the 

purpose of the experiment is to compare the results of PBV-R method with that of PBV 

method and verify that the performances of PBV-R method are better than those of 

PBV method. 

2.2.2 Experimental Apparatus 

Fig.2-5 presents the pneumatic circuit of the experimental apparatus in this study. 

The experimental apparatus consists of a filter-regulator-lubricator (FRL), two air 

power meters (APM) that can measure air power in real time, as well as pressure, 

temperature, and flow rate; six pressure sensors for each chamber; two single-rod air 

cylinders with a 63 mm diameter and a 100 mm stroke length; one large double-rod 

air cylinder with an 80 mm diameter and a 100 mm stroke length; two 5-way/2-position 

solenoid valves; four check valves; and a 0.01 m³ air tank. Since, according to the 

previous study [51,52,53], energy efficiency gets the maximum where the area ratio of 

drive chamber to expansion cylinder is around 1.55, we use the two air cylinders with 

a 63 mm diameter as drive cylinders, the air cylinder with an 80 mm diameter as an 

expansion chamber. Pressure gauges are attached at each chamber of the cylinders. We 

acquire data with a sampling rate of 1000 Hz. A solid-state timer controls the two 

solenoid valves. Table.2-I shows a list of components included in the apparatus and 
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their main specifications. By the components mentioned above, we make an 

experimental apparatus as Fig.2-7 including an air tank shown in Fig.2-6. In this 

experiment, the pressures of inflow, outflow, and each chamber; the flow rates of 

inflow and outflow; and the air power of inflow and outflow are measured during 

operation.  
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Fig.2-5. Pneumatic circuit of experimental apparatus 
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Table 2-I. Dead volume rate at each stroke length 

Component 

No. Parts Article Technical Date 

1 Drive cylinder 1 SMC corporation, 

CDG1YL63-100FZ-

M93BWN 

Diameter : 63 [mm] 

Stroke : 100 [mm] 

2 Expansion cylinder SMC corporation, 

CG1WLN80-100FZ 

Diameter : 80 [mm] 

Stroke : 100 [mm] 

3 Drive cylinder SMC corporation, 

CDG1YL63-100FZ-

M93BWN 

Diameter : 63 [mm] 

Stroke : 100 [mm] 

4 Air power meter for 

inlet 

Tokyo Meter Co., Ltd, APM-

L-1600S 

Air power range : 0~4.8 [kW] 
Flow rate range : 16~1600 
[L/min(ANR)] 

Pressure range : 0~0.98 [MPa] 

5 Air power meter for 

outltet 

Tokyo Meter Co., Ltd, APM-

L-1600S 

Air power range : 0~4.8 [kW] 
Flow rate range : 16~1600 
[L/min(ANR)] 

Pressure range : 0~0.98 [MPa] 

6 Pressure sensors SMC corporation, ISE8H-02-

R-MD 

Pressure range : -0.08~2.0 [MPa] 

7 Air tank SMC corporation, 

VBAT10A1-X15 

Volume : 10 [dm³] 

8 Solenoid valves SMC corporation, SV3200R-

5W3LD-03 

Effective area: 4.5~4.9 [dm³/s･bar] 
Critical pressure ratio : 0.27~0.29 

9 Check valves SMC corporation, AKH10-00 Effective area : 4.8 [dm³/s･bar] 
Critical pressure ratio : 0.5 

10 Solid-state timer OMRON, H3CA-FA Available time range : 0.1 sec~9990 
hours 

11 F.R.L SMC corporation, AC40D-

03DG-V-A 

 

 

Fig.2-6 An air tank with 10 dm3 volume 

7 
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2.2.3 Experimental Procedure 

First, we investigate the performances of both PBV and PBV-R. In this thesis, there 

are mainly three evaluation methods that indicate the performances of PBV and PBV-

R as follows: 

 

 Energy efficiency 

 Boost Ratio 

 Effective Consumption Rate  

 

Firstly, we investigate energy efficiency of both PBV and PBV-R. To do that, we 

need to set an evaluation method for measuring the energy of compressible air. For 

compressible air, air power is usually employed for evaluating the energy of air. Air 

power is a concept that, according to Cai and Kagawa, quantifies the energy of flowing 

compressed air [61,62]. Air power can be presented as follows: 

 

𝑃 = 𝐺𝑅𝑇𝑎[ln
𝑝

𝑝𝑎
+

𝜅

𝜅 − 1
(
𝑇

𝑇𝑎
− 1 − ln⁡

𝑇

𝑇𝑎
)] (2.1) 

Based on Equation (2.1), we investigate the energy efficiency of both PBV and 

PBV-R. If input air power, 𝑃in, and output air power, 𝑃out, are already known, the 

Fig.2-7 Experimental apparatus 
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energy efficiency, η, during the operating time [0,∞] can be calculated with a ratio 

of output energy to input energy as follow:  

 

𝜂 =
𝐸out
𝐸in

=
∫ 𝑃out
∞

0
𝑑𝑡

∫ 𝑃in𝑑𝑡
∞

0

 (2.2) 

In Equation (2.2), both input energy 𝐸in and output energy 𝐸out can be calculated 

by integrating each air power from 𝑡 = 0 to 𝑡 = ∞. 

 Secondly, we also investigate boost ratio, which is one of the significant 

characteristics of PBV and PBV-R. Because the expansion chamber recovers and 

reuses high-pressure air, it is expected that the boost ratio of PBV-R is higher than that 

of PBV. Generally, while PBV or PBV-R is working, inlet pressure, 𝑝in, and tank 

pressure, 𝑝out, are fluctuant. However, if PBV or PBV-R are on condition that there 

is no air consumption at downstream, the pistons stop their movement when 𝑝out 

reaches the maximum pressure, then both 𝑝in and 𝑝out gradually become constant 

after sufficient time has elapsed. Thus in this thesis, we define the boost ratio, 𝑘𝑝, with 

the 𝑝in and the 𝑝out on the condition that there is no use of the air at downstream: in 

other words, the boost ratio means the maximum boost ratio. The definition of the 

boost ratio is as follow: 

 

𝑘𝑝 =
𝑝out(∞)

𝑝in(∞)
 (2.3) 

In Equation (2.3), ∞ is the time when 𝑝in and 𝑝out converge to certain values and 

do not fluctuate anymore. 

Lastly, effective consumption rate, which indicates the ratio of input air to output air, 

is an index that can evaluate how much air is efficiently used. The effective 

consumption rate, 𝑘𝑣, during the time [0,∞] can be calculated as the ratio between 

volumes of input air and output air as follow: 

 

𝑘𝑣 =
𝑉out
𝑉in

=
∫ 𝑄out𝑑𝑡
∞

0

∫ 𝑄in𝑑𝑡
∞

0

 (2.4) 

In Equation (2.4), both input air 𝑉in  and output air 𝑉out  can be calculated by 
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integrating each flow rate from 𝑡 = 0 to 𝑡 = ∞. In addition, both 𝑉in and 𝑉out are 

quantity of air at conditions 101325 Pa, 20℃ and 65% relative humidity. 

 Next, we explain the method of the experiment. The purpose of the following 

experiments is to investigate the differences between PBV method and PBV-R 

method. Using the experimental apparatus presented in Fig.2-7, we test both PBV and 

PBV-R methods. Firstly, we carry out PBV method based on Fig.2-7 except pneumatic 

cylinders: we only make a use of two drive cylinders connecting with an extra rod, 

then we disconnect (a) and (b) and connect (c) and (d). Secondly, we carry out PBV-

R method based on Fig.2-7 as it is without any change: we connect the three cylinders 

using double-ended bolts and we do not disconnect any pneumatic circuit.  

In terms of supply pressure, because we need to investigate at various supply 

pressures, we change supply pressure from 200 kPa to 500 kPa at intervals of 100 kPa 

using a regulator. Also, the experiment is carried out 5 times at each supply pressure 

and each case of PBV and PBV-R. We set the solid-state timer for 0.5 second in order 

to change the position of the solenoid valves, i.e., two modes repeat every one second. 

As shown in Fig.2-6, we store compressed air in a 10 dm³ air tank at downstream.  

 Through the equations and methods above, we investigate and compare 

performance of PBV and PBV-R in terms of efficiency, boost ratio, air consumption 

and pressure response. If the pistons and the piston rod stop the movement, we 

determine that the operation of PBV or PBV-R ends and stop measurement. 

2.2.4 Experimental Results 

First, Fig.2-8 illustrates the energy efficiency at each supply pressure. The dashed 

line indicates the energy efficiency of PBV method, and the solid line indicates that of 

PBV-R method. The Energy efficiency of PBV-R is from 5 % to 8 % greater than that 

of PBV, i.e., the energy efficiencies of PBV-R method are improved at the entire 

supply pressures, compared with that of PBV method. Also, the energy efficiencies of 

both PBV method and PBV-R method tend to decrease as the supply pressure 

increases, except at 𝑝𝑠=200⁡ kPa.  

Secondly, boost ratios at each supply pressure are shown in Fig.2-9. The boost ratio 

of PBV-R method is from 5% to 17% higher than that of PBV method, which means 

the boost ratios of PBV-R method are improved at the entire supply pressures, 

compared with that of PBV method. The boost ratios of both PBV method and PBV-
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R method tend to increase as the supply pressure increases, and the differences of the 

boost ratios between PBV method and PBV-R method also tends to be greater as the 

supply pressure increases. 

Thirdly, effective consumption rates at each supply pressure is shown in Fig.2-10. 

The effective consumption rates for PBV-R method is around 4 % higher than that of 

PBV method at 𝑝𝑠=200 kPa, 300 kPa, 400 kPa and 5 % at 𝑝𝑠=500 kPa, i.e., the PBV-

R method uses the air more efficiently than the PBV method during the operation. 

Also, both tend to decrease as the supply pressure increases. 

Fourthly, the pressure response is shown in Fig.2-11. The pressure responses of both 

PBV method and PBV-R method do not differ until 𝑡=13 s or an outlet pressure of 

600 kPa; the pressure increases linearly for the first 13 seconds. Then, these two lines 

separate: the speed of PBV-R method becomes faster than that of PBV method after 

𝑡=13 s. As a result, both converge according to the boost ratios that are shown in Fig.2-

11.  

Finally, the pressure responses of each chamber at 𝑝𝑠=400 kPa for PBV-R method 

are shown in Fig.2-12. For lack of space, we only deal with pressure behaviors of Drive 

Chamber 1, Boost Chamber 1 and Expansion Chamber 1. The dashed line indicates 

the pressure of Expansion Chamber 1, the dotted line indicates that of Drive Chamber 

1 and the solid line indicates that of Boost Chamber 1. Because the lines overlap when 

the time range is large, Fig.2-12 shows the time range of [0,7] seconds. The pressure 

of each chamber fluctuates with the cycle set by the solid-state timer. We can see that 

the lines of the Boost Chamber 1 increase incrementally, which in turn increases the 

tank pressure. We also see that the Expansion Chamber 1 always has an air pressure 

of approximately 250 kPa recovered from the Drive Chamber 1. From this result, 

hence, it is obvious that the high-pressure air that was supposed to be exhausted in case 

of PBV method is partly reused in PBV-R method, which means that the expansion 

cylinder performs a role of recovering energy. 
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Fig.2-8 Energy efficiency of PBV and PBV-R methods 

Fig.2-9 Boost ratio of PBV and PBV-R methods 
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Fig.2-10 Effective consumption rate of PBV and PBV-R methods 

 [8] 

Fig.2-11 Filling-up characteristics of PBV and PBV methods 
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Fig.2-12. Pressure behavior of PBV and PBV-R methods 
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2.3 Evaluating Method of Energy Recovery 

2.3.1 Definition of Recovery Ratio for PBV-R 

 Because PBV-R has one more cylinder called expansion cylinder than PBV, it affects 

several characteristics e.g. boost ratio, energy efficiency and effective consumption 

rate. However, we cannot ensure that every form of the additional cylinder will 

contribute to the improvement of PBV. Thus, we investigate how much energy is 

recovered and reused by an expansion chamber with various parameters. In this 

chapter, because area ratio, 𝑘𝑟, is one of the influential parameters, we discuss the 

energy efficiency focusing on the area ratio. 

 As mentioned previously, the method how PBV-R recovers energy is to let high-

pressure air of the previous mode in the drive chamber move to the expansion chamber 

by connecting both chambers, which occurs by changing the position of solenoid 

valves. Then, the high-pressure air is shared by both drive chamber and expansion 

chamber. Because the area of the piston in the expansion chamber is greater than the 

area of the piston in the drive chamber, the high-pressure air works toward the motion 

direction of the piston. However, although recovered high-pressure air consequently 

works in the positive direction, the air in the drive chamber causes the force to reverse 

direction, i.e., we can see that some of the energy is used for negative work. Therefore, 

to investigate how much recovered air is actually used for positive work, we make a 

calculation as follows: First, valid energy of the high-pressure air in the drive chamber 

can be written as Equation (2.5) [61,62].  

 

𝐸 = 𝑝𝑉 ln
𝑝

𝑝𝑎
− (𝑝 − 𝑝𝑎)𝑉 (2.5) 

Next, the high-pressure air is divided into two forces; a force acting in the forward 

direction and a force acting against the forward direction. The air in each chamber does 

work, so we first calculate pressure in both chambers. To simplify calculation, we 

assume as follows: 

 

(a) The air in the system is considered to be an ideal gas: the states of the air satisfy 
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ideal gas state equation 

(b) There is no air leakage in the system 

(c) There is no temperature change of the air: no heat transfer through the wall of 

the air cylinders occurs and all processes of state changes are isothermally. 

(d) All volumes except the volume of pneumatic cylinders can be neglected; pipe, 

end of pneumatic cylinders, etc. 

(e) If air supplied to a chamber, the pressure of the chamber reaches the pressure 

of the air immediately without any delay. 

 

Also, from now on, we only consider the case of Mode 1. As shown in Fig.2-13, When 

PBV-R starts operating and pistons moving to the right, the air in Drive Chamber 2 

starts moving into Expansion Chamber 1. According to the general gas equation, 

because Drive Chamber 2 and Expansion Chamber 1 are considered as a closed 

system, we can write the gas equation in terms of displacement of pistons 𝑥 as follow: 

 

𝑝𝑒1𝑘𝑟𝐴𝑑2𝑥 + 𝑝𝑑2𝐴𝑑2(𝑙 − 𝑥) = 𝐶 (2.6) 

where  

Fig.2-13. Energy recovery process in PBV-R 
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𝐶 = 𝑝𝑠𝐴𝑑2𝑙 (2.7) 

In Equation (2.6) and (2.7), 𝑝𝑠 represents supply pressure, 𝑝𝑒1 represents pressure 

of Expansion Chamber 1, 𝑝𝑑2  represents pressure of Drive Chamber 2, 𝐴𝑑2 

represents area of the piston in Drive Chamber 2, 𝑘𝑟  represents area ratio and 𝑙 

represents stroke length. Assuming there is no friction or resistance between the drive 

chamber and the expansion chamber, then 𝑝𝑒1 and 𝑝𝑑2  can be considered equal, 

according to the assumption above, and Equation (2.6) can be simplified in terms of 

𝑝𝑒1 as follow: 

 

𝑝𝑒1 =
𝐶

𝑘𝑟𝐴𝑑2𝑥 + 𝐴𝑑2(𝑙 − 𝑥)
 (2.8) 

Then, we need to consider all additional forces that occurred by adding the expansion 

cylinder. As indicated in Fig.2-14, in comparison with PBV, PBV-R has four more 

forces; a force from Expansion Chamber 1, 𝑝𝑒1𝐴𝑒1, a force from Expansion Chamber 

2, 𝑝𝑎𝐴𝑒2, a force from Drive Chamber 2 (𝑝𝑑2 − 𝑝𝑎)𝐴𝑑2 and friction force caused by 

expansion cylinder, 𝑓𝑒. Because the force of Drive Chamber 2 is 𝑝𝑎𝐴𝑑2 in the case 

of PBV, we need to subtract this from the force of Drive Chamber 2 in the case of 

𝑝𝑑1𝐴𝑑1 𝑝 1𝐴 1

𝑝𝑒1𝐴𝑒1 𝑝𝑒2𝐴𝑒2
𝑝 2𝐴 2 𝑝𝑑2𝐴𝑑2

𝑓𝑒

𝑓𝑑𝑓𝑑

𝑝𝑑1𝐴𝑑1 𝑝 1𝐴 1 𝑝 2𝐴 2 𝑝𝑑2𝐴𝑑2

𝑓𝑑𝑓𝑑

PBV PBV-R

Fig.2-14 Schematic of forces acting on pistons at PBV-R 
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PBV-R, 𝑝𝑑2𝐴𝑑2 . Thus, the work that these four new forces do can be written as 

follow:  

 

𝑊 = ∫ [(𝑝𝑒1 − 𝑝𝑎)(𝑘𝑟 − 1)𝐴𝑑2 − 𝑓𝑒]𝑑𝑥
𝑙

0

 (2.9) 

There exist many friction models for pneumatic cylinders generally based on Coulomb 

model, viscous model and Striberk model in a pneumatic cylinder [63], but in this 

discussion, we only consider the Coulomb model and viscous model as follow [64]: 

 

𝑓𝑒 = 𝑓𝑠 + 𝑐𝑢 (2.10) 

In Equation (2.10), since a piston of a pneumatic cylinder moves with almost the same 

velocity, we assume that 𝑢 is constant. We refer to the previous study for values under 

various conditions [65]. 

 Next, we define the recovery ratio, 𝑘𝑒, which indicates how much energy from the 

drive chamber is actually reused. By using the ratio of the work that these four new 

forces do to valid air energy of the high-pressure air in the drive chamber, the equation 

of the recovery ratio can be written as follow: 

 

𝑘𝑒 =
∫ [(𝑝𝑒1 − 𝑝𝑎)(𝑘𝑟 − 1)𝐴𝑑2 − 𝑓𝑒]𝑑𝑥
𝑙

0

𝑝𝑠𝐴𝑑2𝑙 ln(𝑝𝑠/𝑝𝑎) − (𝑝𝑠 − 𝑝𝑎)𝐴𝑑2𝑙
 (2.11) 

𝑝𝑒1 is described by Equation (2.8), thus we can find out that the recovery ratio is 

determined by⁡ 𝑘𝑟⁡ and 𝑝𝑠. In this study, 𝑘𝑟 of the cylinders of the apparatus is 1.5 

and the recovery ratio is around 10~20 % at every supply pressure. This means that 

around 10~20 % of the energy, which was supposed to be exhausted in case of PBV, 

is reused by adding the expansion cylinder. 
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2.3.2 Relationship between Recovery Ratio and Energy Efficiency 

Next, we investigate the recovery ratio at various 𝑘𝑟. Let 𝑝𝑠 from 200 kPa to 500 

kPa and 𝑘𝑟 from 1 to 6. Fig.2-15 indicates the relationship between 𝑘𝑟 and recovery 

ratio. As shown on the graph, the recovery ratio is less than 0 % when 𝑘𝑟=1 because, 

according to Equation (2.11), all forces do the same work in different directions except 

friction acting as a backward force, which causes a negative work and a negative term 

in the numerator of Equation (2.11). Also, the recovery ratio gets the maximum with 

𝑘𝑟=1.9 by 3.6%, 𝑘𝑟=2.6 by 30% and 𝑘𝑟=3.6 by 45.4%. In comparison to the recovery 

ratio at 𝑘𝑟=1.46 which is real value for this experimental apparatus, the maximum 

value is up to 23 % greater, although the previous study has shown that energy 

efficiency has the maximum at 𝑘𝑟=1.46. One of the reasons is considered that the 

recovery ratio is calculated under assumption that both 𝑝𝑒1 and 𝑝𝑑2 are the same. In 

fact, as shown in Fig.2-13, 𝑝𝑒1 is not consistent with 𝑝𝑑2 due to impedance of the 

experimental circuit or pressure loss. The difference of the pressure has an effect on 

the recovery ratio, which needs accurate calculation of fluid dynamics. Therefore, 

Fig.2-15. Relationship between area ratio and recovery ratio  
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further research about the recovery ratio by numerical analysis of air flow including 

pipe is necessary.  

Next, we apply this recovery ratio to the result of the experiment. Because recovery 

ratio indicates how much energy is recovered from PBV, energy efficiency of PBV-R 

can be calculated as the sum of energy efficiency of PBV and recovery ratio as follows:  

 

𝜂̅PBVR = 𝜂𝑃𝐵𝑉 +
𝐸𝑑

𝐸𝑑 + 𝐸 
𝑘𝑒 (2.12) 

To verify whether the discussion of recovery ratio is correct or not, we compare the 

result at section 2.2.4, 𝜂PBVR, with the value calculated by Eq.2.3,⁡ 𝜂̅PBVR. Recovery 

ratios at 𝑘𝑒=1.5 are 8% at 200 kPa, 15% at 300 kPa, 400 kPa and 500 kPa. Fig.2-16 

shows the relationship between 𝜂PBVR  and 𝜂̅PBVR : the black solid line indicates 

𝜂PBVR and the red solid line indicates 𝜂̅PBVR. The difference between the two results 

is in error by less than 0.5%, therefore, the discussion with recovery ratio is considered 

appropriate.  

Fig.2-16 Energy efficiency with recovery ratio 
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2.4 Summary 

We list the following conclusion from the experiment and discussion in this chapter: 

 

1. We designed a pneumatic circuit and set up an experimental apparatus with 

mainly two single-rod air cylinders with a 63 mm diameter and a 100 mm stroke length 

as drive cylinder; one large double-rod air cylinder with an 80 mm diameter and a 100 

mm stroke length as expansion cylinder; two 5-way/2-position solenoid valves; and 

four check valves. Also, we investigated the energy efficiency, boost ratio, effective 

consumption rate and pressure responses by measuring inlet and outlet air powers; 

inlet and outlet pressures; inlet and outlet flow rate; and pressures in each chambers 

on the condition that there is a 10 dm³ air tank and no use of the air at downstream. 

With the apparatus, we operated by both PBV method and PBV-R method and 

compared the performances of both methods.  

 

2. According to the results of the experiment, firstly, the energy efficiencies of PBV-

R method were up to 8% greater than PBV method. Secondly, the boost ratios of PBV-

R method were up to 17% greater than that of PBV method. Thirdly, effective 

consumption rates of PBV-R method are up to 5% greater than those of PBV method. 

Fourthly, the pressure response of both PBV and PBV-R method do not differ until 

certain time, but after that, the speed of PBV-R method became faster than that of PBV 

method. Finally, we confirmed that the high-pressure air that was supposed to be 

exhausted in case of PBV method was partly reused in PBV-R method. 

 

3. To investigate how much energy is recovered and reused by an expansion 

cylinder, we defined “recovery ratio”. According to Equation (2.11), the recovery ratio 

varies by supply pressure, 𝑝𝑠, and area ratio, 𝑘𝑟. By calculation, we found that the 

area ratio that maximizes recovery ratio is 1.9 at 𝑝𝑠=200 kPa, 2.6 at 𝑝𝑠=300 kPa, 3.6 

at 𝑝𝑠=400 kPa and 4.6 at 𝑝𝑠=500 kPa, respectively. Also, since the experimental 

energy efficiency of PBV-R is almost the same as the sum of the experimental energy 

efficiency of PBV and recovery ratio, the discussion with recovery ratio is considered 

appropriate. 
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Conclusionally, PBV-R incorporating an additional expansion cylinder offers not 

only energy efficiency but also higher pressure gains than PBV.  
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Chapter 3. The Impact of Geometric Design on Performances of Pneumatic Booster Valve with Energy Recovery 

The Impact of Geometric Design on 

Performance of Pneumatic Booster 

Valve with Energy Recovery 

 

 

3.1 Experimental Validation of Impact of Area Ratio 

and Stroke Length 

3.1.1 Impact of Geometric Design 

 For designing PBV-R, stroke length and area ratio are two of the most important 

parameters. In terms of area ratio, firstly, we found that area ratio is a main determinant 

of energy efficiency of PBV-R. As shown in Fig.2-15, PBV-R has greater energy 

efficiency than PBV at only certain area ratio. In other words, not every area ratio 

makes the energy efficiency of PBV-R higher than that of PBV. Also, according to 

Fig.2-15, PBV-R has maximum energy efficiency at different area ratio under different 

supply pressure. In terms of stroke length, secondly, it has been proved that stroke 

length has no influence on the performances of PBV-R, according to the previous 

studies [51,52,53]. In the previous studies, however, several factors such as dead 

volume and pressure drop are neglected, which are considered to change the 

performances of PBV-R. Furthermore, the previous studies have carried out misguided 

analysis on energy efficiency.  

 Both stroke length and area ratio have not been experimentally verified yet. As 

explained in Chapter 1, experiment is different from calculation. In this chapter, 

therefore, we experimentally investigate performances of PBV-R under various 

geometric parameters e.g. area ratio and stroke length, then confirm relationship 
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between the performances and area ratio of PBV-R and between the performances and 

stroke length of PBV-R. 

3.1.2 Experimental Apparatus 

Fig.3-1 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); six pressure sensors for each chamber; two single-rod air 

cylinders with a 40 mm diameter for drive cylinders; three double-rod air cylinders 

with a 50 mm, 63 mm, 80 mm diameter each for an expansion cylinder; two 5-way/2-

position solenoid valves; four check valves; a solid-state timer; two button switches 

for switching position of the solenoid valves; and a 10 dm3 tank. Each diameter has 

button switch 2

button switch 1

Switch pusher

Fig.3-1 3D design of experimental apparatus 
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four different strokes; 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 control 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.3-I shows a list of air cylinders and the other components included 

in the experimental apparatus are the same as Table.2-I. Fig.3-2 is the actual 

Fig.3-2 Experimental apparatus 

1 
2 

6

 

3

 

8

 

4

 
5

 

10

 

11 9

 

Diameter
Stroke 
Length

Drive Cylinder

Expansion Cylinder

Drive Cylinder

Fig.3-3 Changeable geometric parameters in experimental apparatus 
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experimental apparatus made with the components described above: Two drive 

cylinders and one expansion cylinder are included for the apparatus. Because every 

end of piston rod of air cylinder has a female screw, we connect the rods by double-

ended bolts on both ends. Also, a U-shaped button pusher is fixed on the bolts and 

pushes button switches when the pistons reach to the end of the stroke. 

3.1.3 Experimental Procedure 

First, we investigate the performances of each case, e.g. energy efficiency, boost 

ratio and effective consumption rate, which are also defined and applied in Chapter 2. 

Firstly, we define energy by air power and the energy efficiency, 𝜂 , during the 

operating time [0,∞] can be calculated by Equation (2.2) with input air power, 𝑃in, 

and output air power, 𝑃out. Secondly, by using the definition as Equation (2.3), we 

calculate boost ratio, 𝑘𝑝, with inlet pressure, 𝑝in, and output pressure, 𝑝out. Thirdly, 

we also calculate effective consumption rate,⁡ 𝑘𝑣, during the operating time [0,∞] by 

Table.3-I. List of components  

Component 

No. Parts Article Technical Date 

1 

& 

3 

Drive 

cylinder 1 

SMC corporation,  diameter stroke length 

(1) CDG1YL40-25FZ 

(2) CDG1YL40-50FZ 

(3) CDG1YL40-75FZ 

(4) CDG1YL40-100FZ 

40 mm 

40 mm 

40 mm 

40 mm 

25 mm 

50 mm 

75 mm 

100 mm 

2 Expansion 

cylinder 

SMC corporation,  diameter stroke length 

(5) CG1WLN50-25FZ 

(6) CG1WLN50-50FZ 

(7) CG1WLN50-75FZ 

(8) CG1WLN50-100FZ 

(9) CG1WLN63-25FZ 

(10) CG1WLN63-50FZ 

(11) CG1WLN63-75FZ 

(12) CG1WLN63-100FZ 

(13) CG1WLN80-25FZ 

(14) CG1WLN80-50FZ 

(15) CG1WLN80-75FZ 

(16) CG1WLN80-100FZ 

50 mm 

50 mm 

50 mm 

50 mm 

63 mm 

63 mm 

63 mm 

63 mm 

80 mm 

80 mm 

80 mm 

80 mm 

25 mm 

50 mm 

75 mm 

100 mm 

25 mm 

50 mm 

75 mm 

100 mm 

25 mm 

50 mm 

75 mm 

100 mm 
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Equation (2.4) with inlet flow rate, 𝑄in, and outlet flow rate, 𝑄out. 

Next, we explain the method of the experiment. The purpose of this chapter is to 

investigate the performances of PBV-R under different area ratios and stroke lengths. 

Accordingly, using the part of experimental apparatus presented in Fig.3-3, we firstly 

test how the performances of PBV-R change under the area ratios of 1.56, 2.66, 4.30 

and no expansion chamber: 𝑘𝑟 is 1.56, 2.66 and 4.30 when diameter of an expansion 

chamber is 50 mm, 63 mm and 80 mm, respectively; and carrying out with no 

expansion chamber is PBV method for comparing the results of both PBV and PBV-R 

method. To do that, we fix the stroke length of 25 mm and carry out the experiment 

for each area ratio cylinder. Then, we carry out the same experiment on the other stroke 

lengths: 50 mm, 75 mm and 100 mm. Secondly, 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 use the solid-state timer for changing a position of the 

solenoid valves by pushing a button switch.  

 

3.1.4 Results of Experiment with Constant Stroke Length  

 In this section, we show the results of experiment when the stroke length is constant. 

Firstly, we explain the results of energy efficiency. From Fig.3-4 to Fig.3-7 illustrate 

the energy efficiencies of each area ratio. The dotted line indicates the energy 

efficiency at 𝑝𝑠=300 kPa, the dashed line indicates the energy efficiency at 𝑝𝑠=400 

kPa and the solid line indicates the energy efficiency at 𝑝𝑠=500 kPa. Also, the dots at 

around 𝑘𝑟=0 are the results with no expansion cylinder, i.e., the results of PBV method. 

First, regardless of the stroke length, the energy efficiency is the greatest where 

𝑘𝑟=1.56. Also, the energy efficiency tends to be higher as supply pressure becomes 

higher, but the energy efficiency tends to be lower as the area ratio becomes larger. 

When the stroke length and the supply pressure are fixed, the energy efficiency is up 

to 10% different between 𝑘𝑟 =1.56 and 𝑘𝑟 =4.30. In some cases, the energy 

efficiencies are lower than those of PBV method although the expansion cylinder 

recovers energy at 𝑘𝑟=2.66 and 𝑘𝑟=4.30, while the energy efficiencies are all greater 

than those of PBV at 𝑘𝑟=1.56.  

 Secondly, we explain the results of boost ratio. From Fig.3-8 to Fig.3-11 illustrate the 

boost ratios of each area ratio. All boost ratio shows a similar tendency that has the 
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highest boost ratio at 𝑘𝑟=2.66: The boost ratio of 𝑘𝑟=2.66 is up to 0.4 higher than that 

of 𝑘𝑟 =4.30, up to 0.2 higher than that of 𝑘𝑟 =1.56. Also, the boost ratio tends to 

increase as supply pressure becomes higher.  

  Thirdly, we explain the results of effective consumption rate. From Fig.3-12 to 

Fig.3-15 illustrate the effective consumption rates of each area ratio. Regardless of the 

stroke length, effective consumption rate is the greatest where 𝑘𝑟=1.56 at all supply 

pressures. Also, the effective consumption rate tends to be lower as the area ratio 

becomes larger: the effective consumption rates at 𝑘𝑟=1.56 are up to 5% greater than 

those at 𝑘𝑟=2.66, up to 10% greater than those at 𝑘𝑟=4.30.  
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Fig.3-4. Energy efficiency at L=25 mm 

 

Fig.3-5. Energy efficiency at L=50 mm 

 

PBV method 

PBV method 
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Fig.3-6. Energy efficiency at L=75 mm 

 

Fig.3-7. Energy efficiency at L=100 mm 

 

PBV method 

PBV method 
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Fig.3-8. Boost ratio at L=25 mm 

 

Fig.3-9. Boost ratio at L=50 mm 

 

PBV method 

PBV method 
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Fig.3-10. Boost ratio at L=75 mm 

 

Fig.3-11. Boost ratio at L=100 mm 

 

PBV method 

PBV method 
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Fig.3-12. Effective consumption rate at L=25 mm 

 

Fig.3-13. Effective consumption rate at L=50 mm 

 

PBV method 

PBV method 
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Fig.3-14. Effective consumption rate at L=75 mm 

 

Fig.3-15. Effective consumption rate at L=100 mm 

 

PBV method 

PBV method 
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3.1.5 Results of Experiment with Constant Area Ratio 

  In this section, we show the results of experiment when the area ratio is constant. 

Firstly, we explain the result of energy efficiency. From Fig.3-16 to Fig.3-18 illustrate 

the energy efficiency of each stroke length. The energy efficiency tends to increase as 

the stroke length becomes higher for all area ratio. Especially, the energy efficiency at 

𝐿 =100 mm is from 50 % to 55 %, while the efficiency at 𝐿 = 25 mm is around 20 % 

for all area ratios. The energy efficiency also becomes higher when supply pressure 

increases. 

 

  Secondly, we explain the result of boost ratio. From Fig.3-19 to Fig.3-21 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, 𝐿=100 mm, although these are around 0.6 different from 

the boost ratio at 𝐿=25 mm. Also, the boost ratio becomes greater when supply pressure 

increases. 

 

  Thirdly, we explain the result of effective consumption rate. From Fig.3-22 to Fig.3-

24 illustrate the effective consumption rate of each stroke length. For all area ratio, the 

effective consumption rate tends to increase as the stroke length increases: the effective 

consumption rate is averagely from 40 to 45% at 𝐿=100 mm, whereas it is from 20 to 

25 % at 𝐿=25 mm. the effective consumption rate also indicates tendency that becomes 

greater when supply pressure increases. 
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Fig.3-16. Energy Efficiency at 𝑘𝑟=1.55 

 

Fig.3-17. Energy Efficiency at 𝑘𝑟=2.55 
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Fig.3-18. Energy Efficiency at 𝑘𝑟=4.30 

 

Fig.3-19. Boost ratio at 𝑘𝑟=1.55 
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Fig.3-20. Boost ratio at 𝑘𝑟=2.55 

 

Fig.3-21. Boost ratio at 𝑘𝑟=4.30 
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Fig.3-22. Effective consumption rate at 𝑘𝑟=1.55 

 

Fig.3-23. Effective consumption rate at 𝑘𝑟=2.55 
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Fig.3-24. Effective consumption rate at 𝑘𝑟=4.30 
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3.2 Impact of Area Ratio and Stroke Length  

3.2.1 Discussion  

In this section, we mainly deal with the two things: energy efficiency and boost ratio. 

First, we discuss the results of boost ratio. Basically, the boost ratio, 𝑘𝑝 , can be 

presented according to the resultant force as follow: 

 

𝑘𝑝 =
𝑝𝑠(𝐴𝑑 + 𝐴 ) + 𝑝𝑠𝑘𝑟(𝐴𝑒 − 𝐴𝑑) − 𝑝𝑎𝐴𝑒 − 2𝑓𝑑 − 𝑓𝑒

𝑝𝑠𝐴 
 (3.1) 

Firstly, we discuss the boost ratio where stroke length is constant. According to from 

Fig.3-8 to Fig.3-11, the boost ratio has properties that it becomes maximum where 

𝑘𝑟=2.66 if stroke length is constant. However, in Equation (3.1), we can find that the 

boost ratio increases as the area ratio, 𝑘𝑟, becomes greater, if friction forces 𝑓𝑑 and 

𝑓𝑒 does not change. The reason that the boost ratio decreases at greater than 𝑘𝑟=2.66 

is considered as increase of the friction forces. Since the air cylinders used in the 

experiment are manufactured devices, the mass of the pistons and the piston rod 

becomes greater as diameter of the air cylinder increases, according to the catalog [66]. 

Moreover, size of pneumatic seals in the air cylinders in proportion to the diameter, 

although the information about pneumatic seals is not on the catalog. Thus, it is 

obvious that the friction forces increase as the area ratio increases. Secondly, we 

discuss the boost ratio where area ratio is constant. According to Fig.3-19, Fig.3-20 

and Fig.3-21, the boost ratio has a certain value at all stroke lengths, except stroke 

length of 25 mm, i.e., the stroke length affect boost ratio. As it is indicated in Equation 

(3.1), however, we can find that stroke length has generally no effect on boost ratio. 

Table 3-II. Dead volume rate at each stroke length 

 25 mm 15.8 %  

 50 mm 7.9 % 

 75 mm  5.3 % 

100 mm  3.9 % 
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The reason is considered that dead volume disturbs boosted air from flowing into air 

tank.  

Next, we discuss the results of energy efficiency. As shown in from Fig.3-4 to Fig.3-

7, we can found that stroke length affects the energy efficiency of PBV-R. However, 

it was numerically proved that there is no relationship between them. It is considered 

that the determinant of energy efficiency drop is dead volume. According to Equation 

(2.1), air power is in proportion to mass flow G and the dead volume can reduce the 

mass flow. Also, as represented in Table.3-II, dead volume tends to increase if stroke 

length becomes shorter. Furthermore, from the results, energy efficiency decreases as 

stroke length becomes shorter. Thus, we can suppose that there is a positive correlation 

between dead volume and stroke length.  

 

3.2.2 Definition of Dead Volume Rate 

In Section 3.2.1, we supposed that dead volume affects both energy efficiency and 

boost ratio of PBV-R. thus, in this section, we discuss how large an influence of the 

dead volume is on PBV-R. More precisely, we now calculate energy efficiency of 

PBV-R including dead volume.   

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 tube, pipes, measurement 

devices, 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, 𝑉all, can be presented by 

using an ideal volume of a chamber which is considered that no dead volume exists, 

𝑉ideal, and the dead volume rate, 𝛼, as follow:  

 

𝑉all = 𝑉ideal(1 + 𝛼) (3.2) 

Using the dead volume rate, we calculate the energy efficiency of PBV-R including 

dead volume. To simplify the calculation, we assume as follows: 

 

(A) The air in the system is considered to be an ideal gas: the states of the air satisfy 

ideal gas state equation 

(B) There is no air leakage in the system 
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(C) Temperature change of the air can be neglected: no heat transfer through the 

wall of the air cylinders occurs and all processes of state changes are isothermally. 

Also, all temperatures are considered as 293 K. 

(D) All volumes except the volume of pneumatic cylinders can be neglected; pipe, 

end of pneumatic cylinders, etc. 

(E) The pressure in a chamber is constant as supply pressure while air flows in and 

out: if air supplied to a chamber, the pressure of the chamber reaches the pressure 

of the air immediately without any delay, and if compressed air is exhausted, it 

does not fluctuate. 

 

In order to calculate energy efficiency, it is necessary to define an equation of energy 

of compressed air. According to the definition of air power as Equation (2.1), because 

we assume that temperature change of the air can be neglected, energy of compressed 

air can be simplified with pressure, 𝑝, volume, 𝑉, mass, 𝑚, temperature, 𝑇, and gas 

constant, 𝑅,⁡ as follow: 

 

𝐸 = 𝑝𝑉 ln
𝑝

𝑝𝑎
= 𝑚𝑅𝑇 ln

𝑝

𝑝𝑎
 (3.2) 

In Equation (3.2), we can find that only pressure and mass are necessary for calculating 

energy of compressed air. However, the outlet pressure and the outflow mass is not 

constant but changeable according to the number of stroke, 𝑛. Therefore, we need to 

generalize the pressure and the mass equation in terms of 𝑛: the pressure indicates 

average pressure of boosted air during the nth stroke and the mass indicates the entire 

mass of boosted air flowing into the air tank during the nth stroke.  

 

A. The general equation of pressure 

In the case of pressure of air tank, it is necessary to consider the case with no dead 

volume in different light from the case with dead volume calculation.  

First, we find the general equation of pressure of air tank without dead volume. In this 

case, inlet pressure is the same as supply pressure, 𝑝𝑠, regardless of the number of 

stroke, 𝑛, whereas outlet pressure changes by the number of stroke. as shown in Fig. 
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3-25, the boost chamber and the air tank can be considered as a closed system and the 

initial pressures in the boost chamber and the air tank are 𝑝𝑠. Therefore, according to 

the general gas equation, state equation is established as follow: 

 

𝑝𝑠𝑉 + 𝑝𝑇(𝑛 − 1)𝑉𝑇 = 𝑝𝑇(𝑛)𝑉𝑇 (3.3) 

In Equation (3.3), 𝑝𝑇(n) is the pressure of the air tank when the nth stroke ends and 

𝑝𝑇(0) is 𝑝𝑠. From Equation (3.3), the general equation of 𝑝T(𝑛) can be presented as 

𝑝𝑠

𝑉𝑇𝑝𝑇(𝑛 − 1)𝑉 

𝛼𝑉 

Air tankBoost chamberDrive chamber

Dead volume Check valve

𝑝𝑠

𝑚 
𝑚  1

𝑝𝑠

𝛼𝑉 

𝑉𝑇𝑝𝑇(𝑛) 𝑚 

𝑝𝑠

𝛼𝑉 

𝑉𝑇𝑝𝑇(𝑛) 𝑚 

𝑥(𝑛)

𝑉  

𝑝𝑇(𝑛)

𝑚 

Check valve open

(a) Beginning of boosting 

(b) Middle of boosting when check valve opens 

(c) End of boosting

Fig.3-25. Schematic of boost chamber and air tank 
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follow: 

 

𝑝𝑇(𝑛) = 𝑝𝑠(1 +
𝑉 
𝑉𝑇
𝑛) (3.4) 

In addition, by using Equation (3.4), it is also possible to calculate the number of 

strokes of PBV,⁡ 𝑁, that occur until the piston stops if final outlet pressure, 𝑝PBVR, is 

already known. Let 𝑝𝑇 = 𝑝PBVR and 𝑛 = 𝑁, then 𝑁 can be presented as follow: 

 

𝑁 =
(𝑝PBVR − 𝑝𝑠)𝑉𝑇

𝑝𝑠𝑉 
 (3.5) 

𝑝𝑠, 𝑉𝑇, 𝑉  are given in Equation (3.5) and 𝑝PBVR can be calculated in Equation (3.1), 

then we can find the number of stroke 𝑁. 

Next, we find a general equation of pressure of air tank with dead volume. Similarly, 

inlet pressure is the same as supply pressure, 𝑝𝑠 , regardless of 𝑛 , whereas outlet 

pressure changes by the number of stroke⁡ 𝑛. As shown in Fig.3-25, the boost chamber, 

the dead volume and the air tank can be considered as a closed system, then the initial 

pressures in the boost chamber, the dead volume and the air tank are all 𝑝𝑠. Thus, 

following equation is established, according to the general gas equation: 

 

𝑝𝑠𝑉 (1 + 𝛼) + 𝑝̂𝑇(𝑛 − 1)𝑉𝑇 = 𝑝̂𝑇(𝑛)(𝑉𝑇 + 𝛼𝑉 ) (3.6) 

From Equation (3.6), the general equation of 𝑝̂𝑇(𝑛) can be presented as follow: 

 

𝑝̂𝑇(𝑛) =
𝑝𝑠
𝛼
[𝛼 + 1 − ⁡ (

𝑉𝑇
𝑉𝑇 + 𝛼𝑉 

)
 

] (3.7) 

Like above, by using Equation (3.7), it is also possible to calculate the number of 

strokes of PBV-R, 𝑁̂, that occur until the piston stops if final outlet pressure, 𝑝PBVR, 

is already known. Let 𝑝̂𝑇 = 𝑝PBVR and 𝑛 = 𝑁̂, then 𝑁̂ can be presented as follows: 
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𝑁̂ =
ln(𝛼 + 1 −

𝛼𝑝PBVR
𝑝𝑠

)

ln 𝑉𝑇 − ln(𝑉𝑇 + 𝛼𝑉 )
 (3.8) 

𝑝𝑠, 𝑉𝑇, 𝑉 , 𝛼 are given in Equation (3.7) and 𝑝PBVR can be calculated in Equation 

(3.1), then we can find the number of stroke 𝑁̂. 

 

B. The general equation of mass 

Before calculating, we need to make clear that the general equation of mass means 

mass of boosted air that flows into air tank during nth stroke. In Fig.3-25, the piston of 

the air cylinder moves to the right side and boost 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. The dead 

volume and the boost chamber can be considered as a closed system until the check 

valve opens. Therefore, because initial pressure is 𝑝𝑠 and the pressure when the check 

valve opens is 𝑝̂𝑇(𝑛), following equation is established according to the general gas 

equation: 

 

𝑝𝑠𝑉 (1 + 𝛼) = 𝑝̂𝑇(𝑛)𝑉 
𝐿 − 𝑥(𝑛)

𝐿
 (3.9) 

In Equation (3.9), 𝐿 is the length of a stroke and 𝑥(𝑛) is the distance that piston 

moves until the check valve opens during the nth stroke. From Equation (3.9), the 

general equation of 𝑥(𝑛) can be written as follow: 

 

𝑥(𝑛) = 𝐿(𝛼 + 1)(1 −
𝑝𝑠

𝑝̂𝑇(𝑛)
) (3.10) 

Next, it is necessary to find how much mass of boosted air actually flows into the tank. 

Fig.3-25(b) represents the moment that the check valve opens, while Fig.3-25(c) shows 

that the piston reaches at the end of the boost chamber. Because we assume that the 

pressure is constant, the ratio of the mass that actually flows into the tank is 1−𝑥/𝐿 
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out of 1−𝑥/𝐿+𝛼. Therefore, by using Equation (3.10), nth mass that actually flows 

into the air tank, 𝑚 , can be presented as follow: 

 

𝑚 =
1 − 𝑥/𝐿⁡

1 − 𝑥/𝐿 + 𝛼
𝑚 = [1 −

𝛼𝑝̂𝑇(𝑛)

(𝛼 + 1)𝑝𝑠
]𝑚  (3.11) 

In Equation (3.11), 𝑚  is the initial mass in the boost chamber. By Equation (3.11), 

both the case with dead volume and the case without dead volume can be calculated: 

𝑚 = 𝑚  if 𝛼 = 0, i.e. 𝑚  is always equal to 𝑚  if there is no dead volume. 

 

C. The general equation of energy efficiency 

First, we calculate inlet energy of air. Because supply pressure flows into both drive 

chamber and boost chamber, and we assume that pressure is constant, the entire inlet 

energy during the operation of PBV-R, 𝐸in, is established as follow, based on Equation 

(3.2): 

 

𝐸in = 𝑛𝑝𝑠(𝑉 + 𝑉𝑑) ln
𝑝𝑠
𝑝𝑎

 (3.12) 

In Equation (3.12), 𝑛 is 𝑁 if there is no dead volume and 𝑛 is 𝑁̂ if there is dead 

volume. Next, we calculate outlet energy of air. During the 𝑛th stroke, the pressure 

changes from 𝑝  1  to 𝑝n . However, because it is much smaller than the supply 

pressure, we assume that the pressure during the 𝑛th stroke is constant as (𝑝  1 +

𝑝 )/2. Then, the entire outlet energy during the operation of PBV-R, 𝐸out, can be 

calculated as follow:  

 

𝐸out =∑ 𝑝̅ (𝑉 + 𝑉𝑑) ln
𝑝̅ 
𝑝𝑎

𝑘

 =1

 (3.13) 

In Equation (3.13), 𝑘 is 𝑁 if dead volume exists and 𝑘 is 𝑁̂ if dead volume does 

not exist. Also, 𝑝̅ = (𝑝n 1 + 𝑝n)/2 where 𝑝n = 𝑝𝑇(𝑛) if dead volume exists and 

𝑝n = 𝑝̂𝑇(𝑛)  if dead volume does not exist. Thus, the energy efficiency with and 

without dead volume can be calculated by using Equation (2.2), (3.12) and (3.13). 
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3.2.3 Relationship between Dead Volume Rate and Energy Efficiency 

Fig.3.26 indicates the relationship between dead volume rate and the energy 

efficiency. The dotted lines indicate the area ratio of 1.55, the dashed lines indicate the 

area ratio of 2.55, and the solid lines indicate the area ratio of 4.30. Also, the blue lines 

indicate the supply pressure of 300 kPa, the green lines indicate the supply pressure of 

400 kPa, and the red lines indicate the supply pressure of 500 kPa. Overall, we can 

find that the energy efficiency diminishes as the dead volume rate increases. The 

energy efficiency has the maximum value as 62.1 % where 𝑘𝑟 =1.55 and 𝑝𝑠=300 kPa. 

However, the energy efficiency decreases until 14.0 % under the same condition. In 

addition, Energy efficiency shows almost the same tendency under different conditions. 

 

In this chapter, 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 

Fig.3-26. Relationship between dead volume rate and energy 
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of several stroke lengths can be explained by Fig.3-26.  

 Next, we compare the experimental results with the calculational results. As shown 

in Fig.3-26, because the all cases have the same tendency and there are small 

differences between them, we only deal with the case where supply pressure of 300 

kPa and area ratio of 1.55. According to Table.3-II, the experimental results and 

calculational results, we can indicate the relationship as Fig.3-27. Except at stroke 

length of 25 mm, the calculational results agree well with the experimental results at 

all stroke length. The reason that the results does not coincide at stroke length of 25 

mm is considered as depth of button switches. The button switches of experimental 

apparatus are designed that position of solenoid valves is changed when the button 

switches are fully pushed. However, if the position of the solenoid valves is changed 

before the button switches are fully pushed, boosted air cannot fully flow into an air 

tank and is exhausted on the next mode of PBV-R, which is considered as the reason 

that the difference between calculation result and experimental result become greater 

as stroke length decreases. Hence, we can say the discussion with dead volume is 

reasonable. 

 

Fig.3-27. Comparison between calculation and experimental result at 𝑝𝑠=300 kPa and 𝑘𝑟=1.55 
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3.3 Summary 

We list the following conclusion from the experiment and discussion in this chapter: 

 

 1. We designed a pneumatic circuit and set up a new experimental apparatus that 

can, unlike the experimental apparatus in Chapter 2, change all air cylinders. The 

experimental apparatus mainly consists of two single-rod air cylinders as drive 

cylinder, one double-rod air cylinder as expansion cylinder, two 5-way/2-position 

solenoid valves, and four check valves. A diameter of the drive cylinder is 40 mm, 

while a diameter of the expansion cylinder is 50 mm, 63 mm or 80 mm. Also, the 

whole air cylinder has four different stroke lengths: 25 mm, 50 mm, 75 mm and 100 

mm. By using the experimental apparatus, we investigate energy efficiency, boost 

ratio and effective consumption rate under two conditions: stroke length is constant, 

and area ratio is constant. 

 

 2. If the stroke length is constant, firstly, the energy efficiency is the greatest where 

an area ratio is 1.56. Also, the energy efficiency tends to be higher as supply pressure 

becomes higher, but the energy efficiency tends to be lower as the area ratio becomes 

larger. Secondly, the boost ratio is the greatest where an area ratio is 2.66. The boost 

ratio at 𝑘𝑟=2.66 is up to 0.4 higher than that of 𝑘𝑟=4.30, up to 0.2 higher than the 

boost ratio at 𝑘𝑟=1.56. Thirdly, the effective consumption rate is the greatest where 

a stroke length is 100 mm and an area ratio is 1.56. Also, the effective consumption 

rate tends to be lower as the area ratio becomes larger. 

 

 3. If the area ratio is constant, firstly, the energy efficiency is the greatest where a 

stroke length is 100 mm. The energy efficiency tends to increase as the stroke length 

becomes higher for all area ratio. Secondly, the boost ratio is the greatest where a 

stroke length is 50 mm or more: the boost ratio is almost constant at all stroke length 

for all area ratio, exclusive at 𝐿=25 mm. Thirdly, the effective consumption rate is 

the greatest where a stroke length is 100 mm. Also, for all area ratio, the effective 

consumption rate tends to increase as the stroke length increases. 

 

 4. The results show that the energy efficiency of PBV-R increases as stroke length 
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becomes longer, whereas numerical results indicates stroke length does not have any 

effect on energy efficiency of PBV-R. The reason is considered that dead volume 

rate decreases as stroke length becomes longer. Therefore, we carry out calculation 

of energy efficiency of PBV-R with consideration of dead volume. According to the 

experimental results and the calculation, we can conclude that dead volume rate has 

a large effect on energy efficiency of PBV-R and this conclusion can explain the 

reason that PBV-R with shorter stroke length shows smaller energy efficiency.
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Chapter 4. Proposal of Design Policy and Evaluation of Prototype of Pneumatic Booster Valve with Energy Recovery 

Proposal of Design Policy and 

Evaluation of Prototype of Pneumatic 

Booster Valve with Energy Recovery 

 

 

4.1 Determination of Geometric Parameters 

4.1.1 Determination of Stroke Length of PBV-R 

In this chapter, we produce a prototype of PBV-R. Before making, we determine 

parameters of the prototype e.g. stroke length and area ratio, and the results in Chapters 

2 and 3 can be very important clues for the parameters of the prototype. We produce 

the prototype of PBV-R by manufactured products and reflect all the results in 

Chapters 2 and 3.  

First, we explain area ratio of the prototype. According the experimental results, 

energy efficiency of PBV-R was the greatest at area ratio of 1.6. Also, as shown in 

Table.4-I, there is a limit to change area ratio. Therefore, we utilize two air cylinders 

LargeSmall

Dead volume rate

Manufacturing cost

Manufacturing cost

Stroke length

Dead volume rate

Fig.4-1. Diagram of the relationship between stroke length and manufacturing cost 
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with 40 mm diameter as drive cylinders and one air cylinder with 50 mm diameter as 

an expansion cylinder. 

Next, we consider stroke length of the prototype. We confirmed that energy 

efficiency of PBV-R increases as dead volume rate decreases, which is inversely 

proportional to stroke length. Thus, we need to make the dead volume rate as small as 

possible in order for energy efficiency to be higher. However, if the dead volume rate 

is near zero, stroke length has to diverge to infinity, which makes production cost of 

PBV-R higher. If the dead volume rate increases, operating time of air compressors is 

lengthened as much as energy efficiency decreases, i.e., energy consumption increases 

if dead volume rate increases.  

Fig.4-1 shows the relationship between stroke length and production cost of PBV-

R. dead volume is inversely proportional to stroke length, so if stroke length converges 

to zero or diverges to infinity, the production cost of PBV-R diverges to infinity as well. 

Thus, it is assumed that the function of the production cost has the maximum value 

between zero and infinity. In this section, we find the stroke length that makes the 

production cost minimum. Since it is very difficult to compare electricity energy with 

cost directly, we evaluate the electricity energy by converting into monetary unit, Yen, 

in this section. 

Firstly, we calculate cost loss by dead volume. Because electricity energy loss that 

is correspond to dead volume occurs each stroke, we need to find how many strokes 

occur in lifespan of an air cylinder, which is one of characteristics of an air cylinder 

and usually indicated by the entire distance of a piston. Therefore, the number of 

strokes can be calculated by dividing lifespan of an air cylinder by stroke length. Then, 

we can find cost loss, 𝑤𝑑, by multiplying the number of strokes by electricity charge 

per unit volume as follow: 

 

𝑤𝑑 =
𝑠𝑣𝐸𝑣
𝐿

 (4.1) 

where 𝑠  represents lifespan of an air cylinder, 𝑣  represents dead volume, ⁡ 𝐸𝑣 

represents electricity charge per unit volume and 𝐿 represents stroke length. Secondly, 

we calculate cost of an air cylinder. the cost of an air cylinder is linearly related to 

stroke length as follow: 
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𝑤𝑐 = 𝑏1𝐿 + 𝑏2 (4.2) 

where 𝑏1 represents price per unit length and 𝑏2 represents basic price. Lastly, we 

find the minimum cost of production PBV-R. By adding Equation (4.1) and (4.2), we 

can calculate the entire cost. Each parameter is given in Table.4-I. Fig.4-2 shows the 

relationship between the entire cost and stroke length of an air cylinder. The entire cost 

tends to diverge to infinity where stroke length converges to zero and infinity. Also, 

the cost has the minimum value as 2.62×104 Yen at stroke length of 73 mm. For those 

reason, we choose stroke length of 75 mm for producing the prototype of PBV-R 

because 75 mm is the closest stroke length from 73 mm among manufactured air 

cylinders. 

4.1.2 Suggestion for Higher Energy Efficiency of PBV-R 

We propose the optimal design of PBV-R. Firstly, in terms of area ratio, it can be 

determined according to recovery ratio, Equation (2.11), in Section 2.3, i.e., the area 

Fig.4-2. Relationship between stroke length and production cost 
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ratio that maximizes recovery ratio also maximize energy efficiency of PBV-R. 

Secondly, in terms of stroke length, for a plant who wants high energy efficiency 

regardless of production cost, longer stroke length performs higher energy efficiency. 

For a plant who wants less production cost, it is necessary to find the stroke length that 

minimizes a sum of Equation (4.1) and (4.2). In addition, because it is obvious that 

both production expense and energy efficiency decrease if stroke length is shorter than 

optimal stroke length, shorter length than optimal value is not necessary for optimal 

design.  

 

 

  

Table.4-I Value of each parameter 

𝑠[69] 8.0×106 [m] 

𝑣 7.54×10-6 [m3] 

𝐸𝑣
[72] 1.8 [Yen/m3] 

𝑏1 4.02×104 [Yen/m] 

𝑏2  2.32×104 [Yen] 
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4.2 Production and Validation of Prototype of PBV-R 

4.2.1 Production of Prototype of PBV-R 

 In Section 4.1, we found that the most suitable stroke length of the air cylinder is 75 

mm for a prototype of PBV-R. Furthermore, because producing PBV-R from A to Z 

costs much expense, we utilize manufactured components for the prototype. Prototype 

consists of two single-rod air cylinders with a 40 mm diameter and a 75 mm stroke 

length, one double-rod air cylinders with a 50 mm diameter and a 75 mm stroke length, 

four check valves, two 5-way/2-position solenoid valve, aluminum frame for fixing 

three air cylinders, two double-ended bolts for connecting rods of the cylinders, two 

button switch for switching position of the solenoid valves, and polyurethane tube with 

5 mm diameter. Since one of the aims of the prototype is 250 L/min(ANR) flow rate 

and an existing PBV manufactured by SMC has flow rate of 250 L/min(ANR) with 

diameter of 40 mm, we choose 40 mm as a diameter of the prototype [69]. Table.4-II 

indicates all components of the prototype. 

  Next, by using the components above, we produce the prototype of PBV-R. Fig.4-

3 represents 3D design of the prototype. To minimize dead volume, we make length 

 

Table 4-II. Components of prototype of PBV-R 

Component 

No. Parts Article Technical Date 

1 Drive cylinder 1 SMC corporation, 

CDG1YL40-75FZ 

Diameter : 40 [mm] 

Stroke : 75 [mm] 

2 Expansion cylinder SMC corporation, 

CG1WLN50-75FZ 

Diameter : 40 [mm] 

Stroke : 75 [mm] 

3 Drive cylinder 2 SMC corporation, 

CDG1YL40-75FZ 

Diameter : 50 [mm] 

Stroke : 75 [mm] 

4 Solenoid valves SMC corporation, SV3200R-

5W3LD-03 

Effective area: 4.5~4.9 [dm³/s･bar] 
Critical pressure ratio : 0.27~0.29 

5 Check valves SMC corporation, AKH10-00 Effective area : 4.8 [dm³/s･bar] 
Critical pressure ratio : 0.5 

6 Button switches NKK switch,  

LP01-15CCKNS1R 

changeover contact 
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of pipe as short as possible. To do that, we attach the solenoid valves parallel to a 

direction of piston rod and vertical to the ground on both sides of the expansion 

cylinder. Also, we add the button switches under the air cylinders. A button switch 

pusher for the button switches is also included. The two button switch pushers are fixed 

on each double-ended bolts and pushes button switches for changing position of the 

solenoid valves when the pistons reach to the end of the stroke. Based on the design 

and explanation above, we made the prototype of PBV-R as Fig.4-4.  

4.2.2 Experimental Procedure 

 We investigate energy efficiency, boost ratio, effective consumption rate and pressure 

characteristic. In order to investigate the performances of the prototype of PBV-R, we 

carry out an experiment. First, we design a pneumatic circuit for the experiment as 

indicated in Fig.4-5. Compressed air from an air compressor is supplied, then it flows 

through a filter-regulator-lubricator (F.R.L) and PBV-R. if the compressed air is 

boosted by the PBV-R, it is exhausted and flows into an air tank of 10 dm³. The states 

of the compressed air, e.g. pressure, flow rate and air power, are measured at both inlet 

Fig.4-3. 3D design of prototype of PBV-R 

 

730 mm

150 mm
110 mm

Fig.4-4. Actual prototype of PBV-R 
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and outlet by the APMs.  

 Next, we explain the method of the experiment. We carry out the experiment by 

setting supply pressure as 300 kPa, 400 kPa and 500 kPa, respectively. Furthermore, 

we start measuring and supplying the compressed air at the same time. When the 

pistons and the piston rod do not move anymore, we stop the measurement.  

 

4.2.3 Result of Experiment 

 Fig.4-6 indicates the energy efficiency of the prototype of PBV-R. The energy 

efficiency is around 63.9 percent at 300 kPa, 58.2 percent at 400 kPa and 58.0 percent 

at 500 kPa. In comparison to the results in Chapter 2, the energy efficiency of the 

prototype is 17.2 percent, 15.1 percent and 15.2 percent improved than that of the 

experimental apparatus at 300 kPa, 400 kPa and 500 kPa, respectively. It is considered 

that the reason is, as we found in Chapter 3, that dead volume rate of the experimental 

apparatus is higher than that of the prototype.  

 Fig.4-7 represents the boost ratio of the prototype of PBV-R. The boost ratio is around 

1.69, 1.81 and 1.90 at 300 kPa, 400 kPa and 500 kPa, respectively. In comparison to 

the results in Chapter 2, the boost ratio decreases around 10 percent because the area 

ratio of the prototype is smaller than that of the experimental apparatus.  

 Fig.4-8 shows the effective consumption rate of the prototype of PBV-R. The 

effective consumption rate is around 46.8 percent, 45.6 percent and 45.9 percent at 300 

kPa, 400 kPa and 500 kPa, respectively. Compared to the result in Chapter 2, these 

results are 3.3 percent, 6.4 percent and 7.4 percent greater than those of the apparatus. 

The main reason is considered as dead volume rate, like the energy efficiency. 

 Fig.4-9 indicates the pressure characteristic of the prototype of PBV-R at 𝑝𝑠=400 

Fig.4-5. Pneumatic circuit of testing prototype 

Supply 
pressure

Inlet 
APM

Ooutlet
APM

F.R.L PBV
10L Air tank
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kPa. The pressure reaches the maximum at 𝑡=42 s. 
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Fig.4-6. Energy efficiency of the prototype of PBV-R 

Fig.4-7. Boost ratio of the prototype of PBV-R 
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Fig.4-8. Effective consumption rate of the prototype of PBV-R 

Fig.4-9. Pressure characteristic of the prototype of PBV-R 
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4.2.4 Comparison between PBV and PBV-R 

 First, in order to investigate the performances of the PBV on the market, VBA20A, 

manufactured by SMC, we carry out the same experiment in Section 4.2.2 and make 

use of PBV instead of the prototype of PBV-R.  

 Next, we compare the performance of the prototype with that of the VBA20A. Fig.4-

10 indicates the comparison of energy efficiency of both prototype of PBV-R and 

VBA20A. the energy efficiency of the prototype is 10.5 percent, 6.3 percent and 6.9 

percent higher than that of VBA20A at 300 kPa, 400 kPa and 500 kPa, respectively.  

 Fig.4-11 shows the comparison of boost ratio of both prototype of PBV-R and 

VBA20A. The boost ratio of the prototype is 6.1 percent, 8.1 percent and 31.9 percent 

higher than that of VBA20A at 300 kPa, 400 kPa and 500 kPa, respectively. 

 Fig.4-12 represents the comparison effective consumption rate of both prototype of 

PBV-R and VBA20A. The effective consumption rate of the prototype is 1.5 percent, 

2.4 percent and 2.1 percent lower than that of VBA20A at 300 kPa, 400 kPa and 500 

kPa, respectively, i.e., the results indicates that the effective consumption rate of the 

prototype of PBV is not improved. One of the reason is considered that dead volume 

of VBA20A is smaller than that of the prototype of PBV-R. In the case of VBA20A, 

because the whole pipes are built inside, the length of pipes are structurally shorter 

than that of the prototype of PBV-R whose pipes are built on the outside. Also, in the 

case of the prototype, because we produced this with manufactured air cylinders, there 

exist spaces between the air cylinders, which causes longer pipes. In the case of 

VBA20A, however, it has no space between air cylinders and has less dead volume 

than the prototype of PBV-R.   

Table.4-III shows the comparison between VBA20A and the prototype of PBV-R. 

The prototype of PBV-R has structurally more disadvantages: the prototype is heavier, 

larger than VBA20A. Also, the prototype use electricity, while VBA20A does not. 

Furthermore, in terms of pneumatic circuit, the prototype has longer pipes than 

VBA20A. Those disadvantages occur because the prototype is made with existing 

manufactured components e.g. air cylinders, solenoid valves, check valves, etc., which 

cause more air leak and dead volume. However, in spite of the structural disadvantages, 

the prototype has better functional performances than VBA20A; energy efficiency and 

boost ratio of the prototype are greater than those of VBA20A. Hence, from these 
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results, it is obvious that PBV-R can save a lot of energy consumption by mass 

production and application to industries. 
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Fig.4-10. Comparison of energy efficiency between the prototype of PBV-R and PBV 

Fig.4-11. Comparison of boost ratio between the prototype of PBV-R and PBV 
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Fig.4-12. Comparison of effective consumption rate between the prototype of PBV-R and PBV 

 

 

Table 4-III. Comparison of spec between VBA20A and prototype of PBV-R 

Spec VBA20A Prototype of PBV-R 

Size (mm) L300×W98×H176 L730×W110×H150 

Weight (kg) 3.9 6.2 

Electric power unnecessary Necessary 

Energy efficiency 53 % 60 % 

Boost ratio 1.7 1.8 
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4.3 Effect of PBV-R on Energy Consumption of Whole 

Industry  

 The purpose of this thesis is to maximize the performances of PBV-R, e.g. energy 

efficiency, boost ratio and effective consumption rate. By using the results of this 

thesis, decrease of electricity energy consumption is expected if PBV-R is applied to 

the whole industries, as well as greenhouse gas emissions reduction which is 

encouraged by Kyoto protocol and Paris agreement. In this section, we calculate how 

much the electricity energy consumption and the greenhouse gas emissions can be 

reduced by applying PBV-R. 

 First, we carry out the calculation in case of a plant. The electricity energy 

consumption,⁡ 𝐸𝑒, can be obtained from the following equation: 

 

𝐸𝑒 = 𝑃𝑐𝑜𝑚𝑝𝑀𝑡(1 − 𝑒)[𝑞 +
1

𝜂
(1 − 𝑞)] (4.5) 

where 𝑃𝑐𝑜𝑚𝑝 represents electric power consumption, 𝑀 represents motor load factor, 

𝑡  represents operation time, 𝑒  represents energy-saving ratio which is a ratio of 

reduced power rate to existing power rate, 𝑞 represents a ratio of the process that PBV 

or PBV-R is necessary in a plant, 𝜂 represents energy efficiency of PBV or PBV-R. 

Suppose there is a plant that operates air compressor under conditions shown in 

Table.4-IV [70]. Also, we assume 𝑞=1/3 and supply pressure is reduced from 0.6 MPa 

to 0.35 MPa, i.e., 𝑒  is 0.2 according to Fig.1-3. We compare electricity energy 

consumption and carbon dioxide emission under three different conditions; (a) to 

operate the plant with supply pressure of 0.6 MPa without any PBV or PBV-R; (b) to 

operate the plant with supply pressure of 0.35 MPa and apply PBV to one-third of 

processes; and (c) to operate the plant with supply pressure of 0.35 MPa and apply 

PBV-R to one-third of processes. In the case of (a), due to⁡ 𝑒=0 and 𝑞=1, we can obtain 

the electricity energy consumption rate with only 𝑃𝑐𝑜𝑚𝑝, 𝑀 and 𝑡. In the case of (b) 

and (c), according to the results in Section 4.2, 𝜂 is 51% in the case of PBV, while 𝜂 

is 64% in the case of PBV-R. In terms of CO2, carbon dioxide emission factor is 

0.455kg-CO2/kWh in metropolitan area in Japan [71]. Table.4-V indicates the 

electricity energy consumption and the carbon dioxide emission of each case for a year.  
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The difference of annual electricity energy consumption between (a) and (c) is 220 

MWh, in other words, around 10.9 percent of the energy consumption is reduced. In 

Comparison to (b), 3.6 percent of the energy consumption is more reduced. In terms 

of the carbon dioxide emission, the difference between (a) and (c) is 64 t-CO2, while 

the difference between (a) and (b) is only 21 t-CO2. From the result, it is obvious that 

PBV-R can reduce both electricity energy consumption and carbon dioxide emission, 

and applying PBV-R to a plant brings improved results than applying PBV. In terms of 

the electric charge, applying PBV-R can save 2.7 million Yen a year, while applying 

PBV can save only 0.9 million Yen a year [72]. Because net profit of this company in 

2017 was 8.2 billion Yen, the saved electric charge accounts for 0.3 percent of the net 

profit [73]. Hence, it is considered that applying PBV-R is meaningful for this company. 

  Next, we expand the calculation in case of the whole industries in Japan. According 

to statistics [74], electricity consumption of the whole industry accounts for 42.8 

percent of the entire electricity consumption in Japan. Also, electricity consumption 

by machines using motors accounts for 62 percent of the electricity consumption of 

the whole industries, 23 percent of which is caused by air compressor. Then, as we 

carried out above, we compare electricity energy consumption and carbon dioxide 

Table 4-IV. Value of each parameter 

parameter value 

𝑃𝑐𝑜𝑚𝑝 320 [kW] 

𝑡 500 [h/year] 

𝑀 0.8 

𝑞 (a) 0  (b)  1/3  (c)  1/3 

𝑒 - (b)  0.2 (c)  0.2 

𝜂 - (b) 0.51 (c) 0.60 

 

 

 

Table 4-V. Energy efficiency, gas emission and electric charge in a plant 

 (a) 

 without PBV 

(b) 

applying PBV 

(c) 

applying PBV-R 

Energy(MWh) 1280 1234  1140 

Gas(t-CO2)   582   561   518 

Electric Charge(106Yen)     24.6     23.7     21.9 
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emission under three different conditions. (a) to operate the entire plants in Japan with 

supply pressure of 0.6 MPa without any PBV or PBV-R; (b) to operate the entire plants 

in Japan with supply pressure of 0.35 MPa and apply PBV to one-third of processes; 

and (c) to operate the entire plants in Japan with supply pressure of 0.35 MPa and apply 

PBV-R to one-third of processes. From the calculation above, we already know that 7 

percent or 16.2 percent of the electricity consumption by air compressors is reduced if 

PBV or PBV-R is applied, respectively. Also, according to the statistics, the entire 

electricity consumption in Japan is 1280 MWh [75]. Therefore, electricity energy 

consumption and the carbon dioxide emission of each case for a year can be calculated 

as Table.4-VI. 

 

The difference of annual electricity energy consumption between (a) and (c) is 9.3 

TWh, which accounts for around 0.9 percent of the energy consumption of the whole 

industry, while the difference between (a) and (b) is 3.0 TWh, which accounts for only 

0.4 percent of the energy consumption of the whole industry. In terms of the carbon 

dioxide emission, the difference between (a) and (c) is 4.2 Mt-CO2, while the 

difference between (a) and (b) is only 1.4 Mt-CO2.  

  

 

Table 4-VI. Energy efficiency, gas emission and electric charge in the entire industry in Japan 

 (a) 

without PBV 

(b) 

applying PBV 

(c) 

applying PBV-R 

Energy(TWh) 84.3 81.3 75.0 

Gas(Mt-CO2)  38.4  37.0  34.2 

Electric Charge(1012Yen)    1.62    1.51     1.35 

 



85 
 

4.4 Summary 

We list the following conclusion from the experiment and discussion in this chapter: 

 

1. We found that PBV-R with less dead volume rate can achieve higher energy 

efficiency from the result in Chapter 3. However, producing PBV-R with the dead 

volume rate of almost zero costs too much. Thus, it is considered that there exists 

optimal stroke length that makes energy efficiency of PBV-R higher and expense of 

manufacturing lower. By evaluating the production expense of PBV-R, we found that 

the expense has the minimum value at stroke length of 73 mm. Hence, it is desirable 

to utilize air cylinders with stroke length of 75 mm.  

  

2. On the basis of the result in Chapter 3 and Section 4.1, we designed and produced 

a prototype of PBV-R, and carried out the experiment for investigate the performances 

of the prototype. The energy efficiency of the prototype is 63.9 percent, 58.2 percent 

and 58.0 percent at 300 kPa, 400 kPa and 500 kPa, respectively. The boost ratio of the 

prototype is 1.69, 1.81 and 1.90 at 300 kPa, 400 kPa and 500 kPa, respectively. 

Furthermore, the effective consumption rate of the prototype is 46.8 percent, 45.6 

percent and 45.9 percent at 300 kPa, 400 kPa and 500 kPa, respectively. In comparison 

to the result in Chapter 2, the energy efficiency and the effective consumption rate 

were improved, whereas the boost ratio was not improved. 

 

3. We compared the prototype with VBA20A, a product of PBV manufactured by 

SMC. The energy efficiency of the prototype of PBV-R is 10.5 percent, 6.3 percent 

and 6.9 percent higher than that of VBA201 at 300 kPa, 400 kPa and 500 kPa, 

respectively. Furthermore, the boost ratio of the prototype is 6.1 percent, 8.1 percent 

and 31.9 percent higher than that of VBA20A at 300 kPa, 400 kPa and 500 kPa, 

respectively. However, the effective consumption rate of the prototype is 1.5 percent, 

2.5 percent and 2.1 percent lower than that of VBA20A at 300 kPa, 400 kPa and 500 

kPa, respectively.  

 

4. According to calculation under some assumptions, if PBV or PBV-R is applied to 

a plant, the plant that applied PBV can save 90 MWh, which is equivalent to 7.0 
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percent of the entire annual electricity energy, and reduce 41 ton of CO2 emission 

annually. Furthermore, the plant that applied PBV-R can save 220 MWh annually, 

which is 130 MWh higher than the case of PBV and equivalent to 16.2 percent of the 

entire annual electricity energy, and also reduce 100 ton of CO2 emission annually. 

Next, according to calculation like above, if PBV or PBV-R is applied to the whole 

industry in Japan, 5.7 TWh, which accounts for 0.6 percent of annual electricity energy 

consumption in the whole industry, can be saved if PBV is applied, while 14 TWh, 

which accounts for 1.4 percent, can be conserved if PBV-R is applied. Likewise, 

applying PBV-R to the entire industry can reduce 6.4 kiloton of carbon dioxide 

emission, whereas applying PBV can reduce only 2.6 kiloton of carbon dioxide 

emission.  
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Chapter 5. Conclusion 

Conclusion 

 

 

5.1 Summary 

 Previous version of pneumatic booster valve (PBV) has been used to boost 

compressed air for decades. In this research, a pneumatic booster valve with energy 

recovery (PBV-R), which is an improved version of PBV, is developed. The structure 

of PBV-R has one more air cylinder than PBV called ‘Expansion Cylinder.’ Since the 

Expansion Cylinder has an energy recovery function, PBV-R is improved in terms of 

energy efficiency than PBV. 

 

 In Chapter 1, we introduce background that too much energy consumption occurs in 

the industry in Japan, especially in pneumatic systems. Thus, the law of Japan, Kyoto 

Protocol and Paris Agreement encourage that mankind has to make effort to reduce 

energy consumption. Under the background, several researches have been carried out 

to develop technologies of energy saving in pneumatic systems. Among all, applying 

PBV to plants is considered as one of the simplest and most effective method that 

reduces the energy consumption. Furthermore, PBV-R has been proposed and the it 

has been numerically validated that the energy efficiency of PBV-R is greater than that 

of PBV. However, the performance of PBV-R has not been experimentally proved yet, 

although numerical simulation is usually inaccurate in fluid mechanics. Therefore, we 

set up the purpose of this thesis as experimental validation and development of PBV-

R. 

 

 In Chapter 2, We designed a pneumatic circuit and set up an experimental apparatus 

for investigating the performances between PBV method and PBV-R method, e.g. 

energy efficiency, boost ratio and effective consumption rate. firstly, the energy 

efficiencies of PBV-R method were up to 8% greater than PBV method. Secondly, the 
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boost ratios of PBV-R method were up to 17% greater than that of PBV method. 

Thirdly, effective consumption rates of PBV-R method are up to 5% greater than those 

of PBV method. Fourthly, we confirmed that the high-pressure air that was supposed 

to be exhausted in case of PBV method was partly reused in PBV-R method. 

Furthermore, we investigated how much energy is recovered and reused by an 

expansion cylinder. To do that, we defined “recovery ratio” and investigated at each 

area ratio. As a result, we found that the area ratio that maximizes recovery ratio is 1.9, 

2.6, 3.6 and 4.6 at 𝑝𝑠=200 kPa, 300 kPa, 400 kPa and 500 kPa, respectively.  

 

 In Chapter 3, unlike the experimental apparatus in Chapter 2, we designed a 

pneumatic circuit and set up a new experimental apparatus that can change all air 

cylinders in order to investigate the performances under different geometric 

parameters, e.g. area ratio and stroke length. If the stroke length is constant, firstly, the 

energy efficiency is the greatest where an area ratio is 1.56. Secondly, the boost ratio 

is the greatest where an area ratio is 2.66. Thirdly, the effective consumption rate is 

the greatest where a stroke length is 100 mm and an area ratio is 1.56. If the area ratio 

is constant, firstly, the energy efficiency is the greatest where a stroke length is 100 

mm. Secondly, the boost ratio is the greatest where a stroke length is 50 mm or more. 

Thirdly, the effective consumption rate is the greatest where a stroke length is 100 mm. 

The results show that the energy efficiency of PBV-R increases as stroke length 

becomes longer, whereas numerical results indicates stroke length does not have any 

effect on energy efficiency of PBV-R. The reason is considered as dead volume, 

Therefore, we carried out calculation of energy efficiency of PBV-R with 

consideration of dead volume and the results indicates that dead volume rate has a 

large effect on energy efficiency of PBV-R and this conclusion can explain the reason 

that PBV-R with shorter stroke length shows smaller energy efficiency. 

 

 In Chapter 4, Since it is considered that there exists optimal stroke length that makes 

energy efficiency of PBV-R higher and expense of manufacturing lower, we 

investigated the optimal stroke length by evaluating cost and found that stroke length 

of 73 mm make the entire costs minimum. On the bases of the result, we designed and 

produced a prototype of PBV-R, and carried out the experiment for investigate the 

performances of the prototype. The energy efficiency of the prototype is 63.9 percent, 
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58.2 percent and 58.0 percent at 300 kPa, 400 kPa and 500 kPa, respectively. The boost 

ratio of the prototype is 1.69, 1.81 and 1.90 at 300 kPa, 400 kPa and 500 kPa, 

respectively. Furthermore, the effective consumption rate of the prototype is 46.8 

percent, 45.6 percent and 45.9 percent at 300 kPa, 400 kPa and 500 kPa, respectively. 

In comparison to the result in Chapter 2, the energy efficiency and the effective 

consumption rate were improved, whereas the boost ratio was not improved. Also, in 

comparison to VBA20A, the energy efficiency and the boost ratio of the prototype of 

PBV-R are up to 10.5 percent and 31.9 percent improved, respectively, while the 

effective consumption rate of the prototype of PBV-R is up to 2.5 percent lower. 

According to a calculation, the plant that applied PBV-R can save 16.2 percent of the 

entire annual electricity energy and reduce 100 ton of CO2 emission annually. 

Furthermore, if PBV-R is applied to the whole industry in Japan, 0.6 percent of annual 

electricity energy consumption in the entire industry can be saved and reduce 6.4 

kiloton of carbon dioxide emission annually. 
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5.2 Future Work 

 

 In Chapter 3, we define dead volume as the entire volume except air cylinder and we 

confirm the effect of dead volume on energy efficiency of PBV-R. Since volume of 

pipe also belongs to the dead volume, it is necessary to reduce the volume of pipe as 

much as possible. There is a structural limit to shortening the pipe, thus we need to 

make cross section area of the pipe smaller. However, air cannot flow if the area is near 

zero. Moreover, according to flow-rate characteristics in ISO6358, because flow rate 

is proportional to effective cross-section area, the area needs to be not too small [76]. 

Therefore, it is assumed that the optimal area that makes the energy efficiency of PBV-

R maximum exists between zero and positive infinity. It is considered that this can be 

calculated not by numerical analysis that uses ideal gas equation but by numerical 

analysis flow dynamics in air cylinders and pipes. 
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