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Pneumatic systems widely exist in the industrial productions, using high pressure compressed 

air as power source. The air charging and discharging processes of pneumatic cylinder through 

valves are recurrent to generate aerodynamic noise, especially the venting exhaust to atmosphere 

directly. In order to suppress this kind of impulse exhaust noise, the characteristics of such noise 

and the suppression strategy are presented. The aerodynamic properties of impulse exhaust are 

studied firstly. Based on the analysis of aerodynamic parameters during the exhaust process, the 

sound sources are discussed. Then the radiated noise of exhaust with a typical sintered bronze 

silencer is predicted both in time-domain and frequency-domain. A noise suppression strategy of 

controlling the opening process of valve is proposed. Finally the experiments based on a modeled 
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pneumatic exhaust system and a pneumatic friction clutch and brake system of mechanical press are 

carried out to verify the validity of the presented model and the suppression strategy. 

In Chapter 1, the impulse exhaust noise will be introduced briefly, including the definition, 

characteristics and harm to the environment. Then the research background of pneumatic exhaust, 

the progress of classical exhaust noise control and the purpose of this study will also be introduced.  

In Chapter 2, analysis of aerodynamic properties of impulse exhaust will be presented in 

details. The typical pneumatic exhaust systems will be introduced firstly. Then based on some basic 

assumptions, the mathematic model of aerodynamic properties of pneumatic exhaust will be 

described. A one-dimensional thermodynamic model is used to describe the transient exhaust 

process. So the aerodynamic parameters during the exhaust can be obtained, such as cylinder 

pressure, mass flow rate. In addition, the movement equation of piston in the cylinder of typical 

pneumatic friction clutch and brake system will be introduced to describe the whole systems. In 

practice, some classical porous materials are used to reduce the impulse noise. The aerodynamic 

model of porous material with rigid frame, such as sintered bronze used in muffler devices normally, 

will also be obtained.   

In Chapter 3, the sound sources of impulse exhaust noise will be introduced according to the 

Lighthill's general theory, as the impulse exhaust noise is a kind of aerodynamic noise. The impulse 

exhaust noise is mainly composed of monopole sources related to the mass flow and quadrupole 

sources generated by the turbulence. Based on a piston sound source assumption, the noise radiation 

characteristics of the exhaust with sintered bronze muffler will be predicted. The mass flow 

considered as a monopole source is related to the sound pressure of impulse exhaust noise. And the 

sound pressure level (SPL) at a far-field observation point is predicted by the piston acoustic source 
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approximation. 

In Chapter 4, the control strategies of impulse exhaust noise will be presented. There are three 

approaches to control the noise from the sound source, the propagation path and the receiver, 

respectively. Muffler devices are used to reduce the aerodynamic jet noise classically. The features 

and disadvantages of various mufflers in the industrial applications will be introduced firstly. Unlike 

the steady noise or period noise, the evaluations of impulse noise are introduced. Then a semi-active 

control strategy to change the sound source of impulse exhaust by controlling the opening process 

of exhaust valve is presented. The principle and specific control method will be introduced. 

In Chapter 5, experimental study will be presented. The experiments were based on a 

pneumatic friction clutch and brake (PFC/B) system of mechanical press and also a simplified 

cylinder exhaust system. In order to test the presented semi-active noise control strategy, a modified 

pneumatic valve was designed, which can adjust the poppet valve by a servo motor. The 

experimental results will be shown to verify the validity of the presented aerodynamic model and 

the radiated noise predictions. The noise was analyzed to study the effect of presented suppression 

strategy comparing to the direct exhaust. 

In conclusion, the aerodynamic properties of impulse exhaust based on typical pneumatic 

exhaust systems have been investigated. According to the aerodynamic models, the flow parameters 

during the impulse exhaust were obtained. The sound sources of impulse exhaust noise were studied 

based on the Lighthill's general theory of aerodynamic noise. The radiated noise of exhaust with a 

typical sintered bronze silencer is predicted both in time-domain and in frequency-domain. In 

addition, a semi-active noise control strategy has been presented to suppress the impulse exhaust 

noise especially to reduce the peak SPL.  
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Chapter 1 Introduction 

Pneumatic systems widely exist in the industrial productions, using high pressure compressed 

air as power source. The air charging and discharging processes of pneumatic cylinder through 

valves are recurrent to generate aerodynamic noise, especially the venting exhaust to atmosphere 

directly[1-5]. The transient exhaust is choked and sonic at the valve throat since the high pressure of 

compressed air larger than 0.3 MPa normally[6-8]. During the exhaust process, the potential energy 

of compressed air in the cylinder is converted to kinetic energy while the air flow is accelerated 

through the valve generating the impulse exhaust noise with short duration. The sound pressure of 

impulse exhaust noise is changed acutely because of the rapid flow change via the valve. It will 

cause serious environment pollution and hearing damages for workers due to the large sound 

pressure of exhaust noise with the peak value normally more than 130 dB. Thus, several researches 

both on the mechanism and reduction methods of air exhaust noise were studied in recent 

years[9-12]. 

1.1 Properties of impulse exhaust noise 

As indicated in the previous statement, the impulse exhaust noise is a kind of aerodynamic 

noise generated by the unsteady jet. According to the noise fluctuation value, exhaust noise is 

divided into steady exhaust noise, periodical exhaust noise and intermittent or impulse exhaust 

noise. As a special jet noise, the impulse exhaust noise is also caused by high-velocity jets and the 

turbulent eddies generated by shearing flow. Such noise is known as broadband noise and extends 

well beyond the range of human hearing. The sound generated by high-speed jets is usually 
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associated with several different he sound generated by high-speed jets is usually associated with 

several different sources acting simultaneously, such as jet mixing noise caused by the turbulent 

mixing of the jet with the ambient medium, and shock-associated noise for imperfectly expanded 

supersonic jets produced by the convection of turbulence through shock cells in the jet[1,13]. 

Different from the normal steady jet noise and periodical jet noise, the impulse exhaust noise has a 

significant impulse property. 

1.1.1 Brief description of impulse exhaust noise 

Impulse noise was first introduced by Rosenblith and Stevens[14]. From the results of 

theoretical and experimental investigations, they argued that some judgment is required to 

distinguish between impulse and continuous noise[15,16]. Figure 1 schematically types the 

pressure-time histories of these noises. Steady noise has a nearly constant pressure level at a 

measuring point with no or only extremely small fluctuations. Unsteady noise has irregular and 

continuous signals over a wide range of sampling period. Of the signals that intermittently arise at a 

time interval, intermittent noise has the duration time of each pulse signal over several seconds. The 

intervals between the pulse signals may be nearly constant or irregular. The definition of impulse 

noise varies from country to country and there is still no consistent definition. A recommendation 

from the International Standard Organization ISO2204 stated that an impulse noise can be 

characterized as a burst sound or continuous burst sounds with a duration time less than one 

second[17]. This indicates that if an impulse noise is produced within the time interval mentioned 

above, an adjustment should be necessary to find the equivalent sound pressure level. On the other 

hand, IEC argued that an impulse noise can be a single-pulse sound or a burst sound with a duration 
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time between 0.001 and 1 s[18]. Anyway, the exhaust noise studied in this paper belongs to impulse 

noise. 

 

Figure 1-1[19] Classification of noises based on the pressure-time histories. 

In this paper, impulse noise is defined as a short-duration sound characterized by a shock front 

pressure waveform (i.e. virtually instantaneous rise), usually created by a sudden release of energy; 

for example, as encountered with explosives or gun blasts[1]. Such a characteristic impulse pressure 

waveform is often referred to as a Friedlander wave, and is illustrated in Figure 1-2(a). This single 

impulse waveform is typically generated in free-field environments, where sound reflecting surfaces 

that create reverberation are absent. With gunfire, mechanically generated noise is also present in 

addition to the shock pulse, and in this case the waveform envelope can take the form illustrated in 

Figure 1-2(b). 

The durations of impulsive noises may vary from microseconds up to 50 ms, although in 

confined spaces reverberation characteristics may cause the duration to extend considerably longer. 

In all cases, however, the characteristic shock front is present. For the purpose of assessing hearing 

damage risk, a duration time has been defined as the time required for the peak level to drop 20 dB, 

as illustrated in Figure 1-2. 
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Figure 1-2[1] Idealized waveforms of impulse noise. Peak level is the pressure difference AB; duration time is the 

time difference AD (+EF when a reflection is present). 

Pneumatic devices quite often eject gas (air) in the form of high-pressure jets. Such jets can be 

very significant generators of noise. Different from the combustion engine exhausts, there are many 

kinds of exhaust is a transient process, such as the exhaust of pneumatic friction clutch and brake 

(PFC/B) cylinders. In the practical work, the exhaust process is very short to ensure the 

coordination of the PFC and PFB. Furthermore, such kind of pneumatic exhaust has characteristics 

of high-pressure exhaust (pressure ratio normally more than 3) and large gas displacement. Thus, it 

will generate huge impulse noise of as high as 125 dB(A), with the peak sound pressure more than 

130 dB(A) [3]. 

1.1.2 Harm of impulse exhaust noise 

Industrial noise is usually considered mainly from the point of view of environmental health 

and safety, rather than nuisance, as sustained exposure can cause permanent hearing 

damage[1,13,20]. Exposure to excessive noise for a short period of time may produce a temporary 

loss of hearing sensitivity. If this happens, the subject may notice a slight dulling in hearing at the 

end of the exposure. This effect is often accompanied by a ringing in the ears, known as tinnitus, 
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which persists after the noise exposure. This temporary loss of hearing sensitivity is known as 

temporary threshold shift (TTS) or auditory fatigue. Removal from the noise generally leads to 

more or less complete recovery if the exposure has not been too severe. If the noise exposure is 

severe or is repeated sufficiently often before recovery from the temporary effect is complete, a 

permanent noise-induced hearing loss may result. 

The elevated sound levels cause trauma to cochlear structure in the inner ear, which gives rise 

to irreversible hearing loss. A very loud sound in a particular frequency range can damage the 

cochlea's hair cells that respond to that range, thereby reducing the ear's ability to hear those 

frequencies in the future; however, loud noise in any frequency range has deleterious effects across 

the entire range of human hearing. The outer ear (visible portion of the human ear) combined with 

the middle ear amplifies sound levels by a factor of 20 when sound reaches the inner ear.  

Noise can not only cause hearing impairment (at long-term exposures of over 85 dB(A), 

known as an exposure action value), but it also acts as a causal factor for stress and raises systolic 

blood pressure. Additionally, it can be a causal factor in work accidents, both by masking hazards 

and warning signals, and by impeding concentration. 

In general, people are not habitually exposed to impulsive noises. In fact, only people exposed 

to explosions such as quarry blasting or gunfire are exposed to impulse noises. Estimates of the 

number of pulses likely to be received on any one occasion vary between 10 and 100, although up 

to 1000 impulses may sometimes be encountered. 

The noise level below which damage to hearing from habitual exposure to noise should not 

occur in a specified proportion of normal ears is known as the hearing damage risk criterion. 

Internationally, the hearing damage risk criterion has been set at 90 dB(A) for a continuous 
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eight-hour exposure each day to ordinary broadband noise. Moreover a criterion of 85 dB(A) for an 

eight-hour daily exposure is encouraged to minimize the hearing loss in some criterions. To the 

impulse noise, the criterion is related to the exposure impulse numbers every day. The acceptable 

numbers of impulse noise of 140 dB and 130 dB are 100 and 1000, respectively[3]. 

1.2 Research background 

As the previous statements, the impulse exhaust noise has a serious pollution to the 

environment and harm to people. In this section, the common pneumatic systems generating the 

exhaust noise would be introduced. The mechanism study of impulse exhaust noise would be 

presented. It would be also presented the outstanding studies on the exhaust noise control. 

1.2.1 Pneumatic systems 

The pneumatic systems such as PFC/B systems and pneumatic clamps shown in figure 1-3 are 

widely exist in the industrial applications. The intake and exhaust processes are controlled by a 

pneumatic directional valve. When the high pressure air is supplied into the PFC cylinder, the piston 

will be pushed to joint the friction disk so that the slider-crank mechanism will be driven by the 

main motor. When the valve is switched to vented the air inside the cylinder, the piston will be 

returned by the returning spring and unclench the friction disk. In the practical work, the air 

pressure supplied into the cylinder normally more than 0.5 MPa, so the sonic choked exhaust will 

happens during the exhaust process. As same as the PFC/B systems, the pneumatic clamp works by 

injecting and exhausting the air of cylinder alternately, so that the work piece could be clamped and 

unclenched. In the production process, workers are normally beside the equipment or devices, thus 
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the huge impulse exhaust noise will bring harm to them as indicated in previous. 

 

    

(a)              (b) 

Figure 1-3 Pneumatic systems. (a) PFC of a mechanical press; (b) pneumatic clamp. 

1.2.2 Mechanism study of impulse exhaust noise 

The aerodynamic noise is one of the most important environment pollution sources. Lighthill’s 

general theory has played a leading role to the studies on the mechanism of aerodynamic 

noise[21-25]. Considering the mass flow source Q , the body force iF  on the fluid and the source 

caused by the fluctuations, the wave equation of sound has the expression as: 

22
2 2

2
,iji

i i j

TFQ
c

t t x x x

 
 

    
    

       (1-1)
 

where ijT  is the Lighthill's stress tensor. 

The sound sources of aerodynamic noise are divided into three types as monopole source, 

dipole source and quadrupole source. The characteristics of sound sources including source 

behavior, directivity, sound power and acoustic efficiency are list in Table 1-1. The monopole sound 
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source is related to the mass flow rate at the exhaust outlet. The sound power of monopole is 

 2 4 2 2 3 2
m 0 0 0 .W v D c v D M           (1-2)

 

where v  is the exhaust velocity, D  is the diameter of outlet,   and c  are the density and sound 

speed of exhaust air, 0  and 0c  are the density and sound speed of surrounding air, M  is the 

Mach number. 

The dipole sound source is related to the force of flow and solid body. It can be seen as 

composed by two monopoles. The sound power of dipole source is the form as: 

 2 6 2 3 2 3 2 3
d 0 0 0 .W v D c v D M           (1-3)

 

When the flow velocity is very high, the Lighthill's stress tensor ijT  is changed in the flow 

field to generate quadrupole sound source. It can be seen as a pair of 180˚ phase dipoles. The 

radiated sound power is the expression as: 

 2 8 2 5 2 3 2 5
q 0 0 0 .W v D c v D M           (1-4)

 

Table 1-1 Three types of basic sound sources 

Source 

type 

Source behavior 
Directivity Sound power ratio 

Acoustic 

efficiency ratio180˚ phase difference 

Monopole 
  

 

 2 4 2 2 3 2
0 0 0v D c v D M     M 

Dipole 
  

 2 6 2 3 2 3 2 3
0 0 0v D c v D M     M3 

Quadrupole 

  
 2 8 2 5 2 3 2 5

0 0 0v D c v D M     M5 
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In the exhaust process of PFC/B systems, the transient exhaust is choked and sonic exhaust 

occurs at the throat (Mach number equals to 1) most of the time since the initial pressure in cylinder 

is usually more than 0.3 Mpa [26-30]. Maa [6] indicated that as the pressure ratio between 3 to 5 

particularly, the noise generated by transient exhaust is entirely dominated by impulsive noise. The 

noise always more than 120 dB mainly contains in high-frequency because of the impulse 

characteristic [7-9].  Sintered bronze silencer is always used to suppress this kind of exhaust noise. 

Besides reducing the noise, the aerodynamic property of silencer is also an important factor of the 

equipment for the normal and safe operation [7]. The descriptions of pressure drop in the porous 

materials have been studied for decades. Ergun equation, one of the descriptions, was first given by 

Ergun [31] and then verified and developed by many later workers [32-35]. For high velocity flow, 

both the viscous energy loss, proportional to the superficial velocity and the correction for inertial 

losses in the porous medium are considered. It originally describes the relationship between the 

pressure drop and the parameters of porous medium composed of spherical particles such as 

porosity and particle diameter. 

According to Lighthill sound analogy [21,22], the transient exhaust noise is mainly composed 

of monopole sources related to the mass flow and quadrupole sources generated by the turbulence 

[9,28]. Therefore the flow generated noise is closely related to the aerodynamic parameters of the 

transient exhaust. Zhao et al. [9] applied the Lighthill’s aerodynamic noise generated theory to 

predict the intermittent exhaust noise with expansion chamber muffler, and the results were close to 

the experiments at high-frequency. Shi [7] furthermore considered the transient flow at the outlet of 

ducts as an approximating piston acoustic source and analyzed the octave spectrum of the exhaust 

noise without silencers, of which the errors were less than 3.5 dB from 250 Hz to 16 kHz. The 
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acoustic propagation and absorption properties of porous materials are described first by Kirchhoff 

with a phenomenological model of viscous and thermal effects created in cylindrical tubes with 

circular cross-section [36]. In addition, the macroscopic description by two parameters, namely, the 

effective density and bulk modulus (or compressibility) is used to predict the sound absorbing 

performance of porous materials with complex geometry. Johnson-Champoux-Allard model, the 

widely accepted and used theoretical model, presents a description assuming the porous layer as an 

equivalent fluid. The formulation of effective density is proposed by Johnson et al. [37] and 

improved by Pride et al. [38] to express the dynamic viscous permeability. Similar descriptions of 

thermal exchanges related to Bulk modulus is modeled by Champoux and Allard [39] and Lafarge 

et al. [40] later. Based on the equivalent models, the classical transfer matrix method (TMM) is 

often used to obtain the acoustic properties of a certain porous material or multilayer materials 

conveniently and rapidly [41-43]. Moreover, impulsive excitations generated the discharge from a 

high pressure air tank were used for the prediction of acoustic response of absorbent material using 

the characteristic impedance and wavenumber [44-46]. 

1.2.3 Progress of exhaust noise control 

Until now, reduction of impulse noise due to pneumatic exhaust has largely been achieved by 

passive devices. Muffling devices or silencers are commonly used to reduce noise associated with 

internal combustion engine exhausts, high pressure gas or steam vents, compressors and fans. These 

examples lead to the conclusion that a muffling device allows the passage of fluid while at the same 

time restricting the free passage of sound. Muffling devices may function in any one or any 

combination of three ways: they may suppress the generation of noise; they may attenuate noise 
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already generated; and they may carry or redirect noise away from sensitive areas. 

Since 1950s, the reactive mufflers were studied to reduce the noise in industrial. The expansion 

chamber and side branch resonator were used in the exhaust noise suppression. Four terminal 

parameter method evolved from the equivalent circuit improved the study of acoustic characteristics 

of the reactive devices[47-49]. Furthermore, many works also researched the properties of such 

reactive devices with flow. However, these studies were almost based on the noise control with 

steady flow conditions. Later, finite element method (FEM) and boundary element method (BEM) 

were used to simulate the sound field inside the mufflers, and obtain the properties such as 

transmission loss.  

The investigation of active noise control theory was developed and studied by many workers 

since 1960s. This method has a significant suppression on the one-dimensional noise of specific 

frequency such as noise generated by steady flow; but is difficult to reduce the high-frequency 

noise[50,51]. 

In order to reduce the pneumatic exhaust noise, various mufflers were designed as shown in 

Figure 1-4[12,52-56]. Expansion chamber mufflers as the simplest reactive muffler suddenly 

expand and reduce the cross-section area to reflect the sound wave back to the source and reduce 

the amount of acoustic energy transmitted. They have good performance at low frequencies and are 

useful in harsh environments. Unlike reactive mufflers, absorptive mufflers which incorporate 

sound absorbing porous materials such as fiberglass, mineral wool and high-porosity foams to 

transform acoustic energy into heat. Absorbing materials have some disadvantages including 

pollution, the risk of high heat and limited lifetime therefore they may become ineffective and 

impractical. Nevertheless, the porous mufflers are widely used in the pneumatic exhaust noise 



 - 12 -

reduction because of the desirable characteristics for broadband noise. Perforated panel with wide 

absorption sound spectrum and high sound absorption coefficient was studied and applied to 

suppress the industrial noise in recent decades. The low back pressure characteristic of perforated 

panel ensures the air being expelled smoothly. In the application of IEN control, the noise reduction, 

the flow resistance and the structure cost should be all considered as the evaluations of muffler. 

   

(a)     (b) 

   

(c)        (d)      (e) 

Figure 1-4[12] Various muffler devices. (a) Expansion chamber muffler; (b) perforated panel muffler;  

(c) Foam plastic muffler; (d) Polyethylene resin muffler; (e) sintered bronze muffler. 

1.3 Thesis organization 

In this dissertation, the aerodynamic properties and radiated noise characteristics of impulse 

exhaust would be studied. The aerodynamic model of impulse exhaust was presented. The sound 
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sources of impulse exhaust noise and the radiated noise prediction was also introduced. Then a 

semi-active noise control strategy was proposed to suppress the peak SPL of impulse exhaust noise. 

The experiments were carried out to verify the presented models and noise control strategy. 

1.3.1 Scope 

1. Modeling the impulse exhaust process as an initial value problem for ordinary differential 

equations. 

2. Investigate the aerodynamic properties of porous material with rigid frame such as sintered 

bronze material by Ergun equation. 

3. Predict the radiated noise generated by exhaust with a sintered bronze silencer according to 

a piston sound source approximation. 

4. A semi-active noise control strategy by controlling the opening process of valve was 

investigated. In order to verify the strategy, a modified valve driven by a servo motor was 

designed and tested in a pneumatic cylinder exhaust system. 

1.3.2 Signification 

1. The mathematic model of aerodynamic properties of impulse exhaust based on 

thermodynamics can be solved conveniently. Combing the model of porous material with 

rigid frame, it can help to analyze and improve the aerodynamic properties of various 

silencers. 

2. According to the presented radiated noise characteristics and piston sound source 

approximation, the radiated exhaust noise at far field can be predict both in time-domain and 
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in spectrum. 

3. The effect of effective cross-sectional area of valve on the impulse exhaust noise was 

investigated. According to the proposed noise control strategy, the sound source of impulse 

exhaust noise will be changed so that the noise can be suppressed especially reducing the 

peak SPL. 
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Chapter 2 Aerodynamic properties of impulse exhaust 

In this chapter, analysis of aerodynamic properties of impulse exhaust will be presented in 

details. The typical pneumatic exhaust systems will be introduced firstly. Then based on some basic 

assumptions, the mathematic model of aerodynamic properties of pneumatic exhaust will be 

described. A one-dimensional thermodynamic model is used to describe the transient exhaust 

process. So the aerodynamic parameters during the exhaust can be obtained, such as cylinder 

pressure, mass flow rate. In addition, the movement equation of piston in the cylinder of typical 

pneumatic friction clutch and brake system will be introduced to describe the whole systems. In 

practice, some classical porous materials are used to reduce the impulse noise. The aerodynamic 

model of porous material with rigid frame, such as sintered bronze used in muffler devices normally, 

will also be obtained. 

2.1 Typical pneumatic exhaust systems 

Pneumatic systems are normally applied to thrust control, flow control and pressure control. 

Figure 2-1 shows a pneumatic exhaust system, including a cylinder, a pneumatic valve, exhaust 

pipes and a silencer. The cylinder in Figure 2-1 is a kind of acting cylinder, which is a typical 

application of pneumatic friction clutch and brake (PFC/B). It is composed of a cylinder, a piston 

and a returning spring. When the high pressure compressed air is supplied from compressor to the 

acting cylinder, the piston is pushed to the left side as the position shown in Figure 2-1 so the 

friction disc is engagement. Meanwhile the exhaust passage is opened, allowing the air in the 

cylinder to be discharged from port A to port R. The pressure in the cylinder is reduced so that the 
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piston will be reset by the returning spring and the friction disc will be disengagement. The high 

pressure air exhausts through the pipes, hybrid regulator valve and silencer to the environment 

immediately, and generates flow noise. 

P

R

A

Pneumatic valve

0 x0 x

Silencer

Cylinder

PistonReturning spring

pa

p1, V1

ρ1, T1

High pressure air 
from compressor

Pipes

Pipes

 

Figure 2-1 Structure of a typical pneumatic exhaust system. 

The pneumatic valve used in the exhaust systems is normally a 3/2-way directional valve or a 

quick exhaust valve. The directional valve allows air flow into different paths from. It usually 

consist of a spool inside a cylinder which is mechanically or electrically controlled. The movement 

of the spool restricts or permits the flow, thus it controls the fluid flow. These valves make use of 

electromechanical solenoids for sliding of the spool. In order to facilitate the study, a hybrid 

regulator valve VY1700 produced by SMC Company shown in Figure 2-1 and a common 3/2 way 

directional valve K23J50 are used in this study. The hybrid regulator valve is created from a 

regulator and a solenoid valve. It is not only able to switch the flow paths, but also able to adjust the 

cylinder pressure by the regulator. The schematic diagram of VY1700 is shown in Figure 2-2[57]. 

Then the working principle of VY1700 will be introduced. 
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F

F

 

Figure 2-2 Schematic diagram of VY1700 valve. It includes 1-pilot valve, 2-body, 3-cover, 4-adjusting piston, 

5-spring, 6-valve guide, 7-poppet valves, 8-shaft and 9-valve guide 

The pair of poppet valves closes due to the balance between actuating forces F1 and F2. When 

the port A pressure becomes higher than the pilot pressure, F2 becomes higher than F1. This causes 

the pressure regulation piston to move upward, and the top poppet valve to open, allowing the air to 

be discharged from port A to port R. When the port A pressure drops to reach a balance, the 

regulator returns to the state shown in the Figure 2-2. 

The working principle of K23J50 3/2-way directional valve is very simple. When the pilot 

valve is opened to supplied high pressure air into pilot cylinder, the poppet valve is pushed to move, 

allowing the air to be supplied from port P to port A. Conversely, when the pilot valve is closed to 

discharge the air in the pilot cylinder, the poppet valve is returned, closing the intake path, and 

allowing the air to be discharged from port A to port R. 
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2.2 Mathematic model description 

In order to study the unsteady flow of pneumatic exhaust process, the control volume approach 

is introduced to establish the mathematic model. In fluid mechanics and thermodynamics, a control 

volume is a mathematical abstraction employed in the process of creating mathematical models of 

physical processes. In an inertial frame of reference, it is a volume fixed in space or moving with 

constant velocity through which the fluid (gas or liquid) flows. The surface enclosing the control 

volume is referred to as the control surface. Combining the energy equation, the mass balance 

equation and the characteristic equation of the gas, the parameters in the control volume can be 

determined while considering the exchange of heat and work done at the control surfaces. 

2.2.1 Model assumptions 

Considering the actual situation of pneumatic exhaust process, some assumptions are given in 

details in order to facilitate the study of aerodynamic characteristics[58-63]. 

(1) During the pneumatic exhaust process, the gas energy is instantaneously and uniformly in 

the total volume of cylinder. So the exhaust process is assumed to be quasi-static. 

(2) The exhaust process is very short so that the exchange of heat at the walls of cylinder, pipes 

and valve can be neglected. The exhaust process in the pneumatic exhaust system can be 

approximated as an adiabatic process, and furthermore be assumed to be isentropic. 

(3) Due to the cross-sectional area of cylinder is much larger than that of pipes or valve, the 

velocity of air in the cylinder can be ignored during the exhaust process. 

(4) The air flow in the cylinder and pipes is regarded as one-dimensional flow. 

(5) The air flow through the pneumatic valve can be approximated as air in the large container 
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or a large section of pipe flows through a convergent nozzle to the after chamber or environment, as 

shown in Figure 2-3. 

(6) The pressure loss caused by the friction of air flow through the pipes is corrected by 

cross-sectional area. 

  

Figure 2-3 Simplified model of air flow through a pneumatic valve. 

2.2.2 Thermodynamic equation of control volume 

The compressed air in the system can be regarded as perfect gas. According to the first law of 

thermodynamics, the change in internal energy of the compressed air inside the cylinder or the 

muffler’s chambers, of which the volume is seemed as a control-volume, is written as [64-66]: 

0in in 0out outδ δ δ δ δ ,E Q W h m h m          (2-1) 

where E  is the energy of the control-volume, and δQ  and δW  are the heat added to the system 

and the work done by the system. The last two terms of Equation (2-1) are the energy of the mass 

flow in and out of the control volume. Assuming the parameters in the control volume are pressure 

cp , volume cV , density c , temperature cT , mass cm  and internal energy c c / ( 1)e RT   . The 
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differential energy inside the control volume is expressed by: 

c c c c
c c

d( ) d dd 1
( ) ,

d d 1 d d

m e V pE
p V

t t t t
  


      (2-2) 

according to the perfect gas equation and isentropic condition, where   is the adiabatic coefficient 

of the perfect gas, R  is the gas constant. Substituting the stagnation enthalpy 

0 0 0 / ( 1)  ph c T RT  , the sound velocity c RT
 
and the Equation (2-2) into the Equation 

(2-1), the thermodynamic differential equation in the control volume can be rewritten as: 

2 2c c outin
c c 0in 0out

d d dd
.

d d d d

p V mm
V p c c

t t t t
        (2-3) 

Particularly, if the volume of control volume is fixed, such as a fixed volume cylinder or the 

chamber of silencer, Equation (2-3) will be simplified to the following form. 

2 2c outin
c 0in 0out

d dd
.

d d d

p mm
V c c

t t t
        (2-4) 

In order to solve the state parameters of control volume during the unsteady exhaust process, 

the mass flow rate flow in and out of the control volume should be obtained firstly. In addition, the 

mass flow rate flowing out should be equal to the mass flow rate flowing in the after adjacent 

control volume because of the continuity of mass. 

2.2.3 Mass flow rate 

The air flowing through a pneumatic valve is seem as flowing through a convergent nozzle as 

shown in Figure 2-3. It is assumed that the stagnation parameters of air in chamber Ⅰ are 1p , 1 , 

1T , the parameters of air in chamber Ⅱ are 2p , 2 , 2T , the parameters at the throat of nozzle are 
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ep , e , eT , and the effective cross-sectional area of the convergent nozzle is eS . The quasi-static 

equation of the flow energy at the nozzle throat is:  

2 2 2
1 e e

1
,

2
c c u

 
          (2-5) 

where eu  denotes the velocity of air flow through the nozzle. The mass flow rate through the 

convergent nozzle is e e ed / dm t u S . 

1) Sonic exhaust 

When the pressure in chamber Ⅰ is larger than the critical value related to the pressure in 

chamber Ⅱ as   /( 1)

1 2( 1) / 2p p
    , sonic flow happens at the throat of nozzle. The pressure at 

the nozzle throat is proportional to 1p  as   /( 1)

e 12 / ( 1)
 p p

  . The mass flow reaches 

maximum and the velocity of exhaust flow at the throat reaches the sound speed, so the Mach 

number is equal to 1. Substituting the Mach number e e/ 1aM u c   into Equation (2-5), the flow 

velocity at the throat can be obtained as: 

1 2

1

2
.

1eu RT

 

   
       (2-6) 

Therefore, the mass flow rate at the nozzle throat of sonic exhaust is written as: 

1

2( 1)

1
1

2
.

1

d

d eS p
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      (2-7) 

2) Subsonic exhaust 

When the pressure in chamber Ⅰ is smaller than the critical value related to the pressure in 

chamber Ⅱ as   /( 1)

1 2( 1) / 2p p
    , subsonic flow happens at the throat of nozzle. The 

pressure at the nozzle throat is equal to the back pressure as e 2p p . So the flow velocity and the 
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mass flow rate at the throat are written as: 

 1
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      (2-8) 
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     (2-9) 

3) The effective cross-sectional area of valve 

In the previous discussions, the effective cross-sectional area eS  of nozzle throat is a constant. 

However, the opening process of valve is dynamic so that eS  is a variable of time during the opening process of 

valve in practice. Thus, it is necessary to establish the mathematic model of variable e ( )S t . 

To the common directional valve as K23J50, when the pilot valve opens, the poppet valve is 

reset by the force of returning spring and cylinder air in a very short time. Assuming the 

displacement of poppet valve is linear in the total opening time 0t , and the maximum 

cross-sectional area is e, maxS , the effective cross-sectional area of valve can be written as: 

e, max 0 0

e
e, max 0

/ ,
( ) .

,

S t t t t
S t

S t t

  
       (2-10) 

To the hybrid regulator valve VY1700, the effective cross-sectional area eS  is a function of 

the cylinder pressure or the port A pressure p  and the response time 0t  of the hybrid regulator 

valve. Assuming that the area eS  is related linearly to the port A pressure p , the effective 

cross-sectional area of valve can be written as[8]: 

0 0
e

0

( ) / ,
( ) ,

,

ap b t t t t
S t

ap b t t

 
   

      (2-11) 
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where a  and b  are related to the parameters of returning spring, poppet valve and adjusting 

piston inside VY1700 valve. When the port A pressure is equal to the ambient pressure, the flow 

path between port A and port R is close causing by the force of returning spring. 

2.2.4 Dynamic equation of piston 

The exhaust process of a fixed volume cylinder through pneumatic valve can be described by 

the above equations. But to the acting cylinder as shown in Figure 2-1, the piston will be moved 

when the cylinder pressure drops. Thus, the volume of acting cylinder is variable. Neglecting the 

friction and viscous force, the dynamic equation of piston is 

2

0 a 1 2

d
( ) ( ) ,

d

x
k x x p p S M

t
            (2-12) 

where x  is the displacement of piston, M  and S  are the mass and cross-sectional area of the 

piston, k  and 0x  are the stiffness and pre-compression length of the returning spring. Assuming 

the initial volume before exhaust is 0V , the variable volume will be 1 0V V xS  . Therefore 

Equation (2-12) can be rewritten as: 

2
21

1 a 1 0 02

d
( ) ( )

d

V
M p p S k V V x S

t
           (2-13) 

Equation (2-12) or (2-13) is only used to describe the dynamic process of piton moving. When 

the cylinder pressure is large enough as 1 a 0 /p p kx S  , the piston is pressed at the left limit 

position and the cylinder volume keeps 1 0V V . Also, when the piston is reset to the right limit 

position x  when the solved piston displacement x x , the cylinder volume also becomes to a fixed 

value 1 0V V x S  . 
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2.3 Model of porous material with rigid frame 

Using the mathematic model presented above, it can establish some simple pneumatic exhaust 

system with expansion chamber muffler while seeming the connections between expansion 

chambers also as convergent nozzle. But in the dissipative mufflers, porous materials are always 

used to enhance the effect of sound absorption because of their favorable acoustic absorbing 

properties for suppressing noise [67]. Then a simple model of porous material with rigid frame is 

introduce. 

   

Figure 2-4 Micrographic surface of sintered bronze material. Note that the mean diameter of bronze particles is 

320 μm, and the mean radius of pores is 50 μm. 

As shown in Figure 2-4, the sintered bronze is a very common rigid porous material which is 

widely used to make silencers for the flow noise reduction. Differing from the traditional porous 

materials such as foams and mineral wool, sintered bronze retains the properties of metal such as 

heat transfer, high specific stiffness and intensity. It is particularly suitable for industrial 

applications under extreme conditions. The sintered bronze muffler is always sintered by the 

uniform bronze particles and is porosity allowing the air to flow through smoothly. Some 
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assumptions are listed as follows. 

(1) It is isotropy inside the sintered bronze porous materials, and fully interconnected between 

all of the holes. 

(2) The bronze particles are sphere with same size, ignoring the irregular shape and 

inhomogeneous distribution of particles. 

(3) The sintered bronze materials are rigid both of the frame and the inside pore structure. 

In order to study the aerodynamic properties of porous materials, Darcy-Forchheimer model is 

widely used to describe the relationship between pressure drop and flow velocity as the follow: 

2
s 2 s

Δ 1
,

2

p
v C v

L

 


         (2-14) 

where Δ /p L  is the pressure drop per unit length of the porous material,   and   are the 

dynamic viscosity and density of air, sv  is the superficial velocity (the average velocity over the 

flow cross-section),   is the permeability coefficient and 2C  is the inertial resistance factor. The 

dynamic viscosity   can be obtained by Sutherland’s formula. 

Ergun equation is one form of Equation (2-14) which is widely used in the packed bed research 

of chemical engineering. For sintered bronze, the permeability   and inertial resistance factor 2C  

can be described as follows[31]: 
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,      (2-15) 

where   is the void fraction or the porosity (the ratio of the void volume and the total volume of 

the porous media), and pD  is the mean particle diameter about 320 µm as shown in Figure 2-4.  

Considering the mass flow rate d / d  s sm t v S  through the porous materials with the total 

superficial area of the material sS  , Equation (2-14) is rewritten as: 
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with the coefficients 2
1 2 s/ (2 )k C S  and 2 s/ ( )k S  . Therefore the mass flow rate can be 

solved from Equation (2-16)  and remains positive while the back pressure is larger than the 

ambient pressure as: 

2
2 2 1

1

4d
.

d 2

Δ /k k km

k

p

t

L  
        (2-17) 

In order to corroborate the validity of the presented model of sintered bronze materials, the 

flow property of volume flow vs. back pressure are calculated compared to the sample data of the 

sintered bronze silencer MS010A produced by Norgren Company with the parameters as particle 

diameter p 320 μmD , porosity 28% , thickness 2.6 mmL and superficial area 

20.0071 msS . The comparing results are shown in Figure 2-5[68]. 

 

Figure 2-5 Flow property of sintered bronze silencer with different porosity. Blue lines are calculated according to 

the Ergun equation; Red line refers to the sample of real sintered bronze silencer (MS010A Norgren). 

The porosity of the sintered bronze silencer MS010A was measured by density method, and 
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other parameters were measured directly. Figure 2-5 shows that the presented model of porous 

materials can describe the aerodynamic properties very well. Additionally, it can be seen that the 

volume flow increases with the pressure difference between the two sides of porous material; when 

the porosity increases, the flow resistivity will be reduced so that the air flow becomes more 

smooth. 

2.4 Aerodynamic model of pneumatic exhaust systems 

Combining the mathematic models presented above, the integrated aerodynamic model of a 

pneumatic exhaust system can be established. In the cases of direct exhaust system without silencer 

and exhaust system with a sintered bronze silencer, the whole models will be introduced in detail. 

Figure 2-6 shows the simplified physical model of the direct exhaust system and the exhaust 

system with sintered bronze silencer. The direct exhaust system can be seem as a single-cylinder 

exhaust system; and the exhaust system with a sintered bronze silencer can be seem as a 

double-cylinders exhaust system with a porous material outlet. 

  

     (a) Direct exhaust system        (b) Exhaust system with sintered bronze silencer 

Figure 2-6 Simplified physical model of pneumatic exhaust systems. 
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It is assumed that the gas parameters in the cylinder and silencer chamber are 1p , 1 , 1T , 1V  

and 2p , 2 , 2T , 2V , and the initial parameters are 10p , 10 , 10T , 10V  and 20p , 20 , 20T , 20V , 

respectively. Obviously, the initial parameters in the silencer chamber equal to environmental parameters. The 

integrated aerodynamic models of two pneumatic exhaust systems can be described as the following 

equations: 

(1) Direct exhaust system 
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(2) Exhaust system with sintered bronze silencer 
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，     (2-19) 

Therefore, the exhaust process can be established as initial value problems for ordinary 

differential equations (ODE). It can be solved by numerical methods such as Runge-Kutta scheme. 

The verification results are calculated by the codes in Matlab and compared with the experimental 

exhaust results, which are presented in Chapter 5. 
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Chapter 3 Sound sources and noise radiation analysis 

In this chapter, the sound sources of impulse exhaust noise will be introduced according to the 

Lighthill's general theory, as the impulse exhaust noise is a kind of aerodynamic noise. The impulse 

exhaust noise is mainly composed of monopole sources related to the mass flow and quadrupole 

sources generated by the turbulence. Based on a piston sound source assumption, the noise radiation 

characteristics of the exhaust with sintered bronze muffler will be predicted. The mass flow 

considered as a monopole source is related to the sound pressure of impulse exhaust noise. And the 

sound pressure level (SPL) at a far-field observation point is predicted by the piston acoustic source 

approximation. 

3.1 Lighthill's general theory of aerodynamic noise 

The impulse exhaust noise is generated by the high pressure air discharging through the valve, 

pipes of pneumatic system. Due to the unsteady ejected mass, a simple monopole with sound 

strength Q  is formed. The wave equation of impulsive exhaust is written as[21,22,29] 
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       (3-1) 

where ijT  is the Lighthill's stress tensor. Therefore, the source of transient exhaust noise is mainly 

composed of the monopole related to the mass flow and the quadrupole sources by turbulent 

flow[69-73]. 

The dimensions of pores at the superficial surface of the silencer are much smaller than the 

wavelength of the sound being radiated, therefore the sound sources can be act as point monopoles 
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approximately. An acoustic monopole radiates sound equally in all directions. In practice, the 

monopole can usually be regarded as a small sphere whose radius alternately expands and contracts. 

The sound pressure p  in the far field which has a distance r  from the sound source that 1kr   

can be written by a monopole source as 

0 m 0( / )
( , ) ,

4

Q t r c
p r t

r t




 



       (3-2) 

where mQ  terms the complex sound strength and represents the volume flow rate. The relative 

time delay 0/r c  represents the sound arriving to the observation. 

Considering the simple-harmonic source, the far-field sound pressure radiated by a single 

frequency point monopole may be written as 

j( )0 m
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       (3-3) 

and the pressure amplitude is then 

0 m
m ( , , ) ,

4
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p r t
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        (3-4) 

where /k c  denotes the wave-number. 

The quadrupole can be seemed as a combination of monopoles with different phase and 

separated by small distance ed , related to the equivalent diameter of exhaust outlet that indicates 

the size of the source region. The far-field sound pressure radiated at the far-field point which is at 

the angle   to the longitudinal axis by a quadrupole is written as 

2 20 m
q e( , , ) 4 cos sin .

4

Q
p r t k d

r

  


       (3-5) 

So the amplitude of sound pressure produced by a quadrupole can be interpreted as the product 

of a simple monopole source, the dimensionless size term 2 2
e4k d , and the directivity function 
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cos sin  . In particular, the amplitude of the quadrupole at specified frequency   can be 

equivalent to 2 2
e2k d  times that of the monopole when the observation point at 45˚ position as 

follows: 

2 2
q m e( , , ) ( , , ) 2 .p r t p r t k d          (3-6) 

That is to say, the quadrupole source can be equivalent to a monopole in far-field noise 

prediction mathematically. 

3.2 Prediction of radiated exhaust noise 

The radiated exhaust noise is closely related to the air flow especially at the outlet of 

pneumatic exhaust system. The sound pressure in the far-field can be calculated by the sound 

strength representing the monopole source of impulse exhaust. Furthermore, due to the relationship 

between the monopole and quadrupole sound source strength, the sound pressure at a far-field point 

can be predict. Then a prediction of the radiated exhaust noise based on the piston acoustic source 

assumption will be presented in details. 

3.2.1 Piston acoustic source 

The classical circular piston source in an infinite rigid baffle has been investigated by many 

authors[1]. The circular piston in an infinite rigid baffle, illustrated in Figure 3-1, is of interest 

because it has relatively simple geometry; it serves conveniently as an introduction to the behavior 

of all radiating surfaces; and it can be approximated by a speaker in a wall. The requirement that the 

baffle be infinite means that edges are far enough removed for diffraction effects originating there 

to be ignored. Alternatively, the edges of the baffle might be covered with a sound-absorbent 



 - 32 -

material with the same effect. Other authors have contributed about the classical circular piston 

source as well. Shi[7] applied this piston sound source to estimate the intermittent exhaust noise 

generated via a pneumatic value without silencers and have a reasonable prediction.  

  

Figure 3-1 A piston source in an infinite baffle. The piston of radius a  lies in the x - y plane and vibrates 

vertically parallel to the z-axis with velocity amplitude U . 

3.2.2 Model of sintered bronze silencer 

In this paper, the approximation of the piston sound source is applied to the impulse exhaust 

with a sintered bronze silencer shown in Figure 3-2 [68]. The simplified geometry of sintered 

bronze silencer is a cylindrical surface 2S  combining with a round bottom 1S  as shown in Figure 

3-3. In this simplified model, the transient exhaust flows into the chamber of silencer and then 

discharges through the round surface 1S  and cylindrical surface 2S  to the environment. 

Considering that the radiated noise at both the round bottom and cylindrical surface are 

approximated seemed as piston acoustic sources, just as a speaker in a wall, the formula of 
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predicting SPL of the observation point A  at a distance r  from the outlet of ducts and at an 

angle   to the longitudinal axis will be derived in detail.  

 

Figure 3-2 Photos of sintered bronze silencer. 

 

Figure 3-3 Piston acoustic sources at the superficial surfaces of sintered bronze silencer. The circular 

approximated piston S1 of radius b and cylindrical approximated piston S2 vibrate perpendicularly to the surfaces 

with velocity amplitude U0. 



 - 34 -

Reference to Figure 3-2, the distance 1r  of observation point A  from the source B  is given 

by the following expression in terms of the centre-line distance r : 

2 2 2 1/2
1 1( 2 cos 2 sin cos ) .r r H rH r             (3-7) 

For the case of far field where 2r b  and 2r H , Equation (3-7) becomes 

approximately: 

1 1cos sin cos .r r H             (3-8) 

The distance 2r  of observation point A  from the source C  at the cylindrical surface can 

also be given as the similar expression of Equation (3-8) as: 

2 2cos sin cos .r r h b            (3-9) 

The further simplification may be made while substituting Equation (3-8) and Equation (3-9) 

into Equation (3-4) that the denominator is approximated sufficiently by the first term on the 

right-hand side of the two distance equations. However, the last two terms must be retained in the 

exponent, which reflects the fact that small variations in relative phase of the pressure contributions 

arriving at the observation point have a very significant effect upon the sum [1,8,74].  

3.2.3 Prediction of radiated exhaust noise 

The hypothetical pistons in rigid baffles, generally restricted to a circle 1S  of radius b  and a 

cylindrical surface 2S  of radius b  and height H , are assumed to vibrate with uniform normal 

velocity j
0

tU U e   harmonically of amplitude 0U  and angular frequency  .  The presence of 

the baffles implies that all of the sound power radiated by the pistons is radiated into the 

hemispherical half-space bounded by the planes of the baffles. Therefore the amplitudes of the 
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strength of the sources corresponding to the incremental areas 1 1d d dS     and 2 2d d dS b h  

are 

m1 0 1 m2 0 22 d d , 2 d d ,Q U Q U b h          (3-10) 

respectively, of which the factor 2 is introduced to express that the noise radiates only 

hemispherically due to the presence of the rigid pistons. 

Considering contributions from all points over the piston surface, the total pressure at the 

far-field observation point A radiated by the circular surface 1S  is given as the following integral 

expression: 
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which can be derived to a simple expression by the Bessel function as: 
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The similar result of the total pressure at the far-field observation point A radiated by the 

cylindrical surface 2S  is of the form: 
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The quantities 0J ( sin )kb   and 1J ( sin )kb   are Bessel functions of the first kind of order 0 

and 1, respectively. Comparing Equation (3-12) and Equation (3-13), the difference of imaginary 

unit 1/2j ( 1)   represents that the directions of two piston surfaces are perpendicular to each other. 

With the Fourier transform, SPL in frequency-domain at the far-field observation point A radiated 
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by the two piston surfaces can be calculated respectively, and read 
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    (3-14) 

where r 20 μPap   is the reference sound pressure in the air, 0 ( )U   is the Fourier transform of 

the amplitude of normal vibration velocity of the pistons that is the superficial velocity sv  of the 

transient exhaust flowing through the sintered bronze porous material. 

For the noise radiated by the two equivalent quadrupoles mentioned above in Equation (3-6), 

SPL Pq1L  and Pq2L  at the far-field observation point A will be calculated using the similar 

expressions of Equation (3-14). 

Therefore the prediction of total SPL containing the effects of monopoles and quadrupoles of 

the two hypothetical piston surfaces can use the following formula: 

Pq1 Pq2Pm1 Pm2
/10 /10/10 /10

P 1010log (10 10 10 10 ) .L LL LL         (3-15) 
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Chapter 4 Strategies of impulse exhaust noise suppression 

In this chapter, the control strategies of impulse exhaust noise will be presented. There are 

three approaches to control the noise from the sound source, the propagation path and the receiver, 

respectively. Muffler devices are used to reduce the aerodynamic jet noise classically. The features 

and disadvantages of various mufflers in the industrial applications will be introduced firstly. Unlike 

the steady noise or period noise, the evaluations of impulse noise is introduced. Then a semi-active 

control strategy to change the sound source of impulse exhaust by controlling the opening process 

of exhaust valve is presented. The principle and specific control method will be introduced. 

4.1 Classical control strategy 

In order to suppress the exhaust noise, workers may wear the earplug in factories as the 

earplug can weaken most of the high-frequency noise. However, wearing the earplug may affect the 

hearing and conversation between peoples, so many workers do not like to use it. Mufflers as the 

most frequently-used devices to control the aerodynamic noise, are commonly installed at the outlet 

of exhaust systems by reflection or absorption of sound. There are several kinds of mufflers or 

silencers. Expansion chamber mufflers as the simplest reactive muffler suddenly expand and reduce 

the cross-section area to reflect the sound wave back to the source and reduce the amount of 

acoustic energy transmitted. Unlike reactive mufflers, absorptive mufflers which incorporate sound 

absorbing porous materials such as fiberglass, mineral wool and high-porosity foams to transform 

acoustic energy into heat. Absorbing materials have some disadvantages including pollution, the 

risk of high heat and limited lifetime therefore they may become ineffective and impractical. 
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Nevertheless, the porous mufflers are widely used in the pneumatic exhaust noise reduction because 

of the desirable characteristics for broadband noise. Perforated panel with wide absorption sound 

spectrum and high sound absorption coefficient was studied and applied to suppress the industrial 

noise in recent decades. Muffling devices may suppress the generation of noise or attenuate noise 

already generated passively on the noise propagation path; but they are designed for specific 

equipment and might impede the exhaust, especially the dissipative mufflers. Alternatively, it can 

become a serious source of noise if attention is not given to the design. 

4.2 Semi-active control strategy 

Although the mufflers are widely used in the industrial noise control, they are basically 

designed according to the theories of reducing noise generated by the steady exhaust or period 

exhaust. The impulse exhaust noise has a obvious unsteady characteristic due to the short impulse 

exhaust, which is different from the steady noise or the period noise. It should pay close attention to 

reduce not only the overall A-weighted SPL or the SPL in frequency but also the peak sound 

pressure in time-domain. 

4.2.1 Evaluations of impulse noise 

The sensitivity of the human ear to sound (perceived sound) not only varies with the 

magnitude (measured physically by a microphone) but also with the frequency. The apparent 

loudness of a sound varies with frequency as well as with sound pressure. The variation of loudness 

with frequency also depends to some extent on the sound pressure. The A weighted SPL is widely 

used in assessing loss of hearing causing by the noise in industries due to its good approximation of 
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the ear response. There are several types of measurements to evaluate the impulse noise, such as 

A-weighted equivalent level AeqL , the peak sound pressure [19]. 

The magnitude of the continuous signal like steady or fluctuating noise can be generally 

expressed by an effective value which is based upon mean square value of signals. The quantity 

AeqL  is the equivalent continuous A-weighted noise level, which characterizes fluctuating noise as 

an equivalent steady-state level and is defined as: 

0
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L tL t

T
       (4-1) 

where 0T  is a reference time and pA ( )L t  is the A-weighted sound pressure level at time t . 

However, the time-mean concept may not be applicable to an impulse noise because of its 

short duration time. Thus it seems physically plausible that the total energy ( )E t  of an impulse 

signal ( )x t  should be used for assessment of noise. As shown in Figure 4-1, the equivalent energy 

can be given as a height of the square pulse 0( ) /e E t T . In order to make it physically more clear, 

we can express a height of square pulse as a sound level pe (dB)L , defined as: 
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         (4-2) 

where 0e  is a reference value (sound pressure of 5 2(2 10 Pa) ) and 0T  is a reference time. 

There are some different ways in determining 0T , but 0 1sT   is generally accepted as a unit time. 

In assessment of impulse noise, ISO (ISO 1996/1) also uses the same concept mentioned above. 

This is illustrated in Figure 4-2. A sound exposure level ae (dB(A))L  can be expressed similar to 

Equation (4-2) as 
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where 0T  is a reference time ( 0 1sT  ), the interval between 1t  and 2t  indicating a duration time 

of single impulse noise, a ( )p t  and 0p  are an A-weighted sound pressure and a reference sound 

pressure ( 52 10 Pa ), respectively. The time 2 1t t t    is defined as the duration time of impulse noise 

required for the peak level to drop 20 dB. 

  

Figure 4-1 Energy of impulse signal. 

  

Figure 4-2 Sound exposure level of impulse signal. 



 - 41 -

If the noise data in time series are sampled at a time interval being sufficiently short compared 

with the duration time of noise, then peL  can be obtained by the following equation 

p ( )/10

pe 10
10

10 log 10
n

L t

t

t
L

T 


         (4-4) 

where p ( )L t  and n  are the sound pressure value of each sample and the total number of sample, respectively. 

It should be noted that, in this case, the sampling interval of data must be taken to be sufficiently 

short compared with the averaging time. In this paper, the impulse exhaust noise is sampled in 50 

kHz and the total time is 1 s as equal to the reference time 0T , according with the condition 

mentioned above. 

4.2.2 Principle 

The impulse noise with high peak sound pressure is harmful to people and may cause hearing 

damage. Thus, the suppression of peak sound pressure of impulse noise is the mainly purpose in this 

section. It is known that the impulse exhaust noise is closely related of the transient exhaust flow, 

and the peak sound pressure always occurs at the sonic exhaust stage, which is the very beginning 

of the exhaust process because of the obvious pressure difference and suddenly huge amount air 

flow. That is the focus stage requiring suppression at the time sonic choked exhaust happens. 

Considering an impulse exhaust process of a fixed volume cylinder without silencer, the sound 

pressure reaches the peak value when the mass flow rate is maximum as shown in Figure 4-3, the 

measured cylinder pressure and sound noise signals during the impulse exhaust process. The mass 

flow rate is calculated by Equation (2-7) and Equation (2-9). The figure also shows that the 

envelope of noise signal is closed to the vary of mass flow rate at the throat of valve. 
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Figure 4-3 The cylinder pressure, noise and mass flow rate of impulse exhaust. 

Focusing on the sonic exhaust stage, the pressure derivate can be obtained by Equation (2-4),  

Equation (2-7) and Equation (2-9) as follows: 
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, (4-5) 

where cp  and cT  are the pressure and temperature of air inside the cylinder, c0p  and c0T  are 

initial values, cV  is the cylinder volume, and vS  is the effective cross-sectional area of the valve 

throat, *p  is the critical pressure (   /( 1)*
a( 1) / 2p p

    ). Therefore, the pressure of cylinder is a 

function of the valve throat area v ( )S t  when the initial condition is fixed. In other words, the exhaust 

process is according to the different opening process of valve. 

In order to suppress the peak sound pressure of exhaust noise, the maximum of mass flow rate 

should be limited. The total mass exhaust from the cylinder is almost same if the initial pressure 
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inside the cylinder is fixed because of the exhaust process is seemed as isentropic. Therefore, if the 

mass flow rate keeps a steady value during the exhaust process, the form of mass flow rate is like a 

square and the peak of impulse noise will be reduced maximally. According to Equation (2-4), the 

mass flow rate can be derived as 

c c

c

dd
.

d d

V pm

t RT t
          (4-6) 

Neglecting the temperature changes compared with the derivative of cylinder pressure, the 

mass flow rate is approximatively proportional to the cylinder pressure derivative. Therefore, the 

maximum of mass flow rate and the peak sound pressure of exhaust noise can be limited when the 

cylinder pressure decreases linearly. The schematic diagram of principle is illustrated in Figure 4-4.  

  

Figure 4-4 The schematic diagram of semi-active control strategy.  

(a) The pressure curves of the ideal impulse exhaust and expected exhaust; (b) The pressure derivative curves of 

the ideal impulse exhaust and the expected exhaust. 

The ideal cylinder pressure during the impulse exhaust process is shown as the solid line if the 

effective cross-sectional area of valve throat is constant. The impulse exhaust starts from time 0t , 

before which the pressure of cylinder keeps the initial value 0p . The cylinder pressure decreases 
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rapidly in the sonic exhaust stage from the initial pressure 0p  to the critical pressure *p  at time 

1t , and softly in the subsonic exhaust until the ambient pressure at time 2t . The derivative of 

pressure suddenly steps to the peak value at the beginning of exhaust, then decreases gradually 

during the sonic exhaust stage as the power function presented in Equation (4-5). This also proves 

the transient peak value of impulse noise reaches at the initial stage. After that, the derivative of 

pressure continues to decrease but according to a more complex raw as Equation (4-5) for the 

subsonic exhaust process. If the cylinder pressure decreases linearly as the dash line, the pressure 

derivative will be a constant. Furthermore, the mass flow rate approximately being proportional to 

the pressure derivative in the sonic exhaust stage will be limited to minimum so that the flow noise 

due to the unsteady mass flow can be reduced and the peak of sound pressure may keep stable. 

4.2.3 Control method 

The principle of semi-active control strategy for suppressing the impulse exhaust noise is to 

linearize the cylinder pressure by controlling the opening process of valve. When the initial state 

parameters of air inside the cylinder are known and the expected exhaust time t  is chosen, the 

linearized pressure during the exhaust process can be obtained by the following expression as: 
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0 0( ) ( ) .

p p
p t p t t

t


  


       (4-7) 

In accordance with Equation (4-5), the effective cross-sectional area of valve throat can be 

given as a variable to ensure the cylinder pressure decreasing as expected. Here we should also 

consider the saturation value of area due to the structure of valve. 



 - 45 -

Chapter 5 Experimental study 

In this chapter, experimental study will be presented. The experiments were based on a 

pneumatic friction clutch and brake (PFC/B) system of mechanical press and also a simplified 

cylinder exhaust system. In order to test the presented semi-active noise control strategy, a modified 

pneumatic valve was designed, which can adjust the poppet valve by a servo motor. The 

experimental results will be shown to verify the validity of the presented aerodynamic model and 

the radiated noise predictions. The noise were analyzed to study the effect of presented suppression 

strategy comparing to the direct exhaust. 

5.1 Experimental apparatus 

5.1.1 PFC/B test-bed 

The experiment was based on a PFC/B system of JH23-63 mechanical press as shown in 

Figure 5-1. Without silencer and with a sintered bronze silencer installed at the outlet of valve, the 

cylinder pressure and the exhaust noise were measured by a pressure sensor and a microphone with 

sound level meter. The real exhaust system was set in a large room ( 7 × 7 × 6 m ) including an 

acting cylinder, a hybrid regulator valve VY1700, exhaust pipes, a sintered bronze silencer MS010A 

as shown in Figure 3-2, a pressure sensor GB-3000A, a sound level meter Type 2270 with 

microphone 4189, etc. The microphone was fixed at a distance of 1 m from the silencer and at an 

angle of 45° to the longitudinal axes of the exhaust outlet. The sensitivity of sound level meter is 

47.57 mV/Pa. Both the cylinder pressure and exhaust noise signals were recorded by a 12 bit A/D 

converter multifunction card PCI-1712 with 200 kHz sampling rate. In addition, the experiments 
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were tested in night with the background noise less than 30 dB for ignoring the influence of 

environmental disturbance. 

 

Figure 5-1 Pneumatic exhaust system based on a PFC/B system of JH23-63 mechanical press. 

5.1.2 Modified pneumatic valve  

In order to test and verify the semi-active noise control strategy presented in Chapter 4, a 

3/2-way directional valve was modified, of which the schematic diagram is shown in Figure 5-2. 

The modified pneumatic valve is composed of a servo motor, a ball-screw pair, poppet valves, a 

valve body and covers. When the poppet valve moves downward to the position as shown in Figure 

5-2, the air from port P is supplied into port A. Conversely, when the poppet valve moves upward, 

the passage between port P and port A is closed, but allowing the air to be discharged from port A to 

port R. Different from the ordinary pneumatic directional valve driven by a pilot solenoid valve, the 

modified valve is driven by a servo motor. The rotation of motor is converted into linear movement 

of poppet valve by the ball-screw unit. This is a kind of half-open-loop control system. Thus, the 

poppet valve can be adjusted accurately by the position control of servo motor. The displacement of 
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poppet valve is obtained by the integral of the encoder pulse signals. 

 

Figure 5-2 Modified pneumatic valve. It includes 1-bearing; 2-ball-screw pair; 3-poppet valve; 4-poppet valve; 

5-body; 6-cover; 7-feed back passage; 8-cover; 9-servo motor. 

5.1.3 Simplified cylinder exhaust test-bed 

The simplified cylinder exhaust test-bed was based on a simple pneumatic system composed of 

an air compressor, an air treatment device including filter, relief valve and lubricator (FRL), a 

3/2-way directional valve and a cylinder as shown in Figure 5-3. The system was set in a large room 

in order to simulate the real environment in an application. A pressure sensor GB-3000A was 

installed at the duct near the cylinder to measure the cylinder pressure. A microphone 4189 

connected with a sound level meter Type 2270 was placed at a distance of 1 m and at an angle of 

45° to the longitudinal axes of the valve outlet to measure and record the impulse exhaust noise. 
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The valve position was obtained by the counting of motor encoder signals. All of the experimental 

data were recorded by a high-speed A/D converter multifunction card PCI-1712 with 50 kHz 

sampling rate. Additionally, the background sound was 30 dB much lower than the exhaust noise 

when the experiments were carried out at night. 

 

Figure 5-3 Simplified exhaust system. The volume of cylinder is fixed. 

5.2 Results of aerodynamic model 

The experiments were carried out based on the introduced PFC/B test-bed to verify the 

aerodynamic models of impulse exhaust process and porous material with rigid frame presented in 

Chapter 2. Experiments measured the cylinder pressures of the exhaust system which exhausted 

directly and with a sintered bronze silencer, respectively. The exhaust processes under some 

different initial cylinder pressure conditions were tested, of which the results are presented and 

discussed in details. 
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5.2.1 Direct exhaust without silencer 

According to the aerodynamic model of direct exhaust by PFC/B exhaust system, the initial 

value problem for ODE as equation (2-17) can be solved by using the ode functions of Matlab (e.g. 

ode45). Thus, the parameters of the direct exhaust process are obtained. Figure 5-4 shows the 

cylinder pressures with different initial conditions, that the initial pressures in the cylinder are 0.36 

MPa and 0.48 MPa, respectively. The pressure reduces to the ambient pressure ( ap 0.0968 MPa) 

in a very short time, less than 0.13 s. At the beginning of exhaust, the cylinder pressure derivative 

increases gradually due to the change of effective cross-sectional area of the valve VY1700. When 

the cylinder pressure decreases at about 0.15 MPa, the speed of pressure drop increases because the 

piston begins to move to reduce the volume of cylinder. The errors of calculated cylinder pressure 

compared to the experimental results are about 4.6 percent for the maximum value and less than 1.6 

percent for the mean absolute value. That verifies the applicability of the presented aerodynamic 

model of impulse exhaust through pneumatic valve. 

 

Figure 5-4 Cylinder pressure of direct exhaust process. 
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In order to analyze the aerodynamic properties of impulse exhaust, some difficulty measured 

parameters can also calculated by the mathematic model of direct exhaust, such as mass flow rate 

and mach number at the throat of valve. Figures 5-5 and 5-6 show the calculated results of mass 

flow rate and mach number at the valve throat under different initial pressures 0.36 MPa and 0.48 

MPa. Because of the opening response of valve, the mass flow rate shown in Figure 5-5 increases 

when the exhaust starts, although the mach number at the valve throat shown in Figure 5-6 reaches 

1 at the same time. The higher initial pressure of cylinder means that there are more air will exhaust 

through the valve. Therefore, the total quality of exhaust air, as the integral of mass flow rate curve, 

will be larger and the exhaust will takes longer time when the air inside the cylinder has a higher 

initial pressure. Comparing Figures 5-4 and 5-6, when the cylinder pressure is larger than the 

critical value a1.8929 p , the sonic choked exhaust happens and the mach number at the valve throat 

equals to 1. In addition, it can be seen clearly from Figure 5-6 that the higher initial pressure will 

extend not only the total exhaust but also the sonic choked exhaust process. 

 

Figure 5-5 Mass flow rate at the valve throat of direct exhaust process. 
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Figure 5-6 Mach number at the valve throat of direct exhaust process. 

5.2.2 Exhaust with sintered bronze silencer 

According to the simplified aerodynamic model of pneumatic system with sintered bronze 

silencer established above, the parameters of the exhaust process are also calculated by using the 

ode functions in Matlab. Figure 5-7 shows the comparison of the measured and calculated pressure 

of the pneumatic cylinder with different initial pressures: 0.36 MPa and 0.48 MPa. The pressure 

reduces to the ambient pressure in a short time, which is little longer than that of direct exhaust 

process. The calculated results with the maximum error of about 4.4 percent and the mean absolute 

error less than 2 percent confirm to the actual exhaust process at different initial conditions, which 

verifies the applicability of the presented aerodynamic models of impulse exhaust and porous 

material with rigid frame. 

As same as the analysis of direct exhaust, the mass flow rate through the sintered bronze 

silencer is also calculated by the aerodynamic model with the Ergun equation, as shown in Figure 

5-8. The mass flow rate increases rapidly in the early stage and gets the peak, the time taken for 
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which is about 28 ms which is independent of the initial cylinder pressure. Then it reduces until the 

end of the exhaust process since the cylinder pressure decreases. Nevertheless, the integral of the 

mass flow rate represents the total quality of exhaust air from the pneumatic cylinder, and is related 

to the initial cylinder pressure obviously. 

 

Figure 5-7 Cylinder pressure of exhaust process with sintered bronze silencer. 

 

Figure 5-8 Mass flow rate at the valve throat of exhaust process with sintered bronze silencer. 
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It can be seen from the above discussions, the presented aerodynamic model can used to 

analyze the flow properties of the impulse exhaust and also of the porous material with rigid frame. 

The results are reasonable so that according to the mathematic model, we can have a more in-depth 

understanding of the impulse exhaust process. 

5.3 Results of radiated noise prediction 

Based on the previous discussions, the primary monopole and quadrupole sources of transient 

exhaust noise can be related to the mass flow rate and other parameters. The flow parameters can be 

calculated by the aerodynamic model. Therefore, the sound pressure of the radiated acoustic field at 

far field (1 m in the experiments) can be predicted. The noise signals generated by the impulse 

exhaust of PFC/B exhaust system with a sintered bronze silencer were recorded and analyzed to 

verify the applicability of presented prediction theory of radiated noise. 

5.3.1 Noise prediction in time-domain 

Figure 5-9 shows the relationship between the acquired noise signal and the calculated sound 

pressure related to the flow parameters through the sintered bronze silencer in time-domain. In 

order to compare conveniently, the noise signals are shifted 2.94 ms forward to counteract the sound 

propagation time. It is shown that the predicted results are similar with the upper envelope of the 

noise signal at different initial pressures. Both the magnitude and the peak time of calculated sound 

pressure are matched well. Therefore, the flow parameters can be used to predict the sound pressure 

and reflect the magnitude information of the impulse exhaust noise to a certain degree. 
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Figure 5-9 Prediction of the radiated exhaust noise in time-domain.  

The initial pressures are, respectively, (a) 0.36 MPa, (b) 0.40 MPa and (c) 0.48 MPa. 

5.3.2 Noise spectrum prediction 

According to the approximation of piston acoustic source, the SPL is calculated and compared 

with the measured results at the initial cylinder pressures of 0.40 MPa and 0.48 MPa, as shown in 

Figures 5-10 and 5-11. Due to the effect of the equivalent factor 2 2
e2k d  of quadrupoles, the 

monopole sources play a major role in contributing to the low-frequency of sound pressure, whereas 

the quadrupoles primarily contribute to the high-frequency. The predicted SPL accords with the 

experiments well, even though the details are not exactly identical, especially at the low-frequency. 

This can be explained by the filtering effect of the Bessel function. On the other hand, the reason is 

also that the far-field condition becomes not suitable for the calculation model of sound radiation 

with longer wavelength. Nevertheless, the mean absolute error of octave band SPL is less than 1.5 
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dB, and the maximum difference is only 2.7 dB at the center frequency 8 kHz as shown in Figure 

5-11. Therefore, the presented SPL prediction of transient exhaust through the sintered bronze 

silencer in frequency-domain is reasonable. 

 

Figure 5-10 SPL prediction of the radiated exhaust noise.  

The initial pressures are, respectively, (a) 0.40 MPa and (c) 0.48 MPa. 

 

Figure 5-11 Octave band SPL prediction of the radiated exhaust noise.  

The initial pressures are, respectively, (a) 0.40 MPa and (c) 0.48 MPa. 
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The above discussions show that the radiated exhaust noise can be predicted both in the 

time-domain and frequency-domain by using the presented mathematic models. The impulse 

fluctuation of exhaust noise is related to the transient mass flow. The piston acoustic source 

approximation can be used to analyze the SPL spectrum at a far-field observation point. Such 

researches will provide references for the study of impulse exhaust and its radiated noise and also 

for the study of suppression strategies. 

5.4 Results of impulse exhaust noise suppression 

Because the amplitude of impulse exhaust noise is related to the mass flow rate at the outlet of 

exhaust system as the previous discussions, the noise is suppressed by smooth the mass flow rate 

according to the semi-active control strategy by controlling the opening process of pneumatic valve. 

The verify experiments were carried out based on the introduced simplified cylinder exhaust 

test-bed with a modified 3/2-way directional valve. Then the results of such strategy will be 

presented in details. 

5.4.1 Exhaust with normal solenoid valve 

Firstly, the results of exhaust with an normal solenoid valve are presented as references. The 

structure of solenoid valve is same as the modified valve shown in Figure 5-2, but driven by a pilot 

solenoid valve. The valve can complete the reversing operation in a very short time due to the small 

displacement of poppet valve. However, since the intake and exhaust of pilot valve take a time, the 

response of switch is about 50 ms. Figure 5-12 shows experimental results of the cylinder pressure 

and its derivative with different initial pressures 0.33 MPa, 0.38 MPa and 0.44 MPa. The valve was 
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opened to discharge the cylinder air at the time 0.2 s in every exhaust process for synchronism. As 

previously mentioned, the pressure decreases as an approximate power function after the delay time 

of the valve response. The curves are smoother than that of exhaust in PFC/B system due to the 

fixed cylinder volume. The pressure derivative reaches the maximum value at the very beginning of 

the exhaust process, and then decreases gradually. The total exhaust times are about 500 ms, 540 ms 

and 570 ms, respectively, if considering the response time. Additionally, the higher initial pressure 

means there are more gases and more potential energy inside the cylinder. Thus, it will generate 

much more impact and takes a longer time. 

Figure 5-13 shows the results of the recorded noise signals and the calculated mass flow rate of 

valve throat. There are some small noise signals appearing before the noises reaching to the peak 

value, which represents the noise generated by the exhaust of pilot solenoid valve. The peak SPL 

are 136.7 dB(A), 137.8 dB(A) and 139.2 dB(A), respectively, as references.  

 

Figure 5-12 The cylinder pressure and its derivative of exhaust with an original solenoid valve. 
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Figure 5-13 The noise signals and mass flow rate at the valve throat of exhaust with an original solenoid valve. 

5.4.2 Exhaust with modified valve 

In accordance with the strategy of noise suppression, the expected exhaust time are setting as 

300 ms, 400 ms and 500 ms, which are identified by slow, medium and fast. The expected pressure 

can be solved by Equation (4-7) and then the effective cross-sectional area of valve can be obtained 

by Equation (4-5). Controlling the servo motor rotates according to the designed speed, the poppet 

valve of modified pneumatic valve will be moved as an expected specific curve as shown in Figure 
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5-14. The area changing curves in Figure 5-14 were according to the expected movements with 

initial pressure 0.44 MPa and recorded by the encoder signals. Such curves in Figure 5-14 show that 

the poppet valve was controlled to open a small area at 0.2 s suddenly, and then was droved to 

increase the area nonlinearly until to the limit position. The area has a maximum value 

4 25.25 10 m  because of the structure limit of valve. The area changing of exhaust with other two 

initial pressures 0.33 MPa and 0.38 MPa are similar, but have some minor differences such as the 

step area values at the beginning. 

 

Figure 5-14 The effective cross-sectional area of valve according to the different expected exhaust time. 

Under control of the opening process of valve according to the designed curves, the exhaust 

process will carry out in accordance with the expectations. The cylinder pressure curves of exhaust 

with different designed area changing are shown in Figure 5-15. The initial cylinder pressures are 

0.33 MPa, 0.38 MPa and 0.44 MPa, respectively. It can be seen that the pressure changes are 

significantly different from that controlled by a solenoid valve as shown in Figure 5-12. The 

pressure decreases as an approximate straight line drawn by dash curves, of which the gradient is 
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related to the initial pressure and the expected exhaust time. In addition, the delay is shorter than 

that in the exhaust controlled by a solenoid valve due to the rapid response of motor rather than the 

pilot valve. The pressure decreases nonlinearly in the later exhaust process, because of the limit of 

effective cross-sectional area of valve and the complex phenomenon during the subsonic exhaust. 

 

Figure 5-15 The cylinder pressures according to the fast medium and slow opening process of valve with different 

initial pressures, (a) 0.33 MPa; (b) 0.38 MPa; (c) 0.44 MPa. 
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Figure 5-16 shows the suppressed impulse exhaust noise based on the three groups of valve 

opening processes and the calculated mass flow rate of the flow through valve. The envelope of 

such noise signals are very different from the noise generated by the exhaust with a solenoid valve. 

There are no small noises at the beginning, which exist in the solenoid valve exhaust causing by the 

pilot valve exhaust. The noise signals reach the peak values and stay for a certain time 

approximately, as the same as the expected effect. Apparently, the slower opening process of valve 

extends the exhaust process, thus the energy of noise is dispersed. Compared to the exhaust with a 

solenoid valve, the peak SPL of exhaust with the presented control strategy is reduced obviously. 

 

Figure 5-16 The noise signals and mass flow rate at the valve throat of exhaust according to the fast medium and 

slow opening process of valve with different initial pressures, (a) 0.33 MPa; (b) 0.38 MPa; (c) 0.44 MPa. 
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5.4.3 Discussions of noise suppression 

The above experimental results show intuitively that both the pressure and exhaust noise were 

changed significantly due to the semi-active noise control strategy by controlling the valve opening 

process. The pressure decreasing linearly means the mass flow rate is relatively stable especially 

during the sonic exhaust stage, reflected by the stable peak value of noise. Then some discussions 

are presented to checkout the effect of the semi-active noise control strategy by comparing the 

parameters and the noise criterions of the experimental results. 

1) Exhaust extended ratio 

Exhaust extended ratio is the ratio of the extended exhaust time and the exhaust time with 

normal solenoid valve. It is used to evaluate the aerodynamic performance of the impulse exhaust, 

which is shown in Figure 5-17. It can be seen that the extended ratio almost between 20 percents to 

55 percents increases if the longer expected exhaust time is chosen. In fact, the exhaust extended 

time is almost same when the cylinder air discharges with different initial pressures, but the ratio is 

smaller while there is higher pressure air in the cylinder before exhaust. 

2) Noise reduction of peak SPL 

The noise reduction of peak SPL is one of the most concerned criterions of the impulse exhaust 

noise suppression. Figure 5-18 shows the results of the noise reductions of peak SPL. The 

maximum noise reductions of peak SPL are 9.4 dB(A), 8.3 dB(A) and 4.7 dB(A), respectively, with 

different initial cylinder pressures when the valve is opened as the slow curves. By the strategy of 

noise control, the peak SPL is reduced at least about 2 dB(A), which means the sound energy at the 

peak is suppressed about 36 percents. In addition, it can be seen that there is a better effect of 

suppression in the low-pressure gas discharging. 
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Figure 5-17 Exhaust extended ratio. 

 

Figure 5-18 Noise reduction of peak SPL. 

3) Sound exposure level 

Comparing the sound exposure level shown in Figure 5-19, as defined by Equation (4-3) or 

(4-4), the results are similar with the peak SPL reduction. With the semi-active control strategy, the 

sound exposure level is reduced. The exposure energy of impulse noise is suppressed at least 7 

percents when the initial pressure is 0.44 MPa and the exhaust controlled with the fast open curve of 

the valve area. 
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4) Duration time of impulse noise 

The presented strategy is to limit the peak SPL of impulse exhaust noise by smoothing the 

amplitude of noise. Thus, the duration time of impulse noise will be extended as shown in Figure 

5-20. The most longer duration time in this study is about 2.5 times than that of reference exhaust. 

From the point of view that the noise threshold increases 3 dB if the exposure time decreases by 

half, the presented strategy has an acceptable effect on the suppression of impulse exhaust noise. 

  

Figure 5-19 Sound exposure level. 

 

Figure 5-20 Duration time of impulse noise. 



 - 65 -

5) Octave band SPL 

Additionally, the spectral characteristics of impulse exhaust noises with and without 

controlling are shown in Figure 5-21. It can be seen from the octave spectrum that the control 

strategy has a significant suppression of impulse exhaust noise (about 10 to 20 dB reduction) in the 

frequencies below 250 Hz, where the noise source is mainly caused by the shock of mass flow. In 

the high-frequency, the strategy of changing the valve opening process is not obvious but still has a 

small effect in the attenuation. 

 

 

Figure 5-21 Octave band SPL of noise generated by the impulse exhaust. 

Overall, during the impulse exhaust process with same initial cylinder pressure or same initial 

potential energy, the energy is released and converted to kinetic energy in a short time. The impulse 



 - 66 -

exhaust noise is essentially generated in such an energy conversion process. Extending the exhaust 

disperses the impulse noise in the time-domain, so that the noise is diffused to a longer period of 

time and the peak valve is reduced. The presented strategy of controlling the valve opening process 

makes the reduction effect of the noise peak maximally, since the peak can be controlled at a stable 

value especially during the sonic exhaust stage. In the experiments, the suppressed impulse exhaust 

noises became to sound much quieter and acceptable. On the other hand, performance may be 

affected if the exhaust lasts too long especially in some pneumatic systems with special 

requirements. In the practical applications the common used silencers such as porous diffusion 

silencers also have this problem, that the exhaust extended rate may reach to 40% due to the 

resistance of sound absorption material especially when the amount of exhaust air is large. 

Nevertheless, some appropriate additional exhaust time is also accepted as long as the systems can 

work normally. 
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Chapter 6 Conclusions and future work 

6.1 Main conclusions 

As presented in previous chapters, characteristic analysis and suppression strategy of impulse 

exhaust noise have been investigated both theoretically and experimentally. The study was based on 

the impulse exhaust of pneumatic systems and paid attention to both the aerodynamic properties and 

the flow noise characteristics. Considering the relation between the exhaust flow and the radiated 

noise, a strategy of noise suppression was presented and verified by experiments. In this chapter, a 

brief summary of the whole research and major conclusions obtained in the study are given. 

1. The aerodynamic properties of impulse exhaust based on typical pneumatic exhaust 

systems have been investigated. A simplified aerodynamic model with a dynamic 

equation of piston is derived from thermodynamics and presented to analyze the 

exhaust process. The aerodynamic model of porous material with rigid frame such as 

sintered bronze was established from the pressure drop described by the Ergun 

equation. According to the aerodynamic models, the flow parameters during the 

impulse exhaust were obtained and verified by experiments. 

2. The sound sources of impulse exhaust noise were studied based on the Lighthill's 

general theory of aerodynamic noise. This mass flow rate is related to the monopole 

source of impulsive exhaust noise. With piston acoustic source approximation of 

sintered bronze silencer, the sound pressure of radiated noise at far field observation 

point have been predicted by the flow parameters calculated from the simplified 

aerodynamic model. 
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3. A semi-active noise control strategy have been presented to suppress the impulse 

exhaust noise especially to reduce the peak SPL. The principle was introduced that is 

to smooth the impulse noise by the linearization of cylinder pressure decreasing and 

the mass flow rate at the valve throat. Experiments show that the strategy can reduced 

both the peak SPL and sound exposure level obviously. 

6.2 Future work 

Although some work have been done on the aerodynamic properties of impulse exhaust, the 

sound sources and radiated noise characteristics of impulse noise, the investigation of noise 

suppression, much further work is required to investigate the mechanism and to improve the 

reduction of impulse exhaust noise in industry. The future work can be focused on the following 

aspects. 

1. The aerodynamic model presented in this work is simplified based on the control 

volume, which ignores the complex structure of the real pneumatic system. The 

computational fluid dynamics (CFD) could be used to simulate the detailed impulse 

flow and also to predict the radiated noise by aerodynamic noise theories. 

2. The introduced noise control strategy was verified by a modified valve with servo 

motor. In the future, a valve with simple structure to achieve the effective area control 

could be studied. Furthermore, combining the presented strategy with classical 

silencers could be investigated to improve the suppression effect. 
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