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PREFACE

This report is the first o f four reports to be prepared under U.S. Department o f Transportation 
Contract #  DTFR53-91-C-00074, "Noise from High Speed Magnetically Levitated Transportation 
Systems." The reports under this contract cover the following areas:

1. Characterization o f Noise Sources
2. Noise Criteria for High Speed Maglev Systems
3. Preliminary Design Guidelines based on N oise Considerations
4. Recommendations for Acoustic Test Facility for Maglev Research.

It presents information on the noise data obtained from the German testing programs on the 
TransRapid system, describes sources o f noise from maglev systems, quantifies the potential 
environmental noise impact from hypothetical systems installed in the United States, and 
identifies further research needs for resolving the unknowns related to sound sources on high 
speed surface transportation vehicles. The focus o f this report is the noise from the TransRapid 
maglev system because it is likely to be the first such system in operation in the United States. 
Information from the extensive Japanese effort in maglev research may be included in a future 
report as it becomes available.
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EXECUTIVE SUMMARY

Noise is a major concern when any new transportation source is introduced into the existing 
surface transportation network. Maglev will be no exception. D espite the perception that there 
will be no problem in comparison with other noisy sources, such as diesel-hauled passenger and 
freight trains, it is worth investigating the potential of a noise problem early enough in the 
process that mitigation, if necessary, can be implemented during the design.

I. Environmental Noise Impact

Scenarios with high speed (400 Km/hr or 111 m/sec) maglev traffic based on the schedule o f the 
Northeast Corridor show that without implementation o f mitigation measures, noise levels from 
a high speed maglev system could be great enough to evoke negative public reaction. The 
evidence is as follows:

1. Maximum noise levels from high speed passbys o f a vehicle like the current 
generation TransRapid 07 are in excess o f those which are known to cause negative 
public reaction.

2. Long term noise exposure from regularly scheduled high speed maglev passenger 
service could cause impact in heavily traveled high speed corridors in residential 
areas according to newly proposed noise criteria.

Consequently, special consideration should be given to testing and incorporating noise control 
techniques at the design stage o f any system that is adopted.

II. Noise Characteristics of Maglev

Key descriptors o f noise from a maglev system are the maximum noise level o f a passby, the 
distribution of sound energy in a frequency spectrum and the total sound energy o f a passby.

Maximum level (Lmax) at a reference distance o f 25 m from a maglev depends strongly 
on speed. The speed dependency is approximately 30 times the logarithm to the base ten 
of speed (expressed as 30 log(speed)) for speeds below 250 Km/hr (69 m/sec), and 60 log 
(speed) above 250 Km/hr (69 m/sec). Lmax from maglev on elevated guideway is typically 
5 dBA lower than conventional high speed trains at-grade at the same speed.

Frequency spectrum of the TR 07 maglev compared to conventional high speed trains 
indicates that maglev is quieter in the high frequencies (above 1250 Hz) and in the low 

-frequencies (below 160 Hz), but has the same level in the mid-frequency range (160 Hz 
to 1250 Hz).
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Sound Exposure Level (SEL), the basic unit for calculating environmental noise impact, 
shows that the TR 07 maglev on elevated guideway and conventional high speed trains at- 
grade (French TGV and German ICE) emit essentially the same sound energies per unit 
length in the speed range of 165 Km/hr (46 m/sec) to 400 Km/hr (111 m/sec). This very 
important result suggests that the environmental noise effects o f the current generation 
maglev are the same as those from conventional high speed rail systems.

in . Noise Sources

Noise from a high speed rail system is generally dominated by three sources: the propulsion and 
auxiliary equipment, mechanical/structural radiation and airflow moving past the train. The 
sources differ in where they occur in the system and in what frequency range they dominate. 
An overview o f noise sources occurring on maglev trains is as follows:

Propulsion Noise Sources. N oise from the magnets in a maglev system is a result of 
induced vibration from magnetic forces. One source o f vibration is oscillating 
magnetostriction, which is likely to be tonal in character. Another effect o f magnetic 
traction is sound at the pole passing frequency; the interaction o f the moving vehicle and 
the stationary magnetic poles at a uniform spacing causes a tonal sound which varies as 
the velocity. Location of these forces is at the magnet gaps between the vehicle and the 
guideway, and radiation can come from there as well as from larger structures (vehicle 
panels, guideway, etc.) caused to vibrate in response to such forces.

Mechanical/structural Noise Sources. Maglev technology is not free from 
mechanical/structural sources despite the contactless nature o f the system. The maglev 
support system noise sources are:

1. wheels rolling on guideway support surfaces at low speeds for electrodynamic 
levitated systems (this type o f maglev requires forward motion before lift can 
occur), and

2. magnetic pole passing (variation in force as magnetic poles pass over each 
other).

The maglev guideway structure is subject to loading forces as the vehicle moves over the 
guideway, causing vibrations and radiated sound from the guideway. The vehicle body 
construction may also respond to dynamic forces, resulting in vibration and sound 
radiation.

Aeroacoustic Noise Sources. Aeroacoustic sources dominate the noise emission from high 
speed maglev vehicles. Noise from airflow over a train is generated by flow separation and 
reattachment at the front, turbulent boundary layer over the entire surface o f the train,
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flow interactions with edges and appendages, and flow interactions between moving and 
stationary components of the system. Airflow-generated, or aeroacoustic, sources result 
in increases in noise ranging from 50 to 80 times the logarithm o f train speed and 
generally dominate noise levels from high speed trains at speeds o f 250 Km/hr (69 m/sec) 
or greater, depending on the significance o f the mechanical/structural noise. Aeroacoustic 
sources generally radiate sound in the frequency range o f 250 Hz to 500 Hz. These 
sources can be located over the entire surface o f the train and at the edges o f guideway 
structure.

IV. Future Noise Research Program

The conclusions of this report suggest a strategy for future research related to noise from a 
maglev system. Mechanical/structural noise tests are best performed on full scale facilities, but 
there are two approaches to research for aeroacoustic problems; model testing in wind tunnels, 
or full scale (possibly quarter or half scale) on a test track. The choice revolves around the 
extent to which structural re-radiation is found to be important.

The model testing may be worth doing anyway, because aerodynamic drag measurements will 
most likely be done in scale model wind tunnel testing. M odel testing can give scale 
measurement o f the direct radiation component and will provide an easier method for sorting 
out the various aeroacoustic mechanisms. On the other hand, if structural radiation is found to 
be important, then testing will be required on a full-, or nearly full-scale prototype. Two 
approaches are as follows: 1 2

1. Build a full scale maglev test facility in the U.S., along with a complete acoustical 
testing capability, or,

2. Gain access to a full scale test facility in another country.

The former would require a major U.S. commitment to maglev development, while the latter 
would involve a collaboration with Germany or Japan. A  joint effort with one o f the existing 
test programs would likely result in a more expedient resolution o f the noise issues.
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1. INTRODUCTION

Noise from high speed magnetically levitated trains (maglev) has not been considered a potential 

environmental problem. The commonly held perception is that if the vehicle is suspended above 

a rigid guideway, then the only noise is the sound of the wind. One reference calls maglev 

"inherently quieter than existing rail systems."1 In  contrast with noisy freight trains or rumbling 

subway trains, the public believes they should welcome a maglev into their community. However, 

analysis o f available data from maglev development programs reveals that, although maglev holds 

promise for quiet operation, the noise levels from very high speed maglev may be great enough 

to cause environmental impact in residential areas. Introduction of a new transportation system, 

like maglev, into the existing environment may be more difficult than expected for its very high 

speed operations. Consequently, mitigation o f adverse noise effects must be taken into 

consideration at the outset, preferably during the development o f maglev. Research on this 

exciting mode is still in its early stages and just as in its other developmental areas the noise 

control effort will move forward during the design and development process. I f  incorporated 

early in the process, noise control solutions will be found for the noise problems.

This report needs to present maglev noise information in a way that is technically accurate, but 

at the same time understandable outside the acoustical profession. The text often uses 

specialized acoustical terminology which may be unfamiliar to many readers. The basic terms and 

noise descriptors are introduced in the following sub-section.
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1.1 Basic Acoustical Terminology

The sounds that we hear are the result of very small pressure fluctuations in the atmosphere 

around us. In  order to describe the signal content o f these pressure fluctuations, acousticians 

have developed methods of analysis that differentiate among loudness, pitch and time history of 

sound. This sub-section is intended as a brief introduction to the descriptors to be used in this 

report. M ore detail can be found in an acoustical text or noise control handbook. Although some 

authors take care to define them separately, throughout this report we use the terms "sound" and 

"noise" interchangeably.

1.1.1 Noise Level, Decibels

Sound is a description of pressure oscillations above and below the mean atmospheric pressure. 

The amplitude of oscillation is related to the energy carried in a sound wave; the greater the 

amplitude, the greater the energy, and the louder the sound. The mean value o f the pressure 

oscillations is always the atmospheric pressure; consequently, to describe an effective value of 

sound pressure, we use the root mean square pressure. The full range o f sound pressures 

encountered in the world is so great that it becomes more convenient to compress the range by 

the use of the logarithmic scale, resulting in one o f the fundamental descriptors in acoustics, the 

sound pressure level, (L p), defined as:

Lp =  20 log10 (p/pref), in decibels (dB), where

p is the sound pressure and pref is the reference sound pressure, internationally adopted to be 

20 micropascals. In  this report, the term noise level also refers to the sound pressure level, L p.

1.1.2 Frequency Spectrum, A-Weighting

In  Section 1.1.1 we relate noise level to the amplitude o f pressure oscillations. Another aspect 

of the oscillation is its frequency, the number o f complete cycles above and below the mean 

value that occurs in a unit time. The unit is cycles per second, called Hertz (Hz). W hen a sound 

is analyzed, its energy content at individual frequencies is displayed over the range o f frequencies 

of interest, usually the range of human audibility from 20 H z to 20,000 Hz. This display is called 

a frequency spectrum. Three types of spectra are commonly used in acoustics: narrow band, 

where the sound energy is divided into equal frequency units of constant bandwidth, e.g. one 

Hertz or five Hertz bands; octave band, and one-third octave band, where the sound energy is
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divided among constant percentage bandwidths of 70% and 23%  of the center frequency, 

respectively. This report uses one-third octave band spectra as a diagnostic tool for 

differentiating among sound sources because they are narrow enough to provide detailed 

information about the frequency content o f a wideband noise signal, yet not too narrow to be 

sensitive to frequency shifts by Doppler effects of moving sources.

Sound is measured using a sound level meter, with a microphone that is designed to respond 

accurately to all audible frequencies. On the other hand, the human hearing system does not 

respond equally to all frequencies. Low frequency sounds below about 400 H z are progressively 

and severely attenuated, as are high frequencies above 10,000 Hz. To approximate the way the 

human interprets sounds, a filter circuit with the same frequency characteristics as the typical 

human hearing mechanism is built into sound level meters. Measurements with this filter 

enacted are referred to as A  - Weighted Sound Pressure Levels, expressed in dBA. Sounds at 

frequencies below 20 H z (infrasound) and above 20,000 H z (ultrasound) are generally 

imperceptible by the human hearing system and are consequently neglected in an acoustical 

analysis.

1.1.3 Noise Descriptors: Lmax, Leq, SEL and Ldn

Another characteristic of sound in the environment is its fluctuation in level over time. Several 

descriptors have been developed to provide single number metrics for these variations. The time 

history o f a typical maglev passby is shown in Figure 1. A s the vehicle approaches, passes by, 

and recedes into the distance, the sound pressure levels rise and fall accordingly. Although  

detectable at levels slightly lower than the background sound level, the passby event is considered 

to occur over a duration containing most o f the sound energy, such as within 10 d B A  or 20 d B A  

of the peak. Note that although it looks like a great deal of the passby sound energy lies below 

the background level, the vertical scale is actually a logarithmic quantity, so each 10 dB increase 

represents 10 times the sound energy.

The descriptor used for representing the highest sound level of a single event, such as the passby 

of a maglev vehicle in Figure 1, is the Maxim um  Level, Lmax. Lmax in d B A  is commonly used 

to compare noise levels from different vehicle passbys, but it is important to understand that 

unless the sound is steady and continuous, the maximum level occurs for only a short time during 

an event. It  is usually dominated by the single loudest source, which may be only one vehicle 

in a long train. Lmax associated with commonly experienced noise events is shown in Figure 2. 

A  shortcoming o f Lmax is that it ignores the duration of the event, an important environmental 

consideration. A  single event descriptor that accounts for both level and duration o f a sound
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is the Sound Exposure Level, SEL, which is a single number unit in decibels that describes all 

the sound energy received at a given point from an event like that depicted in Figure 1, but 

normalized to a one-second duration. Technically, the duration o f the entire event must be

F ig u r e  1. T y p ic a l N o is e  T im e  H is to r y  o f  a  V e h ic le  P a s s b y
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Figure 2. Commonly Experienced Noise Levels
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included in the normalization; however, in practice a duration like that shown in Figure 1 as 

"measured duration" is used because it is difficult to measure noise from portions of events below 

the background level. The normalization to one second allows comparison of the sound energy, 

and eventual combination, of different types o f events on a common basis. For example, the 

S E L  can be used to compare the sound energies emitted by various kinds of trains, even if they 

have different lengths.

The descriptor used for cumulative noise exposure in the environment is the Equivalent Sound 

Level, Leq. This is the level of a steady sound which, over a referenced duration and location, 

has the same A-weighted sound energy as the fluctuating sound. The duration o f one hour is 

commonly used in environmental assessments. Researchers in Germany often describe train 

noise by the "passby level" which is the Leq over the time it takes for the train to pass. The 

"passby level" is typically somewhat lower than the actual Lmax because it is less influenced by 

a single dominant source. Environmental impact assessments in the United States use the Day- 

Night Sound Level, Ldn. Ldn is a 24-hour Leq, but with a 10 dB penalty assessed to noise 

events occurring at night during the hours o f 10 pm to 7 am. Ldn has been found to correlate 

well with the results o f attitudinal surveys o f residential noise from transportation sources. It  is 

the designated metric o f choice o f many Federal agencies, including Department o f Housing and 

Urban Development (H U D ), Federal Aviation Administration (F A A ), Urban M ass 

Transportation Administration (U M T A ) and Environmental Protection Agency (EPA ).

2. NOISE OF MAGLEV COMPARED WITH OTHER HIGH SPEED TRAINS

Noise is a major concern when any new transportation source is introduced into the existing 

surface transportation network. M aglev will be no exception. Despite the perception that there 

will be no problem in comparison with other noisy sources, such as diesel-hauled passenger and 

freight trains, it is worth investigating the potential o f a noise problem early enough in the 

process that mitigation, if necessary, can be implemented during the design process.

Maglev is likely to be compared with other high speed transportation modes in future studies of 

corridor alternatives. H igh speed rail systems are now in operation in several countries and their 

noise characteristics have become familiar. By comparing the noise characteristics o f maglev with 

those of conventional high speed rail systems, we gain perspective on how the noise from a 

maglev system may be received by communities.
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2.1 Overview of Noise Sources

M aglev and conventional high speed train noise sources have many similarities. Noise from a 

high speed rail system is generally dominated by three sources: the propulsion and auxiliary 

equipment, mechanical/structural radiation and airflow moving past the train. The sources differ 

in where they occur on the system (Figure 3a, 3b and 3c) and in what frequency range they 

dominate. This section provides an overview o f noise sources occurring on both conventional 

and maglev trains. Each source is discussed in more detail in Section 4.

2.1.1 Propulsion noise sources

H igh  speed trains are electrically powered; the propulsion noise sources are those from electric 

traction motors or electromagnets, control units and associated cooling fans. Fans have been 

found to be a major source. O n conventional trains, major cooling fans are located near the top 

of the power cars, about 3.5 m above the rails, as indicated in Figure 3c; they dominate the 

noise spectrum in the frequency bands near 1000 Hz. External cooling fan noise tends to be 

constant with respect to train speed, although some traction motors have internal cooling fans 

which rotate at the same speed as the motors.

Noise from the magnets in a maglev system is a result o f induced vibration from magnetic forces. 

One source o f vibration is oscillating magnetostriction, which is likely to be tonal in character. 

Another effect o f magnetic traction is sound at the pole passing frequency; the interaction o f the 

moving vehicle and the stationary magnetic poles at a uniform spacing causes a tonal sound 

which varies as the velocity. These forces are located at the magnet gaps between the vehicle 

and the guideway, and radiation can come from there as well as from larger structures (vehicle 

panels, guideway, etc.) caused to vibrate in response to such forces.
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F ig u r e  3 a . N o is e  S o u r c e s  o n  a n  E le c tr o m a g n e tic  M a g le v  S y s te m

Guideway Structure

F ig u r e  3 b . N o is e  S o u r c e s  o n  a n  E le c tr o d y n a m ic  M a g le v  S y s te m

Figure 3c. Noise Sources on a Conventional High Speed Train
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2.1.2 Mechanical I structural noise sources

The effects of wheel/rail interaction on conventional trains, guideway structural vibrations, and 

vehicle body vibrations fall into the category of mechanical noise sources. Wheel/rail interaction 

is the rolling noise radiated by steel wheels and rails caused by small roughness elements in the 

running surfaces. This noise source is close to the trackbed with an effective height of about 0.8 

m above the rails (Figure 3c). It  generally shows up in the noise spectrum in the 2000 H z to 

4000 H z frequency range and often dominates the A-weighted sound level o f conventional trains. 

However, wheel/rail noise can be effectively shielded by low barriers. Wheel/rail noise increases 

at a rate of approximately 30 times the logarithm of train speed (expressed as 30 log (speed)). 

Extensive noise measurements taken by the French National Railroad (SN C F ) over a wide range 

o f speeds show that wheel/rail noise dominates the A-weighted sound level from T G V  trains at 

speeds up to 300 Km/hr (83 m/sec). The German Railroad found that the new IC E  trains with 

damping devices on the wheels are dominated by wheel/rail noise up to about 250 Km/hr (69 

m/sec).

Other mechanical noise sources are the guideway vibrations and vehicle body vibrations. Both 

o f these sources tend to radiate sounds at very low acoustical frequencies: fundamental

resonance frequencies o f guideway support beams are generally below 10 Hz, with radiation from 

box beam panels up to about 80 Hz. Vehicle body vibrations depend on the details o f skin and 

body panel construction, but they can result in significant sound radiation throughout the audible 

range.

M aglev technology is not free from mechanical/structural sources despite the contactless nature 

o f the system. The maglev analogies to wheel/rail noise from a conventional train are: 1 2

1. noise from wheels rolling on guideway support surfaces at low speeds for 

electrodynamic levitated systems (this type o f maglev requires forward motion before 

lift can occur), and

2. noise from magnetic pole passing (discussed in Section 4.2).

Moreover, maglev guideway structure is subject to similar loading forces as a conventional train, 

leading to similar vibrations and radiated sound from the guideway. The vehicle body 

constructions may also be similar to conventional train cars in response to dynamic forces, 

resulting in similar vibration and sound radiation characteristics.
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2.1.3 Aeroacoustic noise sources

Noise from airflow over a train is generated by flow separation and reattachment at the front, 

turbulent boundary layer over the entire surface o f the train, flow interactions with edges and 

appendages, and flow interactions between moving and stationary components o f the system. 

Aeroacoustic sources result in increases in noise with speed ranging from 50 to 80 times the 

logarithm of train speed and generally dominate noise levels from high speed trains at speeds 

of 250 Km/hr (69 m/sec) or greater, depending on the significance of the mechanical/structural 

noise. Aeroacoustic sources generally radiate sound in the frequency range o f 250 H z to 500 Hz. 

These sources can be located over the entire surface o f the train and at the edges o f guideway 

structure.

2.2 Maximum Noise Level (Lmax)

Maglev has the potential o f being quieter than other modes o f transportation - especially at 

speeds below 100 Km/hr (28 m/sec). A t very high speeds, maglev’s advantage is diminished. 

Plotted in Figure 4 are maximum noise levels in d B A  o f several electrically powered high speed 

rail systems on guideways with which they are most often associated. The data are from the 

following systems:

T R  07 refers to the current generation electromagnetic levitated vehicle undergoing 

tests at the Emsland Test Track in Germany; the length of a two- car train is 50m. 

The guideway is elevated. Noise data were reported by T U V  Rheinland2.

IC E  refers to the German National Railroad high speed passenger train, the 

InterCity Express (IC E ); measured data were taken on a train consist o f 2 power 

cars and 3 coaches, with a total length o f 120 m. Track is ballast and tie at-grade. 

Noise data were reported by T U V  Rheinland (ref. 2).

T G V  refers to the French National Railroad high speed passenger train, the Tres 

Grande Vitesse (T G V ); measured data were taken on a train consist of 2 power 

cars, 2 transition cars and 8 coaches, with a total length of 237.5 m. Track is ballast 

and tie at-grade. Noise data were reported by T U V  Rheinland (ref. 2).

A M T R A K  refers to a test train with a Swedish electric locomotive (A E M -7 ) during 

demonstrations on the U.S. Northeast Corridor; measured data were taken on a
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consist of locomotive and 5 coaches with a total length o f 115 m. Track is ballast 

and tie at-grade. 3

Shinkansen refers to the Japanese "Bullet Train"; Shinkansen data are from 

Japanese National Railways, length is probably 16 cars4.

Figure 4 illustrates three important issues relevant to quantifying the potential maglev noise 

impact:

1. A  passby of the T R  07 maglev two-car train on elevated guideway is about 5 dB  

quieter than the 5-and 12-car European high speed trains at-grade for comparable 

speeds.

2. Noise levels for all trains are significant at speeds above 200 Km/hr (56 m/sec), 

approaching or exceeding 100 dB at the reference distance for the highest speeds 

shown in the graph.

3. Similar noise vs. speed behavior appears for electric high speed rail vehicles, whether 

maglev or wheeled. Mechanical noise (wheel/rail noise, structural radiation, etc.) at 

low speeds tends to have a low order speed dependency, like 30 times the logarithm  

o f speed, whereas aeroacoustic noise at high speeds has a strong speed dependency, 

like 60 to 80 times the logarithm of speed. The transition between the two speed 

regimes occurs in the range of 250 to 300 Km/hr (69 to 83 m/sec), depending on the 

magnitude o f the wheel/rail or mechanical noise.

It  may be surprising to some that maglev noise data shows a mechanical/structural type o f speed 

dependency at speeds below 250 Km/hr (69 m/sec). It is shown in Section 4.3 that the 

contribution to wayside noise from the maglev vehicle interaction with the guideway is very much 

in evidence at lower speeds. A t high speeds, aeroacoustic sources dominate the noise from all 

o f these electric trains.
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NOISE FROM HIGH SPEED RAIL SYSTEMS

Figure 4. Noise from Maglev and Electrically Powered High Speed Rail Systems
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2.3 Noise Spectra

The noise advantage o f maglev shown in Figure 4 may be related to the lack o f wheel/rail 

contribution. A n  example o f the difference in sound spectra between a maglev and wheeled 

trains at high speed is shown in Figure 5. The one-third octave band spectra for the T G V , the 

IC E  and the T R  07 are shown for the same speed, 290 Km/hr (81 m/sec).* These data are 

taken from measurements o f T G V  and IC E  trains at-grade and TR07 on concrete elevated 

structure. The mid-frequency portion o f the spectra from 160 H z to 1250 H z are similar for all 

three trains. But the major difference shows up in the frequency bands below 160 H z and above 

1250 Hz; clearly, the T G V  and IC E  trains have more sound energy in these parts o f the 

spectrum at this speed. A s speed increases, however, the sound energy associated with wheel/rail 

noise in the bands above 1250 H z will increase according to a 30 log (speed) relationship, 

whereas the sound energy associated with aeroacoustic sources in the mid-frequencies (160 Hz  

to 1250 Hz) will increase at the greater rate o f 60 to 80 log (speed). Therefore, as speed 

increases the mid-frequencies will dominate for all trains, whether maglev or wheel/rail, and the 

A-weighted sound levels should approach the same values.

In  conclusion, it is in  the high frequencies and the very low frequencies that maglev has a noise 

advantage over its current wheel/rail competitors. The mid-frequency aeroacoustic sounds are 

similar.

The time over which these spectra are averaged is unknown; long averaging times tend to 
smooth out characteristic peaks in a spectrum which makes it difficult to diagnose specific 
sound sources. Another problem with interpretation o f spectra from very fast trains is the 
smearing o f peaks due to Doppler effect. Methods exist for obtaining de-Dopplerized 
spectra, but it is doubtful they were used in obtaining the spectra shown in Figure 5.
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MEASURED NOISE SPECTRA AT 25m FROM 

HIGH SPEED RAIL SYSTEMS AT 290 Km/hr (80 m/s)

Figure 5. Noise Spectra from Maglev and High Speed Rail Systems at 290 Km/hr (Ref.2)
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2.4 Normalized Sound Exposure Level

Perhaps more revealing than the data presented in the foregoing is a comparison o f the sound 

energy emitted by maglev with that from other high speed trains. The metric used in such a 

comparison is the Sound Exposure Level (SE L ) which expresses the sound energy from a single 

event, such as the passby o f a train, normalized to a one-second duration. By further correcting 

for train length, tone obtains a measure o f the sound energy emitted by a unit length o f the train, 

for example, the equivalent o f the length o f one car. The resulting metric is called the 

"normalized SEL." Normalized S E L ’s obtained from measurements o f passby equivalent energy 

levels from T R  07, T G V  and IC E  (Ref. 2) are plotted for an equivalent vehicle length o f 25 m 

in Figure 6. Despite the lack o f a wide range o f speeds o f IC E  and T G V , the trend is apparent 

The data cluster along a common line with relatively little scatter, indicating that there is no 

significant difference in sound energies per unit length emitted by maglev on elevated-structure 

and steel/wheel systems at-grade over the speed range o f 165 Km/hr (46 m/sec) to 400 Km/hr 

(111 m/sec).

The normalized S E L  curve follows a 40 log (speed) relationship, whereas the Lmax curve 

increases by 60 log (speed) in this speed range. The difference may be related to the way in 

which speed affects:

1. the exposure o f a passby (Noise exposure metrics have an inverse relationship with 

velocity.), and

2. the spectrum (Doppler effect and convective augmentation shifts frequencies and 

levels upward in the forward direction, thereby increasing the A-weighted Lmax 

more than the total energy o f the passby.)

The result that normalized S E L  from maglev and conventional trains are the same has important 

implications in considering the environmental noise impacts o f alternative systems. The S E L  is 

the basic descriptor for noise sources in prediction models for environmental noise. The relation 

between "normalized S E L " developed here and S E L  depends on the length o f the train:

S E L  =  "normalized S E L " +  10 log10 (length/ 25), dBA, 

where train length is expressed in meters.
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NOISE FROM HIGH SPEED RAIL SYSTEMS

Figure 6. Sound Exposure Levels Normalized to Single 25m Vehicles
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3. QUANTIFICATION OF THE ENVIRONMENTAL NOISE ISSUE

Noise criteria have not been established that apply directly to maglev or other high speed rail 

systems. Typically the lead agency for the mode o f interest will have specific noise criteria which 

apply to the environmental impact of the transportation sources under its purview. In  this case 

the U.S. Environmental Protection Agency has established noise limits on stationary and moving 

locomotives and moving railcars5, but these standards were designed for freight train operations 

with noise levels set for diesel-electric locomotives and freight cars. Other modal agencies o f the 

Department o f Transportation have adopted similar specialized noise standards, none o f which 

apply directly to a high speed surface transportation mode. Under Task 2 o f the current maglev 

noise contract** H M M H  will review existing noise criteria and propose modifications where 

necessary to apply to maglev operations. A t this time the best we can do is to present a 

preliminary quantification of the potential environmental problem. The following discussion of 

criteria is intended only to provide that initial quantification.

3.1 Noise Criteria

A s mentioned above, there are no authorized noise standards that apply specifically to maglev 

operations. Perhaps the closest environmental noise criteria are the newly proposed noise criteria 

for the Urban M ass Transportation Administration (U M T A )6. These criteria are based on 

population surveys leading to an estimation o f the number o f people highly annoyed as a 

function o f Day-Night Sound Level, Ldn. Three levels o f severity o f noise impact are defined 

by the two curves which are depicted in Figure 7. Below the lower curve, a proposed project 

is considered to have no noise impact for noise-sensitive land use categories. Project noise above 

the upper curve is considered to cause Severe Impact for all land use categories. Severe noise 

impacts are considered "significant" as this term is used in the National Environmental Policy Act 

(N E P A ) and its implementing regulations. Between the two curves the proposed project is 

judged to have an impact, though not severe. Whether the noise impact is determined 

"significant" in the context o f N E P A  will depend on a number o f factors, including the types of 

land use affected. M itigation will be be required for severely impacted properties, and may be 

required for impacted properties.

•• Contract No. DTFR 53-91-C-0074, BAA No. 191
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The proposed U M T A  criteria are based on the following concept: For a known existing ambient 

noise level, the predicted future noise level can be rated according to its expected reaction from 

the public. These criteria were intended for application to urban mass transportation systems 

characterized by many passbys in each hour, but at speeds generally no greater than 130 Km/hr 

(36 m/sec). Consequently, they may require modifications for direct applicability to maglev in 

a number of ways, for example:

1. Correction factor to account for startle reactions to sudden onset o f high noise 

levels as may occur during a passby of a nearby maglev train.

2. Correction factor to account for perceptions o f the sound quality and spectral 

characteristics of maglev.

3. Consideration of maximum sound levels o f single events.

These are among the factors that will be assessed in continuing tasks o f this contract. 

Nevertheless, application o f the proposed U M T A  noise criteria can be made with some degree 

of confidence that they will provide a preliminary quantification o f the expected reaction o f the 

public to the introduction of a new surface transportation noise source like maglev.

In  addition to assessment based on long term changes in the noise environment as expressed by 

the Ldn, it is worth exploring the potential for annoyance from single events. Again, no 

Federally authorized standards have been developed for maximum passby levels. The American 

Public Transit Association7 (A P T A ) has recommended a maximum nighttime noise level o f 75 

d B A  at 15 m or the nearest house, whichever is further, for a single passby o f an urban transit 

train in a high density single family residential area (80 d B A  for multi-family dwellings). Japan 

National Railroad (JN R ) experienced overwhelming public outcry from the introduction o f the 

Shinkansen with noise levels shown in Figure 4; in response, the Japanese Transport M inistry 

established Lmax goals of 70 d B A  for residential areas. Moreover, the French National Railroad 

has introduced noise mitigation measures for the TGV-Atlantique Line in residential areas. A s  

shown in Figure 4, the maximum noise levels from single passbys o f a maglev at high speed are 

higher than those o f A P T A ’s criteria, higher than those o f Shinkansen, and are comparable to 

those of the T G V . These comparisons suggest that the single passby level from maglev may be 

high enough to cause complaints.
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3.2 Noise Impact Assessment

For our example of noise impact from the introduction of maglev as it exists now without noise 

mitigation, we will look at two levels o f public transportation service, the existing passenger train 

service provided in the Northeast Corridor between Boston and New  Y ork  and between New 

Y ork  and Washington, D.C. U M T A  criteria are based on Ldn which requires consideration of 

the noise from train passbys during daytime (7 am to 10 pm) and nighttime (10 pm to 7 am) 

hours separately; A  train departing during the daytime at one location could arrive at another 

location during the nighttime. A s a result, noise exposure must be assessed on a site-specific 

basis depending on the volume o f train traffic and the time o f day it occurs. Our examples will 

be based on selected points along the selected routes: a suburb o f Boston and a suburb of 

Washington. Residences in these areas are located typically as close as 30 m from existing tracks. 

Urban or suburban residential areas with population density o f 2,500 people per square 

kilometer are expected to have an existing ambient Ldn of 60 d B A 8. W ith that number as the 

existing ambient, the proposed U M T A  criteria show that Ldn’s o f 58 d B A  and 63 d B A  from a 

new source would cause "impact" and "severe impact," respectively.

Boston to New York - Current 1991 Northeast Corridor service between Boston and New 

Y ork  has a total o f 16 day and 6 night trains passing through the suburbs o f Boston. Assuming 

the same frequency and a similar level o f service could be provided by 10 - vehicle maglev trains 

with the same schedule, the normalized S E L  from Figure 6 is converted to S E L  for a 10-car train 

at a speed o f 400 Km/hr (111 m/sec) using the equation given in Section 2.4. Ldn is 

subsequently obtained from spreading out the energy contained in 22 total events over 24 hours, 

but first adding 10 dB to each nighttime event (passbys). The result is an Ldn o f 70 d B A  at 25

m. The line labeled "Boston suburb" in Figure 8 illustrates the distances from the guideway that 

would considered to be impacted using the U M T A  criteria. The noise propagation with distance 

over open terrain was taken from actual measurements at the T R  07 test track (Ref. 2). Impact 

would occur for any residence within 145 m of the guideway and severe impact would result for 

any residence within 70 m. A t the severe impact distance of 70 m, each passby would have a 

maximum passby level of 86 d B A  lasting for 2.25 seconds; at 145 m, the maximum level would 

be 78 d B A  Both o f these maximums are well above the A P T A  Guidelines for urban transit 

systems.

New York to W ashington - Current 1991 Northeast Corridor service between New York  

and Washington has a total of 54 day and 10 night trains passing through the suburbs of 

Washington. Assuming the same frequency and a similar level o f service could be provided by 

10 - vehicle maglev trains with the same schedule, the normalized S E L  is converted first to SEL, 

then to Ldn using the same procedure as in the previous example. The result is an Ldn of 74
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d B A  at 25 m. The line labeled "Washington suburb" in Figure 8 illustrates the distances from 

the guideway that would considered to be impacted using the U M T A  criteria. Impact would 

occur for any residence within 215 m from the guideway and severe impact would occur within 

109 m. Each passby would have a maximum passby level of 75 d B A  at the "impact distance" of 

215 m and 81 d B A  at the "severe impact distance" o f 109 m. Again, both o f these maximum 

levels are above those recommended for urban transit by APTA .

3.3 Summary of Maglev Noise Issues Related to the Community

From the foregoing it is evident that without noise control, noise levels from a high speed maglev 

system could be great enough to evoke negative public reaction. The evidence is as follows:

1. Maximum noise levels from high speed passbys of a vehicle like the T R  07 exceed 

those which are known to cause negative public reaction.

2. Long term noise exposure from regularly scheduled high speed maglev passenger 

service could cause impact in heavily traveled, high speed corridors in residential 

areas.

Consequently, special consideration should be given to testing and incorporating noise control 

techniques at the design stage of any system that is adopted. In  order to understand what is 

causing the noise, we look into the mechanisms for generating noise in the next section.
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D ISTAN CE (m)

Figure 8. Ldn vs. Distance for Examples
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4. MAGLEV NOISE SOURCES

Talcing a cue from the aircraft industry which has made great improvements in controlling aircraft 
noise, it is clear that understanding the noise generation mechanisms is the first step in designing 
mitigation into a new maglev system. Noise sources may originate from the propulsion system, 
mechanical/structural interactions and aerodynamic forces. Defining the contributions from each 
source makes a difference in determining the appropriate design mitigation measures. This 
section discusses the basic mechanisms involved in the likely sources for a maglev system. Some 
results from noise measurements on the TransRapid system are available; we refer to them 
frequently to understand general trends. Often these results are from single point microphone 
measurements (Figure 9) which describe the integrated effect of a passby, but which are 
inadequate for detailed diagnosis of sound sources. Consequently, results from specialized tests 
will be necessary in order to differentiate among the many sources that are involved in noise 
generation from a high speed vehicle and its guideway. This section discusses the various 
mechanisms that may be involved in the generation of sound, with resolution among sources to 
be determined by further testing. A strategy for future testing programs is included in Section 
5 of this report with more details to follow in the Task 4 Report under this contract.

Figure 9. Single Point Noise Measurement of TR 07 at Emsland Test Track
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4.1 Overall Noise Relationships

Noise from the TR 07 maglev system increases with speed according to the plot in Figure 10. 
Many of the acoustic sources associated with moving vehicles are known to be speed dependent, 
with speed raised to some power. For example, later in this section some aeroacoustic sources 
are related to speed raised to the sixth power. Typically, noise from a train at low speed is 
proportional to the third power of speed; at high speeds it is proportional to the sixth power of 
speed; and at very high speeds could be proportional to the eighth power of speed. In a plot 
of noise vs. the logarithm of speed, such exponential relationships become straight lines. 
Consequently, noise from transportation sources is more commonly depicted in terms of straight 
line segments — noise level as a linear function of log (speed). For this set of data two lines 
can be used to represent the data. Two lines are shown in Figure 10 which represent least mean 
square fits to the data:

Lmax = 80 + 37 log (speed/200), dBA for speed < 250 Km/hr (69 m/sec), and

Lmax = 83 + 62 log (speed/250), dBA for speed > 250 Km/hr (69 m/sec).

The curves indicate noise sources that dominate fall into at least two speed regimes, a low speed 
regime where the noise is proportional to the third or fourth power of speed and a higher speed 
regime where noise is proportional to the sixth power of speed. Although it is not known exactly 
which sources dominate these speed ranges, a typical mechanical/structural noise source would 
have a 30 log (speed) relationship and a typical set of aeroacoustic sources would have a 60 log 
(speed) relationship. Therefore, the pattern of maglev noise vs. speed fits a recognizable 
pattern, but the actual mechanism of noise generation can not be known without further 
research.
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Speed (km/hr)

Figure 10. Lmax vs. Speed for TR 07 at 25 meters
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4.2 Propulsion Sources

Unlike most forms of transportation, maglev noise does not appear to be dominated by 
propulsion noise. Some of the sources include the electromagnets, control system and cooling 
fans. Electromagnets are basically quiet, although noise can be generated by magnetostriction, 
coil oscillation, and pole passing.

Magnetostriction occurs when the iron core of a magnet undergoes changes in flux — it shrinks 
or expands as the magnet polarization oscillates around its mean value. Anything that is attached 
to these magnets will experience a vibration as the magnet goes through dimensional changes. 
These changes occur at twice the line frequency of the alternating current resulting in a 
fundamental of 120 Hz in the U.S. and 100 Hz in Europe. Because the process is non-linear, 
the vibration is rich in higher harmonics. The vibrations can result in a tonal sound radiation at 
the fundamental frequency and its harmonics from any attached structure.

Coil noise is generated by the vibration of the coil surrounding the iron core of a magnet when 
electromagnetic forces alternatively attract and repel the windings in the presence of magnetic 
flux. This turns out to be a fairly weak sound source; its fundamental occurs at twice the line 
frequency (120 Hz in the U.S.).

Pole passing noise occurs as a result of variation in intensity of magnetic forces as the moving 
magnet poles pass over the fixed poles in the guideway. Alternating forces cause vibrations in 
the stator frames attached to the guideway. This source is tonal and can be significant in the 
low- to mid-frequency range. An example of stator magnets is shown in Figure 11, where the 
underside of the TR 07 guideway is shown. The pole pitch of the guideway stator is 0.258 m. 
Prominent in the figure are the stator cores, three per pole, which result in a "slot passing 
frequency" of three times the pole passing frequency. For this configuration, the pole passing 
frequency can be determined as a function of speed as follows:

Pole Passing Frequency = Speed (m/s)/0.258 m, Hz.

For example, at a speed of 245 Km/hr (68 m/sec), pole passing frequency is 263 Hz. Figure 12 
shows a one-third octave band spectrum of the TR 07 measured by HMMH indicating a 
significant peak in the 250 Hz band containing that frequency for 245 Km/hr (68 m/s). A peak 
at the slot passing frequency is also evident in the 800 Hz band.
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Figure 11. Underside of TR 07 Guideway Showing Magnets
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Figure 12. TR 07 Noise Spectrum at 245 Km/hr, 25 m Distance (HMMH data)
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4.3 Mechanical/Structure Sources

Noise from the maglev system includes contribution from sources of mechanical and structural 
origin. These sources are associated with guideway and vehicle vibrations and they appear to 
dominate the total noise from the system at speeds below about 250 Km/hr (70 m/sec).

4.3.1 Noise from the Guideway

Noise is generated by vibrations of the guideway structure as the vehicle travels over it. At low 
speeds the electrodynamic levitation (EDL) technology employs wheels which roll directly on 
guideway support surfaces, and at high speeds, both EDL and electromagnetic levitation (EML) 
technologies load each guideway span with the weight of the vehicle despite the appearance of 
"floating" over it. The sudden on- and off-load of the vehicle on a guideway segment causes a 
dynamic response in the span, causing it to vibrate in various modes, each with their own natural 
frequencies depending on the size and configuration of the structure. Moreover, during the time 
of traverse of the segment, the magnetic support system of the vehicle generates pulse-loads at 
the pole passing frequency on the stator magnets attached to the guideway. There may also be 
higher frequency force inputs associated with the control system responsible for positioning the 
vehicle.

A structure such as a maglev guideway radiates sound because it is made up of beams and plates, 
each of which can vibrate at characteristic frequencies and each of which has a large surface area 
which makes for efficient sound radiation. Sound power radiated from a vibrating plate is 
related to the area and the averaged mean square vibration velocity of that plate. For a given 
force, the vibration velocity of a plate or beam depends on a number of qualities, including:

material- some materials have more damping than others, e.g. concrete vs. steel,

dimensions - natural frequencies are largely determined by the length and width of 
plates and beams, and

attachments - stiffening ribs, composite layers, and joints with other beams and 
plates affect the vibrational response of a structural element.

The lowest frequency is likely to be the span’s fundamental bending frequency, generally in the 
2Hz to 5 Hz range. Although these frequencies are well below the audible frequency range,
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there is evidence that infrasonic waves are undesirable.9

Other natural modes of beams and plates are excited by vibrational forces. When these 
structural elements are exposed to forces containing a wide range of frequencies, they respond 
strongly at their natural modes, many of which are in the audible range, and less strongly but still 
significantly at the forcing frequencies. For example, when a maglev vehicle passes the stator 
poles, it inputs a force at the pole passing frequency. The plates and girders to which the stators 
are attached will respond to the force input. If a modal resonance frequency is near the driving 
frequency, the response in terms of mean square velocity of the structure will be great and the 
sound radiation will be enhanced.

Figures 13,14 and 15 are examples of a steel section, a concrete section and a (steel) switch of 
the existing maglev test guideway in Emsland, Germany. Spans are typically 25 m, with 2.8 m 
wide guideway running surfaces. Girders of a variety of steel and concrete box beam sections 
are being tested at the track. Pictured.in Figure 13 is a steel triangular cross section, 2.8 m wide 
and 2.2 m deep. Figure 14 is a concrete triangular section, 2.8m wide and 1.8 m deep. Figure 
15 is a photograph of a hydraulically actuated steel beam which bends over a length of 130 m 
to serve as a switch from one concrete guideway to another.

Figure 13. Photograph of Steel Guideway at Emsland Test Track, Germany
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Figure 14. Photograph of Concrete Guideway at Emsland Test Track, Germany
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Figure 15. Photograph of Switch at Emsland Test Track, Germany
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Because it has less material damping, a steel structure is likely to have increased vibration 
amplitudes at resonances and corresponding greater sound radiation than a concrete structure 
for the same force inputs. Noise measurements of the TR 07 on different guideway types were 
conducted at the Emsland Test Track by Industrieanlagen Betriebsgesellschaft (IABG). Noise 
as a function of speed is shown in Figure 16. As expected, the steel guideway elements, spans 
and switch, radiate more noise than do concrete elements, although all the curves appear to 
coalesce at speeds of 350 Km/hr (97 m/sec) and greater. For example, the figure shows that at 
a speed of 200 Km/hr (55 m/sec) the maglev on a steel structure has a maximum level of 5 dBA 
greater than it has on a concrete guideway.

Figure 17 compares the sound spectra at 200 Km/hr (55 m/sec) for these two guideway 
configurations and shows where the 5 dBA difference appears. The steel guideway has 
significantly greater sound energy in the mid-frequencies (400 Hz to 2000 Hz) which are 
important in determining the A-weighted sound level. It also has significantly greater energy at 
very low frequencies (31.5 Hz to 100 Hz) which are important in excitation of building structures, 
although these frequencies are de-emphasized in the A-weighted spectrum. The sound energy 
at the pole passing frequency in the 200 Hz band is significant; it is noteworthy that the levels 
are nearly identical for both guideway types. The origin of the dominant peaks in the spectra, 
at 630 Hz for the concrete guideway and 800 Hz for the steel guideway are unknown.

One of the noise control treatments typically proposed for steel box beam girders on urban rail 
transit elevated structures is the addition of damping, which is very effective at the higher 
frequencies dominating the A-weighted sound level. Similarly, damping may help bring the steel 
guideway noise down to that of the concrete structure,
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NOISE FROM TR07 ON DIFFERENT GUIDEWAY TYPES (REF. IABG) 

(25m Distance, 3.5m Microphone Height)

Figure 16. Noise from TR 07 on Different Guideway Types
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NOISE FROM TR07 ON DIFFERENT GUIDEWAYS

200 Km/hr, 25 m distance, 3.5 m high

Figure 17. Noise Spectra of TR 07 on Different Guideways
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4.3.2 Noise from the Vehicle Structure

T h e  d iscu ssion  in  S e c tio n  4 .3 .1  c o n c e r n in g  n o is e  rad ia tion  from  p la tes  ap p lies  to  th e  so u n d  
rad iated  from  stru ctu re  an d  b o d y  p a n e ls  o f  th e  v e h ic le . V ib ra tio n  o f  th e  ex tern a l su r fa ce  o f  th e  
v e h ic le  resu lts in  rad ia ted  so u n d  a t fr e q u e n c ie s  co rr esp o n d in g  to  b o th  fo r c e d  an d  r eso n a n t  
r e sp o n se  o f  th e  p a n e ls . A m o n g  t h e  fo r c e  in p u ts  th a t  co u ld  c a u se  rad ia tion  from  th e  v e h ic le  are: 

aerod yn am ic e x c ita tio n , 
m ag n eto str ic tio n , 
c o il o sc illa tio n  and
m ag n et ga p  va r ia tio n  a t  th e  p o le  p a ssin g  freq u en cy .

A ero d y n a m ic  ex c ita tio n , su ch  as c a u se d  b y  th e  tu rb u len t b ou n d ary  layer o v e r  th e  v e h ic le  su rfa ce , 
is  a  can d id a te  fo r  structural so u n d  re -ra d ia tio n , as d iscu ssed  in  S e c tio n  4 .4 . M a g n e to str ic tio n  o f  
th e  lev ita tio n  an d  p ro p u ls io n  m a g n ets  is a so u r c e  o f  v ib ra tion  a t tw ic e  th e  l in e  fre q u e n c y  and  
h ig h er  harm onics; any stru ctu re  th a t  is a tta c h e d  to  th e  m a g n ets  is su b ject to  a  fo rc in g  fu n c tio n  
from  th is sou rce . C o il o sc illa tio n  is a  m in o r  so u r c e  o f  n o ise ; it is g e n e r a te d  w h e n  cu rren t-  
carrying co ils  o f  th e  e le c tr o m a g n e ts  u n d er g o  o sc illa tin g  fo r c e s  w h e n  th e  a ltern a tin g  cu rren t  
p a sses  th rou gh  stray m a g n e tic  flu x  lin e s . T h e  sm all m o v e m e n t o f  th e  c o il c o m p o n e n ts  c o u p le s  
to  th e  air and rad iates as so u n d . A  s ig n ifican t so u r c e  o f  p a n e l ex c ita tio n  o ccu rs as th e  v e h ic le  
m o v es  o v er  th e  m a g n ets  in  th e  gu id ew ay . T h e  v a r ia tio n  in  th e  m a g n et gap  ca u se s  v ib ra tio n s  as 
th e  m ov in g  p o le s  p ass  o v e r  t h e  s ta to r  p o le s  a t t h e  p o le  p a ssin g  freq u en cy . T h is  so u r c e  is e v id e n t  
in  ev ery  m ag lev  sp ectru m , b u t it  is  n o t  k n o w n  i f  t h e  n o is e  is from  th e  v e h ic le  o r  from  th e  
gu id ew ay  (o r  b o th ).

4.4 Aeroacoustic Sources

T h e  in d ica tion  th a t n o ise  from  v e r y  h ig h  s p e e d  train s is o f  a ero d yn am ic  or ig in  h a s fo c u se d  
in terest o n  u n d erstan d in g  th e  a e r o a c o u stic  so u r c e s  th a t m ay b e  re sp o n s ib le  for  t h e  v ery  h igh  
n o ise  lev e ls . T h is s e c t io n  p r e se n ts  an  o v e r v ie w  o f  th e  a ero d yn am ic  g e n e r a tio n  o f  so u n d  o n  a 
m a g lev  v e h ic le  an d  th e n  lo o k s  a t t h e  ch ara cter istics  o f  e a c h  o f  th e  lik e ly  so u rces . I t  is im p o rta n t  
to  u n d erstan d  th a t th e  f ie ld  o f  a e r o a c o u stic s  is v ery  com p lex ; th e r e  a re  m an y d iffe r e n t  
m ech an ism s that ca n  resu lt in  sim ilar  n o ise  ch ara cter istics  an d  th e  resea rch er  o f te n  h a s l it t le  d ata  
w ith  w h ich  to  w ork . M a n y  o f  th e  h y p o th e se s  a b o u t d o m in a n t so u r c e s  a re  b a sed  o n  c ircu m stan tia l 
e v id e n c e  from  lim ited  d ata . A s  r esea rch  p r o c e e d s , h o w e v e r , th e  so u r c e s  w ill b e c o m e  k n o w n  and  
m itigation  m easu res can  b e  d e v e lo p e d .
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4.4.1 Overview of Aerodynamic Sound Generation

A  m a g lev  v e h ic le  travellin g  a t h igh  sp e e d  ca u ses  u n stea d y  d istu rb a n ces in  th e  su rrou n d in g  air 
w h ich  g e n e r a te  flu c tu a tin g  fo r c e s  an d /or  p ressu re  fie ld s . T h e s e  flu ctu a tin g  fo r c e s  an d  p ressu res  
a lo n g  th e  b o d y  c a u se  so u n d  to  b e  rad ia ted  e ith e r  d irectly  from  th e  d istu rb a n ce  a t th e  air flow -  
b o d y  in te r fa c e  o r  b y  v e h ic le  p a n e ls  ca u sed  to  v ib rate  b y  th e s e  fo r c e s  o r  p ressu res. T h is ty p e  o f  
so u n d  p ro d u ctio n  is  ca lled  a e r o a c o u stic  rad iation  a n d ,th e  so u r c e s  a re  d irectly  r e la te d  to  th e  
a ero d yn am ic  d istu rb a n ces.

O n  a  h ig h  sp e e d  m a g lev  th e r e  are  m an y air f lo w  d istu rb an ces w h ich  c a n  c a u se  n o ise . F ig u re  18  
sh o w s th e  m ajor ty p es  o f  a e r o a c o u stic  m ech an ism s p r e se n t  o n  a h ig h  s p e e d  m a g lev  system . 
A lth o u g h  an  E M L  v e h ic le  is d isp layed , th e  sa m e  m ech a n ism s ap p ly  t o  an  E D L  system . A s  th e  
n o s e  o f  th e  b o d y  p e n e tr a te s  th e  su rrou n d in g  air, n o ise  ca n  b e  g e n e r a te d  from  sh ea r  fo rces  in  th e  
gap  b e tw e e n  th e  v e h ic le  an d  th e  gu id ew ay , tran sition  from  lam in ar to  tu rb u len t f lo w  o v e r  th e  
to p  an d  s id es, an d  f lo w  sep a ra tio n  a t th e  n o s e  and  r e a tta ch m en t o n  th e  b od y . A  m a g le v  n o s e  
d e s ig n e d  op tim a lly  fro m  an  a ero d yn am ic  p o in t  o f  v ie w  ( lo w  drag, n o  f lo w  sep a ra tio n , stream lin ed , 
e tc .)  w ill se r v e  to  r e d u c e  th e  n o ise  g e n e r a te d  from  th e  fro n t s e c t io n  o f  th e  v e h ic le .

S lig h tly  d o w n strea m  o f  th e  n o se , th e  tu rb u len t b ou n d ary  layer  (T B L ) b e c o m e s  fu lly  d e v e lo p e d  
an d  im parts in te n se  lo c a l p ressu re  flu ctu a tio n s n orm al to  th e  b o d y  su rfa ce . S o u n d  is g e n e r a te d  
d irectly  from  th e  flu ctu a tin g  p ressu res driving o n  th e  e x tern a l sk in . E n e r g y  from  t h e  in te n se  
T B L  p ressu re  f ie ld  is a lso  a c c e p te d  b y  th e  b o d y  and  d iss ip a ted  in to  travellin g  w a v e s  (b en d in g , 
lo n g itu d in a l an d  o th e r s )  a lo n g  th e  b od y. T h e s e  b en d in g  w a v es  p r o d u c e  so u n d  e ith e r  d irec tly  or  
u p o n  e n c o u n te r in g  e d g e s , ribs an d  o th e r  d isco n tin u itie s  w ith in  th e  b od y . T h is  m ech a n ism  o f  
so u n d  g e n e r a tio n  is  re ferred  to  as stru ctu ral re-rad ia tio n  from  th e  T B L  an d  is n o t  so le ly  an  
a ero d yn am ic  so u r c e  s in c e  t h e  so u n d  rad ia tion  is a lso  d e p e n d e n t  o n  stru ctu ral d yn am ics p r o p er tie s  
(m ateria l, d am p in g , co n str u c tio n ) o f  th e  body.

A s  th e  tu rb u len t b ou n d ary  layer e n c o u n te r s  ed g e s  o n  a  h ig h  s p e e d  v e h ic le , so u n d  is g e n e r a te d  
e ffic ien tly . F o r  ex a m p le , fo r  m a g lev  trains o f  tw o  o r  m o r e  v e h ic le s , th e  jo in ts  b e tw e e n  v e h ic le s  
resu lt in  e d g e s  u n d er  th e  b ou n d ary  layer. A lso , a sh arp  e d g e  m ay b e  p r e se n t  as t h e  b ou n d ary  
la yer  d ep arts from  t h e  rear o f  th e  train.

O th e r  p o ss ib le  so u r c e s  o f  a e r o a c o u stic  so u n d  g e n e r a tio n  a re  f lo w  cav ity  r e so n a n c e s , b od y  
r o u g h n ess  e f fe c ts , le a d in g  e d g e  e f fe c ts  o f  th e  n o se  p e n e tr a tin g  th e  q u ie sc e n t  air an d  v o r te x  flo w  
a sso c ia te d  w ith  th e  in te r a c tio n  b e tw e e n  th e  m ov in g  v e h ic le  an d  fix ed  c o m p o n e n ts  o f  th e  
gu id ew ay .



HARRIS MILLER MILLER & HANSON Inc.
Report No. 291550-1: Maglev Noise Sources

May 1992
PAGE 42

T h e  ov era ll e f fe c t  o f  th e  a ero d yn am ic  fo r c e s  o n  a v e h ic le  c o n tr ib u te  to  th e  res is ta n ce  o f  th e  air 
to  th e  forw ard m o tio n  o f  th e  v e h ic le , c a lle d  th e  drag. R e s e a r c h  resu lts  sh o w  th at d rag o f  an  
airfram e is re la ted  to  th e  rad ia ted  n o ise ; K in g  rep o rts  t h e  rad ia ted  so u n d  p ressu re  from  an  
airfram e in  c le a n  co n fig u ra tio n  to  b e  p r o p o rtio n a l to  th e  c o e f f ic ie n t  o f  drag raised  to  th e  1.5  
p o w er .10 A ssu m in g  resu lts from  a irfram e n o is e  s tu d ie s  a re  a p p lica b le  to  m a g lev  v e h ic le s , th is  
re la tion sh ip  su gg ests  that a r e d u ctio n  in  o v era ll n o is e  le v e l  c a n  b e  a tta in ed  b y  red u cin g  th e  drag.

In  th e  fo llo w in g  sec tio n s , w e  p r e se n t  a e r o a c o u stic  so u r c e s  a s  th e y  r e la te  to  th e  o b serv ed  so u n d  
rad iation  from  a h igh  sp e e d  v e h ic le .
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FLOW SEPARATION 
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TRANSITION FROM 
LAMINAR TO TURBULENCE

FLOW
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Figure 18. Aeroacoustic Sources on a Maglev System
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4.4.2 Aeroacoustic Mechanisms at the Nose

A s  th e  v e h ic le  travels a t h ig h  sp e e d , th e  flo w  d istu rb a n ces b e g in  at th e  n o se . F irst, a tu rb u len t  
sh e a r  layer d e v e lo p s  in  th e  gap  w h e r e  th e  lea d in g  e d g e  o f  th e  n o s e  a p p ro a ch es  th e  gu id ew ay  
su rfa ces (d e c k  an d  s id ew a lls). T h is sh ea r  layer is lik e  a c o n f in e d  b ou n d ary  layer an d  ca n  rad ia te  
so u n d  in  a m a n n er  th a t is sim ilar to  th e  T B L  d irect rad ia tion  an d  stru ctu ral re-rad ia tio n  d iscu ssed  
b e lo w . H o w e v e r , s in c e  th e  sh ea r  layer is e n c lo se d , it is le s s  lik e ly  t o  b e  a s tro n g  rad iator to  th e  
w a y sid e  u n le ss  th e r e  a re  o p e n in g s  in  th e  b o tto m  an d  s id e s  o f  t h e  gu id ew ay . I t  is lik e ly  to  b e  a  
so u r c e  o f  n o is e  fo r  th e  in ter ior  o f  th e  v e h ic le , h o w ev er .

A s  th e  air f low s o v e r  th e  to p  and  s id es  o f  th e  v e h ic le , t h e  b o u n d a ry  layer  ch a n g es  from  lam inar  
to  tu rb u len t. A t  th e  tran sition  re g io n  from  lam in ar t o  tu rb u len t f lo w  o n  th e  n o se , large  
flu c tu a tio n s  o f  t h e  b ou n d ary  layer n orm al v e lo c ity  c o m p o n e n t  c a n  p e n e tr a te  th e  c o r e  reg io n  o f  
t h e  f lo w  f ie ld  and  e ffe c t iv e ly  rad ia te  sou n d . T h e s e  flu c tu a tio n s  a re  th e  resu lt  o f  th e  form ation , 
g ro w th  an d  c o a le s c e n c e  o f  tu rb u len t sp o ts  in  th e  tran sition  r e g io n . A  th e o r y  fo r  so u n d  rad iation  
fro m  t h e  tra n sitio n  re g io n  b y L a u c h le 11 says th a t th e  s o u n d  p o w e r  rad ia tio n  is p ro p o rtio n a l to  
v e h ic le  v e lo c ity  ra ised  to  th e  e x p o n e n t  7 .5 . A s  a n  e x a m p le  o f  th e  d ifficu lty  in  sortin g  o u t  
a e r o a c o u stic  so u r c e s , w e  w ill la ter  sh o w  that th is  r e la tio n sh ip  is v e r y  sim ilar  to  a co u stic  rad iation  
th a t  w o u ld  b e  e x p e c te d  from  tu rb u len t b ou n d ary  layer  d ir e c t  rad ia tion .

A ls o  n e a r  th e  n o s e  o f  th e  o ld e r  T R  0 6  m a g lev  v e h ic le  (F ig u r e  19 ), f lo w  d istu rb a n ces h a v e  b e e n  
o b se r v e d  b y  A lsc h e r  a t e a c h  s id e  o f  th e  v e h ic le  sligh tly  d o w n str e a m  o f  th e  in te r se c tio n  o f  th e  
n o s e  a n d  th e  g u id ew a y  su r fa ce .12 T h e s e  d istu rb an ces a re  c a u se d  b y  f lo w  se p a r a tio n  an d  v o r tex  
r e a tta ch m en t. A lsc h e r  u sed  d irec tiv e  m icro p h o n e  arrays to  lo c a te  a  v ery  in te n se  a c o u stic  so u rce  
a f e w  m e te r s  d o w n strea m  o f  t h e  n o s e  ( s e e  F ig u re  2 1  in  S e c t io n  4 .4 .4 ) . H is  w in d  tu n n e l 
m ea su r e m e n ts  sh o w e d  th a t th e  f lo w  w a s se v e r e ly  sep a ra tin g  a t  t h e  c r e a se  b e tw e e n  th e  m a in  b o d y  
an d  th e  m a g n e t sh rou d s. T h e  p r o c e sse s  o f  f lo w  sep a ra tio n , v o r te x  g e n e r a tio n  and  rea tta ch m en t  
a re  sig n ifica n t so u r c e s  o f  a co u stic  en e r g y  and  sh o u ld  b e  a v o id e d  i f  a t  a ll p o ss ib le . A s  a  resu lt o f  
w in d  tu n n e l te sts , th e  n o s e  o n  th e  T R  0 7  w a s r e -sh a p ed  to  e lim in a te  t h e  c r e a se  an d  to  e x te n d  
th e  p r o f ile  d o w n  to  th e  gu id ew a y  su rfa ce  (F ig u re  2 0 ) . T h e  n e w  sh a p e  o f  th e  n o s e  r esu lted  in  
a 6 .3%  r e d u c tio n  o f  drag, w h ich  acco rd in g  to  K in g  w o u ld  r e d u c e  th e  n o ise  by a b o u t 1 d B  from  
t h e  sh a p e  a lo n e . E lim in a tio n  o f  th e  v o r tice s  p rov id es a n  a d d it io n a l n o is e  red u ctio n .
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Figure 19. Photograph of Nose of TR 06
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Figure 20. Photograph of Nose of TR 07
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4.4.3 Aeroacoustic Mechanisms Related to the Turbulent Boundary Layer

T h e  tu rb u len t b ou n d ary  layer h as b e e n  fo u n d  to  b e  a m ajor s o u r c e  o f  n o is e  from  h ig h  sp e e d  
v e h ic le s . T h e o r ie s  o f  th e  so u n d  rad ia tion  d irectly  from  th e  tu r b u le n t b ou n d ary  la yer  h a v e  b e e n  
d e v e lo p e d  b y L ord  R a y le ig h 13 , L ig h th ill14, F fo w cs-W illia m s15, a n d  o th e r s . T h e s e  th eo r ie s  
su g g e st  th a t fo r  lo w  M a ch  n u m b er flo w , th e r e  are  tw o  b ou n d ary  la y er  so u r c e s  o f  sou n d : a stress 
f ie ld  w ith in  th e  b ou n d ary  layer an d  a stress f ie ld  ex c itin g  th e  v e h ic le  su rfa ce .

B o u n d a ry  L a yer  R a d ia t io n . L igh th ill sh o w ed  th a t t h e  stre ss  f ie ld  ca n  b e  r e p r e se n te d  as a 
d istr ib u tion  o f  a co u stic  q u ad ru p o les . H is  analysis su g g ests  th a t th e  s o u n d  p o w e r  rad ia ted  d irectly  
b y  th e  b ou n d ary  layer stress  f ie ld  ( in d e p e n d e n t  o f  th e  su r fa ce  b o u n d a ry ) is p ro p o rtio n a l to  th e  
8 th  p o w er  o f  th e  ve loc ity .

F fo w cs-W illiam s fo llo w e d  L ig h th ill’s  analysis w ith  o n e  in  w h ich  t h e  p r e s e n c e  o f  a  rigid su rface  
acts as a  so u n d in g  b oa rd  th ereb y  ch a n g in g  th e  q u a d ru p o les  in to  m o r e  e f f ic ie n t  d ip o le s  w h ich  
ra d ia te  so u n d  p o w er  a t th e  6 th  p o w e r  o f  ve lo c ity . S o  n o w  w e  h a v e  tw o  p o ss ib le  m ech an ism s, o n e  
rad iatin g  a t th e  6 th  p o w er  an d  th e  o th e r  rad iatin g a t th e  8 th  p o w e r  o f  v e h ic le  sp e e d . T h e r e  is 
s o m e  ex p er im en ta l e v id e n c e  (e .g ., F ig u r e  4 ) th at at h ig h  sp e e d s , 3 0 0  K m /h r  to  4 0 0  K m /h r (8 3  to  
111 m /sec), n o ise  from  T B L  h as a 6 th  p o w er  d e p e n d e n c y  an d  a t  v e r y  h ig h  sp e e d s , g r e a ter  than  
4 0 0  K m /hr (1 1 1  m /sec ), th e  8 th  p o w e r  asserts itse lf.

T h e  th eo re tica l and  ex p er im en ta l d e term in a tio n  o f  tu rb u len t b o u n d a ry  la y er  so u n d  rad ia tion  over  
a  sm o o th  v e h ic le  su rfa ce  is v ery  c o m p le x  and  th e r e  is n o  u n iversa l a g r e e m e n t a b o u t t h e  th eo r ie s  
an d  ex p er im en ts  a t p resen t. F o r  ex a m p le , K in g  p resen ts  e v id e n c e  th a t  a irfram e n o is e  c o u ld  b e  
ex p r e sse d  b y aco u stic  d ip o le s  co v e r in g  th e  su rfa ce  o f  th e  a ircraft ( R e f .9 ) .  H o w e v e r , C righ ton 16 
su g g ests  th a t in  th e  c o n te x t  o f  a irfram e n o ise  (a n d  b y  e x te n s io n , w ith in  th e  c o n te x t  o f  m ag lev  
n o ise ) , q u ad ru p o le  n o ise  from  b ou n d ary  layers ca n  b e  sa fe ly  ig n o r e d  r e la tiv e  to  e d g e  sou rces, 
o th e r  a p p en d a g es, ro u g h n ess  e le m e n ts  an d  p a n e l v ib ration .

V e h ic le  S u r fa c e  R a d ia t io n . C r igh ton  sh o w ed  th a t th e  n o rm a l f lu c tu a tin g  su r fa ce  s tr e sse s  are  
stro n g  e n o u g h  to  e x c ite  structural v ib ra tion  w h ich  rad ia te  so u n d  as th e  w a v es  in  th e  stru ctu re  
e n c o u n te r  ribs, fram es an d  o th e r  d isco n tin u itie s , o r  ra d ia te  d irec tly 17. T h is  su g g ests  th a t p a n e l 
v ib ra tio n  c o u ld  b e  a s ign ifican t so u r c e  o f  v e h ic le  n o ise .

In  sum m ary, w e  h a v e  tw o  m ech a n ism s w h e n  tu rb u len t b o u n d a ry  layers a re  in v o lv ed  in  th e
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g e n e r a tio n  o f  so u n d . T h e  s tr e sses  in  th e  b ou n d ary layer rad ia te  so u n d  d irectly  acco rd in g  to  
e ith e r  U 6 o r  U 8. In  ad d itio n , th e  n orm al stresses  o f  th e  b ou n d ary  layer  e x c ite  stru ctu ral w a ves  
w ith in  th e  m a g le v  v e h ic le  w h ich  m ay re-rad ia te  so u n d  (fro m  th e  b o d y )  d irectly  o r  u p o n  
e n c o u n te r in g  stru ctu ral d isco n tin u ities . A t  p resen t th e r e  are  m an y  th e o r ie s  a b o u t a ero a co u stic  
so u r c e s . S e v e r a l m o d e ls  h a v e  b e e n  d e v e lo p e d  to  ex p la in  o b se r v e d  resu lts  o f  t h e  sp e e d  
d e p e n d e n c y  o f  n o ise , b u t so  far th e  actu al so u rces rem ain  u n k n o w n , prim arily  b e c a u se  m any  
so u r c e  c o m b in a tio n s  c a n  resu lt  in  th e  sa m e far fie ld  resu lts . S p e c ia l m e a su r e m e n t tec h n iq u e s  
ex ist  to  d if fe r e n tia te  a m o n g  th e  so u r c e  co m p o n en ts , b u t to  d a te  th e y  h a v e  n o t  b e e n  fu lly  u tilized .

4.4.4 Edge Noise Mechanisms

E d g e  n o is e  is th e  resu lt  o f  so u n d  scatter in g  from  th e  c o n v e c tio n  o f  th e  n o n -ra d ia tin g  tu rb u len t  
p ressu res  d ep a r tin g  p ast th e  trailing e d g e  o f  a rigid p la n e . T h e  f lo w -e d g e  in te r a c tio n  w a s first 
an a lytica lly  d er iv ed  b y F fo w cs-W illiam s and H a ll18, fo llo w e d  b y  H o w e ’s  u n ifo rm  th eo re tica l  
ap p ro a ch  to  tra ilin g  e d g e  n o is e  rad iation . H o w e  sh o w e d  th e  s p e e d  d e p e n d e n c e  o f  t h e  sou n d  
p o w e r  rad ia ted  fro m  e d g e  so u r c e s  to  b e  p rop o rtio n a l to  th e  5 th  p o w e r  o f  s p e e d 19.

A n  e d g e  o n  a  v e h ic le  su r fa ce  ca n  b e  a p ow erfu l so u r c e  o f  so u n d . F o r  e x a m p le , F ig u re  2 1  tak en  
d irectly  from  R e fe r e n c e  1 2  sh o w s th e  n o ise  in  th e  fre q u e n c y  r a n g e  o f  8 0 0  H z  to  13 0 0  H z  
rad ia ted  fro m  p o in ts  a lo n g  th e  le n g th  o f  a tw o -v eh ic le  m a g lev  ( th e  o ld e r  T R  0 6 )  a t a sp e e d  o f  
3 8 8  K m /h r (1 0 8  m /se c ) . T h r e e  m axim a o f  n o ise  a re  sh o w n , r e la te d  t o  n o is e  g e n e r a te d  a t th e  
n o s e , th e  jo in t  b e tw e e n  cars an d  th e  trailing e d g e . T h e  p e a k  a sso c ia te d  w ith  th e  n o s e  d o m in a tes  
fo r  th e  rea so n s  d iscu ssed  in  S e c tio n  4 .4 .1  ab o ve . W ith  a r e sh a p e d  n o s e , th is  p e a k  is lik e ly  to  
d im in ish , lea v in g  t h e  m id d le  p ea k , w h ich  is ca u sed  b y  th e  e d g e  fo r m e d  b y  t h e  jo in t  b e tw e e n  tw o  
cars, as sh o w n  in  F ig u r e  2 2  fo r  a T ra n sR ap id  v eh ic le .

T h e  s o u n d  fr e q u e n c y  p ro d u ced  b y  e d g e  sca tterin g  can  b e  r e la te d  to  t h e  s iz e  o f  th e  b ou n d ary  
la yer  p r e se n t  a t th e  e d g e  an d  th e  v e h ic le  ve lo c ity . T h e  c e n te r  fr e q u e n c y  ( fc) o f  th e  p e a k  a co u stic  
e n e r g y  is p r o p o r tio n a l to  t h e  s p e e d  and  in versely  p ro p o rtio n a l to  t h e  s iz e  o f  t h e  b ou n d ary  layer  
(u su a lly  d e scr ib ed  b y  th e  b ou n d ary  layer th ick n ess, 5*). T h is  r e la t io n  is k n o w n  as t h e  c la ssica l 
S tr o u h a l sca lin g  w h e r e  fc ~ U /5* .
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Figure 21. Longitudinal Noise Profile of TR 06 at 108 m/sec (from Ref. 12)
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4.4.5 Other Mechanisms: Flow Cavity, Leading Edge and Cross Flow Effects

H igh speed flow over cutouts, cavities and guideway structural elements generate narrow (tonal) 

and broad band sound radiation. There are many theoretical and experimental studies identifying 

different types of flow cavity noise generation. It is very important to minimize these types of 

structural disturbances to the flow field.

Leading edge protuberances in the flow field can be a source o f sound generation. This type 

of noise is similar to trailing edge noise and may occur on the nose o f a M aglev or at the 

downstream leading edge gap between coaches. Presently, there are not much data available on 

this type of noise source.

The noise character o f a long cylindrical vehicle like a train moving forward is also affected by 

slight lateral motions, cross wind gusts and even curves. Such cross flows can upset the boundary 

layer field over the surface of the vehicle, resulting in variations o f the aeroacoustic sources. 

The consequences o f cross flows may affect the repeatability o f the sound.
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Figure 22. Photo of Joint between Two Vehicles
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5. FUTURE RESEARCH PROGRAM

This report has summarized many o f the available noise data from high speed trains in Europe 

and the TransRapid maglev system and has come to the following conclusions:

1. W ithout additional mitigation measures, noise from a current generation high speed 

maglev system could cause severe noise impacts in residential neighborhoods near 

the guideway. Negative public reaction could result in restrictions in locating new 

maglev rights-of-way, thereby adding to the cost o f construction.

2. The evidence is overwhelming that aeroacoustic sources dominate the noise from 

both maglev and conventional high speed rail systems at speeds greater than 

approximately 250 Km/hr (69 m/sec).

3. Aeroacoustic noise may be a result of direct radiation from the airflow, or it may be 

a result of structural re-radiation from the vehicle, or both. Presently available data 

does not allow determination of the dominant sources.

4. Reduction of noise will be important in the design to counter the negative 

environmental effects of the introduction o f a new maglev system. Control o f these 

noise sources requires further research to gain an understanding of the various 

mechanisms that may be involved in the generation o f sound.

These conclusions lead us toward a strategy for future research related to noise from a maglev 

system. Mechanical/structural noise tests are best performed on full scale facilities, but there are 

two approaches to conduct research on aeroacoustic problems; model testing in wind tunnels, 

or full scale (possibly quarter or half scale) on a test track. The choice revolves around the 

extent to which structural re-radiation is found to be important.

The model testing may be worth doing anyway, because the aerodynamic measurements will most 

likely be done in scale model wind tunnel testing. M odel testing can give scale measurement of 

the direct radiation component and will provide an easier method for sorting out the various 

aeroacoustic mechanisms. On the other hand, if structural radiation is found to be important, 

then testing will be required on a full-, or nearly full-scale prototype. This will require one of 

two approaches:

1. Build a full scale maglev test facility in the U.S., along with a complete acoustical 

testing capability, or,
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2. Gain access to a full scale test facility in another country.

The former would require a major U.S. commitment to maglev development, while the latter 

would involve a collaboration with Germany or Japan. A  joint effort with one o f the existing 

test programs would likely result in a more expedient resolution o f the noise issues.
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PREFACE

This report is the second of four reports to be prepared under U.S. Department of 

Transportation Contract #  DTFR53-91-C-00074, "Noise from H igh Speed Magnetically 

Levitated Transportation Systems." The reports under this contract cover the following 

areas:

1. Characterization of Noise Sources

2. Noise Criteria for H igh Speed Maglev Systems

3. Preliminary Design Guidelines based on Noise Considerations

4. Recommendations for Acoustic Test Facility for Maglev Research.

The first report, H M M H  Report No. 291550-1, presented information on the noise levels 

obtained from testing programs on the TransRapid system in Germany, described sources 

of noise from maglev systems, quantified the potential environmental noise impact from 

hypothetical systems installed in the United States, and identified further research needs for 

resolving the unknowns related to sound sources on high speed surface transportation 

vehicles.

This report presents information on the criteria recommended for use in evaluating noise 

impact from high speed maglev systems. These criteria describe the noise environment 

considered acceptable for specific land uses, depending on the ambient noise. These 

recommendations are based on the best available data related to transportation systems 

with noise characteristics similar to high speed maglev. A s a result the conclusions must be 

considered based on circumstantial evidence until more definitive methods can be verified.
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EXECUTIVE SUMMARY

The introduction o f a new transportation system into a community generates concerns 

about the change in the noise environment brought about by the new source. W hen the 

new source has unique features, as does maglev, or when the community has not had prior 

exposure to a particular source, as will happen with a maglev system, the concerns are 

heightened. The unknown community reaction to such a potentially significant new 

development is not an acceptable risk for the builders and financiers during these times of 

environmental awareness. This report presents a means of rating the noise created by 

maglev in terms of the disturbance it creates.

Characteristics of Maglev Noise Resulting in Noise Impact

H igh  speed maglev passbys are characterized by high noise levels and brief durations. 

Maximum noise levels at 25 meters from the guideway range from 77 d B A  at 160 km/hr to 

98 d B A  at 435 km/hr for the TransRapid T R  07. Durations of the noise event depend on 

the length of the train and the distance of the receiver from the guideway, but for the 

two-car T R  07 at 435 km/hr, it takes only 3 seconds for the sound to rise and fall to 20 

dB of the peak (Figure 1). The onset rate for the 435 km/hr signature is 21 dB per 

second. Onset rates greater than 15 dB per second are considered to cause "startle," 

worthy of a 5 dB penalty in an impact analysis. Onset rate depends on speed and distance 

from the guideway: fast rise times are associated with high speeds and/or close proximity to 

the guideway.

M aglev noise spectra are generally characterized by broad band distribution of frequencies. 

However, maglev has the potential of creating pure tones and these are considered to be 

especially annoying. Penalties of 5 dB are assigned to pure tone sources.

Community Noise Impact Criteria

Community response to noise is related to the total noise energy in a specified time period. 

The recommended community noise impact descriptor for maglev is the day-night sound 

level, Ldn, with an "onset rate adjustment" to account for fast rise times. Ldn is a single 

number "equivalent sound level" in d B A  which contains the same acoustical energy as the 

actual time-varying noise pattern over 24 hours, but with a weighting factor of 10 dB  

applied to noise that occurs during the nighttime hours of 10 p.m. to 7 a.m. This unit
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includes the noise effects that are considered to be most important to people’s reactions to 
noise, including:

Spectral content — the A-weighting curve corresponds to the way in which 
humans interpret sound;
Equal energy considerations -  trade-off between sound level and duration 
corresponds to 3 dB per doubling of duration; and
Time of day sensitivity — nighttime events receive an extra weighting of 10 dB.

The "onset rate adjustment" is an addition of 5 dB to sound exposure levels of each event 
that exhibits a rise time greater than 15 dB per second.

The noise impact criteria for maglev operations are based on comparison of the existing 
Ldn and future "onset rate adjusted Ldn" of the maglev operations. These criteria are 
identical to those proposed by the Federal Transit Administration for assessing noise 
impact from urban transit operations. The impact criteria are defined by two curves which 
allow increasing maglev noise levels as ambient noise increases up to a point, beyond which 
impact is determined based on maglev noise alone (Figure 11). Below the lower curve, a 
maglev system is considered to have no noise impact since, on the average, the introduction 
of the system will result in an insignificant increase in the number of people highly 
annoyed by the new noise. Maglev noise above the upper curve is considered to cause 
Severe Impact since a significant percentage of people would be highly annoyed by the new 
noise.

Between the two curves the proposed project is judged to have an impact, though not 
severe. The change in the cumulative noise level is noticeable to most people, but may 
not be sufficient to cause strong, adverse reactions from the community. In this 
transitional area, other project-specific factors must be considered to determine the 
magnitude of the impact and the need for mitigation, such as the predicted level of 
increase over existing noise levels and the types and numbers of noise-sensitive land uses 
affected.

The noise criteria and descriptors depend on land use, designated either Category 1, 
Category 2 or Category 3:

Category 1 includes tracts of land where quiet is an essential 
element in their intended purpose, such as nationally significant 
historic sites or outdoor concert pavilion.
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Category 2 includes residences and buildings where people sleep.

Category 3 includes institutional land uses with primarily daytime 
and evening use such as schools, churches and active parks.

The procedure for assessing impact is to determine the pre-project ambient noise level and 
the predicted maglev noise level at a given site, and to determine the impact by plotting 
these levels on the chart shown in Figure 11. The location of the plotted point in one of 
three impact ranges is an indication of the severity of the impact.

Example of Application Method

For the hypothetical direct replacement of Northeast Corridor service with 10-car maglev 
trains at 400 Km/hr in a Boston suburb, noise "Impact" would occur for any residence 
within 80 m of the guideway and "Severe Noise Impact" would occur for any residence 
within 40 m. In addition, the potential for startle would occur for any residence within 32 
m of the guideway, due to onset rates in excess of 15 dB per second.
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1. INTRODUCTION

1.1 Need for Noise Criteria for Maglev

The introduction of a new transportation system into a community generates concerns 
about the change in the noise environment brought about by the new source. When the 
new source has unique features, as does maglev, or when the community has not had prior 
exposure to a particular source, as will happen with a maglev system, the concerns are 
heightened. The unknown community reaction to such a potentially significant new 
development is not an acceptable risk for the builders and financiers during these times of 
environmental awareness. It is important to have a means of rating the noise created by 
maglev in terms of the disturbance it creates, in order to gauge the community response 
and to avoid unacceptable installations.

The topic of assessing the impact of a new noise source in the community has been 
covered extensively by the U.S. Environmental Protection Agency (EPA). Research 
sponsored by the EPA in the 70’s provided the basis for the development of noise 
descriptors and criteria by other federal agencies including various modal administrations of 
the Department of Transportation. Among the key findings of EPA research is that the 
day night sound level (Ldn) is the only suitable noise descriptor for comparing the noise 
impact of a new noise source with that of other noise sources in the community. Some of 
the reasons for this result are discussed in this report.

It is important to differentiate between two different contexts in which noise descriptors 
are used; noise impact assessment and noise source definition. This report deals with the 
former, development of a way to describe the impact of maglev noise on the community. 
The metric introduced above, the Ldn, is the appropriate noise descriptor general enough 
to accommodate all kinds of noise sources, including those with various magnitudes, 
durations, and times of day. An example of the other context is the need for a descriptor 
of the noise associated with a single passby of the maglev vehicle. In that case, the 
descriptor must provide information on characteristics of a single noise source apart from 
the general noise environment, for example, noise level vs. speed. This comparison is often 
made in terms of the maximum A-weighted sound level, Lmax, during a passby. Lmax is 
used in describing the magnitude of noise from a single event and for comparing the 
effectiveness of various mitigation measures.

The background for considering environmental noise criteria for maglev is discussed in the 
next subsection.
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1.2 Basis for Criteria

No directly applicable research on community reaction to maglev noise has been published 
to date, and none was performed under this contract. However, there is a general 
speculation that the rapid onset rates of noise associated with the proximity of fast-moving 
vehicles to residences could increase annoyance compared with other transportation 
vehicles. In fact, measured time history signatures of the TR 07 show fast rise times for 
nearby receivers. However, there is a lack of data for community reaction to intermittent 
noise events with brief, high level bursts of noise. The U.S. Air Force has been actively 
working to develop noise criteria for such cases, directly related to military training routes, 
based on extrapolations of best available data^ This study relies on the similarity of high 
speed maglev time histories and sound spectra with low-flying aircraft for which some data 
are available from military training routes. An underlying weakness of such a comparison 
may be the fundamental difference in the orientation of the vehicle with respect to the 
receiver; aircraft sound blankets an area from an overhead flight path, while maglev noise 
emanates from a linear source subject to ground effects near the earth surface. A further 
unknown in comparing maglev noise with aircraft noise is the psychological effect relating 
people’s startle reaction from sudden noise events to fear of accidents*, whereas if the 
source is recognized as maglev, the public may be more confident that it is a vehicle 
constrained to a prescribed track.

Section 2 includes a description of the expected noise characteristics of a high speed 
maglev system and compares the time history plots from the TransRapid 07 with those of 
aircraft overflights. The onset rates (how fast the noise levels increase in time) of low- 
flying jet aircraft are found to be nearly the same as the high speed runs of TR 07, 
suggesting that corrections proposed for military training routes to account for startle may 
be applicable to maglev under certain conditions.

The proposed noise descriptor and criteria are described in Section 3. Ldn provides a 
reasonable basis for describing the cumulative effect of maglev passbys, but an adjustment 
to account for startle is needed. A set of criteria based on the contribution of maglev 
noise to the ambient Ldn is described. Section 4 includes an example of applying the 
criteria for estimating noise impact using the proposed criteria.

disaster.
A low-flying aircraft may be perceived as an unusual event, signalling an impending
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2. NOISE CHARACTERISTICS OF HIGH SPEED MAGLEV

People in the U.S. have not been exposed to noise from very fast moving surface 
transportation sources on a daily basis. Therefore, any criteria based on expected reaction 
will have to be drawn from the similarities of noise characteristics of maglev systems and 
aircraft for which criteria have been, or are being, established. Where similarities are 
demonstrated, the assumption is made that the community reactions will be the same. 
However, because no data are available directly applicable to people’s reaction to noise 
from this new source, a conservative approach is taken in adopting criteria.

2.1 Expected Configuration

This section gives a brief overview of the kind of system envisioned for a future high speed 
maglev operation.

2.1.1 Guideway

For safety reasons, a new maglev transportation system is expected to be on exclusive 
guideway. Consequently, the running surface will be separated from the ground surface, 
typically 5 to 10 meters above grade. Since a typical two-story house is 8 meters high, this 
means that a maglev train can be thought of as operating along the top of roofs and 
sometimes at treetop height in suburban residential areas. The consequence of this 
configuration for noise propagation is that the first and second rows of houses abutting 
maglev rights-of-way will have direct line of sight to the noise source, but that homes 
beyond the second row may have the benefit of shielding. Such a configuration differs 
from the noise propagation path of an aircraft directly overhead which radiate downward to 
whole residential areas, or from highways and at-grade railroads where the noise 
propagation path closely follows the ground and is strongly affected by ground effects and 
terrain features.

2.1.2 Vehicle Consist and Headways

The ultimate configuration of the U.S. maglev system has not been established. During the 
current system concept , studies various alternatives are being developed to carry 4000 to . 
12000 passengers per hour each way. The system could carry this many passengers with 
either long trains or short trains, with different headways. Some planners favor frequent 
two-car trains in order to provide maximum flexibility in service. These trains would be 
approximately 50 meters long and would operate at extremely short (60 second to 120
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second) headways during peak periods. Other concepts include 8- and 10-car trains 
operating with greater headways.

2.1.3 Power and Speed

Maximum speeds are proposed to be very high, up to 500 km/hr between cities, although 
lower speeds may be utilized in urban areas. Propulsion would be electro-magnetic as is 
the levitation.

2.2 Passby Noise Signatures

The presence of a high speed maglev system in close proximity to homes may result in a 
new noise unlike any other existing sources of community noise. This section discusses the 
implications of these noise events on the potential for startle due to the sudden approach 
of a very loud event.

2.2.1 Time History Characteristics of a High Speed Maglev Passby

High speed maglev passbys are characterized by high noise levels and brief durations. 
Maximum noise levels at 25 meters from the guideway range from 77 dBA at 160 km/hr to 
98 dBA at 435 km/hr for the TransRapid TR 07, as shown in Figure 1. Durations of the 
noise event depend on the length of the train and the distance of the receiver from the 
guideway, but for the two-car TR 07 at 435 km/hr shown in Figure 1, it takes only 3 
seconds for the sound to rise and fall to 20 dB of the peak. Figure 1 also shows 
asymmetry in the time history which is characteristic of a fast-moving vehicle; the noise 
level rises faster than it falls. The onset rate** for the 435 km/hr signature is 21 dB per 
second, while the rate of decay is about 10 dB per second. This asymmetry is due to a 
number of effects related to the speed of the vehicle, including Doppler effect, convective 
augmentation and sound sourcedirectivity.

O n s e t  r a t e  i s  t h e  a v e r a g e  r a t e  o f  c h a n g e  o f  i n c r e a s i n g  s o u n d  p r e s s u r e  l e v e l  d u r i n g  a  s i n g l e  n o i s e  e v e n t .
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Figure 1. Time History of A-weighted Sound Levels of Maglev at 25 meters2
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The onset rate is related to the rate of approach of a moving vehicle. More correctly, it is 
related to the rate at which the vector distance between the sound sources and the 
receiver is halved. Both speed and distance figure into the process. Measured onset rates 
for passbys of TR 07 measured by TUV Rheinland are shown plotted against the ratio of 
speed to distance in Figure 2. This plot shows how onset rate varies with the rate of 
change of angle between the train and the receiver. It can be seen that onset rate:

- changes directly as speed for a given distance,
- changes inversely as distance for a given speed.

MagLev Onset Rates as a Function of 
Train Speed and Receiver Distance

Figure 2. Measured Maglev (TR 07) Onset Rates as Function of Speed and Distance
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The maglev time history signatures in Figure 1 are similar in shape to those shown in 
Reference 1 for individual flyovers of jet aircraft at low altitudes which are known to cause 
startle (Figure 3). For example, the onset rate of the low-flying B-1B shown in the figure 
is 15 dB per second and the B-52H is 10 dB per second for aircraft on military training 
routes. U.S. Air Force is considering special prediction metrics to take account of the 
increased annoyance response of communities due to startle.

Time (seconds)

Time (seconds)

Figure 3. Time Histories of Low Altitude Aircraft Overflights (Ref. 1)
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2.2.2 Annoyance Research Related to Onset Rate

Researchers report that sounds of approaching vehicles with signatures like these carry a 
sense of convergence and cause greater annoyance than receding sounds, perhaps from an 
increase in anxiety on the part of the receiver.5 Moreover, sounds with fast rise time can 
be classified as impulsive in nature which are more annoying than noise with less rapid 
variations or steady noise with the same maximum noise level (see Ref. 1 for a summary). 
Various adjustments have been proposed to account for the increased impact of fast-rising 
sound events, but the bulk of evidence to date has focused on a 5 dB correction for "fast- 
rising" events. This means that for events with the same sound exposure level, people 
would judge an event with an abrupt change 5 dB noisier than one with a more gradual 
change even if the two sounds carry the same sound energy. Two such signals are shown 
in Figure 4; they both contain the same sound energy, but the second signal would be 
judged 5 dB noisier.

<m

Figure 4. Single Events with Same Energy but with Different Onset Rates
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These and other ongoing research findings have resulted in a proposed onset rate 
adjustment for assessing the potential noise impacts associated with military training routes 
by the U.S. Air Force. Although subject to revision and under current discussion,4 the 
recommended adjustment to sound exposure level (SEL) of a single event is shown in 
Figure 5 (from Reference 1). The onset rate adjustment starts at 15 dB per second and 
reaches a maximum of 5 dB for onset rates greater than 30 dB per second. Between 15 
dB per second and 30 dB per second, the adjustment follows the relation:

Onset Rate Adjustment = 16.6 logi0 (onset rate/15).

This adjustment is applied only to those single events where the maximum level exceeds 
the ambient level by 15 dBA, thereby eliminating from consideration events considered to 
have an insignificant effect.

Figure 5. Proposed USAF Adjustment to SEL for Onset Rate
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2.3 Noise Spectra

It has been demonstrated that sounds with rapid onset rates have about 5 dB more impact 
than those with gradual increases, and that high speed maglev noise signatures have rapid 
onset rates under some conditions. The next question has to do with judged noisiness of 
various frequency spectra, and to determine if high speed maglev is likely to have sound 
qualities judged to be more, or less annoying than other transportation sources.

2.3.1 Spectral Characteristics of a High Speed Maglev Passby

Noise from high speed maglev passbys is generally characterized by a broad band spectrum 
of frequencies over the sub-audible and audible range. In the first report of this series, the 
noise from high speed maglev trains is shown to be made up of many sources, including 
propulsion, mechanical/structural and aeroacoustic. Each type of source dominates a 
portion of the noise spectrum, but with a blending that makes it difficult to sort them out. 
A typical example is shown in Figure 6, where the lowest frequencies are associated with 
mechanical/structural radiation and the mid frequencies are associated with aeroacoustic 
sources. The spectra do not exhibit unusual characteristics, although pure tones can occur 
in maglev from mechanical sources (at the magnetic pole passing frequency) and from 
aerodynamic sources (periodic vortex shedding) (For example, see Figure 7).
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Figure 6. Noise Spectra of Maglev Passbys (Ref. 2)
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Figure 7. Spectrum of TR 07 at 68 m/s Showing Pure Tone (HMMII measurement)
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2.3.2 Annoyance Research Related to Sound Spectra

Researchers have found that sounds with unusual frequency composition are judged to be 
noisier than those with broad-band sound characteristics, even when both sounds have the 
same measured sound exposure level. Noise with a pure tone content is an example of a 
particularly annoying sound, with a judged noisiness of 5 dB greater than sounds without a 
tone.5 A great deal of effort has gone into in developing and testing noise descriptors 
incorporating tone corrections, especially for estimating annoyance from various types of 
aircraft. However, for a number of reasons, not the least of which is the availability of 
measurement instrumentation, the A-weighted sound level has evolved as the metric of 
choice for describing all types of environmental noise. Since no tone correction is 
incorporated in the A-weighting, any adjustment must be added to the sound level to 
account for the increased annoyance from tonal sounds. One example of such a correction 
is in the noise specifications for rapid transit vehicles; the American Public Transit 
Association Guidelines recommends a 3 dB penalty for presence of pure tones.6 The 
position of the pure tone in the frequency spectrum may be important in the degree of 
increased annoyance; a very low frequency or a very high frequency tone may be less 
annoying than one located where human hearing is most sensitive. Consequently, when a 
penalty for pure tone is applied, frequency limits should be, but seldom are, imposed.

2.4 Cumulative Effects

The third factor that figures into people’s reaction to noise is the duration of a single 
event and the cumulative duration of a number of separate events. Two questions are 
often asked: "Are people more annoyed by. short noisy events or long quieter events?" and 
"Are people more annoyed by a long event, or by a series of shorter events with the same 
cumulative sound energy?" In relation to maglev, those questions concern the relative 
annoyance from long vs. short trains. For answers, psychoacoustical researchers point to 
laboratory data that indicate people judge equally noise events that have the same sound 
energy. This implies that loud, brief events are judged to be equivalent to longer, quieter 
events provided they have the same sound energy content. This is the basis for the equal- 
energy concept which underlies community noise response models. The concept is 
extended to multiple events by adding the energy of each event to develop a total. This 
simplification is especially attractive for computational purposes because the individual noise 

- energies for different noise sources, or for different segments of time, can be easily 
combined to determine the total energy. Consequently, a new noise source can be 
compared to the existing ambient or to other sources using the same descriptor, and its 
contribution to the cumulative sound level can be easily determined.
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Community response is related to the total noise energy in a specified time period. This 
finding, which is discussed in Section 3.1, is the basis for the acceptance of Leq and Ldn 
descriptors for community noise assessment. Leq is the single number "equivalent sound 
level," a steady noise level that contains the same acoustical energy as the actual time- 
varying noise pattern over the same time period. A major advantage of the equivalent 
sound level is the quality of being able to add Leq’s from several different sources to 
determine a total Leq, provided the computation covers identical time periods, for example, 
one hour. The hourly Leq is a commonly-used descriptor for environmental noise; peak 
traffic hour Leq is used in highway noise computation models. For environmental noise 
descriptions it is understood that A-weighted sound levels are used for Leq.

Over the period of one hour, the Leq has been shown to correlate quite well with people’s 
judgement of noise during that period. However, community response and public opinion 
surveys reveal that the same noise environment is considered more disturbing during the 
nighttime than during daytime. Lower nighttime noise levels are desirable for better sleep 
and relaxation conditions, but in addition, the ambient noise in most residential 
communities decreases by 10 dB or more at night. Consequently, any exterior noise source 
is likely to be more disturbing at night. To account for this increased potential for 
nighttime disturbance, the environmental noise descriptor, called the day-night sound level, 
Ldn, is used. Ldn is the Leq over a 24-hour period, but with a weighting factor of 10 dB 
applied to noises that occur during the nighttime hours of 10 p.m. to 7 a.m. Again, A- 
weighted sound level is assumed for the Ldn.

The cumulative effect of maglev noise on the environment, therefore, depends on the 
sound energy of each passby, the number of passbys, and the time of day of those passbys. 
For a description of the noise during peak hour of operations, the total Leq at a given 
location is the Leq of one operation at that location plus 10 times the logarithm of the 
number of operations in that hour:

Leq^ur = L ev ity  + 10 logi0 N dBA

where Leq^our is the total equivalent sound level in an hour,
Leqpassby *s the contribution to the hourly Leq of one passby, and 
N is the number of passbys with the same sound energy in the hour.

A more practical way of expressing the cumulative noise level during a period of time
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involves the use of another time-integrated measure, the Sound Exposure Level (SEL). 
SEL is the total sound energy of one event normalized to a one-second time period, the 
fundamental time unit used in the MKS system. Determining the hourly Leq from a 
number of different sources is easy when the SEL of each source is known at a given 
location:

Leq^ur = Energy Sum of all SEL’s - 10 \og10 3,600

= Energy Sum of all SEL’s - 35.6 dBA,

where Energy Sum means decibel addition of the SEL’s, 
and the 3,600 comes from the number of seconds in an hour.

One way of interpreting this expression is that the total sound energy is expressed in the 
first term, and the time period in seconds over which the sound energy is considered is 
expressed by the second term. This expression is used in computation methods because 
SEL’s have been tabulated usually at a reference distance, such as 25 m, for various 
sources, such as automobiles, trucks, locomotives, train coaches, aircraft, etc., and the 
contribution of each can be added to determine the total energy in an hour.

SEL’s from maglev operations can also be measured. For example, Figure 8 shows the 
SEL’s measured on TR 07 normalized to a single vehicle of 25 m length. The original data 
came from TUV Rheinland’s measurements of the 2-car TR 07 "train" with the rough 
assumption that sound energy is emitted equally from each car.*** The relationship between 
normalized SEL and speed, in Km/hr, is given by:

Normalized SEL = 79 + 40 log (speed/200), dBA.

The SEL at a reference distance for a train of maglev vehicles can be estimated from the 
following expression:

S E L ^  = SELcar + 10 logi0 N dBA,

where SELcar = SEL of a single car at given speed at the reference distance of 25 m .

Not necessarily a valid assumption for all speeds; the leading car may actually 
radiate more aeroacoustic energy at high speeds than the trailer due to separation 
and reattachment of the boundary layer near the nose.



Harris Miller Miller & Hanson Inc .
Report No. 291550-2

September 1, 1992
Page 19

(Figure 8), and N = number of cars in the train.

The Leq for an hour of operations can be determined from the SEL, and the Ldn can 
then be determined using the expressions described previously. This is the building block 
used in the application example described in Section 4.

Note that although the SEL of each train depends on the length of the train, Ldn and 
Leq^ur are insensitive to the length of trains. It does not matter whether there are few 
long trains or many short trains carrying the passengers. All that counts is the number of 
cars passing a location during the given time period.

NOISE FROM A MAGLEV SYSTEM 

NORMALIZED TO A SINGLE 25m VEHICLE

Figure 8. Normalized Sound Exposure Level of TR 07 at Distance of 25 m.
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3. PROPOSED NOISE CRITERIA FOR HIGH SPEED MAGLEV SYSTEM

This section presents a proposed set of criteria to be used in evaluating noise impact from 
high speed maglev operations. These criteria are based on those included in the Federal 
Transit Administration’s "Draft Guidance Manual for Transit Noise and Vibration Impact 
Assessment."7 The criterion for the onset of Impact varies according to the ambient noise 
and predicted maglev noise levels and is determined by the threshold at which the 
percentage of people highly annoyed by maglev noise would start to become measurable. 
The corresponding criterion for Severe Impact similarly varies according to the ambient 
noise level as well as the maglev noise level, but is determined by a higher, more 
significant percentage of people highly annoyed by maglev noise. Background material on 
the development of the criteria from Reference 7 are summarized in this Section, and 
guidelines for the application of the criteria are included in Section 4.

3.1 Noise Descriptor

The noise descriptor adopted for use in the proposed criteria is the day-night sound level 
(Ldn). As described in Section 2, the Ldn is a measure of a receiver’s cumulative noise 
exposure from all events over a full 24 hours, with all nighttime events given an extra 
weighting of 10 dB. Ldn is the metric of choice of most Federal agencies with noise 
standards (Department of Housing and Urban Development, Federal Aviation 
Administration, Environmental Protection Agency) and also has a wide acceptance 
internationally.

Ldn can be thought of as a unit in which complex environmental noise situations can be 
expressed in a single number. It includes:

Spectral content corresponding to the way in which humans interpret sound, 
according to the A-weighting curve;
Equal energy considerations in that the trade-off between sound level and
duration corresponds to 3 dB per doubling of duration; and
Time of day sensitivity in that nighttime events receive an extra weighting of 10
dB.

Furthermore, and perhaps most important, Ldn correlates well with the results of 
attitudinal surveys of residential noise impact. This conclusion resulted from a number of 
research and synthesis studies relating to community noise of all types supported by the 
U.S. Environmental Protection Agency (EPA) in the 1970’s. In a large number of
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community attitudinal surveys, transportation noise has been ranked among the most 
significant causes of community dissatisfaction. A synthesis of many such surveys on 
annoyance appears in Figure 9, where the percentage of people who are "highly annoyed" 
by their neighborhood noise is plotted against the Ldn of their neighborhoods.5'9 The term 
"highly annoyed" is deliberately chosen; these are the people who in response to surveys 
placed annoyance from noise at or near the top of their neighborhood concerns. The 
dominating sources of noise in these surveys included aircraft, railroad, transit and street 
traffic. Based on the results of these data, Schultz proposed the universal transportation 
noise response curve relating percent highly annoyed to Ldn, as shown in the figure. It is 
assumed that the results of these surveys are source-independent, and that people would be 
highly annoyed by any transportation source that would cause noise at the corresponding 
levels. The equation for the least-squares fit to the annoyance data is:i0

%HA = 0.8553 Ldn - 0.0401 Ldn2 + 0.00047 Ldn5.

Because it describes expected community annoyance to noise from transportation sources, 
this equation is used to develop the criteria curves in the next section.

40 50 60 70 80 90

Day-Night Sound Level, Ldn

Figure 9. Community Annoyance Due to Noise
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As discussed in Section 2, there is considerable evidence that an adjustment is required for 
sound signatures with rapid onset rates. Based on the foregoing discussion of Ldn and the 
need for an adjustment for onset rate, it is recommended that an "onset-rate adjusted day- 
night sound level" be used to assess noise impact from maglev operations. This unit is the 
Ldn contribution from maglev operations as computed from the SEL’s of individual 
passbys, except that an adjustment is made to the SEL’s for passbys with rapid onset rates. 
A simple adjustment is proposed for ease in application and for purposes of being 
conservative;

add 5 dB to the SEL for onset rates of 15 dB per second or more.

This adjustment for maglev differs from that of the USAF, where the adjustment gradually 
reaches 5 dB between onset rates from 15 dB/sec to 30 dB/sec.

Figure 10 shows the relationship of speed and distance to define locations where the onset 
rate exceeds 15 dB per second for a maglev train. This curve was determined using a 
"Single Vehicle Passby Program," developed by HMMH for the National Park Service.^ 
This program accounts for divergence, directivity, convective augmentation, ground effect, 
atmospheric absorption and emission level (spectra) as a function of speed. TR 07 data 
measured by TUV Rheinland and HMMH were used to obtain the relationship shown in 
the figure.

Figure 10. Proposed Onset Rate Adjustment to SEL’s from Maglev
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3.2 Noise Criteria

The noise impact criteria for maglev operations are shown graphically in Figure 11. These 
criteria are based on comparison of the existing noise levels and future noise levels of the 
maglev operations. These criteria are identical to those proposed by the Federal Transit 
Administration for assessing noise impact from urban transit operations (Reference 7), with 
the single difference that the "onset-rate adjusted Ldn" is used for maglev operations.

The noise criteria and descriptors depend on land use, designated either Category 1, 
Category 2 or Category 3:

Category 1 includes tracts of land where quiet is an essential 
element in their intended purpose, such as nationally significant 
historic sites or outdoor concert pavilion.

Category 2 includes residences and buildings where people sleep,

Category 3 includes institutional land uses with primarily daytime 
and evening use such as schools, churches and active parks.

For Category 2 land use where nighttime sensitivity is a factor, the noise criteria use Ldn. 
For Category 1 and 3 land uses involving primarily daytime activities, the impact is 
evaluated in terms of the Leq for the noisiest hour of maglev-related activity during which 
human activities occur at a noise-sensitive location. The latter is referred to as "peak hour 
Leq." Because the Ldn and daytime peak-hour Leq have similar values for typical noise 
environments, they are used interchangeably to evaluate noise impact for Category 1 and 
Category 2 sites. However, because Category 3 sites are less sensitive, the criteria allow 
the maglev noise to be 5 decibels greater than for Category 1 and Category 2 sites.

The noise impact criteria are defined by two curves which allow increasing project noise 
levels as ambient noise increases up to a point, beyond which impact is determined based 
on maglev noise alone. Below the lower curve in Figure 11, a maglev system is considered 
to have no noise impact since, on the average, the introduction of the system will result in 
an insignificant increase in the number of people highly annoyed by the new noise. The 
curve defining the onset of noise impact stops increasing at 65 dB for Category 1 and 2 
land use, a standard limit for an acceptable living environment defined by a number of 
Federal agencies. Maglev noise above the upper curve is considered to cause Severe 
Impact since a significant percentage of people would be highly annoyed by the new noise.
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T h is cu rve  fla tten s  o u t  at 7 5  d B  for  C ategory  1 and 2  lan d  u se , a lev e l a sso c ia ted  w ith  an  
u n a cc e p ta b le  liv in g  en v iro n m en t. A s  in d ica ted  by th e  r igh t-h an d  sc a le  o n  F ig u re  11, th e  
p roject n o ise  criteria  are  5  d e c ib e ls  h ig h er  for C ategory  3 land u se .

B e tw e e n  th e  tw o  cu rves th e  p r o p o se d  p roject is ju d g ed  to  h a v e  an  im pact, th o u gh  n o t  
sev ere . T h e  c h a n g e  in  th e  cu m u la tiv e  n o ise  le v e l is n o t ic e a b le  to  m ost p e o p le , b u t m ay  
n o t  b e  su ffic ie n t to  c a u se  stron g , a d v erse  reac tio n s from  th e  com m u n ity . In  this 
tran sition a l area, o th e r  p r o jec t-sp ec ific  factors m u st b e  co n s id e r e d  to  d e term in e  th e  
m ag n itu d e o f  th e  im p act and  th e  n e e d  for m itigation , su ch  as th e  p red ic ted  le v e l o f  
in crea se  o v e r  ex istin g  n o ise  le v e ls  and  th e  typ es and n u m b ers o f  n o ise -se n s it iv e  land u ses  
a ffec ted .

Ambient Noise Level - Ldn or Leq (dB)

Figure 11. Proposed Noise Impact Criteria
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3.3 BACKGROUND

T h e  n o ise  cr iter ia  h a v e  b e e n  d e v e lo p e d  b ased  o n  w e ll-d o c u m e n te d  criteria  and research  
in to  h u m an  r e sp o n se  to  com m u n ity  n o ise . T h e  prim ary go a ls  in  d e v e lo p in g  th e  n o ise  
criteria  w e r e  to  e n su r e  th a t th e  im p act lim its b e  firm ly fo u n d e d  in sc ien tif ic  stu d ies, b e  
rea listica lly  b a sed  o n  n o ise  lev e ls  a sso c ia ted  w ith  n e w  transit p rojects, and  rep resen t a 
r e a so n a b le  b a la n c e  b e tw e e n  com m u n ity  b en e fit  and p ro ject c o sts . T h is se c t io n  p rov id es a 
sum m ary o f  th e  b a ck g rou n d  in form ation  fou n d  m o re  c o m p le te ly  in  R e fe r e n c e  7.

3.3.1 Basis for Noise Impact Criteria Curves
T h e  lo w e r  cu rv e  in  F ig u re  11 rep resen tin g  th e  o n s e t  o f  Im p act is b ased  o n  th e  fo llo w in g  
co n sid era tio n s:

•  T h e  E P A  fin d in g  th a t a com m u n ity  n o ise  le v e l o f  L d n  le s s  th a n  o r  eq u a l to  5 5  d B A  
is "requisite  to  p ro te c t  p u blic  h ea lth  and w e lfa r e  w ith  an  a d e q u a te  m argin o f  
safety."72

•  T h e  c o n c lu s io n  b y E P A  and o th ers  th at a 5  d B  in crea se  in  L d n  o r  L eq  is th e  
m in im u m  req u ired  for  a c h a n g e  in com m u n ity  rea c tio n . ( S e e  R e fe r e n c e  12. for  a fu ll 
d iscu ssio n .)

•  T h e  resea rch  fin d in g  that th e r e  are  very  fe w  p e o p le  h igh ly  a n n o y ed  w h e n  th e  L d n  is 
5 0  d B A , an d  th a t an  in crea se  in L d n  from  5 0  d B A  to  5 5  d B A  resu lts  in an av era g e  
o f  2% m o r e  p e o p le  h ighly  an n oy ed  ( s e e  F ig u re  9 ).

C o n se q u e n tly , th e  c h a n g e  in  n o ise  le v e l from  an ex istin g  5 0  d B A  to  5 5  d B A  ca u sed  b y a  
p ro je c t  is a ssu m ed  to  b e  a m in im al im pact. E x p ressed  a n o th e r  w ay, th is is c o n s id ered  to  b e  
t h e  lo w e s t  th re sh o ld  w h e r e  im p act starts to  occu r. M o r e o v e r , t h e  2% in crem en t rep resen ts  
t h e  m in im u m  m ea su ra b le  ch a n g e  in  com m u n ity  rea c tio n . T h u s th e  cu rv e’s h in g e  p o in t  is 
p la c e d  a t a  p ro je c t  n o ise  le v e l o f  53  d B A  and a m b ien t o f  5 0  d B A , th e  c o m b in a tio n  o f  
w h ich  y ie ld s  5 5  d B A  T h e  rem ain d er o f  th e  lo w er  cu rve  in F ig u r e  11 w a s  d e te r m in e d  from  
th e  a n n o y a n c e  c u rv e  (F ig u r e  9 ) by a llow in g  a fixed  2% in c r e a se  in  a n n o y a n c e  at o th e r  
le v e ls  o f  e x is tin g  am b ien t n o ise . A s  cu m u lative  n o ise  in crea ses , it tak es a sm aller  and  
sm aller  in c r e m e n t to  atta in  th e  sa m e  2% in crea se  in  h igh ly  a n n o y e d  p e o p le . F o r  exa m p le , 
w h ile  it ta k es  a 5  d B  n o ise  in crea se  to  ca u se  a 2% in crea se  in  h igh ly  a n n o y ed  p e o p le  at an
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ex istin g  am b ien t n o ise  le v e l o f  5 0  d B , an  in crea se  o f  o n ly  1 d B  ca u ses  th e  2%  in crea se  o f  
h igh ly  an n oy ed  p e o p le  at an  ex istin g  am b ien t n o ise  le v e l o f  7 0  d B .

T h e  u p p er  cu rve  d e lin e a tin g  th e  o n se t  o f  S e v e r e  Im p act w as d e v e lo p e d  in  a sim ilar  
m an n er, e x c e p t  th a t it w as b a se d  o n  a to ta l n o ise  le v e l co rr esp o n d in g  to  a h ig h er  d e g r e e  o f  
im pact. T h e  S e v e r e  N o is e  Im p act cu rve  is b ased  o n  th e  fo llo w in g  con sid era tion s:

•  T h e  D e p a r tm e n t o f  H o u s in g  and U rb an  D e v e lo p m e n t  ( H U D )  in its en v iro n m en ta l  
n o ise  standards d e fin e s  an L d n  o f  6 5  as th e  o n s e t  o f  a n orm ally  u n a ccep ta b le  n o ise  
zone.-23 M o r e o v e r , th e  F ed era l A v ia tio n  A d m in istra tio n  (F A A )  con sid ers that  
resid en tia l lan d  u ses  a re  n o t  co m p a tib le  w ith  n o is e  en v iro n m en ts  w h e r e  L d n  is 
g rea ter  th a n  6 5  d B A /24

•  T h e  co m m o n  u s e  o f  a 5  d B A  in crea se  in  L d n  o r  L e q  as th e  m in im um  req u ired  for  a 
ch a n g e  in  com m u n ity  rea c tio n  (A ga in , s e e  R e fe r e n c e  12 fo r  d eta ils).

•  T h e  research  fin d in g  th at th e  fo r e g o in g  s te p  rep resen ts  a 6 .5%  in crea se  in  th e  
n u m b er o f  p e o p le  h igh ly  an n o y ed  ( s e e  F ig u re  9 ).

C o n seq u en tly , th e  in crea se  in  n o ise  le v e l from  an ex istin g  6 0  d B A  to  a cu m u la tiv e  le v e l o f  
6 5  d B A  ca u sed  by a m a g lev  sy stem  rep resen ts  a c h a n g e  from  an a c c e p ta b le  n o ise  
en v iro n m en t to  t h e  th resh o ld  o f  an u n a ccep ta b le  n o is e  e n v iro n m en t. T h is  is c o n s id ered  to  
b e  th e  le v e l at w h ich  se v e r e  im p act starts to  occu r. M o r e o v e r , th e  6.5%  in crem en t  
rep resen ts  th e  c h a n g e  in  com m u n ity  reac tio n  a sso c ia ted  w ith  s e v e r e  im pact. T h u s th e  
u p p er  cu rve’s h in g e  p o in t  is p la ced  at a p ro ject n o ise  le v e l o f  6 3  d B A  and am b ien t o f  6 0  
d B A , th e  c o m b in a tio n  o f  w h ich  y ie ld s 65  d B A . T h e  rem ain d er  o f  th e  u p p er  cu rve  in  
F ig u re  11 w a s d e te r m in e d  from  th e  a n n o y a n ce  cu rv e  (F ig u re  9 ) by fix ing th e  6 .5%  in crea se  
in  a n n o y a n ce  at a ll a m b ien t n o ise  lev e ls .

B o th  cu rves in co rp o ra te  a m axim um  lim it for th e  m a g lev  n o ise  in  n o ise -se n s it iv e  areas. 
In d e p e n d e n t  o f  ex istin g  n o ise  lev e ls , Im p act is c o n s id e r e d  to  o ccu r  w h e n e v e r  th e  m ag lev  
L d n  e x c e e d s  6 5  d B A  and  S e v e r e  Im p act occu rs w h e n e v e r  th e  m a g le v  L d n  e x c e e d s  7 5  d B A . 
T h e s e  a b so lu te  lim its are  in te n d e d  to  restrict activ ity  in te r fe r e n c e  b y  m ag lev  n o ise .
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4. APPLICATION METHOD

4.1 Procedure for Noise Impact Assessment

T h e  p ro c e d u r e  fo r  a ssessin g  im p act is to  d eterm in e  th e  p re -p ro jec t a m b ien t n o ise  le v e l  and  
th e  p red ic ted  m a g lev  n o ise  le v e l at a g iven  s ite , in  term s o f  e ith e r  L d n  o r  L eq  as 
ap p rop ria te , and  to  p lo t th e s e  lev e ls  o n  F ig u re  11. T h e  lo c a t io n  o f  th e  p lo tte d  p o in t  in  
th e  th r e e  im p act ran ges is an  in d ica tion  o f  th e  sev er ity  o f  th e  im pact.

T h e  n o ise  criteria  a re  to  b e  ap p lied  o u ts id e  th e  b u ild in g  lo c a tio n s  fo r  resid en tia l la n d  u se  
and  at th e  p ro p erty  lin e  fo r  parks and o th e r  s ig n ifican t o u td o o r  u se . H o w e v e r , for  
lo ca tio n s  w h e r e  lan d  u s e  activ ity  is so le ly  in d oors, n o is e  im p act m ay b e  le ss  s ig n ifican t if  
th e  o u td oO r-to -in d oo r  red u ctio n  is grea ter  th a n  fo r  typ ica l b u ild in gs.

It is im p ortan t to  n o te  th a t th e  criteria sp ec ify  a co m p a r iso n  o f  fu tu re  p ro jec t n o is e  w ith  
ex istin g  am b ien t n o is e  and  n o t  w ith  p ro jection s o f  fu tu r e  "no-build" n o is e  le v e ls  ( i.e . 
w ith o u t th e  p r o je c t) . F u rth erm ore , it sh ou ld  b e  e m p h a s iz e d  th a t it is n o t  n ecessa ry  n o r  
rec o m m e n d e d  th a t ex istin g  am b ien t n o ise  le v e ls  b e  d e te r m in e d  b y m easu rin g  a t ev e r y  n o ise -  
se n s it iv e  lo c a t io n  in  th e  p ro jec t area. R a th er , th e  r e c o m m e n d e d  a p p ro ach  is to  ch a ra c ter ize  
th e  n o ise  e n v ir o n m e n t for  "clusters" o f  s ite s  b ased  o n  m e a su rem en ts  a t r e p r e se n ta tiv e  
lo c a tio n s  in  th e  com m u n ity . G u id e lin es  for  se le c t in g  r e p r e se n ta tiv e  re c e iv e r  lo c a tio n s  and  
d eterm in in g  a m b ien t n o ise  are  p rov id ed  in  R e fe r e n c e  7 .

T h e  n o ise  im p act cr iter ia  a re  d efin ed  by th e  tw o cu rv es d e lin e a tin g  o n s e t  o f  Im p act and  
S e v e r e  Im p act. B e lo w  th e  lo w er  cu rve in  F ig u re  11, a p r o p o se d  m a g lev  sy stem  is 
c o n s id e r e d  to  h a v e  n o  n o is e  im p act for any o f  th e  a b o v e  lan d  u s e  c a te g o r ie s . M a g le v  
n o is e  a b o v e  th e  u p p er  cu rv e  is co n sid ered  to  ca u se  S e v e r e  Im p act fo r  all lan d  u se  
c a te g o r ie s . S e v e r e  n o ise  im p acts are  co n sid ered  "significant" as th is  term  is u sed  in  th e  
N a tio n a l E n v iro n m en ta l P o lic y  A c t  (N E P A ) and  im p le m e n tin g  r eg u la tio n s .

B e tw e e n  th e  tw o  cu rv es th e  p ro p o sed  p ro ject is ju d g e d  to  h a v e  an  im p a ct, th o u g h  n o t  
se v e r e . In  th is ra n g e , o th e r  p ro jec t-sp ec ific  factors m u st b e  c o n s id e r e d  to  d e te r m in e  th e  
m a g n itu d e  o f  t h e  im p a ct an d  th e  n e e d  for  m itigation , su ch  as t h e  p r e d ic te d  le v e l o f  
in c r e a se  o v e r  e x is tin g  n o is e  le v e ls  — w h e r e  th e  p lo tte d  p o in ts  l ie  w ith  r e sp e c t  t o  t h e  u p p er  
cu rv e  — and  th e  ty p es  an d  n u m bers o f  n o ise -se n s it iv e  lan d  u ses  a ffe c te d . W h e th e r  t h e  ' 
n o ise  im p act is d e te r m in e d  "significant" in  th e  c o n te x t  o f  N E P A  w ill d e p e n d  o n  th e s e  
factors, as w e ll as th e  ab ility  to  m itig a te  n o ise  to  m o r e  a c c e p ta b le  lev e ls .
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4.2 Example of Application of Criteria

F o r  ou r  ex a m p le  o f  n o ise  im p act from  th e  in trod u ction  o f  m a g lev  as it ex ists  n o w  w ith o u t  
n o ise  m itigation , w e  w ill lo o k  a t th e  ex istin g  p a ssen g er  train  se r v ic e  p rov id ed  in th e  
N o r th e a st  C orridor b e tw e e n  B o s to n  and  N e w  Y o rk . T h e  p r o p o se d  criter ia  a re  b a sed  o n  
L d n  w h ich  req u ires c o n sid era tio n  o f  th e  n o ise  from  train  passb ys durin g d ay tim e (7  am  to  
10  p m ) an d  n ig h ttim e  (1 0  p m  to  7  am ) h ou rs sep ara te ly . T h e  e x a m p le  is b ased  o n  a  
s e le c te d  p o in t  a lo n g  th e  ro u te , a suburb  o f  B o s to n . R e s id e n c e s  in  th is area  are  lo c a te d  
typically  as c lo se  as 3 0  m  from  ex istin g  tracks. U rb a n  o r  su b u rb an  resid en tia l areas w ith  
p o p u la tio n  d en sity  o f  2 ,5 0 0  p e o p le  p er  sq u are  k ilo m e te r  a re  e x p e c te d  to  h a v e  an ex istin g  
am b ien t L d n  o f  6 0  d B A  (fro m  R e fe r e n c e  12 ). W ith  th a t n u m b er as th e  ex istin g  am b ien t, 
th e  p ro p o se d  criteria  sh o w  th a t L d n ’s o f  5 8  d B A  and  63  d B A  from  a n e w  so u r c e  w o u ld  
c a u se  "impact" and "severe im pact,"  resp ectiv e ly  (fro m  F ig u re  11 ).

C u rren t 1991 N o r th e a st  C orrid or serv ice  b e tw e e n  B o s to n  and N e w  Y o r k  h as a to ta l o f  16  
d ay and  6  n igh t trains p assin g  th ro u g h  th e  su burbs o f  B o s to n . A ssu m in g  th e  sa m e  
freq u en cy  and  a sim ilar le v e l o f  se r v ic e  c o u ld  b e  p rov id ed  by 10 - car m a g lev  trains w ith  
th e  sa m e  sch ed u le , th e  n orm a lized  S E L  from  F ig u re  8  is c o n v e r te d  to  S E L  for a 10-car  
train  at a sp e e d  o f  4 0 0  K m /h r u s in g  th e  S E L  eq u a tio n  in  S e c t io n  2 .4 , w ith  
th e  "onset ra te  adjustm ent" o b ta in e d  for  th e  a p p ro p ria te  sp e e d  from  F ig u re  10. F o r  a 
sp e e d  o f  4 0 0  K m /hr, F ig u re  10  sh o w s  an ad d ition  o f  5  d B  for  s ite s  w ith in  3 2  m  o f  th e  
gu idew ay .

L d n  is su b seq u en tly  o b ta in e d  from  sp read in g  o u t  th e  e n e r g y  c o n ta in e d  in  2 2  to ta l e v e n ts  
o v e r  2 4  h ou rs, b u t first ad d in g  1 0  d B  to  ea c h  n ig h ttim e  e v e n t  (m a g le v  p assb ys). T h e  resu lt  
is an  L d n  o f  7 1 .5  d B A  at 2 5  m . T h e  lin e  la b e le d  "B oston  suburb" in  F ig u r e  12  illu stra tes  
th e  d istan ces from  th e  gu id ew ay  th a t w o u ld  co n sid ered  to  b e  im p a cted  u s in g  th e  p r o p o se d  
criteria . T h e  n o ise  p r o p a g a tio n  w ith  d ista n ce  o v e r  o p e n  terrain  w a s  ta k en  from  actu a l 
m ea su rem en ts  at th e  T R  0 7  te s t  track . T h e  d isco n tin u ity  in  th e  L d n  lin e  at 3 2  m  o ccu rs  
b e c a u se  th a t is th e  p o in t  a t w h ich  th e  o n se t  ra te  is e x p e c te d  to  d rop  b e lo w  15 d B /se c  (a s  
sh o w n  in  F ig u re  10 ). Im p a ct w o u ld  occu r  fo r  an y  r e s id e n c e  w ith in  8 0  m  o f  th e  g u id ew a y  
and  se v e r e  im p act w o u ld  resu lt fo r  an y  r e s id e n c e  w ith in  40 m.

T h e  m e th o d  can  b e  em p lo y e d  in  r e v e r se  to  d e te r m in e  th e  sp e e d  a t w h ich  n o  im p a ct w ill 
o ccu r  for  a resid en tia l area . F o r  exa m p le , i f  th e  n ea rest  h o u s e  w a s  3 0  m , th e  sp e e d  w o u ld  
h a v e  to  b e  red u ced  to  2 6 7  K m /h r to  fa ll in to  th e  "no im pact" z o n e  o f  F ig u r e  11.
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P R E F A C E

T h is  rep ort i s  th e  th ird  o f  fo u r  rep orts to  b e  p rep ared  u n d er  U .S .  D ep a r tm e n t o f  T ra n sp o r ta tio n  
C o n tr a c t#  D T F R 5 3 -9 1 - C - 0 0 0 7 4 ,  " N o ise  fro m  H ig h  S p e e d  M a g n e t ic a lly  L e v ita te d  T ra n sp o r ta tio n  
S y ste m s."  T h e  re p o r ts  u n d er  th is  co n tra ct c o v e r  th e  f o l lo w in g  areas:

1 . C h a r a c te r iz a tio n  o f  N o is e  S o u r c e s
2 . N o is e  C r iter ia  fo r  H ig h  S p e e d  M a g le v  S y s te m s
3 . D e s ig n  G u id e lin e s  b a se d  o n  N o is e  C o n s id e r a tio n s
4 . R e c o m m e n d a t io n s  fo r  A c o u s t ic  T e s t  F a c ility  fo r  M a g le v  R e se a r c h .

It p r e se n ts  in fo r m a tio n  f o r  u s e  b y  p la n n ers an d  e n g in e e r s  fo r  th e  d e s ig n  a n d  im p le m e n ta t io n  o f  
h ig h  s p e e d  m a g le v  s y s t e m s  in  th e  U n ite d  S ta te s . A lth o u g h  m u c h  o f  th e  in fo r m a tio n  s h o u ld  b e  
c o n s id e r e d  p r e lim in a r y , it  c a n  b e  u s e d  to  d e v e lo p  a  f ir s t  l e v e l  e s t im a te  o f  th e  n o is e  im p a c ts  a n d  
m itig a t io n  m e a s u r e s  fo r  a  m a g le v  sy s te m .
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IN TRO DU CT IO N  A N D  EX EC U T IVE  S U M M A R Y

T h is  rep ort b u ild s  o n  th e  first tw o  rep o rts  o f  th is  s e r ie s  a n d  p r o v id e s  p re lim in a r y  g u id e l in e s  o n  
th e  p r e d ic t io n , a s se s sm e n t  an d  m it ig a t io n  o f  n o is e  fro m  m a g le v  s y s te m s . T h e  f ir st  rep ort  
id e n t if ie s  n o is e  so u r c e s  from  h ig h  s p e e d  m a g le v  o p e r a tio n s  a n d  r e c o m m e n d s  fu rth er  r esea rch  to  
h e lp  d e te r m in e  th e  u n k n o w n s. T h e  s e c o n d  rep ort r e v ie w s  e x is t in g  cr iter ia  a n d  p r o p o se s  n o is e  
cr iter ia  ta ilo r e d  to  th e  e x p e c te d  c o m m u n ity  r e a c tio n  to  a n e w  n o is e  s o u r c e  w ith  th e  ch ara c ter is tic s  
o f  h ig h  s p e e d  m a g le v . T h is  th ird  rep ort p r o v id e s  n o is e  a n d  v ib r a tio n  g u id e l in e s  fo r  a s s e s s m e n t  
an d  d e s ig n  fo r  th is  n e w  te c h n o lo g y . B e c a u s e  th e  t e c h n o lo g y  h a s  o n ly  r e c e n tly  b e e n  d e v e lo p e d ,  
rese a r c h  o n  m a g le v  n o is e  s o u r c e  m e c h a n is m s  i s  in  its  in fa n c y . P la n s  are b e in g  m a d e  fo r  th e  
in tr o d u c tio n  o f  d em o n stra tio n  s y s te m s , b u t h o w  th e se  s y s te m s  w i l l  f it  in to  th e  e x is t in g  
tra n sp o rta tio n  n e tw o r k  o f  th e  U n ite d  S ta te s  i s  la r g e ly  u n k n o w n . I f  su c h  a s y s te m  is  to  b e  u se d  
at its  fu ll p o te n tia l it  w i l l  s e r v e  c i t y  p a irs  w ith  fa s t  a n d  freq u en t s e r v ic e  fro m  c o n v e n ie n t  
te r m in a ls  n ea r  p o p u la tio n  cen ters . S it in g  a  n e w  tran sp orta tion  co rr id o r  m a y  b e  v e r y  d if f ic u lt  
g iv e n  e n v ir o n m e n ta l an d  c o s t  c o n str a in ts . M a tu re  o r  u n u se d  e x is t in g  tra n sp o rta tio n  co rr id o rs are  
th e r e fo r e  b e in g  c o n s id e r e d  for a l ig n m e n ts  o f  m a g le v  s y s te m s . T h e s e  co rr id o rs  ty p ic a lly  p a ss  
th r o u g h  su b u rb a n  an d  urban  a rea s  in  c lo s e  p r o x im ity  to  r e s id e n tia l b u ild in g s  a n d  o th er  n o is e  
s e n s it iv e  s it e s .  C o n se q u e n tly , m it ig a t io n  o f  a d v e r se  n o is e  e f f e c t s  m u st  b e  ta k en  in to  c o n s id e r a tio n  
at th e  o u ts e t , a n d  m itig a tio n  m e a su r e s  s h o u ld  b e  d e s ig n e d  in to  th e  n e w  s y s te m s . R e se a r c h  o n  
m a g le v  is  s t i l l  in  it s  ea r ly  s ta g e s  a n d  ju s t  a s  in  its  o th er  d e v e lo p m e n ta l area s, n o i s e  c o n tr o l w i l l  
b e  a p art o f  th e  d e s ig n  and  d e v e lo p m e n t  p r o c e s s . T h is  rep ort p r o v id e s  in fo r m a tio n  o n  th e  lik e ly  
n o is e  e f f e c t s  o f  th e  in tro d u ctio n  o f  a  n e w  m a g le v  s y s te m  a n d  p r o v id e s  p r e lim in a r y  g u id e l in e s  fo r  
th e  a p p lic a t io n  o f  n o is e  co n tro l trea tm e n ts .

T h e  rep o r t h a s  tw o  parts, E n v ir o n m e n ta l G u id e lin e s  an d  D e s ig n  G u id e lin e s . U n d e r  
E n v ir o n m e n ta l G u id e lin e s , w e  p r o v id e  a  fr a m e w o r k  for  a s s e s s in g  m a g le v  e n v ir o n m e n ta l n o is e  
is s u e s ,  d is c u s s in g  n o is e  d escr ip to rs , cr iter ia , p r o c e d u r e s  fo r  p r e d ic t io n  a n d  a s s e s s m e n t  o f  th e  n o is e  
fro m  a  n e w  m a g le v  sy s te m . T h e  s e c o n d  part, D e s ig n  G u id e lin e s , r e v ie w s  th e  v a r io u s  k n o w n  
n o is e  s o u r c e  m e c h a n ism s  a s so c ia te d  w ith  th e  v e h ic le  an d  th e  g u id e w a y  a n d  s u g g e s ts  w a y s  in  
w h ic h  th e s e  n o is e  so u r c e s  c a n  b e  c o n tr o lle d .
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1. E N V IR O N M E N T A L  G U ID E L IN E S

1.1 N o ise  Descriptors

T h e  s o u n d s  th a t w e  h ea r  are  th e  r e su lt  o f  v e r y  s m a ll p ressu re  f lu c tu a t io n s  in  th e  a tm o sp h e r e  
a ro u n d  u s . In  o rd er  to  d e sc r ib e  th e  s ig n a l c o n te n t  o f  th e se  p ressu re  f lu c tu a t io n s , a c o u s tic ia n s  
h a v e  d e v e lo p e d  m e th o d s  o f  a n a ly s is  th at d iffe r e n tia te  a m o n g  lo u d n e ss , p itc h  a n d  t im e  h is to r y  o f  
so u n d . T h is  s u b -s e c t io n  i s  in te n d e d  a s  a  b r ie f  in tro d u ctio n  to  th e  d e sc r ip to r s  to  b e  u se d  in  th is  
rep ort. M o r e  d e ta il c a n  b e  fo u n d  in  a n  a c o u s t ic a l te x t  o r  n o is e  co n tr o l h a n d b o o k . A lth o u g h  s o m e  
au th ors ta k e  ca r e  to  d e f in e  th em  sep a r a te ly , th ro u g h o u t th is  rep ort w e  u s e  th e  te r m s "sound" an d  
"noise"  in te r c h a n g e a b ly .

1.1.1 Noise Level, Decibels

S o u n d  i s  a  d e sc r ip t io n  o f  p ressu re  o s c i l la t io n s  a b o v e  an d  b e lo w  th e  m e a n  a tm o sp h e r ic  p ressu re . 
T h e  a m p litu d e  o f  o s c i l la t io n  is  r e la ted  to  th e  en e r g y  ca rr ied  in  a so u n d  w a v e ;  th e  g rea ter  th e  
a m p litu d e , th e  g rea ter  th e  en e r g y , a n d  th e  lo u d e r  th e  so u n d . T h e  m e a n  v a lu e  o f  th e  p ressu re  
o s c i l la t io n s  i s  a lw a y s  th e  a tm o sp h e r ic  p ressu re; c o n se q u e n tly , to  d e sc r ib e  an  e f f e c t iv e  v a lu e  o f  
so u n d  p r e ssu r e , w e  u s e  th e  roo t m e a n  sq u a re  p ressu re . T h e  fu ll r a n g e  o f  so u n d  p ressu res  
e n c o u n te r e d  in  th e  w o r ld  is  s o  g rea t th at it  b e c o m e s  m o r e  c o n v e n ie n t  to  c o m p r e s s  th e  r a n g e  b y  
th e  u s e  o f  th e  lo g a r ith m ic  s c a le , r e su lt in g  in  o n e  o f  th e  fu n d a m en ta l d e sc r ip to r s  in  a c o u s t ic s , th e  
s o u n d  p r e s s u r e  le v e l ,  (L p), d e f in e d  as:

Lp = 20 l o g 10 (p /p ref) , in  d e c ib e ls  (d B ), w h e r e

p  i s  th e  s o u n d  p r e ssu r e  a n d  p ref is  th e  r e fe r e n c e  so u n d  p ressu re , in te r n a tio n a lly  a d o p te d  to  b e  2 0  
m ic r o p a s c a ls . In  th is  rep ort, th e  term  n o is e  l e v e l  a lso  r e fers  to  th e  so u n d  p r essu re  le v e l ,  L p.

1.1.2 Frequency Spectrum, A-Weighting

In  S e c t io n  1 .1 .1  w e  r e la te  n o is e  le v e l  to  th e  a m p litu d e  o f  p ressu re  o s c i l la t io n s . A n o th e r  a sp e c t  
o f  th e  o s c i l la t io n  is  its  f r e q u e n c y ,  th e  n u m b er  o f  c o m p le te  c y c le s  a b o v e  an d  b e lo w  th e  m e a n  
v a lu e  th a t o c c u r s  in  a u n it  t im e . T h e  u n it  is  c y c le s  p er  s e c o n d , c a lle d  H e r tz  (H z ) . W h e n  a s o u n d
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i s  a n a ly z e d , its  e n e r g y  c o n te n t  at in d iv id u a l fr e q u e n c ie s  i s  d isp la y e d  o v e r  th e  ran g e  o f  fr e q u e n c ie s  
o f  in terest, u su a lly  th e  ran g e  o f  h u m a n  a u d ib ility  fr o m  2 0  H z  to  2 0 ,0 0 0  H z . T h is  d isp la y  is  
c a lle d  a  f r e q u e n c y  s p e c tr u m . T h r e e  ty p e s  o f  sp e c tr a  are c o m m o n ly  u s e d  in  a c o u s t ic s :  n arrow  
b an d , w h e r e  th e  s o u n d  e n e r g y  is  d iv id e d  in to  e q u a l fr e q u e n c y  u n its  o f  c o n sta n t b a n d w id th , e .g . 
o n e  H e r tz  o r  f iv e  H e r tz  b an d s; o c ta v e  b an d , a n d  o n e -th ir d  o c ta v e  b an d , w h e r e  th e  s o u n d  en e r g y  
i s  d iv id e d  a m o n g  c o n s ta n t  p e r c e n ta g e  b a n d w id th s  o f  70 %  an d  23%  o f  th e  c e n te r  freq u en cy , 
r e s p e c t iv e ly . O n e -th ir d  o c ta v e  b a n d  sp ec tra  are g e n e r a lly  u se d  a s  a  d ia g n o s t ic  to o l  for  
d iffe r e n tia t in g  a m o n g  so u n d  s o u r c e s  b e c a u s e  th e y  a re  n arro w  e n o u g h  to  p r o v id e  d e ta ile d  
in fo r m a tio n  a b o u t th e  freq u en cy  c o n te n t  o f  a  w id e b a n d  n o is e  s ig n a l, y e t  n o t  to o  n arro w  to  b e  
o v e r ly  s e n s it iv e  to  fr e q u e n c y  s h if ts  b y  D o p p le r  e f f e c t s  o f  m o v in g  so u r c e s .

S o u n d  is  m e a su r e d  u s in g  a so u n d  le v e l  m eter , w ith  a  m ic r o p h o n e  that is  d e s ig n e d  to  resp o n d  
a c c u ra te ly  to  a ll a u d ib le  fr e q u e n c ie s . O n  th e  o th e r  h an d , th e  h u m an  h e a r in g  s y s te m  d o e s  n ot  
r e sp o n d  e q u a lly  to  a ll fr e q u e n c ie s . L o w  fr e q u e n c y  s o u n d s  b e lo w  ab o u t 4 0 0  H z  a re  p r o g r e s s iv e ly  
an d  s e v e r e ly  a tten u a ted , a s  are h ig h  fr e q u e n c ie s  a b o v e  1 0 ,0 0 0  H z . T o  a p p r o x im a te  th e  w a y  th e  
h u m an  in terp rets s o u n d s , a  f ilte r  c ir c u it  w ith  th e  s a m e  fr e q u e n c y  ch a r a c te r is tic s  a s  th e  ty p ic a l  
h u m a n  h e a r in g  m e c h a n ism  is  b u ilt  in to  s o u n d  le v e l  m e te r s . M e a su r e m e n ts  w ith  th is  f ilte r  e n a c te d  
a re  referred  to  a s  A  - W e ig h t e d  S o u n d  P r e s s u r e  L e v e ls ,  e x p r e s se d  in  d B A . S o u n d s  at 
fr e q u e n c ie s  b e lo w  2 0  H z  ( in fr a so u n d ) a n d  a b o v e  2 0 ,0 0 0  H z  (u ltra so u n d ) are g e n e r a lly  
im p e r c e p tib le  b y  th e  h u m a n  h e a r in g  s y s te m  a n d  are  c o n s e q u e n t ly  n e g le c te d  in  an  en v ir o n m e n ta l  
a n a ly s is .

1.1.3 Noise Descriptors: Lmax, Leq, SEL and Ldn

A n o th e r  c h a r a c te r is tic  o f  so u n d  in  th e  e n v ir o n m e n t is  it s  f lu c tu a tio n  in  l e v e l  o v e r  t im e . S e v e r a l 
d e scr ip to rs  h a v e  b e e n  d e v e lo p e d  to  p r o v id e  s in g le  n u m b er  m e tr ic s  for  th e s e  v a r ia tio n s . T h e  t im e  
h is to r y  o f  a  ty p ic a l m a g le v  p a ssb y  i s  sh o w n  in  F ig u r e  1 . A s  th e  v e h ic le  a p p r o a c h e s , p a s s e s  b y , 
a n d  r e c e d e s  in to  th e  d is ta n c e , th e  s o u n d  p r e ssu r e  le v e ls  r is e  an d  fa ll a c c o r d in g ly . A lth o u g h  
d e te c ta b le  a t le v e ls  s l ig h t ly  lo w e r  th a n  th e  b a c k g r o u n d  s o u n d  le v e l ,  th e  p a s s b y  e v e n t  is  c o n s id e r e d  
to  o c c u r  o v e r  a  d u ra tion  c o n ta in in g  m o s t  o f  th e  so u n d  e n e r g y , su c h  as w ith in  1 0  d B A  o r  2 0  d B A  
o f  th e  p ea k . N o te  th a t a lth o u g h  it  lo o k s  l ik e  a  g rea t d e a l o f  th e  p a ssb y  s o u n d  e n e r g y  l ie s  b e lo w  
th e  b a c k g r o u n d  le v e l ,  th e  v e r t ic a l s c a le  is  a c tu a lly  a lo g a r ith m ic  q u an tity , s o  e a c h  1 0  d B  in c r e a se  
rep resen ts  1 0  t im e s  m o r e  so u n d  e n e r g y .
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T h e  d e sc r ip to r  u se d  fo r  r e p resen tin g  th e  h ig h e s t  so u n d  le v e l  o f  a s in g le  e v e n t , su c h  a s  th e  p a ssb y  
o f  a  m a g le v  v e h ic le  in  F ig u r e  1, i s  th e  M a x im u m  L e v e l  ( L m a x ) . L m a x  in  d B A  is  c o m m o n ly  
u se d  to  c o m p a r e  n o is e  le v e ls  from  d iffe r e n t v e h ic le  p a ssb y s , b u t it i s  im p o rta n t to  u n d er sta n d  th a t 
u n le s s  th e  so u n d  is  s te a d y  an d  c o n tin u o u s , th e  m a x im u m  le v e l  o c c u r s  fo r  o n ly  a  sh ort t im e  d u r in g  
an  e v e n t . It i s  u s u a lly  d o m in a te d  b y  th e  s in g le  lo u d e st  so u r c e , w h ic h  m a y  b e  o n ly  o n e  v e h ic le  
in  a  lo n g  tra in . A  sh o r tc o m in g  o f  L jn a x  is  th at it  ig n o r e s  th e  d u ration  o f  th e  e v e n t , an  im p o rta n t 
e n v ir o n m e n ta l c o n s id e r a tio n . A  s in g le  e v e n t  d escr ip to r  th a t a c c o u n ts  fo r  b o th  le v e l  a n d  d u ra tion  
o f  a  s o u n d  is  th e  S o u n d  E x p o s u r e  L e v e l  ( S E L ) , w h ic h  i s  a  s in g le  n u m b er  u n it  in  d e c ib e ls  th at 
d e s c r ib e s  a ll th e  s o u n d  e n e r g y  r e c e iv e d  at a g iv e n  p o in t  fro m  an e v e n t  l ik e  th a t d e p ic te d  in  F ig u r e  
1, b u t n o r m a liz e d  to  a  o n e - s e c o n d  d u ra tion . T e c h n ic a lly , th e  d u ra tion  o f  th e  en tire  e v e n t  m u s t  
b e  in c lu d e d  in  th e  n o rm a liza tio n ; h o w e v e r , in  p ra c tice  a  d u ration  l ik e  th a t s h o w n  in  F ig u r e  1 a s  
" m easu red  duration" i s  u s e d  b e c a u s e  it is  d if f ic u lt  to  m e a su r e  n o is e  fro m  p o r t io n s  o f  e v e n ts  b e lo w  
th e  background le v e l .  T h e  n o r m a liz a tio n  to  o n e  s e c o n d  a l lo w s  c o m p a r iso n  o f  th e  so u n d  e n e r g y ,  
an d  e v e n tu a l c o m b in a tio n , o f  d iffe r e n t ty p e s  o f  e v e n ts  o n  a  c o m m o n  b a s is . F o r  e x a m p le , th e  S E L  
c a n  b e  u s e d  to  c o m p a r e  th e  so u n d  e n e r g ie s  e m itte d  b y  v a r io u s  k in d s  o f  tra in s, e v e n  i f  th e y  h a v e  
d iffe r e n t  le n g th s .

TIME, IN SECONDS
F ig u r e  1 . T y p ic a l  N o is e  T im e  H is t o r y  o f  a  V e h ic le  P a s s b y
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T h e  d escr ip to r  u se d  fo r  c u m u la t iv e  n o is e  e x p o s u r e  in  th e  e n v ir o n m e n t is  th e  E q u iv a le n t  S o u n d  
L e v e l  (L e q ) . T h is  i s  th e  le v e l  o f  a  s te a d y  so u n d  w h ic h , o v e r  a r e fe r e n c e d  d u ra tion  a n d  lo c a t io n , 
h a s th e  sa m e  A -w e ig h te d  so u n d  e n e r g y  as th e  f lu c tu a t in g  so u n d . T h e  d u ra tion  o f  o n e  h ou r is  
c o m m o n ly  u se d  in  en v ir o n m e n ta l a s s e s s m e n ts . R e se a r c h e r s  in  G erm a n y  o f te n  d e sc r ib e  train  n o is e  
b y  th e  " passby  le v e l"  w h ic h  is  th e  L e q  o v e r  th e  t im e  it  ta k e s  for  th e  train  to  p a ss . T h e  " p assb y  
lev e l"  i s  ty p ic a lly  s o m e w h a t  lo w e r  th a n  th e  a c tu a l L m a x  b e c a u s e  it is  le s s  in f lu e n c e d  b y  a  s in g le  
d o m in a n t so u r c e . E n v iro n m en ta l im p a c t a s s e s s m e n ts  in  th e  U n ite d  S ta te s  u s e  th e  D a y - N ig h t  
S o u n d  L e v e l  (L d n ) . L d n  is  a  2 4 -h o u r  L eq , b u t  w ith  a  1 0  d B  p e n a lty  a s s e s s e d  to  n o i s e  e v e n ts  
o ccu rr in g  at n ig h t  d u r in g  th e  h o u rs  o f  1 0  p m  to  7  am . L d n  h a s  b e e n  fo u n d  to  c o r r e la te  w e l l  w ith  
th e  resu lts  o f  a ttitu d in a l su r v e y s  o f  r e s id e n tia l n o is e  fr o m  tran sp orta tion  s o u r c e s . It is  a  g o o d  
d escr ip to r  for  th e  lo n g -te r m  n o is e  e n v ir o n m e n t, m o r e  l ik e  a  n o is e  "clim ate"  o f  a n y  area . M a n y  
F ed era l a g e n c ie s  u s e  L d n  in c lu d in g  D ep a r tm e n t o f  H o u s in g  an d  U rb an  D e v e lo p m e n t  (H U D ) ,  
F ed era l A v ia t io n  A d m in is tr a tio n  (F A A ) , F ed era l T ra n sit  A d m in is tr a tio n  (F T A ) an d  E n v ir o n m e n ta l  
P ro te c tio n  A g e n c y  (E P A ).

Ldn

1801 -

DOWNTOWN CITY

-  70 — ----- VERY  NOISY" URBAN RES. AREA

"NOISY" URBAN RES. AREA

-  60 - -—  "QUIET" URBAN RES. AREA

SUBURBAN RES. AREA

—‘50 L  -—  SMALL-TOWN RES. AREA

Figure 2. Typical Community Noise Levels, L^
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1.2 Procedures for Noise A sse ssm en t

T h e  p r o c e d u r e  fo r  a s s e s s in g  n o is e  im p a c t  fro m  a  m a g le v  sy s te m  is  s h o w n  in  F ig u r e  5  a s  a d o p te d  
fr o m  th e  F e d e r a l T ra n sit A d m in is tr a tio n ’s  " G u id a n ce  M a n u a l fo r  T ra n sit  N o is e  a n d  V ib r a tio n  
Im p a c t A s s e s s m e n t ." 1 T h e  s te p s  in  th e  p r o c e s s  are:

p red ic t  th e  n o is e  le v e l  in  term s o f  S E L  at th e  r e fe r e n c e  lo c a t io n  o f  2 5  m eters , 
c a lc u la te  th e  an d  P e a k  H o u r  at th e  r e fe r e n c e  d is ta n c e  ta k in g  a c c o u n t  o f  th e  
o p era tio n a l c h a r a c te r is tic s  o f  th e  sy s te m ,
p ro je c t  th e  n o is e  le v e ls  o u t  to  o th er  d is ta n c e s  u s in g  a  so u n d  p ro p a g a tio n  m o d e l, 
d e term in e  th e  a m b ien t n o is e  le v e l  o f  th e  p r o p o se d  tran sp orta tion  corr id or , 
a s s e s s  th e  n o is e  im p a ct u s in g  criter ia  fo r  m a g le v  n o is e  a n d  id e n t ify  im p a c te d  
lo c a t io n s .

Figure 3. Procedure for Maglev Noise Assessment
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1.3 Maglev Noise Prediction Method

T h is  s e c t io n  p r o v id e s  a  m e th o d  fo r  e s t im a tin g  th e  n o is e  fro m  a  m a g le v  s y s te m  u n d e r g o in g  an  
en v ir o n m e n ta l a s s e s s m e n t  a c c o r d in g  to  th e  p ro c e d u r e  o u t lin e d  in  S e c t io n  1 .2 .

N o is e  fro m  h ig h  s p e e d  m a g le v  tra in s i s  g e n e r a te d  fr o m  m a n y  so u r c e s , a ll o f  w h ic h  c o m b in e  to  
p r o d u c e  th e  o v e r a ll  n o is e  e x p e r ie n c e d  at th e  w a y s id e . It i s  im p o rta n t to  r e a liz e  th a t m a n y  n o is e  
s o u r c e s  c o n t in u e  to  b e  p resen t at a ll sp e e d s , b u t s o m e  d o  n o t  a f fe c t  th e  n o is e  o f  th e  v e h ic le  
p a ssb y  at a  p articu la r  sp e e d . T h e  n o is e  g e n e r a te d  b y  m o s t  so u r c e s  is  sp e e d -d e p e n d e n t . S o m e  
s o u r c e s  w h ic h  are  d o m in a n t at lo w  s p e e d  are  in  turn  d o m in a te d  b y  o th er  so u r c e s  a t  h ig h  sp e e d .  
C o n se q u e n tly , a s y s te m  n o is e  p r e d ic t io n  m e th o d  w i l l  f o c u s  o n  th e  d o m in a n t so u r c e  fo r  ea ch  s p e e d  
ran g e . T h e  p r o c ed u re  o u tlin e d  r eq u ires  d e te r m in in g  th e  S E L  fo r  a  s in g le  m a g le v  train  b a s e d  o n  
th e  k n o w n  c h a r a c te r is tic s  o f  th e  d e s ig n . T h e n  th e  c u m u la t iv e  e f f e c t s  o f  m a n y  p a s s b y s  are  a d d e d  
to  d e te r m in e  th e  a n d  L in  for  u s e  in  th e  e n v ir o n m e n ta l a s s e s s m e n t. F o r  p u r p o se s  o f  a d d it io n a l  
in fo rm a tio n , is  a lso  d e te r m in e d  in  th e  p r e d ic t io n  p r o c e d u r e s .

T h e  s te p s  in  th e  m a g le v  n o is e  p r e d ic t io n  m e th o d  are  a s  fo l lo w s :

1 . C o m p a r e  m a g le v  s y s te m  d e s ig n  fea tu res  w i th  d o m in a n t n o is e  so u r c e s  in  e a c h  s p e e d  
r a n g e  lis te d  in  f o l lo w in g  su b se c t io n s . 2 3 4 5 6

2 . C a lc u la te  R e fe r e n c e  S E L  fo r  s in g le  v e h ic le  fo r  e a c h  s p e e d  ra n g e  a c c o r d in g  to  
e q u a tio n s  g iv e n  in  f o l lo w in g  su b se c tio n s .

3 . C a lc u la te  R e fe r e n c e  S E L  fo r  tra in  o f  N  v e h ic le s  fo r  e a c h  s p e e d  ran g e .

4 . C a lc u la te  R e fe r e n c e  L ^  fo r  e a c h  h o u r  b a s e d  o n  n u m b er  o f  train s p er  h ou r b o th  
d ir e c t io n s .

5 . C a lc u la te  R e fe r e n c e  L ^  b a s e d  o n  d a ily  tra in  s c h e d u le .

6 . C a lc u la te  L in  at s p e c if ic  n o is e - s e n s it iv e  r e c e iv e r s  o r  d e te r m in e  n o is e  c o n to u r s  b y  
a d ju stm en ts  fo r  d is ta n c e  a n d  p ro p a g a tio n  c o n d it io n s .
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T h e  n o i s e  p r e d ic t io n s  fo r  th e  v e h ic le  are b a se d  o n  th e  d o m in a n t  so u r c e s  fo r  e a c h  sp e e d  ra n g e . 
T h e  r e fe r e n c e  c o n d it io n s  a re  e s ta b lish e d  a s  a  r e fe r e n c e  d is ta n c e  o f  2 5  m e te r s  fr o m  th e  c e n te r l in e  
o f  e a c h  g u id e w a y  o r  v e h ic le ,  w ith  n o  m it ig a t io n  or  s h ie ld in g  o f  th e  v e h ic le  fro m  lin e  o f  s ig h t . 
F o r  c a s e s  w h e r e  th e  g u id e w a y  h a s  an  e f fe c t iv e  so u n d  barrier, th e  n o is e  r e d u c tio n  i s  b u ilt  in to  th e  
g u id e w a y  fa cto r . T h e  d o m in a n t n o is e  so u r c e s  are su m m a r iz e d  b e lo w .

1.3.1 Vehicle Noise

L o w  S p e e d  R a n g e ,  0  t o  1 5 0  K m /h r  (0  t o  4 2  m /s )

M e c h a n ic a l n o is e  fro m  th e  v e h ic le  d o m in a te s  m a g le v  s y s te m  n o is e  p r im a r ily  at s p e e d s  u p  to  1 0 0  
K m /h r  ( 2 8  m /s ) . W ith  th e  v e h ic le  at rest, n o is e  i s  g e n e r a te d  fro m  a u x ilia r y  s y s te m s  a n d  
e q u ip m e n t c o o l in g  fa n s . A s  th e  v e h ic le  b e g in s  to  m o v e , o th er  n o is e  s o u r c e s  b e g in  to  c o m e  in to  
p r o m in e n c e . A  to n a l h u m  fro m  th e  e le c tr o n ic s  in  th e  p r o p u ls io n  s y s te m  g r o w s  in  in te n s ity  a s  
s p e e d  in c r e a s e s . A n o th e r  to n a l s o u n d  from  th e  v e h ic le  p a s s in g  th e  m a g n e t ic  p o le s  a n d  s lo t s  
b e c o m e s  e v id e n t  a s  th e  v e h ic le  s p e e d s  u p , b u t th is  n o is e  o c c u r s  a t a  v e r y  m u c h  lo w e r  fr e q u e n c y  
th a n  e le c tr o n ic  h u m  a n d  d o e s  n o t  in f lu e n c e  th e  A -w e ig h te d  s o u n d  le v e l  u n til h ig h e r  s p e e d s  a re  
r e a c h e d . A n  e le c tr o d y n a m ic  m a g le v  s y s te m  (E D S )  m a y  req u ire  w h e e l s  fo r  su p p o r t at s p e e d s  u p  
to  a p p r o x im a te ly  1 0 0  K m /h r  (2 8  m /s ) . W h e e l/g u id e w a y  in te r a c tio n  b e c o m e s  th e  d o m in a n t  n o is e  
s o u r c e  fo r  th e s e  v e h ic le s  in  th e  s p e e d  ra n g e  o v e r  w h ic h  th e y  a re  d e p lo y e d . S o m e  e le c tr o m a g n e t ic  
m a g le v  s y s t e m s  ( E M S )  c a n  le v ita te  at ze r o  sp e e d , an d  th e r e fo r e  d o  n o t  req u ire  w h e e ls .  
C o n s e q u e n t ly , th e  d o m in a n t  n o is e  fa c to r s  fro m  v e h ic le  stru ctu re  a re  fa n s  a n d  a u x ilia r y  e q u ip m e n t  
at rest, fa n s  a n d  w h e e l s  fo r  E D S  s y s te m  at sp e e d s  u p  to  1 0 0  K m /h r  (2 8  m /s ) , a n d  fa n s  a n d  
p o s s ib ly  p r o p u ls io n  s y s te m  h u m  an d  p o le  p a ss in g  n o is e  for  E M S  o v e r  th e  s a m e  ra n g e . E a c h  
s o u r c e  i s  d is c u s s e d  b e lo w ;  th e ir  n o is e  v s .  sp e e d  r e la tio n sh ip s  a re  s h o w n  in  F ig u r e  4 .

F A N S  T h e  s iz e ,  n u m b er , lo c a t io n  an d  ty p e  o f  fan s are  th e  im p o rta n t fa c to r s  fo r  e s t im a t in g  th e  
n o is e  o f  th e  c o o l in g  a n d  a u x ilia r y  s y s te m s  o f  a m a g le v  v e h ic le .  A l l  o f  th e s e  fa c to r s  are  s p e c if ic  
to  a p a rticu la r  v e h ic le  d e s ig n . In  g e n e r a l, an  a ir -c o n d itio n e d  p u b lic  lig h t  ra il tran sit ca r  2 5  m e te r s  
lo n g  w ith  a  c a p a c ity  o f  1 6 0  p a sse n g e r s  g e n e r a te s  a  s te a d y  n o is e  le v e l  o f  6 3  d B A  at 2 5  m e te r s  
at rest w ith  a ll a u x ilia r ie s  o p e r a tin g . F or  th e se  p re lim in a ry  g u id e l in e s ,  ou r  a s su m p tio n  i s  th at  
w ith o u t  s p e c ia l  m it ig a t io n , th e  n o is e  o f  a s in g le  m a g le v  v e h ic le  a t re s t  w i l l  b e  d o m in a te d  b y  fa n s
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at th e  s te a d y  le v e l  s im ila r  to  a  tra n sit  car . C o n s e q u e n t ly , w e  w i l l  a s s u m e  for  a s in g le  m a g le v  
v e h ic le  at rest:

( fa n s )  =  6 3  d B A  a t  2 5  m e t e r s ,  an d

R e f e r e n c e  S E L  ( fa n s )  =  8 1  +  1 0  lo g l t  ( t / 6 0 ) , d B A , a t  S p e e d  =  0  ,

R e f e r e n c e  S E L  ( fa n s )  =  6 5 - 1 0  lo g 10 ( s /2 8 )  , d B A , a t  S p e e d  >  0 ,

w h e r e :  t =  d w e l l  t im e  in  s e c o n d s  fo r  a v e h ic le  at re s t  in  a  s ta tio n ,
s  =  s p e e d  in  m e te r s /s e c o n d .

P R O P U L S I O N  S Y S T E M  T w o  n o is e  s o u r c e s  are  a s s o c ia te d  w ith  th e  p r o p u ls io n  s y s te m ,  
e le c tr o n ic  c o m p o n e n ts  o f  th e  c o n tr o l s y s te m  a n d  m a g n e t  p o le  p a s s in g , b u t n e ith e r  are  d o m in a n t  
at lo w  s p e e d s . T h e  e le c tr o n ic s  in  t h e  co n tro l s y s te m  fo r  th e  p r o p u ls io n  s y s te m  h a v e  a  to n a l  
n o is e ,  o ften ' ch a r a c te r iz e d  a s  a  h u m , w h ic h  c a n  b e  n o t ic e a b le  at th e  w a y s id e  a t  lo w  s p e e d s .  
( In s id e  th e  v e h ic le ,  th is  s o u r c e  is  q u ite  n o t ic e a b le .)  F a n  n o i s e  d o m in a te s  th e  A -w e ig h te d  s o u n d  
l e v e l  fro m  th e  p r o p u ls io n  s y s te m  d e s p ite  th e  d is t in c t  to n a l ch a ra c ter  o f  th e  co n tr o l sy s te m .  
C o n se q u e n t ly , e le c tr o n ic  h u m  w i l l  b e  n e g le c te d  fo r  p r e d ic t io n s  o f  e x te r io r  A -w e ig h te d  so u n d .

T o n a l n o is e  from  m a g n e tic  p o le  p a s s in g  o c c u r s  w ith  a  c h a r a c te r is tic  fr e q u e n c y  re la ted  to  th e  
s p e e d  d iv id e d  b y  th e  p o le  p itc h . A t  s p e e d s  a b o v e  1 5 0  K m /h r  ( 4 2  m /s )  th is  so u r c e  c a n  b e  
s ig n if ic a n t , b u t at lo w  s p e e d  th e  fr e q u e n c y  is  in  a  ran g e  h e a v ily  d isc r im in a te d  a g a in s t  b y  th e  A -  
w e ig h t in g  c u r v e . C o n se q u e n t ly , at l o w  s p e e d s  w e  w i l l  a s su m e :

R e f e r e n c e  S E L  ( p r o p u ls io n )  =  0  d B A , a t  S p e e d s  <  1 5 0  K m /h r  (4 2  m /s )  .

W H E E L S  S o m e  m a g le v  s y s te m s  req u ire  w h e e ls  for  v e r t ic a l su p p o rt a n d  la tera l g u id a n c e  w h i le  
th e  v e h ic le  is  s to p p e d  a n d  at s p e e d s  to o  lo w  fo r  le v ita t io n . T h e  s p e e d  at w h ic h  la n d in g  g e a r  an d  
la tera l g u id a n c e  w h e e ls  c a n  b e  re tra c ted  v a r ie s  from  s y s te m  to  s y s te m , b u t 9 0  K m /h r  (2 5  m /s )  
i s  a  ty p ic a l s p e e d  fo r  w h ic h  fu ll  m a g n e t ic  le v ita t io n  c a n  b e  a s su m e d . T h e  w h e e ls  are l ik e ly  to  
b e  p n e u m a tic  ru b ber tire s , s im ila r  to  th o se  u s e d  o n  aircraft. N o is e  fr o m  r o llin g  tires  o n  road  
su r fa c e s  h a s  b e e n  r e se a r c h e d  b y  th e  U .S . D ep a r tm e n t o f  T ra n sp o r ta tio n . F ed era l H ig h w a y
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A d m in is tr a tio n ’s  sta n d a rd  re la tio n  fo r  n o is e  e m is s io n  le v e l  o f  a u to m o b ile s  a s  u se d  in  th e  
a u th o r ized  F H W A  H ig h w a y  N o is e  C o m p u ter  P rogram  (S T A M I N A )  is  a p p lic a b le  to  a  m a g le v  
s y s te m  w ith  w h e e ls .2 T h e  f o l lo w in g  r e la tio n sh ip s  g iv e  n o is e  v s  s p e e d  fo r  a  s in g le  m a g le v  
v e h ic le  d u r in g  th e  t im e  it  i s  ru n n in g  o n  its  w h e e ls .

( w h e e ls )  =  6 9  +  3 8  lo g 10 ( s /2 8 )  +  1 0  lo g 1§ (N /4 )  d B A  a t  2 5  m e t e r s ,  and

S E I ^  (w h e e ls )  =  7 1  +  2 8  Io g lt  ( s /2 8 )  +  1 0  lo g l t  ( N /4 ) ,  d B A , a t S p e e d  >  0

w h e r e :  N  =  n u m b e r  o f  t ire s  c o n ta c t in g  th e  g u id e w a y  su r fa c e , an d
s  =  s p e e d  in  m e te r s /s e c o n d .
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GUIDEWAY WHEELS FANS

Figure 4. Maglev Noise in Low Speed Range, 0 to 42 m/s
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High Speeds, greater than 150 Km/hr (42 m/s)
A t  s p e e d s  g r e a ter  th a n  a p p r o x im a te ly  1 5 0  K m /h r  ( 4 2  m /s ) , th e  d o m in a n t n o is e  so u r c e  is  o f  
a e r o d y n a m ic  o r ig in . A  m a g le v  v e h ic le  tr a v e llin g  at h ig h  s p e e d  c a u s e s  u n ste a d y  d is tu r b a n c e s  in  
th e  su r r o u n d in g  a ir  w h ic h  g e n e r a te  f lu c tu a t in g  fo r c e s  a n d /o r  p ressu re  f ie ld s .  T h e s e  f lu c tu a t in g  
fo r c e s  a n d  p r e s su r e s  a lo n g  th e  b o d y  c a u s e  so u n d  to  b e  rad ia ted  e ith er  d ir e c t ly  fro m  th e  
d istu rb a n c e  at th e  a ir f lo w /b o d y  in te r fa c e  o r  b y  v e h ic le  p a n e ls  c a u s e d  to  v ib r a te  b y  th e s e  fo r c e s  
o r  p r e ssu r e s . T h is  t y p e  o f  so u n d  p ro d u ctio n  i s  c a l le d  a e r o a c o u s t ic  rad ia tion  an d  th e  so u r c e s  are  
d ir e c tly  r e la te d  to  a e r o d y n a m ic  d istu rb a n ces. T h e  first rep ort in  th is  s e r ie s , " N o ise  S o u r c e s  o f  
H ig h  S p e e d  M a g le v  T rain s,"  d e sc r ib e s  th e  m a n y  air f lo w  d istu rb a n c es  th a t c a n  c a u s e  n o is e .3

It i s  im p o rta n t to  u n d er sta n d  that th e  f ie ld  o f  a e r o a c o u s t ic s  i s  v e r y  c o m p le x ;  th ere  are m a n y  
so u r c e  ty p e s  that c a n  r e su lt  in  s im ila r  n o is e  c h a r a c te r is tic s  an d  th e  resea rch er  o f te n  h a s  li t t le  c le a n  
d ata  w ith  w h ic h  to  w o r k . M a n y  o f  th e  h y p o th e se s  a b o u t d o m in a n t s o u r c e s  are  b a s e d  o n  
c ir c u m sta n tia l e v id e n c e .  F o r  e x a m p le , at v e r y  h ig h  s p e e d s  th ere  i s  a c o m p o n e n t  o f  th e  to ta l n o is e  
ra d ia tio n  b y  stru ctu ra l ra d ia tio n  from  v e h ic le  b o d y  p a n e ls , b u t th e  a c tu a l co n tr ib u tio n  c o m p a r e d  
to  a e r o d y n a m ic  s o u n d  is  u n k n o w n . A t  th is  p o in t , w e  a s su m e  it s  c o n tr ib u tio n  is  in c lu d e d  in  an  
o v e r a ll  e q u a tio n  e x p r e s s in g  n o is e  fro m  a ll a e r o d y n a m ic  so u r c e s . T h is  s e c t io n  d is c u s s e s  th e  
e x p e c te d  c o n tr ib u tio n  o f  a e r o d y n a m ic  so u r c e s  to  o v e r a ll  s o u n d  le v e l  fo r  v e h ic le  s p e e d s  g rea ter  
th an  1 5 0  K m /h r  ( 4 2  m /s ) .  T h e  r e su lt in g  n o is e  v s .  s p e e d  p lo ts  are  sh o w n  in  F ig u r e  5 .

A E R O D Y N A M I C  S O U R C E S  K in g  d e v e lo p e d  a fo rm u la  fo r  th e  in te g r a te d  e f f e c t  o f  
a e r o d y n a m ic  n o i s e  so u r c e s  d istr ib u ted  o v e r  a ircraft b o d ie s  a n d  a p p lie d  it  to  m a g le v  tra in s, 
a s s u m in g  a  v e h ic l e  w i th  a r e la t iv e ly  c le a n  c o n f ig u r a tio n .6 K in g  b e l ie v e s  th at th e  n o is e  fro m  th e  
tu rb u len t b o u n d a r y  la y e r  (T B L ) i t s e l f  i s  n o t  in c lu d e d  in  th e  eq u a tio n  b e c a u s e  T B L  i s  a  r e la t iv e ly  
w e a k  s o u r c e  in  th e  s p e e d  r a n g e  o v e r  w h ic h  h e  a n a ly z e d  data; c o n s e q u e n tly , h e  treats th a t so u r c e  
se p a r a te ly . A s  m o r e  i s  k n o w n  a b o u t th e  c o n tr ib u tio n  o f  in d iv id u a l n o is e  s o u r c e s  o v e r  th e  su r fa c e  
o f  a v e h ic le ,  K in g ’s  e q u a tio n  w i l l  b e  re f in ed . H o w e v e r , it c a n  b e  u se d  to  a p p r o x im a te  th e  ty p ic a l  
a e r o a c o u s t ic  n o is e  fr o m  a h ig h  sp e e d  m a g le v .

K in g ’s  fu ll e q u a tio n  w h e n  a p p lie d  to  a c le a n  c o n fig u r a tio n , l ik e  T ra n sR a p id  T R  0 7 ,  is:

Lm (flew) =  S 7 1 o g ^ (  *1) *  1 0  l o g *  f  dSR + 8 2 .5  dBA
2 0 0  J r l (1  + M  s in  0  ) 4
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w h e r e  U  =  sp e e d , ©  =  a n g le  b e tw e e n  o b se r v e r  a n d  n o ise  so u r c e , r =  v e c to r  d is ta n c e  to  
so u r c e , M  =  M a ch  n u m b er an d  S R =  su r fa c e  o f  v e h ic le .

T h e  in teg ra l c a n n o t  b e  a p p ro x im a ted  b y  a s im p le  e x p r e s s io n . H o w e v e r , an  a p p r o x im a tio n  ca n  
b e  m a d e  b y  sep a ra tin g  o u t a fa c to r  fo r  c o n v e c t iv e  a u g m en ta tio n , c a l le d  "A ug."  V a lu e s  fo r  A u g  
are g iv e n  in  a  ta b le  b e lo w . T h e  r e m a in in g  in te g r a l is  a p p ro x im a ted  b y  th e  f o l lo w in g  e x p ress io n :

.^ {a r c ta n  {— ) + — s in  [2  arctan  ( J L )]}  d 2d  2  2d

w h e r e  H  =  v e r t ic a l d im e n s io n  o f  ra d ia tin g  su r fa c e  in  m eters ,
L  =  le n g th  o f  rad ia tin g  su r fa c e  in  m e te r s , a n d  d  =  d is ta n c e  to  o b se r v e r  in  m e te r s .

F o r  ty p ic a l d im e n s io n s  o f  a s in g le  m a g le v  v e h ic le ,  H  =  2  m eters , L  =  2 5  m e te r s , a n d  w ith  th e  
r e fe r e n c e  d is ta n c e  o f  2 5  m eters  fro m  th e  g u id e w a y , th e  v a lu e  o f  S  is  0 .0 5 5 .

P u ttin g  th e  eq u a tio n  in to  ou r  stan d ard  form :

Lm.T(aero) = 57 log10(s/56) + 10 log10 S + Aug + 83 dBA,

SEL^aero) = 47 log10(s/56) + 10 Iog10 S + Aug + 81 dBA,

w h e r e :  s  =  s p e e d  in  m e te r s /s e c o n d ,
S  =  a p p ro x im a tio n  for  in teg ra l,
A u g  =  c o n v e c t iv e  a u g m e n ta tio n , w ith  v a lu e s  g iv e n  in  T a b le  1.
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T a b l e  1 . A p p r o x im a t e  V a lu e s  f o r  C o n v e c t iv e  A u g m e n t a t io n  T e r m

S P E E D
( m /s )

A U G
m

2 8 0 .1 2

5 6 0 .5 0

6 9 0 .7 7

8 3 1 .0 4

9 8 1 .4 7

1 1 2 1 .9 2

1 4 0 3 .0 0

T U R B U L E N T  B O U N D A R Y  L A Y E R  (T B L )  N o is e  fr o m  th e  T B L  is  d if f ic u lt  to  p in  d o w n . O n  
o n e  h an d , th e  T B L  g e n e r a te s  lo w  s o u n d  le v e ls  p er  u n it  su r fa c e  area at lo w  s p e e d s , a n d  o n ly  w h e n  
th e  su r fa c e  a rea  is  la r g e  c a n  it b e  m ea su red . O n  th e o th e r  hand , th e  s o u r c e  m e c h a n is m  o f  T B L  
n o is e  h a s  a  p o w e r fu l  e x p o n e n tia l g r o w th  w ith  s p e e d  to  th e  8 th  p o w e r . C o n s e q u e n t ly , w h e n  
s p e e d s  in c r e a s e  to  th e  p o in t  w h e r e  T B L  d o m in a te s , a n y  further in c r e a se  in  s p e e d  r e p r e se n ts  a  
su b sta n tia l in c r e a s e  in  n o ise .

K in g  h a s  e s t im a te d  a n  u p p er b o u n d  e x p r e s s io n  fo r  th e  o v e r a ll (n o t  A - w e ig h te d )  s o u n d  e m itte d  
b y  lo n g itu d in a l q u a d r u p le s  d istr ib u ted  o v e r  th e  su r fa c e  o f  a  m a g le v  v e h ic le .2

L  [ I d LY-m a x ' /

w h e r e  U  =  s p e e d  in  K m /h r, r =  d is ta n c e  fro m  o b se r v e r  to  an y  r a d ia tin g  su r fa c e , M  =  M a c h  
n u m b er  (ra tio  o f  v e h ic le  sp e e d  to  so u n d  s p e e d ) , S R =  area  o f  r a d ia tin g  su r fa c e .



Harris M iller M iller & Hanson Inc.
Report No. 291550-3

October 1992
Page 16

A s  in  th e  c a s e  o f  a e ro d y n a m ic  so u n d , th e  e x p r e s s io n  h a s  a  su r fa c e  in tegra l c o n ta in in g  c o n v e c t iv e  
a u g m e n ta tio n . Ju st a s  d is c u sse d  a b o v e , a p p r o x im a te  e x p r e s s io n s  are  u se d  to  s im p lify  th e  
c a lc u la t io n s . T h e s e  are su m m a r iz e d  b e lo w :

Iw CTBL) = 80 loglt(s/56) + 10 log10 T + Aug + 77 + A, dBA ,

SEL^(TBL) = 70 log10(s/56) + 10 log10 T + Aug + 79 + A, dBA ,

w h e r e :  s  =  sp e e d , m e te r s /s e c o n d ,
A u g  =  c o n v e c t iv e  a u g m e n ta t io n  term  fro m  T a b le  x x ,
A  =  facto r  fo r  A - w e ig h t in g  th e  sp ec tru m  ( s e e  m e th o d  b e lo w ) ,
T  =  a p p ro x im a te  e x p r e s s io n  fo r  T B L  su r fa c e  in teg ra l.

T h e  su r fa c e  in teg ra l in  th e  n o is e  e x p r e s s io n  fo r  T B L  c a n  b e  a p p ro x im a ted  a s  fo l lo w s :

c o s 40
r 2( l  + M  s in  0 ) 6M , — [(—  s in 2 a  + 3  s in  a  + 3 a l  

8 dT 'L  1

w h e r e  H  =  v e r t ic a l d im e n s io n  o f  ra d ia tin g  su r fa c e ,
L  =  le n g th  o f  rad ia tin g  su r fa c e , 
d  =  d is ta n c e  to  rece iv e r , 
a  =  2  arctan  (L /2 d ).

F o r  ty p ic a l d im e n s io n s  o f  a m a g le v  v e h ic le ,  H  =  2  m eters , L  =  2 5  m eters , a n d  ou r  r e fe r e n c e  
d is ta n c e  d  =  2 5  m e te r s , th e  v a lu e  o f  T  is  .0 6 5 .

A s  w e  m e n t io n  a b o v e , th e  o r ig in a l e x p r e s s io n  fo r  T B L  n o is e  is  th e  o v e r a ll  so u n d  e n e r g y . In  
o rd er  to  e s t im a te  th e  c o n tr ib u tio n  to  th e  A - w e ig h t e d  s o u n d  le v e l ,  w e  n e e d  to  c o n s id e r  th e  so u n d  
sp ec tru m  o f  T B L  n o ise . S in c e  th e  A - w e ig h t in g  c u r v e  d isc r im in a te s  a g a in st  lo w  fr e q u e n c ie s , w e  
n e e d  to  d e te r m in e  u n d er  w h a t  c o n d it io n s  th e  sp e c tr u m  g e n e r a te s  e n o u g h  e n e r g y  to  r e g is te r  o n -an  
A - w e ig h t in g  s c a le .  F o l lo w in g  is  an  a p p ro a ch  to  e s t im a t in g  that co n tr ib u tio n  a n d  c a lc u la t in g  th e  
c o r r e c tio n  term , A , in  th e  eq u a tio n .
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R e se a r c h e r s  h a v e  fo u n d  that ty p ic a l sp ec tra  o f  p ressu re  f lu c tu a t io n s  o n  a s m o o th  su r fa c e  w ith  a 
T B L  h a v e  a  fr e q u e n c y  d istr ib u tio n  th at is  r e la t iv e ly  fla t a t lo w  fr e q u e n c ie s  b u t that r o lls  o f f  at 
h ig h  f r e q u e n c ie s .4 I f  th e  sp ec tru m  r o lls  o f f  a b o v e  a  fr e q u e n c y  th en  w e  a ssu m e  it h a s  n o  
fu rth er c o n tr ib u tio n  to  th e  A -w e ig h t in g . T h e  p o in t  at w h ic h  su b sta n tia l " r o l l -o f f 1 b e g in s  to  o c c u r  
in  th e  T B L  fr e q u e n c y  sp ec tru m  is  at a  S tro u h a l n u m b er  o f  1 .1 3 . T h e  S tro u h a l n u m b er is  a  n o n -  
d im e n s io n a l u n it  w h ic h , in  th e  c a s e  o f  T B L  is:

S(m) « o) 6*
s

w h e r e  co =  c ir c u la r  fr e q u e n c y  ( in  r a d ia n s /se c o n d ), 
6* =  T B L  d isp la c e m e n t  th ic k n e s s , m eters  
s  =  v e h ic le  v e lo c i ty , m e te r s /s e c o n d .

W ith  S  =  1 .1 3 , w e  c a n  d e te r m in e  th e  p e a k  fr e q u e n c y  o f  a  T B L  b y  d e te r m in in g  th e  d isp la c e m e n t  
th ic k n e s s  o f  th e  b o u n d a r y  la y e r  an d  th e  v e h ic le  sp e e d  to  g e t  to, a n d  c a lc u la te  fr e q u e n c y  in  H e r tz  
fro m  th e  re la tio n ;

to _  1 .1 3  s 
2n 2nd*

T h e  f ir st  s te p  is  to  e s t im a te  d isp la c e m e n t  th ic k n e ss , 6 ’. F o r  a  ty p ic a l f la t  p la te  tu rb u len t b o u n d a ry  
la y e r  p r o f i le ,  6* i s  a p p r o x im a te ly  r e la te d  to  th e  b ou n d ary  la y e r  th ic k n e ss , 6 , b y  th e  re la tion :

6* =  6/8.

B o u n d a r y  la y e r  th ic k n e s s  c a n  b e  c a lc u la te d  fo r  a T B L  o n  a  fla t, s m o o th  p la te  b y  th e  f o l lo w in g  
fo r m u la :5
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^ _  0 .3 7  x
~ (sx/vf-2

w h e r e  x  =  d is ta n c e  from  le a d in g  e d g e  o f  p la te  in  m e te r s , ty p ic a lly  h a lf  th e  v e h ic le  le n g th , 
s  =  v e h ic le  sp e e d , m e te r s /s e c o n d , 
v  =  k in e m a tic  v is c o s it y  o f  air

(a t stan d ard  c o n d it io n s , v  =  1 5 *  1 0 '6 m e te r s2/s e c o n d ) .

A fte r  d e te r m in in g  f0, th e  c o r r e c tio n  term  "A" is  d e te r m in e d  fro m  th e  r e la t iv e  fr e q u e n c y  w e ig h t in g  
in  T a b le  2 .  A s  an  e x a m p le , i f  th e  c a lc u la te d  p e a k  fr e q u e n c y  o f  th e  T B L  so u n d  is  4 0 0  H z , th en  
th e  term  "A" =  - 4 .8  d B .

Table 2. Frequency Weighting for A-weighted Sound Level
FREQUENCY,

H i

A-W EIGHTING, FREQUENCY,

H i

50 -30.2 800 -0.8

63 -26.2 1000 0

80 -22.5 1250 0.6

100 -19.1 1600 1.0

125 -16.1 2000 1.2

160 -13.4 2500 1.3

200 -10.9 3150 1.2

250 -8.6 4000 1.0

315 -6.6 5000 0.5

400 -4.8 6300 -0.1

500 -3.2 8000 -1.1

630 -1.9 10,000 -2.5
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1.3.2 Guideway

S o u n d  is  g e n e r a te d  b y  v ib r a t io n s  o f  th e  g u id e w a y  a s  a  tra in  p a s s e s  o v e r  s u c c e s s iv e  s e c t io n s  o f  
th e  e le v a te d  stru ctu re. T h e  g u id e w a y  s e g m e n ts  o s c i l la te  a s  th e  train s u c c e s s iv e ly  lo a d s  an d  
u n lo a d s  e a c h  s e c t io n . L o w  fr e q u e n c y  v ib r a t io n s  o f  th e  d e c k  stru ctu re a n d  th e  su p p o r tin g  b e a m s  
g e n e r a te  s o u n d  in  th e  fr e q u e n c y  r a n g e  b e lo w  1 0 0  H z  w h e r e  T a b le  2  s h o w s  th ere  i s  litt le  
co n tr ib u tio n  to  th e  A -w e ig h te d  s o u n d  le v e l .  H ig h e r  fr e q u e n c y  m o d e s  o f  g u id e w a y  e le m e n ts  an d  
p la te s  c a n  rad ia te  so u n d , h o w e v e r , e s p e c ia l ly  w h e n  th e y  are  e x c i te d  b y  a  so u r c e  s u c h  a s  m a g n e tic  
p o le  p a ss in g  o r  a e r o d y n a m ic  lo a d s . A  d e ta ile d  d e sc r ip tio n  o f  it s  stru ctu re is  n e c e ssa r y  to  m o d e l  
th e  v ib ra tio n  an d  n o is e  c h a r a c te r is tic s  o f  th e  g u id e w a y . A  se m i-e m p ir ic a l r e la tio n sh ip  is  
a v a ila b le , h o w e v e r . K in g  e s t im a te d  th e  so u n d  g e n e r a te d  b y  v ib r a t io n s  o f  th e  g u id e w a y  and  
v e h ic le .6 H is  e q u a tio n s  c a n  b e  p u t in to  o u r  stan d ard  fo rm  as:

L ^ f e w y )  =  2 7  lo g ie ( s /2 8 )  +  7 0  +  G , d B A , a t  2 5  m e t e r s ,  an d

S E L rtf (g w y )  =  7 2  +  1 7  lo g 10 ( s /2 8 )  +  G , d B A , a t  2 5  m e te r s ,

w h e r e  G  =  A d ju s tm e n t fo r  g u id e w a y  ty p e  from  F ig u r e  6 .

G u id e w a y  T y p e s  T h e  ty p e  o f  g u id e w a y  h a s  a s ig n if ic a n t  e f f e c t  o n  th e  n o is e  rad ia ted  to  th e  
w a y s id e  o f  a  m a g le v  s y s te m . T h e  k e y  v a r ia b le s  are:

• m a te r ia ls  m a k in g  u p  th e  g u id e w a y  e le m e n ts ,
• e le v a t io n  o f  g u id e w a y  ru n n in g  su r fa c e ,
• p r e se n c e  o f  s id e  w a l ls ,  an d
• g a p s  or  o p e n in g s  a lo n g  s id e s  o r  d eck .

M a ter ia ls  an d  E le v a t io n . T h e  fir st  rep ort in  th is  s e r ie s  d e sc r ib e d  th e  resu lts  o f  m e a su r e m e n ts  
m a d e  o n  d iffe r e n t g u id e w a y  ty p e s  at th e  T ra n sR a p id  te s t  track  in  G e r m a n y .3 T h e s e  te sts  s h o w e d  
th at n o is e  fro m  th e  T R 0 7  v e h ic le  w a s  u p  to  6  d B A  g r e a ter  o n  an u n d a m p e d  s te e l-su p p o r te d  
g u id e w a y  th an  o n  th e  c o n c r e te  g u id e w a y  at th e  sa m e  sp e e d . S im ila r ly , n o is e  in c r e a se d  b y  a b o u t  
3  d B A  w h e n  th e  v e h ic le  tra v ersed  a s te e l  s w itc h . H o w e v e r , n o is e  w a s  a b o u t 2  d B A  le s s  o n  an  
a t-g ra d e  s e c t io n  th an  o n  th e  e le v a te d  c o n c r e te  g u id e w a y . T h e s e  r esu lts  are  sh o w n  in  F ig u r e  6 .
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G u id e w a v  w ith  S id e  W a lls /G a p s . T h e  e f fe c t  o f  s id e  w a l ls  i s  im p lic it ly  tak en  in to  a c c o u n t in  
c a lc u la t in g  th e  a p p r o x im a tio n s  fo r  th e  in teg ra ls  S  and  T , a b o v e . E a ch  e x p r e s s io n  h a s  a term  "H" 
fo r  th e  v e r t ic a l d im e n s io n  o f  th e  rad ia tin g  su rfa ce , th e  a m o u n t o f  e x p o s e d  su r fa c e  n o t  c o v e r e d  
u p  b y  th e  s id e  w a l l s .  H o w e v e r , u n le s s  th e  in s id e  su r fa c e s  o f  th e  w a l ls  a re  c o v e r e d  w ith  s o u n d  
a b so r p tiv e  m a ter ia l, th e  so u n d  e n e r g y  g e n era ted  in  th e  sh ea r  la y e r s  b e tw e e n  th e  v e h ic le  a n d  th e  
s id e  w a l ls  an d  d e c k  w i l l  e s c a p e  o v e r  th e  to p  o f  th e  w a l l s  a n d  o u t th ro u g h  an y  g a p s . A  fir st  
a p p r o x im a tio n  to  th e  s o u n d  e m it te d  in  th is  w a y  is  to  c a lc u la te  th e  a e r o d y n a m ic  n o is e  c o m p o n e n t  
o f  th e  part o f  th e  v e h ic le  c o v e r e d  b y  th e  w a ll  u s in g  th e  e q u a tio n  for  S E L (a e r o )  w ith  d im e n s io n s  
o f  th e  v e h ic le  h id d e n  b y  th e  s id e  w a ll .  T h e n  a d ju stm en ts  are  m a d e  a s su m in g  that e n e r g y  
r e v e rb era tes  w ith o u t  lo s s  in  th e  s p a c e  b e tw e e n  th e  v e h ic le  an d  th e  g u id e w a y  su r fa c e s , an d  
ra d ia tes  o u t  o v e r  th e  to p  o f  th e  w a ll ,  or  th ro u gh  g a p s  an d  o p e n in g s  u n d er  th e  v e h ic le .  T h e  
p ro ced u re  resu lts  in  a c o n s e r v a t iv e  e s tim a te  o f  th e  c o n tr ib u tio n  to S E L  from  n o is e  g e n e r a te d  
b e tw e e n  th e  v e h ic le  a n d  g u id e w a y  su rface:

•  W a lls  an d  d e c k  c o m p le te ly  s e a le d  (e .g . ,  d ra in a ge  s c u p p e r s  a c o u s t ic a lly  b a ff le d ):
1 . C a lc u la te  S E L (  s h ie ld e d  a e r o )  u s in g  d im e n s io n s  o f  o n e  s id e  o f  v e h ic le  

sh ie ld e d  fro m  d irect v ie w . (T h is  is  th e  p o r tio n  o f  th e  v e h ic le  h id d e n  
b e h in d  th e  w a ll .)

2 .  C a lc u la te  S E L ( w a lls )  b y  su b tra ctin g  3  d B A  (T h is  a d ju stm en t a s s u m e s  
th at h a l f  o f  th e  s o u n d  e n e r g y  g e n e r a te d  b e tw e e n  th e  v e h ic le  a n d  
g u id e w a y  su r fa c e s  that f in a lly  r e a c h e s  th e  r e fe r e n c e  p o in t  is  r e d u c e d  b y  
a c o m b in a tio n  o f  d ir ec tiv ity  an d  a b so rp tio n  u p o n  m u lt ip le  r e f le c t io n s  
b e tw e e n  w a ll s  an d  v e h ic le .)

3 .  A d d  th e  n e w  S E L (w a lls )  to  th e  S E L ( a e r o )  fo r  th e  v e h ic le  su r fa c e  
e x p o s e d  a b o v e  th e w a lls .

• G a p s  fo r  d r a in a g e  p la c e d  at b a s e  o f  w a ll ,  fa c in g  ou tw a rd :
1 . C a lc u la te  S E L ( s h ie ld e d  a e r o )  u s in g  d im e n s io n s  o f  o n e  s id e  o f  v e h ic le  

s h ie ld e d  fro m  d irect v ie w ,
2 . A d d  S E L ( o p e n  g a p s )  to  S E L (a e r o )  w ith o u t  su b tra c tio n  o f  a n y  e n e r g y .

• G a p s  fo r  d r a in a g e  f a c in g  d o w n w a rd , o r  o p en  d e c k  stru ctu re:
1 . C a lc u la te  S E L ( s h ie ld e d  a e r o )  u s in g  d im e n s io n s  o f  b o th  s id e s  o f  v e h ic le  

s h ie ld e d  fro m  d irect v ie w ,
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2 . C a lc u la te  S E L ( s h ie ld e d  g a p s )  b y  su b tra c tin g  5  d B A . (T h is  a d ju stm en t  
a ssu m e s  th at th e  s o u n d  e n e r g y  g e n e r a te d  b e tw e e n  th e  v e h ic le  an d  
g u id e w a y  su r fa c e s  th at f in a lly  r e a c h e s  th e  r e fe r e n c e  p o in t  is  s h ie ld e d  
from  d irec t  l in e  o f  s ig h t .)

3 .  A d d  th e  n e w  S E L ( s h ie ld e d  g a p s )  to  S E L ( a e r o ) .
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1.3.3 Summary of Noise Prediction Procedure

T h e  R e fe r e n c e  S E L  fo r  a  s in g le  v e h ic le  is  th e  b a s ic  b u ild in g  b lo c k  fo r  c a lc u la t in g  L eq  a n d  L d n  
fro m  th e  o p e r a tio n  sc h e d u le s . T h e  fo r e g o in g  se c t io n s  s h o w  h o w  th e  v e h ic le  s iz e ,  g u id e w a y  
c o n f ig u r a t io n  an d  m a ter ia l an d  s p e e d  d e term in es  th e  R e fe r e n c e  S E L  at a  s p e c if ic  lo c a t io n . T h is  
s e c t io n  d e s c r ib e s  h o w  to  c o n v e r t  th e  S E L  from  a  s in g le  v e h ic le  to  S E L  fo r  a  train  a n d  th e n  to  
g o  o n  to  d e te r m in e  th e  L e q  a n d  L d n  at th e  re fe r e n c e  d is ta n c e  o f  2 5  m eters .

S E L  at a  r e fe r e n c e  d is ta n c e  fo r  a  m a g le v  train  c a n  b e  e s t im a te d  fr o m  th e  f o l lo w in g  e x p r e ss io n :

S E L blIn =  S E L ^  +  1 0  lo g 10 N d B A ,

w h e r e  S E L ^  =  S E L  o f  a  s in g le  car  at g iv e n  sp e e d  at th e  r e fe r e n c e  d is ta n c e  o f  2 5  m  (F ig u r e  8 ) ,  
a n d  N  =  n u m b e r  o f  c a r s  in  th e  train .

T h e  L e q  fo r  an  h o u r  o f  o p e r a tio n s  c a n  b e  d e te r m in e d  fro m  th e  S E L  u s in g  th e  f o l lo w in g  
e x p r e ss io n :

L e q , ^  =  E n e r g y  S u m  o f  a ll S E L ’s  in  o n e  h o u r  -  1 0  lo g 10 3 ,6 0 0

=  E n e r g y  S u m  o f  a ll S E L ’s  in  o n e  h o u r  -  3 5 .6 d B A ,

w h e r e  E n e r g y  S u m  m e a n s  d e c ib e l a d d itio n  o f  th e  S E L ’s ,  
a n d  th e  3 ,6 0 0  c o m e s  fr o m  th e  n u m b er  o f  s e c o n d s  in  an  h ou r.

O n e  w a y  o f  in terp re tin g  th is  e x p r e s s io n  is  that th e  to ta l so u n d  e n e r g y  i s  e x p r e s s e d  in  th e  f ir s t  
term , a n d  th e  t im e  p e r io d  in  s e c o n d s  o v e r  w h ic h  th e  s o u n d  e n e r g y  i s  c o n s id e r e d  is  e x p r e s s e d  b y  
th e  s e c o n d  term . T h is  e x p r e s s io n  is  u se d  in  c o m p u ta tio n  m e th o d s  b e c a u s e  S E L ’s  h a v e  b e e n  
ta b u la te d  u s u a lly  a t a  r e fe r e n c e  d ista n c e , su c h  a s  2 5  m , fo r  v a r io u s  so u r c e s , su c h  a s  a u to m o b ile s ,  
tru ck s, lo c o m o t iv e s ,  tra in  c o a c h e s , aircraft, e tc ., an d  th e  c o n tr ib u tio n  o f  e a c h  c a n  b e  a d d e d  to  
d e te r m in e  th e  to ta l e n e r g y  in  a n  h ou r.

T h e  L d n  c a n  th e n  b e  d e te r m in e d  fro m  th e  h o u r ly  L e q ’s  b y  th e  f o l lo w in g  m eth o d :

L d n  =  1 0  lo g  (E n e r g y  su m  o f  2 4  h ou r L e q ’s )  -  1 3 .8 , d B A ,
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w h e r e  L e q ’s  o c c u r r in g  in  th e  n ig h tt im e  h o u r s  from  1 0  p m  to  7  a m  a r e  in c r e a s e d  b y  1 0  d B  to  
a c c o u n t  for  in c r e a se d  s e n s it iv i ty  to  n o is e  at n ig h t. T h is  is  th e  b u ild in g  b lo c k  u se d  in  th e  
a p p lic a t io n  e x a m p le  d e sc r ib e d  in  S e c t io n  1 .6 .1 .

1.4 Propagation Characteristics

T h e  p r e v io u s  s e c t io n  resu lts  in  n o is e  le v e l s  at a r e fe r e n c e  d is ta n c e  o f  2 5  m e te r s . T h e  fo l lo w in g  
p ro ced u re  is  n e x t  u se d  to  e s t im a te  th e  m a g le v  n o is e  le v e ls  at o th er  d is ta n c e s , r e su lt in g  in  a L e v e l-  
v s -D is ta n c e  C u rv e  su ff ic ie n t  fo r  u s e  in  a g e n e r a l n o is e  a s s e s s m e n t. T h is  m e th o d  a s s u m e s  l in e -o f -  
s ig h t  u n o b stru c ted  v ie w  o f  th e  g u id e w a y  a n d  w ith  ty p ic a l c o n d it io n s  o f  an  e le v a te d  m a g le v  
g u id e w a y  (e le v a te d  5  to  7  m e te r s ) , a r e c e iv e r  c lo s e  to  th e  g r o u n d  ( 1 .5  m e te r s ) , a n d  g r a ss -c o v e r e d  
g ro u n d  b e tw e e n  th e  g u id e w a y  a n d  th e  r e c e iv e r . It i s  n o t  to  b e  a p p lie d  to  c o m p lic a te d  terrain  
fe a tu r e s  or  lo c a t io n s  w h e r e  n o is e - s e n s it iv e  r e c e iv e r s  are  sh ie ld e d  fr o m  v i e w  o f  th e  g u id e w a y .  
S o u n d  p r o p a g a tio n  u n d er  s u c h  c o m p lic a te d  c o n d it io n s  c a n  b e  e s t im a te d  u s in g  p ro ce d u r e s  in  
F T A ’s  D ra ft G u id a n c e  M a n u a l .1

T h e  p ro c e d u r e  i s  a s  fo llo w s :

1 . D e te r m in e  th e  Ldn a t 2 5  m eters .

2 .  D e te r m in e  L d n  at a n o th er  d is ta n c e  u s in g :

Ldn a t  n e w  d is ta n c e  =  Ldn a t 2 5  m e te r s  -  1 5  lo g  (d ncw/2 5 ) ,  w h e r e  d  i s  in  m e te r s .

1.5 Ambient Noise Estimation

N o is e  fro m  a  n e w  m a g le v  s y s te m  w i l l  a d d  to  th e  a lrea d y  e x is t in g  a m b ie n t  n o is e  in  th e  v ic in ity  
o f  its  a lig n m e n t. O u r im p a c t a s s e s s m e n t  p r o c e d u r e  r eq u ires  c o m p a r is o n  o f  th e  fu tu re  n o is e  w ith  
th e  e x is t in g  a m b ien t. A m b ie n t  n o is e  in  an  area c a n  b e  d e te r m in e d  b y  an  e x t e n s iv e  n o is e  
m e a su r e m e n t p rog ram . H o w e v e r , m e a su r e m e n ts  are  n o t  a lw a y s  a v a i la b le , or  p ra c tica l, a t .a n  
e a r ly  p la n n in g  s ta g e . T h is  s e c t io n  p r o v id e s  a  w a y  o f  e s t im a t in g  th e  a m b ie n t  n o is e  fr o m  g en e r a l  
d ata  a v a ila b le  ea r ly  in  p ro je c t  p la n n in g . F o r  th is  p re lim in a ry  m a g le v  a s s e s s m e n t  p r o c ed u re  w e  
w il l  u s e  T a b le  4 ,  a  s im p le  e s t im a te  o f  p e a k  h o u r  a n d  Ldn b a s e d  o n  th e  s tu d y  a r e a ’s  p o p u la tio n
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d e n s ity , a  r e la t io n sh ip  f ir s t  e s ta b lish e d  b y  th e  U .S .  E n v ir o n m e n ta l P ro te c tio n  A g e n c y  (E P A ). T h e  
g e n e r a l id e a  is  th a t th e  m o r e  p e o p le  th ere  a re  in  an a rea , th e  m o r e  b a ck g r o u n d  n o i s e  fr o m  lo c a l  
tra ffic , c o n s tr u c t io n  p r o je c ts , r e s id e n tia l n o is e ,  e tc . M o r e  d e ta ile d  a s se s sm e n t  w i l l  b e  r e q u ired  
w h e n  th e  s tu d y  a rea  in c lu d e s  tran sp orta tion  co rr id o rs (h ig h w a y , ra ilroad , a ir ) an d  a n y  o th e r  m a jo r  
n o is e  s o u r c e s . A  d e ta ile d  m e th o d  is  g iv e n  in  F T A ’s  D ra ft G u id a n c e  M a n u a l .1

T a b le  3 .  A m b ie n t  N o is e  E s t im a t e s  f o r  G e n e r a l  A s s e s s m e n t

POPULATION 
DENSITY, 
(people/square mile)*

PEAK HOUR U q, 
(dBA)

DAY-NIGHT 
SOUND LEVEL, 
Ldn (dBA)

1-100 35 35

100-300 40 40

300-1000 45 45

1000-3000 50 50

3000-10,000 55 55

10,000-30,000 60 60

30,000 and up 65 65

P o p u la t io n  d e n s ity  i s  g e n e r a lly  e x p r e s se d  in  te r m s  o f  p e o p le  p er  sq u a re  m i le  in  th e  U S A .
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1.6 Summary of Noise Criteria for Maglev

E f f e c t  o f  S t a r t le  T h e r e  i s  c o n s id e r a b le  e v id e n c e  th a t an a d ju stm en t i s  req u ired  fo r  so u n d  
s ig n a tu r e s  w ith  rap id  o n se t  rates. T h e  s e c o n d  rep ort o f  th is  s e r ie s7 r e c o m m e n d s  th at an  " on set- 
rate a d ju sted  d a y -n ig h t  so u n d  lev e l"  b e  u se d  to  a s s e s s  n o is e  im p a ct fro m  m a g le v  o p e r a tio n s . T h is  
u n it  is  th e  L d n  c o n tr ib u tio n  fro m  m a g le v  o p e r a tio n s  a s  c o m p u te d  fro m  th e  S E L ’s  o f  in d iv id u a l  
p a ssb y s , e x c e p t  th at an  a d ju stm en t i s  m a d e  to  th e  S E L ’s  fo r  p a ssb y s  w ith  rap id  o n s e t  ra tes. A  
s im p le  a d ju stm en t is  p ro p o se d  fo r  e a s e  in  a p p lica tio n :

a d d  5  d B  t o  t h e  S E L  f o r  o n s e t  r a t e s  o f  1 5  d B  p e r  s e c o n d  o r  m o r e .

F ig u r e  7  s h o w s  th e  r e la tio n sh ip  o f  s p e e d  a n d  d is ta n c e  to  d e fin e  lo c a t io n s  w h e r e  th e  o n s e t  rate  
e x c e e d s  1 5  d B  p er  s e c o n d  fo r  a m a g le v  tra in . T h is  c u r v e  w a s  d e te r m in e d  u s in g  a  " S in g le  V e h ic le  
P a ssb y  P rogram ,"  d e v e lo p e d  b y  H M M H .8 T h is  p rogram  a c c o u n ts  fo r  d iv e r g e n c e , d ir e c tiv ity , 
c o n v e c t iv e  a u g m e n ta tio n , g ro u n d  e f f e c t ,  a tm o sp h e r ic  a b so rp tio n  a n d  e m is s io n  le v e l  (sp ec tra ) as  
a fu n c t io n  o f  sp e e d . T R  0 7  data  m e a su r e d  b y  T U V  R h e in la n d  an d  H M M H  w e r e  u s e d  to  o b ta in  
th e  r e la t io n sh ip  s h o w n  in  th e  f ig u r e .

Transitions for Onset Rate 
Adjustment to SEL

S p e e d  (km/hr)

Figure 7. Adjustment for Startle from Maglev Noise
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I m p a c t  C r i t e r ia  T h e  n o is e  im p a ct cr iter ia  fo r  m a g le v  o p e r a tio n s  are  s h o w n  g r a p h ic a lly  in  F ig u re
8 . T h e s e  cr ite r ia  a re  b a s e d  o n  c o m p a r iso n  o f  th e  e x is t in g  n o is e  le v e ls  a n d  fu tu re  n o is e  le v e ls  o f  
th e  m a g le v  o p e r a tio n s . T h e s e  cr iter ia  are  id e n tic a l to  th o s e  p r o p o se d  b y  th e  F ed era l T ran sit  
A d m in is tr a tio n  fo r  a s s e s s in g  n o is e  im p a ct fr o m  u rb an  tran sit o p e r a tio n s  (R e fe r e n c e  1 ) , w ith  th e  
s in g le  d if fe r e n c e  th a t th e  " on set-ra te  a d ju ste d  Ldn" i s  u se d  fo r  m a g le v  o p e r a tio n s . T h e  n o is e  
im p a c t  cr ite r ia  are  d e f in e d  b y  tw o  c u r v e s  w h ic h  a l lo w  in c r e a s in g  m a g le v  n o is e  le v e l s  a s  a m b ien t  
n o is e  in c r e a s e s  u p  to  a  p o in t , b e y o n d  w h ic h  im p a c t is  d e te r m in e d  b a s e d  o n  m a g le v  n o is e  a lo n e .  
B e lo w  th e  lo w e r  c u r v e  in  F ig u r e  8 , a  m a g le v  s y s te m  is  c o n s id e r e d  to  h a v e  n o  n o is e  im p a ct s in c e ,  
o n  th e  a v e r a g e , th e  in tro d u ctio n  o f  th e  s y s te m  w i l l  r e su lt  in  an  in s ig n if ic a n t  in c r e a se  in  th e  
n u m b er  o f  p e o p le  h ig h ly  a n n o y e d  b y  th e  n e w  n o ise .

T h e  n o is e  c r iter ia  a n d  d e scr ip to rs  d ep e n d  o n  la n d  u se , d e s ig n a te d  e ith er  C a te g o r y  1, C a teg o ry  2  
o r  C a te g o r y  3 . C a te g o r y  1 in c lu d e s  tracts o f  la n d  w h e r e  q u ie t i s  an  e s s e n tia l e le m e n t  in  th eir  
in te n d e d  p u r p o se , su c h  a s  n a t io n a lly  s ig n if ic a n t  h is to r ic  s ite s  o r  o u td o o r  c o n c e r t  p a v ilio n .  
C a te g o r y  2  in c lu d e s  r e s id e n c e s  an d  b u ild in g s  w h e r e  p e o p le  s le e p , w h i le  c a te g o r y  3  in c lu d e s  
in s t itu t io n a l la n d  u s e s  w ith  p r im a rily  d a y tim e  an d  e v e n in g  u s e  s u c h  a s  s c h o o ls ,  c h u r c h e s  an d  
a c t iv e  p ark s. F o r  C a te g o r y  2  la n d  u s e  w h e r e  n ig h tt im e  s e n s it iv i ty  i s  a fa c to r , th e  n o is e  cr iter ia  
u s e  Ldn' F o r  C a te g o r y  1 an d  3  la n d  u s e s  in v o lv in g  p r im a rily  d a y tim e  a c t iv it ie s , th e  im p a ct is  
e v a lu a te d  in  te r m s o f  th e  fo r  th e  n o is ie s t  h o u r  o f  m a g le v -r e la te d  a c t iv ity  d u r in g  w h ic h  h u m an  
a c t iv it ie s  o c c u r  a t a  n o is e - s e n s it iv e  lo c a t io n . T h e  la tter  is  re ferred  to  a s  "peak  h ou r L^."  
B e c a u s e  th e  Ldn a n d  d a y tim e  p ea k -h o u r  h a v e  s im ila r  v a lu e s  fo r  ty p ic a l n o is e  e n v ir o n m e n ts , 
th e y  are  u s e d  in te r c h a n g e a b ly  to  e v a lu a te  n o is e  im p a ct fo r  C a te g o r y  1 a n d  C a te g o r y  2  s ite s . 
H o w e v e r , b e c a u s e  C a te g o r y  3  s ite s  are le s s  s e n s it iv e , th e  cr iter ia  a l lo w  th e  m a g le v  n o is e  to  b e  
5  d e c ib e ls  g r e a te r  th a n  fo r  C a te g o r y  1 a n d  C a te g o r y  2  s ite s .



Harris Miller Miller & Hanson Inc.
Report No. 291550-3

October 1992
Page 28

"SEVERE IMPACT
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NO IMPACT

Ambient Noise Level - Ldn or Leq (dB)

Figure 8. Noise Criteria for Magiev
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T h e  n o is e  im p a c t  c r iter ia  are  d e fin e d  b y  tw o  c u r v e s  w h ic h  a l lo w  in c r e a s in g  p r o je c t  n o is e  le v e l s  
a s  a m b ie n t  n o i s e  in c r e a se s  u p  to  a  p o in t , b e y o n d  w h ic h  im p a c t i s  d e te r m in e d  b a s e d  o n  m a g le v  
n o is e  a lo n e . B e lo w  th e  lo w e r  c u r v e  in  F ig u r e  3 , a m a g le v  s y s te m  is  c o n s id e r e d  to  h a v e  n o  n o is e  
im p a ct s in c e , o n  th e  a v e r a g e , th e  in tro d u ctio n  o f  th e  s y s te m  w i l l  r e su lt  in  a n  in s ig n if ic a n t  in c r e a se  
in  th e  n u m b e r  o f  p e o p le  h ig h ly  a n n o y e d  b y  th e  n e w  n o is e .  T h e  c u r v e  d e f in in g  th e  o n s e t  o f  n o is e  
im p a c t s to p s  in c r e a s in g  a t 6 5  d B  fo r  C a te g o r y  1 an d  2  la n d  u se , a  sta n d a rd  lim it  fo r  a n  a c c e p ta b le  
l iv in g  e n v ir o n m e n t  d e f in e d  b y  a  n u m b er  o f  F ed era l a g e n c ie s .  M a g le v  n o is e  a b o v e  th e  u p p er  
c u r v e  i s  c o n s id e r e d  to  c a u s e  S e v e r e  Im p a ct s in c e  a s ig n if ic a n t  p e r c e n ta g e  o f  p e o p le  w o u ld  b e  
h ig h ly  a n n o y e d  b y  th e  n e w  n o ise . T h is  c u r v e  f la tte n s  o u t  at 7 5  d B  fo r  C a te g o r y  1 an d  2  la n d  
u se , a  le v e l  a s s o c ia te d  w ith  an  u n a c c e p ta b le  l iv in g  e n v ir o n m e n t. A s  in d ic a te d  b y  th e  r ig h t-h a n d  
s c a le  o n  F ig u r e  8 ,  th e  p ro je c t  n o is e  cr iter ia  are  5  d e c ib e ls  h ig h e r  fo r  C a te g o r y  3  la n d  u s e .

B e tw e e n  th e  t w o  c u r v e s  th e  p r o p o se d  p ro je c t  is  ju d g e d  to  h a v e  an  im p a c t, th o u g h  n o t s e v e r e .  
T h e  c h a n g e  in  th e  c u m u la t iv e  n o is e  le v e l  i s  n o t ic e a b le  to  m o s t  p e o p le , b u t  m a y  n o t  b e  s u f f ic ie n t  
to  c a u s e  s tr o n g , a d v e r s e  r e a c tio n s  fro m  th e  c o m m u n ity . In  th is  tra n sit io n a l area , o th e r  p r o je c t-  
s p e c if ic  fa c to r s  m u s t  b e  c o n s id e r e d  to  d e te r m in e  th e  m a g n itu d e  o f  th e  im p a c t a n d  th e  n e e d  fo r  
m itig a t io n , s u c h  a s  th e  p red ic ted  le v e l  o f  in c r e a se  o v e r  e x is t in g  n o is e  le v e ls  a n d  th e  ty p e s  a n d  
n u m b ers  o f  n o is e - s e n s i t iv e  la n d  u s e s  a ffe c te d .

1.6.1 Example of Application of Criteria

F or o u r  e x a m p le  o f  n o is e  im p a ct fro m  th e  in tro d u ctio n  o f  m a g le v  a s  it  e x i s t s  n o w  w ith o u t  n o is e  
m itig a t io n , w e  w i l l  lo o k  a t th e  e x is t in g  p a sse n g e r  train  s e r v ic e  p r o v id e d  in  th e  N o r th e a s t  C o rr id o r  
b e tw e e n  B o s to n  a n d  N e w  Y o rk . T h e  p r o p o se d  cr iter ia  are  b a se d  o n  L d n  w h ic h  r e q u ir e s  
c o n s id e r a t io n  o f  th e  n o is e  fro m  train  p a ssb y s  d u r in g  d a y tim e  (7  am  to  1 0  p m ) a n d  n ig h tt im e  ( 1 0  
p m  to  7  a m ) h o u r s  se p a r a te ly . T h e  e x a m p le  is  b a s e d  o n  a  s e le c t e d  p o in t  a lo n g  th e  ro u te , a  
su b u rb  o f  B o s to n  w h e r e  p o p u la tio n  d e n s ity  i s  6 ,3 0 0  p e o p le  p er  sq u a re  m ile .  R e s id e n c e s  in  th is  
area  are  lo c a te d  t y p ic a lly  a s  c lo s e  a s  3 0  m  fr o m  e x is t in g  track s. U rb a n  o r  su b u rb a n  r e s id e n tia l  
a rea s w ith  p o p u la t io n  d e n s ity  o f  6 ,3 0 0  p e o p le  p er  sq u a r e  m ile  a re  e x p e c te d  to  h a v e  an  e x i s t in g  
a m b ie n t L d n  o f  6 0  d B A  (fr o m  T a b le  4 ) .  W ith  th at n u m b er  a s  th e  e x is t in g  a m b ie n t, th e  p r o p o se d  
cr iter ia  s h o w  th a t L d n ’s  o f  5 8  d B A  an d  6 3  d B A  from  a  n e w  so u r c e  w o u ld  c a u s e  "im pact" a n d  
" sev ere  im p a ct,"  r e s p e c t iv e ly  (fr o m  F ig u re  8 ) .

C urrent 1 9 9 1  N o r th e a s t  C orrid or s e r v ic e  b e tw e e n  B o s to n  an d  N e w  Y o r k  h a s a to ta l o f  1 6  d a y
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an d  6  n ig h t  tra in s p a ss in g  th ro u gh  th e  su b u rb s  o f  B o s to n . A s s u m in g  th e  s a m e  fr e q u e n c y  and  a  
s im ila r  le v e l  o f  s e r v ic e  c o u ld  b e  p r o v id e d  b y  1 0  - car  m a g le v  trains w ith  th e  s a m e  s c h e d u le , the  
S E L  fro m  th e  c a lc u la t io n  in  S e c t io n  1 .3 .1  i s  c o n v e r te d  to  S E L  for a  1 0 -c a r  tra in  at a s p e e d  o f  4 0 0  
K m ,/hr u s in g  th e  S E L  e q u a tio n  in  S e c t io n  1 .3 .3 ,  w ith  th e  " on set rate ad ju stm en t"  o b ta in e d  for  th e  
ap p ro p ria te  s p e e d  from  F ig u re  7 . F or a  s p e e d  o f  4 0 0  K m /h r , F ig u r e  7  s h o w s  an  a d d it io n  o f  5  
d B  fo r  s ite s  w ith in  3 2  m  o f  th e  g u id e w a y .
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Figure 9. Example of Noise Impact Assessment



Harris M iller Miller & Hanson Inc.
Report No. 291550-3

October 1992
Page 31

L d n  is  s u b se q u e n t ly  o b ta in e d  from  sp r e a d in g  o u t th e  e n e r g y  c o n ta in e d  in  2 2  to ta l e v e n ts  o v e r  2 4  
h o u rs , b u t f ir s t  a d d in g  1 0  d B  to  ea c h  n ig h tt im e  e v e n t  (m a g le v  p a ssb y s ) . T h e  r e su lt  is  an  L d n  o f
7 1 .5  d B A  a t 2 5  m . T h e  lin e  la b e le d  " B o sto n  suburb" in  F ig u r e  1 0  il lu s tr a te s  th e  d is ta n c e s  fro m  
th e  g u id e w a y  that w o u ld  c o n s id e r e d  to  b e  im p a c te d  u s in g  th e  p r o p o se d  cr iter ia . T h e  n o is e  
p r o p a g a tio n  w i t h  d is ta n c e  o v e r  o p e n  terrain  w a s  ta k en  fro m  actu a l m e a su r e m e n ts  at th e  T R  0 7  
te s t  track . T h e  d isc o n tin u ity  in  th e  L d n  l in e  at 3 2  m  o c c u r s  b e c a u s e  that is  th e  p o in t  at w h ic h  
th e  o n s e t  ra te  i s  e x p e c te d  to  d rop  b e lo w  1 5  d B /s e c  (a s  s h o w n  in  F ig u r e  7 ) .  Im p a c t w o u ld  o c c u r  
fo r  a n y  r e s id e n c e  w ith in  8 0  m  o f  th e  g u id e w a y  a n d  s e v e r e  im p a ct w o u ld  resu lt  fo r  a n y  r e s id e n c e  
w ith in  4 0  m .

T h e  m e th o d  c a n  b e  e m p lo y e d  in  r e v e r se  to  d e term in e  th e  sp e e d  at w h ic h  n o  im p a c t  w i l l  o c c u r  
fo r  a  r e s id e n tia l area . F or  e x a m p le , i f  th e  n ea rest h o u s e  w a s  3 0  m , th e  s p e e d  w o u ld  h a v e  to  b e  
r e d u c e d  to  2 6 7  K m /h r  to  fa ll in to  th e  "no im pact"  z o n e  o f  F ig u re  10 .

45 L---------- 1------ 1----'— I » ' ' ' l ________ i i
10 20 30 50 100 200 300 500

D is t a n c e  (m )

Figure 10. Ldn vs. Distance for Example
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2. DESIGN GUIDELINES

This part o f the report is intended to increase the awareness o f designers o f future maglev 

systems in taking noise into account in their designs. The field is too new to be able to predict 

the effectiveness o f the noise control suggestions in all cases, but follow ing the general principles 

discussed below should lead to quieter designs. They are summarized in Table 4 at the end of 

the section.

2.1 Guideway Structural/Mechanical

The first element o f the maglev system for noise control consideration is the guideway. The 

guideway itself does not radiate noise without the presence o f a train, but the guideway shape, 

material and structure details contribute to the way the it responds during the passby o f a train. 

The guideway is the greatest expense o f a new m aglev system and retrofitting it for noise control 

features after it is built is likely to incur even greater costs, the design should take noise control 

into consideration at the outset. Figure 11 illustrates the elements o f the guideway that are 

important in noise control.

o p e n in g s

COLUMN

Figure 11. Guideway Structural/Mechanical Noise Sources
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2.1.1 Configuration

W alls The potential benefit o f side w alls on the guideway structure is that they act as a noise 

barrier. N oise from the m aglev vehicle at high speed is radiated from the aerodynamic sources 

distributed over the surface o f the vehicle. Consequently, a fully exposed m aglev vehicle w ill 

radiate more sound than one that is wholly or partially shielded from view. Guideway types with 

side walls, such as proposed for many E D S  m aglev systems, provide shielding as an integral part 

o f the guideway design.

A  disbenefit o f side w alls is that reverberant sound builds up between the w all and the vehicle 

and radiates out over the top o f the wall. This reverberant sound reduces the effectiveness o f the 

w all as a noise barrier. A n  effective control for this problem is to line the surface o f the wall 

exposed to the vehicle with sound absorptive material to eliminate the build up o f reverberant 

sound energy.

Side w alls also have the potential disbenefit o f acting as direct sound radiator to the wayside. 

This occurs when structural vibrations are induced in the w alls by the gust loading and magnetic 

forces from the passing vehicle. The relatively large, flat surface o f the w all is an efficient 

radiator o f sound. A  dynamic analysis o f the wall and guideway structure w ill reveal the 

potential for structure-borne sound and should provide clues for its control.

D eck Continuous deck surfaces can be efficient radiators o f low frequency structure-borne 

sound, especially when constructed o f light weight materials. They are typically made up o f 

large, flat panels with dimensions that are comparable with low frequency acoustical wavelengths. 

Increasing m ass and damping w ill serve to reduce deck vibrations and radiated sound.

Expansion  jo in ts W heels are used by some maglev systems for low speed vertical support. 

W hen wheels encounter discontinuities in the deck, such as expansion joints between deck 

segments, they radiate noise from the tire surfaces as well as cause dynamic loads to the deck 

with subsequent structure-borne sound. Smooth joints are difficult to maintain due to eventual 

unequal settlement o f guideway sections. Two w ays o f m inim izing joint impacts are the use o f 

finger joints to m inim ize the surface discontinuity and o f angled joints to spread the impacts in 

time.
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Beam T h e  su p p o r tin g  b e a m  c a n  rad ia te  s tru c tu re -b o r n e  s o u n d  in  a  m a n n e r  s im ila r  to  th e  s id e  
w a lls ,  d e p e n d in g  o n  its  sh a p e  an d  m a ter ia l. A v o id in g  la rg e , f la t  rad ia tin g  p a n e ls  h e lp s  e lim in a te  
th is  so u rce .

Column T h e  su p p o r tin g  c o lu m n s  c a n  a ls o  ra d ia te  s o u n d  d e p e n d in g  o n  th e ir  sh a p e  a n d  m ater ia l. 
A g a in , la rg e , f la t  rad ia tin g  su r fa c e s  are  to  b e  a v o id e d .

Gaps and Openings O p e n in g s  are  p r o v id e d  in  th e  g u id e w a y  su r fa c e  to  a l lo w  d ra in a g e  an d  
p ressu re  r e lie f . S o u n d  e s c a p e s  d ir e c tly  fro m  a n y  g a p  in  th e  c o n t in u o u s  su r fa c e , th e r e b y  d e fe a tin g  
th e  e f fe c t  o f  s h ie ld in g  o f  w a lls  an d  d e c k  su r fa c e s . O p e n in g s  s h o u ld  b e  b a f f le d  to  p r e v e n t  d irect  
s o u n d  rad ia tio n  to  th e  w a y s id e .

Supports E v e n ly  sp a c e d  su p p o rts  b e tw e e n  g a p s  a n d  o p e n in g s  are  a p o te n tia l s o u r c e  o f  v o r te x  
n o is e  a s  m o v in g  air su rrou n d in g  th e  v e h ic le  e n c o u n te r s  th e  s ta tio n a ry  m e m b e r . P e r io d ic  sp a c in g  
in c r e a se s  th e  p o te n tia l o f  d e v e lo p in g  a  s ir e n - l ik e  s o u n d  at a fr e q u e n c y  d e te r m in e d  b y  th e  sp e e d  
o f  th e  v e h ic le  d iv id e d  b y  th e  d is ta n c e  b e tw e e n  su p p o r ts . T o n a l s o u n d s  are  e x tr e m e ly  a n n o y in g  
to  n ea rb y  r e c e iv e r s . U n e q u a l s p a c in g  b e tw e e n  o b s tr u c tio n s  to  a ir f lo w  w i l l  s e r v e  to  r e d u c e  th e  
to n a l q u a lity  o f  th e  so u n d .

2.1.2 Materials

T h e  s e le c t io n  o f  g u id e w a y  c o n s tr u c tio n  m a te r ia ls  is  g o v e r n e d  b y  c o s t  c o n s id e r a t io n s , a lth o u g h  
th ere  is  n o  c h o ic e  b u t to  p la c e  n o n -m a g n e t ic  m a ter ia ls  in  th e  v ic in it y  o f  th e  m a g n e ts . 
M e a su r e m e n ts  at T ra n sra p id ’s  te st  track  s h o w  th a t a c o n c r e te  g u id e w a y  stru c tu re  i s  a s  m u c h  as  
6  d B  q u ie te r  th a n  an  u n d a m p ed  s te e l stru ctu re  fo r  th e  s a m e  v e h ic le  sp e e d . E x p e r ie n c e  w ith  rap id  
tran sit e le v a te d  stru ctu res h a s  sh o w n  th at n o is e  fr o m  s te e l b e a m s  w ith  d a m p in g  trea tm e n ts  c a n  
b e  c o m p a r a b le  to  that fro m  c o n c r e te  b e a m s . T h e  e f f e c t  o f  o p e n  stru ctu res  o f  e ith e r  c o n c r e te  or  
s te e l  r e m a in s  to  b e  d e term in ed .

2.1.3 Dimensions

The size and thickness of vibrating panels relates to the radiation efficiency, sound power and
resonant frequencies. Stiffening ribs on large panels have the effect of increasing radiation
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e f f ic ie n c y  in  th e  fr e q u e n c y  ra n g e  a f fe c t in g  th e  A -w e ig h te d  so u n d  le v e l .  A n a ly s is  o f  stru ctu re-  
b o rn e  s o u n d  c h a r a c te r is tic s  o f  a  g u id e w a y  d e s ig n  w il l  r e v e a l p o ten tia l s o u n d  p r o b le m s.

2.2 Vehicle Structural/Mechanical

N o is e  i s  ra d ia ted  fro m  th e  m e c h a n ic a l s y s te m s  an d  th e  stru ctu re  o f  th e  v e h ic le  a s  sh o w n  in  F ig u re
1 2 . A t  s p e e d s  b e lo w  l i f t -o f f , th e  w h e e ls  that su p p o rt an d  g u id e  an E D S  m a g le v  g e n e r a te  n o is e  
fro m  in te r a c t io n  w ith  th e  g u id e w a y  ru n n in g  su r fa c e , w h i le  at h ig h  sp e e d , th e  fo r c e s  g e n e r a te d  b y  
m a g n e tic  p o le  p a s s in g  c a u s e  stru ctu ral v ib r a tio n s . C o o lin g  fa n s  an d  p u m p s  a s so c ia te d  w ith  th e  
l i f t in g , p r o p u ls io n  a n d  h o te l s y s te m s  rad ia te  n o is e .  B o d y  p a n e ls  rad ia te  n o is e  fro m  stru ctu ral 
v ib r a t io n s  in d u c e d  b y  th e  tu rb u len t b o u n d a ry  la y e r  o n  th e  car  b o d y  su r fa c e . T h e s e  so u r c e s  are  
d is c u s s e d  in  th is  s e c t io n .

Figure 12. Vehicle Structural/Mechanical Noise Sources
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2.2.1 Support and Guidance

W h e e ls  E le c tr o d y n a m ic  m a g le v  v e h ic le s  are  su p p o r te d  b y  w h e e ls  a t s p e e d s  to o  lo w  to  g e n e r a te  
e n o u g h  m a g n e tic  r e p u ls io n  to lif t  th e  v e h ic le  a n d  k e e p  it a l ig n e d  w ith in  th e  w a l l s  o f  th e  
g u id e w a y . A t  s p e e d s  b e lo w  li f t -o f f , th e  w h e e ls  ru n  a lo n g  a  s m o o th  su r fa c e  o n  th e  g u id e w a y  a n d  
g e n e r a te  n o is e  fro m  in tera ctio n  w ith  th e  r u n n in g  su r fa c e . N o is e  is  r a d ia ted  p a rtly  fro m  th e  
g u id e w a y  stru ctu re  an d  p artly  fro m  th e  tires . N o i s e  fr o m  tires  r o llin g  o v e r  s m o o th  su r fa c e s  is  
a  su b je c t  th at h a s  u n d e r g o n e  a  g rea t d e a l o f  r e se a r c h  in  s tu d ie s  s p o n so r e d  b y  F e d e r a l H ig h w a y  
A d m in is tr a tio n , N a tio n a l B u reau  o f  S ta n d a rd s a n d  o th e r s . E x te n s iv e  m e a su r e m e n ts  s h o w  th at t ire  
n o is e  is  p ro p o rtio n a l to  4 0  lo g  sp e e d , a n d  that s m o o th  t ir e s  an d  c r o ss -tr e a d e d  t ire s  a re  n o is ie r  than  
r ib b ed  tires . S o m e  n o is e  is  rad ia ted  fr o m  th e  t ir e  c a s in g , b u t th e  m ajor  c o m p o n e n t  i s  g e n e r a te d  
b y  "air p u m p in g"  fro m  tread  an d  r o a d w a y  c a v it ie s ,  w ith  th e  n o is e  d irec ted  fo r e  an d  a ft  a lo n g  th e  
g u id e w a y . T h is  so u r c e , o f  co u r se , c e a s e s  w h e n  l i f t - o f f  o c c u r s .

T o  m in im iz e  tire  n o is e  o n  a  m a g le v  v e h ic le ,  th e  t ire s  s h o u ld  b e  r ib b ed ; reg u la r ly  sp a c e d  c r o s s  
b ars an d  z ig - z a g s  s h o u ld  b e  a v o id e d . S id e  w a l l s  s h o u ld  b e  w e l l  sh ie ld e d  fro m  a n y  o p e n in g s  in  
th e  g u id e w a y . T h is  is  e s p e c ia l ly  im p o rtan t fo r  th e  s id e w a r d -fa c in g  g u id a n c e  w h e e ls  that are  
lo c a te d  n ea r  th e  to p  o f  th e  g u id e w a y  w a ll s .  T h e  r u n n in g  su r fa c e s  s h o u ld  b e  m o d e r a te ly  s m o o th  - 
-  to o  sm o o th , a n d  th e  n o is e  in c r e a se s . In  fa c t , o p e n -g r a d e d  a sp h a lt  h a s  b e e n  fo u n d  to  r e d u c e  n o is e  
o n  h ig h w a y  su r fa c e s , d u e  to  a  c o m b in a tio n  o f  s o u n d  a b so r p tio n  an d  p r e ssu r e  r e le a s e  at th e  
t ire /ro a d w a y  in te r fa c e .

M a g n e ts  A t  h ig h  sp e e d , th e  fo r c e s  g e n e r a te d  b y  m a g n e t ic  p o le  p a s s in g  c a u s e  stru ctu ra l v ib r a tio n s  
in  b o th  th e  v e h ic le  an d  th e  g u id e w a y . T h e s e  f o r c e s  are  p e r io d ic  s in c e  th e  p o le s  o f  m a g n e ts  
e m b e d d e d  in  th e  g u id e w a y  a n d  th o s e  o n  th e  v e h ic le  a re  re g u la r ly  s p a c e d  w ith  a  d e f in e d  p o le  
p itc h . A s  th e  m o v in g  v e h ic le  e n c o u n te r s  th e  f ix e d  m a g n e ts  in  th e  g u id e w a y , so u n d  is  rad ia ted  
at th e  p o le  p a s s in g  fr e q u e n c y , fp, w h e r e :

fp =  s p e e d  (m /s )  /  p o le  p itc h  (m ).

T h is  so u r c e  is  to n a l an d  c a n  b e  s ig n if ic a n t  in  th e  lo w -  to  m id -fr e q u e n c y  r a n g e  ( s e e  T a s k  1 rep ort 
fo r  a  d is c u s s io n  o f  th is  so u r c e ) .
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T h is  s o u r c e  o f  n o is e  is  n o t  w e l l  u n d e r sto o d . It is  n o t  c le a r  w h a t  is  th e  r e la t iv e  c o n tr ib u tio n s  from  
th e  v e h ic le  a n d  fr o m  th e  g u id e w a y . F u rth er m e a su r e m e n ts  sh o u ld  b e  ta k en  o n  an  o p e r a tin g  
m a g le v  s y s te m  to  d e f in e  p o le  p a s s in g  n o is e  an d  to d e v e lo p  m e a n s  fo r  c o n tr o llin g  it.

2.2.2 Propulsion System

M a g n e t ic a l ly  p r o p e lle d  v e h ic le s  a re  u n u su a l in  that th e  p r o p u ls io n  s y s te m  d o e s  n o t  d o m in a te  th e  
n o is e  fr o m  th e  v e h ic le .  It is  n o t  to ta lly  s ile n t , h o w e v e r . C o o l in g  fa n s , re fr ig era tio n  u n its  an d  
o th e r  a n c illa r y  s y s t e m s  c o n t in u e  to  o p e r a te  a s  part o f  th e  m e c h a n ic a l s y s te m . T h e  e le c tr o n ic  
e q u ip m e n t  in  th e  c o n tr o l s y s te m  a ls o  g e n e r a te  a  n o t ic e a b le  h u m , in c r e a s in g  in  fr e q u e n c y  a s  th e  
v e h ic le  s p e e d s  u p . T w o  o th er  m in o r  n o is e  s o u r c e s  are a s s o c ia te d  w ith  m a g n e ts :  m a g n e to str ic t io n  
an d  c o i l  v ib r a t io n s . M a g n e to s tr ic t io n  is  th e  sh r in k in g  a n d  e x p a n d in g  o f  an  iro n  c o r e  a s  th e  
m a g n e t  u n d e r g o e s  f lu x  c h a n g e s . V ib r a tio n  a n d  su b se q u e n t s tr u c tu re -b o r n e  s o u n d  is  g e n e r a te d  in  
a n y th in g  a tta c h e d  to  th e  m a g n e t  su p p o rt stru ctu re. C o il  n o is e  is  g e n e r a te d  b y  th e  v ib r a tio n  o f  
th e  c o i l  su r r o u n d in g  th e  m a g n e t  c o r e  a s  it  u n d e r g o e s  c h a n g e s  in  f lu x .

A lth o u g h  th e y  are  n o t  g e n e r a lly  a m o n g  th e  d om in a n t n o is e  so u r c e s  fo r  a  m a g le v  s y s te m , e a c h  
o f  t h e s e  s o u r c e s  s h o u ld  b e  c o n s id e r e d  fo r  its  r o le  in  th e  n o is e  r a d ia ted  to  th e  e x te r io r  (an d  
in ter io r )  o f  th e  v e h ic le .  T rea tm en ts  fo r  q u ie t in g  fa n s  a n d  m e c h a n ic a l s y s te m s  a re  a v a ila b le .

2.2.3 Hotel Systems

S y s t e m s  p r o v id in g  lig h t , h ea t, a ir c o n d it io n in g , an d  a m e n it ie s  to  im p r o v e  p a s s e n g e r  c o m fo r t  are  
re ferred  to  a s  " h o te l sy s te m s ."  A m o n g  th e  im p ortan t n o is e  so u r c e s  in  th is  c a te g o r y  a re  th e  air  
m o v in g  d e v ic e s  in  th e  h e a t in g , v e n t ila t in g  a n d  air  c o n d it io n in g  s y s te m  w h ic h  are  m o s t  n o t ic e a b le  
at lo w  s p e e d s , b u t c o n tr ib u te  to  th e  to ta l w a y s id e  n o is e  at a ll s p e e d s . O fte n  h ea t e x c h a n g e r s  are  
p la c e d  j u s t  b e lo w  th e  r o o f  to  a v o id  h e a t  b u ild -u p  u n d er th e  v e h ic le .  A t  th e  r o o f  le v e l ,  fa n  n o ise  
i s  u n s h ie ld e d , ra d ia tin g  d ir e c t ly  to  th e  w a y s id e . C o n s id e r a tio n  o f  th e  p la c e m e n t  o f  th e  a ir  in ta k es  
a n d  e x h a u s ts , a s  w e l l  a s  in s ta lla t io n  o f  so u n d -a b so r p tiv e  d u ct lin in g , c a n  r e d u c e  th e  c o n tr ib u tio n  
o f  th is  n o i s e  s o u r c e  to  th e  w a y s id e .
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2.2.4 Body Structure

P erh ap s th e  m o s t  im p ortan t, an d  le a s t  u n d e r sto o d , stru ctu ra l n o is e  so u r c e  is  b o d y  p a n e l rad ia tion . 
B o d y  p a n e ls  are  l ig h t  a n d  f le x ib le ;  th e y  te n d  to  v ib r a te  a s  th e  v e h ic le  m o v e s .  A t  lo w  sp e e d , th e  
v ib r a tio n s  te n d  to  in v o lv e  w h o le  p a n e ls  a s  th e  b o d y  f le x e s  in  r e sp o n se  to  d isc o n tin u it ie s  in  th e  
g u id e w a y  su r fa c e  a n d  p e r io d ic a lly  s p a c e d  m a g n e ts . A t  h ig h  s p e e d s , th e s e  fo r c e s  are jo in e d  b y  th e  
w a ll  p ressu re  f lu c tu a t io n s  c a u s e d  b y  th e  T B L . S o m e  re se a r c h e r s  b e l i e v e  that b o d y  structural 
v ib r a t io n s  in c r e a se  th e  n o i s e  rad ia ted  fr o m  th e  T B L . S o u n d  rad ia tes  b o th  o u tw a rd  an d  in w a rd  
fro m  b o d y  p a n e ls . In  fa c t , th is  s o u r c e  is  q u ite  n o t ic e a b le  in s id e  c o m m e r c ia l aircraft, e s p e c ia lly  
w e l l  forw a rd  o f  th e  j e t  e n g in e s .

F u rth er resea rch  is  n e e d e d  o n  th is  su b je c t  to  d e te r m in e  th e  im p o r ta n c e  o f  stru ctu ral n o is e  
rad ia tion . T h ere  m a y  b e  an  o p p o r tu n ity  to  d e v e lo p  an a c t iv e  v ib r a tio n  c o n tr o l sy s te m  for  c r it ica l 
b o d y  p a n e ls  o f  a h ig h  sp e e d  m a g le v  v e h ic le .

2.3 Vehicle Aerodynamics

It i s  g e n e r a lly  a g r e e d  th a t th e  d o m in a n t n o is e  so u r c e s  fo r  v e r y  h ig h  sp e e d  tra in s a re  o f  
a e r o d y n a m ic  o r ig in . D is t in g u is h in g  a m o n g  th e  m a n y  c o m p le x  so u r c e s  is  v e r y  d if f ic u lt . T h e  
m e c h a n is m s  are  n o t  w e l l  u n d er sto o d ; m a n y  o f  th e  h y p o th e s e s  a b o u t d o m in a n t s o u r c e s  are b a s e d  
o n  c ircu m sta n tia l e v id e n c e  fro m  lim ite d  data . E m p ir ic a l m o d e ls  o f  a ir fra m e n o is e  h a v e  ta k en  tw o  
a p p ro a ch es: o n e  w h ic h  c o r r e la te s  c h a r a c te r is tic s  o f  th e  w h o le  a irfra m e w ith  n o is e  le v e l ,  an d  o n e  
w h ic h  c o m b in e s  n o is e  fro m  in d iv id u a l c o m p o n e n ts  m a k in g  u p  th e  a irfra m e. T h e  fo rm er  ap p ro ach  
c o m p u te s  s o u n d  p r essu re  le v e l  a s s u m in g  a  d istr ib u tio n  o f  d ip o le s  o v e r  th e  en tire  su r fa c e . A  m o r e  
d e ta ile d  m e th o d  r e la te s  c o m p o n e n t  s o u r c e  s tr e n g th s  to  c o m p o n e n t  d rag  c o e f f ic ie n t s .  F o r  e x a m p le , 
o n e  g ro u p  o f  re se a r c h e r s  fo r m u la te d  a  th eo ry  o f  a ir fra m e n o is e  re la tin g  o v e r a ll s o u n d  p ressu re  
le v e l  (O A S P L ) to  c o e f f ic ie n t  o f  d rag  ( Q ,)  b y :

OASPL « Qj",

w h e r e  n  =  3  fo r  th e  f u s e la g e  c o m p o n e n t .9 T h is  r e la t io n sh ip  s u g g e s ts  th a t b y  r e d u c in g  th e  d rag  
o f  a  m a g le v  tra in , w h ic h  h a s  a  s im ila r  sh a p e  to  an  a ir p la n e  fu s e la g e , b y  2 5 % , th e  so u n d  le v e l  
s h o u ld  d e c r e a se  b y  a b o u t 4  d B . A n  im p o rta n t a s su m p tio n  for  th is  ap p ro a ch  to b e  v a lid  is  that 
th ere  is  a  u n ifo r m  d istr ib u tio n  o f  s o u n d  so u r c e s  o v e r  th e  a irfram e, w ith  n o  p articu lar  s o u r c e  
s ta n d in g  o u t.
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A  u n ifo r m  d istr ib u tio n  o f  so u r c e s  is  o n ly  an  a p p ro x im a tio n  an d  is  n o t th e  u su a l c a s e , e s p e c ia lly  
in  th e  c a s e  o f  a  rea l v e h ic le .  T h e  m e th o d  o f  ad d in g  u p  th e  c o n tr ib u tio n s  fro m  e a c h  id e n tif ie d  
c o m p o n e n t , a l lo w s  o n e  to  d ia g n o se  th e  d o m in a n t so u r c e s  an d  p rescr ib e  m it ig a t io n  m e a su r e s . T h e  
f o l lo w in g  su b se c t io n s  fo c u s  o n  th e  v a r io u s  a e r o a c o u s tic  so u r c e s  an d  p r o v id e s  a  v e r y  g en era l 
d is c u s s io n  o f  th e ir  ch a ra c te r is tic s  a n d  p o te n tia l c o n tr o ls . T h e  lo c a t io n  o n  th e  v e h ic le  a s so c ia te d  
w ith  e a c h  i s  sh o w n  in  F ig u re  13 .

BENDING WAVE TURBULENT
VIBRATIONS BOUNDARY

LAYER

S  S  0  0  0 0 0 0 00

FLOW
SEPARATION STRUCTURAL

VIBRATIONS EDGES/APPENDAGES
SHEAR FORCES 

IN GAP

Figure 13. Vehicle Aeroacoustic Noise Sources
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2.3.1 Boundary Layer

W h e n  a v e h ic le  m o v e s  th ro u gh  air, it d rag s a  la y e r  o f  a ir a lo n g  its  o u ter  su r fa c e . T h e  air  
a d jacen t to  th e  v e h ic le  sk in  m o v e s  a lo n g  w ith  th e  v e h ic le ,  a lth o u g h  it  i s  u n d er  c o n s id e r a b le  
sh e a r in g  s tr e ss  b y  th e  la y e r s  o f  air furth er a w a y  that are  m o v in g  m o r e  s lo w ly .  T h is  la y e r  o f  fa st-  
m o v in g  air n e x t  to  th e  v e h ic le  is  c a l le d  th e  b o u n d a ry  la y er . It is  th e  k e y  e le m e n t  to  n e a r ly  a ll  
th e  a e r o a c o u s tic  s o u r c e s  a s so c ia te d  w ith  a m o v in g  v e h ic le .  A l l  o f  th e  f o l lo w in g  s e c t io n s  are  
d e v o te d  to  s o m e  a sp e c t  o f  n o is e  c a u s e d  b y  th e  b o u n d a r y  la y er . A s  ju s t  o n e  e x a m p le , w h e n  a  
m o v in g  v e h ic le  p a s s e s  a f ix e d  o b s ta c le  l ik e  a  p o le  o r  a strut, th e  m o v in g  la y e r  o f  a ir is  p e e le d  
o f f  b y  th e  f ix e d  o b je c t , an d  fo r m s v o r t ic e s . G iv e n  th e  r ig h t s p a c in g , d im e n s io n s  an d  a ir  s p e e d s ,  
th e se  v o r t ic e s  c a n  g e n e r a te  p ressu re  p u ls e s  w h ic h  c a n  ra d ia te  a s  so u n d . O th er  e x a m p le s  are g iv e n  
b e lo w .

2.3.2 Transition from Laminar to Turbulent

A s  th e  fron t o f  th e  v e h ic le  e n c o u n te r s  u n d istu rb ed  air, a sm o o th  ( la m in a r ) b o u n d a ry  la y e r  fo r m s  
a s  th e  air a c c e le r a te s  u p  to  th e  v e h ic le  sp e e d . T h e  sh e a r  s tr e sse s  in  th e  b o u n d a ry  la y e r  c a u se  
th e  f lo w  to  b rea k  u p  in to  s w ir lin g  e d d ie s  an d  v o r t ic e s  c h a r a c te r is tic  o f  w h a t  is  c a l le d  th e  tu rb u len t  
b o u n d a ry  la y er . T h e  la m in ar  b o u n d a ry  la y er  is  in h e r e n tly  u n sta b le , it ta k e s  o n ly  a  s lig h t  
p ertu rb ation  fo r  it to  b e c o m e  tu rb u len t. T h is  p o in t  o f  tr a n sitio n  fro m  la m in a r  to  tu rb u len t is  a  
so u r c e  o f  r a d ia tin g  p ressu r e  f lu c tu a tio n s , o r  so u n d . H o w  m u c h  so u n d  is  g e n e r a te d  i s  n o t  w e l l  
u n d e r sto o d . It a p p ea rs  that s o u n d  is  m in im iz e d  w h e n  th e  tra n sitio n  to  tu r b u le n c e  i s  o r d e r ly  an d  
is  a c c o m p lis h e d  w ith o u t  sep a ra tio n .

2.3.3 Flow Separation and Reattachment

B o u n d a r y  la y e r  sep a ra tio n  o c c u r s  w h e n  v o r t ic e s  an d  s w ir ls  in  th e  tu rb u len t b o u n d a r y  la y er  
b e c o m e  s o  g rea t at th e  su r fa c e  th at th e  air se p a ra tes  fro m  th e  b o d y  c a u s in g  a p r e ssu r e  d e f ic it  at 
th at p o in t . S e p a r a tio n  o f  th e  b o u n d a ry  la y e r  fro m  th e  v e h ic le  s k in  is  to  b e  a v o id e d  i f  at a ll 
p o s s ib le . N o t  o n ly  i s  it a so u r c e  o f  in te n se  n o is e ,  b u t it  in c r e a se s  v e h ic le  d rag . R e se a r c h e r s  in  
G erm a n y  u se d  a  m ic r o p h o n e  array to  lo c a te  a s tr o n g  r e g io n  o f  sep a ra tio n  a s  th e  c a u s e  o f  th e  
d o m in a n t n o is e  so u r c e  n ear  th e  le a d in g  e d g e  o f  th e  T ra n sR a p id  T R 0 6 .10 W h e n  it r e a tta c h e s , th e
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b o u n d a r y  la y e r  l ite r a lly  s la m s  o n to  th e  b o d y  p a n e ls  c a u s in g  so u n d  r a d ia tio n  fr o m  that p o in t .

T h e  o n s e t  o f  se p a r a tio n  d e p e n d s  o n  th e  p ressu re  g ra d ien t a lo n g  th e  v e h ic le  su r fa ce . A  rap id  
in c r e a se  in  p r e ssu r e  fo r c e s  th e  f lo w  to  sep ara te , w h e r e a s  a  gra d u a l in c r e a se  in  p ressu re  c a n  b e  
o v e r c o m e  b y  th e  m o m e n tu m  o f  th e  flu id . T h e  p ressu re  g ra d ien t c a n  b e  d e te r m in e d  th ro u gh  s tu d y  
o f  th e  a e r o d y n a m ic s  o f  th e  v e h ic le .  O n e  o f  th e  p r o m is in g  c o n tr o l m e th o d s  is  b ou n d ary  la y e r  
s u c t io n  a t k e y  lo c a t io n s . T h is  trea tm en t h a s  b e e n  fo u n d  to  s ta b il iz e  b o u n d a ry  la yers, w ith  
atte n d a n t r e d u c tio n s  in  d rag .5

2.3.4 Turbulent Boundary Layer (TBL)

A fte r  th e  b o u n d a r y  la y e r  tr a n s it io n s  fro m  la m in ar  to  tu rb u len t n ea r  th e  fron t o f  th e  v e h ic le ,  th e  
re st  o f  th e  b o d y  p a n e ls  are  c o v e r e d  w ith  T B L . A  T B L  c a n  b e  c o n s id e r e d  to h a v e  tw o  or  m o r e  
r e g im e s  w ith  d if fe r e n t  c h a r a c te r is tic s  a s  d is ta n c e  in c r e a se s  o u tw a r d  fr o m  th e  v e h ic le .  M o t io n s  
o f  th e  a ir  are  n e a r ly  ra n d o m  in  th e  r e g io n  n e x t  to  th e  s k in  o f  th e  v e h ic le ,  b u t fu rth er o u t th e  f lo w  
c a n  b e  in te r m itte n tly  tu rb u len t an d  n on -tu rb u len t, f in a lly  r e a c h in g  u n d is tu r b e d  f lo w . T h e  m o t io n  
o f  a ir  in  a  T B L  is  n o t  to ta lly  ra n d o m , h o w e v e r . T h e  ra n d o m  v e lo c i t y  f lu c tu a t io n s  and  r e su lt in g  
p r e ssu r e  f lu c tu a t io n s  are  c o r r e la te d  o v e r  s o m e  len g th  an d  t im e  s c a le ;  a  s m a ll, c o rr e la ted  r e g io n  
o f  f lo w  w ith in  a  T B L  is  c a l le d  an  ed d y , w h ic h  ca n  b e  c o n s id e r e d  a  p a c k e t  o f  e n e r g y  w ith  a 
c h a r a c te r is t ic  w a v e le n g th . R e se a r c h  h a s  sh o w n  that th e  fr e q u e n c y  o f  s o u n d  r a d ia tio n  fro m  a  T B L  
i s  r e la te d  to  th e  d im e n s io n s  o f  th e s e  c o rr e la ted  r e g io n s  w ith in  th e  T B L , an d  th a t th e  in te n s ity  o f  
s o u n d  fro m  a  T B L  is  r e la te d  to  th e  c o rr e la ted  areas o f  p ressu re  f lu c tu a t io n s . F u rther, it is  fo u n d  
th a t th e  s e c t io n s  o f  co r r e la te d  f lo w  g r o w  larger w ith  d is ta n c e  a lo n g  th e  v e h ic le ,  w ith  a  
c o r r e sp o n d in g  lo w e r in g  o f  s o u n d  fr e q u e n c y  ( th e  e f fe c t iv e  w a v e le n g th  g e ts  larger).*

T u r b u le n t f lo w  o v e r  a  su r fa c e  g e n e r a te s  f lu c tu a tin g  fo r c e s  o n  a b o d y , a n d  i f  th e  sk in  su r fa c e  is  
c o m p lia n t , f lu c tu a t in g  d isp la c e m e n ts  o f  th e  su rfa ce . A  v ib r a t in g  su r fa c e  is  w e l l  k n o w n  a s  a  
so u n d  so u r c e , ra d ia tin g  to  b o th  th e  in terior  an d  to th e  e x te r io r  o f  a n  a ircraft fu s e la g e . S o m e  
r e se a r c h e r s  b e l i e v e  that v ib r a t io n s  o f  a  c o m p lia n t su r fa c e  in c r e a se  th e  n o is e  r a d ia tio n  from  a  T B L . 
M a k in g  th e  su r fa c e  r ig id  to  th e s e  sm a ll s c a le  p ressu re  f lu c tu a t io n s  w i l l  th e r e fo r e  s e r v e  to  
m in im iz e  s o u n d  ra d ia tio n . O th er  r e sea rch ers  b e l ie v e  a  c o m p lia n t  s u r fa c e  c a n  b e  p r o v id e d  w h ic h

T h i s  p h e n o m e n o n  c a n  a c t u a l l y  b e  e x p e r i e n c e d  i n s i d e  a  l a r g e  c o m m e r c i a l  a i r c r a f t  w i t h  e n g i n e s  a t  t h e  
r e a r .  P e o p l e  i n  w i n d o w  s e a t s  a t  t h e  v e r y  f r o n t  c a n  h e a r  a  h i g h e r  f r e q u e n c y  r u s h i n g  n o i s e  f r o m  t h e  
b o u n d a r y  l a y e r  t h a n  t h o s e  a  f e w  s e a t s  b a c k .
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" g iv e s  w ay"  to  th e  p ressu re , th ereb y  d a m p in g  o u t th e  f lu c tu a t io n s . F u rth er resea rch  is  n e e d e d  to  
d ete r m in e  th e  b e s t  w a y  in  w h ic h  to  h a n d le  T B L  so u n d . S o m e  o f  th e  o n g o in g  resea rch  in v o lv e s  
m ic r o g r o o v e s  in  th e  sk in , "shark skin" c o m p lia n t  su r fa c e s , a n d  a c t iv e  c o m p lia n t  su r fa c e s .

2.3.5 Trailing Edge Separation

N o is e  research  in  th e  1 9 7 0 ’s  s h o w e d  that f lu c tu a tio n s  o f  a ir  p r e ssu r e  a t tra ilin g  e d g e s  o f  w in g s  
an d  f la p s  d o m in a te  th e  a ir fra m e n o is e  c o m p o n e n t  o f  a ircra ft. D e p lo y m e n t  o f  f la p s  h a v e  b e e n  
sh o w n  to in c r e a se  th e  n o is e  fro m  a  c le a n  c o n fig u r a tio n  a ircra ft b y  a s  m u c h  a s 1 5  d B  fo r  a 
c o m m e r c ia l a ir tran sp ort.11 T h is  n o is e  s o u r c e  in c r e a se s  a p p r o x im a te ly  a s  th e  f if th  p o w e r  o f  
a ircraft sp e e d . A  s im ila r  n o is e  in c r e a se  c o u ld  o c c u r  fo r  a  m a g le v  v e h ic le  i f  w in g - l ik e  c o n tr o l 
su r fa c e s  are  u se d .

E ffo r ts  to  co n tro l n o is e  fr o m  tr a ilin g  e d g e s  in c lu d e  in s ta l l in g  p o r o u s  s k in  s e c t io n s , s o m e t im e s  
b a c k e d  w ith  so u n d  a b so r b in g  m a ter ia l, at th e  tra ilin g  e d g e s  o f  w in g s  a n d  f la p s , a n d  at th e  le a d in g  
e d g e s  o f  f la p s  ju s t  b e h in d  th e  w in g s .  T h e s e  trea tm en ts  h a v e  r e su lte d  in  6  d B  to 1 0  d B  r e d u c tio n s  
in  s o u n d  o f  th e  f lo w  se p a ra tio n  a t th e  tr a ilin g  e d g e  o f  th e  w in g .  A n o th e r  trea tm en t s h o w in g  
p r o m ise  is  a  sa w to o th  tr a ilin g  e d g e  w ith  a r e su lt in g  3  d B  to  6  d B  r e d u c tio n . B lo w in g  o r  su c t io n  
o f  th e  b ou n d a ry  la y e r  at th e  tr a ilin g  e d g e  a ls o  s h o w s  p r o m ise , b u t w ith  a d d it io n a l c o m p le x ity .

2.3.6 Edge Noise

T h e  articu la tio n  jo in t  b e tw e e n  v e h ic le s  in  a train  or  b e tw e e n  in d e p e n d e n t ly  su s p e n d e d  p a n e ls  is  
a d isc o n tin u ity  in  th e  o th e r w is e  s m o o th  b o u n d a ry  la y e r  su r fa c e . T h e s e  e d g e s  trip  th e  b o u n d a r y
la y e r  f lo w  an d  e s ta b lish  a  lo c a l  r e g io n  o f  sep a ra ted  f lo w  th at g e n e r a te  s o u n d  s im ila r  to  a tr a ilin g

\

e d g e . T h e  so u r c e  in te n s ity  o f  an  e d g e  i s  l ik e ly  to  in c r e a se  a p p r o x im a te ly  a s  v e lo c i ty  to  th e  f if th  
p o w e r .

M itig a t io n  o f  e d g e  n o is e  req u ires  e lim in a t io n  o f  a ll d is c o n t in u it ie s  in  th e  su r fa c e  n o r m a l to  th e  
air f lo w . T h is  is  a  d if f ic u lt  req u ir e m e n t for  a  train w ith  b o d y  su r fa c e  d is c o n t in u it ie s  a s s o c ia te d  
w ith  articu la tio n . S m o o th , f le x ib le  jo in ts  b e tw e e n  v e h ic le s  an d  s m o o th ly  ta p ered  e d g e s  are  tw o  
p o te n tia l so lu t io n s .
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2.3.7 Cavity Noise

O p e n in g s  in  th e  b o d y  su r fa c e  n o rm a l to  th e  a ir flo w  c a u se  a  to n a l s o u n d  c a l le d  c a v ity  n o ise . T h e  
so u n d  is  c a u s e d  b y  a  r e s o n a n c e  in  th e  c a v ity  v o lu m e  in d u c e d  b y  o s c i l la t in g  a ir f lo w  im p in g in g  
o n  th e  rear l ip  o f  th e  o p e n in g . It is  a  v e r y  c o m m o n  so u r c e  o f  so u n d : e v e r y o n e  w h o  h a s  p r o d u c e d  
a  w h is t le  b y  b lo w in g  o v e r  th e  to p  o f  a  b o ttle  h a s  e x p e r ie n c e d  it. O n  a  m a g le v  v e h ic le ,  a n y  
o p e n in g  is  a p o te n tia l s o u r c e  o f  c a v ity  n o ise . T h e  fr e q u e n c y  o f  so u n d  is  a  fu n c t io n  o f  c a v ity  
d ep th . Its  in te n s ity  is  p r o p o rtio n a l to  v e lo c i ty  to  th e  fo u rth  p o w e r , s o  it  is  n o t  a s  p o w e r fu l a  
so u r c e  a s  s o m e  o f  th e  o th e r s . H o w e v e r , th e  p r e se n c e  o f  c a v ity  n o is e  is  o f te n  n o t ic e a b le  d u e  to  
its  p u re  to n e  c h a r a c te r is tic s . A m o n g  th e  p o ten tia l c a n d id a tes  o f  th is  so u r c e  are  th e  o p e n  w h e e l  
w e l l s  o f  th e  la n d in g  g e a r  a n d  v e n t ila t io n  o p e n in g s .

M it ig a t io n  o f  c a v ity  n o is e  i s  a  m atter  o f  e lim in a tin g  an y  o p e n in g s  n o rm a l to  th e  a irstream , w h ic h  
m a y  b e  im p r a c tic a l in  a ll c a s e s .  F o r  e x a m p le , i f  w h e e l  w e l l s  are  fo u n d  to  b e  a  p r o b le m , th e y  
c o u ld  b e  d e s ig n e d  to  h a v e  a  c o v e r  w h e n  w h e e ls  are d e p lo y e d . A n o th e r  so lu t io n  i s  to  in je c t  a ir  
fro m  th e  b a s e  o f  th e  c a v ity  to  in ter fere  w ith  th e  air  stream  im p in g in g  o n  th e  tr a ilin g  e d g e  lip .

2.3.8 Shear Layer between Vehicle and Guideway

A ir f lo w  b e tw e e n  th e  v e h ic le  a n d  th e  g u id e w a y  su r fa ces  is  v e r y  c o m p le x . T h e r e  are  in  e f f e c t  tw o  
b o u n d a r y  la y e r s , o n e  a s s o c ia te d  w ith  th e  v e h ic le  an d  o n e  a s s o c ia te d  w ith  th e  s id e  w a l l s  an d  d e c k  
su r fa c e . T h e  r e su lt  is  a c o m p lic a te d  sh ea r  la y er  w ith  c o n s id e r a b le  tu r b u le n c e . A  c o n f in e d  sh e a r  
la y e r  h a s  an  u n k n o w n  e f f e c t  o n  n o is e  g en era tion ; further resea rch  n e e d s  to  b e  p e r fo r m e d  o n  
q u a n tify in g  th e  s o u n d  g e n e r a tio n .

A n o th e r  an d  p o s s ib ly  m o r e  im p o rta n t so u r c e  a sso c ia te d  w ith  in tera c tio n  o f  v e h ic le  a n d  g u id e w a y  
r e su lts  fro m  b o u n d a r y  la y e r  f lo w  in tera c tio n  w ith  fix tu res  a n d  su p p o r ts . V o r t ic e s  are  s h e d  fr o m  
e a c h  e le m e n t  w h ic h  o rd in a r ily  p o s e  n o  p ro b lem  a s a n o is e  so u r c e  fr o m  tra n sien t f lo w , b u t c a n  
turn  in to  a s ir e n  w h e n  e v e n ly  sp a c e d  a lo n g  th e  path o f  a fa st m o v in g  v e h ic le .  F r e q u e n c y  o f  
so u n d  fro m  th is  so u r c e  i s  r e la te d  to  s p e e d  d iv id e d  b y  th e  s p a c in g  d is ta n c e . E lim in a t io n  o f  th is  
to n a l s o u n d  o c c u r s  b y  d is tr ib u tin g  su p p o rts  and  o p e n in g s  w ith  u n e q u a l sp a c in g .
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O n  w a lle d  g u id e w a y s , a  v o r te x  i s  s h e d  fr o m  th e  w a ll  e d g e  a s  th e  v e h ic le  p a s s e s . W h e th e r  th is  
v o r te x  is  a s ig n if ic a n t  so u r c e  o f  n o is e  i s  u n k n o w n .

Table 4. Summary of Design Considerations for Noise Control
SYSTEM COMPONENT n o jse  so u r c e KEY PARAMETERS POSSIBLE WJE35GAHGK 

MEASURES'

G uidew ay Structural R ad ia tion Surface A rea,
M aterials,
D im ensions

D am ping,
A bsorption,
D esign

A irbo rne R adiation G aps/O penings B affles

V ehicle W heels Tread R ibbed T read

M agnets Pole P itch D im ensions

M agnetostriction D esign  D etail

Fans Size, O penings D ucts, L ocation

C om pressors Size B affles, L ocation

B ody P anels S tiffness D am ping, A ctiv e  C ontrol

B oundary  L ayer T ransition N ose S hape D esign

S eparation  an d  R eattachm en t B ody S hape D esign,
B L  S uction

T urbu lence Speed Sfc. T reatm ent, 
B L  Suction , 
C om plian t Sfc.

T railing  E dge Sharpness o f  T E A void  W ings o r  F laps, 
Sm ooth  T railing  Edge, 
A bsorp tive E dge

E dges Surface D iscontinuity Sm ooth  Jo in ts , T apered  E dges

C avity W heel W ells , A ir 
In lets/E xhausts

Shrouds, A ir  In jection

V eh ic le  /G uidew ay S hear L ay er In teraction Speed, P roxim ity  o f  F ixed  
S tructure

D esign
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PREFACE

T h is  rep ort is  th e  fou rth  o f  fo u r  rep orts  to  b e  p rep a red  u n d er  U .S .  D e p a r tm e n t o f  
T ra n sp o rta tio n  C o n tra ct #  D T F R 5 3 -9 1 -C -0 0 0 7 4 , " N o ise  fr o m  H ig h  S p e e d  M a g n e t ic a lly  
L e v ita te d  T ra n sp o rta tion  S y stem s."  T h e  rep orts u n d er  th is  c o n tr a c t  c o v e r  th e  f o l lo w in g  
areas:

1 . C h a r a c ter iza tio n  o f  N o is e  S o u r c e s
2 .  N o i s e  C riter ia  fo r  H ig h  S p e e d  M a g le v  S y s te m s
3 . D e s ig n  G u id e lin e s  b a se d  o n  N o is e  C o n s id era tio n s
4 .  R e c o m m e n d a tio n s  fo r  A c o u s t ic  T e s t  F a c ility  fo r  M a g le v  R e se a r c h .

T h is  rep o rt p r o v id e s  a  su m m a ry  o f  r e c o m m e n d e d  a c o u s t ic  te s t  e q u ip m e n t  a n d  te c h n iq u e s  
w h ic h  c o u ld  b e  u s e d  in  a  U .S . te s t  fa c il ity  fo r  m a g le v  s y s te m  d e v e lo p m e n t.
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EXECUTIVE SUMMARY

N o is e  fro m  h ig h  s p e e d  o p e r a tio n s  o f  a  m a g le v  s y s te m  is  a  so u r c e  o f  co n c e r n . T h e  G erm an  
a n d  J a p a n e se  p r o to ty p e  m a g le v  s y s te m s  g e n e r a te  h ig h  n o is e  le v e l s  at v e r y  h ig h  s p e e d s .  
W ith o u t  m it ig a t io n , a  m a g le v  s y s te m  m a y  e n c o u n te r  p u b lic  o p p o s it io n  i f  in tr o d u c e d  to  th e  
e x is t in g  tran sp orta tion  s y s te m  in  th e  U n ite d  S ta te s . B a s e d  o n  p r o g r e ss  m a d e  b y  th e  a ircraft  
in d u stry  th ere  a re  m a n y  r e a so n s  to  b e l ie v e  th at th e  n o is e  le v e l  c a n  b e  b ro u g h t to  a c c e p ta b le  
le v e ls .  In  th e  c a s e  o f  m a g le v , h o w e v e r , r e se a r c h  i s  n e e d e d  to  d e v e lo p  a b e tte r  u n d e r sta n d in g  
o f  th e  m e c h a n ism s  o f  a e r o d y n a m ic  s o u n d  g e n e r a tio n  a s s o c ia te d  w ith  h ig h  s p e e d  o p e r a tio n s .

A  c o m p r e h e n s iv e  a c o u s tic a l t e s t  p rog ram  s h o u ld  b e  an  in teg ra l part o f  an y  fu ll  s c a le  te s t in g  
p rogram  u n d er ta k en  a s  part o f  a  U .S . m a g le v  d e v e lo p m e n t. T h e  p rim ary b e n e f i t  fro m  an  
a c o u s tic a l te s t in g  p rog ram  w i l l  b e  a  q u ie ter  m a g le v  s y s te m . S e c o n d a r y  b e n e f i t s  in c lu d e  a  
b etter  u n d e r sta n d in g  o f  a e r o a c o u s tic  so u r c e s  a n d  a e r o d y n a m ic  d ra g  a s s o c ia te d  w ith  h ig h  
s p e e d  su r fa c e  tran sp orta tion  sy s te m s .

G a p s in  resea rch  to  b e  f i l le d  b y  a c o u s tic a l t e s t in g  are  l is te d  in  th e  ta b le  b e lo w , a lo n g  w ith  
te s t in g  a p p r o a c h e s  to  d e f in e  m a g le v  n o is e  an d  v ib r a t io n  so u r c e s  a n d  to  in v e s t ig a te  m it ig a t io n  
m e th o d s .
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I S S U E S T E S T  P R O G R A M S

A e r o a c o u s t ic  so u r c e s M icrop h on e, array m e a su r e m e n ts  
M ic r o p h o n e s  m o u n te d  o n  v e h ic le  su r fa c e

In ter ior  n o is e  so u r c e s S o u n d  in te n s ity  m e a su r e m e n ts

V e h ic le  stru ctu ra l rad ia tion P a n e l-m o u n te d  v ib r a t io n  tran sd u cers  
M ic r o p h o n e s  m o u n te d  o n  v e h ic le  su r fa c e  
N e a r -f ie ld /fa r -f ie ld  m ic r o p h o n e s

G u id e w a y  stru ctu ra l rad ia tion S o u n d  in te n s ity  m e a su r e m e n ts  
V ib ra tio n  p o w e r  f lo w  m e a su r e m e n ts

V e h ic le /G u id e w a y  f lo w  in tera c tio n S c a le  m o d e l f lo w  v is u a liz a t io n  
M ic r o p h o n e  array m e a su r e m e n ts

N o i s e  b arrier  e f f e c t iv e n e s s M u ltip le -p o in t  m ic r o p h o n e s

B o u n d a r y  la y e r  c o n tr o l S c a le  m o d e l w in d  tu n n e l te sts

N o i s e  fro m  r o l l in g  w h e e ls S c a le  m o d e l n o is e  te s ts
F u ll s c a le  n o is e  m e a su r e m e n ts  in  Jap an  i

N o is e  fro m  li f t in g  su r fa c e s S c a le  m o d e l n o is e /w in d  tu n n e l te s ts

A c t iv e  c a n c e l la t io n  (In ter io r) M u ltip le -p o in t  m ic r o p h o n e s  
S o u n d  in te n s ity  m e a su r e m e n ts

A c o u s t ic a l  t e s t in g  f a c i l i t ie s  s h o u ld  b e  in c lu d e d  a t a  n e w  te s t  tra ck  fa c i l i ty  to  p erfo rm  th e  
f o r e g o in g  r e se a r c h . T h e  s iz e  a n d  s c o p e  o f  su c h  a te s t  f a c i l i ty  d e p e n d s  o n  th e  p h ilo s o p h y  o f  
th e  s p o n s o r s  o f  th e  d e v e lo p m e n t  p rogram  - w h e th e r  th e  fa c i l i ty  w i l l  b e  a  su p p o rt o p e r a tio n  
fo r  t e s t s  at th e  t e s t  tra ck  o n ly ,  o r  a cen ter  fo r  a c o u s t ic  r e se a r c h  o n  a w id e  v a r ie ty  o f  h ig h  
s p e e d  v e h ic le s .  E a c h  o f  th e s e  a p p ro a ch es  a ffe c ts  th e  ty p e  o f  s ta f f  a n d  in str u m e n ta tio n  fo r  
th e  fa c il ity , a s  w e l l  a s  th e  b u d g e t  n e c e ssa r y  to  c o n t in u e  o p e r a tio n s .
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INTRODUCTION

N o is e  h a s  b e e n  id e n t if ie d  a s  a  p o te n tia l s o u r c e  o f  c o n c e r n  a s s o c ia te d  w ith  th e  in tr o d u c tio n  
o f  m a g le v  to  th e  e x is t in g  tra n sp o rta tio n  s y s te m  in  th e  U n ite d  S ta te s .1 T h e  first o p e r a tio n a l  
m a g le v  s y s te m s  h a v e  b e e n  s h o w n  to  g e n e r a te  h ig h  n o is e  le v e ls  at v e r y  h ig h  s p e e d s .2 
A lth o u g h  th ere  h a s  b e e n  o n ly  a  lim ite d  a m o u n t o f  r e se a r c h  d e v o te d  to  n o is e  c o n tr o l o f  
m a g le v  s y s te m s , th ere  are  m a n y  r e a so n s  to  b e l ie v e  that th e  n o is e  le v e l  c a n  b e  b r o u g h t to  
a c c e p ta b le  le v e ls .  A m o n g  th e  r e a so n s  fo r  o p t im ism  is  th e  p r o g r e ss  m a d e  b y  th e  a ircraft  
in d u stry  in  resea rch  o n  a ir fra m e n o is e  d u rin g  th e  1 9 7 0 ’s . F o r  n o is e  r e d u c tio n  to  b e  
a c c o m p lish e d  in  a  s im ila r  m a n n e r  fo r  m a g le v , w e  m u st  c o n t in u e  th e  resea rch  to  d e v e lo p  a  
b etter  u n d er sta n d in g  o f  th e  m e c h a n is m s  o f  a e r o d y n a m ic  so u n d  g e n e r a tio n  a s s o c ia te d  w ith  
h ig h  s p e e d  m a g le v  o p e r a tio n s .

D u r in g  th e  d e v e lo p m e n t  o f  a  U S  m a g le v  sy s te m , a  fu ll s c a le  te s t in g  p ro g ra m  w i l l  b e  
u n d ertak en  at e ith e r  a  te s t  tra ck  or  a  u se fu l tra n sp o rta tio n  co rr id o r  to  b e  d e te r m in e d . A  
c o m p r e h e n s iv e  a c o u s t ic a l t e s t  p ro g ra m  s h o u ld  b e  an  in te g r a l part o f  an y  fu ll s c a le  te s t in g  
p rog ram . T h e  p rim ary  b e n e f i t  fr o m  an a c o u s tic a l te s t in g  p ro g ra m  w i l l  b e  a  q u ie ter  m a g le v  
sy s te m , o n e  that w i l l  b e  c o m p a t ib le  w ith  urban  an d  su b u rb a n  la n d  u s e s .  E x is t in g  s y s te m s  
w i l l  d e f in ite ly  n e e d  a d d it io n a l n o is e  r e d u ctio n  to  m e e t  e n v ir o n m e n ta l n o is e  cr iter ia  in  
res id e n tia l a rea s.3

Secondary benefits include a better understanding of aeroacoustic sources and aerodynamic
drag associated with high speed surface transportation systems. Aeroacoustic research could
especially benefit because never before has there been an opportunity to study aerodynamic
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n o is e  o n  a  la n d -b a se d  h ig h  s p e e d  v e h ic le  that is  n o t  d o m in a te d  b y  p r o p u ls io n  n o ise . In  
a d d it io n  to  a c o u s t ic s , a e r o d y n a m ic  d e s ig n  o f  th e  v e h ic le  c o u ld  b e  d ir e c tly  a f fe c te d  b y  th e  
f in d in g s . F o r  e x a m p le , e x p e r ie n c e  g a in e d  from  a c o u s t ic a l te st in g  o f  th e  T ra n sR a p id  T R 0 6  
le d  to  an  im p r o v e d  a e r o d y n a m ic  sh a p e  o f  the T R 0 7 .4 In  that c a s e , a c o u s tic a l s c a n n in g  o f  
th e  v e h ic le  p a s s b y  at s p e e d  r e v e a le d  lo c a t io n s  o f  s o u r c e s  o f  in te n se  n o is e  a s s o c ia te d  w ith  
f lo w  d is tu r b a n c e s . S u b se q u e n t  s c a le  m o d e l te st in g  in  a w in d  tu n n e l c o n fir m e d  r e g io n s  o f  
v o r te x  sh e d d in g  n e a r  th e  n o s e  a s  a  re su lt  o f  sh a p e . M o d if ic a t io n s  o f  th e  n o s e  sh a p e  w e r e  
u n d er tak en , r e su lt in g  in  le s s  n o is e  and  le s s  drag.

A e r o d y n a m ic  te s t in g  is  o fte n  ca rr ied  o u t u s in g  s c a le  m o d e ls  in  w in d  tu n n e ls  in s te a d  o f  c o s t ly  
fu ll s c a le  te s t in g  p r o g r a m s at te s t  track s. In s o m e  c a s e s  th e  a c o u s t ic  te s t in g  ca n  a ls o  b e  
ca rr ied  o u t  u s in g  s c a le  m o d e ls  in  w in d  tu n n e ls . A s  d is c u s s e d  in  S e c t io n  1 o f  th is  rep ort, 
h o w e v e r , th ere  a re  s o m e  te s ts  th at ca n  o n ly  b e  p e r fo r m e d  in  fu ll s c a le .

G a p s  in  resea rch  th a t c o u ld  b e  f i l le d  b y  a c o u stic a l te s t in g , fu l l s c a le  a n d  s c a le  m o d e l, d u r in g  
a n y  m a jo r  m a g le v  te s t in g  p ro g ra m  are d isc u sse d  in  th e  f ir st  s e c t io n  o f  th is  report. T h e  
s e c o n d  s e c t io n  d e s c r ib e s  s o m e  o f  th e  te st in g  a p p r o a c h e s  that c o u ld  b e  u s e d  in  rese a r c h  
a c t iv it ie s  to  d e f in e  m a g le v  n o is e  an d  v ib ra tio n  s o u r c e s  an d  to  in v e s t ig a te  m it ig a t io n  m e th o d s .  
F in a lly , w e  p r e se n t  a  d e sc r ip tio n  o f  th e  k in d  o f  a c o u s t ic a l te s t in g  fa c i l i t ie s  th at s h o u ld  b e  
in c lu d e d  at a n e w  te s t  track  fa c il ity .
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1. NEED FOR ACOUSTICAL ANALYSIS CAPABILITIES

T h e  first tw o  ta sk s  in  th is  c o n tr a c t  q u a n tif ie d  th e p o te n tia l e n v ir o n m e n ta l n o is e  p r o b le m s  
a sso c ia te d  w ith  th e  in tro d u ctio n  o f  a  h ig h  s p e e d  m a g le v  s y s te m  in  a n  urban  o r  su b urb an  
se tt in g . B e c a u se  m a g le v  h a s  a  g r e a t  p o te n tia l to  s e r v e  a s  an  a lte r n a tiv e  to  a ircraft a s  a sh ort  
h a u l carrier b e tw e e n  c it ie s , th e  m o d e  w i l l  o f  n e c e s s ity  b e  p la c e d  in  d e n s e ly  p o p u la te d  areas. 
C o n se q u e n tly , n o is e  co n tr o l w i l l  b e  a  m a jo r  part o f  th e  d e s ig n /d e v e lo p m e n t  p r o c e s s  fo r  
m a g le v . B e fo r e  d e s ig n  g u id e l in e s  for  n o is e  c o n tr o l c a n  b e  d e v e lo p e d  w ith  c o n f id e n c e  fo r  
a  n e w  m a g le v  sy s te m , th e  f o l lo w in g  is s u e s  s h o u ld  b e  r e s o lv e d  th ro u gh  an  a c o u s t ic  te s t  
p rogram .

• W h at are th e  k e y  a e r o a c o u s t ic  so u r c e s  for  e a c h  s p e e d  ran g e?

• H o w  m u c h  o f  th e  s o u n d  ra d ia tio n  g e n e r a te d  b y  th e  b o u n d a r y  la y er  c a n  b e  attr ib u ted  
to  v e h ic le  structure?

• H o w  e f fe c t iv e  are  b o u n d a r y  la y er  c o n tr o l m e th o d s  in  r e d u c in g  n o ise ?

• H o w  m u c h  n o is e  i s  g e n e r a te d  b y  th e  v e h ic le  f lo w  in te r a c tio n  w ith  g u id e w a y  
structure?

• H o w  m u ch  so u n d  is  ra d ia ted  fro m  th e  g u id e w a y  stru ctu re?

• W h a t is  th e  s c r e e n in g  e f f e c t  o f  g u id e w a y  s id e  w a lls?

•  H o w  m u c h  n o is e  is  g e n e r a te d  b y  g u id e  w h e e ls  r o l l in g  o n  g u id e w a y  su r fa c e s  at lo w  
sp eed ?

• H o w  m u c h  n o is e  w i l l  b e  g e n e r a te d  b y  li f t in g  s u r fa c e s  i f  th e y  are e m p lo y e d  fo r  
g u id a n c e  p u rp o ses?

•  H o w  e f fe c t iv e  is  a c t iv e  so u n d  c a n c e lla t io n  fo r  m a g le v  in ter io r  n o ise ?

A p p r o a c h e s  to  in v e s t ig a t in g  th e  f o r e g o in g  is s u e s  a re  d is c u s s e d  in  S e c t io n  2 . T h is  s e c t io n  
d is c u s s e s  w h y  th e s e  a c o u s t ic a l resea rch  is s u e s  are  l ik e ly  to  b e  im p o rtan t d u rin g  th e  
d e v e lo p m e n t  p rogram .
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1.1 Identification of Noise Sources

T h e  aircraft in d u str y  m a d e  grea t p ro g ress  in  c o n tr o llin g  j e t  e n g in e  n o is e  a fter  m a n y  y e a r s  o f  
rese a r c h  o n  n o is e  g e n e r a tio n  m e c h a n ism s . H o w e v e r , r e sea rch  o n  a ir fra m e n o i s e  so u r c e s  i s  
p r o c e e d in g  s lo w ly .  M u c h  o f  th e  a irfra m e n o is e  c o n tr o l re se a r c h  c o n s id e r e d  to  b e  s o  
im p o rta n t in  th e  1 9 7 0 ’s  h a s  b e e n  d isc o n tin u e d  as a  r e su lt  o f  fu n d in g  c u tb a c k s  in  th e  1 9 8 0 ’s , 
a c c o r d in g  to  C r ig h to n .5 U n fo r tu n a te ly , it  i s  th e  a ir fra m e  n o is e  so u r c e s  th a t are  k e y  to  
u n d e r sta n d in g  th e  n o is e  g e n e r a tio n  m e c h a n ism s  a s s o c ia te d  w ith  m a g le v . A s  s h o w n  in  F ig u r e  
1 , n o i s e  so u r c e s  o r ig in a te  from  th e  m a g n e tic  p r o p u ls io n  s y s te m , m e c h a n ic a l/s tr u c tu r a l  
in te r a c t io n s  a n d  a e r o d y n a m ic  fo r c e s . D e f in in g  th e  c o n tr ib u tio n s  fr o m  e a c h  s o u r c e  m a k e s  a  
d if fe r e n c e  in  d e te r m in in g  th e  ap p rop riate  d e s ig n  m it ig a t io n  m e a su r e s . T h e  first rep ort  
p rep ared  u n d er  th is  c o n tra c t su m m a rized  w h a t  is  k n o w n  a b o u t th e  n o is e  le v e l s  a n d  so u r c e s  
a s s o c ia te d  w ith  h ig h  s p e e d  m a g le v  o p era tio n s .

BENDING WAVE 
VIBRATIONS

TURBULENT
BOUNDARY

LAYER

FLOW
SEPARATION STRUCTURAL

VIBRATIONS

SHEAR FORCES 
IN GAPEDGES/APPENDAGES

F ig u r e  1 . M a g le v  N o i s e  S o u r c e s
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O n e  o f  th e  p o in ts  e m p h a s iz e d  in  th e  T a s k  1 R ep o rt is  that th e  so u n d  g e n e r a tin g  m e c h a n ism s  
a sso c ia te d  w ith  a h ig h  s p e e d  v e h ic le  are c o m p le x . M a n y  d iffe r e n t m e c h a n is m s  ca n  resu lt  
in  s im ila r  n o is e  ch a ra cter is tics . R e se a r c h e r s  w ith o u t  a c c e s s  to  an  e x p e r im e n ta l v e h ic le  h a v e  
l it t le  d e f in it iv e  data  w ith  w h ic h  to  w o r k ; o f te n  ju s t  th e  m a x im u m  p a s s b y  le v e l  in  A -w e ig h te d  
so u n d  le v e l .  C o n se q u e n tly  m a n y  o f  th e  h y p o th e s e s  a b o u t d o m in a n t so u r c e s  are  b a se d  o n  
c ircu m sta n tia l e v id e n c e . F o r  e x a m p le , th e  n o is e  v s .  s p e e d  c u r v e  fr o m  m e a su r e m e n ts  o f  th e  
T ra n sR a p id  T R 0 7  s h o w n  in  F ig u r e  2  c a n  b e  a p p ro x im a ted  b y  th ree  s tra ig h t l in e s  in  d ifferen t  
s p e e d  r e g im e s  w ith  s lo p e s  p ro p o r tio n a l to  v e lo c i ty  to  th e  third , s ix th  a n d  e ig h th  p o w e r s ,  
la b e le d  A , B ,  an d  C , r e sp e c t iv e ly . T h e s e  th ree  n o is e  v s .  sp e e d  r e la tio n sh ip s  co r r e sp o n d  to:

(A )  n o is e  from  g u id e w a y  stru ctu res  (v e lo c it y  to  th e  th ird  p o w e r ),

( B )  n o is e  fro m  v o r te x  sh e d d in g  a n d  v e h ic le  b o d y  rad ia tion  ( v e lo c it y  to  th e  s ix th  p o w e r ),

(C )  n o is e  fro m  th e  tu rb u len t b o u n d a r y  la y er  ( v e lo c it y  to  th e  e ig h th  p o w e r ).

T h e  stra igh t l in e s  s h o w n  in  F ig u r e  2  are  n o t  u n iq u e . O th ers c o u ld  b e  d raw n  to  ap p ro x im a te  
th e  s a m e  data  b e c a u s e  th e  a c tu a l s o u r c e s  that are d o m in a n t in  e a c h  r e g im e  are  n o t a c tu a lly  
k n o w n .

Speed (km/hr)
Figure 2. Measured Noise o f TR07 with Straight Line Approximations
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1.2 Design Input

T h e  sh a p e  a n d  stru ctu re  o f  th e  v e h ic le  a n d  g u id e w a y  are  d e v e lo p e d  d u r in g  th e  s y s te m  d e s ig n  
p h a se . A n  u n d e r sta n d in g  o f  th e  b a s ic  n o is e  g e n e r a tio n  m e c h a n ism s  w i l l  e n a b le  d e s ig n e r s  to  
in c lu d e  n o i s e  c o n tr o l fe a tu r e s  in  th e  in it ia l d e s ig n  o f  th e  s y s te m  in s te a d  o f  h a v in g  to  e m p lo y  
retro fit tr e a tm e n ts  la ter. M o d ify in g  an  e x is t in g  v e h ic le  o r  g u id e w a y  stru c tu re  to  s o lv e  a  
n o is e  p r o b le m  i s  e x p e n s iv e  an d  o f te n  a d d s  u n d e s ir e d  w e ig h t  to  th e  s y s te m . F u rth erm ore, 
s in c e  m a n y  o f  th e  a ir f lo w  d istu rb a n c es  th at g e n e r a te  n o is e  are a ls o  s o u r c e s  o f  in c r e a se d  d rag , 
a d e s ig n  th a t r e su lts  in  lo w  n o is e  m a y  a ls o  r e su lt  in  lo w  d rag . T h e  f o l lo w in g  s u b se c t io n s  
d is c u s s  h o w  an  a c o u s t ic  te s t in g  p rog ram  c o u ld  p r o v id e  in p u t to  th e  d e s ig n  p r o c e s s  o f  a  n e w  
m a g le v  s y s te m .

1.2.1 Noise Control

M in im iz in g  n o is e  fr o m  a  n e w  m a g le v  s y s te m  req u ires  in co rp o ra tio n  o f  n o is e  c o n tr o l d u r in g  
th e  d e s ig n  p h a s e . T w o  e x a m p le s  illu stra te  h o w  an  u n d e r sta n d in g  o f  th e  b a s ic  m e c h a n is m s  
o f  n o is e  g e n e r a t io n  c o u ld  b e  w o r k e d  in to  th e  s y s te m . F irst i s  th e  tu rb u len t b o u n d a r y  la y e r  
in te r a c tio n  w i th  th e  v e h ic le  su r fa c e  w h ic h  m a y  b e  r e s p o n s ib le  fo r  th e  r a p id  r is e  in  n o is e  w ith  
sp e e d , e .g . ,  p ro p o r tio n a l to  v e lo c i ty  to  th e  s ix th  an d  e ig h th  p o w e r s . A n  is s u e  to  b e  r e s o lv e d  
is  w h e th e r  th e  s u r fa c e  p a n e l r e sp o n se  i s  a  m a jo r  co n tr ib u to r  to  th e  s o u n d  ra d ia tio n . A  
m e a su r e m e n t p ro g ra m  to  d e term in e  th e  r o le  p la y e d  b y  p a n e l v ib r a t io n  w o u ld  b e  v a lu a b le .  
I f  it  tu rn s o u t  th a t v ib r a t io n s  o f  th e  v e h ic le  sk in  are  im p ortan t, th e n  a  r e a so n a b le  n o is e  
co n tr o l m e th o d  is  to  a d d  d a m p in g  m a ter ia l to  th e  su r fa c e  sk in . I f  n o t, th e n  th e  a d d e d  w e ig h t  
o f  th e  d a m p in g  m a te r ia l w o u ld  b e  u n n e c e ssa r y .

A  m o r e  r e f in e d  a p p r o a c h  to  th e  p r o b le m  o f  v e h ic le  s u r fa c e  r a d ia tio n  i s  b a s e d  o n  a e r o a c o u s t ic  
th eo ry . T u r b u le n t  b o u n d a r y  la y e r s  c o n ta in  q u a si-ra n d o m  p ressu re  f lu c tu a t io n s;  th e  p r essu re  
sp ec tru m  s h o w s  s o m e  c h a ra c ter is tic  p e a k s , o n e  o f  w h ic h  c o r r e sp o n d s  to  th e  e f f e c t iv e  
c o n v e c t io n  v e lo c i t y  o f  th e  tu rb u len t f ie ld . T h e s e  p ressu r e  f lu c tu a t io n s  in  tu rb u le n t f lo w  o v e r  
a  fla t  in f in ite  p la te  su r fa c e , e ith er  r ig id  o r  c o m p lia n t , th e o r e t ic a lly  ra d ia tes  s o u n d  in e f f ic ie n t ly  
(q u a d r u p o le  ra d ia tio n ), b u t i f  th e  f lo w  e x c i te s  th e  stru ctu re  a n d  th ere  a re  n o n -u n ifo r m it ie s  
in  th e  su r fa c e , th e  su r fa c e  rad ia tes  s o u n d  q u ite  e f f ic ie n t ly  (d ip o le  r a d ia tio n ). N o n 
u n ifo r m it ie s  in c lu d e  s t if fe n e r s  an d  r ib s su p p o r tin g  th e  su r fa c e  p a n e ls , ab ru p t te r m in a tio n s  a s  
in  e d g e s , s u r fa c e  cu rv a tu re  a n d  r o u g h n e ss  e le m e n ts .6 T h e  d e s ig n  im p lic a t io n s  o f  th e  th e o r y  
a re  in  th e  s p a c in g  o f  r ib s  su p p o rtin g  lig h t  w e ig h t  p a n e ls , a s  w e l l  a s  th e  m a te r ia ls  a n d
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d im e n s io n s  o f  th e  p a n e ls . It is  a  g iv e n  th at a m a g le v  v e h ic le  sh o u ld  w e ig h  a s  litt le  as  
p o s s ib le .  A  lig h t  w e ig h t  sk in  s y s te m  te n d s  to  v ib r a te  e a s i ly  in  re so n a n t m o d e s  an d  i f  th e  
tu rb u len t b o u n d a ry  la y er  e x c i te s  th e  p a n e ls  at r e so n a n c e , th en  th e y  ten d  to  rad ia te  m o r e  
so u n d . H o w e v e r , b y  k n o w in g  th e  m o d a l c h a r a c te r is tic s  o f  th e  v e h ic le  stru ctu re a lo n g  w ith  
th e  fr e q u e n c y  c h a r a c ter is tic s  o f  th e  tu rb u len t b o u n d a r y  la y er , th e  d e s ig n e r  c a n  f in e  tu n e  th e  
v e h ic le  s tru ctu re  su c h  th at fr e q u e n c ie s  o f  re so n a n t m o d e s  o f  p a n e ls  d o  n o t  c o in c id e  w ith  p e a k  
fr e q u e n c ie s  o f  p ressu re  f lu c tu a t io n s  o c c u r r in g  in  th e  b o u n d a ry  la y er . In  th is  w a y  th e  
d e s ig n e r  m a in ta in s  a  lig h t  w e ig h t  d e s ig n , b u t a v o id s  s o u n d  rad ia tio n  fro m  v e h ic le  su r fa c e  
p a n e l r e sp o n se .

A  s e c o n d  e x a m p le  is  th e  p o te n tia l u s e  o f  l i f t in g  su r fa c e s  fo r  v e h ic le  g u id a n c e  an d  c o n tro l. 
V o r te x  sh e d d in g  fro m  tr a ilin g  e d g e s  a n d  e n d s  o f  l i f t in g  su r fa c e s  are  m a jo r  n o is e  g en era to rs  
o n  f ix e d  w in g  aircraft. I f  su c h  a e r o d y n a m ic  c o n tr o l su r fa c e s  are  in co rp o ra ted  in to  th e  d e s ig n  
o f  a  fu tu re  m a g le v  v e h ic le ,  a s  p r o p o se d  fo r  s o m e  c o n c e p ts , it  i s  l ik e ly  that s ig n if ic a n t  n o is e  
r a d ia tio n  w i l l  resu lt . A ir fr a m e  r e se a r c h  h a s  r e su lte d  in  n o is e  c o n tr o l trea tm e n ts  at th e  le a d in g  
a n d  tr a ilin g  e d g e s  that c o u ld  b e  in c o r p o r a te d  in  th e  d e s ig n .5 S o m e  trea tm en ts  d is c u s s e d  b y  
C rig h to n  (R e fe r e n c e  5 )  a n d  in  th e  T a s k  3  R ep o rt o f  th is  co n tra c t in c lu d e  b o u n d a ry  la y er  
s u c t io n  an d  p erfo ra ted  an d  s lo tte d  e d g e s .

O th er  n o is e  c o n tr o l m e a su r e s  s h o u ld  b e  te s te d  a s  part o f  th e  a c o u s t ic a l t e s t in g  p rogram . 
A m o n g  th e s e  are n o is e  b arriers, b o u n d a r y  la y e r  c o n tr o ls , a n d  a c t iv e  so u n d  c a n c e lla t io n .  
M e a su r e m e n ts  o f  n o is e  o n  th e  J a p a n e se  M L U 0 0 2  m a g le v  v e h ic le  in d ic a te  th at th is  v e h ic le  
ra d ia te s  a b o u t 5  d B A  le s s  n o is e  to  th e  2 5  m eter  w a y s id e  r e fe r e n c e  p o s it io n  th a n  d o e s  th e  
G erm a n  T R 0 7  at 3 0 0  K m /h r. A  p o s s ib le  e x p la n a tio n  fo r  th e  lo w e r  n o is e  l e v e l  is  that th e  
s id e  w a l l  a n d  c lo s e d  d e c k  g u id e w a y  c o n fig u r a tio n  a c ts  a s  an  e f f e c t iv e  n o is e  b arrier for  
w a y s id e  n o is e .  O ur T a sk  3  g u id e l in e s  rep ort g iv e s  an  e s tim a te d  5  d B  r e d u c tio n  fo r  a n o is e  
b arrier in  a  sc r e e n e d  c o n fig u r a tio n .

T h e  d o m in a n t  a e r o a c o u s tic  so u r c e s  a ll r e la te  to  a c t io n s  o f  th e  b o u n d a r y  la y er  s u c h  a s  v o r te x  
sh e d d in g , tu r b u le n c e  an d  se p a ra tio n . T h e r e fo r e  n o is e  c o n tr o l m e th o d s  s h o u ld  fo c u s  o n  
k e e p in g  th e  b o u n d a ry  la y e r  a tta c h e d  to  th e  v e h ic le  su r fa c e  a n d  a s  s m o o th  a s  p o s s ib le .  O n e  
o f  th e  c o n tr o ls  w h ic h  s h o w s  p r o m ise  fo r  n o is e  r e d u c tio n  is  b o u n d a ry  la y e r  s u c t io n  to  k e e p  
th e  b o u n d a ry  la y er  a tta ch ed  to  th e  v e h ic le  s id e s . T h e  e x c e s s  air  c o u ld  b e  e je c te d  at th e  rear  
o f  th e  v e h ic le  to  c o m p e n sa te  fo r  th e  p r e ssu r e  d e f ic it  at that part o f  th e  v e h ic le ,  th ereb y  
r e d u c in g  fo r m  drag.
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A c t iv e  s o u n d  c a n c e lla t io n  is  a lw a y s  u n d er  c o n s id e r a tio n  a s  a n e w  n o is e  c o n tr o l m e th o d . T h e  
b a s ic  p r in c ip le  o f  th is  m e th o d  is  that s in c e  th e y  are m a d e  u p  o f  p e r io d ic  p ressu r e  f lu c tu a tio n s  
a b o v e  a n d  b e lo w  a tm o sp h e r ic  p ressu re , so u n d  w a v e s  c a n  b e  c a n c e le d  o u t b y  in tr o d u c in g  
p r e ssu r e s  o f  th e  o p p o s ite  s ig n . T h e  k e y  to  so u n d  c a n c e lla t io n  i s  th e  w o r d  " period ic."  B e fo r e  
a  s o u n d  w a v e  o f  o p p o s ite  s ig n  c a n  b e  in tro d u ced , th e  in it ia l w a v e  m u st  b e  sa m p le d  s o  that  
a  p r e ssu r e  g e n e r a to r  (lo u d sp e a k e r )  c a n  b e  s e t  u p  to  p r o d u c e  th e  n e c e s s a r y  so u n d . M o st  o f  
th e  e x te r n a l s o u n d s  fro m  a h ig h  sp e e d  v e h ic le  are n o t  p e r io d ic , h o w e v e r . L itt le  p r o g r e ss  h a s  
b e e n  m a d e  o n  r e d u c in g  b roa d b a n d  n o is e  b y  th is  m e th o d .

In ter io r  v e h ic le  n o is e  p attern s are  o f te n  ch a r a c te r iz e d  b y  to n e s  g e n e r a te d  b y  e le c tr o n ic  
e q u ip m e n t, a ir  c o n d it io n in g  fa n s  an d  o th er  eq u ip m e n t w ith  p e r io d ic  o p e r a tin g  ch a ra c te r is tic s . 
A c t iv e  s o u n d  c a n c e lla t io n  h a s  b e e n  s u c c e s s fu lly  a p p lie d  to  in ter io r s  o f  a u to m o b ile s , tru ck s  
a n d  lo c o m o t iv e s .  It c o u ld  b e  u s e fu l in  d e v e lo p in g  a q u ie t  m a g le v  s y s te m  s in c e  m a n y  o f  th e  
o p e r a t io n a l c h a r a c te r is tic s  o f  m a g le v  are l ik e ly  to g e n e r a te  in ter io r  so u n d  sp e c tr a  w ith  to n e s .

1.2.2 Drag Reduction

M in im iz in g  a e r o d y n a m ic  drag is  a m o n g  th e  d e s ig n  g o a ls  o f  th e  m a g le v  s y s te m  d e v e lo p m e n t  
p ro g ra m . M e a su r e m e n t o f  n o is e  c a n  h e lp  m e e t  that g o a l .  S o u r c e s  o f  a e r o d y n a m ic  n o is e  are  
r e g io n s  o f  u n s te a d y  a ir f lo w  o v e r  th e  m a g le v  v e h ic le  an d  it s  g u id e w a y . U n s te a d y  a ir f lo w  
o v e r  th e  s u r fa c e  o f  a  v e h ic le  is  a lso  a s so c ia te d  w ith  in c r e a se d  drag . A s  a m a g le v  v e h ic le  
m o v e s  th r o u g h  air, th e  b ou n d a ry  la y e r  o f  air  a d ja cen t to  th e  v e h ic le  starts o u t  s m o o th ly  at 
th e  n o s e  ( la m in a r  f lo w )  b u t g ra d u a lly  c h a n g e s  to  u n ste a d y  f lu c tu a t io n s  (tu rb u len t f lo w )  w h e r e  
th e  n o s e  s e c t io n  tra n s it io n s  to  th e  p a ra lle l s id e  b o d y  an d  r o o f  o f  th e  tra in . D e p e n d in g  o n  th e  
b o d y  cu r v a tu r e  a s s o c ia te d  w ith  fo rw a rd  se c t io n s  o f  th e  v e h ic le ,  th e  tr a n s it io n  to  tu rb u len t  
b o u n d a r y  la y e r  f lo w  c a n  b e  gra d u a l o r  in term itten t. I f  in term itten t, th e  f lo w  is  u n ste a d y , 
w ith  in te r m itte n t v o r te x  sh e d d in g  w h ic h  d ra w s e n e r g y  from  th e  s m o o th  fo rw a rd  m o t io n  o f  
th e  v e h ic l e  th e r e b y  in c r e a s in g  d rag . T h u s  it is  im p ortan t that a e r o a c o u s t ic  an d  a e r o d y n a m ic  
te s t in g  s h o u ld  b e  ca rr ied  o u t in  c o n c e r t  d u r in g  d e v e lo p m e n t  p h a s e s  o f  a  n e w  m a g le v  s y s te m .

A  c a s e  w h ic h  d e m o n str a te s  h o w  a c o u s tic a l te s t in g  c a n  le a d  to  a e r o d y n a m ic  im p r o v e m e n ts  
o c c u r r e d  d u r in g  th e  d e v e lo p m e n t o f  th e  T ra n sR a p id  T R 0 7 .4 E x te n s iv e  a c o u s t ic a l  
m e a s u r e m e n ts  w e r e  c o n d u c te d  to  lo c a te  n o is e  so u r c e s  o n  th e  p r io r  g e n e r a tio n  m o d e l T R 0 6 .  
A m o n g  th e  m e a su r e m e n ts  at th e  E m sla n d  te st  track  p e r fo r m e d  b y  th e  d e v e lo p e r s ,
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M e s s e r s c h m itt-B o lk o w -B lo h m  G m b h  (M B B ) , w e r e  a se r ie s  o f  a c o u s t ic  sc a n s  u s in g  a 
m ic r o p h o n e  array s y s te m  (m ic r o p h o n e  array s y s t e m s  d e sc r ib e d  la ter  in  th is  rep ort). T h e  
resu lts  o f  th e  sc a n  r e p resen ted  b y  F ig u r e  3  in d ic a te d  lo c a t io n s  o f  h ig h  n o is e  le v e l s  at a 
s p e c if ic  r e g io n  n ear  th e  n o s e  o f  th e  train  an d  at g a p s  b e tw e e n  ca r  b o d y  a n d  m a g n e t  s e c t io n s  
( c a lle d  " b o g ies" ) an d  b e tw e e n  th e  tw o  c a rs  o f  th e  train . T h e  sh a d e d  c o n to u r s  su p e r im p o se d  
o v e r  a  sk e tc h  o f  th e  v e h ic le  in  F ig u r e  3  rep r e se n t r e g io n s  in  w h ic h  th e  s o u n d  p ressu re  le v e l  
is  u n ifo r m  w ith in  a  f e w  d e c ib e ls . W in d  tu n n e l te s t s  c o n fir m e d  th a t th e  d ark  r e g io n  at th e  
b a se  o f  th e  n o s e  s e c t io n  c o r r e sp o n d s  to  an  a rea  o f  in te n se  f lo w  sep a ra tio n  at a  c r e a se  
b e tw e e n  th e  v e h ic le  b o d y  a n d  th e  b o g ie  fa ir in g s . D e s ig n  c h a n g e s  fro m  th e s e  in v e s t ig a t io n s  
resu lte d  in  a  r e d e s ig n e d  n o s e  s e c t io n , s m o o th  fa ir in g s  b e tw e e n  th e  car  b o d y  an d  th e  b o g ie s  
an d  e la s t ic  fa ir in g s  at th e  jo in ts  b e tw e e n  car b o d ie s .

F ig u r e  3 .  L o c a t io n s  o f  T R 0 6  S o u n d  S o u r c e s  f r o m  M ic r o p h o n e  A r r a y  A n a ly s i s
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1.2.3 Guideway Structure

N o is e  fro m  th e  g u id e w a y  stru ctu re c a n  b e  g e n e r a te d  in  se v e r a l w a y s , th r e e  o f  w h ic h  are:

• stru ctu ra l v ib r a t io n s  o f  g ir d e r s  or  d e c k  c a u se d  b y  v e h ic le  d y n a m ic  lo a d in g ,
• stru ctu ra l v ib r a t io n s  c a u se d  b y  m a g n e t p o le  r e a c tio n s , an d
• a e r o d y n a m ic  in tera ctio n  b e tw e e n  v e h ic le  an d  stru ctu re.

A  n o is e  m e a su r e m e n t p rogram  w i l l  p r o v id e  u se fu l d e s ig n  in p u t to  id e n t ify  th e  c a u s e  o f  
stru ctu ra l n o is e  in  a ll th ree  c a se s .

S tr u c tu re -b o rn e  N o is e  A s  a train  p a s s e s  o v e r  g u id e w a y  se g m e n ts , e a c h  s e c t io n  o s c i l la te s  a s  
it  i s  lo a d e d  an d  u n lo a d e d . L o w  fr e q u e n c y  v ib r a tio n s  o f  th e  d e c k  stru ctu re  a n d  th e  su p p o r tin g  
b e a m s  g e n e r a te  lo w  freq u en cy  so u n d s  w h ic h  m a y  p r o v e  to  b e  a n n o y in g  to  n ea rb y  r e s id e n ts . 
T h e  g u id e w a y  stru ctu re  i s  su b je c te d  to  an o th er  so u r c e  o f  v ib r a tio n  at th e  s a m e  t im e  — th e  
d y n a m ic  lo a d s  a s s o c ia te d  w ith  m a g n e tic  p o le  p a ss in g . E v e r y  m a g n e tic  p o le  that su p p o r ts  th e  
v e h ic le  w e ig h t  h a s  a tran sien t lo a d  d u rin g  th e  v e h ic le  p a ssb y . T h e  se q u e n t ia l lo a d in g  o f  
m a g n e ts  r e su lts  in  o s c i l la t in g  lo a d s  o n  th e  stru ctu re, r e su lt in g  in  d y n a m ic  r e sp o n se  at th e  
fo r c in g  fr e q u e n c y  a n d  th e  natural m o d e s  o f  v ib ra tio n .

F o r  th e  c a s e  o f  n o is e  rad ia tion  fro m  structural v ib r a tio n s , th e  so u r c e  o f  sou n d - c a n  b e  
d e te r m in e d  b y  a s e r ie s  o f  m e a su r e m e n ts  c o m b in in g  v ib r a tio n  tra n sd u cers  an d  n ea r  f ie ld  
m ic r o p h o n e s . L o c a t in g  th e  so u r c e s  o f  g u id e w a y  n o ise , d y n a m ic  lo a d in g  o r  m a g n e t ic  p o le  
v ib r a t io n , a n d  trea tin g  th em  in  th e  in itia l d e s ig n  ca n  b e  e s p e c ia l ly  im p o rta n t d u e  to  th e  
r e la t iv e ly  h ig h  c o s t  o f  th e  g u id e w a y  c o m p o n e n t  o f  a  m a g le v  s y s te m . K n o w in g  w h e th e r  s te e l  
b e a m s  req u ir e  d a m p in g  trea tm en t b e fo r e  b e in g  u se d  in  a  g iv e n  a l ig n m e n t  c o u ld  b e  an  
im p o rta n t fa c to r  in  e s t im a t in g  th e  w e ig h t  an d  c o s t  o f  a  sy s te m . It is  b e tter  to  h a v e  th is  in p u t  
at th e  o n s e t  o f  th e  d e s ig n  p r o c e s s  th an  after th e  stru ctu re is  b u ilt . R e tr o f it t in g  a n o is y  s te e l  
g u id e w a y  is  c o s t ly .

A e r o d y n a m ic  N o is e  A ir  b e in g  d r a g g e d  a lo n g  w ith  th e  v e h ic le  a n d  b e in g  p u sh e d  a s id e  a s  a 
v e h ic le  p a s s e s , e n c o u n te r s  th e  f ix e d  g u id e w a y  stru ctu re. O b str u c tio n s  to  th e  fr e e ly  f lo w in g  
air c a u s e  d is tu r b a n c e  in  th e  f lo w  w h ic h  can  resu lt in  n o is e  g e n e r a te d  fr o m  v o r t ic e s . E v e n ly  
s p a c e d  o p e n in g s , p o le s  or  structural m e m b e r s  are th e  p o te n tia l s o u r c e  o f  p e r io d ic  v o r te x  
s h e d d in g  a s  a  v e h ic le  m o v e s  a lo n g  th e  g u id e w a y . T h e  resu lt  c o u ld  b e  s im ila r  to  a v e r y  la rg e
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s iren . D e p e n d in g  o n  th e  p a ssb y  rate, th e  s o u n d  g e n e r a te d  b y  th is  so u r c e  c o u ld  b e  in  th e  
fre q u e n c y  ra n g e  o f  a u d ib ility  s h o w in g  u p  a s  a  to n e  su p e r im p o se d  o n  th e  s o u n d  ra d ia ted  b y  
g u id e w a y  v ib r a tio n s . S in c e  to n a l so u n d s  te n d  to  c a u s e  g rea ter  a n n o y a n c e  th a n  b ro a d b a n d  
n o ise , a  g u id e w a y  s y s te m  w ith  p e r io d ic  v o r te x  sh e d d in g  ch a ra c ter is tic s  s h o u ld  b e  a v o id e d .  
N o is e  m e a su r e m e n ts  s h o u ld  b e  a b le  to  id e n t ify  th e  so u r c e  o f  a n y  to n e  th at o c c u r s  an d  
c h a n g e s  in  th e  d e s ig n  c o u ld  b e  s p e c if ie d .

1.3 Scale model vs full scale testing

A  c o m p r e h e n s iv e  resea rch  p rog ram  o n  n o is e  fr o m  h ig h  s p e e d  v e h ic le s  c a n  ta k e  p la c e  b o th  
in  th e  la b ora tory  an d  a t a te st  track , d e p e n d in g  o n  th e  n atu re o f  th e  so u n d  so u r c e . S o m e  
k in d s  o f  te s t in g  are b e s t  p er fo r m e d  in  a  s c a le  m o d e l fa c il ity  w h e r e  d e s ig n  c h a n g e s  c a n  b e  
m a d e  e a s i ly  a n d  c h e a p ly . O th er k in d s  o f  re se a r c h  are  im p o ss ib le  to  p erfo rm  o n  le s s  th a n  fu ll  
s c a le  an d  req u ire  th e  p ro to ty p e  v e h ic le  to  o p e r a te  u p  to  sp e e d  o n  a  te st  track . S o m e  o f  th e  
a d v a n ta g e s  o f  e a c h  ty p e  o f  te s t in g  are  s u m m a r iz e d  in  th is  se c t io n .

S c a le  M o d e l T e s t in g  S c a le  m o d e l w in d  tu n n e l te s t in g  i s  a stan d ard  e x p e r im e n ta l to o l  in  th e  
f ie ld  o f  a e r o d y n a m ic s . B a se d  o n  th e  p r in c ip le  o f  d y n a m ic a l s im ila r ity , a ir f lo w  aro u n d  a  s c a le  
m o d e l i s  th e  s a m e  a s  fo r  th e  fu ll s c a le  p r o to ty p e  p r o v id e d  that th e  d im e n s io n le s s  R e y n o ld s  
n u m b er is  th e  sam e.*

T h e  p rim ary  a d v a n ta g e  o f  s c a le  m o d e l te s t in g  i s  th at it a l lo w s  o n e  to  e c o n o m ic a l ly  s tu d y  th e  
r e la tio n sh ip s  a m o n g  k e y  p ara m eters  an d  to  e v a lu a te  th e  e f fe c t s  o f  d e s ig n  c h a n g e s . B e c a u s e  
th e y  are  o f  a  s iz e  that c a n  b e  h a n d le d  e a s i ly , s c a le  m o d e ls  s a v e  t im e  in  c o n s tr u c tio n  an d  
m ea su r e m e n t. E x p e r im e n ts  c a n  b e  u n d er ta k en  in  a  c o n tr o lle d  e n v ir o n m e n t th a t is  c o n d u c iv e  
to  o b ta in in g  th e  d e s ir e d  in fo r m a tio n . F o r  e x a m p le , b o u n d a ry  la y e r  se p a r a tio n  an d  
rea tta ch m en t p o in ts  o n  a m a g le v  v e h ic le  c a n  b e  d e te r m in e d  th ro u gh  f lo w  v is u a liz a t io n  m e a n s  
in  a  w in d  tu n n e l.

A s  d is c u s s e d  in  S e c t io n  1 .2 .2 , s e v e r a l im p o rta n t c h a n g e s  in  th e  sh a p e  o f  th e  fo r w a r d  s e c t io n  
o f  T ra n sR a p id  0 6  w e r e  m a d e  a s  a re su lt  o f  w in d  tu n n e l te s ts  o f  a 1 :2 5  s c a le  m o d e l . A  
r e g io n  o f  v o r te x  sh e d d in g  in  a sh arp  c r e a se  n ea r  th e  n o s e  w a s  o b se r v e d  b y  f lo w  v is u a liz a t io n  
te c h n iq u e s . T h e  c r e a se  w a s  f i l l e d  in  o n  th e  m o d e l to  e lim in a te  th e  s o u r c e  o f  v o r te x

Reynolds number, Re =LU/v, where L = representative length of model (m), U = velocity (m/sec), 
v = kinematic viscosity of fluid (m2/ sec).
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s h e d d in g . F u rth er w in d  tu n n e l te s t in g  le d  to  r e f in e m e n ts  in  th e  n o s e  sh a p e  to  r e d u c e  f lo w  
p ertu rb a tio n s  c a u s in g  drag . Im p le m e n tin g  an d  te s t in g  th e se  c h a n g e s  o n  a  fu ll s c a le  m o d e l  
w o u ld  h a v e  b e e n  t im e  c o n s u m in g  a n d  c o s t ly .

W h e r e  in v e s t ig a t io n s  o f  a e r o d y n a m ic  f lo w  a ro u n d  th e  v e h ic le  are  e x p e c te d  to  le a d  to  
id e n t if ic a t io n  o f  a e r o a c o u s tic  so u r c e s , a  lab oratory  w ith  th e  a p p ro p r ia te  lo w -n o is e ,  lo w -  
tu r b u le n c e  w in d  tu n n e l is  m o s t  su ita b le . A e r o a c o u s t ic  p h e n o m e n a  th a t a re  f lu id  re la ted , s u c h  
a s  so u n d  fro m  v o r te x  sh e d d in g  fr o m  r ig id  stru ctu res, c a n  b e  s u c c e s s f u l ly  s c a le d  p r o v id e d  
b o th  th e  R e y n o ld s  n u m b er  an d  th e  S tro u h a l n u m b er  are  th e  s a m e  a s  fu ll s c a le .”  S o u n d  
p r e ssu r e  sp ec tra  u n d er  th e s e  c o n d it io n s  w i l l  b e  a c o u s t ic a lly  s im ila r  to  th e  fu ll s c a le  s itu a tio n ,  
p r o v id e d  th e  fr e q u e n c y  i s  a d ju sted  b y  th e  s c a le  factor .

M o r e  c o m p lic a te d , h o w e v e r , i s  th e  c a s e  o f  m o d e l in g  so u n d  ra d ia tio n  fro m  v ib r a t in g  
s tru c tu res  an d  p a n e ls . T w o  w a v e -b e a r in g  m e d ia , th e  air  an d  th e  stru ctu re , are  in v o lv e d .  
A c o u s t ic  s c a l in g  in  air  is  w e l l  u n d e r sto o d . T h e  im p o rta n t p h e n o m e n a  a s s o c ia te d  w ith  s o u n d  
w a v e s ,  s u c h  as r e f le c t io n , sc a tte r in g  a n d  ab so rp tio n , a re  re la ted  s im p ly  b y  th e  g e o m e tr ic  s c a le  
fa c to r . H o w e v e r , th e  stru ctu re is  m o r e  c o m p lic a te d . It su p p o rts  a  n u m b er  o f  d iffe r e n t ty p e s  
o f  w a v e s :  b e n d in g  w a v e s , c o m p r e ss io n a l w a v e s  an d  to r s io n a l w a v e s .  B e n d in g  w a v e s  te n d  
to  b e  th e  m o s t  im p o rta n t fo r  s o u n d  rad ia tion , b u t th e  o th e r  ty p e s  a re  im p o rta n t fo r  m o d e l in g  
th e  c o r r e c t  b e h a v io r  at b o u n d a r ie s , s u c h  a s  p a n e l su p p o r ts . In  o ta e r  fo r  s c a le  m o d e ls  to  b e  
u s e fu l, th e  b e h a v io r  o f  a ll w a v e  ty p e s  in  th e  s tm c tu r e  an d  th e  a s s o c ia te d  s o u n d  r a d ia tio n  
s h o u ld  b e  th e  s a m e  in  th e  s c a le  m o d e l at th e  s c a le  fr e q u e n c y  a s  o c c u r s  in  th e  fu ll s c a le  
p r o to ty p e  at fu ll s c a le  fre q u e n c y .

F o r tu n a te ly , th e  e q u iv a le n c y  o f  s c a le -m o d e l and  f u l l - s iz e  t e s t in g  is  a c h ie v e d  u n d er  th e  
f o l lo w in g  c o n d it io n s:

• m o d e l  a n d  p r o to ty p e  m a te r ia ls  an d  th eir  su rro u n d in g  f lu id s  (a ir ) are  th e  sa m e ,

• • lo s s  fa c to r  (m e a su r e  o f  d a m p in g ) o f  structural m a ter ia l i s  in d e p e n d e n t  o f  fr e q u e n c y ,

•  lin e a r  d im e n s io n s  o f  m o d e l are  1 /n  t im e s  th e  fu ll s c a le  d im e n s io n s , an d

Strouhal number, S = fL/U, where f  = acoustic frequency (sec1), L = characteristic length (m), and 
U = velocity (m/sec).
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•  a ll v ib r a tio n  an d  a c o u s t ic  m e a su r e m e n ts  a re  m a d e  at n  t im e s  th e  fu l l  s c a le  fr e q u e n c y .

It turns o u t  that a ll th e  k e y  p a ra m eters  n e c e s sa r y  to  d e f in e  stru ctu ral s o u n d  ra d ia tio n  c a n  b e  
m ea su r e d  o n  a  s c a le  m o d e l th at is  a 1 /n -s iz e  r e p lic a  o f  th e  fu ll s i z e  stru ctu re. A m o n g  th e  
k e y  v a r ia b le s  th at c a n  b e  m e a su r e d  are:

•  M e c h a n ic a l p o w e r  in p u t

•  A m p litu d e  a n d  m o d a l stru ctu re o f  th e  v ib r a t io n  f ie ld

•  R e f le c t io n  o f  w a v e s  at stru ctu ral jo in ts

• D ir e c t iv ity  o f  so u n d  rad ia tion

• R a d ia tio n  e f f ic ie n c y , an d

• S h ie ld in g  a n d  d iffr a c tio n  e f fe c t s .

U n d e r  th e  f o r e g o in g  c o n d it io n s , th e  a m p litu d e  o f  v ib r a t io n  v e lo c i t y  and  th e  a m p litu d e  o f  th e  
rad ia ted  s o u n d  p ressu re  fro m  th e  m o d e l w i l l  b e  th e  s a m e  a s  th e  fu ll  s c a le  i f  th e  in p u t fo r c e  
o n  th e  m o d e l at s c a le d  fr e q u e n c y  i s  1 /n 2 t im e s  th a t o f  th e  f u l l  s c a le  in p u t fo r c e . S c a le  
m o d e ls  w o r k  w e l l  fo r  p a n e ls  a n d  stru ctu res e x c i t e d  b y  p o in t  or  lo c a l iz e d  fo r c e s . F o r  e x a m p le ,  
a s c a le  m o d e l o f  th e  g u id e w a y  stru ctu re  c o u ld  b e  u s e d  to  e s t im a te  th e  so u n d  r a d ia tio n  from  
v a r io u s  b e a m  c o n fig u r a tio n s . U n fo r tu n a te ly , s c a le  m o d e ls  d o  n o t  w o r k  o u t a s  w e l l  fo r  p a n e ls  
e x c ite d  b y  tu rb u len t b o u n d a ry  la y e r s  w h e r e  th e  s i z e  a n d  str e n g th s  o f  th e  tu rb u len t e d d ie s  are  
d if f ic u lt  to  s c a le  d o w n  to  m in ia tu re  d im e n s io n s .

F u ll S c a le  T e s t in g  A s  m e n tio n e d  a b o v e , s c a le  m o d e l  te s t in g  w o u ld  b e  th e  id e a l m e th o d  o f  
a e r o d y n a m ic  n o is e  te s t in g  e x c e p t  fo r  o n e  im p o rta n t fa c t . D y n a m ic  r e s p o n s e  o f  stru ctu ra l 
e le m e n ts  a s s o c ia te d  w ith  a v e h ic le  sk in  d o e s  n o t  s c a le  in  th e  s a m e  p r o p o rtio n s  a s  th e  f lu id  
d y n a m ic s  w h e n  th e  rea l m a te r ia ls  are u se d  in  air . C o n s e q u e n t ly , in  ord er  to  d e te r m in e  th e  
c o n tr ib u tio n  o f  th e  stru ctu re to  a e r o a c o u s tic  n o is e  fro m  a  m a g le v  v e h ic le ,  te s t in g  m u st  b e  
ca rr ied  o u t o n  fu ll s c a le  c o m p o n e n ts  in  w in d  tu n n e ls  o r  o n  th e  p r o to ty p e  v e h ic le s .

Moreover, the structure-borne transmission of interior noise sources are difficult to model.
Vibration isolation and damping parameters are complex to model on less than full scale.
Components can be made up and tested to optimize treatments before they are installed in
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th e  fu ll s c a le  v e h ic le ,  b u t e v e n  th en  th e y  n e e d  to  b e  te s te d  in  th e  fu ll  s c a le  c o n fig u r a tio n .

2. RECOMMENDED ACOUSTICAL TESTING PROCEDURES

S e v e r a l  n o is e  a n d  v ib r a t io n  m e a su r e m e n t te c h n iq u e s  e x is t  to  d e te r m in e  th e  b e h a v io r  o f  s o u n d  
s o u r c e s . N e w  m e th o d s  a re  b e in g  d e v e lo p e d  a s  im p r o v e d  in str u m e n ta tio n  b e c o m e s  a v a ila b le .  
T h is  s e c t io n  i s  b y  n o  m e a n s  an  e n c y c lo p e d ia  o f  a ll th e  p o s s ib le  m e a su r e m e n t  a n d  a n a ly s is  

m e th o d s  a v a ila b le  to  s tu d y  a e r o a c o u s tic  so u r c e s . H e r e  w e  r e v ie w  cu rren tly  a v a ila b le  
m e th o d s  th at s h o u ld  b e  a  part o f  th e  m a g le v  n o ise  re sea rch  p ro g ra m , e s p e c ia l ly  th e  fu ll s c a le  
te s t in g  o f  a  p r o to ty p e  v e h ic le .  L ik e  th e  first g e n e r a tio n  G e r m a n  an d  J a p a n e se  m a g le v  
p r o g r a m s, th e  U S  e ffo r t  w i l l  d e v e lo p  a  p r o to ty p e  an d  w i l l  im p r o v e  it  b y  te s t in g . B o th  
e x te r io r  a n d  in ter io r  n o is e  m e a su r e m e n ts  w i l l  b e  part o f  th e  te s t in g  p ro g ra m  to  id e n t ify  n o is e  
so u r c e s .

2.1 Noise measurements

2.1.1 Exterior diagnostic tools

E x te r io r  m o v in g  v e h ic le  n o is e  m ea su r e m e n ts  are  m a d e  w ith  o n e  or  m o r e  m ic r o p h o n e s  
m o u n te d  at s p e c if ie d  lo c a t io n s  fro m  th e  path  o f  th e  p a s s in g  v e h ic le .  F o r  v e h ic le s  o n  f ix e d  
g u id e w a y s , th e  p a th  is  d e te r m in e d , th ereb y  s im p lify in g  th e  d e sc r ip t io n  o f  th e  lo c a t io n  o f  th e  
v e h ic le  w ith  r e sp e c t  to  th e  m e a su r e m e n t p o in t. D e p e n d in g  o n  th e  p u r p o se  o f  th e  
m e a su r e m e n t, th e  n o is e  w i l l  b e  r e c e iv e d  b y  a s in g le  m ic r o p h o n e  or  a  s e t  o f  m u lt ip le  
m ic r o p h o n e s .

S in g le  p o in t  m ic r o p h o n e  -  A  s in g le  m ic r o p h o n e  i s  u s u a lly  e m p lo y e d  w h e n  th e  d ata  are  to  
b e  u s e d  fo r  c o m p ly in g  w ith  v e h ic le  n o is e  s p e c if ic a t io n s , e n fo r c e m e n t  o f  n o is e  e m is s io n  
r e g u la t io n s , n o is e  m o n ito r in g  fo r  en v ir o n m e n ta l a s se s s m e n ts , a n d  g e n e r a l n o is e  d e sc r ip tio n s  
o f  th e  e n v r io n m e n t. T h e  a d v a n ta g e  o f  a s in g le  m ic r o p h o n e  m e a su r e m e n t  is  s im p lic ity .  
N o th in g  m o r e  e la b o r a te  i s  n e c e s sa r y  w h e n  a g en e r a l d e sc r ip tio n  o f  th e  n o is e  e n v ir o n m e n t is  
re q u ir e d  b e c a u s e  a s in g le  p o in t  r e c e iv e r  rep resen ts th e  n o is e  e x p o s u r e  o f  an  o b se r v e r  at th e  
m ic r o p h o n e  lo c a t io n . T h e  d isa d v a n ta g e  o f  th e  s in g le  m ic r o p h o n e  in  th e  c a s e  o f  a  fa s t  
m o v in g  v e h ic le  i s  that it in te g r a te s  th e  e f fe c t  o f  a ll th e  s o u n d  s o u r c e s  an d  th e r e fo r e  c a n  n o t
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b e  u sed  a s  a m e th o d  fo r  lo c a l iz in g  in d iv id u a l so u n d  so u r c e s . M o r e o v e r , th e  fr e q u e n c y  
c o n te n t o f  th e  d ata  is  sm e a r e d  b y  th e  D o p p le r  effect***, u n le s s  c o r r e c tio n s  a re  m a d e  d u r in g  
p o s t-p r o c e ss in g  th e  data . T h e r e fo r e , th e  s in g le  p o in t  m ic r o p h o n e  h a s  l im ite d  u s e  in  
d ia g n o s t ic  w o r k  c o n c e r n in g  a  m o v in g  v e h ic le .

T h ere  are  m e th o d s  o f  u s in g  s in g le  p o in t  m ic r o p h o n e s  fo r  fo c u s in g  o n  s o u n d  s o u r c e s . T h e  
fa m ilia r  " sh o tg u n  m icro p h o n e ,"  u s e d  in  e n h a n c in g  t e le v i s e d  sp o r t in g  e v e n ts , e m p lo y s  a  
d ish e d  r e c e iv e r  to  f o c u s  s o u n d s  c o m in g  fr o m  o n e  s m a ll  so u r c e  to  a  m ic r o p h o n e  lo c a te d  at 
th e  fo c a l p o in t  o f  th e  d ish . S u c h  a r e c e iv e r  c o u ld  b e  u s e fu l  in  d ia g n o s t ic  w o r k  to  lo c a te  
so u n d  so u r c e s  o n  f ix e d  stru ctu res, l ik e  th e  g u id e w a y , b u t a n u m b er  o f  d isa d v a n ta g e s  are  
a sso c ia te d  w ith  th e  "dish" fo r  u s e  w ith  fa s t  m o v in g  v e h ic le s .  It h a s  a  r e la t iv e ly  l im ite d  
fr e q u e n c y  r e sp o n se  for  a  g iv e n  d ish  sh ap e: fo r  in v e s t ig a t in g  so u r c e s  w ith  a  w id e  fr e q u e n c y  
ran g e , th e  sh a p e  o f  th e  r e f le c to r  m u st  b e  c h a n g e d , o r  a  n u m b er  o f  d iffe r e n t u n its  m u s t  b e  
u se d . F o r  f o c u s s in g  o n  a  p a rticu la r  sp o t, th e  en tire  d ish  m u st b e  s w iv e le d  to  f o l lo w  th e  
c o u r se  o f  th e  m o v in g  v e h ic le  req u ir in g  a  c o m p le x  m e c h a n is m . E v e n  th en , o n ly  o n e  s p o t  at 
a  t im e  c a n  b e  f o l lo w e d  fo r  a  g iv e n  p a ssb y . T h e  d if f ic u l t ie s  o f  u s in g  th e  d is h e d  m ic r o p h o n e  
m a k e  it u n w o r k a b le  fo r  d ia g n o s in g  so u n d  s o u r c e s  o n  th e  h ig h  s p e e d  m a g le v  v e h ic le .  
H o w e v e r , it  d o e s  h a v e  p o te n tia l a p p lic a tio n  in  d e te r m in in g  so u n d  g e n e r a tio n  fr o m  p a rticu la r  
se c t io n s  o f  th e  g u id e w a y  a s  th e  v e h ic le  p a s s e s  o r  a s  th e  g u id e w a y  is  d r iv en  b y  a  c o n tr o lle d  
so u r c e  o f  v ib ra tio n .

A n o th e r  s in g le  p o in t  m ic r o p h o n e  te c h n iq u e  fo r  m e a su r in g  n o is e  s o u r c e s  o n  th e  g u id e w a y  is  
th e  s o u n d  in te n s ity  p r o b e  d e sc r ib e d  in  th e  s e c t io n  o n  "Interior d ia g n o s t ic  to o ls ."  R a d ia t io n  
o f  so u n d  fro m  v ib r a t in g  stru ctu res c a n  b e  d ia g n o s e d  b y  th is  m e th o d  u s in g  s te a d y  s ta te  
fo r c in g  v ib r a t io n s . A lth o u g h  tr a n sien t v ib r a t io n s  fr o m  a  m o v in g  v e h ic le  are  th e  a c tu a l so u r c e , 
stru ctu re-b o rn e  so u n d  m e a su r e m e n ts  are m o r e  e a s i ly  a n a ly z e d  u s in g  c o n t in u o u s  v ib r a t io n  
so u r c e s , su c h  a s  a  sh ak er .

The Doppler frequency shift is the continuous change in frequency of sound emitted by a moving 
vehicle as it approaches and then recedes from a fixed observer. The mathematical expression for the effect 
is f = fj/(l - M, cos 0) where f is the observed frequency, fj is the emitted frequency from the moving source, 
M is the Mach number and 0  is the angle between the forward vector of the vehicle motion and the vector 
from the sound source to the receiver. For example, when a moving vehicle is approaching the receiver, the 
angle © is less than 90 degrees and the observed frequency is greater than that actually emitted. At 0  = 90 
degrees, the source is perpendicularly opposite the receiver and the observed frequency is true. Similarly, at 
© greater than 90 degrees, when the vehicle is receding from the observer, the observed frequency is lower than 
that emitted.
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M u ltip le  m ic r o p h o n e s  -  A  u s e fu l te c h n iq u e  for  d ia g n o s in g  so u n d  s o u r c e s  i s  to  m e a su r e  an d  
rec o r d  th e  s o u n d  at s e v e r a l lo c a t io n s  arou n d  th e  v e h ic le  s im u lta n e o u s ly . P la c e m e n t o f  
m ic r o p h o n e s  e q u id is ta n t o n  a  v e r t ic a l p la n e  arou n d  a  s o u r c e  is  c o m m o n ly  u s e d  to  d e te r m in e  
d ir e c t iv ity  in  that p la n e  an d  in  th e  c a s e  o f  a  l in e  so u r c e  l ik e  a  m a g le v  train, th e  s o u n d  p o w e r .  
O th er  th an  th e  c o m p le x ity  o f  s e tt in g  u p , ca lib r a tin g  a n d  r e c o r d in g  so u n d  o n  a m u lt ip le  
c h a n n e l ta p e  reco rd er , so u n d  p o w e r  an d  d ire c tiv ity  m e a su r e m e n ts  are  rather s tra ig h tfo rw a rd  
in  th a t n o  a ttem p t i s  m a d e  to  c o r r e la te  th e  s ig n a ls  o f  th e  v a r io u s  m ic r o p h o n e s . T h e  e n e r g y  
a v e r a g e  o v e r  th e  p e r io d  o f  th e  p a ssb y  is  su ff ic ie n t .

M ic r o p h o n e  arrays - M ic r o p h o n e  arrays c a n  b e  u s e d  to  b o th  lo c a l iz e  th e  s o u n d  so u r c e s  an d  
to  c o r r e c t  fo r  th e  D o p ie r  fr e q u e n c y  sh if t  a s so c ia te d  w ith  a  h ig h  s p e e d  m o v in g  v e h ic le .  
A r r a y s  h a v e  b e e n  s u c c e s s fu l ly  a p p lie d  in  G erm an y  an d  Jap an  fo r  th e  id e n tif ic a t io n  o f  s o u n d  
so u r c e s  o n  h ig h  s p e e d  tra in s.7,8,9 F o r  a lin e a r  array, a l in e  o f  eq u a lly ?  sp a c e d  
o m n id ir e c tio n a l a n d  p h a se -m a tc h e d  m ic r o p h o n e s  is  p o in te d  to w a r d  th e  p a s s in g  v e h ic le .  T h e  
s ig n a ls  g e n e r a te d  b y  so u n d  p r essu re  w a v e s  r e c e iv e d  b y  e a c h  m ic r o p h o n e  are  r e co rd ed  o n  
in d iv id u a l c h a n n e ls  o f  a m u lt i-c h a n n e l ta p e  record er  (F ig u r e  4 ) . T h e  s e n s it iv ity  o f  th e  array  
d e p e n d s  o n  th e  a n g le  o f  th e  a p p r o a c h in g  so u n d  w a v e s  an d  a  n u m b er  o f  o th e r  fa c to rs , su c h  
a s  th e  n u m b er  o f  m ic r o p h o n e s , th e ir  sp a c in g , th e  a c o u s t ic  fr e q u e n c y  an d  th e  w e ig h t in g  fa c to r  
m u lt ip ly in g  th e  s ig n a l  fro m  e a c h  m ic r o p h o n e  ( c a lle d  " sh ad in g" ). S u m m in g  th e  o u tp u t o f  a ll 
th e  m ic r o p h o n e s  r e su lts  in  a  b e a m  pattern  w h e r e  th e  g r o u p  o f  m ic r o p h o n e s  h a s  an  in c r e a se d  
s e n s it iv i ty  to  s o u n d s  c o m in g  fro m  a  sm a ll area , m u c h  l ik e  th e  " sh o tg u n  m icro p h o n e"  
d e sc r ib e d  a b o v e . B y  sh a d in g  th e  m ic r o p h o n e s  at th e  e n d s  o f  th e  array, th e  b e a m  p attern  is  
n a r r o w e d  in  th e  c e n te r  s o  th at w a v e s  fro m  o f f  th e  b e a m  a x is  h a v e  le s s  e f fe c t . T h e  u tility  o f  
th e  array is  th at th e  b e a m  o f  m a x im u m  se n s it iv ity  c a n  b e  e le c tr o n ic a lly  s te e r e d  to  p ic k  u p  
s o u n d s  e m a n a tin g  fr o m  a  w id e  a n g le  in  th e  p la n e  o f  th e  array, s im ila r  to  a  s e a r c h l ig h t  In  
fa c t , a  G erm a n  p r o m o tio n a l p u b lic a tio n  rec e n tly  c a lle d  it s  m ic r o p h o n e  array, " D ie  a k u s tis c h e  
T a sc h e n la m p e "  - th e  a c o u s t ic a l f la sh lig h t. T h e  " search in g"  is  d o n e  d u r in g  p o s t  p r o c e s s in g  
o f  th e  r e c o r d e d  data; th e  array i s  "steered" b y  th e  te c h n iq u e  o f  c o n tr o lle d  p h a se  d e la y  
b e tw e e n  e a c h  c h a n n e l (F ig u r e  5 ) .  C o rre la tin g  th e  lo c a t io n  o f  th e  m o v in g  v e h ic le  w ith  th e  
d ir e c t io n  o f  th e  b e a m  is  im p o rtan t. A  d ed ica ted  c h a n n e l o f  th e  ta p e  reco rd er  is  u se d  to  
rec o r d  p o s it io n  in fo r m a tio n  o f  th e  m o v in g  v e h ic le , su c h  a s  th e  t im e  o f  c r o s s in g  a  lig h t  b e a m .

D is c r im in a tio n  a m o n g  w a v e le n g th s  b y  an array d e p e n d s  o n  th e  d is ta n c e  b e tw e e n  
m ic r o p h o n e s . D iffe r e n t  m ic r o p h o n e  sep a ra tio n s  m u st  b e  u se d  fo r  in v e s t ig a t io n  o f  d iffe r e n t  
fr e q u e n c y  r a n g e s . S in c e  a  lin e a r  array ca n  o n ly  b e  s te e r e d  in  th e  p la n e  d e f in e d  b y  its



Harris Miller Miller & Hanson Inc.
Report No. 291550-4

September 1992
Page 20

physical axis and its acoustic axis, longitudinally spaced sound sources can be located only 

by a horizontal array and the vertical distribution o f sound sources can be located only by 

a vertical array. W ith two axes used simultaneously in a crossed array, a mapping o f sound 

sources over the surface o f a m oving vehicle can be obtained, as shown in Figure 1. 

Crossed arrays are now in use in both Germany and Japan 10.

......... 9

* ..............  *

Figure 4. L in ear M icrophone A rra y  (from  Ref. 9)
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The crossed array is among the first tools that should be developed for the U.S. M aglev  

Acoustical Test Facility. The state o f the art o f digital electronics has advanced a great deal 

since the first linear arrays were built in Germany in 1978. The ability to scan the surface 

o f a fast m oving vehicle and mapping the noise sources on a color monitor w ill be useful 

for both noise control and aerodynamic analysis.

M i c r o p h o n e  A r r a y

Figure 5. Schematic of Microphone Array System
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2.1.2 Interior diagnostic tools

Sound intensity - A  recently developed acoustical measurement technique involving multiple 

microphones is measurement o f sound intensity. B y  measuring and integrating the sound 

pressure gradient and velocity by closely spaced phase matched microphones, the sound 

intensity vector (magnitude and direction) can be mapped in the vicinity o f a sound 

source.11 This technique proves to be especially valuable in identifying and locating sound 

sources (Figure 6). B y  m oving the sound intensity probe over the surface and mapping the 

results onto a grid, regions o f high sound intensity can be identified as sources. Further, the 

direction o f the energy flow  can be mapped through the use o f the probe’s directivity pattern.

Application o f sound intensity appears to be confined to fixed sources, due to the time it 

takes to map out the isointensity contours and vectors. Sound intensity measurements could 

be used to determine sources o f interior noise o f a m oving vehicle, however, provided steady 

state conditions can be established for long enough to scan the appropriate surfaces.

Figure 6. Schematic of Sound Intensity System
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2.2 Vibration measurements

A n  acoustical test facility needs to be well equipped w ith a vibration measurement capability 

since sound radiation from vibration o f solid structures is an important part o f the overall 

noise problem. Both the guideway and the vehicle body require vibration measurements in 

order to understand the basic noise generating mechanisms.

A  wide variety o f vibration measurement techniques are available to the researcher. In  

general the method is based on a surface mounted transducer that converts motion o f the 

vibrating surface to electrical signals which are am plified and recorded on magnetic tape. 

After calibration against a standard, the recorded signals are analyzed for overall vibration 

levels, for frequency band levels, for various motion descriptors (acceleration, velocity or 

displacement), as required. This section is not intended as a primer on vibration 

measurement techniques. Summaries o f vibration measurement methods can be found in 

handbooks on acoustical measurements and noise control.12 A  typical measurement system  

is shown in Figure 7.

Guidewav structurebome noise - The guideway has a major effect on the noise radiated from  

a m aglev system at low  and medium speeds.2 Guideways with undamped steel girders are 

measured to be about 5 d B A  noisier than an all-concrete guideway for passbys o f m aglev 

vehicles. Despite their propensity for being noisier, steel structures are generally preferred 

over concrete for reasons o f cost or ease of fabrication. A  measurement program designed 

to identify the sources o f structurebome noise radiation could result in development of 

quieter guideways, especially those made o f steel. Such a program would involve correlation 

of noise radiated and the vibration o f key components o f the structure.

Vibration measurements play a key role in developing noise control from structures since the 

intensity o f sound produced by a vibrating surface is proportional to the mean square 

velocity o f that surface. Measurements of the amplitude and modal pattern o f the vibration 

field together with the mechanical power flow through the structure are fundamental to 

determining the sources o f noise in guideway structures.

Vehicle stmcture - The vehicle skin vibrates under the fluctuating pressure loading o f the 

turbulent boundary layer at high speed. How  much these vibrations contribute. to the 

radiated noise at high speed is unknown. A s  discussed in Section 1, this is one o f the most
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pressing o f the source questions. If  it could be determined whether the structural radiation 

is significant, then the structural design could be altered accordingly. A n  experiment 

com bining measurements o f vibration, near field sound pressure and w all pressure at the 

vehicle skin under turbulent boundary layer loading could serve to answer the question.

Such a measurement program might, for example, measure the vibration response o f the 

vehicle skin while at the same time measuring the pressure fluctuations o f the boundary layer 

adjacent to the skin. The vibrations o f the panel would be determined by attaching many 

light weight accelerometers to the interior surface o f a panel o f the vehicle skin. Data would 

be analyzed to determine the modal structure o f the panel and to correlate the information 

with the pressure field caused by the turbulent boundary layer outside the panel.

LABORATORY EQUIPMENT
Force Signal

Multi-Channel F.M. 
or Digital 

Tape Recorder
Acceleration

Signal

Multi-Channel
Spectrum
Analyzer

Velocity
Signal

Figure 7. Schematic of Vibration Measurement System
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2.3 Recommended Tests to Fill Research Gaps

In  Section 1 we listed key noise issues that need to be resolved through an acoustic test 

program. In  Section 2, we describe various noise and vibration measurement methods at the 

researcher’s disposal. This subsection puts the two together .in a table as a guideline for a 

future acoustical test program.

Table 1. Recommended Tests to Resolve Maglev Noise Issues

ISSUES TEST PROGRAMS
Aeroacoustic sources Microphone array measurements 

Microphones mounted on vehicle surface

Interior noise sources Sound intensity measurements

Vehicle structural radiation Panel-mounted vibration transducers 

Microphones mounted on vehicle surface 

Near-field/far-field microphones

Guideway structural radiation Sound intensity measurements 

Vibration power flow  measurements

Vehicle/Guidew ay flow  interaction Scale model flow visualization 

Microphone array measurements

Noise barrier effectiveness Multiple-point microphones

Boundary layer control Scale model w ind tunnel tests

Noise from rolling wheels Scale model noise tests

Full scale noise measurements in Japan

Noise from lifting surfaces Scale model noise/wind tunnel tests

Active cancellation (Interior) Multiple-point microphones 

Sound intensity measurements
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3. RECOMMENDED ACOUSTICAL TEST FACILITY

A n  acoustical test facility at the m aglev test track w ill be important to conduct testing during 

the development stage o f prototype vehicles. The size and scope o f such a test facility 

depends on the philosophy o f the sponsors of the development program - whether the facility 

w ill be a support operation for tests at the test track only, or a center for acoustic research 

on a wide variety of high speed vehicles. Each o f these approaches affects the type o f staff 

and instrumentation for the facility, as well as the budget necessary to continue operations.

3.1 Staff

The staffing requirements depend on how acoustic testing associated with the m aglevv 

program w ill be directed:

• test track’s own personnel,

• system developer, or

• outside contractors and research institutions.

Either o f the first two approaches requires that the staffing be highly trained, research- 

oriented professionals in the field o f acoustics and capable o f conducting independent 

research and noise control developments. The facility would thus become an acoustic 

research center for control o f noise and vibration from high speed vehicles. The third 

approach would also require highly trained staff, but since the ideas for fundamental research 

would come from outside the facility, the staff would take on a support function, such as 

technicians and data analysts.

Research Facility - A  complete research facility concentrating on aeroacoustics would require 

a major investment and ongoing commitment on the part of funding agencies. In  order to 

justify the investment, there needs to be a demonstrated necessity that the problem is of 

continuing national importance. Although it is beyond the scope o f this report to 

demonstrate a national need beyond the m aglev development program, there is at present no 

coordinated research program in aeroacoustics o f surface vehicles. There is a need for a 

focus point for such research and locating a research facility at the m aglev test track could 

provide that focus.
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For the case o f a minor research facility, the staffing would be made up o f highly qualified 

professionals in the field o f acoustics and noise control engineering, together with a support 

staff o f technicians and analysts to conduct measurement programs, analyze the data and 

prepare test reports. Staff size depends on the extent o f the funding and the scope o f the 

program, but at a minimum the facility would need the follow ing:

• Director - an internationally known and experienced research professional, with a 
Ph.D. and experience in both industry and academia,

• Acoustical Professionals - two or more acoustical engineers with advanced degrees, 
capable o f conducting independent research programs and preparing and publishing 
technical research papers,

• Technicians and Analysts - two or more technicians capable o f conducting complex 
field measurement programs, instrument maintenance and record keeping^ and one 
or more computer specialists with training in data analysis and programming,

• Adm inistration - one executive secretary, one part-time word processor and one part- 
time librarian.

Support Operation - In  the alternative that the test track operations would be offered as a 

facility for use by outside contractors and the developers o f m aglev vehicles, then the 

acoustical test facility would require a lesser staffing requirement. A s  a support facility, the 

staff would conduct measurements and analyze data in response to direction from outside 

contractors. Interpretation o f the data and supervision o f the data acquisition w ould be done 

by the professional staff o f the sponsoring agency. Consequently, the staff could consist o f 

the follow ing:

• Facility coordinator - an acoustical professional with extensive background in noise 
control engineering and experimental testing procedures,

. • Technicians and Analysts - two or more technicians capable o f conducting complex 
field measurement programs, instrument maintenance and record keeping, and one 
computer specialist with training in data analysis and programming,

• Adm inistration - one secretary and one part-time librarian.
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3.2 Physical layout

The location o f a maglev acoustic test facility in either case should be near the test track for 

easy access. A t TransRapid’s Em sland test track in Germany the acoustic laboratory is in 

the maintenance building in which the m aglev vehicles are serviced. In  that facility, 

laboratory set-up, equipment maintenance and storage and data reduction facilities are all 

located in a rather cramped space o f 8 meters by 12 meters (estimated from observation). 

Space for an instrumented van is provided in the adjacent service bay shared with the m aglev 

vehicle. Computer facilities are located in a separate building.

A  good layout for an acoustical laboratory should include offices, computer peripherals, 

laboratory set-up, data reduction, equipment storage, document storage, and garage for 

instrumented van all in adjacent spaces to facilitate communication. The space needed for 

the entire facility depends on the scope o f the activity, discussed above, but the minimum  

space needed is as follows:

Offices - Director 3.5m x 4.5m

Staff 3.0m x 4.0m (each office)

Technician 3.5m x 4.5m (shared by two)

Computer peripherals 3.0m x 4.0m

Data reduction 3.5m x 4.5m

Equipment set-up 5.0m x 8.0m

Equipment maintenance and storage 3.5m x 4.5m

Garage and loading area for van 4.5m x 10.0m

Total minimum space for a complete research laboratory, assum ing two offices each for staff 

and technicians, is just under 200 square meters, not including amenities and common area. 

The reduced scale support facility discussed above would require about 175 square meters 

o f w orking space.
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3.3 Equipment

The equipment roster for a well-equipped acoustic test facility would be nearly identical for 

either type o f m ission, research facility or test support facility. Equipment would be required 

for:

• Noise measurements - sound level meters, microphones, calibrators, preamplifiers, 

supporting stands, cable, connectors, arrays, sound intensity equipment;

• Vibration measurements - accelerometers, calibrators, amplifiers, integrators, cables, 

connectors;

• Data acquisition and analysis - multi-channel digital audio tape recorders, analog-to- 

digital converters, frequency analyzers, filters, portable computers;

• Computer facilities - desk top computers with network, work station with access to 

main frame, laser printer, plotter, graphics w ork station;

• Instrumented van - high step van body, custom fitted work space, racks for 

instruments, built-in power supply for instruments, auxiliary heat, remote radio and 

telephone transmitter.
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