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i Abstract

A field investigation of noise emission from railroad operations was
conducted. The objectives of the study were the establishment of a d_ta

base on the noise levels associated with railroad operations, both line

(trains in transit) and yard, and the development of measurement procedures
that could be utilized in regulations applicable to the noise from rall
ca/Tier equipment and facilities. For trains in transit, measurements were

made as a function of horizontal distance from the tracks [five locations

at 25, 50, 100, 200 end h00 feet] and as a function of microphone height

[three different heights _t the 25 and 50 foot microphon e locations]. Train
passby data'are presented as the m_ximum A-weighted sound level observed

during the passby and as Single Event Noise Exposure Levels (both A-weighted
and one-third octave band levels). A-weighted sound level measurements

were made at the boundary of the railyard, at O.1 second intervals, for
periods Of time ranging from 1 to 23 hours over several days. These data
are presented as the ener_ uqulvalent sound level and the level exceeded

ten percent of the time. The directionality of retarder noise was also
investigated. Measurements were made of ti%e noise emitted in various direc-

tions during retarder operation.
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i. Introduction

The U. S. Environmental Protection Agency (EPA) is charged, under Sec-
tion 17 of the Noise Control Act of 1972 (Public Law 92-57h), with the dev-

elopment of railroad noise emission standards. The law states "After con-

sultation with the Department of Transportation, EPA is required to promul-

• gate regulations for surfac,_ (rail) carriers engaged in interstate commerce,
including regulations governing noise emission from the operation of equip-
ment and facilities of such carriers."

" The lack of data in the public domain on the noise levels associated

with railroad operations necessitated the establishment of a substantial
data base prior to Federal rule making in this area. Through an inter-
agency agreement, EPA requested the assistance of the National Bureau of

Standards (NBS) in the establishment of such a _ta base: These data, in
conjunction with data from other sources [1, 2]_J , provide the technical

basis for the proposed EPA interstate rail carrier noise emission regulations.

2. Yield Test Program

For the purpose of this report, the broad range of noises emitted by

railroad operations has been divided into two categories -- line operations
(trains in transit) and yard operations.

The movement of locomotives and frelght/passenger cars over main line
and local branch main line tracks is termed line operations. For trains in

transit, there exists two major noise contributors -- the noise from the

locomotive, or road power unit, and the wheel/rail interaction noise which
defines the ear-generated noise levels.

Railroad yard operations, on the other hand, include all operations
which are conducted within the confines of the yard property boundaries,

including the classification of frmlght cars and services relating to the
performance testing and routine maintenance of cars and locomotives. The

classification process -- the uncoupling of cars from incoming trains and
recoupling them into outgoing trains bound for various destinations -- is
the major yard activity. The various noise sources associated with this

operation include: (1) switcher engine noise as incoming cars are pushed
up the hump for weighing, classification and destination determination,

(2) wheel/rail and retarder noise as the speeds of the free-rolling rail
cars which have been pushed over the hump are controlled by retarders --

rails which squeeze against the wheels of the moving ears -- as they are
guided to the outgoing train make-up area and (3) the coupling noise as

the free-rolling rail ears hump into the other (stationary) cars of the
outgoing train.

i/Figures in brackets indicate the literature references at the end of this
report.



The noise associated with both yard and line operations was investi-
gated during this study with emphasis on the development of measurement

procedures and the establishment of a d_t_ base appropriate to railroad
operations.

2,1. Railroad Line Operations

The noise levels associated with trains in transit are dependent upon

the physical characteristles of the train, the operating speed, the condi-
tion of the wheels and rails, total weight and length of the train, and the
contour of the track bed. Although these variables can be determined, they v

cannot be controlled in a field study such as this; therelbre, it is diffi-
cult to correlate the noise levels and frequency spectra of successive train
passbys. This section presents a discussion of the field test site and

test procedures utilised during _he data acquisition phase of the railroad
line operation study as well as a presentation of the resultant data.

_.i.!. Field Test Site (Line)

The high speed main llne of the Chesapeake and Ohio Railroad, located
adjacent to the Montgomery County Fairgrounds in galthersburg, Maryland (in

close proximity to the National Bureau of Standards) was selected as the
field test site for the llne operation noise study. The Fairgrounds pro-

vided a large grass-covered (mowed) open area free of any large reflecting
surfacesJ Figure 1 is a contour map of the test site and surrounding area.

The roads interspersed throughout zhe area are dirt with the exception of
the one adjacent and parallel to the tracks which is paved. The stands
for the baseball field are open style grandstand bleachers. Immediately

south of the tracks is a fairly dense growth of weeds and brush about 2
to 3 feet thick and 6-7 feet high. Behind the brush is a large open area

that drops in elevation until it reaches Interstate Highway 70-S which is
S0 feet below the level of the track bed.

• Microphones were located along a line perpendicular to the tracks as
indicated in Figure i. The point of intersection of track.and the line of

microphones is approximately 520 feet from the nearest point of 1-70-S.

Along the microphone llne, the ground elevation decreases as it recedes
from the tracks. The land w_s surveyed to establish the elevation of the
microphone positions relative to the track bed (see Figure S). For the

purpose of this measurement, the track bed is defined as the top of the
wooden $ies.

At this'location, two types of rails exist -- continuouswelded rail
on the westbound tracks and Jointed rail on the eastbound track. Since

grade could be an important parameter affecting train noise, the track ele-

vation was surveyed 300 feet on either side of the intersection between the

microphone array and the track (see Figua,e 3). Eastbound trains go up a
slight grade as they pass the microphones while westbound trains go down
thegrade.

2
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2.1.2. Test Proc6dure (Line)

As stated previously, the microphones were located along a line per-
pendicular to the direction of travel of the trains. For one series of
meas_Lrements,five microphones, located at distances of 25, 50, 100, 200
and h00 feet as measured from the centerl_ae of the westbound track,.formed
a horizontal array. Each microphone was mounted on a tripod and positioned
at a height of 4 feet above ground level. Since the ground along the micro-
phone line was not level (see Figure 2) the line-of-sight distance between

the microphones and the hracks were slightly different from the nominal w
distances cited above. Table I shows the angle and line-of-sight distance
for each mlcrophone in the horizontal array with respect to both the east-
bothnd and westbound tracks.

Table 1 Angle (Oi and line-of-sight distances (d) for
each microphone in the horizontal array with
respect to the eastbound and westbo_id tracks.
(See Figure 2)

Microphone WestTrack East Track
e d:ft e d,ft

l 6° 23' 25.2 4°i0' 38.6
2 1° 9' 50.0 0° 5_' 63.51

3 0° 41' i00.0 • • 0° 36' i13_511
4 i° 48' 2O0.1 i° 41' 213.61
5 1° 37' 400.e '_"_'_'lP'_'.l_'41_.61

A second series of measurements were also conducted utilizing a verti-
cal, rather than a horizontal, microphone array. For these measurements
microphones were mounted at heights of 4, 10 and 15 feet above the ground
at horiaontal distances of 25 and 50 feet as measured from the centerline

of the westbound track. Figure h illustrates the array and shows the micro-
phone heights with respect to the track bed ahd grotrnd level. The associated

table gives the angle and line-0fTslght dlstance for each microphone with
respect to the track bed.

During both series of measurements, the _Icrophones were connected
through coaxial cables to the tape recording and monitoring equipment housed
in the mobile instrumentation van. The van was located approximately 125
feet from the westbound track and lO0 fee%"to the_eabt of the line along
which the microphones were located -- point A :infront of _he stands in
Figure !. The data from each microphone were _'scordedon one channel of a
seven-channel P.M. tape recorder. The redorder was manually started and

stopped upon th_ approach and subsequent departure of each train. Appendix
A contains a detailed discussion of the instrumentation which comprised the
d_ta acquisition and analysis system for line operation studies.
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Statistical information on each trein_ such as, total number of cars, E

loaded cars, empty cars. total weight, etc., was provided by the Chesapeake
and Ohio Railroad Company (see Tables 2 and 3, Section 2.1.3). Train speed
was determined by timing the train with a Istop watch as it traversed a
marked distance of I$50feet. Depending on the train length, repeated tim-
ings were obtained and the average used to compute the speed.!

2.1.3. Test Results (Line)

Data were obtained during 23 train passbys. For 12 of the passbye a
horizontal microphone array was utilized which consisted of five microphones
located at 25, 50, 1O0, 200 and l$OOfeet from the centerline of the west-
bound track. All microphones in the horizontal array were mounted on tri-.
pods at a height of 4 feet above the ground. Measurements of the remaining
ll train passbys were made utilizing a vertical microphone array. In this
case microphones were located at heights of 4, lO and 15 feet above the
ground at locations of 25 and 50 feet from the centerline of the westbound
track. It was felt that the results of this data acquisition program wouid
provide the necessary data base (1) of the noise levels associated with trains
in transit and (2) to allow for the selection of appropriate numbers of micro-
phones as well as location and height specifications to ensure adequate
characterization of train noise.

In addition to the A-weighted sound level, the Single Event Noise Expos-
ure Level (SEI_L) was investigated as a descriptor of train passby noise.
SENEL is mathematically defined as:

;

FP-I i72 lO1Oho lO d ,
(i)

SENEL'IO10810 LPo J =o" o

where p is the time-varying, mean-squmre-so_md-pressureat the point of obser-
vation, L is the corresponding so_md level, p is the standard reference pres-

sure (20 micropascals),to is the standard re_erence time (i second) and t is
the time (in seconds). From a practical standpoint, of course, the integration

is only carried out over a finite time lateral which essentially includes all
of the acoustic ener_ from a given passby._ The SENEL value is very depend-
ent on the i_tegration time selected; errors as great as 10 dB can occur if
the time is too short. This is especially critical as the microphone distance
from the train is increased. Considering the train as a line source, this

effect was investigated theoretically and, considering the length and speed
of the train and the microphone distance, the integration time was selected
for each train passby such that in no case was the error due to the finite

integration time greater than 1 dB at any microphone loca_ion.

2--/Theprocedure by which the SENEL integral was evaluated from the analog
sound pressures is discussed in Appendix B.

8



Also, SF_EL is easily relatable to the energy equivalent noise level (Leq),
which is the level of steady state continuous noise having the same energy

as the actual time varying noise. Among the many scales used for noise and

its effect, L appears to emerge as one of the most important measures of
e e 'nvironmental _oise effects on man [3].

The data for the 25, 50, 200 and h00 foot microphones ,of the horizontal
microphone array are prese,Atsd in the following tables and figures. It should
he noted that due to instrumentation failure, data were not obtained at the

lOG foot microphone location. On several occasions one or more microphones

_re inoperative during the train passby and therefore, data are not available

in these instances either. Table 2 presents informatlonon the characteris-
tics of the 12 trains which were measured. Data such as thg train n_nber

(identification number of the lead locomotive), the direction of travel, num-
ber of locomotives, number of cars and whether the cars were empty or loaded,

the total weight and length of the train and the speed of the traln, are
included. The acoustic data are presented in Figares 5-16. Each figure

corresponds to a particular train and is composed of two parts labeled (a)

and (b). The one-thlrd octave hand Single Event Noise Exposure Level versus
frequency data for each microphone position are presented in Figures 5a-16a,
while Figures 5b-16h present the A-welghted Single Event Noise Exposure Level

and the maximum A-weightsd sound level during the train passby plotted versus
the perpendicul_r distance from the center of the track on which the train

%;as running. In the upper rlght-hand corner of Figures 5b-16b are shown the
average attenuation with distance (declbel/doubling of dlztanee) of both the

SENEL and B4AX ) data.

The one-thlrd octave band SENEL spectral data show that, as expected,

train paseby noise is characterlzedby low frequency peaks in the range hO-
i00 Hz related to the firing frequency of the locomotive engine. The higher

ITequeney portions of the spectra result chiefly from the interation of the
wheels with the rails.

Both the spectral and the attenuatlon-with-distance data point out why

complaints triggered by train noise come from people living miles away from
the railroad tracks. Even at distances of h00 feet from the passing trains,
the low frequency peak ls little attenuated from the level measured at 25

feet. The wheel/roll noise, which is typically higher in frequency and is
generated by sources closer to the ground, attenuates at an increased rate

in comparison to locomotive noise. Because of this, a general tendency exists
for the rate of attenuation of A-weighted sound levels to increase with the

nttmber of cars in the train, resulting from the greater contribution from
wheel/rail noise, as opposed to locomotive noise.

In order to gain some understanding of the variation in the rote of

attenuation with distance as a function of frequency, the 50 foot microphone

was selected as a reference and the differences between its reading and



those of the other microphones were determined -- [L(x) - L(50)]_/. These i
differences were computed for the octave band SENEL values over the fre-
quency range from 63 to h000 Hz. The average values for each frequency were
plotted against the microphone distances. A straight line was fitted to
the average value data using the method of least squ_res, The average
values, the range, and the least squares llne are presented in Figures 17
and 18. The data in these figures are separated according to direction of
travel -- east or west -- which also corresponds to differences in track .,
type and grade. It should be noted that the least square llne@ have been
displaced and forced'to go through 0 dB at 50 feet for westbound trains
and at 63 feet for eastbo_md trains. The average deviations [L(x) - L(50)] v
are also plotted versus frequency for each microphone location as shown in
Figures 19 and 20 for the west and east bound trains, respectively.

As expected, there is a general tendency for an increased rate of ab-
sorption at higher frequencies. The data also seem to indicate that des- • i
tructive interference is occurring in the region of 500 Hz (this phenomena
will be discussed in detail later in this section). Since the data include
both locomotives and cars -- for which the effective source heights, and
hence the expected rate of attenuation, are different -- no quantitative con-
clusions can read{ly be drawn.

In order to determine the influence of microphone height as a parameter,
a vertical microphone array was utilized to measure the noise from ii pass-
ing trains. As stated earlier, the vertical array consisted of six micro-
phones -- three at heights of 4, I0 and 15 feet above the ground at a dis-
tance of 25 feet from the eenterline of the westbound track and three at the
s_me heights at a 50 foot distance. The data obtained with the 4 foot high
microphone located at 50 feet were f_.Lndto be erroneous; therefore, the
only tie with the horfzontal array was the.4 foot high microphone located at
25 feet and _his microphone was selected as the reference microphone.

These were ii train passbys; however, on two occasions east and west
bound trains passed the microphone array simultaneously. These are noted on
Table 3 which presents data on the characteristics of the trains measured
utilizing the vertical microphone array.

Figures 21 and 22 present the differences in the A-weighted Single

Event Noise Exposure Level and A-weighted sound levels that existed b_wean
the reference microphone and the other microphones [L(x,y) - L(25,_)]_-J.

_/L(x) is the noise level measured at the microphone location whose hori-
zontal distance from the source is defined within the parenthesis, i.e.,
L(50) is the level measured at the 50 foot microphone location.

h-/L(x,y)is the noise level measured at the microphone location whose
horizontal distance from the source and height above the ground are
defined within the _renthesis, i.A._ L(25_!0) ie the iovel measu_ed

at the 25 foot microphone location for a microphone height of i0 feet.

i0



The horizontal distances sho_ correspond to data for westbound trains --
the distances for the eastbound trains were 13.5 feet greater.

The chief conclusion to be drawn from these data is that some care is

required in attempting to predict levels at one vertical height from measure-
ments at some other height. At a horizontal measurement distance of 50 feet,
assuming a 15foot high locomotive and a 15 foot high microphone, an acoustic
signal originating from the roof-top exhaust would travel about 8.5 feet
further by undergoing one reflection from the ground than it would travel
in going directly from the exhaust to the microphone. A distance of 8.5
feet corresponds to one-half wavelength for sound at a frequency of about 70
Hz. This is in the frequency range where the maximum sound pressure levels
due to the locomotive engine"firing frequency occur. This observation would
suggest that the anomalously low levels at the 15 foot high microphone at a
horizontal measurement distance of 50 feet were due to destructive inter-
ference between the direct signal and that reflected from the ground.

For measurements using a microphone 4 feet above the ground, assu_sing
a hard reflecting surface, at a distance of 100 feet from a locomotive (dis-
tances that have been suggested for regulatory purposes), a 15 foot high
source (i.e., locomotive exhaust) would result in destructive interference
at about 500, 1500, 2500, 3500,..Hz and constructive interference at about
lO00, 2000, 3000, 4000, ....Hz. The first frequency at which destructive
interference occurs is well above the frequency range associated with the
fundamental firing frequency of the locomotive engine. Thus one would mot
expect serious measurement errors due to interference,phenomena. Similarly,
measured sound levels should be reasonably independent of small differences
in microphene height, provided the terrain is reasonably flat and level.
However, if there were a small valley between the train and the microphone,
destructive interference could occur at frequencies near that of acoustical
radiation associated with the fundamental firing frequency of the locomotive
engine. As an example, assume the ground falls off to about l0 feet below
track level at 50 feet away and then rises to be level with the track at
i00 feet away. For exhaust noise from a 15 foot high locomotive, destruc-

: tire interference would occur (for a _ foot high microphone) at frequencies
of about 80, 240, 400, 560,...Hz. Destructive interference would occur
near these same frequencies if the ground fell off, for example, to 7 feet

i below track level at a distance of 50 feet and then rose to about 5 feet
above track level at i00 feet.

2.2. Railroad Yard Operations

The noise levels associated with a railroad yard are dependent upon a
variety of activities within the yard. The primary noise sources typically

_:! are the various retarders, the coupling of cars, and the working and idling
:i! locomotives -- both roadand switcher. This section presents a discussion

:i of the field test site and test procedures utilised during the data acquisi-
tion phase of the railroad yard operation study as well as a presentation
of the resultant data.

i
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Table 2, Characteristics of trains on the main line during measurements made
utilizing the horizontal microphone array.

Empty Leaded Speed Weight Lengt_
Train* Direction Locomotives Cars Cars Ft/see Tons Feet

4103 West 3 94 48 62 7380 7020

6607 West 2 O 0 ll2 300 136

7411 West 5 138 0 33 4890 6964

_o54 w4st 6 0 0 56 900 408

3823 West 2 20 3 30 lO16 1390

4036 West 4 0 81 88 6889 4160

4548 West 4 63 13 _3 4162 3920

6970 West 2 32 5 51 2100 1912

4031 West "3 0 77. 87 581_0 3900

3555 East 3 27 59 46 _800 _332

6955 East ' 2 16 8 49 1535 1288

5983 East I 2 2 36 500 260

*The numbers refer to'the identification numbers of the lead imcomotives.

12
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Figure 5a_ Single event noise exposure level versus frequency
for train no. 4103.

LOCO_¢TIVES EMPTY L_ROED SPEEO HEIGHT LENGTH--
CRRS C_RS [FT/SEC) (T_NS} (FEET)

3 94 48 62 7380 7020

i
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Figure 5b. Maximum A-weighted sound level (in dB re 20 #Pa) 1
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ond) versus distance for train no. 4103. -
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Figure 6b. Maximum A-welghted sound level (in dB re 20 _Fa)
and A-weighted SENEL (in dB're 20 #Pa and 1 sec-
ond) versus distance for train no. 6607.
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Figure 7a. Single event noise exposure level versus frequency

for train no. 74!i.
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Figure 7b. Maximum A-weighted sound level (in dB re 20 _Pa)
and A-weighted SENEL (in dB re 20 pPa and 1 sec-
ond) versus distance for train no. 7411.
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Figure 8a, Single event noise exposure level versus frequency
for train'no. 4054.
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Figure fla. Single event noise exposure level versus frequency
for train no. 4548.
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Figure llb. Maximum A-weighted sound level (in dB re 28 _9a)
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ond) versus distance for train no. 4548.
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Figure 12b. Maximum A-weighted sound level (in dB re 20 #Pa)
and A-weighted SENEL (in dB re. 20 #Pa and 1 sec-
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Figure 15a. Single event noise exposure level versus frequency
for train no. 6955.
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Table 3. Characteristics of trains on the main line during measurements made
utilizing the vertical microphone array.

Empty Loaded Speed Weight Lengt_
Train* Direction Locomotives Cars Cars Ft/sec Tons Feet

3692 West 4 7h h6 39 6682 6032

696h West 2 0 0 hh 300 136

6h93 East i 2 2 30. 500 260

_I00 East 2 313 0 41 )_230 6_24

4157"* East 3 0 118 _ 7730 5868

.4108"* West 3 0 68 52 4730 3h68

6955"* East 2 4 29 33 2900 1720

696_** West 2 0 0 41_ 300 136

9910"** East h 0 0 87 236 3h9

i ih56 _em East i 3 0 107 239 3h9

'i 9911 w** East _ 0 0 88 236 3h9

]

.: _The numbers refer to the identification numbers of the lead.locomotives•

_"Simultaneous Passby
_SCommuter Trains
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2.2.1. Field Test Slte (Yard)

Rail yard measurements were made at the Norfoik and Western Railroad
Terminal located in Roanoke, Virginia. The Roanoke terminal is the eastern
hub of the Norfolk and Western Railway system and as such is operated on a
2_-hour, 7 days per week basis. The following statistics are presented
to provide an indication of the size and activity of the facility:

@ There is an average of bSO0 cars handled daily through the terminal,
with peak loads near 6500 cars. An average of over 85 trains arrive
and depart Roanoke on a daily basis.

@Approximately 2100 cars each day are classified over the dual hump
(master retarders).

@The classification yard contains 55 classification tracks with a
capacity of approximately 1950 cars.

@The receiving yard contains 20 tracks with a capacity of approximately
2000 cars.

@The hump computer controls 2 master, 2 intermediate, and 9 group
retarders, and 65 switches.

@The terminal'contains 228 miles of track.

A reduced reproduction of a detailed map of the Roanoke Yards is show_
in Figure 23. Superimposed on the map are the microphone positions at the
yard perimeter (.locationsAl, AS, Bl and S2) and_thin the yard (location
C) which were utilized for tall yard measurements.

2.2,2. Test Procedure (Yard)

Measurements were made at four locations (designated Al# A2, BZ and B2)
along the boundary of the Roanoke train _ard and at one location (designated
C) withintheyard.

Microphone positions AI and A2 were selected because of their proximity
to _he intermediate and group retarders and the car coupling area respec$ively.
Figure 2_ shows an overview of this area with microphone number AI in the
foreground. The two microphones at location A were mounted on tripods at a
height of 5 feet above the ground. They were located at the edge of an em-
bankment which was approximately 50 to 60 feet above the level of the track
bed of the nearest track. The line-of-sight distances from the microphones
to the edge of the nearest track were 65 and 81 feet for locations AI and A2
respectively.

At microphone positions BI and B2 (see Figure 25) the microphones were
also mounted 5 feet above the ground at the edge of an embankment. At this

_6
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Figure 24. 0vervlaw of the retarder and car coupling areas of the Roanoke train yazd showinK

microphone position AI.



_o

Figure 25. Overview of the engine idling area of the Roanoke train yard showing the location of microphone
posi=ion BI,



location the embanF_ent was 35 to b5 feet above the level of the nearest

track. The noise levels measured at this location were dominated by the

noise from stationary (idling) and moving locomotives.

In order to gains better understanding of the noise levels and the

directionality patterns of the noise associated with retarders, measure-

meets were also made within the yard interior. This location is designated
loc_tion C. Figure 26 shows the eight microphone positions utilized. Re-
tarder number i was selected as the primary source to he studied; therefore,
all positions selected are in relation to this retarder. The noise from
retarder number 2 was also measured and dimensions relative to this retard-

er are also given. Microphone _osition i was established 'on a llne perpen-

dicular to retarder number i and 50 foot from the center!ins (both longitu-
inal and lateral) of this retarder. Microphone heights of 5, i0 and 15 feet

above the ground were u_ilized at microphone position number i. A line was
then drawn through microphone position numbel- i parallel to the long axis of

reharder number i. Microphone positions 2 and 3 were located along this line
at an angle of 30 ° and h5° respectively, in relation to the line from micro-

phone number, i perpeedicular to retarder number i. At these two positions,
microphone heights of 5 and 15 feet were used. A final position, number 4,

was loceted at an angle of 75 ° but as close to retarder number 1 as possible
rather than along the line of microphone positions l, 2 and 3. At location
h a single microphone height of 5 feet was utilized. Since various loca-

tions and heights were utilized, it was determined that one way to keep
track of the positions woul_ be to designate each with an angle and a height
which would uniquely define each measurement position. For example, the

microphone st the five foot height at position I was designated (0°, 5 ft. ),

For each measurement two microphones were utilized. One of the micro-

phones was always at the reference position-- location 0°, 5 ft. -- while

the other microphone was successively placed at the other seven test positions
as indicated in the table of Figure 26. Figures 27 and 28 show the reference

microphone (0°, 5 feet) and a test microphone (0_, i0 feet) from two differ-
ent perspectives showing the are_ in and around the retarder locations.

2,2,3. Test Results (Yard)

A-weighted sound level measurements were made st the boundary of the

rail yard at 0.i second intervals utilizing a mini-computer-based digital

data acquisition system (described in Appendix C). Data were taken for per-
iods of time ranging from ! to 23 hours over a 7 day period.

Dsta at positions A1 and A2 were taken from 1200 hours of the lhtth day
of 1973 until 1000 hours of the 150th day of 1973. At positions Bl and B2,
data were taken from ll00 hours of the !50th day of 1973 until i000 hours

of the 151st day. The dat_ resulting from these measurements are presented
in this section in the form of the A-weighted sound levels exceeded ten

percent of the time (Lln) and the energy equivalent A-weighted sound levels

(Leq), both plotted as-functions of time.

5O
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Figure 27. Measurement position C. Retarder _umber I is to the left, retarder
number 2 is to the right with _he master ret_rder and hump in the
background. The two microphones in thls pho_ograph are _h_ reference
microphone (%- 0°, height = 5 feet) and one of the seven test
microphones (_ = O°j height = I0 feet).
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The energy equivalent noise level, L , for a stated period of time is

the level of a constant, or steady state,e_elan which has an amount of acous-

tic energy equivalent to that contained in the measured time-varying noise.

Leq is mathematically defined as:

] ]= dE 10 i0L(t)/10 at (2)
Leq i0 lOglo 4TJo Po = l°gl0

where p is the time-varylng, mean-square sound pressure at the point of
observation, L is the corresponding sound level, p is the standard _@fer-

once pressure (20 micropasca/s) and T is the perio_ of Integration.
2J

The A-welghted LI sound levels at locations A1 and A2 are presented
in Figures 29a-3_a forOdays 145 - 150, The hourly equivalent A-weighted

sound levels, i.e., Le for each hour, for locatiohs A1 and A2 for days
145 - 150 are presenter In the complements/_/ Figures 29b - 34b. Similar
data for measurement locations B1 and B2 are presented in Figthres 3_a - 36b.

_be data points on these plots represent the cumulative noise level during

the preceding hour; that is, the data point at 1200 hours represents the
noise which, occurred between 1100 and 12001hours. The lack of data at cer-
tain hours on these plots is due either to inclement weather or electrical

power failures or power fluctuations which affected the data acquisition
system at the field test site.

To provide some indication of the correlation between specific activity

within the yard and the L 0 and L sound levels measured at the boumdary of
the railyard, retarder an_1vity f_m 1600 hour_ on day 149 until 0900 hours
on day 150 has begs stumnarized in Table 4. Since measurement locations A1
and A2 along the railyard boundary were in the vicinity of the active retard-

ers, the operations can easily be compared, with the corresponding values of
L _ and L A-weighted sound levels for these days as shown in Figures 33a,

• ° , ' •

tained on plots 29a ' 36b are compressed into two summary

plots (Figure_ 37 and 38) which show the L_ and Le A-weighted sound levels
for the total time period (days 145-151). A_ote tha_ the data prior to ii00

hours of,dayl50 was for location A while data after this time was for loca-
tion B. ,

It is important at this time, on the basis of these data, to examine

the relationship between l__ and L and evaluate the appropriateness of the
two measures _as descriptor_Uof theeSoise emanating from railroad yards.

Figures 39 and _0 show plots of LIO versus Leq at microphone positions AI

5/The procedure by which the L integral was evaluated from the digital
eq

data is discussed in Appendix B.
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Figure 29a. A-weighted L10 sound level versus time.
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and A2 respectively for measurements made on day 149. As can easily be
seen, the correlstion between the two descriptors in not very good in this
case. The probable reason for the large differences -- as much as 20 d.B--

between L10 and Le is the fact that short duration, high level noises which
do not occur more _han i0 percent of the time have a significant influence

on the value of L but absolutely no influence on the value of LIO. A
review of the raweSata confirmed this to bethe case for railyard'measursments

taken during this study. For those hours where the dlfferences between L1n
and L were the largest, the raw data showed that high level noises oecu_gede
for nearly lO percent of the time and therefore, the L value tended to be

much higher than the L1n value (which wss not influenc_ at all by the high
level noises since the_-did not occur more than l0 percent of the time dur-
ing the hour of interest). What these data show is that the nature of the

activities within a railyard are such that LIe is a poor descriptor of the
noise in thin case. Similar dat_ have been reported [_] for L__ and De
data at sites near airports. Differences between the two descriptors wSre
as much an 20 dB over a major portion of the day at a residential site
under the landing path of Los Angeles International Airport while for a
suburban residential site, comparable L ^.and L values were reported over
a 2_ hour day (typical differences on t_ order_Sf a few decibels or less).

LI in a relatively simple descriptor but it should he utilized with caution,
eE_ecially in situations where high level sounds occur for short periods of
time.

However, L is not without problems either. It has been prevlously
l'eport6d [1], i_qthe case of railroad yard boundary meanuramamts that:
"In general, the i0 minute sample times utilized for thin suxwey [Wyle
survey] wereof insufficient dura$ion for accurate measurement of the yard
activities, indicating that due to the random nature of most yard opera-"
tions, 25 hour continuous recordings would most likely be required."

In order to investigate this problem further, the data for the time
period from 0041 hours to 0240 hours of day 150 were selected for investi-
gation as to the viriatlon one could expect in the values of L as a

e

result of the integration time selected. The results (for meae_remamt posi-
tions A1 and.A2) are presented in Figures hl - 45 for integration times of
i, 3, i0, 30 and 60 minutes. Since the A-weighted sound levels were digit-

ally recorded every 0.i second, this corresponds to 600, 1800, 6000, 18,000
and 36,000 samples, respectively. The values of L plotted in these fig-
ures correspond to the beginning point of the integration time; that is, in
Figure _2 the data plotted at _0 minutes represents the L value for the
period extending from the beginning of the 40th minute toe'he beginning of
the 43rdmimute. Since on_v a two-hour data sample was used, there are no

Leq values plotted over the last period of integration of the two-hour period.

On the basis of these data, it would appear that regulation of rail yard
noise emissionlevals, in terms of L , would require, at a minimum, comtinu-

e

• ous monitoring for each of several re_resamtatlve bourn in a given day. Con-
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tinuous monitoring for 24 hours on representative ds_vswould, of course, yield
more reliable results, on the other hand, if it is desired to relate varia-
tions in L with specific variations in yard activity, integration times in
the range _ 1 to 10m/nutes would be preferred.

As discussed previously in Section 2.2.2., measurements were also made
_ithin the rail yard near the active retarders to investigate the characterls-
tic retardernmise levels and directionality -- both in the horizontal and
vertical planes. A reference microphone was utilized in conjunction with
seven different test microphones. Each test microphone was located at a
different height/angle combination in relation to the location of the refer-
ence microphone (see Figure 26 for microphone locations with respect to
retarders i end 2).

Datawere obtained for 58 passes through retarder number 1 and 37 passes
through retarder number 2. The data for each train car passing through the
retarders are presented in the form of (1) the differences in the A-weighted
sound level between the test and the reference microphones and (2) the maxi-
mum A-weighted sound levels at the reference microphone. Per selected passes
through retarder number l, one-tHird octave band spectral analysis was also
performed and the data are presented here.

The6_iffarences between the maxlmumA-weighted sound levels st the test
[L(8,x)I-I and reference [(L(O, 5)I microphones are presented graphically in
Figures _6 and _7.' In addition, the data are _abulated in Tables 5 and 6.
The level differences ere coupled with an identification of the type of rail
car passing $hrough the retarder at the time of the measurement. No informa-
tion was obtained as to whether the numbers and types of cars sampled during
this study,were representative of the long-term operational statistics for
this particular rail yard. An indepth study of retarder squeal (which was
not the intent of this study) would of necessity have to investigate such
facts as car.age, condition and type of wheels, car weight, envlroumental

conditions, speed, etc.

In summary, _he average sound level differences between the teat and ref-
erence microphone locations as well as the standard deviations are presented
in Table 7. Note that in the case of position (75,5) the data are shown for

retarder number i and number 2 seperately rather than combinbd. The data were
plotted in this manner since this location is much closer to retarder number i
than it is to retarder number 2. At all other measurement locations, the
microphone is approximately equidistant from the two retarders.

6/L(®,x) '-- is the noise level measured at the microphone location whose
height above the ground end angular location with respect to the per-
pendicular line drawn from microphone number 1 (see Figure 26) to the
isngitudinal centerlinsof retarder n_sbsr i aredefined within the
parenthesis, i.e., L(O,5) is the level measured at an angle, 8, of
O° and a microphone height, x, of 5 feet.
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Table 5. The difference in muxim_n A-weighted sound level [L(0,X) - L(O,5)) between the
test and reference microphones for 58 passes through retarder number i.

TYPE CAR 00110 Ft TYPE CAB 0%1_ Ft TYPE CAR 30o15 Ft TYPE CAR 300_15Ft

Box h,O LarKe Tank lh,4 Box 2.0 Flat(2) -8.4
BOx(2) 6.4 Box ii,6 BOX -3.0 Box 7.6
Coal 3.6 Box 5.0 BOX 2.2 BOX(2) -l.h
BOX 4.6 Gondola 1.8 Box & Tank -2.0 Box 3,0
Box 6.h Box 3.8 Box -0.2
Box 6.8 Box 7.4
Box -2.6 Box 5.8
Box 1.6 Tank -5.6
Box 10.2
Large Flat 6,2
_ox(2) 5.0
gox 3,0
Box(E) 6.2

TYPE CAR b_%5 Ft TYPE CAR _°ll_ Ft _PE CAR 75°t_ Pt

Box(a) 21.6 Box _.)_ Box(2) 7.2
Flat 16.4 Tank 2.1_ Box -7.6
Box(2) 17.2 Cement 8.]_ Box -4 O
BOX(E) 21.4 Box(2) 2.1_ I_ox -0.6

: Box(2) 21.6 BOX(2) 4.0 ]_x -5.2
Box 17.8 Box 7.2 Box -11.2
Flat & Tank 19,6 Box 4.8
Gondola(2) 16._ Box 10.2

i: Gondola(2) 13.h Gondol_ 14.0
' Box -2.8

Large Flat 13.h
Coal(2) 12._

•_ Tank(2) 7.0

Ct
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Table 6. The difference in maximum A-weighted sound level [L(2,x) -L(0,5)]
between the test and reference microphones for 37 passes through
retarder number 2.

TYPE CAR 20_i0 Ft TYPE CAR 0°Ii_.Ft TYPE CAR 30°_ Ft"

BOX(2) 3.0 Box I0.0 Cement 5.6
Gondola(2) 10.6 20ai(2) 15.4 Box 1.2
Box -4,4 Gondol_ 9.0
Tan_(2) 12.8 Box(2) 8.8

Box(2) 5.8
Box 18.6

TYPE CAR _O°,i_ Ft TYPE CAB 4_°m_ Ft TYPE CAR _°,i_ Ft

Box 0.6 BOX(2) 18.0 Flat 4.4
Box -3.2 Box 18.8 Grain 5,8
Box 4.6 BOX 20.8 Box -0.2
Box 0.4 Box & Cement16.2
Tank -1.2 Box 16.0
Automobile 4.6 BOX(2) 19.2
Automobile -2.4 Gondola 18.6
Box -2,4
Box , 3.0
Box(O) 8.8
Gondola 1.6

TYPE CAR 7_°,_ Ft

Box -3.6
Grain -2.2
Box -5.4
Box 6.4
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Table 7. Summary of the average differences in A-weighted sound
level between the test and reference microphones and
the corresponding standard deviations.

Microphone L(6,x) - L(0,5)
Retarder Position An_le Height Average Std. Dev.

#1'&#2 #i 0° i0 ft. +h.8dB 4.1dB

#i& #2 #i 0 15 +iO.0 5.1
!#i& #2 #2 30 5 +1.7 4.2
#i& #2 #2 30 15 +0.9 4.3

,#i & #S #3 45 5 +18.3 2.4
_#i &#2 #3 45 15 +4.3 2.6

#i #4 75 5 +2.9 8.6
#2 #4 75 5 -1.2 5._

It can easily be seen that the noise radiation characteristic of retarderz
exhibit strong directionality in both the horizontal,and vertical planes. Much
_re detailed mapping of the sound field would be needed to adequately char-
acterize the directions of minimum and ma×imum radiatian.

The maximum A-welghted sound levels for the reference microphone were
tabulated for all passes through the reLarders. The tabulated data were
grouped into 5 dB steps for the range of 100 to lJ_OriB. Since only those
cases where the maximum exceeded an A-weighted sound level of 100 dhare pre-
sented, these data should not be construed as being indicative of the average
noise levels associated with retarder operations. The tabulation was per-
formed individually for each retarder. These data are presented in Figures

• 48 and 49 for retarders number 1 and 2 respectively.

To provide an indication of the spectral content of "retarder squeal" a
limited amount of one-thlrd octave band analysis was performed. One event
was randomly selected from the group of events that comprised e_ch 5 dBstep
for passes through retarder number i. These events are labeled A through G.
The one-thlrd octave band sound pressure levels versus frequency measured at
the reference microphone at the time corresponding to the occurrence of the
maximum A-weighted sound level are presented in Figures 50a and 504 for each
of the randomly selected events. The absence of data at certain frequencies
indicate that the sound pressure levels were not above the base line of the
analysis equipment. It should be noted that on carves A and G there is a
single datum point at 63 Hz.

87



35

30

I
2S

u

2O
U
0

r_

15 1.
10

S

I I
IMAXIMUM A-WEIGHTED SOUND LEVEL, dB re 20 _Pa

Figure 48. Percent of occurrence for maximum A-weighted sound levels
above i00 dB measured at the reference microphone for
passes through retarder number i.



30

25
u
z

u 2Ou
0
N

z 1S

10

5

MAXIMUM A-W_IGHTED SOUND LEVEL, dE re 20 #Pa

Figure 49. Percent of occurrence for maximum A-welghted sound levels
above i00 dB measured at the reference microphone for
passes through retarder number 2.



A C
120

IJ.O

1oo

_ 140 ........................................

iso
o 8 0
O_

120

m I10

o .90

H 60

70 )3 250 IS00 ll_ _I_ 4K [25 _50 IS00 ll_ 2K 41(

FREQUENCY, HZ

Figure 50a. Third octave band sound pressure level versus frequency at
the time corresponding to the occurrence of the maximum

A-weighted sound •level measured at the reference microphone
for passes through retarder number i.



E G
0

120

m II0
,o

10a

N 8o

_ 140 . .... ,........ 53 125 _50 1500 I_ _K OK
m FREQUENCY, HZ

Z |30 A-WT PERCENT
D F CUkVE A-WT, DB RANGEt DB OCCURRENCEO

120 A 103.0 100-105 8.6

_ _110

B 10:L8 ii05-ii0 15.5

i C 112.6 110-115 17.2

IO0
D 117.2 115-120 29.3

90 E 120,4 120-125 25.9

80 F 125,2 125-130 1,7

.................... G 136.6 135-14Q. 1.7
70 $3 IZS _SO LS00 IK ZK 4K

FREQUENCY, HZ

Figure 50b. Third octave band sound pressure level versus frequency at
the time corresponding to the occurrence of the maximum

A-weighted sound level measured at the reference microphone
for passes through retarder number I.



3, Conclusions

Based on the data obtained during the conduct of this test program, the
following conclusions can be drawn:

• The Single Event Noise Exposure LEvel ($ENEL) value is very dependent

on the integration time selected; errors as great as i0 dB can occur if
the time is too short. This is especially critical as the microphone
distance from the train is increased.

• A gener_ tendency exists for the rate of attenuation to increase with
the number of cars in the train, reflecting a greate% contribution
from wheal/tall noise (high frequency) as opposed to locomotive noise
(low frequency).

• If the terrain between the train and the measurement location is not
reasonably flat and level, destructive interference can osc_ at fre-
quencies near that of the acoustical radiation associated with the
fundamental firing frequency of the locomotive engine.

• Caution shouldbe exercised if attempts are made to predict the
noise levels for trains in transit at locations other than the ones

at which measurements were actually taken. This is especially criti-
cal for changes in vertical height.

@The nature of activities within a railyard are such that L is a
poor' descriptor of the noise at the boundary of a railroadlgard.

• j

D Regulation of rai_ard noise emission levels; in terms of Le ,
would require, at a minimum, continuous monitoring for each _f
several representative hours in a given day. Continuous monitor-

ing for 2h hours would be.prefarable.

@The noise radiated from active retarders is highly directional in
both the horizontal and vertical planes, and any attempts to regulate
retarder noise should consider this directionality.
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6. Appendix A. Data Acquisition and Analysis System
for Line Operations

Figure A-1 identifies the components of the data acquisition ay_tem
utilized for the measurement of noise from trains in transit. To describe

the workings of the system, the following example is cited with the con-
tribution of each component discussed.

Consider a train passing an array of microphones. As the train moves
forward, it causes pressure fluctuations which travel as waves and activate

each microphone's diaphragm into vibration. These vibrations are transduced

into an AO voltage which can he recorded for analysis at a later time. The
microphone itself was a three-part subsystem comprised of a one inch con-
densermicrophone cartridge, protecting grid and a microphone preamplifier.

Battery-powered microphone power supplies were utilized to provide the neces-
sary polarization voltage to the microphones. It was not practical to locate

the tape recorder next to the microphone array, since one wanted to minimize
undesired reflection effects; therefore, long cables carried the signal from
the microphone to the recording facility housed in a mobile instrumentation

van. Once the signal reached the tape recorder there existed a need for
signal conditioning prior to actual recording. A spec_ally designed elec-

tronic system provided the necessary m_liflcatlon/attenuation capability
and is addition, through a series of panel lights, provided an indication as
to whether or not a tape channel had become saturated (i.e., the signal had

exceeded the dynamic range of the recorder) and thus the data were not

acceptable. The signal from each microphone was then recorded on one track
of the seyen-channel F. M. tape recorder. Windsereens were placed over the
microphonesat all times.

A single point calibration utilizing a plstonphoee which produced a

12|; dB sollnd pressure level (re 20 mlcropascals) at a frequency of 250 Hz
was used for system calibration In the field.

Once the data had been recorded, the analog tapes vere returned to the

National Bureau of Standards for reduction and analysis. Figure A-2 identifies
the equipment which was utilized for analysis purposes. Each tape was played

back a zh_nn_l aT _ ti_c tL_'ough the real-tlme analyzer. An interface was
necessary to ensure compatibility between _he real-tJm_ analyzer and the
mlnl-computer. The time constant for th_ =n_-thlrd octave filters was 0.2
second above 2 kHa and below 2 kHz the time constant increased with decreas-

ing frequency to 20 seconds at EO Ha. The time constant for the A-welghting
network was 240 milliseconds _eh corresponds to the requirement for "RMS
Fast" specified in American National Standard Sl.h-1971 [5]. Once all data

had been analyzed in one-thlrd octave bands, the computer stored the data and

dumped it onto digital magnetic tape formatted to be acceptable to the large
NBS computer which was utilized for further analysis and graphical plot gen-
eration.
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7. Appendix B, Procedures for Calculation
of L and SENEL

eq

The equivalent sound level (L ) is the average, on an energy, basic,

noise level (usually the A-weighte_qlsvel) integrated over some specified

amount of time. The purpose of L is to provide a single number measure of
e

the time-varying noise for a p_ede_ermined time period Equlvalent, in this
case, means that the numerical value of the fluctuating eotmd is equivalent
in level to a steady state sound with the same amount of total energy. L
isdefinedas: eq

Lag" i0 lOglo [_ °_T (p_o)2 dt]- i0 log 1O [_ o_T 10L(t)/10 dc I (B-l)

where p is the time-varying, mean-square sound pressure at the point of obser-

vation, L is tl)e corresponding sound level, Po is the standard reference pres-
sure (20micropascals) and T is the period of integration.

A specialized mlni-computer-based digital data acquisition system (des-
cribed in Appendix C) was utilized for measurements of A-weighted sound levels

for rail yard boundary measurements. Data were sampled at O.1 second inter-
vals. For discrete sampling of the A-weighted sound level for a specified

time period, equation B-I becomes:

n

i _ Ld/1O
Leg = i0 loglo _ i-i IO , (B-2)

where L is the instantaneous A-weighted sound level for the ith sample and n is
the nunlber of samples of L in a specified time per_od.

The Single Event Noise Exposure Level (SENEL) provides a measure which

quantifies the effect of duration and magnitude for a single event. In this

case, S_EL is a measure of the individual train passby which time integrates
the level accumulated during this event with reference to a duration of one
second. SENEL is defined as:

s:r ] [cs: ], 2 dn - iO l lOL(_)/l°dt (_-3)
SENEL " i0 lOgl0 LPo J _o l°glO

where p is the time-varying, mean-square sound pressure at the point of obser-

!_ vatian, L is the corresponding sound level, p is the standard reference pres-

i_i_ sure (20 micropascals) and to is the standard°reference time (i second).

•"i An analog data acquisition system (described in Appendix A) was utilized

_! for rall llne noise measurements. As the train passed the microphone array,
voltages corresponding to the sound pressures at each of the measurement loam-
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tions were recorded on magnetic tape inanalog form. During analysis, each
analog tape was played back a channel at a time through a one-third octave

band real-time-analyzer interfaced to a mini-c0mputer. One-third octave band I
sound pressure levels and A-weighted sound levels were digitized and stored
on magnetic tape. The analog data were sampled at 0.3 second intervals. For
temporalsamplingof the data,equationB-3 becomes:

n

SENEL = i0 iOglo _ _ i0 Li/10 At, (B-4)
o i=l

where L is the instantaneous A-weighted sound level or one-third octave sound
pressure level for the ith sample, At is the time interval between samples,
t is the standard reference time (i second) and n is the number of samples
i_eluded in the time interval which essentially includes all of the acoustic
energy from a given pasaby. That is, from a practical standpoint, the noise
samples must be taken during the time the signal is within _ given number
of decibels do_uq from the maximum value. As was pointed out in Section S.l.3.,
the SENEL value is very dependent on the integration time selected. For this
study, the integration time for each pasaby was selected to ensure that the
error due to the finite integration time was no greater than i dB at any micro-
phone position.
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8. Appendix C. Data Acquisition and Analysis System
for Rail Yard Boundary Measurements

To facilitate data acquisition in the fieid, a specialized mini-computer
based digital data acquisition system was designed and fabricated by NBS. This
system was utilized for measurements of A-weighted sound levels near the rail
yard property line.

The analog portion of the system consisted of a condenser microphone, a
battery-powered m_orophone power supply, an amplifier, an A-wdighting net-
work, a true r.m.s, detector log converter and a sample and hold amplifier
(see Figure O-i). The dynamic range of the amplifier was 80 dB. The r.m.s.
detector had a,time constant corresponding to r.m.s, fast response for a

Standard S1. -type-I sound level meter as specified in American National I_
197115]. The sample-and-hold circuitry wan under computer control and
maintained the time coherency between the two channels utilized for data
acquisition• A third channel was used for calibration and synchronization.

The digital portion of the system consisted of a three-channel multi-
plexer, an eight-blt analog-to-digital converter (ADO), an anychronous first
in-flrst out memory (FIF0), a time-of- day clock (the data and time of day
are recorded automatically) and a power fail safe unit to ensure that no
data were lost in the event of a power failure. The system was self-c0rrect-
_ng in time of day mad channel synchronization when power failed and was
designed so that no data _ere lost while the computer was writing data on
the digital tape or writing the analyzed data on an output device. Addition-
ally, a read-only-memory (ROM) was used for the timing of the various func-
tlons of the digital section,

The data were sampled and held ten times per second. The aperture time
of the sample and held circuitry was 20 nanoseconds with a hold drift rate

• of one millivolt per second. One millisecond after the data were sampled,
the reference channel was multiplexed to the ADO. The two data channels
were digitized using a ten bit ADC, The output of the ADC was connected to

i a first is-first out asynchronous external memory so that data could be
written on magnetic tape without losing new input data.

Initial calibration and check-out of the system in the field was per-
formed using a program whieh dnterrogated the multiplex dnterface and
printed the internal reference value and the values for channels one and

two on the teletypewriter. Additionally a Fortran program was used to
scan the data tapes and print selected values as a check on the quality of
the data while still in the field. A pistonphone which produced a 12_ _3
sound pressure level (re 20 misropascals) at a frequency of 250 Hz was also
used for single point calibration. The digital tapes were returned to the
National Bureau of Standards for reduction and analysis. Fdgure 0-2 identi-
fies the instr_mentatlon _hich was utilized 'foranalysis purposes.
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Figure C-I. Data acquisition syste= for yard noise.
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Figure C-2. Data reduction and analysis syste_ for yard noise.



9. Appendix D. Data Acquisition and Analysis System for
Retarder Noise Measurements

The data from the reference and test position microphones were recorded
on separate channels of a two-charmel, direct record tape recorder. The data
acquisition system is shown in Figure D-I. A single point calibration util-
izing a pistonphone which produced a iS_ dB sound pressure level (re 20
micropascals) at a frequency of 250 Nz was used for system calibration in the
field,

Once the data had been recorded, the analog tapes were returned to the
National Bureau of Standards for reduction and analysis. Fig1_e D-2 identifies
the instrumentationwhich was utilized for reduction and analysis purposes,
The time constant for the one-third octave filters was 0.2 second above 2 kHz

and below 2 kHz the time constant increased with decreasing frequency to 20
seconds at 20 HZ, The time constant for the A-weighting network was 240 milli-
seconds which corresponds to the requirement for "RMS Fast" as specified in
American National Standmrd S1._-197115].
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