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PREFACE

This final report presents the results of a joint industry/
government study of the generation of noise by a diesel electric
locomotive. This report was prepared by Bolt Beranek and Newman
Inc. under Contract No. DOT-TSC-1016 for the U.S. Department of
Transportation. The sSD40=2 locomotive and the personnel who
operated it and otherwise supported the field tests were provided
by Burlington Northern Railroad in cooperation with the Associa-
tion of American Railroads. The exhaust system used during part
of the field testing was provided on a rental basis by the
Donaldson Company Inc.

This effort was technically coordinated at the Transportation
Systems Center by Robert Mason. The help and cooperation of Harry
Close of the Department of Transportation, James Coxey of the
Association of American Railroads, Thomas G. Kotnhour and Dale H.
Propp both of Burlington Northern, and Rudy Pribramsky of the
Electro- Motive Division of General Motors are gratefully acknowl-
edged.
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1 | NTRODUCT! ON

The objective of the program described in this report is
the enhancement of the information and techniques that will be
needed by DOl and the railroads in future locomotive noise mea-
surements and noise control.

Noise measurements were performed on a diesel electric loco-
motive provided by Burlington Northern, in cooperation with the
Association of American Railroads. They were made while the
locomotive, an SD40-2 manufactured by the Electro- Motive Division
of General Motors, was operated under simulated line-haul condi-
tions, under maximum acceleration and, under coast-by conditions,
and while it was stationary and connected to a load cell.

During moving operation, exterior noise from the locomotive
was measured by a six-microphone array beside the track, and in-
terior noise was measured by two microphones in the cab. During
stationary operation, exterior noise was measured at up to 16
locations around the locomotive.

The tests had several goals. The purpose of the moving test
was primarily to quantify, as well as possible, the in-service
noise produced by the locomotive; of additional interest was the
contribution of the wheel/rail noise to the overall noise signa-
ture. The stationary tests had two objectives. First, we
wanted to determine how closely the noise produced in stationary
tests simulates actual in-service noise. Therefore, the locomo-
tive was tested (1) while operating steadily at a given throttle
setting and (2) while rapid throttle changes were made. Second,
various stationary tests were devised to determine the contribu-
tion of the various locomotive components to the overall noise
signature.



Details of the | oconotive noise sources are presented in
Sec. 2, and the test sites are fully described in Sec. 3. The
test procedure and results are presented in Sec. 4. Section 5
presents concl usi ons and noi se control recomendations and sug-

gestions for additional work.
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2. TEST LOCOMOTI VE
2.1 General Description

The test locomotive was. an SD40-2 diesel electric locomotive
manufactured in February, 1972 by the Electro-Motive Division of
General Motors. The locomotive, Serial No. 6332, was provided
by the Burlington Northern Railroad directly out of line-haul ser-
vice and represents a relatively new type of locomotive found
typically in line-haul service in the United States (Fig. 2.1).

Twelve major noise
sources that were in-
vestigated in the diag-
nostic phase of this
program are shown in
Fig. 2.2; in Sec. 2.2,
we briefly describe
each source and its
operation.

2.2 Noise Sources

The engine exhaust
stack on top of the
locomotive hood allows FIG. 2.1. THE TEST LOCOMOTI VE.
the engine exhaust gases
to be vented to the atmosphere after passing through the turbo-
charger. There is no muffler on the locomotive although the ex-
haust manifold and turbocharger provide some reduction in exhaust
noise

The engine, a 3000-hp, 16-cylinder, 2-stroke-per-cycle, 45°V,
turbocharged, diesel engine BVMD Model 645E3) is hard-mounted to
the main frame rails of the locomotive. It can be operated at



EXHAUST STLCK

DUST BIN BLOWER DC AUXILIARY
OUTLET GENERATOR
DYNAMIC BRAKE RADIATOR
AIR COMPARTMENT COOLING FANS COOLING FANS
INLET

F— =~

T %;‘.%@\ﬂ@“

“+h Oﬁ/@ﬁ 4 / EO/ O 0O

MA!N ALTERNATOR ZENGINE COMPRESSOR
MAIN ALTERNATOR BLOWER

TRACTION MOTOR BLOWER

WHEEL /RAIL

FIG. 2.2. MAJOR NOISE SOURCE LOCATIONS IN THE SD40-2 LOCOMOTIVE.



8 throttle settings and at idle. At each throttle setting, en-

gine rpm is fixed, as is output power for most operating condi-

tions. Throttle settings and corresponding nominal engine rota-
tion rates are given in Table 2.1.%

TABLE 2.1. ENGINE THROTTLE SETTINGS AND NOMINAL ENGINE
ROTATION RATE.

Throttle Position Engine rpm
idle 315
i 315
2 395
3 480
b 560
5 650
6 135
f 815
8 1 900

The main alternator (EMD Model AR10A7) driven by the engine
is a three phase alternating current generator. Full wave recti-
fied alternating current from the alternator powers the traction
motors. Like the engine, the alternator is hard-mounted to the
main frame rails of the locomotive. Physically attached to the
main alternator but electrically independent is an auxiliary
alternator (EMD Model D14) with a rating of 100 kVA that supplies
power to the dust bin blower and to the radiator cooling fans.

It also provides excitation for the main alternator.

*Data provided by EMD.



The air compressor, located behind the engine, is hard-

mounted to the floor of the engine compartment. It is a three-
cylinder unit driven mechanically by the engine at the same speed
as the engine. It supplies compressed air, on demand, primarily

for the brake system.

Three 48-in.-diameter 8-bladed radiator cooling fans are
mounted on top of the hood above the compresscr. The fans are
driven electrically at approximately twice engine speed by motors
which are powered by the D-14 auxiliary alternator. One, two, or
three fans may be running at any given time, depending on engine
cooling requirements.

The traction motor blower, main alternator blower, and dc
auxiliary generator are driven mechanically on a common shaft by
the engine at three times the engine speed. The traction motor
. blower is a squirrel cage fan that absorbs about 122 hp at throt-
tle 8 and supplies cooling air to all 6 traction motors while the
main alternator blower that supplies cooling air to the main
alternator absorbs only 20 hp. This cooling air is exhausted
into the engine compartment where it creates a slight positive
pressure that serves to prevent dirt from entering the compart-
ment. The dc auxiliary generator supplies 10 kw of dc power for
lighting, battery charging, control circuits, and excitation for
the D-14 auxiliary alternator.

The air compartment intake provides an opening for exterior
air to enter the air compartment (a small room between the cab
and the engine compartment, where the intakes for the engine,
tractor motor, and main alternator are located). Figure 2.3
shows details of the equipment in the air compartment.

The dust bin blower is a small (approximately 10 hp) blower
that exhausts from the top of the locomotive hood. It provides

o



1. Outside Air Intake
2. Clean Air to Air Compartment
3. Dust Bin Blower Outlet

4. Intake for Engine Air
Filter

5. Intake to Engine

6. Intake to Traction Motor
Blower

7. Intake to Main Alternator
Blower

8. Cooling Air to Traction
Motors

9. Main Alternator Cooling Air
Outlet to Engine
Compartment

10. DC Auxiliary Generator

FIG. 2.3. DETAILS OF THE AIR COMPARTMENT.

inertial separation of dirt particles from the air entering the
air compartment.

Two dynamic brake fans are located on top of the hood above
the engine. These fans are 48 in. in diameter and each has 10
equally spaced blades. They provide cooling air for the dynamic
brake resistor grids. The fans are connected in series with the
grids and, hence, their rotation rate depends on the load applied
to the grids during braking or self-load.



Wheel/rail noise is that noise associated with the inter-
action between the wheels and the rails as the locomotive rolls
along the track.



3. TEST SITES AND | NSTRUMENTATI ON
3.1 Pass-by Tests
Test Site

The pass-by tests were conducted on a section of main line
passenger track owned by Burlington Northern near the Old Great
Northern Q-Yard within the city limits of St. Paul, Minnesota.
The track ran approximately west to east and had a speed |imit of
55 mph. The track was jointed with 120 1b/yd 34~ft rails,
mounted on clean ballast, and was in good repair. Regular daily
traffic on the track consisted of two scheduled passenger (AMTRAK)
trains and one or two unit coal trains. The track was clear of
junctions and obstructions for about 3 miles on either side of
the test section, easily enabling top speed to be reached. The
track through the test section itself was straight, although
there was a slight curve, of radius greater than 2000 ft, beyond
one end of the test section.

There were four parallel pairs of tracks at the test site;
we used the second one from the southwest (a westbound passenger
track). Southwest of the test track, the grade dropped about 8
ft from the embankment of the track to a wide, graveled area.
Beyond this area (approximately 200 ft) were more trucks on which
grain cars were parked at times. To the north, the grade dropped
only about 4 ft to an unused part of the yard, covered with
sparse vegetation, approximately 2 ft high.

Advantages of the test site were:
a. It was in a good state of repair.
b. A high top speed could be attained.

¢. No sharp curves were near the test section.

o



d. There were no adjacent large reflecting surfaces or trees.
e. Ambient noise was moderately low.
Disadvantages were:

1. The test track was elevated 4 to 8 ft above the surrounding
grade.

2. On one side, the test area was covered with vegetation of
unknown characteristics.

3. Grain cars parked 250 ft away and an embankment 300 ft
away caused reflections.

4. A highway 1200 ft away contributed to the ambient noise.

5. A switching yard nearby also raised the ambient noise
intermittently.

By and large however, the St. Anthony Tower test site was con-
sidered good for acoustic measurements of the SD40-2 locomotive.

During pass-by tests, locomotive noise was measured by six
microphones set out in a line perpendicular to the track, as
shown in Fig. 3.1. Pairs of microphones were set at 25, 50, and
100 ft on each side of the track centerline. Because the grade
generally dropped below the track, the microphones were mounted
on tall wooden stakes for a uniform height of 5 ft above the rail
running surface.

Instrumentation

The instrumentation chain is shown in Fig. 3.2. Cables were
run from each of the six microphones to a 6-channel amplifier and
then into a 7-channel tape recorder. The levels of the signhals
being tape-recorded were monitored by meters on each of the
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FIG. 3.1. MICROPHONE LOCATIONS FOR THE PASS-BY TEST.

amplifiers. The seventh channel of the tape recorder was used to
record the outputs fromthe | oconotive position sensors, a series
of six photocells nounted at 20-ft intervals beside the track.

A headlamp fromthe | oconotive was nounted on the front steps of
the | oconotive and was used to trigger the photocells. The

pul ses fromthe six photocells were recorded on one channel of
the tape recorder and used in the analysis to synchronize the
data fromall the mi crophones.

In addition to external noise, measurenments were made in-
side the | oconotive cab at | ocations corresponding to 6 in. from
the operator's and brakeman's ears, W th wi ndows open and cl osed.
These | ocations corresponded to approximately 4 ft above the
floor. Overall neasurenents were made with a 1/2-in. m crophone
and B& No. 2203 sound | evel neter during the pass-by tests.
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FIG. 3.2. PASS-BY TEST | NSTRUMENTATI ON.

3.2 Stationary Tests

The site for the stationary noise testing of the locomotive
was selected by the authors with the help of Burlington Northern
personnel. We sought a geographically flat site with low back-
ground noise and no significant reflecting objects within 200 ft
of the locomotive. The site we finally chose was near the pass-
by test site at the old Great Northern Q-Yard, a presently unused
freight yard within the city limits of St. Paul near the Minne-
apolis- St. Paul boundary. Figure 3.3 shows three views of the
test site with the locomotive and load cell located for testing.
In terms of flatness and lack of reflecting objects, the site was
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excellent. It did have two disadvantages: The field was over-
grown with weeds approximately 2 £t high and the background noise
caused some problems. The most serious background noise sources
were an expressway a quarter-mile east of the site, an active
Chicago Northwestern freight yard north and west of the site,
occasional jet aircraft flyovers, and occasional line-haul freight
and passenger trains on the active tracks surrounding the yard.
All noise sources but the highway were eliminated by choosing
measurement periods when these sources were not operating.

Three stationary noise tests were performed at this site.
They were:

a. Baseline tests of the noise generated by the locomotive
i n steady operation at a given throttle setting loaded
by a resistor bank load cell.-

b. "Throttle wipes", i.e., baseline tests of the noise gen-
erated during rapid throttle changes.

c. Diagnostic tests to determine the noise generated by the
various noise sources in the locomotive.

The site configuration and the instrumentation for each of these
tests are described in the following sections.

3.2.1 Baseline tests
Test Configuration

For the measurements of the noise generated by the locomo-
tive while stationary and loaded by the resistor bank load cell,
we initially considered a 10 microphone array surrounding the
locomotive at a radial distance of 100 ft from the geometric
center and 6 additional microphones on a perpendicular to the
locomotive axis at 25 and 50 ft.



In practice, it was not possible to move the load cell suf-
ficiently far away so that it would not interfere with the sur-
rounding array of microphones both as a reflecting object and as
an extraneous noise source. This was due primarily to the high
cost of long lengths of copper cable heavy enough to carry the
current load from the locomotive to the load cell. Consequently,
we decided to use the microphone array and locomotive load cell
configuration shown in Fig. 3.4. This configuration provided

#3@5' 95
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#8@10' \
v | .

#6@5!
#o@I0 I
/ 100'R 50'
#7@5' e l
4 =
( CAB- END) #5 i T - I )
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SOUND BAHRIEY {FLAT CAR
LOAD CELL

® MICROPHONES %'ABOVE RAIL
@ MICROPHONES 5' AND 10' ABOVE RAIL

FIG. 3.4, BASELINE M CROPHONE LOCATI ONS.
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half the microphone locations planned for in the original array.
Data at the remaining locations were obtained by turning the
locomotive around. The microphone locations are each numbered

in Fig. 3.4 for easy reference. Note that two numbers are used
to designate the microphone on the locomotive axis. When the
front or cab end of the locomotive faces this microphone it is
referred to as No. 5. When the aft or cooling fan end faces this
microphone it is referred to as No. 1. This numbering scheme was
used primarily to be consistent with the scheme used for the
microphone array in the diagnostic tests described in Sec. 3.2.3,

A General Electric air-cooled resistor bank load cell was
mounted on a flat car and located such that the locomotive acted
as a barrier between the load cell and most of the microphone
positions, thereby reducing the contamination of the locomotive
noise by the noise from the load cell blower. To reduce load
cell noise even more, a 3/4-in.-thick plywood barrier approxi-
mately 8 ft high was constructed around three sides of the load
cell (Fig. 3.5). Appendix C describes a number of measurements
performed to determine the noise level generated by the load
cell at the microphone locations of Fig. 3.4. The front surface
of the load cell barrier was tilted back at an angle (approximately
15°) and all three exterior surfaces were covered with 3 in. of
fiberglass to reduce reflections that might contaminate the
measurements. Six 100-ft-long cables were used to connect the
locomotive to the load cell. However, because of restrictions on
location and because a considerable length of cable was required
to link the load cell and the output busses of the main alternator
inside the locomotive, the load cell could be placed only 53 ft
from the locomotive (Fig. 3.4).

16



FIG. 3.5. LOAD CELL BARRIER.

[ nstrumentation

Both noise and vibration were measured during the baseline
test sequence. The noise was measured at the 8 microphone loca-
tions in Fig. 3.4, and the vibration was measured at the main
alternator, engine, compressor, radiator cooling fan, and dynamic
brake cooling fan mounting points.

A typical microphone instrumentation chain is shown in Fig.
3.6. Up to seven microphones were running at any given time, not
always with the same equipment. Occasionally, a B&K No. 2209
microphone power supply was substituted for the GR P40. In
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addition, a General Radio 1-in. crystal m crophone and P42 pre-
anplifier were substituted for the B& m crophone and GR P40 pre-
anplifier at a given location when the latter failed. Though the
Lockheed tape recorder was used at 3-3/4 ips for most nultichanne
recordi ngs, failure of the drive systemon that instrunment |ater
in the programrequired all subsequent recordings to be nade
using the Nagra recorder at 7.5 ips, two channels at a tine. For
all cases in which only two channel s were required, the Nagra
machi ne was used in place of the Lockheed. Acceleration records
were simlarly obtained. A typical accel erometer instrunentation
chainis shown in Fig. 3.7.
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The major differences between the performance of the two
tape recorders of interest for this program are the frequency
response below 100 Hz and the dynamic range. The Lockheed re-
quired +16-dB compensation in the 63-Hz 1/3-octave band and +6-dB
compensation in the 80-HZ1/3-octave band. The Nagra required no
compensation. The Lockheed on direct record has a dynamic range
of approximately 42 dB and the Nagra approximately 65 dB.

3.2.2 "Throttle wipe" tests
Test Configuration

The locomotive was set up as in the baseline tests, and two
microphones were employed at positions 3 and 4, 100 ft from the
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geometric center of the locomotive. Measurements were performed
only on the right side of the locomotive.

[nstrumentation

The outputs from the two microphones were recorded on a
Nagra stereo SJ-1V tape recorder (see Fig. 3.6) and later played
back, through an A-weighting filter, into a graphic level recorder.

3.2.3 Diagnostic tests
Test Configuration

For the diagnhostic tests the locomotive and load cell were
set up as for the baseline tests described in Sec. 3.2.1. Seven
microphones mounted 5 ft above the rail and located as shown in
Fig. 3.8 were used. The microphone locations are numbered in a
manner consistent with the numbering scheme in Fig. 3.4 for the
baseline tests. Note again that microphone No. 5 is in front of
the locomotive and No. 1 is at the rear of the locomotive.

[nstrumentation

The instrumentation for the diagnostic tests i s the same as
that described in Sec. 3.2.1 for the baseline tests. The diag-
nostic tests, however, were done late in the measurement program
after failure of the Lockheed tape recorder. As aresult, all
recording was made on the Nagra tape recorder either one or two
channels at a time through a switch box.

na
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4, TEST PROCEDURES AND RESULTS
4.1 Pass-by Tests
Test Procedure

The locomotive, operated by a crew of two, was switched on
to the main westbound passenger line. A two-way walkie-talkie
radio was used to maintain contact with the locomotive crew. The
locomotive was run through the test section at the 11 combinations
of speed and throttle settings listed in Table 4.1. Note that
tests 4 and 7 are nominally the same. Test 4 was supposed to be
at steady speed and test 7 at maximum acceleration, but in prac-
tice there was virtually no difference between the two cases.

TABLE 4.1. TEST SCHEDULE OF SPEED AND THROTTLE SETTINGS.

| Test | Throttle | Nominal ! Actual o :
No. Setting Speed Speed Description |
I gh mph____ I
1 i 10 7-12 Simulated line haul condition l
(-4 1 ] 20 18-20 Simulated line haul condition |
| 3 L Lo ] 32-39 Simulated line haul condition |
4 8 55 57-61 Simulated line haul condition
5 8 20 29-36 Full acceleration condition
! 6 8 Lo . 50-55 Full acceleration condition
L7 8 55 57-61 Full acceleration condition
8 Shut down .10 8-12 Wheel/rail noise tests
9 Shut down 20 15-20 Wheel/rail noise tests
10 Idle 40 38-41 Wheel/rail noise tests
11 ldle | 55 52-55 l Wheel/rail noise tests
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During most of the tests, the locomotive, accelerated to the
required speed and passed through the test section at the required
throttle setting. In practice, obtaining the required speed in
the test section was difficult as is readily apparent from a com-
parison of nominal and actual (photocell determined) speeds in
Table 4.1. The locomotive was then stopped using both dynamic
brakes (except when the engine was shut down) and air brakes, re-
versed, and run through the test section in the opposite direc-
tion. For tests 8 and 9, the engine was shut down just before
entering the test section. In tests 10 and 11, it was switched
to idle, so that dynamic braking was retained to stop the locomo-
tive. This was required so that main generator current was
available to excite the traction motor field. The motors then
became generators and their power was dissipated in the dynamic
brake resistor grids. At high speeds use of the dynamic brakes
reduces considerably the wear on the air brake system. When all
the tests had been conducted with the locomotive traveling for-
ward and in reverse, the locomotive was turned around and the
runs repeated. This procedure gave a total of 44 runs to be
analyzed.

In-Cab Test Results

Table 4.2 gives the results of the in-cab noise measurements.
Speeds were determined using only the in-cab speedometer. As
expected, there is little difference between the measurements at
the operator and brakeman'positions.

At low throttle settings, there is practically no change in
the noise with the cab windows open or closed. At throttle 8,
opening the window increases noise by 2.5 to U4 4BA.
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TABLE 4.2. IN-CAB NOISE LEVELS.
Forward (dBA) Ba ckword (dbA)

Sp=ed

mgh Throttle Window Op=ratoOr Brakeman Op=ra tor 3rakeman
10 Idle Closed 68 68 - --
10 1 Closed 69 5 69.5 69 P9
10 1. Open 71 71.5 69.5 TQ
20 Idle Close® 68.5 69 - --
20 1 Open 69.5 70 5 69.5 695
20 1 Closed 70,5 71 70.5 705
20 8 Closed 82.5 81 5 814 835
4o Idle Closed 71 71 71 71°5
4o 4 Closed 76 75.5 76 5 7675
4o 8 Closed -- -- 83 83
55 Idle Closed 735 74 74 74
55 8 Closed py 93. 5 82 81.5
55 8 Open -- - 84 5 85.5




Wayside Test Results

Wayside measurements are tabulated in Table 4.3. Both
powered pass-by and unpowered coast-bys were measured. Peak
coast-by noise levels are plotted as a function of true locomo-
tive velocity in Fig. 4.1. Straight lines have been fitted to
the data points in Fig. 4.1 using the method of least squares.
The resulting equations are

L

28 logVv + 458 @ 25 ft

a
L, = 23.3 log Vv + 43.7 @ 50 ft
L, =235 logVv + 37.4 @ 100 ft

where L, is the peak A-weighted sound pressure level at the
given distance from the track centerline and V is the speed in
miles per hour. The sound level can be seen to increase like

V% or V? which is the range of velocity dependence commonly
found for wheel/rail noise. Note that at 100 ft the measured
levels had to be corrected downward 1 to 2 dBA at low speeds
because of the relatively high background. When the wheel/rail
noise of Fig. 4.1 is compared with the powered drive-by data in
Table 4.3, It is apparent that wheel/rail noise can be a signif-
icant contributor to locomotive noise at low throttle settings.
At throttle 1, wheel/rail noise is comparable to powered pass-by
noise at speeds in excess of 20 mph. At throttle 4, wheel/rail
noise and powered drive-by levels become comparable at speeds
between 30 and 40 mph. At throttle 8, however, wheel/rail noise
is 3to 6 dBA below the overall locomotive drive-by levels at
speeds as high as 61 rnph.
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Ao



TABLE 4.3. SUMMARY OF PASS-BY NOISE DATA.

| | 25 £ nortn £ Sub E North 50 E South 100 E South
| '!. R e rn | S == —
Pei 4 Pieaik eak Peak | Pedll‘
Et Sp ed Daec:tioo | .dv “m: Lewverl wel Level Leve
2. mp R otle Eoir W s Tims® |[(diBAL) Time* IBA) | Ti.s® (dBAY | T ims* (dBA Time *
a 2 0 W Th 46 T4 5.0 67 50 Il 69 5.0 62t -
8 0 E 71 56 13 6.0 675 To 65 6.0 ot -
N 12 1 W 7 375 || 79 0.2 72 50 T2 6.5 | &7 -
7 1 E 755 80 || <5 5.0 T1 120 Ta ho | 68 -
3 0 ) W 81 25 | 8 2.1 73 30 Th 5o || 6 .0
15 [0} E 78 Lo 81 3.2 70 L5 T1 .o ' 65t -
| |
|
. 20 1 W 80 25 87 3.0 16 o |75 32 |l 69,5 6.0
18 1 E 8o 35 88 1.2 74 E 3.2 || 10 7.0
10 L 0 W 88 15 90 1.2 8z 16 80 1.3 16 2.5
38 0 E 89 1k 9l 1.3 80 22 78 1.6 75 2.3
R 3¢ - 89 125 9Z.5 1.2 a5 1.5 83 ] 1.4 | 78 3.2
? 32 ! s 89 16 9z5 | 1.6 8k 5 ne |l 8 2k | 19 i.o
! |
5 3 8 - | ok 16 %6 0.9 90 z2 || 88.5 2.0 | 85 6.0
29 8 s ok 1| 25 9k 0.9 90 g2 86 2.2 ‘ &l 9.0
1 55 0 W 95 10 96 0.9 13 1.6 8l 1.3 16 2.
+ 52 0 E 93 11 96 1.1 B6 1.5 8l 1.3 19 2.
5 55 3 W 9k 5 12 97 0.9 8 1.5 as 1.2 8 4.0
50 3 E 1 97 16 S8 0.1 90 5 1.9 8.5 1.9 81 3.2
N [ 8 W 99 08 103 0.75 93 11 92 1.1 &5 2.z
" 58 8 E 98 095 || 101 0.75 92 1.3 9l 1.k 86 3.0
]
L 61 3 97 09 101 0.9 92.5 1 9l 1) 87 2.k
57 3 E 99 09 39 0.9 91.5 1.2 Bi. 1) 87 2.6
7 €1 8 Iz I 99 09 100 .9 92 1.2 90.5' 12 86.5 3.2
61 8 = 100 08 39 1.0 92 1.2 9l 12 87.5 2.5
- o7 I 8 W a7 10 99 0.8 90 1.6 9.5 11 88 3.2
' 1 L 8 E 99 095 || 100 0.9 9 1.2 9 L 1 87.5 3.0

"The time period during which the noise vas within 3 dBA of the peak .
{'Corrected for bacaground 38--60 dBA.
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The throttle setting of the SD40-2 locomotive determines
engine speed and power output. Therefore, for those speeds at
which wheel/rail noise is not a significant source, locomotive
noise should be independent of speed. |In general, a slight in-
crease in wayside noise level with speed is noticeable for all
throttle settings. This result is consistent with the previous
statement - that wheel/rail noise is becoming a significant noise
source at the highest speeds examined for each throttle setting.

A few examples of the A-weighted sound pressure level as a
function of time are given in Figs. 4.2 through 4.5. The "tick"
marks above each time trace indicate the locomotive headlight
passing over a photocell at track side. These marks provide both
position and speed information on the locomotive. Figure 4.2
shows the change in the trace for the three distances from the
locomotive. The farther away the observation point, the lower
the level but the longer the noise persists. There is also a
strong asymmetry in the traces, i.e., they are not symmetric
about the time that the locomotive centerline passes the line of
microphones. In fact, when we listened to the tapes, we heard
a strong "hissing"” sound after the locomotive leaves the test
zone. Evidence of this can be seen in Fig. 4.2 in the second
peak in the noise at 25 ft (and to a lesser extent at 50 ft)
approximately 3.25 sec after the centerline of the locomotive
passes the microphone. At 100 ft, there is no peak but the noise
level remains high long after the locomotive centerline passes
the microphones. The source of the "hissing" sound is presently
unexplained.

Figure 4.3 shows the noise produced at 50 ft for various
throttle settings and Fig. 4.4 shows the effect of speed on the
noise at throttle 8. Figure 4.5 shows a similar trace for an
unpowered pass-by at 38 mph. This last trace is almost identical



T

100 dBA
4————— LOCOMOTIVE §
pidV PASSES MICROPHONE

on ARY,
BN

70 dBA =——— ——r
25 ft

60 dBA

100 dBA
90 dBA \

80 dBA /]-v \\
70 dBA /\_\/M/—"’-‘/

60 dBA

90 dBA

o \\

60 dBA 100 ft S e

2.5 sec —~tt——pi

50 dBA

FIG 4.2. LOCOMOTIVE PASS-BY AT 36 MPH (THROTTLE 8) (WEST).

29



L

LOCOMOTIVE
80 dBA PASSES MICROPHONE

70 dBA / L\\M
60 dBA - y v_'nm
-——n--—-w-__,.a-—"‘/u/ 41 mph
AT IDLE

50 dBA —

90 dBA

T Y

S0 dBA | -
/hﬁ

o PN
N""“’r’m’ﬂ w

60 dBA
39 mph
AT THROTTLE 4

50 dBA

90 dBA | &
2.5 sec»{w—i /T-v\

80 dBA ‘NM/ \’k\

o /\/W“// %

6 0 dBA
36 mph

AT THROTTLE 8

50 dBA

FIG. 4.3. LOCOMOTIVE PASS-BY AT 50 FT (WEST).

30



100 dBA
l«———— | OCOMOTIVE ¢
PASSES MICROPHONE

o NN
- S

70 dBA —————
M
NS 29 mph \\__
60 dBA
100 dBA
| N

o /N

- .L‘r/./ \J\»\
70 dBA \

60 dBA -

100 dBA

90 dBA /
B0 dBA / \1\

70 dBA
A M/’JM 6L mph \‘\'\v—‘w\r«_

60 dBA < V= =2 =

FIG. 4.4. LOCOMOTIVE PASS-BY AT 50 FT (THROTTLE 8, WEST).

31



90 dBA

j«——LOCOMOTIVE ¢
PASSES MICROPHONE

80 dBA A A ﬂ,\\
70 dBA J‘\M \N\.\-\

50dBA —

FIG. 4.5. COAST-BY NOISE AT 50 FT (38 MPH).

to the idle trace in Fig. 4.3, indicating that the latter, as
expected, is primarily wheel/rail noise.

4.2 Stationary Tests
4.2.1 Baseline tests

The baseline tests were performed to obtain detailed infor-
mation on the noise emitted by the locomotive at a number of
locations and at a number of throttle settings. This .information
is used to compare the noise emitted in a stationary test with
that measured in a pass-by test and to check the results of the
diagnostic measurements in Sec. 4.2.3. It also shows any direc-
tional characteristics and lack of axial symmetry in the noise
from the locomotive as well as effects of ground reflections.
Finally, since two sets of baseline data for the same locomotive
at the same site are available — one taken in July, and one in
August — the reproducibility of the data can be examined.
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Test Procedure

The microphone array and instrumentation setup are described
in Sec. 3.2.1. The load cell was located on one side of the
locomotive, and noise measurements were made on the other side
using the microphone array of Fig. 3.5. The locomotive was then
turned around and the measurements were repested. The throttle
settings examined were idle throttle ! and throttle 8, under full
load. For all throttle settings, all three radiator cooling fans
were operating. All data were recorded in the field and later
analyzed in the laboratory with a General Radio 1/3-octave band
real-time analyzer.

Results

The overall A-weighted sound pressure levels measured in
July at the 100 ft microphone locations and shown in Fig. 4.6
give an indication of the directivity pattern of the noise from
the locomotive. The A-weighted 1/3-octave band sound pressure
levels measured at all locations in Fig. 3.4 are shown in Appendix
A, Figs. A.1l through A.27. The noise spectra measured in July* at
the locations on the right-hand side of the locomotive are compared
in each figure with the spectra (taken after turning the locomo-
tive around) at the corresponding symmetric position on the left-
hand side of the locomotive. Also shown, to allow examination
of the reproducibility of the noise data, are baseline data taken
on the right-hand side of the locomotive in early Augustf (after
the locomotive had been in line-haul service for nearly a month).
Finally, to give an indication of the signal-to-noise ratio in

#These data were recorded on the Lockheed tape recorder.

+These data were recorded on the Nagra tape recorder. No August

baseline data were obtained at locations 8 and 9.
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FIG 4.6. DIRECTIVITY OF LOCOMOTIVE NOI SE.
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these data, we have shown the results of the quieted baseline
tests run during the diagnostic tests (described in detail in
Sec. 4.2.3). These last data can, in a sense, be thought of as
background noise since they are measurements obtained after turn-
ing off, or quieting to the fullest extent possible, every noise
source on the loccmotive. These spectra contain residual locomo-
tive noise, load cell noise, and background noise from other
sources such as wind and traffic. The overall noise levels are
summarized in Table 4.4.

The range of background noise, recorded with the locomotive
not running, at microphone locations 3 and 6 throughout one day
in July was 50 — 62 dBA. One-third octave band spectra showing
this range are shown in Appendix A, Fig. A.28. These measurements
indicate that when the locomotive is at idle, the quieted baseline
tests are measuring primarily background noise at the higher fre-
quencies. Background noise i s less of a problem at the higher
throttle settings, where the quieted baseline spectra are gen-
erally well above the background spectra. When the quieted base-
line spectra are compared with the baseline spectra, it becomes
apparent that, at idle, the baseline data at microphone locations
1, 4, and 5 are questionable except at low frequency.

At throttle 4, the data at location 1 above about 1000 Hz
and at lccation 5 above about 500 Hz indicate that either un-
quieted sources inside the locomotive or other extraneous sources
are contaminating the data. Particularly suspicious is the fact
that peaks in the quieted baseline data can be distinguished in
the 630- and 1250-Hz bands. These same bands stand out in load
cell noise spectra at throttle 4, suggesting that the load cell
is contaminating the data at these two locations.

At throttle 8, a similar contamination can be seen in the
data at location 1 above 1600 Hz and at location 5 above 800 Hz.



TABLE 4.4.

3 COOLING FANS RUNNING.

OVERALL BASELINE LOCOMOTIVE NOISE LEVELS (dBA) WITH

IDLE
Location
| Measurement 1 2 3 4 | 5 6 7 8 9
T ] f 1
| July Measurements l |
Right Side 6L.5 68 66 E6 62.5 T1 | T3 Bh.5 T1.5
August Measurements | | |
Right Side 5.5 ] €9 67 6l 63 T2:5 Th = =
July Memsurements
Left Side - 69 65.5 65 - T 71 5.5 72
Fully Quieted
Right Side 60.5 59.5 5T ST 55 6l 67.5 - -
THROTTLE 4
FULLY LOADED
Location
Measurement 1 2 3 4 5 6 7 8 9
July Measurements
Right Side 82.5 83.5 77.5 82 T 82.5 85.5 7 83
August Measurements
Right Side 79 83 78 79 T8 B1.5 8L - -
July Measurements
Left Side - 8l 8o 82 - 83 B85 TT:% 83
Fully Quieted |
Right Side €6 | 67 Bl 63.5 (1 i Th - -
THROTTLE 8
FULLY LOADED
Location
Measurement 1 2 3 4 5 6 7 8 9
July Measurements |
Right Side as 85 83.5 87 81 86.5 96 86 gl
August Measurements
Right Side 8L B7.5 85 85 81 9l1.5 95 = =
July Measurements
Left Side - 83.5 86.5 B5.5 - 89.5 96 85.5 9k
Fully Quieted
Right Side T2 76 T2.5 Th 72.5 78 81.5 - -




Again, the spectral peaks in the quieted baseline data at 1000
and 2000 Hz can be attributed to the load cell when the locomo-
tive is operated at throttle 8. Contamination of the data at
locations 1 and 5 is not unexpected, since these locations (at
the back and front of the locomotive, respectively) are not
shielded from the load cell by the locomotive in any way. At the
same time, the lowest locomotive nolse levels are measured at
those two locations.

The peaks in the spectra at 4000 Hz at idle, 8000 Hz at
throttle 4, and 12,500 Hz at throttle 8 (not shown in Figs. A.1 —
A.27) are believed to be associated with the turbocharger.

For the data at all locations other than 1 and 5, in Appendix
A, the spectra at symmetric locations on both sides of the locomo-
tive are compared and those regions where these spectra are not
the same are shaded to indicate any differences clearly. Compon-
ents. of the SDYo-2 locomoéive are arranged quite symmetrically
about its axis. Three asymmetries only might affect noise:

a. The engine intake is located on the right side of
the air compartment.

b. The traction motor blower is located on the left
side of the air compartment.

L]

The traction motor blower exhausts to the left 1n
the traction motors in the cab truck and to the
right in the hood truck.

These asymmetries would not be expected to introduce any signifi-
cant asymmetry in the noise signature because, as is shown in
Sec. 4.2.3, the traction motor blower and intake are not dominant
sources. But, as is clear in Figs. A.4 to A.17 in Appendix A,
many locations show considerable difference in the noise spectra
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on the two sides of the locomotive. The widest spread i s at
throttle 8 at locations 3 and 6 (see Table 4.4), where there is
a 3-dBA difference in the overall levels on the two sides of the
locomotive. These differences in the spectral noise levels on
the two sides of the locomotive do not appear to be caused by any
lack of axial symmetry in the noise from locomotive, but rather
by problems with reproducibility of the noise spectra. This fact
becomes more apparent when baseline data taken in July on the
right-hand side of the locomotive are compared in Table 4.4 with
the same data taken one month later in August. The differences
are similar to the differences observed between symmetric loca-
tions on each side of the locomotive during the July baseline
tests. These problems with reproducibility appear to be associ-
ated with changes in wind and temperature gradients at the test
site.

During the July baseline test, the wind was blowing in a
direction that would correspond to a line pointing from location 4
to location 1. Though the speed never exceeded 15 mph, it was
highly variable, ranging anywhere from calm to 15 mph during any
given measurement. In August, the wind was blowing along a line
from the center of the locomotive to location 3 with the same
variability in speed as in July. Changing wind speeds changed
the velocity and temperature gradients, which in turn affected
the refraction of the sound as it propagated from the locomotive
to the microphone. Ground reflections and any shielding afforded
by the locomotive hood of the sound from exhaust cooling fans,
etc., were all affected. As aresult, there appears to be un-
certainty in the measurements of the spectral and overall noise
levels from the locomotive. This uncertainty has considerable
implications for the diagnostic measurements discussed in Sec.
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4.2.3 and for any measurement scheme to quantify the noise from
a locomotive.*

It should be noted, also, that major peaks in the data in
Appendix A do not occur at the firing frequencies (160 Hz at
throttle 4 and 240 Hz at throttle ¥, but at one-half of the firing
frequency at these throttle settings. This i s not an uncommon
phenomenon. In fact it is possible for this major peak to occur
at any multiple of the rotation rate, i.e., down to 1/16 of the
firing frequency. A similar peak in the data is observed at
idle at 40 Hz instead of at the firing frequency of 80 Hz. In
the A-weighted spectra this has been found to be well below the
80 Hz peak, however, and no significant errors will be introduced
by reporting data only at 63 Hz and abov§.+

It is also apparent from comparison of the July and August
data that the Lockheed tape recorder used in July gives consist-
ently higher spectral levels in the 63-Hz band than the Nagra
tape recorder used in August. This band was compensated during
playback to adjust for the rapid roll off of the Lockheed below
80 Hz. Considering how rapidly the Lockheed rolls off some errors
i n compensation are to be expected however the errors observed
here are modest.

¥t should be noted that the variability discussed here can be
heard by persons standing at some distance from the locomotive
and that 1t is distinct from variations in noise associated with
small changes in engine speed. The latter can also be heard,
but are much more regular and of much shorter periods.

The Lockheed tape recorder cuts off below approximately 63 Hz,
but the Nagra recorder is still reasonably flat at 40 Hz. The
40-Hz peak in the idle spectra was observed on the Nagra recorder
to be 6 to 11 dB below the peak at 80 Hz.

.i.
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4.2.2 "Throttle wipe" tests
Test Procedure

The locomotive was connected to the load cell and started.
Noise measurements were obtained with the locomotive both loaded
and unloaded. The locomotive was stepped from one throttle set-
ting to another, holding each setting for about 5 sec and advanc-
ing from idle up to throttle 8. The locomotive was then switched
abruptly from one throttle to another in accordance with the AAR
smoke-test procedure. The throttle sequence was 1. +~ 4, 4 » 8,

8 -6, 6 8 8~+idle, idle - 8. The outputs of two microphones
at 100 ft from the center of the locomotive, corresponding to loca-
tions 3 and 4 in Fig. 3.4, were recorded. The recorded signal
was then filtered through an A-weighting network and its level
plotted on a graphic level recorder. The results are shown in
Figs. 4.4 through 4.14.

Throttle wipe tests were performed to determine whether there
was an increase or overshoot in noise when throttle settings were
changed and particularly to determine if throttle 8 under load is
in fact the loudest setting. When the locomotive was unloaded,
the noise level increased steadly from one throttle setting to
another. The one exception was at location 4 (unloaded), where
throttle 4 was louder than throttle 5 (Fig. 4.9). 1In general
there were no overshoots with abrupt throttle changes except at
location 3 (Fig. 4.14) where changing from throttle 6 to 8 there
was about a 2 dBA overshoot that was not seen at location 4.
Wind-caused fluctuations in sound level were found during all
testing. Note that in Fig. 4.10 (the dashed line) a brief por-
tion of data was lost during the shift from throttle 8 to 6.
There is also a very sharp spike in the data in Fig. 4.10 and
4.14 when changing from throttle 8 to idle. This is believed to
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be associated with an abrupt release of air from the compressed
air system on the locomotive.

When the locomotive was under load, an overshoot could be
seen on entering or leaving throttle 6 (Figs. 4.7, 4.8, 4.11, and
2 Levels 2 to 3 d3A higher than throttle 8 could be attained
at this point. 1In addition an overshoot of almost 5 dBA can be
seen at location 3 when changing from throttle 4 to 8 (Fig. 4.12).
At location 4 however, it is not clear that any overshoot has
occurred for the same throttle change (Fig. 4.8). The most
remarkable anomaly in the data can be seen in Fig. 4.11: throttle
5, under load, produces at least 2 dBA more noise than any other
throttle setting at location 3. No similar anomaly can be seen
at location 4. Whether the anomaly is caused by wind or whether
it is areal indication that throttle 5 is very noisy is, at pre-
sent, uncertain.

Comparing the noise generated with the locomotive loaded and
unloaded we find unloaded noise levels to be lower generally than
loaded noise levels.

4.2.3 Diagnostic tests

A series of detailed diagnostic tests were performed to
determine the contribution of various locomotive noise sources to
the total noise signature. Such information is essential to an
understanding of the noise generation in a locomotive; no cost-
effective noise control approach can be formulated without it.

Sources identified as potential major contributors to the
noise signature were:

a. engine exhaust

b. radiator cooling fans



engine/main alternator

o O

engine intake

e. traction motor and generator blowers
f. dust bin blower

£. compressor.

Though the airborne path of noise was our primary study, we
also examined the structureborne path from the engine, main
alternator, compressor, and radiator cooling fans. |In the air-
borne path, noise sources in the locomotive radiate noise directly
to the wayside with some loss, in some cases, due to the presence
of the heod. In the structureborne path, sources such as the en-
gine main alternator, compressor, cooling fans, etc., excite the
structure of the locomotive causing vibration. The locomotive
structure then radiates sound to the wayside.

Test Procedure

The following procedure was used to obtain the contributions
of each of the above sources to the overall locomotive noise sig-
nature. We first quieted, or shut down, each major source. W
then removed the noise control treatment, or powered up each
source independently. In those cases in which the noise increased
at ‘the seven microphone locations in Fig. 3.9, the contribution
of that source could be estimated from the increase. Noise in-
creased in the cases of engine exhaust and radiator cooling fans.
When no increase, or only a negligible increase, in noise was
observed, measurements of the noise near the source were extra-
polated to the locations of interest around the locomotive through
the use of transfer functions measured as described in Appendix
C. These transfer functions related the noise near the source
to the noise at the locations of interest. This latter approach



was used for the engine/mzin alternator, traction motor blowers,
dust bin blower, engine intake, and compressor. The structure-
borne contribution was determined by using a similar transfer
function approach, described in Appendix D. Vibration levels
measured at the engine, main alternator, compressor, and cooling
fan, etc., mounting points were used with the transfer functions
to estimate the structureborne contribution.

Treatments applied to quiet the locomotive fully were:
a. An industrial exhaust silencer

Radiator cooling fans shut down
c. Compressor shut down*

d. A 3-in.-thick layer of fiberglass, applied to the interior
of the hood on all walls and doors

e. Hood access doors taped
f. Dust bin blower shut down
g. Traction motor blower inlet sealed with 1 1b/sq ft lead

h. Silencers installed on the air compartment intake vents.
(Fiberglass lined 3/i4-in. plywood ducts.)

Figures k.15 and 4.16 show the locomotive in the fully quieted
configuration. The muffler, a Kittell Yodel TBU22 exhaust
silencer, is supported by a fork lift on a flat car. The fork
lift was blocked up and its engine shut down during all noise
tests. The ducting fits directly over the exhaust stack, as
shown in Fig. 4.17.t

*A by-pass valve was opened to prevent the compressor from pump-
ing. Since the compressor was mechanically connected to the
engine it was rotating whenever the engine was running.

J‘The muffler system was designed by the Donaldson Company for a
parallel program and was provided to this program on a rental
basis.



FIG.  4.15. FULLY QUIETED LOCOMOTI VE, LOOKI NG EAST.

Radiator cooling fans were shut down through an electrical
switching arrangement set up in the cab. This arrangement allowed
for any fan or combination of fans to be shut down or powered up
at will. The engine temperature was watched carefully, and test-
ing was terminated when the temperature exceeded safe limits.

All fans were then powered up, and when the engine temperature
was lowered to safe limits, the fans were shut down and testing
was resumed.

The air storage tanks were fully pressurized prior to test-
ing to ensure that the compressor would not operate during the

\
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FIG 4.16. FULLY QUIETED LOCOMOTIVE, LOOKING SOUTHWEST.

tests. This provided a significant period of time for testing
during which the compressor was rotating at engine speed, but not
loaded and therefore not a significant noise source.

The dust bin blower was disconnected from the electrical
system during testing to eliminate it as a noise source.

A 3-in.-thick blanket of fiberglass insulation was taped to
the doors and walls inside the hood. |In addition, the doors and
latches were sealed with duct tape; Fig. 4.16 shows the locomo-
tive so treated. Also shown in Fig. 4.16 i s one of the two
inlet silencers installed on the air compartment inlet vents.
These silencers, which can be seen in Fig. 4.15 behind the cab
on each side of the locomotive, were simply large boxes made of
3/4-in. plywood lined with 3 in. of fiberglass insulation and
opened at the bottom.

53



FIG. 4.17. LOCOMOTIVE EXHAUST STACK TO MUFFLER TRANSITION
COUPLING.

Finally, to silence the traction motor blowers, we taped a
sheet of 1-1b/sq-ft lead to the inlet, making an air-tight seal,
an approach suggested by EMD that proved effective.

Results

The results of the diagnostic measurements are present in
Appendix B and summarized for the four major sources in Table 4.5.
As shown in that table the sum of the four sources for each
throttle setting and microphone location agrees well with the
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TABLE 4.5.

[

SUMMARY OF DIAGNOSTIC TESTS.

IDLE
Location l
Source 1 2 3 | 5 6 7
" Exhaust - | 65 66 65 61.5 | 705 | 71 |
Fan _ i _ 59 _ - 62 65
Engine - 60 62 59.5 52 69 73.5
™ Blower - 46 L7 b7 - 51 %9
Overall Mea-
sured Noise - 69 67 a 62.5 725 74|
sum of 4 Sources| - - 68 - [ - 73 75.5 |
THROTTLE 4
Location
T T
l Source 1| 2 E 3 4 5 A !
Exhaust - 81 | 78 79 76 82.5 82
' Fan 0 70 70 | 685 - & 80
Engine 63.5 66 67 63.5 55 70.5 78
™ Blower 50 61.5 an 61.5 52.5 67.5 74
Overall Mea- 8l
sured Noise 79 83 | T8 82 78.5 81.5
Sum of b sources| - 81.5 I 79 79.5 - 835 85.5
[SS
THROTTLE 8
{
Location l
|
Source 1 | 2 3 4 5 6 7 |
Exhaust - 84.5 8k 88 81.5 87.5 90
Fan 77 | 805 83 | ss | " | % | %2
Engine 67 67 66.5 66.5 57.5 73 77
™ Blower 63 72 |15 72.5 62 78 87
Overall Mex- [
sured Noise 83 875 86 85 81 915 95
Sum of U4 Sources - 86 J 87 89 - 90 95
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overall measured noise from the baseline test. In the following
pages, we will discuss all the noise sources considered in the
measurement program. The data at locations 1 and 5 are valid
over only a limited frequency range, and results are presented
only in that range. No data are presented at location 1 at idle.

The qui eted baseline measurements refer to the noise measure-
ments made when the locomotive was in its quietest condition,
i.e., using all the noise-reducing treatments and component shut-
downs described previously. The resulting spectra have already
been presented in comparison with baseline data in Sec. 4.2.1. A
considerable reduction in noise was achieved. This reduction in
noise has significant implications for the success of the diag-
nostic measurements, but of course the type of noise control
treatment used would not be practical for an operating locomotive.

The exhaust source spectra are shown in Appendix B at all
locations except location 1; distortion in the microphone signal
at that location during this test prevented use of the data. The
exhaust source spectra were obtained by measuring the nosie from
the fully quieted locomotive with the exhaust muffler removed.
The difference between these noise spectra and the quieted base-
line noise spectra are the engine exhaust source spectra. Gaps
in the exhaust source spectra indicate those frequency bands
where the unmuffled noise levels were less than 2 dB higher than
the quieted baseline levels. Exhaust is the primary source at
low and high frequency.

The cooling fan source spectra were obtained by turning all
three cooling fans on with the locomotive in the fully quieted
condition and running unloaded. The difference between the noise
spectra with the cooling fans running and the fans shut off
yielded the fan source spectra. Gaps in the spectra indicate
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frequency bands where there was insufficient cooling fan noise
to overcome the noise from other sources. Gaps are particularly
prominent at idle where fan noise levels were quite low. Fan
noise i S a major source at throttles 4 and 8, primarily in the
mid-frequency range.

Since operation with all three cooling fans running is rare,
microphone location 3 fan source spectra for one, two, and three
fans operating are shown in Appendix B, Figs. B-21and B-22 for
throttles 4 and 8, respectively. Fan source levels were too low
to produce a similar plot for idle. These measurements are sum-
marized in Table 4.6.

TABLE 4.6. FAN SOURCE LEVELS AT LOCATION 3.

[ D '
Number | “Throttle 4 \ Throttle 8
of Fans . dBA l dBA
! 6k 76 7
‘ 67 81
3 70 83

The engine/alternator source spectra were obtained first by
untaping the doors, removing the fiberglass from the interior of
the hood, and measuring the change in noise at full load, from
the fully quieted configuration. This procedure resulted in up
to a 6.5-dB(A) increase in noise at some locations. Despite
this significant increase in noise at a number of throttle set-
tings and microphone locations, the resulting source spectra were
incomplete, i.e., in many 1/3-octave bands the noise did not in-
crease enough to estimate the engine/alternator source strength.
Therefore, we measured the noise under the hood at four locations



around the engine and alternator*, averaged these noise measure-
ments, and extrapolated these measurements to the seven locations
of interest using transfer functions measured as described in
Appendix A. |In general, estimates based on the transfer func-
tions agreed well with the estimates based on the direct measure-
ment of the change in noise. 1In a few cases, the directly mea-
sured spectra were higher than those derived by using the under-
hood measurements and transfer functions. 1In all cases we have
shown, the transfer functions result in the relevant figure. W
have done this for several reasons: transfer functions have pro-
vided estimates at other throttle settings that agree with direct
measurements, and the underhood engine levels have provided simi-
lar confirmed results at other locations. Finally, the resulting
estimate of the spectra are consistent with the spectra measured
at other locations. The few discrepancies between the direct
measurements and the transfer function estimates is believed to
result from the fact that changes in noise observed after remov-
ing the fiberglass and door seals are caused in some cases not

by the changed noise treatments but by changes in wind and temper-
ature gradients as described in Sec. 4.2.1.

The label, engine/alternator, is to some degree an over-
simplification since the noise from many sources present under
the hood (dc auxiliary generator, generator blower, etc.) would
be enhanced by removal of the fiberglass and door seals and would
be included in any underhood measurements. However, the engine
and main alternator are the largest, and potentially the noisest,
components under the hood; hence, we attribute these source
spectra to them. They are most important at idle in the mid
frequencies.

*The locomotive was in the fully quieted condition except that
the fiberglass and door seals were removed.

1
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The traction motor blower source spectra were obtained with
the locomotive treated as for the engine/alternator, except that
both the intake silencers* and the lead seal from the traction
motor blower intake were removed. The increase in noise observed
(with the locomotive running unloaded) after removing the seal
on the inlet of the traction motor blower was attributed to that
blower. An increase in noise was generally observed at all loca-
tions, except at idle, but the change was not large enough to
provide a reliable measure of the traction motor blower source
strength. As a result, the source spectra reported in Appendix B,
Figs. B.l to B.20 are based on a transfer function approach that
seeks to extrapolate the levels in the air compartment, attribu-
table to the traction motor blower, to the seven microphone loca-
tions of interest.

At throttle 8 the traction motor blower requires approximately
122 hp whereas the generator blower requires only approximately
20 hp. Unsealing the traction motor blower increases air compart-
ment levels by 2 dBA at idle, 8.5 dBA at throttle 4 (no load),
and 12 4BA at throttle 8 (no load), indicating that the traction
motor blower is the major source in the air compartment, with the
possible exception of operation at idle.

The spectral levels estimated at the seven microphone loca-
tions (details are given in Appendix C) generally agreed with
estimates of those levels based on the change in noise at the
seven locations when the seal was removed. |In a few instances,+
as with the engine/alternator source spectra, the estimates of

*No increase in noise at the seven locations around the locomo-
tive was observed.

Throttle 4, location 1 direction measurements were 6 to 12 dB
high, and throttle 4, location 5 direct measurements were from
1 to 11 dB high.

.1.
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the traction motor blower source spectra that were based on
direct measurements of the change in noise at the seven locations
of interest gave higher levels than the estimates based on the
transfer functions. These discrepancies may have resulted from
the fact that some of the observed changes in the measured noise
were caused not by removal of the inlet seal but, at least in
part, by the same wind and temperature gradient changes that
caused the changes in the baseline spectra of Sec. 4.2.1.

The compressor was found to be a very weak source. 1t could
be heard clearly only if loaded with the engine at idle. Measure-
ments made in the engine compartment approximately 2 ft above
the compressor, first with the compressor pumping and, second,
not pumping, yielded only a few bands where the compressor could
be heard. A transfer function approach (see Appendix A) was used
to extrapolate these measurements to the seven locations of inter-
est. For completeness and for provision of an upper bound esti-
mate of compressor source spectra, the noise spectra measured
near the compressor where no change could be noted whether the
compressor was pumping or not were also extrapolated to the seven
locations of interest. These are called "compressor upper bound"
in Appendix B.

The dust bin blower, a minor source, cannot be heard at the
farfield microphone location. To obtain its source spectra trans-
fer functions (see Appendix C) were used to extrapolate nearfield
measurements to the seven locations of interest. Measurements
were made on top of the locomotive hood at two locations approxi-
mately 1 ft from the center of the dust bin blower. The locomo-
tive was in the fully quieted condition; i.e., all sources were
treated or shut down. With the blower operating, nearfield noise
was considerably greater than with the blower shut down (>10 4dBA
increase). The measurements at the two locations (to the right



and forward of the outlet) were averaged, and transfer functions
were used to estimate the levels at the farfield locations.

The intake source spectra were obtained by extrapolating air
compartment noise levels (with the traction motor blower inlet
sealed) to the farfield by use of transfer functions. In a sense,
these are an upper bound on the intake noise since these spectra
may also contain residual traction motor blower contributions,
generator blower, and dc auxiliary generator contributions, etc.

The dynamic brake fan source spectra were obtained by run-
ning the locomotive self loaded in the full quieted condition
(i.e., the condition for the quieted baseline tests). 1In the
self loaded state all the power from the main generator is dis-
sipated in the dynamic brake resistor grids rather than an exter-

nal load cell. The dynamic brake fans are wired in series with
these resistor grids and, hence, attain a speed that increases
as the power to be dissipated increases. 1In all cases, the

dynamic brake fans are a significant source that would contam-
inate noise measurements of the locomotive if it were run in
self-load. No spectrum is shown for throttle 4 location 6 as
there was an apparent gain setting error in those data. It is
apparent that the dynamic brake fan source spectra are similar to
cooling fan source spectra.

Structureborne source contributions from the engine, main
alternator compressor, and cooling fans were determined by mea-
suring the vertical vibration at the mounting points of each of
these components* and using the structureborne transfer function
*For the cooling fans, the vibration was measured at two locations

on the locomotive hood on the fan centerline, (1) directly be-
tween the forward and middle fans, and (2) between the middle
and rear fans. This procedure was consistent with the measure-

ment of the structureborne transfer functions, as described in
Appendix B.
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described in Appendix D to estinate the radi ated sound at the

| ocations of interest around the | oconotive. Because of back-
ground noi se probl ens, transfer functions are available only for
m crophone locations 3 and 7.* In addition, vibration |evels at
the conpressor nounting points were essentially unaffected by
whet her the conpressor was punping or not. For this reason, we
coul d not distinguish conpressor-related vibration fromthat
caused by ot her sources, such as the engine, and so we give no
report on conpressor structureborne noise.

The structureborne contributions of the fore and aft engine
nmounts nain alternator mounts and cooling fans are shown in
Appendix D, Figs. D3 — D.8. For each engine nmount and the main
alternator nmount, the estinmated spectra are for a single nount.
Each of these spectra should be raised 3 dB to acccunt for the
symmetrically located nount. |n general, structureborne noise
fromthe engi ne nounts dom nates that from other structureborne
sources; the resulting spectra are conparable to the engine air-
borne source spectra.

4.3 Comparison of Stationary and Pass-By Test Results

As described in Sec. 4.1, even at nodest speeds wheel/rail
noi se i s an inportant conponent of |oconotive noise for the | ower
throttle settings. A throttle 8, however, wheel/rail noi se does
not begin to be significant until speeds of 55 to 60 nph are at-
tained. This fact is further illustrated in Fig. 4.18 where a
coast- by noise spectrumat 38 nph is sinilar in shape (except
bel ow 100 Hz) and only 5 aBA bel ow the spectrumat 39 nph at
throttle 4. The overall level at throttle 8 at 36 nph, however,
is 10 dBA greater than the coast-by overall |evel

*Data for location 6 had sufficient signal-to-noise but were not
consi stent with other data and hence are not reported here.

62



d 90 — 1 —1 | — | — T | — | |
>
w
-
W
o
3
® 80
w
ac
a
[&]
pd
8‘:
D 8 75 <
o i
Z N
g0
m O -4
Y3 \
(@]
o E @ 0
Lad (. 6
)
O o
g S
I
7
wl
prd
o 50 T
8 =—+=— THROTTLE 8 PASS-BY (36 mph), [88 dBA].] FAN RUNNING
.:E THROTTLE 4 PASS-BY (39 mph), [83dBA]. 1 FAN RUNNING
O —— - COAST-BY (38 mph) [78 dBAl
§J40111|11LJ_|| L lllln_l__ll_l__lJ__
315 63 125 250 500 1000 2000 4000 8000 16,000

ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)

FIG 4.18. COMPARI SON OF POWERED AND UNPOWERED PASS-BYS AT 50 FT AND COOLI NG
FAN OPERATI NG.



Thus, it i s apparent that locomotive noise measured during
a pass-by at modest speed at the lower throttle settings i s
greater than that noise measured with the locomotive stationary
and loaded at the same throttle setting. At throttle 8 at modest
speed, however stationary and pass-by noise are comparable. Fig-
ures 4.19, 4.20, and 4.21 compare spectra taken from 1l-sec samples
of pass-by data near the peak in the A-weighted sound pressure
level with data taken with the locomotive stationary at throttle
8, both loaded and unloaded. In general, the agreement between
fully loaded stationary and pass-by spectra is as good as between
any two stationary spectra taken at the same location and under
the same operating condition. The noise spectra (at the 50 and
100 ft positions) taken with the locomotive stationary and unloaded
are generally lower than the spectra for the loaded case and
agrees less well with the pass-by noise spectra. At the 25 ft
position the noise spectra for the loaded and unloaded cases are
remarkably similar above 500 Hz. This occurs probably because
fan noise dominates at these higher frequencies and fan noise is
not affected by load. It should be noted that the crosshatched
region in Fig. 4.21 shows the range of spectra obtained by taking
l1-sec segments of data at various times while the A-weighted
sound pressure level was peaking. A similar spread in the spec-
tra was not obtained at the closer locations, probably most likely
because the duration of the peak A-weighted sound level was
shorter for the closer locations* (see Fig. 4.2, Sec. 4.1).

¥1.6 sec between the 3 dB down points at 25 ft, 2 sec at 50 ft,
and 6 sec at 100 ft.
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5. CONCLUSI ONS AND RECOMMENDATI ONS
5.1 Test Results
5.1.1 Pass-by tests

At the lower throttle settings and at modest speeds, wheel/
rail noise is a significant contributor to the noise generated by
a passing locomotive. At throttle 8, wheel/rail noise is not
significant until speeds of 55 to 60 mph are attained. As are-
sult, one would not expect locomotive noise measured in a station-
ary test to be comparable to the noise generated during a pass-by
test at modest speed at the lower throttle settings. At throttle
8, a stationary (loaded) noise test should adequately simulate
the noise generated by a moving locomotive at throttle 8 except
for very high speeds.

5.1.2 "Throttle wipe" tests

The major concern in performing the "throttle wipe" tests
was to determine whether significantly more noise would be gener-
ated during rapid throttle changes than during steady operation
at a fixed throttle setting. When changing from throttle 6 to 8
-2 dBA more noise was generated in the loaded condition than in
steady operation at throttle 8. In addition, at one microphone
location the noise at throttle 5 was found to be -2 dBA higher
than the noise at throttle 8. The sources of the latter anomaly
is presently uncertain.

5.1.3 Stationary baseline tests

A very important observation made during the stationary base-
line tests was the difficulty of obtaining reproducible measure-
ments under apparently acceptable meteorological conditions.
Differences in overall level of 2 to 3 dBA were not uncommon even
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t hough spectral averaging times of up to 16 sec were used. W
believe that these differences are caused by changes in tenperature
and wi nd gradient, which affect the diffraction of sound traveling
fromthe |oconotiye to the mcrophone. Gscillations in |level can
in fact be seenin the "throttle wipe tests" of Sec. 4.2.2. Long-
period oscillations, superinposed on higher frequency oscillation
probably caused by oscillations in engine speed can be seen at
steady operation at all throttle settings. 1In Fig. 4.36, for
exanpl e, the long-period oscillations for steady operation at
throttle 8 have a peak-to-peak anplitude of approxinmately 3-4 dBA
and a period of approximately 7 sec. However, neither the anpli-
tude nor the period of these |long-period variations in |evel are
steady. The result is an inherent uncertainty in the neasurenents.

Because of this inherent uncertainty in the measurenents, it
is difficult to nmake definitive statenments concerning even such
basi ¢ questions as the axial symetry of the noise fromthe |oco-
notive. A present, all that can be said with certainty is that
the differences in noise fromone side of the | oconotive to the
other are no nore than the differences observed in two neasurenents
of the sane | oconotive at the same microphone | ocati on.

5.1.4 Diagnostic tests

The purpose of the diagnostic tests was to deternmine the
magni tude of the contribution of each major source to the noise
signature of the |oconotive. Al though these tests were subject
to the same uncertainities as all other tests, it is possible to
state that exhaust, cooling fans, engine/alternator, and traction
notor blower are the major noise sources in the |oconotive. A

*I't should be noted in passing that this uncertainty apPears to
be considerably | ess for those m crophones |ocated 10 ft above
the ground, locations 8 and 9.



idl e, exhaust and engine/alternator are the major sources. A
throttle 4, exhaust and cooling fans are the dom nant source,

al though for the nore distant |ocations cooling fans may fall as
much as 10 dBA bel ow exhaust. A throttle 8 both exhaust and
cooling fans are the dom nant sources for all |ocations around
the | oconotive. The traction notor blower falls approxi mately
10 dBA bel ow exhaust for the nore distant |ocation; it is a some-
what stronger source.for the closeby | ocations.

The maj or source of structureborne noise is the engine it-
self; it produces structureborne sound that is conparable to
engine/alternator airborne sound.

5.2 Noise Control

The discussionin Sec. 5.1.4 indicates clearly that any
significant reduction in | oconotive noise can be achieved only if
exhaust, radiator cooling fans, and engine/alternator are all
treated. To achieve nore extensive quieting (10- to 15-dBA) it
woul d al so be necessary to treat the traction notor bl ower.

Exhaust Noi se

Exhaust noise is best treated with an exhaust nmuffler. The
major difficulty with this treatnment is the limted size of the
space under the hood that nust accommodate a nuffler of sufficient
vol une to achieve the desired attenuation. Exterior nounting of
muf flers on the larger line-haul |oconotives is generally not
consi dered feasi bl e because of the limted cl earance between the
hood and tunnels. Although turbochargers do provide sone reduc-
tion of exhaust noi se turbocharged | oconotives present an addi -
tional difficulty; severe backpressure limtations, i.e., on the
order of 5 in. of H,0, severely constraining nuffler design. It
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has been demonstrated that these difficulties can be overcome to
some degree. Mufflers have been desighed and installed on some
new locomotives. For example, Universal Silencer, in conjunction
with BVID, developed a silencer for AMIRAK locomotives. These
locomotives used a 20-cylinder version of the engine in the
SD40-2 locomotive.

If an exhaust silencer were designed that reduced exhaust
noise 10 dBA, one would achieve the following reductions in over-
all locomotive noise measured at microphone location 3 (100 ft to
the side of the locomotive with 3 cooling fans operating):

dBA
a. idle 3 -4
b. throttle 4 b -5
c. throttle 8 2 - 3

Cooling Fan Noise

Fan noise is usually treated in one of two ways. Obstructions
to the flow entering the fan are removed or the pumping efficiency
of the fan is improved so that fan speed can be reduced. The
first approach reduces turbulence entering the fan, and, hence,
the resulting noise due to the fluctuating pressures on the fan
blades as they encounter the turbulent eddies. The second approach
allows the fan speed to be reduced so as to take advantage of the
dependence of fan noise on the fan velocity to the sixth power.

In the-first approach, any structure in the fan inlet is
minimized or moved as far in front of the fan blades as possible.
On the SD40-2, there are a number of struts supporting the fan
drive motors just in front of the fan blades. Moving these struts
farther away from the fan blades would reduce any tones at the
blade passage frequency or multiples of that frequency.
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To improve the fan pumping efficiency, one can increase the
fan size, reduce clearances between the fan and its shroud, or -
in some cases — redesign the fan blades. Locomotive space re-
strictions probably prevent any significant increase in fan diam-
eter. Reduced clearance between the fan blades and the shroud
may be possible but present clearances are not excessive and little
gain is anticipated. Redesign of the fan blade may result in
some improvement although existing locomotive fan blades are al -
ready fairly sophisticated and improvements in this area may be
minimal. A final possibility, although less attractive because
of the major redesign involved, i s a redesign of the cooling sys-
tem so that lower air flow rates and, hence, fan speeds, can be
tolerated.

If fan noise and exhaust noise were each reduced by 10 dBA,*
the resulting reduction in overall locomotive noise at microphone
location 3 (100 ft to the side of the locomotive) would be

dBA
a. idle 3 — 4
b. throttle 4 6 - 7
c. throttle 8 6 - 7

Engine/Alternator Noise

Reduction of engine/alternator noise is especially difficult
as present estimates place the structureborne contribution from
the engine at very nearly the same levels as the airborne contri-
bution. This finding implies the need for vibration isolation,
which would cause extreme alignment problems with present BVD

*For fans this would imply that a 30%reduction in speed would be
possible or, in other words, that throttle 4 fan speed would be
sufficient for cooling at throttle 8. There is no information
available at this time to indicate that such a speed reduction
is achievable within reasonable operational and cost constraints.
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designs where the engine and alternator are nounted separately.
Some reduction in | oconotive noi se has been denonstrated during
this programby the sinple application of absorptive treatnents
i nside the hood and by sealing of the hood doors and |atches. In

a practical application, the absorptive treatnent nust be nade
i npervious to oil and diesel fuel and protected agai nst nechani -

cal damage as has been done successfully in the DOT Quiet Truck
(described in Report No. DOI-TST-74-20"). Simlar techniques
coul d be applied here.

During this program treatnent reduced engine/alternator noise
3 dBa at idle, 4 dBA at throttle 4, and 1.5 dBA at throttle 8. |If
this treatment were conbined with a 10-dBA reduction i n exhaust
and fan noise, the follow ng overall reduction in | oconotive noise
woul d result :

dBA
a. idle 6 - 7
b. throttle & 7- 8
c. throttle 8 7- 8

Some snal | additional reductions in noise mght be acconplished
at the higher throttle settings by treating the traction notor
bl ower .

5.3 Future Work

The data presented in this report represents only part of
all the data acquired during the field testing. As a result,
addi tional work will be analyzed and docunented in a future re-
port dealing primarily with the relationship between noving and

*E.K. Bender, WN Patterson, and MC Kaye (1974). Truck Noise
I[IlC Source Analysis and Experinments wth Noise Control Treat-
nments Applied to Freightliner Quieted Truck," Departnent of
Transportation Report No. DOT- TST- 74- 20.
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stationary test results. |In addition to the above we recomend
future work in three areas:

a. Additional diagnostic work
b. Wrk to devel op reproduci bl e nmeasurenent techni ques
c. Aquiet |loconotive denonstration project.

The work reported here is really applicable only to one cl ass
of |oconotives, i.e., the turbocharged | oconotives produced by EMD
The ot her maj or domestic manufacturer, General Electric, produces
| oconotives that are in many ways different from EMD | oconoti ves.
For exanple, the engines are 4-stroke rather than 2-stroke diesels,
and the cooling fan is nechanically rather than electrically driven.
Both t hese differences, regardl ess of others, could result in con-
siderabl e differences i n noise. A noise neasurenent programon a
GE |l oconotive, simlar to the one carried out here, would be in
or der.

One of the major difficulties encountered in this program
was the lack of reproducibility in the nmeasurenents. W felt that
this probl emwas caused by wi nd and tenperature gradi ents, which
changed the diffraction of sound fromthe | oconotive to the mcro-
phone. It is inperative for the acquisition of accurate neasure-
ment techni ques for reproduci bl e noi se nmeasurenent be deterni ned.
(ne approach mght be to measure the noise sinmnmultaneously at
several heights at each location of interest around the | ocono-
tive. By averaging the neasurenents fromall heights at a given
| ocation, noise variation due to diffraction changes m ght be
averaged out. This technique and others like it should be exam
i ned.

Much of the information generated during this programis
fundamental to a noi se reduction program An industry/government
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demonstration project similar to the DOT Quiet Truck Program, with
the objective of quieting a locomotive, would be a natural out-
growth of the program discussed in this report.

75/76






APPENDI X A
BASELI NE NOI SE SPECTRA

T7



8L

A-WEIGHTED ONE-THIRD OCTAVE BAND SOUND PRESSURE LEVEL
(dB re 0.0002 ubor)

FIG.

80 1 I | 1 I I 1 1 1 1 1 1 1 1 1
IDLE
LOCATION 1 (100 ft)
3 FANS RUNNING
70
A
60 i
/
\
\
50 \ £ o
\\| - //‘ <
b/ -—-'/ \\--
. \ -/ \
\/,\\\‘_// \‘ .
. \ <'\
~
40 k/ . 3
N \\
\\ -
\ //\\ :
30 i
----- JULY BASELINE (64.5 dBA) L
AUGUST BASELINE ( 65.5dBA) v
—-— QUIETED BASELINE (60.5 dBA)
20 | | | | 1 | | | | | | 1 1 1 | 1 |
31.5 63 125 250 500 1000 2000 4000 8000
ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
A.1. LOCOMOTIVE BASELINE NOISE, IDLE, MICROPHONE LOCATION 1.

16,000



A-WEIGHTED ONE-THIRD OCTAVE BAND SOUND PRESSURE LEVEL

16,000

80 I T rm 1T L] 1 I T T I I T T T T
!
70
\
\ Y
o
60 ‘- 7 e
= & / _ N
o WY/ TS,
E \ .a/ \l /
o b'\ f'_'\_'
o 50 7 X,
S / N/ \\-—-’
(@] X
® / \_\/‘\
S ; N
40 7 THROTTLE 4 <
LOADED ~
LOCATION 1 (100 ft) \
3 FANS RUNNING .
1 | | \
30 —=--a JULY BASELINE (82.5 dBA)
AUGUST BASELINE (79 dBA)
—.— QUIETED BASELINE (66 dBA)
20 i G I O O N O | L 1 1 1 9= L f =i
35 63 125 250 500 1000 2000 4000 8000
ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
FIG. A.2. LOCOMOTIVE BASELINE NOISE, THROTTLE 4, FULL LOAD,

MICROPHONE LOCATION 1.



90

1T T | L 1 1 1 1 I 1 I | | LS =}

-
7]
>
w
- |
& s
a 0
A
(11
c
o
S
< 70
O‘—'»
-
Z 2
S o

O .
wo 60 f
% O /
Fo :
(&)
Se /
o @ ]
x> ;
I 50 L THROTTLE 8 \' A
- LOADED \
w LOCATION 1 (100 ft)
3 3 FANS RUNNING \
o | | |
w40
O e JULY BASELINE ( 85 dBA)
T} AUGUST BASELINE ( 84 dBA)
;J —. = QUIETED BASELINE ( 72 dBA)
<

30 1 1 [l | - | ] ] ] ] ] 1 1 . | _J L
35 63 125 250 500 1000 2000 4000 8000 16,000
ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)

FIG. A.3. LOCOMOTIVE BASELINE NOISE, THROTTLE 8, FULL LOAD, MICROPHONE

LOCATION 1.



18

BO 1 1 1 1 1 1 | 1 1 I 1 ] 1 1 l 1 ] 1 1 I

|

] IDLE

> LOCATION 2 (100 ft)

“ 3 FANS RUNNING

&

70

(7))

o)

w

1 4

a

g /
60

2D

3~ /|

-

g i

mg \

I;Jo 50

o

S S

O

o e 7%

o @ /

R 247

- N\ 7

e \ \

P

Q \\

= 301 W/Z&JULY BASELINE RIGHT SIDE ( 68 dBA) \

) JULY BASELINE LEFT SIDE ( 69 dBA) NG

w AUGUST BASELINE RIGHT SIDE ( 69 dBA)

z — — QUIETED BASELINE RIGHT SIDE (59.5 dBA)
201I|l||lJ|lJ]ll|lllllllIJ
31.5 63 125 250 500 1000 2000 4000 8000 16,000

ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
ElG: A4 LOCOMOTIVE BASELINE NOISE, IDLE, MICROPHONE LOCATION 2.



90 L I 1 1 1 | I I 1 I T T |1 | T T T

)

w

>

ul

-

)

x 80

o

w)

wn

Ll

c

o

(=]

= 10

O —~

2

g i

oD 8 '

h § I —

© Ll / N\ Q IA

6o N\ b

o2 / ~ N )

al / N\ h

x = a5 y )

I 7 N——1 THROTTLE 4 N

N

7y / LOADED \~

W / LOCATION 2 (100 ft) X

5 3 FANS RUNNING .

a [ I 1 \‘

= 40 W/ZJULY BASELINE RIGHT SIDE (83.5 dBA) \

5 JULY BASELINE LEFT SIDE ( 84 dBA) \

w AUGUST BASELINE RIGHT SIDE ( 83 dBA)

£ — — QUIETED BASELINE RIGHT SIDE ( 67 dBA)

(= §
30"Illllill'Jlllllll'|rL,,1
315 63 125 250 500 1000 2000 4000 8000 16,000

ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
FIG. A.5. LOCOMOTIVE BASELINE NOISE, THROTTLE 4, FULL LOAD, MICROPHONE

LOCATION 2.



£8

80 1T

70

o
o

(dB re 0.0002 ubar)
(4]
o

THROTTLE 8

S
o

LOADED
LOCATION 2 (100 ft)
3 FANS RUNNING

30 2077 LY BASELINE RIGHT SIDE ( 85 dBA)
JULY BASELINE LEFT SIDE (83.5 dBA)

AUGUST BASELINE RIGHT SIDE (87.5 dBA)

— —— QUIETED BASELINE RIGHT SIDE ( 76 dBA)

A-WEIGHTED ONE-THIRD OCTAVE BAND SOUND PRESSURE LEVEL

20 T O O, () e T O D T T [
35 63 125 250 500 1000 2000 4000 8000 16,000
ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
FIG. A.6. LOCOMOTIVE BASELINE NOISE, THROTTLE 8, FULL LOAD, MICROPHONE

LOCATION 2.



8

Bollllfilritllrrlrulur

IDLE
LOCATION 3 (100 ft)
3 FANS RUNNING

70

a
O

(dB re 0.0002 pbor)
(&)
o

A-WEIGHTED ONE -THIRD OCTAVE BAND SOUND PRESSURE LEVEL

40
3011 » 77 JULY BASELINE RIGHT SIDE ( 66 dBA) \
JULY BASELINE LEFT SIDE (65.5 dBA) )
AUGUST BASELINE RIGHT SIDE ( 67 dBA) N
— —— QUIETED BASELINE RIGHT SIDE ( 57 dBA) AN
20 l‘rJ.J.J.J.J.lll‘LiW”J”lilli—lii T 1
315 63 125 250 500 1000 2000 4000 8000 16,000

ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
FIG AT, LOCOMOTI VE BASELI NE NOI SE, |DLE, M CROPHONE LOCATION 3.



58

80 1 I 1 1 1 1 1 1 1 ] 1 I 1 1 1 1 1 I

.|

Ll

>

w

-

& 70

P |

a

w

o

a

(]

Z 60

O~ \

0 s @

24 Y

=

3o l

u.lg 50 —~

>0 e o

g

5 \

o

oo /

xZ l

T 40 ' THROTTLE 4

= LOADED

w LOCATION 3 (100 ft)

3 3 FANS RUNNING

8 | | |

= 301 TN JULY BASELINE RIGHT SIDE (77.5 dBA)

o JULY BASELINE LEFT SIDE ( 80 dBA)

w AUGUST BASELINE RIGHT SIDE ( 78 dBA)

z — — QUIETED BASELINE RIGHT SIDE ( 64 dBA)
2011[1_4111L11L1111LI1||111
315 63 125 250 500 1000 2000 4000 8000 16,000

ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
FIG A.8. LOCOMOTI VE BASELI NE NOI'SE, THROTTLE 4, M CROPHONE LOCATION 3.



98

80

30

3 FANS RUNNING

JULY BASELINE LEFT SIDE
AUGUST BASELINE RIGHT SIDE ( 86 dBA)
—— —— QUIETED BASELINE RIGHT SIDE (72.5 dBA)

JULY BASELINE RIGHT SIDE (83.5 dBA)
YY1

(86.5 dBA)

1 1 1 1 L I | | 1
-
W
>
w
i |
& 70
=) - N
A
&
2 / \
(-] / S~ /
¥ \
@ & \/ \ ~.
wo 50 N/
Z 0 X
5o \
o2 THROTTLE 8
o@ LOADED \
x - LOCATION 3 (100 ft) |
T 40
b
(V]
=
o
(=]
w
’_
I
o
w
¥
g

16,000

20|1[1111111|T|111|||11|11
3.5 63 125 250 500 1000 2000 4000 8000
ONE- THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
FIG A9 LOCOMOTI VE BASELI NE NOI SE, THROTTLE 8, FULL LOAD, MI CROPHONE

LOCATION 3.



L8

Bo | 1 1 | | I | 1 | | | IT 1 ] I 1 1
o IDLE
< LOCATION 4 (100ft)
=] 3 FANS RUNNING
g 7
:: 0
[7)]
w
(TY]
[+
a
D
S 60
o"—‘
o8
z3 ) /W Y
o 8 \ y)
50 a
%Jg - / - 7
’(_‘, o v /
o /\ g [~ \ \
o @ / K
xZ / ~ //9 g
= 40
- {
]
) !
—
O
5 7
30
= JULY BASELINE RIGHT SIDE ( 66 dBA) %
7
5 ZUVZL yyy BASELINE LEFT SIDE ( 65 dBA) N
i AUGUST BASELINE RIGHT SIDE ( 64 dBA) e
z — — QUIETED BASELINE RIGHT SIDE ( 57 dBA)
2011[|1|111|111|[|1]1L|111
315 63 125 250 500 1000 2000 4000 8000 16,000

ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
FIG. A.10. LOCOMOTIVE BASELINE NOISE, IDLE, MICROPHONE LOCATION 4.



80—

~
o

(4]
o

(dB re 0.0002 ubar)
(o]
o

A-WEIGHTED ONE-THIRD OCTAVE BAND SOUND PRESSURE LEVEL

(_:I')
oo
40 THROTTLE 4
/ LOADED
LOCATION 4 (100 ft) A
3 FANS RUNNING
| 1 1 \
30 N JULY BASELINE RIGHT SIDE ( 82 dBA) \
JULY BASELINE LEFT SIDE ( 82 dBA)
AUGUST BASELINE RIGHT SIDE ( 79 ~RA)
— — QUIETED BASELINE RIGHT SIDE (63.5 dBA)
20— 1 1l o+ Iy I g v T g vy 1T +—t
315 63 125 250 500 1000 2000 4000 8000 16.000

ONE- THIRD OCTAVE BAND CENTER FREQUENCY (Hz)

FIG. A.11. LOCOMOTIVE BASELINE NOISE, THROTTLE 4, FULL LOAD, MICROPHONE
LOCATION 4.



90—

80

-
o

(dB re 0.0002 ubar)
o
O

i

(4]
=

THROTTLE 8
LOADED

LOCATION 4 (100 ft)
3 FANS RUNNING

40

A-WEIGHTED ONE-THIRD OCTAVE BAND SOUND PRESSURE LEVEL

- JULY BASELINE

ZU/ZL gy BASELINE LEFT SIDE
AUGUST BASELINE RIGHT SIDE (85.5 dBA)
— — QUIETED BASELINE RIGHT SIDE (

RIGHT SIDE ( 87 dBA)
(85.5 dBA)

74 dBA)

i = |

T T

1

| 1

30 L—1

3.5

FIG. A.12.

63

125

250 500 1000

2000 4000

8000

ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
LOCOMOTIVE BASELINE NOISE, THROTTLE 8,

LOCATION

4.

FULL LOAD,

MICROPHONE

16,000



06

A-WEIGHTED ONE-THIRD OCTAVE BAND SOUND PRESSURE LEVEL

aolllTlIll1lllllI|1l|l
IDLE
LOCATION 5 (100 ft)
3 FANS RUNNING
70
60 /A
5 // \
L
=Y
~ \
o
o 50
O e
) 7
S e b
(; P‘ \ 4//- == ) —
: A | RUR
40 ’ ~— N .\\
r \<\
30I1] —=--- JULY BASELINE ( 62.5 dBA)
- AUGUST BASELINE ( 63 dBA)
—:— QUIETED BASELINE ( 55 dBA)
20 i ! | i | | | 1 i i 1 | | 1 1 i |
31.5 63 125 250 500 1000 2000 4000 8000 16,000

ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
FIG A.13. LOCOMOTIVE BASELINE NOISF, IDLE, MICROPHONE LOCATION 5.



T6

80 1 1 1 I | L 1 0 I 1 i T | 1 1 1 1 1 |
- |
w
>
w
- Y
E 7
« 0
A
(1]
ac
£ 60 = Z
o~ \
22 A et
2a [\
@ o o
5‘.‘§ 50 ’. i

\ e

< . N
'— . - /
8 — AT
S ~
T~ 40| THROTTLE 4
= LOADED
' LOCATION 5 (100 f1)
w 3 FANS RUNNING
o)
(=)
W 30
S T R v JULY BASELINE (77.5 dBA)
S AUGUST BASELINE (78 dBA)
o —.— QUIETED BASELINE (64 dBA)
b

20 1 L | | - 1 i | L | | | | L1 | 1 1 1

3.5 63 125 250 500 1000 2000 4000 8000 16,000
ONE-THIRD OCTAVE BAND CENTER FREQUENCY. (Hz)

FIG. A.1l4. LOCOMOTIVE BASELINE NOISE, THROTTLE 4, FULL LOAD, MICROPHONE

LOCATION 5.



16,000

80 | S | LI 1 I I LI | LB T T T
|
(1]
>
w
< / \
- T\
x 70 A X 7SES
2 I/ /
o /i Y,
(=] .
Z 60 Y AN ,i\
o~ 1 A . L
”n s , / \V/ \\>\
o=a ' . e \ \
Z i I — ./ —— -
@ | N \
wo 50 g \3
Z© 7 AN
- o y Y
3 e \\ M
2% i
T 40} THROTTLE 8
= LOADED
A LOCATION 5 (100 ft)
£ 3 FANS RUNNING
o |
w30
T JULY BASELINE (81dBA)
o * AUGUST BASELINE ( 81dBA)
W ~——-—— QUIETED BASELINE (72.5 dBA)
<

20 11 L1 1 1 | | | | | | 1 1 1 | L1

3L5 63 125 250 500 1000 2000 4000 8000
ONE- THIRD OCTAVE BAND CENTER FREQUENCY (Hz)

FIG A LOCOMOTI VE BASELI NE NOI' SE, THROTTLE 8, FULL LOAD, M CROPHONE

LOCATI ON 5.



€6

A-WEIGHTED ONE-THIRD OCTAVE BAND SOUND PRESSURE LEVEL

BO 4 I I 1 1 1 1 1 | L | I 1 1 l ) I l T i |
IDLE
LOCATION 6 ( 50 ft)
3 FANS RUNNING
70
)
60 / ‘.. ”. .
T { \
-g P —-?//\ \
> W\ /7N
o \
8 50 F A\ >
o . / v/ \
o
® //“'"—"\/ N
@ N (é NS
© /
~ 40 \- \‘\ N
30 ~
7 JULY BASELINE RIGHT SIDE ( 71 dBA) \
ﬁﬂ JULY BASELINE LEFT SIDE ( 71 dBA)
AUGUST BASELINE RIGHT SIDE (72.5 dBA)
— — QUIETED BASELINE RIGHT SIDE ( €64 dBA)
201L[||I||I11711[11|¥|1114
315 63 125 250 500 1000 2000 4000 8000 16,000

ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
FIG. A 16. LOCOMOTI VE BASELINE NOI' SE, |DLE, MI CROPHONE LOCATION 6.



THROTTLE 4

LOADED

LOCATION 6 ( 50ft)
3 FANS RUNNING

Y

JULY BASELINE RIGHT SIDE (82.5 dBA)
JULY BASELINE LEFT SIDE ( 83 dBA)
AUGUST BASELINE RIGHT SIDE (81.5 dBA)
QUIETED BASELINE RIGHT SIDE ( 71 dBA)

80
|
[FV]
>
w
-J
o
gnz 70
w
@
o
(=]
Z 60
O‘-'-
ol
> 8
I
o
wo 50
>0
g ©
= O
S e
oS
T 40}
i
Ll
Z
o
fa)
P30
o w
o
[FR]
%
a
20
315
FIG. A.17.

——1—
63

(I

— —
I 1 1
5!)0 1000

N |
— 1 1 | [
125 250

—

1
2000 4000 8000

ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)

LOCOMOTIVE BASELINE NOISE, THROTTLE 4,
LOCATION 6.

FULL LOAD, MICROPHONE

16,000



S6

THROTTLE 8

LOADED
LOCATION 6 ( 50 ft)
3 FANS RUNNING

Wﬁ JULY BASELINE RIGHT SIDE (86.5 dBA)
JULY BASELINE LEFT SIDE (89.5 dBA)
AUGUST BASELINE RIGHT SIDE (91.5 dBA)
— — QUIETED BASELINE RIGHT SIDE ( 78 dBA)

T T T ST ST TR T

|

90
-
w
>
W
-
&
§ 80
w
(14
[+
(=]
= 70
oﬁ
24
3
&
wo 60
>0
<
= o
S e
23
T 50
3
w
=
(@]
o
W 40
e
o
Wl
3
a
30
3.5
FIG. A.18.

63 125 250 500 1000 2000

ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
LOCOMOTIVE BASELINE NOISE, THROTTLE 8, FULL LOAD, MICROPHONE

LOCATION 6.

4000

8000

16,000



96

80 rm 1T I 1 | LD 1 | T ] T 1 T T l T T I | T
o IDLE
> LOCATION 7 (25 f1)
3 3 FANS RUNNING
&
x 70
A
w
o
o
e f)
Z 60 = D\
3% / N
23 / &
w 8 50 r‘ \ow/é’/
>0 g
= AY b
Q S~
oo \_V A7\
o m
x = N
I 40 ¥ WL
i1 \
w
z \
p= \
b 30 ASELINE RIGHT SIDE ( 73 dBA) “
= JULY B
5 /2L v BASELINE LEFT SIDE ( 71 dBA) \
w AUGUST BASELINE RIGHT SIDE ( 74 dBA)
3 — — QUIETED BASELINE RIGHT SIDE (67.5 dBA)
o zollllilll[llrllrlllul [ L1
3.5 63 125 250 500 1000 2000 4000 8000 16,000

ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
FIG A 19. LOCOMOTI VE BASELINE NOI'SE, [DLE, M CROPHONE LOCATION 7.



L6

|
w
>
(F1 ]
-
(FV]
[1's
=
(/7]
w
i
o
o
(=]
=
=
O —
5

L
g 1
@ S
$8
g
o w
O w
o3 \
T 40}—| THROTTLE 4 \
- LOADED
il LOCATION 7 ( 25 ft)
< 3 FANS RUNNING
o <] I
- 301 JULY BASELINE RIGHT SIDE (85.5 dBA)

,
5 VL o0y BASELINE LEFT SIDE ( 85 dBA)
i AUGUST BASELINE RIGHT SIDE ( 84 dBA)
= — —— QUIETED BASELINE RIGHT SIDE ( 74 dBA)
= P I AT T v v L 3 &t I i 4§ 2a-3 & ¢ 13 3 L L L
31.5 63 125 250 500 1000 2000 4000 8000 16,000
ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)

FIG. A20. LOCOMOTIVE BASELINE NOISE, THROTTLE 4, FULL LOAD, M CROPHONE

LOCATION 7.



g6

A-WEIGHTED ONE-THIRD OCTAVE BAND SOUND PRESSURE LEVEL

90

I | O 1 j ! 1 1 1 1 1 1 1 1 1 1 | L
80 o
]
~ ) " M %,,”
2 C \\/} k AN
& \ / \VA
S 60 N\ \
o \
(@]
o \
m
= THROTTLE 8
50 | LOADED
LOCATION 7 ( 25 f1) |
3 FANS RUNNING
40 JULY BASELINE RIGHT SIDE ( 96 dBA)
i JULY BASELINE LEFT SIDE ( 96 dBA)
AUGUST BASELINE RIGHT SIDE ( 95 dBA)
— — QUIETED BASELINE RIGHT SIDE (81.5 dBA)
30 b—l—1 | T T T T T (T T T [ .
3L5 63 125 250 500 1000 2000 4000 8000 16,000
ONE- THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
FIG A 21. LOCOMOTI VE BASELI NE NOI SE, THROTTLE 8, FULL LOAD, M CROPHONE

LOCATION 7.



80

| p— L T T 1 T | | ] | 1 | T §

g l [
o IDLE
2 LOCATION 8 (100 t)
3 3 FANS RUNNING
&
x 70
[7)]
[7p]
(]
oc
a.
S

60
3~ A
ey }i
@ ' 7/'/ 'Ln JJ@.
28 o \ Wl Ry by
30 % // % @
s O 7] 4 f
o2 ‘ ﬁ‘ A
o3 %
T 40
7
w
=
O
B )
= 30— JULY BASELINE RIGHT SIDE (64.5 dBA)

7 .

5 2L JULY BASELINE LEFT SIDE (65.5 dBA)
[V}
2
a

20 L Ll L1 J L L L1 I N |

3.5 63 125 250 500 1000 2000 4000 8000 16, 000
ONE- THIRD OCTAVE BAND CENTER FREQUENCY (Hz)

FIG. A.22 LOCOMOTI VE BASELI NE NOI SE, |DLE, M CROPHONE LOCATION 8.



80—T17 1 ™ R s = L - o
|
|79 ]
>
w
|
& 7
o 0
w
w
w
o
o
(]
3 60 <
o —
i
Zz 1 <2%22;r; iﬁi
<
ungg | ‘Qf'
wo 50
Z© v
E o
o ?
o3
T 40— THROTTLE 4
b LOADED
W LOCATION 8 (100 f1)
3 3 FANS RUNNING
o [ |
= 30 JULY BASELINE RIGHT SIDE ( 77 dBA)
7
5 ZUVZL 4y BASELINE LEFT SIDE (77.5 dBA)
(Y]
5
<
20 | 1 | - | 1 | | 1 | 1| 1 L ] 1 | ]
31.5 63 125 250 500 1000 2000 4000 BOOO 16,000
ONE- THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
FIG. A.23. | OCOMOTIVE BASELINE NOI SE, THROTTLE 4, FULL LOAD, M CROPHONE

LOCATI ON 8.



10T

A-WEIGHTED ONE-THIRD OCTAVE BAND SOUND PRESSURE LEVEL
(dB re 0.0002 ubar)

FIG.

16,000

80 1 1 1 1 1 | s = | T T | T 1 | L | G
dﬂjm%
a
4 Y
70 ~ Le
(4
60 s
THROTTLE 8
LOADED
LOCATION 8 (100 ft)
3 FANS RUNNING
50
40
30 I JULY BASELINE RIGHT SIDE ( 86 dBA)
JULY BASELINE LEFT SIDE (85.5 dBA)
20 . | ] 1 1 1 | | 1 | ] (O | 1 | o T | 1 |
3.5 63 125 250 500 1000 2000 4000 8000
ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
A.24. LOCOMOTIVE BASELINE NOISE, THROTTLE 8, FULL LOA.', MICROPHONE

LOCAT

ION 8.



80 I I I 1 I 1 I 1 I I LI 1 1 ]_l I [ T T

IDLE
LOCATION 9 (50 ft)
3 FANS RUNNING

A-WEIGHTED ONE-THIRD OCTAVE BAND SOUND PRESSURE LEVEL

70
5 P
_ =8 4 ‘) T *%1 N R
: /\ = 4
] A ,
N V7 \ SR
8 so0 ' W L]
S NN
(@]
: i
am
h=]
~ 40
30 Z//ZZJULY BASELINE RIGHT SIDE (71.5 dBA)
JULY BASELINE LEFT SIDE ( 72 dBA)
20 | | 1 1 ] | 1 1 | | | | { | 1 | 1 L
31.5 63 125 250 500 1000 2000 4000 8000 16,000

ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
FIG. A.25. LOCOMOTIVE BASELINE NOISE, IDLE, MICROPHONE LOCATION 9.



€0T

A-WEIGHTED ONE-THIRD OCTAVE BAND SOUND PRESSURE LEVEL

(dB re 0.0002 pbar)

FIG.

80 T ™1 ™1 p— T T T . ™1 T
70 / 22 X
‘Q\ v hq.
‘-‘ / Q‘%\
o
¥/
zz7 \ f-&
60
%
| \
THROTTLE 4
LOADED
50 LOCATION 9 ( 50 ft)
3 FANS RUNNING
40
30 72/@“”“’ BASELINE RIGHT SIDE ( 83 dBA)
JULY BASELINE LEFT SIDE 83 dBA)
20 | | | | 1 | | 1 [ | ] 1 | I -
315 63 125 250 500 1000 2000 4000 8000 16,000
ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
A.26. LOCOMOTIVE BASELINE NOISE, THROTTLE 4, FULL LOAD, MICROPHONE

LOCATION 9.



ROT

(dB re 0.0002 ubar)
[+}]
o

144
o

40H

A-WEIGHTED ONE-THIRD OCTAVE BAND SOUND PRESSURE LEVEL

90 1 L I 1 1 I ] | T 1 | 1 T T
4
i g
80
1] £
] h‘ﬂhqif
y \mag@
I
I
T *
THROTTLE 8 I
7 LOADED =
LOCATION 9 (50 ft)
3 FANS RUNNING
777/ JULY BASELINE RIGHT SIDE ( 94 dBA)
JULY BASELINE LEFT SIDE ( 94 dBA)
30 1 i (| Ll L1 L1 L1 L1 L1 | - |
35 63 125 250 500 1000 2000 4000  BOOO

ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
LOCOMOTIVE BASELINE NOISE, THROTTLE 8, FULL LOAD, MICROPHONE

FIG. A.27,
LOCATION 9.

16,000



80 T T T T L T T v T ] 1 i I 1 I ] I

OVERALL LEVELS 50-62 dBA
. | ]
BACKGROUND NOISE LEVELS

LOCATIONS 3 AND 6

70

60F

“ 7
T /

30 ra

(dB re 0.0002 pbar)

N
S5
D
NN

/

Q

A-WEIGHTED ONE-THIRD OCTAVE BAND SOUNQ QRSSS( = L=V=L

20 | | L1 = | | | — I | | l ] |
31.5 63 125 250 500 1000 2000 4000 8000 16,000

ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)

FIG. A.28. THE RANGE OF BACKGROUND LEVELS AT MICROPHONE LOCATIONS 3 AND 6.






APPENDIX B

DIAGNOSTIC MEASUREMENT SOURCE SPECTRA

107



100

(o)
@)

0]
o

messmm BASELINE ( 79 dBA)
SUM OF SOURCES
----- EXHAUST

3 FANS (- 74 dBA)

TM BLOWER ( 50 dBA)

# COMPRESSOR

COMPRESSOR UPPER BOUND
DUST BIN BLOWER

INTAKE

DYNAMIC BRAKE FANS

ENGINE/ALTERNATOR (63.5 dBA)

16, 000

o
L
=
o
(@)
(0)
O
O
b
2]
=
=i
w
>
)
~ | |
'5.':-’ THROTTLE 4
o 10 LOADED ]
a LOCATION 1 (100 ft)
&
a
o
pd
2 60 =
n 2
-n. ... '; o
'- '. 'o '._ ..... -\
% £ e S \,
w -l N- T N,
> 50 'O. .-' 'li. N
IS -.'- . ‘, -.—-""l\ \
o ! / r Vs
o % ’
/ N\

= S 4 N
x a /‘\ N
s of 40 . y [
- ;/ ,h-‘/ \
1 . of S s
W // ;. - \
2 L’ !E * <L
(@] . & ,’ \
(o) Fe
W 3) -l / = \
‘- \ o A} * .
w N \ AN
W
=
a

| | | | | ] ] 1 ] | | | | | |

63 125 250 500 1000 2000 4000 8000
ONE -THIRD OCTAVE BAND CENTER FREQUENCY (Hz)

FIG. B.1. SOURCE SPECTRA AT THROTTLE 4, FULL LOAD, MICROPHONE

LOCATION 1.



"110 m— :—I]I#ITILII’IIT[‘TH

smmmmmm BASELINE ( 83 dBA)
e SUM OF SOURCES
- === EXHAUST
‘oo LRI R R R L] 3 FANS ( 77 dBA)

—+—.= ENGINE/ALTERNATOR ( 67 dBA) F—
——=— TM BLOWER ( 63 dBA)
e————e COMPRESSOR

o—~—-9 COMPRESSOR UPPER BOUND
90 ~—++== DUST BIN BLOWER 1
r—— [NTAKE

~=s. == DYNAMIC BRAKE FANS

bor)

o
(@]
o
o
o
@
m
=2
-
Y
W
J |
W THROTTLE 8 a
> 80 LOADED
o LOCATION 1 (100ft)
&
a
(]
2
D 70 . -
8 .‘.i..o. ; .,
-y \ . ..
o .:?1 " e X
= A 3 3
@ v \ .,
L v T
> 60 4
- o 3 ./1.\
8 W'..l ': /'/ N\
e e A——— N,
=P e NN
= ’ /S -
w V v - . §
= ol — A Y )
< — " & \ :\\
'-'D-’ il l, “ \\ \‘\-
; 40 7\ /‘ a 4.'\ 'ow
/
Eﬁ / N " b\
/
! T
d -
30 l—l—L. [ I | [ L1 e S N
63 125 250 500 1000 2000 4000 8000 16,000

ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)

FIG. B.2. SOURCE SPECTRA AT THROTTLE 8, FULL LOAD, MICROPHONE
LOCATION 1.

=
(=]
O



1C’c’ll|t|||||||||1||l||71
S s BASELINE ( 69 dBA)
7 ——— SUM OF SOURCES

----- EXHAUST (- 65 dBA)

8 90 EEEEsEsEuEEnl 3 FANS |—1
o —.—.— ENGINE /ALTERNATOR ( 60 dBA)
g —e—0 TM BLOWER ( 46 dBA)
o ¢—— COMPRESSOR
o - ——-9 COMPRESSOR UPPER BOUND
Z 80 « + " DUST BIN BLOWER |-
J INTAKE
W
>
(V1]
|
& IDLE

70 —
s LOCATION 2 (100 ft)
9
[1 4
a
(]
=2
o |
O
w
[a]
=z
<J
m
<
a
[&]
(@]
(]
o
ixi
B
Ll
2
(@)
(=]
w
‘_
=
o
w
=
L= 4

| 1 ]
63 125 250 500 1000 2000 4000 8000 16,000

ONE -THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
FIG 8.3. SOURCE SPECTRA AT IDLE, MI CROPHONE LOCATION 2.



5

-

—t —t | IT | (I | | T LT | 5 J T I‘T '|—|
P emmmmms BASELINE ( 83 dBA)
a e SUM OF SOURCES
1 ——=—= EXHAUST ( 81 dBA)
8 90 ceessscsseses 3 FANS (70 dBA) L
0 — —.— ENGINE/ALTERNATOR ( 66 dBA)
& ——-—— TM BLOWER ( 61.5 dBA)
° e————e COMPRESSOR
% e-~—-o COMPRESSOR UPPER BOUND
® 80 4 —.-— DUST BIN BLOWER 4
- — ——— INTAKE
i ~=+.==.. DYNAMIC BRAKE FANS
4 f L E
W THROTTLE 4
s 70 LOADED o
@ LOCATION 2 (100 ft)
&
o -.\o'.‘.
o N
z .-‘ "-...o"-\
D 60 . P l.
2 \ <l x ]
9 \ g L
= \ L / \\ /_s P
D \“?{" / '*\ e '°..\‘-....Ja’\ l“\
w 50 e -...- . ’- -  — . L‘L—
2 /" / e
= S 2N \ i
.' \
8 / \I(|’ Ve \\ 3 !
o 7 NN N N\
o f— ,- ¢ N e o
—_— . J’ / \‘; .‘ &
I 40 e ¥
}'— - "[ ” “ \ \
L\J "/ '/ \\ \\'- r
= b - \
o .---""/ \ N,
o =p R
w \ b
o 30 \\ b
N
: N
oLl L 1 | | L1 L1 1| L | L1
63 125 250 500 1000 2000 4000 8000 16, 000
ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
FIG. B.4. SOURCE SPECTRA AT THROTTLE 4, FULL LOAD, MICROPHONE

LOCATION 2.

11

L4



JJ.O T ™ m| _|_ l | | l | | 1 | I I —I_I_'_|_1
o = BASELINE (87.5 dBA)
a = SUM OF SOURCES

EXHAUST (84.5 dBA)
3 FANS (80.5 dBA)

8]00 SEEEEEEEEEEEE b ey
9 —.—.— ENGINE/ALTERNATOR ( 67 dBA)
2 COMPRESSOR
m o———-9 COMPRESSOR UPPER BOUND
® 90 DUST BIN BLOWER -
\\/Jv — ===— |NTAKE
a ==-===-- DYNAMIC BRAKE FANS
- | |
B ‘a5 THROTTLE 8 n
2 LOADED
“ LOCATION 2 (100t )
1 o
a
o
=
2 70
o
[7p]
o
=z
g I
@ “
w 60 ; 0 A
r% "/ AN, \\ K pR
O .'n.; ., \u . .‘I
Q J / -4-‘  — ./\ \ N s
o Ve N, % \
ac 7 . S -
T P _// I -
= 50 7 D L 4 \\\\
I / ..// '4 \\‘ y
w — o/ \\
% o ¢ - 4
o pr— .—-P I/ \
w ’, \\ .
E 40 - ~
l:_'E) .’ \ﬁ
W
2
a
30 | | | | | | | | | | | | | |
63 125 250 500 1000 2000 4000 8000 16,000
ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
FIG. B. SOURCE SPECTRA AT THROTTLE 8, FULL LOAD, MICROPHONE

LOCATION 2.

112



100 t t | —— . l I 1 [ I I [ 1 | r I T I | T
= o BASELINE ( 67 dBA)
a e SUM OF  SOURCES
R Y D IR EXHAUST ( 66 dBA)
O —-—e= ENGINE/ALTERNATOR ( 62 dBA)
8 e TM BLOWER ( 47 dBA)
° o———= COMPRESSOR
o o———-e COMPRESSOR UPPER BOUND
® 50 DUST BIN BLOWER H
3 —~-— INTAKE
w
=
" | f
- |
w D
4 70 [darion 3 (1001
wn -
/2]
¥F¥)
ac
o
o
prd
S 60
o
()]
2 ~
g RSN
] / ~
4 s0 ? e
a A 5 S G
o i N \
o i NoWNS7| N
[ : i
E 40 .-" I+~'\.L \
= . ’T 1\\. \.
w /,//h\ \ b $
8 g \¢ \ N
a 27 N\ k \ \.\
h % a_\
'3'; 30 b \ \
o \ \
W [+ ‘\ :\
T \\ N
a \ \w
20 bded 11 | | ] 1 J

63 128 250 500 1000 2000 4000 8000 16,000
ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
FIG. B.6. SOURCE SPECTRA AT IDLE, M CROPHONE LOCATION 3.

143



100 = T [ T T [ T T [ T T [ T T [ T T [ T1
= s BASELINE ( 78 dBA)
a — SUM OF SOURCES
_____ EXHAUST ( 78 dBA)
8 90 EEEEEREEEEEEE 3 FANS ( 70 dBA) —
8 «— «e= .= ENGINE/ALTERNATOR { 67 dBA)
o e | M BLOWER ( 64 dBA)
v COMPRESSOR
m o———-9 COMPRESSOR UPPER BOUND
T 80 — = DUST BIN BLOWER -
V_\/’ - == INTAKE
v>v ==er==e. DYNAMIC BRAKE FANS
it | 1
\&V 3 THROTTLE 4
x 70#—‘ H LOADED —
a v Ny LOCATION 3 (100t )
g .
a Al
o 3
2 N (R
2 60 . ’ \J -
. , ~'-
) y: ---\\-,‘z:"l-"v'
o B\ ;:/ ! "ni‘*’o%
Z N\NYZ~: | S SN R
< /: \, N
\ » , rd . .
m 7 3 ~ '\‘
W 50 it 2L n,
% T4 7N N\
- . /.’ '\.” Ta o NS K ‘\
o S / 2 IS U
s ; 4 & w)
o i I/’ I V\"*\ r N
é - /’ / \ g . e \.
E 40 /J / f’ . ’ 'I \ \ .‘\ .‘.-c “
Q " + < RN % \'\
O > a \\
o \
\‘
30 \
G) \
W
=
a
o0 L1 L L L L L L L
63 125 250 500 1000 2000 4000 8000 16,000
ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
FIG. B.7. SOURCE SPECTRA AT THROTTLE 4, FULL LOAD, MICROPHONE

LOCATION 3.

114



110

B re ©.0002 ubor)
=
3

90

80

70

|I|Ii|:ll1|]|||||—l

BASELINE ( 86 dBA)

SUM OF SOURCES

EXHAUST ( 84 dBA)

3 FANS ( 83 dBA)
ENGINE/ALTERNATOR ( 66.5dBA)
TM BLOWER ( 75 dBA)
COMPRESSOR

COMPRESSOR UPPER BOUND
DUST BIN BLOWER

INTAKE

DYNAMIC BRAKE FANS

{ THROTTLE 8

LOADED
LOCATION 3 (100 ft)

-
Y
W
-
W
1 d
D
[7p]
n
wW
v el
a
O
4
3
e
n
z
m
w
Y 60
f_{ -
. " % N .
8 / ..// i Cin) \' ~ .\ \.. .‘.
o W ¥ T4 % T \
- 50 VAR ¥ A P S e :
- r N “
- & //' /0 AN "
W -\, S/ A M .
g :_'_.___/ 1,7 %
o L~ ’) N
W g S
= 40 - <
T P \
(& 'I \
ITJ ]
=
a
1 | | | | | | | | | | | | [
30%-
63 125 250 500 1000 2000 4000 8000 16,000

ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)

FIG. B.8. SOURCE SPECTRA AT THROTTLE 8, FULL LOAD, MICROPHONE

LOCATION 3.

115



=

3
—
—
|

’g o BASELINE ( 64 dBA)
S e SUM OF SOURCES
S S I Y R I, EXHAUST ( 65 dBA)
90 wennansennens 3 FANS -

= «==+== ENGINE/ALTERNATOR (59.5 dBA)
——— TM BLOWER { 47 dBA)
esssmmssse CONMPRESSOR

o———-9 COMPRESSOR UPPER BOUND

80 =+ «== DUST BIN BLOWER —
== == |INTAKE
I I
IDLE
70 ] LOCATION 4 (100ft) |7

Ny

A-WEIGHTED ONS- THIRD OCTAVE BAND SOUND 2=SS < L=V=L (dBre OO0

i W
\\
s \
\ L Y
20 11 %] X | | ] |
63 125 250 500 1000 2000 4000 8000 16,000

ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
FIG B.O9. SOURCE SPECTRA AT IDLE, MI CROPHONE LOCATION 4.

116



110

90§

BASELINE ( 82 dBA)

SUM OF SOURCES

EXHAUST ( 79 dBA)

3 FANS (68.5 dBA)

ENGINE /ALTERNATOR ( 63.5 dBA)
TM BLOWER ( 61.5 dBA)
COMPRESSOR

COMPRESSOR UPPER BOUND
DUST BIN BLOWER

INTAKE

DYNAMIC BRAKE FANS

| 1}
| THROTTLE 4

80

LOADED
| LOCATION 4 (100 ft)

©  WGHTSD ONS-THIRD OCTAVE BAND SOUND PRESSURE LEVsL (d3re O0002 pbor)

. b
J “ .
(" 'f 3 ’ 9 \\\ )
’/.- i / 7 K'\ ~ -\'a..
/ ﬂr".‘ ’I 22 *~ e N o~
40 '/ S 7 -~ t_‘ \ AN, O
L. .f "’ " ‘\ ‘-.
/0 0 ’: < \ ]
L/ -/?é" \ \}\.
N\
1 .
30 | | | | | 1 ] | | | | |
63 125 250 500 1000 2000 4000 8000
ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
FIG. B.10O. SOURCE SPECTRA AT THROTTLE 4, FULL LOAD, MICROPHONE

LOCATION 4.

1B 17

16,000



110

* o ¢ amm

90

BASELINE ( 85 dBA)
SUM OF SOURCES
EXHAUST ( 88 dBA)

w3 FANS ( 81.5 dBA)

ENGINE /ALTERNATOR (66.5 dBA)
TM BLOWER ( 72.5 dBA)
COMPRESSOR

COMPRESSOR UPPER BOUND
DUST BIN BLOWER

INTAKE
DYNAMIC BRAKE FANS

80

70

60

A WSIGHTED ON<-THIFD OCTAVS 3OND SOUND 97 sSSUDS LEVSL (dB re O0002 w bor)

/’{ ‘.‘. -~ | T kY
50 £t - %“ ~ < X
LTSN
/-.- p—— _, \‘ ..‘
V/ ’ 17 T—4-
: 0! ‘\
40 ! =
7 \
o \J
,o’ THROTTLE 8
LOADED
| LOCATION 4 (100 ft )
30 | ] [ T L .
63 125 290 500 1000 2000 4000 8000

ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)

SQURCE SPECTRA, THROTTLE 8,

LOCATI ON 4.

FULL LOAD, M CROPHONE

118




'—\
3
=

,u,bOr)

©
@)

80

mummmes BASELINE (62.5 dBA)
SUM OF SOURCES

_____ EXHAUST ( 61.5 dBA)

SENEEEEEEEEER 3 FANS
==s+==-=— ENGINE/ALTERNATOR (~52 dBA)
TM BLOWER

¥ COMPRESSOR

COMPRESSOR UPPER BOUND
DUST BIN BLOWER

INTAKE

70

IDLE

LOCATION 5 {100ft)

D WsIGHTSD ONS-THIRD OCTAVE BAND SOUND 9RSSSURS LSVSL (d3re 0.00

.

500 1000
ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)

FIG. B.12.  SOURCE SPECTRA, IDLE, M CROPHONE LOCATION 5.

119

4000

8000

16,000



100

[(e]
o

1 1 ' T ] T T [T T rryprrprrpirt
memmm— BASELINE (78.5 dBA)
SUM OF SOURCES
_____ EXHAUST ( 76 dBA)
. 3 FANS

ENGINE/ALTERNATOR ( ~55 dBA)
TM BLOWER ( 52.5 dBA)

o
Fol
i
o~
(@]
O
o
(@]
o P9 COMPRESSOR
n: o—— —a COMPRESSOR UPPER BOUND
Z 80 — — DUST BIN BLOWER —
| INTAKE
';J e = ==e. DYNAMIC BRAKE FANS
w
= ! | |
w | THROTTLE 4
T 70+ LOADED —
g I LOCATION 5(100 ft)
% )
x f
2 \
=)
= \
2 60
[a) \
0733 \h‘_-\ -
g 7, \L° A
\ ’s 1
/ SN
@ ,/. ‘t i \\ A RN
[F] [N - T J *
> 50 el N
< . v -— ¢ e -
('__, K4 '~
O /
2 /7 :
g:_: %) y = ;:*ﬂ%\\
- 3 . -“ - -
vh-v L~ s 17 ‘\“
2 7
o O ,’00 \\\\
0 \‘\
w o !
z - \
W \
= \
a N
20 | ] L1 | ] L1 [ | | [ [
63 125 250 500 1000 2000 4000 8000
ONE-THIRD OCTAVE BAND CENTER FREQUENCY (H2)
FIG B.13. SOURCE SPECTRA, THROTTLE 4, FULL LOAD, MICROPHONE

LOCATION 5.

16,000



e BASELINE ( 81 dBA)

e SUM OF SOURCES
_____ EXHAUST ( 81.5 dBA)

100 conssnrannns 3 FANS —
. = . — ENGINE/ALTERNATOR ( 57.5dBA)
—-— TM BLOWER ( 62 dBA)
e COMPRESSOR

e———-e COMPRESSOR UPPER BOUND
oo} —..— DUST BIN BLOWER —
—-~-— INTAKE

==++==- DYNAMIC BRAKE FANS

THROTTLE 8
80 LOADED —
LOCATION 5 (100 ft)

A-WEIGHTED ONE-THIRD OCTAVE BAND SOUND PRESSURS LEVZL (dB re O.0002 pbor)

LY
by
A )
J
30 - | [ ) 1 | L1 | | [
63 125 250 500 1000 2000 4000 8000 18,000

ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)

FIG. B.14. SQURCE SPECTRA, THROTTLE 8, FULL LOAD, MI CROPHONE
LOCATI ON 5.

121



100

© WSIGHTED ONE -THIRD OCTAVE BAND SOUND PRESSURS LsV=L (dB re 0.0002 ubor)

FIG.

by IF[IIIIIII1I|II[I_
s BASELINE (72.5dBA)
SUM OF SOURCES
_____ EXHAUST (70.5dBA)
* 3 FA ~ dBA —
o0 ENGINE/&L'?E?RNATQ)R ( 69 dBA)
TM BLOWER ( 51 dBA)
«# COMPRESSOR
COMPRESSOR UPPER BOUND
so} DUST BIN BLOWER —
INTAKE
D
70 ,_OICFATION 6 ( 50 ft) —
N\ B
60 X<
- N
‘ L]
“ : llllll '\
,‘-‘. .'ly .\ }\\
) J M
50 v 7 X
:o ‘ ‘\‘ ," * [] ‘
o: ‘ .,——I: ----- *~‘\ \. “
\ ] “"\ \. \
E P | pE——— ‘\ \ ‘\ \
40 3 /. /?l : X ‘—‘\
(] Pl ® — \\ ‘\ \
/ AN RN
- e ., b \ -
’
-‘/’ \- \\ ‘\\l
30 AN
N
.. \‘
\
20 | | | | | | | | | | | | | | 1]
63 125 250 500 1000 2000 4000 gooo 16,000
ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
B. 15. SOURCE SPECTRA, |DLE, MI CROPHONE LOCATION 6.

-
M

ro



110

© WSIGHT=D ONE-THIRD OCTAVE BAND SOUND PRESSURE LEVEL (dB re O O002 ubor)

FIG.

90

80

[
e Y.

BASELINE (81.5 dBA)

SUM OF SOURCES
EXHAUST (82.5 dBA)

3 FANS (75 dBA)
ENGINE/ALTERNATOR &70.5 dBA)
TM BLOWER (67.5dBA)
COMPRESSOR

COMPRESSOR UPPER BOUND
DUST BIN BLOWER

INTAKE

. DYNAMIC BRAKE FANS

70

60

50

40
THROTTLE 4
LOADED
LOCATION 6(50 ft)
30%- I ] l ] ] ] ] Ll 1 1 1 1 1 1 1 1
63 125 250 500 1000 2000 4000 8000
ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
B.16. SOURCE SPECTRA, THROTTLE 4, FULL LOAD, MICROPHONE

LOCATION 6.

123

16,000



A-WEIGHTED ONE-THIRD OCTAVE BAND SOUND PRESSURE LEVEL (dB re 0.0002 ubar)

No— T 1 T T [ T T [ T T ] T T T T
esssmms BASELINE ( 91.5 dBA)
— SUM OF SOURCES
----- EXHAUST (87.5 dBA)
00b——F———F—— cerecerenen 3 FANS ( 89 dBA) —
— == ENGINE /ALTERNATOR ( 73 dBA)
——e— TM BLOWER ( 78 dBA)
o——— COMPRESSOR
e———-9 COMPRESSOR UPPER BOUND
90 —.— DUST BIN BLOWER -
= === |NTAKE
-=-.==-- DYNAMIC BRAKE FANS
.-?’\" . .,
Bo -.. '. L . ,.- o.‘. .
.c 0 ‘
AL | AN
. V \ 7 N
. L \ ’ A
) \| # ARONS
l, NS Ne YN
70 r'i : 1 ‘- /‘ \\ n"
oh. .o. -
":.- .... :. / ” \ \\ () ; \
3 R i ",
# ‘AT TN, \\ '
.’ l..l. i AL \.- \\
60 > P =4 iu: Y
T / .../ i’ ‘\
// 'T- , \\‘ ‘. \o‘
'l .0,- ’ /I \‘\ \
.‘ ‘
'I b \‘l“ ..‘
50 -, I’ \‘\ \
’ b
s \\ i,
v, b )
40
THROTTLE 8
LOADED
LOCATION 6 (50 ft )
30l—l L1 L L 11 L 0 Lo a1
63 125 250 500 1000 2000 4000 8000
ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
B.17. SOURCE SPECTRA, THROTTLE 8, FULL LOAD, MICROPHONE

FIG.

LOCATION 6.

124

16,000



L L e v o A e e LA (L L L

s BASELINE ( 74 dBA)

SUM OF SOURCES
_____ EXHAUST ( 71 dBA)

90 EEEEEEEEEEEEE 3 FANS (~65 dBA) ——i
—.—.— ENGINE/ALTERNATOR (73.5dBA)
== TM BLOWER { 59 dBA)
esmms®  COMPRESSOR

®———-e COMPRESSOR UPPER BOUND
80 DUST BIN BLOWER .

L |

IDLE
LOCATION 7 ( 25 ft)

70

A-WEIGHTED ONE-THIRD OCTAVE BAND SOUND PRESSURE LEVEL (dB re 0.0002 pubar)

20 | — — Ll L L1 L1 L1 1|
63 125 250 500 1000 2000 4000 8000 16,000

ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
FIG. B.18. SOURCE SPECTRA, |DLE, M CROPHONE LOCATION 7.

125



mo——T 7 [ T T T T T [ T T [ T T [T T[T
= @ BASELINE ( 84 dBA)
o SUM OF SOURCES
L ——=—~ EXHAUST ( 82 dBA)
8100 esessesnenees 3 FANS ( 80 dBA) —
8 = +==+— ENGINE/ALTERNATOR ( 78 dBA)
o ~——=— TM BLOWER ( 74 dBA)
® esssssmse COMPRESSOR
rﬁ o———-9 COMPRESSOR UPPER BOUND

90 DUST BIN BLOWER —
- - === |INTAKE
V>V —=es=ma=.. DYNAMIC BRAKE FANS
W
- 1 1
w THROTTLE 4
T 80 LOADED —
0 LOCATION 7 ( 25 ft)
9 -~
@
a

/ y -..'° seeqene
g v c}’ '.f.“-"'- D
AR WA LSRR
v ~ 3 /‘ /N :.\-\\..‘.
7 N Y

=] / AP RN
<ZI 2Ny A N2 \‘ "...
o - i | &P ~ \f"'h Nle
w 60 L [} I ~ ~ .
2 a7 1 | N,
5 / / 4 N * 37
o i :""\ b NN
a “p A RN L V[
I . . ' % \ \\ .I. ‘
I A - —Y
o / S “ N\ v
I » o I \/ \
4 / / " \\:\*
g r / Dt
w 45 / N
= 40 : T
z S \
Qo %
w
=
a 1

30 | L1 L1 J L1 L1 L1 1

63 125 250 500 1000 2000 4000 8000 16,000

ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)

FIG. 8.19. SOURCE SPECTRA,

LOCATION 7.

126

THROTTLE 4, FULL LOAD, MICROPHONE



DT T T T T lalal LT[ BT T
= s BASELINE (95 dBA)
_____ EXHAUST ( 90 dBA)
8 ]‘o EsEEEEEEEEEEE 3 FANS ( 92 dBA) e
(@) = emeee ENGINE/ALTERNATOR ( 77 dBA)
8 ——w— TM BLOWER { 87 dBA)
o g COMPRESSOR
© o———-9 COMPRESSOR UPPER BOUND
® 100 DUST BIN BLOWER -
o | — e [NTAKE
V>V w=e-==ee. DYNAMIC BRAKE FANS
w
d | L
¥ o0 THROTLES |
8 LOCATION 7 ( 25 ft )
[T}
(0 ot
a
(=]
=
=
o
73]
(a)
=
<
m
Y
g
(&
o
g A *s \'\
= 2 ,'4 / ’ .‘\:\ $= ."-4_\
T 60 / = I 4 ‘\ e,
"I_ / P i ‘,\./ \\ .\l .'..
y 'y : ;
() . _V \\
() / /
E 50 K}' J )
= = 7N/ >
5 N .
w
S / T
a
40- 1 1 | 1 | 1 | [ | ] ] | 1
63 125 250 500 1000 2000 4000 8000 16,000
ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
FIG. B.20. SOURCE SPECTRA, THROTTLE 8, FULL LOAD, MICROPHONE

LOCATION 7.

12

7



=
o

80 (T I I 1 I I b=k | | T T I

-
w
o OVERALL LEVELS
- | FAN |64 dBA
W 2 FANS|67 dBA
g 70 3 FANS| 70 dBA
g I ]
W THROTTLE 4
B /""‘3 LOCATION 3
O
Z 60 \
s \\\\\
oo
=22 1 3
30 | N\
S o
Qi 1 2
O = 2
=) m
& ¥ \ \
I 40
; = "X A
(1Y
=
(@]
(]
w30
=
=)
(1Y)
2
]
L=
20 1 | | | L | ] | 1 ] | | | 1 | 1 1
31.5 63 125 250 500 1000 2000 4000 8000

ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)

FIG. B.21. FAN SOURCE SPECTRA, THROTTLS 4, MICROPHONE LOCATION 3. THE

NUMBERS REFER TO THE NUMBER OF FANS OPERATING.

16,000



62T

16, 000

80 I I 1 T 1 1 I 1 1 1 I 1

] '_\3
>
. /AN
w o A LA
\ZA\
w
c
[+ 8
(=) \
Z 60
8 \

2 N

L
':'q-:’ 1 A
m N
WS 50 \\ \
3 © N \
ko
3 e
2% \
T 40
; \
w OVERALL LEVELS
S | FAN |76 dBA
o 2 FANS |81 dBA
w30 3 FANS|83 dBA
6 |
i THROTTLE 8
= LOCATION 3
<

20 || l L1 ) I . | 1 L1 1 1 )
315 63 125 250 500 1000 2000 4000 8000
ONE- THIRD OCTAVE BAND CENTER FREQUENCY (Hz)

FIG. B.22. FAN SOURCE SPECTRA, THROTTLE 8, MICROPHONE LOCATION 3. THE

NUMBERS REFER TO THE NUMBER OF FANS OPERATING.



APPENDI X C:  AI'RBORNE TRANSFER FUNCTI ONS

During the locomotive testing, noise produced by a source of
interest was frequently so low that only by taking measurements
guite close to it could one distinguish that source from all the
others. Analytical means for extrapolating those close-by mea-
surements to farfield locations are, except in the simplest cases,
too inexact. Therefore, we measured transfer functions to relate
noise at various locations around and inside the locomotive to
the noise at the seven farfield locations described in Sec. 3.

A loudspeaker placed at a particular location of interest
was driven with white noise filtered in octave bands. The noise
at one or more specified locations near the loudspeaker and at
the seven locations of interest around the locomotive was mea-
sured in corresponding octave bands. The ratio of the farfield
noise levels to the nearfield levels.in each octave band yielded
a transfer function relating nearfield to farfield levels as a
function of frequency.

In this report, we were particularly concerned with the air-
borne transfer functions for the air compartment, compressor,
engine/alternator, and the dust bin blower. The procedure for
obtaining each of these is discussed below.

Air Compartment

P

A speaker box containing four 6-in. speakers oriented in
various directions was installed on the floor of the air compart-
ment. One microphone was placed in the air compartment, approxi-
mately centered between the engine intake and traction motor
blower inlet. The resulting transfer function is shown in Fig.
C.1. These transfer functions were used to estimate traction
motor blowers and engine intake source spectra.
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Compressor

The same speaker box used in the air compartment was placed
on the floor of the engine compartment just aft of the compressor.
One microphone was mounted directly above the compressor to ob-
tain the sound pressure level under the hood. The resulting
transfer functions are shown in Fig. C.2 for each farfield micro-
phone. *

Engine/Alternator

The same speaker system weas placed on top of the valve
covers on the engine, approximately midway along its length and
on the right side of the locomotive. Three microphones were
lecated under the hood around the engine. The average of these
three microphones was used to estimate the underhood noise from
the speakers. The resulting transfer functions for the seven
farfield locations are shown in Fig. C.3.

Dust Bin Blower

The speaker system was placed on top of the dust bin blower
outlet on top of the hood. Only those speakers that faced upward
were activated. Two microphones were located 1 ft from the
speakers in the plane of the speaker grill. The average of these
two microphones was used to estimate the nearfield levels. The
resulting transfer functions for the seven farfield microphones
are shown in Fig. C.4.

The four sets of transfer functions are consistent. The
compressor and engine transfer functions are very similar.

*Noise data under the hood at 125 Hz were improperly taken; as a
result, we have no transfer function values at that frequency.
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Locations 6 and 7 have somewhat higher transfer functions from
the engine since these locations are closer to the engine than
to the compressor. The air compartment transfer functions are
generally higher than the engine transfer functions, probably
because of the large inlet opening into the air compartment. The
opposite is true at location 1 in the rear of the locomotive,
where the entire length of the locomotive isolates the air com-
partment from an observer. It is encouraging to note that the
dust bin blower transfer functions predict that the noise 100 ft
from the blower will be approximately 40 dB below that measured
1 ft from the blower (i.e., locations 2, 3, and 4), a prediction
that agrees with simple spherical spreading laws.
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APPENDIX D: STRUCTUREBORNE TRANSFER FUNCTIONS

Locomotive noise can travel by two paths: airborne and
structureborne. Transmission by a structureborne path occurs
when a component (such as the engine) vibtrates and sets the struc-
ture of the locomotive vibrating, thus causing the component to
radiate sound. On the SD40-2 locomotive, we identified the en-
gine, the main alternator, and the radiator cooling fans as
possible structureborne sources. |In this appendix, we describe
the measurements performed to determine transfer functions relat-
ing the vibration at the mounting points of each of these com-
ponents to the resulting noise at the locations of interest
around the locomotive.

In order to estimate the noise generated by vibration at the
mounting points of the above components we struck the mounting
points* with a lead hammer many times successively, while simul-
taneously measuring the vibration at the mounting point and the
resulting sound at the seven locations of interest around the
locomotive. Even hammering on the mounts did not produce enough
noise to overcome the background noise at all locations. As a
result, we show only results for locations 3 and 7 at 100 ft and
25 ft from the locomotive, respectively.

Measurements of the vibration at the engine and main alter-
nator mount have shown horizontal and vertical vibration spectra
to be very nearly equal at acoustic frequencies. At the com-
pressor and cooling fan mounts, vertical vibration dominates over
horizontal.

*To excite the fans, we struck the locomotive hood on the fan
centerline at two locations between the forward and middle fans
and between the middle and aft fans. We measured the vibration
at these two locations simultaneously. Comparable vibration

spectra were obtained at the two locations when either of them
was struck.



Space restrictions under the hood prevented us from striking
the engine and main alternator mounts in the horizontal direc-
tions. As a result, all structureborne transfer functions are
for vertical excitation only. Since the engine and main alter-
nator mounts vibrate significantly in the horizontal direction
as well as the vertical direction, we are necessarily under-
estimating the engine/main alternator structureborne contribu-
tions.

The structureborne transfer functions are shown in Figs. D.I
and D.2 for microphone locations 3 and 7, respectively. Since
location 2 is three times as far away from the locomotive as loca-
tion 7, one would expect location 7 to be on the order of 10 dB
higher than location 3 for localized sources. This is very
nearly the case, as the two figures show.

Estimates of the structureborne noise at locations 3 and 7
are shown in Figs. D.I to D.8. These estimates were obtained by
adding transfer function levels to measured vibration levels.

The engine is seen to be the dominant structureborne noise source.
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APPENDIX E: LOAD CELL NOISE

A General Electric air cooled resistor bank load cell was
used to dissipate the power from the locomotive in the station-
ary tests. The cell has a large squirrel cage blower used to
cool the resistor grids that increases in speed as the load dis-
sipated increases. This blower generates considerable noise and
to minimize interference with the measurements a 3/4-in. plywood
barrier was constructed around the load cell as described in the
text. Despite the presence of the barrier the load cell could
be heard at several microphone locations with the locomotive run-
ning in the fully quieted configuration. |In order to quantify
the contribution of load cell noise to the noise measurements at
each microphone location, measurements of load cell noise near
the load cell were extrapolated to the microphone locations
around the locomotive using a transfer function approach.

Figure E.l shows estimates of the noise from the load cell
6 ft in front of the barrier based on noise measurements at that
location* with the locomotive in the fully quieted configuration
and running loaded at throttles 4 and 8. The spectra show strong
peaks at 630 Hz and 1250 Hz at throttle 4 and at 1000 Hz and
2000 Hz at throttle 8, which is consistent with the tonal nature
of the noise from the load cell.

These spectra are extrapolated to the microphone locations
of interest around the, locomotive using the transfer functions
of Fig. E.2. These were obtained by placing a 6-speaker source
excited with octave band random noise on the flat car near the
load cell blower inlet prior to erection of the barrier. The

*Measurements were taken at three locations 10 ft apart along a
line 6 ft in front-of the barriers, the center microphone being
directly in front of the barrier.
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noise was then measured in octave bands at the microphone loca-
tions of interest (see Fig. 3.8) and 6 ft in front of the planned
barrier location. The differences between the sound pressure
level at each farfield microphone location and the nearfield
location gave the transfer functions in Fig. E.2. No transfer
functions are shown for locations 4 and 5. These locations were
shielded from the speaker by load cell panels and gave values
for the transfer functions that resulted in load cell noise esti-
mates at those locations that were too low to account for the
fact that the load cell could be heard at locations 4 and 5 with
the locomotive in the fully quieted condition.

In order to use the data in Fig. E.2, the near field load
cell spectra in Fig. E.l have been averaged in those octave bands
for which transfer function data i savailable. For example, the
levels at 1000 Hz in Fig. E.1 (open and closed circles), use the
result of averaging the 1/3 octave band levels at 800, 1000 and
1250 Hz.

Figures E.3 and E.4 show the estimated A-weighted 1/3 octave
band sound levels due to the load cell at the microphone loca-
tions of interest.

Consistent with the observation that the load cell could not
be heard at locations 3, 6 and 7, the estimated load cell noise
levels at those locations are much lower than the locomotive
noise levels measured there with the locomotive in the fully
quieted condition. Consistent with the observation that the
load cell could be heard at locations 1 and 2 the estimated load
cell spectra levels there are comparable to the quieted baseline
spectral levels at the higher frequencies.

-
\
[aw}



0
o

J'_I_‘Tllllllrllll
MICROPHONE
LOCATION
1 $58 dBA)
80 H 2 OO0 57 dBA)
3 e——e (42 dBA)
6 ®—---@ (42 dBA)
7 (44 dBA)
70
THROTTLE 4
60

50 J'L\

A-WEIGHTED ONE-THIRD OCTAVE BAND SO ND PRSSSU®S L=VEL (dB re 0.0002 ubor)

40
30
20 sl | - pe=1 L1 L [
125 250 500 1000 2000 4000 8000

ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)

FIG E.3. LOAD CELL NOISE AT THROTTLE 4.



E 90— 7 1 T T 1

2 1 1

S MICROPHONE

8 LOCATION

o | O=——0 (63 dBA)

o 80— 2 o——0 (61 dBA)

@ 3 eo——8® (47 dBA)

=2 6 ®—---8 (48 dBA)

o 7 &——0 (48 dBA)

o

- 70

w

g

7 THROTTLE 8

1))

w

o

o 60

=

=)

o

(73]

o

>

g 50 >

o QI

ot

&)

o

g 40

z '

By P O

W \“\\ // b

& ~ N

a 30

u \4

b—

T

o

w

E 4

< ol L] L L L L1
125 250 500 1000 2000 4000 8000

ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)

FIG. E.4. LOAD CELL NOISE AT THROTTLE 8.

ik
N
Mo



APPENDI X F: REPORT OF | NVENTI ONS

After a diligent review of the work performed under this
contract, we have determined that to date no innovation,
discovery, improvement, or invention has been made.
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