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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 3DUC=2 locomotilve and the personnel who
operated it and otherwise supported the field tests were provided
by Burlington Northern Railroasd in cooperaticen with the Assccla-
tion of American Railroads. The exhaust system used during part
of the fleld testing was provided on a rental basis by the
Denaldson Company Inc.

This effort was technically coordinated at the Transportation
Systems Center by Robert Mason. The help and ccoperation of Harry
Close of the Department of Transportation, James Coxey of the
Assoclation of American Rallroads, Thomas G. Kotnour and Dale H.
Propp both of Burlington Northern, and Rudy Pribramsky of the
Electro-Motive Dilvision of General Motors are gratefully acknowl-
edged.
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1. INTRODUCTION

The objective of the program described In fhis report 1is
the enhancement of the information and technigues that will be
needed by DOT and the railrcads in future locomotive noise mea-

surements and noise control.

Nolse measurements were performed on a diesel electric locco-
motive provided by Burlington Northern, in cooperation with thed
Association of American Raillroads. They were made while the
locomotive, an SDL40-2 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 milcrophones 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
noilse produced by the locomotive; of additional interest was the
contribution of the wheel/rail noise to the overall nolse signa-
ture. The statlionary tests had two cbjectives. TFirst, 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 rapld throttle changes were made. Second,
various staticnary tests were devised to determine the contribu-
tion of the various locomotive components to the overall noise

signature.
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test procedure and results are
presents concluslions and noise
gestions for additional work.
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fully described in Sec. 3. The
presented in Sec. 4. Section %
control recommendations and sug-



2. TEST LOCOMOTIVE
2.1 General QDescription

The test locomotive was an SDUQ-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 lcocomotive found

typically in line-haul service in the United States (Fig. 2.1).

Twelve major noise
sources that were in-
vestigated in the diag- .
noestic phase of this
program are shown in
Fig. 2.2; in Sec. 2.2,
we briefly describe
each source and 1its

operation.

2.2 Noise Sources

The engine exhaust

stack on top of the

locomotive hood allows FIG. 2.1, THE TEST LOCOMOTIVE.

the engine exhaust gases

to be vented to the atmosphere after passing through the turbo-
charger. There 1= no muffler on the locomotive although the ex-
haust manifcold and turbocharger provide some reduction in exhaust

nolse

The engine, a 3000-hp, l6-cylinder, 2-stroke-per-cycle, U5°V,
turbocharged, diesel engine (EMD Model 645E3) is hard-mounted to

the main frame rails of the locomotive. It can be operated at
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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

1 315
395
48¢
560
650
735
815
500

O 1 O W

The main alternator {(EMD Model ARI0A7) driven by the englne
is a three phase alternating current generator. Full wave recti-
fied alternating current from the zlternator powers the traction
motors. Like the engine, the alternator 1is hard-mounted to the
main frame rails of the locomotive. Physically attached to the
main alternator but electrically independent is an auxiliary
alternatcr (EMD Model D14) with a rating of 100 XVA that supplies
power to the dust bin blower and to the radiator cooling fans.

It also provides excltation 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 mechanlically by the engine at the same speed
as the engine. It supplies compressed air, on demand, primarily
for the brake system.

Three U48-in.-diameter B8-bladed radiator ccoling fans are
mounted on top of the hocod above the compressor. Thé fans are
driven electrically at approximately twice engline speed by motors
which are powered by the D-14 auxiliary alternator. One, two, OI
three fans may be running at any given time, depending on engine

cocling requirements.

The traction motor blower, main alternator blower, and de
auztliary genergter are driven mechanically on & common shaft by
the engine at three times the engine speed. The ftraction 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 alfernator blower that supplies ccoling air to the mailn
alternator absorbs cnly 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 de¢ 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 locafted). Figure 2.3
shows details of the equipment in the air compartiment.

The dust bin blower i1s a small (approximately 10 hp) blower
that exhausts from the top of the lccemotive hood. It provides



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
Qutlet to Engine
Compartment

10. DC Auxiliary Generator

FIG. 2.3. DETAILS OF THE ATR 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 L€ 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 nolse associated with the inter-
actlion between the wheels and the rails as the lccomotive rolls
along the track.




3. TEST SITES AND INSTRUMENTATION
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 01d Great
Northern @-Yard within the c¢ity limits of St. Paul, Minnesota.
The track ran approximately west tfc east and had a speed 1limit of
55 mph. The track was jointed with 120 1b/yd 34-ft rails,
mounted on clean hallast, and was in good repair. Regular daily
trafflc on the track conslsted 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 elther side of
the test section, easlly 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 palirs 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 £t to an unused part of the yard, covered with
sparse vegetaticon, approximately 2 ft high.

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

¢. No sharp curves were near the test section.



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

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

2. On ¢ne 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.

b, A highway 1200 ft away contributed to the ambient noise.

5. A switching yard nearby alsc raised the ambient noise

intermittently.

By and large however, the St. Anthony Tower test site was con-

sidered good for acoustlic measurements of the SDA0-2 locomotive.

During pass-by tests, locomotive nolse 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 2%, 50, and
100 ft£ on each side of the ftrack 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 signals
being tape-recorded were monitored by meters on each of the

10
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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 from the locomotive position sensors, a series
of six photocells mounted at 20-ft intervals beslide the track.

A headlamp from the locomotive was mounted on the front steps of
the locomotive and was used to trigger the photocells. The
pulses from the six photocells were recorded on one channel of
the tape recorder and used in the analysis to synchronize the
data from all the microphones.

In addition to external noilse, measurements were made in-
side the locomotive cab at locations corresponding to 6 in. from
the operator's and brakeman's ears, with windows open and closed.
These locations corresponded to approximately 4 ft above the
floor. Overall measurements were made with a 1/2-in. microphone
and B&K No. 22073 sound level meter during the pass-by tests.
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FIG. 3.2. PASS-BY TEST INSTRUMENTATION.

3.2 Stationary Tests

The site for the stationary noise testing of the loccomotive
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 slte at the old Great Nerthern Q-Yard, a presently unused
freight yard within the city 1limits of St. Paul near the Minne-
apolis-St. Paul boundary. Figure 3.3 shows three views of the
test site with the locomotive and lcad cell located for testing.

In terms of flatness and lack of reflecting objects, the site was

12
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excellent. It did have two disadvantages: The field was over-
grown with weeds appreoximately 2 ft high and the background noise
caused some problems, The most sericus 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,
occaslonal Jjet aircraft [lyovers, and oceasional line-haul freight
and passenger trains on the active tracks surrounding the yard.
All nolse scurces 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
in steady operation at a given throttle setting loaded
by a resistor bank load cell.

b. "Throttle wipes", i1.e., baseline tests of the noise gen-
erated during rapid throttle changes.

¢. Dliagnostic tests to determine the noise generated by the

various nolse sources 1In 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 nolse generated by the locomo-
tive while stationary and lcaded by the resistor bank load cell,
we initizlly conslidered a 10 microphone array surrounding the
locomotive at a radial distance of 100 ft from the geometric
center and 6 additicnal microphones on a perpendicular to the
locomotive axis at 25 and 50 ft.

14



In practice, 1t 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 shewn in Fig. 3.4. This configuration provided

(CAB-END) #5 B
- - ™ e - -

(FAN-END] #) —]

SQUND BARRIER FLAT CAR

LOAD CELL

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

FIG. 3.4. BASELINE MICROPHONE LOCATIONS.
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half the microphone leccations planned for in the original array.
Data at the remalning locations were obtained by turning the
locemotive around. The microphone locations are each numbered

in Fig. 3.4 for easy reference. Note that two numbers are used
to designate the micrcophone on the locomotive axis. When the
front or cab end of the locomotive faces thils microphone it 1is
referred to as No. 5. When the aft or cooling fan end faces this
micrephone 1t 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-ccoled 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 f't 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. Silx 100-ft-long cables were used tTo connect the
locomotive to the load cell. However, because of restrictlons 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 lcecomotive, the load cell could be placed only 53 ft
from the locomotive (Fig.. 3.4).

16



FIG. 3.5. LOAD CELL BARRIER.

Instrumentation

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, radiateor cooling fan, and dynamic

brake ccoling fan mounting points.

A typilcal 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 PUO. In
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FOAM WIND SCREEN
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TAPE RECORDER

FIG. 3.6. TYPICAL MICROPHONE INSTRUMENTATION CHAIN.

additicn, a General Radico 1l-in. crystal microphone and PL42 pre-
amplifier were substituted for the B&K microphone and GR P40 pre-
amplifier at a given location when the latter failed. Though the
Lockheed tape recorder was used at 3-3/U ips for most multichannel
recordings, failure of the drive system on that instrument later
in the program required all subsequent recordings to be made

using the Nagra recorder at 7.5 ips, two channels at a time. For
all cases in which only two channels were required, the Nagra
machine was used in place of the Lockheed. Acceleration records
were similarly obtained. A typical accelerometer instrumentation

chain is shown in Fig. 3.7.
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FIG. 3.7. TYPICAL ACCELEROMETER INSTRUMENTATION CHAIN.

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-
gquired +16-dB compensation in the 63-Hz 1/3-octave band and +6-4dB
compensation in the 80-Hz 1/3-octave band. The Nagra required no
compensation. The Lockheed on direct record has a dynamie range
of approximately 42 dB and the Nagra approximately 65 dB.

3.2.2 "Throttle wipe" tests
Test Confiquration

The locomotive was set up as 1in the baseline tests, and two

microphones were employed at positions 3 and 4, 100 ft from the

19



geometric center of the locomotive. Measurements were performed

only on the right side of the lccomotive.

Instrumentation

The outputs from the two microphcnes were recorded on a
Nagra stereo SJ-IV 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 diagnostic tests the locomotive and load cell were
set up as for the baseline fests described in 3ec. 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 agaln that microphone No. 5 is in front of
the locomotive and No. 1 is at the rear of the locomotive.

Instrumentation

The instrumentation for the diagnostic tests is 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 a result, all
recording was made on the Nagra tape recorder either ore or two
channels at a time through a switch box.
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21



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 U 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 ]
No. Setting Speed Speed Description
mph mph
1 1 10 T-12 Simulated line haul condition
2 1 20 18-20 Simulated line haul condition
3 L Lo 32-39 Simulated line haul condition
L 8 5% 57-61 Simulated line haul condition
5 3 20 29-36 Full acceleration condition
) 8 Lo 50=55 Full acceleration condition
7 8 55 5T=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 ko 38-L1 Wheel/rail noise tests
11 Idle 55 52-55 Wheel/rail noise tests
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During most of the tests, the lcocomctive, accelerated to the
required speed and passed through the test section at the regquired
throttle setting. In practice, cbtalning the reguired 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 dynamice
brakes (except when the engine was shut down) and air brakes, re-
versed, and run through the test section in the opposite direc-
tlon. TFor tests 8 and 9, the engine was shut down just before
entering the test section. In ftests 10 and 11, it was switched
to idle, so that dynamic braking was retained to stop the locomo-
tive. This was required sc¢ that main generator current was
avallable to excilte the tractlon motor field. The motors then
became generators and their power was dissipated in the dynamic
brake resistor grids. At high speeds use of the dynamlc brakes
reduces considerably the wear on the alr brake system. When all
the tests had been conducted with the locomeotive traveling for-
ward and in reverse, the locomotive was turned around and the
runs repeated. This procedure gave a total of 48 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 1s l1little difference between the measurements at

the operator and brakeman positions.

At low throttle settings, there is practically no change in
the nolse with the cab windows open or closed. At throttle 8,
opening thne window increases noise by 2.5 to 4 dBA.
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TABLE 4.2.

IN-CAB NOISE LEVELS.

Forward (dBA) Backward (dbA)
Speed
mph Throttle Window Operator Brakeman Operator Brakeman
10 Idle Closed 68 68 - -
10 1 Closed 69.5 69.5 69 69
10 1. Open 71 71.5 69.5 70
20 Tdle Closed 68.5 69 - -
20 1 Open 69.5 70.5 69.5 69.5
20 1 Closed 70.5 71 70.5 70.5
20 8 Closed 82.5 81.5 84 83.5
4o Idle Closed 71 71 71 71.5
40 ! Closed 76 75.5 76.5 76.5
4o 8 Closed - - 83 83
55 Idle Closed 73.5 74 T 74
55 8 Closed BY 83.5 82 81.5
55 8 Open - - B84.5 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 log V + 45.8 @ 25 ft
L, = 23.3 log V + 43.7 @ 50 rt
L, = 23.5 log V + 37.4 @ 100 ft

where La 1s the peak A-weighted sound pressure level &t the
given distance from the track centerline and V is the speed 1in
miles per hour. The scund level can be seen to increase lilke

V2 or V? which is the range of velocity dependence commonly
found for wheel/rail noise. HNote 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 nolse can be a2 signif-
icant contributor to locomotive noise at low throttle settings.
At throttle 1, wheel/rail noise 1s 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 4C mph. At throttle 8, however, wheel/rail nolse
is 3 to 6 ABA below the overall leocomotive drive-by levels at
speeds as high as 61 mph.
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TABLE 4.3.

SUMMARY OF PASS-BY NOISE DATA.

25 Ft North 25 Ft South 50 Ft North 50 Ft South 100 Ft South
Peak Peak Peak Peak Feak
Test Speed Direction Level Level Level Level Level
No. mph Throttle E orw (deA) Time* (dBA) Time* (dBA) Time* (dpA) Time* (dBA) Time*
8 12 0 W Th L.6 i 5.0 &7 5.0 é9 5.0 é2t -
8 o] E Tl 5.6 T3 6.0 67.5 T.0 €5 B.o &0t -
3 12 1 W ki 3.75 9 3.2 T2 5.0 T2 6.5 67 -
1 1 E 9.5 8.0 15 9.0 T 12.0 T0 k.o 68 -
9 20 0 W 81 2.5 85 2.1 73 3.0 TL 3.0 69 6.0
15 0 E 18 k.o 81 3.2 70 4.5 Ti 4.0 65+ -
a 20 1 W 80 2.5 87 3.0 76 3.1 75 3. 659.5 6.0
16 1 o 80 3.5 88 1.2 Th ' 75 3.2 70 7.0
0 Ly o W 1y 1. 90 1.2 82 1.6 80 1.3 76 2.5
36 0 E 89 1.4 91 1.3 30 2.2 76 1.6 75 2.3
R 35 L W A9 1.25 92.5 1.2 85 1.5 83 1.k 18 3.2
2 32 4 E 49 1.6 92.5 | 1.6 8l 5 1.9 g2 2.4 79 k.o
5 36 8 W 4 1.6 96 0.9 90 2.2 88.5 2.9 85 6.0
29 B8 E 9k.g 2.5 94 0.9 30 6.2 88 2.2 2L 9.0
1 S5 0 W 95 1.0 96 0.9 g6 1.6 8L 1.3 76 2.2
52 0 E 23 1.1 96 1.1 B¢ 1.5 8l 1.3 79 2.5
§ 55 8 W QL. 1.2 97 0.9 %8 1.5 83 1.2 8 4.0
50 B E a7 1.6 g8 1.1 90.9 1.9 88.5 1.9 87 3.2
L €L 8 W 99 0.8 103 Q.75 93 1.1 92 1.1 i 85 2.2
= <5 8 E a8 0.95 101 0.75 g2 1.3 g1 1.4 86 3.0
M (3] 8 W 97 0.9 101 0.9 g2.5 1.5 91 1.0 BY 2.4
57 ] E 29 0.9 99 0.9 91.5 1.2 B8.5 1.8 Bt 2.6
7 [3) 8 W 99 6.9 100 0.9 92 1.2 90.5 1.2 B6.5 3.2
6L 8 E 100 0.8 99 1.0 92 1.2 91 1.2 B7.s 2.5
T 5T 8 W 97.5 1.0 99 0.8 90 1.6 90.5 1.1 B8 3.2
: 61 8 E 98 0.55 100 0.9 91.5 1.2 91 1.1 BT.5 3.0
*The time period during which the noise was within 3 dBA of the peak.

tCorrected for bacauround 58«60 ARA.




Lc

PEAK A- VEIGHTED SOUND PRESSURE LEVEL

FIG.

110

100

(dB re 0.C00Z Lebar)
- @ ©
[e} @] [}

)]
o

50

4.

© SOUTH SIDE 25 ft
@® NORTH SIDE 25 ft
O SOUTH SIDE 50 ft o) T
® NORTH SIDE 50 ft s
A SQUTH SIDE 100 fy /’%_/
a |
g -
B ]
a0
/r/;l/r/
A
7 B8 9 10 20 30 40 50 60 70 80 S0 100

1.

PEAK COAST-BY NOISE LEVELS.

mph



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 1n wayside noise level with speed is noticeable for all
throttle settings. This result is consistent with the previocus
statement — that wheel/rail noise is becoming a significant noise

source at the highest speeds examined for each throttle setting.

A Tew 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 polnt, 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 loccomotive 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 teo 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
throettle settings and Fig. L.4 shows the effecect 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
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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 baselline tests were performed to obtain detailed infor-
mation on the noise emitted by the locomoftive at a number of
locations and at a number of throttle settings. This JInformation
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. U4.2.3. It alsc shows any direc-
tional characteristics and lack of axial symmetry in the noise
from the locomotive as well as effects of ground reflecftions.
Finally, since two sets of baseline data for the same locomctive
at the same site are available — one taken in July, and cone 1in
August — the reproducibility of the data can be examined.

32




Test Procedure

The microphene 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
furned arcund and the measurements were repeated. The throttle
settings examined were idle throttle 4 and throttle 8§, under full
load. Tor all throttle settings, all three radiator cocoling fans
were operating. All data were recorded in the field and later
analyzed in the laboratory with s General Radlo 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. L4.6
give an indication of the directivity pattern of the noise from
the locomotive. The A-weighted 1/3-cctave band sound pressure
levels measured at all locations in Fig. 3.4 are shown in Appendix
4, Figs. A.1 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 arcund) at the corresponding symmetric position on the left-
hand side of the locomeotive. Also shown, to allow examination
of the reproducibility of the noise data, are baseline data taken
on the right-hand side of the locometive in early August+ (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 lcoccations 8 and 9.
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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 gquieting 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 a5 wind and traffic. The overall nolse levels are
summarized in Table 4.4,

The range of background nolse, recorded with the locomotive
not running, at microphcne locations 3 and 6 throughout one day
in July was 50 — €2 dBA. Cne-third octave band spectra showing
this range are shown in Appendix A, Fig. A.28. These measurements
indicate that when the locomotive 1s at i1dle, the quieted baseline
tests are measuring primarily background nolse at the higher fre-
quencles. Background noise 1s less of a problem at the higher
throttle settings, where the quieted basellne spectra are gen-
erally well above the background spectra. When the quleted base-
line spectra are compared with the basellne spectra, it becomes
apparent that, at idle, the baseline data at microphone locatiocns

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-
guieted sources inside the locomotive or other extraneous sources
are contaminating the data. Particularly suspicious 1s the fact
that peaks in the guleted baseline data can be distinguished in
the 30~ and 1250-Hz bands. These same bands stand out in locad
cell noise spectra at throttle 4, suggesting that the load cell
is contaminating the data at these two locatlions.

At throttle 8, a similar contamination can be seen in the
data at lccation 1 above 1600 Hz and at location 5 above 800 Hz.
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TABLE 4.4.

OVERALL BASELINE LOCOMOTIVE NOISE LEVELS {dBA) WITH
3 COOLING FANS RUNNING.
IDLE
Location
Measurement 1 2 k) 4 5 6 7 8 ]
July Measurements
Right Side 6L.s ) 66 66 62.5 T 3 €4.5 T1.5
August Measurements
Right Side 65.5 69 67 [ 63 72.5 Th - -
July Measurements
Left Side - 60 65.5 €5 - T T1 65.5 Te
Fully Quieted
Right Side 60.5 59.5 ST s7 55 [an 67.5 - -
THROTTLE 4
FULLY LOADED
Location
Measurement 1 2 3 4 5 6 7 8 9
July Measurements
Right Side Bz.5 83.5 77.5 Bz 7.9 82.5 85.5 77 83
August Measurements
Right Side 79 83 78 79 T8 81.5 84 - -
July Measurements
Left Side - Bl 8o 82 - 83 85 T7.5 B3
Fully Quieted ‘
Right Side 66 &7 - £3.5 4 T Th - -
THROTTLE &8
FULLY LCADED
Location
Measurement 1 2 3 4 H 6 7 8 9
July Measurements
Right Side SH] g5 83.5 87 81 86.5 96 86 9l
Augnst Measurements
Right Side : 8h 87.5 86 85 81 81.5 a5 - -
July Measurements
Left Side - 83.5 | 86.5 | 85.5 - 83.5 96 85.5 | ok
Fully Quieted
Right Side T2 76 T2.5 Th Te.5 78 81.5 - -
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Agaln, the spectral peaks 1in the quleted baselline data at 1000
and 2000 Hz can be attributed to the load cell when the locomo-
tive 1s cperated at throttle 8. Contamination of the data at
locations 1 and 5 15 not unexpected, since these locations (at
the back and front of the locomotlve, respectively) are not
shlelded from the load cell by the locomotlve 1In any way. At the
same tlme, the lowest locomotlve nolse levels are measured at
those two locatilcns.

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

For the data at all lccations other than 1 and 5, 1n Appendlx
A, the spectra at symmetric locations on both sides of the locomo-
tive are compared and those reglons where these spectra are not
the same are shaded to indicate any differences clearly. Compon-
ents of the SDU0-2 locomotive are arranged qulte symmetrically
about 1ts axis. Three asymmetrles only might affect nolse:

a. The engine Intake 1s located on the right side of
the ailr compartment.

b. The tractlon motor blower 1s located on the left
slde of the alr compartment.

¢. The tractlon motor blower exhausts to the left 1n
the traction motors 1In the cab truck and to the
right In the hocod truck.

These asymmetrlies would not be expected to Introduce any signifi-
cant asymmetry in the nolse signature because, as 1s shown 1in
Sec. 4.2.3, the traction motor blower and intake are not dominant
scurces. But, as 1s clear in Figs. A.4 to A.17 in Appendix A,
many locatlons show considerable difference 1n the nolse spectra
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on the two sides of the locomotive. The widest spread is at
throttle 8 at locations 3 and 6 (see Table L4.4), where there is

a 3-dBA difference in the overall levels con the two sides of the
locomotive. These differences in the spectral nolise 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
ftests. These problems with reproducibility appear to be assocci-
ated with changes 1in 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
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
variabllity in speed as in July. Changing wind speeds changed
the velccity and temperature gradients, which in turn affected
the refraction of the scund as 1t 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 a result, there appears to be un-
certainty in the measurements of the spectral and overall noise
levels from the lcoccometive. This uncertainty has considerable

implications for the dlagnostic measurements discussed 1n 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 ocecur at the firing frequenciles (160 Hz at
throttle 4 and 240 Hz at throttle ¥, but at ocne-half of the firing
frequency at these threttle settings. This 1s not an uncommon
phencmenon. In fact 1t is possible for this major peak to occur
at any multiple of the rotation rate, 1.e., down to 1/16 of the
firing frequency. A similar peak in the data is observed at
idle at Y40 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 repcrting data only at 63 Hz and abovg.+

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 ccmpensated during
playback to adjust for the rapid roll off of the Lockheed below
80 Hz. Considering how rapidly the Lockheed rolls off some errors
in compensation are to be expected however the errors observed

here are modest.

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

1-The Lockheed tape reccrder cuts off below approximately €3 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 € to 11 dB below the peak at 80 Hz,
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4.2.2 "Throttle wipe" tests
Test Procedure

The locomotive was connected to the lcad cell and started.
Neilse measurements were obftained 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
simoke-test procedure. The throttle sequence was 1 = 4, 4§ =+ §,

8 » 6, 6 » 8, 8 » idle, idle » 8. The outputs of two microphones
at 100 £t from the cenfer of the loccomotive, corresponding to loca-
tions 3 and 4 in Fig. 2.4, 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 4.138.

Throttle wipe tests were performed to determine whether there
was an ilncrease or overshoot 1n nolise when throttle settings were
changed and particularly to determine if throttle 8 under load is
in fact the loudest setting. When the locomctive was unloaded,
the nolse 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). In 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 fluctuaticns 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 assoclated with an abrupt release of alr from the compressed

alr 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
4,123. Levels 2 to 3 dBA higher than throttle 8 could be attained
at this point. In addition an overshoot of almost 5 dBA can be
seen at location 3 when changing from throttle 4 to 8 (Fig. L.12).
At location U4 however, 1t is not clear that any overshoot has
occurred for the same throttle change (Fig. 4.8). The most
remarkable anomaly in the datz 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 ancmaly can be seen
at location 4. Whether the anomaly is caused by wind or whether
it is a real indication that throttle 5 is very noisy is, at pre-

sent, uncertailn.

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

4.2.3 Diagnostic tests

A serles of detalled diagnostic tests were performed to
determine the contribution of various locomotive nolse sources to
the total noise signature. Such information is essentlial fo an
understanding of the noise generation in a locomotive; no cost-

effective noise control approach can be formulated without 1it.

Sources identified as potentilal major contributors to the

noise signaturée were:
a. engine exhaust

b. radiator cooling fans

49



c. engine/main alternator

d. engine intake

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

g. 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 1n the locomotlve radiate noise directly
to the wayside with some loss, in some cases, due to the presence
of the hood. In the structureborne path, sources such as the en-
gine main alternator, compressor, cooling fans, etc., excite the
structure of the locomeotive 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 ncoise sig-
nature. We first quieted, or shut down, each major source. We
then removed the ncise control treatment, or powered up each
source independently. In those cases in which the noise increased
at the seven microphone locations 1n Fig. 3.9, the contribution
of that source could be estimated from the increase. Nolise in-
creased in the cases of engine exhaust and radiator cooling fans.
When no increase, or only a negligible increase, in noise was
cbserved, measurements of the ncise 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 iInterest. This latter apprcach
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was used for the engine/main alternator, traction motor blowers,
dust bin blower, englne 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, maln alternator, compressor, and cooling
fan, etc., mounting points were used with the transfer functions

£to estimate the structureborne contribution.
Treatments applied to gquiet the locomotive fully were:
2. An Industrial exhaust silencer
b. Radiator cooling fans shut down
e¢. 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
. Dust bin blower shut down
g. Traction motor blower inlet sealed with 1 1b/sg ft lead

h. Silencers installed on the air compartment intake vents.
(Fiverglass lined 3/4-in. plywocd ducts.)

Filgures i4.15 and 4.16 show the locomotive in the fully guieted
confilguration. The muffler, a Kittell Medel TBUZZ2 exhaust
silencer, is supported by a fork 1lift on a flat car. The fork
1ift was blocked up and its engine shut down during all noise
tests. The ducting fits directly over the exhaust stack, as
shown in Fig. H.17.+

¥A by-pass valve was opened teo prevent the compressor from pump-
ing. Since the compressor was mechanically ccnnected to the
engine 1t was rotating whenever the engine was running.

TThe miffler system was designed by the Donaldscn Company for a

parallel program and was provided to this program on a rental
basis.
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FIG.

4.15. FULLY QUIETED LOCOMOTIVE. LOOKING EAST.

Radiator cooling fans were shut down through an electrical

switching arrangement set up in the cab. This arrangement allowed

for

any fan or combinaticn of fans to be shuf down or powered up

at will. The engine temperature was watched carefully, and test-

ing
All
was

was

ing

was terminated when the temperature exceeded safe 1imits.
fans were then powered up, and when the engine temperature
lowered to safe limits, the fans were shut down and testing

resumed.

The air storage tanks were fully pressurized prior to test-
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 pericd of time for testing
during which the ccmpresscor was rotating at engine speed, but not

loaded and therefore not a significant nolse source.

The dust bin blower was disconnected from the electrical

system during testing to eliminate it as a nolse source.

A 3-in.-thick blanket of fiberglass insulation was taped to
the doors and walls inside the hood. 1In addition, the doors and
latches were sealed with duct tape; Fig. 4.1% shows the locomo-
tive so treated. Also shown in Pig. 4.16 i1s one of the two
inlet silencers installed on the air compartment inlet vents.
These silencers, which can be seen in Fig. U4.15 behind the cab
on each side of the locomotive, were simply large boxes made of
3/4-in. plywocd 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 motcr blowers, we taped a
sheet of 1-1b/sgq-ft lead to the inlet, making an air-tight seal,
an approach suggested by EMD that proved effective.

Results

The results of the diagncstic measurements are present 1In
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 lcoccation agrees well with the

54



TABLE 4.5.

SUMMARY OF DIAGNOSTIC TESTS.

IDLE
Location
Source 1 2 3 4 5 6 7
Exhaust - 65 66 65 61.5 70.5 71
Fan - - 59 - - &2 65
Engine - 60 62 59.5 52 €9 73.5
TM Blowver - L6 N L7 - 51 59
Overgll Mea-
sured Noise - 69 67 i £€2.5 72.5 Th
Sum of 4 Sources - - 68 - - 73 75.5
THROTTLE 4
Location
Source 1 2 3 4 5 6 7
Exhaust - 81 78 79 76 g2.5 g2
Fan L 70 T0 68.5 - 75 80
Engine 83. 66 67 £3.5 55 70.5 78
TM Blower 50 61.5 N 61.5 52.5 £7.5 Th
Overall Mea-
sured Noise 7% 83 78 82 78.5 81.5 8L
Sum of L Sources - 81.5 79 79.5 - 83.5 85.5
THROTTLE 8
Location
i Source 1 2 3 ) 5 6 7
Bxhaust - BL.s5 8L 88 81.5 87.5 30
Fan 7 80.5 83 81.5 - 89 92
Engine 67 67 66.5 66.5 57.5 73 77
™ Blower 63 T2 75 T72.5 62 78 87
Overall Mea-
sured Noise 33 87.5 86 85 81 8l.5 385
Sum of L Scurces - 86 87 89 J— - J 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 frecuency range, and results are presented

only in that range. No data are presented at location 1 at ildle.

The quieted baseline mzasurements refer to the noise measure-
ments made when the locomotive was in its guietest condition,
i.e., using all the ncise-reducing treatments and component shut-
dewns described previcusly. 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 nolse control

treatment used would not be practical for an operating locomotive.

The exhaust source spectra are shown 1n Appendix B at all
locations except lcoccation 1; distortion 1n 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 nolse spectra and the gquieted base-
line nolse 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 ccooling fan source spectra were obtained by turning all
three cooling fans on with the locomotive in the fully quieted
condition and rﬁnning unlcaded. The difference between the noise
spectra with the cooling fans running and the fans shut off
vielded the fan source spectra. Gaps in the spectra indicate
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frequency btands where there was 1nsufficient cooling fan nolse
to overcome the ncise from other sources. Gaps are particularly
prominent at idle where fan noise levels were guite low. Fan
noise is a majJor 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 Appéendix B, Figs. B-21 and B-22 for
throttles 4 and 8, respectively. Fan scurce levels were too 1low
to produce a similar plot for idle. These measurements are sum-

marized in Table 4.6.

TABLE 4.6. FAN SQURCE LEVELS AT LOCATION 3.

Number Throttle 4 Throttle 8
of Fans dBA dBA

1 64 76

2 6T 81

3 k, TO 83

The engine/alternator gource spectra were obtained first by
untaping the doors, removing the fiberglass from the intericr of
the hood, and measuring the change 1n noise at full load, from
the fully quieted configuraticn. This procedure resulted 1n 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, 1l.e., in many 1/3-cctave bands the nolise did not in-
crease enough to estimate the engine/zlternator source strength.
Therefore, we measured the nolse under the hoed at four locations
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arcund the engine and alternator¥, averaged these noise measure-
ments, and extrapolated these measurements to the seven locatlons
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. In a few cases, the directly mea-
sured spectra were higher than those derived by using the under-
hood measurements and transfer functions. In all cases we have
shown, the transfer functions result 1Ih the relevant [igure. We
have done this for several reascns: 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 ¢f the spectra are consistent with the spectra measured
at other locations. The few discrepancies between the direct
measurements and the transfer function estimates 1s believed to
result from the fact that changes 1n 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/alternatcr, is to some degree an over-
simplification since the nolse from many sources present under
the hood {de¢ 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 nolsest,
components under the hood; hence, we attribufte these source
spectra to them. They are most important at idle in the mid

frequencies.

¥The locomotive was in the fully quieted c¢ondition except that
the fiberglass and door seals were removed.
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The traetiorn moteor blower source spectira 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 lcocomotive 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 noct large enough to
-provide a reliable measure of the traction motor blower source
strength. As a resulft, the source spectra reported in Appendix B,
Figs. B.1l 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 lcocca-

tions of interest.

At throttle 8 the traction meotor blower reguires approximately
122 hp whereas the generator blower requires only approximately
20 hp. Unsealing the traction motor blower increases alr compart-
ment levels by 2 4dBA at idle, 8.5 dBA at throttle & (no load),
and 12 dBA 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 microphdne loca-
tions {(detaills are given in Appendix C) generally agreed with
estimates of those levels based on the change 1in nolse at the
seven locations when the seal was removed. In a few ims’cances,-l~

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 threttle U, location 5 direct measurements were from
1 to 11 dB high.
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the traction motor blower source spectra that were based on
direct measurements of the change in nolse 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 noilse
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 compresscor was found to be a very weak source. It could
be heard clearly only 1f loaded with the engine at idle. Measure-
ments made in the engline 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 extrapclate these measurements to the seven locations of inter-
es%. For completeness and for provisiocon 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 alsc 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 lccometive hood at two leocations 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 conslderably greater than with the blower shut down (>10 dBA
increase). The measurements at the two locations {to the right
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and forward of the outlet) were averaged, and transfer functions
were used to estlimate the levels at the farfield locations.

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

generater blower, and dc auxiliary generator contributions, etc.

The dynamic brake fan source spectra were obtalned by run-
ning the locomoctive self loaded in the full guieted condition
(i.e., the conditlen for the quieted baselline tests). In the
self loaded state all the power from the main generator is dis-
sipated 1n 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
28 the power to be dissipated increases. In 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

co0ling fan source spectra.

Structureborne socurce 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 cocling fans, the vibration was measured at two locations
on the locometive 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 ¢f the structureborne transfer functions, as described in
Appendix B.
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described 1In Appendix D to estimate the radiated sound at the
locations of interest around the locomeotlive. Because of back-
ground noise problems, transfer functlons are available only for
microphone locations 3 and 7.¥ In addition, vibration levels at
the compressor mounting polnts were essentlally unaffected by
whether the compressor was pumplng or not. For this reason, we
cculd not distinguish compressor-related vibratlon from that
caused by other sources, such as the englne, and so we give no

report on ccempressor structureborne noise.

The structureborne contributions of the fore and aft englne
mounts main alternator mounts and cooling fans are shown in
Appendix D, Figs. D.3 — D.8. For each engine mount and the main
alternator mount, the estimated spectra are for a single mount.
Eaeh of these spectra should be raised 3 dB to acccunt for the
symmetrically located mount. In general, structureborne noise
from the engine mounts dominates that from other structureborne
scurces; the resulting spectra are comparable to the engine air-

borne source spectrsa.

4.3 Comparison of Stationary and Pass-By Test Results

As described in Sec. 4.1, even at meodest speeds wheel/rail
noise is an important component of locomotive nolse for the lower
throttle settings. At throttle 8, however, wheel/rail nolse does
not begin to be significant until speeds of 55 to 60 mph are at-
tained, This fact is further illustrated in Fig. 4.18 where a
coast-by noise spectrum at 38 mph is similar in shape (except
below 100 Hz) and only 5 dBA below the spectrum at 39 mph at
throttle 4. The overall level at throttle 8 at 36 mph, hcwever,
i1s 10 dBA greater than the coast-by overall level.

#Data for location 6 had sufficient signal-to-noise but were not
consistent with other data and hence are not reported here,
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Thus, it is apparent that locomotive noise measured. during
a pass-by at modest speed at the lower throttle settings is
greater than that noise measured with the locomotive stationary
and loaded at the same throttle setting. At throttle 8 at modest
speed, however staticonary and pass-by noise are comparable. Fig-
ures 4.16, U4.20, and 4.21 compare spectra taken from l-sec samples
cf 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 ncise spectra (at the 50 and
100 f't positions) taken with the locometive stationary and uﬁloaded
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 nolse dominates at these higher frequencies and fan nolse 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
l-sec segments of data at various times while the A-weighted
sound pressure level was peaklng., A similar spread in the spec-
tra was not obtained at the closer locations, probably most llkely
because the duration of the peak A-weighted sound level was
shorter for the closer locations¥* {sce Fig. 4.2, Sec. 4.1).

#]1 .6 sec between the 3 dB down peints at 25 ft, 2 sec at 50 ft,
and 6 sec at 100 ft,
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5. CONCLUSIONS AND RECOMMENDATIONS
5.1 Test Results
5.1.1 Pass-by tests

At the lower throttle settings and at modest speeds, wheel/
rall noise is a significant contributor to the nolse generated by
a passing locomotive. At throttle 8, wheel/rall noilse is not
significant until speeds of 55 to 60 mph are attained. As a re-
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 {(lcaded) noise test should adequately simulate
the noise generated by a moving loccomotive 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 changling from throttle 6 to 8
~2 dBA more noise was generated in the loaded conditlon than in
steady operation at throttle 8. 1In addition, at one microphone
leocation 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 uncertailn.

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 nct uncommon even
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though spectral averaging times of up to 16 sec were used. Ve
belleve that these differences are caused by changes 1In temperature
and wind gradient, which affect the diffraction of sound traveling
from the locomotive o the microphone. 0Osclllatlons in level can
in fact be seen in the "throttle wipe tests" of Sec. 4.2.2. Long-
period oscillatlons, superimpcsed on higher frequency oscillation
prcbably caused by osclllations in engine speed can be seen at
steady operation at all throttle settings. In Filg. 4.36, for
example, the long-period oscillations for steady cperation at
throttle 8 have a peak-tc-peak amplitude of approximately 3-4 dBA
and a2 period of approximately 7 sec. However, nelther the ampli-
tude nor the period of these long-perlod variations in level are
steady. The result 1s an inherent uncertainty in the measurements.

Because of this inherent uncertainty in fthe measurements, it
1s difficult to make definltive statements concerning even such
baslc questlions as the axial symmetry of the noise from the loco-
motive. At present, all that can be said with certainty is that
the differences in noilse from one side of the locomotive to the
other are noc more than the differences observed 1n two measurements
of the same lccomotive at the same microphone locatlon.

5.1.4 Diagnostic tests

The purpcse of the diagnostic tests was to determine the
magniltude of the conftribution of each major source to the ncise
signature of the locomotive. Although these tests were subject
to the same uncertalnities as all other fests, 1t is possible to
state that exhaust, cooling fans, engine/alternator, and tracticon
motor blower are the major nolse sources in the locomotive. At

#Tt should be noted in passing that thils uncertainty appears to
be considerably less for those microphones located 10 ft above
the greound, locations 8 and 9.
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idle, exhaust and engine/alternator are the major scurces. At
throttle 4, exhaust and cooling fans are the dominant source,
although for the more distant locations c¢ooling fans may fall as
much as 10 dBA below exhaust. At throttle 8 both exhaust and
cooling fans are the dominant sources for all locations around
the locomotive. The traction motor blower falls approximately

10 dBA below exhaust for the more distant locaticn; it 1s a scme-
what stronger source for the closeby locations.

The major source of structureborne noise is the englne 1t-
self; it produces structureborne sound that is comparable to

englne/alternator airborne sound.

5.2 Noise Control

The discussion in Sec. 5.1.4 indicates clearly that any
significant reduction in locomotive noise can be achieved only 1if
exhaust, radiator cooling fans, and engline/alternator are all
treated. To achieve mecre extensive quieting (10- to 15-dBA) it

would also be necessary to treat the traction motor blower.

Exhaust Noise

Exhaust noise is best treated with an exhaust muffler. The
major difficulty with thls treatment 1s the limited size of the
space under the hood that must accommodate a2 muffler of sufficient
volume to achieve the desired attenuation. Exterior mounting of
mufflers on the larger line-haul locomotives 1s generally not
considered feasible because of the limited clearance between the
hcod and tunnels. Although turbochargers do provide some reduc-
tion of exhaust noise turbocharged locomotives present an addi-
tional difficulty; severe backpressure limitations, i.e., on the
order of 5 in. of H,0, severely constralning muffler design. It
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has been demonstrated that these difficulties can be overcome to
some degree. Mufflers have been designed and installed on some
new locomotives. For example, Universal Silencer, in conjunction
with EMD, developed a silencer for AMTRAK locomotives. These
locomotives used a 20-cylinder version of the engine in the
SD40-2 locomotive.

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

dBA
a. 1dle 3 — 4
b. throttle 4 4y — 5
c. threttle 8 2 — 3
Cooling Fan Noise
Fan noise 1s usually treated in one of two ways. Obstructions

to the flow entering the fan are removed or the pumplng efficlency
of the fan 1s lmproved so that fan speed can be reduced. The

first approcach reduces turbulence entering the fan, and, hence,

the resulting noise due to the fluctuating pressures on the fan
blades as they encounter the turbulent eddles. The second approach
allows the fan speed to be reduced so as to take advantage of the
dependence of fan nolse on the fan velocity to the sixth power.

In the first approach, any structure in the fan inlet is
minimlzed or moved as far in front of the fan blades as possible.
On the SDU0-2, there are a number of struts supporting the fan
drive motors Just 1in 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 1improve the fan pumping efficiency, one can increase the
fan size, reduce clearances between the fan and 1ts shroud, or —
in some cases — redeslgn the fan blades. Locomotlve space re-
strictions probably prevent any significant lncrease 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 1s anticipated. Redesign of the fan blade may result in
some improvement although existlng locomotive fan blades are al=-
ready falrly sophisticated and improvements 1n this area may be
minimal. A final possibility, although less attractive because
of the major redesign involved, is a redesign of the coocling 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. 1idle 3 — 4
b. throttle 4 6 — 7
¢. throttle 8 & — 7

Ingine/Alternator Noise

Reduction of engine/alternator noise is especlally difficult
as present estimates place the structureborne contribution from
thé engine at very nearly the same levels as the alrborne contri-
bution. This finding implies the need for vibration 1solation,
which would cause extreme alignment problems with present EMD

¥For fans this would imply that a 30% reductlon in speed would be
possible or, 1in other words, that throttle 4 fan speed would be
sufficient for coocling at throttle 8. There is no information
avallable at this time to 1ndicate that such a speed reductilon
1s achievable within reasonable operational and cost constraints.
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designs where the engine and alternator are mounted separately.
Some reduction in locomotive noise has been demonstrated during
this program by the simple application of absorptive treatments
inside the hcod and by sealing of the hood doors and latches. In

a practical application, the absorptive treatment must be made
impervious to oil and diesel fuel and protected against mechani-

cal damage as has been done successfully in the DOT Quiet Truck
(deseribed in Report No. DOT-TST-74-20%), Similar techniques
could pe applied here.

During this program, treatment reduced engine/alternator noilse
3 GBA at idle, 4 d4BA at throttle 4, and 1.5 4BA at throttle 8. If
this treatment were combined with a 10-dBA reduction in exhaust
and fan noise, the following overall reduction in locomotive noise
would result:

dBA
a. 1ldle & — 7
b. throttle 4 7 — 8
c. throttle 8 7 -8

Some small additional reductions in noise might be accomplished

at the higher throttle settings by treating the traction motor
blower.

5.3 Future Work

The data presented 1n this report represents only part of
all the data acquired during the field testing. As a result,
additional work will be analyzed and documented in a future re-
port dealing primarily with the relationship between moving and

¥E_.K. Bender, W.N. Patterson, and M.C. Kaye (1974). "Truck Noise
IIIC: Source Analysis and Experiments with Noise Control Treat-
ments Applied to Freightliner Quleted Truck," Department of
Transportation Report No. DOT-TST-74-20.
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statlionary test results. 1In additlion to the above we recommend

future work in three areas:
a. Additional diagnostic work
b. Work to develop reproducible measurement techniques
¢. A quiet locomotlve demonstration project.

The work reported here is really applicable only to one class
of locomotives, 1.e., the turbocharged locomotives produced by EMD.
The other major domestic manufacturer, General Electric, produces
locomotives that are in many ways different from EMD locomotives.
For example, the engines are 4-stroke rather than 2-stroke dlesels,
and the cocling fan is mechanically rather than electrically driven.
could result in con-

Both these differences, regardless cof others,

siderable differences in noise. A nolse measurement program on a
GE locomotive, similar to the one carried out here, would be in
order.

One of the major difficulties encountered in this program
We felt that
this problem was caused by wind and temperature gradients, which

was the lack of reproducibility in the measurements.

changed the diffraction of socund from the locomotlive to the micro-

phone. It 1s Imperative for the acquisition of zccurate measure-

ment techniques for reproducible
One approach might be to measure
several helghts at each leocation
tive.
loccation, noise variation due to
averaged out.
ined.

noise measurement he determined.
the noise simultaneously at

of interest around the locomo=-

By averaging the measurements from all heights at a given

diffraction changes might be

This technique and others 1like i1t should be exam-

Much of the information generated during this program is

fundamental to a noise reduction program.

An industry/government

Th



demonstration project similar to the DOT Quiet Truck Program, with
the objectlve of quieting a locomotive, would be a natural out-
growth of the program dilscussed in thls report.
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APPENDIX C: AIRBORNE TRANSFER FUNCTIONS

During the locomotive testing, noise produced by a source of
interest was frequently so low that only by taking measurements
gquite close tc 1t could one distinguish that source from all the
others. Analytical means for extrapoclating those close-by mea-
surements to farfield locaticns are, except in the simplest cases,
too inexact. Therefore, we measured transfer functions to relate
noise at varicus locations around and inside the locomotive to
fLhe noise at the seven farfield locations described in Sec. 3.

A loudspeaker placed at a particular location of interest
was driven with white nolse filtered in octave bands. The noise
at one or more specified locations near the loudspeaker and at
the seven locatlons of Interest around the locomotive was mea-
sured in correspcnding 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

functlon of frequency.

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

Air Compartment

A speaker box containing four 6-in. speakers oriented in
various directions was 1nstalled on the flocor of the alr compart-
ment. ©One microphone was placed in the air compartment, aprroxi-
mately centered between the engine intake and traction motor
blower inlet. The resulting transfer function 1s shown in Fig.
C.1. These transfer functions were used to estimate traction

motor blowers and engine l1lntake 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 was 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
lccated under the hood around the engine, The average of fhese
three micrcophones 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 f't 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 funcfions for the seven farfield microphones

are shown in Fig. C.H4.

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 nc¢ transfer function values at that freguency.
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Locations 6 and 7 have scmewhat higher transfer functlons from.
the engine since these locations are closer fo the engine than
to the compressor. The air compartment ftransfer 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 locomotilve,
where the entire length of the locomotive isclates the alr com-
partment from an observer. It 1s 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

Locometive noise can travel by two paths: airborne and
structureborne. Transmission by a structureborne path occurs
when a component (such as the engine) vibrates and sets fhe 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
prossible structureborne sources. In this appendlx, we describe
the measurements performed tc 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¥® wlth a lead. hammer many times successively, while simul-
taneously measurling the vibration at the mounting point and the
resulting sound at the seven locations of interest around the
locomoctive. Even hammering on the mounts did not produce encugh
noise teo overcome the background noise at all locaticns. 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 exclte 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 simultanecusly. Comparable vibration

spectra were obtained at the two locations when either of them
was struck.
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Space restrictions under the hood prevented us from striking
the engine and maln 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.1
and D.2 for microphone locations 3 and 7, respectively. Since
location 2 is three times as far away from the locomotive as loca-
tien 7, one would expect location 7 to be on the order of 10 dB
higher than location 3 for locallzed sources. This is very
nearly the case, as the two figures show.

Estimates of the structureborne noise at locatlons 3 and 7
are shown in Figs. D.1 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 alr cooled resistor bank load cell was
used to dissipate the power from the locomective 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 guantify
the contribution of load cell nolse to the nolse measurements at
each microphone locaticn, 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.1 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 configuratiocn
and running loaded at throttles 4 and §. 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 b6-speaker source
excited with cctave 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 locaticns 10 ft apart along a
line 6 £t 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 & ft in front ¢f the planned
barrier loccation. The differences between the sound pressure
level at each farfield microphone location and the nearfield
location gave the transfer functions in Fig. E.2. INo transfer
functions are shown for lecations 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 U and 5 with

the lccomotive in the fully quieted condition.

In order to use the data in Fig. E.2, the near field locad
cell spectra in Flg. E.1 have been averaged in those octave bands
for which transfer function data is available. 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 B.3 and E.H4 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 observaticn that the load cell could not
be heard at locations 3, & and 7, the-estimated load cell noise
levels at those locations are much lower than the locomotive
ncise levels measured there with thé locomotive in the fully
quieted condition. Consistent with the cobservation that the
load c¢ell could be heard at leccations 1 and 2 the estimated load
cell spectra levels there are comparable to the quieted baseline

spectral levels at the higher frequenciles.
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APPENDIX F: REPORT OF INVENTIONS

After a diligent review of the work performed under this
contract, we have determined that to date no innovation,

discovery, lmprovement, or inventlicn has been made.
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