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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 SD40~2 .locomotive and the p~rsonnel 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. Kotnour 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. INTRODUCTION

The objective of the program described in this report is

the enhancement of the information and techniques that will be

needed by DOT 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.

1



Details of the locomotive 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 conclusions and noise control recommendations and sug­

gestions for additional work.
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2. TEST LOCOMOTIVE

2.1 General Description

The test locomotive was an SD4o-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 LOCOMOTIVE.
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 (EMD Model 645E3) is hard-mounted to

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

3
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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

2 395

3 480

4 560

5 650

6 735

7 815

8 900

The main alte~nato~ (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 (EMO 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.
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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 compressor. 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 3 ma~n alternator blower 3 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

6
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2.

3.

4.

5.

6.

7.

8.

9.

10.

Outside Air Intake

Clean Air to Air Compartment

Dust Bin Blower Outlet

Intake for Engine Air
Filter

Intake to Engine

Intake to Traction Motor
Blower

Intake to Main Alternator
Blower

Cooling Air to Traction
Motors

Main Alternator Cooling Air
Outlet to Engine
Compartment

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.
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Wheel/rail noise is that noise associated with the inter­

action between the wheels and the rails as the locomotive rolls

along the track.
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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 Old Great

Northern Q-Yard within the city limits of St. Paul, Minnesota.

The track ran approximately west to east and had a speed limit of

55 mph. The track was jointed with 120 lb/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 great~r 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.

C. No sharp curves were near the test section.

9



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 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 beside the track.

A head lamp 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 noise, 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. 2203 sound level meter during the pass-by tests.

11
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FOAM WIND SCREEN
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417
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FIG. 3.2. PASS-BY TEST INSTRUMENTATION.

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

12
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excellent. It did have two disadvantages: The f~eld was over­

grown with weeds approximately 2 ft 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

in steady operation at a given throttle setting loaded

by a resistor bank load cell.

b. "Throttle wipes", 1. e., baseline test s 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

53'

SOUND 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 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 lOO-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.

InstT'umentation

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

17



FOAM WIND SCREEN

B&K 1/2-IN.-DIA. 4134 MICROPHONE
GR P40 PREAMPLIFIER
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II
I!

LOCKHEED
7-CHANNEL
4]7
TAPE RECORDER

NAGRA nr SJ
2-TRACK
TAPE RECORDER

FIG. 3.6. TYPICAL MICROPHONE INSTRUMENTATION CHAIN.

addition, a General Radio I-in. crystal microphone and P42 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 3-3/4 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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II
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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

quired +16-dB compensation in the 63-Hz 1/3-octave band and +6-dB

compensation in the SO-Hz 1/3-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 Configupation

The locomotive was set up as in 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 locomotive.

Instrumentation

The outputs from the two microphones 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 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.

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 one or two

channels at a time through a switch box.
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FIG. 3.8. DIAGNOSTIC TEST.
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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
No. Setti ng Speed Speed Description

mph mph
1 1 10 1-12 Simulated line haul condition

2 1 20 18-20 Simulated line haul condition

3 4 40 32-39 Simulated line haul condition

4 8 55 51-61 Simulated line haul condition

5 8 20 29-36 Full acceleration condition

6 8 40 50-55 Full acceleration condition

I 8 55 51-61 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 Idle 55 52-55 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 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 Idle 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
40 Idle Closed 71 71 71 71. 5
40 4 Closed 76 75.5 76.5 76.5
40 8 Closed -- -- 83 83

5~ Idle Closed 73.5 74 74 74

55 8 Closed 84 83.5 82 81. 5

55 8 Open -- -- 84.5 85.5

/
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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

La = 28 log V + 45.8 @ 25 ft

La 23.3 log V + 43.7 @ 50 ft

La 23.5 log V + 37.4 @ 100 ft

where La 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

V2 or V 3 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 pQwered 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 3 to 6 dBA below the overall locomotive drive-by levels at

speeds as high as 61 mph.
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TABLE 4.3. SUMMARY OF PASS-BY NOISE DATA.

N
0\

I 25 Ft North 25 Ft South 50 Ft North 50 Ft Sou th 100 Ft South

Test I Speed
Peak Peak Peak Peak Peak

Di rection Level Level Level Level Level
No. mph Throttle E or W (dbA) Time· (dBA) Time· (dBA) Time· (dBA) Time· (dBA) Time·

-

8 12 0 II 14 4.6 14 5·0 61 5.0 69 5.0
16~

-
8 0 E 11 5.6 13 6.0 I 61.5 1.0 65 8.0 60t -

1 12 1 II 11 3.15 19 3.2 12 5.0 12 6.5 67 -
1 1 E 15·5 8.0 15 9·0 11 12.0 10 14.0 , 68 -

9
20 0 W 81 2.5 85 2.1 13 3.0 14 3.0 I 69 6.0
15 0 E 18 4.0 81 3.2 10 4.5 11 4.0 65t -

I
2 20 1 W 80 2.5 87 3.0 76 3.1 15 3.2 I 69.5 6.0

18 1 E 80 3.5 88 1.2 14 4.4 15 3.2 70 1.0

10
41 0 W 88 1.5 90 1.2 82 1.6 80 1.3 I 76 2.5
38 0 E 89 1.4 91 1.3 BO 2.2 78 1.6 75 2.3

3 39 4 w 89 1. 25 92·5 1.2 85 1.5 83 1.4

1

78 3.2
32 4 E 89 1.6 92·5 1.6 84.5 1·9 82 2.4 79 4.0

5
36 8 II 94 1.6 96 0·9 90 2.2 I 88.5 2.0 I 85 6.0

I
29 8 E 94.5 2·5 94 0·9 90 6.2 88 2.2 I 84 9·0

11 55 0 II 95 1.0 96 0·9 86 1.6 84 1.3

'I ~~
2.2

I

52 0 E 93 1.1 96 1.1 86 1.5 84 1.3 2·5

6 55 8 \I 94.5 1.2 97 0·9 38 1.5 88

I
1.2 8' 4.0

50 8 E

!I

97 1.6 98 1.1 90·5 1.9 88.5 1.9 I 81 3.2

4 I
61 8 1, 99 0.8 103 0.75 93 :!...l 92 1.1 i 86 2.2
55 8 E 98 0·95 101 0.15 92 1.3 91 1.4 I 56 3.0

4 I 61 8 II 91 0·9 :!Ol 0·9 92·5 1.5 91 1.0 I 81 2.4

I

51 8 E 99 0.9 99 0·9 91.5 1.2 88.5 1.8 87 2.6

1
61 8 W 99 0.9 100 0.9 92 1.2 90.5 1.2 86.5 3.2
61 8 E 100 0.8 99 1.0 92 1.2 91 1.2 81.5 2.5

I I

,
7 51 8 w 97. ~ 1.0 99 0.8 90 1.6 90.5 1.1 88 3.2

61 8 E 99 0·95 100 0·9 91.5 1.2 91 1.1 I 81.5 3.0

*The time period during vhich the noise was vithin 3 dBA of the peak.
tCarrected for baC"-braWld 58-60 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 noi~e 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 prod!lced 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
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FIG. 4.2. LOCOMOTIVE PASS-BY AT 36 MPH (THROTTLE 8) (WEST).
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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 ~nformation

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 repeated. The throttl2

settings examined were idle throttle (I 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.I 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 August t (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.

tThese data were recorded on the Nagra tape recorder. No August
baseline data were obtained at locations 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 quieting to the fullest extent possible, every noise

source on the locomotive. 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 is 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 location 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.
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TABLE 4.4. OVERALL BASELINE LOCOMOTIVE NOISE LEVELS (dBA) WITH
3 COOLING FANS RUNNING.

IDLE

Location

Measurement I 2 3 4 5 6 7 8 9

July Measurements
Right Side 64.5 68 66 66 62.5 n 73 64.5 71. 5

August Measurements
Right Side 65.5 69 67 64 63 72.5 74 - -

July Measurements
Left Side - 69 65.5 65 - n n 65.5 72

Fully Quieted
Right Side 60.5 59· 5 57 57 55 64 67.5 - -

THROTTLE 4

FULL Y LOADED

Location

Measurement 1 2 3 4 5 6 7 8 9

July Measurements
Right Side 82.5 83.5 77.5 82 77.5 82.5 85.5 77 83

August Measurements
Right Side 79 83 78 79 78 81. 5 84 - -

July Measurements
Left Side - 84 80 82 - 83 85 77.5 83

Fully Quieted
Right Side 66 67 64 63.5 64 n 74 - -

THROTTLE 8

FULL Y LOADED

Location

Mea su remen t I 2 3 4 5 6 7 8 9

July Measurements
Right Side 85 85 83.5 87 81 86.5 96 86 94

August Measuremen~5

84 87.5 86 85 81Right Side 91·5 95 - -

July Measurements
Left Side - 83.5 86.5 85.5 - 89.5 96 85.5 94

Fully QUieted
Right Side' 72 76 72.5 74 72.5 78 81. 5 - -
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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 noise 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.l

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 SD40-2 locomotive 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.

c. The traction motor blower exhausts to the left in

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 is 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 a result, 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 is 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~.t

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

in compensation are to be expected however the errors observed

here are modest.

*It 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 associated with
small changes in engine speed. The latter can also be heard,
but are much more regular and of much shorter periods.

t 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.

39



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). 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 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

4.12). 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. 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 a real 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
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c. engine/main alternator

d. engine intake

e. traction motor and generator 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 in the locomotive 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 ma~n 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. We

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
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was used for the engine/main 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

b. 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 Ib/sq ft lead

h. Silencers installed on the air compartment intake vents.

(Fiberglass lined 3/4-in. plywood ducts.)

Figures 4.15 and 4.16 show the locomotive in the fully quieted

configuration. The muffler, a Kittell Model 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.

t The muffler system was designed by the Donaldson 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 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. 4.1£ shows the locomo­

tive so treated. Also shown in Fig. 4.16 is 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.
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FIG. 4.17. LOCOMOTIVE EXHAUST STACK TO MUFFLER TRANSITION
COUPLING.

Finally, to silence the traction motor blowers, we taped a

sheet of l-lb/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

Source 1 2 3 4 5 6 7

Exhaust - 65 66 65 61. 5 70·5 71

Fan - - 59 - - 62 65
Engine - 60 62 59.5 52 69 73.5
TM Blower - 46 47 47 - 51 59
Overall Mea-

sured Noise - 69 67 64 62.5 72·5 74

Sum of 4 Sources - - 68 - - 73 75.5

THROTTLE 4

Location

Source 1 2 3 4 5 6 7

Exhaust - 81 78 79 76 82.5 82

Fan 74 70 70 68.5 - 75 80

Engine 63.5 66 67 63.5 55 70.5 78

TM Blower 50 61. 5 64 61. 5 52.5 67.5 74

Overall Mea-
sured Noise 79 83 78 82 78.5 81. 5 84

Sum of 4 Sources - 81. 5 79 79·5 - 83.5 85.5

THROTTLE 8

Location

Source 1 2 3 4 5 6 7

Exhaust - 84.5 84 88 81. 5 87.5 90

Fan 77 80.5 83 81. 5 - 89 92
Engine 67 67 66.5 66.5 57 ·5 73 77

TM Blower 63 72 75 72.5 62 78 87

Overall Mea-
sured Noise 83 87.5 86 85 81 91. 5 95

Sum of 4 Sources - 86 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 quieted 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 is 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-21 and 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.

Number Throttle 4 Throttle 8
of Fans dBA dBA

1 64 76
2 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

57



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. In a few cases, the directly mea­

sured spectra were higher than those derived by using the under­

Dood measurements and transfer functions. In all cases we have

shown, the transfer functions result in the relevant figure. We

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.
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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 g~nerator 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 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 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,t

as with the engine/alternator source spectra, the estimates of

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

tThrottle 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.
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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. It 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 bZower, 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 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 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). In 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. 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

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 estimate the radiated sound at the

locations of interest around the locomotive. Because of back­

ground noise problems, transfer functions are available only for

microphone locations 3 and 7.* In addition, vibration levels at

the compressor mounting points were essentially unaffected by

whether the compressor was pumping or not. For this reason, we

could not distinguish compressor-related vibration from that

caused by other sources, such as the engine, and so we give no

report on compressor structureborne noise.

The structureborne contributions of the fore and aft engine

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 sj.ngle mount.

Each of these spectra should be raised 3 dB to account for the

symmetrically located mount. In general, structureborne noise

from the engine mounts dominates that from other structureborne

sources; the resulting spectra are comparable 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 modest speeds wheel/rail

noise is an important component of locomotive noise for the lower

throttle settings. At throttle 8, however, wheel/rail noise 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, however,

is 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 stationary and pass-by noise are comparable. Fig­

ures 4.19, 4.20, and 4.21 compare spectra taken from I-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

I-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. CONCLUSIONS AND RECOMMENDATIONS

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 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 (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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though spectral averaging times of up to 16 sec were used. We

believe that these differences are caused by changes in temperature

and wind gradient, which affect the diffraction of sound traveling

from the locomotiye to the microphone. Oscillations in level can

in fact be seen in the "throttle wipe tests" of Sec. 4.2.2. Long­

period oscillations, superimposed on higher frequency oscillation

probably caused by oscillations in engine speed can be seeri at

steady operation at all throttle settings. In Fig. 4.36, for

example, the long-period oscillations for steady operation at

throttle 8 have a peak-to-peak amplitude of approximately 3-4 dBA

and a period of approximately 7 sec. However, neither the ampli­

tude nor the period of these long-period variations in level are

steady. The result is an inherent uncertainty in the measurements.

Because of this inherent uncertainty in the measurements, it

is difficult to make definitive statements concerning even such

basic questions 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 noise from one side of the locomotive to the

other are no more than the differences observed in two measurements

of the same locomotive at the same microphone location.

5.1.4 Diagnostic tests

The purpose of the diagnostic tests was to determine the

magnitude of the contribution of each major source to the noise

9ignature of the locomotive. Although 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

motor blower are the major noise sources in the locomotive. At

*It should be noted in passing that this uncertainty appears to
be considerably less for those microphones located 10 ft above
the ground, locations 8 and 9.
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idle, exhaust and engine/alternator are the major sources. At

throttle 4, exhaust and cooling fans are the dominant source,

although for the more distant locations cooling 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 location; it is a some­

what stronger source for the closeby locations.

The major source of structureborne noise is the engine it­

self; it produces structureborne sound that is comparable to

engine/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 if

exhaust, radiator cooling fans, and engine/alternator are all

treated. To achieve more extensive quieting (10- to l5-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 this treatment is the limited size of the

space under the hood that must accommodate a muffler of sufficient

volume to achieve the desired attenuation. Exterior mounting of

mufflers on the larger line-haul locomotives is generally not

considered feasible because of the limited clearance between the

hood 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
2
0, severely constraining 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

SD4o-2 locomotive.

idle

throttle 4

throttle 8c.

b.

a.

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
3 4
4 5
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.



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, is 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,*

idle

throttle 4
throttle 8

b.

c.

a.

the resulting reduction in overall locomotive noise at microphone

location 3 (100 ft to the side of the locomotive) would be

dBA
3 4
6 7
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 EMD

*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 mounted separately.

Some reduction in locomotive noise has been demonstrated during

this program by the simple application of absorptive treatments

inside the hood 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

(described in Report No. DOT-TST-74-20*). Similar techniques

could be applied here.

During this program, treatment reduced engine/alternator noise

3 dBA at idle, 4 dBA at throttle 4, and 1.5 dBA at throttle 8. If

this treatment were combined with a lO-dBA reduction in exhaust

and fan noise, the following overall reduction in locomotive noise

would result:

dBA
a. idle 6 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 in 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 Quieted Truck," Department of
Transportation Report No. DOT-TST-74-20.
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stationary test results. In addition to the above we recommend

future work in three areas:

a. Additional diagnostic work

b. Work to develop reproducible measurement techniques

c. A quiet locomotive demonstration project.

The work reported here is really applicable only to one class

of locomotives, i.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 diesels,

and the cooling fan is mechanically rather than electrically driven.

Both these differences, regardless of others, could result in con­

siderable differences in noise. A noise 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

was the lack of reproducibility in the measurements. We felt that

this problem was caused by wind and temperature gradients, which

changed the diffraction of sound from the locomotive to the micro­

phone. It is imperative for the acquisition of accurate measure­

ment techniques for reproducible noise measurement be determined.

One approach might be to measure the noise simultaneously at

several heights at each location of interest around the locomo­

tive. By averaging the measurements from all heights at a given

location, noise variation due to diffraction changes might be

averaged out. This technique and others like it should be exam­

ined.

Much of the information generated during this program is

fundamental to a noise 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.
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BASELINE NOISE SPECTRA
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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

quite 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 tte 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

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.l. These transfer functions were used to estimate traction

motor blowers and engine intake source spectra.
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Comppessop

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/Altepnatop

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 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 Blowep

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) vib~ates 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.
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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.l

and D.2 for microphone locations 3 and 7, respectively. Since

location 3 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.l to D.S. 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

cell spectra in Fig. E.I have been averaged in

for which transfer function data is available.

levels at 1000 Hz in Fig. E.l (open and closed

result of averaging the 1/3 octave band levels

1250 Hz.

near field load

those octave bands

For example, the

circles), use the

at 800, 1000 and

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.
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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, improvement, or invention has been made.

flu. S. GOVERNMENT PRINTING OFFICE: 1975--700-152--9
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