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PREFACE

The study described in this report was carried out by Bolt

Beranek and Newman Inc. under contract to the Transportation

Systems Center of the U.S. Department of Transportation. The

study was technically coordinated at the Transportation Systems

Center by Mr. Robert Mason. The test locomotive, test site, and

personnel to operate and modify the test locomotive, were pro

vided by General Electric. Technical coordination at G.E. was

provided by Mr. Fred Stein with the assistance of Mr. David

Konko. The exhaust silencer used in the diagnostic tests was

designed and built by Universal Silencer.
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1. INTRODUCTION

1.1 Background

On December 31, 1976 locomotive noise emission standards G

issued by the U.S. Environmental Protection Agency became effec

tive [lJ. On December 31, 1979 those standards became even more

stringent. Since many existing diesel electric locomotives do

not comply with the more stringent standards considerable inter

est in the control of diesel-electric locomotive noise has been

generated. The study described in this report provides informa

tion on the noise characteristics of and primary noise sources on

a General Electric C36-7 six-axle 3600 hp diesel electric

locomotive.

General Electric and the Electro-Motive Division of General

Motors (EMD) are the only two active manufacturers of locomo

tives in the U.S. In an earlier study [2J, the noise character

istic and noise source were determined for an EMD SD40-2, a six

axle 3000 hp diesel electric locomotive, typical of those produced

by General Motors. The program described in this report provides

similar information on a diesel electric locomotive typical of

those produced by General Electric. Together, the two programs

provide a fairly complete picture of the noise characteristics

and sources of noise in domestically produced diesel electric

locomotives.

1.2 Overview

The acoustic test program was designed and carried out by

Bolt Beranek and Newman Inc. The test locomotive, test site, and

personnel to operate and modify the locomotive were provided by

General Electric. A load cell test site in Erie, Pennsylvania

recently constructed by GE and in compliance with the EPA stand

ard [lJ was used for all tests. Both stationary tests and pass

by tests were performed.

1



During the stationary noise measurements, baseline tests were

performed to determine the characteristics of the noise emitted

by the locomotive such as the directivity and dependence on

throttle setting. Shielding tests examined the barrier effects

that the hood of the locomotive applies to shield nearby observers

from the locomotive noise. Finally, diagnostic tests determined and

quantified the major sources of noise on the locomotive including

both airborne and structureborne sources.

The pass-by tests were performed at the stationary test site

using the track on which the locomotive was positioned for the

stationary tests. These tests included coast-by tests to determine

the contribution of wheel/rail noise at various speeds, throttle 8

drive-by tests to det ermine the noi se from the 10 comot i ve ac celerat

ing by in throttle 8 at various speeds, and throttle 8 brake-by tests

to determine the noise from the locomotive passing by in throttle

8 at low speed with the brakes applied so as to draw full power

from the locomotive.

1.3 Organization of Report

The details of the test locomotive and test site are dis~

cussed in Sec. 2 and 3, respectively. The test program and

results are described in Sec. 4. Conclusions may be found in

Sec. 5.

2



2. TEST LOCOMOTIVE

The test locomotive was the General Electric (GE) C36-7

diesel electric locomotive shown in Fig. 1. It is a six-axle,

3600 hp locomotive equipped with a GE Model GE-FDL16, 16-cylinder,

45°V, 4-stroke-per-cycle, turbocharged, intercooled, diesel en

gine. The unit used in the test was owned by GE's engineering

department. It differed from standard production units in a num

ber of minor ways. The only difference of concern here is the

engine speed schedule.

Diesel electric locomotives in the U.S. are set up with an

idle setting and 8 discrete throttle or notch settings. During

steady operation the throttle setting fixes both engine speed and

output power.* The engine speed and power vs throttle setting

*If main generatDr output voltage or current exceeds certain pre
set levels the output power of the locomotive will be automatic
ally reduced so that the voltage or current does not reach levels
that would be damaging to the equipment.

FIG. 1. TEST LOCOMOTIVE.
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for this locomotive is shown in Table 1. Notice that the three

highest throttle settings have the same engine speed. Standard

production units are different in that the engine speed is not

the same in the last three throttle settings but increases gradu

ally with increased throttle setting to a maximum of 1050 rpm on

throttle 8.

TABLE 1. DIESEL LOCOMOTIVE ENGINE SPEED AND POWER SCHEDULE.

Thrott1e Engine Speed Engine Power
Setti ng (rpm) (Horsepower)

Idle 450 0

1 450 100

2 535 380

3 705 690

4 878 1150

5 964 1730

6 1050 2320

7 1050 3000

8 1050 3672

Figure 2 shows the location of the components of the locomo

tive thought to be the primary sources of noise.

The diesel engine powers the main generator which del i vers e lec

tric power to the six traction motors, one on each axle. The equip

ment blower, a large 8-bladed fan (-150 hp), is located forward of

the engine and is mechanically driven at 2.38 times engine speed

by a drive shaft from the main generator. The equipment blower

provides cooling air to the traction mbtors ~nd main generator.

The cooling air to the main generator is exhausted into the

engine compartment where it creates a slight positive pressure to

keep dirt and dust from entering the compartment. The equipment

4
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FIG. 2. LOCATION OF LOCOMOTIVE COMPONENTS.
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blower is in a separate compartment from the engine and main gen

erator. Two large mesh covered openings in the equipment blower

compartment admit air to the blower. The engine/main generator

compartment located aft of the equipment blower compartment is a

sealed compartment except for one opening around the exhaust stack

and two small openings for the passage of drive shafts, one for

ward to the equipment blower compartment and one aft to the air

compressor compartment.

The engine intake admits air to the diesel engine. The air is

cleaned first by an inertial filter to'remove large particles of

dirt which are carried away by an aspiration system connected to

the exhaust stack. The air then passes through paper filters to

remove finer particles.

The air compressor' provides compressed air to the locomoti ve

and train brake system. It is mechanically driven by a drive

shaft from the diesel engine. The compressor is located in its

5



own compartment just aft of the diesel engine. Louvers located

. in the access doors admit cooling air.

Just aft of the air compressor in a separate compartment 1s

a single radiator cooling fan, an 8-bladed, 6- ft-diamet er axial flow

fan. The fan is driven mechanically by the diesel engine through

a right angle gear box at 1.073 times engine speed. The fan draws

exterior cooling air through louvers in the side of the fan

compartment, and blows it vertically through the radiators mounted

above the compartment.

6



3. TEST SITE AND INSTRUMENTATION

3.1 Test Site

The site for both stationary and pass-by tests was one

specially prepared by General Electric to conform to the require

ments in the EPA Railroad Noise Emission Standard [lJ. Figures

3a and 3b show views of the site and Fig. 4 shows a plan with

the load cell building and the seven wayside microphone locations

on the north side of the track.*

The recording instrumentation, preamplifiers, etc. were all

located in the load cell building (the white concrete block build

ing in Fig. 3a) and long cables were run to the microphones. The

resistor bank load cell for loading the locomotive was also

located in the load cell building. The load cell was equipped

with special low speed silenced blowers for cooling the resistors.

When operating, the load cell could not be heard at any of the

microphone locations even with the locomotive shut down and the

load cell fans operating at maximum speed.

The track on which the locomotive was positioned for the

stationary tests is part of General Electric's test track for

dynamic testing of their locomotives. It is constructed of 140

Ib/yd bolted rail on wooden ties and limestone ballast in excel

lent condition. That same track was used for all of the passby

tests. Consequently, we were able to use the same microphone

locations for both stationary and passby tests.

3.2 Instrumentation

Two separate instrumentdtion systems were used during the

testing: an on-board system and a wayside system. The on-board

system is shown in Fig. 5. These systems were used essentially

*The south side of the track was covered with low brush and was
not suitable for placing microphones.

7



(a) Looking West; the Load Cell Building is on the Right and the
Test Locomotive is on the Left.

(b) Looking Southwest; the Test Locomotive is on the Left.

FIG. 3. TEST SITE.

8
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FIG~ 4. TEST-SITE PLAN AND GENERAL MICROPHONE LOCATIONS.

unchanged for all except the diagnostic tests where no on-board

recordings were made. The system shown for recording locomotive

output-current and voltage (power) was eliminated during the

course of the testing because of repeated failure of the dc pre

amplifiers. Fortunately, the locomotive had an on-board system

that provided a voltage proportional to output power. This was

monitored and recorded on a strip-chart recorder. The on-board

microphone was located at a position approximately I ft to the

left of the engineer's left ear. The time-code generator was

used so that wayside and on-board tape recorders could be

synchronized, if necessary, during data reduction.

The wayside instrumentation system changed slightly depend

ing on the particular test being performed. Figure 6 shows the

recording system for the pass-by tests. The heart of the system

9
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No.6

is a l4-channel FM tape recorder operating at 30 ips intermediate

band (0-10 KHz frequency response). Three microphones at locations

3, 6, and 7 in Fig. 4 were used at the wayside. To minimize the

shielding effects of the locomotive hood, the microphones were

placed at gradually increasing heights as they approached the

locomotives. Figure 7 shows the configuration of the microphone

array. Six ohotocells were placed at 20 ft intervals at the way

side to obtain locomotive position and speed. An automotive

25 ft r
----t~50ft

.....__t
100

....._l
No.3

(a) PLAN VIEW

13 ft

No.7 No.6

(b) SIDE VIEW

" MICROPHONE
LOCATION

• MICROPHONE

FIG. 7. PASS-BY TEST WAYSIDE MICROPHONE LOCATIONS.
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headlamp was mounted to the front of the locomotive and aimed

down at the photocells. The photocells were wired in series so

that as the light passed over each photocell, a pulse was gener~

ated and recorded on the tape recorder. Wind speed and wind

direction were monitored by a Climatronics Weather System and

recorded on the tape recorder. As with the on-board system, the

output of a time-code generator was recorded on one of the chan

nels so that the two recording systems could be synchronized if

required during data reduction.

For the stationary tests, the recording system used is shown

in Fig. 8. A number of different microphone arrays were used

with that system depending on the test. For the baseline tests

B 8 I< 1/2 in MICROPHONES 8
GR P-42 PREAMPLIFIERS WITH WINDSCREENS

C:J ITHACO f-- AMPEX ,- B81<

MIOI FR 1300 GRAPHIC

0==>----. DECADE - 14 CHANNEL LEVEL.. .

C·) PREAMPLIFIER ,--- TAPE RECORDER RECORDER

MODEL 2306

~ I--

ex=:>-- -:> --

C1 >--- B81< f-- -
SOUND LEVEL

(:·:-·3 >- METERS f-- -
2-MODEL 2203

C'l .>-- ]-MODEL 2215 f-- f--

LOCOMOTIVE 2- GOULD
VOLTAGE -

f--
DC AMPLIFIERS

MODEL
LOCOMOTIVE_ 13-4215-92 ~
CURRENT

BBN I
INTERCOM I

TIME CODE WIND SPEED

GENERATOR - WINDSYSTRON DONNER
MODEL 8350 DIRECTION

CLiMATRONICS CLiMATRONIC

WEATHER ( STRIP CHART

SYSTEM RECORDER

FIG. 8. INSTRUMENTATION FOR STATIONARY TESTS.
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all microphone locations in Fig. 9 were used (see Fig. 4 also).

For the shielding test, a seven-microphone array was again used

at locations 3, 6, and 7 as shown in Fig. 10. The diagnostic

tests used the same three microphone array as the pass-by tests

(Fig. 7). During all testing, the output of the microphone at

location 3 in Fig. 4 (the microphone location specified in the

EPA railroad noise-emission standard) was monitored on a graphic

level recorder.

During the stationary tests, an intercom system was used

that interconnected the operators in the locomotive and the load

cell building. All intercom communication was recorded on both

the wayside and the on-board recording systems.

NO.7

No.6 /

~O.4
No.3

I

MICROPHONE
MICROPHONE

HEIGHTS ABOVE
LOCATION GROUND

No.1-No.5 4ft
No.6 10 ft
No.7 13 ft

FIG. 9. BASELINE TEST MICROPHONE LOCATIONS.
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---- - --r +
----- - ---! • 13 tt______t-f-ft 7 ft 10t L
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E
2Sft -

- SOft

-------100 ft-------.-f
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4. TEST PROCEDURES AND RESULTS

4.1 Pass-by Tests

A series of pass-by tests were carried out to determine the

wheel/rail noise contribution to the locomotive noise, to obtain

the baseline noise from the moving locomotive (for comparison with

stationary tests), and to examine the usefulness of a pass-by pro

cedure that might be used in place of the stationary test proce

dure in the EPA standards.

a. Test Procedure

The locomotive was operated on the track at the stationary

test site under the following conditions:

· Coasting-by the wayside microphones with the locomotive

shut down (coast-by)

• Runnin~ by the wayside microphones at low speed in

throttle 8 with a full service brake application (throt

tle 8 brake-by)

• Running by the wayside microphones at speeds from 10

60 mph in throttle 8; no brakes applied (throttle 8
drive-by).

Each test was run with cab windows open and then repeated

with those windows closed so as to record the full range of cab

interior sound levels. Wayside noise levels were recorded simul

taneously.

b. In-Cab Test Results

The results of the in-cab measurements are presented in

Fig. 11. Noise levels with windows open and closed are shown vs

locomotive speed. Opening the windows appears to increase cab

noise levels by up to 2.5 dBA. Coast-by noise levels with the

15
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FI G. 11. CAB-NOISE LEVELS.

engine at idle are generally well below the levels at comparable

speed with the locomotive in throttle 8. The difference indicates

that wheel/rail noise is not a significant source of cab noise

until the locomotive achieves speeds of 50 mph or more. Throttle

8 brake-by noise levels are generally comparable to the low-speed

throttle 8 drive-by levels, despite the fact that the power gen

erated by the locomotive during the brake-by tests was up to

twice that generated during the drive-by tests at comparable

speeds (see Table 2).

c. Wayside Test Results

The wayside vs speed noise at the 100 ft microphone (loca

tion No.3 in Fig. 9) is plotted in Fig. 12. Coast-by noise

levels are generally well-below the pass-by levels with the loco

motive in throttle 8 for all speeds up to 50 mph. Throttle 8
brake-by noise levels are generally comparable to throttle 8
drive-by levels.
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Table 2 provides a detailed listing of wayside and in-cab
o

noise levels and locomotive power for all tests. The data from

all three wayside microphones (25 ft, 50 ft, and 100 ft, locations

7, 6, and 3, respectively, in Fig. 7) are shown. During the

. throttle 8 drive-by and throttle 8 brake-by tests, the noise

levels at the 50 ft microphone were 3 - 5 dBA higher than the

levels at the 100 ft microphone; and the 25 ft microphone noise

levels were 8 - 9.5 dBA higher than the 100 ft microphone levels.

For the coast-by noise levels the differences were 3 - 6 dBA and

6 - 10 dBA, respectively.

The power generated by the locomotive during the throttle 8
drive-bys was sUbstantially less than full power except at high

speed (46 and 62 mph). During the brake-by test, full power

operation was achieved at 25 mph. Part of the proble~·with

dynamic testing of a locomotive is that there is protective
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TABLE 2. PASS-BY NOISE LEVELS.

Wayside Microphones Cab
Speed (dBA) Microphone Power
(mph) Direction Condition ~Ji ndows 100 ft 50 ft 25 ft (dBA) (H. P. )
-=-=-~= ;=====-===F=== ,-=F==-~ -- - -<=-= - - <=

9.5 E

1
- - 70 73 - -

10 W - 70 73 80 - -
20 E - 74 82 83 - -
20 W - 76.5 82 84.5 - -
30 E £ - 78 84 86 - -
30 E I Closed 79 83.5 85 70+' -
31 W

rJl Open 76.5 83 86 72m -
31 E

0 Closed 79 83.5 85 70u -

40 w

j
Closed 78 84 87 71 -

40 E Open 79 85 87.5 72.5 -

49 E Closed 81. 5 87.5 90 76 -
53 E Open 81 P,'T C 90 76.5 -\J, • )

10 W I Open 39 93 98.5 81 1700
21 E Closed 89 93 98 80 1200
20 W c:e Open 80 93 98 82 1600
17 E

:>,
Open 89.5 93.5 99 81 2300Q.J o:l

26 w H I Closed 90 94 99 80 1600+' Q.J

33 E +' > Open 88.5 92.5 97 .5 81 1600o 'M

39 W
;.., ;..,

Closed 89.5 92.5 98 80 2000,.c:~

46 E E-i Open 92.5 97.5 101.5 83 3600
62 w

1
Closed 90 95 99.5 81 2200

62 E Open 94 - 102 84 3600

15 E r Open 90 94 99 - 2600
17 w co

Closed 90.5 94 99.5 80 2400;.,

23 E
UJr:o Open 89.5 93.5 98.5 80.5 1700rl I

12 "IV
+' UJ Closed 90 94 100 2300+'~ -

21 E o m Open 90 94 100 82 3200;.., ;..,

15 Ttl
,.<::r:o Open 90 CJ4 99.5 82.5 2500E-<

00-; E 1 Closed 91. 5 96 101 80 3600,- -'

8 E Brake-by Open 75 80 83 71. 5 -
17 Ttl Ttlith Engine Closed 77 81. 5 85 - -

Shut Down

circuitry onboard that prevents the locomotive taking on load too

quickly. Consequently, when throttle 8 is suddenly applied the

power slowly builds up and the power achieved depends on the

amount of time the locomotive is left in throttle 8 before reach

ing the microphones. With the brakes applied as in a brake-by

18



test, the locomotive cannot accelerate so quickly and full power

can be achieved at lower speed. During a throttle S passby the

locomotive accelerates retarded only by its own interia. As a

result, fairly high speeds are achieved before full power is

reached.

4.2 Stationary Tests

A series of three stationary tests was performed: baseline

tests, shielding tests, and diagnostic tests. In the first we

determined the characteristics of the noise from the normally

operating locomotive. In the shielding tests we examined how the

locomotive hood acted as a barrier to the propagation of sound to

a nearby wayside observer. The diagnostic tests determined the

contributions of the various sources to the overall noise. Each

set of tests is described below.

4.2.1 Baseline tests

a. Test Procedure

With the locomotive connected to the load cell and in normal

operating condition we used the microphone array shown in Fig. 9
and one microphone in the cab to measure the noise from the loco

motive under the following operating conditions:

• Steady operation at idle,and throttles 1 through 8 both

loaded and unloaded,and with cab windows open and closed

• Operating through the AAR smoke test procedure~ loaded

and unloaded,and with cab windows open and closed.

*The smoke test procedure is a series of throttle changes used to
test for smoke emissions from the locomotive stack. The throttle
sequence is 1-4, 4-8, 8-6, 6-8, 8-idle, idle-So

19



b. Test Results

The change in noise level at the 100 ft microphone (location

No. 3 in Fig. 9) with throttle settings is shown in Fig. 13 for

the locomotive loaded by the load cell. In-cab levels are shown

in Fig. 14 for windows open and closed. When the AAR smoke test

procedure was run, the noise levels obtained were essentially the

same as the steady state levels in Fig. 13 and 14; i.e., during'

each throttle change the noise changed smoothly without "overshoot"

to the steady state level of the final throttle setting as shown

in Fig. 15. Consequently, no throttle wipe test results are pre

sented in this report.

100 r--~-...,....---r---,--r--.,--..,--..,..-..,-.....,

LOADED

~
£D 90'C-
.J
W
>
W
.J

UNLOAOEO/

cz
=> 80
0en
C
w
I-
::I:
e"
w

703F«

1IDLE
60 '-_.J-_.J-_....._-.L._--'-_~_.-~_"'-_~-.I

2 3 4 5 6 7

THROTTLE SETTING

FIG. 13. SOUND LEVEL AT 100 FT MICROPHONE (LOCATION NO.3) VS THROTTLE
SETTING WITH LOCOMOTIVE LOADED BY LOAD CELL.
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BY LOAD CELL.

21



AIR
RELEASE

AIR
RELEASE

AIR
RELEASE

AIR
RELEASE

AIR
RELEASE

rD
rD

100
90

~ 80
a:I 70
"l:J 60

50

" "" 10 Sec "
~ttle" \ Throttle
f.ot-l 1 P"Y Throttle Throttle =I--Throttle - Throttle ~~ 1 ..., Throttle

4 8 I-- 6 - 8 8
1-4 :4-8: 8-6 1 6-8 18-1-- 11-8

FIG. 15. LOCOMOTIVE NOISE AT 100 FT MICROPHONE MEASURED DURING THROTTLE 11IPE TESTS
EMPLOYING AAR SMOKE TEST PROCEDURE.



The directivity of the noise around the locomotive is shown

in Fig. 16. The data are the noise levels measured on a 100 ft

radius half circle (microphone locations 1 through 5 in Fig. 9)
at idle, throttle 8 loaded, and throttle 8 unloaded. Data are

shown for only one side of the locomotive. Simultaneous measure

ment of the noise on both sides of the locomotive 100 ft away

(microphone location 3 and the symmetric location on the opposite

side of the locomotive) gave noise levels that were within 1/2 dB

of one another at throttle 8, loaded. That result confirms what

one would naturally suspect, i.e., that the noise is symmetrically

distributed about the axis of the locomotive.

4.2.2 Shielding tests

Q. Test Procedure

The shielding tests used different microphone locations from

the baseline tests. The microphone array for these tests is shown

IDLE
THROTTLE B
UNLOADED

THROTTLE B
LOADED100 3

A WEIGHTED
SOUND LEVEL

[dBA]

1--.....--r---e-...........---5
~-t:::;::::::;::=;::=:!==W

FIG. 16. DIRECTIVITY OF NOISE AROlJND LOCm10TIVE.
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in Fig. 10. The locomotive noise was measured with the locomo

tive in normal operating condition. During the diagnostic tests,

additional shielding measurements were carried out with the

locomotive placed in a configuration first to enhance exhaust

noise, and then to enhance radiator cooling fan noise. Section

4.2.3 describes the locomotive configuration for these tests.

For all of the shielding tests, the locomotive was operated

in the following conditions:

• Steady operation at idle; throttle 8, loaded; and throt

tle 8, unloaded .

• Operating through the AAR smoke test procedure both

loaded and unloaded.

b. Test Results

The overall A-weighted sound levels, measured at each of the

8 microphone positions of Fig. 10 for the locomotive in normal

operating condition, are shown in Fig. 17. The positions of the

boxes tD the right of the locomotive, in the figure, correspond

to the microphone positions in Fig. 10. The number in each box

is the overall A-weighted sound level measured at the correspond

ing microphone position. Data are presented for the locomotive

at idle, throttle 8, loaded and throttle 8, unloaded. No data

from the AAR smoke test procedure throttle-wipes are shown for

reasons preViously given. Similar data are presented in Figs. 18

and 19 for the locomotive configurations in which radiator cool

ing fan and exhaust noise are enhanced, respectively.

The data show that there is generally no significant over

all noise level variation with height at the 50 ft microphone

for any locomotive configuration or operating condition.
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At the 25 ft microphone, however, there is a noticeable

change in noise level with microphone height for certain locomo

tive configurations and operating conditions. For the locomotive

operating fully loaded in throttle 8 and in normal operating con

dition (Fig. 17) or configured to enhance exhaust noises (Fig.

19), the noise level increases with height. At idle or throttle

8, unloaded, the effect is absent or at least less prominent.

Since in these latter two throttle and load settings exhaust noise

is significantly reduced, the 2.5 to 3 dBA increase in noise level

with height, when operating fully loaded at throttle 8, appears

to be due to a decrease in the shielding of exhaust noise by the

locomotive hood at the higher microphones.

For the tests with the locomotive configured to enhance

radiator cooling for noise, the opposite effect is seen at the

25 ft microphone (Fig. 18); i.e., the noise level decreases

slightly with height, indicating increased shielding of the fan

by the hood with increasing microphone height. The reason for

the increased shielding becomes apparent after examining Fig. 2

at the beginning of this report. The figure shows that the radi

ator cooling fan is located below the radiator near the top of

the hood. Louvers in the side of the hood allow an almost un

obstructed view of the fan from positions near the ground. As

the observer's height above the ground increases his view of the

fan becomes gradually more obstructed by the hood. Consequently

the hood begins to provide more acoustic shielding.

4.2.3 Diagnostic tests

The so-called "cover and expose" technique was used to

quantify the strengths of the major sources of noise. All major

sources were treated to reduce their noise to the maximum extent

possible. The treatments were then removed from one source, and

the resulting increase in noise was attributed to that source.
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The process was repeated for each source. The "cover and expose"

technique will generally work well if, when a source is exposed,

there is a significant increase in noise over the fully quieted

condition. For the tests described here, the cover and expose

technique worked well at most throttle settings for the exhaust,

radiator cooling fan, and equipment blower. For all other sources

and for structureborne noise a transfer function technique was

employed that extrapolated noise measurements near the source

(vibration measurements for structureborne noise) to the far field.

a. Locomotive Treatments

To carry out the "cover and expose" technique, each major

source on the locomotive had to be treated. The treatments con

sisted of the following:

• Exhaust - industrial exhaust silencer

• Radiator cooling fan - disconnected from the engine

• Radiator cooling fan gear drive - wrapped with glass

fiber mat and lead vinyl

• Engine/main generator - the inside of the hood lined

with 3 in. of glass fiber mat and all access doors

sealed with duct tape

• Equipment blower - a silencer over the air inlets on

both sides of the hood

• Engine intake - a silencer over the inlet on both sides

of the hood

• Air compressor - the bypass engaged so that the com

pressor is unloaded.

The fUlly quieted locomotive is shown in Fig. 20. The ex

haust silencer can be seen mounted on top of the hood. Duct work

constructed by G.E. connects the silencer to the exhaust stack
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(a) Looking Southeast.

(b) Looking South Towards the Test Locomotive from the 100 Ft Microphone.

FIG. 20. FULLY TREATED LOCOMOTIVE.
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(c) Looking Northwest Toward the Load
Cell Building

(d) Looking West, the Load Cell Build
ing is Out of the Picture to the
Ri ght.

FIG. 20. CONTINUED.
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through an expansion bellows, best seen in Fig. 20a. The silencer

was designed and built by Universal Silencer. It is a 22-in.

diameter straight flow type designed to minimize backpressure,

but still provide 20 dB of exhaust noise attenuation.

The radiator cooling fan is mechanically driv~n by the engine

through a right-angIe-gear drive. To eliminate fan and gear-drive

noise, we disconnected the drive to the fan at a flexible coupling

between the air compressor and the fan gear drive. To control

noise from the gear-drive when the fan was running, we wpapped

the gear drive with glass fiber mat and covered that with 12 OZ/

ft 2 leaded vinyl sheet as shown in Fig. 21.

(a) Drive Before Wrapping

FIG. 21. FAN, RIGHT ANGLE GEAR DRIVE.
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The equipment-blower silencers are the two large boxes

mounted high on the hood between the exhaust-silencer outlet and

the cab. They were constructed of 1/2-in. plywood and lined with

3-in.-thick glass fiber mat. Air to the equipment blower flows

in the top of the boxes and makes a right angle turn to flow

through the air inlet in the side of the hood to the equipment

blower compartment.

The engine inlet silencers best seen in Fig. 20a on the cat

walk forward of the radiator cooling fan inlet were constructed

similarly to the equipment blower silencers. Air flows in the

forward end of the box and makes a right angle turn to enter the

engine air inlet opening in the side of the hood.

b. Cover and Expose Test Procedure and Preliminary Results

The test procedure consisted of removinG the treatment from

a particular source with the locomotive in an otherwise fully

quieted condition; operating the locomotive at idle, throttle 8,

loaded, and throttle 8, unloaded; and recording the noise at the

microphone locations of Fig. 7.

The results of the cover and expose tests are shown in Table

3. The A-weighted sound levels shown are those measured after

the treatment on the indicated source was removed. For those

sources unaffected by engine power, measurements were performed

only at idle and throttle 8, unloaded. To determine the strength

of a given source the noise levels measured after removal of a

treatment from that source must be corrected to account for the

fact that the measured level is due not only to the source of

interest but also to contributions from the remaining treated

sources (and, possible other sources that were not treated). The

noise levels measured with the locomotive in the fully quieted
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TABLE 3. A-WEIGHTED SOUND LEVELS MEASURED DURING "COVER AND EXPOSE" TESTS.

100 Ft Microphone 50 Ft Microphone 25 Ft Microphone

T-8 T-8 T-8 T-8 T-8 T-8
Treatment Idle Loaded Unloaded Idle Loaded Unloaded Idle Loaded Unloaded

Baseline 66 90.5 83.5 72.5 95 89 77 101. 5 94
(No Trea tment)

Exhaust 64.5 88.5 77 69.5 94.5 81 73.5 101 87.5

Radiator 66 - 82.5 72 - 88 75 - 91
Cooling Fan

Cooling Fan 64 - 81.5 72.5 - 88.5 74.5 - 90.5
Gear Drive

Engine Intake 62.5 78.5 73.5 70 83.5 - 75 90 85.5

Engine [, Main 62 79.5 73.5 70 84 80 76.5 90.5 85.5
Generator

Equipment 61 - 76 70 - 83 73.5 - 89.5
Blower

Compressor 61 - 76* 70 - 81* 73.5 - 84.5

Fully Quieted 61. 5 78 72.5 69 83.5 78.5 73.5 90.5 84.5

*The data for these two conditions was questionable. Consequently, we have relied on transfer function
measurements to quantify the compressor source strength.

condition are a combination of the noise levels from all treated

sources including the source of interest before the treatment was

removed. It is these fully qUieted noise levels that must be

used to carry out the above correction and the following two

limiting cases can be considered:

If the treatment to the source of interest is very

effective, then the fully quieted levels can be assumed

to represent the sum of all the other treated source

levels with essentially no contribution from the source

of interest. The proper correction, then, is to

logarithmically subtract the fUlly quieted level from

the measured source. That result is a lo~er bound on

the source strength* level.

*Note that this is the only proper assumption for the radiator
cooling fan since it is shut off in the fUlly quieted condition.
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• If the treatment to the source is not very effective,

but all other source treatments are, then the fully

quieted level can be assumed to represent the treated

level of the source of interest alone and no correction

is required to the level measured with the treatment

removed from the source. That result is an upper bound

on the source strength.

Of course, the true situation lies somewhere between these

two extremes, and if the difference between the measured noise

level with the treatment removed and the fUlly qUieted level is

large enou~h, then the source levels predicted by the upper and

lower bounds are essentially the same. We will describe the

results of applying these corrections to the measured source

levels after describing the transfer function measurements, used

to supplement the cover and expose measurements.

c. Transfer Function Test Procedure

To Quantify the sources not diagnosed by the cover and expose

technique, and to deal with structureborne sources, we resorted to

a transfer function approach. To begin with,we must distinguish

between airborne and structureborne paths. So far the "cover and

expose" procedure has dealt only with the airborne path, i.e.,

the path by which the sound from a source is transmitted through

the air (including for some sources transmission through the

locomotive hood) to the wayside. In the structureborne path the

source excites the locomotive structure into vibration and the

vibratin~ structure including the hood radiates sound to the way

side. In the "cover and expose" measurements no attempt was made

to silence the structureborne path by vibration isolating sources

from the locomotive structure. Previous tests [2J showed that

this would not be necessary.
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For the airborne path transfer functions, we focused on the

engine/generator, equipment blower, air compressor, and engine

intake.* For all but the engine intake, we measured the airborne

transfer functions. A loudspeaker was placed under the hood in

the compartment containing the source of interest and driven with

pink noise filtered in octave bands. The sound level at one or

more positions in the compartment and at the three wayside micro

phones were then measured in corresponding octave bands. The

differences between farfield and nearfield sound levels in each

octave band then defined transfer functions that were used to

extrapolate nearfield noise levels measured in each compartment

with the locomotive operating at idle, throttle 8, loaded, and

throttle 8, unloaded, to the levels at the farfield microphones.

Figure 22 shows one of the three microphone locations in the

*No measureable increase in noise was found 3 ft in front of the
engine intake or at the farfield microphones after removal of
the intake silencer. Consequently, no intake source levels have
been derived.

FIG. 22. TYPICAL MICROPHONE LOCATION IN ENGINE COMPARTMENT FOR ENGINE/MAIN
GENERATOR TRANSFER FUNCTION TEST.
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engine compartment over the engine. A single microphone was used

in the equipment blower and air compressor compartments.

The structureborne transfer function measurements focused on

the engine/generator, air compressor, and cooling fan right-angle

gear drive.* The test procedure consisted of instrumenting the

mounts of each piece of equipment with accelerometers measuring

vibration in the three orthogonal directions, vertical axial,

and lateral as shown in Fig. 23. Each mount was then struck with

a hammer in the three orthogonal directions. Simultaneous record

ings were then made of the three accelerometer signals and the

signals from the three microphones at the locations in Fig. 7.
In general, the vibration in the direction of hammering dominated.

The transfer functions were then derived by simply subtracting

the acceleration level in the direction of hammering in octave

*Restrictions on availability of the test site resulted in there
not being enough time to carry out the measurements on the
equipment-blower structureborne noise.

FIG. 23. ENGINE MOUNT INSTRUMENTED FOR STRUCTUREBORNE TRANSFER FUNCTION TEST.
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bands from the sound level in octave bands at each of the three

microphone positions.

The locomotive was then operated at idle; throttle 8, loaded;

and throttle 8, unloaded; and the signals from the acceleration

in the three orthogonal directions on the mounting points of the

engine, gear drive, and compressor recorded. By adding these

levels to the appropriate transfer functions we determined the

structureborne contribution from the mounts of each piece of

equipment.

d. Results

Figures 24 through 32 show the 1/3-octave band source spectra

at the three microphone positions of Fig. 7, for the locomotive

operating at idle; throttle 8, loaded; and throttle 8, unloaded.

Structureborne source levels were generally found to be
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FIG. 24. LOWER BOUND ONE-THIRD-OCTAVE SOURCE SPECTRA; IDLE, 100 FT MICROPHONE.
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FIG. 25. LOWER BOUND ONE-THIRD-OCTAVE SOURCE SPECTRA; THROTTLE 8, LOADED;
100 FT MICROPHONE.
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negligible. For illustrative purposes, Fig. 25 shows the struc

tureborne source spectra for throttle 8, loaded. For throttle 8
operation, all but the engine/generator air-compressor source

spectra have been obtained from cover and expose measurements by

subtracting the fully quieted spectra from the spectra measured

with a given treatment removed. As the discussion earlier pointed

out, these spectra represent a lower bound on the source strengths.

The upper bound has been omitted from these figures so as to avoid

further complicating an already involved display. Both upper and

lower bounds 'are given in the bar charts of Figs. 34 through 36.

For operation at idle the cover and expose procedure was not

so successful as is evident in the incomplete source spectra in

Figs. 24 through 26. No source level has been shown in any one

third-octave-band if the noise level with the treatment removed

from that source was not at least 2 dB higher than the fully

qUieted level in that band. Consequently, for idle only, the

exhaust source spectra at low frequency and the radiator cooling

fan source spectra at high frequency have been obtained by cover

and expose methods. For each of the other sources, no measurable

change in the fully quieted spectra occurred as each noise reduc

ing treatment was removed. Figure 33 compares the baseline

spectra at idle with the fUlly quieted spectra. Only a small

reduction (4-5 dBA) occurred after fully quieting the locomotive,

whereas,at throttle 8 a much larger reduction in noise occurred

(-12 dBA). That small reduction in noise at idle is the main

reason the cover and expose procedure did not work well.

If we examine Fig. 33 carefully, strong tones in 400, 800

and 1250 Hz one-third-octave bands are visible in the fully

quieted spectra at all three microphone locations, but most

stron~ly at the 50 ft location. The strength of these tones

especially at 800 Hz was highly variable from test to test. The
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source spectra, i.e., the

spectra measured after

removing each of the noise

control treatments one at a

candidate sources, the

radiator cooling fan has a

blade passage frequency of

64 Hz, the equipment blower

143 Hz, and the turbocharger

(1200 rpm at idle and 73

blades) 1460 Hz. None of

these fundamentals or their

harmonics matches especially

well with the three observed

tones.

Figures 24 through 32 each present overall levels for each

of the source spectra displayed. In some cases, especially at

idle, the source spectra are incomplete as described above. The

overall levels in the figures have been obtained by simply add

ing up the levels in each one-third-octave band where source

spectrum levels have been obtained. The resulting levels are

lower bounds and, in some cases, where incomplete spectra have
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been used, may significantly underestimate the source levels.

This is especially evident in. Figs. 34 through 36 in the exhaust

levels at idle. The upper bound in those figures was obtained

from the noise levels measured with the locomotive fully quieted

(with the exhaust muffler removed), and is seen to be 5 - 6 dBA

higher than the lower bound. It is interesting to note that the

calculated overall levels agree best with the measured overall

levels when the upper bound exhaust levels are used. This sug

gests that the exhaust muffler may not have been performing well

at idle in the mid and high frequencies and that the fully quieted

levels were controlled by exhaust noise.

Since source spectra have been obtained from both cover and

expose measurements and transfer function measurements, it is use

ful to compare the results of the two techniques. Figure 37 makes

that comparison for the equipment blower. The agreement, especi

ally in the overall levels, is very encouraging.
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The overall picture that emerges is that:

• At throttle 8, loaded, exhaust noise is by far the pre

dominant source

• At throttle 8, unloaded, the radiator cooling fan pre

dominates followed by the engine exhaust and the equip

ment blower,

At idle, the radiator cooling fan and engine exhaust

predominates.
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5. CONCLUSIONS

5.1 Overview

A series of measurements performed on a C36-7 and General

Electric diesel-electric locomotive have characterized the noise

it produces and quantified the sources of that noise. During a

series of pass-by tests, wayside-noise levels at throttle 8, 100

ft from the track centerline, were found to be in excess of 90

dBA, whereas cab-interior noise was generally 80 - 84 dBA. Wheel/

rail noise was generally not a significant contributor to wayside

or cab-interior noise.

Stationary tests examined the shielding proved by the loco

motive hood. Significant effects were found only for locations

very near the locomotive (25 ft away). Additional tests quanti

fied the sources of noise on the locomotive with it operating at

idle; throttle 8, loaded; and throttle 8, unloaded. The radiator

cooling fan and engine exhaust, are the primary sources at idle.

At throttle 8, loaded, the exhaust is primarily responsible for

the noise with the radiator cooling fan adding only an additional

I dBA. The' fan, however, is the primary source at throttle 8,
unloaded, with the exhaust and equipment-blower together adding

an additional 2 - 3 dBA.

5.2 Noise Control

For the control of noise at throttle 8 under full load and

at idle, the diagnostic information obtained from this study

indicate that significant reductions in noise from this GE loco

motive could be achieved by treating just the engine exhaust and

the radiator cooling fan.

Exhaust noise can be treated with an exhaust muffler. Limited

space under the locomotive hood does, however, impose a severe

design restriction. Exterior mounting of the muffler is generally

not feasible because on the larger line-haul locomotives there
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is insufficient clearance between the hood and tunnels. Another

severe restriction is the very low exhaust backpressure require

ments (5 in. of H 0) on turbocharged locomotives. It has been
2

demonstrated, however, that these difficulties can be overcome.

Both GE and EMD, for example, have been able to modify the vast

majority of their locomotives to achieve the federally mandated

87 dBA regulation that will go into effect January 1, 1980. For

most locomotives, the primary modification has been the addition

of an exhaust muffler.

Fan noise is usually treated in one of two ways. Obstruc

tions at the fan inlet 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 (usually tones at multiplies of the blade passage

frequency) 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 speed 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.

There are a number of struts supporting a grill work in front of

the fan blades. Removing these struts would reduce any tones at

the blade passage frequency or multiples of that frequency.

Improving the pumping efficiency ~f the fan may prove to be

difficult since the fan cannot be made much larger and still fit

under the hood, existing fan/shroud clearances are not excessive

and existing fan blades are already somewhat sophisticated in

shape. It may be possible through a redesigned cooling system to

reduce required air flow rates and still achieve the required

cooling. Reduced fan speeds could then be tolerated.
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For illustrative purposes we have calculated in Table 4 the

reduction in noise that would be achieved if exhaust and fan noise

could each be reduced 10 dBA. We believe that such a reduction

is achievable with present day technology although some investment

in development would have to be made to design and build the

required hardware.

TABLE 4. NOISE LEVELS AT 100 FT ACHIEVABLE THROUGH ENGINE EXHAUST AND
RADIATOR COOLING FAN TREATMENT.

No
Treat- Exhaust Reduced Fan Reduced Exhaust and Fan
ment 10 dBA 10 dBA Reduced 10 dBA

Idle 66 dBA 63 - 65 dBA 63 - 64.5 dBA 59.5 - 61 dBA

Throttle 8 90.5
Full Load dBA 84.5 - 86 dBA 89.5 - 90 dBA 81.5 - 83 dBA

Quieting beyond the levels shown would require additional

exhaust treatment and silencing of the equipment blower. All of

the techniques applicable to the control of radiator cooling fan

noise would apply to the equipment blower. In addition, there is

sufficient space within the equipment blower compartment to con

sider installing a silencer.
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APPENDIX A: TRANSFER FUNCTIONS

The airborne transfer functions measured as described in the

text are shown in Figs. A.l through A.3. High background noise

at the 100 ft microphone interferred with the engine compartment

measurements in some of the octave bands (250 and 2000 Hz). It

is encouraging to note that the transfer functions for the 100 ft

microphone agree quite well with comparable measurements made on

an EMD locomotive in an earlier study [2J.

The structureborne transfer functions for the 100 ft micro

phone are shown in Figs. A.4 through A.6. The engine mount trans

fer functions are comparable to those measured on the EMD locomo

tive mentioned above [2J .
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APPENDIX B: REPORT OF NEW TECHNOLOGY

During this program, a combination of the "cover and expose"

and "transfer function" techniques was applied to the diagnosis

of the noise sources in a locomotive. More importantly, the two

techniques were compared and found to yield almost identical

results. That comparison shows the two techniques to be valid

diagnostic tools. We do not, however, anticipate any inventions

being developed as a consequence of the information in this report.
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