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PREFACE

This report summarizes and concludes the interagency effort on U.S.
Department of Transportation agreement RA-73-2, Noise Reduction in Diesel Truck
Engines Intake and Exhaust System Throttling. Contract activities began in
November, 1972 and continued through May 1974, Objectives of the contract were
(1) to make detailed measurements of exhaust emissions, exhaust temperatures,
performance and radiated noise on typical truck diesel engines in order to
quantify the effects of intake and exhaust restrictions for exhaust silencing

treatment requirements; (2) to quantify diesel engine radiated noise as a func-

tion of load, speed and engine type.
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1. INTRODUCTION

In accordance with the Department of Tramsportation (DOT)
contract provisions, the objective of the study was to characterize
effects of diesel engine intake and/or exhaust system restrictions
on engine performance, emissions, and noise. The report presents
experimental results of tests using four test-stand-mounted diesel
truck engines operated at varied speeds and loads with both intake
and exhaust system restrictions controlled as test variables. Per-
formance parameters measured included: speed, torque, air consump-
tion, fuel consumption and oil and exhaust temperatures. The emis=
sions measured were carbon monoxide, hydrocarbon, oxides of nitrogen,
and smoke. Noise radiated from the engine was measured in dBA and
the sound level signal was recorded on tape and provided to DOT
personnel for sound spectral analysis. Neither an engine cooling
fan nor a transmission were used in the test setup and insofar as
practicable the sound radiated from intake and exhaust systems was
isolated from the test cell and from the microphone. Noise and
performance measurements were made at three speed-load combinations:
full load at manufacturer's rated speed, speed for maximum torque
development, and at an intermediate speed at full load.

2. DESCRIPTION OF TEST EQUIPMENT

Engines, Test Cell, Intake-Exhaust System, Fuel

Four diesel engines were made available by the manufacturers;
these were:
~-- a naturally aspirated 4-cycle direct-injection engine,
Cummins NHC-250
-- a turbocharged 4-cycle direct-injection engine, Mack ENDT-675
-=- a turbocharged 4~cycle precombustion chamber engine,
Caterpillar 1673C, and
--~a 2-cycle direct-injection blower scavenged engine, Detroit
Diesel 6-71,
Descriptive data are given in Table 1.

The test cell was 14 ft x 19 ft x 10 ft in dimension and
was equipped with two power absorbing dynamometers. The test
cell and engine installation are shown pictorally in Figure 1;
schematically in Figure 2. The associated control and measuring
equipment were located in an adjacent room. The engine mounting
base consisted of I beams mounted in 24 x 36 x 78-inch concrete
block supported on 8-inch concrete piers to 4 feet below floor
level. A 1/2-inch expansion joint was provided between the
mounting base and the room floor. The dynamometer base was
of similar but lighter comstruction. Following sound level
measurement evaluation and upon recommendation of the DOT's
noise measurement consultant, the cell walls were sealed with
a hard surface Epoxy paint to minimize wall absorption. Also
sound scattering surfaces were installed in the room cormers
at the ceiling and at wall-ceiling junctions for mode mixing

and elimination of critical room standing modes.

1
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The microphone position chosen was five feet from the test
engine and toward the center of the room and five feet from
the nearest wall at a location four feet above the floor
level (Figures 1 and 2).

Filtered air was supplied the engines through a 10-1/4-inch
x 12-inch pleated paper air filter cartridge (Fram Model CA 240
PL). The air intake and filter were located outside the test cell
as was a flow measuring venturi and a pulsation damping chamber.
The air was conducted to the engine through a 4-inch diameter
by 1/16-inch wall pipe. Located in this pipe was a remote
controlled servo-operated butterfly valve. This valve was
used to restrict the flow to the engine. The static pressure
on the engine side of the butterfly restriction valve was taken
from a tap mounted on the engine side of the valve. The pres-
sure differential from atmospheric was measured using water
and/or Hg manometers. Sem Figures 3 through 6.

The exhaust system conducted the engine exhaust outside
the cell through a 4 or 5-inch by 1/16-inch wall pipe. The
exhaust system piping configuration varied with engines (see
Figures 3 through 6). The portion of the piping system within
the test cell was covered with 2 or 3 inches of preformed cal-
cium silicate and a 24-gauge aluminum jacket outer covering.

Measurements made by the DOT consultant established that
this exhaust pipe insulation served as sufficient sound barrier
for the purpose of the experiment. Initial operation of the
engines without a muffler was attempted, but the sound levels
outside the test facility were objectionable to the neighbors.
Therefore, a Donaldson muffler, 10-inch x 15-inch x 26-inch
model MOM 12 0108 with offset 5-inch inlet and outlet was
installed. Additional variable exhaust restriction was provided
by a remote controlled butterfly valve on the engine side of
the muffler. Static pressure in the exhaust line was measured
on the engine side of the restriction by the use of water and/or
mercury manometers.

A commercially available high cetane number diesel fuel
was used for all tests. Table 2 provides a listing of fuel
properties.

3. TEST PROCEDURES

3.1 Selection of Operating Parameters

The engine to be tested was mounted on the test stand.
If a new engine, it was broken-in following the manufacturer's
recommended speed, load, and time. Prior to making sound level
measurements, emission measurements--carbon monoxide (Co),
hydrocarbon (HC), oxides of nitrogen (NOx), and smoke--were
made using a 13-mode cycle.



TABLE 2. - Typical fuel properties

Distillation, °F:

IBP.......... 330

5% ciiiienn. 372

10% .. .o.... 388

20% evevnn... 420

30% eiieennn 440

40% ..., 460

50% viiiann.. 476

607 ececennnn 494

70% ¢ eeivann. 516

80% ecevnnnnn 538

90% v ivienn 572

957 et 600

EP evevvvane . 614
Recoverysse..... 98%

Specific gravity ......... . 0.8459
APL tcvvececnnentconcannnas 35.8

Kinematic viscosity :
100°F ocvvvnee 2,21

Sulfur,wt % .....o0ivunnn.. 015

FIA, vol %:

Aromatic eececee 31
Olefin......... 5
Flash point. Ceceerieaas 132°




3.2

These tests were then repeated at the completion of the experi-
ment so that any major change in engine emissions could be
detected. Following this, the engine was operated using
restricted exhaust and/or intake systems to establish working
and maximum ranges of restrictions for use in the experiment.
The maximum values used were well beyond those recommended by
the manufacturer for normal operation. This was done to assist
in establishing pressure, power, and sound level relationship.
The criteria used to set maximum limits of restriction were (1)
exhaust temperatures at the manifold or turbocharger were not
to exceed short period temperatures in excess of those arrived
at in discussion with the manufacturer's representatives. (2)
Smoke levels in excess of approximately 20 percent opacity were
not to be exceeded at any test condition. The experiment test
plan is shown below.

Intake Exhaust
restriction restriction

Speed level level
Maximum torque A a
A b
A c
Intermediate B a
B b
B c
Rated C a
C b
C c

NOTE.-A,B,C, and a,b,c represent different levels
of pressure in the intake or exhaust system.

Triplicate tests were made at most of the test conditions. The
speed and restriction levels varied for each engine; values
are listed in Tables 3, 4, 5, and 6.

Engine Performance Measurements

Measurements were made for speed, torque, air flow, fuel
flow, and for temperatures of air, coolant, exhaust, and oil.

A 300-horsepower induction dynamometer provided with speed
and current controls was used to load the engine. Torque
measurement was made using a Baldwin Lima Hamilton load cell
with electronic digital strain gauge meter. The engine speed
was measured by direct-current tachometer generator and meter,
The speed measuring system calibration was checked frequently
with a stroboscope.
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3.3

3.4

The mass rate of fuel flow was measured with a Flowtron

Model 10, type 2, flowmeter and a digital indicator and/or
recorder readout. Engine exhaust, coolant, oil, and air
intake temperatures were sensed with iron constantan thermo-
couples and read from a Doric Model 550 digital multipoint
indicator. A two-inch throat venturi meter, U tube pressure
manometers, mercury barometer, and thermocouples provided

the data for calculation of mass air flow. The engine was
supplied coolant from an 8-gallon reservoir which was provided
make-up water at a rate thermostatically controlled to maintain
the reservoir water temperature at 180° F. The flow and inlet
and outlet temperature of coolant make-up water was measured
for the Cummins engine to provide data on coolant requirements.
The flowmeter was not used on the other engines tested.

Emission Measurements

Emissions of CO, HC, NOx, and smoke in the exhaust stream
were measured using a nondispersive infrared analyzer for
carbon monoxide, heated flame ionization for total hydro-
carbon, chemiluminesence for oxides of nitrogen, and photo-
electric light extinction instruments for smoke. The engine
exhaust sample was drawn from the exhaust pipe several feet
downstream from the exhaust manifold and ahead of the butter-
fly restrictor valve. A portion of the sample was taken from
the heated sample line directly to the high temperature hydro-

carbon analyzer. Another portion of the sample was drawn through

an ice-cooled trap and pumped through the CO and NO_ analyzers.
Smoke was measured at the outlet of the exhaust muf¥ler (see
schematic Figures 3 through 6). A Beckman Smokemeter was used
for the tests involving the Cummins, Mack, and Caterpillar
engines and a PHS smokemeter for the Detroit diesel engine
tests.

Noise Measurements

Sound pressure level (SPL) measurements were made using a

l1-inch General Radio 1560-P6 microphone and a 1560-P40 preamplifier.

Overall levels and the dBA levels were recorded on a General
Radio Model GR-1523 graphic level recorder with the output
signal preconditioned with a model P-1 preamplifier. The
microphone was positioned 4 to 5 feet above the floor level and
5 feet from the engine. This microphone position had been
selected to represent the location which gave the least varia-
bility in sound pressure level from the mean of sound power
determinations in the room. 1In addition, the output signal
from the microphone-preamplifier system was recorded on tape
cassettes using a Realistic SCT-5B cassette tape recorder.
Model GR-1562A microphone calibrator was used to place a
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reference signal of 114 dB-1000 Hz on the tape recording and
the graphic level recorder prior to each test. These cassettes
were then sent to DOT-TSC for spectral breakdown and further
analysis along with a preliminary report of the test descrip-
tion and results.

4. [EXPERIMENTAL DATA

The engine test data are listed in the tables of Appendices A
through E. Some discussion of the units used and corrections applied
to some of the items of these tables may be necessary to ready
understanding. Definition of the terms is found in Appendix F,
and some discussion of the data follows.

5. DISCUSSION OF DATA TABLES

The experimental data that were acquired and results of
regression analysis performed during engine testing are presented
in this section. Appendices A through E contain copies of computer
printout sheets for all tests reported in this project. These data
sheets include, among other information: engine identification,
ambient conditions, engine operating parameters of intake and
exhaust pressures, speed, torque, air and fuel consumption, exhaust
and oil temperatures, and emissions. The emissions listed are
carbon monoxide, hydrocarbon, oxides of nitrogen, and sound pressure
levels. Table 1 is a list describing the engines tested, i.e.,
manufacturer, model, horsepower, etc. In Tables 3 through 6 a
summary of 19 of the more pertinent items from the Appendices A
through E is presented. 1In these tables engine performance, power,
fuel consumption, etc., and emissions are averaged for replicate
tests and listed for each of the three engine speeds and each
combination of intake and exhaust restriction. Table 7 summarizes
the "13-mode'" emissions test data for the four engines. Tables 8A
through 11A contain regression coefficients obtained by treatment
of essentially all data represented by Tables 3 through 6 (test
data used in the regression analysis are identified in appendix
tables A-E). These coefficients enable reconstruction of the
test data and comparison of the effects of intake and exhaust
pressures in the 11 variables listed. Tables 8B through 11B
present data calculated using the equations and coefficients of
the regression analysis. In Figures 7 through 17 the data from
Tables 8B through 11B are plotted for the rated engine speed.

These graphs illustrate the relative effects on each of the four
engines of intake and exhaust restriction on the following: horse-
power, torque, air flow, fuel flow, brake specific fuel consumption
(BSFC), exhaust temperature, smoke, CO, HC, NOx, and noise.
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TABLE 8A.

- Regression equation coefficients derived

from the data of Caterpillar-1673C tests

Y = R+ B (8pI) + B(APE) + B3(RAM) + B,(2pT)? + By Ap(RRM)>

Coefficient of
Regression 1/ 2/ 2 2
Variable constant ApI= ApE— RPM (ApI) (RPM) SEEQ/
(Y) (R) B (8,) (B4) (8,) (B5)

Air, 1b/hr.......... -1883 -7.526 -3.444 3.1601 -0.05024 -0.0004880 44.9
Fuel, 1b/hr......... - 88.4 .0557 |-~ .0018 .15036 |- .000578 | - .00002993 1.1
Torque, lb-ft.......| - 156.2 -,.5041 |- .3995 .89386 |-~ .012268 | - .00025498 9.5
Power, bhp.......... - 313.9 - .1213 |- .1521 .48908 |- .005359 | - .00010827 3.2
BSFC, lb/bhp-hr..... .6596 .000515 .000322|- .0002913 .0000098 .0000000795| .0075
Exhaust, °F......... 1181 4.747 1.234 - .0667 0 0 15.9
Smoke&{ pct opacity. 14.6 .1236 .0075 |- .00847 0 0 3.0
COE{ g/bhp=hr....... 11.75 .02008 .00302 |- .011348 0 .000002650 .26
HCE{ g/bhp~hr....... - .345 | - .000804|- .000416 .0004325| 0 - .0000001034| .0l6
NO,, g/bhp-hr....... - 7.72 - .01896 |- .01043 .011187 |- .0001596 | - .000002139 .20
Noise, dBA.......... 73.7 - .0197 |- .0l113 .02539 0 - .0000049 .24

1/ &pI is the intake pressure difference in inches of water corrected for the partial pressure of
water vapor in the inlet air and referenced to 736.6 mmHg (29.0 inches)

&opl =

[736.6 - Bar., mmHg + (1.87 -

=1 -

1.87 .

inlet Ap, inches H,0) + (K
inlet Ap, inches Hy0

- water vp, mmHg)] * 1.87

NOTE.-Inlet Ap used as a positive value.
2/ ApE is the exhaust pressure difference in Hy0 = (absolute pressure in exhaust after
turbocharger, mmHg ~ 736.6) ¢ 1.87.
3/ SEE is the standard error of estimate.

equation predicts (recomstructs) the mean value of Y.

ApE limits of the

data.

Bar., mmHg

than two times the SEE values of the table.
Coefficients of equation account for only 48% of variation in Y
and SEE is 75% of the standard deviation value for all observations of smoke orvacity.

4/ Prediction equation very poor.

5/ Prediction equation poor.

standard deviation of CO values.

6/ Prediction equation weak.

standard deviation of all HC values.
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Coefficients account for only 53% of variation in HC and SEE 70% of



TABLE 8B. - Calculated noise and emissions from a Cummins NHC-250 diesel engine as determined

from a regression analysis of test data at all combinations

of speed, and intake and exhaust restrictions

Intake 1400 RPM 1750 RPM 2100 RPM
AP, "H ,O Exhaust AP, "Ho0 Exhaust AP, ''HpO Exhaust AP, "HoO
> T2 30 | 50 | 70 30 50 | 70 30 50 | 70
TORQUE, 1b-ft
10 634 625 617 636 628 620 615 607 599
20 615 606 598 617 609 601 596 588 580
40 577 568 560 579 571 563 559 550 542
60 539 530 522 541 533 525 521 512 504
POWER, HP
10 232.1 229.3 226.4 270.7 267.8 264.9 300.3 297.4 294.6
20 225.7 222.9 220,0 264.3 261.4 258,6 293.9 291,1 288,2
40 213,0 210.1 207.2 251.5 248.6 245.8 281,2 278.3 275.4
60 200,2 197.3 194.4 238,7 235.9 233.0 268.4 265.5 262.6
AIR, 1b/hr
10 1311 1303 1296 1581 1573 1566 1878 1871 1863
20 1254 1246 1239 1523 1516 1509 1821 1813 1806
40 1140 1132 1125 1409 1402 1395 1707 1699 1692
60 1025 1018 1011 1295 1288 1280 1592 1585 1578
BSFC, 1b/bhp-hr
10 0,421 0.427 0.433 0,421 0,428 0.434 0,421 0,427 0,434
20 429 435 442 429 436 b2 429 435 442
40 446 452 458 446 453 459 446 452 .458
60 462 .469 475 .463 .469 .476 462 469 .475
EXHAUST TEMPERATURE, °F
10 1275 1292 1308 1277 1293 1310 1321 1338 1354
20 1324 1340 1357 1325 1342 1358 1370 1386 1403
40 1421 1438 1454 1423 1439 1456 1467 1484 1500
60 1518 1535 1551 1520 1536 1553 1565 1581 1598
SMOKE, percent opacity
10 6.5 6.5 6.5 8.1 8.1 8.1 9.6 9.6 9,6
20 8.7 8,7 8.7 10.2 10.2 10.2 11.8 11.8 11.8
40 13.0 13.0 13.0 14.6 14.6 14,6 16.1 16.1 16.1
60 17.3 17.3 17.3 18.9 18,9 18.9 20.4 20.4 20.4
CARBON MONOXIDE, g/bhp-hr
10 7.0 6.4 5.8 6.1 5.5 4.9 6.0 5.4 4,8
20 6.2 5.6 5.1 5.3 4,7 4.2 5.2 4.6 4,0
40 4.7 4.1 3.5 3.8 3.2 2.6 3.7 3.1 2,5
60 3.2 2.6 2,0 2.3 1.7 1.1 2.2 1.6 1.0
HY DROCARBONS, g/bhp~hr
10 0.02 0.04 0,05 0.04 0.05 0.07 0.03 0.05 0.06
20 .03 .05 .06 .05 .06 .08 .05 .06 .08
40 .06 .07 .09 .07 .09 .10 .07 .09 .10
60 .08 .10 .11 .10 .11 .13 .10 .11 .13
OXIDES OF NITROGEN, g/bhp-hr
10 8.1 8,1 8.1 7.8 7.8 7.8 7.5 7.5 7.5
20 7.9 7.9 7.9 7.6 7.6 7.6 7.3 7.3 7.3
40 7.4 7.4 7.4 7.2 7.2 7.2 6.9 6.9 6.9
60 7.0 7.0 7.0 6.7 6.7 6.7 6.5 6.5 6.5
SOUND PRESSURE LEVEL, dBA
10 106.0 105.9 105.7 108.3 108.1 108.0 110,1 110.0 109.8
20 106.1 105.9 105.8 108.4 108.2 108.0 110.2 110.0 109.9
40 106.2 106.1 105.9 108.5 108.3 108,2 110.3 110.2 110.0
60 106, 4 106,2 106.0 108.6 108.5 108.3 110.5 110.3 110,2
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TABLE 9A.

- Regression equation coefficients derived from the data of

the Mack ENDT-675 tests (with fuel limited test

Y = R + B;(ApI) + By(APE) + By(RPM) + B, (REM)2

data withheld) 1/

Repression Coefficient of
vaﬁ%ﬁfle constant spr2/ spE RPM &eM) 2 seet/
(K) (B) (B,) (Bq) (B,)

Air, 1b/hr.s.sseesss | ~3099 ~6.74 -3.33 5.1440 -0.0011419 30.0
Fuel, 1b/hr..,...... 34,6 0 - 012 .0382 - .0000065 .9
Torque, 1b-ft.......| 988 - .49 - .27 - .0547 - .0000777 7.5
Power, bhp..........| ~ 77.3 - .166 - .088 .3201 - .0000916 2.4
BSFC, 1b/bhp-hr,.... .723 .00031 .00011 | - ,0004612 .000000149 .005
Exhaust, °F.........| 302 2,76 1.55 -2,2870 .0006021 15.7
Smoke, pct opacity.. 62 .060 .021 - .06521 .0000169 .6
co®’, g/bhp-hr...... 34,9 .032 .016 - .03649 .0000096 A
e, g/bhp-hr......| - 4.2 - .0068 - .0036 .005387 - .00000137 .09
Noxi/, g/bhp=hr.....| - 12.7 - .o0117 - .0173 .03128 - .00000964 71
Noise, dBA..........| 105.6 - .013 - .010 - .00632 .00000317 .32

1/ Data taken when the fuel flow was reduced by engine's smoke limiting device was not
included in determining the regression equations.
2/ OpI is the intake pressure difference in inches of water corrected for the partial
pressure of water vapor in the inlet air and references to 736.6 mmHg (29.0 inches)
ApI = [736.6 - Bar., mmHg + (1.87 « inlet Ap, inches Hy0) + (K * water vp, mmHg)] + 1.87
1.87 « inlet Ap, inches H,0
K=1-~ 2
Bar., mmHg
NOTE.--Inlet Ap used as a positive value,
3/ AOpE is the exhaust pressure difference in Hy0 = (absolute pressure in exhaust after
turbocharger mmHg - 736.6) = 1.87.
4/ SEE is the standard error of estimate. A measure of the precision with which the regression

equation predicts (reconstructs) the mean value of Y, Note, this applies to the rpm, ApI,
and ApE limits of the data., For the 81 observations the predicted values should not differ
by more than two times the SEE values of the table.

Prediction equations weak., Coefficientsof equation account for only 70-80 pct of variation
in Y and SEE is from 48-58 pct of the standard deviation of all Y values.
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TABLE 98. - Calculated noise and emissions from a Mack ENDT 675 diesel engine as determined
from a regression analysis of test data at all combinations

of speed, and intake and exhaust restrictions
Intake 1500 RPM 1800 RPM 2100 RPM
. o Exhaust AP, "H,0 Exhaust AP, "Ho0 Exhaust AP, "H.0
2 30 | 50 | 70 30 50 I 70 30 I 50 T 70
TORQUE, 1b-ft
10 718 713 707 625 619 614 517 512 507
20 713 708 702 620 614 609 513 507 502
40 703 698 693 610 605 599 503 497 492
60 694 688 683 600 595 589 493 488 482
POWER, HP
10 206.0 204.2 202.4 214.0 212,2 210.5 205.6 203.8 202.0
20 204.3 202.5 200.8 212.3 210.6 208.8 203.9 202.1 200.4
40 201.0 199.2 197.5 209.0 207.3 205.5 200.6 198.8 197.1
60 197.7 195.9 194.1 205.7 203.9 202.2 197.3 195.5 193.7
AIR, 1b/hr
10 4979 4913 4846 5392 5325 5259 5599 5532 5466
20 4912 4845 4779 5324 5258 5191 5532 5465 5398
40 4777 4710 4644 5190 5123 5056 5397 5330 5264
60 4642 4576 4509 5055 4988 4922 5262 5195 5129
FUEL, 1b/hr
10 76.9 76.7 76.4 81.9 81.7 8l.5 85.8 85.6 85.3
20 76.9 76.7 76.4 81.9 81.7 81.5 85.8 85.6 85.3
40 76.9 76.7 76.4 81.9 81.7 81.5 85.8 85.6 85.3
60 76.9 76.7 76.4 81.9 81.7 81.5 85.8 85.6 85.3
BSFC, lb/bhp-hr
10 0,373 0.375 0.377 0.382 0.384 0.386 0.418 0.420 0,422
20 .376 .378 .380 .385 .387 .390 421 423 426
40 .382 .384 .387 .391 .394 .396 427 2430 432
60 .388 2391 .393 .398 .400 .402 434 436 2438
EXHAUST TEMPERATURE, °F
10 1022 1053 1084 932 963 994 951 982 1013
20 1050 1081 1112 960 991 1022 978 1009 1040
40 1105 1136 1167 1015 1046 1077 1033 1064 1095
60 1160 1191 1222 1070 1101 1132 1089 1120 1151
SMOKE, percent opacity
10 3.4 3.9 4.3 0.6 1.0 1.4 0.8 1.2 1.7
20 4.0 4,5 4.9 1.2 1.6 2.0 1.4 1.8 2,3
40 5.2 5.7 6.1 2.4 2.8 3.2 2.6 3.0 3.5
60 6.4 6.9 7.3 3.6 4.0 4.4 3.8 4.2 4.7
CARBON MONOXIDE, g/bhp-hr
10 2.6 2.9 3.2 1.1 1.4 1.8 1.4 1.7 2.0
20 2.9 3.2 3.5 1.4 1.8 2.1 1.7 2.0 2.4
40 3.5 3.8 4.2 2.1 2.4 2.7 2.4 2.7 3.0
60 4.2 4.5 4.8 2.7 3.0 3.4 3.0 3.3 3.6
HY DROCARBONS, g/bhp-hr
10 0.58 0,51 0.44 0,84 0.77 0.70 0.86 0.78 0.71
20 .51 A .37 .77 .70 .63 .79 .72 .64
40 .38 .31 .23 .64 .57 .49 .65 .58 .51
60 .24 217 .10 .50 .43 .36 52 44 .37
OXIDES OF NITROGEN, g/bhp-hr
10 11,9 11.5 11,2 11.7 11.4 11.0 9.8 9.5 9.1
20 11.8 11.4 i1.1 11.6 11.3 10.9 9.7 9.4 9.0
40 11.5 11.2 10.9 11.4 11.0 10.7 9.5 9.1 8.8
60 11.3 11.0 10.6 11.1 10.8 10.5 9.3 8.9 8.6
SOUND PRESSURE LEVEL, dBA
10 102.8 102.6 102.4 104.1 103.9 103.7 105.9 105.7 105.5
20 102.7 102.5 102.3 103.9 103.7 103.5 105.7 105.5 105.3
40 102.4 102.2 102.0 103.7 103.5 103.3 105.5 105.3 105.1
60 102.2 102.0 101.8 103.4 103.2 103.0 105.2 105.0 104.8

16



TABLE 10A. ~ Regression ejuation coefficients derived
from the data of Caterpillar 1673C tests

Y = R+ By(8pI) + By(8pE) + By(RAM) + B, (apD)2 + B, ap(REM)?

Coefficient of
) Regression 1/ 2/ 2 2
Variable constant ApI= ApE— RPM (OpT) (RPM) 3/

) (R) (3)) (8,) (3,) (8, (85) .
Air, lb/hr........ ..| =-1883 -7.526 ~3.444 3.1601 -0.05024 -0.0004880 44.9
Fuel, 1lb/hr......... - 88.4 .0557 - .0018 .15036 - .000578 - .00002993 1.1
Torque, lb-ft....... - 156.2 - .5041 - .3995 .89386 - .012268 - .00025498 9.5
Power, bhp.......... ~ 313.9 - .1213 - .1521 .48908 - .005359 -~ .00010827 3.2
BSFC, lb/bhp-hr..... .6596 .000515 .000322]- .0002913 .0000098 .0000000795 .0075
Exhaust, °F......... 1181 4.747 1.234 - .0667 0 15.9
Smokeif pct opacity. 14.6 .1236 .0075 - .00847 0 3.0
C0§{ g/bhp=hr....... 11.75 .02008 .00302 |- .011348 0 .000002650 .26
HCQ{ g/bhp=hr....... - .345 - .000804| - .000416 .0004325 0 - .0000001034 .016
NOy, g/bhp-hr ....... - 7.72 - .01896 |- .01043 .011187 |- .0001596 | - .000002139 .20
Noise, dBA.......... 73.7 - .0197 - .0113 .02539 0 - .0000049 .24

1/ ApI is the intake pressure difference in inches of water corrected for the partial pressure of
water vapor in the inlet air and referenced to 736.6 mmHg (29.0 inches)
&pl = [736.6 -~ Bar., mmHg + (1.87 - inlet Ap, inches Hy0) + (K - water vp, mmHg)] & 1.87

1.87 - inlet Ap, inches Hy0
Bar., mmHg

K=1 -

NOTE.-Inlet Ap used as a positive value.

2/ ApE is the exhaust pressure difference = (absolute pressure in exhaust after turbocharger,
mHg - 736.6) - 1.87

3/ SEE is the standard error of estimate. A measure of the precision with which the regression
equation predicts (reconstructs) the mean value of Y. Note, this applies to the rpm, ApI, and
OpE limits of the data. For the 122 observations, the predicted values should not differ by more
than two times the SEE values of the table.

4/ Prediction equation very poor. Coefficients of equation account for only 48% of variation in Y
and SEE is 757% of the standard deviation value for all observations of smoke opacity.

5/ Prediction equation poor. Coefficients account for only 75% of variation in CO and SEE 50% of
standard deviation of CO values.

6/ Prediction equation weak. Coefficients account for only 53% of variation in HC and SEE 70% of
standard deviation of all HC values.
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TABLE 10B. - Calculated noise and emissions from a Caterpillar 1673C diesel engine as
determined from a regression analysis of test data at all combinations
of speed, and intake and exhaust restrictions

Intake 1600 RPM 1900 RPM 7200 RPM
AP, "W ,0 Exhaust AP, "H20 Exhaust AP, '*Ho0 Exhaust AP, "H50
s =2 30 I 70 30 I 50 | T 30 50 T
TORQUE, 1b-ft
10 603 595 587 603 595 587 558 550 542
20 594 586 578 595 587 579 549 541 533
40 569 561 553 570 562 554 524 516 508
60 535 527 519 535 527 519 490 482 474
POWER, HP
10 185.1 182.1 179.1 218.2 215.1 212.1 231.7 228.7 225.7
20 182.3 179.3 176.2 215.4 212.3 209,3 228.,9 225.9 222.8
40 173.5 170.4 167.4 206.5 203.5 200.4 220,1 217.0 214,0
60 160.3 157.3 154.2 193.4 190.3 187.3 206.9 203.9 200.8
AIR, 1b/hr
10 1740 1671 1603 2176 2107 2038 2524 2455 2386
20 1650 1581 1512 2086 2017 1948 2433 2364 2296
40 1439 1370 1301 1875 1806 1737 2223 2154 2085
60 1188 1119 1050 1624 1555 1486 1972 1903 1834
FUEL, lb/hr
10 76.0 76.0 75.9 89.7 89.6 89.6 98.0 97.9 97.9
20 76.4 76.3 76.3 90.1 90.0 90.0 98.4 98,3 98.3
40 76.8 76.8 76.7 90.5 90.4 90.4 98.8 98,7 98.7
60 76.8 76.7 76.7 90.4 90.4 90.4 98.7 98.7 98,7
BSFC, lb/bhp-hr
10 0.413 0.419 0.426 0.409 0.415 0.422 0.419 0.426 0.432
20 421 427 L4346 417 .423 430 427 434 440
40 443 449 456 .439 446 452 450 456 462
60 .473 479 .486 469 475 482 479 .486 492
EXHAUST TEMPERATURE, °F
10 1159 1183 1208 1139 1163 1188 1119 1143 1168
20 1206 1231 1256 1186 1211 1236 1166 1191 1216
40 1301 1326 1351 1281 1306 1331 1261 1286 1311
60 1396 1421 1445 1376 1401 1425 1356 1381 1405
SMOKE, percent opacity
10 2.5 2.7 2.8 0 0.1 0.3 - 2.6 - 2.4 2.3
20 3.7 3.9 4.0 1.2 1.4 1.5 - 1.3 - 1.2 1.0
40 6.2 6.4 6.5 3.7 3.8 4.0 1.1 1.3 1.4
60 8.7 8.8 9.0 6.1 6.3 6.4 3.6 3.8 3.9
CARBON MONOXIDE, g/bhp-hr
10 0.7 0.7 0.8 0 0.1 0.2 - 0.1 0 0
20 .9 .9 1.0 .2 .3 4 .1 .2 .2
40 1.3 1.3 1.4 .6 .7 .8 .5 .6 .6
60 1.7 1.7 1.8 1.1 1.1 1.2 .9 1.0 1.0
HYDROCARBONS, g/bhp-hr
10 0.06 0.05 0.05 0.08 0.07 0.07 0.09 0.08 0.07
20 .05 .05 .04 .07 .07 .06 .08 .07 .06
40 .04 .03 .02 .06 .05 .04 .06 .05 .04
60 .02 .01 0 .04 .03 .03 .05 .04 .03
OXIDES OF NITROGEN, g/bhp-hr
10 4.2 4.0 3.8 5.3 5.1 4.9 6.0 5.8 5.6
20 3.9 3.7 3.5 5.1 4.8 4,6 5.8 5.6 5.4
40 3.4 3.2 3.0 4.5 4.3 4.1 5.2 5.0 4.8
60 2.7 2.5 2.3 3.8 3.6 3.4 4.5 4.3 4.1
SOUND PRESSURE LEVEL, dBA
10 101.2 101.0 100.8 103.7 103.5 103.3 105.3 105.1 104.9
20 101.0 100.8 100.6 103.5 103.3 103.1 105.1 104,9 104,7
40 100.7 100.4 100.2 103,1 102.9 102.7 104.7 104.5 104,3
60 100.3 100.0 99.8 102.7 102.5 102.3 104.3 104.1 103.9
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TABLE ||A. - Regression equation coefficients derived from the data of
Detroit Diesel 6-71 tests

Y = R+ B (BpI) + B,(pE) + By(REM) + BA(ApI)z + B, ap(RPM)2

variable Regression 1/ 77 Cosltlclent of 2 7 4/
) constant Ap T~ ApE= RPM (4p1)°3/ (RPM) SEE~
(R) (Bl) (52) (Bq) (BA) (BS)
Alr, 1b/hru.eieinnen.. | =1273 -14.014 -2,873 2.871 - -0.0003740 42,4
Fuel, 1b/RTu.nneeesen. 12.5 - - L0467 - - 00000454 .83
Torque, 1b-ft......... 48.4 - 2.26 -2.41 .613 - - .0001720 10.6
Power, bhp...eeeeeenss | ~ 166.7 - 739 - L0727 .316 - - .00006195 2.90
BSFC/ | 1b/bhp-hr..... 1.166 .00219 .000197 | - 000777 - .00000019 .015
Exhaust® |, .....oe..| 1099 4,685 1.301 - .18 - - 30.3
smoke®’, pet opacity.. 92,3 .319 - .00212 - .0953 - .00002483 3.2
0¥, g/bhpehr........| s76.6 .851 - .153 - .566 - .00014014 9.1
uel/, g/bhp-he..oiien |- 099 - .000393 | - .000397 ,000231 - B .045
NO, g/bhp-hr.........| - 33.2 - L0444 .0147 L0436 - - .00001047 .36
Notsed/  dmA.......... 93.1 - .0261 - .0339 .0160 - - .00000373 .43

1/ 8pl is the intake pressure difference in inches of water corrected for the partial pressure of water vapor in
the inlet air and referenced to 736.6 mmHg (29.0 inches)
8pl = [736.6 - Bar., mmHg + (1.87 + inlet &p, inches Hy0) + (K . water vp, mmHg)] + 1.87

1.87 - inlet Ap, inches H O

2

Bar., mmHg

NOTE.--Inlet 8p used as a positive value,.

2/ BpE is the exhaust pressure difference = (absolute pressure in exhaust after turbocharger,
mmHg - 736.6) + 1.87.

3/ Coefficients not significant at 2 * t level.

4/ SEE is the standard error of estimate. A measure of the precision with which the regression equation predicts
(reconstructs) the mean value of Y. Note, this applies to the rpm, &pI, and OpE limits of the data. For the
78 observations, the predicted values should not differ by more than 2.7 times the SEE values of the table at
the 95% confidence level.

5/ Prediction equation weak., Coefficients account for only 83% to 85% of variation in emissions and SEE 41% to
437 of standard deviation of all emission values.

6/ Prediction equation very poor. Coefficients of equation account for only 64% of variation in Y and SEE is 627
of the standard deviation value for all observations of smoke opacity.
7/ Prediction equation poor. Coefficients account for only 69% of variation of HC and SEE 56% of standard deviation

of HC values,.
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TABLE 11B. - Calculated noise and emissidns from a Detroit 6-71 diesel engine as determined
from a regression analysis of test data at all combinations
of speed, and intake and exhaust restrictiomns

Intake 1400 RPM 1700 RPM 2100 RPM
AP, "W 0 Exhaust AP, "Hp0 Exhaust OP, "Hs0 Exhaust AP, '"Hp0
r 2 30 | 50 I 70 30 | 50 | 70 30 | 50 | 70
TORQUE, 1lb-ft
10 540 535 530 564 559 554 547 543 538
20 517 512 507 541 536 531 525 520 515
40 472 467 462 496 491 486 480 475 470
60 427 422 417 451 446 441 434 430 425
POWER, HP
10 144,7 143.3 141.8 181.9 180.4 179.0 214.,1 212,7 211,2
20 137.3 135.9 134,64 174.5 173.0 171.6 206.7 205.3 203.8
40 122.5 121.1 119.6 159.7 158.3 156.8 192.0 190.5 189,1
60 107.8 106.3 104.8 144.9 143.5 142.0 177.2 175.7 174,3
AIR, 1b/hr
10 1661 1604 1546 2148 2090 2033 2691 2634 2577
20 1521 1463 1406 2007 1950 1892 2551 2494 2436
40 1241 1183 1126 1727 1670 1612 2271 2214 2156
60 960 903 84S 1447 1389 1332 1991 1933 1876
FUEL, 1lb/hr
10 67.2 67,2 67.2 76.1 76.1 76.1 86.5 86.5 86.5
20 67.2 67.2 67.2 76.1 76.1 76.1 86.5 86.5 86.5
40 67.2 67.2 67.2 76.1’ 76.1 76.1 86.5 86.5 86.5
60 67.2 67.2 67.2 76.1 76.1 76.1 86.5 86.5 B6.5
BSFC, lb/bhp-hr
10 0,478 0,482 0,486 0,422 0.426 0,430 0.400 0,404 0,408
20 .500 .504 .508 RAAA 448 W452 422 426 430
40 544 .548 .552 .488 492 496 466 470 474
60 .588 .592 .596 .532 .536 .539 .510 .514 .517
EXHAUST TEMPERATURE, °F
10 1020 1046 1072 984 1010 1036 937 963 989
20 1067 1093 1119 1031 1057 1083 984 1010 1036
40 1160 1186 1212 1125 1151 1177 1078 1104 1130
60 1254 1280 1306 1219 1245 1271 1171 1197 1223
SMOKE, percent opacity
10 10.7 10.6 10.6 5.2 5.1 5.1 4.8 4.8 4,7
20 13.9 13.8 13.8 8.4 8.3 8.3 8.0 7.9 7.9
40 20,2 20.2 20,2 14.7 14.7 14.7 14.4 14.3 14,3
60 26.6 26.6 26.5 21,1 21.1 21,0 20.7 20.7 20.7
CARBON MONOXIDE, g/bhp-hr
10 62,7 59,6 56.6 23.2 20,2 17.1 9.8 6.8 3.7
20 71.2 68.1 65.1 31.7 28,7 25,6 18.3 15.3 12.2
40 88.2 85.2 82.1 48.8 45.7 42,6 35.4 32.3 29.2
60 105.2 102.2 99,1 65.8 62.7 59,7 52.4 49,3 46.3
HY DROCARBONS, g/bhp=hr
10 0.21 0.20 0.19 0.28 0.27 0.26 0.37 0.36 0.35
20 .20 .20 .19 .27 .27 .26 .37 .36 .35
40 .20 .19 .18 .27 .26 .25 .36 .35 .34
60 .19 .18 .17 .26 .25 .24 .35 .34 .33
OXIDES OF NITROGEN, g/bhp-hr
10 7.3 7.6 7.9 10.7 11,0 11.2 12,2 12.5 12.8
20 6.9 7.2 7.5 10.2 10.5 10.8 11.7 12.0 12,3
40 6.0 6.3 6.6 9.3 9.6 9.9 10.9 11.1 11.4
60 5.1 5.4 5.7 8.4 8.7 9.0 10.0 10.3 10,6
SOUND PRESSURE LEVEL, dBA
10 106.9 106.2 105.6 108.2 107.6 106.9 109.0 108.3 107.6
20 106.7 106.0 105.3 108.0 107.3 106.6 108.7 108.0 107.4
40 106.1 105.5 104,8 107.5 106.8 106.1 108.2 107.5 106.8
60 105.6 104.9 104.3 106.9 106.3 105.6 107.7 107.0 106.3
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6.

SPECIAL TESTS

Several special tests were conducted at the request of project
officers to indicate the magnitude of the effect on sound or
performance levels with changes in engine operating conditionms.

One of the special tests was designed to establish a non-firing
(motoring) noise level of the engine and accessory equipment. Since
the dynamometer available did not provide a means of driving the
diesel engines, a measure of sound level versus engine speed was
made during deceleration on fuel shutoff. Tests on the first
engine were made by recording a sound level and speed signal on the
tape cassette. This recording for the Cummins engine was provided
DOT for their analysis. The other three engines were tested in a
similar manner, but using a graphic level recorder available at
that time. Figure 18 is a plot of engine RPM on coast-down with
fuel off versus sound level in dBA. The data from this figure will
serve to compare non-firing SPL levels with engine operating
levels over the range shown. A much more sophisticated test and
equipment would be required to obtain data for use in separating
firing and non-firing (i.e., combustion) noise. Figure 19 is a
presentation of the sound level in the room with the Detroit Diesel
engine operating at various loads and speeds. The data for this
figure are found in test No. 60 of Appendix D.

A second special test was conducted using the Caterpillar
engine to examine the sound pressure levels in the room with the
engine operated normally but at part load as compared to the
engine operated with the turbine removed from the turbocharger.
The data are in tables 43A and 43B, 56A and 56B of Appendix C.
Simple removal of the turbocharger results in increased noise
radiated from the engine. Without the engine being properly
adapted to operation without the turbocharger, the operating
parameters of the two sets of tests could not be matehed. However,
as a comparison of Figure 20 with Figure 21 exhibits, there is a
definite increase in sound levels at intermediate speeds even with
the non-turbocharged operation at part load.

A different comparison was made of turbocharger effect using
the Mack engine. For this test the microphone was removed from
the test cell and located three feet from the open exhaust outlet
on the building roof. The muffler had previously been disconnected
at this point. With the engine operating at the condition shown
in test No. 33, Appendix B, 2,100 RPM, the noise level was 109 dBA
for the turbocharged operation compared to 123.5 for the operation
with the turbocharger turbine and compressor blades removed from
their housing.
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The effect of thermal insulation on the coolant requirements
was examined for the Cummins engine. The engine was blanketed
with l-inch thick, 1/2 1b density, fiberglass Kraft foil-backed
insulation. This material's maximum temperature range did not
permit blanketing the exhaust manifold. Test No. 10, Appendix A,
lists the data of this single experiment. The difference in cooling
load is insignificant, which was expected with the exhaust manifold
not included within the engine blanketing. There was a slight 5° F
increase in oil temperature. This experiment was not followed
further to establish effects of enclosure of the exhaust manifold.

Other special tests were conducted at the Project Officer's
request and reported in monthly letter reports to DOT for their

aid in interpretation of sound spectrum data from the data recorded
on magnetic tapes.

7. FUEL EFFECTS

A minor portion of the effort of the project was a scheduled
investigation of fuel effects on combustion noise in the diesel
engine. Some initial work was accomplished; however, time,
personnel, and fund requirements of the main project resulted in
discontinuance of the study of fuel effects. A contributing factor
to the dropping of this work was learning that a more sophisticated
engine and instrumentation than that available would be required to
obtain meaningful results.

In exploratory work on the effect of fuel a CFR ante-chamber
variable compression cetane rating engine was set up and instru-
mented to measure injection time, ignition delay, rate of pressure
rise and sound pressure levels. Using this engine and associated
equipment, drastic variations in fuel composition did not result in
significant differences in combustion associated noise external to
the engine. It was decided that a direct-injection combustion
chamber would be more useful in a study of fuel effects and that
injector spray patterns would need to be modified. As indicated
above, this further extension of the study was not appropriate
within priorities as then determined by the project officer, and
the study was discontinued.

For purposes of record, the rationale of the experimental
approach intended for the investigation is discussed in Appendix G.
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- The Test Cell and Engine Installation.

FIGURE 1.
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= Influence of Intake and Exhaust Restrictions on Power Qutput
for Four Engines Operated at Full Load and Rated Speed

(Calculated from regression equations, tables 8-11)
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FIGURE 8. - Influence of Intake and Exhaust Restrictions on Torque
for Four Engines Operated at Full Load and Rated Speed

(Calculated from regression equations, tables 8-11)
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for Four Engines Operated at Full Load and Rated Speed
(Calculated from regression equations, tables 8-11)
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FIGURE 10. - Influence of Intake and Exhaust Restrictions on Fuel Consumption

for Four Engines Operated at Full Load and Rated Speed
(Calculated from regression equations, tables 8-11)
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(Calculated from regression equations, tables 8-11)
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FIGURE 13. - Influence of Intake and Exhaust Restrictions on Smoke Emissions

for Four Engines Operated at Full Load and Rated Speed
(Calculated from regression equations, tables 8-11)
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at Various Loads
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APPENDIX E.--CUMMINS ENGINE TEST DATA
(NOT USED IN REPORT)

Data not used in report but necessary
for correlation with sound level tapes.
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APPENDIX F,--DEFINITIONS

Referring to the items in the tables of Appendices A-E, the follow-
ing comments are pertinent.

The item POWER (BHP)#--the values on this line represent brake
horsepower corrected only for a temperature effect with no correction
applied for a pressure effect. The term 7

Inlet air temp., °R
(Speed, rpm) (Torque, 1b-ft) 545 .
5252.14

POWER (BHP )=

It was not considered appropriate to apply a correction for a pressure
effect as this was one of the parameters being evaluated.

The BSFC (1b/bhp-hr), brake specific fuel consumption (1lbs.. per
brake horsepower hour), was calculated using the POWER (BHP)# and
metered fuel rate.

INTAKE RESTRICTION (''H,0)*--For the purpose of this study a unique
correction was applied to tﬁe measured intake pressure differential.
The correction is to account for the partial pressure of water in the
intake air which is a part of the measured inlet system pressure differen-
tial. This correction is based on an assumption that the water behaves
primarily as a diluent in the combustion. process. Therefore, an inlet
system pressure should be referenced to dry air for purposes of inlet
restriction engine-performance comparisons. Inlet system pressures were
also referenced to a standard barometric pressure defined as 736.6 mmHg
(29.0 inches Hg). The corrected pressure is

INTAKE RESTRICTION ("HZO)*:[Reference barometric pressure-ambient barometric
pressure + measured inlet pressure differential

+ K-(vapor pressure of H20 in ambient air)]

where

X 1 Uncorrected inlet pressure differential

Barometric pressure

K is a factor to correct the partial pressure of H.0 in the ambient
air to that of the inlet system following the restricting butterfly
valve.

Since the raw data were taken in several differing units of pressure, care
must be taken in applying tabulated values of the above corrections.

The exhaust restriction, EXHAUST RESTRICTION ("H,0), was corrected to
a reference pressure of 736.6 mmig (29.0 inches Hg); %XHAUST RESTRICTION
("HZO) = barometric pressure + uncorrected exhaust AP - reference baro-
metric pressure. The INT. PRESS. (MMHGA) = Barometric pressure +
uncorrected exhaust AP.
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CO and NO, concentration and mass emissions are reported on a wet
. e
exhaust gas basis using the factor: 1 - —— . =4 s Where x, y are the

X
atoms of C,H, and the ratio y/x assumed to be 2. The HC concentrations
were measured without removal of water from the exhaust gas and, therefore,
required no correctiosm.

The 13-mode cycle composite data of the tables are calculated in
accordance with the procedures of the November 15, 1972, Federal Register,
Part 85, Subpart J, except that NOx is not corrected by the humidity
correotion factor. The smoke and power data of the 13-mode cycle composite
were included in the table but are of questionable significance.
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APPENDIX G.--FUEL EFFECTS AND ENGINE NOISE

Experiments were to be conducted to measure combustion noise in a
single-cylinder diesel engine and the association of combustion noise
with fuel characteristics attempted. A primary assumption was that
combustion noise is affected by the amount of fuel available for a deto-
pation reaction at the moment of fuel ignition.

Diesel fuels can be modified to shorten the delay between fuel in-
jection and ignition by small amounts of additives such as amyl nitrate.
This shorter delay period can result in reduced detonation and, possibly,
reduction in combustion noise. It was postulated that control of the
evaporation rate of the injected fuel droplets might accomplish a change
in the delay period and might thereby influence combustion noise.

1t was proposed to investigate the effect of evaporation rate through
the addition of small amounts of (1) a high=boiling component to a base
fuel or (2) a much lower boiling component to a base fuel. 1In the first
instance, it is~possible that the small amount of high-boiling material
would modify the rate of evaporation from the fuel droplet sufficiently
to affect detonation resulting from the base fuel. 1In the second case,
if the low-boiling component is very resistant to jgnition, it may flash
rapidly to slow evaporation of the remainder while not contributing to
the vapor that, being readily ignitable, would tend to detonate upon
ignition.

The planned experimental approach was to control ignition delay with
fuel composition and then determine the effect of ignition delay on
engine noise as indicated by direct noise measurement and by measurement
of peak pressure and rate of pressure rise. A relationship of ignition
delay and engine noise was desired; also, noise as a function of pressure
(P), and rate of pressure rise (dP/dt) would be explored-=for example,
by plotting noise level as the dependent variable and P(dP/dt), or dP/dt
as the independent variable. 1In this respect the fuel composition and
fuel rate would be the independent variables; P, dP/dt, ignition delay,
and noise, the dependent variables. Engine speed, injection timing, and
torque would be held constant.

A series of five narrow-boiling solvents were obtained for trial
use as base fuels. These boil in the ranges of 310-345° F, 349-406° F,
372-402° F, 424-460° F, and 460-495° F. TFor light materials the following
were obtained: n-propane, n-pentane, cyclopentane, n-heptane, and benzene.
For the high-boiling component, lubricating oil blending stocks (without
additives) were available.

As stated in the principal body of this report, a full study as

appropriate to the concept above was not made because of program limitations
and changes in program priorities as determined by the DOT program managers.
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APPENDIX H.--DIESEL ENGINE NOISE ANALYSIS

H.1 OVERVIEW

The method of analysis used to measure noise radiated from diesel engines
in this study is discussed and a discription of the noise measurement facility,
including an evaluation of the facilities acoustic characteristic for engine
noise meassrements is presented. Background noise sources including support
equipment and other facility noise sources were measured and their levels were
compared with the sound pressure level from the diesel engine itself. A com-
parison method was used to establish diesel engine radiated sound power from
sound pressure level measurement acquired in a "reveberant facility". Finally,
a description is given of the acoustic model used to predict engine sound pres-
sure levels at 50 feet from sound power level data acquired under test.

H.2 DESCRIPTION OF FACILITY, MEASUREMENTS, SETUP

Diesel engine noise performance studies were conducted in an acoustically
modified engine performance test cell at the U.S. Bureau of Mines, Energy Re-
search Center. The test cell, approximately 75M3 in volume, is shown schematically
in Figure H-1, During the tests, the diesel engines were positioned asym-
metrically in the test cell approximately five feet from the outer wall. For
quantification of diesel radiated noise, intake and exhaust gas piping systems
were treated with a two inch thick performed calcium silicate double layer absorp-
tive liner, enclosed within 24 gauge aluminum jacket outer covering. A special
thermostatically controlled cooling system was designed to provide cooling water
to the engine and a special surge tank was used to reduce intake air pressure
fluctuations., A discussion of the cooling system arrangement is given in
Section III as well as the instrumentation system which was used to monitor
various engine performance parameters, (i.e., exhaust temperature, engine

torque, fuel and air flow rates, intake and exhaust static pressures, smoke,
hydrocarbons and etc.).

For evaluation of engine sound radiated power, a number of scattering surfaces
vere installed in the U.S. Bureau of Mines test cell. These scattering surfaces
vere positioned at various locations to minimize the influence of excessive
toom mode formations for frequencies in the range of 250 through 8000 H, and
to assure a diffuse sound field for sound power evaluation. Prior to engine
test an initial survey was conducted to establish the spatial sound pressure
field distribution in the test cell. Two acoustic sources were used, namely
[LG pink noise source and the diesel engine. Sound pressure level measurement
7ere taken at eight vertical and horizontal positions in the test cell. The
liesel engine, here, was operated under full load at rated rpm. From engine
sjound pressure level measurements, a single microphone position was then

131




d 3o 1591 aurSug 1eseTQ TedTdAL AITTTOB] WOOY JUSISQISASY - T-H 2and1g

..4.. ...4.......4,.
/1
ANVL AT LINOWYNAQD
19%NS “ INTONE NorlonanI p—f  OLOW 4
aH 0os 1 %
B 1 %
1 | ’
N Y ¢
.” /1 dvl
E:; |/ : TYNSSAUd L/
¥ | 1SNVHXT Y
4 /
FUNSSTUd TAVINT * /1
% 4
] antva NorwoTuLSEY 3 /
o L/ v. 1
A \ \
wanva1o | #
g f
¢ %
“
TAVINT ¥IV | (14 0T X 1d vT X 14 Z/T 61) 4
\ axaiuwm SNOISNIWIQ YIIWVHD
7 7 7 7777777777777k 77 777 777777 o

A2 VREOt NIRRT AR DFRRINR RS &

/

JATVA \
NOILOIYLSTY

DAY S

Y3TdINN

132



uniydadg pueg oAe3oQ ‘s92anog astopy AITI0B - 7'

ZH * AONIND3Y4
0°0008 0000V 0°000¢ 070001  0°00s 0°0s¢ 0°sel
I L ! !

2In3t,

0°¢9

§°lE 0°0¢

— |

)

(dWnd IN1Y3LIW
13N 3aN7ONI LON S300) INTONT 13S3Iq
WILSAS ¥3L¥M 9NIT00D + NV4 LSNVHX3

dWNd INIYILIW 13N4 + N4 LSNVHXT
NY4 NOILYTTIINIA LSNVHXT + (1)
aNNoY9IMIVe

Z N

J4NLYIINIWO
() .

WNILI3dS aNYE IAVLI0 ‘SI0MN0S ISION ALITIOVS

09

0L

08

06

0ol

S¥VE - 772000°0 ‘434 (V) 9P ‘1IAT1 IWNSSINA ANNOS

133



cstablished five feet from the floor and five feet from the engine. At this
position the variance of octave band sound pressure level was found to be
less than 1 dB from the average value of the mean square sound pressure
level of the eight microphone positions for frequencies between 250 to

8000 Hy. Octave band room decay rates were also measured and are shown

in Table H-1 below.

TABLE H-1. - OCTAVE BAND ROOM DECAY RATE

Octave Band, Hz

125 250 500 1K 2K 4k 8K

Decay Rate (dB/Sec)

82 76 76 61 57 54 52

The test cell qualifies, according to ANSI S1.2, as a reverberant space
for octave band centered frequencies greater than 100Hz.

A number of initial base line octave band pressure levels measurements were
also taken of various engine unrelated noise sources in the test facility.
Results are shown in Figure H-2 of the following octave band sound pressure
level spectrums (a) test chamber background noise, (b) background plus ven-
tiliating fan system, (c) background plus ventilating fan and fuel metering
pump, and (d) background plus ventilating fan and cooling water system, along
with a typical octave band spectrum of engine radiated noise.

H.3 DETERMINATION OF ENGINE RADIATED SOUND POWER

The method of analysis employed to relate sound pressure level measurement
of engine radiated noise to sound power is described in this section. In the
determination of engine radiated sound power, the comparison technique was
used. As part of this technique the acoustic source signal, in the case here,
an ILG Industries, Inc. pink noise source, of known power output provided
calibration data of the test cell. Room (absorption) constants were computed
from acoustic source signal data and were used to relate the diesel engine sound
pressure levels (SPLS) in the test cell to sound poer levels (PWLS). A-weighted
sound power levels were computed based on the time average A-weight sound pres-
sure levels for each 1/3 octave frequency band. A summation of the band
average SPL or PWL provided the single number overall or A-weighted levels.
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Finally, an engine noise efficiency parameter was determined which relates the
overall or A-weight PWL of the diesel engine to brake horsepower (common units).

WE W, = Overall or A-weighted Sound Power (1)
n =10 LoglO i E
M Wﬁ = Mechanical Power (engine)

The governing equation used to determine engine radiated sound power level

(PWL_) is shown below. The relationship between sound power level and sound
E . . . .

pressure level in a diffused sound field is:

2
Filg =10 Log, | R<p>1 where: SPL.= 20 Log, , Pp >y

Pref
93c wref

wfef = 10712 Watts (2)

P

ref 0.002 u-bars

Here R (ftz) denotes the room (absorption) constant,<§PF:> the room time
average sound pressure produced by the engine,;b the mass ensity of air and
¢ the speed of sound. Here the quality e denotes the impedence (Z) of the
acoustic media.

Values of the test cell room constant, R, were obtained from measured
SPL  and published PWL data of the ILG source from Equation(2)(i.e. sub-
stitute PWL_ = PWL and<<? . = t>i' Third octave band spectra
of the ILG source sound power levels and measured sound pressure levels
in the test chamber are presented in Table H-2,
Once the test cell room (absorption) constants were determined, engine

Finally, diesel engine noise efficiency is defined by the following
relationships.

WE (OVERALL) (Common Units) (3)

N, = 10 Log —_—
o)
10 Wy

wE
= 10 Log —_
10 WM

. (A-weight) (4)
A

There the powers WE (OVERALL), WE (A-weight) and WM were obtained from:
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TABLE H-2.=~ ILG SOURCE SOUND POWER AND TEST CELL SOUND
PRESSURE LEVELS ONE-THIRD OCTAVE SPECTRUM

ONE-THIRD OCTAVE SOUND POWER LEVEL, SOUND PRESSURE LEVEL
BAND CENTER (DECIBLES RE 10 (DECIBLES RE 0.10002u-
FREQUENCY (H2) WATTS) BARS)
40 70.5 59.6
50 72.5 58.6
63 73.5 62.2
80 72.0 56.7
100 70.5 63.6
125 72.0 65.6
160 73.5 62.2
200 73.5 64.0
250 74.0 64.8
315 74.5 65. 4
400 74.5 65.6
500 74.5 66.6
630 74.0 67.8
800 74.0 67.2
1000 74.5 69.5
1250 75.5 69.8
1600 75.0 72.2
2000 74.5 71.0
2500 74.0 70.7
3150 73.5 70.0
4000 73.0 68.3
5000 73.0 68.4
6300 73.0 72.3
8000 73.0 75.0
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Diesel Engine Overall Sound Power Level, PWLE(OVERALL) = 10 Log10 WE(OVERALL)
ref

Diesel Engine A~Weight Sound Power Level, PWLp (A-weight) = 10 Log10

WE (A-weight)

\
ref

Mechanical Power, WM = BRAKE HORSE POWER x 745.7 when sound power is given
in watts.

H.4 FAR-FIELD SOUND PRESSURE LEVEL PREDICTIONS

The acoustic model considered for the prediction of engine radiated
noise at fifty feet is presented. In modeling the far-field sound pressure, it
was assumed that the source of radiation from a diesel engine is represented
by an equivalent monopole point source. Band average sound power levels, para-
graph H-3, were used as the power levels of this monopole source. A reflective/
or rigid plane was incorporated in the model to represent the acoustic scattering
from the ground. Under these assumptions, the far-field acoustic pressures can
be estimated by:

wE elR + elRl ele

4T Zo R Rl

P .
FF = 1mpo

where w is the frequency, rad/sec

FF° for field Sound Pressure

o» Characteristic impedence of the air media

N W

pb, air media mass density,

W band average sound power

R, distance from receiver to source location

Ry, distance from receiver to image source location
T, time

The sound pressure level is as follows:

. 2
SPL_.. = 10 Log,, QFF >fC0nJ <PFF>f %ref}

were it is understood that PFF:>f represents an average over a frequency
band, and Conj the conjugate.
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