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PREFACE

This report addresses the acoustic aspects of small, internal
combustion engines. The report has five technical sections, each
of which focuses upon a particular study area of the program,

The five sections are: Section, 2, Outdoor Noise Test Results
from Saab 99GL and Peugeot 504GLD vehicles; Section, 3, Noise
Tests on 2 Selection of European Passenger Vehicles: Section &,
Tests on a Saab B.1. 2-Liter Gascoline Engine; Sectien 5, Tests
on a Peugeot 2.3-Liter Diesel Engine; and Section 6, An Urban
Traffic Noise Mode! for High-Speed Gasoline and Diesel-Powered
Light-Duty Vehicles.

Ke would like to acknowledge the cooperation and contributions
of all the subcontractors, Ricardo Consulting Engineers, Aerodyne
Research, Inc., and A.D. Little, in the performance of this work.
wWe would especially like to recognize the efforts of B.J. Challen
and D. Morrison of Ricardo Consulting Engineers whose contributions
were especially valuable throughou® the program.
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1. INTRODUCTION

This report addresses the acoustic aspects of small, internal
combustian engines. The report consists of five technical sections,
each of which focuses upon & particular study area of the progran.

1.1 OUTDOOR MNOISE TEST RESULTS FROM SAAB 92GL AND PEUGOT 504GLD

VEHICLES

Section 2 of this report outlines the program of test work on
the Saab 99GL and Peugeot 504GLD vehicles and summariies the
resuits obtained. The Saad and Peugcot vehicles, both in 1976
Califnrnia build, were tested for drive-by noise over a comprehen-
sive range of vehicle and engine operating conditioms., Noise tests
were also made with the vehicles stationary. Exhaust emissions and
performance were also measured. The 150 drive-by noise level for
the Saab was 79.1 4BA and for the Peugeot was BI.5 dBA, For the
gasoline engine powered Saab, the major noise sources were the

exhaust and engine, the intake and fan noise being insignificant,
For the Peugect, a diesel engine powered vehicle, the major noise
sources were the engine and cooling fan, the intake and exhaust

noise being negligible.

Increasing the load on the engine for a given engine speed
by reducing the power/weight ratio increased the drive-by noise
level on the Saab at certain critical engine speeds, largely

because of the increased exhaust noise.

1.2 NOISE TESTS ON A SELECTION OF ZUROPEAN PASSENGER CARS

Section 3 of this report describes a series of drive-by and
interior noise tests that were carried out on a relection of
European passenger cars. The tests covered a wide range of
vehicle operating conditions The cars tested werc the Renault 4,
Opel 2100D, Ford Fiesta, Fora Cortina 1600, Vauxhkall Chevette Gl,
Chrysler Alpine 'S', Velvo 244 GL, Jaguar XJb 4.1 and the Triuamph



Dolomite Sprint. In addition, a Ricardo experimental turbocharged
version of the Opel 2100D was also tested, The results of the

| previous tests on the Saab 99GL injection and Peugeot S04GLD

were also used for comparison On 2n IS0 test basis, there was

a spread of some 6dBA between the quietest and noisiest cars, the
Triumph Dolomite Sprint being the highest ranking at 8§1.8 dBA
{(RHS, mean of twe tests withirn 1dBA) and the Jaguar XJ6 being the
lowest at 75.9 (LHS, mean of t«’ tests}. Averaging all the cars
gave an overall !50 mean of 79.2 dBA.

Whereas there was no specific correlation between power/weight
ratio snd drive-by noise, if the cars were grouped broadly as
small, m*dium and high performance luxury, there was a general
trend of increasing ISO drive-by levels and decreasing interior
noise with increasing size/performance.

The sound pressure levels were monitored at four microphone
positions as the car was driven over a 20m test zone. The signals
from these microphones together with vehicle position information
were simultanecusly recorded on a seven channel tape recorder.

Quantitative and gualitative assessments of the noise
lirecrionality were made by observation of the analog traces
preduced and by constructing polar noise contors for each vehicle,
The value of the IDO test as a vard-stick for vehicle noise
assessment is also commented on, with reference to the levels

obtained from the other drive-by tests.

1.3 TESTS ON A SAAB B.I., I-LITRE GASOLINE ENGINE

As part of a U.S. DOT program to assess h:gh speed engine
noise, tests were carried out for Calspan Corporation on a SAAB
B.1. 2 litre gasoline engine under anechoic conditions., The results
are presented in Section 4 of this report, Detailed baseline
neise tests were made as well as performance and cxhaust emission
evaluations. The engine was in 1976 California emission build
with manifold air oxidation, exhaust gas recirculation and fuel
injection. The engine was removed from the SAAB 99GL car, which
was the subject of the vehicle tests reported in Section 2.

o
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1.4 TESTS ON A PUEGOT 2.3-LITRE DIESEL ENGINE

As part of a U.S. DOT program to assess high speee engline
noise, tests were carried out for Calspan Corporation on » Peugeot
SO4GLD diesel engine in anechoic conditions. The results are
presented in Section 5 of this report. Detailed noise measur-ments
were made, and performance, economy, and emissions were also
assessed over a range of operating conditions.

Over the whole of the speed and load range, noise, performance,
economy, and emissions were typical of this type of engine. The
maximum noise level to the sides of the engine was 101dBA at full
load, rated speed operation. Maximum power produced was 47.5
kW at 75 rev/s (=4500 rev/min}.

1.5 AN URBAN TRAFFIC NOISE MODEL FGOR HIGH SPEED GASOLINE AND

DIESEL POWERED LIGHT DUTY VEHICLES

Section & of this report presents a model of the noise
generated by small, high speed engine-powered vehicles in a low
density, i.e., non-continucus source, urban environment. This
model facilitates the evaluation of the noise impact of these
types of vehicles. This modeling, in order to fulfill its originail
cbjectives, should utilize to as ETeat an extent as poasible the
information the eng ne/vehicle data generated earlier in this
program. Consequently, unlike most traffic noise models, the
emphasis of this modeling will be on the engine’vehicle system
4s opposed to propagation/interaction effects.

1-3/1-4



2. OUTDOOR NOISE TEST RESULTS FROM SAAB 9SGL AND
PEUGEQT S04GLD YEHICLES

2.1 TINTRODUCTION

This report summarizes the emission, performance and noise
tests carried out on the gascline engine powered Saab 99 and the
diesel engine powered Peugeot 504D,

A full, detailed report covering the entire High Speed Engines
Project (including the 10 additional vehicle tests and the engine
tests) will be issued on completion of the project.

The report concentrates on the noise tests and summarizes the
results and conclusions of the wide matrix of drive-by tests,
interior noise tests and exterior tests with the vehicle sta-

tionary.

2.2 TEST OBJECTIVES

The summarized objectives of this studv were as follows (for
the two selected vehicles, the Saab 99 and the Peugeot 504D}

a. Teo establish drive-by noise levels, using a four micro-
phone array, over a wide matrix of vehicle and engine
operating conditions {entry speed, gear ratio, accelera-
tion rate, power:weight ratio) including tests to
IS0 R362 and SAE J9%86a ;rocedure}.

b. To identify and rank the vekicle noise sources on the
basis of selected drive-by tests.

c. To measure polar noise distribution and identify noise

sources with the vehicle stationary.

d. To measure interior noisc levels at various operating
conditions.

e. To cstablish the gaseous emissions characteristics and
vehicle fuel economy on the hasis of a standard test

el
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procedure over the LA4 driving cycle, including the
effect on gaseous emissions of power:weight ratio (Saab
only}.

f. To measure the vehicle performance on the basis of maxi-
mum acceleration and vehicle speed.

2.3 TEST VEHICLES

The two baseline vehicles chosen as representative of typical
Europcan high-speed engine passcnger cCars were the Saah 99 and the
Peugeot 504D. Both vehicles were standard production models, built
for U.S. export to 1976 California cmission standards. A brief
specification of the vehicles is given in Table 2-1.%* Both ve-
hicles were run-in before testing.

2.4 TEST SITE

The test site for conducting the noise tests is shown
schematically in Figure 2-1. The drive-by noise tests were con-
ducted over the standard 20 m ISO test zone in all cases except
for the SAE J986a test {15 m test zone). Due to the limited
tength of the test site, maximum speeds for the drive-by tests
weTe restricted to 50 mile/h for the Saab and 30 mph for the
Peugeot. The majority of the drive-by tests, however, were within
these speed limits. For the few high speed drive-by tests, the
testing facilities at the Motor Industries Rescarch Association

“1RA)Y, Nuneaton, were employed. The perinic ="z Le..5 aat

interior noise tests were also carried out at MIRA.

2.5 INSTRUMENTATION

Four microphones were used to measure the instantancous sonnd
pressure level as the vehicle was driven through the 20 m test
zone. The signal from each microphone was fed to a 7 channel M
tape recerder. The vehicle position on the track was deternined
by reference to seven vehicle position indicators (VPIs}, thesc
being photo-transistur relay switches, triggered from a sideways

*411 figures and tables referred to in the text follow each section.
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facing spotlight on the vehicle. (The diagrammatic layout of the
microphones and vehicle position indicators is shown in Figure
2-1.) Pulse signals from the triggered vehicle position in-
dicators were fed to the tape recorder. Also recorded was an
engine speed signal, transmitted via an FM transmitter in the
vehicle and received and converted at the control base through

a frequency to voltage converter. The above mentioned signals
occupied six of the scven channeis, the ceventh being utilized to
record a synchronization pulse at the commencement of each run.

In order to provide an accurate read-out of the vehicle speed
to the driver and also to cnable the effect of load to be assessed
{by varying the acceleration rate a known quantity for given entry
speeds) a unique velocity/acceleration meter was devised. This
instrument is fed by a frequency propertiocnal to road speed which
is generated by a magnetic pick-up adjacent to slots on the brake
disc on a road wheel. For constant speeds, the system is calibra-
ted for each road speed against the frequency generated from the
slotted disc/pick-up, and the driver is able to drive the vehicle
at a steady speed by maintaining a pointer on a center-icro meter
at the zero position. For acceleration rates of a given rate a
constantly increasing voltage is generated which is matched by
accelerating the vehicle, thus maintaining a zero deflection on

the center-zero meter.
2.6 OUTLINE Dosen:PTION OF VEH _CLE

2.6.1 Drive-by XNoise Tests

The drive-by noise test matrix for the Saab and Peugeot is
vabulated in Table 2-2. The twd matrices were arranged to be
common to both vehicles as far as possible but due to performance
{imitation of the Peugeot some of the high speed, high accelera-
tion tests were not possible. The drive-by tests were conducted
by entering the 20 m zone at the prescribed speed and in the pre-
scribed gear. After the front of the vehicle had crossed the zone
start line the vehicle would be driven in one of the following
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modes; steady state, maximum acceleration (wide open throttle/full
rack), an intermediate acceleration rate of 0.05 g, 0.1 g or

(.15 g (where possible), steady deceleration to halt after 20 m,
and coasting (with clutch pedal depressed and the engine cut}.
Drive-by tests were also carried out with various major sources
abated in order to identify and rank the sources on the basis cf
rolling noise, engine noise, exhaust noise, intake noise and fan
noise,

The effect of power/weight ratio was also examined on the
Saab by towing a 1 ton capacity trailer. The standard power/
unladen weight ratio of the Saab was 0,04 bhp/1b and the Peugeot,
0.02 bhp/1b. Drive-by tests wers carried out on the Saab for
power/weight ratios of standard (.04 bhp/ib), 0.03 and 0,02 bhp/
ib,

2.6.2 Stationary Noisec Tests

With the vehicle stationary, the following tests were con-
ducted on botk vehicles.

2.6.2.1 Polar Noise - The sound pressure level at 12 microphone
pesitions around a 7.5m radius circle (centered on the mid-point
of a line through the two VPI spotlights) was measured at various
engine speeds to provide a comparison with the polar noise data
extracted from the steady state drive-by tests,

2.6.2.2 Exhaust Noise Versus Fngine Speed - The engine speed

was increased steadily from idle to rated speed and the sound
pressure level at four microphones around the vehicle recorded.
The object of this test was to reveal any exhaust noise character-
istics which might be critical in a drive-by test situation,

2.6.3 Interior Noise Tests

Interior neise recordings were made for various steady state
speeus iR top gear and also for the condition of accelerating from
rest through the gears to 70 mile/h.
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2.6.4 Performance Tests

The performance of each vehicle was assessed by timing maxi-
mum accelerations from rest to various speeds and by measuring the
maximum speeds possible in each gear. For all these tests the
vehicle was laden with a driver and passenger.

2.6.5 Exhaust Emission Tests

Both vehicles were emission tested for CO, HC and NOy ac-
cording to current Federal Register procedures over the LAY cycle.
In addition the Saab was tested at twe further inertia values to
simulate the cffect of reducing the power/weight ratios. The
inertias seclected corresponded te power/weight ratios of 0.03 and
0.02 bhp/ib.

L]

.7 RESULTS AND DISCUSSION OF TESTS

L]

.7.1 Drive-by Noise Tests

2.7.1.1 Saab - The results of the standard 1S5S0 and SAE tests were
as follows (the fan was off for these tests): (Figure numbers

refer to trace samples)

LS RHS
IS0 (2nd gear, engry at 31 mile/h) & 7.5 m Figure 46 79.1 78.6
SAE (lst gear, entry at 30 mile/h) ? 7.5 m 85.2 83.5
- . g p1sm  TIEUTE 47 55 ¢ 950
SAE (Ind gear, entry at 30 mile/h) ® 7.5 m 76.9 76.9
. . . ¢ 15 m FiEUTE 48 o0 o 4y o

The Saab typically produced higher sound pressure levels to
the left of the car than the right due to the rear left location
of the exhaust tail pipe. The exhaust neise wis also seen to be
a critical factor in the drive-by tests, particularly at certain
engine speeds, as was shown during the stationary tests (see

-

Section 2.7.2.2).
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The effect of gear ratio (i.e. engine speed] and vehicle
speed on the drive-by maximum SPL is shown in Figure 2-2 for a
series of steady state drive-bys. The rolling noise {coast-by)
is shown as a baseline, for which a slope of 9.7 dR/octave was
measured. In 3rd and top gears the additional contribution to the
overall SPL above the rolling noise is smatl (1-2 dBA} and in
Ind gear is roughly of the same order as the rolling noise (i.e.
«3 dR above the rolling noise). It is not until the engine is
operating at abnormally high speeds {in 1st gear) when the overall
SPL is significantly higher (~10-15 dBA above rolling noise}.

This will be shown te contrast significantly with the Peugeot re-
sults, where the engine noise was seen to be a dominant source,

even in 3rd gear.

A detailed mapping of the drive-by noise was conducted by
plotting the sound pressurc level opposite the three micronhones
at 7.5 m (microphones 1, 2 and 3) against engine speed for wvar-
ious acceleration rates from 0 (steady state) to maximum for each

of the four gears selected,

Thus for any given engine speed, the effect of load could be
cxamined. These curves are shown in Figures 2-3 - 2-10. For
1st gear, Figures 2-3 and 2-4 show a considerable effect of load
on the SPL, particularly at the lower end of the engine speed
range. This will be shown later to be largely due to the effect
of load on the exhaust noise. It is also known that gasoline
engine noise can exhibit a greater sensitivity to load than a
naturally aspirated diesel engine, where the effect of load is
typically minimal {of the order I - ? dBA). The results of the
engine test bed work will heip to clarify this load/noise effect.
Figures 2-5 and 2-6 also show the load effect on drive-by, the
cffect being more pronounced on the left hand side {the exhaust
side} in producing peaks at various engine speeds. The effect is
similar for 3rd gear (Figures 2-7 and 2-8) but is not as ecasily
apparent in top gear due to the limited amount of data available
{small change in engine speed over the 20 m zone).
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There was also some evidence that increasing the engine
load by decreasing the power/weight ratio resuited in zn increase
in drive-by SPL for a given engine speed. This is shown clearly
in Figure 2-11 in the engine speed region of 25 - 30 rev/s and
45 -50 rev/s {later shown by the stationary test to be critical
regions from the exhaust noise aspect). The best fit curves
though the test points for cach power/weight ratio test was ob-
tained using a Polvnomial Curve-Fit computer program.

Noise source tests were analyzed for the two conditions of
30 mile/h steady state, Ind gear ind 30 mile/h entry, maximum
acceleration, 2nd gear. The overall results are shown in Figure
2-12, Frum tests with a sound level meter around the air cleaner
it was concluded that the intake noise was insignificant. Silenc-
irg the exhaust resulted in a considerable reduction in drive-by
noise under maximum acceleration conditions (>3 dB). The fan noise
was impossible to detect during a drive-by test. The fan on the
Saab was eclectrically driven, provision having been made to over-
ride the thermostat such that tests could be made with the fan
on or off. Figure 2-13 shows the percentage breakdown of the
three major noise sources, rolling, engine and exhaust. The
significance of the exhaust noise to the left of the vchicle is
readily apparent. Figure 2-14 shows the same results but plotted

on the basis of constant rolling noise.

Frequency spectra for the two drive-by conditions are shown
in Figure 2-15; 30 mile/h entry speed, Ind gear mas mum accelera-
tion and stecady state. The spectra arc mhxima for a particular
drive-by. The characteristic¢ increase in low Trequency noisc
with increase in load on gasoline engines is clearly shown in
these A-weighted spectra, and in fact dominate the maximum ac-

celeration {i.e. maximum load) spectra.

Drive-by spectra for the noise source tests are shown in
Figures 2-16 and 2-17 (left hand side only). The relative in-
significance of the fan noise is apparent and also the sub-
stantial reducticon in the low-mid frequency range noise with the

exhaust silenced.

P
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From the stcady state drive-by tests, it was possible to
construct polar noise plots from analysis of he noise character-
istics during the drive-by with reference to the geometry of the
four microphones and the seven VPls, and correcting the SPL to
that expected at 7.5 m (based on the inverse square law). A
typical plot is shown im Figure 2-18 for 30 mile/h, Ind gear.

The most apparent feature of the noise distribution is the peak
caused by the exhaust noise. Otherwise, there is little fluctua-
tion of SPL from the 72.5 dBA 'contour'. Figure 2 19 shows an
extreme case where the dominant source is the engine (50 mile/h.
Ind gear) and the plot is more regularly circular. The polar
plot derived from the steady state tests was also used to ex-
amine the noise source tests at 30 mile/h, Ind gear. Figure 2-20
shows four polar curves indicating the relative significance

(above the rolling noise baseline) of the exhaust and engine noise.

2,7.F 2 Peugeot - The results obtained from the Peugeot tests are

presented below in a similar manner to those for the Saab.

Tre results of the standard 1SO and SAE tests were as

follows: (Figure numbers refer to trace samples)
LHS RHS
[SO f2nd gear, entry at 28 mile/h}) # 7.5 m 81.5 81,0
{pu J.49
SAE (2nd gear, entry st 30 mile/h) 0 7.5 m | IRUTE 83,1 82,7
o T _tn
[L] (L] 1] ﬂ 15 ™ ; lﬂﬂl‘{" - 5' ---— qq'fl

The fan was off for these tests,

Figure 2-21 shows the effect of gear ratio and vehicle speed
on SPL {corresponding to Figure 2-2j. Apart from top gear, the
engine noise is shown here to cause a significant increase above
the rolling noise, and more proncunced than for the Saab. The
slope of the coast-by noise is similar (as might be expected as
both cars have similar weights and tire sizes) at 9.4 dBA/octave.

Figures 2-22 - 2-29 (corresponding te Figures I-3 - I-10)
show the effect of load on drive-by noise and it is clearly shown
that the Peugeot load/noise characteristics differ widely from the
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Saab. 1In all four gears, there is only slight indication of
increasing load increasing the drive-by noise level and in most
cases the results from all the steady-state aad acceleration
tests for a given engine speed and gear fall within the expected
range of experimental scatter. It will be shown later that not
only was the exhaust noise insignificant on the Peugeot but that
the exhaust noise displaved no peaks at particular engine speeds
as was so striking on the Saab.

The noise source breakdown is shown in Figure 2-30 where it
is clear that the engine noise is the dominant source for both the
acceleration and steady state tests, with the fan showing up as a
significant source during the steady state test. The fan, a
13 in. diameter, & bladed unit, was driven at engine speed via an
electromagnetic clutch, operated by a coolant temperature switch
in the radiator. This switch was by-passed in order to carry out
tests with and without the fan operative. With the fan cngaged,
the tonal noise characteristic was clearly audible at high engine
speeds as the vehicle entered the test zone (i.e. observer facing
the vehicle front)}. The high noise level from the fan to the
front of the vehicle is evident from the polar noise distribution
{see Figure 2-38). Figure 1-31 shows the notse source percentage
breakdown, and Figure 2-32 the same results but expressed on a
basis of constant rolling noise. The exhaust and intake noise

sources were insignificant.

Maximum spectra for the two-drive-by conditions of 30 mile/h
entry, maximum acceleration and steady state are shown in Figure
2-33. The maximum acceleration spectra show a significant in-
crease in SPL in the 125 H:z third octave band and a general slight
increase over the remainder of the spectrum, the shape of the
maximum acceleration and steady state spectra are otherwise
broadly similar. Figures 2-34 and 2-35 show the source contribu-
tions for the two drive-by conditions above. As has been shown
already, for the maximum acceleration condition, the dominant
source was the engine noise with all other sources contributing
very little in addition. This is seen clearly in Figure 2-35,
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although a slight peak in the 630 Hz third octave band is apparent
with the fan on. This peak is more striking in Figure 2-34 for
the steady state case and identifies the fan as a significant
source, even when this maximum spectrum occurred with the wvehicle
approximately opposite the measuring microphone. The peak over
the 500 - 630 Hz bandwidths corresponds to the blade passing fre-
quency of the fan at this engine speed (8 blades x 62 rev/s =

196 Hz}. The SPL scatter over the high frequencies from source
rest to source test indicates the degree of repeatability of
drive-by testing.

The coast-by spectrum, shosm in Figure 2-34 compares very
well with the coast-by spectrum for the Saab (Figure 2-16) again
generally indicating the similar coast -by noise characteristics
of the two vehicles.

#

Figures 2-36 and 3.37 show typical polar noise plots. No
particular peaks are evident, as was for the case of the Saab
exhaust noise. These tests, however, werc with the fan off.

The polar noise plots for the noise sources, shown in Figure 2-38
clearly show the effect of the fan noise to the front of the

vehicle.

2.7.2 Stationary Noise Tests

2.7.2.1 Polar Noise - The polar noise distribution with the ve-

hicle stationary is shown in Figure 2-39 for the Saab, and Figure
1-40 for the Peugeot. Reasonable agreeme,l between the twao tests
for the respective vehicles is evident (except that the relatively
coarse microphone array for the stationary te’ts does not detect

the finer peak: displayed by the drive-by polar plot analysis).

3 .7.2.2 Exhaust Noise Versus Engine Speed - Figure .41 shows the
effect of engine speed on the SPL to the sides of the Saab

(mics 1 and 2}, the front {(mic 3) and rear (mic 4). The micro-
phone positions are <hown in Figure 2-42. The critical nature of

the exhaust no.se with engine speed is clearly shown at the mic &
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position, closest to the exhaust. Peak fluctuations of 6 - 9 dBA
are ecvident, and over a very small engine speed range. Such
critical exhaust characteristics give rise to considerable
variations in drive-by noise, and are also affected by engine
load, #s was apparent from the drive-by curves (Figures 2-3 -
2-10).

By contrast, Figure 2-43 shows the results of the same test
for the Peugeot, where in this case not only is there a complete
absence of such critical speed regions, but the SPL opposite the
engine (mic 3} is greater than that opposite the exhaust at a
given engine speed (confirming the results of the drive-by test
where the exhaust noise was shwon to be insignificant).

I R

2.7.3 iInterior Nolse Tests

»

Figure 1-44 summarizes the interior noise tests for the Saab.
The trace indicztes the internal noise level at the driver's ecar
position as the vehicle is accelerosted through the gears at wide
open throttle. On the same curve are shown the interior noise
levels for various steady state cruise conditions in top gear.
Figure 2-45 shows the results from corresponding tests on the
Peugeot. Over the top gear cruising range from 20 - 70 mile/h,
the Peugeot interior noisc is some 2 1/2 - &4 1/1 dBA greater than
that of the Saab.
R

4 Performance Tests

A summary ol the results of the performance tests is given

below:
Saab Peugeot
Acceleration Tests:
0-20 mile/h i.6 s 1.7 s
0-30 mile/h 5.5 s 7.0 s
0-40 mife/h B.2 s B.7 5
0-50 mile/h 11.2 s 1.0 ¢



Acceleration Tests:
0-60 mile/h
standing start 1/4 mi
maximum speed (top g€

3.7.5 Exhaust Emissions Tes

Saab
14 .8 s
le 19.5s

ar) 105 mile/h

1s

The summarized results
as follows:

Saab {standard]

Saab (0.30 bhp/lib equivalent
inertia)

Saab (0.02 bhp/lb equivalent
inertial

Peugeotl (standard)

*over LAd cycle

Peugeot

20.6 s
22.2 s
§5 mile/h

of the exhaust emissions tests were

HT
0.91
0.93

1.1

- =
|2
"

—
. .

on LN

(Y]

co
7:1
8.0

1.4

Fuel cons.
mile/US

gnil.*
17.3

16.7



TABLE 2-1.

Engine type

Engine capacity

Nominal max power

. Nominal max engine

speed

weight as tested for
drive-by tests

Weight as tested for
performance tests

Emission build standard

Fuel injection system

Transmission

BRIEF SPECIFICATION OF VEHICLES

SAAB 99

gasoline, naturally
aspirated

1.985 L (121 in3)

110 bhp

5500 rev/min

3120

California 1976

Basch (Continuous
Injection)

4 forward ratios,
manual

P

-13

PEUGEQOT 504D

indirect injection
diesel, naturally aspi-
rated

2.112 L {129 ind)

65 bhp

4500 rev/min

3260

3440

California 1976

CAYV {Rotodiesel}

4 forward rartics,
manual



TABLE 2-2. CALSPAN HSE PROJECT: SAAR 9% AND PEUGEOT 504D
DRIVE-BY TEST SCHEDULE

ﬂ?ﬁﬂ GEAR | ACCEL. f; : g;:?gam COMMENTS

20 4 Steady s P
Speed

30 5 " s P
40 i . s P
20 4 " s
20 3 " s
10 3 . 5
40 3 " s P
50 3 . s
10 2 -
20 2 " s
30 2 . s P
0 2 . s
50 2 . s
10 4 "
20 1 . s P
30 1 ! s
20 3| MAX s P
30 3 " s
® 4 . s pe
20 3 . s
30 3 g s
4 2 " s P
10 2 " s P

*only LHS possible due to performance limitations
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TABLE 2-2. CALSPAX lISE PROJECT: SAAB 9% AND PEUGEOT 504D
DRIVE-BY TEST SCHEDULE (CONTINUED)

E‘ﬁw GEAR | ACCEL. f‘, i %igmr COMM ENTS
20 2 .| MAX s
10 2 o 5 p zﬁnlgg over SAE 15 m tes:
31 2 " S
28 2 " P
40 pr - s
ic 1 . S
20 1 - S
30 1 - 3 Also over SAE 15 m test
zone for Saab
40 3 C.15g 5
20 3 " s
10 2 - 5 These tests not possible
20 2 - 5 with Peugeot
10 P d S
20 1 “ s
10 1 " S
40 4 0. 10g S
20 4 " S
40 3 " s
30 3 . S
20 3 - 5
30 2 " s
30 2 ol s
20 2 " S
10 2 vd 5 P
20 1 - 5
10 1 - S P

rg
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TABLE 2-2. CALSPAN HSE PROJECT: SAAB 99 AXD PEUGEOT 504D
DRIVE-BY TEST SCHEDULE (CONTINUED)

o | | GEAR | AcceL. | O er

%0 1 0.05g | S P

20 s . 5 P

@ 3 . s pe

30 3 - s P

20 3 - s p

50 2 . s

30 2 : s p

20 2 - s P

10 2 g 5 P

20 g " s P

10 ) - s P

ﬁmmn GEAR | ACCEL. Pﬂb:?n‘:ﬂ S« SAAB |

30 2 0.10g 0.02 5 l
20 2 . . s
10 2 - - s l
20 1 - - S
10 i - - s |
) 2 0.05¢ 5.02 5
20 - " " s |
10 2 . " 5 ’
20 1 - . S
10 1 " by 5
30 : 0. 15g 0.03 5
20 2 : . s
10 2 - . s
20 ' - s
it i - " S

*only LHS possible due to performance limitationa
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TABLE

2.7, CALSPAN HSE PROJIECT: SAAR 99 AXND PEUGEOT 504D
DRIVE-RBY TEST SCHEDULE (COXTINUED}
ENTRY SPEED POWER/WT | 5 « SAAE
MILE/H GEAR ACCEL. Bho/1t P . PEUGEOT
3 30 2 0.10g .03 3
m : - - s
10 2 . s 5
<0 1 o = 3
10 - - = 5
30 2 0.05¢ 0.03 5
20 2 . " s
12 - ] = 3
20 o @ . s ,
10 . - 5
&0 NE Coas: P.‘ 1
|-
b 13 NE " s P
20 Ng - | P |
;
0 4 E s B
30 } |§ g8 I
-t
20 2 T eT s P
zf 3 -
10 1 - g P |
ﬁ E = |
NOISE SOURCE TESTS BUILD .
30 2 Consi. Exhaust 5 " ‘
Silenced !
Fan off 1
30 2 - Fan on 5 P '
Mormal f
Butlg |
s 2 MAX | Exhaust s P |
Silenced '
Fan off |
31 " 2 MAX {Fanon 5 F
Wermal
Build | I

*not possible (C‘ue to performance limitations
*® 30 mile/ for Feugeot



TABLE 2-2. CALSPAN HSE PROJECT: SAAR 99 AND PEUGEOT 504D
DRIVE-BY TEST SCHEDULE (CONTINUED]

ENTRY SPEED S = SAAB
MILE/H GEAR | ACCEL. BUILD Pa FEIJGE;'DT
30 . 2 Ccnst. | Intake P
Speed | Silenced
Fan off
3o 2 MAX "'
2“_ it (1]
28 2 » Exhaust p
Silenced
Fan off
28 2 " Normal P
Build
Fan on
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3. NOISE TESTS OM A SELECTION OF
EUROPEAN PASSENGER CARS

2. b INTRODUCTION

The work described in this report forms a part of the program
for DOT/TSC being carried out for the prime contractor, Calspan
Corporation, to evaluate European highspeed engine noise chara. -
teristics. A detailed noise evaluation program has already hcen
conducted on the Saab 99 GL Injection and Peugeot 504 GLD vehicles
(summarized in Ricardo report DP 77/1158}. iIn order to supplement
this information, nine standard European passenger cars (plus one
prototype) were sclected and a number of drive-by and interior
noise tests carried out., The drive-by tests were conducted on
the same site as that used for the Saab and Peugeot and the same
four microphone array and vchicle pesition indicating system usad.
The signals from the four microphones were recorded simultancousiy
on a seven channel FM tape recorder and subsequently processed in
analogue form by means of an X-Y plotter. The test site was
calibrated hefore use oy means of a noise source traversed along
the zone center line. Sound piessure level fall-of’ rates weTQe
close to the expected -6dBA per doubling of distance with an over-
all mean value of -5.9 dBA per doubling. The interim report
DP 77/1158 outlines the Saab and Peugeot tests: the following
repert is a detailed report on the ten additional vehicles and
alse includes the Saab and Peugeot tests where relevant for
comparison. Repoits covering the Saab and Peugeot cngine tests
under anechoic conditions will be issued on rompletion of the

program.

5.2 VEHICLES TESTED

Three main criteria were applied in the sclection of the
ten vehicles: power/weight ratio, how representative the vehicles
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were of their class and the market penetration based on volume
<ales. 1In addition some consideration was given to availability.
A wide spread of power/weight ratios was called for and this was
well spanned from the lowest ratio (0.022 bhp/ib) to the highest
ratic (0.055 bhp/1b)}. The nominal ratios werc derived from the
manufacturers DIN bhp engine power and the vchicle curb weight.
Figure 3-1 shows the spread of power/weight ratios of a wide range
of European cars.

The popularity of a vehicle was judged by the market sales
figures available for Western Europe as a whole for the first
seven months of 1977. These figures arc shown below. (Note:
The selection of the cars and the test woerk was carried cut in
late 1977).

Vehicle No. of Cars 1 of Market
i. Fiat 127 204, 000 1.8
2. Ford Cortina/Taunus 264 ,00¢ 4.3
3. V.¥. Golf {"Rabbit') 246 000 4.0
4. Renaulit 5 235,000 3.8
5. G.M, Chevette/Kadett 227,000 3.7
6. Ford Fiesta 192,000 3.1
7. G.M. AsconafCavalier 189,040 =
B. Renault & & 6 183,000 3.6
9. V.W. Polo/Derby 149, 000 2.4

10. Chrysler 1307/8/Alpine 147,000

L)
W
ey

The highest ranked Japanese car was at 30th position and
was the Toyota Corella.

211 the additional vehicles were saloon cars, tested as
received in normal U.K. production build. Mest of the cars were
less than twelve months old but none more than two years old,
A1l were run-in and in normal working order. Eight of the ten

vehicles were gascline engine powered. The remaining vehicles
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were diesel engine powered {one being a prototype turbocharged
dicsel passenger car). The vehicles seiected are listed below
in ascending order of power/weight ratio together with brief
reasons why that particular vehicle was chosen.

A description of each vehicle is given in Table 3-1. (XNote
that for all tables the vehicles are listed in ascending power/
weight ratio) and the vehicles are illustrated in Appendix 1.

a) Renault STL

This was chosen as representing the lowest power/weight ratio
category. It is also extremely popular in France and in Europe
as a whole, ranking No. % in the top ten list; over 5 million
have been made.

b) Opel 2100D

This was the naturally aspirated diesel version of the Opel
2100 and was chosen for comparison with the Peugeot and alse with
2 prototype turbocharged version (sce d below).

¢} Ford Fiesta |

An increasingly popular car in the under bﬂin3 class is the
so-called 'hatchback® (e.g. V.%. Polo, Renault 5, Peugeot iud,
Fiat 117}, The Fiesta was chosen as one of the most recent of

this type and one which is proving te be extremely popular.

d) Opel 2100D T/C

This was not a standard production vehicle, but a Ricardo
experimental turbocharged version of b) above. Apart from the
addition of the turbocharger, however, the vekicle was identical
in all important aspects to the production car. This car was
chosen because of the increasing popularity of the light duty
diesel vehicle and the interest being shown in achieving accepta-
ble performance by turbocharging, with miniral fuel consumption
increase.

e}l Cortina oo

The Cortina is the best sclling car (based on solume sales!
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in the U.K. and Xo. 2 in Western Europe as a whole, is available
in many different trims and with many different power units. The
(600 {97 ini} was chosen as being the most rTepresentative.

f} Vauxhall Chevette GL

The Chevette represents a very pupulgr small car in the
'hatchback' vehicle category in the B0 in” and above class (others
being the V.¥. Golf, Honda Civic, Chrysler Sunbeam and Ma:zda
Hatchback) and has been widely recognized as one of the best
designed and engineered small cars to be produced by Vauxhall
Motors. Together with the Opel Kadett, {a GM model in the same
class as the Chevette) some 3.7 percent of the European market
is held by these models.

g} Alpine S

The Chrysler Alpine, as it is known in the U.K,. (Simca 308
in France) was nominated European Car of the Year in 1576 and was
chosen as the basis for the Calspan Rescarch Safety Vehicle
program. It was also No, 10 in the Europecan sales chart. The
higher powered 'S' version (88 in> engine) was sclected mainly

to fill a gap in the pewer/weight ratio speed,

k) Volve 244 GL

The Volvo, a car with a reputation for reliability, dura-
bility and sslidness of construction, is a popular choice in the
intercediate- luxury class of European passenger car. The vehicle
tested was the fuel injected version of the 130 in3 engine as
this particutar vehicle was immediately available.

i) Jaguar XJ6 4.1

The Jaguar is well known for its performance, sophistication
and general “igh quality. The XJ6 is particularly noted for its
cftortiess high-speed cruising ability with minimal interior
noise. The 258 1n3 version tested was immediately available and

represented a high power/weight ratio class of vehicle.



j} Triumph Dolomite Sprint

Apart from cne or two specialist saloon cars (e.g. certain
BMW models) it was difficult to find & typical European car of
very high power/weight ratio without resorting to the very high
performance sports cars {e.g. Porsche, Ferrari). Such vchicles
would hardly be representative on a mass noise impact basis.
The Dolomite Sprint was therefore chesen as it is basically a
very orthodox family saloon in many aspects apart from the power
train. The extensively modified 122 in3 engine produces a nominal
127 bhp, far in excess of most of the other available engines
which normally power the Dolomite (typically 70 bhpl.

The above vehicles were tested as-received., Most of the
cars had mechanically driven fans, cither directly or through
a viscous coupling. No modifications were made to these fans.
The onlv cars with electrically driven fans were the Ford Fiesta
and Chrysler Alpine S. For the Fiesta, the fan was not thermo-
statically controlled but remained on. The Fiesta was tested
in this condition. The Alpine S fan was thermostatically
controiled and therefore would cut in or out according to the
engine condition. This fan was thercforc disconnected and all
drive-by tests were made on this car with the fan off. (A check
drive-by test with the fan on was later carried out and no
detectable difference measured. This was also the case with the
Saab, where the electrically driven fan noise was negligible on
a drive-by test).

5.3 TEST PROGRAM

The test program consisted of a) a series of drive-by noise
tests, b) interior noise measurements, ¢} exterior nNoisc measurce-
ments with the vehicle stationary and engine idling. Details
of each part of the program are given below.

3.3.1 Drive-by Tests

The drive-by site was the same as that used for the Saab
and Peugeot tests and is shown schematically in Figure 3-I. The
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vehicle position indicating and noise recording system was also
a< used for the Saab and Peugeot tests and is outlined in Ricardo
report DP 77/1158. A transferable spotlight package was
fabricated which could be rapidly adapted to fit most types of
vehicle. This triggered the seven vehicle position indicators
alongside the I0m test Ione. Before comwencing the tests, the
car speedometer Was calibrated by timing over a measured half

mile.

A sufficient number of runs were carried out for cach test
to obtain an accepted repecatability at microphone ? position ({for
a given side of the vehicle) of within <! dBA. Both left and

right sides of the vehicle were measured.
The following tests were carriec out for cach vehicle.

al 1S0O Test (to 1S5S0 R363 equivalent to 70/157/EEC)

For this test, the entry speecd was 31 mile/h (50km/h) or
the speed corresponding to 3/4 rated cngine speed {i.e. at which
the engine rteaches maximum power) in 2nd gear, whichever was
the lower. The gear selected in all cases was Ind, nonc of the
vehicles having more than four forward ratios (the overdrive
unit on the Dolomite Sprint was not engaged). tor the Jaguar,
the only car tested with automatic transmission, B2 was selected.
Tabte 3-2, shows the entry speeds used for ecach car and gear ratio
data. The test was carried out according to IS0 requirements,
that is opening the throttle (or rack, in the case of the diesel
cars) fully as the front of the car enters the 20m :one.

b} ‘Maximum' 150 Test

This test was selected as an indication of the influence of
engine noise at rated engine speed, by ignoring the effects of
gear ratio {cxcept on the second order ncise effect of vehicle
speed) and choosing an entry speed for each vehicle which would
enalble rated engine speed to be achieved at the zone e¥it. Table
3.7 shows the zone entry and exit speeds required to meet this
criterion. Second gear was used in all cases except for the

Jaguar where the limitations of the site {and legal requirements}
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prohihited the use of B! (an entry speed of approx. 70 mile/h
would have been necessary)., Thus Di was used in this case. The
test was maximum acceleration test, fully opening the throttle
(er rack in the case of the diesel vehicle) at the beginning of
the zone.

¢} Maximum acceleration - Entry Speed 10 mile/h - Ist gear

This test allowed a8 wide cngine speed range to be evaluated
as the car accelerated to near maximum engine speed at the end of
the zone. Any particular sensitivity of exhaust noisec to engine
speed would also show up during this wide engine specd range.

d) Steady state - Entry speed 30 mile/h - Ind gear

This condition represents a significant part of Eurcpean
urban driving and would therefore give an indication of cruising
noise impact to a roadside observer.

f) Steady state - Entry speed 30 mile/h - coast-by

A coast-by test was conducted for ecach vehicle to assess the
contribution of tire and air flow noise (1.¢. the total rolling
noise}. The engine was cut and the clutch pedal depressed atr &
sufficient distance before the zone entry to ensurc the engine
had stopped.

3.3.2 Interior Noise Tests

interior noise levels were measured at the driver's ecar
position using a B § K Precision Sound Level Meter {Type 2203}
for two steady state cruise condttions (top gear} of 30 mile/h
and 50 mile/h. These tests were carried out on a local freeway
with o sealed tarmac surface in good repair. Mrasurcments were
made in both ditections and a mean level taken, to allow for
wind effects {(although most of the tests were carried out in low
wind conditions i.c. 5-10 mile/h}., Interior noise levelis were
also measured with the vehicle stationary and the engine idling.
The latter measurements were made both with the clutch engaged
and disengaged.



5.3.3% Exterior Noise Tests

With the engine idling, the sound pressure level was
measured at 3m from the vehicle exterior surface at the front,
rear and sides. The microphone height above the ground was 1.Im,
These tests were carried out in a selected rural area where the
quiescent background noise rarely exceeded 40 dBA and was morc
typically 30 dBA. This ensured a mininmum signal/noise ratioc of
16 dB. The ground surface was a normal metalled road.

3.4 TEST RESULTS

in order to analyse the drive-by noise test recordings, the
microphone recorded signals were played back through a calibrated
X-Y plotter. The vehicle position with respect to the four noise
signals was automatically obtained by the synchronising plotter
<tart pulse signal obtained from the phototransistor position
indicators. Thus seven pulses appear along the x axis of cach
trace, corresponding to the seven VPis (vehicle position
indicators) spaced as shown in Figure 3-I. From these traces, the
noise level at any microphone could be determined with the vehicie
at any point on the test zone.

The results from the interior and idle tests are quoted as

direct readings taken from the Precision Sound Level Meter.

The drive-by and intericr/idle test results arc presented

as follows and are discussed in Section 3-5.

The results of the corresponding Saab and Peugeol teosts
are aiso included for the sake of comparisons. In all the tables
and bar charts the vehicles are listed in order of ascending

power/weight ratio.

3.4.1 Drive-by Tests

The results of the drive-by and coast-by tests arc given in
tabular form in Table 3-3, For a given test, values for the left
and right sides of the vehicle are shown and are maximum levels

at microphone 2 position (see Figure 3:1). For a given side, the
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value is a mecan of two representative runs. Note that the results
from the corresponding Saab and Peugeot tests have also been in-
cluded for comparison. For each vchicle and each drive-by test,

one representative trace of the four microphone signals is shown

in Figures 3-3 - 3-62 (see list of figures for identification). The
trace for the neisier side of the vehicle is shown in each case,

The results are also shown in bar chart form in Fipures 3-63 -
3-65. The result for the noisier side of the vehicle 1s shown in
each case, taken from Table 3-3.

From the 30 mile/h, 2nd gear steady state test results,
polar noise graphs have been constructed. This was possible
by considering the noise level at each microphone with the
vehicle opposite each VPI. Thus as the vehicle proceeds through
the 20m zone, so the angle between the car longitudinal axis and
each microphone varies and from these angles a large part of the
car polar noise radiation pattern can be mapped (the exceptions
being the extreme front and rear noise paths). The sound
pressure level at each microphone and at each VPI position was
then corrected to 7.5m by assuming inversec squarc law to apply
to the sound propogation fall-off rate (i.e. 6 dB per doubling
of distance)}l. Only the {ront three microphone signals were used
due to the background noise influence on microphone § at the
tone exiremcs.

These polar plots are shown for each vchicle in Figures
3-66 - 3-77,

The effect of vehicle weight on rolling noise is shown in
Figure 3-78, The vehicle weight i{s the curb weight (from Table 3-11}
and the sound pressure level 1s taken from an average of the
left and right side valucs given in Table 3-3.

3.4.2 iInterior Noise and Exterior ldle Noise Tests

The results of the interior noise tests at idle, 30 mile/h
and S0 mile/h are shown in Table 3-4 together with the exterior
idle results, Figure 3-79 shows the interior noise test results
in bar chart form. Figure 3-80 compares the cxterior idle resuits
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for each vehicle, as individual levels for the four measurements
on each car (left, right, front and rear) and as average levels
of all four sides.

3.5 DISCUSSION OF RESULTS

The typical European car is impossible to define and as
would be expected, each car’s noise characteristics arc as diverse
as its performance, economy, handling and majerity of other
properties. Also certain driving conditions may reflect particu-
larly high noise levels in an otherwise quiet car; for exanple,
the Jaguar XJ6 proved on most tests to rank as the gquietest of
the vehicles tested but the extreme 'Max [50' test resulted in
noise levels higher than six of the other vehicles over the same
test. The Cortina showed similar tendencies in that for most
normal driving conditions it would rank as relatively guiet in
comparison with the other vehicles but displayed excessive noise
chars ~teristics (again by comparison]) at the extreme test
conditions of high engine speed. On the other hand there were
cars which ranked as 'noisy' irrespective of the test type (e.g.
the Peugeot). These and other points are discusscd in detail

&
below.

Considering first the standard [50 drive-by test used by
the EEC for regulatory purposes, the 1977 limit for passenger
cars was 852dBA, to be reduced to B0 dBA in 1980, All twelve
vehicles would pass this test for the 82 dBA limit, but the
Alpine S, Volvo, Peugeot and Dolomite Sprint, as tested, would
have failed the 80 dBA limit. Taking the mean IS0 test levels
for ax1l vehicles tested and averaging these, gives an overa'l
figure of 7E.9 dBA with a standard deviation of 1.9 dBA. The
extreme scatter around this mean is +2.7dBA -3.2dBA. The Fiesta
and Saab fall very close to this mean. The extremes are the
Jaguar XJ& being 75.7dBA (mean of both sides) and the Dolomite
Sprint at 81.6dBA (mean of both sides!). The average [SO level
for each car is shown in Figure 3-81 where the cars have been
arranged in order of increasing I50 test results. This clearly

3-10



indicates the relative magnitudes of the levels in that the Jaguar
and Chevette are significantly quieter than the mean, half of the
sample of cars fall within a span of approximately 1dBA (Cortina,
Renault 4, Opel 2100D and T/C version, Saab and Fiesta) and the
remaining four cars fall into a further level on average some
24dBA above the previous level. On the whole, the broad band of
vehicles representing the 'middle’ level are far more representa-
tive of the average European family saloons than the luxury class
Jaguar and the high preformance Dolomite Sprint at the extremen.
Both of these cars were included, however, partly to display
extremes and partly because of one of the criteria for vehicle
selection was power/weight ratio.

It is interesting to examine the remaining four drive-by
tests (excluding the coast-by results which will be dealt with
later) and compare the results of these tests from vehicle to
vehicle on a ranking basis and in comparison with the IS0 test.
Figure 3-81 shows the results of all these drive-by tests, The
two tests involving extreme engine speeds ('"Max 150" and 10
mile/h, 1st gear max. accel.) show that to try to establish
general trends would be meaningless. It might be expected that
a largely ‘quiet' car like the Jaguar would rank as relatively
quict for all tests but this is not the case for the 'max IS0°
condition where the difference from the standard '1S0" test was
almost 8 dBA (compared with only IdBA for the Renault). The
Cortina also appears worsec during these two extreme tests but
ranks as 3rd quietest on an 150 test. The Alpine §, Velve and
Peugeot, however, displayed relatively high noise levels during
the IS0 test and again during the two extreme engine speed tests.

The three diesel vehicles were particularly noisy (relative
to the other vehicles) during the steady state 30 mile/h, 2nd
gear test and again for the 30 mile/h top gear test, For this
latter test the high rolling noise of the Jaguar largely accounts
for its relatively high ranking, and the relatively high Saab
level is attributed to the exhaust noise, being a critizal
function of certain engine specds.
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According to the individual test, therefore, certain cars
would be more penalized than others and the question of a
representative drive-by test procedure is immediately raised.
ft is not within the scope of this report to debate the objec-
tivity of test procedures in detail but the following comments are
relevant. If a drive-by test involving the engine running at
rated speed is used as a criterion for noise evaluation (e.g. the
ASA STD 3-1975 test) then this will unfairly penalize certain
vehicles which probably over the vast majority of operating
conditions may otherwise have been of below average noisc level
{e.g. the Jaguar and Cortinaz). 1If one ignores thesc extreme
cases, however, then on the whole it would appear that the 150
test gives a recasconable indication of the overall exterior noise
level of the vehicle. Figure 3-82 compares the 150 levels with the
jogarithmic mean of all the other drive-by tests for cach vekicle,
Apart from the extremes previously mentioned, this average follows
the 1SO levels very closely and ranks the vehicles on an exterior
noise basis in precisely the sanme order as given by the 150

levels.

Because of the diversity of the characteristics of ecach
vehicle there was not expected to be any specific correlation
between drive-by noise level and power/weight ratio and this has
been borne out by the test results. The two extremes of the [50
ranking, the Jaguar and the Dolomite Sprint arc the two highest
power/weight ratio cars selected. The Saab and Fiesta gave
virtually identical 150 tests results vet their power/weight
ratios differed by 60 percent. Clearly the very large varicty of
other variables far outweighs any significance of power/weight
effects, although for a given vehiclie under controlled conditions
there is a small power/weight ratio influence (as was shown in the
Saab power/weight ratio tests, DP 77/1158). A general trend,
however, based on a broad categorization of the twelve cars 1
presented and discussed later.

:t could be argued that the Dolomite Sprint may have

produced above-average noise levels during an IS0 test because of
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its superior performance resulting in higher wvehicle and engine
speeds in the zone. Oon the other hané, having a fairly high
second gear ratio (equivalent to 8.9 mile/h per 1000 rev/min)
would tend to compensate somewhat for this. [t was nevertheless
from subjective observations, considered to be particularly noisy
engine as the 'Max 150" test showed and was not attributable just
to engine speed. The Fiesta with an engine rated at 6000 rev/min
gave a maximum level of §4.7 dBA druing the 'Max 1S0* test
compared with 86.5 from the Dolomite Sprint at 5700 rev/min. The
Saab with a similar size engine 1o the Sprint and rated at 5500
rev/min gave a 'Max is0° level of B84.1.

Figure 3-78 shows the naximum coast-by noise for each vehicle
plotted against vehicle curb weight. Again, the diversity between
vehicles must be considered but here a trend is easier to detect,
largely because the other variables (tire size, tire pattern,
aerodynamic shape of the vehicle) have a less significant noise
influence than the influence of the weight of the vehicle on the
tires, and thence on the road surfaces. Apart from the Dolomite
Sprint (which, it could be argued, had larger than average width

tires for the size of car} a relationship:
Max SPL (dBA) = 10.7 log W « 32
(where W = vehicle curb weight in 1bs)

gives a prediction accuracy of better than ¢ 1 dBA for the cars
trested. The relative significance of rolling noise con the overall
noise level during, say, an IS0 test is minimal, however, being
typitcally 10-12 dBA below.

So far, the drive-by tests have been discussed only on the
basis of the maximum levels recorded during each test, Under
normal test requirements this is the only data available, but
with a four-microphonc array, 3 position indicating system and
a means of recording all the signals, 3 deeper analysis of the
events taking place over the 20m zone is made possible.

Figures 3-3 - 3-62 show the noise history of the vehicle over

the 20m zone at cach microphone. From these traces, the maximum
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levels at any microphone may be determined or the instantanecous
levels at any position ir the zone, by reference to the vehicle
position indicator pulses. The directionality of the car noise
may be readily determined both visually and by construction of
polar noise plots. Visual examination of the symmetry of the
three traces rfrom microphones 1, I and 3 gives a qualitative
indication of the noise directionality. For example, if an omni-
directional noise source is moved through the site a symmetrical
trace is obtained for microphones 1, Z and 3. For a directional
noise source, however, a measure of the directionality is cbtained
by reference to the sound pressure level at microphone 2 at the
beginning and end of the zone for a steady state drive-by
condition. This is clearly shown in Figure 3-36 shows the differ-
ence in microphone 2 levels between exit and entry is some 3daA.
Also the deviation from omni-directional source symmetry 1is
apparent from comparison of the relative levels of microphones

i, 2 and X during tne first half and the second half of th IMm

zOnc.

The polar plots, constructed from the 30 mile/h, Ind gear
steady state tesis give a quantitive indication of the directionzal
nature of the noisc source. The noisc contour is reazonably
circular in shape for most of the cars tested, particularly when
considering the accuracy of the plots obtained {approximately *

1 dBA)}. 1In certain cases the deviation from the circular is

seen where, for cxample, the vehicle has particularly significant
exhaust noise (Saab, left hand side)}, or the ergine is noisy to
the front of the vehicle, se tending to *flatten’' the noisec
contour in this area as was the case in the majority of the cars
tested (Renault 4, Opel 2100D, Peugeot 504 GLD, Alpine S, Volvo,
Saab, Jaguar). The general deviation from the circular towards
the rear of the car is because a car is not a polri source and the
reference point chosen was the center of the axis through the

side facing spotlights.

Comparing the naturally aspirated Opel 100D to the prototype
turbocharged version, for a given engine speed condition (i.e. the
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steady state tests) there is very close agrecment between the
results from the two cars which would be expected for such light
load conditions (i.e. negli_‘ble boost from the turbocharger).
For the accelerating conditions there is still only marginal
differences, zn2 this being largely because the improved per-
formance of the turbocharged Opel is rezulting in the engine
reaching a higher speed in the zone {notable during the 10 mile/h,
1st gear, max. accel. test}. For the "Max 1S0' test, the entry
speed for the turbocharged Opel was 35 mile/h, and was 38 mile/h
for the standard car; both entry speeds permitting rated engine
speed to be reached at the Zone exit. For this test, & maximum
microphone 2 level of 81.1 was recorded for the standard Opel
and 80.% for the turbocharged version, the discrepancy being
insignificant in the light of drive-by repecatability. Thus,
turbocharging did not significantly affect the drive-by noise
levels as was to be expected from such IDI diesel engines where
the noise characteristics (at the higher engine speed range! are

generallv controlled more by mechanical than combustion excitation.

For the purpose of gencsalization, it 1s pessible to broadly
categorize the twelve cars into three groups: Small (seating
capacity of 4, engine under 80 inj. curb weight under 1806 1b),
Medium (scating capacity of 4-5, engine 85-120 in3, curh weight
around 2000 1b) and 'ligh-Performance Luxury (seating capacity
4-5%, engine over 110 ina. curb weight 2000-4000 1b}. Obviously
there will pe 'grey' areas when classifying the cars under these
broad headings but a general trend in interior and exterior noise
characteristics is apparent. Under the "Small" category are the
Kenault, Fiesta and Chevette cars. The Velve, Jaguar and Doleomite
Sprint classify as 'High-Performance Luxury' saloons. The
remainder have been grouped in the middle category, with no
differentiation between type of powerplanc; the vehicles have all
been regarded as means of transportation only, for this purpose.
The following table summarizes the 1S0 and interlor noise level
of each category. The values arrived 't are log means of the
individual mean result for ecach car (levels quoted in dBAJ.
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Category 1S0 Test Interior at 50 mile/h

Small Saloon 7.0 «# 1.1 - 1.4 3.8 « 2.4 - 2.3
Medium Saloon 79.4 + 1.9 - 1.6 71.%+ 1.5 - 1.3

fiigh Performance,
Luxury Saloon 80,8 + 1.6 - 4.3 68.1 + 1 4 - 4.1

The maximum scatter above and below the means is also given,
in dBA. Clearly, there is a general trend in that the iSO drive-
by level increases with increasing size and performance of car
and that the interior noise reduces. This does not imply a
specific power/weight ratio dependence, however, as, for example,
+he Sazb at 0.042 bhp/1lb and the Peugeol at 0.022 bhp/1b are both
grouped in the same category, but it does imply a gencral
dependence on the "type' of car. The statistical significance
of basing this argument on a very small sample is recognized as
being questionable, but the genera trend is interesting and is
also what might be broadly predicted from experience of widely
ranging European pasSenger Cars.

The me~sured interior noise levels show a wide variation
between cars, as shoun in Table 13-4, this largely being a function
of class of car and the degree of sound treatment used. Al
30 mile/h cruise the overall mean interiocr noise was 64.9 dBA
(standard deviation 3.0 dBA), extremes +4.1, -7.1}. At 50 mile/h
cruise the corresponding figures were T0.7, 2.8, +#5.1, -06.7; the
higher speed tending to exaggerate further the differences between
individual cars., Comparirg the diesel and gasoline cars at the
two cruise speeds the average diesel car interior noise is only
approximately 1 dBA greater than that for the gascline car
average. At idle, however, this difference increases 10 more
than 3 dBA.

The results of the exterior idle tests clearly indicate the
high noise levels associated with diesel engine idling. The
diesel car average exceeds tne gasoline car average by some 6 dBA.
The problem of diesel idle noise is one which is currently
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continuing to be examined closely, both from the aspects of
measured levels and also subjective tests. It is well recognized
that impulsive noise characteristics as evident in diesel tdling
may not necessarily be adequately assessed by an 'A'-weighted
sound pressure level.

3.6 CONCLUSIONS

- The overall average drive-by noisc level of the 12 cars
on the IS0 type test was 78.9 JBA with a standard deviation of
1.9 dBA and an extreme scatter of +2.7 dBA -3.1 dBA.

. There was no correlatioen hetween drive-by noise and
power/weight ratio.

. The average interior noise at §0 mile/h cruisc was 70.7
dBA with & standard deviation of 1.8 dBA, and an extreme scatter
of +5.1 dBA, -6.7 dBA. The wide scatter reflects the large
variation in sound proofing used in different cars rather than
the engine type.

Engine idle noise was on sverage some 6 dBA higher for
the diesel cars than the gasoline cars, this being due to the
particular idle noise characteristics of the light duty diescl

engine.

. Good correlation between vehicte curb weight and coast-
by neise was seen and & simple empirical prediction formula

obtained giving a prediction accuracy of better than ¢ 1 dBA,



TABLE 3-1. ADDITIONAL VEHICLE NOISE TESTS
BRIEF DESCRIPTION OF VEHICLES

Vanicie Trg ne Cacacity | Engine * | Engine Speed Rers WO=inal | Appros.

z T DiN Power | 8t Man. Power |wsight | Power/wt | milesge

ohp (P} ratio #t tire

rev/min Iniw) B/ tnurasiﬂ' tes?
f_n:u;ux' . e.Bus | 51,6 3o 5000 1532 | e.022 6008
| oeEL 21080 1.068 126 68 La00 1723 | 0.022 2000
| PEUGEST S0% GLO | .3 | 70 4508 2866 | 0.02% 3040
FORD FIESTR 0.957 | 38 a8 6000 1543 | C.026 §68
oPLL 2180 T/C | 2.06E | 126 G “a0c 2723 | 6.0} Boca
coeTina 1600 | 1.58% | §7.2 7 i 5508 2360 i 0.032 12000
CMEVETTE 6L 1.256 | 76.6 58 . skte 1863 {o0.032 | re0ce
ALPINE § a8 |8 | seas LN R S
VOLVE Zea Gi ( 2.127 (128 . 123 | ssee 222 lg.paz | isEe
$aZB 8% Ol  1.985 : 121 | ot | ssee | 2650 | 2.038 ' o3¢
JAZURR 1ib | .235 | 258 . 188 - asez | 3938 Tc.oee teRct
J0LOm 1 TE 5:1.u?i 1.998 122 L | 5708 | 2295 | 9.05% 00s

1 ; i

mgmufact-mer's figure

A1 wenicles powsrec by ghssline engines except for tne Coe! 210803, Smel 2150 T/S
47 Pg.gect 50~ =mige &re sOwmred Dy Comer v cigse) engines. ne Cpel 21538 T/0 s B
rurbocnarged vers ion of the Ope! 21002 anc is & prototype mocel, (The re~aini=g
vamicles Bre STEnZATS production models).

“mg SALE anc Feuces: are in 1378 {aliformis B2 Thg StEmr Srosutiion CEf
sre &' in stanchrE U.K. buile,



TABLE 3-2.

ADDETIONAL VEHICLE NOISE TESTS

1S5S0 AND "MAX 1SO°

TEST SPEEDS

l FSO TEST 5 ‘mAX IMUR 150 TEST®
venicle | venicie Actudl EXTRY fxit

| ;p:::';‘ ::::; venicie | Engine | Venicle !hﬁrﬂ? Spees

speec ol alh i?ﬂd Spees i-t_ult rev/min

! 8!ie/n milefn rev/=in i mile/n
RENAULT & ‘ 25 28 10 s500 | 33 P s
pPEL 21080 L 28 2 15 a058 18 | eR.1.
PEUGEDT 504 GLD| 28 28 13 1958 37 | L5880
JRD FIESTA % 2 n 3% 5558 &2 | se0e
serL 11600 TiE | 38 2 | 38 asz | 38 e
CORTImA 1600 ! 14 i3 i Lk g158 a7 E 5533
UM::;:;:TE o % 5050 | 40 'l 5628
APINE °8 D3 TR s000 | &5 o oseen
VELVE I8 GL Is 3 &3 | RE5T -3 | g521
sapsse. 0 38 | o» | a | usee | 8 | ssoe
JAGUAR B 52 PN a3 | 4000 3 4530
5CL0MITE SPRINT 38 | 3 s | A0 51 5700

411 153 tests in 2ng gear (D2 for Jaguer 1)

21t 'mAY 150 tests in Imc gear (37 for Jaguar EJB).
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TABLE 3-3. ADDITIONAL VEHICLE KOISE TESTS
DRIVE-BY TESTS MAXIMUM dBA LEVELS
AT MIC. 2 POSITION (AVERAGED FROM
TWO REPEATABLE RUNS)

‘ mAx iy ACZEL. STLADY STATE (30 WILE/H) i
vEmi Lk
150 1 'mgx 185G | i0mph 18t In¢ gear | Tom gear ‘ coast=by l;n-::::-l
R RIGHT : CErT RiGm | LEFY RIGHT | LEFT RIGHT | LEFT RIGHT | LEFT MIGHT | & 5
RENAGLT & [77.678.1 | B1.0[76.8 | TT.577.8 13.7%‘&.: 67.5 88.1 | 66.7 7.1 | 77.0 | 7.
GPEL 21080 iﬁ.gi:&.} TR im.z ' 79.719.4 | 75.7[76.8 | T1.2 'g'n.u 68.& 68.2 | 78.3 | 78
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E b
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| S E

b I|
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2102 oo ] . L
oL 0% a Lhe.y Bo.d80.e BL3f806 763165 | 7i3 P06 | 685 kR0 | 786 8.
r e | | | . I
CORT INA : g

TIM Ly 38y B3 B2 Et.stau 706715 682885 67.267.5 710780
--._F_.r-#E c ) I i i & : I' | I - i -
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e i | £

aring s 8o.5i8c.3 3.683.7 Bnala 7367
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TABLE 3-4.

ADDITIONAL VEHICLE NOISE TESTS
INTERIOR NOISE AND EXTERICR
IDLE NOISE [LEVELS IN dBA)

VEmICLE " INTERI0R mEASUREMENTS ,EE :.if.“ ?Eg“':ﬂfﬁ'ﬁuﬂ from car
o Tiern | Somite/n] 1aling | idling | FRONT {LMS RxS ’rm Log. mean
Ciuteh | Cliuteh \ exterior
Free uriulng; i _ idle noise
RENALLT & les.e | 713.8 T, M. | 48.0 | &7.5 B7.5 k6.0 k7.1
oegL 11500 T 78.6 51.5 5.6 163.0 161.86 £1.0 K6.0 | 60.3
PELSECT 506 GLD | 65.5 7.8 51.8 | 51.8 |6s5 |63.5 Ba.5 BT.C | €3.2
FiESTA 67,3 7.8 7.8 88.0 | +56.0 |+53.3 PS3.5pse.0 | 57.3°
| 281,80 | *54.5 »55.0 PSL.S |

~r, 11000 T/C 1 6B.0 1 7.t %8.2 | 49.0 163.5 i1%5s.0 ls9.0 S85.0 | #&0.2
coRTiNG 1630 i63.5 | 69.9 | 58.5 | S1.% . %57.5 |s7.5 k7.0 s6.0 | 57.¢
seEVETTE GL 6.6 | T1.1 | &7.0 | &7.0 | 58.5 |31.§ k1.5 Ei.n | 811
1LPINE S | 888 72.8 53.c | Sh.8 ' =53.0C | =86.0 ~56.5P5e.0 5.7
JoLVe e L | 63.8 6s.¢ | 51.% 51.5  85.5 I G56.5 57.5 %1.5 533
CAAE 8¢ I, 61.5 B0 | &7.& k7.8 8.5 | -85.0 =55.0 =56.5 2.3
JAGUAR xJ8 ' 87.8 | 6s.0 | &1.0% | 1.0 57.0 5.0 Be.5 £3.5 | 55.C
sa.0miTE SPRINT | £5.0 1 65.5 | s8.0 | 8.5 $3.5 | 53.5 3.5 5).@ . 53k
M
s/3 =D .8 | 1.7 S : | | 56
E;:':i':?i" '. 3.2 . 1.8 | Mot ' I &y

= Digerrically driven fan on

- flaccrically driven fan off

A Agto tramImission in T IThda 1!
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FIGURE 3-66. POLAR PLOT OF NOISE DISTRIBUTION
RENAULT 4 30 MILE/H, 2ZND GEAR
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FIGURE 3-67. POLAR PLOT OF NOISE DISTRIBUTION
OPEL 2100D 30 MILE/H, IND GEAR
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FIGURE 3-68, POLAR PLOT OF NOISE DISTRIBUTION
PEUGEOT 504 GLD, 30 MILE/H, 2ND GEAR
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FIGURE 3-69. POLAR PLOT OF XOISE DISTRIBUTION
FORD FIESTA 957, 30 MILE/H, ZND GEAR
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FIGURE 3-70. POLAR PLOT OF NOISE DISTRIBUTION
OPEL 2100D T/C, 30 MILE/H, 2ZND GEAR
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FIGURE 3-71.

POLAR PLOT OF NOISE DISTRIBUTION
FORD CORTINA 1600, 30 MILE/H,

IND GEAR
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FIGURE 3-72, POLAR PLOT OF NOISE DISTRIBUTION
VAUXHALL CHEVETTE, 30 MILE/H, 2ND GEAR
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FEGURE 3-73. POLAR PLOT OF NOISE DISTRIBUTION
CHRYSLER ALPINE 'S", 30 MILE/H,
IND GEAR
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FIGURE 3-74. POLAR PLOT OF NOISE DISTRIBUTION
VOLVO 244GL, 30 MILE/H, IND GEAR
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FIGURE 3-75. POLAR PLOT OF NOISE DISTRIBUTION
SAAB 99GL INJECTION, 30 MILE/H,
ZND GEAR
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FIGURE 3-76. POLAR PLOT OF NOISE DISTRIBUTION
JAGUAR XJo6 4-2, 30 MILE/H, *“D2"
GEAR
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FIGURE 3-77. POLAR PLOT OF NOISE DISTRIBUTION
TRIUMPH DOLOMITE SPRINT, 30 MILE/H,
IND GEAR
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APPENDEX 1.

1LLUSTRATIONS OF VEHICLES TESTED
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4. TESTS ON A SAAB B.[. 2-LITRE GASOLINE ENGINE

4.1 INTRODUCTION

This report describes the test work carried out in an anecheic
chamber on a SAAB B.1. 2-litre spark ignited gascline engine
(90 x 78 x 4 cyl) as part of an overall program of noise, perfor-
mance, ecconomy and emissions evaluation on two passenger csars and
their respective engines. The cars were a Peugeot 504 GLD {diesel
engine} and a SAAB 99GL Injection. The test work on the vehicles
was initially reported in Ricardo report DP 77/1158.

Report DP 79/8B21 covers the tests on the Peugeot XD2 engine
{as fitted to the Peugeot 504 GLD car}. Report DP 79/685 covers
the work on the ten additional European passenger cars. The over-
ail objective of the program was to assess the noise, performance,
economy and exhaust emission characteristics of the type of engine
commonly used in Europe, designated a "high speed engine”, in two
forms: diesel and gasoline. The SAAB 99GL and Peugeot 504 GLD
were chosen as broadly representative of typical European cars and
were procurred in 1976 California emission build. The engines were
retained in their low emission build for the anechoic chamber noise
tests.

4.2 TEST ENGINE

The engine tested was a SAAB B.l. 1.985-1itre spark ignited
gasoline engine in standard 1976 California emission build and
complete with manual transmission. A full description of the
engine is given in Table 4-1. The transmission was specially
modified by Ricarde to permit power to be taken from the pinion
shaft, at engine speed. This was preferred to locking the differ-
ential unit and driving the dynamometer from one of the normal
drive shafts. A sketch of the modifications made is shown in
Figure 4-1. The engine was as fitted in the SAAE 99GL car, which
was the subject of detailed drive-by tests as referred to above.
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§.3 TEST FACILITY

The engine was installed inm Ricarde Anechoic engine test cell
*f', with the exhaust and intake piped outside the cell through
Burgess ADS 6 silencers. The cell dimensions were 5m x 4m x im
and the inner surfaces were covered in 100mm Dunlop DF 119 poly-
urethane foam. Engine power WwWas absorbed by a Schenck 130 dyna-
mometer installed in an adjoining contrel room and driven by the
engine through a plummer block =-sunted coupling shaft.

The arrangement of the micropheones around the engine is
shown in Figure &-2. Four microphones were used, each one one
meter from the engine surface. The microphones are designated
Mic. I (Right Hand Side}, Mic. 2 (Left Hand Side), Mic. 3 {Front)
and Mic. & (Overhead). For one series of tests an 8 microphone
array was used for a sound power level calculation. This is des-
cribed more fully 1in Section 4.4.2 and 4.6.2.

The standard noise measuring and monitoring instrumentation
is listed in Table 4-21.

4.4 TEST PROCEDURE i

A detailed speed/load test matrix was followed for the major-
ity of the tests, covering a wide range of typical engine operal-
ing conditions covering speeds from 20 te 90 rev/s (in 10 rev/s
increments) and loads from 0 to 100 percent {(wide open throttle)
in bmep increments of 1 bar over the light load, low speed com-
ditions and increments of 2 bar over the remainder of the matrix.

$£.4.1 Performance and Fuel Consumption

At conditions of wide open throttle (WO}, brake torque and
fuel consumption were mecasured over the speed range. The fuel
consumption was also measured at a number of part-load conditions.

4.4.2 Basic Noise Measurementis

The sound pressure level was measured at each of the four

microphone positions shown in Figure 4-2 over the engine speed and
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toad range including idle. Both linear and A-weighted levels

were recorded together with 1/3rd octave frequency spectra for
each point. At selected points, cylinder pressure spectra were
obtained. For all tests the exhaust and intake noise sources were
attenuated by means of the normsl test cell silencers located on
the roof. All noise level data were tape recorded on a 7 channel
FM tape recorder.

The first series of tests were conducted at standard ignition
timing {(12® BTDC & 13 rev/s with vacuum pipe disconnected). In
order to provide data to enable the calculation of the mechanical/
combustion source comtributions, selected conditions were repesated
for ignition timings of 19°E and 2I°E. Retarded timings were not
evaluated because of the even further reduced contribution of the
combustion noise, the prime object of these tests being to estab-
lish the combustion/mechanical noise sources. The procedure used
for calculating the combustion/mechanical breakdown was that des-
cribed in Ricardo report DP 76/831.

A series of sound power level measurements were made using a
standard & microphone array. The array used in shown in Figure
£-3.

4.4.3 Exhaust Emissions

Exhaust emission measurements were made over the speed/load
range at selected points. NO, CO and HC levels were measured
using the Cussons Ricardo P7500 Comprehensive Analytical Unit with
NDIR analysers for CO, CO, and NO plus FID analvser for HC.

§.5 TEST RESULTS

4.5.1 Performance and Fuel Consumption

The wide open throttle performance curves are shown in
Figure 4-4. The results shown are corrected using the DIN 70020
correction formula and standard ambient conditions of 20°C and
760mmHg barometric pressure. The effect of timing on performance
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is shown in Figure 4-5,

The effect of load and speed on specific fuel consumption is
shown in Figure 4-6.

£.5.2 Basic Noise Measurements

inless otherwise stated, all sound pressure levels are to a
reference pressure of 20uPa.

The effect of speed and load on the overall sound pressure
tevel at each of the four microphone positions is shown in
Figures 4-7 - 4-10. Sound pressure level spectra corresponding
to a selection of representative points are given in Figures 4-11-
4-20. The effect of speed (for 100 percent iocad conditions} is
shown in Figures 4-11-7-14 and the effect of load for various
speed conditions (30, 50, 50 rev/s) is shown in Figures &-15-4-17.
The effect of ignition timing changes on the overall sound pres-
sur: level and the spectrum shape is shown in Figures 4-18-4-20

for various speed/load conditions.

tdte noise freguency spectra for the hot idle conditions are
shown in Figure 4-21 for all 4 microphone positions.

Cylinder pressure spectra for various sperdi/load combinations
for the standard engine are =hown in Figures 4-22-4-29, Figures
1-22-14-25 illustrate the effect of speed at 100 percent load.
Figurc 4-26 shows the effect of load at 20 rev/s, and Figures
£-27-8-29 the effect of advancing the ignition timing at 30, 50
and 90 rev/s. From these latter tests, the combustion/mechanical
breakdown was calculated and the results are shown plotted for the
100 percent load conditions for the right and left sides on
Figures 4-30 and 4-31.

The results of the 8 microphone array sound power tests are

grzen in Table 4-3.

1.5.3 Exhaust Emissions

The N0, HC and CO exhaust emission levels expresred in ppm
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are shown in Figures 4-32-4-34, These three dimensional plots
indicate the emission trends over the speed and load range.

4.6 DISCUSSION AND COMMENTS

4.6,1 Performance and Fuerl Consumption

The measured full load performance agrees closely with the
figures stated by SAAB. At 90 rev/s Ricardo measured 71.5kW
{SAAB 73kN)}. The peak bmep was 9.4 bar, the same as specified by
SAAB. The maximum power figure for this Californiszs build engine
is some 20 percent less than that of the European engine fitted
with fuel injection, as a result of the emission control modifica-
tions {primerily exhaust gas recirculation, manifold air oxida-
tion, reduced compression ratio, single branch exhaust manifold
and retarded ignition timing). The measured specific fuel con-
sumption at wide open throttle displays a "hump" in the mid speed
range, this corresponding with the rise in torque over the same
range. This somewhat unusual curve shape is probably due to the
characteristics of the fuel injection tailoring for emission con-
trol.

The part load fuel consumptions shown in Figure 4-6 show the
expected "loop” shape over the load range for a given engine
speed, the high consumption at part load arising from the reduced
efficiency as a result of throttling and the high consumption at
fuil load being due to frictional and breathing losses.

The effect of ignition timing on full load performance, as
shown in Figure 4-5, indicates generally an improvement in bmep
{up to & percent) by advancing the timing 7° crank from standard
{from 12°E to 19%E). This advanced timing corresponds more
closely to that of the European build engine (17“E}. Further
advancing to 22°E slightly worsened the performance (from stan-
dard) this being an over-advanced condition which was necessary
for the combustion/mechanical noise breakdown.
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§.6.2 Noise

The noise level measured at rated speed (90 rev/s) and full
load was 99.5 dBA at one meter (average of the 4 microphone posi-
tions). This agrees very closely with the Ricardo prediction
formula for automotive gasoline engines which gives a level of
99 dBA (+ I dBA) at the same conditions. Therc was very little
deviation from this average level around the engine, the highest
being at the left hand side (100.5 dBA) and the lowest at the
front (98.8 dBA).

The effect of engine speed on noise levels at full load is
characteristic of "high-speed” light duty cngines, displaying a
marked discontinuity in the plot of noise against speed in the mid
speed region (60 rev/s}. This is particularly clearly scen for
the right hand side noise levels (Figure 4-7). Over the speed
range 30-60 rev/s the full load noise increases with speed at the
rate of 25 dBA/decade. From 60 rtev/s to rated speed the slope
increases significantly to 70 dBA/decade. For a gasoline engine
where the combustion excitation controls the overall radiated
noise and where the forcing function remains practically constant,
a slope more of the order 50 dBA/decade might be expected. This
50 dBA/decade is only an approximate guideline in indicating pos-
sible piston siap effects. The two-slope characteristics of the
SAAB noise/speed curve is particvlarly interesting from two aspects.
First, the slope difference is very clearly displaved. 1t is gen-
erally thought that this slope change is due to the changing
balance between inertia and gas loading on the piston, such that
at low speeds, piston slap prevails, as & result of the gas load
overcoming the low inertia load. At high speeds, however, the
inertia load may be counteracting the net force on the piston,
thus reducing one of the main factors influencing piston slap.
Second, the very high rate of increase of noise with speed of the
60-95 rev/s range suggests a "smooth” forcing function (i.c., low
rate of increase of force or pressure); the SAAR 99 engine is
generally noted for its subjective "smoothness" particularly at

high speed.



The response of noise level to load is typical for a gasoline
engine, being approximately 8 dBA (from no load to full load) at
20 rev/s, te I-3 dBA at 90 rev/s. The difference across the speed
range is probably due to the greater relative influence of gas
load on piston slap at low speeds (as discussed above).

The idle noise is typically low for a gasoline engine, being
63-64 dBA at Ilm. Not only is the measured noise low but the en-
gine at idle also sounds subjectively acceptable due to the rela-
tively flat sound pressurec level frequency spectra (Figure 4-21).

The sound pressure level J[requency spectra display typical
features for an engine of this type. The high levels at the fir-
ing frequency sre normal and of little significance when A-weighted
to approximate to the human ear response. As with most engines,
the acoustic energy, as far as this affects the perceived noise,
is concentrated in the mid to high frequencies (roughly 400 Hz to
5 kHz). The shape of this important part of the spectrum is
usually dictated by such factors as free-free beam bending of the
crankcase (for an engine of this size, this usually occuring
around 500-700 Hz}, crankcase panel vibration (usually around
2 kHz), light pressed steel covers (around 800 Hz to 2 kHz) and by
certain bolted-on components (e.g., manifolds). It is not within
the scope of this study to identify detailed aspects of the spec-
trum but essentially to establish that the noise signature is
typical for the class of engine and generally indicate the signifi-
cance of the various parts of the spectrum.

The cylinder pressure spectra display the expected steep rate
of decay for & gasoline engine (i.e., around 50 dB/decade) with no
sudden discontinuties indicating a rapid rate of pressure rise
fand therefore, a combustion harshness). In some cases rates of
decay as great as 60 dB/decade were seen {at 70 rev/s, full load)
suggesting low rates of pressure rise and "smooth" combustion.

The effect of load on the cylinder pressure spectrum, as evident
from Figure 4-26, {(i.e., of the order 10-15 dB) is considerably
greater than that of load on the radiated noise. This therefore
suggests an insignificant combustion noise effect, as the large
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change in combustion noise has not been reflected on the change

in radiated noise over the same load range. This conclusion is
supported by the combustion/mechanical breakdown results where it
is shown (Figures 4-30 and 4-31) that at standard ignition timings,
mechanical noise controls the overall noise level at full load
over the speed range 30-70 rev/s (the effect of speeds outside
this range was not evaluated). This domination of the mechanical
noise inm high speed engines {and in particular, gasoline engines
where the combustion excitation i: usually minimal as far as noise
is concerned) is typical. Mechanical noise as defined by Ricardo
in this context is a combination of such factors as piston slap,
rotating components fcrankshaft, camshaft}, valve train, auxil-
jaries and crankcase panel vibration.

The sound power level was calculated from the standard micro-
phone array results by first calculating the sound intensity at
each microphone peosition, this value being corrected for the in-
tensity at the surface of a Im radius sphere. In this particular
case the sphere was centered in the middle of the cylinder head
gasket left-hand edge. The intensity at each microphone position
was then assumed to be representative of the intensity over a
part of the sphere's surface, the area of this surface being
determined from the ratios of the areas projected by the corres-
ponding aspects of the engine. Thus the areas 'sampled’ by Mics.
1 and 2 are larger than that of Mic. 3 (for example]. The sound
power represented by each of the 4 'sampled’ areas on the sphere’s
surface was then calculated and summed, and the total sound power
being emitted through the sphere was calculated by assuming that
the average intensity over the 4 sampled arcas was the same as the
average for the whole sphere. In this case, the '‘sampled' arcas
accounted for 70 percent of the total sphere surface, thus this
assumption seems valid. The results {A) are shown below.

The sound power level was also calculated from thc B micro-
phone array by averaging each sound pressure level, correcting to
a 1m radius and adding 11 dB.



Correlation between results obtained using the 8 Mic. array

and the stendard § Mic. array was good, the difference in the

value of the sound power level of the engine
two different methods varying from 1.2 dB at
at 50 rev/s, as shown in the table below.

as calculated by the
20 rev/s to 0.3 dB

Finally, if the standard 4 Mig, srray results are taken,

simply corrected to a lm radius, log average
sound power by adding 11 dB, the sound power

and converted to
results are shown in

the table below (Results B). It would appear that even this very

simple approximation gives very close correlation with the 8 Mic.

array results and suggests that sound power can be reliably indi-

cated by only & microphones for normal engines,

SOUND POWER LEVEL dBA (REF. 10

-12

%)

Engine Speed frev/s) § Mic. Array
(A} (B)

20 g88.7 88.8

30 91.8 91.9

&0 85.0 95.1

50 98.2 98.5

4.6.3 Exhaust Emissions

§ Mic. Array

87.5
91.0
094.4
97.9

The emission characteristics {as assessed by measurements of

€0, HC and NO) are generally as would be expected for a light duty

gasoline passenger car engine tailored to Californis 1976 emission
specification. The levels of CO, HC and NO levels are all low
over the part load, low-mid speed range. The CO levels at full

ioad, ranging from I-4 percent, are within the optimum range for

weakest mixture/minimum power. Over the speed range at low loads,

however, the levels drop considerably {i.e.,
orders of magnitude typical of what might be
emission build gasoline engine with manifold
steady-state operating conditions. The same
HC results where the levels at part load are

4-9

< 0.2 percent] to
expected from a low
air oxidation and at
comments apply to the
also low, especially



at high speeds. The NO trends follow the expected inverse of the
HC and CO characteristics, with low levels occurring at the rela-
vively rich full load conditions. The levels of NO are typical
for an engine of this type set up for 1976 California emission
timit of 2 g/mile over the LA vehicle test cycle.
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TABLE 4-1. ENGINE SPECIFICATION

{FROM MANUFACTURER'S DATA)

Type:

Bore:

Stroke:

No. of cyls:
Swept Volume:
Max. brake poOwer:

Max. torgque:

idle Ignition Setting:

Fue! injection System:

Emission Build:

fompression ratio:

SAAB B.1.

9 O

7B

&

1.985 litre

T3kW £ 92 rev/s

148Nm 8 42 rev/s (9.4 bar bmep)

12° BTDC & 13 rev/s (vacuum disconnected)
Bosch K Jetronic continucus injection

Californias 1976 with manifold air oxidation, exhaust
gas recirculation and single branch exhaust manifold

8.7 (for 1976 California bulld)
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TABLE 4-2. STANDARD NOISE INSTRUMENTATION

Hicrophones:
Mi<rophone Power Supply:

Frecuency Analyser:

Cylinder Pressure Transducer:

Charge Amplifier:

Level Recorder:

B & X 12mm capacitor type L1E5
B & x 2807

B & X 3347

Kistier 8121

Kistler 5001

B g K 2308



TABLE

-3,

RESULTS OF & MICROPHONE ARRAY TESTS

{at engine conditions of full load}

sound pressure levels expressed in dBA

72.6
77.0
80.8
Bs5.8

microphone position [ref. Appendix 1)

2

7.8
78.%
B1.6
8s5.2

3

63.8
72.0
75.8
77.8

"

75.6
79.2
81.8
86.1

£§-13

5

75.8
75.6
8z.8
86.8

76.5%

75.4%
82.%

85.4

7 g

69.8 76.6
70.6 B8¢.§
76.1 B31.8
76.6 BE.B

‘Eﬂ ave
74.6
78.1
B:.5
gs.c
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|ALL MICROPHONES im FROM SURFACED

5 c

D NN

MiC | VIC &
FRONT OVERSEAD

EXHAUST

MNOT TR AT

FIGURE 4-3. DETAILS OF 4 MICROPHONE ARTAY (SAAB Bl 1 985¢
90 x 78 x & CYL*)

®*All subsequent figures are based upon these engine specifications.
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FIGURE 4-6. SPECIFIC FUEL CONSUMPTION OVER LOAD AND
SPEED RANGE
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FICURE 4-34. CO EXHAUST EMISSIONS OVER THE LOAD AND
SPEED RANGE
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FIGURE 4-32. NO EXHAUST EMISSIONS OVER THE LOAD AND
SPEED RANGE
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FIGURE 4-33, HC EXHAUST EMISSIONS OVER THE LOAD AND
SPEED RANGE
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5. TESTS ON A PEUGEQOT 2.3-LITER
DIESEL ENGINE

5.1 INTRODUCTION

This report covers test work carried out on a Peugeot 504 GL
B 2.3 litre Comet V indirect injection engine (%4¢ x &Imm x 4
cyl), in the XD2 1976 Californian build. These tests formed part
of a program of roise, performance, economy and emissions evalu-
ation of two passenger cars and their respective engines, the
cars in question being the Peugeot 504 GLD and the Saadb 93 GL
injection. The test work on these cars was initially reported
in Ricardo report DP 77/1158. Report DP 79/820 covers work on the
Saab enginc, and report DP 79/685 covers work completed on ten
additional European passenger cars. The cngines were retained in
their low emission builds for the tests performed in the anechoic
test cells.

The engine tests concentrated on noise measurements, but
engine performance, fuel economy and exhaust emissions were also
assessed, both with the engine in standard build (as remcved from
the car) and with the injection timing both advanced and retarded

from standard.

Unless otherwise stated, all sound pressure levels are

quoted to a reference pressure of 20uPa.

5.2 TEST ENGINE

The cngine tested was a Peugeot ¥D2 diesel engine (as
installed in the Pecugeotr 504 GLD car) of 2.304 liter capacity,
with four cyilinders of bore and stroke of 94 x 83mm and in 1276
Californian build, The engine was installed and tested complete
with the standard manual 4-speed gearbox, the drive being taken
from the gearbox output. The gearbox was overfilled with oil to
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prevent overheating of the rear bearing and oil seal. A
description of the test engine appears in Table 5-1.

5.3 TEST FACILITY

The engine was installed in Ricardo Anechoic test cell 'E'
with the exhaust and intake piped outside the cell te roof-
mounted Burgess ADS 6 silencers., Engine power was taken via a
plummer shaft to a Scheack 230 dynamometer mounted ocutside the
cell. Cell dimensions were approximately 4.5m x ém x 4m high,
with all internal surfaces lined with 100mm thick acoustic grade
open cell polyurethane foam (Dunlop DF120)}. The cell was
calibrated immediately prior to the engine ®ests being performed,
details of this work appearing in Ricardo DP 79/311. The cell
gave true free-field conditions down to frequencies of approxi-
mately 250Hz. Photographs of the installation appear in
Figure 5-1.

A four-microphone array was used for all the engine tests.
Microphones 1 and 2 were placed one on cach side of the engine,
level with and at one meter from the cylinder head gasket edge.
Microphone 3 was placed in front of the engine, level with and
one meter away from the crankshaft pulley. Microphone 4 was one
meter above the center of the valve cover. A schematic view of
this arrangement is shown in Figure 5-2 and specifications of the

noise measurement and analysis equipment are given in Table 5-2.

5.4 TEST PROCEDURE

For these tests, a 'complete' speed range of 20, 30, 40, 50,
60, and 75 rev/s was used, with an abridged range comprising
speeds of 20, 30, 50 and 75 rev/s. The engine was tested under
various load conditions, increments in bmep of 1 bar being used
for detailed mapping tests, with 2 bar increments used in other

cases. Tests were performed in the following categories:

5.4.1 Performance

At conditions of full rack, for builds with standard,
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advanced and retarded timing, brake torque, fuel consumption,
RBosch smole levels, fuelling levels and engine operating
temperatures were recorded over the complete speed range.

£.4.2 Fuel Consumption Happing

For the standard build only, engine fuel consumption was
measured over the complete speed range at load {bmep} increments
of 1 bar, to enable mapping of fuel consumption.

5.4.3 Cylinder Pressure Observation

As well as obtaining photographs of cylinder pressure and
needie lift diagrams for full and part load operation at various
engine speeds, frequency spectra of the ¢ylinder pressure were
obtained for operation at full iou’ over the abridged speed range
for the threv different timings. Further spectra were obtained
at low load, low engine speed to enable observation of the engine
under typical urban driving conditions.

5.4.4 Noise Measurements

The sound prescure level was measured for the standard build
at each of the four microphone positions over the complete speed
range, with the load varying from zero to full in 2-bar incre-
ments. Some additional tests were made at low engine speeds
(20, 30 and 40 rev/s} and at various loads. 1/3rd octave
frequency spectra as well as linear and dBA-weighted levels were
obtained at cach measurcnent point.,

Noise measurements were also made at conditions of hot
and cold idie.

Noise measurements were made with the engine in both the
advanced (build 2) and retarded (build 1} conditions at full
load over the abridged speed range. Levels only were obtained
at the cther speeds, agdin at full load. These tests were
performed to provide data to enable calculation of the relative
importance of combustion and mechnical noise sources, by the
procedure described in Ricarde DP 76/832.

W
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5.4.5 Exhpust Emissions

HC, CO and NO levels were measured over the complete speed
and load ranges for the standard engine build, to enable complete
mapping of emission levels. The levels were also measured over
the complete speed range at full load only for the advanced and
retarded engine builds. The instrumentation used during these
tests was the standard Ricardo equipment, as is outlined in
Table 5-3.

5.5 TEST RESULTS

5.5.1 Performance

Full-load performance and timing curves are shown in Figu-es
5-3 and 5-4, the results are all corrected to conditions of 20°C
and 760mmHg barometric pressure, by the procedure described in
GIN 70020,

Maximum bmep of 7.1 bar occurred at an cngine speed of 30
rev/s. Maximum power of 47.5kW was produced at 75 rev/s.

The fuelling curve shows a peak at 30 rev/s of 3*.¢nm31
injection. At higher engine speeds, fuelling increased gradually
from 33mmjfinjcctiun at 45 rev/s to El.ﬁmmifinjcctiun at rated
speed. The fuelling level indicated at 50 rev/s appears to be
iow when compared with later build plots.

Bosch smoke levels were in the range 1 to 1.5 for engine
speeds above 30 rev/s.

The brake fuel consuvmption was at a minimum of 270g/kWh at
20 rev/s, rising with engine speed to a maximum of 343g /kWh at
rated speed.

The dyvnamic timing plot (Figure 5-4) shows that the pump
gave only slight increase in timing advance with increase in
engine speed, the start of needle lift timing varying from 10°D
to 15°E over the speed range.

The performance of the advanced and retarded timing builds
is also shown in Figure 5-3. Output bmep and power are slightly
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increased (typically by 2 1/2 percent) for the advanced build,

and as fuelling levels are similar for the two builds, this re-
sults in slightly improved fuel consumption. Smoke levels for

the advanced build were slightly higher than those of the standard

over the speed range.

The torque and power curves for the retarded build show a
typical deterioration in performance of approximately 4 percent
compared to the standard build. Fuelling levels were very slightly
higher than those of the standard and advanced builds, and fuel
consumpt ion was 4 1/2 to 6 percent greater than that of the stan-
dard build over the speed range. At an engine speed of 30 rev/s
there was a flattening of the torque curve (when compared with
the shape of the curve for the other builds}, this corresponding
to the peak in the fuelling curve common to all engine builds.
Smoke levels further illustrated this trend, levels being gener-
ally lower than for the standard build over the speed range, but
at 30 rev/s the level was significantly higher {Bosch level 3.1).

The timing plots (Figure 5-3%) shows that over the speed
range f(at full load) the Start of Needle Lift (SNL) timing was
approximately 1 1/2 to 2° cr advanced over the standard for build
2, and approximately 3° cr retarded from standard for build 3.
End of needle 1ift timing followed similar trends. The timing of
the start of combustion was difficult to determine at low engine
speeds and for the retarded build as the cylinder pressure diagram
under these conditions was very smooth and showed no clear pres-

sure rise due to combustion.

5.5.1 Fuel Consumption

A 3-I plot showing the variation in fuel consumption with
changes in speed and load appears in Figure 5-5. At all engine
-peeds, consumption decreased with increase in leoad up to the
maximum. At low loads, the BSF(C varied between 560 g/kWh at IU
rev/s to BIC g/kWh at 75 rev/s.



(Fuel consumption at full load only for the advanced and
retarded builds may be compared with the standard engine by
reference to the full load performance curves in Figure 5-3).

5.5.3 Cylinder Pressure

Plots of the cylinder pressure frequency spectra are shown
in Figures 5-6, 5-7 and 5-8. These show the effect of load and
speed on the standand engine build.

Figures 5-9 and 5-10 show the ecffect of speed at the advanced
and retarded conditions, and Figures 5-11 and 5-11 show the effects
of timing change at full load at engine speeds of 20 and 75 rev/s,

Differences between the levels obtained for the different
builds were slight, and as a direct result of this results of the
combust ion/mechanical breakdown were unreliable except for opera-
tion at 30 rev/s. Results for the calculations at this speed are
shown in table form in Figures 5-13 and 5-14.

5.5.4 Noise Tests

Results for the standard build noise tests are shown in
Figure 5-15. They indicate a maximum noise level of approximately
101dBA at rated speed operation. At high speeds, the neise is not
load-dependent, whereas at low engine speeds there is a signifi-
cant increase in noise level with load, typically 3-4 dBA differ-
ence in level between no and full lead operation at 20 rev/s.

¥ithin repeatability limits, the 2 and 4 bar load results
confirm the load dependence.

Results for the hot and cold idle tests were as follows
{idle speed 13 rev/s):

Mic 1 Mic 2 Mic 3 Mic 4 Log Ave

dBA dBA dBA dBA dBA
Hot idle 74,0 75.86 o QO & 72.6 15.2
Cold idle 76.8 78.2 81.6 77.8 79.0



Figure 5-16 shows the effect of timing on the full noise
levels. At low engine speeds, levels for the retarded build were
slightly lower than those for the standard, typically by 1 to
! 1/2 dBA. At higher speeds, the levels were the same, within
repeatability limits.

Levels for the advanced condition were higher than those of
the standard and retarded builds, the increase above retarded
ievels being typically 1 1/2 dBA at low speed increasing to
approximately 3 1/2 dBA at rated speed.

Frequency spectra illustrating the effects of speed and load
changes on standard build noise appear in Figures 5-26 to 5-37.

Idle noise frequency spectra are shown in Figure 5-38.

The effects of timing changes on the noise frequency spectra
are shown in Figures 5-39 to 5-42.

5.5.5 Exhaust Emissions

Figures 5-17-5-19 show the effects of load and speed changes
on the HC, CO and NO emission levels of the standard build engine.

The hydrocarbons show high HC emissions levels at low load,
decreasing with increase in load. The HC levels show only a slight
variation with change in engine speed, except that for an engine
speed of 30 rev/s, levels measured were consistently higher than
found at other speeds. The levels for 20, 30 and 40 rev/s opera-
tion were checked to eliminate the possibility of equipment mal-
function. At a typical condition of 40 rev/s, 4 bar operation,
the HC level was 52 ppmC. No-load levels were in the range 160
to 250 ppmC.

CO emissions showed both speed and load dependence. At low
loads, increase in engine speed resulted in an increase in the CO
level from 0.4 percent to 0.7 percent, whereas undes full load
conditions increase in engine speed caused an initial decrease in
the level to a minimum at 50 rev/s, further increase in speed
causing a slight increase in the CO level. At all engine speeds,
increase in load caused an initial decrease in the CO level to a
minimum at approximatciy 75 percent full rack load, followed by
increased levels to a maximum full load. A typical minimum level
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reached (e.g. for 40 rev/s, 4 bar) was 0.015 percent. A maximum
level of 0.072 percent was produced at 75 rev/s, no load opera-
tion.

The NO emissions (as expected) tend to show trends reversed
from those of the CO levels. Minimum levels were obtained under
low and no load conditions, rising to maxima at approximately 90
percent full load. Full rack operation resulted in slight de-
creases in the NO level from these maxima. No load levels were
in the range I0 to 60 ppm (rising with increase in speed), and
maximum levels were typically approximately 250 ppm.

Figure 5-20 shows the effects of speed and load changes on
the Bosch smoke levels of the exhaust of the standard engine.

Figure 5-21 shows the effect on the full load emissions
levels of changes in the dynamic timing.

Little significant difference exists between the standard
and advanced build results for HC and CO emissions, marginally
higher levels being shown for the advanced build. However, a
marked increase in NO levels for the advanced build is evident
at high engine speeds. At rated speed, full load, timing advance
caused a NO level increase from 250 to 420 ppm.

The retarded build resulted in very high HC and CO levels
at an engine speed of 30 rev/s. (As the levels were very high
at this one point only, several check tests were performed which
confirmed the results' validity). At all other speeds levels
were (within repeatability limits) the same as for the standard
build. The NO levels were the same as for the standard build over
the whole of the speed range.

5.6 DISCUSSION

5.6.1 Performance and Fuel Consuaption

The peak torque measured of 130 Nm # 30 rev/s {corresponding
to 7.1 bar bmep) agrees well with the manufacturer's specified
figure of 131 Nm # 33 rev/s. Maximum power measured was approxi-
mately 8 1/2 percent lower than the specified figure of 52.2 kW
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at rated speed. The difference is most probably due to the dif-
ference in testing arrangements - the engine was tested with the
gearbox fitted, and the gearbox deliberately overfilled to prevent
over-heating of the rear bearing. Power losses of this order are
thus to be expected, especially at high speeds due to churning of
the gearbox oil.

The shapes of the curves and the levels measured for engine
putput and fuel consumption, smoke etc. were typical for this type
of light duty Comet V engine, allowances being made for the likely
losses in the power train. Dynamic timing values were also typil-
cal for an engine of this type, optimized for performance and
economy rather than low noise.

Fuel consumption over the load and speed ranges was s €X-
pected for this type of engine - at very light loads specific fuel
consumption was high, increase in load causing specific consump-
tion decrease. Minimum fuel was used under low speed, mid to
high load conditions,

Performance results for the advanced timing build were gener-
atly as expected, the 1 crank timing advancement resulted in
siight increases in output torque at the expense of a small in-
crease in Bosch smoke level. Fuel consumption wWas improved by
approximately the same factor as the outpu! poweT InACreases
(approximately I 1/2 percent}. As a general rule, advancement
of the timing would be expected to cause & slight decrease in
exhaust temperature, but for this ecngine the advanced timing
build resulted in exhaust temperatures slightly higher than those
of the standard.

Check tes<te were run on the standard build results, which
were shown to be repeatable.

Performance of the retarded build was again as expected,
except for operation at 30 rev/s. Over the rest of the speed
range, the brake torque was lower than the standard and the fuel
consumption greater, with some improvement in the smoke levels.
Exhaust temperatures were higher than those of the standard or
advanced builds over the whole of the speed range.
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For 30 rev/s operation, the retarded build showed very poor
performance, with a fiattening of the torque curve and high peaks
in the smoke and fuel consumption plots.

A possible explanation for these results is that at this
particular speed, there was simply insufficient time for total
combustion when running with retarded timing. There is a peak in
the fuelling curve at this speed. At engine speeds slightly below
and slightly above 30 rev/s, fuelling levels were considerably
lower {approximately & percent, SO reducing the likelihood of
combustion being incomplete before the start of exhaust, The
exhaust emission results {discussed later) show high peaks in the
€0 and HC levels at this running condition, as would be expected
if fuel was remaining unburnt.

5.6.2 XNoisc Tests

The maximum noise produced by the standard build engine was
approximately 101dBA, which agrees well with the Ricardo predic-
tion based on the engine type, bore diameter and rated speed,
the preditted level being 101dBA - 2dBA. The formula used for
this prediction is:

dBA = 43 logyg N + 60 log,q B - 98
(N in rev/s, B in mm, dBA at Im}.

The effects of speed and load changes on the overall A-
weighted noise levels for the standard build were typical for
this engine type. Full load results show a gradual change in
slope of the noise ¥ enpine speed plots with increase in speed,
the slope changing from approximately 20dB/decade at low engine
speeds to 50 dB/decade at rated speed. This variation in sleope
is due to changes ir the relative importance of the combustion
and mechanical noise sources. Consideration of the cylinder
pressure and noise frequency spectra (Figures 5-7, 5-8 and
Figures 5-31 and 5-35) for operation at 10 and 75 rev/s serves
to illustrate the variation in dependence of the overall noise
on these different sources.
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At high engine speeds, the cylinder pressure levels at fre-
quencies below 1kH: were greater for mo locad operation than for
full load operation. Above 1kHz, levels for full load operation
were higher (see Figure 5-8). These trends are not reflected in
the noise frequency spectrs (Figure 5-35} so implying that at
high engine speeds and combustion noise was not the controlling
factor in the overall radiated noise. The very small ioad depen-
dence of the rated speed noise thus suggests that for the standard
build at high engine speed, mechanical sources controlled the
radiated noise.

At low engine speeds the radiated noise showed a consider-
able load dependence (approximately 3dBA @ 20 rev/s). The cylinder
pressure spectra for low speed operation (Figure 5-7} shows that,
over the frequency range of interest (approximately 400H: to 8kHz)
the cylinder pressure levels for full load operation were greater
than those for no load operation, with the greatest differences in
the range B00H: to 2kH: frequency range. This is most noticeable
in the results obtained for the left hand side of the engine (see
Figure 5-31). Thus it may he concluded that combustion noise was
a significant source at low engine speeds. Piston slap may also
be a significant source under these conditions. Factors affecting
the magnitude of the noise generated by piston slap include the
cylinder pressure effective when the piston slap occurs (i.e.
approximately T.D.C.), the piston to cylinder clearance, and the
geometry and design of the piston, connecting rod and crankshaft,

Results of the tests run at low engine speeds and with dif-
ferent timings (discussed in more detail below) indicate that for
this engine the maximum cylinder pressure was lcad dependent.
(Photographs of the cylinder pressure diagram for no load opera-
tion are not available). The cylinder pressure diagram for the
standard build at 20 rev/s full load (Figure 5-21}, shows a pres-
sure increase due to combustion, most clearly recognized by com-
parison with the similar diagram for the retarded build (Figure
$-25) for which the pressure increase is much reduced. Thus it
may be concluded that, for the standard build, the maximua
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cylinder pressure is determined by pressure increase due to com-
bustion above the maximum compression pressure, and therefore the
no-1oad maximum cylinder pressure will be less than the full load
value. Thus piston slap, which is in part dependent on the maxi-
mum cylinder pressure, is likely to be greater for full load
operation than no loal. (This effect may be off set to a greater
or lesser degree by piston temperature changes, which may reduce
the bore clearances and thus the piston slap at full load). The
overall pattern thus appears to be that at low engine speeds the
radiated noise is controlled by piston slap and combustion noise
sources, whereas at higher engine speeds other mechanical noise
sources are dominant.

The effect of timing on the full load noise was as expected,
except that little reduction in noise was achieved with the re-
tarded condition (reasons for this are discussed below). For the
timing advanced build, noise levels were increased over the com-
plete speed range, with a greater increase at rated speed than at
rated speed than at low engine speeds. The noise increase occured
over the complete frequency range as may be seen from the spectra
(Figures 5-41 and 5-42). The effect was most pronounced on the
right hand side of the engine. The retarded timing build resulted
in only slightly lowered levels over the whole of the speed range.
(Typically, 1 1/2 dBA at 20 rev/s reducing to 1/ dBA at 75 rev/s).
At low engine speeds, where combustion noise and piston slap appear
to be the major noise sources for the standard build, the retarda-
tion of timing has caused a drop in the maximum cylinder pressure
of approximately & bar (120 psi (see Figures 5-22 and 5-258),
whercas the advanced timing build caused an increase of only ap-
proximately 2 1/2 bar (40 psi) (Figure 5-24)}. The cvliinder pres-
sure diagrams for these builds ([Figure 5-11) show that although
the advanced build resulted in higher levels in the 100 to 400 H:
frequency range, levels in the important 400 H: to B kHz range
were similar to those of the standard build. Over the same fre-
quency range, the retarded timing build shows some reduction in
level compared with standard. These factors all suggest that,
at low engine speeds at least, the advanced timing has little
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effect on piston slap (as Pna: w3s not significantly altered) or
combustion neise. This would appear to explain why, at low speeds,
radiated noise levels for the standard and the advanced timing
builds were similar.

In contrast, retarding of the timing appears to have caused
reductions in both the piston slap (due to the lowering of Poax’
and the combustion noise. As these were the controlling factors
in the raliated noise of the standard build engine, overall noise
levels for the retarded timing build at low speed were lower than
those obtained with the standard timing.

At high engine speeds, the effects of timing change were
different, Inspection of the cylinder pressure diagrams and
frequency spectra (Figures 5-24, 5-25 and 5-12) shows that the
retarded timing build caused only slight decreases in Fu:x and
cylinder pressure levels at the frequencies of interest, Also,
for high engine speed operation, combustion noise and piston
slap appear to be less significant than other sources in the
overall radiated noise of the standard engine {as described
earlier}. Reduction of these sources by timing retard thus

caused little reduction in the overall radiated noise.

For the advanced timing build, however, the cylinder pres-
sure diagram for rated speed operation {Figure 5-24) shows that,
although Pmnx was not significantly higher than for the standard
engine, there was a plateau of considerable duration (approxi-
mately 15° cr) at the maximum cyiinder pressure compared with
the short duration peak of the other builds. The cylinder pres-
sure frequency spectra show the advanced build to have caused
increases in the levels at frequencies of 1 kH: and above, and
the noise frequency spectra (Figure 5-42) show the increases in
level over the standard build results to have occurred at these
same higher [requencies {greater than 1 kHz). These resulits
imply, that, for the advanced timing build, the combustion noise
was considerably higher than for the standard timing, and was in
fact now a significant contributor to the overall noise radiated.
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One factor which is worthy of comment is that, although the
start of needle 1ift timing for this engine is typical for a per-
formance optimized Comet, the initial rate of injection is rather
low, as may be seen frem the needle 1ift traces (Figures 5-22 to
§-25), This results in a somewhat retarded timing for the start
of combustion and probably accounts for why the noise levels did
not respond significantly to timing retard; the standard timings
were offectively close to optimum from noise considerations.

Idle noise levels and their response to temperature for this
engine were typical for the eng ine type, the average level to the
sides of the engine being 74.9% dBA. Cold idle levels were approx-
jmately 2 1/2 to 3 JIBA higher than hot idle results, probably due
primarily to increased piston clearances fand thus piston slap}
with the engine cold.

£.6.% Exhaust Emissions

In general, the trends and levels shown during these tests
for HC, CO and NO levels over the speed and load ranges were
exactly as expected for a Comet V engine. The peak in the hydro-
carbon plots at no load are most likely due to the slightly re-
tarded start of combustion for the engine, and resultant combus -
tion inefficiency. The consistently high levels at 30 rev/s were
not typical, but are probably due to some anomalvy in the fuel in-
jection equipment such as a slightly secondary injection. (Figure
§.22 showing the needle 1ift trace for 30 rev/s, full load, does
in fact show a very slight secondary injection at approximately
33° cr ATDC, and this secondary does not appear at any of the
other speedsi.

Carbon Monoxide levels were again typical of this engine
type although possibly slightly lower than may normally be expec-
ted. The shape of the curves - an initial peak falling to a
minimum level and then rising again with load increase, 1s most
likely due to two different effects. At low Ioads, combustion
temperatures are low and the flame has a tendency to quench before
the charge is totally burnt. At high loads, with increased



fuelling levels, it is Tikely that some fuel is still unburnt or
partially burnt when the exhaust is opened, due te the higher
fuel/air ratio.

NG emissions were also as expected, increase in speed and
load causing increased charge temperatures and thus increased NO
production. At full Ioad, the effects of higher fuel/air ratios
and the inefficient combustion as mentioned above cause reduc-
tions in the gas temp-.atures and thus slightly reduce the NO
Ievel. The NO levels were marginally lower than may have been
predicted, due primariiy to the (effectively) retarded start of
combustion timing and resultant low gas temperatures.

Smoke levels were low for this engine, (1 - 1 1/2 Bosch},
Levels of up to 50 percent higher may be normally expected with
engines of this type. At full load over the speed range, typical
Comet V smoke levels are usually around Bosch Z and occasionally
up to 3 to 3 1/2.

The effect of timing on the exhaust emissions was again
fairly typical for the engine type, with the exception of the
very high CO and HC levels measured at low speeds for the re-
tarded build. These high levels were due to incomplete charge
combustion at this particular running condition, as mentioned
earlier in the performance discussion.
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FIGURE 5-5. PEUGEOT XD2 FUEL CONSUMPTION OVER
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6. AN URBAN TRAFFIC NOISE MODEL FOR HIGH SPEED GASOLINE AND
DIESEL POWERED LIGHT DUTY WVEWICLES

6.1 INTRODUCTION

This letter report is one of a sequence of reports generated
for the DOT, Transportation Systems Center, to evaluate the noise
impact of small, internal combustion engines. The intent of this
study is to obtain information on small, high speed engines so that
their effect or the urban environment may be assessed and, if neces-
sary, programs devised to reduce the noise from vehicles using
these "highly desirable and more efficient power plants.”

The objective of this phase of the study is to model the noise
generated by small, high speed engine-powered vehicles in a low
density, i.e., non-continuous source, urban environment to facili-
tate the evaluation of the noise impact of these types of vehicles.
This modeling, to fulfill its original objectives, should utilize
to as great an extent as possible the information the engine/
vehicle data generated earlier in this program. Consequently, un-
like most traffic noise models, the emphasis of this modeling will
be on the engine/vehicle system as opposed to propagation/inter-
action effect:.

6.2 GENERAL TORMUL:TION OF THE MODEL

Consistent with the above objectives, the sound pressure
tevel due to a vehicle operating in an urban traffic environment
inx} is assumed to be characterized by four clements. These four
elements, shown schematically in Figure 6-1, are the engine, the
engine/vehicle combination, vehicle operating characteristics in
an urban traffic environmeat, and propagation interaction effects.

The first element Pztx}, Fy (%}, describes the acoustic signa-
ture of the bare engine operating in a free field environment.
The parameters X, which characterize this function are the
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FIGURE 6-1. GENERALIZED MODEL
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combustion system, fuel and other design characteristics as well
as the RPM and Load ({and their time derivatives) under which the
engine is operating.

The second element in Pz{:}, thx]. describes the modifica-
tion of Fi(x;} by installation of the power plant in an operational
vehicle as well as the additional sources characteristic of the
vehicle itself. Some of the elements of F, are the free field/
vehicle transfer function, engine accessories (e.g., fan, exhaust
system, etc.} and vehicle sources (e.g., panel radiation, tires,
ate.).

The third element of Pz[x}, F3(x), characterizes the wvehicle
operation in an urban environment. That is, the utilization
scenario, RPM, Load, d/dt(RPM), d/dt (Load) ss a function of time in
an urban environment.

Finally, the fourth element of pZ(x), Fg(xg) characterizes the
propagation and interaction effects of the basic signature (i.e.,
the first three clements) in an urban environment.

It should be noted at this point that these four clements of
PI(x), Fy(x;)...Fg(xy), are coupled by the symbol @. This symbol
is used in its mathematical generality to denote a mathematical
operation of which algebraic multiplication is Gﬂl} one possibility.
Consequently, it does not necessarily mean that p? (x} can be
characterized by the product of four functions, Fl...Flr Rather,
the purpose of this generalized modeling is to delineate in a
general sense the clements and phenomena which characterize P2 (x)
in a logical manner to assist in formulating an urban traffic model
consistent with the original objectives and provide a framework to
evaluate the completeness of the model.

6.3 MODELING OF VEHICLE OPERATION

Let us begin cur modeling effort by looking at Fy, vehicle
operation. Any impact model rust in some way address vehicle
operating conditions both for multi-source interaction (F4) con-
siderations as well as the speed-load dependence of the basic source.
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This is especially important in urban environments where the
cperating cycle is such as to render simple approximations, €.g.,

a line source at a constant velocity, inappropriate. Consequently,
this section of the modeling effort addresses the question of ap-
propriate operating scenarios for this type of environment.

The detailed description of vehicle operating parameters (e.g.,
speed/1oad/vehicle separation) of a vehicle operating in an urban
traffic situation is indeed complex. ¥We will not attempt to
quantify such detail beyond that needed for the task at hand.

As was noted eariier, this element of the modeling, Fx,
addresses vehicle operating parameters in an urban environment.
Primarily, then, we are locking to delineate how a vehicle (and
thus the engine} is operated as a function of time in an urban
traffic environment. This information {s then used in conjunction
with F;, F, and F, to characterize thxj.

6.3.1 Ceneral Approach

There are several ways of addressing this question. The
approach to be taken should be dictated by the final use of the
model. For example, we could set out 10 define in a statistical
fashion how many vehicles in an urban environment are accelerating
or decclerating, how many are operating in a steady state {constant
velocity) mode, and how many are idling and what is the average
time a typical vehicle spends in each of these nodes. This type
of an approach is appropriate to ecvaluate the collective noise
radiated by a particular ensemble of vehicles.

¥e would also take the approach where we ask what are the
typical operating parameters of a veh.cle in an urban traffic
environment. Then use this information, in conjunction with Fy,
F, and F, to evaluate the acoustic signature of a particular
vehicle being operated in a typical urban environment.
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Since we are primarily interested in a medeling which will
enable an evaluation of the impact of the introduction of particular
types of vehicles into an urban environment, the second approach
seems more useful in that it provides a framework whereby we can
Compare the acoustic effects of different vehicles operated in a
similar manner representative of an urban traffic situation. Con-
sequently, we will pursue the second approach to characterizing
vehicle operatien in an urban environment.

6.3.2 Characterization of Urban Vehicle Operation

In addition to the decision of individual as opposed to col-
lective emphasis in the modeling, we must decide how we will model
the vehicle operating characteristics. What we mean by that state-
ment is that we can describe the vehicle operating characteristics
from several different viewpoints. One approach could be to assume
the design characteristics of a typical urban street, the number of
lights or controls per mile, their cycle times, etc. With these
assumptions and appropriate models for vehicle operations within
such an environment, we could generate a typical urban operating
cycle. We will call this a phenomenclogical model. ¥e could take
another approach, however. For example, we could treat the urban
traffic network more or less as a "black box" ignoring the details
such as street design parameters and traffic control systems and
ask simply, "What percentage of times does a vehicle typically
spend idling, accelerating, etc., in a representative urban net-
work?" We call this a statistical approach. A median approach to
the statistical modeling would be to use a "data-based" cycle such
as the LA4 cycle and determine the statistical parameters we require
directly. The following paragraphs discuss the complications and
merits of cach of these approaches,

6.3.2,1 Phenomenological Model - First, let us consider the
phenomenological approach. We can divide an urban driving cycle
into four components, consisting of the time spent 1) accelerating,
2} decelerating, 3) at steady-state cruise, and 4) idling. Let's
look at the latter, first.



As a consequence of traffic controls, & typical vehicle spends
s certain amount of time, t,, idling at control points (e.g., traf-
fic lights). This time, t,, depends on several things, among them
the:

o cycle time of traffic lights, i.e.,

tred: tgreen' Lamber
o queue length at a given light

o number of lights in a given area.

This phenomenon is complex and has been studied by many investigators.
A reasonably simple model for the delay at fixed time signals, given

below, was proposed by Webster:

2 2
LMy T m o)

t = cycle time (sec)
Q = vehicle flow {veh/sec/lane)
A = portion of the cycle which is effectively green
= tgftc

x = degree of saturation...the ratio of the flow to the
maximum flow under the given signal settings
= Qs

s = saturation flow {veh/sec/lane)
¥ = 0,90

The green time of the signal can also be modeled for a two-
branch intersecticon in terms of the maximum flow in both branches
such that:



where c = 30

v ]

€y " 5x10-2

< * 2x10-10

o~ [g Istreet g"street 5800}
Q/N = vehicles/hour/lane

For simplicity, we can assume t = tﬁz. Thus, since

gl

and t. = ' 59 T, is defined in terms of vehicle flow. The average
idle time is thus given by

j=i
To determine or quantify in any detail the acceleration time

or deceleration time involves considerable effort. For example,

taccel
the position of a given vehicle in the queue. Such an effort is

depends not only on traffic flow but queue length, in fact,

outside the scope of this brief study. Consequently, we will
approach this probelm from a very simple viewpeint. First assume

That taccel decel.
the queue accelerates from stop to its cruise velocity at a con-

is equal to t Second, assume that a vehicle in

stant acceleration. We know that the cruise velocity of a vehicle
in traffic depends on the design velocity of the roadway, V, and
the vehicle flow.

For urban traffic, studies have indicated that the cruise
velocity can be modeled as a linear function such as:

VeV, - K@



Consequently, with two earlier assumptions, the acceleration and

deceleration time of each segment is given by:
1 = T L] g.i_ - ‘rni - Ktﬁ} 1
accel i decel i & a

and thus,
N .
v &)
o1 - i
taccel®™ Ydecel E: 3 a
i=1
Ne
1 T
- 13 o K(R))
i=i

determined by the previous

The remaining unknown is essentially
rols of

For example, given a segment between cont

development.
length L,
t & Li " Laccel
cruise i vy
But,
2
Vi = 28 laccely
and

NC
t , " E: Ly i Vo1~ x{ﬁii]
cruise ) * B

i=i LV i H%}i



Having defined the models for the four individual components
of the urban drive cycle, the overall cycle is defined in terms
of the parameters of these components, namely EQIH]i, nax {q!ﬂ}ii
Sy ?ni. Li, and a. But we can eliminate two of these parameters,
aax {Q/N) and Si» by the fellowing logic.

The max flow rate can be mocsled in our velocity region of
interest from the highway design minual which gives the maximum
practical flow rate without controls as,

Voitapk

max{g) = 112 > o

Similarly, an approximation to the saturation flow is given
by,

t
S, (veh/hr) < -t-ﬂti [ u;{&) ]

Thus in this modeling of the urban vehicle operation, the relevant
characteristics arc specified by [q;ﬂ]i, ¥ui' Li and a.

6.3.2.2 Statistical Model - Now let us examine the second approach,
the statistical approach. Several such models of this type have
been developed over the years. We will discuss only one of the
more recent models,

The model summarized here is a two-fluid approach to urban
traffic. This model was developed by Herman and Frigugine.l

Kinetic theories of vehicular traffic have been developed over
the past 20 years to attempt to describe the characteristics of
traffic on multilane highways. This theory examines the evolutien
of the speed distribution function in terms of a number of important
processes: the relaxation or speeding up process, which expresses
the attempts of drivers to achieve their own desired speeds; the
interaction or slowing down process, which arises in the conflict

6-9



between & faster driver and a slower driver; and the adjustment
process, which reduces the variance around the local mean speed.
The details of all the vehicles in queues and the details of
passing maneuvers are not addressed in this theory.

They anzlyzed a large amount of data in the form of speed-time
histories of vehicles for many cities in the United States. The
data were generated by following vehicles in each area studies,
and they consist of speed-time histories and usage patterns of
randomiy selected vehicles operated undxr different traffic con-
ditions as well as on various roadways. They have found that
although the traffic in various areas is different, similar rela-
tions appear to exist between a number of traffic variables and
the average speed. For example, the acceleration noise and the
ratioc of speed noise to average speed are correlated with average
speed, and the stop time is linearly related to trip time, the
reciprocal of average speed. These relations are surprisingly
simple and global in character. For this reason they parsued an
examination of the rclation between trip time and stop time to see
whether a theoretical basis could be developed for such seemingly
general relations between some of the pertinent traffic sariables.

The trip time on ihe links of a transportation network is a
significant and useful variable for many facets of transportation
engincering and planning, Travel time studies are often carried
out to measure the effectiveness of a transportation system in terms
of traffic engineerirg improvements and cost-benefit analyses.

Trip time is perhaps the major factor in determining a driver's
route choice and appears to be the most reliable single variable
in the traffic assignment process.

Herman and Lam found that when the stop time was compared to
the running time of the same trip in the Detroit suburban ares, the
stop time, for all practical purposes, varied linearly with the
running time as well as with the total trip time. Similar results
were obtained with twe sets of previously reported data, one col-
lected on a specific route in Berkeley, California, and the other
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collected on all the major arterial streets in Fresno, California.
The slopes and intercepts obtained from linear fits of the data for
stop time versus running time were reasonably consistent for the
different data sets from different city areas.

The existence of a general trend in the data for trip time
versus stop time suggested that there might be some underlying
theoretical basis for such a result. This led them to consider
a two-fluid model for traffic in towns.

The concept of a two-fluid model appeared in their earlier
kinetic theory of multilane highway traffic when the transition
to the so-called collective flow regime was achieved at sufficiently
nigh vehicular concentrations. In this case the average speed
depends on the fraction of the cars that are immobilized.

At the collective transition in the case of highway traffic,
the velocity distribution fer cars splits into two parts--one
corresponding to moving vehicles and the other to vehicles that
are stopped because of local conditions such as traffic jams.
Likewise, the traffic in a network in a city may be considered to
consist of two traffic fluids--one composed of moving cars and
the other of cars that are stopped as a consequence of congestion,
traffic signals, stop signs, and so on, but not in the parked
condition. Parked cars are ignored as not being a component of
the traffic: they form part of the street configuration. They
assume that the average speed of iae moving cars, \ , depends on
the fraction of cars that are moving. Thus, they might expect a
relation of the form

: ) n
T R 2 U

where . is the average maximum running speed.

Noting that v e VT, where ‘I?n is the average minimum trip
time per unit distance, the trip time can be written as

T= TT . T5
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where T and T, are the running time per unit distance and the
stop time per unit distance, respectively. In addition, it may
be expected that

£, " T

This statement can be considered as a type of ergodic condition
relating ensemble averages to time averages. There is then the
implication that the fraction of the time stopped for a vehicle
circulating in the network is equal to the average fraction of

stopped cars in the sy<*em over the same period. If the overall
concentration varies widely -- that is, fluctuates rapidly during
the time of the trip -- this condition may not be satisfied. The

concentration must vary slowly over the time during which T./T and

f5 arec measured.

We can write:

1 n
VT‘T;-[].'ESI

Since by definition

v o= ¥ !r
then
-~ 1 _ 1 ) n - 1 R n o+ 1
k| T T‘; [l fsj f:_ T;{l fs}
or
-
+= - 1
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Since f, = Tsz. we have

T .
1 S § n]n |
. o b &
and finally
1 n
n+ 1 n + i
T5 = T - Tull T

in urban network in this theory is characterized by the fTB,nl
pair of values. In Figure 6-2 from their paper, they show a plct
of T versus T, in units of minutes per mile. The quantity Ty is
taken as 2 min/mile, corresponding toc an average maximum speed of
30 miles per hour. Three iurves are given form =1, 2, and 3. The
curvature is small in all cases, so that they essentially have a
linear relation between the trip time and the stop time. Further-

-5

more, the curve for m = = corresponds fairly well to the general
overall trend of the data given in Figure 6-1. They have not at-
tempted to fine-tune the functional representation by adjusting
Tn and n because they were seeking mainly the character of the

overall trend.

he reasonableness of the assumption that the average speed of
the moving vehicles depends on the fraction of the vehicles that are
woving has been shown above. The question now arises whether we
can go further in our attempt To lescribe traffic in tuwns. Jn-
fortunately, this theory is not easily adapted to the needs of
this modeling in that it is difficult to accommodate the accelera-
tion/deceleration modes within the framework we have developed to
describe the vehicle noise/operating condition relationship. This
theory is useful, however, as a guide to formulating the noise model
developed in this study. We will come back to this point later in
this text.
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6.3.2.3 Model Based on Existing Urban Vehicle Cycle - A third way
of characterizing urban vehicle operational characteristics is to
synthesize a distribution function for the various operating modes
from the data of a velocity time history of an existing urban cycle
such as the LA4 cycle. The fidelity of the statistics so generated
depends on several things. The first of these is how representative
the data are of a typical urban cycle. Considering that LA4 cycle
is the standard CVS emissions cycle, we will assume that the
"representativeness” of the data has been justified. The second
question affecting the statistics is the length of the overall
cycle and the number of cycles contained within the overall cycle
and the data reduction technique used to generate the distribution
function.

Due to time and cost constraints, the statistics discussed here
were acquired by a judgemental “eyeball™ fit into the four time
categories discussed earlier: accelerating, decelerating, idle,
and cruise. The data so acquired should be adequate for the purposes
of this modeling but by no means should be taken as statistically
definitive of the LAS cycle.

The statistics of this "approximated LA4 cycle'” are described
in Table 6-1. It can be seen from this figure that the statistics
generated from this approximated LA4 cycle are somewhat coarse;
however, they should be adeguate for our needs,

The idlie statistics are reasonable with the exception of the
number of events in the 9-12 range, since we would expect the sta-
tistics to be roughly Poisson due to the queueing effect at signals
(assuming a random arrival of vehicles)}. The acceleration sts-
tistirs are probably describable by the summation of two distribu-
tional functions. The range 0 - 5.5 x 10-2 g's brings acceleration
events from stop or low veiocity. The deceleration statistics are
basically uniform across the range from 1.5 - 14 x 10-2 g's. The
velocity statistics look roughly gaussian with a mean representative
of a velocity sround the average speed limit in an urban/suburban
area -~ 30 mph.
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0f the three models we have discussed, the phenomenological
model, the statistical model, and the existing cycle-based model,
the latter appears to offer the best compromise between applicability
to the needs of the present noise modeling and adaptability of the
formulation within the cost and time constraints of the present
project. The physical modeling insights provided by the first two
models do prove to be of value in configuring the overall model
approach, however. Consequently, this approach appears reasonable
and viable for describing typical urban vehicle operation, and we
will use this approximated LA4 cycle, shown in Table 6-4, in the
final model.

6.4 MODELING OF ENGINE/VEHICLE ACOUSTIC SIGNATURE

Having established the manner in which we will describe vehicle
operation in an urban environment, we now can move on to the next
aspect of the modeling which is F,®F,, the engine and engine/vehicle
characteristics as a function of the operational parameters of our
modified LAS cycle model.

During the program we gathered controlled parametric data on
the engine/vehicle system (i.c., FiiFg} which is of sufficient detail
to meet the needs of this modeling. We will therefore model the
product function F€F;.

To refersh our memory, as was discussed in Section 6-2, Flin
describes the radiated acoustic field of the engine and vehicle in
a given operational mode. In this section of the report we will
discuss methods of quantifyving the magnitude of this radiated field.
The four operational modes for which we want to quantify the radia-
ted acoustic field are idle, acceleration, steady state cruise

and deceleration.

6.4.1 Idle Noise

Of these four modes, the first, idle noise, is straightfoward
both in concept and measurement., During this program idle noise
levels were measured on a multitude of vehicles. The results are
summarized in Table 6-2.
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TABLE 6-2. SUMMARY OF IDLE NOISE LEVELS FOR DIESEL AND GASOLINE
VEHICLES (3M FROM FRONT OF VEHICLE)

Sound Pressure

Vehicle Level (dBA}
DIESEL POWERED VEHICLES

Opel 21000 (OD) 63.0

Opel 21000 TURBOCHARGED (OTD) 63.5

Peugeot 504 GLD {P) 64.5

Mercedes 140D 64.5

Oidsoobile Deltas 88 65.5

Vi Golf LD 63.0
GASOLINE POWERED VEHICLES

Flymouth Volare 57.5

Rover 3300 58.3

Dodge Aspen 58.0

Dolomite Sprint (DS) 53.5 i

Jaguar XMe  [J) 57.0

Saab 99 GL (Fan off) (S) 58.5

Volvo 244 GL (V) 59.3 |

Cortina 600 (CT) 57.5 |

Ford Fiesta (Fan off) (F) 56 .0

Alpine S {Fan off)} (A) 59.0

Chevette GL {Cv? 50.5

Renault & (E) 28 0
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Two things are evident in this data base. First, the idle
noise levels of diesel powered vehicles exceeds that of gascline
powered vehicles by some 4-5 dBA. Second, transverse mounted en
gine vehicles {Chevette GL and Renault &) are considerably quieter
than longitudinal mounted engine vehicles even with the fan off.
Table 6-2 then presents the data that we will use as representative
of the idle mode of operation.

6.4.2 Steady-State Cruise Noise

Next we will consider the acoustic signature representative
of the steady state mode of operation. Figure 6-3 summarizes the
steady state (§§ = 0} sound pressure level at 7.5 m from the ve-
hicle (in this case, the Saab 99) as a function of engine speed
and gear. Consistent with our original framework discussed in
Section 6-2., we can think of this steady-state signature as having
two components. The first component is the noise of the rolling
vehicle (drive train noise, panel radiation, tire noise, etc.}.

The other component is the noise of the engine and accessories as
installed in the vehicle. We will take as representative of the
first component the correlation shown in Figure ©-4. This cor-
relation was derived from the data acquired when the vehicle was
coasting by the microphone array with the engine off. We will call
this Lgcp{dBA) for coast-by.

This data gives the correlation

Loy = 32 log RPM « 32 log K, - 73.9 (dBA)

CB
where Kk, = V/ (RPM/1000).

The other component, the noise of the engine and accessories
as installed in the vehicle, we will model in the following manner.
Assume that when the vehicle is operated in its lowest gear, i.e.,
first gear, that this data is representative of the engine/accessory
signature L féBA}. In the case of the Saab vehicle {Figure 6-3)
the iirst gear data is modeled by the correlation

L, = 49 log RPM - 103 (dBA).
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Similarly, the Peugeot dltlz is modeled by
L, = 45.9 log RPM - 84 (dBA).

It is interesting to note that both of these correlations are
close to the classical engine noise prediction formulae given below,
which lends some credibility to our assumption that the first gear
data are representative of the engine/accessory signature.

Lé(gasoline] = 50 log RPM - K,
L.(naturally aspirated IDI) = 43 log RPM - Kp.

The comparison of the model to the measured data for both ve-
hicles is shown in Figures 6-5 and 6-6. The correlation with the
Saab data is very good, while the correlation with the Peugeot
data is reasonable (especially for RPM/6C > 30}, and acceptable
for our purposes.

It should be noted, however, that these were derived from en-
gine test cell data, i.e., F, type, not vehicle data. Having
described both L, and Lqq steady state operation level >r cruise

level, L is given by

cruise

Lo, L
Leg = 1010g, (10 e/10 , 1o CB/10y c4mpy {6413

In general then, the model that we will use for the acvustic
cruise signature is given by,

K 1ogRPM/10 + K,,/10

o ﬂﬁzliugRPHfiﬂ + K,,/10
Lop(dBA) = 10 1ogln(lﬂ

.1

)
(6-4-2)

6-22



66 HAYYS NO VIVd HIVIS AQVHLS HLIM "MHA0K 40 NOSIHVAROD "S-9 JHNO14d

0% fHdd
oot 06 __.“_u 0L 09 0s av 0% oc
L i | 1 1 | i i 09
=) L
|
2 -
i
— L]
(TR -
>
=08
TR e = =
._.In_m,




a19 0% 103903d KO YIVd JLVLS AQvils LILIM THAOW 40 KOS ITHVARWOD

09 /K4

"§-9 HUNoi4d

Hvio peg

WD ik

TICON = — —

i

E:'E

(vgP)

- 08

24

G-



6.4.3 Acceleration and Deceleration Noise

Two more signatures remazin to be defined; they are the signa-
ture for the acceleration mode and the signature for the deceleration
mode.,

We will discuss first the deceleration signature. Little, if
any, data appears to be available to model the acoustic signature
of & vehicle in this operationa! mode. However, we can approximate
the deceleration mode signature by the following logic. In this
mode of operation, certainly we will have a contribution from the
vehicle and tires similar to the radiation from a coast-by. We will
dvsume for the lack of a better approximation that this contribution
is equal to the coast-by level. Next we will have a contribution
from the engine as modified by the vehicle. Now in a deceleration
mode of operation, the combustion process will have a small contri-
bution due to the very nature of the deceleration process. However,
studies performed on the Saab and Peugeot engines during this prog-
ram show that both of these engines are mechanically dominated as
opposed to combustion dominated. Consequently, if we take these
engine characteristics to be representative and typical, then we
could take the engine contribution during deceleration to be less
than or equal to but similar to the steady-state passby levels for
a given engine speed. Consequently, given these two results, we
will assume the deceleration leve: to be modeled by the stcady
state cruise level in a high gear, which we will choose arbitrarily
to be third gear.

Now, we must model the remaining mode of operation, the ac-
celeration mode. This mode is perhaps the most difficult to model
because of the inherent complications of transient engine operating
conditions, varying acceleration rates, etc., all of whick can
influence the radiated acoustic signature.

There are several existing test procedures such as the SAE J386b
and 150 which are standardized acceleration mode acoustic test
procedures. Diata were gathered earlier in this program which may
@ssist us in indicating whether such single number descriptors, as
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srovided by these test procedures, are appropriate for this model -
ing. During the course of this program, the acoustic signatures
of two vehicles being operated under IS0 conditions as well as
several constant acceleration rates were acquired. These data

are discussed in detail in the RICARDO report DP77/1158, and the
results are summarized in Figures 6-7 and 6-8. These tests showed
that there is an effect of acceleration rate on the radiated noise
level, but by no means is the effect linear or necessarily con-
sistent at different engine RPM. However, in general as the ve-
hicle acceleration increases from 0 {(steady state}, the radiated
noise level increases. Thus, Figures 6-7 and 6-8 show the envelope
of minimum and maximum levels measured from these acceleration
tests. The lower trace for a given gear is the steady state of
cruise-by level. It can be seen from these figures that the Saab
dats shows considerably more variation with acceleration than does
the Peugeot data. This is primarily due to exhaust rescnance.
Such effects are difficult at best to model.

However, we can model the maximum SPL data for both vehicles,
shown in Figures 6-9 and 6-10, and find the correlations.

Max SI3by (aBA) = 25.75 log,, RPM - 13.25

Max Peugeot, (4ma) « 33.2 log 1o RPM - 37.3

Thus in the acceleration mode L __ at a given RPM can be bounded by:

Saab « Saab < Max Ssab
Lcn Lintidnh} - L

Peugeot < Max Peugect

< PsugtutL {dBA)

CR F ¥l L

L

A close examination of the magnitude of these bounds is not
warranted due to the nature of the approximations that went into
them. The magnitude of the difference is instructive in the case
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of the Saab, especially (see Figure 6-5) in that it points out
how details of design in vehicles (in this case the exhaust system)
can vary significantly from vehicle te vehicle.

To get an idea as to how these models approximate the accelera-
tion mode, we have compared the ISC "max" ISO test results of some
10 vehicles with the correlation

L=25.75 log RPM - 13,25 = a, log RPM « a, (6-4-3)

The data and this correlation are shown in Figure 6-11.

The RPM used here is the engine speed at the midpoint of the
test course. The ISO test is the ISOR362 procedure while the "max"
IS0 test is the same procedure with the exception that the entry
speed has been raised so that the engine reaches rated RPM at the
test zone exit. This test is felt to maximize the engine noise
contribution to the IS0 signature,

It can be seen that this simple correlation is reasonable across
this fairly large spectrum of vehicles, True, the spread is plus or
minus some 2.5 dB; however, given the variance possible (e.g.,

Figure 6-7 Saab) and the spectrum of vehicles, the correlation is
felt to be reasonable. Consequently, we will use the form of
equation 6-4-3 as indicative of the sound pressure leve! of an ac-
celerating vehicle.

This then completes the modeling of the function F,8F; for all
of the operating modes of F:. This leaves us then with only Fy
(propagation/interaction) to model. We will do little in this area
for two reasons: (1) the propagation/interaction problem is dif-
ficult and outside the scope of this program, and (2) the cbjective
of this modeling is to effect an evaluation of relative, not abso-
lute, acoustic impact. Consequently, since it does not compromise
the objectives of this study, we will define Fg = I. We have now
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fulfilled our original objective which was to model the sound
pressure level of a vehicle operating in an urban environment,
using as much new information from other facets of this program
as possible.

6.5 MODELING THE ACOUSTIC IMPACT

At this stage, one problem remains, which is, what is the
appropriate measure to estimate the acoustic impact, knowing the
sound pressure level? Consider the following argument. First,
we are interested in the relative impact, not per se absolute im-
pact, the latter being the more difficult task. Secondly, the
impact will vary depending on the observers location. For example,
let's consider a "typical™ city block. Statistically, an observer
standing or living at an intersection will experience considerably
more idling noise levels than will an observer living in the middle
of a long city block who statistically, again, will experience more
steady-state cruise noise levels than either idling or acceleration
levels. An observer mid-way between our other two hypothetical
observers will experience on the average acceleration levels and/or
cruise levels depending on many things, among them the traffic
density and average speed. It seems then that a global type
statistic would be appropriate; for lack of any better, we will use

Leq‘

ftﬂ » At

g 1

I'eq{"'” 101og . {E"} pi(t)de}
to

if we let At be a "typical" cycle which we defined earlier. Next,

in order to fully define pz{t}, we must fix our observer somewhere.
We could fix a propagation constant of p(t)} = Putt};ﬁk{t} and
integrate over some time period, or we could assume that our hypothe-
tical observer could be anywhere in the block with equal probability
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and on the average is some distance D away from a vehicle. The

latter scers as reasonable as the former and is mathematically

much simpler tc implement. Thus, we will adopt the latter.

Consequently, L__ becomes

eq
ft Tidle e t:c:al{t]
(t.tj = iﬁlogmi—— i p Z{tide - I ‘(t]d: -
j:ﬂ t, * L,
f L TR T e LRt o2 2 S i)
© | PA(R)ET « | pi(t)dt ) 1
e vt e t. RS R

where 1t = Lidle * tgc¢¢1{¢} " Yeruise * taccel[-l tcrcle'

Now, Pziéle{tj is independent of time, consequently, for a given
vehicle.

ta * tidle

i

;
P idre 199 T P gt Tidle

o 4
e}

The values of pziﬁle for different vehicles are listed in

Table 6-2

Similarly the integral,

.
P {t)dr
cruise

]
Ti:.'ﬂu se

is readily integrated since cmruise is independent of time being

given earlier by

L]

]l}-k flﬂ{ﬁpt;'ﬁ T J10

LN [

Jel il

LN 1

cruise
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Since V

cruise = Xeg(RPM)

2 Ne
2 -k, /10 nu
{r: mdt-zik 107723 gr._l

jul 1 cgi
T:rut:t t:ti
2 v X, /10
/10 et 14
« ] 107 Ij { b
j=1 isl E:gi Yerd

The remaining two integrals are slightly more difficult for
various reasons. First, let us use & general form of the accelera-
tion sound pressure level that we found earlier, i.e.,

2 . 1n(a, log RPM(1) - &,)}10 . - /10 10
P pccer (8} = 1072 2'%% 107%2 7 (RPN(x)a, /10)

In the acceleration mode the RPM is not iundependent of time as in
the cruise case, thus

Nc
[ .2 . { -G, a
iTF itt!i{t]dt I J i0 '!‘n(!PH1»]; i;iﬂdz
} accel 1=} g

Na - ut s
b ¥
- E 12 2/10 [ (RPH( 1) lfluﬁt
i=]

tti

Na t o
-a - up 1710
. 10 2710 7 { v

3 - ag
i=} jtt1
Since ¥V = at, dv = adt it a = const

- 2/10 Na
1‘
P’ (rydt = 10 T 1 [Yai . ®i10
g 2o 13| (=) &
accel &l x
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This would seem to be a straightforward integration. However, it
is complicated by the fact that depending on the velocity, K'E is
in fact not & constant. Thus more correctly this integral should
be written:

¥
at ., °1/10 i, "0
() ov - T @
v ag

v ag
el el

To facilitate this integration, let us consider the following:
for each gear there will be a given operational RPM range. For
example, in first gear

L3 a
i - RPHflrs: gear ’N,y

where RPM; is the chosen first gear shift point. Thus, the velocity
range of first gear will be

&

EagLERPHLI} o T Ih:gIaPHui

Similar relations hold for the other gears, and in general

Thus, we could write a general expression for Kugfvj in the following
manner.

Ng

K 7 v L xl SIK_.i RPM ., K RP
ait : i=1 Tagl b ul' " ag: NL;’

K RPY

5 r '_:. ]
where S{z.v) = 1 if :agt RPM,, = ¥ i Lt

= 0 otherwise
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Ke must be careful here, however, to assure that the integration
is continuous, i.e., to assure that we do not integrate over more

than one gear for a given velocity. We can do this by adjusting
the RPM limits, i.e.,

;:;i “P“n: * KIE: RP“L:
which defines RPHLE' f.e.,

k
o L
agl

HPﬂu

Similarly,
:lj; :H.F‘Hu: - ilgiﬂm!.l‘.

h:g.‘iRP"ui ) llg-im}"l.-l

Thus, the limits of integration become

Lower Limit Upper Limit
] ! inition
R.I"Hliidcfiﬁl!tﬂnj jﬂPﬂlu][defmi }

-

.9
RPN, = [2EL) mem [P

li: ui [
Ry . [Kagl‘ AP RPM |
M3 L ul it

ags

H- -
RPN, , = [R5 RM | RPN
agd

we can further simplify things by making the shift RPM in all gears
the same, i.e.,

M = g
RF » ‘ tor all i
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Thus all limits are defined by the gear ratio- of the vehicie and
two RPM's, RPM,, = Ru and R,. Thus we can write our expression .or
Kag{v] bf the fellowing,

- 1 = I:|. S{K“IRH- xlilgﬂ]
agLV) lgi
. EJ_ S{iagi“s‘ lag{*-llgij
ag:
where s(x,y) is defined on page 35.
Furthermore, since S is binary S(x,y) /10 S{x,y)
¥ - e |
ul a Ng 21 -1 ¥
v — |
'L agfV) j-1 38 T TR
o Tﬁ' - h Ll
Thus finally,
N X = e E|V
5 -a, N3 X — ¢ YT
2 e i BT § T g g e ] P
accel o hes & anJ i 31 |y
g TR 1=l %a1 Jai wo oou

Where ai, Vii and V.. are defined by the approximated LA4 cycle and
3y 9 by the earlier fit to the acceleration data {Hagi are defined
by the choice of vehicle gearing). The remaining integral to be

evaluazed is

:
iﬂldeu:i?."[t““ﬂ

decel

T

e

¥
Now, thocel{t) was given ecarlier as describable by

) L]

{x = Y om
decer ™! crulget?

0 2, O apcen b1y’

i

£

#
W =104

]
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L

Now in this case to simplify the integration, we will assume (not
unrealistically) that the driver does not downshift upon decelera-
tion but stays in a given gear. Thus,

F K /10
2 -k, /10, vV "1)
2 " 5 SR
P’ jpce (V) jzllu Kag

and consequently,

1
v X, /10 (g—} K, . /10
deﬁm{tidtvi E ___i_ ul 4o 2 2; %1571 %y
g1 i=i “ai v
T ui
decel f%l
.1
% :f& p Ky /10 oK /10 g_ k"’m
. — 10 K v
j=1 1=t %ai 4 o
Thus, Legq is uniquely defined as follows:
L = 10 log {.. E X,)
* 10 Teor tei
where
X ® P iate Tidte (6-5-1)
2 Ne -k, /10 10
x, =] | 1o ¥ ey 1/ (6-5-2)
© j=1 k=] K crk
-cgk
' /10 + 1, V
~a,/10 Na Ng G | Tut
Rge20 © 10 1 S E (6-5-3)
T T ) } bV
is]l 1=l a agi a S 5
al 1
w*!
N -K, /10 K, f10 K /10 ¢ 1] ¥
Xy ™ I; : iiT 10 ° {ﬁdz] L E__E_ii ut o
j= F 1
_l}_ - 1 i v
10 L
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Teot ™ Tiare * Ter * Taccer * Taecer (6-5-5)
where Nd

T =

© ¥ ‘a

Equations 6-5-1 through 6-5-6, whose parameters are discussed in
Table 6-4, describe the acoustic impact of a high-speed-engined
vehicle opersting in an urban environment. The model is unam-
biguous and readily evaluated by simple digital techniques.
Unfortunately, time and funding constraints do not permit the
coasting and exercize of this model. However, all of the clements
necessary to exercize the model are given in this report, and it
should be a straightforward task to effect such an evaluation.

6.6 DISCUSSION

Some generalizations from the model are possible without a
detailed evaluation. If we look at how Leq will vary from vehicle
to vehicle, we see that the value of X, uiil,dcpend directly on
the value of the idle sound pressure level P". .. since Tid1e will
bs the same for all vehicles. In X, if we assume grossly that all
the vehicles to be evaluated are about the same weight, then three
parameters will vary from vehicle to vehicle. These are K4y, Kyo
cgk’ the engine contribution to the cruise signature and the
gearing respectively. The only parameter to vary from vehicle to
vehicle will be Kngj'
vehicle parameters similar to that of 12, consequently it is
evident from this simple analysis that the gearing of the vehicle,

as well as combustion system, will have an effect on the acoustic

the gearing. While X; has a sensitivi_y to

impact as modeled in this paper. 1f one were to evaluate the
acoustic effect of changing gearing while leaving the power plant
fixed, care must be taken to assure that the acceleration rates
required to drive the cycle can be achieved.

This model affords considerable flexibility for parametric
evaluastion (e.g., gearing, shift points, etc.). 1t should always
be remembered, however, that gearing is chosen for a given vehicle
and power plant to provide a given performance level, but if
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*

vehiclie flexibility, fuel economy or emission. Consequently, if
the effect of gearing on the acoustic impact is to be evaluated,
care should be taken to note the effects of such a change on these
performance parameters.



TABLE 6-3, L4A CYCLE

Time Time Time Time Time
(sec) mph {sec) mph ({sec} =mph (sec} =ph (seci =ph
I?l 3 fragd ‘!l’.!‘ “-*‘
22, ’
5.8 Ppe.a AP 1w ges,s ME,s FESS ARG
% P q|'-, _‘-- 178,% et 1aE, [F.n  Fee,3 L
1.3 oy s ;4'. 135, T AT T S Lt
Faub . ."‘_ 34.# 1309 A fa j e Fem,s 8B
5.t . at.s 4.4 T b pan,s W) Te¥.S 3B
&~ N ."-; Pl‘t L oy NS Fl.y AN 534
- T ] &g 1h'n 3'!! 1%, e T R 98, i W
S R B -}-* 30 1adad - Jut.s né,a
L Vet . g 151.9 voe  ge3.n Fh.m 333,02 94
e van yask el s e b Ipe.4 338
. o ”i‘ I‘l'.i ped, s Lt LA FE_m  TIRLN 3,7
1®% e Yios vy.a 13%.3 AL 36,3 Ti.E
TheY o r!" ?!.f 1399 g ¥ jea,s 5.1 23T ¢ L
i1,y e F,% gace A meR : 23%.% 3440
13.% A Che game AL aue gencs 33 AR SO0
oy L5 e gae TN e Cqesly) ARyl 28R Rl
13,% e Snih  PNE e k. 197,y  Jw.a Ast.n e
15.% kit P :::'; DTS L 1*3'; ’;‘;
17,9 Y al Pt i . TR e,y #i,3 8, ot T
" r . teF . - .
s ol G A S o R LA 33
,..‘ ,.." -‘kt.‘ da.w= | I""} H.*F :‘-"‘ .‘--i }"'} h;_:‘
e s wi.3 el qaay e ;:i'i e Isr.3 82
3.5 3 Shab et MmN (N SedsS er 1 FhE.s  Ni.w
. * el TN ] m . . .
i.% 4§ LT L fdm, = s 2en.s  ar,y  Teb.T il
T45  Hy $5.%  4%.% | 1ev.n - 2em.%  AF,e FIRS SRS
FL L R b T s Tret! . eV gar.s  ar,y s
ECPC T -2': i:-: | e 3o8.n 4l 133 S
LT Y 5 = AElL.” O i 3.3 wP.d
LG (G ST 0 F BT ORI ANE R
F L] dL.7 “‘1, 5.1.. 1%8,™ =g ol FriLn 41-.,i?|'ﬁ-.!' 3.7
Ja_n . &|"i j'q.'\ et S | - 217.8 F e R ai.=
AL 33,4 69,6 noe 133a3 et apa,s &R | arris  veu3
37, ;2.4 Fiie: guia TN L P I o S I e
33.% Eam d '

W U . e gk g fEIRY Ve

8.~ 1.7 gL i R 1 CE. :“.‘ ‘-'2 : Imd % 33;"‘
3. % .7 .‘ﬂli ;‘.." tak, bnet FET ™ dl N r P15 P o,
inn S ;!" ;h‘? isa,.3 [ e, FT | SR N 30.,%
e ok P - Tl - F18.%  ew,s 773,32
19,3 1= i".‘ ot ag.n ot if"“ Ger . § T T %
i FAGSE! wim Aoty e FFL.n  w.b 285.% 348
i i AN AN tRhye i T TV B o L
Al oy Viah gale) IES  md aagly  cygamn NN BR.S
87,3 1, . oy, sacw il Elam J7d.5 e r 2983 N3
F = .,".‘ J;--.f ial .9 Lk, W 375.% e FET | 1.3
4,5 B, :-*‘w J?.l fan, i8] EE T P FL RS .3
" - L 1;:“3 f'..“ [, B 2i.4 2. Y, ¥ L LIS d.b
LA FA i'-’-"' .1-*'.1 177 .5 AP 27e.% 2,8 FRd e R
LT I A Ayew  govex el 229.5% Se.v 7833 .
Q== .- ‘.f" ‘*‘; P dd.y P Pia_% a7 294.% b, @
an,x il FiE S At nard e i1, va,p  F93.3 0 4EE
3r.m ”, |:1--, 1,1'1- 1785 23,4 FEF ] H4.7 dee, Y v.0
M #5d s gd.y i3 284 Z3r.,n  waL 2L AVLD
2. 1= 1 e 33,3 tin,% le.w 3ie, = %, Jew,y WELD
L3 D fia s e Hiab Pl Iin.m  ay.s 2393 AR
3%.3 i1, s1a. & ey TIE.Y I Fi6.5  4n,h jad,x AR,y
= 1%, @ “l-.|= :5'q (79, 29.9 23104 e 2 FE1 .S ag, ¥
.2 LS £1F.N Ej‘? 2y PR 4%, 8 b b
¥ 2.t =I_'; ;r.4 %)~ FL Zyu,y wn_ f ¥23,.n an_ ¥

!ll:\ 1::| E:J'E 3.2 | gas.m s, f Ina.y 43.6

s2a.y  gale Y Tt | gay.s  Ss,e RO S4E

e S S B %

Reproduced from
best available copy.

6-42



Time
[sec)

3Im %
AT . %
a8
FEL
EEEW
FEE T ]
JiT.Y
JEd.®
Jrs,s
J1%.3
FIL TN |
TN
JIPY
21¥.%
Jia.%
Jl."
327.%
J13.5%
3345
IdH.N
EF 1]
3zr.s
J78.n
2dF.n
BRI
i,
F33.%
333.%
334 .~
33%.5
3%,
J4F .3
LR L P
L B
"N
1as
P E
43,3
Jod %
Jes, %
Jig %
J47.%
ek 5
J4¥ .3
Ji‘;&
L
332.%
353,95
iva %
1%3.%
A%0,.%
I3/ .5
i85
5% .
Ane,
BN
angi.m
:1.3
FL R0 |
Jo5.%
Jos.n
ISr.n
LT ]

L
AF. 3
v
38, a
v ¥
h"
JE,n
3.k
33,
It
k)
HI’
-
78,3
F
-
i9,-
[¥:®
L
Foud
i, 2
ja,-
1i.7

L
e

- B ™
® B ® B F 8 ® & ¥
LI T

L I

WA PN ELT YR RS ER SR
.
WA ed TP LLELT 2 EESE

o
w

te,.r
Ti.3
it
Te.n
%, ¥
Th.a
8.1
b L
¥ .3
S,
Ji.8
5.2
Jhg
S, »
J&_t
dE,%
Ja.n

TABLE

Time
(sec)

l’“y‘.
j’F-"
$ri.>
SIF.™
FTE S
EVE TS
%,
Jre.»
IFr.N
BEE TS
dra.s
EL IR
Iuj.n
ing. %
Iny, s
J8& .3
83,
dne,=
LT .
I .5
9% .
:".,
%1 .%
3%2.5
FLES
sAE %
35,
198 ,.%
Jar =
Jus 5
w5
FEEIR
X3 .%
£4F
=Y,y
L L]
il!:‘ﬁ
s %
aaf %
AR, 5
‘1Fh3
LR
#14 .~
+132.%
1 3.9
£iE, 4
LI
E#im
EFF N
dim, %
df¥.y
=%
75,y
a3y, "
73,3
.?-'I:
'}ﬁi!
3% ,.n
3.y
28,9
L Fe
‘J’ia
&3],

mph

I.‘-‘
L
5. r
in i
In =
.“14
v L
I,
L L]
j‘l#
L L
E L
Ju, 2
Lh %
S m
'}J‘“
Jf g
:.I--?.
3r..
)
Fl.8
=%
In,
13.3
V.3
P
i .

e

.I‘*l
ol M
el
& i
I |
‘-j
f.n
[d, w
4,3
1.4
F A
4.7
F i T ]
b,
?-1,
:'I,
gk
J,-
v,
?h'lh
b I
:q‘ "
LT ]
N
FL
LT
(.
1iad
&,
Jaum
Ay
J.qi‘
L

|"|'|

L4A

Tine
fsec)

-
52,
33,
o hE Y
$3%,.%
38,3
#3F.%
LU
.J';&
d6E, Yy
4Ef .Y
.‘ilﬂ'
53,9
TN
S48,8
LEE T ]
#aF 5
LTLTS
LT L]
LU |
L E RS ]
a37.%
35,5
LE2
55,5
4538 .%
axF. 8§
4585
£55.9
nd
481.%
5T .~
nl.n
LT ]
5%,y
inh, %
anF .5
FETIN
EF. S
4FA.%
7, %
452 .5
7YY
£ E N
#7154
$ip,n
7.8
i, %
alg. %
P,
Lt S -1
g,
LLE .
LIL I ]
48%.%
L LS
A48T .
A0E, %
LIS
AF4 %
4§t .8
AFE .8
a3
ahe. 5

CYCLE

mph

L
gt
't
o
# o
A
L
- .
By

o e
"
-
i, ¥
e
!'I"
a5
'.i}

1hat
IR
LR P
Fi.é
iE,T
FE |
78,4
Ju, §
32.3
da.d
4.2
Ja g
3%, a8
I,
9.k
e, |
in.2
FLIS |
5. ¥
5. ¥
jﬂ.,nl
.=
in, =
L
F T ]
L -
.2
s 2
15.7
$5.4
Iz.1
j‘ll
iz.3
J%. .4
B3-S
5%.1
dhau
Jy.#
EE RS
JE. ¥
LA
Je.w
d2.F
Jiad
%1

5-43

{ CONTINUED)

Time Time
{sec] m=ph (sec)
49y T BNE.D
dwa,3  JE,0 BRFE
aRF.% T1.7 BRELY
aNE .3 5.7 95l.%-
iwg 5 P#.% 58F.%
PR P17 38i.%
sy, n .8 3I86.%
43,5 s, 38%.%
L .5 86,9
3w, Wy k.
BT i hee LS
By, e SaF.3
il Y ok Bla.l
e, N ey BFiLH
o9, N see SFF.H
wid.n wom 373,93
Sii.% P L
512, 4.5 37,3
si14,5 mL B BAE,S
§1d,n 7.% 371.%
19,9 w.y 378.%
5i6,9 1= 3%.5
si.% 11,2 Sme.3
&t“‘ 1:!“ JEL.B
38,5 I3, 382.%
T P e, 453,
$21.3 i, 4 a4, %
22%.% Iv.n  33b.3
233, P 388,
$74.% 3 wAF,S
$23.%  Fe.d GeE.D
SIN.n Fl.8  IEN.T
$3r,%  Ia,I 4%e.%
9.3 a4 9L
339,53  we,n 391
L5328 Th.e  SRE.Y
L5, h,# P2
w32, F 3R VRS
£33, L 0s.%
}j"’ }ﬁ.,-ﬁ '!'!"..5
AN, N 5.4 198 .5
5369 Fr.0 29D
337.3 d%.y 8435
Siw.w Fa.e BElLD
BIF.N TR 0HRLD
Fés.d  I4.0 BdALT
E LI FR T LT
Y42.%  Im.r BRI N
ST B a,} Pun,. 3
LTI 13,2 en? 3
ey, 8 Fi.n  bdm.D
wap, 8 L B2F, 3
&t~ 14.¥ BiR,5
S48,% Wt.t ALY
ET L - 3 ll?.ﬁ‘
By, 5, B3, %
51,3 fun BLIE,N
AT .N L] BiD.D
el o= oat Bi%.D
5_’.‘& ol ‘1’-5
e & s L EL TN
38, - Biv.%
sl 4 - 14,2

=ph

]
#.8
L
#
L%
R
P
wa i
# ¥
Ea g
!-t
4.8
B ¥
F L
Pd.0
is.d
1%.%
i F,.8
[ F e
iF el
i/.8
i, F
17.A
17,2
ir.»
io.7
IHIE
173
171
L%
Im, =
[ 1% ]
e
Twad
tr.2
Toat
i.“
19,7
i%.8
That
dt.2
di. %
di.8
.3
o
3.3
3.9
FF
3.7
b
2%5.0
22,7
L
2n. N
?l..
-
{r.v
fE,8

ited

' ]
| % |
ol



Time
[sec)

AFL N
8Ed.2
Bii.2
Bid,%
L2 4 Tl
LT LTS ]
rgr.2
ad%.3
[ ¥
pas"
3.9
812.%
[ F ]
L3 L
35,7
L1 |
*it,
P L]
3% .n
AL
“‘ll‘
pag.e
pai, %
LY T %]
L L
L LT
=gt %
LU |
N,
LLEM
a5%i,.%
L]
Ey).%
r-__,‘i-u
BESY.Y
Bhm &
BAT,w
phw %
L IR
a4
LTS ]
“‘Jl!
LT F ]
Apd,3
Ll |
L1 I ]
bl Ly
e,y
s .0
o .o
at),~
BF7 LT
L35 T ]
LT ]
73,2
aln.n
afi.n
ﬁ}il-"l
TR
BRI,.D>
- LN
8.2
ki &

ol =
g
b il
s
g
wh ol
L

=%

¥
[

-
L]

L
- &
-

i

LY

o ke~ 8 Y ERT WE
@ O & @ ® @ & & ¥ B & 2 &
LB

-
[
-
Bl Syl IT S

—
F .

[
d"ed
.2
;?I.-
d4.9
Ta,%
Fi- P
dh,.e
:-'I"
dnLd
n, 2
FL |
dp s
3-13
L
P T )
dd,.m
?:I&
F
Lég %
.
fdaw
(LT |
:IJ'
a4, .
Fu. ¥
L
Ww
o

.
g

|

TABLE 6-3.
Time
(sec) mph
e, D oy
BEL.Y é.®
LS 1% ] et
BES S e

ang.5 -,
ELL Ay
s0a.% P

91,5 *
9.9 oy
¥ a F
54,9 i.4
595N 3. F
E LS 8, 4
E 1101 ’. g
L] I3
¥V 5 1%
F3a.n | &,
FIL.Y .5
Taz.n L

Tad.3 1.8
Toa,3 5.3
Tal .5 [
Tam,% 1&_F
ol 2 Ew. ¥
Fan n P 8
Tag, % P
The,% 7.3
TEr.D e
z.n =
Tri.n ]
Tie.3 Fi.=
Fi%.% 3.4
Tis,.5 Jd .4
Fit.n Fia.d
Fid,.% tv.d
Fiv.% (9.3
Fle.s 13.%
.y 175
FI3.% r.B
Yli.n n, 4
fle.% 3.7
Fd3.n -
Tile.5 1.3

1358 ek
Tim,y a9
1IN .5
Tle,n .1
I,ius liald

13%.5 13.3
23%.% 1Y9.s
File. [ ]
FJH‘& li-ll"
tie.y fv,.e
ity I
Tiw.% 7i.=
1i%.% %,
Fae,% fe.®
fay > iz 8
Fag.,m  2F.%
Yajy.n 2¥.®
Fee.n  pely
Tan,n dm.d
Fieh, 5 F L

Reproduced lrom

baul available copy e

L4A CYCLE (CONTINUED)

Tipe
{sec)

rar =
FEAE,™
fuw, %
i T ]
T3l,.>
Tagd.m
Fi3. %
7888
T%5,5
T35
FE T Y
Fus_ s
Ize,s
I
ey
L
Thi, 5
Faw,n
Iny . ™
Tam, N
nr.5
Tod Y
.Y
Tra.s
fri.n
Tz
Fry.d
Fre.%
rs.s
Frp.%
Tl
Tim
ru, s
LY
?I[':
HE T I ]
Ted,.~
Fmd, 3
Fay,. %
LT ]
FL T
fon, %
FEL T
Tua, 3
'HE.3
Tea, N
rea.n
fee,
I3, s
L ]
Fgr %
Fain
S
LEF IS ]
Rl ™
"ol N
| Bt - ]
Had .S
B,y
Boam &
L B
TS ]
L L. ]

e, 3

- 44

Tipe

{sec} mph

i,
Eil.®
Bid.D
LTE TS ]
LIS ]
BLS,.2
ELG,.3
LI ]
LT ]
B1¥.>
L -
L3P
7.2
8F5.5
hid.3
&35,3
aie. 5
a2r .8
6785
%0
PI4,5
#il.2
#3250
53,5
#5465
155
®)s.Y
s3F.%
Els.n
£149.%
LY TS ]
BRI L%
"1.#
65,9
L TES ]
LT
gin,.3
st n
LT
L L
R . ]
3.t
432.%
i3).5
54,3
E L
-1 -
#2r.n
e,
ELE I
LTS
e,
dod.3
A,y
pd,
LE T ]
LET- .Y
LTS
BoR,. %
b3
Bra.s
BrE.%
§rl.%

FL I
Jil  m
LT
fi.=
ddon
L
(-
Idd
J?.m
o
.>
i
Ja_3
L |
i¥.¥
2%,
1%, %
FLN
N
F &
Fa Y
FA
FL T
L
F .8
F L
da.n
f3.¥
.8
iv.%
I%.08
{9, F
"lﬁ
i
2,7

Time
(sec)

Brs.y
LT
LT T
[T
BrY.S
LT T Y
l!h"
LT
PEI Y
l’?f‘
TR
Regd,3
LTS ]
LLL %]
B=r.y
LEL TS
Bnf,. %
BEE,™
L AT
LA F Y]
CLE
EHE,
L T
LR ]
=GF .,
swe,3
W, N
Gas N
a4l .N
L L -
w2l,3
LR L
LT
Goem _w
LF T
¥yim,n
- "15
S5
Fil.n
id.3
Wi,
8,3
15,5
L NI
L A - |
wime™
Fiw,.3
Waided
b 4 ]
V1Z.n
$F3.3
LF R
§¥n.n
L LTS
YEE.n
Gam, %
Viian
FIA.N
L ETae
$37.%
i,y
wlE,n
Viz.%

P,
.2
T
28,1
r L
2.1
i ?
"‘"l
Fe,w
i,
=, 2
7o,
:.,r
il..
21,4
LT
FETS |
2.8
F I
il.%
dr.0
8.
F L
F £
F
7.0
e
L
FLI ]
Jni,
L
do,.4
Ju.}
FLIW ]
Fi Ty}
£9.m
75,
Iy,
3.9
FL
Fi g
FLIS!
F ¥ I
2h.¥w
flam
Fia.7
I
“Jl"
I 7
F L
dt,
;‘I!
TRy
8.7
.

ME TR
‘“I‘
F - T
Fh_ 3
3.7
e
P
:"I*



TABLE 6-3. L&A CYCLE (CONTINUED)
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TABLE 6-3. L4A CYCLE (CONTINUED)
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v (mph) V. (=ph} tisec) i (8'3)x10

APPROXIMATED LA4 CYCLE

2

TABLE 6-4.
Segment
Mode
11 0
2a 0
3¢ 21.
id 2l
Sz 15
6d 21
7a 16
B¢ 24
S9a 24
I0c it
iid 3
121
i3a 0
Ide 26
15d 26
16a it
17¢ 47
18a 7
19¢ 55.
s0e °
2la 52
ade 55
=34 55
2de 49,
25d 15,
I = idle

@ o A

5
5

L

26

I&
47

55.

55

49

a = accele#ration

0

.5

d = deceleration

19.5
10

W B e e

17

31

o
9.85
0
9.93
8.16
5.73
7.33
0
6.42
o

16.78

14.90

11.46
8.36

3.90
0
0

.88
o

5.50
0

7.5

C = cruise
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TABLE 6-4. APPROXIMATED LA4 CYCLE {CONTINUED)

hﬁt V(=ph) VIEPR)  psec) '1{1"]"15.2
261 o 0 13 0
27a g 34.5 19 §.32
28c 3.5 - 19 o
29d 34.5 o 13 12.186
301 o - 5 0
s 0 25.2 11 12.17
3lc 29.2 - 7 g
33d 29.2 0 g 14.87
341 ] - I8 o
35a ¢ 35.5 14 11.62
36c 35.5 30 o
374 315.5 v 14 11.62
381 0 5 0
353 0 25 17 7,28
10¢c 25 . o
414 25 g 8 1432
421 0 i 0
i3a D i7.5 & 3.3
3dc 17.5 - 20 0
153 17.5 26.5 17 2.43
46d 26.5 0 g 13.50
371 (4] 25 (]
48a 0 26 16 7.45
49¢ 26 - 7 0
504 26 ¢ 12 9.53
I = idic d = deceleration
a * acceleration C = cruise
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TABLE 6-4. APPROXIMATED LA4 CYCLE (CONTINUED)

Segment . -2
Yode  Vimh) v [=ph) tsec) 48'3)X10

511 0 - 13 0
5a 0 22.53 16 6.45
53¢ 22.5 - 8 0
54d 22.5 0 10 12.89
55a 0 27.8 14 $.13
56¢c 7.9 - 9 0
57d 27.9 0 i5 .33
58a 0 28.2 14 9.23
559¢ 8.2 - 20 0
60a 28.2 33.6 5 4.95
6id 33.6 30 & 2.75
e 30 - 1o 0
63d 30 iS g 5.60
tia 19 28 I3 317
B5c g - i3 0
66d 28 25 3 3.42
67a 25 28 8 1.72
65 28 - 32 1]
69d 28 =1.5 10 Z.98
T0a 21.5 25 & 2.67
Tle 25 - 23 0
Tid e ¢ g 12.73
731 2 - 2 0
74a ¢ 27.5 15 8.70
754 27.5 11 11.46
I = idle d = deceleration
a = acceleration € = gruisec
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TABLE 6-4. APPROXIMATED LA4 CYCLE (CONTINUED)

Sepment  ygen) Vo) ) 8, @007

76d 27.5 1.5 6 §.58
T7a 21.5 24 4 2.86
78c 24 - 19 0
79d 24 ¢ 11 10.00
801 0 28 (
Ela 0 27 10 12.38
824 27 g8.5 13 6.52
83c 8.5 - & i ]
g81d 8.5 0 7 5.57
B5a 0 26 20 5.96
86¢ 16 - 2 i}
87d 26 o 11 10.83
881 0 - 15 2
85 e 23 g 11.71
90d 23 0 10 10.54
51l ¢ - 9 0
82a 0 21 7 5.66
93¢ 21 - 15 0
94d 33 ¢ 16 &.02
g51 ¢ - T o
96a o g it 3.75
e g - 5 g
98a o =24 g 7.64
9%9¢ 24 - 12 0
100a =4 <8 i0 1.83
I = idle d = deceleration
& = acgceleration ¢ = cruise
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TABLE 6-4. APPROXIMATED LA4 CYCLE (CONTINUED])

oge . Vymph) Vo M) ¢ gy 3 (88107
i0lc 28 - & )
102d 28 0 g 14.26
1031 g - 24 [}
104a o 21 a 10.65
I05c 2% - 11 G
1064 21 o 10 g.63
1071 0 - & 0

Note: On Equations 5-1 through 5-5.

if mode = a o ;
N
{(Eqn 5-3) u
vV = ¥
5 Li
mode = & vV =Y
% ui
(Eqn 5-4) .
Ve " Vi
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TABLE 6-5. SUMMARY

USED
PARAMETER IN INTERPRETATION ORIGIN VALUE
3
P idle 11 SPL of idiing vehicle Measured Table 6-2
Tidle Xy Total idle time during Vehicle Table 6-1
cycle (sec} utiliza-
tion nmodel
Kiqe E,} X, Slope and intercept of Equations Section 6-4-2
J = coast-by and engine 6-4-1 arnd
SPL (dBA) 6-4-2
Vek X, Cruise velncit{, cruise Definition Table &-4
subcycle K (mph)
Kcgk X, Cruise drive ratic sub- Defined by Table 5-6
cycle X [aph/(rpasi000}] vehicle con-
figuration
Terk X, Time of cruise subcycle Vehicle Table 6-3
* K {sec} utiliza-
tion model
Xc X, Number of cruilse Vehicle Table 6-1
= sybcycles utilize-
tion model
310 3, Xy Slope and intercept Equation Section 6-4-3
- of acceleration 6-4-3
SPL (dBA)
Ail xi Acceleration during Definitton Table 6-1
acceleration sub-
cycle i
Kagj iy Acceleration drive Definition Table £6-6
' ratio gear j
5] iy Step functien Equation Section 6-5
6-5-1
Vs s Upper velocity of Definition Table b-d
acceleration sub-
cycle |
L KS Lower velocity of Definition Table £-<
- acceleration sub-
cvele i



PARAMETER

Na

Ng
Nd

adi

TABLE 6-5. (CONTINUED)

INTERPRETATION

Number of acceleration
subcycles

Number of gear ratios

Number of deceleration
eubcycles

Deceleration during
deceleration sub-
cycle i

Coast-by and engine
SPL slope and inter-
cept

Upper velocity of
deceleration sub-
cycle #§

Lower velocity of

deceleration sub-
cycle 1
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Definition

Definition

Definition

Equation
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Definition

Definition
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Table 6-6
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TABLE 6-6. FINAL DRIVE RATIOS FOR THE SAAB 99 AND PEUGEOT 504 GLD
VEHICLES

Vehicle Gear {(aph/1000 RPM)

Saab 1.9
i5.8
9.23
5.66
18.0
13.5
8.3
4.9

Feugeot
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APPENDIX
REPORT OF NEW TECHNOLOGY

The work performed under this contract, while leading to no

new inventions, has provided detailed characteristics on acoustics,

and fuel economy characterizations of
This report

gh-speed internal

exhaust emissions, odor,
small, high-speed internal combustion engines.

focuses upon the acoustic aspects of small, hi

ombustion engines.

185 copies
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