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INTRODUCTION

Volkswagen produces a series of 4-, 5- and 6-cylinder naturally aspirated Diesel engines of the swirlchamber type
snce 1978. On this basis the development of a 4- and 5-cylinder turbocharged engine was begun. The paper
describes the design and development highlights of the 4-cylinder engine with a nominal power of 51 kW and the 5-
cylinder verson with 64 kW power output. The performance characteristic of the major engine components as well
as exhaust emissions and fuel consumption, measured on the engine dynamometer and in actual vehicle installation,
are reported.

In the fall of 1976, Volkswagen introduced its first 4-cylinder Diesel engine, a swirlchamber design with a stroke of
80 mm and a bore of 76.5 mm, giving adisplaced volume of 1471 cc. Cutaway models of this engine with its
transmission are shown from the injection pump side in Figure 1, and from the manifold sdein Figure 2. The
nominal power was 50 hp at 5000 rpm. The fundamentals of this development have been described by P. Hof bauer
and K. Sator in Reference (1) where on the bass of a systems analysis arguments were given explaining why this
concept had been chosen from a number of alternatives.
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Two years later, the development of a5- and a 6-cylinder Diesel engine was completed. Both engine types used the
same combustion system as developed for the 4-cylinder engine. Thus, in addition to the powerplants for the
Volkswagen Rabbit and Dasher vehicles, Diesel engines became available for the AUDI 5000 and the Volkswagen
Truck. Since 1979, the 6-cylinder Diesel engine has been sold to VOLV O for apassenger car application. With a
displacement of 400 cc per cylinder and the somewhat smaller 368 cc per cylinder swept volume of the 4-cylinder
engine, three conceptually very smilar powerplants have been obtained. The development of the 5- and 6-cylinder
Diesal engines has been described by K. Sator, W. Buttgereit and U. Sturzebecher in Reference (2).

In the fall of 1980 the engine displacement of the 4-cylinder engine was increased by lengthening the engine stroke
from 80 to 86.4 mm. In doing this, atrue family of engines from 4- to 6-cylinders was obtained with alarge
percentage of common parts.

The design details of the base 4-cylinder engine of this family are shown in the longitudinal and cross-sectional
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views of Figures 3 and 4 respectively. Its power and the torque curves are plotted versus engine speed in Figure 5.

Nominal power was 40 kW or 54 hp at 4800 rpm. The maximum torque is 102 Nm at 2000 rpm.

Fig. 3 - Lomgitudinal sectiom of the §-cylinder
natorally sspirated Diesal engine with 1600 cc
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Fig, & = Cross-sectional wview of the 4-cylinder
naturally aspirated Diesel engine with 1600 ec i
displacement i
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Fig. 5 - Fower and torque curve of the 4-cylin-
der naturally aspirated Disssl saugine with
1600 ez displacament

At the time when the displacement of the 4-cylinder engine was increased, a number of changes and improvements
were made. Due to the longer stroke a new connecting rod was designed and the distance between the connecting
rod boltsincreased to 61.5 mm. The small end hole was enlarged to accomodate the increase in piston pin diameter
from 22 to 24 mm. Thus, the small end bearing became a common part with the 5- and 6- cylinder engine. Further,
the oil filter support was modified so that a single design could be used with both the Otto- and Diesel engine.

The latest development of the naturally aspirated Diesel engine was concluded in early 1981 with an application to
the Volkswagen Transporter and Microbus. Engine power had been changed to 37 kW at 4200 rpm. The base engine
remained the same but peripheral parts were modified because of the limited engine compartment space. The engine
had to be tilted 50 degrees. Modifications concerning engine and vehicle related data were described by H.
Steinecke and K. Sator in Reference (3).

A summary of naturally aspirated Diesel engine productionis given in Figure 6. The demand for small high speed
Diesel engines has increased sgnificantly over the last few years, as shown in Figure 7. In thefirst half of 1981
2600 naturally aspirated Diesal engines were produced every day. Diesel engines currently hold 40 X of the total
production of watercooled engines in the Volkswagen Corporation.
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The common argument, that a passenger car with a Diesel engine cannot satisfy the requirements of todays traffic
conditions, has been challenged with the introduction of the modern high speed naturally aspirated Diesel engine. In
order to broaden the spectrum of available power output engines, the development of turbocharged Diesel
adaptations of existing engines was begun. The aim was to combine the performance of the Otto engine with the
economy of thewell proven naturally aspirated Diesel engine.

Preliminary work in this direction was carried out in 1977 - 78 by the Volkswagen
Research Division. Concept studies resulted in the so-called I ntegrated Research Vehicle (IRVW) with a

supercharged Diesel engine and a 5-gpeed transmission. The concept has been discussed by B. Wiedemann and P.
Hofbauer in Reference (4).

[Return to Table of Contents]

MAIN DESIGN FEATURES

THE 4-CYLINDER TURBOCHARGED DIESEL ENGINE

The 4-cylinder turbocharged Diesel engineis designed as a powerplant for 5 vehicle models of VOLKSWACEN
AUDI production. The engineis transversely mounted in the Rabbit and Jetta vehicles. The engine is mounted
longitudinally across the front axle in the Dasher, Quantum and AUDI 4000. Because of different space restrictions
in the engine compartment, the turbocharger unit is mounted in two different locations. Longitudinal and cross-
sectional views through the transverse engine are shown in Figures 8 and 9 respectively. For comparison, a cross-
sectional view of the longitudinal mounting is shown in Figure 10. The significant difference between the two
mountings is the lower position of the turbocharger unit in the longitudinal mounting, which allows for a smooth
connection between turbine exit and the exhaust system.
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Fig. 8 - Longitudinal section of the é-cylinder
turbo Diasel engine for tysasverse mounting

I

Fig. 9 = Cross-sectional view of the &4-cylinder
turbo Diesel engine for cransverse mounting
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Fig. 10 = Cross—sectional wview of the 4-cylinder
turbo Diesel engine for longitudinal mountinmg

The power and torque curve shown in Figure 11 are identical for both mountings. Nominal power is 51 kW or 70
HP at 4500 rpm. Maximum torque is 133 Nm at 2600 rpm. The engine displacement of 1588 cc results from abore
of 76.5 and a stroke of 86.4 mm. The compression ratio is 23:1.
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Fig. 11 = Fower and torque curvae of the d—cylin-

der turbe Diesel engine

The intake valve has a maximum valve lift of 8 mm. Intake opening is at 5 degrees aTDC and intake closing at 14
degrees aBDC where both timings are rated at 1 mm of camlift. The maximum valve lift of the exhaust valveis
9mm, with opening and closing at 27 degrees bBDC and ~ degrees bTDC respectively. Intake valve clearance is 0.2
to 0.3 mm, and exhaust valve clearanceis 0.4 to 0.5 mm. All these geometrical dimensions are identical with that of
the 4-cylinder naturally aspirated Diesel engine.

A cross-section through the combustion chamber with the position of the injection nozzle, glow plug and swirl
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chamber inrert, as well as the shape of the piston cavity can be seen in Figure 12. Numerous investigations on the
combustion chamber parameters were carried out. For example the angle of the injection nozzle with respect to the
cylinder axis, the position of the glow plug in longitudinal engine direction, aswell asits penetration were
optimized. Other parameter studies concerned the effect of the volume ratio between the swirlchamber, the cross-
sectional shape and rise of the connecting port between the two combustion chambers and the sire of the injection
port. By considering the best compromise of engine power, fuel consumption, soot formation and exhaust emissions
the configuration shown in Figure 12 was obtained. Experimental results will be discussed later in this paper.

Fig. 12 = Cross-sectional viev of the cosbustion
chazmbar

The distributor type BOSCH VE fuel injection pump was chosen and adapted with a boost pressure controlled full
load stop (LDA), The working principle is assumed to be well known. The maximum fuel delivery is0.0365 cc per
sroke at full load at which injection timing is varied by 8 degrees of cam angle. Injection timing is set by measuring
the position of the digtributor plunger when the cylinder one pistonis at top dead center. The distributor injection
pump with LDA is shown schematically in Figure 13. The LDA determines the fuel quantity in the middle and
upper engine speed range, corresponding to the boost pressure level. At very low engine speeds the LDA is not
operationa because the boost pressure is not sufficient to overcome the spring preload.
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Fig., 13 - Schematic of the distributor fuel in=
jection pump with boost pressure controlled full
lead step (LDA).

When the control pin moves verticaly, the stop lever rotates and the control plate is pushed in the direction of
greater fuel delivery, i.e. to match the increased charge air quantity. In case of afailure of the turbocharger, the base
ratting becomes effective, resulting in smoke free combustion.

The main quantities which define the specifications of the LDA can be found in Figure 14. The rated full load speed
152250 rpm. The highidle speedis at 2550 rpm.

[ arm Siresion |

Injaction quaniily O —s

Fig. 14 - Parameters for LDA adaptation

The fuel injection lines have aninner diameter of 2.25 and alength of 340 ms. BOSCH DNO SD 293 injection
nozzles are used with an injection pressure of 155 bar, compared to 130 bar in the naturally aspirated Diesel engine.
The pintle nozzle and anozzle holder ore shown in Figure 15. The same injection nozzle typeisused for the 4 and 5
cylinder turbocharged Diesel engines.
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Fig, 15 — Schematic of fuel injector and nozzle
holder

The turbocharger unit is adapted to small displacement engines. Turbochargers from GARRETT AIR RESEARCH
(Figure 16) and KUHNLE KOPP and KAUSCH are used. Details of the wastegate can be seenin Figure 17. The
turbine housing material has been optimized for the high exhaust gas temperature. Figure 18 shows a schematic of a
turbocharger, engine and fuel injection pump arrangement, In the case of excessive boost pressure, the wastegate
opens and the turbine receives only a portion of the hot exhaust gases while the remainder flows directly into the
exhaust pipe. Asaresult, turbine and impeller speed are reduced and the designed boost pressure is maintained. The
operation of a partially open wastegate is shownin Figure 19.
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Fig. 1B = Schematic of turbocharger arrangemsnt Fig. 19 - Exhaust gas [low with open wastegate

Should the wastegate valve not open, an excessive boost pressure opens a blow-off valve mounted at the intake
entrance, at apressure of 0.8 bar. Compressed air is then directed back into the intake stream. The arrangement of
this blow-off valve and its operation in the closed and open positions are shown in Figure 20.
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Fig. 20 = Boost pressure valve in open and
closed position

The ail circuit had to be adapted to the specific needs of the engine because of the higher thermal loading. In
addition to the conventional pressurized |ubrication system, oil lines with upwards directed jets are mounted in the
crankcase at each cylinder to provide additional cooling of the piston bottoms. A lubrication circuit was also added
for the turbocharger bearings. Both features are shown schematically in Figure 21. The oil from the turbocharger
bearings flows back into the oil pan via aflexible tube. The oil pump capacity has been increased by approximately
15 % by an increase in the width of the pump gear from 26 to 30 mm. Before entering the oil fitter the oil flows
through a heat exchanger, which is cooled by the engine coolant. Figure 22 shows the cooling of the piston bottom.
This special oil cooling lowers critical piston temperatures by approximately 30 C.

fle

ot

Fig. 21 - Schematic of oil circuit (4-cylinder :
turbo Diesel engine) Fig. 22 = Schematic of piston cooling

The complete engine cooling circuit is shown in Figure 23. Aslong as the thermostat is closed, coolant flows
directly back to the water pump. The oil heat-exchanger, however, isin operation at al times, thereby reducing the
engine warm-up time. For vehicles with an automatic transmission, part of the cooling flow is directed through an
additional heat exchanger to cool the transmission fluid, before the coolant returns to the water pump.
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Fig. 23 = Schematic of coolant eircuit (4-cylin-
der turbo Diesel engine)

Air induction takes place through an improved air filter with filtration and lower resistance than the naturally
aspirated Diesel engine air filter, The air filter is mounted sideways on the vehicle body.

Gases from the crankcase are expanded in an oil separator mounted in the cylinder head cover. Oil droplets are
separated and are directed back into the oil pan. Crankcase ventilation gases flow to the air filter via a pressure
regulation valve. The system is completely closed. Additional modifications are briefly described here: The
chemical and material properties of the cylinder head aluminum aloy have been optimized. The swirl chamber
insert material also had to be adapted to the higher thermal load. For smilar reasons the crankcase deck thickness
has been increased and the region of the cylinder head-bolts was strengthened.

A number of changes were made to the crankshaft. The front end of the crankshaft was reinforced. The highly
loaded crank-pin, at cylinder 4, has its radius induction hardened and the oil hole ground while radii at the other pins
areroll-hardened. A torsonal vibration damper is used.

Oil cooled pistons with a diameter of 76.5mm and with aringcarrier are being used. Near bottom dead center, oil

injection tubes enter into the piston. This requires a notch in the piston skirt. Because of the higher stressin the
piston pin region relief pockets have been cut out. Figure 24 shows the piston design.
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Fig. 24 = Piston design

The top groove contains a rectangular ring with its contact face inclined to the cylinder wall thus providing a sharp
lower edge to reduce blowby and oil consumption. The ring is made of high tensile cast graphite iron with achrome
surface 0.16 to 0.25 mm thick. The second grooveisfitted with atapered ring made of cast iron with a conical
contact surface of 2,5 degrees. The design is of the reversed torsion ring type and helps to control blow-by and oil
consumption even after long operation. The third groove is fitted with a beveled, spring loaded ring with contact
surfaces hard chrome plated and profile ground, and a centerless ground tube-like spring, which is narrow wound
near the ends. Because of the small height of only 3 mm a high degree of flexibility is obtained at arelatively low
tangential force, while good oil control is maintained. The piston ring set is shown in Figure 25.

Y
=

Fig., % = Piston ring ssc

Intake and exhaust valves were modified for the higher loads. While the naturally aspirated Diesel engine uses CrS
9 valve geel, amaterial with higher thermal stress was selected for the turbocharged Diesdl. Valve seat wear has
been reduced to acceptable values by proper selection of the valve seat material.
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Because of the valve temperatures being approximately 100 to 150 C higher a better valve head material is also used
for the exhaust valve. In order to prevent hot-corrosion a chromium-nickel-aluminum-plating is applied by the
plasma technique.

Valve seat rings for both intake and exhaust are made of ahigh alloy casting material.

The crankshaft main bearings and the connecting rod bearings are of athree material type. They are identical with
those of the naturally aspirated Diesel engine.

Materials for the exhaust manifold and the bolts for cylinder head and turbocharger mounting required modification.

[Return to Table of Contents]

THE 5-CYLINDER TURBOCHARGED DIESEL ENGINE

In describing the design of the 4-cylinder turbocharged Diesel engine, most new parts for the 5-cylinder
turbocharged engine have already been discussed. In the following, the differences between the two engines are
described.

The longitudinal and the cross-sectional views of the 5-cylinder turbocharged Diesel engine are shown in Figures 26
and 27, The power and torque curves of the 5-cylinder engine can be seen in Figure 28. Maximum power output is
obtained at 4500 rpm with 64 kW, maximum torqueis obtained at 2750 rpm and measured as 172 Nm. The
maximum mean effective pressure is 11.1 bar which is 4 % higher than that for the 4-cylinder turbocharged Diesel
engine. The specific power output isidentical for both engines at 32.2 kW/liter.

Fig. 26 - Longitudinal section of the 5-cylinder
turbo Diesel engine
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Fig. 27 - Cross-sectional view of the S5-eylinder
Diesel engine |
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Asin the case of the 4-cylinder engine the stroke is 86.4 and the bore is 76.5 mm, resulting in a total engine
displacement of 1986 cc. The compression ratio isalso 23:1.

The intake valve has amaximum valve lift of 8.5 mm. Valve timing at 1 mm camliftis5 degrees bTDC for opening
and 21 degrees aBDC for closing. The maximum valve lift of the exhaust valve is 9 mm. The exhaust valve opens at
27 degrees bBDC and closes 5 degrees bTDC. The intake valve clearanceis O.18 to 0.30 mm and the exhaust valve
clearanceis 0.38 to 0.50 mm, both measured at operating temperature.

The fuel injection pump again is of the distributor type from ROBERT BOSCH, equipped with the already
mentioned boost pressure controlled full load stop (LDA). Injection lines have alength of 320 and an inner diameter
of 2.25 mm. The fuel injection nozzles are identical with those from the 4-cylinder turbocharged Diesel engine.

The turbocharger unit is of the type K 24 from KUHNLE KOPP and KAUSCH (KKK). The design of the K-type
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seriesis schematically shown in Figure 29.

Fig. 29 = Cross=—sectional view of the turbochar-
ger (EDWNLE KOPP amd KAUSCH)

The engine has alarger air filter with a higher degree of filtration and reduced intake pressure loss. The airfilter
connects with the compressor by a rubber intake tube, as does the compressor with the intake manifold. The intake
manifold is made of aluminum. The specially developed cylinder head gasket will be discussed later on.

A schematic of the [ubrication circuit is shown in Figure 30. Contrary to the 4-cylinder turbocharged Diesel engine,
athermostatically controlled oil to air cooler is used. The turbocharger bearings are supplied by atube from the oil
filter support. The return flow from the turbocharger is directed into the crankcase.

q

Fig. 30 - Schamatic of the oil circuit (S5=cylin=-
det turbo Diesel sngine)

The direction of flow and the main components of the cooling system ore shown in Figure 31. Unlike the 4-cylinder
package awater heated wax thermostat is attached to the injection pump to perform these three functions:

1 Cold start acceleration for the cold engine

1 Excess starting fuel disengagement for the warm engine
1 Idle speed increase for the cold engine.
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Fig. 31 - Schematic of the coolant circuit (4=
cylinder turbo Diesal engine)

[Return to Table of Contents]
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HIGHLIGHTS OF THE DEVELOPMENT

FUEL INJECTION, COMBUSTION AND THERMODYNAMICS

THE 4-CYLINDER TURBOCHARGED DIESEL ENGINE

Figure 32 once mor e shows a cutaway model of the engine as used in transver se mounting. Figures 33 and 34

give aview from theride and from behind for the case of longitudinal engine mounting.
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Fig. 33 - View of the s-cylinder turbo Diesel
engine for longitwdinal mounting

Fig. 3 - View from flywheel of the 4-cylinder
turbe Diésel engine For longitudinal mounting

In Fgure 35 the scatter bands for power output, engine torque, fuel consumption and exhaust opacity at full load are
plotted versus engine speed for anumber of pre-production engines. The following engine maps are representative
for the optimization obtained during the last stage of the development. Figures 36, 37, 38, and 39 show the specific
fuel consumption in g/kWh, the exhaust emissions of unburned hydrocarbons
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and nitric oxides, al'so in g/kWh, and the soot number in units of BOSCH, respectively, The minimum fuel
consumption was measured at approximately 6 bar and at an engine speed of 1800 rpm with a value of 264 g/kWh.
Thisfigureis approximately equal to that of the naturally aspirated engine. The specific emissons of unburned
hydrocarbons are very low and are less than 0.3 g/lkWh in alarge part of the engine map. Specific NO, emissions are
at aminimum near full lord and at low engine speeds typical of Diesel engines. Figure 39 presents the map for the
soot number with values below 1 BOSCH unit at engine speeds of less than 2200 rpm and mean effective pressures

below 4 bar.

During the course of the combustion chamber optimization program the opening in the cylinder head between the
injection nozzle and the swirl chamber was increased from 7 to 13 mm. The advantages for soot-number and fuel
consumption are shown at 2000 and 3000 rpm and plotted versus start of injection, in Figure 40. This improvement
was first found during an investigation of the 4-cylinder naturally aspirated Diesel engine and has later been checked
and incorporated into the turbocharged Diesel engines.
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Fig. 40 — Effect of injection port enlargement

Figure 41 shows the allowable tolerance band of fuel injection timing depending on pump speed. The fuel injection
system, congisting of the distributor fuel injection pump, the fuel injection fines, nozzles and nozzle holders are
shown in Figure 42. Figure 43 indicates atypical development of start and end of injection depending on engine
speed. The relationship shown was derived from measurement of the injection needlelift and is shown in more

detail in Figure 44 for an engine speed of 2800 rpm and full engine load. Figure 44 also shows cylinder pressure
development relative to top dead center.
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Fig. 4l - Fuel injection timing of the 4-cylinder
turkg Diezel enpgine
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Fig. 42 - Fuel injection system of the 4-cylinder
turbo Diesel
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Fig. 43 - Begin and completion of fuel injection
depending on engine speed
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Fig. 44 - Injection needle lift and cylinder
pressure development at 2800 rpm and full load

An extensive program has been carried out for the optimization of the fuel injection sysem. Only selected
perimeters can be discussed here. One such parameter dealt with the effect of a cylindrical injection needletip as
compared to a2 degree conical tip. It can be seen from Figure 45, why the cylindrical version has been given
preference. Another parameter which has been studied is the plunger diameter size. A 10 mm diameter war
compared with the regular 9 mm size. The larger diameter showed an increase in injection quantity and engine

power output in the high speed range, while specific fuel consumption was reduced for nearly the same exhaust soot
level.
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Fig. 45 - Effect of injection needle tip design

The scatter in typical fuel injection pump datais shown for 23 samplesin Figure 46. Injection quantity with and
without boost pressure, internal pump pressure and fuel injection timing are plotted versus pump speed.
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Fig. &6 = Scatter band of main data of the dis-
tributor fuel injectiom pump of the 4-cylinder
turbo Diesel engine

For an evaluation of the specific turbocharger parameters, the impeller map can be examined in Figure 47. The boost
pressure is plotted versus engine speed in Figure 48. Figure 49 gives additional information in the entire engine
operating range were lines of constant boost pressure are plotted. Figure 50 shows lines of constant turbine inlet
temperature and Figure 51 turbine exit temperature. The maximum turbine inlet temperature, which is difficult to
measure, is approximately 820 C.
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Fig. 47 - Compressor map
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Fig. 49 = Boost pressure of the é-cylinder turbo
Diesel engine
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Fig. 51 — Turbine exit temperature of the 4-
cylinder turbo Diesel engine

[Return to Table of Contents]

THE 5-CYLINDER TURBOCHARGED DIESEL ENGINE

Figure 52 represents a view of the 5-cylinder turbocharged Diesel engine from the fuel injection pump sde and
Figure 53 shows aview from the turbocharger side.

Fig. 52 = View of the S—cylinder turbo Diaesel
engine from the injection pump side
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Fig. 53 = View of the S-cylinder turbc Diesel
engine from the turbocharger aide

The specific fuel consumption map is plotted in Figure 54. The minimum is 261 g/kWh at 6 bar and 1800 rpm. The
governor map of the 5-cylinder distributor fuel injection pump is plotted in Figure 55. Delivered fuel quantities
depending on pump speed are given far constant fuel injection lever position in degrees. In the regions of high and
low speed the governor curves have the generally known steep characteristic, while in the main region of operation
the curves are approximately horizontal.
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Fig. 54 - Specific fuel consumption of the 5-
eylinder turbo Diesel engine
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The boost pressure devel opment of the 5-cylinder turbocharged Diesel engine can be seen in Figure 56. Upper and
lower curve represent the expected scatter band for serial production. Boost pressure startsto develop at an engine
speed of approximately 1250 rpm, which is somewhat lower than in the case of the 4-cylinder turbocharged Diesel
engine. Curves of constant boost pressure are plotted in the engine map, Figure 57. The wastegate opening and

closing movement is shown in Figure 58. The maximum lift is 10 mm.
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Fig. 56 - Boost pressure development of tha 5-
cylinder turbo Diesel engine
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Fig. 38 = Umacegace characteristic

Particulate emissions were measured in the most common operating point of the City Driving Cycle. During the
course of third program, the effects of early and late fuel injection relative to a Sandard setting, have been
investigated. Two other effects were studied: low engine operating temperature and exhaust gas recirculation.
Typical results for 2100 rpm and a mean effective pressure of 1.8 bar are shown in Figures 59, 60 and 61. In Figure
59, particulate emissionsin mg per cubic meter of exhaust get flow, in Figure 60, the soot-number in BOSCH units
and the specific fuel consumption in g/lkWh, and in Figure 61 nitric-oxide and unburned hydrocarbon emissionsin
ppm are al plotted versus start of fuel delivery. It was generally found that fuel consumption and hydrocarbon
emissons rise when fuel delivery is retarded. The effects on nitric oxide emissions and soot formation are to the
contrary. Particulate emissions of a cold engine are equal to or somewhat higher than under standard conditions.
Exhaust gas recirculation can lead to a considerable increase in particulate emissions. Relatively speaking thisisaso
true when the soot-number is considered. The effects on nitric oxides and on hydrocarbon emissions confirm the

relationship aready established by other investigations. Detailed results of an optimized EGR system will be
discussed at alater date.
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FUNCTIONAL TESTSAND DURABILITY TESTING OF THE
MECHANICAL PARTS

The increase in stiff ness between the cylinder head and the engine block, as well as a changein the tightening
procedure for the cylinder head baits, are essential modifications required for the turbocharged Diesel engine. As
already mentioned thread size was increased from 11 mm to 12 mm along with deck thickness. The tightening
procedure was changed from torque controlled to angle controlled. This techniqueis applied to both the 4- and 5-
cylinder turbocharged Diesel engines. Deflection measurements indicated that even under increased forces,
deflections stayed well below the usual limits.

4- and 5-cylinder turbocharged Diesel engines are provided with a torsional vibration damper. The main goal wasto
dampen the critical 6th order at 4800 rpm. All other orders were less than +/- O.16 degrees crankangle. The problem
was solved by design modifications and the proper damper material selection.

Extensive testing was done to optimize the cylinder head gasket in conjunction with the cylinder block
modifications. The final design of the gasket is shown from top and bottom views in Figure 62. The proper
combination in fiber, rubber and metal material had to be specifically selected. An essential feature of the gasket is
the equalization of the pressure distribution, obtained by the micro structure of the non-adhering surface treatment
and the high degree of resilience even in the case of reduced pre-loads. A viton element with metal support is added
in the region of the oil pressure hole.
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Fig, %2 - Cylindor bead gaszet for Clwe 4-cylinder
turtr Uiesal angine

Top and bottom view of the cylinder head gasket for the 5-cylinder turbocharged diesel engine can be seen in Figure
63. The gasket has a screen type surface coating and also a narrow sealing mask at the circumference on both sides.
Crankcase ventilation openings are reinforced with sheet-metal. The oil pressure channel is supported in the same
way asfor the 4-cylinder gasket, In the last step of development the steel bed was changed to athickness of 0.3 mm.

Both cylinder head gaskets are available in thickness of 1.4 to 1.6 mm - to selectively match with engine
components to maintain the compression ratio. The gaskets are marked with 1 to 3 notches.

Durability testing was carried out on engine dynomometers as well asin alarge number of vehicles (Rabbit, Dasher
and AUDI 4000). With engines of the latest design, an equivalent of 3 million test km has been surpassed.

The 5-cylinder turbo Diesel engine has undergone similar tests. In AUDI 5000 vehicles an equivalent of more than
2 million km has been successfully completed.

[Return to Table of Contents]

http://4crawler.cruiserpages.com/Diesel /SA E/vwtdsae.shtml 01.12.2003


http://4crawler.cruiserpages.com/Diesel/SAE/vwtdsae.shtml

SAE Paper # 820441 Seite 34 von 35
DRIVING PERFORMANCE, FUEL CONSUMPTION AND EXHAUST
EMISSIONS

For the most common vehicle and transmission combinations, Table 1 summarizes maximum vehicle speed and
acceleration.

Table 1 - Vehicle performance of Turbocharged Diesel Engines
Engine Transmission Vehicle ?nl.x. 0 - 100 km/h 40 = 100 km/h
(kkm/h ) (s) (a)
4 + E 155 13.5 20.5
Rabbit
A3 150 16.5
1.6 1, 51 kW
4 + E 157 15.4 21.5
Dasher
A3l 152 18.4
4 + E 165 14,0 20.8
2.0 1, 64 kW AUDI
Al 5000 160 15.0

Fuel consumption in the ECE City Test, at constant speeds of 90 and 120 km/h, and fuel economy figures obtained
in US-Certification are summarized in Table 2.

Table 2 - Fuel Consumption of Turbocharged Diesel Engines

Engine Transmission Vehicla City 90 km/h 120 km/h EPA=CDC
(1/100 ke (mi/Call.)
£+ E 6.6 4.5 6.7
Rabbit
Ad 6.6 5.1 7.5
1.6 1, 51 kW
: 4+ E 7.0 4.7 7.0 18
Dasher
A3 7.0 5.3 7.8 a2
4 + E 9.9 5.2 7.7
2.0 1, 64 kW AUDT
A 3d 5000 9.9 6.7 9.2 28

Table 3 gives the summary of the relative exhaust emissions from the city driving cycle where the emission sandard
is set equal to 100 %. In Table 3 an unburned hydrocarbon limit of 0.41 g/mi, a carbon monoxide limit of 3.4 g/mi
and a particulate standard of 0.6 g/mi are used for reference. In regard to the nitric oxide emissions awaiver has
been granted for modal year 1982 which allows NOx levels of 1.3 g/mi for VW-Rabbit, 1.4 g/mi for VW-
Dasher/AUDI 4000 and 1.5 g/mi for AUDI 5000 vehicles. One can see from Table 3 that in view of hydrocarbon,
carbon monoxide and particulate emissions arelatively high margin has been obtained. Only with regard to NOx
emissons, last but not least because of their high priority for minimum fuel consumption, are the measured figures

relatively higher.
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