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1. Introduction

The gas in the intake and exhaust pipe of an
internal combustion engine experiences pressure
vibration due to repeated induction and exhaust
cycles. Many researchers have tried to increase
volumetric efficiency, utilizing dynamic effect by
intake pipe tuning, since VoisselV. In the earlier

studies it was possible to obtain volumetric efficiency
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greater than 1 by tuning intake or exhaust pipes
for naturally aspirated engine?, but the system
volume increased and the unbalanc.e between tuned
and untuned conditons was so serious that practical
application did not occur in automotive use.

The appearance of turbocharger succeeded in
changing the design concept of heavy duty diesel
engine by maintaining increased performance with-
out showing particular problems concerning the
interaction between engine and turbocharger, at least
under steady-state conditions. However, siow resp-
onse of the turbocharger caused another problem of
reduced torque and increased black smoke emission
at accelerating and low engine speeds. Many tec-
hniques have been tried to improve boost pressure
provided by the turbocharger at low engine speeds,
without overboosting at high speeds. These include



80 Sae-Zong Oh, Tae Shik Oh, Sun Kook Chung and Dong In Lee

pulse turbocharging, twin entry turbines, nozzleless
turbines, matching for low speed operation, exhaust
wastegases, tailoring fuel delivery, reduced engine
speed, etc®. All of these measures are successful in
improvement of low speed characteristics but are
not sufficient in achieving optimum conditions over
the whole speed range.

A novel technique of achieving improvement of
performances over whole engine speed was proposed
by Cser®, with the idea of utilizing resonant intake
system at low engine speeds and exhaust turbocha-
rging at high speeds-both supported by charge air
cooling. Charge air cooling as a mean of increasing
the specific output of an engine has long been
recognized® ®. The main features of the charge air
cooling are higher air density and lower turbine
inlet temperature that are known to have significant
favorable effects on engine fuel economy and NOx
emission.

The purpose of this paper is to present improve-
ment of low speed characteristics of a turbocharged
diesel engine using an integrated charging system
which is composed of exhaust turbocharger, charge
air cooler, and resonant-intake system. Instead of
Cser’s system using a combination of resonant
volume and pipes (Helmholtz type resonator),
resonant-intake system with resonance pipe only is
applied, designed by acoustic impedance method.
Two different systems from baseline engine were
constructed for comparison of performances. Test
results show mutual relations between the three

ways of charging clearly.

2. Design Criteria of Resonant System

Dynamic effect of intake pipe has been classified
into intertia(ram) and pulsation (standing wave)
effect. However, Eberman® and Taylor*® showed
that the latter could be neglected comparing to the
former. Therefore, in this paper, design of resonant
system is based on the utilization of the inertia
effect only. An extreme value of volumetric effici-
ency can be achieved by selecting proper length of
intake pipe by which # times of pressure vibration

are produced during an intake period. When # be-
comes greater than 2, amplitude of the pressure vi-
braiton decreases and these are not considered here.

The optimum frequency wo,. can be expressed,
for given engine speed N(rev/min), as

gﬁ’; )

where ¢er is the effective intake valve opening

Yopt =

period(deg. crankangle) and equal to the valve
opening period minus valve overlap. If the natural
frequency vaa: of the whole intake system satisfies

Ynat=Vopt 2
one can expect one time pressure vibration during

an intake period for engine speed M.
3. Acoustic Impedance Idealization

In this paper, an intake system is defined as a
comined system of pipe and volume elements located
between outlet of charge air cooler to engine cylin-
der. Acoustic impedance Z, which is similar to
electric and mechanical impedance, is defined as the
ratio of pressure fluctuation 3 and volume variation
¢ as follows,

zZ E—g— (€))
Assuming perfect gas and isentropic change in
intake system, relationships between acoustic imp-
edences can be easily obtained for all constituent
elements. Several representative formulations about
cylidner-pipe combination(Fig. 1) are given in Table
1, using index i/ as the number of cylidner. Apply-

i-Th CYLINDER

7 o .
1y~ /41,1\- Zi+1’_

Fig. 1 Acoustic impedance idealization of cylinder-
pipe combination
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Table 1 Relationships between acoustic impedances for cylinder-pipe combination

Z.-,o:—47r”é) (VPaar—v%)

S Zi,on‘s+
Z”-_ Ziy0+Ziy+
Zo — 8 Zi, + {1+ a.tankl/ki} + B/ f;, . tankl
Bl e — Ziys (L1 aecte/ (RDZTtanki — aaas /KI} + B/, + {1 —atstanki/kl}
Z=0 for open end
Z=co for closed end
Where v,-:—;?\/%‘; : Natural frequency of i-th cylinder

Vi=—1 SVdng : Effective cylinder volume of i-th cylinder

Pest

C,:_f—"_ : Conductivity of i-th cylinder

iy
i

Ae= +/fis1,-/Fine—1(=0 for straight pipe)

av= v firn,- [ firs (=1 for straight pipe)
a= y7gRT : Acoustic velocity of air
p=P/RT : Density of air

B=a’pk

k=w/a

w=27vna: : Angular velocity of vibration

f: Cross-sectional area of pipe
I : Length of pipe

ing these relationships to the whole intake system,
one can obtain # simultaneous equations with (#+2)
unknowns. This set of equations can be solved by
graphical or numerical methods provided that proper
boundary condition is prescribed and optimum con-
dition of Egs. (1) and (2) are given.

4. Application to Real System

The baseline engine is a turbocharged 6 cylinder
inline type of which schematic reresentation of
intake system is shown in Fig. 2a. Specifications of
the baseline engine are given in Table 2. Two
modified intake systms are constructed and their
arrangements are shown in Fig. 2b and Fig. 2c.
Major differences with original one are installation
of charge aircooler and adoption of divided manifold
to avoid intake valve overlap by matching valve
opening period and firing interval of a group of
three cylinders. The difference between system B
and C is that system B uses a much shorter intake

pipe to reduce flow friction while system C uses
two longer pipes whose length is optimized to achieve
tuning at low engine speed(1200rev/min). System

C requires some care in minimizing the degree of
SYSTEM
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Fig. 2 Schematic representation of intake system from

above Fig. 2a: base line system (system A),
Fig. 2b: system B, Fig. 2¢: system C
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Table 2 Specifications of baseline engine

Item

Specication

Type
No. of cylinders
Cooling sysem

Bore X stroke 121X 150mm
Displacement volume 10, 350cc
Compression ratio 17:1

Firing order 1-5-3-6-2-4
Injection time 23 deg. BTDC

Combustion system
Maximum power
Maximum torque
Valve timings

In. open 21 deg. BTDC
In. close 35 deg. ABDC
Ex. open 60 deg. BBDC
Ex. close 30 deg. ATDC

Turbocharged 4 stroke vertical type
6 cylinders in line
Water cooling type by forced circulation

Direct injection M type
256 PS/2200 RPM(DIN)
91. 5kg-m/1600 RPM(DIN)

@ Exhaust manifold, @& Exhaust turbine, @ Com-
pressor, @ Intercooler inlet, G Intercooler assembly,
® Intercooler outlet, () Resonance pipes, Intake
manifold

Fig. 3 Layout of integrated charging system
(system C)

pipe bendings due to the increased
pipe length. The state of installation of system C
is shown in Fig. 3.

5. Engine Test Result

Engine tests were conducted over a speed range
of 1000 to 2200 rev/min with the fuel quantity set
equal at 2150 rev/min for three systems at the
Engine Research Laboratory in Daewoo Heavy In-
dustries Ltd.

Substantial volumetric efficiency increase is reco-
rded for whole speed range with system B and even
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Fig. 4 Gain in volumetric efficiency with integr-
ated charging systems over system A(bas-
eline engine)
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higher for tuned speed with system C. Fig. 4 shows

gain in volumetric efficiency with systems B and

C over the baseline engine. Gain with system C

reaches the maximum value of 12% at 1200 rev/min

and it is even much higher than that of system B

for the range of 1000 to 1400 rev/min, which will

let fuelling be increased at low speeds.

Full load-constant speed performance characteris-
tics over the whole speed range for the three sys-
tems are given in Fig. 5. Torque and output curves
show almost the same levels with the exception of
BSFC, since the fuelling is governed by LDA so
that increased intake air pressure may cause slight
variation. Most striking result is the smoke reduction,
with the maximum value of 49% with system C at
1000 rev/min and 61.5% with system B at 1600
rev/min. As in the case of volumetric efficiency,
system B shows a good performance over the whole
speed range while system C shows an outstanding
improvement near the tuned engine speed. Mecha-
nism of formation and combustion of soot in diesel
engine is quite complex for the heterogeneous nature,
and even in a simple case, a complete quantative
picture has not yet been built up. But some qualit-
ative conclusion induced from experimental resear-
ches'®»!® can be stated as the contributory factors for
combustion system that baseline engine adopts are
1) The controlling influence on the bulk fuel tem-

perature excercised by the chamber wall,

2) That reduced residence time of fuel-rich vapour
in the high-temperature zones, due to increased
mixing rates, will result from high levels of air
swirl'®,

Thus increased air quantity will cause increased
swirl strength, which in turn affects the mixing
process to some extent. Although this value of air
swirl strength is not an optimum, it must be more
closely convergent than that of baseline engine.

Fig. 6 shown the result of exhaust gas analysis
according to Japan 6 mode. As indicated by Sekar!®,
emission of NOx decreases while that of THC inc-
reases as inlet temperature is decreased by charge
air cooling. System C shows more sharp variations
than B and this difference should be checked more
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Fig. 5 Full load-constant speed performance curves
(according to DIN 70020-engines are equi-
pped with a cooling fan)

quantitatively through repeated measurement.

CO shows similar variation to THC, and reduction
of free acceleration smoke emission shows another
favorable aspect of charge air cooler and resonance
pipe system. 8.9% reduction with system C an.(?
5.1% with B imply possibility of increased fuellingt
at accelerating speeds and improved torque charac:‘

teristics at this speed range,
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Fig. 6 Exhaust gas analyses by Japanese 6 mode
and free acceleration smoke test results

Fig. 7 shows the measured temperature and pre-
ssure ratios in compressor-intercooler system and
intercooler effectiveness e calculated from them.
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Temperature ratios in system B are higher than
those of system C, while the pressure ratios are
not, and this reciprocal trend implies that the den-
sity ratios in system C would be higher than those
of system B as shown in Fig. 4, Some mention
should be made about the thermodynamic usefulness
of charge air cooler. Installation of charge air cooler
causes pressure drop and this value should be less
than the temperature drop for density to increase.
That is, P;/P; is desired to be less than 7,/7T, and
in either system this condition is shown to be sat-
isfied. Effectiveness ¢ in system B is shown to be
higher than that of system C except 1000 and 2200
rev/min and both have values of ¢ greater than
75% over the whole engine speed. Future task for
design of compact system including radiator and
charge air cooler is desirable.
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Fig. 7 Performance and effectiveness curves of
charge air cooler

6. Conclusion

An
exhaust turbocharger, charge air cooler,

intergrated charging system composed of
and reso-
nant-intake system using resonance pipe only is
applied to real engine successfully and the results
can be summarized as follows.

1) Considerable incrsase in volumetric efficiency

and decrease in black smoke and NOx emission

Sae-Zong Oh, Tae Shik Oh, Sun Kook Chung and Dong In Lee

are achieved over the whole engine speed with
system B.

2) More improvements are possible with system C
at or near the tuned engine speed.

3) Simple acoustic impedance method can be used
to the baseline design of resonant-intake system
effectively.

4) Reduction of black smoke emission at accelerating
speeds implies possibility of increased fuelling
and resulting improved torque characteristics.

If some drawbacks such as space limitation or
rematching of other elements can be settled properly,
integrated charging system will be used most effe-
ctively on heavy duty diesel engines due to its
cheapness, simplicity, and reliability with no moving
part.
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