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Abstract

The tmake and exhaust systent shapes are very important faciors in the gas exchange procesy of the
imternal combustion engines. That's why many investigations are related 10 the improvement of their geometry in
order to maximize engine's perforimances or lower i1s emission values of the exhaust. Modern approach in such
researches means use of numerical simulation codes, which give us individual geometry of several engine parts.
After the production of numerically improved part, they must be tested and evaluared with the experiments.

The paper deals with the influence of the intake and the exhaust characteristic (diameters, lengths,
shapes) on engine power, fuel consumption and emissions. The optimisation procedure together with the
aptimised measurements for the intake and the exhaust are also shown. For the simulations the AVL's program
BOOST was used. It proved o be accurate enough for the four-stroke internal combustion engines in the course
of our previous work. '

1. Imntroduction

The intake and the exhaust systems have very important role in breathing ability of the
inteimal combustion engine. Therefore their shapes, pipes lengths and diameters have crucial
effect on engine’s characteristics.

Modemn search for the ideal intake and exhaust geometries includes use of engine simulation
codes, which estimate engine’s performance with good accuracy and can used for pre-
designing various parts of internal combustion engine. The quest for ideal shape of engine
parts requires numerous time-consuming trials and wsually there are also several constraints,
which have to be taken into consideration. To overcome these drawbacks, the engine
simulation code can be connected with the optimisation program. Together they automatically
perform the search for the optimum of the engine parts parameters.

The first step of design process of intake or exhaust system is model (or several models -
different elementary geometry) creation in the simulation code pre-processor. That’s followed
by some trial runs in order to get basic information about the influence of the engine part
parameters (selection of the most appropriate model). The results gained help us in the
determination of the parameters value intervals, which are needed by the optimisation
program. Finally we need the objective function (purpose of the optimisation) and constraints,
which must be fulfilled during the optimisation. Then after defining initial values of the
parameters (design variables), the optimisation process can start.

2. Engine model layout

In the course of our work AVL’s programme Boost proved to be convenient for
simulation of our four-cylinder four-stroke Honda engine. The connection with gradient-based
optimisation programme iGO was also established.
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The idca for the basic geometry of the intake and the exhaust system is shown on Figure 2.1.

Fignre 2. 1. Intake and exhaust svstem

Because of the pressure waves inside the intake and the exhaust system, the lengths of
individual runners are very important. Connection between the secondary pipe and the
primary pipes also influences on the conditions inside both systems. In our case the airflow
from sccondary pipe can be directly distributed into all for pipes (1-4 connection) or it can be
lirstly divided into two and then after defined distance in four primary pipes (1-2-4
connection). There are two possible 1-2-4 connections regards to firing order (1-2-4-3):

- connection between the primary pipes of the first and second cylinder (1-2,3-4),

- connection between the primary pipes of the first and fourth cylinder (1-4,2-3}.
Both examples can be practically established with the use of barriers (Figure 2.2).

a.)f-2,3-4 b.)1-4,2-3

Figure 2. 2. Barriers for 12-34 and 14-23 connection in the intake system
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Engine models were made in Boost for both examples. Calculations were performed for
several barrier lengths; results are shown in Figure 2.3 and 2.4.
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Figure 2. 3. Influence of barrier lengths on engine pbwer (intake)
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Figure 2. 4. Engine power in dependence of different connections (barrier length: 70mm)

As one can see the 1-2,3-4 connection is better between 7000 and 10000 rpm, while above
10000 rpm and overall the connection 1-4,2-3 is more appropriate and used for the
optimisation process.
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Figure 2. 5. Influence of barrier lengths on engine power (exhaust)
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Similar conclusions can be made for the exhaust based on the calculations, which were
performed for different pipe connections in the exhaust system. Figure 2.5 (1-4,2-3
connection) shows slight increase of power with longer barrier between 7000 and 10000 rpm,
while engine power decrease in the area above 11000 rpm.

According to the obtained results 1-4,2-3 connections were selected for the intake and the
exhaust system. Engine model layout in Boost pre-processor used for optimisation process is
shown on Figure 2.6.
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Figure 2. 6. Engine nmodel layout

3. Optimisation procedure

Optimisation is an iterative process. In each iteration the optimisation program iGO runs
the engine cycle simulation program Boost, acquires its output data and makes one call to the
build-in optimiser. Programs can't be directly combined together, so simple ad-hoc wrapper
programs had to be written to establish the communication (Figure 3.1).

*

b’ b
——PL iGO optimisation program I——P
i
b !
INPUT WRAPPER OUTPUT WRAPPER
Modifies the Boost input file AVL Boost program »| Gets the required data from
with current values of design (responsc cquation) i the Boost output file
variables

Figure 3. 1. Optimisation proceditre
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4. Optimal design formulation

For the formulation of the optimal design problem of the intake and exhaust system we
have to define the objective function, the design variables with the boundary values and the
constraints.

The main goal of our design process is the maximisation of the effective power in a wide
range of engine speeds. This objective can be mathematically expressed as:
min(—P,,—P,,...—P_,..—P,),

where P_is the effective engine power corresponding to the z” operating engine regime and
N is the number of the operating regimes under consideration. Negative effective power
values are used because of the nature of the optimal design process. The operating engine
regimes are selected based on our experience only at full load at six ( N = 6) different engine
speeds:
n[min~'1={7000,8000,9000,10000,1 1000,12000}" .

The next step is the selection of the design variables, which will be varied during the
optimisation. In our case they are related to the primary pipe dimensions of the intake and the
cxhaust system and barrier lengths. The design variables together with the corresponding
vilue intervals and initial conditions are given in Table 4.1.

Table 4. . Design variables

Design variable Symbol | Initial value | Interval | Pipe number (Boost)
Intake pipe diameter [mm] d; 34 [30-50] 23,24,25,26
Intake pipe length [mm] L 356 [300-500] 23, 24,2526
Intake barrier length {mm] Ly, 10 [10-60] 27,28
Exhaust barrier length [mm] Ly, 10 [10-130] 29, 30
Exhaust pipe length [mm] L. 520 [400-600] 6

Al the end the constraints must be defined. The shape of the intake system determines the
minimal length of the primary pipes with regard to their diameters. Because of the omitted

space the exhaust system length is also limited (L, =400mm,L, . =600mm). Other
constraints are related to the specific fuel consumption ( g, ... =380g/kWh ), the engine noise
(&, =110dBA), which derives from the rules and the harmful emissions of NO
=4.5g¢ /kWh). These constraints can be written as follows:

L. —-L<0

Lymin (L, —L,)=0

(L+L,)—, .. <0

¢ max

(r

nas

gt‘.: - g(’.mﬂx SO Z = I’25"'!N

fc.: _ét’.mﬂx SO = 1’2""’N

T, T <0 z=12,.. N

The requirements to minimise N objective functions, the selection of the design variables,
the constraints and the appropriate response equation define the original design problem. Such
a problem doesn't have a form suitable for the standard solution procedure and it must be
transformed. Because of that an additional design variable (b,,, € R) is introduced. The
objective function can be defined as '

g() = ﬂ_buﬂ :
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Furthermore the new constraint must be imposed

b

£,
—RZ

n+l ; ?
I

where the symbol ¢ denote suitable coefficients related to the desired effective power at

different engine speeds (¢, =¢,=40,{,=¢ = 4_i, &, =4, =42,

In our case the formulation of the optimal design consists of the objective function, 6 design

variables and 27 constraints considering 6 different engine speeds.

5. Results

are given in Table 5.1.

Table 5. 1. Desi_gﬁ varg’ables

Design variable Symbol | ' Initial value Optimised value
Intake pipe diameter [mm] d; 34 437
Intake pipe length [mm] L; 356 402,5
Intake barrier length [mm] L 10 11
Exhaust barrier length [mm] Loy 10 10,2
Exhaust pipe length [mm] e 520 600

specd. so that the results of the optimised design are very satisfactory.
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Our optimisation case was solved nicely in.7 iterations. Optimal design variable values

The diagram on Figure 5.1 shows engine power increase on the whole range of engine
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Figure 5. 1. Engine power increase -

11000
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The average value of the effective power with optimised intake and exhaust system increased
by 3 %, while it increased by 4 % between 9000 and 12000 rpm.
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The specific fuel consumption is also better at all calculated engine speeds (Figure 5.2), the
difference in engine noise is negligible, while NO, emission is slightly higher only at 9000
rpm. All other values are lover than before (Figure 5.3).
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Figure 5. 3. NO, emission

6. Conclusions

[nfluence of several intake end exhaust parameters on the engine characteristics is
shown in the paper. Basic shape (1-2-4 or 1-4), lengths and diameters of primary and
secondary pipes of intake and exhaust have major effect on engine performance, so they were
used for the optimisation. The correlation between the engine simulation code Boost and the
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optimisation program iGO proved once again as an effective tool that provides a way for
automatic search of the optimal shape of engine parts. The optimisation process can go in
different directions; such as power increase, fuel consumption and noise minimisation or even
modification of the engine in order to achieve the allowed and ever stricter emission values.
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