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ABSTRACT

In ultralight aviation, a very important engine parameter is the power-to-weight ratio. On the one hand, there is a
tendency to minimize the size and weight of engines, and on the other hand, there is a demand to achieve the high-
est possible power by using supercharging systems. Increasing power brings many benefits, but it also increases
temperature in the exhaust system, posing a threat to delicate parts of the ultralight aircraft fuselage. Therefore,
it is necessary to control temperature values in the engine exhaust system. This article presents the temperature
distribution in the exhaust system of an aircraft engine by the example of a four-cylinder Rotax 912 engine with
an electronic fuel injection system. The research was conducted in two stages: measurements were made first for
the engine without a turbocharger with an original exhaust system and later for its modified version with an added
turbocharger system. The paper presents a comparative analysis of exhaust gas temperatures measured at three
points: 30, 180 and 1000 mm from the cylinder head. The tests were conducted for the same preset engine operat-
ing conditions at constant speed and manifold air pressure. It has been shown that the exhaust temperature in the
exhaust manifold decreases with the distance from the cylinder head. The highest gradient, over three times higher
than the gas temperature from 589.9 °C to 192.3 °C, occurred in the manifold with a turbocharger for 2603 RPM
and 31 kPa of manifold air pressure. The introduction of turbocharging causes an increase in exhaust gas tempera-
tures before the turbocharger by an average of 12%, with this increase being greater for operating points of higher
inlet manifold pressure. Turbocharging also causes a significant decrease in exhaust gas temperatures behind the
turbocharger and the silencer because the temperature drops there by an average of 25%.

Keywords: piston engine, exhaust system, temperature distribution, turbocharging, Rotax 912.

INTRODUCTION mechanical parameters, thermal resistance and
corrosion resistance enable to obtain more power

The authors of the reports [1, 2] claim that with a simultaneous reduction of mass and a lon-

aviation is currently one of the fastest growing
industries in the world. New technologies and
materials enable the construction of very light
vessels, while maintaining their dimensions [3].
The decisive argument is obviously the economic
aspect. Less weight translates directly into lower
fuel consumption so lower operating costs. Not
only the way aircraft airframe is constructed is
being dynamically modified, but also materials
used for engines are changing. Extensive scien-
tific and laboratory research [4] to develop a new
generation of aerospace materials with excellent

ger resale time of the propulsion unit Consequent-
ly, more cargo can be transported, long-range car-
go transportation is possible or emissions of car-
bon dioxide and other substances harmful to the
atmosphere can be reduced [5]. New technologies
and materials are also used to construct ultra-light
aircraft. The results of the reports [6] show that
there is a growing demand for ultra-light and light
passenger and unmanned aerial vehicles (UAVs)
in the global aviation market. Today, ultra-light
and light aircraft market surpassed USD 4.8 bil-
lion and is anticipated to grow between 2020 and
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2026 by around 9% CAGR (Compound Annual
Growth Rate). This trend is very clear in devel-
oped economies that are increasingly interested
in fast urban and interurban transport. Ultra-
light aircraft with new electronic flight aid sys-
tems and improved passenger safety through the
integration of advanced technologies drive the
market [7]. Automatic piloting and landing sys-
tems, GPS navigation systems and approach sys-
tems for the selected ice rink with the possibility of
vertical take-off and landing area are being devel-
oped. There are also new electric [8, 9] and hybrid
drive systems [10, 11] with electronic systems that
increase engine efficiency. They also increase con-
sumption of electric energy. Electric power can be
generated by taking some of the power away from
the engine shaft, but this results in a decrease in
power output. A common solution to increase the
useful power of the engine is to use supercharging
or turbocharging systems for the internal combus-
tion engine. The turbocharger reduces to a cer-
tain extent the flow of hot gases from the engine,
increasing the proportion of residual exhaust gas
in the cylinder [12, 13]. The increase in engine
power and the throttled flow of exhaust gases in-
creases the energy loss and the temperature rise in
the cylinder and exhaust system [14+17].

Currently, most ultra-light aircraft, helicop-
ters and autogyros run on ROTAX 912 ULS
piston engines. These motors have a number of
advantages such as: satisfactory power-to-weight
ratio, easy operation and installation, low produc-
tion and operating costs, good reliability, suffi-
cient resilience. To increase the power-to-weight
ratio, designers use supercharging systems, most-
ly based on turbocharging systems [18, 19]. Such
a solution increases both power of the engine and
temperature of the exhaust system, which is dan-
gerous for airframe construction elements, mostly
made of composite materials.

There are many advantages of power power
boosting by means of supercharging, but it should
be noted that as power is increased, the tempera-
ture of the gases in the exhaust system also in-
creases [20+23]. It is therefore necessary to con-
trol temperature values, especially for ultralight
aircraft [24+26]. Their construction is often based
on composite and polymer materials, which are
not resistant to high temperatures [27]. The small
space of the engine compartment causes heated
parts of the exhaust system to come dangerously
close to the hull plating [28, 29]. The introduction
of a turbocharging system additionally reduces

156

the amount of space in the engine compartment,
while at the same time increasing the distance
exhaust gases have to travel before they are dis-
charged outside the engine compartment. The
application of turbocharging requires the rebuild-
ing of the engine exhaust system, fuel supply and
power control system [30+32]. The exhaust flow
in a supercharged engine has different characte-
ristics than in a naturally aspirated one and is ac-
companied by different physical effects [33+35].
The heat energy accumulated in exhaust gases is
transferred to the environment through walls of
the exhaust system as well as external surfaces of
compressor, and therefore it is necessary to de-
termine temperatures of individual components
[36+38]. The temperature of exhaust system
components should reach values that are safe for
composite materials and plastics, as their damage
could have fatal consequences [39]. By knowing
thermal emission values of the system, it is pos-
sible to redesign the exhaust system so that when
built into an aircraft it does not come into close
contact with thermally sensitive components
[40+42]. Knowledge of exhaust gas temperature
can also provide information on the operating
condition of the engine [43]. A number of studies
have been carried out to compare different mea-
suring methods for analyzing temperature of ex-
haust gases and exhaust system components [44,
45]. The results are highly scattered. The authors
state that supercharging raises the temperature in
the range from 1 to 10% depending on the design
and operating conditions of the engine. Howev-
er, most of those works present results only for
supercharged engine and refer to temperature
of non-supercharged engine from data averaged
from literature. There is lack of comparative tests
for one engine design. In addition, measurements
are made at a single point on the exhaust system,
just behind the cylinder head. This temperature
is important for the head design. There is lack of
information in the lietarture about the tempera-
ture distribution along the length of the exhaust
system, which is important for the construction of
the engine hood system. It is therefore necessary
to provide a complement to this knowledge.

This article presents the results of the re-
search on the influence of the turbocharger as-
sembly on the exhaust gas temperature distri-
bution in the exhaust system.
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RESEARCH OBJECT

The ULS Rotax 912 engine (Fig. 1) is a ver-
sion of the 912 series engine with a new electroni-
cally controlled fuel injection system. It is used
in ultra-light, light sport aviation and unmanned
aerial vehicles. Rotax engines represent the larg-
est part of the light aviation market in Europe.

The research engine was modified in two
stages. In the first stage, the power system was
changed by replacing two carburetors with an
electronically controlled multi-point indirect
fuel injection system - MPFI. A dedicated en-
gine controller was used to determine the in-
jection dose based mainly on the indication
of the pressure in the intake manifold (MAP),
with the possibility of correcting its operation
based on a signal from the oxygen content sen-
sor in the exhaust gases. The engine intake
system also underwent changes. A new inlet
manifold, a throttle valve and inlet pipes were
designed. The next stage included the exten-
sion of the intake system and installation of
the Garrett GT2860RS (Fig. 2) turbocharger
in the exhaust system. The turbocharger on
the hot side of the turbine was equipped with
a wastegate valve built into the turbocharger’s
body located between the pipe at the inlet to
the turbine (1) and the exhaust manifold (3).
It was responsible for regulating the amount
of exhaust gas that reaches turbine blades (2)
and adjusting compressor speed and maintain-
ing the specified maximum recharge pres-
sure without exceeding it. The regulator was

a pneumatic pressure system connected to the
intake system behind the compressor. As re-
charge pressure increased, the valve flap open-
ing angle (a) increased. When the maximum
preset recharge pressure was reached, the valve
opened, causing the excess exhaust gas to be
directed through a bypass channel straight to
the exhaust system, without the turbocharger.
Thanks to this process, the turbocharger did
not exceed the maximum permissible charge
pressure and the engine the maximum permis-
sible compression. However, it affected the
temperature distribution in the exhaust system.

Figure 3 shows the performance character-
istics of the Garrett GT2860RS as a function of
exhaust gas mass flow rate and boost pressure.
The characteristics indicates the point of opera-
tion of the engine at take-off power.

Table 1. ROTAX 912 engine parameters
Flat engine (boxer)

Engine configuration

Cylinder number 4
1352 cc

73.5 kW (100 HP) at 5800
RPM - limited to 5 minutes

Displacement

Maximal power

Continuous power 69 kW (93 HP) at 5500 RPM
Maximal torque 128 Nm at 5100 RPM
Weight 56.6 kg

Gearbox ratio 2.43

Bore 84 mm

Stroke 61 mm
Compression ratio 10.8:1

Fuel RON95

Fig. 1. ROTAX 912 ULS Engine

157



Advances in Science and Technology Research Journal 2021, 15(3), 155-166

Fig. 2. Exhaust gas flow through the wastegate
valve of the Garrett GT2860RS turbocharger

PRESSURE RATIO
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Fig. 3. Compressor map of the Garrett
GT2860RS. The blue point marks the maxi-
mum efficiency point of the test engine

TEST STAND

The exhaust gas temperature distribution
was tested in the Rotax 912 engine exhaust
system without and with the turbocharger. The
measurement path was laid along the exhaust
system from the first cylinder. Measuring
points were determined at 30, 180 and 1000
mm from the cylinder head. Figure 4 shows the
location of the measuring points in the original
engine exhaust system without the turbocharger.
Sensors no. 1 and 2 were placed in the sec-
tion of the individual exhaust pipes from the
cylinders and sensor no. 3 in the exhaust pipe
behind the silencer.
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The diagram in Figure 5 depicts the arrange-
ment of the sensors installed at the identical distanc-
es between the measuring points of the sensors and
the head in the engine with the turbocharger as in
the previous configuration. Sensors no. 1 and 2 were
placed in the section before the turbocharger and
sensor no. 3 in the exhaust pipe behind the silencer.

The measurements were performed using type
K thermocouples (NiCr-NiAl) to measure probe
performance with trade mark TP-204K-1b-150-1
sensors manufactured by Czaki Thermo - Prod-
uct. Dedicated KPM8x1-3-St mounting adapters
were used to mount the sensors and enabled the
sensor parts to be mounted centrally in the ex-
haust system. The mounted sensor is in Figure 6.

The temperature was recorded with the
National Instruments measuring equipment.
The signal from the sensors was transferred to
the NI 9213 measurement card located in the

Fig. 4. Arrangement of the sensors in the engine
exhaust system without the turbocharger

Fig. 5. Arrangement of the sensors in the engine
exhaust system with the turbocharger
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Fig. 6. Mounted TP-204K-1b-

150-1temperature sensor
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CompactDAQ Chassis cDAQ-9174 module slot
to perform many simultaneous and synchronous
measurements, to process signals from the mea-
surement cards and to transmit them digitally to a
computer. LabVIEW 2017 National Instruments
were used for digital visualization and recording
the results. The graphical interface and the mea-
surement script are shown in Figure 7.

The bench tests were carried out in the lab-
oratories of the CIiZT of the Lublin University
of Technology using a water-cooled Elektromex
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Fig. 8. Test stand
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Centrum - EMX - 200/6000 eddy current brake
which enables the testing of motors up to 200 kW
at a speed of 6000 RPM. The brake is compatible
with the ATMX 2000 electronic control system
manufactured by Automex and a fuel consump-
tion measuring system integrated in the ATMX
2400 fuel conditioner with a fuel temperature and
pressure control system.

SCOPE OF RESEARCH

The purpose of the tests was to measure the
gas temperatures in the boxer engine exhaust
system without and with the turbocharger. The
tests were performed in two stages. The first part
of the tests was performed on the engine with
an injection system and without the turbocharg-
er. The tests were carried out at 23 steady state
engine operating points in the intake manifold
with 28+98 kPa of air pressure in the manifold
and a speed range of 2000+4600 RPM (Fig. 9).
The second part of the tests was carried out on
the engine with an injection system and the tur-
bocharger. The measurements were repeated for
the same as in the first part 23 engine operating
points. The engine speed was controlled by the
brake - by changing the load on the engine to
achieve the desired rotational speed. The mani-
fold air pressure control was achieved by using
the throttle opening degree.

At each operating point, the temperature was
measured at the three distances:

1) in the individual exhaust pipe at 30 mm from
cylinder no 1;

2) in the individual exhaust pipe at 180 mm from
cylinder no 1;

3) in the exhaust pipe behind the silencer at 1000
mm from cylinder no 1.
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Fig. 9. Engine operating points used in the research
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The tests were carried out with the engine
warmed up to a temperature of 50 °C. The reading
of the values followed a stabilisation of condi-
tions that lasted approximately 10 seconds. The
mean value at each measurement point was de-
termined from approximately 100 samples. The
standard deviation of the temperature at the ana-
lysed points was 1+2 °C.

RESULTS

The obtained test results on the temperature
distribution are presented as 3D diagrams on
the following figures. The exhaust gas tempera-
ture is presented as a function of engine speed
and air pressure in the manifold. A surface grid
described by a second degree polynomial was
generated from the obtained points. The analy-
sis of the obtained results began with a compar-
ison of the characteristics of gas temperatures
in the exhaust systems at measurement point 1
(30 mm from the head).

The values of gas temperatures in the first
measurement point in the engine without the tur-
bocharger are shown in Figure 10. As the speed
and pressure in the engine intake system in-
crease, the temperature of exhaust gases also in-
creases. The highest temperature of 713.3 °C is
recorded for 4530 RPM and 69 kPa of manifold
air pressure, whereas the lowest one is 551.0 °C
at 2360 RPM and 28 kPa.

Point 1:
With turbocharging

1)

700
" 000
%
o 500
&
)
& 400
EE s : s
o
- o % 20
% e 5
T et N
%, ©N N ’,.% B 100
-~ —_p -q'
be --;)\ — £ &
T
22 v(-!.g = deon

Fig. 10. Exhaust gas temperature at measurement
point 1 as a function of rotational speed and manifold
air pressure in the engine without turbocharging
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The temperature characteristics at measuring
point no. 1 for the engine with the turbocharger
is shown in Figure 11. In this configuration also
as the speed and pressure in the engine intake
system increase, the temperature of exhaust
gases increases. The maximum temperature of
736.8 °C is recorded for the engine operating
at the highest speed of 4530 RPM and 69 kPa
of manifold air pressure, whereas its minimum
value of 558.2 °C is recorded for a rotational
speed of 2360 RPM and a pressure of 28 kPa.
Both for supercharged and undercharged engine
the values of temprature in this point are in ac-
cordance with literature data. [44, 45]. They are
also consistent with the engine manufacturer’s
published data for acceptable engine exhaust gas
temperatures at this point.

The installation of the turbocharger and the
modification of the exhaust system resulted in
the change of exhaust gas temperature values
for all 23 test points of engine operation. The
Figure 12 shows a complete characteristics of
temperature changes as a function of manifold
air pressure and speed. The increase of exhaust
gas temperatures in the turbocharged engine
is proportional to the increase of manifold air
pressure and inversely proportional to speed
in the area of low manifold air pressure. The
temperature increase of 74.5 °C is highest at
2360 RPM and 28 kPa, while at 4590 RPM and
29 kPa the temperature maintenance of the ex-
haust gas in the turbocharger system is much

Point 1:
With turbocharging
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Fig. 11. Exhaust gas temperature at measurement
point 1 as a function of rotational speed and mani-
fold air pressure in the engine with turbocharging

better than the original exhaust system. The
average exhaust gas temperature for an engine
without the turbocharger is 646.3 °C, whereas
the one for the turbocharged engine is 19.1 de-
grees higher. At a distance of 30 mm from the
cylinder, a slight 3+6 % temperature rise is no-
ticeable. This increase results from the higher
engine load (intake manifold pressure). The
change is practically insignificant at low loads
when the turbine does not work. Thus, super-
charging at higher loads causes an increase in
the temperature of the expansion end, which
results in an increase in the temperature of the
entire process (and thus also in an increase in
generated power).

The temperature characteristics obtained
from measurement point no. 2 shows a similar
character of temperature distribution as a func-
tion of speed and manifold air pressure as at
point no. 1. The increase in speed and pressure
leads to the increase in temperature. Compare
the systems without a turbocharger (Fig. 13) and
with a turbocharger (Fig. 14). The lowest tem-
peratures recorded for the lowest speed and the
lowest manifold air pressure are 413.2 °C for the
base engine and 459.7 °C for the turbocharged
one. The maximum values recorded at the high-
est pressure and speed are 674.6 °C for the Ro-
tax engine without a turbocharger and 729.5 °C
for its modified version. These values and their
distribution are similar to those obtained for
point no. 1. There was no significant cooling of
exhaust gases for such a small distance.

Point 1: A
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Fig. 12. Difference in the exhaust gas temperatures in

the engine with and without turbocharging at point 1 as

a function of engine speed and manifold air pressure

161



Advances in Science and Technology Research Journal 2021, 15(3), 155-166

Point 2:
Without turbocharging
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Fig. 13. Exhaust gas temperature at point 2
as a function of rotational speed and manifold air
pressure in the engine without turbocharging

Point 2:
With turbocharging
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Fig. 14. Exhaust gas temperature at point 2
as a function of rotational speed and manifold
air pressure in the engine with turbocharging

Figure 15 shows the characteristics of differ-
ences in the exhaust gas temperatures as a func-
tion of speed and manifold air pressure in the
engines with and without a turbocharger. For the
overall range of the measuring points, the temper-
ature value for the turbocharged engine is higher
than for the uncharged one. The highest increase
of 92.8 °C in the temperature of the exhaust gas
in the turbocharger manifold is recorded for a
speed of 2980 RPM and a manifold air pressure
of 55 kPa. For 4530 RPM and 29 kPa of manifold
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Fig. 15. Difference in the exhaust gas
temperatures in the manifold with and with-
out turbocharging at point 2 as a function of

engine speed and manifold air pressure

air pressure, the temperature difference is low-
est and oscillates around 3 °C. The average ex-
haust gas temperature for the turbocharged engine
is 617.3 °C, which is 41.9 degrees higher than for
the engine without a turbocharger. At a distance of
180 mm from the cylinder - just before the turbine
(downwards the intake manifold) the temperature
increase is greater and amounts to about 612 %
and as in the previous case mainly depends on the
engine load. This means that the turbine consti-
tutes a flow resistance, damming up the outflow of
exhaust gases, which leads to an increase in tem-
perature at this point. The greater the quantity of
exhaust gas, the greater the accumulation, but even
for small quantities there is an increase (about 5%).

The temperature characteristics at measure-
ment point no. 3 is shown in Figure 16. The ex-
haust gas temperatures at the silencer outlet show
a directly proportional distribution as a function of
manifold air pressure. The lowest temperature of
288.5 °C occurs at the lowest pressure of 28 kPa
and speed 2360 RPM, whereas the highest temper-
ature reaches 613.5 °C at the highest manifold air
pressure of 81 kPa.

The results show that the exhaust gases pass-
ing through the turbocharger cool down. The
temperature distribution characteristics is shown
in Figure 17. The highest recorded temperature
is 474.2 °C and occurs at the highest pressure of
81 kPa and speed of 3950 RPM. The lowest tem-
perature, in turn, is only 169.6 °C and occurs at



Advances in Science and Technology Research Journal 2021, 15(3), 155-166

Point 3:

Without turbocharging
T (€]
800

800 700

6001

500

N )_asmmad\nal_

400

300

200

100

e

Fig. 16. Exhaust gas temperature at point 3 as
a function of rotational speed and manifold air
pressure in the engine without turbocharging
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Fig. 17. Exhaust gas temperature at point 3 as
a function of rotational speed and manifold air
pressure in the engine with turbocharging

2360 RPM at the lowest manifold air pressure of
28 kPa. These values are significantly lower than
for the undercharged engine.

The difference in the temperature distribu-
tions for the engine with and without the turbo-
charger is shown in Figure 18. Two characteris-
tic phenomena can be observed here: a gradual
increase of the temperature delta in the pressure
ranging from 25 to 50 kPa and its decrease with
increasing speed. The characteristics of tem-
peratures in the second part after exceeding 50
kPa will erase the reverse feature. An increase in

g 1N e reduis) eVeQ

Fig. 18. Difference in the exhaust gas
temperatures in the manifold with and with-
out turbocharging at point 3 as a function of

engine speed and manifold air pressure

the temperature difference as a function of speed
increase reduces the temperature as the pressure
in the manifold increases. The results obtained
are inversely proportional to the values recorded
before the turbocharger (Fig. 15). The average
exhaust gas temperature for the engine without
turbocharging is 473.9 °C and the average ex-
haust gas temperature for the turbocharged en-
gine is 340.8 °C. At a distance of 1000 mm from
the cylinder behind the turbine, the temperature
drops by 20+30 %. The greater the amount of ex-
haust gases and the higher the rotational speed,
the greater this drop. This is due to the operation
of the turbocharger unit. With a small amount
of exhaust gases the turbine does not fulfill its
task of expanding the exhaust gases and effec-
tively removing energy from them. As a result,
the expansion is lower and the temperature drop
is smaller. An increase in the volume of exhaust
gases (approaching the nominal operating point
of the turbocharger) increases the efficiency of
the turbocharger and increases energy extrac-
tion, leading to a greater drop in temperature.

CONCLUSIONS

The following conclusions can be drawn
from the temperature distribution in the exhaust
manifold of the Rotax 912 aircraft engine for
the turbocharged and non-turbocharged exhaust
system configurations:
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e The exhaust temperature in the exhaust
manifold decreases with the distance from
the cylinder head. This relationship oc-
curs in both exhaust system configurations.
The lowest temperature drop of 70.3 °C
occurred only in the engine without tur-
bocharging for 3950 RPM and 81 kPa of
manifold air pressure. The highest gradi-
ent of the gas temperature from 589.9 °C to
192.3 °C occurred in the manifold with the
turbocharger for 2603 RPM and 31 kPa of
manifold air pressure.

e The maximum temperatures of exhaust gas-
es were recorded at measurement point 1
and there was 713.3 °C for the engine with-
out the turbocharger and 736.8 °C for the
engine with the turbocharger.

e The introduction of turbocharging results
in a small increase in temperature immedi-
ately after the cylinder (about 3+6%) and a
much larger increase in temperature before
the turbine (about 6+12%). This increase
was more significant for the higher volume
of exhaust gases — higher engine speed and
manifold air pressure.

e The introduction of turbocharging results in
a significant decrease in temperature behind
the turbine (20+30%) which is the result of
the energy taken from the exhaust gases by
the turbocharger system.

To sum up, the introduction of turbocharg-
ing to a piston engine, apart from the obvious
increase in power, also causes a change in heat
load acting on the exhaust system. The part of
the exhaust system before the turbine is more
thermally stressed than in the non-charged sys-
tem, but the increase is not very high (on aver-
age by 4% near the head and about 10% before
the turbine). By using appropriate heat shields
or properly directing air flowing around the
engine, this additional heat can be easily dis-
sipated without endangering the composite
engine compartment covers. Behind the tur-
bine, on the other hand, there is a significant
decrease in the amount of heat (temperature)
in the exhaust gases — on average by 25%. This
part of the exhaust system is therefore cooler
and there are no problems in cooling it. Low-
ering this temperature is considerably easier
if additional heat recovery elements like ther-
mogenerator systems based on thermoelectric
generator modules are applied.
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