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Investigations of the temperature distribution in the exhaust system of an aircraft
piston engine

Ultralight aviation is based on piston engines riemg both performance and reliability. An importaaspect is also the require-
ments for the installation of such an engine oreaframe, especially its heat emission. This istlyr because of the need to ensure
proper engine cooling and secondly because congektments of the airframe skin are not exposezktessive overheating. For this
purpose, bench tests of the temperature distributibthe exhaust system of ROTAX 912 engine werned¢@ut. Measurements were
taken at 6 points of the exhaust system, whertethperature of the exhaust gases and exhaust pigesmeasured. The tests covered
a wide range of engine operation. The paper prestm temperature distribution at selected pointselation to the engine speed and

load.
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1. Introduction

Ultralight aviation is one of the fastest growinglds of
aviation industry. According to reports describthgg mar-
ket [6, 8], there are currently 50,000 ultraligltceaft in
use in Europe and about 5.5% of them are addedy ev
year. This trend has been maintained for a periodOo
years [6]. According to the data [6], most of thederaft
(over 95%) are powered by piston engines. Mosthef t

gine. Its aim is to determine the temperature raofgihe
exhaust system and the exhaust gases themseltb® in
whole range of engine operation.

gr Research description

2.1. Research objects
The object of the research is a ROTAX 912 ULS pisto
engine. The engine is a 4 cylinder 4 stroke reciing

European market is occupied by one manufacturer: R@iston engine (boxer) — Fig. 1. The engine is abddg air

TAX. Its engines are reliable and have a very gooder-
to-weight ratio. The disadvantage of these motuossever,
is the low power of the electric generator.

Current aviation regulations [7] require aircrafamo-
facturers to install equipment that needs eledtncaver
supply. These include: radio, transponder, conlighting,
stroboscopic lighting and avionics. In additionyweften
the components related to easier use are instalidllite
navigation, lighting and heating of the cabin, diag ex-
ternal devices (e.g. mobile phones), etc. This lresn
a lack of energy. According to the authors [1, ]2ndsome
operating conditions the amount of electric enecgp-

sumed by on-board devices exceeds the amount ofyene

produced by the generator. This is contrary toapglica-
ble aviation regulations [7].

It is therefore necessary to equip aircraft witditidnal
sources of electrical energy. These may be additibat-
teries [2] or alternators driven by the motor sHéft An-
other approach is the use of independent genesgstems.
The generators used are independent generatord base
additional internal combustion engines [5] or thege
nerators [3]. The last proposal seems to be veryning
due to the use of waste energy from the exhausfrgas
the primary source of propulsion.

However, in developing a thermogenerator it is Bece
sary to know the amount of available energy andt¢ine-
perature of the medium interacting with the thereraga-
tor element. This temperature must not exceed ithisl
resulting from the materials used for this part.

This work is the initial stage of the developmeiiit o

a thermogenerator compatible with the ROTAX 912 en

(cylinders) and coolant (cylinder heads). It isipgad with a
dry oil sump system with an additional oil tank.eTéngine
is integrated with the main reducer which redutesrbta-
tional speed to the requirements of the propellee tested
engine was equipped with authored fuel system egaen-
tial multi-point fuel injection system into the &te manifold.
Engine parameters are described in Table 1.

Fig. 1. ROTAX 912 ULS Engine

Table 1 Engine Parameters [2]

Engine configuration
Cylinder number
Displacement
Maximal power

Flat engine (boxer)
4
1352 cn
73.5 kW (100 HP) at 5800 RP
— limited to 5 minutes
69 kW (93 HP) at 5500 RPM
128 Nm at 5100 RPM

Continuous power
Maximal torque

Weight 56.6 kg
Gearbox ratio 2.43
Bore 84 mm
Stroke 61 mm
-Compression ratio 10.8:1
Fuel RON95
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2.2. Test stand

The tests were carried out on a test stand lodatéte
Centre for Innovation and Advanced Technologieghef
Lublin University of Technology — Fig. 2. The dyname-
ter stand is made up of:

tured by Elektromex Centrum, with braking powertap

200 kW at the rotational speed up to 6000 rpm;

ufactured by ODIUT Automex SP. z 0.0.;
Gravimetric fuel meter with fuel conditioning: NIX

2400 manufactured by ODIUT Automex SP. z 0.0. has a

fuel temperature and pressure control system.
The system of oil heat exchangers, engine coolitgr
and brake cooling.

[ 2

Fig. 2. Test stand

Exhaust system temperature measurements wereccar

out on a standard ROTAX engine exhaust system. €emp

ature sensors were placed in the exhaust systepeatific

distances from cylinders — 30, 180, 400, 600 ar@Iam,

both inside the system (gas temperature measurgiretht
outside (wall temperature measurement). The lacatib
measurement points is shown in Fig. 3.

Fig. 3. Exhaust system of ROTAX 912 ULS engine

Thermocouples type K (NiCr—NiAl) manufactured by

Czaki Thermo — Product were used during the rekearc

Sensors TP-204K-1b-150-1 were used to measuresthe t

Electro-mechanical brake: EMX — 200/6000 manufac-

Control system of the dynamometer: ATMX 2000 man-

perature of exhaust gases and sensors TP-203Kah- 1k
measure the temperature of exhaust system elenthets,
insulation of the cable was a glass fibre with @eec. The
location of the sensors is shown in Fig. 4.

Fig. 4. Temperature sensor mounting

Measurements of signals from sensors were made with
the use of NI 9213 measuring devices produced hiphi
Instruments embedded in a four-socket, EthernetlBB
transmission. The DAQ module processes signals fham
measuring card and sends them via digital trangonige
the computer. To analyze the results, the progras de-
veloped in an National Instruments — LabVIEW — FEg.

TR (IR

TiH

Fig. 5. Analyze program layout

2.3. Scope of research

The aim of the tests was to analyze the distributb
exhaust gas temperature and the external tempereafttine
exhaust system in a wide range of engine operatica test
stand. The analysis covered both the distributiorempe-
ratures at particular operating points and thdfedince in
charges from the distance from the cylinder.
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Fig. 6. Engine operational point use in the redearc
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The scope of work included measurements of tempereally identical to the temperature at point 1 ahd tvall
tures in points described in chapter 2.2 in stestdye of temperature is only 58°C cooler.
engine operation at test points determined by otegional
speed and manifold air pressure. The tests weredaut
in 61 points (Fig. 6) covering the range of rotatibspeed
2060 — 5770 RPM, and the manifold air pressure 27 —
kPa. The tests were carried out in steady statengfne
operation.

10 temperature signals were recorded in the exisgast
tem at specific distances from the cylinders —180), 400,

600 and 1000 mm, both inside the system (gas textyver
measurement) and outside (wall temperature measutgm

3. Results

The following figures show the results of tempemtu
distribution tests at selected points of the exhsystem. The
results are presented as a function of engine spabdhani-
fold air pressure. The measured values and appatiomof
the second degree polynomial surface were presented

Figure 7 shows the distribution of exhaust gas trap
tures at the first measuring point 30 mm from thlénder

head number 1 The Iowe_st recc_)rded terr_lperatur@GSCB Fig. 8. Exhaust wall temperature at point 1 asnetion of rotational
and occurs at idling of this engine: rotational sp&060

speed and manifold air pressure
RPM and manifold air pressure 25 kPa. An increase i
rotational speed and manifold pressure leads to@ease
in exhaust gas temperatures. At full engine povai7Q
RPM and pressure 98 kPa) the temperature reacé€.76

Point 2: gas

B > 780
I <780
I <740
B < 700
B <660
B <620
B <580
Bl <540
[ <500

<460
[1<420
[ <380
B <340
B <300
B <260
B <220
I < 180
M < 140
B <120

A 1 ameladwa)

Fig. 9. Exhaust gas temperature at point 2 as etibmof rotational speed
and manifold air pressure

Point 2: wall

B > 780
I <780
I <740
Il <700
B <660
I <620
Bl <580
B <540
[ < 500

<460

<420
[ < 380

Fig. 7. Exhaust gas temperature at point 1 as etibmof rotational speed

700
and manifold air pressure

The temperature of the exhaust system walls at this
point also increases with an increase in enginedspad

LY ameadwa)
»
(=3
o

manifold air pressure — Fig. 8. For idling, thisngerature 200 —pind
is 423°C and for maximum power 661°C. 100 —pE

Similar relationships are also visible for the seto - —p
measuring point 180 mm from the cylinder head igs B % a0
and 10. The lowest temperatures recorded are ataiald =,

are 384°C for gas and 291°C for the exhaust wedlpec-
tively. They are approximately 130°C lower thantla¢
previous measuring point. The highest recorded ¢eaip
ture is 764°C for gas and 603°C for the wall, retipely.
It is noticeable that the maximum gas temperatsi@acti-

Fig. 10. Exhaust wall temperature at point 2 asretion of rotational
speed and manifold air pressure
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The third measuring point is located in the silenceare compressed here again by the geometry of théatig
which is a central exhaust manifold and is abod #n  which increases their temperature and the heaipdissn
away from the cylinders. Here too, the rotationmdesi and area is much smaller than at point 3.
manifold air pressure directly affect the tempematin-
crease — Figs 11 and 12. The lowest recorded textuyper
also occurs at idle and is 306°C for gas and 2défGhe
exhaust manifold wall, respectively. This represeatde-
crease of about 80°C compared to the previous poh
maximum temperature (occurring at maximum engiae)o
was 750°C for gas and 589°C for exhaust manifoltswa
respectively. It is only 14°C lower than the valoésained
in the previous point.

Fig. 13. Exhaust gas temperature at point 4 asetifun of rotational
speed and manifold air pressure

Fig. 11. Exhaust gas temperature at point 3 asetiftn of rotational
speed and manifold air pressure

Fig. 14. Exhaust wall temperature at point 4 asretion of rotational
speed and manifold air pressure

Fig. 12. Exhaust wall temperature at point 3 asretion of rotational
speed and manifold air pressure

Another measuring point is located at the silereoat
600 mm from cylinder head no. 1. At this point,imghe
previous ones, an increase in rotational speedrardfold
pressure leads to an increase in temperature —1Bigsd
14. The lowest temperature also occurs at idleig8d6°C
and 231°C for the manifold walls, respectively. Tighest
recorded temperatures are 752°C for gas and 648°thé
manifold wall, respectively. These temperatures areut
10°C higher than in the previous point for gas apdto

s . Fig. 15. Exhaust gas temperature at point 5 asetiftn of rotational
60°C for the wall. This is due to two facts: Fiysthe gases

speed and manifold air pressure
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The last measuring point is 1000 mm from the c@mnd
head 1 practically at the end of the engine outlenifold.
Again, an increase in speed and manifold air pressaus-
€s an increase in temperature — Figs 15 and 16lohest
recorded temperature occurs when the engine isaitleis
278°C for gas and 170°C for the manifold wall, exgjve-
ly. The highest occurs for the highest engine lload731°C
for gas and 637°C for the manifold wall, respedtive
Therefore, the temperature of both gases and theema
perature drops again compared to the previous.point

Fig. 16. Exhaust wall temperature at point 5 asretion of rotational
speed and manifold air pressure

Temperature differences between the gas and the
haust manifold wall were also analyzed. For th&t fineas-
uring point, Fig. 17, it is visible that the inceeain speed
leads to an increase of the difference and theed@sa in
manifold air pressure decrease of this differenthe
smallest difference of 71°C was recorded for thational
speed of 4555 rpm and manifold air pressure of24. Khe
largest one, i.e. 14°C, was recorded at 4015 rpch Zin
kPa.

Fig. 17. Temperature difference between exhausagdexhaust manifold
wall at point 1 as a function of engine speed aadifold air pressure

A different relationship was observed for point Eig.
19. At this point, the increase in engine speedraadifold
air pressure results in an increase in the diffsan tem-
perature analyzed. The lowest value equal to 93% w
recorded for idling and the highest value of 1616Cmax-
imum power.

Fig. 19. Temperature difference between exhausagdexhaust manifold
wall at point 2 as a function of engine speed aadifold air pressure

ex-

Fig. 20. Temperature difference between exhausagdexhaust manifold
wall at point 3 as a function of engine speed aadifold air pressure

A similar relationship can be seen at point 3 — @
The lowest value of 92°C was recorded for idlingl dime
highest value of 186°C for maximum power.

Also at point 4, the dependence of the temperatifre
ference on the engine speed and manifold air predsu
similar to the previous points — Fig. 20. The lotwesdue of
56°C was recorded for idling and the highest vatfie
118°C for maximum power. However, there is a sigaift
flattening of the analysed difference at higheratiohal
speeds and intake manifold pressures. In the speegk
above 4000 rpm and pressure above 60 kPa, the tempe
ture difference is almost unchanged.
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Fig. 21. Temperature difference between exhausagdsxhaust manifold
wall at point 4 as a function of engine speed aadifold air pressure

The smallest changes, i.e. the greatest stabifitthe
temperature difference between the gas and the whthe
exhaust manifold, are shown in point 5 — Fig. 28e Bp-
proximated value of the differences oscillates ath80—

100°C and the visible deviation of measurement tpoin

from the approximated surface results from a randem
guence of measurements.

Fig. 22. Temperature difference between exhausagdexhaust manifold
wall at point 5 as a function of engine speed aadifold air pressure

4. Conclusions
Conducted tests of temperature distribution aldmgy t
exhaust manifold allowed the following conclusidesbe
made: The temperature distribution along the outtlahi-
fold is the result of the study:
1. The temperature of the exhaust gases and the tamper
ture of the exhaust manifold walls is proportiottathe

engine speed and the load degree expressed by the

manifold air pressure. The operating conditionsehav
a significant influence on the temperature levet. A
a point 30 mm from cylinder head no. 1, the minimum
exhaust temperature was 536°C and the maximum
temperature was 762°C.

2. The temperature of the exhaust gas and the teroperat
of the exhaust manifold walls decreases with the di
tance from the cylinder head. An exception to thie
is the exhaust outlet from the silencer to the agha
pipe, where the temperature rises relative to ilbacs
er temperature as a result of re-compression.

The maximum exhaust gas temperature does not de-
crease significantly with length. It is 762°C atrol
and 731°C at point 5 (1000 mm from cylinder head no
1). A similar gradient is visible at the temperatuf
the exhaust manifold wall: 661°C at point 1 and°&37
at point 5, respectively.

The lowest average temperatures of exhaust gas and
manifold walls are at point 3 — silencer. This igdo
the temperature drop due to the expan®bnhe ex-
haust gases.

5. At all measuring points, the temperature difference
between the exhaust gas and the walls remaingwathi
similar range. The average value is about 120°C and
results from the thermal conductivity of the exhaus
manifold material and the degree of heat transféhe
surroundings.

To summarize, it can be stated that the engineustha
manifold can be used as a heat source for the tgamera-
tor. Due to the level of maximum temperatures editeg
the limit values for thermocouples, it is not pbssito
install them directly on the manifold walls. It tiserefore
necessary to use heat-conducting elements that alle
temperature to be lowered to acceptable levels.
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