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1 Introduction
1.1 Background
In the last years there is a trend in the automotive industry to design more and more environmental
friendly vehicles. Therefore vehicles are developed, which are emitting as little as possible dangerous
exhaust gases. Coming along with that is that vehicles need to be very fuel efficient. This also helps to
preserve the limited resources on the earth’s crude oil. In order to motivate students to think more
about economical vehicles, Shell organizes an annual event for universities all over the world, to
compete against each other in developing the most fuel efficient vehicle. The goal is to drive as far as
possible on the equivalent of one liter of gasoline. Also Chalmers is competing in the so called “Eco‐
Marathon” since a couple of years and is holding the actual Swedish record of 1243 km on one liter
of gasoline.
The vehicle, which Chalmers sends to the competition is called “Vera” and is a lightweight,
aerodynamic optimized shell with a 35cc engine produced by Honda. Since the focus in designing
these small engines is usually not to make them very fuel efficient, there is a lot of room for
improvement. The best solution would probably be to build an entirely new engine from scratch.
However, this report is not dealing with developing a new engine, but with increasing the efficiency
of the already used Honda engine.

1.2 Purpose & Limitations
The purpose of this project work is to investigate the existing engine in order to find out where there
is room for improvement. There is an official goal statement, which states that the team wants to
find out whether an improvement of 20% is possible or not and also wants to present a concept,
which can be implemented in the Vera vehicle until the summer 2010. Besides that the goals are
reaching at least 2010 km per liter gasoline in the next year’s competition and beating the team from
KTH, Stockholm.
This work will focus only on the present engine and its possible improvements and will not help to
develop a new engine from scratch. Also there will not be enough time to actually implement
changes in the competing Vera engine, only suggestions for changes will be made. Due to the limited
time frame it will furthermore not be possible to build prototypes, which makes it impossible to
verify the simulation results by prototype testing. This work will only concern the engine and
therefore everything between the crankshaft and the driving wheel, as well as the rest of the vehicle
will be disregarded.
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1.3 Approach & Report Structure
Since there is only limited time to carry out this project and there are a lot of things to investigate, it
is convenient to divide the entire project (and the team) into two different, smaller sub‐projects (and
sub‐teams). One of the teams will be concerned with building and running an engine test bench with
a dynamometer in the engine cell, in order to obtain simulation input, which can be used in further
simulations. The other team will be occupied creating a test bench, which is capable of measuring
the friction in the engine and actually carrying out the friction measurements.
Simulation in GT Power has not been conducted but recommendations of how to improve the model
is mentioned in the third part of the report.
Each segment (Engine friction measurement, Dynamometer test bench and Simulation) has its own
result and conclusion. In the end a conclusion for the whole report is presented.
The report is aimed towards the next engine group of the beloved VERA (and Smarter) to give them a
clear and good view of where and how to continue the work with achieving 2010 km/liter fuel.
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2 Engine Friction Measurements
2.1 Theoretical Background
An engine produces mechanical power by combustion of fuel, taking place in the engine cylinder. The
produced work is transported via the piston to the crankshaft and leaves the engine. The available
power output at the crankshaft differs from the work transfer from the gas to the piston by the
power absorbed due to friction. Friction work can be separated into three main categories. The first
part is pumping work which is done during the intake and exhaust processes. Due to relative motion
of many parts in the engine rubbing friction as a second part has to be overcome. This contains
friction between the piston rings, piston skirt, and cylinder wall; friction in the wrist pin, big end,
crankshaft, and camshaft bearings; friction in the valve mechanism; friction in the gears or pulleys
and belts. The last friction category occurs when engine accessories are used which has to be driven.
This includes for example the fan which is used in small engines like the one that is matter of this
report. In addition there can be more accessories: water pump, oil pump, fuel pump, a generator, a
secondary air pump for emission control, a power‐steering pump and an air conditioner. Figure 1
shows the different parts of friction and their fraction for a four‐cylinder spark‐ignition engine.

Figure 1: Engine breakdown test, motored friction mean effective pressure versus
engine speed for a four‐cylinder spark ignition engine

Friction measurements under fired conditions are complicated. An easier way is a friction
measurement in a motored engine. The engine can be motored under conditions which should be as
close as possible to firing conditions. By changing or removing parts of the engine differences in
friction losses can be found and a relative importance of different engine parts can be identified. This
simple testing is used for the one cylinder that is subject in this report. There are some more other
test setups which are used for engines with more than one cylinder.
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The conditions in a motored engine are different to these in a fired engine which leads to different
results for the engine friction. The main distinction occurs because of pressure and temperature
difference. In a non‐fired engine the pressure during the cycle is lower which lowers the rubbing
friction. There is no combustion which leads to an increasing of pressure and hence no blowdown
phase at the end of the expansion stroke exists. This leads also to different conditions for the exhaust
stroke. The pumping work is different due to this pressure differences too. Furthermore the friction
is lower because of much less temperature in the non‐fired engine leading to better conditions for
the lubricant. In addition to pressure and temperature there are differences because of greater
piston‐cylinder clearances. Part of the friction, which occurs in the motored engine during the
compression and expansion stroke because of heat losses to the walls and gas losses because of
blowby is not part of the real friction work of a fired‐engine. This underlines the important difference
because of the non‐firing and shows that a careful analysis and interpretation of motored engine test
should be done to get valid results. As mentioned before this test is good for showing differences
between variants in engine designs or giving friction fractions of engine parts to get relative
importance of components. But a motored test is not helpful for getting absolute values for the
engine friction.
Piston assembly is the major source of friction in an engine. And within this the piston rings are an
important part of friction. Hence testing the motor with different piston ring variations is an
expedient measurement and, as being a part of the measurements presented in this report, some
theoretical background is given in the next part.

Figure 2: Overview of piston and piston ring construction

Engines normally have three piston rings, two compression rings and one oil ring. The general
construction is shown in Figure 2. The piston rings work as a sealing between the piston and the
cylinder to ensure gas pressure and reducing blowby. The cylinder surface is provided with lubricant
and oil consumption is controlled by the piston rings. In addition the rings transport heat to the
cylinder walls and coolant. The piston rings are fixed with tension and they are pressed against the
cylinder wall which leads to friction which amount is a function of the gas pressure that is higher for
the first ring. The tension of the oil ring is higher than for the compression rings but it also works
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under lubrication. An approximately ratio is that the oil ring produces twice the friction than one
compression ring. The design of piston rings has a major influence on engine friction especially
rubbing friction. This friction is a function of speed and gas load because of lubrication and oil
viscosity that are influenced by these factors. This shows that correct measurements of piston ring
friction are not possible due to the lower pressure and temperature level in the motored engine but
to give a general idea about the influence of lubrication and the friction of the piston rings a motored
test is useful.
As seen above lubrication is very important for an engine and an adequate support with oil is
needed. Instead of using an energy consuming oil pump this one cylinder engine uses an impeller
that is fixed on the crankshaft and by rotation supplying the piston with oil. This system works
because of the pressure differences which occur due to piston movement. The solution without an
oil pump uses less energy but is also a source of friction. Therefore an analysis of the needed oil and
the importance of a fan for this engine are done during the measurements.

2.2 Materials & Method
2.2.1 Motoring Method
Probably the easiest way to measure the engine friction is the motoring method, which was also
used in this work. In the motoring method the engine is not fired and instead driven by an electric
DC‐motor instead. It is possible to calculate the friction losses after measuring the current and the
voltage. In order to run a test the sparkplug is usually removed. The equations used in the test are
shown in the following. From the equation for the current
(Eq. 1)
the equation for the engine speed can be derived as follows.
(Eq. 2)
In this equation the engine speed n is given in [rpm], the voltage U in [V], the velocity constant k in
[rpm/V], the terminal resistance R in [Ω] and the current I in [A].
The torque can be determined from the current in the following way:
(Eq. 3)
In this equation k1 represents the torque constant and is given in [Nm/A].
A summary of the necessary values is given in the table below.
Table 1: properties of the electrical motor, which were needed in the calculations

Property
Velocity constant k [rpm/V]
Terminal resistance R [Ω]
Torque constant k1 [Nm/A]

Value
110
0.173
0.087

Besides the rather simple test setup the motoring method provides the possibility to measure the
influence of specific parts in the engine on the total friction. Usually a first test is done for the basic
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engine without any changes and afterwards all desired changes can be performed step‐by‐step. In
this way it is possible to determine the influence of single parts on the engine friction and also
combined effects. The tests are performed in a voltage sweep from 5 V to 45 V, with measurement
points each 5 V. This corresponds roughly to an engine speed range from 500 rpm to 5000 rpm.
2.2.2 DCMotor Maxon RE65
The electrical motor used in order to drive the engine was a “Maxon RE‐65” with graphite brushes
and a nominal voltage of 36 V. This motor provides a power output of 250 W. All specifications of this
motor are given in Appendix 7.5.
2.2.3 Test Bench Manufacturing
Starting with the 35cc engine and the electric motor, it was soon realized that there was a need to
design and manufacture a rigid test stand to connect these two units, and make it possible for them
to revolute around a common axis. The electric motor is supposed to drive the engine crankshaft.
The electric motor was already equipped with a coupling, but for the engine crankshaft a new
coupling was needed. The end of the crankshaft has a conical shape, why a cylindrical plate was
manufactured with a conical hole in it, to be fit on the crankshaft. This part is pressed onto the
crankshaft by a distance ring and a nut. Another cylindrical part was manufactured to be fastened to
the part on the crankshaft, with the objective of creating an axis that could be connected to the
coupling of the electrical motor. This part was manufactured to precisely be fitted over the other part
on the outside, in order to center it. The function of the screws is just to fasten them together. This is
shown in Figure 3.

Figure 3: Connection to crankshaft. The crankshaft is the blue conical shape to the left. The manufactured cylindrical part
with a conical hole is fit on the crankshaft, and fastened by a distance ring and a nut. Another cylindrical part is put on
the outside to be centered, and fastened by two screws. This rightmost part creates an axis to be connected to the
electrical motor.

This ensures a good coupling between engine and motor, but also a fixture against the test table is
needed, and some parts that aligns the engine against the motor. A fixture plate with a 90 degree
angle was manufactured, that is connected with four screws to the test table. This is connected to a
bigger plate with five screws, and to ensure that not too much vibration is transferred to the table,
vibration dampers were put in between. Finally, a cylinder shaped part was manufactured, that is
fixed in the big plate by four screws. In the other end of the cylinder, the electric motor is mounted,
also with four screws. The engine can now be mounted on the big plate with three screws, and the
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connection between it and the electric motor will be housed inside the cylinder. This is illustrated in
Figure 4.

Figure 4: Fixture for engine and motor. The engine is supposed to be mounted on the big plate, on the left side. The
electric motor is to be mounted on the cylinder, right hand side. The 90 degree plate is fixed to the test table. Vibration
dampers in rubber are put between the two plates to dampen vibrations from the engine.

It is critical in the manufacturing that the screw holes for the cylinder in the plate become positioned
in a correct way, relative to the holes in the plate for the engine. This is to ensure that the crankshaft
axis and the electrical motor axis will coincide. A good method is to assemble everything including
engine and motor and mark the holes for the cylinder in the plate. The complete test setup including
all manufactured parts, engine, and motor is shown in Figure 5. Drawings for all parts can be found in
7.2 Drawings in 7 Appendix.
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Figure 5: The complete manufactured test stand. (It can be seen that the engine mount plate is assembled on the other
side of the L‐shaped plate compared to the Figure 4.)

2.3 Results & Discussion
As described in the Materials and Methods section above the friction measurements were carried
out, using the equipment and the facilities of the Electrics department. In the beginning tests only on
the electric motor were performed in order to see how big the torque losses are. A test in cold
working conditions as well as one test in warm working conditions was performed. The results of
these tests can be seen in the Figure 6 below. In the cold test the motor was at room temperature at
the outside and in the warm test the outside was around 30°C. For measuring the warm settings, the
motor was run for a time of 15 minutes in order to heat up.

0,1

Electric motor only (cold, RT)

0,09
Torque losses [Nm]

0,08

Electric motor only (warm,
30C on the outside)

0,07
0,06
0,05
0,04
0,03
0,02
0,01
0
0

2000

4000

6000

engine speed [rpm]

Figure 6: Torque losses vs. engine speed for cold and warm electric motor
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As one can easily observe there is almost no difference between the warm and cold losses of the
electric motor. This is why we can assume the same torque losses for the electric motor in both, cold
and warm tests. Since these tests are only of qualitative interest, i.e. only the difference between
two configurations is important, it is not necessary to remove the losses due to the electric motor
from the results. They will cancel out each other anyway.
The first thing of interest concerning the engine was the basic engine in warm and cold conditions. In
this case the engine was filled up with oil to a standard level between minimum and maximum. Also
it was necessary to remove the sparkplug. Former tests including the sparkplug failed, because the
compression stroke produced too high fluctuations and the power supply could not deliver the
needed current in order to overcome those. This is why all upcoming tests were performed without
using a sparkplug.
0,7

basic engine, without
sparkplug, cold, standard oil
level

Torque losses [Nm]

0,6

basic engine, without
sparkplug, warm, standard oil
level

0,5
0,4
0,3
0,2
0,1
0
0

1000

2000

3000

4000

5000

6000

engine speed [rpm]

Figure 7: Comparison of cold and warm measurements on the basic engine

The outside temperature on the cylinder wall was measured to be around 40°C for the warm tests.
This was the setting also for the following measurements. Analog to the test on the electric motor
only, also here the engine was run (by the electric motor) for 15 minutes in order to heat up. Figure 7
shows the difference in torque losses between cold and warm working conditions for the basic
engine. As one can see immediately, the friction losses decrease significantly for warm working
conditions. The decrease in torque losses is based on the fact that the oil gets distributed better in
the engine and on the fact that it gets warmer. Warmer oil has a lower viscosity and therefore it
works better as a lubricant. However, for too high temperatures the friction losses would increase
again. This is due to expansion of the materials, which increases the friction forces, because of
decreased clearances.
The next step was to investigate the influence of the oil level. All the measurements taken in the next
test are shown in Figure 8 and were performed with a warm engine. Three different oil levels were
investigated; starting without oil, filling it up to the standard level and finally filling the oil up to
maximum.
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0,6

basic engine, without
sparkplug, warm, standard oil
level
basic engine, without
sparkplug, warm, max oil

Torque losses [Nm]

0,5
0,4
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0,3
0,2
0,1
0
0

1000
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3000

4000

5000
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engine speed [rpm]

Figure 8: comparison between three different oil levels on the basic engine (no standard error shown due to clarity
issues)

Friction losses decrease not significantly with decreasing oil level, but nevertheless they are lower.
This is most likely due to the fact that there are less pedaling losses. It is natural that the impeller of
the lubrication system experiences less resistance with decreasing oil level. However, even without
oil, there are aerodynamic losses due to the rotation of the impeller in air.
In order to find out where the losses occur, it is possible to remove the timing belt from the engine
crank shaft. This provides the opportunity to measure the losses of the piston, the crankshaft, the
bearings and the impeller apart from the valve train losses. One thing to keep in mind is that without
a working valve train the pumping losses will increase, since there is no possibility for the air to
escape from the cylinder, except through the opening of the missing sparkplug.
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Figure 9: cold (blue) and warm (red) test without oil; comparison between with (dashed) and without (solid) valve train
losses

Figure 9 shows the friction losses for both the engine, including valve train losses (dashed lines), and
without valve train losses (solid lines). Logical expectations are that the total losses will be lower
without the valve train losses. The results shown above are in accordance to these expectations even
though one would expect the difference to be more significant. As already mentioned, this can be
traced back to the fact that there are more pumping losses due to the restricted flow. This affects the
results especially at higher engine speeds, i.e. from 2500 rpm on.
If there is no oil in the engine anyway, then it is also possible to remove the oil ring. This was done
for the next measurement, which is shown in the Figure 10 below.
0,6
without sparkplug, cold,
"without oil", without belt

Torque losses [Nm]

0,5
0,4

without sparkplug, warm,
"without oil", without belt

0,3
0,2

without sparkplug, cold,
"without oil", without belt,
without oil ring

0,1
0
0

1000

2000

3000

4000

5000

6000

without sparkplug, warm,
"without oil", without belt,
without oil ring

engine speed [rpm]

Figure 10: influence of the oil ring (with: dashed lines, without: solid lines) in cold (blue) and warm (red) test
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Figure 10 shows the influence of the oil ring on engine friction. Shown above is also the difference
between cold and warm engine conditions. As one can see the losses are lower for the engine
without the oil ring.
In this engine the lubrication is done by an impeller, which is fixed on the crankshaft and pedals in
the oil that is in the sump. This creates an oil mist, which distributes in the engine by pressure
differences. If there is no oil, then the impeller is still a source for losses, since it is rotating anyway.
Doing this creates aerodynamic losses by pedaling air. Therefore the next step was to remove the
impeller from the crankshaft.
0,6

without sparkplug, cold,
"without oil", without belt,
without oil ring, without
fan

Torque losses [Nm]

0,5
0,4

without sparkplug, warm,
"without oil", without belt,
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0,1
0
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"without oil", without belt,
without oil ring

engine speed [rpm]

Figure 11: influence of the impeller (with: dashed lines, without: solid lines), cold test (blue), warm test (red)

Since there is no oil in the engine and there would not be a possibility to distribute it anyway, it
turned out to be crucial to put one small drop of oil on the cylinder wall in order to obtain reasonable
results. This shows that if this technique is used, one should make sure that there is at least one small
drop of oil on the cylinder wall. The tests without impeller show that there is an increase in
efficiency, if the fan is removed. It is obvious that the improvement is greater for the cold engine
test.
As in the test shown above there is no belt involved and thus the losses of the valve train are not
taken into account, the last test was performed with an engaged timing belt. Hence the following
test can represent a possible setting for the next year’s competition.
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Figure 12: Comparison of worst and best case.

It becomes obvious in Figure 12 that a significant improvement is possible and that the losses
increase nearly linear with the engine speed.
The following figure contains an extrapolation up to 8000 rpm.
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Figure 13: approximate extrapolation up to 8000 rpm
Also a final analysis of the percentage improvement is given in Table 2.
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Table 3: percentage difference between worst and best case (last three values are extrapolated)

Engine speed
[rpm]
500
1000
1500
2000
2500
3000
3500
4000
4500
5000
6000
7000
8000

Basic engine
torque losses
[Nm]
0.34117959
0.43103245
0.48359299
0.5208853
0.54981146
0.57344585
0.59342844
0.61073815
0.6260064
0.63966431
0.6632987
0.68328129
0.700591

Improved engine
torque losses
[Nm]
0.21542308
0.26190975
0.3052263
0.34537274
0.38234907
0.41615529
0.44679139
0.47425738
0.49855325
0.51967901
0.55242019
0.57248092
0.57986119

Difference [Nm]
0.12575652
0.1691227
0.17836669
0.17551255
0.16746238
0.15729056
0.14663705
0.13648077
0.12745315
0.1199853
0.11087851
0.11080038
0.12072982

Difference [%]
36.9
39.2
36.9
33.7
30.5
27.4
24.7
22.3
20.4
18.8
16.7
16.2
17.2

From Table 3 one can extract that the percentage improvement lies between almost 40% for low
engine speeds and around 20% for high engine speeds. This should give significantly lower fuel
consumption and thus a longer range for EcoVera in summer 2010. The suggested changes are
therefore the following:
‐
‐

‐
‐

Make sure that the engine is always at operating temperature (maybe insulation)
Use no oil, but make sure there are one or two drops on the cylinder wall (Removing the oil
can lead to piston jamming under fired conditions due to much higher temperatures in the
cylinder. Therefore further investigations are necessary which should test the engine in the
dyno without oil)
Remove the oil ring
Remove the impeller

Especially Figure 12 can be used as a first input in order to derive a new driving strategy. If one would
only allow engine speeds up to 4000 rpm, one would also limit the losses and would avoid the higher
losses at high engine speeds.
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3 Dynamometer Test Bench
A working dynamometer test bench is of great importance for many reasons. Great effort has been
made to manufacture a dynamometer test bench which can be used for a long time ahead.

3.1 Theoretical Background
Several important measurements can be done with a working dynamometer test bench such as
pressure trace, torque measurements, temperature measurements, exhaust analyses etc. To have a
functioning test bench for the Honda GX35 engine is of importance both for the Vera and Smarter
teams. The results can be used in simulations and to evaluate changes of the engine etc.

3.2 Materials & Method
A used dynamometer test bench for small engines was available to be rebuilt for the desired tests.
The main problems that arose during the planning period for the test setup was the design of the
coupling between the eddy current brake and the engine, as well as the design of the engine fixture.
Previous test attempts failed due to failure of the coupling or fatigue of the engine housing during
testing. Besides that, no data about the control system for the eddy current brake was available at
the department. Attempts to get it from the manufacturer failed as this company sector does not
exist anymore.

Figure 14 complete test set up
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3.2.1 Eddy Current Brake
The eddy current brake is of the type 1 WB 65, produced by Vibro‐Meter Switzerland, nowadays
manufactured, maintained and distributed by Magtrol. This type of eddy current brake is suited for
high rpm applications. With increasing rpm the eddy current brake is creating an increasing torque.
Due to the small rotor diameter the inertia of the brake is low. Cooling of the brake is done by water
which is conducted through the stator of the brake and dissipating the heat created due to braking.
The dynamometer is equipped with a torque measuring device and an optical rpm sensor.
Table 4 shows the rating of the eddy current brake.
Table 4 Eddy current brake rating

3.2.2 Dynamometer Control Unit
A possible test configuration for manual test can be seen in figure 15. Instead of the dynamometer
controller DSP 6001 the old unit CEB 104 manufactured by Vibro‐Meter is used.

Figure 15 Manual test set up
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3.2.3 Connecting Shaft
A flexible shaft, which connects the eddy current brake and the engine crank shaft, was designed.
There are two reasons why the shaft should be flexible. Firstly, it is not possible to perfectly align the
axis of the engine with the axis of the eddy current brake. A certain offset in axial length, height and
lateral direction must be accepted. Secondly, the torque variations of single cylinder engines are
relatively high. In order to reduce the stress on the parts, torsion flexibility has to be added. The
assembly of the whole shaft can be seen in figure 16. It consists of the aluminum shaft with a steel
insert pressed into each side; a self aligning ball bearing is pressed into each insert. The inner
diameter of the bearings is fitted onto the interfaces on each side of the shaft. A flexible rubber
coupling is screwed tangential to the shaft on each side. The couplings are connected in axial shaft
direction to the connecting interface on each side by two screws each.

Figure 16 3‐D assembly of the flexible shaft

Figure 17 Exploded view of the shaft assembly
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A 2‐D longitudinal section view is shown in Figure 18. There is just a minimal rotational movement of
the bearings. This movement is according to compressing the flexible couplings due to the torque
peaks and releasing the stress on them during lower torque periods in the engine cycle. The only task
for the bearings is to ensure that the shaft and the flanges on each side are aligned to each other.

Figure 18 cross sectional view of the flexible shaft

Bearings of the type SKF 108 TN9 with an inner diameter d=8mm; an
outer diameter D=22mm and a width w=7mm are used.
The self aligning ball bearing has two rows of balls and a common
concave sphere raceway in the outer ring. The bearing is
consequently self‐aligning and insensitive to angular misalignments of
the shaft relative to the housing. It is particularly suitable for
applications where considerable shaft deflections or misalignment
are to be expected. Additionally, the self‐aligning ball bearing has the
lowest friction of all rolling bearings (SKF Homepage).
As the two axes that are connected (engine crank shaft and
Figure 19 Self aligning ball bearing
dynamometer axis) are not perfectly positioned relative to each
other, the connecting shaft will be positioned in an angle relative to the two axes. To be able to align
these connections, the self aligning ball bearing which allows angular movement is necessary.
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All torque transmitted through the shaft is also transmitted
through the rubber couplings.
The rubber couplings are of the type LF1 HTR 60 base element;
where LF1 is the standard type. HTR is the material which is high
temperature rubber with an operating temperature between ‐
40°C…+194°C. The durometer hardness is 60 (Shore A scale). The
rubber element is torsionally soft and is placed into compression
during assembly. Rubber under compression can carry up to 5
times the amount of torque as non‐compressed elements. The
element accommodates shock, misalignment and vibration. It
also minimizes harmful radial and axial forces on the connected
equipment. (www.lovejoy‐inc.com).

Figure 20 flexible coupling

Figure 21 overview misalignment

The couplings used to connect the engine clutch, intermediate and dynamometer shafts can tolerate
a maximum angular misalignment of 3°. Therefore the following equation can be derived:
3°

arcsin

/

arcsin /

(Eq. 4)

where
a=maximum misalignment between the flange surface and a plane parallel to the opposite flange,
df=flange diameter (2 times the radius at which the measurement is carried out),
b=maximum misalignment between the engine and dynamometer shafts,
l=length between the centers of the couplings on the shaft.

If the measures df=84 mm and l=236 mm are used the following maximum values for a and b can be
calculated:
sin 3°

/

sin 3°

/ if

0

if
0

84
236

· sin 3°
· sin 3°

4,4
12,4

(Eq. 5)
(Eq. 6)

The measured misalignments in any direction were smaller than 0.5 mm (described in the test
preparation section). This means that the allowed misalignments are far bigger than the actual ones
and therefore the couplings should work.
The nominal torque that the couplings can take is 10 Nm besides that they endure torque peaks up
to 25 Nm. A vibratory torque up to 5 Nm is also allowed. As the output torque of the engine is below
2 Nm the properties of the coupling should be sufficient for the test setup. A mean torque output of
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2 Nm is far below the nominal torque the couplings can take. As the engine torque is produced
during approximately one quarter of the engine cycle (half a crankshaft rotation), an engine torque
peak of below 8Nm is expected. This is also far below the maximum torque the couplings can take.
Only the torque variations can be seen as critical, they should not exceed 5 Nm. There is no proof of
the engine torque variation, but as there is inertia in the system it is expected that a maximum
allowed torque variation of 5 Nm is sufficient. Furthermore a maximum rotational speed of 10000
rpm is allowed. As the maximum engine speed is below 8000 rpm it is below the limit. A summary of
the material properties can be found in Table 5.
Table 5 material properties of the flexible rubber coupling
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3.2.4 Engine Fixture
In the former setup, the fixture and the connection between the engine and the dynamometer table
was stiff. This resulted in relatively high vibrations. The aim for the new set up was to allow flexibility
in the system, improve the fixture for the engine and allow a certain level of misalignment between
the engine shaft and the dynamometer shaft.

Figure 22 Engine fixture with two sets of vibration dampers and supporting arm.

The Aluminum table used in the old test set up, seen in Figure 22, was used and improved. The table
was mounted using four dampers (Biltema, Motorkuddar art.nr 63‐1005). The dampers are mounted
using UNC bolts. The mounting of the engine fixture was also damped as seen in Figure 22. Four
dampers were used (Biltema, Gummikudde universal art.nr 63‐102). No calculations have been made
on the dampers regarding stiffness, size and fatigue.
The engine fixture is also taken from the old test setup. It is a steel plate with a 90 degree bend. The
engine was originally mounted only at the hood for the clutch with four M6 bolts (Figure 22). To
avoid a breakdown and to decrease vibration a U‐shaped steel arm was mounted to the engine and
the engine fixture. The arm supports the engine for bending stress and also works as a safety device
if the engine fixture would break.
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3.2.5 Control of Engine
To control the engine when the testing starts the original throttle was used instead of the electronic
fuel injection. This decision is made due to testing of the rig, break, instruments etc. If starting off
with the electronic fuel injection the engine would run at wide open throttle (since there is not any
throttle) which makes the engine hard to control. The throttle enables the test crew to calibrate
instruments and perform tests of the test setup. When everything is in order the throttle is removed
and the electronic fuel injection is used.
To control the throttle from outside the test cell, an electric servo motor is used. A three‐way switch
controls the servo motor to open and close the throttle.
An external switch for power shut off cutting the current to the sparkplug is used.

Figure 23 Throttle control of the engine inside the test cell
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3.2.6 Pressure Sensor
In order to improve the basic simulation model, it is important
to have the cylinder pressure trace as an input. A cylinder
pressure trace can be captured with a high pressure sensor
mounted in a hole reaching into the cylinder head. The AVL GM
12 D miniature pressure transducer is used for this task. There
are two problems with adding a pressure sensor at the cylinder
head. Firstly, a hole must be drilled; thereby the engine is
modified and is not suitable for use besides testing. Secondly,
the cylinder head geometry is complicated, and space where a
pressure sensor can be installed is very limited. Even though the
used sensor just needs an M5 thread hole and slightly more
space for the mounting tool, without CAD drawings of the
engine it is a difficult task to a locate a spot at the cylinder head
where the possibility for installation is given. A solution to
overcome those problems can be the AVL spark plug adapter ZC
31. This adaptor combines the spark plug and the pressure
sensor. Thereby the sensor is located directly next to the spark
plug, see figure 24. It is not necessary to drill a hole; spark plug
Figure 24 spark plug adapter
and sensor reach into the cylinder through the thread provided
for the spark plug. As the length of the spark plug adapter differs from the length of the original spark
plug, a spacer was produced. Thereby the spark location in the cylinder will correspond to the
original one.

Figure 25 Spark plug spacer and complete assembly
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3.3 Testing of Dynamometer Test Bench
The testing of the dynamometer test bench is to verify if it works and if not, locate the errors.
3.3.1 Preparations
Before using the dynamometer test bench, the following preparations need to be conducted.
3.3.1.1 Pressure Sensor Calibration
The calibration of the pressure sensor at the sparkplug is a necessary procedure to achieve the
proper values. The calibration was committed by the help of Alf Magnusson at Applied Mechanics.
This description is a step by step manual to calibrate the sensor, although supervision by Alf or
person with similar skills is recommended, especially regarding the amplifier which is a critical key
object in the calibration and testing.
The same amplifier must be used for calibration and testing.
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3.3.1.1.1 Calibration test set up:

1.
2.
3.
4.
5.
6.
7.

Voltmeter.
Amplifier.
High pressure scale.
Low pressure scale.
Excess container with button.
Sparkplug with pressure sensor and couplings with spacers.
Turning wheel to apply pressure.
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3.3.1.1.2 Mounting of the sparkplug with pressure sensor:

1. Spark plug with pressure sensor. The sparkplug and the pressure sensor are both used by the
Formula 1, Vera and Smarter teams. Two copper rings must be used to prevent leakage.
2. To be able to mount the sparkplug on the Vera engine a distance must be used. The distance
is not used during calibration.
3. The first coupling is already mounted on the calibration machine or is found in the toolbox
next to it.
4. This second coupling is custom made to fit the sparkplug and the first coupling (3). One
copper ring must be used to prevent leakage.
5. The excess container and the “push‐button” is used to clear all air from the system. The
button must be pressed after each time the wheel is turned.
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6. Mounting of the pressure sensor. A torque meter must be used. The mounting torque is 1.5
Nm.
7. Mounting of the spark plug. No specified mounting torque available.
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3.3.1.1.3 Measurement set up

1.
2.
3.
4.
5.
6.

The Voltmeter is connected to the amplifier.
Power connected to the amplifier.
Voltmeter is set to 20 V DC.
The cable from the pressure sensor is connected to a splitter connected to the amplifier.
Only the upper input is used. The range is chosen to 150 (pc/V) according to Alf.
The amplifier can be reset by using the switch.
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3.3.1.1.4 Calibration Machine set up

1. The left side of the calibration machine is the low pressure scale. It uses the weights from the
left wooden container. The amount of pressure the weights apply on the pressure sensor is
printed on them with the unit of kg/cm2. The pressure is recalculated to bar when
conduction the calibration.
2. The right side is the high pressure scale. It uses the weights from the right side of the
wooden container.
To achieve higher pressure than 50 bars both scales must be used. First elevate the left scale to its
maximum. After this the right one will automatically elevate. Calculate the pressure from both scales.
3.3.1.1.5 Calibration step by step manual:
Preparations:
•
•

•
•
•

Mount all the components according to the manual.
Have a computer ready to fill in the results. Use the excel file named
“Pressure_sensor_calibration_VERA.xls”. The file computes the pressure sensor’s linear
relationship and plots the voltage vs. pressure. It also recalculates the pressure from kg/cm2
to bar. Pressure sensor measuring range is 0‐200 bars. The pressure sensor overload is 250
bars.
During the last calibration conducted a leakage started at 100 bars between the sparkplug
and brass coupling.
Choose size and number of steps and maximum pressure. The last calibration conducted
used 10 kg/cm2 steps and maximum of 90 bars.
Evacuate any air from the system. First turn the wheel so the scale is lifted up. Then turn it
the other way to let the scale go down again. After this when there is no pressure applied on
the system push the excess button. The button is situated on top of the glass window.
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Measurements to be conducted:
1. Add the first weight on the left (low pressure) scale (e.g. 5 kg/cm2). Remember that the scale
itself is 1.5 kg/cm2.
2. Make the scale and the weight spin, approximately 1 lap/second. This is to prevent friction.
3. Reset the amplifier.
4. Turn the wheel so the lowest plate on the scale is lifted up between the two black lines on
the metal pin.
5. Make the measurement approx 5 sec. after reaching a good level of the scale. Try to measure
it at the same time after applied pressure because the voltage may rush up after some time.
6. Turn the wheel the other way to let the scale go down so there is no pressure in the system.
7. Push the button on the excess tank to evacuate any air out of the system.
8. Add new weights and start repeating from step one.
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3.3.1.2 Engine Alignment
In order to keep the loading on the rubber couplings small, the dynamometer input shaft and the
engine crankshaft must be aligned as good as possible. Therefore an indicator gauge is attached to
the dynamometer by a magnet and placed on the engine flywheel. As described before, the base
plate of the engine fixture has slots to align the engine. The following steps should be repeated
several times until the smallest misalignment in any direction is achieved. Figure 26 shows how the
angular misalignment in the vertical direction can be determined. Place the indicator gauge at
position 1 and set it to zero. Rotate it 180° together with the flywheel and read out the value at
position 2. The difference between the values at position 1 and position 2 gives the misalignment.
Slightly change the base plate position and check again.

Figure 26 Alignment of the engine 1

The same procedure for the angular misalignment in lateral direction can be seen in Figure 27.

Figure 27 Alignment of the engine 2

Figure 28 shows the procedure for the height offset. Place the indicator gauge at position 1 and set it
to zero. Turn it 180° together with the flywheel and read out the value. The difference is the height
offset. Repeat the same procedure in the horizontal plane to get the lateral offset.
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Figure 28 Alignment of the engine 3

After the engine is aligned as good as possible and the base plate is screwed fix to the dynamometer
table, the stoppers have to be attached. By using the stoppers the base plate with the engine can be
taken off and placed in the correct position afterwards without aligning it with the indicator gauge.
After the base plate is taken off, the connecting shaft can be screwed onto the dynamometer shaft.
Put the base plate with the engine back in place using the stoppers and attach connecting shaft to
the engine flywheel. Before testing, remove the stoppers, otherwise the rubber buffers in the system
will not work properly.

Figure 29 Base plate with aligned stoppers (right side); base plate before testing with un aligned stoppers (left side)

3.3.1.3 Test Cell
Before testing some preparation at the test cell must be done. After the engine and the
dynamometer are connected, the guard must be bolted to the table. This is necessary to prevent
parts from flying around in case something breaks.
When braking the engine, heat is produced in the eddy current brake. The hoses for the cooling flow
must be attached and the cooling water must be turned on.
Chalmers University of Technology
Gothenburg

The original trimmer engine is air cooled. In order to fit the clutch on the engine, the cooling fan was
removed. To prevent the engine from overheating the external cooling fan must be installed before
testing. As the cooling flow is not in any way optimized for the engine, due to the external fan, long
term testing should be avoided as the engine may overheat.
According to the manufacturer, the dynamometer torque should be calibrated once a year.
3.3.2 Testing Procedure
The test was performed with various throttle openings.
A major problem arose, which caused the engine to stop. The dynamometer “got stuck” and the
shaft was unable to rotate in the direction of the engine. In the other direction the resistance was
still low. It was possible to loosen the shaft manually and run the dynamometer again, but the
problem occurred repeatedly.
Further testing was aborted and the error was most likely the dynamometer itself. Possibly the
dynamometer needs a complete service to be able to work properly again. There is a small chance
that the control unit is broken and is causing the failure. This option seems most unlikely, but should
nevertheless be considered.

3.4 Result & Discussion
3.4.1 Result & Discussion from Testing
The main issue, the flexible connection between the engine and the dynamometer is working.
Misalignments which are smaller than 1 mm between the dynamometer shaft and the engine
crankshaft can be accepted without any problem. The control of the eddy current brake is
problematic. Attempts to control the speed or the torque of the brake failed. Checking the fuses of
the control unit as well as the connections did not help. It was not possible to control the
dynamometer; this is partly because no manual for the control unit was available. It cannot be said
for sure but the control unit might be broken. Options to continue would be either to contact a
person retired from Chalmers who knows how to use it. Thereby it might still be possible to use it if
the control unit is not broken. Another option would be to buy a new control unit from Magtrol. The
electric department (E) has a similar dynamometer where another control unit is present. Contact
Daniel Härensten at Applied Mechanics for more information.
The condition of the eddy current brake is not known. It seems that the internal friction is not
constant as the shaft gets locked temporarily. It is not known if the reason for the locked shaft is the
control unit. Due to some uncertainties with the eddy current brake and the fact that it is not new, it
is reasonable to hand in the brake for maintenance. The bearing will wear out and have to be
replaced every 5000 working hours. Besides that, rust particles due to water cooling must be
removed. Results from the actual test conditions should be handled carefully as the conditions of the
bearings are not known, so the accuracy of the results cannot be assured.
3.4.1.1 Information of Brake and Control unit
A control unit of the type DSP 6001 can be purchased at Magtrol. The official price is 4167€ including
a university discount of 10%.
Maintenance of the eddy current brake can be of varying costs, depending on the condition of the
brake. A range from 500€ up to 2000€ was estimated by the company Magtrol.
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Due to manufacturer information a recalibration of the brake should be done every year. The
calibration device and calibration device to do this is available in the Electrical Engineering
Department.
The contact person is Pierr Faury,plfa@magtrol.ch
+41 26 407 3000
3.4.2 Future Testing of Dynamometer Test Bench
To continue testing the break needs a service with possible replacement of the bearings.
The best way to solve the control unit question is without a doubt to speak to the Electric
department and use their control unit. Daniel Härensten at Applied Mechanics has good information
of who to contact.
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3.4.3 Results & Discussion from Calibration of Pressure Sensor:
Results are calculated using “Pressure_sensor_calibration_VERA.xls”‐file. These calibration results
cannot be used in any testing. A new calibration must be done before testing.
The amplifier used must be carefully monitored so it shows the correct value. The voltage can easily
increase all by itself of unknown reason. Alf should be consulted before choosing the amplifier.

Table 6 Calibration results for pressure sensor

Weight [kg/cm^2]
0
5
10
20
30
40
50
60
70
80
90

Pressure [bar]
0
5,1
10,2
20,4
30,6
40,8
51
61,2
71,4
81,6
91,8

Voltage [V] Cal
1
0,4
0,86
1,07
2,1
3,2
4,25
5,52
6,5
7,33
8,3
9,15

Voltage [V] Cal 2
0,4
0,86
1,07
2,1
3,2
4,25
5,52
6,5
7,33
8,3
9,15

Voltage [V]
Average
0,4
0,86
1,07
2,1
3,2
4,25
5,52
6,5
7,33
8,3
9,15

Voltage [V]

Pressure sensor calibration
10
9
8
7
6
5
4
3
2
1
0

y = 0,0994x + 0,2163

Voltage [V] Avrage
Linjär (Voltage [V]
Avrage)

0

20

40
60
Pressure [bar]

80

Figure 30 Pressure sensor calibration linearity line
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4 Simulation
Initially a simulation and validation of the standard engine as well as optimizations were supposed to
be done. As it turned out, the test data to validate the simulation was not available, so the focus was
to create a working test environment for the engine. Anyhow, the existing simulation model of the
basic engine was analyzed in order to come up with future steps and improvements for the
simulation.

4.1 Theoretical Background
The existing model in GT Power was reviewed and the following proposals arose.
4.1.1 Basic Model
The GT‐Power model of the basic engine can be seen in figure 31. The lift curves for the intake and
exhaust valves are taken from a GT‐power tutorial and scaled to the engines lift. This does not
represent reality as the real lift curves are not used.

Figure 31 GT‐Power model of the basic engine; Filename: GX35‐initial‐V70.gtm

Besides that the friction model is a rough estimate. Values for the friction model in the simulation
seam too high.
The heat release over the whole rpm range is chosen to be the same for all simulation points. This is
also not according to reality and it is not known if the chosen ones are a good estimate.
The validation of the basic model was done by a former group of eco marathon. To validate it the
torque curve from the dynamometer was used. As described before, it turned out that the friction in
the dynamometer seemed too high and maintenance of the dynamometer has not been done for a
while. Therefore the test data that was used to validate the simulation is doubtful.
Back pressure and intake pressure are also just estimates that could be determined in an
experimental test as well as the exhaust temperature.
Changes that where done in order to change the model to more realistic values were a wall
temperature at the exhaust port of 650°C and a temperature of the exhaust pipe of 600°C. Those
temperatures were chosen to be 1000°C which seemed too high. The initial temperature of the
exhaust was set to 850°C.
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4.2 Results & Discussion
As no simulation was conducted there are no results to present.
For the next group to improve the simulation a close meeting should be held with David Willermark
& Fredrik Dunert, the authors of the 2009 simulation report. This should be done in order to know
which assumptions that has been made and why certain models has been used.
David Willermark’s & Fredrik Dunert’s report and others’s can be found on the Eco Marathon hard
drive under “chalmers/groups/ecomarathon/2010 – Vera/engine/Old info & reports/Eco Marathon
Reports 2009 ‐ Engine Simulation”. All relevant reports have been tried to be collected to this folder.
Or search on your own on the eco marathon hard drive “chalmers/groups/ecomarathon”.
4.2.1 Future Optimization of Basic Model
In order to start with simulation of possible changes the basic model first has to be optimized and
validated. Validation can be done with test data from the dynamometer.
The heat release could be improved with in‐cylinder pressure data from the test on the
dynamometer. Using the cylinder pressure trace the heat release can be calculated. Furthermore the
friction model can be improved. This can be done with results from the friction measurement.
One important step would be to measure the actual lift curves of the valves or the cam lobe and use
this as an input data. Thereby the gas exchange model of the engine will be closer to the real case.
After the basic model is improved and validated, further optimizations of the engine can be
simulated. Ideas could be to use a Miller cycle.
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5 Conclusion
The test setup for the friction measurements was built and tests were done to locate the origin of
friction. The friction measurements have shown that a significant improvement of fuel consumption
by reducing the friction losses in the engine is possible. A reduction in friction losses between 20 %
and 40 %, depending on the engine speed, is possible by removing the oil, oil ring and impeller and
making sure that the engine works at heated conditions. This was found out by tests with the focus
on removing parts from the engine to find the percentage of friction that each part of the engine
produces.
The dynamometer test bench is ready for testing, except for that the dynamometer and control unit
is not working properly. These devices should be possible to fix within a limited time, so several tests
could be made during the time frame of a project like this.
The effort was put in to planning and manufacturing a dynamometer test bench that can last for
several years without breakdowns, although the dynamometer should have been investigated earlier
in the project to verify its status to prevent the sudden halt of the testing.
The simulations in GT Power was not started due to the increased time to build a good dynamometer
test bench, although some effort was put in to understand the model that had been used earlier. It is
necessary for the original authors of the 2009 report to give more details about their model and
approaches to it.
The next project involving the engine should have the following priority steps:
1.
2.
3.
4.

5.
6.

7.
8.

Repair the dynamometer or replacing it.
Make sure the control system is repaired or replaced.
Go to Electro and see how they did it with the dynamometer and control unit.
Conduct a series of tests to get new input data to GT Power for example
a. Pressure trace
b. Torque vs. rpm
c. Fuel consumption
d. Temperatures
e. Exhaust analysis
Test different components and settings of the engine.
The influence of temperature on the friction losses
a. Test the engine with higher temperatures by heating it from the outside
b. Find a solution for insulation of the engine
The influence on friction of operation duration
a. Run the engine several hours and repeat the basic tests
Meet with David Willermark & Fredrik Dunert and discuss how to improve the model in GT
Power.
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7 Appendix
7.1 Specifications of Honda GX35 Engine
Table 7 : Engine specifications, Honda GX35

Engine Type
Bore x Stroke
Displacement
Compression Ratio
Net Horse Power Output
Net Torque
Operating Angle
Ignition System
Starting System
Carburetor
Lubrication System
Cooling System
Air Cleaner
Oil Capacity
Fuel Tank Capacity (liter)
Dimensions (L x W x H)
Dry Weight

4‐stroke, overhead cam single cylinder
39 x 30 mm (1.5 x 1.2 in)
35.8cm3 (2.2 cu in)
8.0 : 1
1.0 kW (1.3 HP) at 7,000
1.6 Nm (1.2 lbs ft) at 5,500 rpm
Infinite
Transistorized magneto ignition
Recoil Starter
Diaphragm type
Oil mist
Forced‐air
Semi‐dry type
100 cc (3.4 US oz, 3.5 Imp oz)
0.65l (0.17 US gal, 0.14 Imp gal)
204mm(8.0 in) x 234mm (9.2 in) x 230mm (9.4 in)
3.46 kg (7.6 lbs)

7.2 Drawings Engine Friction Measurements
The following drawings are submitted.
•
•
•
•
•
•

Connection‐crankshaft 1
Connection‐crankshaft 2
Cylinder
Plate 1
Plate 2
Spacer
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7.3 Parts Purchased to Dynamometer Test Bench
The flexible rubber couplings can be purchased at:
Teknik Produkter
Ringögatan 14 B
417 07 Göteborg
Phone: 031 742 53 00
www.teknikprodukter.se
The self aligning ball bearings can be purchased at:
TOOLS Momentum AB
von Utfallsgatan 16 B, 415 05 Göteborg
Phone: 031‐340 99 10
The dampers can be purchased at:
Biltema AB
Östra Magårdsvägen 4, 417 Göteborg
Phone: 077‐520 00 00
The UNC bolts can be purchased at:
Göteborgs Skruvcenter AB
Ovädersgatan 14, 418 34 Göteborg
Phone: 031‐54 03 35

7.4 Drawings Dynamometer Test Bench
The following drawings are submitted
•
•
•
•
•
•
•
•
•

Dynamometer Flange
Flywheel
Insert
Interface Dynamometer Shaft
Interface Shaft Flywheel
Positioner Narrow L
Positioner Wide L
Shaft
Spark plug spacer
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7.5 Electric motor data for friction measurements
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