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Abstract

As mechanical efficiency has great relevance in the alternative engine performance, the authors research in the development
of testing facilities to characterize the sources of engine mechanical losses. The present paper deals with the realization of a hardware
platform to conduct experimental studies in small combustion engines to experimentally characterize the mechanical losses of a single-
cylinder internal combustion engine by means of the indicated diagram and motoring methods. The system was completed by means of
an electrical motor-generator coupled to a single-cylinder air-cooled spark ignition engine, a self-developed electronic hardware control,
and a PC-based instrumentation and data acquisition system. Specifications of load-motoring-starting system, including the description
of the proprietary electronic load regulation system, are detailed. Also, the instrumentation system of in-cylinder and intake pressures;
Temperatures of intake air, exhaust gases, lubricant oil, and engine block; effective torque and crankshaft position are described, includ-
ing the signal acquisition system. The methodologies for indicated diagram and motoring method are described, mentioning the required
measurements to apply each method and the engine load-temperature considerations when an engine is tested in fired or motored con-
ditions. The platform was used to study the mechanical losses of the engine under motored and fired conditions under a wide range of
rotational speeds and throttle openings, allowing to draw conclusions about the operating features of the developed test bench in itself, and
also about the mechanical losses of the engine tested. Initially, samples of cylinder pressure, torque, intake pressure as function of crank
angle and indicate diagram were obtained, showing similar waveforms present in related literature. Then, variations of the aforemen-
tioned temperatures against rotation speed and throttle opening and results for the mechanical losses determined by indicated diagram
and motoring methods are shown. Finally, two empirical correlations are proposed to estimate the mechanical losses. In the future the
hardware platform will be utilized to investigate in-cylinder engine parameters, detailed thermal and mechanical engine performance.
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1. Introduction

Due to the technological evolution of internal combustion engines (ICE) and the variety of
designs, geometries, materials and surface treatments of components, lubricants, additives and fuels
used to improve the engine performance, it is necessary to have test stations to identify the different
operating characteristics of ICE and evaluate the effects that the different technological alternatives
have on the effective, indicated or mechanical performance [1, 2].

ICE test benches usually integrate the load and/or motoring system, which is mechanically cou-
pled to the tested engine. Load systems may use different technologies, including friction braking sys-
tems, hydraulic systems, electric motor-generator drive [3] and electromagnetic [1, 4—6]. On the other
hand, as motoring systems, direct current or alternating current electric motors are usually used [7].

A purpose of the engine test benches is the characterization of the effective and the indicated
performance (torque, power, specific fuel consumption, net efficiency, indicated work). That cha-
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racterization is required to determine the overall engine mechanical losses. When more detailed
mechanical losses assessment is needed, test rigs such as rotating or reciprocating tribometers are
used to evaluate the performance of individual systems and/or mechanisms [8—11], or test mockups
are built to isolate the mechanism or auxiliary system concerned [9, 12—15].

Related to mechanical losses, these are composed by the rubbing friction of all the moving
pairs, the pumping work due to the intake and exhaust process backpressure and the power needed to
drive the auxiliary systems [16—21]. Only the friction losses consume 4—15 % of the energy provided
by the fuel [8], i.e., that by reducing the mechanical loss is possible to improve the net engine efficiency.
Therefore, it is important to rely on experimental engine test benches to quantify the detailed and overall
mechanical losses, as well as to assess the effects the lubrication modifiers, properties of the materials,
and the surface finishing of engine contacting pairs have on the engine rubbing friction and wear.

The objective of the present paper is the integration of a test bench for starting, motoring,
and loading of an internal combustion engine for the purpose of scientific and academic exploitation
on overall engine performance assessment, and particularly on the experimental studies of engine
mechanical losses.

The test rig presented in this paper has been developed to determine the mechanical losses of
low power (less than 2.5 kW) internal combustion engines through the indicated diagram and motor-
ing methods. The test rig uses an electrical machine that can operate as needed as starter motor, mo-
toring device and variable brake for the ICE in fired condition. The load-motoring system can also be
used to determine external performance characteristics of a complete engine and to diagnose abnormal
mechanical losses and with them assessing the technical condition of the engine.

The following sections detail the test bench, describing the main structure and presenting the spe-
cifications of the test engine, the load system, the instrumentation and the data acquisition system. Special
attention has been given to the development or the electronic circuit of the load regulation system. The test
methodologies applicable to the test bench are presented. Crank angle, cylinder pressure, torque, intake
pressure and temperatures at engine block, intake manifold, exhaust pipe and oil plug were measured and
the obtained results of the mechanical losses by means of the indicated diagram and drag methods are
presented graphically. Two empirical correlations to estimate the mean effective pressure of mechanical
losses of the engine tested as a function of the rotational speed and the throttle valve opening are found.

2. Materials and methods

2. 1. Methodological scheme of the test bench integration

This section presents the components and the integration process of the test bench including the
description of the bench structure, the tested internal combustion engine, the load-motoring system,
the instrumentation, and the data acquisition system. The integration scheme of the test bench is pre-
sented in Fig. 1. Finally, two of the applicable mechanical losses’ determination methods are described.

Bench structure

Test bench Instrumentation

Adaptations Load-motoring Relevant variables
system

1

- Cylinder head drilling - Electric motor-generator - In-cylinder pressure
- Threaded pieces in the exhaust - Electrical resistance - Output shaft torque

pipe ' - Load regulation system - Exhaust_gas temperature
- Carburettor connector extension _ 12V batteries - Intake air temperature
- Engine block screw drilling - Intake manifold pressure
- Oil filler cap drilling - Oil temperature
- Power shaft couplings - Engine block temperature

- Crankshaf angle position

Fig. 1. Methodological scheme of the test bench integration
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The bench structure consists of 38x5 mm steel structural angles assembled by welding.
A 9.5 mm thick HR steel plate is installed on top of which the MCI and the load-motoring system
are fixed, the plate is placed on four flexible supports that mitigate the vibration transmitted by the
test equipment to the floor. A drawing of the described structure is shown in Fig. 2.

2. 3. Internal combustion engine

Fig. 2. Structure of the test bench

The Robin EY15 engine is a stationary type commonly used in air compression equipment,
low flow pumps and agricultural machinery. A picture of the original engine and the technical

specifications are presented in Fig. 3.

2. 4. Load-motoring-starting system

Robin EY15

Type

Bore x Stroke
Displacement
Compression
ratio
Max power
Max torque
Min fuel
consumption
Lubrication type
Lubricant

(Quantity)
Fuel system

Aspiration type
Fuel

Vertical single-cylinder,
side valves, spark ignited,
air cooled
63 mm x 46 mm
143 cm?

6.3:1

2.6 kW at 4000 min™'
6.7 Nm at 2800 min™!

380 g/kWh
Splash
20W 50 (600 ml)

Horizontal carburetor
Naturally
Gasoline

Fig. 3. Robin EY15 engine

The load-motoring system is composed by a permanent-magnet direct current motor-gene-
rator mechanically coupled to the ICE, an electric heating resistor equipped with an electronic load

regulation system and a set of six 12 V batteries.

The motor-generator is a single device that can operate as direct starter motor, motoring
device, and also can perform braking if the ICE is loaded. To operate as a load system, the MCI
is ignited and drives the electric generator, the voltage delivered by the generator is proportional
to the rotational speed, Fig. 4. The electric generator (G) and the electric resistor (R) terminals are
connected to the load regulation system (S#), Fig. 5. The system (SW) is a 120 V powered solid
state switch, which switches the generator (G) and the resistor (R) on and off in a pulsed form.
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Fig. 4. Motor-generator voltage against rotation speed
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Fig. 5. Block diagram of the load system

The electrical circuit of the SW system is shown in Fig. 6.
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Fig. 6. Electronic Circuit of the Load Regulation System
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The SW module is composed by a power circuit and a control circuit. In the power circuit,
a single-phase rectifier consisting of B1, L1 and C1, which ensures a filtered output voltage with
fixed supply polarity of the resistor R. This allows the system to be used if for some reason the
direction of rotation of the generator is reversed or even if it is replaced by an alternating current
generator. Diode D1 protects against transients at the output.

Commutation is achieved by six IRFP360 MOSFET transistors parallel connected (Q1 to Q6),
to provide commutation up to 80 A. In the control circuit, U5 is a square wave generator circuit
based on CD4047, which is transmitted to a monostable multivibrator U6 based on CD4538, which
has a rheostat R4 to adjust the switching time duration (ton) shown in Fig. 7.

Vo

Vi k

tUH

T
Fig. 7. Pulse width modulation

The six transistors (Q1 to Q6) are commanded by circuits Ul to U3, each one govern-
ing 2 transistors. The output signal from U6 is fed to drivers Ul to U3, to operate the transistors in
the cutoff (open) or saturation (closed) condition. The square wave is adjusted in its duty cycle 0,
which is known as pulse width modulation. The duty cycle is the ratio of the on-time ton to the
period of the square wave T, (1):

ton tlm
n:Torn%zTXﬂ)O. M

The effective voltage (v,) which supplies the electrical resistor (R) is equivalent to the pro-
duct between the square root of duty cycle (1) and the voltage provided by the generator (vy), (2).
The demanded current by the resistor (i) is equal to the product of the square root of () and the
current that would be drawn by the electrical resistor if it were directly connected to the gene-
rator (imax), (3).

As the duty cycle increases, the electrical demanded current by the resistor (R) is higher,
therefore, more electrical power will be demanded from the generator (G) and consequently
a higher drive power will be required by the ICE:

vy = \/ﬁvs, )
i= \/ﬁimax- (3)

To operate as a motoring system, the electric motor is powered by 12 V batteries to drive
the ICE. In this case, the rotation speed is dependent by the supply voltage, which is increased by
connecting batteries, i.e., the maximum achievable rotational speed by motoring is subject to the
quantity of batteries that are connected. In this case, the rotational speeds cannot be adjusted as
desired, because the rotational speed depends on the number of batteries and the electrical charge
of the batteries.

2. 5 Instrumentation

The installed instruments on the test bench are presented in this section. Some of the tech-
nical characteristics are listed in Table 1.

The assembly of each installed instrument is shown in the following sections.
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Table 1
Measuring instruments of the Robin EY15 engine bench
Device Range Sensibility/Resolution
Kistler 7061B in-cylinder pressure sensor 0-250 bar —80 pC/bar
Kistler 5165A charge amplifier 0—-10 V(output) 0.04 V/bar
Futek TRS705 torque sensor with encoder +50 Nm 0.1 V/Nm
Futek THH500 signal processor 0-5 V(output) 0.1 V/Nm
Omron rotary encoder 720 P/R 0.5°
MAP sensor 10-300 kPa 0.053 V/kPa
K type thermocouples <1300 °C 41 pv/°C

2. 5. 1. In-cylinder pressure sensor

The in-cylinder pressure is measured by a Kistler 7061B liquid-cooled piezoelectric sensor.
To install the sensor, a 14x1.25 mm threaded hole was drilled on the cylinder head. The pressure
measurement chain is complemented by a Kistler 5165 A charge amplifier that processes and am-
plifies the transmitted signal from the pressure sensor, making it suitable to be captured by a data

acquisition system, Fig. 8.

To avoid the overheating of the pressure sensor, a liquid cooling system composed by a low-
flow rotary pump, an air heat exchanger, a fan and a coolant deposit is employed. The connected
system to the pressure sensor is shown in Fig. 9.

“

Kistler 7061B in-cylinder pressure sensor
Piezoelectric — water

Type cooled
Pressure range [bar] 0-250
Sensibility [pC/bar] —-80

Tightening torque 25

[Nm]

Capacitance [pF] 11
Cooling water <

pressure [bar]

Kistler 5065 A charge amplifier

Voltage supply [V] 24

Signal outputs 4
Voltage output [V] +10
Sensibility [V/bar] 0.04
Resolution [bits] 16

Fig. 8. In-cylinder pressure sensor, conditioning, and assembly
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Coolant
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Y

Coolant
deposit

2

Fig. 9. Pressure sensor cooling system.

2. 5. 2. Output Torque

The Futek TRS705 torque sensor is coupled to the ICE and motor-generator by means of
flexible spider-type joints. All the shafts are aligned and fixed to the test bench structure plate, the
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assembly and specifications of the meter are shown in Fig. 10. The sensor has an encoder which
measures the shaft rotational frequency, which is equal to the crankshaft rotational speed of the
Robin EY15 engine. The torque measurement chain is complemented by a Futek IHH500 data pro-
cessor, which provides electrical supply to the torque sensor and the encoder, processes the torque
and rotational speed signals, and shows the signals mean value on a screen. The processed torque
signal is sent to a data acquisition system.

TRS705 torque sensor

Type Rotary
Voltage supply [V] 11-26
Voltage output [V] +5

Range [Nm] +50
Sensibility [V/Nm] 0.1
Max rotation speed [min'] 7000
Safe overloading 150 %
Protection 1P40
Encoder
Voltage supply [V] 5
Pulses per rotation 360
Resolution [°] 1

THH 500 processor

Voltage supply [V] 12
Voltage output to rotary

FUTEIK s

torque sensor [V] =24
Analog output [V] +5
E Aﬁi Sensibility [V/Nm] 0.1
- g > Max sampling rate [S/s] 5-4800
AWA Internal resolution [bits] 24
Protection 1P64

Fig. 10. Futek TRS705 torque sensor assembly and specifications

2. 5. 3. Temperatures

Four type K thermocouples are located at various sites of interest. A thermocouple is in-
stalled in the engine block using one of the fixing screws of the cooling air flow directing plate,
with a concentric drilling to insert the thermocouple, ensuring electrical insulation by means
of heat shrink hose and high temperature resistant acrylic (there is no direct contact between
the thermocouple and the block or the screw). A longer carburetor-intake manifold connector
is manufactured to fit a thermocouple exposed to the intake air. The connector is drilled to in-
sert the thermocouple and a quick-drying glue is applied to fix the cable and seal any air leaks.
The oil filler plug is drilled to insert another thermocouple which has contact with the crankcase
lubricant and a glue is applied to the plug bore to prevent lubricant leakage. Finally, to measure
the exhaust gases temperature, a thermocouple with a threaded cap is installed in a threaded
stainless-steel cylinder which is welded to the exhaust pipe. The installation of the various ther-
mocouples is shown in Fig. 11.

Fig. 11. Thermocouple installation:
a — engine block; b — intake manifold; ¢ — oil plug; d — exhaust pipe
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2. 5. 4. Intake manifold pressure

To measure the pressure in the intake manifold, an additional hole is drilled in the carbure-
tor-intake manifold connector, to fit a nipple which connects the intake manifold to the manifold
pressure sensor (MAP). The sensor is a piezoresistive membrane type commonly used in vehicles
with electronic injection system. The fitting and the MAP sensor are shown in Fig. 12.

The MAP sensor is characterized to find the equation of the output voltage as a function of
pressure. The electrical sensor response and technical data are provided in Fig. 13.

a b
Fig. 12. MAP sensor installation:
a — intake manifold connector with sensor hose nipple; b — MAP sensor

3.5
3 ® V. =-0.0527MAP + 3.683
e, k2 =0.9986 MAP sensor
529 -
o 2 e.. Type Piezoresistive
& .. . .
S 15 | 98 Application Automotive
§ 1 ."." Voltage supply [V] 6—12
0.5 ."‘~. Range [kPa] 10-300
0 S.e Sensor equation V'=-0.0527TMAP +3.683
0 20 40 60 80
MAP [kPa]
a b

Fig. 13. MAP sensor characterization: @ — sensor graph; b — sensor specifications

2. 5. 5. Crankshaft angle position

The crankshaft angle position can be determined by a rotary encoder mounted on the crank-
shaft flywheel side end or an encoder mounted on the free end of the motor-generator shaft. Each en-
coder provides a signal of 720 pulses for each crankshaft rotation (0.5° per pulse) through one of the
output channels and another channel provides a pulse for each rotation which is synchronized with
the top dead center position. The encoders installation and technical data are presented in Fig. 14.

Omron rotary encoder

Type Optic-rotary
Voltage supply

12-24
[Vl

Encoder [P/R] 720
Resolution [°] 0.5
Trigger [P/R] 1

Fig. 14. Encoder installation:
a — Crankshaft flywheel end; b — motor-generator free end; ¢ — specifications

2. 6. Acquisition data system
This system is based on a NI 9178 chassis which has eight slots to connect different signal
acquisition cards. In this work, four cards are used, one NI 9222 and one 9223 for fast signals,
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one NI 9234 only for accelerometers and one 9211 dedicated to thermocouples. In order to synchro-
nize the fast signals with the vibration signals, a sampling rate of 51200 S/s was used. In the case
of the thermocouples, due to the characteristics of the acquisition card, the sampling rate had to be
of 10 S/s. Table 2 lists the components of the data acquisition system and some of their technical
characteristics, including the captured variables or sensors that are connected to each card.

Table 2
Equipment and technical characteristics of the NI cDAQ 9178 data acquisition system

Device Sampling rate resolution Range Connected sensors or acquired signals

NI cDAQ 9178 <500 kS/s 32 bits (max) -20-25V Data acquisition cards

NI9222 <500 kS/s 16 bits 10V

MAP, In-cylinder pressure, torque sensor, encoder

NI9223 <1 MS/s 16 bits 10V

NI 9211 14 S/s 24 bits +80 mV Thermocouples

2. 7. Methods for experimental determination of mechanical losses

In this section, two experimental methods to determine the mechanical losses of ICE are
presented. The variables that are minimally measured to apply each method are mentioned and the
equations for calculating the mechanical losses are also presented.

2.7. 1. Indicated diagram method

This method evaluates the total mechanical losses during fired engine operation, i.e. the
effects of engine speed and load on the thermal and tribological regimes under normal operating
conditions can be evaluated [9, 12, 16, 22, 23]. To apply the method, it is necessary to determine the
mean effective indicated pressure (IMEP) and the mean brake effective pressure (BMEP), which
are necessary to determine the mean effective mechanical loss pressure (FMEP), (1).

To apply the method, the effective torque, the in-cylinder pressure and the crankshaft angle
position must be measured [12, 24-26]. Using the crankshaft angle position and the piston-rod-
crank mechanism geometry, the volume enclosed in the cylinder is calculated, (5). The indicated
diagram, or P-v diagram, is obtained by plotting the in-cylinder pressure versus the cylinder vol-
ume. The IMEP corresponds to the ratio between the work that is transmitted to the piston head
during the compression and expansion processes due to the effect of combustion and the engine
displacement, (6). The BMERP is the ratio between the effective work available on the engine output
shaft in each cycle and the engine displacement, (7):

FMEP = IMEP — BMEP, )
Vo= TS et (1 cos20 5
Cil—m‘}—T 5 — COS +8—L( — COS ) y ()
Pavii
IMEP = *——, (©6)
Vi
BMEP 2nt 7

where (FMEP) is the mean effective mechanical loss pressure, (IMEP) is the mean effective indi-
cated pressure, (BMEP) is the mean effective brake pressure, (V) is the cylinder volume, (V) is
the engine displacement, (0) is the crankshaft angle position, (L) is the connecting rod length, ()
is the piston stroke, (P) is the combustion chamber pressure, (7)) is the torque and (j) is 1 for2 T
engines and 0,5 for 4 T engines.
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2.7. 2. Motoring method

The total power of mechanical losses, determined by the motoring method, corresponds
to the power delivered by an electric motor to drive and maintain the test ICE at a constant
speed [9, 25]. This method is applied in the absence of combustion, so the dynamic, thermal and
tribological conditions differs from those achieved in an ignited engine [9, 12].

Measurement of the torque with which the electric motor drives the ICE is required. In this
case the FMEP corresponds to the ratio between the effective drive work and the engine displace-
ment, (7). Also, it is possible to have approximations by measuring the current and voltage in the
electric motor to subsequently calculate the electrical power, (8). However, there is uncertainty in
the electric motor efficiency:

Ny =Velg, ®)

where (IV,,,) is the mechanical loss power, (V) is the supply voltage and (/) is the current.

2. 8. Test methodology

This section presents the engine speeds and throttle valve openings selected to determine
the FMEP of the engine with each experimental method. For the firing tests, the engine is run for
about three minutes to allow the lubricant temperature to stabilize. In the case of the drag tests, the
engine is started for five minutes at idle speed to increase the oil temperature each time the throttle
opening is changed, Table 3.

Table 3
Test conditions

(2023), «kKEUREKA: Physics and Engineering»

Throttle Motoring method Indicated diagram method

opening

Rotation speed [min~!]

0%
25%
50 %
75 %
100 %

600, 900, 1250, 1550, 1900 No tested
600, 900, 1200, 1500, 1750 1500, 1900, 2500, 2800

600, 900, 1200, 1500, 1700 1500, 2000, 2900, 3100, 3550, 4150, 4450, 4300

600, 900, 1200, 1500, 1700 No tested
600, 900, 1200, 1500, 1600, 1900 2100, 3500, 4200, 4450, 4800

3. Results and discussion

Fig. 15 shows the in-cylinder pressure, the torque on the output shaft and the intake mani-
fold pressure curves referred to the crankshaft angle position under motoring and fired conditions
at an engine speed of 1500 min~! and 50 % throttle valve opening. The in-cylinder pressure reaches
up to about 7.45 bar in motoring conditions, and about 17 bar in fired conditions due to the contri-
bution of the combustion process. The gas load due to combustion causes the torque at the output
shaft to reach up to around 26.3 Nm.

Fig. 16 shows the in-cylinder pressure versus volume diagrams in motoring and fired
conditions. It can be seen that due to the combustion process, the work generated during the
expansion stroke is greater than that invested in overcoming the compression of the engine, so
that there is surplus work (indicated work) that is partially transformable into useful work. When
the engine is motored, the expansion work is less than the compression work due to leakage
and heat losses.

Fig. 17 shows the temperature maps of intake air, oil, engine block and exhaust gases
during the tests in fired conditions. It can be seen that the intake air temperature decreases as en-
gine speed increases, varying between 28 °C at 1500 min~! and around 21 °C at 4800 min', while
the oil, engine block and exhaust gas temperatures increase as engine speed and load increases,
varying between 80-118 °C, 107-159 °C and 237-483 °C, respectively. A map of the lubricant
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temperature in the motoring tests is also presented, which shows that for engine speeds close
to 600 min~! it varies between 56—65 °C, due to the pre-heating of the engine. However, as the
engine speed increases, the oil temperature decreases to around 43 °C at higher speeds, due to
the air-cooling system operation.

8 16 -

] [ —— Motored

alZ 1 ——— Fired

=

o 8 -

E L

£ 47

= L
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£ 01
r 30
20 F
1 =
10 g
1 =)
o lf_J
= -10

MAP [kPa]

0 100 200 300 400 500 600 700
Crank angle [?]

Fig. 15. Cylinder pressure, torque and intake pressure curves versus angular position
at 1500 min~' and 50 % throttle opening
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Fig. 16. Indicated diagrams at 1500 min~! and 50 % throttle opening

Fig. 18 shows the FMEP plotted against speed and throttle valve openings. The results
of the FMEP in motoring conditions show that increasing the valve opening leads to decreases
in the FMEP, where for a throttle opening of 0 %, the FMEP varies between 1.08—1.51 bar and
at 100 % opening the FMEP varies between 0.97-1.35 bar. This is due to a reduction of the air
flow restriction through the intake duct when the throttle opening increases. It can be observed
that the FMEP increases with increasing engine speed because the coefficient of friction increa-
ses under the hydrodynamic lubrication regime. These results are close to the FMEP reported
by [27, 28] for motorcycle engines tested in motoring conditions.

88

Engineering



Original Research Article:

full paper

30
9
e

25

T

20
100

500
o 400

el
=300 -

200
100 6000

Throttle opening [%] n [min‘l] Throttle opening [%]

1400

1800 0

n [min’l] Throttle opening [%]

e

Fig. 17. Temperature surface maps:
a — intake; b — lubricant; ¢ — engine block; d — exhaust and e — lubricant in motoring conditions
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Fig. 18. FMEP comparison of the Robin engine by the indicated diagram and motoring methods

It can be observed that the FMEP for fired engine tests increases mainly with increasing ro-
tational speed, however, it has a slight increase with higher loads, influenced by the combustion gas
pressure, which causes an increase in the contact forces between the cylinder and the crank-slider
mechanism, varying between 0.82 bar at 1900 min~! and 1.13 bar at 2800 min™" at 25 % load and
between 0.91 bar at 2100 min~' and 1.73 bar at 4800 min~' at 100 % load. The behaviour of the
FMEP with load increment agrees with the results reported by [29] for a four-cylinder spark igni-
tion engine at 1600 min~!.

Comparing the FMEP determined by means of the indicated diagram and the motoring
methods, it is obtained that the mechanical losses in motoring are greater with percentage diffe-
rences between 52.3 % and 90.1 % at 25 % throttle opening and between 27.9 % and 52.8 % at 50 %
throttle opening for rotational speeds between 1500 min~' and 2000 min~!, taking as a reference
the FMEP results determined by means of the indicated diagram method. This behaviour is caused
by the high viscosity of the lubricant in the motoring tests, which are carried out in the absence of
combustion, as the oil is not heated, and the lower loads on the mechanisms due to the combustion
process absence, causing that the friction coefficient in the kinematic pairs that operate under
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the hydrodynamic lubrication regime increases. This behaviour is in accordance with [16], where
the FMEP in motoring conditions is higher than that of the fired conditions. However, the ma-
ximum difference is 15 % between motoring and fired engine mechanical losses, which is lower
than the differences found for the Robin engine. It is noted that in this work there is a significant
difference in oil temperature between the motoring and fired tests.

As a sought outcome of the experimental work conducted on the developed test bench,
(9), (10) are empirical correlations that correspond to the trend surfaces of the FMEP data
in Fig. 18; FMEP),; and FMEPy. are the mean effective pressure of mechanical losses in motored
and fired engine respectively, (1) is the rotational speed in min™' and (7,,) is the throttle valve
opening percentage.

The equations presented are particular for the Robin EY15 engine, so they must be calibra-
ted in order to calculate the FMEP for other engines.

FMEPy =6.42x1078n2 = 2.57x10" n+ 9x107"nT,, -1.49%x1073T,, +1.2, R2 = 0.97, )
FMEPr =1.17x107"n? +1.82x10"*n+1.07x107"nT,, —1.74x1073T,, + 0.92, R = 0.96. (10)

Finally, it should be remembered that, when using a battery for internal combustion engine
motoring, the speed range is limited by the number of batteries and the electrical charge. In this
case, it was only possible to test up to a rotational speed of 1900 min™!. Although the electronic load
regulation system can be used as a source for the electric motor in motoring mode, the safe electri-
cal current that the system can provide is not enough to drive the Robin EY15 engine.

An additional limitation of the motoring tests is related to the lubricant temperature, which
is not controlled and always is lower than the oil temperature of fired engine conditions. Due to the
temperature difference in the tests, viscosity variations of the oil are expected, causing differences
in the FMEP results.

4. Conclusions

A test bench was integrated to experimentally determine the mechanical losses of small
single-cylinder internal combustion engines. The bench was equipped with a proprietary controlled
electronic load-motoring system consisting of a permanent-magnet motor-generator, a charge regu-
lator and a set of batteries. Special attention has been paid to the development or the electronic cir-
cuit of the load regulation system (SW), to be operated from 120 V AC to provide electrical power
to the permanent-magnet motor-generator and make it a variable speed starter motor or motoring
device. Since, the circuit overheated due to high peaks of torque demand in some crankshaft angles
in direct starting and motoring conditions, it was decided to be conservative and use groups of bat-
teries for starting or motoring. The electronic circuit of load regulation withstood better operating
in load mode. Making room for improvement, it is envisaged to modify the control strategy of the
electronic circuit for starting and motoring conditions to provide more starting current.

The bench instrumentation includes transducers for in-cylinder pressure, output shaft
torque, intake air pressure, crankshaft angle position and temperatures of intake air, lubricant, en-
gine block and exhaust gases, together with a data acquisition system with a sampling rate of up to
1 MS/s was used. The in-cylinder pressure, torque and MAP signals captured in motoring and fired
engine were compared, allowing to observe the difference in the loads over the piston head and on
the output shaft caused by the combustion. It was possible to follow the growth of lubricant, engine
block and exhaust gas temperatures as engine speed and load increased.

Two mechanical loss determination methods (motoring method and indicated diagram
method) were applied to a single-cylinder spark ignition Robin EY15 engine. It was obtained that
the FMEP by the motoring method varies between 0.97-1.51 bar and between 0.82—1.73 bar by
the indicated diagram method. It is observed that under comparable engine speeds and throttle
openings, the FMEP measured in motoring is between 27.9-90.1 % higher than that measured
with the fired engine, attributable to the lower lubricant temperature in the motoring tests, i.e.
higher viscosity, and the lower loads on the engine mechanisms, so the friction coefficient under
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the hydrodynamic lubrication regime is higher, causing a greater mechanical work to be invested
to overcome the engine friction.

Two empirical correlations, very useful in the modelling of the engine tested, adjusted to
the experimental data are provided to determine the mechanical losses of the Robin EY15 engine.
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