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The pursuit of increasing the efficiency of internal combustion engines is an ongoing engineering task that
requires numerous research efforts. New concepts of injection or combustion systems require preliminary
investigation work using research engines. These engines, usually single-cylinder, make it possible to isolate
a single variable in a complex combustion mixture preparation process, thus enabling analysis of the changes
being made. However, these engines are relatively expensive and their designs are offered by a limited number
of manufacturers. The authors of this paper have successfully undertaken the engineering task of modifying an
existing research engine cylinder head in such a way as to implement an electronically controlled variable valve
timing system of the intake system. The process of reverse engineering, together with design assumptions that
finally contributed to the construction of the assumed solution has been described in this paper.
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1. Introduction
Human activity towards continuous economic development causes, among others, a significant expansion of the
transportation network across the planet. Despite the passage of decades, the primary source of mechanical energy is
still constituted by various types of internal combustion
engines (ICEs), which are estimated to be approximately
2 billion in total worldwide [1]. Restrictions applied to
internal combustion engines, which are the dominant source
of propulsion, resulting in a preference for alternative propulsion systems. Considering the size of the ICE share, it is
difficult to talk about a complete shift away from this type
of energy source in support of battery electric vehicles.
Additionally, no solution could replace ICE in such a wide
range as Automotive, Marine, Aviation or Electric production. Increased research on combustion systems and exhaust
gas aftertreatment systems applied in many solutions implemented in series production, resulting in a significant
rise in energy conversion efficiency and reduction of toxic
emissions. The mentioned effect led to an improvement in
the attractiveness of ICE and a significant reduction in its
environmental impact [2].
The outlook for further development of internal combustion engines based on the automotive industry is related
to the necessity of meeting future emission standards, especially CO2 limits [3, 4]. In order to meet future standards,
efforts are being made, leading to the electrification of
powertrains. Parallel work is being carried out to improve
the ICE. Figure 1 shows the evolution of the propulsion
system, whose priority in the initial phase of development
was low cost and high reliability (ICE 1.0) to technologically advanced hybrid systems (ICE 4.0) based on the close
cooperation of the internal combustion engine with the
electric system [5].
Developing an internal combustion engine involves the
experimental research carried out on model test stands such
as constant volume chambers or rapid compression machines and real single or multi-cylinder engines [6]. The
process of a hierarchical approach to engine testing pre-
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sented by Kyrtatos et al. [7] combines the analysis of fundamental aspects and the application of the tested technical
solution in a closed application-fundamentals-application
cycle. For this purpose, simulations and experiments performed with modern tools are used. The experimental part
includes the study of fundamental phenomena carried out
using a constant volume chamber with optical access, optical testing on a single cycle RCEM machine using assumed
geometry and finally on a single cylinder research engine
close to the production engine.

Fig. 1. Passenger car powertrain system development [5]

The engine research results are the implementation of
new highly advanced systems that reduce fuel consumption,
which translates directly into lower GHG emissions [8].
Engine manufacturers indicate the possibility of fuel efficiency improvement in the range of 20–30% by implementing, e.g. variable compression ratio VCR, cylinder deactivation or application of unconventional work cycles of Atkinson/Miller engine in the hybrid drive system. Also, the
combustion of lean mixtures, decreasing the combustion
temperature, and spark-assisted compression ignition system are attractive [9].
The introduction of a new solution to large-scale production is a complex process requiring considerable time
and financial resources. Figure 2 presents the state of advancement of selected systems for increasing the efficiency
of an internal combustion engine. It is worth noting that
there are systems not introduced to mass production (Full
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casting, modifications and final turning and milling post
processing.
The production process of the new cylinder-head, including the design, manufacture and start-up phases has
been presented in this paper.

3. Features and significant of Research engines
In the development of internal combustion engines, it is
essential to carry out experiments on test benches that reproduce the real engine's continuous operation as closely as
possible. For this purpose, single or multi-cylinder experimental engines are used (Fig. 3). The use of TSCE engines
is particularly attractive due to the possibility of analyzing
the basic engine systems and processes during operation
from cycle to cycle. Compared to multi-cylinder MCE
engines, single-cylinder TSCEs reduce the cost of test
equipment and greatly increase diagnostic availability.
Single cylinder TSCE and OSCE engines are currently
widely used for primary research types. For development
projects, the implementation of single cylinder engines
must be carefully considered [14].

N/A

light & dark green – nearing maturity red – technology not present

1 – Supercharged, 2 – EPA Draft TAR, 3 – Not known at time of writing, 4 – Mazda accomplish equivalent
of VNT/VGT using novel valving system

Fig. 2. Combustion engines technology upgrades and implementation
status [10]

The Institute of Combustion Engines and Powertrains of
Poznan University of Technology has a single-cylinder
research engine AVL 5804, part of a dynamometer bench.
It allows for advanced development work in the field of
mixture formation and combustion systems. Due to its high
operational value, this test stand is subject to the continuous
modernization in line with current trends. Originally the
engine worked as a diesel with a direct fuel injection system based on an electronic rotary distributor pump. Subsequently, it was modified in several ways, including applying the common rail system and system for co-combustion
of liquid and gaseous fuels (dual fuel). Finally, the design
in which the spark-jet ignition system (TJI) was applied and
was introduced for using gaseous fuels [11–13].

Fig. 3. Research engines types [14, 22, 32, 33]

2. Main goal of the project
The desire to conduct further research related to the development of low-emission combustion systems forced us
to carry out another significant modification of the engine
head construction so that it was possible to implement
a smooth change of intake camshaft position in relation to
the crankshaft position. In order to do so, a new head with
a modified construction was made, in which an electrically
controlled variable valve timing system was implemented.
For that purpose it was decided to implement the reverse engineering method while a new cylinder head with
adequate variable valve timing was at that time neither
available nor financially essential. For casting of the new
and adequately modified cylinder head the knowledge of
the internal structure and geometry was essential as well.
To achieve the appropriate geometric mapping the 3Dscanning technology has been implemented and on this way
the full 3D-project has been generated. It was the basis for
74

Single cylinder optical engines are engines constructed
to allow optical access to the working volume. The beginnings of implementing optical research on a running engine
dates to 1920's and early 1930's [15]. The breakthrough
came in 1961 when Bowditch [16] published a new design
of research engine, assuming optical access through the
crown of a specially designed expanded piston. This concept was initiated with the implementation of overhead
valve engines and is still being developed today.
The advantage of using optical engines is the possibility
of visualising in-cylinder processes using advanced measurement techniques [15]. It is particularly applicable in
validating CFD models and exploring the knowledge of
charge movement, combustion, and combustion product
formation. However, it is worth noting the requirements for
optical access design. For laser methods, at least two sight
glasses are required.
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Although optical engines have some advantages, they
have significant limitations in terms of speed and load. The
use of a transparent cylinder, most often made of quartz or
sapphire, substantially affects the design of the pistoncylinder gasket. Unconventional sealing systems made of
polyamide or graphite are used for this purpose. As a result,
it is possible to eliminate a lubricating medium that adversely affects the quality of the obtained image. In addition, modification of the piston design involves additional
mass, significantly increasing the inertia forces [17].
Johansson et al. [18] when carrying out a study on the
effect of supercharging on the combustion and emissions of
SGDI engine, used fully transparent optical engine and
TSCE also called full metal engine with a displacement of
475 cm3. The tests were conducted at 5 points with a maximum engine speed of 2000 rpm and a load of 4 bar BMEP.
A problem was observed in the use of the optical engine
due to the impossibility of obtaining steady-state conditions
because of the short time available for adjusting the control
parameters. The mentioned engine should be operated for
a short time to minimize the risk of mechanical damage.
Therefore, the advantages of both engines were combined,
and TSCE engine was used for emission measurements and
the OSCE engine for visualization of the combustion process.
In another study [19], a light-duty full metal engine was
compared with an optical engine allowing optical access to
the combustion chamber from the piston crown side under
the same operating conditions. In these studies, special
attention was paid to the thermodynamic aspect related to
the significant differences in thermal conductivity of the
materials used [20]. The results indicate a significant effect
of using different materials on the heat flow characteristics.
Measurements of the piston bottom temperature near the
TDC by laser-induced phosphorescence indicate about
110°C higher temperature for the optical piston at 2 bar
IMEP. Differences in the thermal state of the system result
in different thermodynamic parameters in the cylinder. The
authors point out the requirement to control the thermodynamic state of the combustion chamber walls to increase the
convergence of results with full metal engines.
The considerable difficulties associated with the use of
optical engines have resulted in thermodynamic engines in
a wide range of applications. Current commercial sales of
single cylinder research engines, among others, include
AVL, Ricardo and FEV. AVL points to developing benches
equipped with large single cylinder research engines in
a modular approach that provides great flexibility. Outlining four basic platforms allow for engines with cylinder
diameters of 150–520 mm [21]. In terms of smaller engines
[22] three series are offered: 540 dedicated to passenger
cars, 580 for Light duty engines and 530 for heavy duty
engines. Ricardo, on the other hand, offers four engine
types for different purposes [23]. Starting with the Hydra
model for passenger car applications, the Proteus 300 for
HD engines, the Atlas II for marine off-highway and power
generation applications, and the last one, the Prometheus,
with a piston diameter of 200–300 mm and maximum
stroke of 1500 mm. FEV also offers designs with a wide
range of cylinder diameters (65 to 530 mm) [24].
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A relatively easy way to modify the single cylinder research engine that this paper uses is an effective tool for
advanced engine research [25]. For example, for the study of
knocking combustion phenomena, an AVL 5402 research
engine originally operating as CI mode with a centrally located injector was modified. As a result, the engine was
converted to SI mode with a PFI injection system and
a circular ring was placed under the cylinder head equipped
with four spark plugs and four pressure sensors mounted
radially [26]. Subsequently, the Ricardo Hydra engine was
modified for HCCI Combustion. This research used rebreathe style camshaft, piston coating and heat flux probes
assembled in cylinder head [27]. Grabner et al. redesigned the
AVL 5403 engine to compare two central and side injector
placement positions during E85 and gasoline combustion [28].
It is also popular to modify research engines to burn gaseous
fuels in a mono fuel or dual fuel configuration [29, 30].

4. Modernization concept
The primary responsibility for proper engine operation
is the charge exchange system, i.e. intake and exhaust valve
lift and timing. Proper control of the opening/closing of the
inlet and exhaust system directly influences the internal
combustion engine parameters such as power, torque, fuel
consumption, and exhaust emissions. The first systems
enabling optimization of the charge exchange process were
developed in the early 1980s. Subsequent generations of
these systems have concerned the use of both inlet and
outlet valve opening control.
In this project it was decided to use a less popular system of variable valve timing control, which is used in Lexus
vehicles. In order to implement variable intake valve timing
in a single-cylinder research engine, an electric motor with
a ±20⁰ control range (total control range is 40⁰) was implemented. The VVT-iE (Variable Valve Timing-intelligent
Electric) system allows smooth adjustment of the inlet
valve opening using only an electric signal for control. The
use of an electric motor (instead of a hydraulic or mechanical system) allows the system to operate effectively both at
low temperatures and at low engine speeds with low oil
pressure. The adopted Lexus solution uses a second generation actuator combined with a planetary gearbox (Fig. 4).

Fig. 4. Elements of the applied variable phase execution system [31]

An additional advantage of using electrical variable
camshaft phasing control is the relatively small upgrade to
the current timing system of the test engine. The scheme of
acceleration and deceleration of the timing phases in the
applied system is shown in Fig. 5.
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Fig. 5. Relationship between electric motor speed and advance and retard timing [34]

The camshaft control motor consists of a motor that operates the camshaft control actuator in the advance or retard
direction, an EDU that controls the rotational condition of
the motor and a Hall IC type rotational sensor that detects
the current shaft speed. The motor is a brushless type DC
motor installed in the engine front cover in front of the
camshaft control actuator. The axis of the electric motor
coincides with the axis of the intake shaft (Fig. 5). In accordance with the target intake shaft position, the ECM
transmits the motor rotational speed instruction signals and
the motor rotational direction instruction signals to the
EDU. The EDU drives the motor to rotate the intake camshaft in advance or retard direction based on these signals.
To advance, the electric motor speed becomes faster than
the camshaft speed. To retard, the motor rotational speed
becomes slower than the camshaft rotational speed. Depending on the operating condition of the internal combustion engine, the electric motor can operate in two directions.
As the advance signals from the ECM cause the motor to
operate at a higher speed than the camshaft, the camshaft
gear rotates in the direction shown in the illustration via the
reduction unit. This rotation causes the intake camshaft
coupled with the camshaft gear to rotate in the advanced
direction. As the retard signals from the ECM cause the
motor to run slower than the camshaft, the camshaft gear
rotates in the direction shown in the illustration via the
reduction unit. This rotation causes the intake camshaft
coupled with the camshaft gear to rotate in the retard direction.
The ability to independently control the timing phases
using an electric motor creates opportunities for new research on the presented experimental engine.

5. Recovery of OEM cylinder head geometry
5.1. Optical scanning
Due to the modernization of the research engine in operation, it was necessary to make a 3D model of the research
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engine cylinder head equipped with a spark jet ignition system [35, 36] using only non-destructive methods. Therefore,
two non-contact measurement methods were used. The first
stage consisted of optical scanning of the outer planes using
the ATOS II Triple Scan measurement system. Due to its
accuracy and versatility, this system is used in industry and
scientific institutions [37]. Using the laser triangulation
method (used in the discussed cylinder-head reconstruction
method), the measuring system consists of a laser light
source displayed as a line, the measuring object, and a camera as a photosensitive element. Working with an overhead
projector, stereoscopic cameras capture three views of an
object within a single measurement. This technology requires
fewer scans, providing higher quality data even when scanning shiny surfaces or complex geometric figures. Optical
scans were realized both for the manufactured test engine
cylinder head and the individual components mounted in the
system (Fig. 6 and 7) and the location of the cylinder head on
the engine (Fig. 8).

Fig. 6. Optical scanning process of an camshaft control motor using
GOM's ATOS Core

The ATOS measuring system uses the measurement and
projection method developed by Gesellschaft für Optische
Messtechnik (GOM). The use of blue light technology
makes it possible to carry out measurements regardless of
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the lighting conditions. The two CCD cameras used realise
approx. five million measuring points in an interval of
a few seconds. The projector of the measurement head
projects the sequence of stripes on the measured object (Fig.
9), while the CCD cameras record their course. By solving
the optical transformation equations, the system calculates
the coordinates for each camera pixel with high accuracy.
The result of a single measurement is a point cloud that unambiguously reflects the scanned surface. The measurement
is saved in STL (Standard Triangle Language) format, which
needs to be converted into a 3D project.

structure's internal spaces, the completion of which is crucial to ensure the correct operation of the system. In order
to determine the internal areas of the cooling channels as
well as the inlet and outlet channels, a CT scan was performed.

Fig. 9. Projection of a sequence of stripes on the measured object

Fig. 7. Scanning process diagram

Fig. 8. Optical scanning process of area of driveline

5.2. Tomographic scanning
The single cylinder test engine whose cylinder head has
been modified is equipped with a closed cooling system. It
is possible to control the temperature of the cooling liquid
on the test bench. The previous step of optical scanning of
the cylinder head does not provide information about the
COMBUSTION ENGINES, 2022, 189(2)

Computed tomography is one of the noninvasive diagnostic methods to obtain a cross-section through a component. Several tomographic techniques are known [38]:
 x-rays,
 two-dimensional ultrasonography (USG 2D),
 computed tomography(CT),
 magnetic resonance tomography (MRT, NMR – nuclear
magnetic resonance),
 positron emission tomography (PET),
 single photon emission tomography (SPECT),
 optical coherent tomography (OCT).
In the diagnostic technique, mainly computed tomography is used to obtain spatial images (3D) while scanning the
object from different directions. Figure 10 shows the cylinder
head of a GE Phoenix CT scanner. The v/Tome/x m 300 type
tomograph with a maximum lamp power of 500 W with 300
kV enables high accuracy examinations up to 0.5 μm using
a 180 kV lamp. Mass of tested elements cannot exceed 50
kg. The maximum dimensions of tested detail are 500  500
 600 mm.
In order to reconstruct the image, it is necessary to use
the analytical method. This method gives the best measurement results but requires large computational capacities.
The two-dimensional Fourier analysis method uses a fast
Fourier transform to describe the absorption profiles obtained. Each projection is transformed to obtain the absorption coefficient in each voxel. The absorption coefficients
are converted into CT numbers, also called Hounsfield HU
units [35].
1 HU = K

μp −μw
μw

(1)

where: K – image gain constant (individual for each CT
scanner), μp – pixel absorption coefficient, μw – water
absorption coefficient (reference value).
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crease the measuring accuracy, the method with a linear
detector is used (Fig. 10 and 12). This method consists in
reducing the radiation beam by means of an aperture to
a flat beam. Using a linear detector and rotating 360º, a flat
X-ray image of a single slice of the test object is obtained.
In order to obtain a spatial image of the entire workpiece, it
is necessary to move the object in the vertical plane additionally. During measurements of the cylinder head, the
measurement resolution was 2 mm in the Y-axis, allowing
recognition of the geometries necessary for the design of
the cylinder head internal volumes (Fig. 13).

Fig. 12. Methodology tomographic inspection with linear detector

Fig. 10. Location of the research engine head in a GE tomographic scanner
model V/Tome/x m

The range of Hounsfield units for CT is –1000 to
+4000, and it allows the image to be represented in shades
of grey. Only 256 gray levels are used in practice, which is
a selected slice of the CT number value. It makes it possible
to observe the image with high contrast, thus enabling the
interpretation of the measurement result (Fig. 11).

Fig. 13. Design of the internal spaces of the cooling system – view of the
measurement point cloud obtained from the tomographic scanning process

6. Reverse modeling and modernization

Fig. 11. View of the test engine headspace during tomographic examination

In order to reproduce structural elements, high accuracy
of the internal structure of the object is required. To in-
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The performed measurements (described in sections 5.1
and 5.2) allowed making a 3D model of the test engine's
reference cylinder head. The finished model was compared
with the measurement file, and deviations were determined
(Fig. 14).
The use of the VVT-iE system resulted in an extension
of the cylinder head housing by 99.6 mm towards the valve
train (Fig. 15). As a result, design changes were made to the
dry belt drive of the valve train. In order to avoid unfavourable changes in the force distribution on the main bearings
of the crankshaft, it was decided to produce an aluminium
box equipped with an intermediate shaft (Fig. 16), avoided
locating the gear on the extended part of the crankshaft. It
could lead to excessive wear of the main sliding bearings
and crankshaft fatigue wear.

COMBUSTION ENGINES, 2022, 189(2)

Reverse engineering of research engine cylinder-head

Fig. 14. Comparison of the developed model with the image obtained by
scanning along with the specified deviations

Fig. 17. The CAD model of modified cylinder head and the valve train
system

7. Cylinder head validation and future research
steps

Fig. 15. Visualization of reference and modified cylinder head length
comparison based on optical scan results

The design of the new valve train is based on the use of
two timing belts instead of one with no change in the timing
ratio. Drive is transmitted from crankshaft to intermediate
shaft, which in turn drives the exhaust camshaft. The intermediate shaft is supported on both sides by ball roller bearings. Both belts are equipped with an independent tensioning roller system. The view of the intermediate shaft assembled is shown in Fig. 16, and the location on the engine
is shown in Fig. 17.

The new components were mounted on a test bench.
The cylinder head was subsequently subjected to a leak test.
The coolant and oil were forced to flow using an independently controlled AVL 577 system. The fluids were
gradually heated up to a temperature of 90°C.
In the next step of the process, the valve timing diagram
was created, taking into account two extreme positions of
the intake camshaft (Fig. 18 and 19). The valve timing
diagram shows the delay and advanced phase of intake
combined with a control range of 47°CA and valves opening length of 203°CA. In addition, the position of the exhaust shaft is fixed. The graph also shows the duration of
the opening of the inlet and outlet valves. Moreover, the
overlapping duration has been pointed. The opening characteristics of the valves will be individually adjusted at a later
stage to the specifics of the tests performed.

Fig. 18. Valve timing diagram after cylinder head modification
Fig. 16. View of intermediate shaft box
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The last step was to run the engine in motored cycles
with a fuel cut. The engine was run at 1500 rpm engine
speed, during which the cylinder pressure was recorded for
two extreme positions of the intake camshaft (Fig. 19).
Position 1 is the maximum intake valve opening advance,
while position 2 is the maximum retardation. It resulted in
higher peak pressure values for the first intake position due
to higher cylinder filling. The readings of the airflow meter
located in the intake system per mass of air in the cylinder
are 318 mg of air per cycle for position 1 and 302 mg for
position 2. The repeatability of the engine's operation from
cycle to cycle is satisfactory in both cases COVpp (pp –
peak pressure) does not exceed 0.3% of 1000 cycles, which
eliminates any irregularities.
The development and implementation of the cylinder
head equipped with the described system of electronically
controlled valve timing phases allow conducting cycle-bycycle research for precise analysis of transients. Recording
the combustion process during a controlled change of the
cylinder filling strategy will allow more accurate identification of combustion systems dedicated to hybrid powertrains.

The result of the work is a modified engine design that
allows research on low-emission combustion systems using
the VVT-iE technology. In the future, the test stand will be
used for comprehensive analysis of the combustion process
and validation of computer simulations, the course of which
is presented in Fig. 21.

Fig. 20. Waterfall diagram showing the change in compression pressure
during changes in the timing system adjustment
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Fig. 21. Graphical representation of the proceedings related to the further
development of the test bench.

8. Conclusion

Created with Concerto Student Edition. Licensed for: TU Posen

Fig. 19. Cylinder pressure curves for two different intake camshaft modes

Figure 20 shows the waterfall diagram of the cylinder
pressure waveform for 15 cycles of engine operation. The
position of the inlet camshaft relative to the crankshaft was
changed between extreme positions. It should be noted that
the repositioning process occurs over several cycles, during
which combustion parameters can be monitored.
The content presented in this paper deals with the manufacturing process of an AVL 5804 engine cylinder head
modified for research purposes. The manufacturing process
included:
 making structural assumptions,
 reconstruction of the original cylinder head geometry
using advanced measurement techniques,
 carrying out the design phase,
 manufacture of the cylinder head with equipment,
 starting the modified engine.
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The main aims of the performed studies and work described in this paper were to enhance the research possibilities of the 1-cylinder test engine for its operation with variable valve timing and to study the possibilities and restrictions of reverse engineering methodology in modernisation of real engine. Both tasks are successfully fulfilled
and completed.
It was proven that 3D-scanning technology makes it
possible to generate the fully useful geometrical and constructional project even than when the internal structure of
the engine part is very complicated and completely unknown. The generated in this way the construction drawings of cylinder head made it possible to conduct redesigning of it, prepare for the casting process and to final mechanical turning and milling post processing. In this way
this methodology has been positively verified.
Finally, the new cylinder head, modernised, equipped
with variable valve timing and ready to operate on the 1-cylinder research engine has been delivered, proved and validated.
COMBUSTION ENGINES, 2022, 189(2)
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The examined methodology of reverse engineering has
been proven for cylinder head with very complicated internal structure. This method can be then satisfactory applied
in reconstructing of engines or machines parts or elements
when the construction documentation is not available and
other method of non-destructive recognition of its structure
is not available.
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