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Abstract

The present work represents the continuation of the introductory 
study presented in part I [11] where the experimental plan, the 
measurement system and the tools developed for the testing of a 
modern Wankel engine were illustrated. In this paper the motored 
data coming from the subsequent stage of the testing are presented. 
The AIE 225CS Wankel rotary engine produced by Advanced 
Innovative Engineering UK, installed in the test cell of the University 
of Bath and equipped with pressure transducers selected for the 
particular application, has been preliminarily tested under motored 
conditions in order to validate the data acquisition software on the 
real application and the correct determination of the Top Dead Centre 
(TDC) location which is of foremost importance in the computation 
of parameters such as the indicated work and the combustion heat 
release when the engine is tested later under fired conditions. In this 
testing phase much importance has been given also to the 
measurement of the frictions at the different operating rotational 
speeds. Interestingly, the data have been collected at three different 
coolant temperatures, 30°C, 60°C and 90°C respectively, in order to 
investigate and quantify any possible effect and interaction of the 
heat transfer on the mechanical and thermodynamics engine 
parameters for the usual operating temperature range. The collected 
data are subsequently used for the determination of the Friction Mean 
Effective Pressure (FMEP) to be employed in the computation of the 
Brake Mean Effective Pressure (BMEP) from the indicated pressure 
cycle or in the numerical models created for simulation purposes. 
Finally, still by means of the analysis of the indicated pressure cycle, 
further considerations are drawn on the thermo-fluid dynamics 
interactions of the three moving chambers with the self-pressurizing 
air-cooled rotor system (SPARCS) with its details already described 
in the first part of this suite of papers.

Introduction

The Wankel rotary engine is regaining interest in the automotive 
world as a valid alternative to the classic reciprocating engines as a 
range extenders (REx) in Hybrid Electric Vehicles (HEV) [1][2]. 
Mazda, which is a leader in the sector of rotary engine technology, 
confirmed the above mentioned potential and empowered that vision 
by planning to employ the Wankel as a REx in their MX-30 model by 
2022 while starting testing during the current year (2021) [3]. 

Several research groups embraced the same perspective by seeing the 
Wankel as a suitable thermal machine to be employed in hybrid 
powertrains. They approached the research on this topic at different 
levels and mostly by means of numerical activities. Conversely, the 

University of Bath and the Institute for Advanced Automotive 
Propulsion System (IAAPS) lent their expertise in engine and 
powertrain testing to the service of the rotary combustion engines 
within the ADAPT Intelligent Powertrain project.

The Innovate UK funded ADAPT Intelligent Powertrain project led 
by Westfield Sportscar Limited in partnership with Advanced 
Innovative Engineering UK (AIE), Saietta, General Engine 
Management System (GEMS) and the University of Bath, aimed to 
develop an innovative hybrid powertrain for automotive applications. 
The Institute for Advanced Automotive Propulsion Systems (IAAPS) 
at the University of Bath carried out the testing and performance 
development of the AIE 225CS rotary engine by means of 
experimental and numerical activities, with the primary objective of 
making the thermal machine Euro 6 compliant. In that respect, many 
development aspects have been analysed and tested within a prolific 
partnership between the academic research team and AIE UK, ending 
up in interesting works on fuel control strategies specifically 
designed for rotary engines [4][5] and theoretical and numerical 
investigations aimed at improving the emissions by means of novel 
mechanical configurations [6][7]. Furthermore, AIE UK designed a 
specific rotary expander to be employed in series with the 
conventional Wankel engine in order to improve the overall 
efficiency of the system. The innovative solution has been tested 
within the project and has demonstrated to have good capabilities in 
reducing fuel consumption and emissions [8].

While the design and operation of a Wankel rotary engine have been 
reported extensively in [9][10] and in the part I of this suite of papers 
[11], it is useful for the interested reader to report in the subsequent 
section a short description and the main characteristics of the AIE 
225CS represented in the figures 1 and 2 [12].

The present study is subsequent to the preliminary work [11] carried 
out on the development of the software tools and the measurement 
system to be employed in the experimental plan, which also gave a 
detailed illustration of the instrumentation and methodologies 
adopted for the engine testing [11]. Multiple objectives characterised 
this study: first and foremost the testing of the engine under motored 
conditions and at different coolant temperatures in order to define 
relevant parameters for the analysis of the engine itself, such as the 
polytropic coefficients of the compression and expansion phases and 
the total frictions. In order to achieve the main objective many other 
side activities needed to be implemented and validated such as the 
determination of the mechanical Top Dead Centre (TDC) and the 
thermodynamic loss angle by coupling experimental and numerical 
methods together. Finally, the entire data acquisition system (DAQ) 
connected to the several pressure transducers and employing the post-
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processing strategy reported in the previous work [11] was tested and 
validated on the real application.

The test of the engine under motored condition allowed the gathering 
of detailed experimental data that are representative of a modern 
Wankel rotary engine satisfying also the side purpose of updating the 
literature that unfortunately is not extensive in the field of the rotary 
technologies.

All the data collected in the test cell have been post-processed and 
reported in this study. In the subsequent sections a detailed overview 
will be given on the offset correction methodology employed for the 
piezo-quartz pressure transducers employed in the acquisition of the 
indicated pressure and the signal processing needed for filtering the 
raw pressure data from the engine. Subsequently, a thorough 
description of the determination of the TDC and the thermodynamic 
loss angle will be reported and finally the processed experimental 
results including the indicated pressure cycle and the friction values 
will be presented. The text will mainly report the results at 4500 rpm 
and coolant temperature of 60°C while, as already mentioned, the 
experimental campaign relied on the engine testing at several 
rotational speeds and three coolant temperatures chosen as a 
sensitivity parameter. Other data will be extensively reported in the 
appendix for comparison.

Engine and instrumentation setup

The AIE 225CS is a peripheral ported engine with a swept volume of 
225cm3 that employs a licenced rotor cooling system called the Self-
Pressurised Air Rotor Cooling System (SPARCS) reported in figure 
2. It utilises combustion gas blow-by from the combustion chamber 
to pressurise the internal core of the rotor past properly-designed side 
seals. This blow-by gas is then directed around a closed loop out of 
the rotor and through a heat exchanger before re-entering it since it is 
used as a cooling medium for the heat rejection from the rotor.  An 
internal centrifugal fan mounted directly on the eccentric shaft 
provides the pressure differential to guarantee the fluid motion in the 
loop and release the heat to the cooling fluids [11, 13]. The rotor 
cooling system is mandatory to reduce the likelihood of severe 
failures of the apex and side seals while protecting the main rotor 
bearing from over-heating [14], even if other researchers found some 
positive impact on the specific fuel consumption when running the 
engine with the rotor at higher temperatures [15][16]. 

Figure 1. AIE UK Ltd. 225CS Wankel Rotary Engine [12]

Figure 2. Compact SPARCS layout in the 225CS [13]

The engine is a single rotor unit with a compression ratio of 9.6:1, a 
power of  ~30kW and a core mass of 10kg. Given its advantageous 
characteristics of power-to-weight ratio and high specific power 
output it was designed for and mainly used in the aerospace sectors 
(e.g. UAV drones) where emissions regulations are more favourable. 
The aforementioned characteristics makes the engine also highly 
suitable to be employed as a REx in HEVs, where a layout 
simplification given by the reduced engine size is always high in the 
priorities of the automotive designers. Finally, in table 1 the other 
geometry parameters for the AIE 225CS are reported where it is also 
possible to appreciate the inlet and exhaust ports timing with its 
extended port overlap between the two of 128 degrees of the 
eccentric shaft.

Table 1. AIE225CS engine parameters and  porting timing [11]

Definition Abbreviation Units

Generating Radius R 69.5 mm

Eccentricity e 11.6 mm

Offset/Equidistance a 2 mm

Width of Rotor Housing B 52 mm

Width of Rotor 51.941 mm

No. of Rotors 1

Total Displacement 225 cc

Mass (excluding 
ancillaries)

10 kg

Compression Ratio 9.6:1

Port timing

Port Opens Closes Units

Intake Port 71 BTDC 60 ABDC degrees

Exhaust Port 69 BBDC 57 ATDC degrees
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Effective Port Overlap 128 degrees

Pressure transducer offset correction (pegging) and  
linking of pressure signals
The highest performing pressure transducers for acquiring the 
indicated pressure in the engines combustion chambers are based on 
the piezo-quartz technology. Impressive advancement has been made 
by manufacturers who can build small, uncooled and low-intrusive 
sensors able to measure the combustion pressure with reduced drift 
and no thermal shock.  As is well known, while those transducers 
provide highly accurate measurements in harsh conditions, consisting 
of high temperatures, large thermal gradients and aggressive media, 
they are not able to measure the absolute pressure. Usually the piezo-
quartz transducers are connected to modern charge amplifiers capable 
of converting the electric charge produced by the internal quartz to a 
more convenient voltage signal suitable for the majority of data 
acquisition systems which can adequately display it in real-time 
and/or record it. At the same time the charge amplifier can also 
reduce the well known signal drift or apply helpful filters to reject the 
high-frequency noise.

Several pressure transducers were employed on the AIE 225CS to 
collect the indicated pressure. The thorough description of the 
instrumentation adopted for this work was extensively covered in the 
part I of this series of papers [11], but for sake of clarity it is worth 
reporting here again the nomenclature, the position and the type of 
pressure sensors used, as reported in figure 3 and table 2.

 

Figure 3.View of the housing and the positions of the pressure transducers: 
P1 inlet pressure transducer. P2 compression pressure transducers, P3 
combustion pressure transducer, P4 outlet pressure transducer.

Table 2. Type and positions of the pressure transducers employed. Note: a 
typographical error in the Part I paper reported P2 at 32° ABD (302°). The 
values reported in this table are the correct ones.

Pressure 
Transducer

Position Type Working 
Principle

Measurement 
Type

P1 – Inlet 
pressure 
transducer

128° ATDC 
Kistler 
4007D

Piezoresisti
ve

Absolute 
pressure

P2 – 
Compression 

132°ABDC 
(402°) 

Kistler 
6052C

Piezoquartz Relative 
pressure

pressure 
transducer
P3 - 
Combustion 
pressure 
transducer

137° ATDC 
(677°)

Kistler 
6052C

Piezoquartz
Relative 
pressure

P4 – Outlet 
pressure 
transducer

142° BTDC 
(938°)

Kistler 
4049B

Piezoresisti
ve

Absolute 
pressure

Given the relative pressure measurement of the piezo-quartz 
transducers, a suitable pressure offset correction procedure (also 
known as pegging) is needed, where the measured pressure needs to 
be adjusted accordingly using an absolute reference pressure. The 
offset correction procedure was central in this work because of the 
several pressure transducers used to collect the entire indicated 
pressure for a single flank of the rotor. The problem itself is not a 
novel one and the literature propose different methodologies to be 
employed on the more common 4-stroke engines; the novelty 
presented in this work is the successful application of one of them on 
a modern rotary engine, where the offset procedure is performed 
relying on more than a single absolute reference pressure and 
checked in chain between all the pressure measurements. As reported 
in the technical literature, three methods are the most common:

1. by using the inlet manifold absolute pressure as a reference. 
Generally an absolute pressure transducer can be employed 
on the inlet manifold where the measurement conditions are 
less severe than in the combustion chamber. The offset 
usually is computed and applied at the intake valve closing 
(IVC) [17, 18, 19, 20]. Usually this method works well for 
untuned inlet runners where wave effects are not 
predominant [19, 21]

2. by using a fixed polytropic approach and computing the 
reference pressure by means of two points between IVC 
and the start of combustion (SOC) and using a polytropic 
coefficient between 1.25 and 1.38, as also reported in [20]

3. by means of three measurement points and a polytropic 
coefficient computed applying a Taylor expansion [21]. 
Relying on the extensive use of the derivative terms, this 
method is more sensitive to the noise carried in the pressure 
signal

Relying on different technical considerations the first method was 
used for the current application. Specifically, the offset correction 
was performed by using the pressure transducer P1 as a reference for 
P2 and the pressure transducer P4 as a reference for P3. The choice of 
this particular method comes as a consequence of the analysis of the 
work reported in [19] showing that there is a nearly perfect 
agreement between a pressure transducer located at 7mm above the 
valve seat and another one installed through the bore at 5mm above 
the piston BDC with a distance between the transducers in the range 
of 100mm and a bore to stroke ratio of 0.916, given the bore and 
stroke of 93.47mm and 102mm respectively, for a total displacement 
of about 700cm³. The same was also valid for the rotary engine under 
test that presented a distance between P1 and P2, P3 and P4 in a 
range equal to the sum of the generating radius R and the eccentricity 
e equal to 81.1mm with a housing width B (51.941mm) to maximum 
distance (81.1) ratio equal to 0.64 that is not very far from the bore to 
stroke ratio reported for the engine tested in [19]. Secondly, both P1 
and P4 were installed in the short duct, connecting the inlet and outlet 
ports to the intake pipe and the exhaust system respectively, and are 
thus much more influenced by the dynamic phenomena inside the 
chambers than in the pipes.
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In figure 4, the raw motored pressure signals coming from the DAQ 
system for a rotational speed of 4500rpm and a coolant temperature 
of 60°C are reported. The voltage signals presented were already 
converted to pressure by means of appropriate scales implemented 
for each pressure transducer. From the plot it can easily be 
appreciated that the pressure transducer P1 and P4 together with the 
SPARCS one were measuring an absolute pressure while the P2 and 
P3 were measuring only the pressure change during the compression 
and expansion phases respectively. It is also possible to appreciate 
that all the three absolute measurements (P1, P4 and SPARCS) do not 
show particular fluctuations or excessive noise even if they are 
sampled at the same high frequency of the P2 and P3 sensors. Further 
considerations on the different characteristics of the pressure traces 
will be presented in the section related to the experimental results 
later in the paper.

Figure 4. Raw signals coming from the data acquisition system. The voltage 
signals are already converted to pressure by means of the appropriate scales.

Figure 5 reports the outcomes of the bespoke post-processing 
methodology extensively covered in [11], applied to the signals 
reported in figure 4 and relying on the chosen pressure offset 
correction method described earlier.

After the post-processing there are only three pressure signals related 
to the evolving fluid, one for each flank of the rotor. The indicated 
pressure reported in figure 5 is the ensemble average over 100 or 
more cycles, already presenting a remarkably smooth shape without 
applying further filters. The full digital signal processing needed for 
the advanced numerical treatment of the signal (e.g. numerical 
derivative) will be treated in a subsequent section and the description 
will include the filter selection for noise rejection.

Figure 5. Post-processed signals for all the three flanks of the rotor. The post-
process methodology is extensively covered in [11]. It is also possible to 
appreciate by comparison with figure 4 that the methodology takes into 
account the Top Dead Centre determination.

As reported in table 2, the pressure transducers where located at the 
points at 128°, 402°, 677° and 938° of the peritrochoidal 
configuration with the relative active timing reported in the figure 6, 
which clearly shows the overlapping active zones for the different 
pressure transducers (e.g. P1 overlaps P2 between 225 and 315 
degrees, P2 overlaps P2 between 495 and 585 degrees, etc.). As a 
consequence the pressure linking algorithm computed and checked 
the offset and the linking point in the neighborhood of the midpoint 
of each overlapping zone (e.g. at 270°, 540° and 810° for the current 
configuration. Note: It was just a case that the listed midpoints lies on 
the particular points of ¼, ½ and ¾ of the peritrochoid. With pressure 
transducers located at different points those values will be different). 
In order to further demonstrate that the offset correction procedure 
together with the overall post-processing method worked properly, 
the plot of the flank one is solely reported in the following figure 7. 
Here the connection points are reported magnified with the aim of 
displaying the continuity of the signal and to validate the offset and 
linking procedure.

Figure 6. Pressure transducers timing diagram for Flank 1. The diagram 
shows the active and overlap time for the several sensors. [11]
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Figure 7. Single flank indicated pressure for flank one together with the 
magnification of the pressure linking points

Finally, the derivative of the ensemble average indicated pressure for 
the same case and flank is reported in figure 8. While it is well know 
in the technical literature that the derivation of a raw and/or 
discontinuous signal presents spikes of magnitude strictly related to 
the numerical method and the derivative step used, it is remarkable to 
see that the spikes and the noise of the signal derivative are greatly 
banded and mostly coming from the piezo-quartz transducers. That is 
apparent from the change of noise amplitude in relation to the 
eccentric shaft position that is also reported in the left and right 
magnified frames of figure 7, where the pressure linking algorithm 
switches between an absolute and a piezo-quartz transducer. It is also 
worth noting at this stage that the step used for the numerical 
derivation is considerably small and is the same provided by the 
encoder, i.e. ~ 0.08 degrees (4096 steps in 360 degrees). Hence the 
validation is two-fold: the post-processing and the linking procedure 
were also confirmed by the signal derivative which was banded and 
not presenting any spike at any linking point between the pressure 
transducers, and also the pressure transducers presented a correct 
calibration, not showing any sign of malfunction, apart from a 
naturally increased noise for the piezo-quartz sensors that were 
operating at a non-ideal condition, measuring a pressure much lower 
than their full scale. All this will be even more apparent when the 
filtered derivative signal with its continuous and smooth shape will 
be presented later in the text.

Figure 8. Pressure derivative of the indicated pressure the flank one. The 
derivative of the ensemble averaged pressure signal present banded noise in 
the zone where the pressure is measured by the piezo-quartz transducers.

The pressure signal processing

As already mentioned in the previous section, dealing with the raw 
and unfiltered signals coming directly from the pressure transducers 
is complicated when numerical derivative operations need to be 
executed. This problem is well acknowledged by researchers in the 
field of the internal combustion engines operating on diagnostic and 
combustion analysis. This is particularly true when parameters such 
as the rate of heat release (ROHR), that involves the pressure and 
volume derivatives, needs to be computed: when the original pressure 
signal presents an appreciable noise content it happens that the 
computed integration of the ROHR yields unacceptable energy 
balance inaccuracies. While in the current work all of the 
aforementioned combustion parameters were not of interest, 
considering that only motored experimental tests were conducted, it 
was still of primary importance to work with filtered signals able to  
carry all the relevant contents and rejecting the spurious informations 
at the same time. 

The above mentioned problem is a classic one in the field of signal 
theory where the correct selection and design of a filter is at the base 
of a real signal processing. Many authors have coped with that 
proposing different solutions: e.g. Stone [22] proposed a smoothing 
filter method based on a polynomial formula. On the other hand, 
instrumentation manufacturers offer different filters already 
implemented in their instruments such as in the Kistler amplifiers 
used for this work. Specifically, the Kistler 4665B piezoresistive 
amplifier module offer low-pass filters for the 10-30-100-300Hz, 2-3-
10-30kHz frequencies [23] while the Kistler 5064D charge amplified 
module uses sensibly higher values of 3-5-10-30-50-100kHz [24]. In 
a similar fashion, Kistler offer the implementation of particular 
digital filters via their proprietary software KiBox [25] [26] where it 
is possible to filter the pressures acquired from the engine cylinders 
with different cutoff frequencies in the range from 5 to 40kHz while 
also specifying both the type (e.g. Butterworth) and the order (e.g. 4th 
order) of the filter. 

For this specific task a different procedure was implemented. First 
and foremost it was given deep attention in the routing of the cables 
and the location of the DAQ in the test cell in order to reduce as 
much as possible the environmental electro-magnetic noise. Then it 
was chosen to acquire the raw signals and not to pre-filter them with 
any of the on-board analog or digital filters available in the 
instrumentation or in the software, so all the filtering procedures were 
moved onto the post-processing analysis. Subsequently, relying on 
the work of [27, 28, 29, 30] specific filters have been designed with 
bespoke cutoff  and roll-off frequencies. Accordingly with the theory 
and practice mentioned above, a low-pass 6th order Butterworth filter 
was chosen. Differently to other Infinite Impulse Response (IIR) 
filters, such as the Chebishev Type I and II, the Bessel or the elliptic, 
the Butterworth filter presents a flat response and a smooth transition 
to the zone of the stopped frequencies. Usually, the smooth transition 
makes this filter less performing compared to the other IIR filters 
listed: it is normally not recommended when a sharp cutoff is needed 
or when the original signal presents a large derivative where the filter 
can introduce non-negligible phase shifts. As it will be possible to 
appreciate later in this section, that was not the case for the current 
work where it was not necessary for the cutoff to be sharp and a zero-
phase shift approach to the filtering was used.

Primarily, the cutoff frequencies represented the most important 
parameter for the design of the filter. It was selected by following the 
methodology illustrated in [29] and by means of a Discrete Fourier 
Transform (DFT) of the signals using a Fast Fourier Transform (FFT) 
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algorithm which is reported in the figure 9 for the rotational speeds of 
3000, 4500 and 6000 rpm at the coolant temperature of 60 °C. The 
original method reported in [29] relies on the use of the Power 
Density Spectrum (PDS) analysis that in the presented cases had the 
same trend of the FFT curves reported in Figure 9, hence both the 
diagrams could be used without affecting the cutoff frequency 
selection.

Figure 9. FFT of the pressure signals for a single flank at the rotational speed 
of 3000, 4500 and 600 rpm and coolant temperature of 60C.

The trends of the curves in the plot of figure 9 are characteristics of 
the FFT of engine pressure signals, with a smooth and descending 
progression at the low frequencies and a noisy part at higher 
frequencies.  The method proposed in [29] suggested selecting the 
cutoff frequency in the range where the PDS (or the FFT in this case, 
given their similarity) curve signal becomes noisy and starts to 
increase its amplitude again after the primary descending zone (0 to 
500Hz in the figure) and before the high-frequency and noisy 
secondary descending zone (2kHz to 200kHz in the figure). In this 
case the cut-off zone was represented by the range from 500Hz to 
2kHz, considering all the three signals. Given the smooth roll-off of 
the filter, the mid-point of the aforementioned zone for each specific 
signal was selected as the -3dB (half amplitude)  point of the filter, 
which resulted in cutoff frequencies of 1kHz for 3000 and 4500 rpm 
and 1.350kHz for 6000 rpm. The selected cutoff frequencies may 
appear low but it is worth remembering here that no combustion 
analysis was carried out in this work and thus no high-frequency 
phenomena (e.g. knock) needed to be observed.

As mentioned, the original raw signals were averaged with an 
ensemble technique. The averaged signal was then filtered with a 
zero-phase shift procedure by filtering the data in both the forward 
and reverse direction [29, 30, 31]. The direct comparison between the 
unfiltered ensemble average signal and the filtered one is reported in 
figure 10 still for the rotational speed of 4500 rpm and the coolant 
temperature of 60°C. As is possible to see, the filter further smooths 
the averaged signal by removing most of the high frequency 
fluctuations while still showing an overall good agreement with the 
original signal, as also reported in the magnified frames of the same 
figure. 

Applying the filter also to the pressure derivative it appeared to be 
more regular while rejecting the high-frequency noise reported in 
figure 8. The direct comparison between the derivative of the 
unfiltered and filtered pressure signals is reported in figure 11. As 
already mentioned, the continuity of the pressure derivative 
confirmed and validated the pressure linking algorithm adopted in 
this work.

Finally, it is worthy of mention that filtering the original pressure 
signal with a proper method was not only beneficial for the 
computation of derivative parameters but also for the clear definition 
of parameters such as TDC. As is possible to appreciate in figures 10 
and 11, the filtering procedure removed all the high-frequency 
fluctuations that would have affected the determination of the peak 
pressure location needed for the computation of the thermodynamic 
loss angle as will be described in the next section.

Figure 10. Comparison between the ensemble averaged and filtered signals at 
4500 rpm and coolant temperature of 60C for the rotor flank 1.

Figure 11. Comparison between the pressure derivative of the unfiltered 
ensemble averaged signal and that of the filtered one. It is possible to 
appreciate that all the high frequency noise has been removed while the 
relevant content of the signal remain intact.

Mechanical and thermodynamic Top Dead Centre 
setup procedure

The correct determination of the TDC represents another crucial 
problem when dealing with experimental activities on internal 
combustion engines. As per the pressure offset correction problem 
discussed previously, TDC determination is not a novel one for 2 and 
4-stroke engines, but it represents a challenge when it comes to the 
Wankel rotary engines, given that generally all the specific 
instrumentation has mainly been developed for the reciprocating 
types.

It is worth at this stage to give a precise nomenclature for the 
mechanical TDC, the thermodynamic TDC and the thermodynamic 
loss angle since sometimes they are mixed up in literature and hence 
bringing misleading interpretations. In this work the mechanical TDC 
is defined as the point of minimum volume of the working chamber 
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and for the Wankel rotary configuration we will assume the eccentric 
shaft position of 0 and 540 degrees for non-firing and firing TDC 
respectively. Conversely, the thermodynamic TDC is defined as the 
eccentric shaft position where the cycle peak pressure occurs during 
the motoring condition. Finally the thermodynamic loss angle or loss 
angle is defined as the difference between the mechanical and the 
thermodynamic TDC.

The problem itself is considered crucial because many authors 
reported in their works that an incorrect determination of TDC, i.e. an 
incorrect phasing between the swept volume and the pressure signal, 
yields large errors in the computation of the Indicated Mean Effective 
Pressure (IMEP) for every degree of positive or negative shift from 
the correct position, specifically in the order of 10%  as reported by 
Baskovic et al. in [32]. Tazerout et al. [33] reported the value of 9% 
of error by citing the work of Hribernik in [34] with the latter 
referring to the work of Mohlenkamp[35]. Kuratle and Marki 
reported an error of around 3% for each degree of shift in the TDC 
determination [36] citing again the work of Mohlenkamp [35] and the 
other works from Thiemann [37] and Kochanowski [38]. Chang et al. 
[39] and Wang et al. [40] reported an error on the indicated pressure 
in the range from 5 to 8% still for one degree of error in the TDC 
determination. Finally Stadler et al. reported a difference of 1 bar for 
the same amount of error in the TDC determination [41]. While there 
is not a good agreement on the relation between the TDC error and 
the IMEP error and apparently further specific research should be 
carried out in that respect, most of the previously mentioned works 
and [42] agree on the fact that the TDC must be determined with a 
0.1 degree of crank angle (CA) of accuracy. Differently, Brunt and 
Emtage [43], suggested an accuracy of 0.1 degree for Diesel engines 
and 0.2 degree for gasoline ones.

Generally, different methodologies have been developed for the 
correct and accurate determination of TDC [28] and they can be 
mainly divided into the following types

1. static determination of TDC
2. TDC determination by means of a motored pressure curve
3. TDC determination by means of specific instrumentation 

such as the capacitive or microwave probe.

Interestingly, different manufacturers adopt slightly different 
techniques to determine both the mechanical TDC and the loss angle. 
AVL and Kistler can perform those determinations in their 
proprietary software both by means of the pressure curves and with 
capacitive probes given their expertise as leaders in the design and 
production of pressure transducers and probes [25, 44, 45, 46]. 
Dewetron executes something similar in their combustion analyser 
CA software [47]. For all the three manufacturers it is possible or 
required to manually dial in the loss angle provided in tables and 
plots or computed with the methods reported in [19, 33, 39, 42, 48, 
49].

In the current work the static determination of the TDC was used, 
even if it is the oldest type and it is considered a method with small 
accuracy and high implementation effort. That choice was made 
firstly because the Wankel engine is less prone to vary the TDC 
under dynamic conditions when compared to its reciprocating 
counterpart. That is because of the smaller alternative forces acting 
on the rotor and the more rigid structure of the rotor/internal gear 
coupling with respect to the connecting rod of a reciprocating engine, 
on which a dynamic TDC determination has been demonstrated to be 
more convenient [19, 50]. Also, often the methods relying on the use 
of a motored pressure curve need to take into account for specific 

thermodynamic models to numerically predict or correct the 
experimental findings. Those models largely use specific parameters 
such as the compression and expansion polytropic coefficients 
statistically determined for Diesel and gasoline reciprocating engines. 
Unfortunately, those are not validated for the rotary engines and hard 
to find in the recent literature for a modern Wankel engine, hence it 
was not convenient to embrace that methodology as a first step. 
Nevertheless, the theory behind the TDC determination by means of 
the pressure curve has been fruitfully adopted to refine the findings 
on the thermodynamic TDC and loss angles in the post-process 
analysis, as reported in a later section. As for the use of the specific 
instrumentation, such as the capacitive or microwave probes 
specifically developed for the reciprocating engines, given the 
peculiar geometries of the Wankel rotor and housing it is practically 
impossible to employ them successfully without creating intrusive 
tappings that will affect the engine performance both in motored and 
fired conditions. 

The static mechanical TDC determination on the AIE 225CS rotary 
engine has been carried out in co-operation with the designers and 
technicians of AIE, who provided their expertise in overcoming this 
problem. According to them, the mechanical TDC is obtained when 
the counterweight is perfectly aligned with the minor axis of the 
housing peritrochoid, as also reported in the counterweight/rotor 
configuration in figure 12. Also, when the counterweight is on the 
spark plug side (as in the reported picture) the rotor is at the non-
firing TDC (0 degrees) while when it is on the opposite inlet/exhaust 
side the rotor is at the firing TDC (540 degrees). This comes as a 
direct consequence of the working principle behind the counterweight 
that must balance the rotor alternating forces at any point of the 
eccentric shaft [9, 10].

Once the mechanical TDC of the rotor was established the next step 
was to define the offset between the channel Z (sometimes called 
channel N) of the ITD69H00 encoder [11] and the mechanical TDC 
itself. Ideally, channel Z should be coincident with the mechanical 
TDC in order to reset any offset. Unfortunately it was not possible for 
the current engine because the encoder, being a magnetic one, does 
not present any mark on the internal or external ring and was installed 
with an interference fit on the red connection flange (shown in figure 
12) because of the reduced space between the flange itself and the 
side flank of the engine. 

The measurement of the offset was carried out manually with the 
engine installed on the dynamometer and by means of both a digital 
counter and an oscilloscope in order to visually check the occurrence 
of the channel Z pulse. Several measurements were carried out and it 
was found that the encoder TDC offset was on average 1128 pulses 
(or 99.126 degrees of the eccentric shaft) in advance of the engine 
mechanical TDC as is also possible to appreciate in figure 4 where 
the peak of the central raw pressure signals comes in advance of the 
mechanical TDC that is located at 540 degrees.
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Figure 12.Counterweight configuration on the AIE225CS to obtain the engine 
mechanical TDC

The TDC offset value was then implemented in the DAQ and in the 
post-processing procedures in order to adequately phase the pressure 
signals to the correct instantaneous volume. Unfortunately, it was 
found by post-processing and analysing the data that the TDC 
position was still subject to a high measurement uncertainty, well 
above the 0.1 degrees suggested by the literature. Since no other 
technical solutions could have been applied due to the peculiar 
mechanical configuration of the engine, the refinement of both the 
mechanical and thermodynamic TDC determination and the loss 
angle definition were finalized by means of numerical activities. 
Specifically, the analysis of the polytropic coefficient was performed 
and an iterative routine for the continuous volume phasing was 
realized with both of them described in the subsequent section 
regarding the experimental results and the loss angle determination.

Experimental Results

Subsequent to the correct mechanical setup of the engine and the data 
acquisition in the test cell an extended experimental campaign was 
carried out on the AIE 225CS. As already mentioned in the paper, the 
current study focuses its attention on the motored testing in order to 
establish fundamental methodologies for the determination of vital 
parameters such as TDC, the loss angle and the polytropic 
compression and expansion coefficients for a modern Wankel rotary 
engine. In this work the coolant temperature was chosen as a 
sensitivity parameter given its potential effects on the heat transfer 
phenomena and consequently how it affects the aforementioned 
parameters. The aim was to test the engine at temperatures 
representing cold start, mid load and full load conditions. Thus the 
coolant temperatures of 30°C, 60°C and 90°C were chosen. A matrix 
of experimental points was designed that spanned the rotational speed 
range from 3000 to 6500rpm with the three reported coolant 
temperatures. All the motored tests were carried out at wide open 
throttle (WOT) in a standard firing configuration, i.e. spark plugs, 
throttle body and exhaust were fitted. Also, the oil pump and the 
lubricating strategy remained as for the firing conditions with a mass 

flow rate as reported in figure 13, where the different and unusual 
values at different speeds and temperatures (e.g. the oil mass flow 
rate at 90°C is mostly higher than the one at 60°C) may be given both 
by the ECU strategy itself and the different initial oil temperatures 
and hence viscosities.

Figure 13.Lubricating oil flow rate during the motored tests at the different 
rotational speeds and coolant temperatures

For the sake of readability and as already done in the previous 
sections, only the plots of the results at 4500 rpm and 60°C will be 
presented in the text while other results at the speeds of 3000 rpm and 
6000 rpm and the temperatures of 30°C and 90°C will be reported in 
the appendix for comparison. A short description on how the loss 
angle was determined with the relative results will be presented in 
advance of the indicated pressure cycles in order to report the latter 
with the definitive correct pressure/volume phasing established in this 
study.

The thermodynamic loss angle determination

The preliminary activity of filtering and post-processing the pressure 
signals was of primary importance for the determination of the 
thermodynamic loss angle. As is possible to understand from the 
magnified insert on the peak pressure in figure 10, the ensemble 
averaged signal presented many fluctuations that makes difficult the 
determination of the location of the maximum pressure and 
subsequently the thermodynamic loss angle as defined in the previous 
section. Conversely, the smoother filtered signal presented an 
unambiguous peak that makes the above mentioned location unique. 

Analysing the data without any adjustment, thermodynamic loss 
angles of more than 3 degrees were found, well over what reported in 
the literature relative to the classical 4-stroke engines. That indicates 
that a bias error was introduced in the determination of the 
mechanical TDC where also the internal gear backlash played its role 
in the uncertainty and error chain. In order to overcome this issue the 
thermodynamic model reported in [34, 51] was applied. It is based on 
the determination of the polytropic coefficient for each couple of 
successive pressure and volume points (e.g. p2 and p1, V2 and V1) by 
using the usual following formula, in this case applied on the filtered 
signal:

n=
ln( pi)−ln( pi+1)
ln (V i+1)−ln (V i)

Eq.1

where:
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• n = polytropic coefficient computed [/]
• p = instantaneous indicated pressure [bar]
• V = instantaneous volume [cm³]
• i = index of the measurement sample [/]

The method shows that the curve formed by all the computed 
polytropic coefficients will have a hyperbolic shape when there is an 
incorrect phasing between pressure and volume, presenting an 
asymptote in the neighborhood of the peak pressure. It was found that 
this was the case by performing such an analysis on the AIE 225CS 
indicated pressure cycles acquired during the motored tests.

As a consequence, an iterative routine relying on the proposed 
method and able to assess the quality of the curve made by the 
polytropic coefficients for different phasing angles was implemented. 
Specifically, the routine searched for the phasing values were the 
polytropic curve showed the minimum variation. It was set to work 
with a step of 0.01 degrees and in the eccentric shaft range from 360 
to 720 degrees (-180 to 180 degrees past the mechanical TDC) . The 
results coming from the routine process are represented in figure 14.

Figure 14.Polytropic coefficient curve trend for different phasing angle at 
4500 rpm and 30°C coolant temperature. The iterative routine found an 
optimal phasing +2.66°

In the figure a direct comparison between the initial mechanical TDC 
set on the encoder and two adjustment values is reported. It is 
apparent that the fluctuations in the polytropic coefficient are 
drastically reduced when the correct phasing is approached. 
Specifically for the reported results in the figure, the routine found an 
optimal phasing value of +2.66° which means that the exact 
mechanical TDC was located ahead of the one set on the encoder 
(negative values would mean the opposite). A zoom out of the 
previous figure 14 is reported in the appendix in order to show the 
values reached by the polytropic coefficient when the initial TDC 
configuration is considered. The process has been repeated for all the 
experimental points assessed in the motored testing and all the 
adjustment values are reported in table 3 at the different rotational 
speeds and coolant temperatures considered.

It is apparent from the nearly constant results that a bias error was 
introduced in the determination of the mechanical TDC, at the same 
time also confirming the original hypothesis.

Table 3.Phasing angle adjustment for the different experimental points 
assessed during the testing

Phasing angle adjustment

Coolant Temperature

Rotational 
Speed

30 °C 60 °C 90 °C

3000 rpm +2.68° +2.68° +2.68°

4500 rpm +2.56° +2.66° +2.68°

6000 rpm +2.68° +2.68° +2.68°

Applying the adjustment angles found to the pressure and volume 
phasing the thermodynamic loss angles shown in table 4 were 
obtained.

Table 4.Thermodynamic loss angles as found after the phasing adjustment 
procedure. In parenthesis are shown the value of the location of the cycle peak 
pressure with 540° as a mechanical TDC.

Thermodynamic loss angle

Coolant Temperature

Rotational 
Speed

30 °C 60 °C 90 °C

3000 rpm 0.62° (539.38°) 0.62° (539.38°) 0.88° (539.12°)

4500 rpm 0.04° (539.96°) 0.02° (539.98°) 0.35° (539.65°)

6000 rpm 0.18° (539.82°) 0.27° (539.73°) 0.27° (539.73°)

The new values of the thermodynamic loss angles obtained after the 
adjustment are comparable with those for modern reciprocating 
engines and entirely in line with the related literature. Also, the trend 
that shows higher loss angles at slow speed is confirmed with a 
particularly sweet spot at 4500rpm where probably the effects of the 
heat transfer and mass leakage found a better balance. The increasing 
loss angle with temperature may have been caused by different 
factors such as a different volumetric efficiency as it will be 
described later.

A graphical representation of the results of the thermodynamic loss 
angle is showed in figure 15 for a rotational speed of 3000 rpm and a 
coolant temperature of 90°C where the loss angle is maximum and 
equal to 0.88 degrees. Even if the blue line appears centred on the 
TDC, the asymmetry is easy to recognize when two corresponding 
points at the same pressure are picked (e.g. for the blue line at 14.8 
bar the values of the eccentric shaft are 518 and 560 degrees and are 
hence not symmetric with respect to the mechanical TDC).
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Figure 15.Comparison between original and adjusted loss angle for 3000 rpm 
and coolant temperature of 90°C.

The final validation of the proposed procedure for the correct 
determination of mechanical TDC and the thermodynamic loss angle 
was carried out with the analysis of the log-log pressure-volume 
diagram reported in figure 16 where an assessment of the quality of 
the measurements readily can be performed. In the diagram it is 
possible to observe that the compression and expansion lines are 
straighter than the ones obtained with the original TDC setup, while 
no evident curvatures are present at the compression starting point, 
and compression and expansion end points. More importantly for this 
validation is the fact that there is no crossover (twisted compression 
and expansion lines) in each experimental diagram after the phasing 
adjustment as thoroughly explained in [52, 53]. The pumping loop 
remains almost unaffected by the phasing procedure. Also, it is 
evident that both the heat transfer and the mass leakage are 
introducing parasitic work in the thermodynamic cycle in addition to 
the pumping work mentioned before. That must be taken into account 
when the total friction measurements and analysis are performed, as 
it will be seen in the next section.

Figure 16.Comparison between original and adjusted loss angle on the log-log 
pressure-volume diagram for 4500 rpm and coolant temperature of 60°C.

Indicated pressure cycle and friction measurements

The filtering process and the determination of the loss angle allowed 
for the appropriate phasing between pressure and engine volume and 
hence the correct indicated pressure cycle. An example of the results 
at the coolant temperature of 60°C and different rotational speeds is 
reported in figure 17. It is remarkable to observe a difference of 
around 5 bar in the peak pressure between the maximum and 
minimum rotational speeds. While the exhaust process is pretty 

similar in terms of pressure between the different rotational speeds, 
the intake sees a lower pressure (with all of them below ambient) for 
the higher speed, as expected.

In figure 18 are reported the indicated pressure cycles at the different 
coolant temperatures of 30°C, 60°C and 90°C for the rotational speed 
of 4500 rpm. Here the particularity lies in the slightly different 
maximum pressure between the minimum and maximum coolant 
temperatures. Also, it would be counterintuitive to find that the 
maximum pressure is lower at the higher coolant temperature. This 
can be explained and justified with different reasoning. First of all it 
must be said that the coolant jacket for this engine is running around 
the central housing mostly in the combustion and exhaust side and 
not in the side flanks as it is possible to see in the figure 19. Hence 
the surface at higher temperature that is exchanging heat with the 
working fluid, i.e. the peritrochoidal housing, is less extended than 
the surface at much lower temperature, i.e. the side flanks and the 
rotor. As a consequence the working fluid is in contact with colder 
surfaces for longer time on average, limiting the total amount of heat 
exchanged even when the coolant temperature is as high as 90°C. The 
other factors that may have affected the maximum pressure at the 
higher coolant temperature are the ambient air density and the 
induced different volumetric efficiency of the engine. That is because 
while the motored test with the coolant temperature of 30°C was 
carried out practically from the cold start, the ones carried out at 
60°C and 90°C were executed after firing the engine for much longer 
time and raising the coolant temperatures to the desired values. 
During the firing operations inevitably the cell temperature increased 
reducing the density of the air ingested by the engine. In addition, the 
short intake of the AIE 225CS is located just above the exhaust pipe 
and that means when the latter is hot after firing, the engine is 
ingesting hot air with lower density coming from the thermal 
buoyancy zone of the exhaust system hence again affecting the 
volumetric efficiency of the engine. 

Figure 17.Comparison of the filtered and phased indicated pressure cycle at 
different rotational speeds and coolant temperature of 60°C.

As usual other plots of the indicated pressure for different rotational 
speeds and coolant temperatures are reported in the appendix for 
comparison and completeness of data presentation.

As was possible to appreciate in figures 4 and 5, the core pressure in 
the SPARCS unexpectedly did not present any fluctuations at the 
different operating points. As a consequence its values can be 
summarised in table 5 and were not reported in the previous pressure 
plots in order to increase their legibility.
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Figure 18.Comparison of the filtered and phased indicated pressure cycles at 
different coolant temperatures for the rotational speed of 4500 rpm.

Table 5.SPARCS pressure values at the different rotational speeds and coolant 
temperatures.

SPARCS Pressure

Coolant Temperature

Rotational 
Speed

30 °C 60 °C 90 °C

3000 rpm 3.13 bar 3.28 bar 3.04 bar

4500 rpm 3.81 bar 3.71 bar 3.72 bar

6000 rpm 4.39 bar 4.19 bar 4.14 bar

Figure 19.Sectional view of the AIE 225CS with the coolant jacket 
running around the peritrochoidal housing (in cyan). Figure reproduced 
from [13].

Once the correct phasing was obtained and the correct relation 
between the pressure and the eccentric shaft was in place, it was 
useful to compute the indicated torque from the indicated pressure 
cycle, the evaluation of which needed the values of the eccentricity 
and the area of the single flank of the rotor in addition to the pressure 
cycle. For the AIE 225CS the eccentricity is 11.6mm while the area 
of a single rotor flank is 6569.1mm². An example of the computed 
instantaneous indicated torque is showed in figure 20 where the 
average value computed throughout the 1080 degrees is -1.49 Nm as 
a consequence of the aforementioned pumping loop and parasitic 
work due to the heat transfer and mass leakage.

Figure 20.Instantaneous indicated torque for the operating point of 4500rpm 
and coolant temperature of 60°C.

The indicated torque and the average indicated torque were computed 
for all the experimental operating points and the latter is reported in 
table 6.

Table 6.Average indicated torque at different rotational speeds and coolant 
temperatures

Average indicated torque

Coolant Temperature

Rotational 
Speed

30 °C 60 °C 90 °C

3000 rpm -1.66Nm -1.58Nm -1.54Nm

4500 rpm -1.44Nm -1.49Nm -1.63Nm

6000 rpm -2.62Nm -2.69Nm -2.49Nm

Finally the total friction as defined in [54] was measured by the 
dynamometer connected to the data acquisition system. The values of 
torque for the total friction comprise indicated torque reported above, 
the pure friction torque due to the relative motion of the moving parts 
and the friction due to the auxiliary systems that in the case of the 
AIE 225CS engine are represented by the work required by the 
internal SPARCS fan. Unfortunately, while precise values for the 
indicated torque have been provided, there are no data available for 
the power absorbed by the internal fan and hence it is not possible to 
split the pure friction and auxiliary friction once the total frictions are 
obtained from the indicated torque. This highlights the need of 
further research on the internal fan characterization that was out of 
the scope of the present work.
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The values of the measured total friction torque are reported in figure 
21 (in absolute values) for the different rotational speeds and coolant 
temperatures. The values of the total torque at 90°C of the AIE 
225CS was also converted in Friction Mean Effective Pressure 
(FMEP) for a direct comparison with the FMEP measured on the 
Mazda 13B engine, still considered the state of the art of the rotary 
technology in the automotive sector. The measurement of the 
frictions on the Mazda 13B was carried out as a side activity in a 
different cell at the University of Bath – IAAPS which was still part 
of the ADAPT project. It is possible to observe that while the 13B 
has a wider operating range compared to the AIE 225CS the latter 
presents better performances in terms of FMEP but, differently to the 
AIE engine the Mazda carries many more engine-driven ancillaries 
from the rotation of the eccentric shaft (e.g. the oil pump for the two 
rotors, the cooling pump, etc.)

Figure 21.Total friction torque values for the AIE 225CS engine. The absolute 
values are reported in this plot.

Figure 22.Comparison of the FMEP for the AIE 225CS and Mazda 13B 
engine at the same coolant temperature of 90°C.

The average polytropic coefficient determination            

As a final step to the entire characterization of the AIE 225CS rotary 
engine there was the determination of the polytropic coefficient 
during the compression and expansion phases. It was important to 
implement also this analysis since the values found are related to a 
modern rotary engine and can be used in the thermodynamics models 
for the determination of TDC or numerical simulations in general. 
The knowledge of those is furthermore useful in the future evaluation 

of the Indicated Mean Effective Pressure and in the evaluation of the 
efficiencies when heat transfer phenomena occurs [55].

The polytropic coefficients have been obtained by isolating the 
compression and expansion phases for the angular eccentric shaft 
position in the range from 405 to 535 degrees and 545 to 675 degrees 
for compression and expansion respectively. That was done in order 
to avoid any possible spike occurring in the proximity of the TDC as 
showed in figure 14. As is still possible to appreciate in the same 
figure, the polytropic coefficient is not constant throughout the 
processes. The point-to-point computation of those coefficients was 
carried out for the analysis of the loss angle. While the instantaneous 
values of the polytropic coefficients are useful for considerations on 
the heat transfer, it is more useful to have averaged values across all 
the processes as also available for 2 and 4-stroke engines. These are 
reported in figures 23 and 24 for the different rotational speeds and 
coolant temperatures. Apparently, for the engine under test, the trends 
for those coefficients are sensibly different from the one proposed in 
the literature and in the commercial software for combustion analysis. 
Usually a 4-stroke engine presents a polytropic compression 
coefficient higher than the expansion one. For example AVL propose 
values of 1.32 and 1.27 for compression and expansion on a gasoline 
engine [46]. In this study the opposite has been experienced with 
average compression coefficients in the range from 1.24 to 1.29 and 
expansion coefficient from around 1.36 to over than 1.4. Even if they 
are far from the usual values used in reciprocating engine 
applications, the ones found are all plausible and can be explained as 
follows. The compression coefficients are much lower than the 
expansion ones because, as mentioned and reported in figure 19, the 
coolant jacket runs mostly around the hot side of the engine i.e. the 
combustion and exhaust zone of the peritrochoidal housing. Thus the 
working gas are in contact with colder surfaces (i.e. housing, flanks 
and rotor) during the compression and with a warmer housing 
(ideally at the coolant temperature) on one side during the expansion. 
The heat exchange should be particularly favored around the TDC 
where the surface to volume ratio is favourable. Nevertheless, 
counteracting factors must be assessed and taken into account, such 
as the low speed of the rotor and the turbulence decay due to the 
compression of the fluid.  The ascending trend of the polytropic 
coefficients through the rotational speeds for compression is justified 
by the reduced time available for the gas to exchange heat with the 
boundary surfaces. The descending trend for the expansion 
coefficients is due to the same reason: as reported above, at higher 
rotational speeds the fluid spend less time around the TDC where the 
heat transfer may be emphasized. Interestingly, a nearly adiabatic 
processes occurs during the expansion phase. Obviously, the 
adiabaticity is fictitious and the coefficients around the adiabatic 
values mean that the thermal energy balance between the heat lost by 
and provided to the gas is close to neutral. Finally, the difference of 
the coefficients at the same same rotational speeds and different 
temperatures might still lie in the reduced volumetric efficiency 
mentioned earlier and/or in increased leakage due to thermal 
expansion of the housing. This, together with the previous 
considerations, highlights the necessity to carry out further research 
on this aspect especially by means of 3D-CFD simulations, in order 
to evaluate fundamental parameters about the heat transfer 
coefficients, the turbulence of the flow inside the chambers and the 
usual non-dimensional parameters such as the Nusselt and the 
Reynolds at different rotational speeds and coolant temperatures. 
Furthermore, a statistical analysis of the acquired cycles in addition 
to the study of engines with different displacements and cooling 
configurations would be beneficial in a more precise determination of 
the aforementioned polytropic coefficient that would be of general 
validity for the rotary engines class.
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Figure 23.Polytropic coefficient during the compression phase for the three 
different coolant temperatures

Figure 24.Polytropic coefficient during the expansion phase for the three 
different coolant temperatures

Conclusions and Further Work

In this paper results from motored testing of the AIE 225CS Wankel 
rotary engine have been presented. The study dealt with the correct  
determination of mechanical Top Dead Centre, the thermodynamic 
loss angles and the polytropic coefficients for the compression and 
expansion phases. This kind of investigation was of high priority 
since the experimental research around the rotary engines is not 
common as is the case for reciprocating technology, hence many 
parameters such the ones mentioned above are reported in outdated 
literature or unknown. Thanks to the ADAPT project there has been 
the opportunity to carry out research around the rotary engine by 
employing modern methodologies and digital technologies. The 
several activities executed in this study, that can be considered 
preliminary and necessary for the further analysis of the performance 
of the engine under firing conditions, answered the different research 
questions at the base of the study itself. Interestingly, new research 
questions and opportunity arose as usually happens during thorough 
research. As an example, while satisfied by the Top Dead Centre 
determination made by coupling experimental and numerical 
activities in the current study, it would be desirable to have a bespoke 
instrument for a quick determination of the TDC, like the capacitive 
probe available for reciprocating internal combustion engines. On a 
different aspect, it was interesting to determine the polytropic 
coefficients for the compression and expansion, but a broader and 
statistical analysis on different engines would be highly desirable as 
well. Conversely, the total friction and the friction mean effective 
pressure assessed are in line with the values of a modern engine even 

if there is a margin of improvement specifically for the AIE 225CS 
engine that would come from a characterization and optimization of 
the internal fan.

Conscious that research on internal combustion engine is going to 
decrease in the future years, the authors consider the experimental 
data gathered on the modern AIE 225CS Wankel rotary engine 
extremely valuable for different reasons: rotary technology has been 
demonstrated to have real potential to be employed as a range 
extender given its characteristic and favourable power-to-weight 
ratio, and the research carried out can help the future of this particular 
thermal machine. Furthermore, the results presented in this study and 
the comparison of some of them with those collected on a Mazda 13B 
engine will help the niche community of rotary engines in their 
current and future investigations. Undoubtedly, all the relevant 
parameters defined in this study are considered to be the necessary 
starting point for the correct analysis of the engine in firing 
conditions that will be carried out in the part III [56] of this suite of 
papers.

More interestingly, all the indicated pressure cycles and friction 
measurements will be employed in the numerical activities running 
beside to the experimental ones. All the data will be useful to validate 
novel numerical models of the rotary configuration implemented in 
0D/1D and 3D commercial software and that will be the subject of 
future publications.
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Definitions/Abbreviations

ABDC After Bottom Dead Centre

ATDC After Top Dead Centre

BBDC Before Bottom Dead Centre

CA Crank Angle

CFD Computational Fluid Dynamic

DFT Discrete Fourier Transform

FFT Fast Fourier Transform

FMEP Friction Mean Effective Pressure

HEV Hybrid Electric Vehicles

IIR Infinite Impulse Response

IMEP Indicated Mean Effective Pressure

IVC Inlet Valve Closing

PDS Power Density Spectrum

REx Range Extender

ROHR Rate of Heat Release

RPM Revolution per minute

SOC Start of Combustion

SPARCS Self-Pressurised Air Rotor Cooling System

TDC Top Dead Centre

UAV Unmanned Aerial Vehicle

WOT Wide Open Throttle
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Appendix

Figure 25.Comparison of the filtered and phased indicated pressure cycle at different rotational speeds and coolant temperature 
of 30°C.

Figure 26.Comparison of the filtered and phased indicated pressure cycle at different rotational speeds and coolant temperature 
of 90°C.
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Figure 27.Comparison of the filtered and phased indicated pressure cycles at different coolant temperatures for the rotational speed of 
3000 rpm.

Figure 28.Comparison of the filtered and phased indicated pressure cycles at different coolant temperatures for the rotational speed of 
6000 rpm.
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Figure 29.Polytropic coefficient curve trend for different phasing angle at 4500 rpm and 30°. Full zoom out.

Figure 30.Friction torque for the Mazda 13B engine
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