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o BMEP in the 2Stroke is halved; the ensuing lower to CD-300, can be summarized as follows
cylinder pressures can be exploited for enhancing the
thermodynamic efficiency of the cycle (as an example by 1.  Direct coupling to the propeller, without reduction
increasing the compression ratio or the injectidmance); gear system: lower weight, better fuel efficiency, less
o The lower amount of injected fuel (about halved) in reliability issues, lessrejected heat (smaller oil heat
the same cylinder volume enables a more complete exchanger);
combustion, also reducing heat transfer (the combustion 2. Much lower BMEP at rated power: supposing that
region is surrounded by a thicker cushion of fresh charge, CD-300 delivers its rated power at 4000 rpm, the
forming a more efficient therat barrier); corresponding BMEP is more than Bars an almost double
e A 2-Stroke engine can operate without poppet valves Value in comparison to GF56 (12.1 bar). Thereforeyimder
(loop scavenging or opposed piston design): no mechanicalPressures are expected to be much lower intBeedke engine,
loss due to the valvetrain (and lighter design). with ensuing advantages in terms of reliability, durability and
Finally, it is observed that a 2SI engine with piston weight reduction;
controlled inlet ports anexhaust poppet valves (Uniflow 3. More regular instantaneous torque output. The GF56
scavenging) can have the same combustion system of &rankshaft is designed in order to provide 6 firingre¢ per
conventional 4Stroke engine. This is a very important crankshaft revolution, evenly spaced at 607 ¢&5t#toke, V6
practical aspect, because it means that it is possible to directlyengine can have only three torque pulses per revolution. This
import the technologies developed feBttoke Disel engines, ~ aspect is quite important for the mechanical design of the
allowing the designer to focus on other issues. propeller, requiring an instantaneous engine torque as smooth
There are several examples of-@8 aircraft engines,  as ssible.
starting from the Junkers JUMO developed before WWII, and
the slightly more recent Napier Deltic, both of them adopting Table 1.Main features of the new-2 Cl aircraft engine by
the Opposed Piston @ design [7]. Among the modern CMD
propositions, some success was achieved by the WAM engine
developed by Wilksch Airmotive, and described in some

GF56 engine features

technical papers [8, 9]. It is a 1.8L-c$linder inline, CI, IDI Layout 6-cylinder, boxer
turbocharged engine, featuring a Uniflow seaging, Bore [mm| 106

- - . . ; Stroke [mm] 105
obtained with a set of inlet ports along the cylinder liner, and :

- Total displacement [cfh 5560

2 exhaust_ poppet valves on the 'cyllnder head.' The WAM Compression Ratio 17.2
engine weights about 100 kg, and it is able to deliver up to 90 Fuel Jet A1 or Diesel Fuel
kW at 2600 rpm, in the version describdeyiMattarelli et al. Twin turbochargers,
[9]. Air System intercooler, twin Roots

Other interesting -5 CI aircraft prototypes have been
developed by DeltaHawk [10] and Zoche [11]: none of them
seems to have obtained the certification, at least at the moment
of writing this paper.

Scavenging type

superchargers
Uniflow, with exhaust
valves and piston controlles
scavenge ports

Exhaust valves per cylinder 2
Cooling Liquid-cooled
Alternator [V] 24
2. THE NEW ENGINE Dry weight [kg] 220
Dimension LXWxH[mm] 1016 x 912 x 628
CMD, a LONCIN company, is developing new 2SClI Rated power, sea level [HP@rpr 360@2400
aircraft engine, named GF56, whose features are listed in ~ BMEP at rated power [bar] 121
Table 1. The object of the paper is the current version of the Min. BSFC [g/kWh] 210

engine (year 2020), deriving from a long development process
started about 10 years ago, and partially reviewed in aeoupl
of previous papers Pl 13]. In particular, reference P, 3. THE SCAVENGING AND COMBUSTION SYSTEM
published on 2015, describes the choice of the supercharging
system, while reference3], published on 2016, reviews some ~ The proposed-&troke engine adopts a Uniflow scavenging
preliminary CFD3D simulations of the scavenging process. System, shown ifrigure 1, with 2 exhaust poppet valves on
The 2020 vetisn of the CMD engine is the outcome of a the cylinder head, and a set of inlet ports along the cylinder
further optimization, supported not only by CFD simulations, liner.
but also by a comprehensive experimental campaign on This design permits to optimize the-gglinder turbulence,
physical prototypes. by means ba proper design of the inlet ports, imparting a
The engine is designed for fitting the engine bay of many swirling motion to the charge entering the cylinde4-[5].
different aircraftsthanks to the specific layout of cylinders Differently from a 4Stroke engine, where the dependence of
(flat 6), and the reduced overall dimensions and weight. At the Swirl Ratio on operating conditions is relatively weak, in-a 2
moment, the best in class certified Cl engine is-D, by Stroke this parametés controlled by engine speed and by the
Continental Engines [1], a 4S V6 3.0L turbocharged engine pressure ratio across the cylinder [17]. Therefore, the design
delivering 300 HP at the propet speed of 2340 rpm. GF56  of the scavenge ports was aimed to get a Swirl Ratio between
should be lighter (220 vs. 265 kg), showing similar or smaller 1.5 and 2.0 for the operating conditions of major interest (high
overall dimensions. A fair comparison is not possible at the speed, full load): this leel of turbulence is able to support an
moment, since GF56 has still to receive its certification, even €fficient combustion process, as demonstrated by the 8D
if the experimental results so far areitg encouraging. combustion simulations and the experiments carried out so far.
However, the indisputable advantages of GF56, in comparison Another fundamental aspect to be considered in the design
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of inlet ports is the mixing betwadresh charge and exhaust 4. CFD-1D ENGINE MODELING

gas: the stronger is the swirl intensity, the higher is the mixing

rate and the flow losses through the ports (thus, the worse is The analyzed -5trokeengine has been modeled using the

the scavenging process). A tradié among these conflicting  CFD-1D software GTPower [18]. The main differences from

requirements was found with the suppof several CFEBD the modeling of a standardStroke turbocharged engine are:

simulations (not presented in this paper for the sake of brevity). e Discharge coefficients of scavenge ports should be
Combustion mainly occurs within the axisymmetric piston entered as a function of port opening degree andpresatio

bowl, whose design is identical to é4roke engine. Also, the  across the port;

injector (not visible inFigure 1) is located ina quite e A zerodimensional model of the scavenging process

conventional position, between the two exhaust valves andis required: the fraction of combustion products in the exhaust

almost coincident with the cylinder axis. All the CRD flow must be specified as a function of the concentration of

combustion simulations performed for this project show no exhaust gas within the cylinder;

relevant difference from a-8troke cycle, when considering . The blowby betweemiston and liner should not be

the same massf injected fuel and the same composition of neglected, at least in the first half of the compression stroke: it

the charge. However, for the choice of the injector nozzle js experimentally observed that there is a small leakage of air

design, the specific operating conditions of theStoke  from the cylinder, that it can be sealed only after the first piston
aircraft engine- quite different from the ones occurring in @  ring has completely pasd in front of the scavenge ports.
standard automotive-8troke disel - should be considered. The first two issues are addressed by running a-8BD

Therefore, the optimum nozzle geometry of GF56, defined analysis of the scavenging process, at different operating
with the support of CFEBD analyses, is different from that of  conditions. The methodology is comprehensively described in
a 4Stroke automotive diesel engine, delivering the same previous papers [19].
maximum brake power. In particular, nozzle holessanaller, Figure 2 shows the curvéBEST FIT) selected for
for the following reasons: 1) fuel mass flow rates are lower, representing the scavenging patterns inf&ver simulations.
due to the double cycle frequency; 2) maximum engine speedit js observed that the quality of the process is quite good. Until
is |OW9r, then more time is available for intrOdUCing the fuel one half of the Cy”nder mass is emp“ed through the exhaust
within the Cylinder; 3) small holes enhance atomization, then valves, no fresh Charge is lost: therefothe first part of
air-fuel mixing, and may prevent wall impingement (shorter scavenging is equivalent to an ideal process (perfect
penetration) even when using high injection pressures. displacement). In the second part, some air ipdmsing the

In order to minimize the weight of the engine, cylinder cylinder, but the trapping efficiency remains always higher
liners are not completely surrounded by a water jacket: their than in a perfect mixing process (dashed linEigure 2) As
cooling is partly providd by the fresh charge flowing in the =~ an example, when the cylinder mass is made up of 20% of
air chest, before entering the cylinders through the inlet ports. residual gas and 80% of fresh charge, the exhaust flow

The only drawback of this solution, that gives a fundamental contains 50% of residual gas, 2.5 times more than in the
contribution to the lightness of the engine, is the deformation perfect mixing mode.

of the liner, that must bearefully controlled in order to
prevent leakages between piston and liner. 0-D scavenging model
Another critical aspect is the cooling of the cylinder head,
because of the double frequency of theStebke cycle.
However, this aspect is compensated by the relatively low = = pefectmixing = = op — = LooP
maximum engine speed, and by the lower combustion
temperature, due to the dilution of the charge, as well as to the
higher ratio of trapped air to fuel. 0.9

® CASEA ® CASEB CASE C BESTFIT

l—_J_.—l

Exhaust Port Residual Gas Concentration

0 0.1 02 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Cylinder Residual Gas Concentration

Figure 2. Zero-dimensional scavenging model derived from
the results of a set of CFBD simulations. The Opposed
Piston (OP) and the LOOP results come from a previous

study [19]

Figure 1. The scavenging and combustion system
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In order to put these results in a relative context, the does not appear convenient to remove orpays them.
scavenging curves calculated in a previous study [19] for an Obviously, tle power adsorbed by these machines should be
Opposed Piston (®) engine and a Loop Scavenged (LOOP) minimized, selecting a proper transmission ratio.
engine are also shown Kigure 2. The OP design enables an Another peculiarity of the analyzed engine is the need of
almost ideal process, while the Loop design (with piston operating above sea level, up to an altitude of 18,000 ft.
controlled scavenge and exhaust ports) is normally lessTherefore, a further goal of the projectasguarantee a brake
efficient. The Uniflow system developed inighproject is power higher than 270 HP (75% of rated power) at this
always better than an optimized Loop design, and not too farmaximum altitude. This target is of fundamental importance
from the OP curve (bedt-class). for the choice of the turbocharger size and of the transmission
The 1D engine model has been calibrated by comparisonratio of the superchargers. As altitude increases, aisityen
with a comprehensive set of experimental data, measured atlecreases: keeping constant engine speed atfidediratio,
the dynamometer bench on the lastrsion of the engine  without any control on the turbine (no wasgiate), the
(November 2019). The agreement between simulation andoperating point on the compressor map is shifted toward
experiments is very good (maximum error on brake higher turbocharger speeds and higher pressure ratios. When
parameters lower than 2%, maximum error on averagethe choke limit iseached, fuel rate (then brake power) must
pressures and temperatures: 5%); the comparison is not showbe reduced, for avoiding turbocharger failures (esreding).
for the sake of lavity. Therefore, to guarantee a good engimdocharger matching,
the operating points on the compressor map at sea level should
stay far from the chokeurve, allowing the points to shift

5. OPTIMIZATION BY CFD -1D SMULATION within the map, as altitude increases. In other words, the higher
is the altitude to be reached, the bigger is the swallowing

The calibrated engine model was used to address the choiceapacity required by the turbocharger. The supercharger helps

of some fundamental design parameters, in particular: to maintain high performance laigh altitude: the higher is its
o Height of the scavenge ports (defining also the timing speed, the better. Unfortunately, also the parasitic losses of the
and the mean effective aragailable for the inlet flow); blower increases, so that high performance at high altitude are

. Phase and lift profile of the exhaust valves (defining balanced _by high fuel c_onsymption at sea Ievel'. Th? final
also the timing and the mean effective area of the exhaustconfiguration of the engine is thesult of a long iterative

flow); process, mainly driven by CFDD simulation but also
. Start of combustion angle; including the contribution of other CAE tools, as well as of
o Transmission ratio between engine and Roots practical experience on similar projects. Therefore, it would be
superchargers; impossible in this paper to review the whole mss: only the

N Size of the turbocharger (swallowing capacity of final results of the optimization will be presented in the

turbine and compressor). following section.

The main goal of the optimization is to achieve the
performance targets (in particular the rated power of 360 HP
at 2400 rpm, sea level) minimizing fuel consumption and 6. PERFORMANCE AT SEA LEVEL
complying with all the dsign constraints. As far as the last
ones are concerned, the most important are:

o No radical change to the engine design concepts, only
refinements (in order to maintain and possibly improve the
lightness of construction);

) Peak cylinder pressure <130 basr(the same reasons
mentioned above);

) Peak turbine inlet temperature <800 € (for turbine
reliability and durability);

) Peak charge temperature at the supercharger outlet
<150 € (for supercharger reliability and durability);

) Mass flow rate unbalance amoeyginders <5% (for
smooth and repeatable engine operations).

It is observed that the flow balance among cylinders is often
critical in 2Stroke engines, much more than i§#okes. This

In this section, the main performance parameters of the
optimized engine, predicted by CFID simulations, are
presented. The operatingonditions correspond to a
dynamometer bench test, at full load, sea level. Engine speed
varies between 1400 and 2600 rpm, by step of 200 rpm; the
mass flow rate of fuel is controlled by the trappeefiadl ratio
at smoke limit. The last parameter, desvieom CFD3D
combustion simulations and it is confirmed by the simulation
of experimental tests carried out by using the calibrated GT
Power model. It should be noted that, ifrSRoke diesel
engines it is very hard to get an experimental measure of the
trapped akfuel ratio from the analysis of exhaust gas
composition, since it is almost impossible to tell the portion of
air bypassing the cylinder during the scavenging process.

) : X As far as the intercooler is concerned, it is supposed to adopt
trend was experlr_nentally ot_)served also in the first prototypes he same syet employed during the experimental tests, at the
.Of GF%. The main reason is the absence of the eXhal_JSt antemDps dynamometer bed. In this way, no modification to the

intake strokes, so that the gas exchange process is fully.ibrated CERID engine model is needed.

govemed by the fluk_lﬂynamic conditions across each cylinder, g parameters related to the gas exchange process are first
that may be not_umform._ Therefore, the maximum care was presented inFigures 36: average pressures across the
deyoted to design equiwait flow paths throughout the cylinders (i.e. at the scavenge ports and at the exhaust valves);
cylinders, as We!l as to guarantee th.e symmetry between thepressure ratio across the supercharger; delivery ratio
two banks of cylinders. From this point of view, the use of a (corresponding to volumetric efficiency in étroke engine):
single turbocharger represents an advantage. trapping efficiency (ratio oftte trapped air mass at exhaust

f A fundamtfantal hheIpRto the regularrllty and l_mlfor"mgy cf)f theh valve closure to the delivered air mass); charging ratio (ratio
ow comes from the Roots superchargers, Installed after the ¢ 5,64 air mass to the theoretical air mass, i.e. the product

intercooler and blowing directly into the air chests: even ifthe ot 5 hient air density to engine displacement); scavenging
engine can work without them in most operating conditions, it
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efficiency (ratio of trapped air ma$o trapped cylinder mass);
delivered and trapped duel ratio.
Figure 3 shows the pressure differential across the cylinders

depending on the turbocharger balance (compressor outlet anc

turbine inlet pressure), as well as on the contribution of the
supercharger (visible ifigure 4). Differently from a4troke,

the airflow rate delivered by the engine is mainly controlled
by this pressure differential, in combination with cylinder
permeability. It is observed that the supercharger provides a
pressuraatio higher than 1 (up to 1.2) only at medinigh
speeds (>2000 rpm), while at lower speeds it is almost
“transparent” (but it helps to keep the flow regular, stabilizing

the oscillations of turbocharger speed). Even when the
supercharger plays an actixae on scavenging at sea level,
its efficiency remains quite low. However, it should be
considered that this component is designed to be light and
compact, more than efficient; moreover, as altitude increases,
its efficiency improves.

The pressures showin Figure 3 determine the delivery
ratios presented ifigure 5. However, the air available for
combustion is much lower than the delivered mass: trapping
efficiency is about 0.5, meaning that one half of the air pumped
into cylinders goes to the exhaust.

PRESSURES ACROSS CYLINDERS

4,000 —=INLET — BXHAUST
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2.000

1.500
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1400
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SCAVENGING PARAMETERS
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2.500

2.000
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Figure 5. GF56 engine, scavenging parameters at full load,
sea level, predicted by CFID simulation at full load
(smole limit), sea level
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Air-Fuel Ratio
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2000
Engine Speed [RPM)]
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Figure 6. GF56 engine, Aifuel ratios predicted by CFDD
simulation at full load (smoke limit), sea level

Figure 3. GF56 engine, intake and exhaust average pressures At rated power (2400 rpm), charging ratio is about 1.35,

predicted by CFELD simulation at full load (smoke limit),
sea level

SUPERCHARGER PARAMETERS
PRESSURE RATIO —— EFFICIENC Y

|fraction]

Engine :;--j [RPM)
Figure 4. GF56 engine, pressure ratio and efficiency of the

supercharger, predicted by CAD simulation at full load
(smoke limit), sea level
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while the scavenging efficiency is 87%. Considering that the
trapped airfuel ratio is 20 (se€igure 6), the conditions of the
charge at maximum power for GF56 correspond to a medium
load and speed operating point in a standard automotive 4
Stroke engine, with 13% of EGR.

The operations of both compressor and turbing ina
analyzed by plotting the operating points on the respective
maps:Figure 7 shows the compresséigure 8 the turbine.
Both graphs demonstrate that the matching between engine
and turbocharger is very good: all the operating points of
interest fall inregions of high efficiency.

Another fundamental set of characteristic parameters is
represented by Mean Effective Pressures (MEPS): Indicated
MEP (IMEP), Brake MEP (BMEP), Friction MEP (FMEP),
and Attachment MEP (AMEP). The last one is the ratio of the
work adsorbed by the attached supercharger to engine
displacement. It corresponds to the Pumping MER &frdke
engines, since it represents the energy spent for the
replacement of the spent charge.

As expected, at maximum power the values of IMEP and
BMEP are quite low for a turbocharged engine (15 and 12.5
bar, respectively), and comparable to the typical values of a
naturally aspirated-&troke Sl engine. The value of AMEP at



2400 rpm (1.5 bar) is similar to the one observed at full load, VAL ATACHMENTMER
high speed om 4Stroke Cl marine engine, equipped with a
turbine controlled by a wastgate valve [19]. The values of
FMEPs are definitely lower than those typically found on any
4-Stroke engine, at same mean piston speed auoglimder
peak pressure.
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Figure 10.GF56 engine, FMEP and AMEP predicted by
CFD-1D simulation at full load (smoke limit), sea level
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limit), sea level, plotted on the efficiency map of the 1000
compressor (one bank)

350.0

_. 900 300.0
- s
0.038 EFFICIENCY MAP WITH OPERATING POINTS Z. i
30.00 wl 800 250.0 g
32.00 o
0.036 2400 oo 5 ‘8
36.00 700 2000
w 38.00
% 0034 4000 i 150.0
g 0.032 ﬁ g
w 46.00
2 500 100.0
= 456.00
5 0.030 .ED s
E oos :i £ 0 1600 1800 2000 2200 2400 2500
E 56.00 Engine Speed [RPM]
= 0026 56.00
k4 60.00
3 oo s Figure 11. GF56 engine, brake torque and power predicted
o e by CFD-1D simulation at full load (smoke limit), sea level
70.00
0.020 BSFC - Brake Specific Fuel Cansumption, Cyl
“100 120 140 160 180 200 220 240 260 280 300 320 340 260.0 ——=BSFC —BTE 40.00
Pressure Ratio
Figure 8. GF56 engine, operating points at full load (smoke . 500
limit), sea level, plotted on the efficiency map of the turbine
(one bank)
= 2400 36.00
IMEP - BMEP 2 =
17,50 —=IMEP — BnEP {E| E
o &
B 2300 3400
15.00 |- y e S
i/ 220.0 32.00
~
H
@ 210.0 3000
(% 1400 1600 1800 2000 2200 2400 2601

Engine Speed [RPM]

Figure 12. GF56 engine, BSFC and Elpredicted by CFb
1D simulation at full load (smoke limit), sea level

e 160 T s ;gggmpw 20 2400 z00 Finally, the standard brake parameters, torque, power,
BSFC and Brake Thermal Efficiency (BTE), are presented in

Figure 9. GF56 engine, IMEP and BMEP predicted by GFD Figures 11_ and 12. It may be noticed that tpe power target at
1D simulation at full load (smoke limit), sea level 2400 rpm is exceeded of about 16 HP (+4%), and further 24

164



HP can be obtained ineasing the propeller speed up to 2600 For this reason, it is not possible to make a direct evisgn
rpm. Obviously, the power excess can be used also for-down with a certified 4Stroke CI aircraft engineHowever, the
speeding: the ensuing advantages would be a reduction of fuektudy demonstrates thatRrroke Cl engines can be a very
consumption, as well as a lower propeller noise. A slight interesting option, for both the replacement of ol&tdoke

improvement of BTE is also expected fvihe optimization of
the injection strategy (the CFDD model does not consider
the final evolution of the combustion system).

Figure 13 presents a check on two fundamental constraints,

petrol engines in existing aircraft and as original equipment in
new ores.

for engine reliability and durability: Turbine Inlet Temperature REFERENCES

(TIT) and cylinder peak pressure; the former must be below
1073 K (800 €), the latter under 130 bar. Both constraints are [1]
fully complied. It is observed that the turbine inlet temperature

is much lower than the limit, because of the dilution with fresh
air, during the scavenging process.
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7. CONCLUSIONs [9]

The paper reviews the design and performance of a new
360HP 2Stroke 5.6L ecylinder Claircraft engine, running on
diesel and jet Al fuels. The scavenging is of the Uniflow type,
with exhaust poppet valves on the cylinder head, and a set o
pistoncontrolled inlet ports on the cylinder liner. Thestage
supercharging system is made up oé @r two turbochargers
(on parallel), intercooler and two Roots superchargers (also on
parallel). For the thermfluid-dynamic aspects, the
development was fully supported by CHD and 3D
simulations, integrated by several experimental activities on
physdcal prototypes.

In the last configuration, the most interesting technical
features of this engine can be summarized as follows:

o compact overall dimensions (it can fit most existing
aircraft), and excellent power to weight ratio, for its category:
1.82 HRkg (400 HP, 220 kg);

. low BSFC: values of 22@30 g/kWh are expected at
typical cruise conditions;

) low peak cylinder pressures, for a ClI turbocharged
engine (125 bar), maximum IMEP (15 bar) comparable to a
naturally aspirated Sl engine;

o simple and reliableengine control: no wastgate
valve, no bypass on the supercharger;

At the moment of writing this paper, the engine is in its final
stage of development, and it has still to receive certification. [16]
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