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Abstract

As is known, internal combustion engines based o @ Diesel
cycles cannot complete the expansion process @abénside the
cylinder, thus losing a relevant energy contenthaorder of 30% of
total. The residual energy of the unexpanded gadban partially
exploited through the use of an exhaust gas tufoinirbocharging
the internal combustion engine; further attemptsehzeen made with
several compound solutions, with an electric geioer@nnected to
the turbocharger allowing to convert into electrimaergy the quota
power produced by the turbine which is not usethleycompressor,
or with a second turbine downstream the first twéase the exhaust
gas energy recovery. Turbo-compound solutions ks employed
in large marine Diesel engines, where the secorin® downstream
the first was used to deliver more power to themnpaopeller shaft.
In all these cases the overall efficiency incremeamained within
5%. If completely recovered by the use of a propedsigned
expander—generator unit, the energy content ofileepanded in-
cylinder gas could substantially increase the diefficiency of the
thermal unit. In the present paper the authorsuete) by means of
simple yet effective calculations, the efficiend¢tamable by a
thermal unit composed of a spark ignition engingosved of an
exhaust gas energy recovery expander connectefrtipar
generator. The proposed thermal unit, which isigaerly suitable
for hybrid propulsion solutions, has been evaludtetth in the
naturally aspirated and in the supercharged ver3ibe efficiency of
each thermal unit is also compared to referencelin@sengine, thus
highlighting the real benefit introduced by the ptilan of the
proposed thermal unit. As result, it was found thatcomplete and
efficient recovery of the unexpanded gas energyth@apotential to
increase the overall efficiency of the propulsigatem by 10-15%,
depending on the characteristics of the thermaihenand of the
exhaust energy expander-generator unit.

Introduction

Recent concerns regarding environmental issuesnanehsingly
evident climate changes highlight the need to adpptopriate
measures for the consumption reduction of oil aetifuels. Besides
the increased concentration of €@ the atmosphere, the combustion
of fossil fuels, typically in the energy conversiprocesses
(electrical, thermal) and in the transport sedtoalso among the
major causes of environmental pollution. EU pobeidresses far-
reaching topics such as climate change producedhhgport sector.
As stated in the "White Paper" the European Unieeds to
drastically reduce greenhouse gas emissions watkjwiith the aim
of keeping global warming below 2 °C [1]. To achests objectives,
EU affirms that, by 2050, transport emissions nimesteduced by
60% compared to 1990 levels [2]. In an attempt éetthese
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expectations, great attention is paid to the trarisgector with the
aim of being able to make vehicles more adequatertply with
current and future environmental regulations, atavicreasing
exploitation of gaseous fuels [3] and bio-fuelhe increasingly
restrictive anti-pollution regulations all over thverld and the
progressive growth of hydrocarbon fuels cost ahmg towards
market solutions combining the respect for the mment with the
vehicle fuel economy. Hybrid electric vehicles (HE¢vealed quite
competitive, allowing significantly fuel consumptioeduction
compared to traditional internal combustion engiekicles (ICEV),
especially in urban areas. Their development &tikelly recent and
there are still room for improvement. A possiblerking area is
represented by the internal combustion engine, lwlifibased on
Otto or Diesel cycles, cannot complete the expangiocess of the
gas inside the cylinder, thus losing a relevantgneontent, in the
order of 30% of total, as shown in Figure 1, whekered dashed
area represents the energy content of the unexgayadein an ideal
Otto cycle.

77 Theoretical blow-down exhaust energy
available

Figure 1 — Energy related to the incomplete gasesion in an Otto cycle.

To date, several systems for the recovery of thésgy content have
been already studied and proposed. The most conmrhe
automotive sector is represented by the use atbéntifor
turbocharging the internal combustion engine: is tase, as known,
the turbine produce only the power required byttiilbocompressor,
thus strongly reducing the exhaust energy recovery.

Several systems have been proposed in the saiditéfiature for the
efficient exploitation of the energy resource af tngine exhaust gas
[4] [5] [6]. Some systems focused on engine turlaoghlr with the

aim to recover the amount of power produced bytuHgne but not
required by the turbocompressor [7] [8] [9] [10];these systems,
commonly referred to as electrical turbo-compouwardelectrical
motor/generator has been installed on the turbgehahaft thus
allowing a partial recovery of the unused exhaastgpwer: as a



result, overall efficiency increase not higher ti6&h were obtained.
Other systems instead considered the applicatiam afuxiliary
turbo-generator (i.e. a turbine connected to actrétal generator)
downstream the first turbine (of the engine turlzoger) [11][12],
reaching however fuel economy improvement within 4% worth
noting that "turbo-compound" with a second turbdoevnstream the
first have been first employed in marine propulssgstems to
increase the energy efficiency and add more powe¢he main
propeller shaft. A different approach was followsd[13][14], since
the auxiliary turbo-generator was installed in flafo first turbine
(engine turbocharger): in both cases, fixed geonsetd variable
geometry turbine were employed, obtaining efficieimprovement
up to 9%.

In this paper the authors propose a different aggrowith the
purpose to perform a complete and efficient recpeéthe
unexpanded gas energy. As shown in Figure 2, #rendd unit
considered by the authors is composed by a spaitioig engine
whose exhaust gas are directly conveyed in a p@gdaust gas
expander (E) connected to an electrical gener&gr the difference
with the systems already studied is that in thepsed thermal unit
the whole exhaust gas from the internal combustiggine completes
the expansion (from the engine exhaust pressuethe exhaust
pipe pressuregp) inside the expander whose output power is
transformed into electric power by the generator.

The system conceived is particularly suitable fgorid propulsion
systems for different reason; the application t@éitional internal
combustion engine vehicle (ICEV), in effect, wouddjuire a
mechanical connection between the expander anehiiee output
shaft, which would result nor efficient neither giieal, given the
difference between the speed of rotation, whicla iraditional
ICEV, would not remain constant; in a hybrid arehttire, instead,
the two elements may operate separately, and spectve power
can be easily summed up in the energy storagersystereover, in
a hybrid propulsion system, the operative condgiofithe thermal
engine does not change as in a traditional velacid,this would let
the expander to work under quasi-steady conditiafth, great
benefit in terms of expansion efficiency. To thiggose, the research
carried out in [15] is quite relevant since focusasa stand-alone
exhaust gas turbo-generator which could be prdfitaimployed in
the thermal unit proposed. In a hybrid propulsigstem [16], the
additional electric power produced by the expargarerator group
could hence contribute to the total power delivérgdhe engine,
thus increasing the fuel economy of the vehicle.

The research carried out in this paper aims tauatelthe advantages
connected by the implementation of the proposedthkunit in a
hybrid propulsion system. To this purpose, thedstestate
performance of the thermal unit proposed were coetht the
performance of a baseline engine; the comparis@cagied out
considering both naturally aspirated and superathigternal
combustion engines and is based on an equal p@asgés, h.e. each
engine and thermal unit was sized so as to defheesame
continuous maximum power of 73.5 kW (i.e. 100 HP).

It must be also pointed out that the system desdrib this paper has
never been studied in the scientific literaturevats mentioned in
[17] among the several different systems that cbeldimulated, but
no energetic or performance evaluations were pegdr nor a
comparison was carried out with respect to trad#ionternal
combustion engine. Several other differences casbkerved with
respect to [17], which will be pointed out furtheer in the paper.
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Figure 2 — Schematic representation of the proptiesdnal unit

Baseline naturally aspirated engine

As first step, the steady state performances obéseline engine
were delineated; consequently, the steady staterp&nce
attainable by the proposed thermal units were aetetland
compared to the baseline engine. Considering thkcagion of the
proposed system to future propulsion system, thpqse of the
author was to perform efficiency comparison basedodern
engines, equipped with the technology level whichracterizes the
European Type C — Medium passenger cars: accotalitits
approach, a gasoline direct injection spark ignigmgine with VVT
system was considered as the reference technawogi |
Unfortunately this kind of engine was not availatidehe authors for
proper experimental measurements, nor it was pessitirace any
literature reference producing the required perforce and fuel
consumption map: on account of this data unavditghtihe authors
decided to build-up the baseline naturally aspitategine
performance combining some reference values dbithlee thermal
efficiency or mechanical efficiency, with perforntancurve
experimentally measured on an available sparki@ningine and
normalized to be representative of a generic engfirrenormalized
curve were hence adjusted according to the maxiralaes that
were assumed coherently with the technology lef/#i@engine
considered.

The first engine parameter taken into consideratiadhe indicated
thermal efficiencyr,. Its typical trend was obtained by means of
experimental measurements carried out in full leaaditions on a
spark ignition engine at different engine speedwich is equal, at
different mean piston speeg; a double normalizatioprocedure
allowed hence to obtain the normalized indicatedrttal efficiency
(/i may) @s a function of the normalized mean piston sifegd
Um.may, &S reported ifigure 3 The same figure also shows the curve
of the normalized engine volumetric efficiency/@l, may) as function
of the normalized mean piston speed. Assuming dhenalized mean
piston speed variable

U= —m (0osus< ) (1)

the normalized indicated thermal efficiency wasresped by means
of a proper polynomial:



N _107mF-8.3M + 12[IF~ 8.20°+ 2.64+ 0.6Q)
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while the normalized volumetric efficiency was esgsed by:
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Figure 3 - Normalized indicated thermal efficierzzyd volumetric efficiency
as function of the normalized mean piston spedti@ad condition)

The curve of the brake thermal efficiengyof the engine was
instead obtained at the mid piston speed condftieru=0.5) for
different engine loads. Assumeagd as the normalized load variable:

_ BMEP
Y=ewen_ (=¥} (4)

the normalized brake thermal efficienayi/7, may at the mid piston
speed condition=0.5is represented by the polynomial:

['7*’] =351 + 485/ + 200°- 6.+ 420+ 0.06%6)
u=0.5

max

00 01 02 03 04 05 06 07 08 09 10 11
Y = BMEP/BMEPmMax

Figure 4 - Normalized brake thermal efficiency asdtion of the normalized
load, at mid piston speed condition

With the aim to pass from normalized curve to dffeccurve, a
reference value was assumed for each fundamentahpter
coherently with the technological level considei@tthe baseline
naturally aspirated engine (endowed of GDI and \&y$tems).
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Table 1 — Reference values adopted for the perfocenparameters of the
baseline naturally aspirated engine

Unmax  [M/S] 17

Nb max@ U=0.5 0.346
Nm@ Y=1 u=0.5 0.860
M max 1.00

Employing the reference values listedrable 1 the volumetric
efficiency of the engine for each mean piston speedbe evaluated
by equations (3), while the brake thermal efficieat u=0.5 and for
each normalized load is obtained by equation (&) jatter obviously
allows to determine the brake thermal efficiencfulitioad (i.e.
0.318 atp=1 and u=0.5), and hence to establish a referealce v
also for the indicated efficiency at full loag%£1) and mid speed
(u=0.5):

0.318
(¢ =1,u=0.5=—-""= 0.370 6
N ) 0.860 ©)

which, in turn, allows to obtain the real indicatfticiency curve
from the normalized curve of equation (2).

The data available at this point allow determirting IMEP at full
load and for each mean piston speed:

IMEPzwm}

A, . @)

being & the air density in the intake manifold n (1.17rkgfor full
load operation at standard conditiond)lV the lower heating value
of the fuel (43 MJ/kg for gasoline), the fuel stoichiometric air-fuel
ratio (14.7 for gasoline) andtithe relative air-fuel ratio, whose trend
as function of engine load is shown in Figure 5.
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Figure 5 — Relative air-fuel ratio as function ofye load
As regards the overall mechanical efficiengy

_BMEP_ IMEP- FMEP_,  FMEP

= = 8
T IMEP IMEP IMEP (®)

the authors followed a Chen-Flynn approach. Thatidm mean
effective pressure (FMEP) was considered functiche IMEP
(assumed here as the pressure-load related vaigplace of the
maximum in-cylinder pressure) and of the mean pisfpeed),:



FMEP= A+ BOIMEP+ COy + DOy} 9)

beingA, B, CandD the constants of the model. From equation (4)
and (8), it derives that:

A+ BOMEP+ COy + DOy?
M =1- IMEP[% : (10)

Four different values of the overall mechanicaicéfhcy,
corresponding to the four different conditionsadd and speed
reported in Table 2, were assumed on the bashedlata reported in
[18]: this allowed determining the values of thes@ntsA, B, C and
D of the mechanical friction model employed.

Table 2 — Reference values of the mechanical effay

IMEP Um Nm | MEP/IMEPmax|  u
[bar] [m/s] [-] ] [

131 8.50 0.865 1.00 0.50
9.81 17.0 0.770 0.75 1.00
7.89 4.25 0.861 0.60 0.25
2.07 8.50 0.500 0.16 0.50

The set of curves determined hence allowed to ceteiyl describe
the engine efficiency and performance at each spekmhd. As
example, Figure 6 shows, for the mid speed conditi0.5, the
progress of the three efficiencies as functionafmelized load.
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{ = BMEP/BMEPmMax
Figure 6 — Brake, indicated and mechanical efficyeas function of
normalized load

Once the progress of volumetric efficiency, indéchefficiency and
mechanical efficiency are known for the full loaghdition (=1),
the brake mean effective pressure of the enginelraaalculated for
each mean piston speed:

_ g @, OHY
BMEP I . g 1, (11)

The result of the calculation provides the fullddBMEP curve,
whose maximum value of 11.75 bar allows to sizeetingine with the
aim to obtain the output power of 73.5 kW. The tispment
requiredV, results to be 1566 cc. Considering that for passecar
engine the single cylinder displacement should mremwithin 0.5 L,
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and supposing a stroke to bore ratio of 1, the rmaaracteristics of
engine result to be determined, as resumed in Table

Table 3 — Main characteristics of the baseline magi

Engine 4-stroke, naturally aspirated, spark ignition
Displacement 1566 cc

Number of Cylinders 4

Bore 79.3 mm

Stroke 79.3 mm

Compression Ratio 11

Injection system Gasoline direct injection

Valvetrain 4 valves/cylinder, VVT
Max BMEP 11.75 bar at 2100 rpm
Max Power 73.5 kW at 5400 rpm
Min BSFC 236.9 g/kWh

The volumetric compression ratio of 11 was seleatsmbrding to the
technology level of the engine considered (Spanititzn,
4V/cylinder, GDI, VVT). The engine fuel consumptjdioth brake
and indicated, can be obtained as:

3600 _ 50[kg”ﬁ] 4, (36000

BSF - §

qg/kwr] LH\/[MJ/kg] (5, BMER,,, [ [&r,, (12)

ISFGy oy = 3600 _ S pgim A (36000 -
9/ kwWH LH\/[MJIkg] iy |MEF[>bar] A,

The BSFC allows tracing the fuel consumption mathefengine,
reported in Figure 7.

12

BMEP [bar]

um [m/s]
Figure 7 — Brake specific fuel of the baseline redty aspirated engine

It is worth noting that up to this point the netE® was always
considered (equations (7) (8) and (13)), evenriecalculations
may require the use of the gross indicated meactfe pressure
IMEPg which leaves a part the gas exchange phases aeglitik



account the gross indicated work, i. e. the worhexged between
piston and gas during the compression and expasstiokes only:

IMEPg = IMEP- PMEP (14)

The pumping mean effective pressure PMEP is apprabaly
evaluated as:

PMEP= MAP- p, (15)

where the exhaust pressure for the baseline epgjmeas considered
constant andg 1.06 py, while the manifold absolute pressiéP is
related to the BMEP through the manifold air dgn&it which
depends on the temperatdign themanifold:

_ MAP

~ R (16)

)

For the full load conditionlyis the aidensity at the ambient
condition (1.169 kg/rhat 1 bar and 298 K), while in part load
operation, the required MAP can be evaluated foh egesired
BMEP:

_ BMEPCROJ (A @&,
A, LRV 3, O,

MAP 17)

Figure 8 reports the MAP values necessary for &zah BMEP) and
speed (,, of the naturally aspirated baseline engine.

12
114

BMEP [bar]
~
L

T T T T T T T T
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

um [m/s]
Figure 8 — Manifold absolute pressure as functibBMEP and um (baseline
naturally aspirated engine)

Dealing with gross IMEP, also the gross indicatiéidiency 7 ; may
be involved:
IMER, t&r IMEF,

= =n 18
s =g anv " CIMEP 18)

whose values are shown as function of MAP and rpéston speed
in Figure 9.
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BMEP [bar]

um [m/s]
Figure 9 — Gross indicated thermal efficiency & ttaturally aspirated
baseline engine

Proposed thermal unit: naturally aspirated
version

As already mentioned, the main characteristic effffoposed
thermal unit relies on the exhaust energy recoirmpfemented by
means of a suitable expander (E) connected tedidted electric
generator (@), as shown in Figure 2. Differently from common
turbocharged engine, in the system proposed thenebqp is
exclusively dedicated to complete the exhaust gparesion. To this
purpose, in the system proposed, the engine exheesgurey) will
be necessarily higher than in the case of the in@sehgine i),
which was supposed to be slightly higher than thbiant pressure
Po (i.e.pso=1.06 p). As obvious, the energy recovered by the
expander-generator increases with the exhaustyregss and hence
with the expander pressure rafig=ps/pg. On the other hand, as
known, the increase of the exhaust pressure infeeboth the
indicated and the volumetric efficiency of the eregiA higher
exhaust pressure will in effect increase the amotiimt-cylinder
residual gas, thus lowering the entrapped mas®sfifcharge.
Moreover, as is known, diluting fresh charge witkidual gas
decreases both flame propagation speed and comibesticiency,
thus compromising the engine indicated efficierinythe calculation
performed, both effects were taken into considenaflhe approach
here followed by the authors represents anothgmaili aspect with
respect to [17], where the variation of the indicaefficiency was
neglected. As regards the volumetric efficiencgpaection factor
usually employed to account for the effect of puesglifference
between inlet and exhaust on the volumetric efficyeis:

A(n) _,, MAP-p
A (n) kIMAP{p -1)

(19)

This correction factor is obviously 1 when no pussdifference
exists between inlet and exhaust, and decreases wWigeexhaust
backpressure is higher than MAP. Since the baselimgine was
considered to discharge at the exhaust pregagrevith the aim to
account for the variation of the inlet to exhaustsgure difference
due tops variation, the authors considered that, for eaelammiston
speed, the correction factor to adopt for any MABswariation is:



MAP- p
A (un) _ kCMAP{0-1) (20)
/l/o(um) 1+ﬁ

kCh fp-1)

being Ay the volumetric efficiency of the baseline engine

corresponding to the manifold presspeand the exhaust pressure
pso(considered £.06 ), for a given mean piston speed As a final
result, the volumetric efficiency of the engine ming with any MAP
or ps values can be evaluated employing equation (20):

MAP- p
kIMAP{p-1

A (0) =Ao(u)f—MAPLET |y
1+ 50 o
kT Mp-1)

As regards the second effect related to the inerefithe exhaust
pressure, i.e. the worsening of the indicated iefficy, the authors
could not trace any valid reference in the literat@iven this lack of
information, the authors carried out a specialeseoif experimental
tests, with the aim to correlate the indicatedcédficy deterioration
in a spark ignition engine as a function of theyfinder residual gas
fraction (RGF); to the purpose, a pressure thngtlialve was
installed in the exhaust duct of the engine usedhfe test (a four
cylinder 1.2 L multi point spark ignition enginediied with CNG);
the in-cylinder pressure was measured by meangla$ta mounted
AVL GU13X piezoelectric pressure sensor, and sachpli¢h the
resolution of 1 CAD using a 360 ppr optical encoctminected to the
engine crankshaft; air and fuel mass flow were edsorded,
together with manifold absolute pressure and entgirggie. A more
detailed description of the engine test bed isntepdn [19] and [20].
The operative conditions of the test performedrasemed in Table
4: for each engine speed, the exhaust pressurmuerassed from 1
bar (no exhaust gas throttling) in steps of 0.1uvail heavy
combustion instability, without exceeding to 2 bar.

Table 4 — Operative conditions of the experimetest

Engine speed [rpm] 1500-2500-3500

Throttle position

MAP [bar] 1.00

Exhaust pressumgs  [bar] 1.0to 2.0 in steps of 0.1

Fuel CNG

Optimal (LPP=15°ATDC
Stoichiometric

Wide open

Spark advance

Air-fuel ratio

As shown in Figure 10 and Figure 11, the resulthese
experimental tests confirmed that increasing theest pressure
with constant MAP reduces the IMEP of the engirrevia different
reason: one is related to the pumping cycle (FidOjewhose area
increases and causes a reduction of the net IMBIR the second is
instead related to the fresh charge dilution wétsidual gas, which
determines a reduction of the gross indicated theatfficiency
(Figure 11).

As a result, it was obtained that, to accountliereffect of exhaust
pressure increase, a two steps calculation is megjirst, the
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pumping mean effective pressure (PMEP) must beuated as
function of the pressure difference;{ldAP) according to the linear
relation shown in Figure 10:

PMER,,, =1.1850(p, ,; -~ MAR,, )+ 0.06  (22)

160
1.40

y = 1.1847x +0.0599
120 R2=09842  ©

PMEP [bar]
o
[*]
)

0.60
%
0.40 g

<

0.00
0.00 0.20 0.40 0.60 0.80 1.00 1.20
Ps - MAP [bar]
Figure 10 — PMEP increment due to the exhaust presscrease
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Figure 11 — Gross IMEP variation due as functiothefRGF change

In the second calculation step, instead, the vanaif the gross
indicated efficiency(77,¢) is obtained as function of the residual gas
fractionRGF

g _ 1
n T 1+ d A5 VRGF) (23)
1,9,0

Whererj; g o represents the reference gross indicated effigienthe
engine (i.e. without throttling the exhaust duetile the speed
parameteyis related to the engine mean piston spggdvhich, as
shown by the experimental data, has a strong infeen the
variation of the efficiency:

y =3.6100_ - 58.22 (24)

The residual gas fractidRGFis the ratio between the residual gas
mass and the fresh charge mass, whose calculatordure is
reported in the Appendix. The performances of tigiree in the
proposed thermal unit were evaluated starting frioerbaseline
engine according to the assumption that the sachetdogy level
shall be employed, and hence the same specifionpeghce would
be obtained, unless modification or parametersatians occur.



For eachMAP (from 0.3 bar to 1 bar) and mean piston speedn(f2o
to 17 m/s), the gross indicated efficiengy of the engine in the
thermal unit can be evaluated by means of equa(&8jsand (24)
starting from the gross indicated efficiengy, , of the baseline
naturally aspirated engine at the savi®P and mean piston speed
um, and once the residual gas fraction is determifikd.grossMEP
is hence derived from equation (18):

10} (LHV
IMEP, :M (25)
a
while the nelMEP is derived by means of equation (22):
IMEP = IMER, - PMEP (26)

Using the samEMEP model employed for the baseline engine, the
BMEP of the engine in the thermal unit can be thenutated for
each MAP and mean piston speed:

BMEP= IMEP- FMEP @7)

The overall specific outp®BMEP 7 of the proposed thermal unit is
composed by the engiBMEP and by the specific output of the
expander-generator group, i.e. the recovery meaivagnt pressure
RMEP:

BMEP, = BMEP+ RMEF (28)

tot

Where the recovery mean effective pressure is ateduon the basis
of the power recovered by the expander-generatomd?e,;

60 [P,
RMEP= ———2¢ (29)
V,, [h

HereV,x represents displacement of the engine of the pepo
thermal unit, whilee is the number of revolutions per cycle, which,
for a 4 stroke engine, is 2. The poviRay, produced by the expander-
generator group is evaluated as:

1-kg
Pexp = GOI%-HLECR |]7E DTSEE]-_:BSKS ] (30)

whereG, is the air mass flow of the engine,is the air-fuel ratioT s
the exhaust gas temperature at the expander igléte expander
efficiency (here supposed constant=0.7&¥, pJ/pso IS the pressure
ratio across the expander dgdhe isentropic coefficient of the
exhaust gas. As can be noted by equation (29)30)dthe efficiency
of the generatoBg is not considered in the power obtained by
exhaust gas expansion. This is not an unfair etialyabut
coherently follows the evaluation performed onpl@/er produced
by the engine, which was not reduced by the efficyeof the
connected electrical machine of the generic hypragpulsion system
which should employ the baseline engine or the gsegd thermal
unit.

A simple correlation developed for the evaluatibthe exhaust gas
temperatur@ s was employed
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TS:TlEI&E(kS—lhlgl (31)
MAP k T k

where theT; represent the inlet temperature at intake valoswk

(IVC), which is roughly the ambient temperatiige while T, is the

in-cylinder gas temperature at the exhaust vaheniogg (EVO).

According to experimental findings and confirmeddaga reported

in the scientific literature, for a spark ignitiengine the ratid,/ T,

ranges from 3.5 to 4.5: in the calculation perfairitavas hence

considered constant = 4.

The isentropic coefficierks of the exhaust gasas computed as the
ratio between the constant pressure and the cangtlame specific
heats of the burned gas, both evaluated at theuskgas temperature
Ts

_ G.s(T)

< G.s(T)

Gs(T)=c, (M- K (32)

where botlte sandRs’ were calculated as weighted average on the
basis of the burned gas composition:

Cp,s: pOQ(-DD(C@-F préuuxﬁa— Cpﬂ\( -D-SDXZN-'- CP&)TQX‘
(33)

R =ReoDto + Ryd %ot RUX+ R X (34)

beingx the mass fraction of the generic chemical spetiethis
purpose, the combustion 6§ H,g was considered for the calculation
of each species mass concentration. It is wortingdhat the last
terms of both equations (33) and (34) refer topttesence of carbon
monoxide, which has been considered only whenaicfuel

mixtures were adopted. The specific heat at cohpta@ssure of each
chemical species was calculated as function oéxhaust gas
temperaturd sby means of the Shomate equations and coefficients
available at the NIST Chemistry WebBook [21] Thizgkation
procedure here described and followed by the astbamstitutes a
further point of difference with respect to [17]here the gas has
been assumed to be ideal, i.e. with constant spéahts, and
without any difference between burned and unburned.

The engine air mass flo® is:

_ Vi [h

o oM (35)

G

whereAy is the engine volumetric efficiency determinegquation
(21), & the air density in the manifold,the engine speed.
Substituting equations (30) and (35) into equaf$), the recovery
mean effective pressure is obtained:

1k

The overall specific output of the thermal UBMEP; o can be hence
calculated from equation (28); as final calculatitre overall brake
thermal efficiencyr, o1 (and the consequent overall brake specific



fuel consumptioBSFGo7) of the proposed thermal unit can be
evaluated:

_ BMER,, @

Ihror = 3 O, [LHV @37

3600
BSF = 38
QOT [ o kwh LH\/[MJ/kg] waTOT ( )

It is worth pointing out that the overall efficigndetermined by
equation (37)does not refer to the internal combnsngine only,
but rather to the entire thermal unit, composethieyengine and the
expander-generator. The overall output power icéen

th
PTOT = BMEEOTG\QE()_I}‘ (39)

For each operative condition RFAP and mean piston speagl, the
authors evaluated the optimal value of the exhaestsuregs
maximizing the overall brake thermal efficiengyror. The

resulting optimized values of the exhaust presaara function of
speed and load are shown in Figure 12. It is wooihting out that
the control of the exhaust pressure would be redeto the electronic
control unit of the thermal unit, which should bhegrammed to
properly manage the electric generator connectéuetexpander.

BMEPtot [bar]

um [m/s]
Figure 12 - Optimal exhaust presspggbar] as a function of speed and load
for the proposed thermal unit

Once optimized each operation point of the propdserdnal unit,
the maximunBMEP ot was determined to be 11.3 bar (slightly
lower with respect to the baseline engine), thiewmahg to establish
the engine displacemeXify required to obtain the predetermined
output power of 73.5 kWW/,x =1636 cc The overall brake specific
fuel consumptioBSFG,, of the proposed thermal unit, calculated
from equations (37) and (38), is hence reportdéigare 13.
Employing the same parameters adopted for theibasaigine
(bore/stroke ratio, volumetric compression ratiol anaximum
cylinder displacement) the main characteristicefthermal unit
were determined, as reported in Table 5 togethir same
performance results. As first observation, it cambted that the
minimum brake specific fuel consumption slightlycdeased from
236.9 g/kWh of the baseline naturally aspiratedremtp 231.9
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g/kWh of the new thermal unit. As regards the exieamparticipation
to the overall power output, it can be noted thatrecovery mean
equivalent pressure reached the maximum value7@fiiar (being
9.66 bar the maximum BMEP expressed by the engiitf),a
maximum share of power produced of 17.2%.

Table 5 — Main characteristic of the naturally eesfgid thermal unit

Engine 4-stroke,naturally aspirated spark ignitjon
Displacement 1636 cc

Number of Cylinders 4

Bore 80.4 mm

Stroke 80.4 mm

Compression Ratio 11

Injection system Gasoline direct injection

Valvetrain 4 valves/cylinder, VWT
Expander efficiency 0.75

Max overall output Power 73.5 kW at 5800 rpm
Max BMEPror 11.3 bar at 2100 rpm
Min BSFGot 231.9 g/kWh

Max Engine BMEP 9.66 bar at 2100 rpm

Max Expander RMEP 1.72 bar at 3700 rpm

Max RMEP/BMERot 17.2%

12

BMEPtot [bar]

um [m/s]
Figure 13 — Fuel consumption of the naturally apul thermal unit [g/kwWh]

Considering, as already mentioned, the applicaifdhe proposed
thermal unit on a hybrid electric vehicles, theaincy comparison
with respect to the baseline engine was carrie®ouhe same output
power level; to this purpose Figure 14 reportsdfiieiency
increments obtained with respect to the baseliginenAs can be
noted, the energetic advantages connected to {ilermentation of
the proposed thermal unit are positive only for ppautput higher
than 20 kW, and assume significant values in thEeujpad region,
where the higher in-cylinder pressure producesbettovery
conditions for the expander. Although low performan
improvements were found (efficiency increments kighan 5% are
obtained only for power output above 60 kW), thigeduility of the
thermal unit may improve when the vehicle usageriran and in
extra-urban area is concerned: to this purposeautteors plan on



improving the model accuracy and reliability witietaim to perform
simulations involving the application on officialiding cycles.

68
60 5
. 15

52

2
44|
36 1
28
20 Y’

12+

Power output [kW]

4

2 5 8 11 14

[y
~N

um [m/s]
Figure 14 — Efficiency improvement [%)] of the thexminit with respect to
the baseline engine (both naturally aspirated)

Baseline turbocharged engine

As already mentioned, the comparison of the evaloaif the
performance increment obtained by the proposednileunit was

carried out both with a naturally aspirated andescharged engine.

In this section the authors develop the calculation the
determination of the baseline turbocharged engihéh will be
compared to the supercharged version of the praptheemal unit.
As stated before, all the engines and thermal wete compared on
the same output power basis, i.e. each engineised ® obtain the
same maximum power of 73.5 kW. To this purposeegtigine size is
determined once the specific performance, i.e. BMERnown.

ICE
~1 OOOO

p ps
AN /
C T

wastegate valve

Fluid dynamic connection

X

So
To Mechanical connection p

Figure 15 - Scheme adopted of the turbochargedibasagine

The evaluation of the turbocharged engine BMERer$gomed
starting from the parameters and specific perfoaearf the baseline
naturally aspirated engine. Figure 15 reports thematic
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representation of the turbocharged engine herddenesl: the
turbocharger is composed by the turbine T and dnepcessor C,
which are both fluid-dynamically connected to thegiee. The
system comprises an intercooler for charge codimja waste-gate
valve for the turbine by-pass when the compressitio tends to
exceed the maximum allowed boost pressure, hever@skto be 1.5
bar.

For the evaluation of the specific performancenefturbocharged
engine, it must be considered that, for elslékP and mean piston
speedy,, the air mass flow to the engine is:

= VT 2L |3C |]1VC (40)

G. =
¢ 60

whereV is the displacement of the turbocharged engingthe
engine speed, whilg andAy ¢ represent the air density in the
manifold and the volumetric efficiency of the tudbarged engine
respectively. The air density is:

_ MAP
RTE

& (41)

given by the manifold absolute pressit&P and by the outlet
temperature from the intercool&¢. It is worth noting that the MAP
values may result lower than the compressor optitsure. due to
the throttling made for the lower part load openatiThe outlet
temperature from the intercooler can be estimasedraing the
intercooler efficiencyRyr equal to 0.7, hence:

k-1

=T g Tt (42)
c

To=T"- RNT( - -!)—) (43)

beingT¢’ the outlet temperature from the compressor, etediia
equation (42) by means of the compression y@trpc/p, and of the
compressor efficiencyc (here assumed constant=0.65). On account
of the higher temperatures in the engine manifiotticed by the
compressor, the authors considered the typicakteguof the
engine volumetric compression rapiavith respect to the naturally
aspirated engine, in line with the guidelines usuallowed to avoid
dangerous knocking phenomena in turbocharged @rsharged
engine. The necessary reduction of the engine cesajmn ratio was
based on considerations and data traceable ifténztlire and on the
most recent strategies adopted in spark ignitiainas. Starting
from the compression ratio of 11 adopted for theiradly aspirated
gasoline engine, and considering a maximum boessspre of 1.5
bar, the compression ratio of the turbochargedrengicould be
plausibly assumed to be 10.

The volumetric efficiencylycof the turbocharged engine is evaluated
on the basis of the volumetric efficiency of theéumally aspirated
enginedygas function of the mean piston spegdvith two

corrections: one is related to the increased telaperature (which,

as known, increase the volumetric efficiency), wtiiie other is due

to the inlet to exhaust pressure difference (seaténs from (19) to



(21)), which, in the turbocharged engine is differfieom the
naturally aspirated.

MAP- p
1+kEMAPEq -1)
A () = Ao () £ (a4)
To 1+ pO - F%O
ki Mp-1)

It must be observed that the same maximum meaonpsgteediy, max
of the naturally aspirated engine (see Table ays&imed for all the
engine compared in this study, according to tharapsion that the
same technology level is shared among the differegines, and
hence the same mechanical performance can be ebtain

The air mass flovis¢ to the engine is delivered by the compressor,
whose required powé.qmpis supplied by the turbine, whose power
output isPy,,. The power balance is hence:

T k=1
Pcomp = GCEtpCG”i IBC _1 =
¢ (45)
1-kg

= Rup = Gy Lop g, g 1_[”sks

whereGr is the gas mass flow in the turbifigjs the exhaust gas
temperature at the pressyxecp, andcps are the constant pressure
specific heat of the fresh air and exhaust gaseasly, 77, is the
turbine efficiency (here assumed constant =0.5%) fa=pJ/pso is the
pressure ratio across the turbine. The gas massdrilthe turbineGy
is linked to the compressor mass fl@ by the relation:

a+l
G, =Q[G, - (46)

where the correctiof{ a+1)/a] accounts for the fuel mass flow
added in the engine, whik@ represents the fraction of exhaust gas
mass flow which runs through the turbine, beingrtrst by-passed
by the waste-gate valve whenever the boosting prepstends to
exceeds the predetermined limit (usuall@.ié< Q@ <1). From the
power balance of equation (45) it derives thatttineocharging
compression ratio is:

k-1
g =1+ 1P s 1—% @7
a cp. T,

Bs"

In the calculation performed, wheneygrtends to exceeds the limit
value (i.e. 1.5), the parametris reduced (which corresponds to the
waste-gate opening) until the limit is respectduke €xhaust gas
temperature can be evaluated by means of the equateady
mentioned:

nerab dhl, Te gt
MAP T kT k
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wherek is the isentropic coefficient of the exhaust gasose
calculation, together with,s, has been already discussed in equations
(32) (33) and (34). The rati,dTc, as before, is considered constant
=4,

The system of equation used to describe the tugrgeh power and
mass flow balance is completed by the turbine ctarstic curve,
which account for the limited swallowing capacifytie turbine and
correlates its pressure drop to the mass flow.hésve in Figure 16,
a simplified representation was adopted, wheresamgie curve
describes the mass flow parameter (MFP) of thanarinstead of
multiple curves at different speeds of rotation.

Since the MFP correlates the turbine mass flomle&t turbine
condition of pressure and temperature:

MFP = GT;l/T_S (49)
Ps

with the aim to evaluate théFP from S5 (and vice-versa), the
authors adopted a suitable mathematical expresdiarh faithfully
reproduces the typical progress of the MFP as fomcif the
pressure ratigs:

d
MFP:M (50)
b+ Ss

where the constangs b, candd were obtained by means of data
fitting performed on the characteristic of a markegilable product.
As a final step, the MFP values deriving from e@raf50) have
been amplified (or reduced) to virtually adapt tilndine size to the
engine size and parameters resulting from calauiati

1.0
/
x| 08
4
g\ 3 /

— 0.6

<04 //
Bs = ps/pso

0.0 T T T T ]
1.0 15 2.0 2.5 3.0 3.5

Figure 16 — Performance characteristic of the hetwonsidered (Mass flow
parameter vs pressure ratio)

The calculation of the turbocharger performanceireg the
recursive solution of the system of equations f(d&) to (50) for
eachMAP (from 0.4 bar up to the maximum allowed value & 1
bar) and mean piston spegg(from 2 to 17 m/s). Once reached the
solution, the condition of the gas at both inled autlet of the engine
are determined and the performance of the engiryebma&valuated.
To this purpose the authors made a simplifying mgsion based on
the consideration that two similar engines, witmedechnological
development level, both running at full load (odeiopen throttle,
WOT) and at the same mean piston speed, but wiféreit

manifold absolute pressures, will deliver differpotvers with

almost the same efficiency. According to this agstion the gross
indicated efficiency of the turbocharged engine lhesn evaluated on



the basis of the gross indicated efficiency ofriaturally aspirated
engine for the same mean piston speed and samealimedMAP
value, and corrected for the different engine carmsgion ratio.
Hence, defining:

_ MAP (51)
MAP .,

the simplifying assumption implies that:
g o (@Un) = 11 (@.Uy) (52)

wherefcgris a correction factor which takes into accoustdifferent
compression ratio of the turbocharged engine végipect to the
naturally aspirated. According to the basic theafrthe ideal Otto
cycle, the correction factdggr was computed as the ratio of the ideal
efficiency of the two Otto cycles with differentropression ratio:

1- 1
fo=ow’ _ P (53)
CR 1
,70tto 1- =
0

The gross indicated mean effective pressure dfutiecharged
engine is hence evaluated as:

&, O, . [LHV
IMEP, ¢ ==--22=2 gy, (54)

and hence the net indicated mean effective pressure

IMER, = IMEP, . + PMER (55)

being the mean pumping mean effective presBMEP. evaluated
by means of equation (22). The friction mean effecpressure may
still be evaluated by the same equation (9) usethonaturally
aspirated engine, hence the brake mean effecteaspreBMEP. of
the turbocharged engine can be finally calculadegther with the
related brake specific fuel consumptBSFC::

BMER = IMER + FMER (56)
BSFG =% Ac (57)
BMER &

Given the required output power of 73.5 kW, onliksis of the
maximumBMEP; obtained by the turbocharged engine (17.0 bar),
the necessary displacemé&ftresulted 1074cc., which, with the same
consideration made for the naturally aspiratedremgian be
subdivided into 3 cylinders with bore/stroke ratio¥he main
characteristics and performance of the baselinmtivarged engine
are resumed in Table 6.
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Table 6 - Main characteristics of the turbochargegdine

Engine 4-stroke, Turbocharged Spark Ignitid
Displacement 1074 cc

Number of Cylinders 3

Bore 77.0 mm

Stroke 77.0 mm

Compression Ratio 10

Injection system

Gasoline direct injection

Valvetrain 4 valves/cylinder, VVT
Max BMEPR: 17.0 bar 2200 rpm
Max Power 73.5 kW at 5500 rpm
Min BSFC 236.3 g/kWh
Max Boost pressure 1.5 bar
18
164 r
14+ =
= 12+ L
E
= 10| -
. B
@ e B°
6 B
4 T T T T T T T
2 4 6 8 10 12 14 16
um [m/s]

Figure 17 — Brake specific fuel consumption of tilmdocharged engine

[g/kWh]

Super charged version of the proposed ther mal

unit:

In this section the performance of the proposethiakunit in the
supercharged version will be evaluated and comparéte
performance of the traditional turbocharged engheealready
mentioned, the baseline naturally aspirated engipeesents the
starting point of this evaluation, and the compariwill be carried
out on an equal power basis. Figure 18 reports¢hematic
representation of the system proposed: as candoe the thermal
unit is composed by a supercharged engine, whdssuskgas
complete their expansion on a dedicated expandée kike in the
naturally aspirated version. The main differencthweéspect to the
turbocharged engine is that the compressor is echamically

connected to the expander,

but is powered by mefaas electric

motor, which is supplied by the same energy stosggeem which
receives the power produced by the expander-gemdeag. the

batteries of an hybrid propulsion system). It Eoahssumed that the

=}



control system regulates the compressor speedaifow so as to
increase the air pressure only when needed, thdtés MAP values
higher than 1 bar are required, thus reducingatggp absorption
when the engine load is low (MAP< 1 bar): as shawhigure 18, a
by-pass valve is used to let the air flow in thosdition. As already
mentioned, the expander is always active, thus peemtly recover
as much energy as possible from the exhaust gas.

INTERCOOLER

BY-PASS
Mc

MOTOR

GENERATOR

So
Fluid dynamic connection p

Ppo Mechanical connection

To

Figure 18 — Schematic representation of the prapsapercharged thermal
unit

As in the case of the turbocharged engine, theieffcy of both
compressor/f-=0.65) and expander=0.75) were supposed to
remain constants for all the engine operative d@rdi. Moreover, as
mentioned in the case of the naturally aspiratedntial unit, the
efficiency of the expander is assumed higher thaamé¢ommon
turbine since it is considered an optimized machiv@king in
quasi-steady state condition, dedicated to theggroduction and
not to compressor moving. Also the engine compoessitio was
supposed decreased to 10 as in the turbochargedTdas will be
taken into consideration in the estimation of thicated thermal
efficiency.

For the evaluation of the performance of the supeged thermal

unit, the sam&AP values (from 0.4 bar to the maximum allowed 1.5

bar) and mean piston spegg(from 2 to 17 m/s) of the turbocharged
engine were considered. The gross indicated mdactige pressure
IMEP, c was evaluated by means of the same assumption forade
the turbocharged engine, i.e. using equations(&2)and (54):

&, O, . [LHV
IMEP, ¢ ==-—22—=2 gy, (58)

whered: is evaluated as in equation (41)(42) and (43)alfsady
mentioned for the naturally aspirated thermal uanhjgher exhaust
pressurés produces a reduction in the engine volumetricifficy
Avc(un), evaluated by means of equation (44), and in tbesy
indicated efficiency, evaluated by meangadfiations (23) and (24)
starting from the reference gross indicated efficier, ¢ o of the
turbocharged engine at the salh&P and mean piston speeg. The
net indicated mean effective pressIMEP is hence calculated as:

IMEP = IMEP, - PMEP (59)

where the pumping mean effective pressure is obddiry equation
(22). Equation (9) is employed to evaluate FMEP:, and hence the
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BMEP; is obtained. To determine the oveBMEP,, of the
supercharged thermal unit, the exparRIRIEP must be added, while
the compression mean equivalent pres€IMEP must be subtracted:

BMER,, = BMEP+ RMEP- CMEI (60)

TheRMEPIis obtained again as:
+1 e
RMEP= & EQSQVCQJ{—WEDTSEEP,BS‘ ] (61)
' ' a

beingTs the exhaust gas temperature at the expanderéntgjated
by equation (48)g: the expander efficiency an@=p4pso the
pressure ratio across the expander.

TheCMEPis calculated on the basis of the power requisethb
compressor:

_60F[R,
CMEpP= —=™ (62)
VSX Dﬂ]]EM

beingVsythe displacement of the supercharged engine ithérenal
unit, andP¢,m,the power required by the compressor:

k-1

T .
Pcomp= (Bclj::pclz)]i ﬁckc _1 (63)

As can be noted, the efficiency of the electricanetas considered

in the calculation of th€MEP, since it represents an ancillary device
which burden on the energy balance of the engihe.éhgine air

mass flowG is:

_VSX D1
¢ 600

|]5C D1VC (64)

being & the air density in the manifold of equation (43ybstituting
equation (41), (64) and (63) into equation (628,GMEP results:

k-1
CMEpzwtﬁﬁc 3 _q )
,7EM DVC

For each operative condition BFAP and mean piston speagl, the
authors evaluated the optimal value of the exhaestsures
maximizing the overall brake thermal efficiengyrorof the
proposed thermal unit:

_ BMER,, (& _(BMEP+ RMEP- CMERL

= 64
fhror g A, [LHV O A, [LHV (64

The best efficiency values of the exhaust presasirge function of
speed and overall load are shown in Figure 19,enthié resulting
overall brake specific fuel consumptiBSFGor of the supercharged
thermal unit is reported in Figure 20:



FCor = & (66)
oT

BMER,, [ar
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Figure 19 — Optimal exhaust pressure levels [bar]

As can be noted, exhaust pressure as high as Bveeba determined:
this should be adequately considered for the sandlydevelopment
of a suitable high efficiency gas expander.

Once optimized the supercharged thermal unit, taeimmum value
of theBMEPo71 (16.72 bar, slightly lower than the turbocharged
baseline engine) was employed for the determinatidhe engine

displacemenYsyxnecessary to develop the target power of 73.5 kW:

as resumed in Table 7 together with some performeassults,
V5=1023 cc. The displacement reduction of the supeged version
with respect to the naturally aspirated revealateagimilar to the
downsizing obtained by turbocharging the baselimgre.

Table 7 — Main characteristic of the superchargednhal unit

Engine 4-stroke,supercharged spark ignition
Displacement 1023 cc

Number of Cylinders 3

Bore 75.7 mm

Stroke 75.7 mm

Compression Ratio 10

Injection system Gasoline direct injection

Valvetrain 4 valves/cylinder, VVT

Expander efficiency 0.75

Max overall output Power 73.5 kW at 6100rpm

Max BMEPror 16.72 bar at 2200 rpm

Min BSFGot 220.1 g/kWh

Max Engine BMEP 13.84 bar at 2200 rpm

Max Expander RMEP 3.93 bar at 3900 rpm

Max RMEP/BMERot 26.4%

From the same Table 7 it can be noted that thenmaimi overall
specific fuel consumption of the supercharged tlaxmit revealed
220.1 g/kWh which means a -6.9% with respect tdotieline

Page 13 of 17

10/19/2016

turbocharged engine (236.3 g/lkwWh). Table 7 alsevstibat the
expander contributed to the overall BMEPtot with RRup to 3.9
bar and share of power produced up to 26.4%: tjieehiin-cylinder
pressure due to supercharging granted a stronggipation of the
expander; the availability of high efficiency expan-generator
could allow bigger energy recovery and better dzéual economy.
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Figure 20 — Overall brake specific fuel consumptiéthe supercharged
thermal unit [g/kWh]

72+

Overall output power [kW]

um [m/s]
Figure 21 —Efficiency improvement (as function ofagr output and mean
piston speed) with respect to the traditional turbocharged eegi

As in the case of the naturally aspirated verdioa efficiency
comparison with respect to the baseline turbocltheggine was
performed on the same output power level; the tesué reported in
the diagram of Figure 21; different observation barmade; first of
all it must be observed that, contrary to the ralyaspirated case,
only positive efficiency variations were obtaingdthe supercharged
thermal unit, even in the lower power region. i edso be observed
that, quite similar to the naturally aspirated ¢a&ise energetic



advantage increases with the power levels, whieljr@ady
observed, can be explained considering that theehigre the in-
cylinder pressure or the exhaust mass flow, thatgrevill be the
contribution that the expander can bring to the grooutput without
compromising the efficiency of the engine. Moreletail, the
maximum efficiency increments revealed around 12 ®B& authors
consider these results encouraging because obtaintite basis of
non-optimized elements: a proper study and optitisizaf the
compound performance of both the engine and tharedgr could
bring to better results.

Conclusion

In this paper the authors present a preliminargsssent of the
energetic advantages obtainable by a thermal aniposed by a
spark ignition engine endowed of an exhaust gaaredgr employed
to totally recover the unexpanded gas energy typic@tto and
Diesel cycle. An electric generator connected &ekpander is also
considered for the conversion of the recoveredgniato electrical
energy: the proposed system is hence particulaitgise for hybrid
electric vehicles, where the energy produced byekpander-
generator could be stored in the energy storagersysf the vehicle.

The assessment of the energetic benefit was peztbloy comparing
the overall efficiency of the proposed thermal oinsidered both
in the naturally aspirated and in the superchaxgesion) to the
efficiency of a baseline reference engine withgame power output.
The comparison was carried out only in steady sipegzative
conditions, using simple yet effective calculationsth the aim to
remain as close as possible to real engine effigighe calculations
were performed making use of real engine performatata and
values. Dealing with exhaust energy recovery bynmeed a gas
expander, the authors also carefully took into antthe effect of
exhaust backpressure increase on the engine perficerand
efficiency: in particular, the effect on gross icatied efficiency, on
pumping cycle and on the volumetric efficiency wpreperly
modelled. For each operative condition, the optiexdlaust pressure
value was obtained as best compromise betweenesagih
expander-generator performance, reaching henaadkignum
overall efficiency of the thermal unit.

As a result, it was observed that, in the naturadigirated version,
the thermal unit obtained limited efficiency impements (up to
5.5%) and only for overall output power higher ti2ankW. The
contribution of the expander to the overall poweliveétred by the
thermal unit arrived at 17.2%.

In the supercharged version, instead, the effigi@mprovements
obtained with respect to the traditional turbocledrgngine were
remarkably higher and positive for every output polevel; more in
detail, efficiency increment reached 12.6%, wHile participation of
the expander-generator to the overall power pratiaceved to
26.4%. As could be expected, the efficiency improgets obtained
by the thermal unit increased with the power letlak was explained
by the author considering that the higher aretheylinder pressure
or the exhaust mass flow, the greater will be tr&ribution that the
expander can bring to the power output without camising the
efficiency of the engine.

As regards the expander boundary conditions, itevatuated a
maximum exhaust gas pressure of 3.2 bar, whichlgHomu
adequately considered for an optimized design. bh@e since the
higher efficiency improvements were obtained intifrgh load-high
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speed region of the engine operative map, it falthrat the exhaust
gas temperatur&s at the expander inlet could reach 800-900 °C: this
may lead versus the adoption of a turbine (axidtirstage or radial
in-flow), considering that its development is attp@ompliant with
such temperatures (as for example in [15]).
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Definitions/Abbreviations

BMEP brake mean effective pressubaf]
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EVO
fer
FMEP
Ge
Ge
Go
ICEV
IMEP
IMEP,
ISFC
\Y¢
ks
LHV
Mo
MAP
MAPmax
MG1
MG2
ms

Pe
Peomp
Pexp
PMEP
Ps

RGF

RiNT
RMEP

To

T
Tc

maximum brake mean effective pressuar]

Overall brake mean effective pressure of the theumia
[bar]

Brake specific fuel consumption [g/kWh]
Overall BSFC of the thermal unit [g/kWh]
Compressor mean equivalent pressoa][
Specific heat at constant pressure of the air
Specific heat at constant pressure of burned gas
Specific heat at constant pressure of unburned gas
Gas expander

Exhaust valve open

Correction factor

Friction mean effective pressurtea]

Air mass flow to the supercharged engikg/§
Electric generator connected to the expander
Air mass flow to the naturally aspirated engikg/§
Internal combustion engine vehicle

Indicated mean effective pressubai]

Gross indicated mean effective pressivaa][
Indicated specific fuel consumptidig/kWh]
Inlet valve closure

Isentropic coefficient of the exhaust gas
Lower heating value of the fueVip/kg

fresh charge magkg]

Manifold absolute pressurbdr]

Maximum manifold absolute pressutf]
Electric motor/generator

Electric motor/generator

residual gas magkg]

boosting pressurar]

Power required by the compres§idiV]

Power produced by the expandie®

Pumping mean effective pressubaf]

Engine exhaust pressurea]]

Exhaust pipe pressurddr]

Residual gas fraction

Intercooler efficiency

Recovery mean equivalent pressuyar]
Specific gas constant of exhaust gas or burned gas
TemperatureK]

Air temperature in the intake manifold [K]
In-cylinder gas temperature at IV&][
In-cylinder gas temperature at EVR)[

Air temperature at the intercooler outlet [K]
Air temperature at the compressor outlet [K]



Tr

Um
Umn,max
Va
VAX

VSX
Vr

ITb,max
I, ToT
e

e
=
Tl

77i max

7Tm

Residual gas temperature [K] A Relative air-fuel ratio
Exhaust gas temperature [K] Av Volumetric efficiency of the engine
normalized mean piston speed Avc Volumetric efficiency of supercharged / turbochargagine
mean piston speedm[q AV max Maximum volumetric efficiency of the engine
maximum mean piston speedc/g P volumetric compression ratio (naturally asp. engine
Engine displacement of the naturally aspirated remf{gic| Yo volumetric compression ratio (turbo/superchargegires)
Engine displacement in the naturally aspiratednifar W Normalized load variable BMEP/BMEPmMax
unit[cd
Engine displacement in the supercharged thermélaghi
Engine displacement of the turbocharged engidg [ Subscripts

0 Reference condition
relative MAP =MAP/MAPmMax ¢  Compression/compressed
Air-fuel ratio g Gross

Stoichiometric air-fuel ratio

Compressor pressure ration

Expander and turbine pressure ratio

Air density in the intake manifold [kgAh

Density of the compressed air in the intake madiffig/nT]
Number of revolutions per cycle

Brake thermal efficiency of the engine

Maximum brake thermal efficiency of the engine
Overall brake thermal efficiency of the thermaltuni
Compressor efficiency

Expander efficiency

Electric motor efficiency

Indicated thermal efficiency of the engine

Maximum indicated thermal efficiency of the engine
Overall mechanical efficiency of the engine

Turbine efficiency
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Exhaust gas



Appendix A

Residual Gas Fraction

Considering that at the inlet valve closure, thasmentrapped inside the cylinder is composed Ishfehargerty) and exhaust residual gas from
previous cyclerfy), the residual gas fraction RGF represents the batween the residual gas mass and the totgliimder mass:

RGF:&:$ (67)
Mor M+ My

The fresh charge mass entrapped in the cylindmriglated to the volumetric efficiency of the emmiy, hence :

0—0

whereV represents the engine displacement, wtikP andT, are the pressure and temperature in the intakéattms regards the residual gas

mass, the authors assumed that this is represientixd amount of exhaust gas inside the cylindénetdeal end of the exhaust stroke, i.e. at top
dead center. Hence the residual gas mass is esdlast

_ Ps v (69)
s R'sq p—l]

beingp; andTy the pressure and temperature of the in-cylindg@dual exhaust gap,the engine compression ratio and hevig-1) the in-cylinder
volume at top dead center. For the evaluation @fésidual gas temperatufg according to the simple approach followed, the argtimeglected the
heat transfer with in-cylinder wall during the exsastroke thus assuming an isentropic transfoomati

Tk

T, =T, Eéﬂj . (70)
Ps

whereT, andp, are the in-cylinder gas temperature and presssgectively, when the exhaust valve opens (EVORlfeady explained, according
to experimental findings also confirmed by dateoregd in the scientific literature, for a sparkitgm engine the ratid,/ T, ranges from 3.5 to 4.5,
hence in the calculation performed it was considi¢he plausible value 4. The isentropic coefficieyghould be evaluated as function of the
exhaust gas composition and temperature, as aldestyibed above, starting from equation (32).
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