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Abstract. The paper presents an analysis of the results of the both experimental results and theoretical 
works on the SI engine with additional expansion of exhaust gases, also known as five-stroke engine. The 
engine like this was constructed at Cracow University of Technology as a retrofitted in-line four cylinder 
engine in which outer cylinders (1st and 4th) work as fired cylinders and inner cylinders (2nd and 3rd) work 
as volume for the additional expansion. The aim of development of such an engine is to gain higher energy 
recovery ratio of the combusted fuel through the second expansion of exhaust in a separate cylinder. The 
operating parameters of the engine in various versions were analyzed: as naturally aspirated, supercharged 
using a turbocharger with a waste-gate valve and a turbocharger with variable nozzle turbine. Selected 
results of the indicating measurements of the engine with special emphasis on the indicated thermal 
efficiency were presented. The results pointed out the directions of further optimization of the engine. These 
results are all the more important,  because according to the author's knowledge, the research on the real 
object of this type are carried out in only one science center in the world besides Cracow University of 
Technology. 

1 Introduction 

The use of internal combustion engines to drive vehicles 
is inevitably associated with emissions of toxic exhaust 
gas and carbon dioxide into the atmosphere. The number 
of motor vehicles on the roads of the world is growing 
year by year. In order to reduce pollution of the natural 
environment, more stringent emission limits for toxic 
gases and CO2 emissions are introduced. The vehicle 
approval testing procedures are changed to match the 
actual road conditions [1, 2]. However, despite the 
introduction of advanced technical solutions for the 
engines themselves as well as the exhaust aftertreatment 
systems, it is not possible to completely eliminate the 
problem of emissions from the powertrains with 
combustion engines. Consequently, interest in electric 
vehicles has increased over the past 20 years [3]. The 
pure electric drive for vehicles has the advantage that the 
vehicle does not emit toxic components or CO2 in the 
area where it is used. Some negative connotations are 
connected with the way of generating electricity in a 
given area [4]. In any case, it is true that the use of 
electric cars in crowded city centers will significantly 
improve the quality of the air there.  

However, electric drives for road vehicles encounter 
many problems in their development. The most 
important problem is the extremely limited capacity of 
electric energy storage system using contemporary 
batteries, which in turn causes very significant problems 
in obtaining a range acceptable to the user while 

maintaining a reasonable price for such a vehicle [5]. 
The next constraint in development is the long battery 
charging time and the troubles of developing a common 
standard of charging device for all electric car 
manufacturers [6]. Such a state of affairs makes that a 
reasonable solution for the coming years is to improve 
and further disseminate the various hybrid drive systems 
for road vehicles [7]. First of all the use of a hybrid 
system gives the ability to reduce fuel consumption 
through energy recovery during braking and enables the 
engine to operate in a limited area of the operational map 
in which it is highly efficient. On the one hand, electrical 
systems are developed. Innovative high-performance 
electric motors are emerging, innovative electronic 
solutions such as SiC-based transistors are used in 
inverters and voltage converters. On the other hand, 
internal combustion engines for hybrid drive systems are 
also subject to continuous improvement [8]. 

2 Engines with an extended expansion 
process – the background 

As with all automotive combustion engines, also for 
engines for hybrid vehicles, the development is now 
primarily driven by emission reduction and fuel 
consumption considerations. The engines of hybrid drive 
systems work in slightly different regime than in 
conventional propulsion systems. This causes that they 
can be optimized for a narrower area of the work map, to 

    
 

DOI: 10.1051/, 00017 (2017) 71180MATEC Web of Conferences 118 matecconf/201 0017
VII International Congress on Combustion Engines

© The Authors,  published  by EDP Sciences.  This  is  an  open  access  article  distributed  under  the  terms  of  the Creative Commons Attribution
 License 4.0 (http://creativecommons.org/licenses/by/4.0/). 



 

work mainly
to make bett
fuel that is lo
is to use an
gases in rela
comparison o
SI engine an
to the ambien
 

Fig. 1. Thermo
process. 

As it is 
extended exp
of heat sup
additional po
significant i
working acco

The first 
engine includ
the intake an
power (expa
presented a
supercharged
intake valve 
in addition t
reduced the e
is achieved b
what was us
90s of the 20
expansion of
which result
compression 
expansion ra
years, the p
Miller cycle 
[18]. Researc
increased exp
scientific cen

However
efficiency of
not free of d
maximum p
volumetric ef
air mixture 
compression 
not a loss-fre

y in this optim
ter use of the
ost in the exha
n increased ex
ation to the 
of the thermo

nd the cycle w
nt pressure is 

odynamic cycle

shown in the
pansion of the
pplied to the
ortion of usefu
increase in t
ording to this 
attempts to im

de the James A
nd compressio
ansion) strok
a different 
d engine [16
before the en

to cooling th
effective com

by closing the 
sed in Japane
0th century [1
f the charge oc
ts, with the s

stroke, in 
atio over the
popularity of
at least in p

ch and develo
pansion ratio 

nters in Poland
r, it should b
f internal com
disadvantages
performance 
fficiency. Ano
to the intake
stroke with t

ee process [23

mized area [9].
e part of ener
aust system in
xpansion rati
compression 

odynamic cycl
with expansion

presented in a

e with an additi

 
e figure abov
e charge with 
e working m
ul work, whic
the efficiency
principle [13,
mplement thi
Atkinson engi
on stroke wer
e and exhau

approach 
6]. He propo
nd of the inta
he expanding 

mpression ratio
intake valve f

ese car engine
17]. In this ty
ccurs as in the
shortened effe
a significant 
 compression

f engines rea
art of their m
opment works
are also carr

d [19-21].  
be noted tha

mbustion engin
s. The first on
[22] resultin
other is pump
e manifold at
the intake valv
].  

. One of the w
rgy of the bur
n a normal en
o of the exh
ratio [10-12]

le of the class
n of exhaust g
a Figure 1. 

 

onal expansion

e, the cycle w
the same amo

medium offers
ch contributes 
y of the en
 14]. 
s idea into a 
ine [15], in w
e shorter than

ust stroke. M
for a 4-str
osed closing 
ake stroke, wh

cylinder cha
o. A similar ef
far after the B
es as early as
ype of engine,
e classical eng
ective part of

increase in 
n ratio. In re
alizing Atkin

map has increa
s on engines w
ied out in sev

at increasing 
nes in this wa
ne is the redu

ng from redu
ing back the f
t the start of
ve open, whic

ways 
rned 

ngine 
haust 
]. A 
sical 

gases 

n 

with 
ount 
s an 
to a 

ngine 

heat 
which 
n the 

Miller 
roke 

the 
hich, 
arge, 
ffect 

BDC, 
s the 
, the 
gine, 
f the 

the 
ecent 
nson/ 
ased 
with 
veral 

the 
ay is 
uced 
uced 
fuel-
f the 
ch is 

exte
Sch
add
sep
sign
in w
with
cyli
the 
inde
com
volu
The
Ilm
to th
clas
eng
pha
cyli
cyli
situ
eng

Fig.
1 –
3 –
6 –
9 –

dev
eng
issu
amo
evid
sim
resu
pres
the 
[10

3 T
Cr

In 2
(CU
Nat

A slightly d
ended charge
hmitz [24] i
ditional (secon
arate low 
nificantly high
which a four-
h additional e
inder has the 
two cylinder

ependently of
mpression rat
ume of additi
e first workin

mor Engineerin
he fifth stroke
ssic four-strok
gine has two 
ase shift of th
inders feeds 
inder placed 

uation operate
gine design is 
 

. 2. Scheme of t
fired cylinders,
crankshaft, 4 –
transfer port, 7 
exhaust port, 10

Currently, th
velops his conc
gine for a hyb
ue of the five
ong researche
denced by p

mulations of th
ults of the exp
sented by the 
engine [25, 2
, 13, 32, 33].

The five-st
acow Univ

2011-2013, at
UT) a research
tional Scienc

different appr
expansion w

in his engin
nd) expansion 
pressure cy

her than the vo
-stroke cycle 
expansion of 
advantage tha
rs can be opt
f each other. 
tio of the w
onal expansio
ng model of 
ng and named 
e of an additio
ke cycle. Ger

working cyl
he operation. 

alternately 
in the middle
s in a two-str
shown in Figu

the three cylind
 2 – additional 
intake valves, 5
– transfer port 

0 – throttle. 
 

he inventor o
cept in a team
brid powertrai
e-stroke engin
ers from all 
ublications o

he 5-stroke en
perimental wo
team whose m

26] as well as 

troke engi
versity of 

t the Cracow 
h project N N
e Center of 

roach to the
was presented
ne, which p
n of exhaust ga
ylinder with 
volume of the 

is performed
f the exhaust 
at the design p
timized for th
This mainly 

working cylin
on of the work

this engine 
as a five-strok

onal expansion
rhard Schmitz
linders with 
Exhaust gase
the addition

e of engine, w
roke mode. Th
ure 2. 

der five-stroke e
expansion cylin
5 – intake mani
valves, 8 – exh

of the five-s
m working on t

in [25, 26]. G
ne raises a l
over the w

on various m
ngine [27-31], 
ork of such an
member is the
by the author

ine develo
Technolo

University o
N509 559040 f

Poland was 

e concept of
d by Gerhard
roposed that
as occurs in a

a volume
fired cylinder

d. The engine
in a separate
parameters of
heir functions

concerns the
nder and the
king medium.
was built by
ke engine due
n added to the
z's five-stroke
360 deg CA

es from these
al expansion
which in this
he five-stroke

 

engine;  
nder,  
ifold,  
haust valve,  

stroke engine
the use of this
Generally, the
ot of interest
orld. This is

modelling and
however, the

n engine were
e originator of
r of this paper

oped at 
ogy 

f Technology
funded by the

carried out.

f 
d 
t 
a 
e 
r 
e 
e 
f 
s 
e 
e 
. 
y 
e 
e 
e 

A 
e 
n 
s 
e 

e 
s 
e 
t 
s 
d 
e 
e 
f 
r 

y 
e 
. 

    
 

DOI: 10.1051/, 00017 (2017) 71180MATEC Web of Conferences 118 matecconf/201 0017
VII International Congress on Combustion Engines

2



 

Professor Br
and the autho
Within this p
developed ba
developed en
4), while the
connected by
form a volu
medium. The
to the cylin
camshafts an
in Figure 3 t
and No. 4. ar
No. 2 and N
expansion pr
leave the en
originally co
now controls
and 4 and t
additional ex
camshaft wh
engine  now
between cyli
also be noted
same time o
stroke mode
cylinders).  

 

Fig. 3. Scheme
engine develop

After the 
as a naturall
turbocharger
equipped wi
controlled b
turbine, follo
nozzle turbin
of this work
specification
CUT are pres

Control 
programmab
real-time sett
has a direct 
during tests, 
set at 7 MPa

ronisław Send
or of this artic
project, an ex
ased on an in-
ngine has two
e central cyli
y an internal 
ume of addi
e project requ
nder head p
nd intake and 
the exhaust g
re now returne
No. 3, where
rocess. Only a

ngine. This ca
ntrolled only 
s the intake v
the exhaust v
xpansion pro

hich was an ex
w controls the
inders 1 and 2
d that all eng

once for each 
e of work 

e of a cylinder 
ped at Cracow 

preliminary t
ly aspirated e
r. Experimen
ith a turboch
y a waste-ga
owed with a 
ne (VNT) wer
k will be pres
ns of the fiv
sented in a Ta
of the eng

le engine ma
tings to be ch
injection sys
the results of

a. The engine w

dyka was hea
cle was a princ
xpanded-expan
-line four cyli
 fired cylinde
inders (No. 2
port in the c

itional expan
uired signific
ports and de

exhaust man
gases from the
ed to the cylin
e they under
after this proc
auses that the
the intake val
valves of the 
valves of the
ocess No. 2 
xhaust camsha
e valves of t
2 as well as 4

gine exhaust v
rotation of t
of the addi

head flow of th
University of T

 
tests, where th

engine, it was
ntal research 
harger with 
ate valve (W
turbocharger 

re carried out
sented later in
e-stroke engi

able 1. 
gine work 
anagement sy
hanged. In ad
stem.  Fuel i
f which are pr
was supplied 

ad of the pro
cipal investiga
nsion engine 
inder engine. 
rs (No. 1 and 

2 and No. 4)
cylinder head 
sion of work
ant modificat
esigning of 
nifolds. As sh
e cylinders N
nders respecti
rgo an additi
cess exhaust g

camshaft, w
lves of the eng
fired cylinde

e cylinders of
and No. 3. 

aft for the 4-str
the transfer p
4 and 3. It sho
valves open at
the crankshaft
tional expan

he five-stroke 
Technology. 

he engine wor
 equipped wi

of the en
a boost pres

WG) upstream 
with a varia

t. Selected res
n the article. 
ine developed

is based on
ystem that all
dition, the en
injection pres
resented here, 
with a mixtur

oject 
ator. 
was 
The 

d No. 
) are 

and 
king 
tions 
new 

hown 
No. 1 
ively 
ional 
gases 

which 
gine, 
ers 1 
f an 
The 
roke 
ports 
ould 
t the 

ft (2-
nsion 

 

rked 
ith a 

ngine 
ssure 

m the 
able-
sults 
The 

d at 

n a 
lows 

ngine 
ssure 
was 

re of 

stoi
wid
Thi
requ

Ta

Nu
arr

Bo

Str

Dis

Dis
exp

Co

No

Tu

Co

Inj

Inj

Co
of 

2. T
and
the 
vari
fire
the 
add
the 
toge

V

with
mea
are 
was
Eng
stan
curr
reco

ichiometric c
deband exhau
is was due to
uirements of t
 

able 1. Technic

Param

umber of cylind
rangement 

ore 

roke 

splacement of a

splacement of a
pansion cylinde

ompression ratio

o. of valves 

urbocharger type

ontrol system m

ection method

ector driver 

ontrol method o
fuel 

 
A valve timin

The intake val
d correspond t

base engine
iable valve ti

ed cylinders an
same as in th

ditional expan
exhaust valv

ether with 2 a

Table 2. Valv
expan

Valve timing 

EVO 

EVC 

IVO 

IVC 

 
The presente
h the manuf
ans that the o
given for the

s carried ou
gines at Craco
nd is equipped
rent dynamom
ording engine

omposition (
ust oxygen se
o the desire to
the classic thre

cal data of the fi
at CU

meter 

ders and 

a fired cylinder 

additional 
ers 

o 

e 

model 

f high-pressure

ng of the test 
lve timing of 
to the center p
e, which orig
ming. The ex

nd the addition
he base engine
sion cylinders
es of the adja
nd 4 together 

e timing of the 
nsion process de

Fired cylind

28° BBDC

8° BTDC

7° ATDC

17° ABDC

d valve timin
facturer's base
pening and cl

e valve lift of 
ut in the La
ow University
d with an elect
meter, with a 
e operating p

(rel. AFR = 
ensor in a fe
o match the 
ee-way cataly

five-stroke engi
UT. 

V

4 in-line, 
for an 

exp

82.

92.

496 c

992 c

1

4 per 

KP39 (w
BV35 (w

AEM EM

Direct

Denso 13

e 
pressure 

t engine are li
the fired cylin
position of th
ginally had 
xhaust valve 
nal expansion
e. The intake 
s work synchr
acent fired cy
with 3.   

engine with an
eveloped at CU

ders 
Addition

cy

C 28°

C 8°

C 28°

C 8°

ng is given i
e engine gui
losing angles 
f 1.0 mm. The
aboratory of 
y of Technol
tronically con
system for m
parameters, a

1.0) with a
eedback loop.
engine to the

ytic converter.

ne developed 

Value 

2 fired and 2 
additional 

pansion 

.5 mm 

.8 mm 

cm3 each 

cm3 both 

10.5 

cylinder 

with WG),  
with VNT) 

MS 30-1010 

t injection 

31000-1041 

relief valve 

isted in Table
nders is fixed
e camshaft in
a system of
timing of the

n cylinders are
valves of the

ronously with
ylinders, i.e. 1

n additional 
UT. 

nal expansion 
ylinders 

° BBDC 

 BTDC 

° BTDC 

 BBDC 

in accordance
idelines. This
of the valves

e engine tests
Combustion

ogy. The test
ntrolled Eddy-
measuring and
a gravimetric

a 
. 
e 

e 
d 
n 
f 
e 
e 
e 
h 

 

e 
s 
s 
s 
n 
t 
-
d 
c 

    
 

DOI: 10.1051/, 00017 (2017) 71180MATEC Web of Conferences 118 matecconf/201 0017
VII International Congress on Combustion Engines

3



 

fuel flowmet
view of the 5

 

Fig. 4. Genera
additional exp

4 Selecte
engine w
process 

4.1 Thermo
additional e

For initial as
efficiency th
additional ex
ratio higher 
developed [1
cycle, but w
volume equa
cylinders. Fo
which is the
simplification
one working
opening of t
fired cylinde
taken into a
influence of
obtained ther
is important 
thermal effi
expansion de
cycle. Figure
with an addit
at CUT.  

If the am
enough (pro
above the am
of heat rejec
45s-55s and 
pressure of 5
of heat sup
(process 2-3'
at 55s, i.e. at 
heat supplied
the expansio
2×(Vcyl + V
ambient pres

ter and an exh
5-stroke engin

al view of a test
pansion process 

ed researc
with an add

odynamic cy
expansion p

ssessment of 
he theoretical 
xpansion of e
twice than th

10, 13]. This 
with an exten
al to the tota
or the analysis
e working me
n of the analy
g volume, an
the valves of

er to the additi
account. In th
f selected par
rmal efficienc
to point out t

iciency of th
epends on the 
e 5 shows the 
tional expansi

mount of heat
ocess 2-3), th
mbient pressur
ction at a con
the process 

55s-1. In the pa
pplied to the
'), the expans
atmospheric 

d to the cycle 
on of the work
Vch) results in
ssure pamb – p

haust gas anal
ne test bench is

t-stand of the en
developed at C

ch aspects
ditional ex

ycle of the e
process 

the potential 
cycle for the

exhaust gas a
he compressio
is the cycle b
nded expansi
al volume of
s air as an ide
dium of the c
ysis, the cycle
nd the press
f transfer port
ional expansio
he aforementi
rameters of t
cy of the cycle
that, unlike th
he cycle wit
amount of he
theoretical cy

ion of exhaus

t supplied to 
he expansion 
re – point 45s. 
nstant volume
of heat rejec

articular case, 
e cycle is ac
sion of the ch
pressure. Wh
is even smal

king medium 
n a pressure 
process (3"-4"

lyzer. The gen
s shown in Fig

ngine with 
CUT. 

s of the 
xpansion 

engine with 

of improving
e engine with
nd the expan
on ratio has b
based on the O
ion process t
f the two en
eal gas was u
cycle. Due to
e is carried ou
sure drop at 
ts connecting
on cylinder is
ioned works, 
the cycle on 
e was analyze
he Otto cycle,
th an additi
eat supplied to
ycle of the en
t gases develo

the cycle is h
process ends
Then the pro
occurs - pro

ction at cons
when the amo

ccordingly lo
arge ends exa

hen the amoun
ler (process 2
to the volum
drop below 

"5s). Then ther

neral 
g. 4.  

an 

g the 
h an 

nsion 
been 
Otto 
to a 

ngine 
used, 
o the 
ut in 

the 
g the 
s not 
 the 
 the 

ed. It 
, the 
ional 
o the 
ngine 
oped 

high 
s up 

ocess 
ocess 
stant 
ount 
ower 
actly 
nt of 
2-3") 

me of 
the 

re is 

the 
con
reje
 

Fig.
expa

app
form

whe
η5s –
α –
κ –

εcp –

the 
cyc
high
the 

Ta

Sp
pre

Sp
con

Ise

Ma
me

Ini
(am

Ini
(am

Cy

Vo
cha

Ov

process of a
nstant volume 
ection at a con

. 5. Thermodyn
ansion process 

The graph s
pearing at tha
mula for the th

ere: 
– thermal effi
heat addition 
isentropic exp

– compression

The formula 
cycle is valid

cle allowing to
her. Table 3 s
proposed cyc

able 3. Paramet

Parameter

ecific heat at co
essure  

ecific heat at 
nstant volume

entropic expone

ass of the worki
edium 

itial pressure 
mbient) 

itial temperature
mbient) 

ylinder displacem

olume of a comb
amber 

verall expansion

additional hea
(process 4"5s

nstant pressure

namic cycle of th
to the volume o

 
shows the a
at time. The
hermal efficie

∙

ciency of the 
pressure ratio

ponent, 

n ratio, 

(1) for calcul
d for the amou
o reach the pr
hows the data
le. 

ers of the propo
analys

Symbo

onst. 
cp 

cV 

ent κ 

ing 
m 

p1 

e 
T1 

ment Vcyl 

b. 
Vch 

n ratio εdcp 

eat supply to 
s-55s), followe
e.  

the engine with 
of 2×(Vcyl+Vch)

area of a ne
e paper [13] 
ency of the pro

∙ ∙
 

proposed cyc
o, , 

lating thermal
ount of heat su
ressure of the

aset used for th

osed cycle used
sis. 

ol Unit 

[kJ/(kg·K)]

[kJ/(kg·K)]

[–] 

[kg] 

[MPa] 

[K] 

[m3] 

[m3] 

[–] 

the cycle at
ed by the heat

 

an additional 
. 

egative work
presents the

oposed cycle:

(1)

le, 

. 

 efficiency of
upplied to the
e point 3' and
he analysis of

d for presented 

Value 

 1.005 

 0.718 

1.4 

0.636×10–3

0.1 

300 

496×10–6 

52.2×10–6 

21 

t 
t 

k 
e 

f 
e 
d 
f 

    
 

DOI: 10.1051/, 00017 (2017) 71180MATEC Web of Conferences 118 matecconf/201 0017
VII International Congress on Combustion Engines

4



 

The exp
compression 
working med
the two cyli
thus the form

 

If one tak
the minimum
Q'H_min allow
determined f

 

 

 

 

 

Finally, a
the calculatio
to the cycle Q
of the suppli
explosion rat

 

Figure 6 
of the theore
expansion of
the two cyli
supplied to 
thermal effi
constant val
supplied to th

 

Fig. 6. Compa
5-stroke engin
to the working

For the d
about 0.61 a

pansion ratio
ratio εcp, b

dium is equal 
nders and the

mula (2) is true

∙

kes into acco
m amount o

wing to reach 
from the set of

′ _

∙

∙
∙

∙

∙

after the inser
ons, the mini
Q'H_min was eq
ied heat, the h
tio) α' equals (

shows a curv
etical cycle of
f the working 
inders as a fu
the QH cycle

iciency of th
lue, independ
he cycle. 

arison of the the
ne cycle as a fun
g fluid. 

data being ana
and is constan

o is exactly
because the 
to the displac

eir two comb
e: 

2

unt the data s
f heat suppl
the pressure o
f following eq

∙ ∙

∙  

∙

∙ ∙

∙

rtion of data 
mum amount

qual to 575.1 J
heat-addition 
(8): 

.

.
2.6

ve of the therm
f the engine w
medium to th

unction of the
e. The figure
he Otto cycl
dent of the 

ermal efficiency
nction of amoun

 
alyzed, Otto c
nt, while the 

y twice of 
final volume

cement volum
bustion chamb

 

set from Tabl
ied to the c
of point 3' can

quations (3)-(7

 

 

 

and execution
t of heat supp
J. For such a l
pressure ratio

39 

mal efficiency
with an additi
he total volum
e amount of 
e also shows 
le, which ha
amount of 

y of Otto and 
nt of heat suppl

cycle efficienc
efficiency of

the 
e of 

me of 
bers, 

(2) 

le 3, 
cycle 
n be 

7): 

(3) 

(4) 

(5) 

(6) 

(7) 

n of 
plied 
limit 
o (or 

(8) 

y η5s 
ional 

me of 
heat 
 the 
as a 
heat 

 

lied 

cy is 
f the 

cyc
incr
sup
eng

4.2
asp

In 
add
eng
con
ope
The
AFR
The
max

Fig.
engi
rota

effe
con
spe
high
afte
it d
abo
rela
from
asp
assu
volu
curv
eng
also

effi
Thi
thro
with
280
phe
of e
the 
but 

cle of the engi
reases with 

pplied to the w
gine means inc

 Operationa
pirated engi

the first stag
ditional expan
gine in the n
nducted. Figur
erating param
e engine was 
R = 1.0) and
e ignition ti
ximum brake 
 

. 7. Operational
ine with an add

ational speed. 

During the t
ective power o
ntinued for a h
cific fuel con
h level of 30
er the extra ex
did not exceed
ove that, althou
atively high, th
m that enc
irated engin
umptions rega
umetric effici
ve of the vo

gine speed. Th
o showed in th
As it is show

iciency reach
is is caused b
ottle from the
h turbochargi

00 rpm ηV b
enomenon may
exhaust in the
power stroke 
flows into a n
 

ne with an ad
the increase 
working med
creased load. 

al parameter
ne 

ge of develop
nsion of the e
naturally aspi
re 7 shows the
eters as a fun
fueled by a s

d worked at w
ming angle 
torque (MBT)

l parameters of 
ditional expansio

 
tests the engi
of 35 kW at 4
higher rotation
sumption (BS
0 g/kWh. Th

xpansion proce
d 500 oC. It 
ugh the maxim
he torque curv
ountered for
es. In orde
arding the exp
ency was calc
olumetric eff
he torque curv
his figure to fa
wn in the fig
es a relative

by the use of 
 base engine 
ing) but abov
begins to dec
y be associate
e engine, in w

does not disc
next cylinder f

dditional expa
in the amo

dium QH, whi

rs of the nat

pment of the
exhaust gases
irated (NA) 
e charts of se
nction of rota
stoichiometric
wide open thr

was adjuste
). 

f the naturally as
on process as a

ine achieved 
800 rpm. The

nal speed beca
SFC) has alrea
he exhaust gas
ess is low. Du
can be seen 

mum value of
ve is irregular
r convention
er to verify
xplanation of t
culated. Figur
ficiency as a
rve of the eng
acilitate the an
gure above, th
ely high max
f air filter, int

(2.0 dm3 of 
ve the rotatio
ecrease signif
ed with a distu
which the exh
charge into the
for further exp

ansion process
ount of heat
ich for a real

turally 

engine with
s, tests of the
version were

elected engine
ational speed.
 mixture (rel.

rottle (WOT).
ed to obtain

spirated (NA) 
a function of 

a maximum
e tests was not
ause the brake
ady reached a
s temperature
uring the tests
in the figure

f the torque is
r and different
nal naturally
y the initial
this state, the
e 8 shows the

a function of
gine has been
nalysis. 
he volumetric
ximum value.
take pipe and
displacement,

onal speed of
ficantly. This
urbed process
aust gas after
e atmosphere,
pansion.  

s 
t 
l 

h 
e 
e 
e 
. 
. 
. 
n 

 

m 
t 
e 
a 
e 
s 
e 
s 
t 
y 
l 
e 
e 
f 
n 

c 
. 

d 
, 
f 
s 
s 
r 
, 

    
 

DOI: 10.1051/, 00017 (2017) 71180MATEC Web of Conferences 118 matecconf/201 0017
VII International Congress on Combustion Engines

5



 

Fig. 8. Volum
with an additio

From a ro
slightly agai
occurrence o
pipes with a 
described ch
rotational spe
the engine. M
volumetric e
likely due t
mechanical 
analyzed at th

4.3 Operati
engine with
with a turb

The results 
naturally asp
BSFC was in
engine, wher
240 g/kWh. 
of the under
the initial sta
naturally as
phenomenon
exhaust gase
of the cycl
mechanical e
four cylinder
place, will be
four-cylinder

The five-
increase in th
the amount 
performance
turbocharger
waste-gate va

Figure 1
turbocharged
valve. The bo
bar by direct
actuator of th

 

metric efficiency
onal expansion 

otational spee
in, which in 
of wave phen
relatively low

hanges in the 
eed are reflect

Minor differen
efficiency an
to changes in
efficiency of
his initial stag

ional param
h a turbocha
ocharger w

of the initia
pirated versio
ncreased with 
re the best ach
On the one h

rtaken researc
age of the dev
spirated ver

n. The process
es allows to i
le, but one 
efficiency of t
rs only addit
e undoubtedly
r engine. 
-stroke engine
hermal efficie
of heat supp
, the test e

r with a boost
alve (Fig. 9). 
10 presents 
d engine with 
oost pressure 
tly feeding the
he WG valve. 

y of the naturally
process. 

 
ed of 4200 rpm
turn can be 

nomena in the
w length to di

course of ηV

ted in the brak
nces between 
d the brake 
n the therma
f the engine,
ge of project.  

eters of the
arger with W
ith VNT  

al tests of th
n indicated th
respect to the

hieved value w
and, this is co

ch work, on t
velopment of 
rsion it wa
s of additional
increase the th

should rem
the engine, in
tional expansi
y lower than f

e's theoretical 
ency along w
plied, so that
ngine was e
t pressure con

selected tes
the turbochar
(pbst) was lim

e boost pressu

y aspirated eng

m, ηV starts to
explained by

e intake mani
iameter ratio. 

V as a function
ke torque curv
waveforms of
torque are m

al efficiency 
 which was 

e turbocharg
WG Valve an

he engine in 
hat the minim
e original 4-str
was slightly be
ontrary to the 
he other hand
the engine in

as an expe
l expansion of
hermal efficie

member that 
n which in tw
ion process ta
for the four-str

cycle exhibit
ith an increas
t, for satisfac
equipped wit
ntrol by mean

st results fo
rger with the 

mited to about 
ure to a pneum

 

gine 

o rise 
y the 
ifold 
The 
n of 

ve of 
f the 
most 
and 
not 

ged 
nd 

the 
mum 
troke 
elow  
aim 

d, at 
n the 
ected 
f the 
ency 

the 
wo of 
takes 
roke 

ts an 
se in 
ctory 
th a 
ns of 

or a 
WG 
0.35 

matic 

Fig.
engi

Fig.
with
spee

max
max
min
com
Abo
torq
con
the 
flow

Fig.
an a

. 9. Turbocharg
ine with an add

. 10. Operationa
h an additional 
ed. 

Under these
ximum torqu
ximum effect
nimum BSFC 
mparable to th
ove the engi
que drastical
nstant boost p

engine volum
w resistance o
 

. 11. Volumetri
additional expan

ger with a Waste
ditional expansio

 

al parameters o
expansion proc

 
e conditions
ue of 119 N
ive power of 
was 239 g/kW

e best result o
ne speed of 
ly decreased
ressure. This 
metric efficie
f exhaust of th

c efficiency of 
nsion process. 

e Gate valve m
on process. 

of the turbochar
cess as a functio

s, the engin
Nm at 3200 
f 53 kW at 54
Wh at 3000 r
of the 4-stroke

3600 rpm, 
d despite m
is due to the

ency due to 
he engine (Fig

the turbocharge

ounted on the 

ged engine 
on of rotational 

ne achieved
rpm and a

400 rpm. The
rpm, which is
e base engine.
engine brake

maintaining a
e limitation of
the increased
g. 11). 

ed engine with 

 

d 
a 
e 
s 
. 
e 
a 
f 
d 

 

    
 

DOI: 10.1051/, 00017 (2017) 71180MATEC Web of Conferences 118 matecconf/201 0017
VII International Congress on Combustion Engines

6



 

From th
volumetric e
the torque i
similarly to a
and thermal
increasing ro

On the ot
provide the 
rotational sp
reached abov
meant that t
characteristic
investigate h
would affec
additional ex
the expected
BV35 turbo
displacement
kW. Figure 
mounted to th

 

Fig. 12. View 
tested engine. 

 
Figure 13

function of th
at 2000 rpm 
The boost pr
nozzle vanes

 

Fig. 13. Brake
of the engine w
2000 rpm with

he rotational 
efficiency incr
is observed. 
a naturally as
l efficiency 

otational speed
ther hand, the
expected boo

peed. The bo
ve the rotatio
the turbocharg
cs. For this 
how the use o
ct performan
xpansion of e
d exhaust gas 
ocharger use
t of 1.3 and a
12 shows a v
he test engine

of the VNT-typ

3 shows the to
the boost pres
and superchar

ressure was in
s by means of 

e torque and BS
with an addition
h a VNT-type tu

speed of 
reases again b
The reason 

spirated engin
of the eng

d decreases. 
 turbocharger
ost pressure a
oost pressure 
onal speed of
ger did not m

reason, it 
of the VNT-t

nce of the 
exhaust gases.
flow it was d

ed in CI 
an effective p
view of a BV
e. 

pe turbocharger

orque and the 
ssure of the te
rged with a V

ncreased by ro
a vacuum actu

SFC as a functio
nal expansion p
urbocharger. 

4200 rpm, 
but no increas

for this is t
e, the mechan
gine running

r with WG did
at low cranks

of 0.3 bar 
f 2800 rpm. T
match the en
was decided

type turbocha
engine with 
 After estima

decided to use
engines with
ower of abou

V 35 turbocha

r mounted to th

BSFC curves 
est engine runn
VNT turbochar
otating the tur
uator. 

on of boost pres
process working

the 
se in 
that, 
nical 
g at 

d not 
shaft 
was 
This 

ngine 
d to 
arger 
h an 
ating 
e the 
h a 
ut 66 
arger 

 

he 

as a 
ning 
rger. 
rbine 

 

ssure 
g at 

0.85
the 
turb
BSF
the 
turb
of  
for 

con
pbst

VN
with

Fig.
of th
280

sim
turb
pres
how
eng
of v
was
min
pres
Nm
BSF

the 
spe
than
valv
van
gas
gas 
add
effe
pro
turb

The maximum
5 bar, which i

performanc
bocharger (94 
FC is in the en

engine with
bine (251.4 g 
BSFC with th
a boost pressu
Figure 14 sh

nsumption cur
for the engine

NT-type turbo
h a rotational 

. 14. Brake torq
he engine with 
0 rpm with a V

For a rotation
milar to that 
bocharger allo
ssure and, co

wever, the eng
gine equipped 
value 239.7 g/
s obtained. W
nimum BSFC 
ssure and 105

m as for the t
FC 246.7 g/kW
The use of th
expected bo

eds, but the m
n with superc
ve. The use o

nes system in
es, which in 
energy recov

dition, the var
ect of the pul
cess is not di
bine. 
 

m torque of 2
is a significant
ce of the 

Nm at 0.14 b
ntire range hi

h a turbochar
/kWh at 0.14

he VNT-type 
ure of 0.3 bar 
hows the torq
rves as a func
e with additio
charger. The 
speed of 2800

 

que and BSFC a
an additional ex

VNT-type turboc
 

nal speed of 
of 2000 rpm

ows for a sig
nsequently, g
gine efficiency
with a turboc

/kWh (at pbst =
With the VN

was 244.8 g/
5 Nm of torqu
turbocharger w
Wh. 
he VNT turbo
oost pressure 
minimum BSF
charging by t
of a turbochar
ncreases the 
turn has an e

very in additio
iable nozzle o
sating gas flo
sturbed in a t

2000 rpm wa
nt increase in c

engine with
bar). On the ot
igher than that
arger with a 
4 bar). The mi
turbocharger 
– 253.5 g/kW
que and the 
ction of the b
onal expansion

engine work
0 rpm. 

as a function of
xpansion proce
charger. 

2800 rpm, th
m. The use 
gnificant incre
gives higher e
y is reduced a

charger with W
= 0.3 bar and M
NT-type turbo
/kWh at 0.2 b

ue. For the sam
with WG, th

ocharger allow
even at low

FC was higher
the turbocharg
rger with adju

backpressure
effect on redu

onal expansion
of a turbine s
ow into the tu
turbocharger w

as 140 Nm at
comparison to
h a classic
ther hand, the
t recorded for
conventional

inimum value
was achieved

Wh. 
specific fuel

boost pressure
n and with the
ked this time

f boost pressure
ess working at 

he situation is
of the VNT
ease in boost

engine torque,
again. For the
WG the BSFC
M = 116 Nm)
ocharger, the
bar of a boost
me torque 116
he engine had

wed to obtain
wer rotational
r in both cases
ger with WG
ustable nozzle
e of exhaust
ucing exhaust
n cylinders. In
uppresses the
urbine, which
with a classic

t 
o 
c 
e 
r 
l 
e 
d 

l 
e 
e 
e 

 

s 
T 
t 
, 
e 
C 
) 
e 
t 
6 
d 

n 
l 
s 

G 
e 
t 
t 
n 
e 
h 
c 

    
 

DOI: 10.1051/, 00017 (2017) 71180MATEC Web of Conferences 118 matecconf/201 0017
VII International Congress on Combustion Engines

7



 

4.4 Indicate
turbocharg

One of the 
included in
pressure sens
and in the ad
The research
with WG 
Optrand opto

In the pap
of the engine
is presented.
efficiency o
results do n
available for
value of mec
rather lower 
work also ou
indicated in 
expansion c
between the 
and the ind
additional 
determine th
expansion cy
the engine 
cylinders de
results of th
expansion c
crankshaft at
this value the
is due to the
charge, it is 
below ambi
results of cal
the cycle of
will be prese

Indicating
points in th
marked in F
the turbochar
performance

 

Fig. 15. Points
 
Figure 1

pressure wa
registered for
rpm and a loa

ed thermal e
ged engine 

research stag
n-cylinder p
sors were loca
djacent additio
h was carried 
valve. Meas

oelectronic pre
per [33] an an
e with additio
. The results 
f the engine 
not deviate f
r a five-strok
chanical effici
than that of to
utlines the re
the fired cy

cylinder asse
brake mean e
dicated mean
expansion c
he energy re
ylinders and t

from whic
liver power t
he analysis 
cylinders de
t a load of ab
ey receive pow
e fact that, w
expanded in 
ent pressure 
lculating the i
f engine with
ented in this pa
g measuremen

he engine wo
Figure 15. Du
rger was close
. 

s of indicating m

16 shows an
aveforms as 
r both cylinde
ad of 111 Nm

efficiency of

ges on the d
ressure mea
ated in the fir
onal expansio
out on a turb

surements we
essure sensors
nalysis of indi
nal expansion
of calculatin
are presente

from the onl
ke engine [26
iency was 85.5
oday's four-str
elationship be
ylinders and 
embly and 
effective press
n effective 
cylinders. Th
covery rate 
to determine 
h the addit
to the engine
indicated tha
liver power 
bout 60 Nm 
wer from the 

with a low am
additional exp
(see theoret

indicated ther
h additional e
aper. 
nts were carri
orking area. T
uring testing, 
ed in order to 

measurements. 

n example of
a function 

ers at a rotatio
m. 

f the 

developed en
asurements. 
red cylinder N
on cylinder No
bocharged en
ere made u
s [34].  
icating test res
n of exhaust g
g the mechan
ed. The obta
ly known res
]. The maxim
5% [33], whic
roke engines. 

etween the po
in the additi
the relation

sure of the en
pressure of 
his allowed 
in the additi
the load leve

tional expan
e crankshaft. 
at the additi

to the en
and higher. U
crankshaft, w

mount of cylin
pansion cylin
tical cycle). 
rmal efficienc
xpansion pro

ied out at sele
These points 
the WG valv
obtain maxim

f the in-cylin
of crank a

nal speed of 2

ngine 
The 

No. 4 
o. 3. 

ngine 
using 

sults 
gases 
nical 
ained 
sults 
mum 
ch is 
The 

ower 
ional 
nship 
ngine 

the 
to 

ional 
el of 
nsion 

The 
ional 
ngine 
Until 

which 
nder 

nders 
The 

cy of 
ocess 

ected 
are 

ve of 
mum 

 

nder 
angle 
2800 

Fig.
expa

in th
for 
360
the 
whe
(red
the 
cyli
hea
thro
No.
pres
exp
wav
the 
calc
cyli
both
con
volu
Obt
calc
eac

ther
(9) 

whe
Pi –
Ge –
LH

equ
eng
sep
from
suff
the 
indi
IME
pow
pow

. 16. Indicator d
ansion process.
 
It can be seen
he additional 
the two prese

0 degrees of th
chart (360-7

en this cylinde
d line), while 

exhaust gas
inder No. 2 an

ad feed the 
ottling of flow
. 2 and 3 ex
ssure and its

pansion cylind
veforms obtai

indicated m
culated for 
inders.  The i
h groups of

nsideration th
ume of two 
taining the in
culate the indi
h measuremen
For a classi
rmal efficienc
[35, 36]: 

ere: 
– indicated pow
– fuel consum

HV – lower hea
For the purpo

ual to 43.0 M
gine with an
arate cylinde
m that of the
ficiently high,
additional ex

icated mean 
EPadd has a v
wer of the en
wer of the fire

diagram of the e
 

n in figure abo
expansion cyl
ented cycles o
he crank angle
720 CAD) co
er is fed direc
the left part re
es flow  fro
nd then, throu
cylinder No. 
w in the port
xplains the di
s maximum 
ders. Based 
ined as averag
mean effectiv

the fired a
indicated pow
f cylinders. 
at additional 
cylinders and
ndicated pow
icated thermal
nt point. 
cal combusti

cy can be det

∙

wer, kW 
mption rate, g/s
ating value of t
oses of this a

MJ/kg was ass
n additional 
r, the situati
e classic engi
, the exhaust g
xpansion cylin

effective pre
value higher 

ngine Pi_5s is 
ed cylinders P

engine with add

ove that the pr
linder No. 3 is
of this cylind

le (CAD). The
orresponds to 
ctly from the c
efers to the si

om the cylind
ugh the port in
 3. The phe
t connecting 
ifference in t
value for th

on the recor
ged over doze
ve pressure 
and additiona
wer was then c

It has been
expansion o

d in the two-
wer values ha
l efficiency of

ion engine, t
termined from

∙
 

s 
the fuel, MJ/k

analysis, the v
sumed. In the
exhaust exp

ion is somew
ine. If the en
gas recovery t
nders. In this 
essure of the
than zero. T
the sum of 

Pi_frd and in t

ditional 

ressure course
s not identical
der - covering
e right part of
the situation

cylinder No. 4
tuation where
der No. 1 to
n the cylinder
enomenon of
the cylinders

the curves of
he additional
rded pressure
ens of cycles,
(IMEP) was

al expansion
calculated for
n taken into
occurs in the
-stroke mode.
as allowed to
f the engine at

the indicated
m the formula

(9)

kg 
value of LHV
e case of the
pansion in a
what different
ngine load is
takes place in
situation, the

ese cylinders
The indicated
the indicated
the additional

 

e 
l 
g 
f 
n 
4 
e 
o 
r 
f 
s 
f 
l 
e 
, 
s 
n 
r 
o 
e 
. 
o 
t 

d 
a 

V 
e 
a 
t 
s 
n 
e 
s 
d 
d 
l 

    
 

DOI: 10.1051/, 00017 (2017) 71180MATEC Web of Conferences 118 matecconf/201 0017
VII International Congress on Combustion Engines

8



 

expansion cy
load on the 
additional ex
significantly 
to the occu
pressure in 
IMEPadd of a
the additiona
resulting fro
cylinders is l
the additiona
value should
thermal effic
act then as a
pump in a c
this will low
engine. Equa
calculating th
with an add
above descrip

for Pi_add > 0:

for Pi_add ≤ 0:

Figure 17
efficiency an
efficiency) o
expansion as
open throttle 
the variation
test. 

 

Fig. 17. Indica
additional exp
of rotational sp
 

The max
thermal effic
rpm. This is 
efficient ene
expansion cy
the maximu
operating wit

Figure 18
efficiency of
exhaust gase
speed and a v

ylinders Pi_add

engine is so
xpansion, the p

below the ex
urrence of t

the cylinde
a value lower
al expansion c
om the combu
lost. If this is t
al expansion 
d be omitted 
ciency of the 
an inherent lo
conventional 

wer mechanica
ations (10) a
he indicated th
ditional expan
ption.  

: _

: _

7 shows the c
nd the effecti
of the engine 
s a function o
 and closed W

n of boost pr

ated thermal eff
pansion process 
peed. 

ximum recor
ciency was app
a relatively hi
ergy recover
ylinders. For a
um effective
th the closed W
8 shows the c
f the engine w
es for three co
variable load. 

d. It may also
o low that, i
pressure in the
xhaust pressur
the indicated 
ers of addit
r than zero. T
cylinders the 
ustion of the 
the case, the p
cylinders Pi_

for calculati
cycle ηi_5s, a

ad e.g. a wate
combustion e
al efficiency o
and (11) show
hermal efficie
nsion process

_ _

∙
 

_

∙
 

curves of the 
ive efficiency
with an addit
of the rotation

WG valve. Figu
ressure and B

ficiency of the e
developed at C

rded value o
proximately 0
igh value and 
ry process in
a rotational sp
e efficiency 
WG valve is a
charts of the 

with the additio
onstant values
 

o happen that
n the proces
ese cylinders 
re. This is rel

mean effec
tional expan

This means tha
part of the po
fuel in the f

power indicate
_add of a nega
ing the indic
as these cylin
er pump or an
engine. Natur
of the five-str
w the method
ency of the en
s considering 

(

(

indicated ther
(fuel conver

tional exhaust
nal speed at w
ure 17 also sh

BMEP during

engine with an 
CUT as a functio

of the indic
0.42 at 2800-3
is the result o

n the additi
peed of 3000 r

of the en
also recorded.
indicated ther
onal expansio
s of the rotati

t the 
ss of 
falls 
lated 
ctive 
nsion 
at in 
ower 
fired 
ed in 
ative 
cated 
nders 
n oil 
rally, 
troke 
d of 

ngine 
 the 

(10) 

(11) 

rmal 
rsion 
t gas 
wide 
hows 
g the 

 

on 

cated 
3000 
of an 
ional 
rpm, 

ngine 
 
rmal 

on of 
ional 

Fig.
addi

incr
0.42
rota
ope

5 C

On 
auth
con
subj
•

•

. 18. Indicated t
itional expansio

It can be see
reases with th
2, and also a
ational speed
erating map. 

Conclusio

the basis of 
hor tried to

nclusions, but 
bject: 

For the theo
additional exp
higher therm
Otto cycle. In
increasing the
For a real eng
has been achi
mechanical ef
lower than fo
mechanical e
difficult. It i
method of hi
valve to a sup
necessary am
pressure. On
efficiency ma
be described
bullets. 
The engine w
gases in the
lower efficien
stroke version
A participati
aspirated fi
(transition fro
two addition
compensated 
during extra 
an addition
effectively, 
turbocharger.
cycle, where
higher the am
medium. 

thermal efficien
on process as a 

 
en that the in
he engine loa
acquires simil
s in the ana

ns and su

the results d
o formulate 
also guidelin

oretical cycle
pansion of exh

mal efficiency 
n addition, the
e amount of h
gine, a high in
ieved, but one
fficiency of a 
or a four-stro

efficiency of a
s possible, fo
igh fuel pres
pply "on dema
mount of fu

the other ha
ay be increase
d in a detaile

with additiona
e naturally a
ncy than the e
n. Such a resu
on of frictio
ve-stroke en
om four fired 
al expansion 
by the exha

expansion. In
nal expansio

it needs to
 It also follow
the efficienc

mount of hea

ncy of the engin
function of eng

ndicated therm
ad to a maxim
lar values fo

alyzed part o

ummary 

described in t
the follow

nes for further

e of the eng
xhaust gases, a
y is obtained 
e efficiency i
heat supplied
ndicated therm
e should reme
five-stroke en

oke engine. Im
an existing en
or example, t
ssure control 

mand" what me
uel is delive
and the indic
ed in this engi
ed form in t

al expansion o
aspirated vers
engine in the 
ult was genera
on losses in 
ngine is s
cylinders to 

n cylinders) t
aust gas ene

n order for the
on process 
o be equipp
ws from the th
cy gain is th

at supplied to

 

ne with the 
gine load. 

mal efficiency
mum value of
r the various

of the engine

he paper, the
wing detailed
r work on the

gine with an
a significantly

than for the
ncreases with

d to the cycle.
mal efficiency
ember that the
ngine must be
mproving the
ngine will be
to change the
from a relief
eans that only
ered at high
cated thermal
ine, what will
the next few

of the exhaust
sion achieves
original four-
ally expected.
the naturally

so increased
two fired and
that it is not
ergy recovery
e engine with

to operate
ped with a
ermodynamic

he higher the
o the working

y 
f 
s 
e 

e 
d 
e 

n 
y 
e 
h 
. 

y 
e 
e 
e 
e 
e 
f 
y 
h 
l 
l 

w 

t 
s 
-
. 

y 
d 
d 
t 
y 
h 
e 
a 
c 
e 
g 

    
 

DOI: 10.1051/, 00017 (2017) 71180MATEC Web of Conferences 118 matecconf/201 0017
VII International Congress on Combustion Engines

9



 

• The use of a turbocharger with the WG valve enabled 
a significant increase in engine performance and a 
reduction in the BSFC to a level of the original 4-
stroke engine, however, the turbocharger did not 
provide sufficient boost pressure at low engine 
speeds. 

• For the above reason, and because of the low exhaust 
gas temperature downstream the additional expansion 
cylinders, it was decided to use the VNT-type 
turbocharger. Initial tests of this solution have shown 
that the torque has increased significantly, but the 
BSFC was increased relative to the situation where 
the engine worked with the classic turbocharger with 
a WG valve. This is due to the increased back 
pressure of the exhaust gas in the additional 
expansion cylinders caused by the variable nozzle 
turbine. In the near future, a new turbocharger with a 
WG valve will be selected  with a characteristic for 
the engine with a displacement of about 1.0 dm3, but 
with exhaust gases of lower energy than that of a 
conventional engine, due to the additional expansion. 

• The indicated thermal efficiency ηi of the engine with 
additional exhaust energy recovery is relatively high, 
is slightly higher than that obtained for the classic 
four-stroke engine. On the other hand, ηm is lower, so 
the effective efficiency ηe is now similar to that of the 
classical engine. 

• Thermal efficiency would certainly increase thanks 
to the increasing of the cross section of the port 
connecting the cylinders No. 2 and No. 3, the 
reducing the volume of former combustion chamber 
in cylinders No. 2 and 3 and the shortening of  
transfer ports between fired and additional expansion 
cylinders. The simplest method is to increase the port 
cross-section between the additional expansion 
cylinders. It would be slightly more difficult to 
reduce the chambers in additional expansion 
cylinders by using pistons with higher crown. 
However, the modification of the transfer ports 
between the fired and additional expansion cylinders 
is practically impossible for the cylinder head coming 
from an existing four-stroke engine. 

• It is also planned to optimize the valve timing using 
the 0D/1D modeling and simulation. Currently the 
valve timing is adopted as for the original 4stroke 
engine, so an improvement of the efficiency of the 
engine with an additional expansion process is still 
possible. 

• Once the amendments to the existing design have 
been made, an exhaust gas aftertreatment system will 
be selected taking into account the specifics of the 
operation of the engine with an additional expansion 
(i.e. mainly low temperature downstream the 
turbine). 
The study results show that the five-stroke engine 

developed at Cracow University of Technology achieves 
good performance, especially taking into account that it 
has been developed on the basis of an existing four-
stroke engine, what creates some constraints (e.g. two 
separate cylinders for the additional expansion processes 
and the cylinder head design). The best results are 

obtained when working at high load and at about 3000 
rpm. The result is that the engine would not be a good 
source of propulsion for the vehicle with classic drive 
system, but it will be suitable for applications to vehicles 
with hybrid drive of series type or extended range 
electric vehicle, or for stationary applications.  A further 
development of the design is planned in the nearest 
future to increase the fuel conversion efficiency of the 
engine while maintaining the stoichiometric air-fuel 
mixture to allow the use of a simple system of a classic 
three-way catalytic converter. 
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