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Influence of filling pressure on formation of total efficiency
in the 2SZ-FE engine

WOJCIECH MAREK, ANDRZEJ SOCHAN

Cracow University of Technology

Investigation results of analysis of filling pressure influence on total engine efficiency at
variable phases of the valve timing system setting were presented in this paper. Investigations
were performed on a combustion engine of Toyota Prius with Atkinson cycle. Making use of an
adequate inlet system and proper choice of timing gear setting in relation to load and rotational
speed of the engine 2SZ-FE considerable increments of volumetric efficiency were obtained.
Profiting from filling pressure measurements performed by means of an electro optic pressure
sensor at constant loads and rotational speeds, and prolonging the charging process increase in
general engine efficiency was obtained. Using a phase shifter its direct influence on the working
field of the whole engine 2SZ-FE work cycle was shown. A further possibility of filling
efficiency increase by changing the inlet system at higher rotational speeds of the engine was
indicated.

Nomenclature

BDC - Bottom Dead Center

TDC - Top Dead Center

O1V - opening of inlet valves

CIV - closing of inlet valves

MVF - mean value of filling traces
Nu - Nusselt number

Re - Reynolds number

No - total efficiency

Ny - volumetric efficiency

M, - quantity of inflammable mixture before combustion [kmol/kg]
W - lower heating value [kJ/kg]

Do - surrounding pressure [MPa]
T, - surrounding temperature

p. - mean effective pressure [MPa]

1. Introduction

Among the structural factors which exert most significant influence of the quality
of the filling coefficient information of the inlet system and proper choice of timing
gear phases setting should be mentioned. Rotational speed and engine loading are here
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the most important exploitation factors. Formation of the inlet system acts on
volumetric efficiency by the flow resistance value and by its influence on dynamic
phenomena during charging process [1, 2]. In order to obtain small flow resistances,
hence, a high filling coefficient possibly high valves should be used. Aiming at getting
low flow resistances, hence, a high filling coefficient in valves should be possibly big
with short head channels and short inlet pipes with a small number of bends and
sufficiently big cross sections should be applied in engine designing. As dynamic
phenomena are concerned no general conclusions and consequently no structural
instructions can be formulated. Final formation and dimensions of the inlet system
were chosen during test-bed investigations. Setting up of the timing gear i.e.
coordination of work of the timing gear mechanism and the movement of the
crankshaft shows considerable influence on the filling coefficient quantity. The
difference between the traces of cylinder filling pressure values at constant rotational
speed, constant load, and fixed throttle opening is shown in Figs 1 and 2 in function of
the opening angle of inlet valves.
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Fig 1. Traces of pressure change during filling stroke at rotational speed 1500 rpm, 25% of throttle
opening and inlet valve opening phase 30° CA BTDC.
Rys. 1. Przebieg zmian ci$nienia podczas suwu napetniania przy predkosci obrotowej 1500
obr/min, 25% otwarciu przepustnicy i fazie otwarcia zaworéw dolotowych 30°OWK przed GMP.



Influence of filling pressure on formation of total efficiency in engine 2SZ-FE 153

025
_ oIV TDC CIV BTC
w072
[N
= 015 A H
2 01 L Y, I ﬁ TUF
5 ‘ v [
P T (AT AL

a e e S e B T B Ee

0 25 50 75 100 125 180 175 200 225
Crank Angle

Fig 2. Traces of pressure changes during filling stroke at rotational speed 1500 rpm. 25% of throttle
opening and inlet valve opening phase 12° CA BTDC.
Rys. 2. Przebieg zmian ci$nienia podczas suwu napetniania przy predkosci obrotowej 1500 obr/min,
25% otwarciu przepustnicy i fazie otwarcia zaworéw dolotowych 12°0OWK po GMP.

For possibly exact clearing of the cylinder from exhaust gases and its proper filling
with a fresh charge the valves are opened with certain delay. Sooner opening of the
inlet valves assures a properly large flow section of the valve already at the starting
moment of the inlet stroke and permits scavenging of the whole combustion space.
Delay in the inlet valve closing enables prolongation of the charging process beyond
BDC due to making use of dynamic phenomena in the inlet system [3].

Sooner opening of the inlet valve creates favorable conditions to fuller and quicker
removal of delayed closing leads to reduction of the rests of exhaust gases due to their
additional removal in consequence of the sucking off action of the exhaust gases
column in the outlet pipe. As a matter of front prolongation (of course in determined
limits) of the time of valve opening is conducive to better cylinder filling. With
increase in rotational speed the time corresponding to valve opening decreases.
Therefore advance angles of valve opening and closing must be respectively bigger in
high speed engines than in low speed ones. Increase in semi-opening angle of valves
i.e. angle of crankshaft revolution corresponding to the period when inlet and outlet
valves of one cylinder are open at the same time, improves clearing of the combustion
space of the rests of exhaust gases due to better scavenging with a fresh charge [4].
Application of considerable semi-opening of valves is possible only in engines of
inner formation of mixture (compression ignition and fuel injection engines) since in
the case of outer mixture formation unacceptable fuel loss would take place.

In traditional engines total efficiency is limited by two basic factors [5]:

- filling losses,

- expansion ratio which is not constant and its value is established by the
maximum ratio of compression where the threshold limit of mixture self-
ignition is within the limits 1:10 [6].

However, efficiency increase is observed with increase in expansion ratio (to the

value 17:1). Increase in efficiency related to increase in expansion ratio is no more
significant in the range 25:1. Atkinson cycle aims at adaptation of parameters of
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engine work for maintenance of the compression ratio in its maximal value below the
limit of knock and maintenance of an effective expansion ratio.
The cycle elaborated by Atkinson offers solution of two complicated problems:
- it assures that supply of charge to the cylinder proceeds without filling losses
and the compression degree is differentiated from the expansion ratio,
- this cycle was also called “the cycle of five strokes” where five separate piston
strokes can be distinguished: inlet reciprocal flow (partial removal aiming at
control charging) compression, work, outlet.

2. Characteristics of Atkinson cycle

The indicatory diagram (Fig. 3) shows a comparison of Otto and Atkinson cycle at
50% load.
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Fig. 3. Comparison of Otto and Atkinson cycle: 1-compression stroke of Atkinson cycle, 2-delay in inlet
valve closing, 3-compression and expansion stroke of Otto cycle, 4-expansion stroke of Atkinson cycle,
p. - surrounding pressure.

Rys. 3. Por6wnanie obiegéw Otto i Atkinsona: 1 - suw sprezania obiegu Atkinsona, 2 - opéznienie
zamknigcia zaworu dolotowego, 3 - suw sprezania i rozprezania obiegu Otto, 4 - suw rozpr¢zania obiegu
Atkinsona, p, - ci$nienie otoczenia.

At this load the pressure of the final, part of the filling stroke is in a conventional
Otto engine lower than atmospheric pressure. Whereas, in Atkinson engine this
process proceeds at atmospheric pressure but with compression phase which starts half
way of piston stroke. Basing on the above diagram the following conclusion can be
drawn:

- maximal pressure gained by a conventional engine is lower than the pressure

obtained in Atkinson cycle,

- no filling losses appear since the sum of the charge trapped in the cylinder was

determined by delayed closing of the inlet valve,
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- compression stroke and combustion chamber volumetric capacity were
adapted to adequate filling but the compression degree remained uncharged
(at 50% load).

A high degree of expansion of the cycle causes a high caloric effect in Atkinson
cycle. The increasing expansion ratio - caused by reducing the combustion chamber
capacity — makes the engine use up the total combustion energy. The relation of the
expansion ratio in a conventional engine and engine of high expansion degree is
shown in Fig. 4.
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Fig. 4. Comparison of parameters of the conventional and Atkinson cycle [7].
Rys. 4. Poréwnanie parametréw obiegu konwencjonalnego i Atkinsona [7].

A considerable increase in compression and expansion ratio causes knock
combustion and roughness of engine work. In order to avoid these problems closing of
the inlet valve was delayed (and in the initial stage of compression due to what a part
of the charge return to the inlet manifold.) Due to it the expansion ratio was increased
without increase in the actual compression ratio [8]. The time of inlet valve closing is
dependent on engine work condition. Fig. 5 shows some variants of valve closing in
dependence on the crankshaft position [9].
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Fig. 5. Inlet valves lift in dependence on engine work conditions.
Rys. 5. Wznios zaworéw dolotowych w zaleznos$ci od warunkéw pracy silnika .

Variable Valve Timing — of the inlet valve is chosen in such a way as to obtain
during engine work highest efficiency in a large range at rotational speed of the
engine. Variable phases of the timing gear in Toyota Prius are shown in Fig. 6.

Fig. 6. System of timing gear phases in Toyota Prius II generation [103].
Rys. 6. Uktad faz rozrzadu w Toyocie Prius II generacji [103].

The heat stream reaching the walls during outlet and inlet of the charge is
considerably smaller than during combustion. Nevertheless it is commonly known that
heat exchange during the inlet phase influences greatly the volumetric efficiency.

Zaph [10] presented empirical correlation based upon the Woshny’s formula [6]

describing the influence of preliminary whirl on the coefficient of heat exchange
during charge exchange.

Nu = Nu0(1+0,0062 v, j, (D)
1t
where:

Nu, — is the Nusselt’s number for a whirlless case expressed by Worshiny’s
formula
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The heat exchange coefficient described by Worshiny has an averaged in time
global value for the inlet and outlet phase. Nishiwaki [10] et al elaborated heat
exchange coefficients averaged in time separately for inlet and outlet:

- for the inlet process Nuy = 0,168 Re%%7

- for the outlet process Nu,, = 1,69Re%"®

of mean piston velocity.

, where Re is calculated on the basis

3. Determination of general efficiency basing on pressure measurement
results

Due to pressure measurements in the combustion chamber and application in
investigations of a computational programme in agreement with the block scheme of
cycle calculations algorithm shown in Fig. 7 the following is possible:

- quick analysis of efficiency of full engine work cycles,

- observation of closed indicator diagrams during engine work,

- quick analysis of total efficiency for determined engine’s working parameter.

Fig. 7. Block scheme of cycle calculation algorithm.
Rys. 7. Schemat blokowy algorytmu obliczania obiegéw.
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Total efficiency is determined from equation [11]:

n, =83110Llo @
W p,
where:
M |— quantity of inflammable mixture before combustion [kmol/kg]
W — lower heating value 43000 [kJ/kg]
Do — surrounding pressure [MPa]
1Ny — volumetric efficiency
T, — surrounding temperature 288 [K]
p. — mean effective pressure [MPa]

The computational scheme of cycle parameters consists of three independent blocks:

1 — block of data entrance, calculations and listing of computational values,

2 — graphic block of real cycle presentation in coordinates p — V,

3 — block of determination of particular circulation efficiency of full engine work
cycles.

4. Determination of effective pressure by use of full engine work cycle
measurements

Effective pressure may be determined from formula:

pe = pi - pm (3)
where:
p; — indicated pressure [MPa]
P — mechanical losses pressure [MPa]

According to formula 3 and exemplary diagram 8 where indicated pressure is the
relation of indicated work (L;) and displacement volume (V).
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Fig. 8. Closed indicated diagram in form of example as result of engine 2SZ-FE investigations.
Rys. 8. Przyktadowy zamknigty wykres indykatorowy wynikajacy z badan silnika 2SZ-FE.

In calculations of indicated work the computational programme takes into
consideration also angular ranges in which particular strokes proceed i.e.:

- filling stroke from a;, = 0° to a;, = 210° CA,

- compression stroke from a,, = 180° to ay, = 360° CA,

- combustion expansion stroke from a3, = 360° to az, = 510° CA,

- outlet stroke from a;, = 510° to 720° CA.

Particular ranges show extreme position of piston strokes of engine 2SZ-FE used
in test bed investigations. Work of particular strokes is determined by numerical
integration of the full engine work cycle resulting from a closed indicated diagram.

In order to take into consideration mechanical losses within the range of rotational
speed 1000-3500 rmp, for engine 2SZ-FE, use was made of relation [12]:

p, =0,0980666-(0,3+0,1-c,) 4

where:
¢g» — mean piston speed [m/s]
for the examined cycle ¢, may be expressed as:

_Sn
“ =30 S)
where:
S — piston stroke 0,0797 [m]
n — rotational speed (rmp).

Pressure of mechanical losses within the scope of performed investigations is
shown in speed characteristics (Fig. 9)



160 W. Marek, A. Sochan

E‘ D,15 ke £ ——

M

o B S
= G

0,08 el
0,08 ]
004
00z

mechanical losses pressure

j]

800 1000 1500 2000 2500 3000 3500 4000
rotational speed [ L/imn]

Fig. 9. Characteristics of friction pressure losses within the scope of investigations.
Rys. 9. Charakterystyka strat tarcia ci$nienia w zakresie badan.

5. Determination of filling efficiency within the scope of engine 2SZ-FE
investigations

Making use of pressure measurements in the cylinder volumetric efficiency is
determined and presented in form of relation (6) and an example of determination of
average efficiency for rotational speed 3000 rpm of the phase shifter with CA in TDC
and load 80 kW is shown in Fig. 10.

n. = P 1 PP T, (6)
" \p, -1 p, T, + AT’

where:
AT — temperature increment of the charge supplied to the cylinder in consequence
of hot walls effect, was adopted 40 [K],
p,— pressure of exhaust gases rests was adopted 0,104 [MPa],
T, — surrounding temperature during investigations 293 [K],
p; — filling pressure [MPa],
po— investigations surrounding pressure 0,0993 [MPa],
€ — compression ratio for the examined engine is 10.

Introducing particular values from investigations of an engine with Atkinson cycle
and Otto engine at 50% load (Fig. 10) increment of total efficiency is obtained as
shown in Fig. 11.
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Fig. 10. Comparison of volumetric efficiency of engine with Atkinson cycle and Otto engine as function
of rotational speed (at about 50% load).
Rys. 10. Poréwnanie sprawnosci wolumetrycznej silnika z obiegiem Atkinsona do silnika Otto jako
funkcji predkosci obrotowej (przy ok. 50 % obciazeniu).
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Fig.11. Increment of general efficiency of Atkinson cycle engine compared with Otto engine.
Rys. 11. Przyrost sprawnosci ogdlne;j silnika z obiegiem Atkinsona do silnika Otto.

6. Summary

1. Application of variable timing gear phases conditioning occurrence of
Atkinson cycle permits to obtain some increase in filling efficiency within the
range of rotational speeds from 1500 to 3500 rpm of statistically highest load
density in time.

2. In an analogous way application of variable timing gear phases conditioning
occurrence of Atkinson cycle makes it possible to gain a total efficiency
increase in the rotational speed range from 1500 to 3500 rpm of statistically
highest load density in time.

3. It was shown in this elaboration that the obtained performances of the engine
permit to realize the idea of downsizing i.e. to obtain higher engine
performances at unchanged main dimensions.
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Wplyw cisnienia napelniania na ksztaltowanie si¢ sprawnosci ogélnej w silniku
2SZ-FE

Streszczenie

W pracy przedstawiono wyniki badan analizy wptywu ci$nienia napeiniania na sprawno$¢ ogélna
przy zastosowaniu zmiennych faz rozrzadu. Wykorzystujac odpowiedni uktad dolotowy oraz doboér
ustawienia rozrzadu w stosunku do obciazenia i predkosci obrotowej silnika 2SZ-FE (Toyota Prius)
uzyskano znaczne przyrosty sprawno$ci wolumetrycznej (napetniania). Wykorzystujac pomiary ci$nien
napelniania optoelektronicznym czujnikiem ci$nienia przy statych obciazeniach 1 predkosciach
obrotowych, wydluzajac procesy ladowania wykazano przyrost sprawnosci ogdlnej. Wykorzystujac
przesuwnik fazowy wykazano bezposredni wptyw na pole pracy calego obiegu silnika 2SZ-FE.
Wykazano dalszg mozliwos¢ wzrostu sprawnosci napetniania poprzez zmiang uktadu dolotowego przy
wyzszych predkosciach obrotowych silnika.
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