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Theoretical analysis of air-fuel mixture formation in the combustion
chambers of the gas engine with two-stage combustion system
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Abstract. The results of theoretical analysis of a mixture formation process during the compression stroke in a prechamber of the IC
(internal combustion) gas engine with the stratified mixtures two-stage combustion system were presented in the paper. The course of excess
air-fuel ratio changes in prechamber at ignition time Ay in function of degree of the mixture condensation during the compression stroke ®
expressing quotient of a temporary cylinder and prechamber volume and maximal value of the volume were estimated. Research concerning
Ak= sensitivity on changes of rich combustible mixture composition delivered to the prechamber by the additional fuel supply system Axo,
mixture composition in cylinder A. and degree of filling a prechamber with the rich combustible mixture £ were performed. According to
numerical calculations it was proved that the real gas engine with the two-stage combustion system at equal degree requires exact regulation

of the three analysed values.
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1. Introduction

The problem of air pollution by the exhaust gas of piston en-
gines, particularly in highly motorised countries, is presently
one of the most important aspects in the struggle for the pro-
tection of the natural environment. The necessity of limiting
the toxic components of the exhaust gas and reducing fuel con-
sumption has resulted in a change in the combustion engine
design and development. Reducing emissions of toxic com-
ponents in exhaust gases of piston engines can be achieved
by proper organization of the combustion process, through
the use of additives for fuels and by the neutralization of ex-
haust and burning as a result of purification devices outside
the engine [1, 2]. Lean mixture burning results in a decrease
in temperature of the combustion process and is one of the
methods of limiting nitric oxide emission. It also increases
the engine efficiency. Increasing the excess air results in a de-
crease in engine performance expressed by a decrease in the
maximum indicated mean effective pressure and maximum
torque and an increase in emissions of hydrocarbons in the
exhaust [3]. Conventional spark-ignition engines work proper-
ly only in a narrow range of excess air. Exceeding this range
toward the richer mixtures, on the one hand, is associated with
the phenomenon of knocking and an increase in NO, emis-
sions, and exceeding this range toward the lean mixtures is
associated with increasing the non-repeatability of successive
cycles of engine operation, misfire and an increase in emis-
sions of HC and CO [4, 5]. An effective method to improve
the lean mixture combustion process is a two-stage system of
stratified mixture combustion in an engine with a precham-
ber. In such a system, the combustion chamber consists of
two parts: the main chamber in the cylinder of the engine and
the prechamber in the engine head connected with the main
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chamber by a connecting duct. A lean mixture prepared in the
engine inlet system (A =1.5-3.0) is aspirated to the cylinder.
However, a stoichiometric mixture (A = 1.0) is delivered to
the prechamber. The stoichiometric mixture ignition by spark
discharge occurs in the prechamber and large amounts of CO
and HC and slight amounts of NO,, are produced. As a result
of the pressure increase, the burning charge of the precham-
ber is forced by the connecting duct to the main combustion
chamber, where many moving ignition kernels develop. As
a consequence, the lean flammable mixture, which could not
be ignited by spark discharge, ignites in many regions. The
ignition is fast enough to provide high engine cycle efficien-
cy and avoid the disadvantages connected with combustion
during the expansion stroke. At the time of the main combus-
tion, slight amounts of NO, are produced, and particles of
CO and HC are burnt [6]. One of the first attempts to study
and analysis the effectiveness of ignition and combustion lean
mixtures in the engine with a prechamber was preliminary:
the ignition system of the pilot flame torch. This system was
developed and patented in 1963 and 1966 by L.A. Gussak
[7, 8]. This system is characterised by the use of a precham-
ber of small dimensions (of the third inlet valve and the spark
plug), which serves as a spark chamber, and lean combus-
tion in the cylinder. The two-stage combustion system in the
engine compartment with a small spark was the subject of
studies conducted since 1978 in Berkeley at the Universi-
ty of California by the team of Prof. Antoni K. Oppenheim
[9, 10]. The research developed a system called controlled
burning, in which the lean combustion in the cylinder fol-
lowed the PJC generator pilot flame (pulsed jet combustion).
The proposed concept of burning proved beneficial in terms
of engine thermal efficiency and emissions of CO and HC.
Almost all of the major global automotive companies have

779



www.czasopisma.pan.pl P N www.journals.pan.pl
S

POLSKA AKADEMIA NAUK

A. Jamrozik and W. Tutak

conducted, or maintained, work on a two-stage combustion
process of stratified mixtures. In part one, the research re-
sulted in the implementation of the new engine design for
mass production. The most well-known engine of this group
was already developed in the seventies by Honda CVCC sys-
tem (compound vortex controlled combustion) [11]. In the
automotive industry, this group also includes solution com-
panies: Ford, General Motors, Volkswagen, Walker, Eaton,
Heintz, Nilov, Porsche, Toyota, and Mitsubishi [12, 13]. Cur-
rently, most automotive SI internal combustion engines with
liquid fuel and gas engines with a cylinder diameter up to
about 200 mm with a stratification fuel mixture by altering
the design of the combustion chamber does not allow the
reduction of toxic emissions to the level imposed by the Eu-
ropean standards (EURO IV and V) [14]. Creation and com-
bustion of stratified mixtures in automotive engines initially
implemented in the prechamber system (Honda CVCC) were
abandoned in favor of targeted directed fuel injection to the
combustion chamber (Mitsubishi GDI - gasoline direct in-
jection) [15-17]. Currently, a two-stage combustion system
for stratified mixtures with a prechamber is used primarily
in modern, stationary, supercharged gas engines of medium
and high power operating at a constant speed and focused
mainly on the use of stationary, electricity generation and gas
compression. The two-stage combustion of lean gas mixtures
using the sectional combustion chamber is used in modern
stationary gas engines with high power ignition cylinder di-
ameters exceeding 200 mm inter alia by the Austrian compa-
ny Jenbacher AG [18], Danish German MAN B & W Hole-
by [19], a Finnish Wirtsildi NSD Corporation [20] and in
the US by the Waukesha Engine Dresser [21] and Caterpillar
Inc. [22].

Better knowledge of mixture formation processes in two-
stage combustion systems could have a great influence on gas
engines with prechamber. The aim of this research was the
analysis and better understanding of stratified mixtures for-
mation processes in stationary gas engines of medium and
high power.

2. Description of the mathematical model

The two-stage combustion system of heterogeneous mixtures,
during the compression stroke, the lean mixture in the cylin-
der is injected into the prechamber. This causes dilution and
depletion located there rich mixture. This rich mixture is pro-
duced by the additional power supply system. Fuel dose into
the prechamber should be so that at the time of ignition of
excess air-fuel ratio in the chamber was about 1.0. The zero-
dimensional model was created in order to better understand-
ing the mixture creation of gaseous propane-butane with air in
the prechamber. This model partly based on the assumptions
presented in the work [10], designed to liquid fuel mixtures.
This model the changes in the composition of fuel mixture in
the prechamber takes into account. This is due to the delivery
to the chamber pure gas fuel or riches mixture. This mixture
in the prechamber is diluted by lean mixture delivered from
cylinder during the compression stroke. In model studies, the
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impact of a few values on the excess air-fuel ratio of mixture
in the prechamber at the ignition time:

e cxcess air-fuel ratio of rich mixture delivered to the
prechamber before the start of the compression stroke —
)\km

e degree of filling of the prechamber by a rich combustible
mixture — &,

e cxcess air-fuel ratio of lean mixture in the cylinder and de-
livered to the prechamber during the compression stroke —
Aes

e degree of the mixture condensation during the compression
stroke — ®.

Computational model diagram shown in Fig. 1.

' _lil_lLLb,-ij -

V2 My

Vi, — prechamber volume [m?],

V1 — mixture volume in the prechamber at ignition time, [m?],

V5 — volume of the prechamber taken by the mass of the mixture,
which inflow from the cylinder during the compression [m®],

Vs — volume of combustion chamber at TDC [m?],

V. — instantaneous cylinder volume [m?],

Vi — volume of combustion chamber in the piston [m?],

V. — displacement [m?].

Fig. 1. Computational model diagram

Compression ratio of engine:
Vet Ve + Vs + Wy

1
Vit Va1V, o
Volume of cylinder at BDC:
7D?
Ve=Veu + =5, )

where S is stroke [m], V. is a total volume above the piston
at TDC [m?], D is cylinder diameter [m],

Aw .
S:r(l—f—?st@—cosgo), 3)
where )\, is crank radius to connecting rod length ratio,
wD? Vs Vs
1 T2 P e @
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Instantaneous cylinder volume:

1 1 Aw .
%:1@(5—1+§(1+7s1n2g0—cosg0)). 5)

2.1. Changing in the medium volume in the prechamber.
It was assumed that the process of supplying a rich com-
bustible mixture to prechamber ends in the BDC.

BDC ignition
Vo |V VA RRVARERVE
N ~ J H_/
Vi N Vi
N
Vi

Fig. 2. Content of prechamber in initial conditions at BDC and at
ignition moment

Where V) is volume of rich mixture in the prechamber at BDC
[m?], V. is volume of the rest of exhaust in the prechamber at
BDC [m?], V{ is volume of rich mixture in the prechamber at
ignition time [m?3], V;/ is volume of rest of exhaust at ignition
time [m?].

In the prechamber with V), volume, at initial conditions
(BDC), two zones can be extracted: Vg and V.,

Vie=Vo+ Vp. (6)

In the volume V is a rich mixture supplied to the prechamber
by additional supply system, volume V, takes the rest of the
exhaust from the previous engine cycle.
The degree of filling of the prechamber in a rich mixture
at the beginning of the compression stroke in BDC (Fig. 2):
Vo
£= v (N
At the time of ignition ¢ = ¢, in the prechamber three zones
can be noticed: Va5, Vj and V. Vj and V, zones formed
V1 area, which at the beginning conditions at BDC occupied
whole volume of the prechamber Vj,. The V5 zone contains
lean mixture which inflow during compression stroke from
cylinder.

Vi =Vo+ W, ®)
Vi=Va+ Vg + V. €)

It was assumed that in the initial conditions at BDC (p = 0)
the pressure and temperature of the combustible mixture
throughout the whole prechamber volume are the same and
there are equal to the pressure and temperature in the cylin-
der. Also assumed that the fluid flow from the cylinder to the
prechamber is ideal and without losses, and at the time of
ignition (¢ = ¢,) the pressure and temperature of the mix-
ture in the entire volume of prechamber and the cylinder are
the same. Equation of the gas state for the prechamber in the
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initial conditions, when ¢ = 0 and the moment of ignition,
when ¢ = ¢, are:

povk - no()(MR)TO;
pz‘/l = To1 (MR)TZ7

(10)
(1)

where p, is pressure in the prechamber at initial conditions
at BDC [MPa], n,o is amount of moles of mixture in the
prechamber at initial conditions at BDC [kmol mixture], (MR)
is universal gas constant [J/kmol K], T, is temperature in the
prechamber at initial conditions at BDC [K], p. is pressure
in the prechamber at ignition time [MPa], n,; is amount of
moles of mixture in the prechamber at ignition time, which
took whole volume of the prechamber [kmol mixture], 7T, is
temperature in the prechamber at ignition time [K],

TLO()(MR) = TLol(MR), (12)
T. po Vi
—zfo _ 2 13
Top. Wi (13)

Equation of the gas state for volume above piston at initial
conditions at BDC, where ¢ = 0 and ignition time; where
P = Pz

povm - nm()(MR)To;

szz = Nm1 (MR)TZ7

(14)
5)

where V;,, is maximum volume above piston in initial condi-
tions at BDC [m?®], 7,0 is amount of moles of medium of the
maximum volume above piston at initial conditions at BDC
[kmol mixture], V. is whole volume above piston at ignition
time [m?3], n,,1 is amount of mixture moles of whole volume
above piston at ignition time [kmol mixture].

an(MR) = nml(MR); (16)
TZ o z
Tpo _ Ve (17)
T, p- Vin
Comparing Egs. (13) and (17) was obtained:
z TZ o
W X _ Lt (18)
Vi Vin T p-
V. VitVtVetV (19)
Vi Ve +Vs+Vi+ V'
Instantaneous cylinder volume:
Vs Aw
%:?<1+751n2<p—cos<p>, (20)

where \,, is a crank radius to connecting rod length ratio.
After the substitution:

V. Vi+Vs+Vi+V.i0Q

Vo Vet Vet Vit Vi @b
Q=1+ %sinQ © — cos g, (22)
Ve (Vs Vi Vil
1‘//n B a*Vk fva th +a122 @9
Vi+Vs+ Vi
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where
a* =V, +Vs+ V.

Compression ratio:
Vet Ve+ Ve + W

24
Vit Vit Vi &4
2V}, 2Vs 2Vi Vs
10 R
V. 2(Q@w+ﬂmw+ﬂmw+m)
Vin €
2V V.
1 Z s s
v, _2Q<Q+a*> _1+%Q§ 06)
Vin € N € '
Vet Vet Vit Vs Vs 7
Vi + Vs + Vi Vi + Vs + V)
V., 141Q(-1)
== 28
v, 5 ) (28)
V. 1 1 Aw . o e—1
=414+ — — =9, (2
v E+2< + > sin® ¢ cosgp) . , (29)

where
a* = Vi + Vs + Vi,
According to Eq. (18) the initial volume of mixture filling the
prechamber at BDC:
|2
V1 - Vk V_m .

Finally, the change of initial volume of filling the prechamber
at BDC:

1 1 Aw . -1
i=Vg <E+§ <1+—51n2<pcosg0) €T>, 3D

(30)

2

Vi=V,®, (32)

where ¢ is compression ratio, ® is degree of the mixture con-
densation during the compression stroke.

The degree of the mixture condensation during the com-
pression stroke ® expresses quotient of instantaneous cylinder
and prechamber volume and maximal volume above the piston
at BDC:

1 1 Ao -1
(I):—+—(1+—sin2<p—cos<p) E—. (33)
e 2 2 €
Taking into account Egs. (18) and (32):
n_¥ _Lp_g (34)

Vi B Vin B T, p-

2.2. The excess air-fuel ratio in the prechamber at the ig-

nition time. Excess air-fuel ratio in prechamber at ignition

time, when ¢ = ¢,, is:

_ No2kz
0.21 Ly g’

where L; is stoichiometric air demand [kmol air/kmol fuel],
no2k, 1S amount of oxygen moles in the prechamber at ig-
nition time [kmol O3], npr. is amount of fuel moles in the
prechamber at the ignition time [kmol fuel].

Az (35)
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Amount of oxygen moles in the prechamber at ignition
time:

No2kz = NO2k + NO2w + NO2rs (36)

where nopor is amount of oxygen moles of mixture in the
prechamber at BDC [kmol O3], npa, is amount of oxy-
gen moles of mixture, which was delivered from cylinder
to prechamber during compression stroke [kmol Os], noa,
is amount of oxygen moles in the rest of the exhaust in the
prechamber from the previous engine cycle [kmol Os].

Amount of mixture moles in the prechamber in the initial
conditions at BDC:

no = Nko + Npko, (37)
ng = N2k + No2k + Npkos (38)
no = nook | N2 4 q 4 Deke ) (39)

no2k no2k

0.79 Noko
nonmk<aﬁ-+1+nik), (40)
1o = ok <4.76 T %) (41)

2

where ny, is amount of air moles in the prechamber at BDC
[kmol air], np, is amount of fuel moles in the mixture in the
prechamber at BDC [kmol fuel], nyox is amount of nitrogen
moles in the mixture in the prechamber at BDC [kmol Ns],
Excess air-fuel ratio of mixture delivered to the precham-

ber at BDC:
no2k

" 0.21 Lingko

Amount of mixture moles in the prechamber in the initial
conditions at BDC:

Ao (42)

- 4764+ —— 43
1o ”O%( 0.21Lt>\ko)’ 3)
1+ Lidgo
= — Ltk 44
0 = Ok G o T A, (44)

From the state equation, amount of mixture moles in the
prechamber in the initial conditions at BDC:

no = Vi Pob
(MR)T,’
Comparing Egs. (44) and (45) the number of moles of oxygen
in the mixture in the prechamber at BDC is received:
o Vi po021€ L
kT MR)T, 1+ Lideo |
Amount of fuel moles of mixture in the prechamber at BDC:

Vi po ¢
(MR) T, 1+ Lidgo

Amount of mixture moles which inflow to the prechamber
from the cylinder during compression stroke:

(45)

(46)

Npko = (47)

Ny = Nkw + Npkw, (48)

Nw = NN2w T No2w + Npkw, (49)

M = N0z | 414 2 (50)
no2w nNo2w
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n
Nw = NO2w (4.76 + ﬂ),
no2w

S1Y)

where ny,, is amount of air moles which was injected form
cylinder to the prechamber during compression stroke [kmol
air], Ny is amount of fuel moles in the mixture which inflow
from cylinder to the prechamber during compression stroke
[kmol fuel], nyo, is amount of nitrogen moles in the mix-
ture which inflow from cylinder to the prechamber during
compression stroke [kmol Na].

It was assumed that in the cylinder the mixture excess air-
fuel ratio does not change and at the beginning is equal to the
value at the ignition time:

Ao = Az = Ac. (52)
Excess air-fuel ratio of mixture in the cylinder:
no2w
Ae = ————. 53
0.21 Linprw (53)

Amount of mixture moles which inflow from cylinder to the
prechamber during compression stroke:

o = Nosw | 476 + ———— ], 54

Mhw =102 ( 76+0.21Lt)\c) (54
B 1+ Lo\,

Mo = 020G o T (55)

On the basis of state equation, amount of mixture moles which
inflow from cylinder to the prechamber during compression
stroke: »
w= Vi = V1) s
o= Ve = V)R
Comparing Egs. (55) and (56), amount of oxygen moles in the
mixture, which inflow from the cylinder into the prechamber

during the compression stroke, can be obtained:
0.21 LA

(56)

Pz

w = — . 57

noz = Vs = VOB T4 Ion, 7)
Transforming the relationship (13) is:
T, po

Vi = V=2, (58)
' Ts p

T, po . 0.21 L\,
w=Ve 1222 , 59
Hoz = Tk ( T, pz) (MR)T. 1+ Lo )
Vi p.021LA.  V, 0.21 L\,
NO%w = kP t k. Po t (60)

(MR)T. 1+ Lihe  (MR)T, 1+ L.

Amount of fuel moles in mixture, which inflow from cylinder
to the prechamber during compression stroke:

L P= 1
Nprw = (Ve — V1) (MR T+ Lo (61)
T po Dz 1
w=Vil1-=2 ) 62
Ttk k( T, pz) (MR)T. 1+ Lih, (62)
Vi p- 1 Vi o 1
Mgk = k D kD (63)

(MR)T, 1+ Lihe  (MR)T, 1+ Lk

Amount of oxygen moles in the rest of exhaust in the precham-
ber from the previous engine cycle:

no2r = Ny Uo2, (64)
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S Vk(l—g)&u
O2r (MR) To 02,

where n,. is amount of exhaust rest moles [kmol exhaust rest],
upe2 is part of oxygen in exhaust gas in the prechamber from
the previous engine cycle.

It is assumed that the proportion of oxygen in the exhaust
gas remaining in the prechamber from the previous engine
cycle is dependent on the value of excess air-fuel ratio in the
cylinder.

Amount of nitrogen in the exhaust:

(65)

No = 0.79 L A.. (66)
Amount of oxygen in the exhaust (for A, > 1):
O3 =021 Ly(A:. — 1). (67)

The reactions of gaseous fuel combustion of propane-
butane [23]:

e methane CHy: CHy + 205 — CO9 + 2H50,

e cthane CQHG: C2H6 + 3502 — 2C02 + 3H20,

e propane CzHg: CsHg + 502 — 3CO2 + 4H50,

e butane C4H1()Z C4H1() + 6502 — 4C02 + SHQO

Amount of exhaust:
S = Lt()\c—0.21)+3CH4+5C2H6+7C3H8+9C4H10, (68)

where CH, is molar fraction of methane in the fuel [kmol
CHy/kmol fuel], CoHg is molar fraction of ethane in the fuel
[kmol C2Hg/kmol fuel], CsHg is molar fraction of propane in
the fuel [kmol C3Hg/kmol fuel], C4Hi¢ is molar fraction of
butane in the fuel [kmol C4H;p/kmol fuel].

Fraction of oxygen in the rest of exhaust gas remaining in
the prechamber from the previous engine cycle:

0.21Ly(A, — 1)

402 = T\ —0.21) + 3CH; + 5CoH, + 7C3Hg + 9C4Hyo
(69)
In order to simplify the notation:
Ucr = 3CHy + 5CoHg 4+ TC3Hg + 9C4H . (70)
Finally obtained:
0.21 Ly(Ae — 1
o3 e — ) )

T L —020) + Ucp

Finally, amount of oxygen moles in the rest of exhaust in
prechamber:

Vil=& po 021 L\ — 1)
(MR) T,Li(\.—0.21)4+Ucn’

Amount of oxygen moles in the prechamber at ignition time:

(73)

Substituting Egs. (46), (60) and (72) the number of oxygen
moles in the prechamber at the ignition time was obtained:

B 0.21 VkLt (po gAko Pz >\c

nozr = (72)

No2kz = NO2k + No2w + No2r-

nO2E = TOR) \To1+ Lideo | To 1+ Lehe
(74)
P e pe (1-90—1) >
Tol+ LN T, Li(Ae —021)+Ucn )’
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Amount of fuel moles in the prechamber at ignition time:
Npkz = Npko + Npkw- (75)

Substituting Eqs. (47) and (63) the number of fuel moles in
the prechamber at the ignition time was obtained:

o Ve ([P0 &
PE2 T (MR) \T, 1+ Lidno
(76)
Pz 1 Do 1
T, 1+ L), To14+Li))"

Excess air-fuel ratio in the prechamber at ignition time, for

P = Pz
NO2kz

Ay = —— 02k 77
" 7021 Ly ngi- 77)
021ViLe(Po €N | pede_pode | po (1=80c=1)
) (MR) \To T+LiAng " T. 0% T, b T T, o
kz — 5
Vi o £ 2 1 o 1
021 Ly (B + Bk — B
(78)
where

b* =1+ L), c* :Lt(AC—O.Ql)—i-UCH.

T,
Multiplying the numerator and denominator by —:
Pz

ko Ac

T. po A (120QD) 4
N, = Lo P \TFLediy — THLXC Li(v—020)1Ucrn ) T T+Lire
o po T. ( € _ 1 )
To p- 1+ Lt Ako 1+ LA
(79)
Substituting the relationship (34):
T. \%
ZzPo _ V1 _ (80)
T p- Vi
Finally, excess air-fuel ratio in the prechamber at ignition time:

ko A

P ( A (1=e=1)
14+ Lt Ako 1+LiAe
)\kz =

+ e
L:(re—0.21)+Ucn T+Li e

1 1 ’
® (1+L€Ako*1+me) T
(81)
Ucnx = 3CHy + 5CoHg + 7C3Hg + 9C4Hyg. (82)

In case of supplying pure gaseous fuel to the prechamber,
at BDC, which corresponds to zero excess air-fuel ratio of
mixture \g, = 0, the Eq. (81) takes somewhat simpler form:

(1-8 A1) Ac Ae
A\ ® (Lt(/\c—0.21)+UcH - 1+Lt)\c) + T+Li e
kz — .

1 1
o <€ - 1+Lt)\c) + 1+LiAe

(83)

3. The sensitivity of the excess air-fuel ratio
of mixture in the prechamber
at the ignition time

The analysis of the sensitivity of the combustible mixture in
the prechamber (Ag.) to changes in the excess air-fuel ratio
mixture supplied to the prechamber at BDC (\y,), excess air-
fuel ratio of cylinder (\.), degree of filling of the prechamber
in a rich mixture at BDC (£) and degree of the mixture con-
densation during the compression stroke (®) are presented in
the study. For the prechamber supplied in rich mixture and
pure gaseous fuel sensitivity was analyzed.

3.1. The relative sensitivity of excess air-fuel ratio in the
prechamber )\;. fed a rich combustible mixture. In this
model, the instantaneous excess air-fuel ratio in the precham-
ber powered by rich mixture (\.) depends on the value of
the excess air-fuel ratio of mixture supplied to the prechamber
at BDC (A, ), excess air-fuel ratio of cylinder (\.), degree of
filling of the prechamber in mixture at BDC (¢) and degree of
the mixture condensation during the compression stroke (®).
The relative sensitivity of excess air-fuel ratio in the precham-
ber at the ignition time, to the change of the excess air-fuel
ratio of mixture supplied to the prechamber at BDC, change
of the excess air-fuel ratio in the cylinder and change the de-
gree of filling of the prechamber in the BDC, it was presented
in the paper as ratio of the relative increase of the analyzed
parameter, the relative increase in the independent variable.
For function of several variables, the relative sensitivity is ex-
pressed as a complex function of the partial derivative with
respect to this independent variable which impact sensitivity
is studied. The equations describing the absolute values of the
sensitivity of excess air-fuel ratio in the prechamber at the ig-
nition time to ., A, and £ changes. The results of sensitivity
analysis are presented in pictures showing the dependence of
the absolute values of sensitivity to the degree of the mixture
condensation .

Oz Ako
a>\ko )\kz
sensitivity of excess air-fuel ratio in the prechamber at the ig-
nition time (M\g,) to change the value of excess air-fuel ratio
of mixture delivered to the prechamber at BDC by additional
fuel system (Ago):

After determining the received the relative

¢ oLt Ao Ae (11— A1) Ae
‘a)\kz Ako| T+ Leidbo (1+L’ZM;)2 @(§1+Lkmw 1+LtAc+Lt(Ac—o.21)+UCH tTo. PEL,
OAio Ak N IS _ 1 1 2 1+Lido)?
oo o — o) T oo (‘I’ (1+L§AM*1+L1MC) +1+Ilq,/\c) (o Eeea)
I 1 Ako
Akoq’(umm 1+Lm)+1+ﬁm
q)( ko A (1=He—1) )+ Ac
T+ Lt Ao 14+Lide " Li(Ae—020)+Uch T+ Lt Ae

(84)
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OAkz Ac

After det ining th
er daetermining (¢ a)\c )\kz

sensitivity of excess air-fuel ratio in the prechamber at the ig-

received the relative

nition time (M\g,) to change the value of excess air-fuel ratio
of mixture in the cylinder (\.):

(A=HA=DL¢

1 ALt 1-¢
o (1+Lw\c+(1+Lt>\c)2+Lt(Ac—O.21)+UcH

1 _ ALy
(L,,(/\C—O.21)+UCH)2) + T+ L e (I+L¢Xe)?

a)\kz )\c
a>\c )\kz

§ 1 1
q’(uum Lo ) T IRk

< _ 1 1
@ (1+Lmko Lo ) T TFLo

(1-9Xe—1)

ko
® (H—Lt)\ko

AC Ac
Lo T Lt(Ac—0.21)+UCH) + 1T ( Liy(®—1) )}

(1+ LeAc)? ®

3 1
(‘I’ (1+Lmo - 1+LtAc) T

1
1+Lt Ac

3
¢>\C ( 1+LiAko o

1 Ae
1+Li A ) + 1+Li A

(1-9Ac—1)

§Ako Ac
o <1+foko T TFLow I
- oA . .
After determining the ke & received the relative

sensitivity of excess air-fuel ratio in the prechamber at the

+
Ae—0.20)+UcH 1+Li A

ignition time (M\g,) to change the degree of filling of the
prechamber in a mixture at BDC (&):

Moo Ae=1)
‘aAkz § | TF Lo~ Li0w—02D)+0con
0 A\ - £ 1 1
& M P\ oo — o) T T
ko _ A (1-8(Ac—1) Ac
¢(1+L,,A,w T+Lire " Li(he—0.20)+Uc +1+Lt)\c (0]

1+ LiAko (86)

2
I 1 1
(‘I’ <1+Lmo 1+L,,AC)+ 1+Lm)

£® (1+L€Ako a

1 13
1+Lt/\c) + 1o

(1-Ac—1)

& Xko
® ( 14+ LiAko

3.2. The relative sensitivity of excess air-fuel ratio \ .in
the prechamber powered by pure gaseous fuel. For a pure
ONkz Ako

o 102k A
relative sensitivity of excess air-fuel ratio in the prechamber at

the ignition time (\g.) to change the value of excess air-fuel
ratio of mixture delivered to the prechamber at BDC by addi-

gaseous fuel (\;, = 0) equation of determine the

A
T I+Lide + L(

+
Ae—0.20)+UcH 1+LiAe

tional fuel system (\g,) is equal to 0. After determining the
Oz Ac
a)\c )\kz
ratio in the prechamber at the ignition time (Ag.) to change
the value of excess air-fuel ratio of mixture in the cylinder

(Ae):

received the relative sensitivity of excess air-fuel

(A=OAe=1L¢

-1 ALy 1-¢
P (1+L,,/\C + (1+LtAo)2 + Li(Ae—020)+Ucn

P S VY ot
‘éMkz Ae | (Te(he—021)+Ucn)? TFLixe  (HLiA)?
OXNe i | 1 1 1 1
g o (5 a 1+Lt/\c) T o, o (5 a 1+Lt/\c) T T
(87)
(A= A\c—1) Ac Ac 1 Ae
® (Lt(Acf()‘Ql)JrUCH - 1+Lt/\c) + Lo ( Ly(®-1) > D (5 - 1+Lt,\c) + Lo
B 2 14 L)) (1= (Ae—1) Ac Ac
((I) (€ - 1+L1t>\c) + 1+L1t>\c) ( tAc) o (Lt()\c_O-QI)JFUCH T 1+Li)e + T+ L Ae
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Ok i
8€ )‘kz
sensitivity of excess air-fuel ratio in the prechamber at the
ignition time (\g.) to change the degree of filling of the

prechamber in a mixture at BDC (§):

received the relative

After determining the

1)
Oz € | 02 Uy
a§ )‘kz

1 1
® (5 - 1+Lt)\c) + 1+Li A

(A=HA\—1) Ac Ac
o (L,,(/\C—O.21)+UCH o 1+L,,/\C) + 1+LiAe

4. Calculations

The modeling was performed to determine changes and the
sensitivity of excess air-fuel ratio in the prechamber A\, dur-
ing the compression stroke, from the BDC to the ignition
time.

Calculations were carried out to determine: an impact of
changes of excess air-fuel ratio of combustible mixture in the
prechamber at initial conditions at beginning of compression
stroke (Ako), an impact of change of degree of filling of the
prechamber in a rich mixture (£) and an impact of change
excess air-fuel ratio of a mixture in the cylinder (\.) on an

_ > i) (88)  excess air-fuel ratio of mixture in the precha}mber at ignition
(q) (5 _ 1+L1tA.) + Hth)\l) time (.)\kz). The coursgs of )\{gz as a function .of degree of
¢ ¢ the mixture condensation during the compression stroke ®
were determined. The values of geometrical dimensions of
£ (5 1 ) 4+ & the modeled engine were taken from real engine [6]. The cal-
THEe Trhoke culations was performed for excess air-fuel ratio in the range
P (Lt((;;ﬁz.(;\f);llf)m, _ 1+)ict>\c) 4 1+2iAc from 0 to 0.45, degree of filling of the prechamber in a rich
mixture from 0.06 to 0.96 and an excess air-fuel ratio in the
cylinder from 1.35 to 2.5 (at BDC). Table 1 shows the input
parameters of the modelled process.
Table 1
Input parameters of modelled process
Quantity Dimension Sign Value
bore m D 0.12
stroke m S 0.16
compression stroke - € 8.6
crank radius to connecting rod length ratio - Aw 0.29
excess air-fuel ratio of mixture in the cylinder - Ae 1.35-2.5
excess air-fuel ratio of mixture in the prechamber at - ko 0-0.45
the beginning of compression stroke at BDC
degree of filling of the prechamber in a rich mixture - I3 0.06-0.95
molar fraction of methane in the LPG kmol CHy4/kmol fuel CHy 0.008
molar fraction of ethane in the LPG kmol CoHg/kmol fuel C2Hg 0.026
molar fraction of propane in the LPG kmol C3Hg/kmol fuel C3Hg 0.528
molar fraction of butane in the LPG kmol C4H1g/kmol fuel C4Hyo 0.438
stoichiometric air demand (LPG) kmol air/kmol fuel L: 26.63
displacement m?3 Vs 1.8095 10—3
volume of prechamber m?3 Vi 0.0104 10—2
volume of combustion chamber in the piston m3 V¢ 0.0702 103
volume of combustion chamber between piston and m?3 Vs 0.1575 10—3
head surface at TDC
total volume of combustion chambers m3 Ver 0.2381 103
total volume of cylinder at BDC m3 Ve 2.0376 10—3
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5. Mathematical analysis of the model

Changes in the excess air-fuel ratio of a mixture in the
prechamber as a result of the initial inflow of the lean mix-
ture from cylinder of A, = 2.0 during the compression stroke,
the degree of filling of the prechamber equal to 0.6, for six
values of excess air-fuel ratio in the prechamber at the begin-
ning of the compression stroke, the range 0 to 0.3, shown in
Fig. 3. It shows that to obtain in the prechamber a mixture
of \r. = 1+ 0.05, at the time corresponding to the ignition
time angle in the range from 0 to 30 deg CA BTDC, it is only
possible when the combustible mixture composition at BDC,
the excess air-fuel ratio takes the value from 0.085 to 0.21.
Exceeding these limits does not allow to obtain a mixture
composition close to stoichiometric, for Ag, < 0.085 mixture
is too rich, and for co Ak, > 0.21 is too poor.

2

& 30deg —h=00  —Xo=005
S e
15 & Ao =0.085 Mo =0.15
L{, — =021 —Xe=0.3
e
BDC
05
TDC
0
0 0.2 0.4 0.6 0.8 1 1.2

>

Fig. 3. Excess air-fuel ratio of mixture in prechamber during com-
pression process for different values of excess air-fuel ratio in
prechamber at BDC for Ao = 2.0 and £ = 0.6

& 30deg Mo =000  —yo=0.08
15 é Mo =0.16 Mo =0.25
n
. =034  —A=045
é ko ko
N |
BDC
05 |
~
TDC
0
0 0.2 04 0.6 0.8 1 1.2

P

Fig. 4. Excess air-fuel ratio of mixture in prechamber during com-
pression stroke for different mixture composition in prechamber at
BDC for A\c =2.0 and £ = 1.0

The mixture excess air-fuel ratio in the prechamber as a
result of the initial inflow of lean mixture from cylinder of
Ae = 2.0 during the compression stroke, for the prechamber
completely filled with a rich mixture (§ = 1.0), for six values
of excess air-fuel ratio in the prechamber at the beginning of
the compression stroke, in the range from 0 to 0.45, is shown
in Fig. 4. It shows that to obtain a mixture of A\, = 1+ 0.05

Bull. Pol. Ac.: Tech. 62(4) 2014

in the prechamber, at the range of ignition time from 0 to
30 deg CA BTDC, it is only possible if the mixture com-
position at BDC will correspond to the excess air-fuel ra-
tio from 1.16 to 0.34. Exceeding these limits does not allow
obtaining a mixture composition close to stoichiometric, for
Ako < 0.16 mixture is too rich, and for co g, > 0.34 is too
poor.

The mixture excess air-fuel ratio in the prechamber as a
result of the initial inflow of lean mixture from cylinder of
Ae = 2.0 during the compression stroke, for the degree of
filling of the prechamber equal to 0.12, for six values of ex-
cess air-fuel ratio in the prechamber at the beginning of the
compression stroke, in the range from 0 to 0.05, is shown in
Fig. 5. It shows that to obtain a mixture of Ay, = 14 0.05 in
the prechamber, at the range of ignition time from O to 30 deg
CA BTDC, it is only possible if the mixture composition at
BDC corresponds to the excess air-fuel ratio from O (pure fu-
el) to 0.02. Exceeding these limits results in depletion of the
mixture not allow obtaining a mixture composition close to
stoichiometric.

& 30deg —Ao=00  —Ao=0.01
S e
15 § Mo = 0.02 Mo = 0.03
é —M =004 —A, =005
8
N
05
TDC
0
0 0.2 0.4 0.6 0.8 1 1,2

P

Fig. 5. Excess air-fuel ratio of mixture in prechamber during com-
pression stroke for different mixture composition in prechamber at
BDC for A\ = 2.0 and £ = 0.12

The mixture excess air-fuel ratio in the prechamber of
Ao = 0.15 as a result of the initial inflow of lean mix-
ture from cylinder during the compression stroke, for the
degree of filling of the prechamber equal to 0.6, for four
values of excess air-fuel ratio in the cylinder at begin-
ning of the compression stroke, in the range from 1.35 to
2.5, is shown in Fig. 6. It shows that to obtain a mix-
ture of Ar, = 1 +£ 0.05 in the prechamber, at the range
of ignition time from 0 to 30 deg CA BTDC, it is pos-
sible for the whole analyzed range of mixture composi-
tion.

The mixture excess air-fuel ratio in the prechamber as a
result of the initial inflow of lean mixture from cylinder during
the compression stroke, in case when at BDC the prechamber
was filled by pure fuel of A\, = 0 and the fuel takes 12% of
the prechamber volume (¢ = 0.12), for four values of excess
air-fuel ratio in the cylinder in the range from 1.45 to 2.5, is
shown in Fig. 7.
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- 30deg
s 2 —A=135 —=16
S A=20 A=25
2
¥
<
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0
0 0.2 04 06 08 1 1.2
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Fig. 6. Excess air-fuel ratio of mixture in prechamber during com-
pression process for different values of excess air-fuel ratio in cylin-

der, (prechamber powered by rich mixture of A\, = 0.15 for
£=0.6)
2
3 30deg
i —Ae=145  —A=17
)
15 < Ae=2.0 Ae=2.5
2
“ }
EID
05 |
BDC
TDC
0
0 0.2 0.4 0.6 0.8 1 1.2
P

Fig. 7. Excess air-fuel ratio of mixture in prechamber during com-
pression process for different values of excess air-fuel ratio in cylin-
der, (prechamber powered by pure fuel of A\, = 0 for £ = 0.12)

It shows that in the case where the prechamber is filled in
12% of pure fuel that to obtain a mixture of g, = 1+ 0.05
in the prechamber, at the range of ignition time from 0 to
30 deg CA BTDC, it is possible for the whole analyzed range
of mixture composition.

Figure 8 shows the courses of excess air-fuel ratio of rich
mixture in the prechamber as a result of the inflow of lean
mixture of \, = 2.0 from cylinder during the compression
stroke, from value of \;, = 0.15 at BDC, for six values of
degree of filling of the prechamber in the range of 0.28 to 0.95.
It shows that to obtain stoichiometric mixture in the precham-
ber for ignition time in the range of 0 to 30 deg BTDC, it is
only possible if at BDC the rich mixture of Ay, = 0.15 in the
prechamber will take from 44% to 95% its volume, which is
equal to the degree of filling of 0.44 to 0.95. Filling of the
prechamber with mixture below 44% will lead to the deple-
tion of lean mixture from the cylinder above Ay, = 1 +£0.05,
and filling more than 95% will produce a mixture too rich,
below Ar. = 1+ 0.05.
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—£=095

30deg

—£=0.75

0.95-1.05

Mz =

0.5

TDC

0 0.2 0.4 0.6 0.8 1 12
P

Fig. 8. Excess air-fuel ratio of mixture in prechamber during com-

pression process for different values of degree of filling of precham-

ber at BDC, (prechamber powered by rich mixture of A\, = 0.15
for A\ = 2.0)

Figure 9 shows the course of dilution of mixture in the
prechamber by lean mixture of A\, = 2.0 from cylinder, during
compression stroke, from value of A\, = 0 at BDC, for six
values of degree of filling of the prechamber in the range of
0.06 to 0.3. The chart shows that a poor combustible mixture,
delivered into the prechamber during the compression stroke
is not able to deplete the pure fuel to stoichiometric mixture
at the moment of ignition if it takes more than 17% or less
than 8% of volume of prechamber at BDC.

2
& 30deg —£=03  —&=022
7 e
15 % £=0.17 £=0.12
-
¥
<
05
TDC
0 !
0 02 04 06 0.8 1 1.2

P

Fig. 9. Excess air-fuel ratio of mixture in prechamber during com-

pression process for different values of degree of filling of precham-

ber at BDC, (prechamber powered by pure fuel of Ay, = O for
Ae = 2.0)

Comparison of the relative sensitivity of an excess air-fuel
ratio in the prechamber at the ignition time, on the change of
the excess air-fuel ratio of mixture in the prechamber at BDC
of A\, = 0.15, changes of excess air-fuel ratio of mixture
in the cylinder of A, = 2.0 and changes of degree of fill-
ing of the prechamber at BDC of £ = 0.6, are shown in
Fig. 10. The presented case relates to conditions, in which,
compressed lean mixture from cylinder of A, = 2.0 diluted
rich mixture of \x, = 0.15 which takes 60% of the volume
of the prechamber (£ = 0.6).
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Fig. 10. Relative A\, sensitivity to mixture of excess air ratio change

in prechamber at BDC (\y,) determined by the Eq. (27), excess air

ratio in cylinder (\.) determined by the Eq. (28), and degree of fill-

ing of prechamber at BDC (§) determined by the Eq. (29) in function

of degree of the mixture condensation, (prechamber powered by rich
mixture of A\g, = 0.15 for A = 2.0 and £ = 0.6)

On the basis of the presented characteristics of the sensi-
tivity can be state that in case the prechamber is supplied with
a rich mixture of \;, = 0.15 at BDC of piston, the value of
excess air-fuel ratio of the prechamber at time corresponding
to range angle of ignition advance from 0 to 30 deg CA BT-
DC (Mg), it is similarly dependent on changes the degree of
filling with the rich mixture at BDC (&) and value of excess
air-fuel ratio of mixture supplied to the prechamber at BDC
(Ako). The calculated sensitivity of A\;, at TDC was equal to:
sensitivity to changes £ — 0.41, to changes A\, — 0.37. Impact
of excess air-fuel ratio in the cylinder (\.) to changes of A,
was significantly lower and it reaches value of — 0.19.

¥ 16 -1 =&
<
5 30deg
> —
= 1.2 -
‘®
c
3
<08
=
=
9] 0.43
o 04
0.21
TDC BDC
0
0 0.2 0.4 0.6 0.8 1 1.2
(o]

Fig. 11. Relative sensitivity of A,. to excess air ratio changes of

mixture in the cylinder (A.) determined by the Eq. (30) and degree

of filling of prechamber at BDC () determined by the Eq. (31) as a

function of degree of condensation fuel mixture (chamber supplied
with pure fuel of A\, =0 at \c = 2.0 and £ = 0.12)

Comparison of the relative sensitivity of excess air-fuel
ratio in the prechamber at the ignition time, on the change of
the excess air mixture in the cylinder of A\, = 2.0, and changes
of degree of filling of the prechamber at BDC of £ = 0.12
are shown in Fig. 11. Presented case relates to conditions, in
which, compressed lean mixture from cylinder of A\, = 2.0

Bull. Pol. Ac.: Tech. 62(4) 2014

diluted rich mixture of pure fuel of \;, = 0 which takes 12%
of the volume of the prechamber (§ = 0.12).

On the basis of the presented characteristics of the sensi-
tivity can be state that in case the prechamber is supplied with
gas fuel, the value of excess air-fuel ratio of the prechamber
at time corresponding to range angle of ignition advance from
0 to 30 deg CA BTDC (\.), it is dependent on the degree
of filling with the fuel at BDC (). Calculated sensitivity of
Ak- to changes in ¢ at TDC piston was equal — 0.43 and it
was more than two times larger than the sensitivity to changes
in the value of the excess air-fuel ratio in the cylinder (A\.) —
0.21.

6. Summary

On the basis of the performed analysis of sensitivity of the
air fuel mixture composition in the prechamber of the engine
with two stage combustion system shows that in the test gas
engine, the value of excess air-fuel ratio of prechamber at the
moment of ignition (\g,) similarly depend on changes the
degree of filling with the rich mixture at BDC (§) and value
of excess air-fuel ratio of mixture supplied to the prechamber
at BDC (\j,). The impact of changes in the value of an ex-
cess air-fuel ratio of a mixture in the cylinder ()\.) is more
than twice smaller. This means that the engine with the two-
stage combustion system during operation requires particular-
ly accurate and precise determination maintaining a constant
quantity and composition of the air-fuel mixture supplied to
the pre-chamber. In the modern stationary gas engines op-
erating with a two-stage combustion system, enriching fuel
mixture in the pre-chamber is usually as a result of the sup-
ply of gas by additional supply system. The composition of
the combustible mixture in the prechamber of such engine is
changing during compression stroke and it depends inter alia
on the mixture composition in the cylinder of engine (\.) and
degree of filling of prechamber by gas fuel (£). On the basis
of model analysis of process of air-fuel mixture creation can
be stated that in case the prechamber is supplied with gas fuel
(at BDC), the value of excess air-fuel ratio of the prechamber
at time of ignition is the most sensitive to changes of filling
degree of the chamber in fuel at TDC (§) namely value of
fuel dose delivered to the prechamber. The impact of changes
in the value of excess air-fuel ratio of mixture supplied to
the cylinder is more than twice smaller. The very important
control parameter in case supply the prechamber in rich air-
fuel mixture or in pure gas fuel is the degree of filling the
prechamber in fresh charge. In both cases, the precise deter-
mination of the dose of fresh charge is very important and
should be of particular concern. For engine with precham-
ber supplied in rich mixture in addition the very important
is to product of the mixture with very strict composition.
The presented results of mathematical analysis of preparation
process of combustible mixture in the prechamber was suc-
cessfully used during experimental researches of engine with
two stage combustion system which was realize in the Insti-
tute of Thermal Machinery [24]. The results of the analysis
were also confirmed by CFD modeling test engine [25]. On
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the basis of presented results the precise supply system of
gas fuel and gas mass consumption measurement system was
build [26].
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