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Abstract. The paper presents the study of combustion process of a homogenous lean propane-air mixture in the cylindrical combustion

chamber ignited by a hot gas jet from the pre-ignition chamber. A rich propane-air mixture in the pre-chamber is ignited by the spark plug

and the exhaust gasses flow from the chamber trough the holes in the wall. The mathematical model of gas exchange and energy balance

in chambers with a laminar finite-rate model taking into account the two-step Arrhenius chemical kinetics is presented. The work presents

results of thermodynamic parameters of the charge obtained in CFD simulations in Fluent and Kiva3v for three configurations: with one

hole in the wall of the ignition chamber, with three holes and without an ignition chamber. Modelling and simulation have shown faster

burning of the mixture for jet ignition with three holes of the pre-chamber. The results of simulations were verified by experimental studies

in the combustion chamber of the same geometry by the Schlieren method. The work presents flame front propagation, pressure traces and

pressure increment speed for two mixtures with a different equivalence fuel-air ratio. Experimental results proved the simulation observation

of faster flame propagation in the main chamber with three holes.
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1. Introduction

The study was of a combustion system where the flame was

initiated by a jet, or, jets flowing through the orifices in a pre-

ignition chamber, this domain has been reported by Gussak

[1, 2], Karpov [3, 4], Zeldovich [5, 6] and Oppenheim [7–10].

Here, results comparing combustion pressures for combustion

initiated by means of a jet ignition system, the pre-ignition

chamber, and a conventional ignition system are given. The

paper also explains the benefits of lean mixtures in relation

to combustion pressure for mixtures of different equivalence

ratio. New results were obtained for the flame velocity. Espe-

cially the volumetric flame velocity in cases where the pre-

ignition chamber was used with one and three jets penetrated

into the main combustion chamber. The results were interest-

ing in that the flame propagation was almost as a plane front.

These compare with other results for pressures and their deriv-

atives given in [11, 12].

The combustion process in the combustion chamber of

reciprocating engines takes place at a high air flow caused

by an inflow effect through the valves or inlet ports. The high

turbulence of the charge causes better fuel mixing with the air

and influences on higher speed of the flame propagation from

the spark plug. The burning of the mixture occurs in transient

conditions at changeable volume, pressure, temperature, mole

fraction of species. This affects the variability of thermody-

namic parameters such as: specific heat ratio κ, diffusivity D,

viscosity µ, heat transfer and also on fuel evaporation. A com-

bustion process in IC engines is depended mostly on turbulent

burning speed which is about ten times higher than laminar

burning speed. In order to find new combustion systems the

research works are often conducted in the combustion cham-

ber with a constant volume. In that case the fuels with the

high octane number (ON) are applied and the burning is ini-

tiated by ignition of the spark plug. The mixture is usually

premixed with a constant air-fuel ratio. In the first period the

flame front moves with laminar speed by diffusion. In such

conditions the flame propagation is very slow. The increasing

movement of the flame causes strong turbulence of the charge

near the flame. The experiments in the combustion chamber

enable the observation of the flame movement, pressure mea-

surement and turbulence flow. Previously, many experiments

have been done on the test benches by researchers in the

world for observation of a combustion process of different

fuel mixtures. Oppenheim [11] proposed the combustion of

homogeneous lean mixture by the rich fuel mixture jet ignit-

ed by the spark plug. Polish researchers Kowalewicz [13] and

Stelmasiak [14] have tested the combustion process of CNG

homogeneous mixture at stoichiometric composition ignited

by the jet of diesel oil at different engine speeds and loads.

Zhukov et al. [15] have done the experimental work on the

special bench for combustion of kerosene mixture by fuel jest

in the jet engines in airplanes. The data obtained at the De-

partment of Aerophysics and Space Research in Moscow al-

lows for validating kinetic models of the burning of kerosene,

which is a complex mixture of various hydrocarbons. The oth-

er way of ignition of air-fuel mixture by a high speed plasma

jet was investigated by Afanasiew et al. [16]. They studied

the conditions of ignition and the velocities of propagation

of flame in a premixed methane-air charge in a semiclosed

tube upon ignition at the closed end of the tube with a point

∗e-mail: noga@pk.edu.pl

533



B. Sendyka, W. Mitianiec, and M. Noga

spark and a high-speed pulsed plasma jet flowing out of a

pulsed plasma accelerator. The aim of the proposed work was

to investigate by experiment and modelling the combustion

process of a lean propane-air mixture by electrically ignited

the rich mixture jet of the same fuel.

2. Mathematical model of combustion and flow

2.1. Burning of propane-air mixture. Combustion of the

propane-air mixture can be modelled by single step reaction

or two step reaction where decay CO2 on CO and O2 is also

considered. The authors took into account two-step reactions

because in real conditions there are dissociation reactions as a

result of high temperature of combustion process. The chem-

ical reactions with Arrhenius parameters of two-step model

are presented in Table 1. The gas fuel was chosen for the

case of better diffusion such fuel with air and homogeneous

mixture forms very fast.

Table 1

Propane-air two-step chemical reactions with Arrhenius coefficients

Reaction
No

Reaction

Pre-exponential
factor
Ai

[kmol/(m3
·s)]

Activation
energy

Ei

[J/kmol]

1 C3H8 + 3.5 O2 = 3CO + 4H2O 5.62 e+09 1.256 e+08

2 CO + 0.5 O2 = CO2 2.239 e+12 1.7 e+08

3 CO2 = CO + 0.5 O2 5.0 e+08 1.7 e+08

2.2. General spatial modelling of the combustion process

in the combustion chamber. The simulation model of the

mixture burning in the experimental combustion chamber

takes into account all boundary and initial conditions. The

cylindrical combustion chamber with volume V shown in

Fig. 1 was filled with the lean air-propane mixture. Small

additional semi-spherical chamber separated from the main

chamber was located in the symmetry cross section of the

combustion chamber near the wall and was connected to the

main chamber trough the small cylindrical channels with di-

ameter d. This small chamber had volume Vi and was filled

by rich air-fuel mixture.

2.3. Species transport in chemical reactions. The consid-

ered gas flow and combustion process of the propane-air mix-

ture in the tested combustion chamber can be treated as single-

phase flow, where both the air and propane are in gaseous

state. The change of local mass fraction of each chemical

species was calculated from the general form of transport con-

servation equation:

∂

∂t
(ρci) + ∇ · (ρuci) = −∇ · Gi + Ri + Si, (1)

where ci – local mass fraction of species i, ρ – density of the

gaseous phase, u – gas velocity vector, Gi – mass diffusion

in turbulent flow, Ri – net rate of production of species i, Si

– rate of additional source from the disperse phase.

At assumption of turbulent flow the mass diffusion takes

into account also the mass diffusion of laminar flow and can

be written as:

Gi = −

(

ρDm,i +
µt

Sct

)

∇Ci − DT,i
∇T

T
, (2)

where Sct =
µt

ρDt
– turbulent Schmidt number (µt – turbulent

viscosity, Dt – turbulent diffusivity), Dm,i – mass diffusion

coefficient for species i in the mixture [m2/s], DT,i – Soret

thermal diffusion coefficient, T – temperature.

In the simulation the turbulent Schmidt number was cal-

culated but normally it equals to 0.7.

When turbulent flow is neglected (µt = 0) then Eq. (2)

has a simple form without the term
µt

Sct
.

a) b) c)

Fig. 1. Cross sections of combustion chamber with two volumes: a) pre-chamber with one jet-hole, b) axial cross section of the combustion

vessel, c) pre-chamber with three jet-hole
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The diffusion coefficients D of two gaseous species A

and B are a certain function of a molar volume of species

VA and VB , molecular weight MA and MB, pressure p and

temperature T given below by EPA1 [17]:

D = 0.001 T 1.75M0.5
r /

(

p
(

V
1/3

A + V
1/3

B

)2
)

[cm2/s],

(3)

where Mr = (MA + MB)/(MAMB), V in cm3/mol, M in

g/mol T in K and p in bar. At two-equations standard turbu-

lent flow model k−ε the turbulent viscosity µt was calculated

as follows:

µt = ρCµ
k2

ε
(4)

whereas Cµ = 0.09 was assumed as constant. The anoth-

er turbulent coefficients have assumed the constant values

C1ε = 1.44, C2ε = 1.92, σk = 1.0 and σε = 1.3.

This model was implemented in a computer program for

calculation of the diffusion coefficient of chemical species in

the air as a main gas. Initially in the combustion chamber the

propane-air mixture is in steady state conditions and for such

a reason the chemical reaction rates were calculated for lami-

nar flow by using the laminar finite-rate model with two-step

Arrhenius chemical kinetics.

The chemical reactions of species i for reaction r in the

system are usually presented in the form:

∑

i

ai,rxi ↔
∑

i

bi,rxi, (5)

where xi represents one mole of species i and ai,r and bi,r

are integral stoichiometric coefficients for reaction r.

This has not increased so much in the computation time

but gives a view of the flame propagation. In calculations the

backward reactions were neglected and the molar rate of cre-

ation or destruction of chemical species i in reaction r in (1)

is given by:

Ṙi,r = Γ (bi,r − ai,r)



kf,r

N
∏

j=1

[Cj,r]
(n′

j,r+nj,r”)



, (6)

where Cj,r – molar concentration of species i in reaction r
[kmol/m3], n′

j,r – rate exponent for reactant species j in reac-

tion r, nj,r” – rate exponent for product species j in reaction

r kf,r – Arrhenius forward rate constant for reaction r.

The Γ represents the net effect of third bodies but the re-

actions have not include it and for the case Γ = 1.0. The net

source of each chemical species with molecular weight Mw,i

was calculated from all N reactions as follows:

Ri = Mw,i

N
∑

r=1

Ṙi,r. (7)

The exponent coefficients in considered chemical reactions

are shown in Table 2.

Table 2

Exponent coefficients in chemical reactions for 2-step propane-air mixture

combustion

Reaction
No

Rate exponent
for reactant

No 1

Rate exponent
for reactant

No 2

1 0.1 1.65

2 1 0.25

3 1

The heat released during combustion process is the addi-

tional source Q̇cin the equation of internal energy balance:

Q̇c =

N
∑

r=1

QrṘr, (8)

where Qr is the negative of the heat of reaction at absolute

zero and is determined from:

Qr =
∑

i

(ai,r − bi,r)
(

∆h0
f

)

i
, (9)

where (∆h0
f )i is the heat formation of species i at absolute

zero.

2.4. Spark ignition model. The transport of chemical

species in the combustion chamber involved by the spark plug

for the mean reaction progress variable c can be defined ac-

cording to the general formula [18]:

∂(ρc)

∂t
+ ∇ · (ρvc) = ∇ · (Dt∇c) + ρuUt |∇c| , (10)

where Dt – turbulent diffusivity, ρu – density of unburned

mixture, Ut – turbulent flame speed determined from Zimont

closure model, ρ – mean mixture density, c – mass ratio of

species in the mixture, v – velocity vector.

In the first period, when the spark kernel is very small

compared to the mesh size the transport Eq. (1) was adopted

to the laminar flow and was written in the following form:

∂(ρc)

∂t
+ ∇ · (ρvc) = ∇ · ((κ + Dtt)∇c) + ρuUt |∇c| (11)

where κ – laminar thermal diffusivity (= k/(ρcp) wherein k
– thermal conductivity and cp is a specific heat at constant

pressure.

The effective diffusivity Dtt is given by:

Dtt =







Dt

(

1 − exp

(

−ttd
τ ′

))

if ttd ≥ 0

Dt if ttd < 0
(12)

where ttd = t− tig denotes the time of spark initiation since

ignition time tig and τ ′ is an effective diffusion time given

by user usually about 0.00001 s. The turbulent scales that

are smaller than the spark radius may contribute to turbu-

lent spark diffusion. Effective diffusivity grows with the time

and this creates higher temperature around the electrodes of

the spark plug, which can cause convergence difficulties. The

sparking is caused by the energy supplied to the spark plug

1United States Environmental Protection Agency
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by the electrical system. Generally the energy delivered to

the spark plug by the ignition system is 50–100 mJ during

1–1.5 ms.

3. Simulation of propane-air mixture

combustion

Simulation of combustion process of lean propane-air mixture

ignited by the rich mixture jet with high temperature was car-

ried out by using of 3D computational model in Ansys-Fluent

CFD programme [18]. Modelling of gas flow besides of mass,

momentum and energy balance equations [4] and chemical re-

actions takes into account also turbulence [7]. Geometry of

the calculation model was the same as the real tested chamber

with short inlet duct with rich mixture. The cylindrical cham-

ber (d = 83 mm, L = 122 mm) with two separated volumes

was replaced by 88525 tetrahedral cells and only 146 hexahe-

dral cells and 173211 triangular interior faces. The following

initial conditions were assumed:

• initial pressure 0.1013 MPa,

• initial temperature 350 K,

• wall temperature 300 K,

• constant spark diameter 1.5 mm,

• ignition time 0.001 s,

• ignition energy 0.1 J,

• propane mass fraction in main chamber 0.06,

• oxygen mass fraction in main chamber 0.219,

• propane mass fraction in rich mixture chamber 0.09,

• oxygen mass fraction in rich mixture chamber 0.21,

• diameter of the main injection hole diameter 2.5 mm.

The cross section of the computational model is shown in

Fig. 1. The pre-chamber was separated from the combustion

chamber by a thin half-spherical steel wall with one or three

holes connected two volumes.

Mixture equivalence ratio in the main chamber amounted

0.75 and 1.7 in the pre-chamber. Additionally, a comparison

of combustion parameters in a simulation process was done

for the cylindrical chamber with the same geometry but with-

out a small ignition chamber for mixtures with stoichiometric

composition (φ = 1.0) and lean mixture (φ = 0.75). Simu-

lations of a combustion process in the combustion chamber

with two chambers were carried out using CFD technique in

Ansys-Fluent v.13.0 in the Windows system and for a fully

cylindrical chamber in Kiva3v.

4. Calculation results of simulation

After ignition the speed of the combustion process in the rich

mixture chamber is very slow, as a result of absence of charge

turbulence. The thermal energy delivered by the spark plug

initially heats the charge from initial temperature T = 350 K

to the ignition temperature of the rich propane-air mixture

about 740 K. Initiation of chemical reactions occurs after 4

ms from ignition start. Very slow flame propagation in the

pre-chamber causes also very low velocity of the mixture jet

flowing into the main combustion chamber. Contours of net

mass reaction rate of propane [kg/(m3 s)] at different time

(0.01, 0.02 and 0.026 s) is presented in Fig. 2. The equiv-

alence ratio of the mixture φ in the pre-chamber amounted

a)

b)

c)

Fig. 2. Contours of net reactions rate of C3H8 [kg/(m3 s)] at time:

a) 0.01, b) 0.02 and c) 0.026 s after start of ignition with one outflow

hole of rich mixture chamber
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a)

b)

c)

Fig. 3. Contours of net reactions rate of C3H8 [kg/(m3 s)] at time:

a) 0.01, b) 0.02 and c) 0.026 s after start of ignition with three

outflow holes of rich mixture chamber

a)

b)

c)

Fig. 4. Contours of temperature [K] at time: a) 0.01, b) 0.02 and

c) 0.026 s after start of ignition with one outflow hole of ignition

chamber
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a)

b)

c)

Fig. 5. Contours of temperature [K] at time: a) 0.01, b) 0.02 and

c) 0.026 s after start of ignition with three outflow holes of ignition

chamber

to 1.7 and in the main chamber 0.75. Only one outflow hole

causes a spherical propagation of the flame and all the time

chemical reactions occur in the small chamber. The combus-

tion effect is recognized by lower values of reaction rate (blue

colour). Applying of three holes influences on extension of the

flame front and causes higher combustion speed in the main

chamber. The effect of the flame propagation as a result of

reaction rate of propane-air mixture at three holes is shown in

Fig. 3. In a final step the flame has also spherical shape with

a great side impact of two additional holes. Velocity of prop-

agation of the flame in this case is higher than for previous

case with one hole. The simulated combustion speed in the

main chamber with only one hole amounts about 4.25 m/s and

with three holes amounts 5.9 m/s and is about 30% higher.

The distribution of temperature in the combustion chamber

depends on the equivalence ratio of the mixture and is higher

in the small chamber than in the main chamber. It grows with

the flame propagation. Contours of temperature in the cylin-

drical combustion chamber with one outflow hole at different

time steps are presented in Fig. 4. Maximum of temperature

in the ignition chamber amounts to 2600 K and mean temper-

ature of burned mixture is almost constant and is lower than

2000 K. The faster combustion process in the combustion

chamber with three holes does not influence on a tempera-

ture value (Fig. 5). The mean temperature of burned mixture

does not exceed 2000 K and is almost constant because of

a homogenous mixture.

The ignition chamber with only one hole gives later burn-

ing of the air-fuel mixture. The number of the jet holes

influences also on an increment of pressure, which is shown

in Fig. 6. The earlier increase of pressure occurs for the cham-

ber with three holes. However, maximum of pressure for both

cases has the same value 0.65 MPa. Courses of pressure are

a function of burning of amount of fuel. The mean propane

mass fraction is presented in Fig. 7 in terms of time. The graph

show total mass of propane burning in whole cylinder with

Fig. 6. Comparison of pressure trace during combustion process in

the combustion chamber with 1 and 3 outflow holes from rich mix-

ture chamber
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volume 757 cm3. In real SI engine the combustion chamber

does not exceed 60 cm3 during combustion process. Applying

three holes contributes to the faster burning speed of mixture

in a real SI engine. The combustion process in the cylindri-

cal chamber with big volume contributes also in lower mean

temperature of the charge not higher than 2000 K (Fig. 8).

The combustion process runs in conditions of laminar flow of

premixed charge.

Fig. 7. Comparison of mean propane mass fraction during combus-

tion process in the combustion chamber with 1 and 3 outflow holes

from rich mixture chamber

Fig. 8. Comparison of mean temperature during combustion process

in the combustion chamber with 1 and 3 outflow holes from rich

mixture chamber

5. Combustion process

in one cylindrical chamber

The burning process of a propane-air mixture in a normal

cylindrical chamber without the ignition chamber but with

the same dimensions as previous cases was considered ad-

ditionally. Ignition of the mixture occurs also in the middle

cross section of the cylinder with the same ignition parame-

ters. On the basis of simulation results very fast burning of

fuel in the chamber filled with stoichiometric mixture with

φ = 1.0 (Fig. 9) was found. For leaner mixture (φ = 0.75)

the combustion process is about 60% slower.

Fig. 9. Burned mass fraction of fuel in normal chamber filled with

propane mixture with two equivalence ratios 0.75 and 1.0 (initial

pressure 0.1 MPa and initial temperature 350 K)

This is seen also on pressure traces of both combustion

processes (Fig. 10) and also on stoichiometric mixture max-

imum pressure which is higher than for a lean mixture but

does not exceed 0.8 MPa. The real combustion process in

the chamber begins after 30 ms from the beginning of igni-

tion. The progress of the combustion process represented by

temperature for two propane-air mixtures with the lean and

stoichiometric composition at the same time is presented in

Fig. 11 (60 ms after ignition). The spherical flame front moves

almost two times faster for φ = 1.0 than for mixture with

φ = 0.75. The temperature of the burned mixture amounts

to 2300 K for stoichiometric mixture and is higher than for

the case with the additional ignition chamber (a temperature

lower than 2000 K). The similar problem of combustion jet

ignition was considered in the following papers [19–21].

Fig. 10. Comparison of pressure in normal chamber during combus-

tion of propane mixture with two equivalence ratios 0.75 and 1.0

(initial pressure 0.1 MPa and initial temperature 350 K)
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a)

b)

Fig. 11. Comparison of temperature distribution in the cross section

at combustion of a) lean (left) and b) stoichiometric mixtures (right)

at 34 ms after beginning of ignition

6. Test stand

Investigations on pressure changes during the lean mixture

combustion in the main combustion chamber were carried

out on the test stand presented in a rough outline in Fig. 12.

The main combustion chamber of the constant volume was

equipped with two small glass windows through which the

flame propagation of the analyzed lean mixtures could be pho-

tographed by means of the Schlieren system.

The mixture was ignited in the pre-ignition chamber which

was situated of the end of the redesigned spark plug filled

with the rich mixture. The main combustion chamber had

been filled with the lean mixture of the necessary equiva-

lence ratio. It was also possible to initiate the flame directly

in the main combustion chamber by electric spark discharge

of the conventional spark ignition system. The cavity of the

pre-ignition chamber was variable, that is, it was possible to

use, one, two or three orifices for jets, the main diameter of

the axial orifice was 2.5 mm, the lateral orifices 1.75 mm.

The volume of the pre-ignition chamber was 1.5 cm3 and

the volume of the main combustion chamber was 270 cm3

with an 83 mm diameter. In the Schlieren system spherical

mirrors of 122 mm focal length were used in the making of

flame photographs for the certain time delays. Traces of the

combustion pressures had been made using the oscilloscope

connected to a special camera. After every charge the main

combustion chamber and the pre-ignition chamber were emp-

tied of combustion gases by means of a vacuum pump. Each

test was repeated four times. It must be added that filling took

place by means of rotameter. In order to protect the rotameter

against damage by the combustion pressure the pre-ignition

system was equipped with a safety check valve.

Fig. 12. Scheme of the test stand for pressure combustion and ve-

locity analysis using the Schlieren system

7. Mode of filling up the main combustion

chamber with a mixture of different

equivalence air-fuel ratio

The main combustion chamber of a volume Vv containing air

of atmospheric pressure, is coupled with propane-air mixture

of the same composition as that in the pre-ignition chamber

of the equivalence ratio φ = 1.95. Hence, the quality of the

mixture which is produced in the main combustion chamber

decisively depends on the time lapse necessary for filling up

the main combustion chamber. Whereas, after a certain time,

depending on the volumetric flow rate of the mixture the main

combustion chamber be filled with the rich mixture. Hence,

it is based upon the definition of the equivalence ratio written

as follows:

φ =
F/A

(F/A)s
, (13)

where F – actual mass of fuel, A – actual mass of air, (F/A)s

– stoichiometric ratio of fuel-air.

The equivalence ratio in the main combustion chamber can

be determined as a function of the filling time. With reference

to (13) particular components are determined as follows. The

mass of air in the main combustion chamber is determined by:

A = Vvpa. (14)
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Whereas, the mass of mixture flowing into the combustion

chamber is:

mm = Vmpm. (15)

The volumetric flow rate of the mixture Vm will be written

as the sum of air and fuel volumetric flow rates

Vm = Va + Vf . (16)

After substitution of (15) and (16) into (13) and after trans-

formations we get the approximate equivalence ratio of the

mixture which flowed into the main combustion chamber as

a function of the time

φ(t) =
Vmtφ

Vv

(

1 +
paφ

LpL

)

+ Vmt

. (17)

This formula requires composition φ(t) which is written as

follows:

t =
Vv

Vm

(

1 +
φpa

LpL

)

φ(t)

φ − φ(t)
. (18)

Moreover, to obtain a required φ(t) this method of filling gave

repeatable measurement results.

8. Comparison between combustion pressures

initiated by the conventional ignition

and by the jet ignition system

Examinations were carried out for the whole range of the

equivalence ratio of an ignitable mixture. The experiment be-

gan with the lean mixture of the equivalence ratio φ = 0.7 in

the main combustion chamber and in the pre- ignition cham-

ber was the rich mixture of the equivalence ratio φ = 1.95.

Further, an enrichment of the mixture above, φ = 1.95, caused

a decrease in the combustion pressure to a boundary case of

the rich mixture at φ = 2.45 when ignitability of the mix-

ture was vanishing. The equivalence ratio of the mixture in

the pre-ignition chamber was also changing in the range of

φ = 0.7 – 1.95. The highest value of the combustion pressure

in the main combustion chamber occurred at the equivalence

ratio φ = 1.95.

The number of jets in the pre-ignition chamber through

which the flames of the rich mixture penetrate from the pre-

ignition chamber is the second factor influencing the value of

combustion pressure. Examinations which were carried out

with 1 and 3 jets confirmed their positive influence on the

former increase in combustion pressure as well as a slight

increase in maximum values. Figure 13 shows the traces of

combustion pressures recorded on an oscilloscope. A more

intensive increase in combustion is visible. For a mixture of

composition expressed by φ = 0.7 investigations were carried

out on the influence of the number of ignition jets the traces

of combustion pressures, when in the pre-ignition chamber

the mixture was at the equivalence ratio φ = 1.95. After car-

rying out traces of the combustion pressure for 1 and 3 jets

for the comparison, the traces are shown in Fig. 13 as curves

1 and 2 respectively: curve 1–1 jet; curve 2–3 jets.

Fig. 13. Traces of combustion pressure of propane-air mixture: 1 –

one jet flowing from the pre-ignition chamber at φ = 1.95 to the

main combustion chamber filled by a mixture at φ = 0.7; 2 – three

jets under the same conditions as in 1; 3 – flame initiated directly in

the main combustion chamber filled by a mixture at φ = 1.05; 2’ –

rate of pressure increase dp2/dt; 3’ – rate of pressure increase dp3/dt

The difference between the maximum combustion pres-

sures for three jets compared with 1 jet is about 7% but for this

same maximum value of the combustion pressure using con-

ventional spark ignition, also referred as “Flame Traversing

the Charge” [7], it was necessary to fill the main combustion

chamber with the mixture at the equivalence ratio φ = 1.05.

Relative increments of pressure during combustion ignit-

ed by one jet-hole, three jet-hole according to combustion

initiated directly in the main chamber are shown in Fig. 14.

Curve (2–1)/1 presents the relative increment of pressure be-

tween combustion initiated by three jet-hole and one jet hole.

The maximal increment of pressure equals over 40%. The

relative increment of pressure between combustion initiated

by one jet hole and initiated directly in the main chamber is

shown by curve (1–3)/3. In this case the increment reaches

90%. The red curve (2–3)/3 shows the relative increment of

pressure between combustion initiated by three jet hole and

initiated directly in the main chamber. The maximal increment

of pressure in this comparison equals 120%. Such a big rel-

ative increment of pressure during combustion initiating by

pre-chamber holes promises that combustion time could be

shorter.

Fig. 14. Relative increment of pressure during combustion ignited by

one jet-hole, three-jet hole according to combustion initiated directly

in the main combustion chamber
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9. Influence of Jet ignition on the traces

of combustion velocity

The presented photograph in Fig. 15 shows the shape of the

flame front in the case of mixture of φ = 0.95 combustion

initiated by the spark plug directly in the main combustion

chamber at the combustion time equals about 70 ms after the

spark ignition. The photograph in Fig. 16 concerns the same

conditions of mixture but its ignition, induced by the spark

plug, took place in the pre-ignition chamber with three holes.

In results from a comparison of these two photographs in

Figs. 15 and 16 that propagation velocity of the flame front in

the case of the flame initiation in the main combustion cham-

ber by jets ignition penetrating from the pre-ignition chamber

is much higher. The photograph in Fig. 16 shows the shape of

the flame front at a three jet ignition at φ = 0.7 in the main

combustion chamber. The photograph was taken 70 ms fol-

lowing the appearance of the spark. Having taken photographs

every 70 ms it was possible to calculate the velocity of the

flame propagation. Linear velocity of the flame comparing ig-

nition of charge by three jet-holes with ignition directly in the

main-chamber is higher about 21%.

Fig. 15. The flame front of propane-air mixture initiated directly in

the main chamber φ = 0.95 with a time delay of 20 ms. Displace-

ment of the flame marked in real value

Fig. 16. The shape of the flame front initiated by three jets flowing

from the pre-ignition chamber at φ = 1.95 to the main combustion

chamber at φ = 0.7 with a time delay of 20 ms. Flame displacement

marked in real value

It is necessary to emphasise that the central orifice for the

jet was bigger than the other lateral one. Lateral jets were

situated at an angle of 30◦. In relation to the geometrical

main jet their diameters were smaller: d = 0.7 dm, where d
– diameter of the lateral orifice, dm – diameter of the main

orifice. In the experiment which was carried out, the diameter

of the main orifice in the pre-ignition system was used name-

ly, dm = 2.5 mm. We may emphasize that when jets were

situated at 30◦ to the main axial jet, the front of the flame

was moving almost as a plane.

10. Conclusions

The presented paper introduces a mode of combustion us-

ing a jet ignition system. The experiment was carried out to

compare the new results of combustion with the conventional

“Flame Traversing the Charge”. The results of this experiment

are expressed as follows:

1. The relative increment of pressure between combustion ini-

tiated by three jet holes and initiated directly in the main

chamber reaches the maximal value of 120%.

2. Combustion using the proposed jet ignition system is more

efficient and linear velocity of the flame is about 21%

greater. For that reason this system may be suitable for

combustion in lean burn engines.

3. When the flame in the main combustion chamber is initiat-

ed by three jets it is possible to reach the plane front of the

flame propagation. The increase in the volumetric flame

velocity in this case reaches about 80 percent. This phe-

nomenon would be very useful in high speed spark-ignition

engines.

4. The results of the theoretical simulations of combustion

initiated by one and three jet-holes confirmed very close

results of the experimental test.
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