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ABSTRACT

The paper presents the results of examination of particulate matter emission from the Diesel engine FPT 1.3 MJT 
simultaneously fuelled with diesel oil and natural gas CNG. The basic premise for engine adaptation was the addition 
of a small amount of CNG to reduce exhaust gas opacity and particulate matter emission. At this assumption, diesel 
oil remained the basic fuel, with contribution amounting to 0,70-0,85 of total energy delivered to the engine. The dual 
fuel engine was examined using an original controller installed in the Diesel engine FPT 1.3 MJT which controlled 
the diesel fuel dose. The dose of the injected natural gas was controlled by changing the opening time of gas injectors 
at constant pressure in the gas collector. 
The examined issues included the exhaust gas opacity, and the total number and fractional distribution of the emitted 
particles. The measurements were performed at twenty selected measuring points corresponding to the New European 
Driving Cycle (NEDC) test. The performed tests have demonstrated a positive effect of gas addition on exhaust gas 
opacity and particulate matter emission. Depending on test conditions, the exhaust gas opacity was reduced by 10÷92%, 
and the total number of particles by 30÷40%.
The performed tests have revealed that a small addition of gas can reduce the load of the DPF filter, extend its lifetime, 
and increase engine reliability. Longer time intervals between successive DPF filter regenerations improve ecological 
properties of the engine.
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INTRODUCTION

An important problem of modern Diesel engines used both 
in motorisation and marine applications is particulate matter 
(PM) emission which, due to high hygroscopicity and low 
density of the emitted particles, compared with the air, creates 
serious threat for the environment [1-3, 5, 7-10, 24]. That is why 
in two recent decades severe attempts were made to reduce 
PM emissions, along with NOx emissions, by introducing 
successively more and more stringent emission standards 
[21-23]. It is noteworthy here that the object of reduction 
was not only the mass of the emitted PM, but also the total 
number PN of particles, with smaller and smaller particle 
diameters taken into account [9, 10, 13, 24]. To meet the above 
requirements, special Diesel Particulate Filters (DPF) were to 

be installed in engine exhaust systems to capture extremely 
small particulates. In practice, these filters are a source of 
additional flow resistance and have to be frequently cleaned. 
In unsteady engine operation conditions, at short runs and low 
temperatures, the DPF filters are a source of severe operating 
problems which increase engine unreliability.  

A basic component of particulates is soot, created as the 
result of thermal cracking of higher hydrocarbons composing 
the diesel oil. These hydrocarbons are oxidised in rich flame 
zones, mainly at oxygen deficiency [6, 9, 13]. A way to reduce 
the PM emission can be adding oxygenates to the diesel oil 
[6], or using alcohols, methane gases, or pure methane [4, 7, 
10, 12, 13]. A very attractive supplement here seems to be the 
compressed natural gas, CNG, due to its low price (over twice 
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as low as that of petroleum delivered fuels) and high methane 
content, of about 94÷98% vol.

The main component of the natural gas is methane, CH4. It 
is a saturated hydrocarbon which is insoluble in water and thus 
totally harmless to living organisms. It is characterised by a 
simple oxidation mechanism and good diffusion in air, thanks 
to which soot particles are not created   during combustion, 
even at oxygen deficiency [13]. Relevant tests have proved 
that the use of natural gas in Diesel engines decreases the 
PM emission, and this decrease depends on gas percentage in 
the total dose of energy delivered to the engine [12, 13, 15, 16].

However, due to high self-ignition temperature, natural 
gas requires ignition initiated from another source, which 
can be a spark-ignition system, or self-ignition of the diesel 
oil in the double fuel engine [1, 2, 4, 12, 13]. Due to high 
compression ratios used in small Diesel engines, the use 
of a spark-ignition system would require major changes in 
the engine structure, which seem unjustified in the present 
transient period, with insufficient number of CNG fuelling 
stations. However, a Diesel engine can be equipped with a 
CNG injection system installed close to the inlet valves and 
thus adapted, at low costs, to dual fuelling [1, 4, 7, 14, 17, 20].

The paper presents the results of examination of PM 
emissions from the Diesel engine FPT 1.3 MJT fuelled 
simultaneously with compressed natural gas (CNG) and 
diesel oil. The examination was performed for changing 
loads and rotational speeds, which reflected engine operation 
conditions. The recorded results can apply to both large 
railway Diesel engines, and marine engines installed on ships 
operating in offshore zones or used for passenger transport. 

TEST RIG 

The research was performed on a Diesel engine FPT 1.3 MJT. 
This is a four-cylinder engine with displacement of 1248 cm3. 

Direct fuel injection was executed by the second generation 
Common Rail type system with a so-called Multi Jet dose 
division system. The engine was adapted for double fuelling 
in the Department of Combustion Engines and Vehicles, 
University of Bielsko-Biala [14, 17, 18]. Technical data of the 
examined engine are given in Table 1. 

Tab. 1. Technical data of FPT 1.3 MJT[19]

Engine type 1.3 MJT

Bore x stroke 69.6 x 82 mm

Displacement 1248 cm3

Number of cylinders 4

Cylinder arrangement straight

Compression ratio 18

Maximum power 51 kW at 4000 rpm

Maximum torque 180 Nm at 1750 rpm

Injection system Common Rail

Number of valves per cylinder 4

Timing system DOHC

Exhaust gas recirculation system EGR valve

In engine adaptation, use was made of the sequential gas 
injection set Oscar-N Diesel SAS produced by EuropeGAS 
[14, 17, 20]. This set can cooperate with an arbitrary type of 
Diesel engines, regardless the number of cylinders, their 
arrangement, air delivery system, or fuel injection system. 

Engine adaptation for double fuelling required a new 
prototype inlet manifold, in which such elements as gas 
injectors, the gas rail, and gas tubes connecting gas injectors 
with inlet valve channels on particular cylinders were to be 
installed. The gas tubes had calibrated gas jets mounted on 
their ends. The prototype inlet manifold and the engine test 
rig are shown in Fig. 1. 

a)

b)

Fig. 1 Inlet manifold (a) and FPT 1.3 MJT engine test rig (b) 

The operation of the dual fuel engine was controlled using 
the MJD 6JX type controller produced by Bosch. When 
accelerating, the controller automatically decreased the dose 
of diesel fuel to retain the required engine torque. In cases of 
large fuel dose changes, the air flow volume was also reduced.  

METHODOLOGY OF PM EMISSION 
EXAMINATION

The performance assessment of contemporary Diesel engines 
takes into account, among other aspects, measurements of toxic 
exhaust gas components emitted in conditions corresponding 
to their road operation, i.e. at changing rotational speed, load 
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and time. These measurements are performed on an engine 
test rig, according to New European Driving Cycle (NEDC) 
procedure. The here presented examination was performed at 
20 static engine operation points in conditions (n, Mo) = const 
mapping the NEDC test. The measuring points were selected 
using statistical analysis methods described in [11]. When 
selecting an individual measuring point n-Mo, the criterion 
of the longest engine operation mapping the NEDC test and 
the effect of measuring point selection on the results of total 
emission in the test were taken into account. The selected 
points represented both changing and constant driving speeds, 
Table 2. The points numbered 6, 7, 9, 12, 14, 15, 17 and 20 had 
the highest share in the NEDC test and corresponded to test 
phases with constant driving speed. 

The exhaust gas opacity was measured using a precise 
filtration opacimeter, model 415 SE produced by AVL, with 
the FSN (Filter Smoke Number) scale or in mg/m3.

The sizes of particles were measured using the spectrometer 
3090 EEPS (Engine Exhaust Particle Sizer™ Spectrometer) 
produced by TSI Incorporated. This spectrometer provides 
opportunities for continuous analysis of dimensional 
distribution of the particles emitted by the engine. The diameter 
of the measured particulates ranged within 5,6÷560 nm. The 
measurement was performed in 22 measuring channels at the 
measuring frequency of 10 Hz.

Tab. 2. Selected engine operation measurement points [11]

Item
Rotational speed 

[rpm]
Torque 
 [Nm]

Driving speed 
[km/h]/gear

1 820 45

2 850 20

3 1050 15

4 1250 20

5 1400 40

6 1550 4 35/III

7 1590 10 50/IV

8 1650 37

9 1730 11 70/V

10 1740 26

11 1800 38

12 1920 3 15/I

13 2050 26

14 2200 4 50/III

15 2260 4 32/II

16 2400 55

17 2500 34 100/V

18 2700 73

19 2930 80

20 3020 55 120/V

ANALYSIS OF EXAMINATION RESULTS 

Gas injection to the inlet manifold not only increases the 
dose of energy delivered to the engine but also the volume 
of the medium sucked into it. When the factory controller is 
used and the load and rotational speed are kept constant, this 
means passing the controller to another operating point which 
corresponds to a smaller dose of the injected diesel oil and the 
sucked air, compared to fuelling with pure diesel oil. Therefore, 
to maintain identical operating conditions for traditional and 
dual fuelling, the amount of air is to be corrected with respect 
to that delivered by the controller, in such a way that the excess 
air number is kept approximately the same for both types of 
fuelling. A more detailed analysis of these issues is given in 
[17, 18].

Figure 2 shows real potential for reducing exhaust gas 
opacity by CNG addition, at constant opening time of gas 
injectors equal to 2,0 ms, independently of engine operation 
conditions. The energy share of the injected gas at the examined 
measuring points changed within 24,6÷35,6%. In fact, the 
exhaust gas opacity was decreased at all examined points. It 
is worth mentioning, however, that this effect required air 
flow rate correction in such a way that the excess air number 
was the same as that for traditional fuelling. This means in 
practice that in dual fuelling a special algorithm is to be used 
in the gas controller to control the excess air number, i.e. to 
play a function of the factory controller in traditional fuelling.

Fig. 2 Comparing exhaust gas opacity from traditionally and dual-fuelled 
engine with air flow rate correction: dual fuelling air flow rate the same as for 

diesel oil fuelling, gas injector opening time 2,0 ms

Relative change of the exhaust gas opacity with respect to 
that of diesel oil at a given measuring point can be calculated 
using the formula:

              (1)

where: 
ΔDkDF-2,0 is the relative exhaust gas opacity change at air flow 
rate correction and gas injector opening time of 2,0 ms,
DDFP-2,0 is the exhaust gas opacity of the dual fuel engine at 
gas injector opening time of 2,0 ms,
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DON is the exhaust gas opacity of the engine fuelled with 
diesel oil.

The data shown in Fig.3 indicate that in the NEDC test 
driving conditions the relative exhaust gas opacity can be 
reduced at all measuring points, and this reduction can range 
within 10÷92%. From the practical point of view concerning 
the particulate filter operation, of highest importance is 
the exhaust gas opacity reduction in increased engine load 
conditions, i.e. for operating points 1, 2, 5, 8, 10, 11, 13, 16, 
17, 18, 19 and 20. The smoke opacity reduction at these points 
can reach 10÷80%.

Fig. 3 Exhaust gas opacity changes for dual fuel engine working at points 
mapping the NEDC test (Table 2) with respect to pure diesel oil fuelling: 

air flow rate correction, gas injector opening time 2,0 ms, gas energy share 
24,6÷35,6%

Contemporary regulations concerning exhaust gas toxicity 
impose limits not only on the mass emission of particle matter 
(PM) expressed in [mg/m3], but also on the number of the 
emitted particles PN [6, 9]. The latter requirement results from 
the fact that a larger number of emitted particles increases the 
share of small-diameter ones, which are, in epidemiologists’ 
opinion, extremely dangerous for living organisms and 
remain in the atmosphere much longer than larger particles. 
That is why the particle measurements performed at points 
corresponding to the NEDC test also referred to the number 
of particles PN and their fractional distribution.

Figure 4 compares the total number of particles PN emitted 
by the engine fuelled with diesel oil with that recorded for the 
dual-fuelled engine at the gas injector opening times equal 
to 1,5 ms and 2,0 ms, without air flow rate correction (all 
supply parameters were set by the factory controller, without 
outside interference). The analysis of Fig. 4 shows that at points 
characterised by small rotational speed and low load, the total 
number of emitted particles was smaller for dual fuelling 
than for traditional fuelling. Within the medium rotational 
speed and load range, the PN emission for the above two 
fuelling types were similar, while for larger rotational speeds 
and large load (points 14, 16, 18 and 19) the dual-fuel engine 
emitted larger numbers of particles, with simultaneous higher 
exhaust gas opacity. It is also noteworthy that further increase 

of the volume of the injected gas increased the emission of 
particles at those points. 

Fig. 4 Comparing total number of particles PN in the exhaust gas from 
FPT 1.3 MJT engine, traditionally and dual-fuelled without air flow rate 

correction: factory controller, constant gas injector opening times 1,5 ms and 
2,0 ms

Correcting the air flow rate leads to the reduction of the 
number of particles emitted by the dual fuel engine, Fig.5. 
Almost at all analysed points the number of particles emitted 
by the dual fuel engine was smaller than that for traditional 
fuelling. 

It is also noteworthy that at a large number of measuring 
points, differences in the number of emitted particles for 
gas injector opening times of 1,5 ms and 2,0 ms are small, 
and at some points the PN number for time 2,0 ms is larger 
than that for time 1,5 ms. Simultaneously, the exhaust gas 
opacity for time 2,0 ms is clearly smaller than that for time 
1,5 ms at the examined points. Therefore, we can expect that 
at those points the increased gas share leads to the emission 
of a larger number of small particles.

Absolute differences in the number of particles ∆PN 
between traditional and dual fuelling can be calculated from 
the formula:

              (2)

where: 
∆PNkDF-2,0 is the difference between the number of particles 
emitted by the dual fuel engine with air flow rate correction 
and gas injector opening time equal to 2,0 ms,
PNkDF-2,0 is the number of particles emitted by the dual fuel 
engine,
PNON is the number of particles emitted by the engine fuelled 
with diesel oil.

Figure 6 compares absolute differences ∆PNkDF-1,5 and 
∆PNkDF-2,0 recorded at the measuring points. For the majority 
of points, these differences are smaller than 4000 [1/cm3]. 
Large differences were only recorded at points 19 and 20 
corresponding to rotational speeds of 2930 rpm and 3020 
rpm, and loads equal to o 80 Nm and 55 Nm, respectively. 
These points refer to the driving speeds characteristic for 
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the extra-urban test phase. The reduction in the number of 
emitted particles equalled 15.000÷24.000 [1/cm3] at point 19 
and 26.500÷32.000 [1/cm3] at point 20.

Fig. 5 Comparing total number of particles PN in the exhaust gas from FPT 
1.3 MJT engine, traditionally and dual-fuelled with air flow rate correction: 

factory controller, constant gas injector opening times 1,5 ms and 2,0

Fig. 6 Comparing absolute differences in the number of particles emitted by 
dual fuel engine at different gas injector opening times – 1,5 ms and 2,0 ms

Relative differences in the number of particles PN between 
traditional and dual fuelling can be calculated from the 
formula:

           (3)

where: 
δPNkDF-2,0 is the relative difference between the number of 
particles emitted by the dual fuel engine with air flow rate 
correction and gas injector opening time 2,0 ms,
PNkDF-2,0 is the number of particles emitted by the dual fuel 
engine,
PNON is the number of particles emitted by the engine fuelled 
with diesel oil.

The analysis of relative differences shown in Fig. 7 indicates 
that in dual fuel engines the total number of particles emitted 
in the NEDC test can be reduced approximately by 30÷40%, 
which should be considered a very large value from the point 

of view of environment protection. Of high importance is 
also the fact that the PN reduction was observed at almost 
all measuring points, also for small rotational speeds and 
engine loads, which corresponds to urban driving conditions.

Fig. 7 The effect of air flow rate correction on the total number of particles PN 
in the exhaust gas from traditionally and dual-fuelled FPT 1.3 MJT engine: 

factory controller, gas injector opening time 2,0 ms

Fractional distributions of the emitted particles are 
compared at four points selected from the total number 
of 20 measuring points examined in the NEDC test. Two 
points correspond to engine operation conditions in which 
gas addition resulted in the decrease of the number of emitted 
particles (Figs. 8 and 11), while at two remaining points the 
increase of PN emission was observed (Figs 9 and 10). The 
comparison shows that a basic portion of the emitted particles 
has the diameters ranging between 16,5÷339,8 nm. At the 
rotational speed of 900 rpm and load 45 Nm, the majority 
of particles have dimensions of 25.5÷93,1 nm, Fig. 8. Gas 
addition corresponding to the gas injector opening time of 
2,0 ms decreases the emission of particles with dimensions 
corresponding to largest emissions, while within the smallest 
and large diameter ranges the PM emissions for diesel oil and 
dual fuelling are similar.  

At point 18, corresponding to the rotational speed 2700 
rpm and load 73 Nm (Fig. 9), the fractional distributions 
for traditional and dual fuelling are similar. The increased 
emission at dual fuelling is observed within a wide range 
of particle dimensions, 19,1÷165,5 nm. Characteristically, 
the share of large particles, of 191,1÷339,8 nm, is negligibly 
small. Shifting the dimensional range of the emitted particles 
towards smaller diameters at higher rotational speeds can be 
related to the increase of the medium temperature, but also to 
a shorter response time, which does not allow for coagulation 
of larger particles.  
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Fig. 8 Comparing fractional distributions of particles, dN/dlogD, for 
traditionally and dual-fuelled FPT 1.3 MJT engine: point 1 acc. to NEDC test, 

n = 900 rpm, Mo = 45 Nm, gas injector opening times 1,5 ms and 2,0 ms

Further rotational speed increase shifts the particle 
creation process towards smaller particle dimensions. For 
point 19, characterised by rotational speed of 2930 rpm and 
load of 80 Nm, the largest numbers of the emitted particles 
have dimensions within 22,1÷69,8 nm, Fig. 10. Also within 
this range, the numbers of particles emitted at dual fuelling 
are larger than at diesel oil fuelling. Without charging air 
correction, the increase of the injected gas is accompanied by 
the increase in the number of emitted particles, with larger 
differences taking place within the small-dimension range.

Fig. 9 Comparing fractional distributions of particles, dN/dlogD, for 
traditionally and dual-fuelled FPT 1.3 MJT engine: point 18 acc. to NEDC 

test, n = 2700 rpm, Mo = 73 Nm, gas injector opening times 1,5 ms and 2,0 ms

At point 20, characterised by rotational speed of 3020 
rpm and load of 55 Nm, Fig. 11, the larger number of the 
created particles have dimensions within 19,1÷69,8 nm. At 
dual fuelling, the ranges of largest numbers of particles are 
shifted towards larger particle dimensions. Since the particles 
are created as a result of thermal cracking of diesel oil, the 
creation of larger particles can testify to worsened quality of 
liquid fuel combustion, due to lower oxygen concentration 
and simultaneous higher concentration of carbon dioxide. 
Decreasing the combustion rate prolongs the fuel oxidation 
process, which fosters particle coagulation into larger 
aggregates. Simultaneously, lower oxygen concentration in 

the charge leads to the decrease of the excess air number in 
liquid fuel combustion zones, providing good opportunities 
for the creation of a large number of primary particles. The 
decrease in the total number of particles at dual fuelling, 
which can be observed in the fractional distribution in Fig. 
11, can be interpreted as the result of smaller amount of diesel 
oil delivered in one working cycle, with simultaneous burning 
up of primary soot particles in the combusting mixture. The 
combusting gas/air mixture decreases the rate of cooling 
of liquid fuel combustion products which fosters the soot 
particle burning up process. 

Fig. 10 Comparing fractional distributions of particles, dN/dlogD, for 
traditionally and dual-fuelled FPT 1.3 MJT engine: point 19 acc. to NEDC 

test, n = 2930 rpm, Mo = 80 Nm, gas injector opening times 1,5 ms and 2,0 ms

Fig. 11 Comparing fractional distributions of particles, dN/dlogD, for 
traditionally and dual-fuelled FPT 1.3 MJT engine: point 20 acc. to NEDC 

test, n = 3020 rpm, Mo = 55 Nm, gas injector opening times 1,5 ms and 2,0 ms

Within the range of particle dimension larger than 
69,8 nm, the numbers of the particles created at gas addition 
are similar to those recorded for pure diesel oil fuelling. The 
amount of the added gas within this range does not affect 
the number of the created particles.

Figures 12÷13 compare fractional distributions of the 
numbers of created particles at diesel oil fuelling and at 
dual fuelling with air flow rate correction. As a result of this 
correction, the supercharging pressure in the dual fuel engine 
became comparable with that for traditional fuelling. The air 
flow rate correction decreased the numbers of created particles 
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at all examined measuring points, and these numbers were 
considerably smaller than the corresponding values recorded 
in the traditionally fuelled engine.

It is noteworthy here that precise air flow rate correction, 
measured in [mg/cycle] would require taking into account 
the volume of the gas in the sucked charge, which would 
lead to slight increase of the supercharging pressure for the 
specific air flow rate be the same for both fuelling systems. 
However, such precise correction was not possible, as the 
engine operation controller switched to “emergency” mode 
in those cases. Achieving such precise correction in the 
examined engine would require global reprogramming of 
the factory controller, which was not possible.

Fig. 12 Comparing fractional distributions of particles, dN/dlogD, for 
traditionally and dual-fuelled FPT 1.3 MJT engine: point 7 acc. to NEDC test, 

n = 1590 rpm, Mo = 10 Nm, gas injector opening time 2,0 ms

Fig. 13 Comparing fractional distributions of particles, dN/dlogD, for 
traditionally and dual-fuelled FPT 1.3 MultiJet engine: point 19 acc. to NEDC 

test, n = 2930 rpm, Mo = 80 Nm, gas injector opening time 2,0 ms

CONCLUSIONS 

Dual fuelling of modern Diesel engines can contribute to 
the reduction of particulate matter emission, especially in 
urban traffic conditions. It should result in prolonging the 
time between successive regenerations of DPF filters and 
their total lifetime, and in increasing the engine reliability.

The addition of the natural gas, CNG, to the diesel oil 
reduces the smoke opacity and PM emission in the exhaust 
gas. In modern Diesel engines equipped with high-pressure 
injection systems of Common Rail type and electronic engine 
operation control, special controllers are to be used in dual 
fuelling systems to control the quality of the charge. These 
controllers should make use of different controlling procedures 
than those traditionally used in factory controllers. This 
mainly refers to air flow rate correction at decreasing share of 
liquid fuel, but also to the method of liquid fuel dose division 
and injection times for partial doses [18].

The performed research has shown that air flow rate 
correction provides opportunities for decreasing exhaust gas 
opacity (Filter Smoke Number - FSN) and total number PN of 
emitted particles. This effect was observed at all twenty engine 
operation points selected as corresponding to the NEDC test, 
which is promising for potential positive driving tests during 
car inspections. The exhaust gas opacity reduction amounted 
to 10÷92%, and the reduction of the total number of particles, 
PN, by 30÷40%, depending on engine operation conditions. 
Of high importance is the reduction of PM emission at higher 
rotational speeds and engine loads, when this emission is 
more intensive. This is also promising for DPF filter operation 
in extra-urban driving tests, which should positively affect 
its lifetime. 

The above effects cannot be achieved using factory 
controllers with overlapping dual fuel installations. The tests 
have proved that at points at which the factory controller 
decreases the air flow rate the use of additional gas dose can 
increase the exhaust gas opacity an PM emission.

The fractional analysis has shown that the basic portion of 
the created particles has dimensions within 16,5÷339,8 nm. 
The increase of rotational speed and engine load increases the 
number of particles with smaller diameters, for instance for 
the speed of 2930 rpm and load of 80 Nm the highest number 
of particles had diameters within 22,1÷69,8 nm. This most 
likely resulted from higher medium temperatures during 
combustion which facilitated burning up of particles, but 
also from shorter combustion time which did not allow for 
coagulation of larger soot particles.

Within the range of smaller rotational speeds and low 
engine loads, the fractional distribution of the particles 
emitted at dual fuelling was similar to that observed in 
traditional fuelling. At higher engine loads and dual fuelling, 
the basic portion of particles had larger diameters than 
those created during traditional fuelling, which can testify 
to worsened conditions for oxidation of partial liquid fuel 
doses injected during active combustion in the conditions 
of lower oxygen concentration and the presence of carbon 
dioxide in the exhaust gas. This fact should be taken into 
account in algorithms dividing the liquid fuel dose for dual 
fuelling. These issues need further research. 

In engines equipped with DPF filter, the action of this 
filter can make the effect of gas addition much smaller in 
test conditions. It is expected, however, that during engine 
operation, the positive effect of gas addition on the PM 
emission will significantly decrease the load of the DPF filter, 



POLISH MARITIME RESEARCH, No 2/2017 103

thus contributing to the decrease of the emission of toxic 
components during filter regeneration.  

The research was performed within the framework of the 
research project No.  PBS1/A6/13/2012 entitled: “Reducing 
smoke opacity and particulate matter emission in the exhaust 
gas from car Diesel engines via CNG addition”. The project was 
financed by the National Centre for Research and Development.
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