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Abstract: The present work is focused on the assessment of the performance and fine particulate
matter emissions (PM,5) of a turbocharged four-cylinder direct injection diesel engine operating
under dual-fuel mode with Liquefied Petroleum Gas (LPG). For load levels of 30%, 60% and 100%,
measurements were taken, keeping the engine speed constant at 2200, 2500 and 3200 rpm, while
the engine knock detonation was detected through a non-invasive internal system. According to
experimental measurements, the abnormal knock combustion occurred at full load operation with
a maximum LPG energy fraction of ~60%. The brake fuel conversion efficiency increased by 2.6%
with an LPG energy fraction of 10%, where a fuel saving of 11.9% was achieved with respect to
the diesel-only operation. The reduction of diesel consumption was around 50% with respect to
100% diesel operation at full load operations, where the highest brake fuel conversion efficiency
was achieved. The brake fuel conversion efficiency decreased as LPG addition increased for all the
engine loads. Regarding emissions, PM; 5 decreased with the addition of LPG. However, HC and CO
emissions increased as LPG injection was higher. NOy emissions and exhaust gas temperatures were
reduced for operation with higher LPG fractions, except for full load levels at 2200 and 2500 rpm.

Keywords: LPG; diesel; dual fuel; combustion engines; knock detection

1. Introduction

Today the highest percentage of worldwide energy consumption comes from fossil
fuels. Contaminants such as particulate material (PM), nitrogen oxides (NOXx), carbon
monoxide (CO) and hydrocarbons (HC) are latent combustion emissions and harmful to
the environment. In addition, fossil fuel supply sources are not renewable energy and are
in depletion. Thus, given the growing demand for this type of energy, it is necessary to find
alternatives to replace energy consumption sustainably. In the area of internal combustion
engines (IC), one of the solutions is the use of LPG since it is accessible and abundant in
quantity [1]. In the case of spark-ignition engines, the LPG can operate as an alternative
fuel, that is, 100% LPG due to its high-octane rating and under dual operation, which is
more recommended for wear issues in the engine. In engines ignited by compression (CI),
due to its high compression ratio, LPG cannot work as an alternative fuel; however, a dual
operation is possible.

In compression-ignited engines running in dual-fuel mode, the primary fuel is the
one that delivers the greatest contribution to the engine brake power. This fuel becomes
LPG; diesel is called a pilot fuel, used in smaller quantities. In other words, it is the
first fuel to burn and is responsible for igniting the air-LPG mixture. The LPG is mixed
with the air in the intake manifold. Once this fuel-air mixture is formed, it enters the
combustion chamber through the intake duct. To ignite this mixture, diesel injection
into the combustion chamber is necessary [2]. A dual-fuel compression ignition engine’s
performance and emissions depend on its operating conditions, specifically on the injection
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parameters. Operating conditions correspond to speed, load level, amount of pilot fuel
and injection time. It has been shown that as the amount of LPG supplied to the engine
increases, its brake fuel conversion efficiency tends to decrease. However, for certain loads
and proper LPG replacement, engine performance may improve. Regarding PM emissions,
they are significantly reduced, NOy decreases slightly at partial loads, and HC and CO
increase with respect to diesel-only operation [3-6].

Brake fuel conversion efficiency depends on the level of charge, and the amount of LPG
substituted [2,7,8]. It has been studied that brake fuel conversion efficiency worsens for an
operation at low loads. However, for high loads, improvements have been registered. Viyay
et al. [9] recorded a 4% improvement over the diesel-only operation. G.A. Rao et al. [7]
demonstrated in a four-stroke single-cylinder diesel engine that brake fuel conversion
efficiency increases for a load of 80% and for an energy replacement of LPG with diesel of
10% and 20%. On the other hand, for a 20% load level, as the replacement of LPG increases,
brake fuel conversion efficiency decreases progressively, a decrease from 14.4% (diesel-only
operation) to 9.7% (50% LPG energy replacement) for that level of charge. The same author
in another study [8] confirms that at low loads, brake fuel conversion efficiency decreases
as the energy replacement of LPG increases, and for high loads, brake fuel conversion
efficiency increases to a certain percentage of LPG replacement.

Volumetric efficiency decreases as the replacement of LPG by diesel increases for all
loads [1,2,4,8]. The volume of air inside the combustion chamber is displaced by the same
gas [2,7]. Vezir et al. [9] recorded that, for a single-cylinder, four-stroke, and direct injection
diesel engine, operating at full load and replacement percentages of LPG 5, 10, 15 and 25%
on a mass basis, volumetric efficiency decreases.

Specific fuel consumption decreases with a dual LPG operation for high loads, and this
statement is supported by various studies [1,9,10]. On the other hand, for low loads, there
has been an increase in specific fuel consumption [1,7,8], making the engine less efficient.
Dong [1] indicates an average reduction of 8% operating at full load with a diesel engine in
a dual mode with respect to its diesel-only operation. However, for a load of 25% and a
20% amount of LPG in operation, there is a slight increase in the specific fuel consumption
compared to its normal operation.

The NOy emissions in an engine are determined by the type of fuel and, therefore, by
the combustion temperature [10]. Therefore, if there is no significant change in these factors
with dual engine operation, there will not be much difference in these emissions compared
to their conventional operation. Dong et al. [1] conducted tests according to the national
standard procedure (GB 17691-1999 China) and demonstrated that regardless of the engine
load level, NOy emissions decrease slightly for most test modes, except for mode eight
at full load. This is explained by an increase in the internal pressure in the combustion
chamber that results in an increase in its temperature and, consequently, a higher level of
these emissions. Several studies support that the NOy emissions of the engine for partial
loads decrease with respect to its diesel-only operation [1,7,11-13]. On the other hand,
studies carried out at full load have registered that NOy emissions tend to increase as the
amount of LPG increases [1,9,13,14].

The emissions of HC with a dual operation increase with respect to emissions with a
diesel-only operation [1,10-12]. Emissions increase at a higher level of LPG replacement
and especially at low loads. D. H. Qi et al. [12] recorded an increase in these emissions for
low loads as the mass percentage of LPG increases and similar to its diesel-only operation
for high loads. Several authors explain that this behavior is due to incomplete combustion
of LPG [1,10,11]; there have been problems such as ignition delays for low loads, which
directly affects the quality of combustion [1] emitting unburned hydrocarbons present in
the LPG [11]. The main reason for this emission is the gas’s temperature in the combustion
chamber that is lower at lower loads and because there is an increase in the amount of LPG.
In addition, LPG contains aromatic hydrocarbons that are very stable to burn completely.
Suitable spraying can reduce the mixed fuel near the cylinder walls, significantly reducing
HC emissions [12].
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CO emissions behavior is very similar to HC, except that at full load, these emissions
have been practically the same when comparing a dual operation with LPG to the diesel-
only operation and could even be reduced [1,10,12]. The main reason for producing this gas
is the temperature of the mixture and the availability of unburned gases [11,12]. In addition,
with high amounts of LPG, oxygen is reduced in the combustion chamber, and it is difficult
for the conversion of CO to CO, to occur [11]; in other words, if the fuel-air ratio is reduced,
there will be an increase in these emissions [14]. At high loads, due to the instantaneous
boiling of the injection, there is an improvement in the efficiency of the fuel-air mixture,
and it gives the mixture more opportunities to have contact with the air [12]; this explains a
lower amount of CO emissions.

With respect to PM emissions, for all operating conditions, there is a decrease in its
emissions when the engine is running in dual mode [1,15]. For example, Dong et al. [1]
recorded that for high loads, there is a decrease greater than 50% of PM of the engine
running under dual operation with respect to the baseline. The greater the amount of LPG
used, the greater the decrease in these emissions.

The challenges for a compression-powered engine running dual are to improve its
thermal performance and its HC and CO emissions, especially for an operation at low
loads [16-18]. Another is to improve uncontrolled combustion for high loads [18].

LPG has a high tendency to auto-ignition since its auto-ignition temperature is low;
for high loads, this produces an increase in the pressure rate during combustion, leading
to knocking [19]. Studies confirm that the knocking phenomenon is mainly due to the
autoignition of the mixture at an outdated time [18,20,21]. The EGR and the throttling of
admission can eliminate the knock [22]. This is evident by increasing the addition of LPG
as a result of the high burn rate [23]. In addition, the knock and ignition limits are strongly
linked to the type of gas and its concentrations [24].

The present research used a turbocharged, four-cylinder direct injection diesel engine to:

e  Determine the maximum diesel substitution by LPG until the knock phenomenon at
different engine loads without any engine modification.

e  Evaluate the impact of LPG substitution on emissions PM; 5 and the performance of
the engine.

e  Measure the diesel saved when the engine runs in dual-fuel mode.

2. Experimental Setup
2.1. Test Cell

In this investigation, a Perkins Prima M80T Turbocharged marine diesel engine (Speci-
fications in Table 1) was used to dual-operate with LPG-diesel. To regulate the load level of
the engine, a 150-kW hydraulic dynamometer was used coupled to the engine, which can
be seen in the experimental setup of Figure 1 and physically in Figure 2. The dynamometer
has an analog indicator engine torque, which is regulated by a lever system. Regarding
fuels, low-sulfur commercial diesel was used. The LPG was supplied by a 45 kg cylinder
with an internal pressure of 100 psi. The way to control the flow of LPG was through a
pressure regulator maintaining an outlet pressure between 0.1 and 2.0 bar. To measure the
amount of LPG, an Aalborg GFC-57 mass flow controller was used, integrated into the
injection line to the engine towards the air intake.

Table 1. Engine specifications (© SAE International).

Engine Model Perkins Prima M80T Turbocharged
Cycle 4 stroke
Cylinders configuration 4 in line
Bore x Stroke 84.5 mm x 88.9 mm

Displacement 1994 cm?3
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Table 1. Cont.

Engine Model

Perkins Prima M80T Turbocharged

Compression ratio
Power rating
Torque rating

Injection system

Injection timing
Inlet valve opening
Inlet valve closing

17.2:1
58 kW at 4500 rpm
145 N-m at 2350 rpm
Direct injection system, Bosch VE pump with
cold start compensation and electric stop.
18° before TDC
7° after TDC
36° after TDC

INTAKE AIR

©) F
1

Exhaust valve opening 36° before BDC
Exhaust valve closing 10° before TDC
EXHALIST GASES
N TO
ATMOSPHERE
] A
- 1.Turbocharger
13 BOSCH BEA 2. Thermocouple
2S0iEH 3. Flame arrestor
{ 4. Rotameter
5y 5. Control and acquisition system

= sk DYNAMOMETER
© N controLLER el
ag 3 [SCHECK U2-20}

6. Gravimetric balance, Snowrex
NHV-30

7. Flow Controller

8. Manometer

9. Gas cylinder

10, Huel tank

11. Encoder

12, Tacometer

13, Exhaust emissions analyzers

ENGINE
4 J T 3 i
K o 3 o . =4 !
N\ EXHAUSTMANIFOID &
LPG ] GRAYIMETRIC
[E)] BALANCE
- [SNOWREX
MHV-30)
6y

Figure 1. Experimental setup.

14, Particulate filters

Figure 2. UTFSM test engine facility: (a) Front view and (b) back view.

Three shut-off valves were installed in the injection line for safety and flow interrup-
tion in case of emergency. The engine had thermocouples that measured the temperature
of the oil, exhaust gases, intake air, coolant, and cooling water under different operating
points. A gravimetric balance Snowrex NHV-30 was used for fuel consumption, making
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measurements for every second of a diesel tank in which the fuel is extracted. Air consump-
tion was measured using a rotameter model Aerzen D74, and the boost pressure was with
a Hg-column manometer. The block vibration signal was measured with a commercial
Bosch knock sensor mounted in the upper part of the engine block near cylinder 1. The
knock sensor signal and the Omron E6B2-CWZ6C encoder were recorded with a DT9816-S
data acquisition system using the QuickDAQ software version 1.6. The knock intensity
was measured through a novel technique, which uses the Pondered Deviation from the
Reference index defined as given in Equation (1).

Ly M-1 g KT)?
PD, = VA, (5 i KL)
3

)

KI; is the knock intensity of the i-th combustion cycle, KI, is the mean of reference
knock intensity, o, is the standard deviation of reference knock intensity, and M is the
number of KI values considered to compute the index. For details, see [25].

Two measurement phases were carried out, and two different types of equipment
were used to measure polluting emissions. In the first phase of measurements, the Testo
340 device was used to measure O,, CO,, NOy and CO, and the measurement of HC,
Bosh device was used. On the other hand, for the second measurement phase, focused
on the analysis of PM; 5, the particulate material was measured by a gravimetric method
using a non-motorized passive device called Cartridge, in which quartz filters are installed
for the retention of PMj, 5. Table 2 summarizes the uncertainties of the measurements.
Knock detection was performed using a non-invasive method based on the analysis of
structural vibration.

Table 2. Uncertainties of measurements.

Item Uncertainty
Torque +0.7 N-M
Engine Speed +1 Rpm
LPG Volume Flow Rate +3 L/Min
CcO +1 Ppm Vol
NOy +1 Ppm Vol
HC +1 Ppm Vol
CO, +1 Ppm Vol
O, +1 Ppm Vol
SNOWREX +0.001 Gr

2.2. LPG Substitution

From the total input power, theoretical replacement percentages to be injected sequen-
tially are calculated. This percentage of power translates into a volumetric flow rate of
LPG, which is measured by the mass flow controller. The LPG energy fraction is defined
as the ratio between the percentage of LPG energy that entered the engine over the total
energy input. Mathematically, the energy fraction is defined as given in Equation (2). In
addition, diesel fuel savings is calculated by Equation (3) as the brake-specific diesel fuel
consumption (Bsfc).

LHV, '
Fraction (—) LPG * MLPG

@

LHVdiESEl * mdiesel + LHVLPG * mLPG

Bsfc (g/kWh) = % ©)]
rake
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2.3. Experimental Procedure

In the first place, a baseline of the engine was determined, operating only with diesel
at certain operating points. To compare, under the same conditions, a dual operation with
LPG. The operating points were at three different speeds (2200, 2500, and 3200 rpm) under
three engine load levels at each speed (30%, 60%, and 100%). For each operating point, three
measurements were carried out randomly for statistical purposes. In the second phase,
the baseline considered only 2500 rpm engine speed; in this regime, LPG was injected
in different percentages (0%, 10%, 20% and 30%), three replicas of each operation mode,
recording the measurement of PM; 5. Diesel fuel injection was carried out automatically
by the fuel pump that was supplied depending on the operating point, either the engine
running on only diesel or dual mode. The brake fuel conversion efficiency was calculated
as follows:

Bfce — - Porake _ )
Meiesel dual LH Viiesel +mLpc LHVLpG

Regarding the supply of LPG, its flow was controlled and adjusted according to the

partial energy requirement. The total energy input to the engine was defined in operation

with only diesel, which corresponds to the baseline. From that energy, replacement energy

percentages were calculated in multiples of 10. These percentages define the flow rate

of the LPG required to replace the energy corresponding to diesel. In the dual operation

process, the engine was adjusted with the same power output as in the baseline, and LPG

was injected at different replacement percentages. For each percentage of substitution,
three measurements were made.

3. Results and Discussion
3.1. Dual Operation Limits

The limits of operation under dual operation with LPG-diesel are predominantly two-
fold. The first one is the vaporization rate of the gas cylinder. This factor clearly depends on
the ambient temperature and the amount of gas in the cylinder; the better the vaporization
rate of the cylinder, the greater amount of LPG to be injected, especially at the full load
where the torque is greater. In this work, there were no insufficiencies with the flow of LPG
because the cylinder had an adequate vaporization ratio. The second reason is due to the
vibrational level of the engine measured through the PDr index. The PDr as a function of
the LPG energy fraction is shown in Figure 3 at different engine loads and speeds. The
knock phenomenon occurs at full load, from an energy fraction of 50%, becoming severe at
an energy fraction of 60%. The high knock tendency is caused by the low cetane number
of the LPG (low ignitability) and a high compression ratio of the engine, which induces
high temperature in the combustion chamber during the compression stage. According to
thermocouple measurements, the highest temperatures are obtained at higher loads which
promotes knock when the engine runs in dual-fuel mode. Specifically, the highest level of
knock was reached at 2500 rpm, where the highest brake fuel conversion efficiency was
obtained, implying a higher combustion temperature [2,14,16,18,19,24].

In contrast, at lower engine loads, a knock was not perceived since the brake fuel
conversion efficiency decreases considerably, which implies that a fraction of the LPG may
not burn totally [2,6,7,10-12]. In conclusion, the amount of LPG injection was limited,
taking as a reference the engine performance and emissions” worsening,.
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-@- 60% 2200 rpm x
-®- 60% 2500 rpm h
50 4 -@ 60% 3200 rpm /
-@ 100% 2200 rpm /
-@- 100% 2500 rpm /
40 4 -@ 100% 3200 rpm /
1
x Knock audible ,'
l’l
5 30 /
Q I
1
20 -
10 -
0
T T
0.6 0.7

T T
0.3 0.4 0.5

LPG energy fraction [-]

Figure 3. PDr vs. LPG energy fraction at different engine loads and speeds.

3.2. Engine Performance
According to Figure 4, the brake fuel conversion efficiency decreases for an operation

at low loads. For both 30% and 60% engine load, there is a decrease of 16% in brake
fuel conversion efficiency as the energy fraction of LPG is increased. This is because for
larger fractions of LPG, the amount of pilot fuel decreases, and the greater amount of
diesel, the better and stronger the ignition leading to better combustion [2,18-20]. For a
full load operation, it is increased up to a certain fraction of LPG. At 2200 rpm, brake fuel
conversion efficiency increases from 37.2% to 38.1% (which means a 2.6% increase) for a
20% substitution. Similarly, for a speed of 2500 rpm, there is an increase from 37.9% to
38.9% (which means an increase of 2.6%) for substitution of 10%, and finally, for a speed of
3200 rpm, there is an increase from 35.4% to 36.0%, (which means a 1.7% increase) for a
10% replacement of diesel with LPG. In addition, it should be noted that the highest brake
fuel conversion efficiency was obtained for a speed of 2500 rpm for small and larger LPG
fractions. For a 60% fraction of LPG, brake fuel conversion efficiency drops dramatically
when knock occurs for an operation with a speed of 2200 and 3200 rpm, however, for
a speed of 2500 rpm, there is a decrease in brake fuel conversion efficiency, but it is not
as evident as the other cases. That is also explained by the instability during the engine

operation [26].

(a) 2200 rpm (b) 2500 rpm (c) 3200 rpm
0.400 0.400 0.400
5 4 ,4-“'-.‘ ~& - |oad 30%
0375 4 g a ik, 0.375 4 4 g i 0.375 load 60%
= ! M A e o --A- load 100%
0.350 - . A 0.350 4 0.350 A,
= - o ‘,.._‘_'
0.325 - s 0.325 - ks 0.325 -
S » E-EH-8 - A
@ 03004 &% 0.300 - _FERE 0.300 | B-8-g
g o« ; ',‘,\. = A |
0.275 - . 0275 4 & ~ 0275 4 @ L & --8--8
\n\ b | ® L
0.250 - . 0.250 y 0.250 - \ .
*. \,."/.’.\, ,\/. ~e—e
0.225 | 0.225 - \0\. 0.225
é-e °
0.200 - T T T 0.200 T T T 0.200 1 T T T
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6

Figure 4. Brake fuel conversion efficiency v/s LPG energy fraction at (a) 2200 rpm, (b) 2500 rpm, and

(c) 3200 rpm.

LPG energy fraction [-]
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With respect to the saving fuel consumption, according to Figure 5, an effective saving
of diesel fuel is clearly seen when the engine operates in dual-fuel mode. In the case of
higher brake fuel conversion efficiency, at 2500 rpm, full load and 10% of diesel substitution,
a saving of 11.9% were achieved compared to its normal operation with diesel fuel only.
For the maximum substitution registered in dual operation, an average saving of 54.3% of
diesel was achieved, independent of the level of load and engine speed. Diesel fuel savings
are clearly explained by reducing the amount by adding LPG to the engine to maintain the
total input power of a diesel-only operation. For reference, Figure 6 shows the equivalence
ratio used in the experimental tests, which is higher (less air) the higher the load.

(a) 2200 rpm (b) 2500 rpm (c) 3200 rpm
300 A —e:- load 30% 300 4 300 4 &
.Y & - load 60% \ & %
\\ A~ load 100% [y [ |
250 - .. 250 4 & \0\(\ 2509 | AR Y
= s - " \, b \
= 1 \. . B » A, B g “
< 2004 Arg N 200 4 W \ 200 Y N\
E R e m Ve “a -
T Awm - I X \ ) LN
y— "A |2 \[ . = =1 "‘ ®
2 150 o ~ o m L 150 o ‘A, 150 ey B
Anm A E A m
A wm
100 - “A 100 - A W 100 -
|
=]
T T T T T T T T T T T T
0.0 0.2 0.4 06 08 0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6
LPG energy fraction [-]
Figure 5. Brake-specific diesel fuel consumption (bsfc) v/s LPG energy fraction at (a) 2200 rpm,
(b) 2500 rpm, and (c) 3200 rpm.
(a) 2200 rpm (b) 2500 rpm (c) 3200 rpm
0.7 0.7 0.7
-&- |oad 30%
A = - load 60%
0.6 0.6 0.6 .
o ahe kg K I 4 load 100%
2 054 0.5 ‘_,,_‘....‘--"‘ £ 0.5
[v]
; g~ 85-g =] & POt ‘....“‘"A
g 0.4 o - -8 = 0.4 - B-_g-8 0.4 4 Aoegoe
[7] = a B
© —y & 2 & E
S o034 i 0.3 - et 03 m-goF g, 2 °
= — 8 —0—%e— e’
T o
o2 0.2 0.2
0.1 T T T T 0.1 T T T T 0.1 T T T T
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6

LPG energy fraction [-]

Figure 6. Equivalence ratio v/s LPG energy fraction at (a) 2200 rpm, (b) 2500 rpm, and (c) 3200 rpm.

Table 3 highlights the most important findings for PDr, Bfce and diesel fuel substitution
for dual operation.
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HC [ppmv]

1200

1000

800

600

400

200

Table 3. Most important findings for PDr, Bfce and diesel reduction consumption for dual operation.

Load Level LPG Energy PDr o Diesel Reduction
Speed (rpm) %) Fraction (%) 0 Bfce (%) Consumption (%)
20 38.1 16.9
30
60 40.1
2200 60 60 44.1
59 knock
100
60 56.1
10 38.9
30
60 40.6
2500 60 60 47.5
55 knock
100
60 52.6
10 36.0
30
60 67.8
3200 60 60 47.5
53 knock
100
60 47.5

3.3. Emissions

The behavior of HC emissions can be seen in Figure 7; as demonstrated, these emis-
sions increase with the addition of LPG in the engine. The rate of variation of the increase
depends on two operational factors: the speed and the level of engine load. There is a
decrease in the rate of HC as the speed of rotation is greater and, in the same way, when
operating with a higher level of load. HC emissions are higher at low loads due to incom-
plete combustion (low combustion temperature); also, an increase in the ignition delay
occurs as the amount of LPG injected increases, which influences the combustion of the
mixture [1,2,7,10,11,14].

(a) 2200 rpm (b) 2500 rpm (c) 3200 rpm
4 —e-- load 30% P 1200 1200 A
= - load 60% ?
--A- load 100% /v) e —
? /a
d B
. 800 - } 4 800 -
/ = g
- i 600 o . /= 600 o
/' X e
y /
- | - 7 —
B = 400 g _E 400 o
g LA -/./ = '.)é,o a
- ol 200 ® ki 200 -
’& Tk /%/i «A"" q/&f“A
LA N SR
T T T T 0 "f/ T T T 0 T T T T
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6

LPG energy fraction [-]
Figure 7. HC emissions v/s LPG energy fraction at (a) 2200 rpm, (b) 2500 rpm, and (c) 3200 rpm.

The CO emissions are shown in Figure 8. These emissions increase by adding LPG
to the engine. These emissions are emitted in greater quantity at low engine loads. The
rate of formation of these emissions can be reduced for a full load operation from a certain
LPG fraction. CO emissions behavior is similar to that of HC. Due to this, the same reasons
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(incomplete combustion) that explain this behavior are shared. This is generally due to
poor combustion quality for low loads to generate unburned emissions present in the
LPG [1,2,7,10,11].

(a) 2200 rpm (b) 2500 rpm (c) 3200 rpm
3000 3000 - 3000 - P
~@ - load 30% o
& - load 60% /
2500 - -.A-- load 100% 2500 + 2500 4 S -8
=M ‘.
/
> 2000 - - }"“ 2000 = ’/. 2000 i
= =g . "/ -
SR R S 1500 - & e 1500 A A 2
a )KAA AE Tk /' A
®] ; ] - 710k K ¥
e Som . e 2
1000 4 & 1000 4 o 10004 S_-@
A @ S g :}
v % %
500 o' @ s00 | & ° 500 | #°
v ¢ ¢
U 1 1 I T 1 I 1 1 T ) T
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6
LPG energy fraction [-]
Figure 8. CO emissions v/s LPG energy fraction at (a) 2200 rpm, (b) 2500 rpm, and (c) 3200 rpm.
The NOx emissions, shown in Figure 9, show a decrease in these emissions for low
loads as the percentage of LPG to the engine increases and the exhaust gas temperature
decreases (Figure 10). This is due to the ignition delay that causes poor combustion and
a low combustion temperature for those charge levels [1,2,12,16,18]. For maximum LPG
substitutions, it is possible to reduce, on average, by 34%. However, for high loads, except
for the graph of Figure 9¢, these emissions increase. For maximum brake fuel conversion
efficiency, a boost for NOx of 1.7% is recorded for a speed of 2200 rpm and a decrease
of 4.6% and 4.7% at 2500 rpm and 3200 rpm, respectively. At full load, NOy emissions
increases while exhaust gas temperature decreases for operation with higher LPG fractions
at 2200 and 2500 rpm. That is explained by the equivalence ratio used, considering that it is
greater than the 30% and 60% load (Figure 6).
(a) 2200 rpm (b) 2500 rpm (c) 3200 rpm
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Figure 9. NOx emissions v/s LPG energy fraction at (a) 2200 rpm, (b) 2500 rpm, and (c) 3200 rpm.
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Figure 10. Exhaust gas temperatures v/s LPG energy fraction at (a) 2200 rpm, (b) 2500 rpm, and
(c) 3200 rpm.
Table 4 highlights the most important findings for gaseous emissions in dual operation.
Table 4. Most important findings for gaseous emissions in dual operation.
Equation Exhaust Gas
Load Level LPG Energy . NOy
Speed (rpm) (%) Fraction (%) R(a-t)lo CO (ppmv) (ppmv) HC (ppmv) Tem%eé?ture
20 0.27 719 315 260 166.3
30
60 0.18 1708 161 915 160.2
2200 60 60 0.26 1872 597 528 234.1
59 knock
100
60 0.62 1310 1320 287 3154
10 0.26 577 432 128 179.8
30
60 0.2 1539 364 501 182.9
2500 60 60 0.22 2297 534 532 218.0
55 knock
100
60 0.54 1144 1171 199 314.8
10 0.29 707 571 65 2214
30
60 0.2 2784 489 311 213.0
3200 60 60 02 2470 574 275 223.8
53 knock
100
60 0.45 1324 762 165 298.6

Regarding the second phase, the LPG energy fraction, emission factors of PM; 5,
standard deviation (SD) and Pearson variation coefficient (VC) are found in Table 5. The
VC indicates the variation of a sample independent of its magnitude. When this value
is close to zero, it indicates a homogeneous sample, but if it is close to one, it indicates
a heterogeneous sample. Given this definition, it can be concluded that although each
percentage of GLP was repeated three times, the sample is homogeneous for all the LPG
fractions. The emission factor data is plotted in Figure 11 for better visualization.
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Table 5. PM; 5 measurements in experiments.

LPG Energy Emission SD Ve {ch-erage of
Speed (rpm) Fraction Factors © © Emission Factors
(ng/kWh) (ug/kWh)
0 119.0 0.1431 296 x 107°
0 89.7 0.1427 296 x 107> 89.5
0 59.8 0.1441 296 x 107°
0.1 59.8 0.1445 299 x 107°
0.1 0.0 0.1438 299 x 10~° 44.7
0.1 29.6 0.1391 299 x 10~°
2500 0.2 59.5 0.1388 1.72 x 107>
0.2 29.7 0.1424 1.72 x 1075 39.6
0.2 29.7 0.1369 1.72 x 1073
0.3 59.5 0.1436 8.66 x 1075
0.3 209.0 0.1412 8.66 x 1075 109.2
0.3 59.1 0.1447  8.66 x 107>
lel
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Figure 11. The average emission factor of PM; 5 at 2500 rpm and full load conditions.

It can be concluded there is a decrease in specific PM; 5 emissions by adding LPG to
the engine in increasing amounts. For example, for a 10% replacement of diesel energy
fraction by LPG, a decrease in PMj 5 of around 50% was achieved. This is clearly due to
the decrease in diesel use by increasing the addition of LPG, decreasing the emissions
resulting from the combustion of diesel as PM; 5 [1,7,8]. LPG fraction of 0.3 has the greatest
experimental error due to the instability during the engine operation [26].

4. Conclusions

The combustion and emissions characteristics of a turbocharged four-cylinder direct
injection diesel engine operating under dual-fuel mode with liquefied petroleum gas were
investigated to determine the maximum diesel substitution until the knock phenomenon
was detected.

The major findings can be summarized as follows:

- LPG diesel dual-fuel mode operation was possible without knocking in operations
at low and medium loads. However, knock occurred at full load, both for a rotation
regime of 2200 rpm, 2500 rpm and 3200 rpm, with an LPG energy fraction of 59%, 55%
and 53%, respectively. The high knock tendency is caused by the low cetane number
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of the LPG and a high compression ratio of the engine, which induce high temperature
in the combustion chamber during the compression stage.

A small increase in engine brake fuel conversion efficiency was obtained, especially
at full load, but it decreases as the LPG energy fraction increases. This is explained
by the fact that for larger fractions of LPG, the amount of pilot fuel decreases, and
the greater the amount of diesel, the better and stronger the ignition, which leads to
better combustion. If the fuel savings obtained for the maximum fractions of LPG are
considered, a saving of 54.3% of specific fuel consumption is achieved.

The emissions of HC and CO increased as a larger fraction of LPG was injected into the
engine. The rate of formation of HC emissions increases while the load level is lower
and similarly increases if the engine speed is lower. CO emissions have a dependence
on the level of engine load; at full load, these emissions can decrease. These emissions
are due to incomplete combustion (low combustion temperature). In addition, an
increase in the ignition delay occurs as the amount of LPG injected increases, which
influences the combustion of the mixture.

NOx emissions can be reduced depending on the engine operating conditions. At low
loads, these emissions decrease while the exhaust gas temperature decreases. However,
at full load operation, they could increase while the exhaust gas temperature decreases.
That is explained by the equivalence ratio used, considering that it is greater (less air)
than the low and medium load.

PMj, 5 tends to decrease as the fraction of LPG entering the engine increases.
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Nomenclature

Bsfc Brake specific diesel fuel consumption
Bfce Brake fuel conversion efficiency

CcO Carbon monoxide

CO, Carbon dioxide

CI Compression ignition

EGR  Exhaust gas recirculation

HC Hydrocarbon

IC Internal combustion

LHV  Low heating value

LPG Liquified petroleum gas

m Mass flow rate

NOy Nitrogen oxide

Pprake Power brake

PDr Pondered deviation from reference index
PM,5 Fine particulate matter

rpm Revolutions per minute

SD Standard deviation

VC Variation coefficient
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