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Abstract: Disparities in the constituents among biogases pose various control challenges during
combustion, thus complicating its operability. Improving biogas by eliminating carbon dioxide (CO>)
remains difficult, and high CO, concentration is known to affect combustion. Still, the effect on
Biogas/Diesel dual-fuel reactivity-controlled compression ignition (RCCI) combustion is not well
explored. The influence of high diluent (CO;) proportions (25 —45%) and Biogas fraction (40 — 70%)
on Biogas/Diesel dual-fuel RCCI combustion was evaluated experimentally, at full load and 1600
rpm. The results show distinct temperature trends across the combustion regimes for all the CO,
ratios and Biogas fractions. The radiation absorption effect of high CO, reduces the cylinder
temperature and delays the expansion to a 10 — 20° crank angle after the top dead centre (CA ATDC).
The temperature and pressure decrease with the increase in CO; ratios and Biogas fractions, unlike
heat released rate. Burning Diesel and 45% CO; indicate the fastest combustion, with combustion
phasing (CAS50) at 6.353 ms ATDC while 25 and 35% CO; were slowed by 0.258 and 0.578 ms,
respectively. Inferentially, 35% CO- at a fraction of 50% could form the best reactivity.

Keywords: RCCI combustion; high CO; content; biogas

1. Introduction

The use of alternative fuel alongside fossil energy
demonstrated a considerable potential to address some
combustion and global emissions challenges through the
invention of more efficient technologies!, such as
reactivity-controlled compression ignition (RCCI). In
RCCI combustion, different fuels of varying reaction rates
get instant blending in the cylinder to enhance the
combustion magnitude through layer formation®*. Self-
ignition of a fuel having a high reaction rate initiates the
combustion causing a subsequent burning of low reactive
fuel due to the rise in the temperature and pressure in
RCCI combustion®. Gaseous fuel utilization is among the
measures taken to address some RCCI combustion
shortcomings®. Still, minimal attention is given to the use
of biogas”.

Biogas could be obtained through the anaerobic
digestion of organic compounds®. Biogas composes
single carbon alkane (methane, CH4), diluent (carbon
dioxide, CO), some nitrogen eclements and other
objectionable detrimental compounds like silicon oxides,
hydrogen sulfide, and ammonia. Utilizing biogas would

curtail the vigorous trend of fossil energy and reduce its
global impacts”. It supplies power for domestic
appliances as well as internal combustion engines. The
impurities are mainly a factor of biogas source and could
be harmful to combustion engines!'?. The constituent's
disparities pose various control challenges during
combustion, thus complicating its operability'". Biogas
unsteady combustion characteristics affect its utilization
rate'>!3). Gaseous fuel and diesel combustion also produce
high emissions'?. These deficiencies have encouraged
more search and testing of biogas in RCCI mode.
Previous efforts on various synthetic biogas
compositions utilized in RCCI combustion do not reflect
raw biogas. Wang et al.!® study the attributes of low-
quality biogas constituting 5% CHa4, 5% 40% carbon
monoxide (CO), hydrogen gas (Hz), and 50% nitrogen gas
(N2) as similarly reported by'®. Also, Kakaee et al.!”
evaluate the effects of biogas containing high CH, and
nitrogen gas with 0.28% CO; in RCCI mode. Carbon
dioxide pollutant also mainly come from the combustion
of gaseous fossil fuels as a power source'’, besides other
types'®. According to Hosseini and Wahid??, the process
of improving biomass-based biogas in eliminating CO,
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remains expensive. The difficulties in enhancing biogas
by eliminating CO, and the diverse disparities in the
constituents among biogases used in RCCI combustion
motivate the authors to investigate the influence of high
CO, proportion in biogas. Most of the research on the
impact of diluent concentration focuses on lab-scale
conditions with high pre-heating temperature and pressure,
mainly covering the output from shock tube analysis,
rapid compression machines, and continuous flow
reactors for biogas combustion, but not in RCCI mode.
Quintino et al.? opine that some diluent types evaluated
might not conform to biogas combustion in an
atmospheric scenario; thus, they require intense efforts in
more practical settings.

The article,??, published on the effects of port injection
at the valve and various engine capacities, at a 25% CO»
proportion, indicates an upper maximum temperature at
full engine load (6.5 bar IMEP, indicated mean effective
pressure). Although there have been numerous studies on
the use of biogas in SI and advanced dual-fuel CI engines
such as RCCI, few studies are available on the effect of
biogas with high CO, content for enhanced combustion
output. Therefore, this paper investigates the effects of
various high CO, portions on energy efficiency to enhance
the power generated in biogas-diesel RCCI engine at full
load and speed of 1600 rpm in a premixed mode
experimentally.

2. Theory/Calculations

2.1 Cylinder temperature measurement

The temperature was measured from the cylinder
pressure (P) and volume (V) data obtained at various
crank angle (8) positions (i) using Eq. 1 2%,

PiViwg
Tg = Tm.R (1)

In Eq. 1, T, is the cylinder gas temperature at a crank
angle i (K), w, is the air molar weight (28.9 g/mol), m,
represents the intake airflow mass (g/s), and R represents
the gas constant (8.314 J.mol-1K-1). The mass of intake
air was calculated using the generic speed-density method
shown in Eq. 2 329,

p
WaVawot(Pabs—( %;m)

RT,

mg, =

2

In Eq. 2, nyoi represents the volumetric engine efficiency
(0.95), pavs represents absolute pressure at intake manifold
(kPa), and pam represents barometric pressure (kPa). CR
stands for compression ratio, and T, is the intake manifold
charge temperature (K).

2.2 Cylinder heat released measurement

The heat release rate (HRR) was determined using an
empirical model (Eq. 3) developed by applying the first
law of thermodynamic?).

e
A3)

In Eq. 3, Que is the net heat release rate (kJ/CA), and y
is a polytropic index estimated from the cylinder pressure
readings for best fit®.

3. Methodology

3.1 Measurement and experimental settings

The work investigates the influence of port-injected
biogas with a high CO,/CH4 ratio and direct-injected
Diesel on the RCCI combustion at full engine load
experimentally. The port injection of biogas was at a
distance of 115 mm from the inlet valve position to ensure
proper air-biogas mixing before entering the combustion
chamber, as shown in Fig. 1. The biogas pressure was
decompressed to 2 bar using a Linde HiQ pressure
regulator. The 2 bar biogas injection pressure for this test
was arbitrarily selected based on the information from the
literature. Other details of the experimental setup could be
seen in the article???. Table 1 shows the specification of
the test engine.

LRF injection vaivs |
Gas flow meter

(Gas cylindars

Combustion system
Air sampling pump
(PM matar)

Fig. 1: Schematic of the engine test rig*.

3.2 Experimental procedure

Experiments were carried out to investigate the
combustion behaviour of the fuel at 1600 rpm and 6.5 bar
IMEP in a conventional premixed port injection of biogas
along with the direct injection of neat Diesel. The 1600
rpm was the optimum speed selected based on the
previous test result. Similarly, the 6.5 bar IMEP was the
maximum engine load, which indicated an upper
maximum temperature expected to improve the
combustion attributes compared to the other engine loads.
Please refer to article?” for a detailed procedure. The
diesel injection time was advanced to 21° CA BTDC
(before the top dead centre) to improve the cylinder
mixing and fuel combustion at this load range?®.

Diesel injected in a conventional combustion method
was reduced by about 60% at full load®?. The injected fuel
quantity was determined at full load then recorded as the
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high reactivity fuel (HRF) fraction for the RCCI
combustion. A replaceable biogas fraction was
subsequently determined. At the fixed engine speed and
load, 40 — 70% biogas fractions at an interval of 10% were
introduced to the cylinder through the air intake manifold
for 25, 35, and 45% CO, proportions.

An average of twelve cycles was taken for the
systematic uncertainty error analysis in the combustion
data. Generally, the procedure outlined by Barik and
Murugan®?” was used to measure the experimental
repeatability of the work.

Table 1. Some technical information on the test engine.

Parameters Details

Model/Type L100V/4-Stroke, Air-cooled
No. of cylinder One (1)

Bore/Stroke 86/75 mm

Displacement 435 cm?

Compression ratio 20.0+0.3

Injection timing 21° CABTDC

Maximum Rating 3600rpm, 6.8 kW

Injection pressure 200 bar

3.3 Fuels used for the test

The work examines Euro 2M diesel's workability,
obtained from the PETRONAS Research Center (PRC),
as pilot injected fuel in RCCI mode. The port injected low
reactivity fuel (LRF) is synthesized low-grade biogas
constituting 25, 35, and 45% CO, mole wise, with the
balance as CH4, to simulate biomass-based biogas fuel.
The properties of the fuel are shown in Table 2.

Table 2. Properties of the biogases used for the experiment.

Parameter Biogas 1 Biogas 2 | Biogas3 | Diesel
Proportion by 25% CO, | 35% CO, | 45% CO,

mole

Fuel density 1.353 1.563 1.772 820 - 832
(kg/m®)

Lower 6.1— 6.9 — 83— 0.6-7.5
flammability 224 254 30.3

limit (mol%)

Lower heating 26.24 23.15 19.35 36.0
value (MJ/m3)

Octane number >130 >130 >30

Stoichiometric 14.72:1 13.64:1 12.13:1 15.05:1
A/F ratio

4. Results and Discussion
4.1 Ignition and combustion mechanisms of
diesel/biogas in RCCI mode

Cylinder temperature, pressure, and heat release are
essential factors in explaining the fundamentals of ignition
and burning Diesel/Biogas in RCCI mode.

4.1.1 In-cylinder temperature characteristics

Fig. 2a shows that the cylinder temperature
development begins before diesel injection because of the

air intake temperature and compression. At the injection
stage, the temperature reaches 120 to 250 K, depending on
the CO, concentration. A 45% CO, biogas demonstrated
the highest temperature at this stage, while 35% CO,
indicated the least temperature. The temperature
differences at the injection period could be due to the
variability of the air intake temperature, rate of premixing,
and likely diesel impingement. A steadily raised
temperature was observed as the piston approached the
top dead centre (TDC) and reached 680 to 750 K at TDC,
depending on the CO, fraction in the biogas. Attaining
diesel autoignition temperature of about 482 K occurs
around 6 — 10° CA BTDC indicates ignition was initiated
in some reactivity pockets but no adequate combustion. At
low temperatures, the kinetic of diesel combustion
dominates the cylinder until attaining a critical
temperature, after which the biogas may abruptly ignite.
Subsequently, a critical temperature of 1000 — 1100 K was
reached around 10° CA ATDC. At this temperature range,
the whole mixture ignites and results in high flame
temperature.

2500 4 (a) Biogases @ 40% fraction|
Biogas 1 (25% CO,)
Biogas 2 (35% CO,)
2000 - Biogas 3 (45% CO,)
1500 -
SOl TDC

1000 -

500 -

In-cylinder temperature (K)

LI B L R B BN R
160 180 200 220 240 260 280 300

Crank angle (CAD)

[l Biogas 1 (25% CO,)
Il Biogas 2 (35% CO,)
[l Biogas 3 (45% CO))

3500 4 (b)

3000

2500

TMax. (K)

2000

1500

Biogas fraction (%)

Fig. 2: (a) Temperature traces for biogas/diesel RCCI
combustion at 40% fraction and various COz and (b) maximum
temperature at different fractions and COz concentrations.

At around 10 — 20° CA ATDC, CO; inhibits the
combustion, thereby reducing the flame temperature. As
observed in Fig. 2a, the temperature production rate
drastically reduces with the use of 45% CO, compared to
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the rest, though 35% CO, demonstrates the highest peak
temperature. The temperature decrement could be due to
the radiation absorption effect of elevated CO»
concentration resulting in significant energy absorption
from the reaction because of high specific heat'”. This
characteristic implies that biogas combustion kinetic
dominates the cylinder amidst expansion, making the
biogas a primary power source. The case of 25% CO,
having a lower temperature than 35% CO, at the
combustion peak might relate to thermal diffusivity
change in the flame. A notable decrease in the cylinder
temperature was observed at the post flame stage as the
CO; ratio increases. The enhanced radiation of the CO»
facilitates heat distribution along the combustion zones'?.

4.1.2 In-cylinder pressure characteristics

The pressure trace for 25% CO; depicted in Fig. 3a (1)
rises a few degrees before injection due to compression
and steadily increases to the end of the compression across
biogas. The manifestation of the variability in the pressure
traces began around 4° CA ATDC. This phenomenon
implies no significant pressure increase due to the abrupt
burning before the end of compression because of the
reduced diesel amount, which might be insufficient to
expand the mixture after ignition. Another factor could be
a low temperature due to the cooling effects of the CO», as
discussed in Section 4.1.1 above. As the pressure
variability appears, Fig. 3a (1) shows a drop in the
pressure with the increased biogas fraction from 40 to
70% for a 25% CO; ratio, especially at the peak stages.
The pressure trends for the 25% CO, indicate two peaks
for all the biogas fractions, as similarly reported by
Mikulski and Wierzbicki?®.

The first peak decreases with the increased biogas
fraction from 40 to 60% and behaves otherwise at 70%
fraction because of reduced diesel amount. Similarly, the
second pressure peak for the 25% CO, decreases as the
biogas fraction increases. The decreasing rate can be seen
more pronounced at the second peak than the first for all
the fractions. At higher biogas fractions, the reactive
mixture quality was substantially reduced by the low
heating value of biogas and increased CO, concentration.
For a 40% biogas fraction, a combined influence of higher
diesel amount and CH4 fraction might improve the
pressure growth. As CO, concentration increases to 35 and
45%, the pressure traces remain relatively like 25% at all
the combustion stages shown in Fig. 3b (1). The second
peak drops as the CO, ratio increases for the 40% biogas
fraction. These variabilities inform that the later peak
elevation has no definite pattern relative to high-CO» in
the mixture.

60

50(a) Biogas 1(25% CO,)
5 = 40%Biogas |
2 40 === 50% Biogas
:; ——60%Biogas | 40 __
5 e 70% Biogas <
7 30 2]
4 =
g H
o 204 20>
= 4
g o
°
£ 10 I
B
‘_': 0 -0
T T T T T T T T
160 180 200 220 240
Crank angle (CAD)
60
50 (b) Biogases @ 40% fraction
= e Biogas 1(25% CO,)
© 1 = Biogas 2 (35% CO,) | [
2 40 = Biogas 3 (45%CO,)
o 1 I 40 2
a 30- 2)
7] -
g g
o 20 L=
b 14
S o
°
£ 104 ) T
E’ ]
_é 0+ 0
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Fig. 3: (a) Trends of the cylinder pressure for 25% CO: at
various fractions, (b) 40% biogas fraction at different CO2
levels.

4.1.3 Analysis of the cylinder heat propagation

Fig. 3a (2) shows that the significant heat rise began
around 6 — 8° CA BTDC and steadily propagated for a
period of 8 — 9 degrees to the end of compression for all
the fractions in 25% CO, biogas. The heat could relate to
diesel autoignition in some reactivity pockets. As
discussed in Section 4.1.2, the heat was released, causing
elevated pressure but insufficient to cause a significant
flame before TDC. The absence of substantially raised
heat at this stage could be due to the premixed diluted
biogas that absorb most radiated heat. The steadily rise
heat propagation began to decline immediately after TDC,
indicating more of the cooling effect of the CO, due to the
burning of biogas, which partakes and inhibits the
combustion. It implies that a critical temperature was
reached to initiate the second stage ignition and
subsequent burning of the whole mixture at this stage. Fig.
3a (2) indicates that 40% and 50% fractions demonstrate
the highest peak of the heat than other portions. The
similar peak heat by the traces could be attributed to a
constant temperature. However, a 40% fraction indicates
a bit broader heat distribution as the flame progresses to
some degrees. The lowest peak of the heat released
appears at 70%, due to an increased radiation absorption
effect as the biogas fraction increases. Increasing the CO,
proportion to 35% demonstrates a trend like 25% except
for the 50% biogas fraction, as shown in Fig. 4a. At the
main combustion stage, the peak heat released at 50%
fraction dropped lower than the discharge of 40 and 60%
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fractions. At high temperatures, methyl radicals
recombine and inhibit the combustion in the presence of
elevated CO, '9. Extending the CO» proportion to 45%
indicated similar attributes at biogas fractions of 50 to
70% compared to 35% CO,, shown in Fig. 4b. According
to Fig. 3b (2) above, an increased CO, proportion
decreases the heat release rate due to a reduced
temperature because of the radiation absorption effect of
high COs.

Biogas 2 (35% CO,)

1(a) 40% Biogas

—— 50% Biogas

—— 60% Biogas

< ——70% Biogas
o
P
<
2
14
o
T

T T T T T T T T
160 180 200 220 240
Crank angle (CAD)
1 0,
20.] (b) Biogas 3 (45% CO,)

40% Biogas

—— 50% Biogas

_ — 60% Biogas

S 204 ——70% Biogas
=
<
2

104
14
T
04
T

% 180 200 220 240
Crank angle (CAD)

Fig. 4: Heat release rate (HRR) for diesel/biogas RCCI
combustion at different fractions for; (a) 35% CO, (b) 45%
CO:a.

4.2 Combustion magnitude and efficiency of the
reactivity fuels

Understanding the combustion variability at different
stages is pertinent to explain its magnitude and direction
(CA50). As observed in Fig. 5a, 45% CO; biogas burned
faster than the rest across the fraction, while 25% CO,
exhibits the slowest burning ability. On average, the first
half of fuel got burned at around 18.30° CA (6.353 ms)
ATDC while 25 and 35% CO, were further slowed by
0.258 and 0.578 ms, respectively. More slowness appears
with 40% biogas fraction and decreases as the fraction
proceeds to 70% for 25 and 35% CO; than the fastest 45%
CO,. According to Zamboni*, a prolonged burning
period slows the combustion centre. Wang et al.!¥
reported a slowed burning centre using biogas as LRF in
a premixed approach due to atomization of diesel and
mixture reactivity.

Specifically, 45% CO- indicated a slowed combustion
as the biogas fraction increased from 40% to 60%, then
fastened as the fraction changes to 70%, which might be

due to its lowest burning duration at 70%. The increased
biogas fraction slows the combustion averagely by 0.06
ms compared to the reference 40% fraction. Contrarily, an
increased biogas fraction speed-up the combustion
averagely by 0.097 ms for the 25% CO,. Similarly, a 35%
CO; proportion case indicates faster combustion as the
fraction increases with an index of 0.38 ms. The 35% CO»
also demonstrates a lower ignition delay across the
fractions except for 40%, as shown in Fig. 6. The lower
ignition delay of 35% CO; could relate to higher thermal
diffusivity due to more temperature developed. A 45%
CO; that resulted in a fastest burning centre indicates
higher ignition delay, unlike 25% CO, with moderate
ability. As shown in Fig. 5b, combustion efficiency depicts
a relatively independent relationship due to increased
biogas fraction for 35 to 45% CO,. Burning a 25% CO,
demonstrates higher combustion efficiency at 40 to 50%
fraction than others. The combustion efficiency increases
as the CO; increases from 25 to 35%, then decreases as
the proportion elevates to 45% across the biogas fractions
except for 50%. This trend could be attributed to cylinder
heat pattern, though the difference at a 50% fraction
proves otherwise.

—ll- Biogas 1 (25% CO,)
(@) @ Biogas 2 (35% CO,)
202 A Biogas 3 (45% CO,)
200 -
a
g
e
2
< 198 -
o
196
T T T T T T T 1
40 50 60 70
Biogas fraction (%)
98 - Il Biogas 1(25% CO,)
J(0) Il Biogas 2 (35% CO,)
96 - I Biogas 3 (45% CO,)

Combustion efficienct (%)

40 50 60 70
Biogas fraction (%)

Fig. 5: Variation of; (a) the combustion phasing (CA50) and
(b) combustion efficiency for biogas/diesel RCCI combustion
at different fractions and COz ratios.
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20— Il Biogas 1 (25 CO))
Il Biogas 2 (35 CO))
I Biogas 3 (45 CO))

Ignition delay period (degs)

50 60
Biogas fraction (%)

Fig. 6: Variation of ignition delay period for biogas/diesel
RCCI combustion at different fractions and COz ratios.

5. Conclusion

An experimental investigation of the influence of CO»
proportion and biogas fraction on biogas/diesel RCCI
combustion behaviour was evaluated at full engine load.
The results show that the cylinder temperature across the
combustion stages varies with the CO; ratios for all the
biogas fractions. The radiation absorption effect of high
CO; concentration reduces the cylinder temperature,
causing a delayed expansion to around 10 —20° CA ATDC,
affecting the pressure rise rate at the stage. Both the
cylinder temperature and pressure demonstrate a
decreasing trend with the increase in CO, proportion and
biogas fraction. A 35% CO; indicates the highest peak
pressure at a biogas fraction of 50% with a better heat
released, which best performed in biogas/diesel reactivity.
A 45% CO; composition resulted in delayed ignition but
fastest combustion, with the combustion phasing at 6.353
ms ATDC while 25 and 35% CO; were slowed by 0.258
and 0.578 ms, respectively. Detailed kinetics mechanisms
should be applied to the experimental outcome to
understand these fuels' combustion phenomena better.
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Nomenclature
ATDC after top dead centre
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CA50 combustion phasing
CAREM centre for automotive research and electric
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Cco carbon monoxides

COo2 carbon dioxide
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HRF high reactivity fuel

IMEP indicated mean effective pressure
LRF low reactivity fuel

N2 nitrogen gas

PRC PETRONAS research centre

RCCI reactivity controlled compression ignition
TDC top dead centre
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