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Abstract. Kenya discovered huge deposit of lignite-coal, better utilized through co-gasification to produce syngas, a clean and environmental friendly
fuel, with easier application in engines. Blends of Mui-basin coal (MBC), Prosporis juliflora(PJ), Hyphanae compressa(HC) and rice husk(RH) were co-
fired with resultant upgraded-syngas operating tricycle engine. Analyzed upgraded-syngas reported improved yields on combustible gases and
Hydrogen/Carbon-monoxide ratio (low rank to moderate). Calorific values reported 3.2-11.2% increase. At half-load and relative to neat diesel (ND),
peak-pressure improved by 31.6%(MBC-PJ), 24.0%(MBC-HC) and 14.6%(MBC-RH). Additionally, peak-pressure increases as load increases and shifts
to the right of top-dead-centre with reported increase of 13.1%MBC-PJ, 15.4%MBC-HC, 18.3 % MBC-RH and 16.5 % for ND. Moreover, Net heat
release rate (NHRR) in J/degree increased rapidly at 15-250after/TDC for all loads and also increased as the load increased with values of 33.4(HC),
26.8(ND), 28.8(RH) and 37.8(PJ) at no load and 35(HC), 27.8(ND), 30(RH), and 38.9(PJ) at full load condition. The optimal approach for sustainably
utilization of MBC is through the novel fuel, in which MBC-PJ ranks the best followed by MBC-HC and lastly MBC-RH.
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1. Introduction

Coal deposits in Mui basin, Kenya are estimated to be 400 million tonnes, which according to Tenge et al., (2013) is a low grade coal.
Worldwide, coal accounts for 27% of total energy supplies with 35% of electricity generated through use of coal (Alam et al., 2013;
Molino et al., 2018). Coal combustion emits considerable emissions such as carbon dioxide, acidic gases (SOx and NOx) and
particulates, leading to pollution (Mutemi Muthangya and David Samoei, 2012). Coal has low hydrogen carbon ratio with high calorific
value whereas biomass has high Hydrogen/Carbon ratio with low calorific values. Blending coal and biomass has various advantages
as biomass acts as a hydrogen donor to coal and the ash produced can be used as a catalyst (Ozturk & Dincer, 2018). Asaro & Smith,
(2013), reported that conventional pulverized combustion plants releases large amounts of emissions such as CO2, SOx, NOx and
dust where carbon in the fuel is oxidized to CO; a greenhouse gas with adverse environmental impacts. According to Barrett, (2011)
coal as a solid fuel cannot be applied in internal combustion engines because of difficulties in handling the fuel and disposal of solid
residue. Additionally, coal as solid fuel had storage and feeding problems, compared to gaseous and liquid fuels making solid fuels
inappropriate as transport fuels. Coal biomass gasification to produce upgraded syngas a clean and environmentally friendly fuel
will also have positive impacts to the community (Kamau et al., 2022; Siedlecki & De Jong, 2011).

1.1. Co-gasification of MBC with biomass

Coal biomass gasification referred as co-gasification has several advantages compared to either biomass or coal gasification
alone. These advantages includes reduction in CO: emission, sulfur and ash which contribute to environmental pollution and
corrosion of equipment in coal gasification processes (Chmielniak and Sciazko, 2003; McLendon et al., 2004 ; Kamble et al.,, 2018).
Blending coal and biomass lowers the cost of feedstock, and tar generated. In addition, biomass has high oxygen content and thus
require less external oxygen for gasification when compared to coal. At the same time, biomass sources have comparatively low
calorific values than coal, which is not desired in any integrated gasification combined cycles (IGCCs) or power generation plants
like ICEs (Ozturk & Dincer, 2018).

To optimize the co-gasification process of coal and biomass, various parameter needs to be considered such as particle sizes
and ratio of biomass to coal in the blend. The blending ratio of biomass and coal has an impact on the harmful emission released
from gasification process. Additionally, the high volatile in biomass and its high thermochemical reactivity usually facilitate the
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conversion and the upgrading of the syngas fuel. Therefore, Co-gasification is the optimal and sustainable approach to utilize coal
and biomass with minimal environmental pollution.

Syngas composition and its calorific values are important factors in co-gasification. Investigations into the effects of blending
ratios and operational conditions has been reported recently; however, the findings are inconclusive, probably due to use of different
gasifier designs. Most of the documented research has focused on fluidized-bed gasifiers, primarily because the goal of co-gasification
of biomass and coal is to supply a large-scale gasification plant (Hurskainen & Vainikka, 2016). Moreover, depending on syngas
application, the oxidizing agents can be varied to produce syngas with desirable composition (Dascomb, 2013). Mixing ratios,
selection of gasifier, steam generation, supply of air or oxygen-rich air, optimization of suitable temperature, effective usage of
catalyst, and downstream treatment and handling processes require special attention (Kamble et al., 2018). The syngas produced in
gasification can be applied in ICEs as well as direct heat applications to replace furnace oil (Reed & Das, 1988).

1.2. Upgraded Syngas as a fuel for internal combustion engines (ICEs)

Various factors affect syngas applications in ICEs, such as; syngas composition, engine load, injection timing and compression
ratios (Gatumu, 2021; Stone, 1999). Kamal et al., (2015) reported that syngas contains approximately 40% of carbon monoxide (CO),
hydrogen (H:), and methane (CH4) which are combustible gases and 60 % non-combustible gases (Nitrogen (N2), carbon dioxide
(COy), along with varying proportions of water vapor (H20). Hydrogen, a constituent of syngas, possesses clean-burning
characteristics, rapid flame propagation, and broader flammability limits. These attributes lead to shorter combustion durations and
increased efficiency in Internal Combustion Engines (ICEs). Azimov et al,, (2013), reports that there was significant power degrading
in the engine and challenges of maintaining and sustaining stable combustion due to variations in syngas composition and low energy
density.

Chribik et al., (2012) studied engine load variation and reported that at the low load, the cylinder temperature decreased due to
delayed combustion and inefficient oxidation of syngas fuel. They further observed that as engine load increased the cylinder
temperature and pressure increased. Hagos et al., (2013), investigated combustion characteristic when injection timing was adjusted
in spark ignition engine by varying the crank angle measured BTDC. They reported that optimal combustion occurred at start of
injection of 120° BTDC at speed up of 2100 rpm.

There exist various challenges when syngas is to be applied in ICEs such as power de-rating (reduced power output), increased
end gas temperature and pressure. Various researchers have addressed these problems. For instance Laurence & Ashenafi, (2012)
identified gas cleaning to remove ash, tar and corrosive SOx and NOx gaseous compound as the main requirement for syngas to be
applied in ICEs. They noted that tar and ash cause fouling of pipes and heat exchangers, which reduced engine’s performance and
reliability with higher emissions. They also observed that, the effects of high levels of tar and ash in the syngas lowers engine break
thermal efficiency and increases engine emissions particularly the particulate matters. In order to address the problems highlighted
while using syngas as a fuel, syngas upgrading through co-gasification, cleaning and cooling as well as engine modification and
retrofitting can be applied as solution to the challenges.

1.3. Retrofitting ICEs for syngas fueling

Various researcher reported syngas fuel to be of inferior in quality than that of gasoline and natural gas, necessitating design
adjustments such as raising the compression ratio and adjusting the injection timing or ignition timing (Lee & Castaldi, 2010;
Pradhan et al., 2015). A study reported that syngas has low flame speed when compared to gasoline and thus to be applied in ICEs
there was need to advance ignition timing by about 30-40 degrees (Pradhan et al., 2015). In the experimental setup of direct
injection compression ignition (DICI) engines, it may be necessary to incorporate holding device for dual fuel line and install a
piezoelectric pressure sensor for pressure data collection (Hagos et al., 2014).

1.4. Syngas combustion characteristics in dual fuel engine

Engines operating on dual fuel have five key stages as shown in Figure 1.
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Figure 1 Dual fuel combustion phases Source (Mansor, 2014; Nwafor, 2002)

The initial phase AB occurs after diesel is injected and is characterized by delay in the ignition of the pilot fuel. During this
phase, complex chemical reactions occur. For dual-fuel engine, diesel is applied as supplementary fuel (secondary) and syngas as
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the main fuel source (primary). There is reported ignition delay time in syngas because the gaseous fuel fraction (which has inert
gases) lowers the concentration of oxygen within the spray region thereby slowing the combustion (Fiore et al., 2020; Sombatwong
et al, 2013). Typically, the pilot diesel is injected and automatically ignites before top dead center (TDC), creating multiple ignition
kernels which occurs prior to combustion. Subsequently, combustion of this premixed fuel occurs leading to a subsequent pressure
increase (phase BC) (Azimov et al., 2013; Fiore et al., 2020). The increase in pressure is linked to the combustion of a mixture of air
and diesel fuel close to the ignition spot. As the flame disperses from the sprayed region, diesel combustion shifts to a diffusive phase,
predominantly governed by fuel mixing rather than chemical kinetics (Fiore et al., 2020). Phase CD is characterized by a pressure
drop related to the initial delay period of the primary fuel. Venkatesan & Shangar, (2015) noted a decrease in ignition delay as the
load and compression ratio were increased, and also observed minimal delays at full load and at compression ratio of 18.

In phase DE (fourth stage), syngas combustion takes place rapidly which subsequently leads to increase in pressure. Phase EF
is characterized by turbulent flame propagation. The combustion in this phase is sustained by contribution of the two fuels. The
maximum peak was observed at point E, occurring several degrees after top dead center (TDC) (Azimov et al,, 2013).

Hariram & Vagesh Shangar (2015) observed a decrease in ignition delay with increasing load and compression ratio, noting
minimal delay at full load and at compression ratio of 18. They also observed that increasing the CR caused the maximum pressure
to move slightly closer to top dead center (TDC), with the optimal compression ratio being 18. This phenomenon was attributed to
the rise in in-cylinder air temperature and the early onset of combustion, which facilitated a reduction in ignition delay. These findings
were supported by research conducted by EL_Kassaby & Nemit_allah (2013), Hariram & Vagesh Shangar ( 2015), Raj & Kandasamy
(2012), and Stone, 1999.

Combustion characteristics are well described using in-cylinder pressure and neat heat release rates. Cylinder pressure is
monitored throughout the crankshaft by measuring the angle of rotation on the crankshaft for the power and compression strokes.
The cylinder pressure is directly linked to engine efficiency and the power developed during the expansion stroke. The formation of
oxides of nitrogen are affected by pressure and temperature in the cylinder (Tesfa et al, 2013). The maximum cylinder pressure
increases as the load increases and reduces as compression ratio decreases (Venkatesan & Shangar, 2015). A study by Gatumu et al.,
(2021), reported a higher in-cylinder pressure for syngas operated CI engine (12.5% higher than standard injection timing of 23
degrees) when the injection timing was advanced with 25.2 degrees crank angle Btdc than retarded to CA 20.8 degrees Btdc (syngas
decreased by 26.6% and neat diesel by 29.7%). They attributed this to better fuel combustion in the expansion stroke after TDC.
Soni & Gupta, (2015), reported shorter delay period, high in-cylinder pressure and temperature when IT was advanced by a crank
angle of 6 to 10 degrees Btdc. Other factors affecting maximum pressure are the engine’s compression ratio, combustion duration,
net heat release rate (NHRR) and air fuel ratio (AFR) distribution (Kalam & Masjuki, 2011).

The heat release is a measure of the amount of energy released per unit time from the combustion of a fuel which is determined
by analyzing the cylinder pressure data relative to the position of the crankshaft (Spaeth, 2012; Vipavanich et al., 2018). Heat release
can be used an indicator of completeness of combustion (Heywood, 1988). Equation 1 relates volume change with crank angle

(instantaneous volume)(Spaeth, 2012) and when differentiated yields to % a derivative in equation 1. Equation 2 is derived from
first law of thermodynamics and can be applied in calculation of net heat release rate (Mulay S.S., 2014).

V(o) = vadl + vz_d [(R'+ 1 — cosf — (R* — sin6)*/?)] v

L . . . 2 (length of connecting rod,
Wherevy4 = — (bore)?(stroke), R is compression ratio and R’= 2 length of connecting rod)
4 crank throw

Dv

Dg _ v 1 dp
ae y—1pd9 y—1V a6 (2)

Where Q represents the heat released per unit time, 6 stands for crankshaft angle, P denotes pressure in the cylinder, V represents
volume in cylinder at the instantaneous point, and y represents the ratio of specific heat. The specific heat ratio is determined by

calculating the slope in log P-log V curves for different strokes. 3—2 Is obtained as gradient of pressure against crank angle curves,

LAV, N .
while T isa derivative of equation 1

The values of equation 1 is determined by taking measurement or using the manufacturer manual on engine specifications. The
gradient of log P against log V curves at the compression stroke of a 4-stroke engine yields the value of k (ratio of specific heats),
which is illustrated in Figure 2.

The NHRR can also be determined by evaluating the fuel chemical energy absorbed into the coolant system. With higher
compression ratios (CR), a larger quantity of heat is released (NHRR) during the premixed combustion phase than during the diffusion
phase and the higher the CR the better the values of NHRR (Hariram & Vagesh Shangar, 2015). Other studies have shown that
increasing compression ratio increases combustion temperatures, which increases cylinder pressures and leads to complete
combustion (Mahgoub et al., 2015). Based on the various results by researchers the present study chose 25.2 degree a/TDC to be
the optimal injection timing and a compression ratio of 18.
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Figure 2. log P against log V showing slope at compression stroke of an otto engine (Spaeth, 2012)

2. Materials and method
2.1. Co-gasification and syngas upgrading for MBC, P. juliflora, H. compressa and rice husk

A fixed bed gasification unit shown in figure 2.1 available at JKUAT was used to gasifier the sample blends. Safety was enhanced
by checking for any leaks using ultrasonic leak detector model GS 5800 on all the joints and pipes work on the gasifier and connection
to engine. The room ventilation was also checked and all windows opened to avoid carbon monoxide poisoning. Safety boot and
other Personal protective equipment were applied on.

Samples of Mui Basin coal were pulverized to small particles and sieved to 3 mm (Dechsiri, 2004). For P juliflora and H compressa
the samples were cut into small pieces of 2-3 cm, crushed and sieved to 3 mm and then mixed in a ratio of 1:1 MBC and P. juliflora,
H. compressa and rice husk weight by weight. The samples were then coded as 50% MBC50%, 50% MBC50%HC, and
50%MBC50%RH.

The gasifier unit was fitted with two type K thermocouples located at the port 1 (near ashtray) and port 2 (upper part of
combustion chamber) and connected to Advantest multiple digital data recorder model TR2724 for temperature recording. The
decker air blower was used which was calibrated using the manometer flow meter where Level 1 was taken as 1.04 m3/min, 2 as
1.48 m3/min, 3 as 2.02 m3/min (which was set and used), 4 as 2.49 m®/min, 5 as 2.98 m3/min and level six (highest) as 3.50 m®/min.

The feedstock was placed at the bottom of the gasifier near the ashtray and ignited. The blower was started slowly from level
one, to level two and then set at level 3. The upgraded syngas was passed through quenching water to help solidify the suspended
solids (ash, dust and soot) and tar then to fibre clothe and cotton wool filters when still hot to avoid pressure drop and then through
cyclone cork filters as shown in Figure 3 (Hagos et al., 2014; Laurence & Ashenafi, 2012). The gas was then cooled using fins with
blower to attain room temperature.

2.2. Test Engine modification, retrofitting and adjustment to run on the upgraded syngas

The test engine available at JKUAT and shown in Figure 4 and 5 with specification as 3.5 Kw, multi fuel, Kirloskar-make, 4-
stroke, single cylinder, compression ignition, naturally aspirated and water cooled was used in the study. It was modified by
retrofitting and adjustment in area such as fuel supply system, injection timing, and compression system. For the fuel system, the
design was modified by inclusion of two pipes (T shape); one direction flow valve, pressure regulator, and flow meter to allow syngas
and air to the engine. Pilot diesel was injected through fuel injections nozzles. The injection timing was set at 25.2 degrees by manually
rotating the flywheel and checking for spill in the high pressure pipe connector of injector pump.The engine compression ratio was
set to 18 without changing the geometry of combustion chamber (Mahgoub et al., 2015).

In-cylinder pressure can be determined though measuring the crankshaft angular velocity at a given point (instantaneous
angular velocity) or pressure measurement in the firing cylinder using piezo-sensors. The cylinder pressure was monitored using
miniature piezo sensors, Models SM111A22 and M108A02 (serving as crank angle sensors), equipped with transducers for dynamic
measurement of compression and combustion pressures, as depicted in Figure 6. Additionally, an incremental shaft encoder was
employed to determine the engine crankshaft rotation position, providing 360 pulses per revolution. Data from sensors were sent to
engine software (ICEngineSoft version.9.0) for decoding, recording and analysis (Mulay et al.,2014). The recorded cylinder pressure

(p) corresponding to crank angle () positions were used to calculate the engine’s heat release rate (%) using equations 1 and 2.

The test engine was controlled through a control panel which had different sensors like piezo sensor shown in Figure 5. Other engine
controls includes speed adjustment, load control and ignition switch for starting the engine. Engine geometrical and operational
specification are tabulated in Table 2 and 3.
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Table 2. Engine geometrical specifications and features (Mulay., 2014)

Engine parameter

Details

Make/Model

Number of cylinders

Bore (mm)

Rated power (Kw rated at 1500 rpm)
Maximum rated power (Kw)
Cylinder total volume (cm?)
Connecting rod length (mm)
CRrange

Standard Injection timing (°Btdc)
Loading/Braking

Load indicator (0-100%)

Fuel flow transmitter (mm WC)
Temperature sensor

Kirloskar 4 stroke
Single

87.5

3.5

5.8

950

234

12-17.5

23

dynamometer Eddy current type
Digital

Range 0-500
Thermocouple Type K

Table 3. Engine operational parameter (Mulay , 2014)

_Engine operational parameter Values
Aspiration natural
Fuel Diesel/Petrol/Syngas/biodiesel
Stroke length (mm) 110
Torque (Nm) 11.5
Peak pressure (bar) 76
Power output (Kw) 3.5
Swept volume (cm?) 661
Combustion system Direct injection
Speed (rpm) 1000-1500
Fuel tank capacity (litres) 15

Figure 4 Syngas cleaning and cooling unit showing Syngas sampling port
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Figure 7. Piezo sensor to measure in cylinder pressure

2.3. Test running the engine for combustion characteristics

A calibrated flow meter was used to measure and record syngas flow rate then the upgraded syngas was applied to the combustion
chamber of the test engine shown in Figure 6 and 7. Upgraded syngas was supplied as main fuel while diesel was supplied as
supplementary fuel. The secondary fuel (pilot diesel) was used since the mixture of air and syngas cannot ignite automatically since
air syngas auto ignition temperature are high (around 500 degree Celsius) and a small amount of diesel is usually added to assist and
boost combustion at the end of compression phase (Mahgoub et al., 2015). This was achieved by choosing an injection timing of 25.2
degrees by suppling accurately measured amount of diesel (determined through crank and piston position). For accurate fuel supply,
syngas amount was measured through a flow meter with a control valve and calibrated through a manometer.

The diesel amount was controlled through a flow control valve (fuel cock) and flow governor. The governor increases or decreases
the diesel fuel needed in combustion chamber in order to maintain engine output as the variation of energy content in syngas occurs
(Bates & Dolle, 2017). The mixing unit was fitted in the system (Gatumu et al., 2021). Prior to starting the engine, water and lubricating
oil levels were checked and then the engine was switched on and allowed to run for five minutes at no load condition. Afterwards
the engine was test run on different loads (0, 3, 6, 9 and 12 (0, 25%, 50%, 75% and full load) and different samples. (Neat diesel,
50%MBC50%PJ, 50% MBC50%HC and 50%MBC50%RH). The desired engine load was gradually increased and maintained for
approximately two minutes to ensure stability. During this time, fuel consumption was measured over one minute, while monitoring
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and recording parameters such as torque, speed, various temperatures including exhaust temperatures. This was achieved through
use of dynamometer and various sensors, in which data was decoded by inbuilt computer and the output was done through interface
software. The software recorded the data and generated some graphs that gave the combustion parameters (NHRR and cylinder
pressure). The engine data collection was done in an interval of one minute where data for ten cycles were recorded for the sample
and range or average were used for result analysis.

2.4. Combustion characteristic of diesel and upgraded syngas

The piezo-sensor generated combustion parameters which were used to characterize the engine (Hariram & Vagesh Shangar, 2015).
These combustion parameters were: in-cylinder pressure, crank angles and net heat release rate obtained using equation 1 and 2.
(Vallinayagam et al., 2013; Wekesa, 2013; Zheng et al., 2008).

2.5. Sampling and testing the upgraded syngas

The upgraded syngas was then sampled occasionally at a predetermined time of one-minute (at least three sampling) interval using
evacuated gas flask and gas analyser Testo model 350S/-XI with accuracy of £5%. The gas analyser was fitted with sensors for NO,
NOg2, SO;, CO, and CO. The probe was inserted in syngas flow valve and readings were recorded in the output screen and in the
laptop as percentages or part per million (PPM). For hydrogen, gas chromatograph was used. In this case, a glass flask was evacuated
by use of vacuum pump to create a partial vacuum in a prepared solution of 10M Sodium hydroxide. Carbon monoxide and carbon
dioxide were absorbed in sodium hydroxide solution and hydrogen, methane, Nitrogen and Oxygen were left for analysis. The GC
was first calibrated using pure 99.999% instrument grade hydrogen gas. The samples were then withdrawn by use of 2 ml syringe
and injected to input port of Gas chromatograph, Model GC -2014 ATF by Shimadzu Corporation with GC lab solution software
interface, available at GDC Menengai, in Nakuru County. The output port of GC was connected to container containing water to
discharge excess sample gas. The cooling was done at 11™ minute to switch off (bake detector). The carrier gas used was argon. The
composition of the upgraded syngas was determined in terms of percentage of carbon monoxide, hydrogen gas, carbon dioxide,
water vapour, methane, oxide of Sulphur and Nitrogen as well as Nitrogen gas. Sensors specifications and accuracies for gas analyser
testo 350 are presented in Table 4.

Table 4 Gas analyzer Testo 350 model sensors specifications and accuracies

Sensor Range of composition Accuracy (%)
Oxygen sensor 0-21% +2

Carbon monoxide 0-5000ppm +10<400ppm and *+5>400ppm
Carbon dioxide 0-2000ppm +0.3
Hydrocarbon Upto 21% +10

Oxides of nitrogen 0-5000ppm +5
Thermocouple type CRAL 0-600°C +3

3. Results and result analysis

The derived upgraded syngas and its combustion properties in direct injection compression test engine in terms of cylinder pressure,
engine load and net heat release are discussed in details and compared with other researchers’ findings.
3.1. Results and results analysis on upgraded syngas

The optimal blends at a ratio of 1:1 (w/w) for P. juliflora, H. compressa and rice husk were gasified to yield syngas at a temperature
range of 250 to 600 °C. The enhanced syngas was further cooled to ambient temperature. The composition of upgraded syngas is
shown in Table 5. Table 5 shows the comparable work done by other researchers.

Table 5. Properties of Syngas as a fuel from 50% Mui Basin Coal -50% biomass

Syngas composition 50%PJ50%MBC 50%HC50%MBC 50%RH50%MBC Pvalue
CO (%) 24.75%0.56° 23.8+0.01° 20.89%0.78°¢ 0.045
CO2 (%) 10.21£0.32¢ 9.8+0.02¢ 15.54+0.44° 0.045
H: (%) 22.23+0.048 18.7+0.72" 14.23+0.08' 0.305"
CHa4 (%) 2.23+0.07 2.2+0.86% 5.23%0.06' 0.009
N: and others*(%) 40.58%0.12™ 45.5%0.59" 44.11%0.18° 0.008
Calorific values (MJ/m?3) 4.97+0.10° 4.78+0.137 4.61%0.09" 0.025
Average H,/CO ratio 0.9 0.79 0.68

Smeans significant, ™ non-significant, letters in same row indicate significant differences at the 5% level using Tukey’s and Scheffe’s test and * is calculated by differences.
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Table 6. Comparison between properties of syngas as a fuel from literature and the upgraded syngas

Syngas parameter Coconut Palm Switch grass Indian  Prospulis Rice Mui Prospulis

shell’2 husks?**  downdraft3® coal®  juliflora®® husk 62 basin Jjuliflora®
coal ™
CO (%) 17-22 16.6 12-18 41.8 21.15+0.91 16.5- 18.45 18.4
17.55

CO2 (%) 10-15 19.2 10-17 0.623 13.15%0.50 14.5-16.1  15.32 13.8

Hz (%) 11-14 5.6 7-12 8.8 19.25+0.07 4.1-4.5 6.83 11.1

CHa (%) 1-3 4.3 4.2 17.3 5.45+0.07 6.8-7.2 3.05 2.40

N: and others*(%) 50-60 54 60 40.585%0.19 17.9-54.7  56.35 54.2

Calorific values (MJ/m?) - - - - - - 4.467 4.17-4.85

Average H,/CO ratio 0.64 0.33 0.78 0.21 0.91 0.25 0.37 0.60

1-Bhattacharya & Pham, 2001, 2-Lahijani & Zainal, 2011 3-Kundiyana et al., 2010 4-Raibhole & Sapali, 2012, 5- Gift et al., 2018 6-Njogu et al., 2015, 7-Nduku Nzove, 2021,
8-Nevase et al., 2013, a-Updraft b-downdraft, c-fluidized bed, and d fixed bed * By difference

Statistical analysis from the Table 6, shows that there is statistical difference in mean for the various components of the upgraded
syngas for the optimal blend of 1:1 Mui Basin coal to selected biomass. It is also evident that the syngas has been upgraded and has
a moderate hydrogen to carbon monoxide ratio at an optimal blending ratio of 1:1. A study by Rath & Longanbach, (1991), classified
syngas on the basis of hydrogen to carbon monoxide ratio as low ratio 0.4-0.8, moderate ratio 0.8-1.5 and high ratio as 1.8-2.5. Table
3.2 show comparison of the derived upgraded syngas in reference to other researchers and all had low ratios with P. juliflora having
a moderate ratio of 0.9. Blending improves the hydrogen carbon monoxide ratio for all Mui basin coal and selected biomass from
low ratio to moderate ratio. The low hydrogen to carbon monoxide ratio for rice husk in table 3-2 is due to methanation as the yield
of methane is high (Luo, 2017; Ronsch et al., 2016).

The calorific values showed a statistical difference in mean and an improvement of 11.2 % for P julifrola, 7.0 % for H.compressa,
3.2 % for Rice husk coal biomass blends when compared with the raw Mui Basin coal. Based on the fluctuations of syngas composition
derived from co-gasification the averages shown in Table 6 were considered in analysis of test engine combustion characteristics.
Additional the properties presented in Table 7 were considered.

Table 7. Properties of fuel applied in the engine (Mustafa et al., 2017; Nduku Nzove, 2021)

Quantity Values
Syngas Temperature at gasifier outlet (°C) 574.8
Syngas Temperature at cooler outlet (°C) 27

Atmospheric pressure (bars) 1.013

Gasifier input temperature (°C) 800

Syngas pressure at gasifier outlet (bar) 8.5

Diesel density at 25 °C (kg/m?) 845

Diesel flow rate (m?/s) 4.56X107

Diesel calorific values (MJ/kg) 42

Syngas and air flow rate to the engine (m?3/s) 4.43X1073

Syngas and Air temperature at inlet (°C) 29.0

Syngas and Air velocity to engine inlet (mixer) (m/s) 15.5

Syngas and air density (kg/m?) 0.95

3.2. Results on in-cylinder pressure

Figure 8 present the variation of pressure in the combustion cylinder at different crank angle before and after top dead centre while
the engine was operated at 50 % engine load. High In-cylinder pressure measured in degrees per crank angle produces audible sound
referred to as diesel knock in engines and it is represented in figure 3.1, where the peak values are noted with falls before and after
TDC. The start of combustion (SOC) for upgraded syngas is recognized by a kink in the curve and end of combustion (EOC) by a
plateau. The ignition delay time was high since the upgraded syngas reduced the oxygen concentrations within the spray region and
thus slows the burning properties (Fiore et al., 2020; Sombatwong et al., 2013). The higher peaks recorded for 50 % engine load were
56.9 bars at crank angle 15 degrees, 53.6 bars at crank angle 15 degrees, 49.5 bars at crank angle 10 degrees and 43.2 bars at crank
angle of 4 degrees for P. juliflora, H. compressa, Rice husk and neat diesel respectively. The values of peak cylinder pressure when
compared to neat diesel improved by 31.6% for P. juliflora, 24.0% for H. compressa, and 14.6% for rice husks and the peak shifted to
the right of top dead centre due to the exhibited delay in combustion of upgraded-syngas. The study shows that upgraded syngas
has a higher peak than standard neat diesel with injection timing of 23 degrees. This means that upgraded syngas has better
combustion characteristic due to presence of dual fuel in the engine. Cylinder pressure is influenced by the rate of fuel combustion
during the premixed burning phase. Moreover, as the quantity of fuel blends increases, more fuel contributes to the uncontrolled
combustion stage of the mixture, leading to a higher increase in pressure (Kale, 2017; Velmurugan et al., 2014).
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Figure 8. Variation of in-cylinder pressure with crank angle after and before TDC

The maximum peak (cylinder pressure) for diesel was at 4 degrees at TDC with the dual fuel shifting with more than 10 degrees to
the right after TDC. The peak for syngas shifted toward expansion stroke due to late combustion of syngas. A study by Lal &
Mohapatra, (2017), reported maximum cylinder pressure of 46.53 bar and 55.29 bar at crank angles of 12 and 14 degrees for diesel
and syngas respectively, after top dead center (ATDC) with CR of 18. A research by Sombatwong et al., (2013) reported a peak
pressure of 56.5 bar when the engine was operated on dual fuel and 55.0 bar when operated on diesel at a CR of 18. Similarly, Sahoo
etal., (2012), reported maximum cylinder pressure of 51.7 bar for a 50 % hydrogen syngas, when the engine was operated at maximum
efficiency. They further noted that at low loads of 20-40%, there were low cylinder pressure due to reduced quantity of pilot fuel that
resulted to slower combustion rates. Other studies has also shown the maximum in-cylinder pressure peaks moves to after the TDC
when syngas and diesel are used as fuel (Brusca et al., 2014; Dhavale et al., 2015). The higher gaseous fuel content in syngas that
burns at higher rates resulted to high pressure rise in the engine than when compared to conventional diesel (Ashok & Nanthagopal,
2019).

3.3. Variation of net heat release with the crank angle

Net heat release rate curves are important as combustion parameter like combustion duration (time taken to combust from 10% to
90% of mixture) and intensity can be calculated and analyzed. Figure 9 shows the variation of net heat release (J/degree) with the
crank angle a/bTDC (degrees) for 50 % engine load condition.
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Figure 9. Variation of net heat release with crank angle a/b TDC at 50 % engine load
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From Figure 9, the data shows a rapid increase of heat release curve at an angle of 15-25 degrees a/TDC during the period when
turbulent flame propagation occurs (spontaneous flame propagation). The start of combustion can be noted by the change from
negative NHRR to zero. The low heat release values seen in the graph between -10 to 10 degrees crank angle are attributed to the
cooling on the mixtures caused by their interaction with the engine surfaces, as well as the expansion they undergoes (Dhavale et al.,
2015). For P. juliflora the values for NHRR at 50 % engine load, increased rapidly from start of combustion at 0.3 to maximum of 37.8
J/degree, H. compressa increased from 0.2 to a maximum of 33.5 J/degree, Rice husk increased from 0.2 to 28.8 J/degree and for
neat diesel it increased from 0.1 to 24.8 J/degree. Table 8 present the peaks for NHRR curves for the various engine loads.

Table 8. Net heat release rate (J/degree ) at various engine load in percentage

Sample name 0 % engine load 25 % engine load 50 % engine load 75 % engine load 100% engine load
HC 334 34.6 34 35.2 35
ND 26.8 27.4 27 27.6 27.8
RH 28.8 29.3 29.12 29.8 30
PJ 37.8 38.8 38.82 38.84 38.9

From the Table 8, there is a slight increase in NHRR as the engine load increase. A study by Hariram & Vagesh Shangar, (2015)
reported similar findings with maximum heat release of 23.1 J/CA under no load condition and 39.4 J/CA at 50% engine load at CR
of 18. Syngas had higher values of NHRR due to the extended crank interval for the combustion of the upgraded syngas fuel and
thus better combustion duration. The diesel fuel auto ignites the syngas but has minimal contribution to net heat release (Spaeth,
2012). From the graphs, it can also be noted that there is a slow flame propagation followed by a rapid flame propagation, which is
caused by delayed combustion in syngas. This implies that heat release is a spontaneous and short duration occurrence with
uncontrolled flame propagation. A study by Mahgoub et al,, (2015) on DICI engine, running on dual fuel and simulated using hydrogen
derived syngas, reported similar patterns. They attributed this to better flame propagation in hydrogen at leaner modes of fuel
mixtures. The syngas seems to have better heat release than diesel because of the presences of more fuel in combustion chamber.
At compression ratio of 18, Lal & Mohapatra, (2017), reported NHRR of 32.76 J/deg CA for engine operated on diesel and 46.93
J/deg CA for dual fuel (Syngas and diesel). Sombatwong et al,, (2013), also at compression ratio of 18, observed NHRR to be a
maximum of 35.0 J/deg crank angle when operated on diesel and 40.0 J/degree crank angle for dual fuel.

34. Variation of peak In-cylinder pressure (Bars) with Engine load

Figure 10 present variation of in-cylinder pressure with the engine load. It is evident that the peak cylinder pressure increases from
no load condition to a peak cylinder pressure at full load condition.
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Figure 10 Variation of peak in cylinder pressure in bars with engine load

Neat diesel had the lowest peak cylinder pressure while P. juliflora had the highest. The in-cylinder pressure increased from 40.35
bar at no load to 47 bar at full load for neat diesel (16.5 % increase). For P juliflora it increased from 53.85 bar at no load to 60.6 bars
at full load (13.1 % increase); 50.55 bar at no load to 58.35 bar at full load for H. compressa (15.4% increase), and 45 bar at no load to
53.25 bar at full load for rice husks (18.3 % increase). A study investigating the impact of the hydrogen to carbon monoxide ratio in
syngas fuel operated on dual fuel mode observed similar results. They noted as the engine load increased from 20% to full load, there
was an increase in peak cylinder pressure (Sahoo et al., 2012). Similarly, Hariram & Vagesh Shangar, (2015) reported peak cylinder
pressure of 54.9 bar at no load condition, 64.7 bars at 50% engine load, and 70 bar at full load conditions with a compression ratio of
18.
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4. Conclusions

Co-gasification improved combustible gases yields, hydrogen/carbon-monoxide ratio and reduced pollutants. The upgraded-syngas
in the research ranked as a moderate ratio fuel. Calorific values reported 3.2-11.2% increase with improved peak-cylinder pressure,
NHRR at no load and at full load conditions. Unique combustion characteristics noted for NHRR at 15-25°a/TDC are due to the
spontaneous and uncontrolled flame propagation occurrence. Additionally, peak-pressure shifted to the right of top-dead-centre due
to delayed combustion of the upgraded-syngas. Mui-Basin-coal-P juliflora ranks the best followed by Mui-Basin-coal —H.compressa
and lastly Mui-Basin-coal-Rice-husk. Co-gasification is the optimal approach to utilize Mui-Basin-coal and biomass in tricycles with
minimal environmental pollution.
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