ISSN: 2321-2810 (Online)

ISSN: 2321-8525 (Print)
Volume 13, Special Issue 2, 2025
DOI (Journal): 10.37591/JoPC

Journal of

Polymer & Composites

G

STM JOURNALS
https://journals.stmjournals.com/jopc

Quasi-Dimensional Thermodynamic Performance and
Emission Modelling for Dual-Fuel S| Engine Operation
Using Waste-Based Producer Gas and Methane

Priyaranjan Jena"*, Jeewan Vachan Tirkey’, Reetu Raj’, Lawalesh Kumar Prajapati’

Abstract

Rising energy crisis and urgent need for better waste-handling techniques have gained significant
attention. Integration of wastes-to-wealth and Green Energy evolution techniques are prime sustainable
measures towards countering this menace. Moreover, Internal Combustion (IC) engines are significant
energy consumers and their emissions play a major factor in global warming and ecological
obliteration. Concerning these aspects, investigations should strive at emissions minimization and
reutilization of low-impact industrial byproducts. Thus, using methane or propane for fueling IC
engines when blended with greener alternate fuels like Producer gas (PG), formed of waste gasification
techniques, could be very beneficial. Therefore, this study applies the inexpensive investigation
approach of numerical modelling for the analysis of SI engine performance when operating on blended
fuel compositions of methane and Sewage sludge-based producer gas (SSPG). The simulation is attuned
with parametric conditions of 11 CR and stoichiometric Equivalence ratio (ER=1). As PG inherits
lower flame-speed and calorific value (CV) than conventional fuels, varying start-of-ignition (SOI)
timings and methane blends were respectively considered as the independent input parameters. The
prediction accuracy of the simulation is first validated and then the potential parametric emission and
performance responses were examined for favorableness. Results exposed that the engine performance
and emissions are more favorable for operative SOI at around 35° to 40° spark advance (BTDC) and
low PG-blending. ITE and IMEP maximize to 37.2% and 6.7(kW), whereas minimum attained BSFC,
and CO, NO emissions are 0.304(kg/kwh), 0.58(v%) and 1095.9(ppm) respectively.

Keywords: Producer gas, thermodynamic modelling, sewage sludge, waste to energy, methane blend,
Sl engine simulation

INTRODUCTION

Due to rapid industrialization and the need for sustainable growth, the search for alternative fuels
seeks prompt attention. On the other hand,
increasing urban population results in massive
amounts of municipal sewage and wastewater
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generation. This causes unsustainability issues. The
largest annual production of sewage sludge is
estimated at nearly 13.5 million tons of Dry Matter
(mtDM) from the EU and 12.56 mtDM from the
USA [1]. Refuse-derived fuel (RDF), combustion
fincineration, pyrolysis, and gasification are the
possible solutions to reusing sewage sludge [2, 3].
However, gasification is a very feasible solution
among the available options, as it can solve the
issues of incineration, such as SOx emissions, heavy
metal fly ash, and chlorinated dibenzodioxins and
dibenzofurans generation.
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Sewage sludge (SS) is subjected to sequences of complex chemical and physical treatments through
the thermochemical processes and partial oxidation during gasification. These treatments occur at
temperatures ranging between 650 and 900 °C. Gasification yield from the SS is higher once the sludge
is dried to over 90% dry in solid content [2, 4]. Additionally, it is more effective and cost-efficient to
use fuel derived from sewage sludge gas in IC Engine applications, as it has a higher calorific value, as
opposed to further converting synthetic natural gas, di-methyl-ether, or adopting synthetic gasoline that
is based on Fischer-Tropsch processing [5].

According to a majority of the research works [6, 7]. producer gas has a lower calorific value and
lower flammability limit. Therefore, its application in fueling IC engines results in featuring lesser
braking power, more brake-specific fuel, and unstable combustion. In order to improve the performance
of Sl engines, SSPG must be blended with a greater calorific value component. Methane is a viable
choice, according to Szwaja et al. [5, 8]. It is because-

e Methane has a greater calorific value (35.4 MJ/Nm3)

e Methane is available widely, with Natural gas as the main resources

e Methane retains a high H/C ratio. This accounts for low CO.-emissions

o Methane possesses superior octane number (about 120-130). It enables high compression ratio

engine run and consequently enhances thermal efficiency for the process [9, 10].

The thermal efficiency can be increased using the supplementation of flame speed, or a flexible
ignition system through advanced spark timings. However, the advancement is rather constrained by
the unstable combustion of more blended fuels, which tend to slow down flame speed [11]. Therefore,
it is necessary to study the power output from the SSPG-methane blend-powered Sl engine, in terms of
variations in spark advance as well as blend quality [12]. Pertaining to these research gaps in studying
the simultaneous effects of variations in producer gas blend fraction (SSPG) and spark advance (SOI)
on engine responses, these two parameters are the selected input parameters in this simulation study.

From many related works of literature [12, 13]. it is clear that the engine performance and combustion
efficiency are significantly impacted by spark advance for a given methane-gasoline blending.
Additionally, thermodynamic simulation models are powerful techniques that requires little financial
investment and might be useful to address the aforementioned problems and difficulties [6]. According
to Mehra et al [14]. consideration of a two-zone model (burned and unburned) integrated to quasi-
dimensional modelling (QDM) could enable to execute outcomes more precisely. QD combustion
models have already been verified with experimental data [14]. and could potentially model combustion
in Sl engines. Therefore, looking at the research gaps in brief, QDM has been applied in this work to
forecast the in-cylinder pressure history, and the computed outcomes of engine power, fuel
consumption, efficiency, and emissions concentrations at exhaust for the fixed modelling constrain of
1500 rpm engine run. Additionally, the impacts of simultaneously varying inputs are analyzed, verified
and discussed upon in this study regarding the Peak pressure magnitude, attainment position, Indicated
mean effected pressure (IMEP), Indicated thermal efficiency (ITE), Brake specific fuel consumption
(BSFC), and carbon monoxide (CO), nitrogen monoxide (NO) emissions.

Pertaining to the aforementioned research gaps and operational brief, the present investigative work
aims to attain the subsequent research objectives:
e Using QD thermodynamic model to effectively simulate and validate the performance of an
engine powered by an SSPG-Methane combination.
o Evaluate the effect of Methane-SSPG blend and spark timing on engine performance (power,
efficiency, fuel consumption, and emissions).
e Assess input factors that significantly determine SI Engine's cumulative performance.

Furthermore, this study will provide an appropriate platform for scholars and enterprises to conduct
additional research and development in this field of effective and cost-efficient waste to energy
conversion perspective.
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NUMERICAL METHODOLOGY

When examining open and closed systems in internal combustion engines, the closed systems are
represented by the power cycle, that accounts for the most important section for analyzing an engine’s
performance characteristics. Figure 1 illustrates the schematic approach to quasi-dimensional
thermodynamic modelling (QDTM). Mathematical modelling for the developed QD-based model has
been numerically programmed using the FORTRAN script. The power cycle phase of the engine
thermodynamic cycle begins with the completion of Inlet valve close (IVC). Herein, the premixed
reactants’ composition (Air+Methane+SSPG) are considered to be homogeneous in mixture
temperature, and pressure. Though the combustion process begins with spark, it incepts to lay
thermodynamic influence on temperature and pressure on the mixture only when the volume of the
flame kernel surpasses 0.001 times the entire in-cylinder volume [15, 16]. Subsequent to this, the
combustion is presumed to spread spherically by pertaining a turbulent flame speed and separating the
combustion chamber into two zones through an infinitesimal flame front thickness. The zone next to
the spark is called the 'burned zone'. It entails of the combustion products. The zone, forward to the
burned zone is termed as 'unburned zone', and it consists of gaseous fuel and air mixture [17].

The considered producer gas composition is 16% CO, 13% Hz, 15% CO-, 3% CH., and 53% N, (by
volume), with a CV of around 4.5 MJ/Nm? [7]. Overall, the considered inputs for modeling the 4-
stroked engine are (also in Figure 1):

o Geometry specifications of Engine (CR, bore dia., stroke, Valves’ Diameter)

Valve and Spark Timing (CA)

Intake and Exhaust condition to Engine (species-Pirap, Tirap)
Charge conditions (fuel properties, equivalence ratio)
Heat transfer coefficients

Single zone: Intake,compression

Effective surface area and heat transfer

Inputs .+ Effective surface area and heat transfer
no *  Pressure with respect to crank angle
' ' *  Unburned temperature with crank angle
Start of
combustion s

yes l

Two zone combustion: delay period, combustion.

»  Effective surface area and heat transfer

*  Thermodynamic properties: charge and species.

*  Turbulent flame speed

*  Two zone combustion (burned and unburned): Area, volume +——><

*  Emission (Rate kinetic model): H20, H2, OH, H, N2. NO, N,
C02,CO, 02,0, Ar ¢ yes

*  Pressure with respect to crank angle '

*  Unburned and Burned product temperature with crank angle

no

Endof
combustion

Single zone: expansion
*  Heat transfer
*  Thermodynamic properties species
*  Pressure with crank angle

*  Unburned temperature with

Outputs: Combustion parameter, power indicator, fuel consumption, emission

Figure 1. Layout of the engine simulation model.
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Based on mass and energy conservation and from the perspective of thermodynamic state evaluation
of IC Engine power cycle process, three modes of evaluation could be progressed. They are:
compression (single zone), combustion (two zones), and expansion (single zone) modes [18].

Compression And Alike Single-Zone Expansion Mode Modelling

Variations in the thermodynamic pressure and temperature states in respect to the differing crank
angles are governed by Eqg. (1-3). Subsequently, the work done at the piston head is modelled using Eq.
(4). The rate of heat transfer rate through the gas to the adjacent in-cylinder surfaces is evaluated by
Annand’s equation [19] (Eq. 5).

2-QIOE)-EE) »

dTm 1dv | 1dP

W_T (Vd9+Pd9) @)

dV sin 6 cos 0

T (CR -1 |(sinf) + ———— (3)
/;—smz 2]

aw _ _dv

a0 Pas (4)

ak,
I = =4 (Re)? (T = Tyy) + ¢(Tr — Tp) 5)

Two-Zone Expansion Mode Modelling

After combustion initiation within the chamber, fundamental thermodynamic energy and mass
conservation is modelled for the in-cylinder thermodynamic states through Eqg. (6), where the specific
heat capacity of inducted fresh air-fuel mixture and products charge (denoted as: cvm and cyp) are
premeditated using the polynomial coefficient as depicted in Ref.-[20]. Further, the minuscule
progressive variations in the induced charge volume and burned product mass are intercepted with Eq.
(7,8) in respect to the differing crank angles. In this equation, A is the geometric flare front expanse
computed applying the methods depicted in the referenced [21], u: is turbulent flame speed and p is
unburned charge density.

chh

dm dar, arT,
iy m P a@
( m) tm m"m de tm C"pd9+p de d9 =0 (6)
AVeh _ @Vin |, WVp _ (Vo _ Vi \dMp | MpRmdTyn ATy | MpRpdTy dTp  Vdp 0
a9 ~ d8 a8  \m, my/) do D de D de  pdé
dm dm
My _ %M _

CO and NO Species Formulations

The 12 species (Hz, H20, OH, N2, H, NO, N, CO, CO», Ar, O, and O) of burned gas have been
calculated by atomic balancing, and solving thirteen nonlinear equilibrium state expressions Eqg. (9-15)
using Newton—Raphson iterative method, as proposed by Benson et al.[15]. Moreover, the equilibrium
state is governed by Eq. (16).

SH, =H )
20,20 (10)
SN =N (11)
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2H,0 = 2H, 4+ 0, (12)
H,0 = OH + S H, (13)
CO, + H, 2 H,0 + CO (14)
H,0 + 5N, = H + NO (15)
(dG)rp =0 (16)

As the CO and NO formation during combustion have non-equilibrium behavior [20], the rate kinetic
model method was espoused to simulate their concentrations. The NO modelling was simulated by
means of the extended Zeldovich mechanism, which has been discussed in brief at Lavoie et al. [22].
And, the rate kinetic methodology has been pragmatic towards finding the CO concentration. Thus, it
was accordingly modelled using the correlations presented in the works of Benson and Baruah [15, 23].
The model involved the fundamental reactions of Eq. (17-19). However, as the temperature falls with
expansion, the CO concentration lags behind the equilibrium value.

ks(or)kp
C0+0H &= C0,+H 47
K (or)kp
d
=2 [[COIV] = =k [COL1[OH] + Ky [CO,] [H] 39)

RESULTS AND DISCUSSIONS

This section initially presents a validation study for the thermodynamic simulation model. Thereafter,
the analysis of various performance and emission responses is presented according to the simulated
results for varying input levels.

Validation Corresponding To P-Theta Diagram

The quasi-dimensional (QD) simulation outcomes have been validated from the sole available
experimental report on Sl IC engine performance when fueled with SSPG and CH4 blends, which is
Szwaja et al. (ref.-[5]). Towards maintaining consistency in the validation, modelling specifications for
the QDTM are set identically with the engine specifications mentioned in the referred experimentation.
These engine specifications are tabulated in Table 1 and have also been implemented for discussions
on the modelled performance and emission outcomes and its respective analysis in the following
sections. As this study inspected QD modelling of single-cylinder engine performance outcomes,
whereas the experimentation considered a four-cylinder Sl engine, the experimental performance
outcomes were reduced particular to the single-cylinder-based engine operation. Figure 2 depicts the
simultaneous traces of both simulation and experimental in-cylinder pressure with respect to the crank-
angle variations. Regarding variation of the in-cylinder pressure, the QD-based simulation outcomes
are found to be closely in match with the traces of corresponding experimental in-cylinder pressure
respective to the crank-angle variations. The maximum deviation in in-cylinder pressure with regards
to any crank-angle position was within the 7% deviation, also depicted in Fig. 2. Although the peak
pressure nearly matched with regards to the crank-angle position, the pressure tracing showed relatively
a larger amount of deviation in crank position during the early compression phase. It must be noted that
a decline in the actual reduced temperature and pressure at the early compression phase, could possibly
result in the small deviations between the experimental and simulated in-cylinder pressure outcomes.
Moreover, the experimental findings consisted of pressure versus crank-angle traces that are recorded
over 100 consecutive cycles, and the minute observed variations may be attributed to the many cyclic
oscillations that acted as noise in the examination of performance and emission patterns. Thus, the peak
observed experimental traces were considered for the in-cylinder pressure validation.
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25
100% PG, Vol eff. 60%
SI-Engine, 1500 rpm
20 [F CR:10,2=1.0

B xS:91x103.2 mm

e » » » o« Experimental

Simulation

15 | SOI35°bTDC

o Exp. Sim o
Validation: =15.6 164 o

10 CA(Pmax)

(a TDC)
s L MaxPr. (bar) =224 22.63

in cylinder pressure (bar)

0 1 1
135 180 225 270 315 360 405 450 495 540

Crank angle (deg)
Figure 2. Validation with experimental P-© plot.

Table 1. Specifications of the modelled Sl engine.

Engine entity Engine specification
Engine type 4 Stroke-SI Engine

Engine model Freely aspirated, Wiscon TM27 model [24]
Stroke (mm) 103.2

Compression ratio (r) 11:1

length of connecting rod(mm) 136.5

Set Equivalence ratio 1.0

Bore Diameter (mm) 91.0

PG fraction in volume% 10-90% (variable)

Start of ignition (crank angle, 8) | 30-45 BTDC (variable)

Revolutions per minute (RPM) 1500 (maintaining 50 Hz AC frequency)

Validation Corresponding to Various Blend-Fractions

For further accessing consistency of the applied QD model with respect to blend fraction variations
of PG in blended fuel intake compositions, the corresponding Brake power (BP) outcomes are also
validated by referring to the same experimental study (Ref.-[5]). Fig. 3 summarizes the simulation
outcomes for brake power with respect to the varying relative air-fuel ratios for the various fuel blend
proportions (0.0%, 20%, 40%, and 50% SSPG blends with methane). The nature of the simulation
results profile coincides extremely well with the experimental one, although it departs only slightly (on
average within 5%) from what the QD model predicts for normal engine performance with fixed 30°
BTDC spark timing and 11CR. When running on an SSPG and methane blend, the confirmed QD model
will thus be used from onward to access these engine outputs.

The experimental trace, however, is the result of numerous cycle variations, and the program's
assumed assumptions are still present in the numerical model. Since then, the operation of the SSPG-
Methane blend and spark timing has been evaluated for engine performance (power, fuel consumption,
and emission) using the verified quasi-dimensional model.

Abiding with the objectives, the effects of simultaneously varying inputs upon peak pressure, its CA-
position, IMEP, ITE, BSFC, and emissions of CO as well as NO, is studied by using the line and radar
plots developed using Microsoft EXCEL. The emerged variation trends of different output parameters
are briefly reviewed with experimental kinds of literature and discussed in the following sections.
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Figure 3. Validation for different blends of SSPG in methane.
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Effects on Peak Pressure, and Its Position

These simultaneous plots could yield significant details regarding indicated power development,
internal combustion and power conversion efficiency for various intake fuel blends with respect to
advancing of spark (SOI). As seen in Figure 4, with the advancing of SOI, the crank-angle position
corresponding to peak pressure also advances, pertaining to faster quenching of combustion [25, 26]
and increased heat loss through Anand’s correlation [27]. The peak pressure also increases with
advancing SOI, as depicted in Figure 5, pertaining to more heat-release duration. Besides, with
increasing SSPG-blend, the CA-duration for attaining peak pressure increases corresponding to any
specific spark timing, attributing to slow flame propagation speed. Peak pressure decreases with
increasing blend probably due to lower SSPG calorific value.

Effects on IMEP

IMEP indicates the obtained power at the piston head irrespective of the cylinder size. In Fig. 6,
IMEP is observed to initially increase and then gradually decrease with increasing SOI. The initial
increase could attribute to increasing in-cylinder temperature [28], whereas the following gradual
decrease could result due to unstable combustion occurring at early spark [7, 29]. Besides, with
increasing SSPG blend BMEP is observed to decrease, probably attributing to the lower calorific value
of SSPG [30].

Effectson ITE

From the radar plot in Figure 7, it becomes convenient to visualize that B90-blend results in the
greatest of obtained ITEs as compared to other blends for any corresponding spark timing (SOI). This
effect indicates the occurrence of greater heat-to-work conversion efficiency, especially for SOI range
from 35° to 40° BTDC. This could attribute to the development of suitable in-cylinder temperature and
pressure conditions for more combustion and work-energy conversion efficiency [30].
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Effects on BSFC

BSFC represents the fraction of energy in fuel intake that is turned into output power at the engine
shaft. It is the ratio of fuel intake- rate to the produced BP. From Figure 8, BSFC is observed to slightly
decrease and then similarly increase corresponding to SOI increase. The pattern relates to the contrary
pattern for IMEP or engine power [28]. Besides, the slightness could be due to better combustion
occurring at mid-ranged SOI [30], and resulting more in fuel intake. Besides, increasing blending is
seen to increase BSFC more rapidly, which could again attribute to the lower calorific value of SSPG
[30]. when the shaft is set to run at a constant 1500 rpm [31].

Effects on CO-Emission

CO emission primarily represents incomplete oxidation of the hydrocarbon-based fuel. In Figure 9,
CO emission is observed to increase with increasing SOIl-value. As the in-cylinder temperature
increases with the spark advancing [28]. the consequent oxygen demand also increases. As the intake
oxygen input is stationary for the model, an oxygen scarcity builds up in the combustion chamber,
probably resulting in increased CO generation. Besides, with increasing SSPG blending, CO-generation
is also observed to increase, pertaining to increased CO-content in the intake charge [5].
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Figure 8. Simultaneous effects on BSFC variations.
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Effects on NO-Emission

NO-generation is governed through Zeldovich mechanism modeling for this numerical simulation,
so its emission is favored by high temperature, oxygen availability and proper combustion duration
[32]. From Figure 10, NO is observed to increase with SOI advance for any modeled blended fuels.
This again verifies the acquirement of higher in-cylinder temperature [28] and increased oxygen
demand with the advancing of SOI [33]. Further, NO-emission is observed to decrease with the increase
of blending, probably attributing to decreasing heat release from increasing blend of SSPG having lower
calorific value [30].

CONCLUSION

The considered performance and emission parameters of the specific SI engine fueled and operating
on different blends of Sewage-sludge based Producer gas (SSPG) and methane (CH4), for the
stoichiometric equivalence ratio equal to 1 and running at 1500 RPM and 11 CR, was numerically
modeled using the FORTRAN-based codes. Outcome datasets from 25 model runs were reported with
varying inputs of SSPG blends and SOI values. As per the model results, the varying start of ignition
(SOI) and amount of SSPG blending (Blend%) lay greater impacts on the considered outputs. The
simulation findings are found to be in good accord with data from diverse investigative literature.

e A validated quasi-dimensional thermodynamic model was efficaciously active towards the
simulation of parametric responses of dual fuel mode spark ignition engine.

e A mid-ranged SOI (at 35° ~ 40° BTDC), highlighted better ITE, IMEP, and BSFC, whereas
greater SOI resulted in increased emissions.

e Increasing SSPG-blend(>B50) although featuring better ITE, is also observed to decrease IMEP
and increase CO emissions.

© STM Journals 2025. All Rights Reserved S455



Journal of Polymer & Composites
Volume 13, Special Issue 2
ISSN: 2321-2810 (Online), ISSN: 2321-8525 (Print)

ABBREVIATIONS AND NOMENCLATURE

ANOVA Analysis of Variance Symbols

BMEP Brake-mean effective pressure

BTDC before Top Dead Center ac Crank length

BP Brake Power a,0 Crank angle

BR Blend Ratio in V% Cp Specific heat at constant pressure
BSFC Brake-Specific Fuel Consumption Cv Specific heat at constant volume
BTE Brake Thermal Efficiency f Fraction (0-1)

CR Compression Ratio L Connecting rod length

CA Crank angle pu Density of unburned charge

CD Combustion duration (10V%-90V%) () Fuel-air equivalence ratio

Co Carbon mono-oxide Kip Backward rate constant

cv Calorific value m Mass (kg)

ER Equivalence ratio Kt Forward rate constant

HHV Higher Heating Value p Product

FS Flame Speed R Gas constant

IT Ignition timing R Rate constant

ITE Indicated Thermal Efficiency Sp Mean piston speed

LIVC Late Inlet-valve Closure u' Turbulent flame intensity

IMEP Indicated Mean Effective Pressure T Turbulent nature

NO Nitrogen Oxide u,m Mixture of fresh charge, unburnt
PG Producer Gas V% Percentage by volume

PP Peak pressure V Volume (md)

SOl Start of Ignition

Sl Spark Ignition

SSPG Sewage Sludge Producer Gas

QDTM quasi-dimensional thermodynamic modeling| |

In summary, the thermodynamic-driven numerical approach predicted and demonstrated that

utilizing methane and PG blends in the Sl engine possibly will potentially improve performance and
significantly reduce NO emissions across a range of operating conditions. Moreover, the current
numerical model is expected to prove valuable for forthcoming thermodynamic and experimental
investigations into SI engines when powered by alternative fuels.
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