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ARTICLE INFO ABSTRACT

Keywords: The use of low carbon fuels (LCFs) in internal combustion engines is a promising alternative to reduce pollution
Coke oven gas while achieving high performance through the conversion of the high energy content of the fuels into mechanical
Hydrogen

energy. However, optimizing the engine design requires deep knowledge of the complex phenomena involved in
combustion that depend on the operating conditions and the fuel employed. In this work, computational fluid
dynamics (CFD) simulation tools have been used to get insight into the performance of a Volkswagen Polo 1.4L
port-fuel injection spark ignition engine that has been fueled with three different LCFs, coke oven gas (COG), a
gaseous by-product of coke manufacture, Hy and CH4. The comparison is made in terms of power, pressure,
temperature, heat release, flame growth speed, emissions and volumetric efficiency. Simulations in Ansys®
Forte® were validated with experiments at the same operating conditions with optimal spark advance, wide open
throttle, a wide range of engine speed (2000-5000 rpm) and air-fuel ratio (A) between 1 and 2. A sensitivity
analysis of spark timing has been added to assess its impact on combustion variables. COG, with intermediate
flame growth speed, produced the greatest power values but with lower pressure and temperature values at A =
1.5, reducing the emissions of NO and the wall heat transfer. The useful energy released with COG was up to
16.5% and 5.1% higher than CH4 and Hy, respectively. At richer and leaner mixtures (A = 1 and A = 2), similar
performances were obtained compared to CH4 and Hy, combining advantages of both pure fuels and widening
the A operation range without abnormal combustion. Therefore, suitable management of the operating condi-
tions maximizes the conversion of the waste stream fuel energy into useful energy while limiting emissions.
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Computational fluid dynamics (CFD)
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engines after some minor modifications [6-9]. In this way, blends with
gasoline are avoided, reducing the employment of high pollutant fossil
fuels. Hy provides combustion with zero emissions of CO2, CO and hy-
drocarbons (HCs), as well as high thermal efficiency, high in-cylinder
pressure and temperature and a wide range of flammability limits.
Nevertheless, NOx emissions and a higher tendency to abnormal com-
bustion limit the air-fuel mixture richness, and therefore, the power
generation [10,11]. On the other side, CH4 has a good knocking resis-
tance with rich airfuel mixtures, providing higher power performance at
stoichiometric ratios, and reducing pollutant emissions with respect to
conventional fuels [12-15]. In order to combine the advantages of both
fuels, mixtures of CH4 and Hj have been widely studied in literature [16-
19]. For instance, in the research of Ma et al. [20], employing mixtures
up to 50% of Hy and operating at fixed ignition timing, higher Hy content
increased NOx emissions and similar thermal efficiency at rich air-fuel
ratios were achieved. However, if optimum spark advance (SA) was

1. Introduction

Internal combustion engines (ICEs) have played a key role in the
20th century in transport and electricity generation applications.
However, conventional fuels have contributed highly to anthropogenic
greenhouse gas emissions (GHG) and atmospheric pollution. To over-
come this problem, several works have focused on the use of alternative
fuels, which are more environmentally friendly and provide high per-
formance in ICEs. Alcohols (e.g. ethanol, methanol and butanol) and
biogas are common alternative fuels studied in spark ignition (SI) and
compression ignition (CI) engines, reporting many benefits [1,2].
However, they are usually blended with conventional fuels, gasoline and
diesel, respectively, maintaining the dependence on fossil fuels [3-5].

On the other hand, hydrogen and methane are receiving great
attention as potential gaseous fuels that can be used in conventional
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Nomenclature

AHRR  apparent heat release rate (J/CAD)

BMEP brake mean effective pressure (bar)

BSEC brake specific energy consumption (MJ/kWh)
BSFC brake specific fuel consumption (g/kWh)
CAD crank angle degree

CI compression ignition

CFD computational fluid dynamics

CHR chemical heat release (J)
COG coke oven gas
CR compression ratio

LCFs low carbon fuels

LHV lower heating value
MBT maximum brake torque
NG natural gas

PFI port-fuel injection

PW pulse width

RANS Reynolds-Averaged-Navier-Stokes
RNG Re-Normalization Group

SA spark advance

SI spark ignition

SL laminar flame speed
SOI start of injection

dABDC degrees after bottom dead center TDC top dead center
dATDC degrees after top dead center WHT wall heat transfer (J)
dBBDC  degrees before bottom dead center WOT wide open throttle
dBTDC  degrees before top dead center A injection area (m?)
DI direct injection A air-fuel ratio
EOI end of injection m mass flow rate (g/s)
EVC exhaust valve closure 1y volumetric efficiency
EVO exhaust valve opening Nm mechanical efficiency
GHG greenhouse gas emissions R thermal efficiency
HCs hydrocarbons p fuel density (g/m>)
HCCI homogeneous charge compression ignition Ow weighted standard deviation
ICE internal combustion engine v injection velocity (m/s)
IvC intake valve closure
Vo intake valve opening
used as fuel or to enrich the calorific value of other process gases [22].
Table 1 Furthermore, this gas is produced at a high volumetric flow rate
Composition of coke oven gas (COG) in vol% and wt% used in this study. (280-450 Nm?>/h [22]) per ton of coke, providing a valuable fuel source
Composition H, CH, o N, o, for stationary ICEs at the outlet of the industrial plant where it is pro-
duced in the cases of surplus generation. The typical composition of COG
vol% 57 30 6 s 2 is shown in Table 1 and the main properties of the three fuels are listed in
wt% 11.6 48.5 16.9 14.1 8.9 . .
Table 2 [23]. As can be observed, cleaned COG is characterized by a very
good composition with high volumetric percentages of Hy and CH4 and
Table 2 some other minor gases, generating a process gas with high calorific
able

Typical physicochemical properties of Hy, CH4 and COG calculated at 273.15 K
and 10° Pa [23].

Gas Hy CH,4 COG

LHV (MJ/kg) 120.00 [27] 50.00 [27] 39.86

LHV (kJ/mol) 241.91 802.12 395.50

LHV (MJ/m®) 9.92 32.91 16.23
Density (kg/m>) at STP 0.08 0.66 0.41
Molecular weight (g/mol) 2.02 [27] 16.04 [27] 9.92
Stoichiometric ratio (Ay) 34.21 17.20 12.72
Flammability range (vol 4.0-75.0 [28] 5.3-15.0 4.4-34.0 [29]

%) [28]
Laminar flame speed (m/ 2.65-3.25 0.38 [30]
s) [30]

0.68-0.88
[31,32]

STP means standard temperature (273.15 K) and pressure conditions (10° Pa)
according to IUPAC [33].

selected, the NOx emissions with rich Hy mixtures decreased and high
thermal efficiency was obtained [20]. Park et al. [15] observed that by
raising the Hy percentage in the mixture up to 40%, the thermal effi-
ciency increased and the specific emissions (g/kWh) were reduced.

As addition to the list of cleaner fuels, industrial waste streams with
high percentages of Hy and CHy in their composition, as in the case of
clean coke oven gas (COG), are worth considering to harness their en-
ergy content [21]. COG is a by-product of coke manufacture, which is a
very important good as a reducing agent in the steel industry for pro-
ducing hot metals from materials that contain iron [22]. The COG is
previously processed to extract other valuable components before being

energy content [22].

Experiments with COG as fuel in ICEs have been carried out in pre-
vious works [24-26] and the performance and emissions have been
compared to engines fueled with pure Hy and pure CH4 [23]. COG
combines the advantages of both Hy and CHy4, improving the perfor-
mance of Hy and reducing the emissions of CHy4. In addition, COG offers
a wider range of air-fuel ratio (), which enables the optimization of the
operation point according to the application [23].

Several studies have used CFD software to assess SI ICEs with
different configurations and fuels, reducing the experimental effort and
expenditures. Hydrogen has been widely studied as combustion fuel
using CFD models in direct injection (DI) [34-36] and port-fuel injection
(PFI) locations [10,37-39]. Besides the analysis of the performance and
emissions, the start of injection (SOI) has been studied to reduce the
residual Hj in the intake manifold and to avoid backfire in PFI engines
[40-43]. Generally, temperature, OH mass and NOx emissions distri-
bution in the cylinder are the main variables plotted in 3D graphs.
Regarding the kinetics of combustion reactions, the mechanisms more
widely employed in literature are Gri-Mech, a detailed mechanism
optimized for combustion of natural gas, or reduced mechanisms
focused on Hy combustion reactions [35,44,45].

On the other hand, CH4 or natural gas (NG) CFD models have been
carried out in dual fuel diesel engines [46-48], homogeneous charge
compression ignition (HCCI) [49,50] and in SI engines [51-53],
analyzing pressure, temperature, emissions and the influence of injec-
tion [43]. Mixtures of Hp and CH4 gaseous fuels have been also studied
through CFD models, analyzing different percentages of Hy in the
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Table 3
Specifications of the original engine (adapted from [61]).

Base vehicle Volkswagen Polo 1.4

Type Spark Ignition
Fuel Gasoline 95 NO
Cylinder line/head material Aluminum
Number of cylinders 4 in line
Bore/Stroke (mm) 76.5/75.6
Swept volume (cm®) 1390
Compression ratio 10.5:1

Valve train configuration DOHC

Number of valves per cylinder 4

Fuel injection system
Ignition system
Maximum brake power
Maximum brake torque

Port-injection

Single spark ignition coil
59 kW at 5000 rpm

132 Nm at 3800 rpm

Gas inlet

a) /
Exhaust valve .

Intake valve

Gas exhaust

& «—

Intake manifold

Airinlet ——

Exhaust manifold

Piston

Fig. 1. 3D symmetrical a) geometry model and b) meshing of a single cylinder
from the engine. (Screenshots used courtesy of ANSYS, Inc.) .

Table 4
Boundary geometries and conditions.
Boundary region Boundary type Condition Value
Air inlet Inlet 2000 rpm 0.092 MPa, 314 K
3000 rpm 0.091 MPa, 311 K
4000 rpm 0.089 MPa, 309 K
5000 rpm 0.088 MPa, 307 K
Gas inlet Inlet 298 K
Gas exhaust Outlet 0.101 MPa
Intake manifold No moving wall 313K
Exhaust manifold No moving wall 500 K
Head No moving wall 400 K
Liner No moving wall 400 K
Piston Moving wall 500 K

IVO (18.2 dBTDC) 400 K
IVC (15.2 dABDC)
EVO (19.4 dBBDC) 550 K
EVC (16.4 dATDC)

Intake valve Moving wall

Exhaust valve Moving wall

composition [54-57]. Different air-fuel ratios at a single engine speed
were considered in order to study the main combustion and performance
variables, such as pressure, temperature, rate of heat release, combus-
tion duration, efficiency, flow velocity and emissions. Moreover, two
compression ratios (CR) and two engine speeds at different loads were
compared in Laget et al. [58].

Regarding COG and syngas with high volumetric Hy percentages,
there are only a few studies with CFD models. He et al. conducted a study
focused on the reduction and optimization of the kinetic mechanism of

Energy Conversion and Management 251 (2022) 114918

COG combustion [59]. This mechanism was employed in a CFD model in
the KIVA-CHEMKIN software of a cylinder from a SI engine. The model
was validated with experiments in terms of in-cylinder pressure and NO
emissions, showing good agreement between simulated and experi-
mental data. On the other hand, Stylianidis et al. [60] developed a new
combustion mechanism for syngas mixtures together with the kinetics of
the reactions. However, a modification in the rate constants of the re-
action HyO» + H = Hy + HO, was needed to improve the match between
simulated and experimental data in the case of fuels with high Hj con-
centration, as in the case of coke oven feedstock [60]. The authors
compared the results obtained with the new chemical kinetic mecha-
nism with previous mechanisms reported for syngas and validated the
CFD model in a micro-pilot ignited supercharged dual fuel diesel engine.
Results showed good agreement in the evolution of in-cylinder pressure
and rate of heat release at different syngas compositions, equivalence
ratio and SOI angles.

In consequence, a comprehensive analysis aimed to provide a deeper
understanding of the performance of the combustion of COG compared
with its main components (Hy and CHy) in a SI engine through CFD is
still unaccomplished. Therefore, in this work simulations of Hy, CH4 and
COG in a port-fuel cylinder from a Volkswagen Polo 1.4L engine have
been carried out matching the experimental operating conditions re-
ported in a previous work [23]. The engine has been run at wide open
throttle (WOT) and the spark advance has been selected to achieve the
maximum brake torque (MBT). Variations in engine speed between
2000 rpm and 5000 rpm and air-fuel ratio between 1 and 2 have been
considered. The model validation has been carried out with different
variables. Afterward, the performance assessment in terms of power,
heat release, pressure, temperature, flame growth speed, OH concen-
tration and, NO emissions is provided in this work. In addition, the
volumetric efficiency has been compared to observe the effects of the
different fuel characteristics. Finally, a spark advance sensitivity anal-
ysis has been carried out for COG to analyze the impact of this variable
on combustion and support the arguments exposed.

2. Simulation methodology
2.1. CFD software

A CFD model of a cylinder from a naturally-aspirated four-cylinder
port-fuel injection SI engine has been developed. The original engine is a
Volkswagen Polo 1.4L adapted to be driven with gaseous fuels [61].
Specifications of the original engine are detailed in Table 3, extracted
from Sopena et al. [61]. Experimental measurements of air-fuel ratio
were obtained with an error of + 0.7% for values close to stoichiometric
conditions (A = 1) and below =+ 3.0% for lean mixtures (A > 1.7). Pre-
cisions for torque and engine speed were + 0.2% and + 1 rpm, respec-
tively. Regarding emissions, measurement deviations in the exhaust
gases were + 0.1% for COg, £0.001% for CO, =2 ppm for HC and + 2
ppm for NOx [23]. Therefore, high precision experimental values were
achieved during the experiments with an experimental reproducibility
higher than the cumulative error from the equipment.

The geometry of a symmetrical cylinder with the intake and exhaust
valves and manifolds (Fig. 1a) was designed with Autodesk® Inventor
2020 and exported to Ansys® Academic Research Workbench, Release
2019 R3. This geometry was processed with the packages Ansys®
SpaceClaim® and Mesh® to redefine the boundary walls and to create
the initial computational mesh, as shown in Fig. 1b. A mesh size sensi-
tivity analysis was carried out and has been included in the Supple-
mentary Material (Table S3), selecting a global element size of 2.5 mm
with very good results and reasonable fluid cells number and compu-
tational time. However, the average cell size of valve seats and the
injector area was reduced to 1.5 mm and 0.5 mm, respectively, to
improve the calculation accuracy in those regions with high flow speed
and very small contact distance. The initial statistical number of ele-
ments generated was around 170,000 cells. Afterward, the model was
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Table 5
Simulation planning and injection specifications at each operating condition.
Fuel A Engine Spark Injection Pulse EOI
Speed advance pressure (bar); width (CAD)
(rpm) (CAD) velocity (m/s) (CAD)
Hy 1.5 2000 10 3; 275 93 485
3000 10 150 490
4000 15 216 495
5000 15 278 500
2 2000 25 76 485
3000 25 120 490
4000 25 179 495
5000 25 225 500
CH4 1 2000 25 3; 115 96 480
3000 30 149 485
4000 30 230 490
5000 30 284 495
1.5 2000 45 69 485
3000 60 107 490
4000 60 164 495
5000 60 201 500
COG 1 2000 15 4;113 145 480
3000 15 228 485
4000 20 346 490
1.5 2000 25 3; 150 121 495
3000 25 191 490
4000 25 288 495
5000 25 4; 113 310 500
2 2000 40 3; 150 97 485
3000 45 152 490
4000 45 226 495
5000 45 282 500

handled in the package Ansys® Forte®, which is a special module
focused on ICEs using proven mathematical techniques and algorithms
and automatically generating the moving volume mesh on-the-fly dur-
ing the simulation [62].

Due to the symmetrical position of the hydrogen injector and the
unthrottled operation, a symmetrical flow field was assumed without
swirl [34]. The vertical plane through the injector’s central axis was
defined as a symmetry plane, reducing the computational domain and
time effort for each simulation. Thus, a high number of simulations
could be carried out without significant loss in results accuracy.

Regarding the engine geometry, the boundary conditions of the
model are detailed in Table 4. Piston and valves were configured as
moving parts, defining the stroke, the connecting rod length and the
direction of displacement for the former and the profile movement and
direction for each of the valves. All walls were set up with the Law of the
Wall slip condition for the shear stress, implying a flexible mesh size
near them, and with constant wall temperatures. The air and the gaseous
fuel entered in the domain through Inlet surfaces type and the exhaust
gas left the domain through an Outlet surface. In the case of the fuel, the
Inlet surface was settled in the place of the original place of the port-fuel
gasoline injector as a circular area with a diameter of 3.4 mm. Fuel was
introduced at a constant injection speed (m/s) during a variable pulse
width (PW), which depended on the gas and the operating condition.

The simulation domain can be divided into three regions: intake
manifold, cylinder and exhaust manifold. Each of these regions was
initialized with a gas composition, pressure and temperature values. The
spark timings selected are shown in Table 5 with a duration of 1 ms and
an Energy Release Rate of 20 J/s.

Finally, some mesh refinements were added in Ansys® Forte® for the
walls, the symmetry plane, the open boundaries, inside the cylinder and
near the valves to increase precision in the calculation in the regions
with higher flow velocity gradients and heat transfer. The resulting
average cell size inside the cylinder is of 1.25 mm. However, a variable
mesh during the spark ignition in the spark region and in the squish
periods within the cylinder was applied to improve combustion calcu-
lations [63]. Furthermore, a solution adaptive mesh refinement for
temperature was added within the cylinder based on the gradient of the
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temperature field from the spark time to the EVO. Both refinements
enable a reduction of the average cell size to 0.625 mm in the region and
periods of time with higher calculation requirements.

Several chemical kinetic mechanisms have been found in the litera-
ture for simulation of the combustion of hydrogen, methane and mix-
tures of fuels. These mechanisms define the reaction pathways and the
evolution of the reaction rates during combustion, leading to changes in
species concentration. In order to compare the three gaseous fuels under
the same simulation conditions, the detailed Gri-Mech 3.0 mechanism
with 325 reactions and 53 species, was selected to consider all the
hydrogen and hydrocarbon reactions as well as the NOx emissions [64].

The turbulent flow model used in this study was the Reynolds-
Averaged-Navier-Stokes (RANS) Re-Normalization Group (RNG) k-¢
model, aiming to capture the average of the entire flow field while
preserving the main effects of turbulence on the averaged flow and
combustion characteristics [63]. Furthermore, the RNG k-¢ model is the
default and recommended turbulence model in Ansys® Forte® with
better engine simulation results compared to the standard version of the
k-¢ model [65]. On the other hand, the Table Library included in Forte
with prebuilt laminar flame speeds has been employed for the gaseous
fuels [76]. These built-in flame speed values cover a wide range of
operating conditions and is the recommended option by the software
support.

The calculations were performed with MPI solver in a workstation
with two processors Intel® Xeon® Gold 6148 and 256 GB RAM and in
the supercomputer Altamira Supercomputer at the Institute of Physics of
Cantabria (IFCA-CSIC). Simulations of at least four consecutive cycles
have been done for each study case to reach a quasi-steady state,
requiring between 30 and 45 h for the calculation of four cycles with 16
cores.

2.2. Planning of simulation runs

The simulations carried out in this work were based on the experi-
ments of Hy, CH4 and COG performed in a previous investigation [23].
Engine speed was varied in the range 2000 rpm — 5000 rpm and the air-
fuel ratio between 1 and 2. In addition, full load (WOT) and optimum
spark advance were selected to obtain maximum brake torque. Spark
advance is defined as crank angle degrees (CAD) before top dead center
(TDC), which is “720” in this work.

Gaseous fuels were injected using a time-varying velocity profile
according to the density and specification of mass flow rate of the in-
jectors (Quantum PQ2-3200). The injection velocity, v in m/s, was
calculated with Eq. (1):
m

o @

V=

Where mis the mass flow rate (g/s), p is the fuel density (g/m3) and A is
the injection area (m?). The resulting half of the injection area due to the
symmetrical part of the CFD geometry model is approximately 4.5 mm?,
calculated with the gas nozzle diameter (3.4 mm). Density of each fuel
was assumed at 3 bar and 298 K as it was the injection pressure
employed in the experiments [23]. Injection mass flow rates of Hy, COG
and CHy4 at 3 bar are 0.6 g/s, 1.4 g/s and 2 g/s, respectively. However, in
the case of simulations of COG at > = 1 and in the case of A = 1.5 at 5000
rpm, density was calculated at 4 bar and 298 K, as the injection pressure
was increased during the experiments, with an injection mass flow rate
of 1.62 g/s. As the symmetry plane of the geometry divides the injection
area to the half, the mass flow rates were also halved for the calculation
of the injection velocity.

The end of injection (EOI) CAD for each engine speed and air-fuel
ratio were selected following the recommendations of Liu et al. [40]
(Table 5). In this way, enough time was provided for the gas to enter in
the cylinder due to the travel distance from the injector to the intake
valves [66]. Therefore, the accumulation of the gas in the intake
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70
* H, A=1.52000rpm Exp
60 ——H, A=1.5 2000rpm Sim
H, A=1.5 5000rpm Exp
50 - H, A=1.5 5000rpm Sim
5 * H, A=2 3200rpm Exp
% 40 ——H, A=2 3200rpm Sim
5 e CH,A=1.21800rpm Exp
§ 30 ——CH, A=1.2 1800rpm Sim
x
20
10 4
0

660 680 700 720 740 760 780 800 820 840
Crank angle degree (CAD)

Fig. 2. Experimental (dots) and simulated (lines) results of in-cylinder pressure
(bar) for H, at A = 1.5 (2000 rpm and 5000 rpm) and at A = 2 (3200 rpm) and
CH4 at A = 1.5 and 1800 rpm versus the crank angle degree (CAD) [10,77].

manifold was reduced during subsequent cycles, diminishing the pos-
sibility of backfire. Finally, the pulse width was adjusted to achieve the
desired A value.

Finally, as the software provides the “indicated” values inside the
cylinder, to obtain comparable results with the experiments (“brake”
values), a mechanical efficiency (y,) correlation was applied, only
dependent on engine speed [67]. The maximum #,, was assumed to be
90% at 2000 rpm, decreasing linearly to 75% at 5000 rpm [27].

3. Results

The simulation results will be exposed in this section starting with
the engine performance in terms of output power and heat released in
the simulated fourth cycle. In addition, the evolution of some variables
inside the cylinder are graphed, such as pressure, temperature, apparent
heat release rate (AHRR) and mass fraction of OH and NO. Afterward,
the fluid dynamics in terms of volumetric efficiency and mass flow rates
and mass exchanges between the cylinder and the manifolds are studied.
Finally, a sensitivity analysis of the spark advance with one of the gases,
COG, is carried out to observe the influence of this variable in the engine
performance.

3.1. Engine performance

The simulation model has been validated with experiments of Hy,
CH4 and COG carried out in a previous work at the same operating
conditions [23].

The simulated in-cylinder pressure has been validated with experi-
mental results, demonstrating the good match between model pre-
dictions and experimental performance. The average in-cylinder
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pressure curves for Hy at different engine speeds and air-fuel ratios are
shown in Fig. 2. Peak pressure relative errors of 3.37%, 1.08% and
0.88% are obtained for 2000 rpm, 5000 rpm and 3200 rpm cases,
respectively. In addition, the pressure evolution inside the cylinder for
CH,4 at 1800 rpm is also graphed in Fig. 2, with a peak pressure relative
error of 0.65%. Therefore, this good agreement makes the model very
reliable in the in-cylinder pressure variable. Regarding the air-fuel ratio
trend, the employment of leaner mixtures (A = 2) reduces the pressure
within the cylinder. In addition, the role of spark advance is highly
apparent, increasing the maximum pressure of the 2000 rpm over the
5000 rpm curve due to the higher spark advance in the case of Hy, and
even higher pressure with CH4 with an earlier spark ignition timing.

In addition, validation results between experiments and simulations
are provided in Appendix A with a parity graph of the brake mean
effective pressure (BMEP) and brake specific fuel consumption (BSFC) in
Fig. Al. A bar graph comparing the experimental and simulated CO,
emissions in %vol has been also plotted in Fig. A2. Furthermore, the
weighted standard deviation (o) statistical parameter for the perfor-
mance variables (Table A1) has been provided. A good agreement can be
noticed, with a deviation lower than 12% for power and BMEP, 14.2%
for BSFC and brake specific energy consumption (BSEC) and up to 16.3%
for the thermal efficiency (7,).

The experimental and simulated brake power of Hy, CH4 and COG
are graphed in Fig. 3. The good agreement between experiments and
simulations is observed. Furthermore, the total chemical heat release
(CHR) and total wall heat transfer (WHT), two variables directly related
to power, of COG, CH4 and Hj are graphed at different A values in Fig. 4.
Both variables are calculated by the software Ansys Forte® inside the
cylinder. The CHR (J) is defined as the accumulation of the heat release
from the combustion chemical reactions, remaining constant once the
combustion is completed. On the other hand, the WHT (J) is obtained as
the accumulation of heat transfer loss through the walls of the cylinder,
varying along the cycle. Therefore, the CHR and the WHT values have
been evaluated at EVO before the exhaust process is carried out, and
subtracting the heat releases from the previous cycles. The combustion
stages from the simulations for all the gases and operational conditions
are explained and collected in Table S1 in the Supplementary Material.

As can be observed in Fig. 3, the most important factor is the air-fuel
ratio, increasing the delivered power as the mixture becomes richer
(lower 1), obtaining higher CHR, pressure and temperature. Neverthe-
less, the WHT through the walls also increases as the mixture becomes
richer (Fig. 4). This effect is attenuated in the case of WHT at high engine
speeds for CH4 because very high spark advances at > = 1.5 produce high
heat losses [68].

In the case of A = 1 (Fig. 3a), COG and CH4 provide very similar brake
power values because both fuels produce high CHR and WHT, resulting
in a low performance difference (Fig. 4a). At intermediate air-fuel ratio
(L = 1.5, Fig. 3b), COG provides the highest power values as a result

14 14 14
134 a)A=1 Al 131 bA=15 131 )A=2
12 121 , 121
114 A 14~ ~ EOG‘S"“ ® EO“;’ Exp 114 ---- COGSim  ® COG Exp
101 101 2 Sim 2 Exp 10- H, Sim H, Exp
9 9l ~~ CH4 Sim A CH; Exp ° 94
= .| = . =
~ 8 =~ 8 _ ~ 8
74 3 T 7 - Al T 74
g [ PR i [
3 61 261 _ = £ - 61 el
& 54 & 54 -9 --7 & 54 -
4 4 -7 _ K- 4+ RPN
e e--" 3] L
37 — COGSim ® COG Exp 31X 37 Lot
2 —— CHsSim A CHyExp 21 21
1 14 14
- ; . ; 0l . : . 01+ . ; :
2000 3000 4000 5000 2000 3000 4000 5000 2000 3000 4000 5000

Engine speed (rpm)

Engine speed (rpm)

Engine speed (rpm)

Fig. 3. Simulated (lines) and experimental (discrete values) brake power (kW) of H, (orange squares), CH,4 (green triangles) and COG (blue dots) versus engine speed

at a) A = 1 (solid), b) A = 1.5 (dashed) and c¢) A = 2 (dotted lines).
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from a higher laminar speed (Sp) than CH4 and a higher volumetric
lower heating value (LHV) (16.23 MJ/m?) than H> (9.92 MJ/m®) (see
Table 2) [23]. As can be observed in Fig. 4b, COG delivers similar CHR

but with the lowest WHT values at A = 1.5 due to a lower value of the
maximum temperature, which increases the difference in brake power
with respect to Hp and CH4. At 5000 rpm, COG releases 40.1% of WHT
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Fig. 6. Temperature (K) and OH and NO mass fraction (wt%) evolution inside the cylinder of CH4, COG and Hj at four CAD relative to spark timing and at EVO
operating at 4000 rpm and A = 1.5. (Screenshots used courtesy of ANSYS, Inc.)

less than CHy4 and 14.3% of WHT less than Hs. Thus, the useful energy With lean mixtures (A = 2), COG and H5 release similar chemical heat
released with COG is 16.5% and 5.1% higher than CH4 and Hj for that (Fig. 4c). However, as the model predicts higher heat loss through the
case, respectively. On the other hand, CHy is the fuel with the highest walls with COG than with Hy due to a higher peak temperature during
heat loss through the cylinder walls at A = 1.5 due to the high temper- longer time, the useful heat release of COG decreases. In consequence,
ature maintained for longer time, decreasing the resulting brake power. the simulated brake power of COG is reduced.
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Regarding the engine speed, operating at higher values, the power
increases for all the gaseous fuels because a higher amount of total mass
is dragged into the cylinder. However, in the case of CHy, the model
predicts that the intake flow is choked at 5000 rpm, resulting in a lower
increment in the power performance than the real values obtained
through experiments. A deviation between experimental and simulated
power value of 16% for CH4 and A = 1 at 5000 rpm is produced, while
the deviation is 15.1% at A = 1.5 and same engine speed. This expla-
nation is also valid for COG but with a lower effect due to its interme-
diate density, with a deviation of 5.8% at 5000 rpm and A = 1.5.
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3.2. Continuous evolution variables

Ansys® Forte® software allows the tracking of many variables dur-
ing the simulation at different regions and points of the geometry. In
Fig. 5, the average pressure, average temperature and apparent heat
release rate (AHRR) inside the cylinder for the three gaseous fuels are
graphed during the fourth simulated cycle in the entire speed range
(2000-5000 rpm) and all air-fuel ratios: a) A =1,b)A=1.5and c) A = 2.
The AHRR (J/CAD) is provided by Forte software as a spatially averaged
variable inside the cylinder. It is the result of the difference between the
rate of chemical heat release from the combustion reactions and the rate
of heat transfer loss through the cylinder walls. Comparing the air-fuel
ratio at same engine speed, a clear tendency can be observed,
reducing the maximum values as the mixture becomes leaner (higher 1).
This is an expected behavior as lower chemical heat release is delivered
when the air excess increases with respect to the fuel mass (Fig. 4).

If a comparison between gas fuels is carried out at same A value, a
trade-off between spark advance and Hj contribution can be high-
lighted. In the case of A = 1, graphed in Fig. 5a, the influence of the
contribution of Hy in the composition of COG is observed in the faster
combustion speed due to its higher laminar flame speed, which increases
the slope of pressure and temperature curves and the maximum values of
temperature and rate of apparent heat release compared to CHy. In
addition, as there is little difference in spark advance between the two
gases at the four speeds, low effects on the maximum pressures are
derived.

When the air-fuel ratio is 1.5 (Fig. 5b), a smaller difference in the
combustion speed is observed between COG and CH4. However, pure Hy
provides higher laminar flame speed, shortening the combustion dura-
tion (see Table S1 in the Supplementary Material) with faster AHRR and
delivering the highest temperatures. CH4 delivers the highest pressure
values because the spark is advanced up to 45 CAD between CHy4 and Hy,
and up to 35 CAD between CH4 and COG. However, peak combustion
pressure for CH, is obtained before TDC at engine speeds higher than
3000 rpm, causing a waste work from the piston to the gas at high
pressures at the end of the compression stroke (Fig. 3b). On the other
hand, COG and H; have close spark timing values, and therefore, similar
maximum pressures are achieved. The value of the maximum temper-
atures and the duration in CAD in which these high values are main-
tained influence the wall heat transfer, increasing the heat loss as longer
and higher peak temperatures are achieved (Fig. 4b).

Therefore, COG benefits from the advantages of both pure fuels.
Suitable peak pressures are achieved while lower peak temperatures
than CH4 and H, are obtained, reducing the wall heat transfer (Fig. 4b).
Therefore, higher power output is achieved with COG, especially at high
engine speeds (Fig. 3b).

Finally, in the case of A = 2 (Fig. 5¢), the laminar flame speed has a

2700
Spark (CAD) 2500
660 - 2300
-~ 670
- 680 2100
690 -1900 A
695 1700 3
700 o 2
710 .-f1500
<
== 720 L1300 2
730 Z
1100
900
N 700
g N Y L 500

0 T T T T T T T T T
660 680 700 TDC 740 760 780 800 820 840
Crank angle degree (CAD)

T
860 660

T T T T T T T T T T
680 700 TDC 740 760 780 800 820 840 860
Crank angle degree (CAD)

Fig. 9. In-cylinder pressure (a) and temperature (b) for COG at 3000 rpm and A = 1.5 at different spark ignition timings.
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lower influence with very lean mixtures, reducing the difference in the
slope of pressure and temperature between Hy and COG, and reaching
similar maximum values in AHRR. The more advanced spark timing of
COG provides higher pressure values (see Fig. 9).

Regarding engine speed, as the rotation speed is increased, the piston
displaces at a higher velocity and a greater vacuum is created, inducing a
larger mass of air into the cylinder. This phenomenon enables the release
of higher chemical energy and power.

The evolution of temperature and mass fraction of OH radical (OH®)
and NO inside the cylinder of the three gaseous fuels at 4000 rpm and A
= 1.5is graphed in Fig. 6 employing the EnSight® module from Ansys®.
Four crank angle degrees relative to the spark ignition have been
selected to compare the three fuels at the same basis, as the spark ignites
at different CAD for each gas (Table 5). Furthermore, the exhaust valve
opening (EVO) CAD has been added to see a comparison of the three
fuels when the emissions are exhausted. OH is a very interesting radical
for the visualization of flame propagation, as it is the most important
intermediate product in combustion with a very high activity due to the
presence of unpaired electrons [39,69]. Thus, OH reflects the intensity
of combustion [70].

As can be observed, the highest laminar flame speed of Hj
(2.65-3.25 m/s, see Table 2) produces the largest temperature core in
the spark region at 10 CAD later than spark ignition (Spark + 10 CAD).
This generates a higher mass fraction of OH radical where the highest
temperature is achieved [39] and a little production of NO. As the CAD
progresses, a high mass fraction core of OH and NO are generated in the
spark region due to the high combustion intensity [69], with fast
decrease as moving away from the flame front. After this, a more ho-
mogeneous OH concentration is produced and the NO mass fraction is
dispersed along the symmetrical plane with higher concentration in the
head and piston areas. Finally, at EVO, a quasi-homogeneous tempera-
ture and NO concentration within the cylinder are achieved.

In the case of CHy, the temperature core due to flame propagation
grows slower due to a low laminar flame speed (0.38 m/s), reaching the
cylinder walls and generating NO at 35 CAD after spark ignition.
Nevertheless, due to the high spark advance (60 CAD before TDC in this
case), the very high temperature core is maintained during longer time
within the cylinder, increasing NO emissions with a very high concen-
tration mass fraction core of NO in the spark region. At EVO, the NO
mass fraction is concentrated heterogeneously, mainly near the cylinder
walls and the piston in the central part of the cylinder. Therefore, the
high spark advance required for CH4 at A = 1.5 increases notably the NO
emissions, reducing its feasibility as clean fuel at lean air-fuel mixtures.

On the other hand, COG, with an intermediate laminar flame speed
(0.68-0.88 m/s), generates a core of temperature and OH with a delay
with respect to Hy, reaching the cylinder walls in less than 35 CAD after
spark ignition. However, the lower maximum values of temperature and
OH reached during the combustion (see Fig. 5b) produce lower NO
emissions. Therefore, this makes COG an interesting alternative gaseous
fuel with the highest performance (Fig. 3b) and lowest NO emissions
compared to pure Hp and pure CH4 at intermediate air-fuel ratios.
Additionally, a sensitivity analysis of the fuel-low content components
(CO and CO3) of COG has been added and explained in the Supple-
mentary Material (Table S4) to analyze their impact on the engine
performance and emissions.

In order to provide a further comparison between the fuels, the
simulated flame growth speed (m/s), which is the time derivative of the
growth of the flame radius, was calculated as the ratio of the increment
of the radius (m) and the time elapsed between consecutive simulation
steps (s). The resulting flame growth speeds of Hy, COG and CH4 at 4000
rpm and A = 1.5 are graphed in Fig. 7. As can be observed, after a first
high increment in the spark radius when it is discharged, the speed of the
flame growth increases and reaches a maximum value, as expected in a
“spherical” shape flame front and then decreases to zero [71]. Initially,
the flame has a spherical shape (as seen with the CH4 case in Fig. 6), but
as the flame increases and reaches the cylinder boundaries, an
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ellipsoidal shape is adopted (see Fig. S1 in the Supplementary Material).

Hy, with the highest laminar flame speed (Table 2), develops the
flame faster and in a shorter time period, increasing the temperature and
generating the OH mass fraction at a higher rate than the other two
gaseous fuels (Fig. 6). On the other hand, CH4 has the lowest laminar
flame speed and develops the flame at a slower rate, requiring a higher
period of crank angle degrees to reach the maximum and then decreases
to zero, extinguishing. This can be confirmed with the flame-
development angle (A04) from Table S1. (see the Supplementary Mate-
rial), which describes the CAD between the spark discharges and the
release of the 10% of the CHR. COG has an intermediate laminar flame
speed but due to the high Hj percentage, requires less time to reach the
maximum spark development before vanishing. Furthermore, a more
stable flame development can be observed.

3.3. Volumetric efficiency

In order to study the influence of the gas composition, engine speed
and air-fuel ratio variables in the cylinder filling process, the volumetric
efficiency (1,) is graphed in Fig. 8. 7, is defined as the ratio of the actual
mass of air introduced in the cylinder and the theoretical mass that
would enter at atmospheric conditions (1 atm and 298 K). Hydrogen has
the lowest volumetric efficiency because this gas displaces a large
amount of incoming air due to its lower density, reducing the available
air in the cylinder [72]. In consequence, the mixture mass inside the
cylinder is reduced, which decreases the power delivered and CHR
(Fig. 3 and Fig. 4). CH4 has the highest volumetric efficiency due to its
higher density. This is confirmed by the experiments carried out with
many different fuels by Pourkhesalian et al. [73]. COG, with an inter-
mediate gas density, provides higher volumetric efficiency values than
H; but lower than CHa.

Regarding A, as the mixture becomes leaner, lower fuel is required
and a higher amount of air is able to enter into the cylinder, getting
closer to the theoretical amount [72]. Finally, as the engine speed rises,
the piston increases the vacuum created, which drags a higher amount of
air into the cylinder, boosting the volumetric efficiency. In the case of
CH4 and COG, as previously mentioned, the maximum values are ob-
tained at 4000 rpm because at higher engine speed, the intake flow
becomes choked, limiting the air flow and reducing the volumetric ef-
ficiency due to higher pressure loss [73,74]. In the case of Hy, this effect
is delayed to higher engine speeds because the mass of air induced is
reduced due to the lower density of hydrogen.

A higher leap in the cylinder mass is observed between 3000 rpm and
4000 rpm than for the rest of the engine speeds for all the gases and air-
fuel ratios. This effect is a consequence of the wave pressures in the
manifolds, which are induced by the pressure variation inside the cyl-
inder during the intake and exhaust strokes. Wave pressures inside the
manifolds are dependent on the geometry design and the speed, whereas
they are independent of the fuel used as can be observed in Figs. S2 and
S3 from the Supplementary Material. However, though intake manifold
pressure is also independent of A, the exhaust manifold pressure does
depend on the air-fuel ratio and the combustion process, especially at
low X and high engine speeds (Fig. S3).

The manifold wave pressures influence the filling and exhaust pro-
cesses of the cylinder [75]. In Fig. S4 from the Supplementary Material,
the mass flow rates and accumulated mass transport exchange between
the cylinder and the manifolds of COG at A = 2 and all the engine speeds
are explained and graphed. In addition, the mass exchange process is
graphed for all the fuels, air-fuel ratios and engine speeds in Fig. S5-S7.
Therefore, the engine design should take into account these effects when
working with gaseous fuels to optimize the intake and exhaust processes
to increase the air-fuel mixture mass inside the cylinder, reduce residual
mass fraction and avoid choking. This would increase the power output
and the efficiency of the engine.
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3.4. Spark advance sensitivity

In addition to the previous comparison assessment carried out for Hy,
CH4 and COG for optimum spark advance, a brief analysis of the impact
of spark advance with the model will be carried out to support the
aforementioned explanations. Simulations for COG at 3000 rpm and A =
1.5 varying the spark advance between 660 CAD to 730 CAD have been
done.

Fig. 9 shows the pressure and temperature evolution inside the cyl-
inder for the different spark timings. As can be observed, as the spark is
ignited earlier, the maximum values of pressure and temperature in-
crease and are advanced with respect to TDC. However, in the case of
spark timing at 660 and 670 CAD, the combustion finishes before TDC,
but the pressure still increases further with a different slope due to the
compression of the piston up to TDC. As the pressure after combustion
inside the cylinder is very high, this increases the required work that the
piston must exert to continue compression, decreasing the apparent heat
release and the power output. On the other hand, the temperature rea-
ches high values due to combustion and it still increases a little with the
piston compression until TDC, decreasing afterward as the piston goes
down.

As the spark is delayed, the pressure and temperature combustion
peaks are closer or even after TDC, which avoids the waste of useful
work on piston compression. Furthermore, the slopes of pressure and
temperature tend to decrease, producing lower rates of chemical heat
release. However, the total wall heat transfer is reduced because high
temperatures are maintained for less time.

In the case of spark timing at 710 CAD, the pressure combustion peak
is reached 20 CAD after TDC, when the piston has already started to
move down, increasing the available cylinder volume. Thus, the peaks of
pressure and temperature are reduced compared to higher SA values.
With spark timings of 720 and 730 CAD, combustions are produced
because the peak temperatures are greater than the temperatures ob-
tained due to only compression (motoring conditions), which are around
820 K. However, the very high delays cause that the peak pressures from
combustion are lower than the pressure inside the cylinder TDC due to
gas compression (around 22 bar) because the available volume has
increased.

In terms of performance, the spark advance has a high influence on
the output variables, such as power and efficiency. The influence of the
spark advance on the pressure — volume curve (p — V) (known as indi-
cator diagram) is explained and represented in Fig. S9a from the Sup-
plementary Material for COG at 3000 rpm and A = 1.5. In addition, the
impact of spark timing in brake power (kW), brake specific fuel con-
sumption (BSFC) (g/kWh) and emissions of COz (%), including the
experimental values at 695 CAD is explained and graphed in Fig. S9b. A
good agreement between simulation and experimental values at spark
timing of 695 CAD were obtained, highlighting the importance of using
CFD simulations as a predictive tool for ICE optimization. Furthermore,
these simulations enable the prediction of the optimum spark advance to
achieve maximum power and efficiency for the different fuels and
operating conditions, reducing expenditures during engine experiments.

4. Conclusions

In this work the assessment of the engine performance and com-
bustion of low-carbon fuels, Hy, CH4 and COG, has been carried out
through CFD software simulation in terms of pressure, temperature, heat
release, emissions, flame growth speed and volumetric efficiency. A CFD
model of a symmetrical single cylinder from a naturally-aspirated port-
fuel injection Volkswagen Polo 1.4L spark ignition engine has been
developed. Simulations of Hy, CH4 and COG at the experimental oper-
ating conditions detailed in Ortiz-Imedio et al. [23] were carried out
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with Ansys® Forte®. Engine speed was varied in the range 2000-5000
rpm range and with A between 1 and 2 at full load (WOT) and optimal
spark advance. In addition, a spark advance sensitivity analysis has been
done for COG. A good agreement between simulations and experiments
was achieved, with a weighted standard deviation lower than 12% for
power and BMEP variables and 16.3% for thermal efficiency.

Leaner mixtures reduce the pressure and temperature inside the
cylinder, as well as the chemical heat release and wall heat transfer,
decreasing also NO emissions. OHe radical and NO compound are
mainly generated in the hot core of the flame, reducing the concentra-
tion as moving away from the spark location.

Spark timing plays a key role, increasing the maximum value of
pressure and temperature inside the cylinder and the chemical heat
release rate operating at higher spark advances. However, higher wall
heat transfer reduces the brake power.

Comparing the fuels at intermediate air-fuel ratios (A = 1.5), COG
delivers the greatest power output due to a higher flame growth speed
than CHy4 and higher volumetric LHV than Hs. Therefore, the interme-
diate spark advance reduces the maximum temperature and pressure
within the cylinder, decreasing the wall heat transfer and the NO
emissions. For instance, COG releases up to 40.1% and 14.3% of WHT
less than CH4 and Hy at 5000 rpm, increasing the apparent heat release
around 16.5% and 5.1%, respectively. In addition, the high volumetric
H, percentage in the COG composition reduces the CO; emissions
compared to CHy.

Hjy gaseous fuel, with the highest flame growth speed, reduces the
combustion duration but increases the OH generation rate and the total
NO emissions. On the other hand, CHa4, due to the lowest flame growth
speed, requires very high spark advance values, increasing the
maximum pressure and temperature inside the cylinder and maintaining
the high values during a longer period of time. Thus, the wall heat
transfer and the NO emissions increase with CH4 compared to the other
gaseous fuels.

Atricher and leaner mixtures (A = 1 and A = 2), similar performances
are obtained with COG compared to CH4 and Hy, combining advantages
of both pure fuels and widening the air-fuel operation range without
abnormal combustion. Therefore, COG offers a very good fuel alterna-
tive to Hy and CHy4 in terms of performance and emissions. Furthermore,
COG comes from an industrial waste stream, thus, offering a very
interesting fuel valorization alternative for stationary applications with
the previous optimization of the operating condition.
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Appendix A. Validation results

Validation of the simulations has been carried out through a parity graph between the experiments and simulation results of brake mean effective
pressure for the three gaseous fuels and working conditions (Fig. A1). A good agreement can be noticed, with nearly all the points falling in the region
between the 15% deviation lines.

In addition, the CO, emissions (%vol) have been validated in Fig. A2 for COG and CHjy in the entire range of study. Higher deviations in the case of
CH,4 with leaner mixtures (A = 1.5) are observed due to a less stable combustion, increasing the difference between the experiments and the model
prediction.
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Table Al

Weighted standard deviation (o,,) for some of the experimental variables.
Variable BMEP (bar) Power (kW) 7, (%) BSFC (g/kWh) BSEC (MJ/kWh)
[ 11.4 % 11.4 % 16.3 % 14.2% 14.2 %
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Furthermore, the statistical parameter weighted standard deviation (o,) defined in Eq. (A.1) has been calculated for some of the variables,
comparing the experimental and simulated values.

2
E exp—sim
i=1 ap

S—1

(A1)

Where S is the number of experiments and “exp” and “sim” are the experimental and simulated values of each variable, respectively. These o,
calculated values have been collected in Table Al, in which 7, is the thermal efficiency (%), BSFC is the brake specific fuel consumption (g/kWh) and
BSEC is the brake specific energy consumption (MJ/kWh). A deviation lower than 15% for the performance variables is found, with the exception of
the thermal efficiency (#,), increasing up to 16.3%. In the first case, an overestimation of the thermal efficiency is produced at low engine speeds
because the model predicts a lower fuel consumption than in the experiments. On the contrary, an underestimation in #, occurs at high engine speeds
because the model assumes the engine consumes more fuel than the required in the experiments and a lower performance is obtained at those engine
speeds.

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.enconman.2021.114918.
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