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ABSTRACT

A multidimensional computational fluid dynamics (CFD) simulation of a constructed
syngas chemical kinetic mechanism was performed to evaluate the combustion of syngas
in a supercharged dual-fuel engine for various syngas initial compositions under lean
conditions. The modelled results were validated by comparing predictions against corre-
sponding experimental data for a supercharged dual-fuel engine. The predicted and
measured in-cylinder pressure, temperature, and rate of heat release (ROHR) data were in
good agreement. The effect of the hydrogen peroxide chain-propagation reaction on the
progress of combustion under supercharged conditions was examined for different types
of syngas using various initial H, concentrations. The effect of the main syngas kinetic
mechanism reactions on the combustion progress was analysed in terms of their contri-
bution to the total heat of the reaction. The best results compared with experimental data
were obtained in the range of equivalence ratios below about 0.8 for all types of syngas
considered in this paper. As the equivalence ratio increased above 0.8, the results deviated
from the experiment data. The spatial distribution of the in-cylinder temperature and OH*
within this equivalence-ratio range showed the completeness of the combustion. The
present CFD model captured the overall combustion process well and could be further
developed into a useful tool for syngas-engine combustion simulations.
Copyright © 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

1. Introduction

composed of mainly carbon monoxide (CO), hydrogen (H,),
and methane (CH,), and non-combustible gases composed of

Advanced power systems that are projected to achieve high
efficiency and low emissions rely on synthesis gas (syngas) as
a key intermediate energy carrier [1]. In such systems,
biomass or coal is converted to syngas via gasification or
partial oxidation [2]. Syngas consists of combustible gases
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mainly nitrogen (N,), carbon dioxide (CO,) and water vapour
(H,0). Varying proportions of H,, CO, CHy, CO,, H,0, and N,
may be present [3]. Advanced reciprocating engines are
considered a potential means of converting syngas into power
because of their role in distributed energy (DE) production and
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Nomenclature

Cp specific heat capacity, J/kg K

y* dimensionless normal distance from the wall for
hydrodynamic boundary layer, —

v dimensionless normal distance from the wall for
thermal boundary layer, —

Pr molecular Prandtl number, —

Pry, turbulent Prandtl number, —

u tangential fluid velocity, m/s

Uy, tangential wall velocity, m/s

u* dimensionless velocity, —

P sublayer resistance factor, —

p density, kg/m?
U, wall shear stress, kg/m s>
& dimensionless temperature, —
W wall temperature, K
temperature, K
qQw wall heat flux, W/m?
K von Karman constant, 0.419
E empirical coefficient, 0.9
k turbulent kinetic energy, m?/s?
e turbulent dissipation rate, m?/s*
h local heat-transfer coefficient, W/m? K
¢ equivalence ratio, —
Oinj injection timing, CA°

their combination of high efficiency and low cost [4]. Mixtures
of H, and CO have high antiknock behaviour and therefore
could serve as fuels for internal-combustion engines [5,6].
However, the addition of H, to CO or CH, tends to increase
combustion temperatures and nitric oxide (NO) emissions
under stoichiometric conditions [7]. Therefore, such mixtures
are more appropriate for lean-burn applications, where
combustion temperatures are moderated by excess air.

The main benefit of utilizing syngas as a fuel for power
generation is obtained when syngas is used in dual-fuel
engines that operate under compression ignition with a lean
mixture, using a pilot injection of diesel fuel [8]. Some fuels do
not have sufficient ignition properties to enable ignition, so
two fuels must be used. The ignition of the primary fuel
(typically gaseous) is activated by the in-cylinder conditions.
In this case, first, a pilot diesel fuel is injected, resulting in
ignition and a subsequent temperature rise in the combustion
chamber [9,10]. Then, the primary gaseous fuel, which in this
case is syngas, is ignited as the chamber temperature
increases, with subsequent combustion. Dual-fuel engines
have been employed for a wide range of applications to utilize
gaseous fuels. They are most commonly modified diesel
engines and can achieve very low emission levels, particularly
for smoke and particulates. The benefits of the dual-fuel
conversion include smoother and quieter operation, signifi-
cantly longer engine life between overhauls, fuel savings, and
enhanced safety.

A few published works have described the use of syngas as
a fuel for internal combustion (IC) engines. These include the
work of Karim and coworkers [11,12] and McMillian and
Lawson [13]. Bilcan [14] studied the use of various gaseous
fuels, including syngas, in dual-fuel engines. Baratieri et al.
[15] conducted a comparative analysis on the use of biomass-
based syngas in internal-combustion (IC) engines and
combined-cycle gas turbine (CCGT) plants. They concluded
that the IC engine configuration is characterized by a signifi-
cant thermal energy fraction that makes it possible to reach
global energy efficiencies higher than 70%. Boehman and Le
Corre [16] surveyed the published work on syngas combustion
in reciprocating engines and focused on dual-fuel combustion
in compression-ignition engines. Tomita et al. [17] investi-
gated the combustion characteristics and performance of
supercharged syngas with micro-pilot ignition in a dual-fuel
engine. With a certain increase in syngas H, content, the

engine was found to operate with stable combustion and high
efficiency, even at an equivalence ratio of 0.45, because the
increased hydrogen content enhanced the lean limit of the
mixture. Roy et al. [18,19] studied the effect of H, content in
the syngas produced from biomass and the effect of exhaust
gas recirculation (EGR) in the syngas produced from H,-rich
coke oven gas on the performance and exhaust emissions of
a dual-fuel engine. They found that the engine power with the
high-H,-content syngas increased by 12%, and that the high-
H,-content syngas was superior to the low-H,-content gas for
leaner operations.

Improvements made to the fuel flexibility of syngas-
combustion technology by optimizing the combustion mech-
anism will provide for an increased acceptable range in the
variation of fuel composition and conditions. Several research
groups have recently developed chemical kinetics mecha-
nisms to simulate syngas combustion. Yetter et al. [20]
developed a comprehensive reaction mechanism for CO and
H,, which are considered the main combustible species in
syngas. Saxena and Williams [21] tested a small detailed
chemical kinetic mechanism for the combustion of H, and CO.
They made a few revisions to the rate parameters for the
elementary steps in the mechanism for H,, deleted the H,
initiation step, and added an initiation step for CO along with
changes to the three-body recombination rates and chaperon
efficiencies. They reported that with these changes, a reason-
able agreement was obtained with measured burning veloci-
ties, diffusion-flame extinction conditions, and autoignition
times. Frassoldati et al. [22,23] studied the combustion and
flame structure of CO—H, mixtures. They developed a kinetic
scheme for turbulent diffusion flames by coupling a kinetic
postprocessor with a computational fluid dynamics (CFD)
code to investigate the flame structure and pollutant forma-
tion. Liu and Karim [24] coupled H, chemical kinetics models
with CFD and studied combustion characteristics of Homo-
geneous Charge Compression Ignition (HCCI) engine. Wang
et al. [25] performed modelling study of Spark-Ignited (SI)
engine fuelled with natural gas-H, mixtures by coupling CFD
and detailed chemical kinetics and observed better accuracy
for the case with detailed chemistry model than that with
simple chemistry model. Slavinskaya et al. [26] developed
a skeletal reaction mechanism for syngas combustion in gas
turbines with 12 species and 20 irreversible reactions. This
mechanism was validated for pressures up to 20 bars with
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different mixture contents and fuel—air ratios. Starik et al. [27]
developed a kinetic model that describes the processes of
ignition and combustion of CO—H,—0,—N, mixtures. The
model was validated over wide ranges of temperature, pres-
sure, and equivalence ratio using experimental data for the
ignition delay time and laminar-flame propagation velocity,
and also for the evolution of the most important species. Sun
et al. [28] studied high-pressure flame speeds and performed
kinetic modelling of CO/H, combustion. The comparison
between the modelled results and laboratory measurements
suggested that the accuracy of the thermochemical data and
the elementary rate constants is crucial for obtaining satis-
factory performance of the reaction mechanism. Sivar-
amakrishnan et al. [29] studied the combustion of CO/H,
mixtures at elevated pressures. They showed that the model
they developed underpredicted CO and O, decay and CO,
formation at very high pressures of 256 and 450 bars. They
concluded that HO, radical reactions appear to be among the
most sensitive reactions in the model under these conditions.
Cavaliere et al. [30] modelled kinetically the ignition of syngas/
air mixtures at low temperature and high pressure with the
four reaction mechanisms described by Frassoldati et al. [22],
Saxena and Williams [21], Yetter et al. [20], and GRI Mech 3.0
[31]. They found that for a mixture of CO and H,, all mecha-
nisms predicted the experimental data accurately for
temperatures above 1000 K regardless of the pressure. But
below this temperature, the simulation results deviated from
the experimental data. Mittal et al. [32] used experiments with
a rapid-compression machine and numerical studies to eval-
uate the combustion mechanism for CO/H, mixtures at high
pressures in the range of 15-50 bars and at temperatures of
950—1100 K. Their results demonstrated that any evaluation of
a kinetic scheme by reference to ignition delays must be
treated with some caution when the kinetic uncertainties are
not taken into account. Chaos and Dryer [33] reviewed the
possibility of using gas turbine syngas combustion with higher
pressures and lower temperatures to test the comprehensive
nature of the existing detailed chemical kinetic models. They
proposed kinetic changes to improve the predictions of syngas
combustion under these conditions and emphasized that the
higher pressure, lower-temperature conditions encountered
in gas turbines point to the importance of and the need for
further theoretical as well as experimental studies of
elementary reactions involving HO, and H,0, chemistry.
Although many numerical models of the combustion of
conventional fuels in IC engines have been developed, very
few modelling and simulation studies have been performed
on syngas combustion in IC engines [34,35]. Papagiannakis
et al. [34] studied the performance and exhaust emissions of
an SI engine operating on syngas and developed a mathe-
matical model to simulate its operation. In this model,
combustion is initiated by a spark discharge, whereas the
burning rate of syngas depends on its entrainment rate into
the burning zone, which is controlled by the velocity of the
flame front that is formed at the boundary of the burning zone
spreading inside the combustion chamber. The concentration
of each of the 11 species (H,0, H,, OH*, H*, N5, NO, N, CO,, CO,
0,, and O*) that are considered to be in chemical equilibrium
inside the burning zone was calculated by solving a system of
11 equations. Gamino and Aguillon [35] performed

a numerical simulation of the syngas combustion process in
an IC engine using a mathematical model that included
balances for the conservation of mass and energy and reac-
tion rates for different chemically reactive species in syngas.
Three-step homogeneous reactions were used for the
combustion process.

One limitation of the two approaches described above is
that they are not able to accurately represent the interactions
between turbulent fluid dynamics and chemical kinetics.
These turbulence—chemistry interactions can have signifi-
cant effects on flame stability and pollutant formation during
engine combustion. It has been shown that the effects of
turbulent mixing must be considered to obtain better agree-
ment with experiments during the combustion phase [36].
There is an urgent need for a reliable engine-simulation
model that represents the turbulence—chemistry interac-
tions by combining CFD and a syngas chemical kinetics
mechanism. This model will help predict the combustion
behaviour of syngas with various chemical compositions
from different feedstock, such as biomass, coal, and refinery
residues, as a necessary precondition for establishing
numerical tools to verify system designs at early develop-
mental stages.

Therefore, the objective of this study was to simulate dual-
fuel engine syngas combustion under lean conditions by
coupling a validated turbulence model available in a CFD code
with a constructed syngas chemical kinetics mechanism.

2. Experimental and numerical setup

In this study, simulations were performed on the combustion
in a water-cooled four-stroke single-cylinder engine with two
intake and two exhaust valves, described in detail in Ref. [18].
In this engine, the autoignition of a small quantity of diesel
pilot fuel, injected into the combustion chamber before top
dead centre (TDC), initiates the combustion. The burning
diesel fuel then ignites the gaseous fuel. A commercial
solenoid-type injector that is typically used for diesel-only
operations was modified to ensure that only a small quan-
tity of fuel was injected. The seven-hole nozzle of the
commercial injector was replaced by one with four holes,
0.1 mm in diameter. The diesel fuel injection timing and
duration were controlled through signals transferred to the
injector from the injector driver. A common-rail injection
system was employed to supply a constant injection pressure
of 80 MPa to the injector. The quantity of injected pilot diesel
fuel was 1.2 mg/cycle.

A zero-dimensional kinetic analysis was performed using
the CHEMKIN code with a single-zone model under HCCI
conditions without taking into account turbulence. The
intake-valve closure (IVC) time was 135 crank-angle degrees
(CA°) before top dead centre (BTDC), and the simulation was
run for 265 CA°. The gas mixture composition at IVC varied
according to syngas type and equivalence ratio. For example,
for syngas Type 1 and equivalence ratio 0.63 the gas mixture
composition at IVC was (in mass fraction): CHs — 0.04074,
CO — 0.083670, CO, — 0.099053, H, — 0.003672, O, — 0.134309,
N, — 0.675223. The gas mixture pressure and temperature
at IVC were 225 kPa and 450 K, respectively. Then,
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Table 1 — Engine specification and simulation conditions.

Engine type 4-stroke, single-cylinder water-cooled
Bore x stroke 96 x 108 mm
Swept volume 781.7 cm?

Compression ratio 16
Combustion system Dual-fuel, direct injection

Combustion chamber Shallow dish
Engine speed 1000 rpm
Intake valve closure (IVC) 135 deg. BTDC
Initial pressure at IVC 225 kPa

Initial temperature at IVC 330 K
Injection system Common-rail
Nozzle hole x diameter 4 x 0.10 mm

Pilot fuel injection pressure 80 MPa
Pilot fuel injection quantity 1.2 mg/cycle
Equivalence ratio Variable

a multidimensional CFD analysis was performed using the
Star-CD V4.0 code. The simulations began from the intake-
valve closure at 135° CA BTDC and were carried until 130° CA
after top dead centre (ATDC). The simulation conditions with
the engine specifications and different types of syngas
compositions used in this study are given in Tables 1 and 2,
respectively.

This version of Star-CD incorporates the CHEMKIN code to
formulate the gas-phase chemistry with an advanced solver
approach. The Star-CD code provides CHEMKIN with the
thermodynamic information for the computational cells, and
the CHEMKIN code returns the new species information after
solving the chemistry. After solutions are obtained for all cells,
the mass transfer, heat transfer, and flow between cells are
simulated by the corresponding sub-models. Then, the inter-
actions between the turbulent mixing and the chemical
reactions are implemented.

The CFD model was based on the Reynolds-averaged gov-
erning equations; it was set to account for turbulence, the
liquid fuel-injection spray, and chemical mechanisms and
was used the experimental conditions. The standard high-
Reynolds number k—e model was used for the turbulence
modelling. The well-justified assumptions were applied that
an entire cylinder wall, cylinder head and piston surface is at
constant temperature. Constant temperature of 450 K was
used for the cylinder wall and cylinder head, and 500 K was
used for the piston surface. Heat transfer by conduction
through the cylinder wall is one dimensional. The properties
of the cylinder wall remain constant with temperature and
time. The wall heat-transfer model was represented as
a standard wall function:

+_ Pry® | y*<y;
T _{Prn(uwP), Yy >yr’ @

where y™" is the dimensionless normal distance from the wall,
ut = (u — uy)/u,, where, u — tangential fluid velocity, u,, —
tangential wall velocity, u, = (1/p)Y/2 — wall shear stress, P is the
sublayer resistance factor.

3/4
p— 9.24{( Pr) 1
Pry,

{1 +0.28exp (Mﬂ

Pry,

T = ¢pp(Ty — T )u/qy, where, Ty, is the wall temperature, Pr is
the molecular Prandtl number, Pr, is the turbulent Prandtl
number, and q,, is the heat flux. Here, y; satisfies the equation

Pry} — Pry,

%m (Ey:) + P] —0 (3)

where, E — empirical coefficient, 0.9; k — von Karman constant,
0.419.
The local heat-transfer coefficient is

w CppU;
= qu— T  Pry, (pw +P) )
where, ¢, — heat capacity, p — density,

The pressure-implicit split-operator (PISO) algorithm was
used to simulate the transient flow of the engine. The injec-
tion process included the flow in the nozzle hole and the
atomisation process. The properties of atomisation and
secondary breakup were calculated by the Reitz—Diwakar
model [37,38]. To reduce the computation time, a 90° moving-
sector mesh of 7296 cells with cyclic boundaries was used to
represent a bowl-in-piston configuration that was represen-
tative of the experimental single-cylinder pilot-ignited dual-
fuel engine [18]. The mesh pattern and the cell-size distribu-
tion within the computation domain of the full mesh were
different from those of the sector mesh. The sensitivity of the
grid was validated by comparing the motoring in-cylinder
pressure histories from experiments using both a full-mesh
simulation and a sector-mesh simulation. Fig. 1 shows that
the motoring in-cylinder pressure predicted by the sector-
mesh simulation precisely matched the values obtained
from the experiment and the full-mesh simulation. A grid size
between 0.5 and 2.0 mm and a time step of 0.1° CA provided
good numerical accuracies and computation stabilities.

3. Construction of the syngas kinetics
mechanism

Four mechanisms were constructed to evaluate the in-cylinder
pressure during dual-fuel engine combustion and to validate
the simulation results with experimental data. The list of the
kinetic mechanisms used in this study is given in Table 3. All
mechanisms were constructed from the nine-step reduced
mechanism for CH, autoignition by Li et al. [39]. This was
combined with various detailed mechanisms; any resulting
duplicate reactions were eliminated from the Li et al. mecha-
nism. Mechanism 1 used a H,/CO detailed mechanism by
Saxena and Williams [21], eliminating HCO + O, < CO + HO,,
HCO(+M) < CO + H*(+M), H* + O5(+M) = HO,(+M), and
H,0,(+M) < OH* + OH*(+M). Mechanism 2 used a skeletal
mechanism for syngas combustion developed by Slavinskaya
et al. [26], eliminating HCO + O, <« CO + HO,,
HCO(+M) < CO + H*(+M), and H* + Oy(+M) = HO,(+M).
Mechanism 3 used a detailed mechanism for H,/CO/O,
combustion developed by Frassoldati et al. [22], eliminating
HCO + O, « CO + HO, HCO(+M) < CO + H*(+M),
H* + Oy(+M) = HO,(+M), and H,0,(+M) < OH* + OH*(+M).
Mechanism 4 used the reduced 9-step mechanism for H,
combustion by Fernandez—Galisteo et al. [40], which includes
the H,—O, chain, direct recombination, and HO, reactions, and
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Table 2 — Syngas composition.

Gas type Composition LHV (MJ/kg) Source
H2 (%) CO (%) CH4 (%) CO2 (%) N2 (%)

Type 1 13.7 223 1.9 16.8 453 413 BMG

Type 2 20.0 22.3 1.9 16.8 39.0 4.99 BMG

Type 3 13.7 22.3 1.9 23.0 39.1 3.98 BMG

Type 4 56.8 5.9 29.5 2.2 5.6 38.69 COoG

the detailed mechanism for H,/CO/O, combustion developed
by Frassoldati et al. [22].

To simulate the pilot-injected diesel spray and ignition, the
chemistry of n-heptane (C;Hyg)

Full mesh
No. of cells=62400

was included in the

Sector mesh
No. of cells=7296

CA deg.

9
—— Experiment
8 O Full mesh
E 7 4 Sector mesh
=
:‘_: 6
=]
5
g, [\
[=%
5, ® &
52 PATRERAN
1 g‘g m‘a
Y *ole-a)
-100 -80 -60 -40 -20 TDC 20 40 60 80 100

Fig. 1 — Computation mesh and motoring in-cylinder

pressure.

constructed mechanisms as a single-step reaction,
C;Hi6 + 110, <« 7CO, + 8H,0, based on an eddy breakup (EBU)
mixing representation by specifying the EBU reaction
parameters [41]. Previous studies have shown that for
conventional diesel combustion, both diesel and C;Hq¢ fuels
show a similar ROHR [42]. This implies that C;H4¢ is only used
to initiate the pilot ignition of syngas. After the syngas is
ignited, the combustion proceeds without any C;H;s chem-
istry. The reason for this simplification is that the amount of
injected diesel fuel was 1.2 mg/cycle, which provides only 2%
of the total energy value in the cylinder, with negligible
contribution to the total ROHR. Previous results [18,19] have
shown that when micro-pilot injection is used, the ROHR
profiles do not include any changes due to the pilot diesel fuel
combustion, which is opposite to what has been found when
the amount of pilot-injected fuel is high, as in Ref. [16].
Additionally, the experimental results showed an undetect-
able level of smoke during micro-pilot diesel fuel combustion.

Constructed mechanism 3 was selected for our variable-
volume chemical kinetics calculations, which reproduced
the compression and expansion strokes, thereby assuming
a homogeneous zero-dimensional adiabatic model of the
internal-combustion engine. The constructed reduced syngas
mechanism 4 was used for the CFD simulations. These
mechanisms do not include NO, chemistry; however, in
future studies, the NO, chemistry mechanism can easily be
incorporated into the constructed mechanisms.

In premixed flames at low or atmospheric pressures that are
low enough for the third explosion limit of H,, the hydrogen
peroxide (H,0,) chemistry is not important at a first approxi-
mation. These reactions can be neglected at lower pressures,
although some studies have reported a syngas combustion
mechanism that excluded these reactions even at higher
pressures under gas turbine conditions [26]. However, during
combustion at supercharged engine conditions, reactions with
the formation and consumption of H,0, become especially
important. When the pressure nears the third limit of hydrogen
ignition, the diffusion of HO, radicals towards the walls
becomes more difficult, and this could result in bimolecular
reactions forming H,0,, which can decompose into two very
reactive OH" radicals. Moreover, the importance of these reac-
tions changes with the equivalence ratio. Fernandez—Galisteo
et al. [43] showed that at the third H, explosion limit above
about 1 MPa, H,0, becomes an important intermediate radical
generator. The effect of the H,0, chemistry under higher
pressures will be discussed in subsequent sections.

Previous research has highlighted the relative importance
of selected elementary reactions that most significantly affect
the ROHR in a rapid-compression machine at specific reaction
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Table 3 — Chemical kinetics mechanisms used in this study.

No. Mechanism No. species No. reactions

1 Reduced mechanism for CH4 by Li et al. [39] + 16 35
Detail mechanism for H2/CO by Saxena et al. [21]

2 Reduced mechanism for CH4 by Li et al. [39] + 16 26
Skeleton mechanism for Syngas by Slavinskaya et al. [26]

3 Reduced mechanism for CH4 by Li et al. [39] + 16 39
Detail mechanism for H2/CO by Frassoldati et al. [22]

4 Reduced mechanism for CH4 by Li et al. [39] + 16 29
Reduced mechanism for H2 by Fernandez-Galisteo et al. [40] +
Detail mechanism for CO/CO2 by Frassoldati et al. [22]

5 Detail mechanism GRI Mech 3.0 [31] 53 325

times following the end of the compression stroke, measured
in terms of the participation index [44]. The most important
selected reactions at high pressures are listed below.

Chain-initiation reactions

CH4 + 02 <=>CH3 + H02 (Rl)
CO + HO, < CO, + OH" (R2)

Chain-propagation reactions

H202 + H* ¢>H2 + HOZ (R3)
H,0,(+M) < OH* + OH" (+M) (R4)

Chain-branching reactions

H" + 0, OH" + O (RS)

0"+ H,<OH +H" (R6)

The preignition chemistry of methane is initiated
primarily by reaction (R1). At high pressures or in the initial
stages of hydrocarbon oxidation, high concentrations of HO,

0301 o
B Type 1, Pne=101 kPa
Lo @ Type 1, Pne=225kPa
0.26 A Type 2, Pne=101 kPa
W Type 2, Puc=225 kPa
0244 ¥
:
0224 W o
b=
§0.20 & v
I
= 0.18- @
|
0.16 v
A g L
0.14 u
012 A A
0.10 y . : : : : : |

050 055 060 065 070 075 080 085 0.90
Equivalence ratio

Fig. 2 — Relation between H,0, and OH at engine naturally
aspirated and supercharged conditions. Tryc = 450 K.

can initiate reaction (R2) [45]. When reaction (R1) is the
dominant initiation step, reactions (R3) and (R4) may
participate in further radical growth. Initiation reactions
also involve the dissociation of H, and O, and reactions
between H, and O,. For example, the chain-branching
reactions (R5) and (R6) are initiated by the production of H*
from these initiation reactions. Under supercharged engine
conditions, CO reacts with HO,, producing CO, and OH*.
Thus, CO oxidation at high pressures can be modelled by
adding reaction (R2) to the syngas kinetics mechanism, as
shown by Kim et al. [46].

24 s 2500
164 & - 2000
e - 1500
8
) —0— Mechanism 5 - 1000
£ —o— Mechanism 3
0 -@:B;ﬂ_ I I 1 I T eclams:n 1 I T 500
24—
g : = 0=0.63 2500
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4, Results and discussion

4.1.  The effect of the HO,(+M) < OH* + OH*(+M)
reaction

To clarify the effect of pressure on H,0, formation during
combustion under supercharged engine conditions, the H,O,/
OH* ratio was determined for two types of syngas at different
equivalence ratios. Fig. 2 shows that for cases with higher
pressures at IVC, the H,0, concentration during combustion is
usually higher than that at lower pressures. This is because at
higher pressures, the high concentration of the mixture,
including enhanced third-body efficiencies M, leads to
a sufficient concentration of HO,, which is less reactive than
other free radicals, forming H,0,. Before high temperatures

are reached, the characteristic reaction time of H,/CO
mixtures is long [33]. This reduction in reaction sensitivity
causes the H,0, concentration to increase. As the equivalence
ratio increases, the H,O,/OH* ratio gradually decreases, as
does the difference between the H,0,/OH* values at lower and
higher pressures. This decrease is due to the enhanced
decomposition of H,O, and the increased chain-branching
reaction rates at higher temperatures caused by the increase
in the equivalence ratio. The figure also shows that the H,0,/
OH* ratio is lower for Type 2 syngas, which has a higher initial
H, concentration. The higher initial H, concentration provides
an enhanced chain-initiation process ensuring the occurrence
of subsequent chain-branching reactions along with an
increase in the OH" concentration.

Because the H,O5(+M) < OH* + OH*(+M) reaction during
combustion provides access to a series of important

including H202(+M)=0OH+OH(+M) reaction
---- excluding H202(+M)=0H+OH(+M) reaction
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Fig. 4 — The effect of H,0,(+M) = OH + OH(+M) reaction on in-cylinder temperature and mole fraction of intermediate
species during combustion. Pyyc = 225 kPa, Tyc = 450 K, ¢ = 0.63.
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secondary reactions, such as OH* + H,0, < HO, + H,0,
HO, + HO, < H,0, + 0,, and OH* + HO, = H,0 + O, [47],
a chemical kinetics analysis was performed using mechanism
3 under supercharged conditions to determine the effect of
this linking reaction on the combustion process. Two cases
were computed, including and excluding this reaction from
the reaction mechanism for Types 1, 2, and 4 syngas. The
validity of using mechanism 3 for this type of analysis was
confirmed by comparing the results at the same conditions
with those of mechanism 5, GRI Mech 3.0. The results of
cylinder pressure, temperature, and rate of heat release
(ROHR) of mechanism 3 showed good agreement with those of
mechanism 5, as shown in Fig. 3.

Fig. 4 shows the in-cylinder temperature and intermediate
species formation computed by including and excluding the
H,0,(+M) < OH* + OH*(+M) reaction from the reaction
mechanism. Although the in-cylinder temperatures were
almost the same, the H,O, exclusion led to an increased
ignition delay. The reaction H,0,(+M) « OH* + OH*(+M)
provides access to a series of reactions producing very reactive
OH* radicals. Excluding this reaction from the mechanism
suppresses the reactivity of the mixture and increases the
ignition delay. As the H, initial concentration increased (from
Type 1 to Type 4 syngas), the peak temperature also increased,
as did the OH* concentration. The H,0, concentration
also increased for the case without the H,0,(+M) <«
OH* + OH*(+M) reaction. This can be explained by the fact that
when this reaction is eliminated from the mechanism, the
reaction path progresses through the H,0, + H* & HO, + H,
and H,O, + O, < HO, + HO, reactions. Therefore, HO,
reacting with itself and with H, and OH* radicals is reduced,
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Fig. 6 — Comparison of CFD pressure data of all constructed

mechanisms with experiment. (A) Type 1, (B) Type 2, (C)
Type 3.
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producing additional H,0, species that cannot quickly
decompose into OH* due to the missing linking reaction
H,0,(+M) < OH* + OH*(+M). At extremely high temperatures
(over 2800 K) and at very high H,/CO ratios, for reactions
between H, and 0O,, the thermal dissociation of H, has
a significant effect on the chain-initiation reaction, such as
H, + O, = H* + HO,, with further recombination of H and O
atoms and OH* radicals producing higher concentrations of
HO,. A similar trend was observed for cases with different

equivalence ratios considered in this work. Fig. 5 shows that
a higher initial concentration of H, can induce earlier ignition
as well as an increased ROHR. The ROHR increased with the
equivalence ratio.

4.2.  Three-dimensional CFD combustion analysis

To validate the mechanism for the in-cylinder-like conditions
in a dual-fuel engine, an analysis was performed by applying

Table 4 — Constructed kinetics mechanism of syngas combustion for dual-fuel engine simulation (A units cal-cm-sec-K, E

units cal/mol).

Reaction A n E Reference

n-Heptane reaction

R1. C;Hyg + 110, < 7CO, + 8H,0 0.00 0.00 0.0 [41]
Eddy Break-up reaction Agpy = 4.0; Bepy = 0.0; IOP = 1.0; f; = 0.0

CH, reactions

R2. CH,4 + O, < CH; + HO, 3.98x10" 0.00 56855.5 [39]
R3. CH, + HO, < CH; + H,0, 9.04x10%2 0.00 24629.4 [39]
R4. CH, + OH + CH3 + H,0 1.60x107 1.83 2771.1 [39]
R5. CH; + O, & CH,0 + OH 3.30x10% 0.00 8934.4 [39]
R6. CH,0 + OH < HCO + H,0 3.90x10% 0.89 406.1 [39]
H, reactions
R7.H+ 0, < OH + O 3.52x10% -0.70 17061.4 [40]
R8.H, + 0 < OH + H 5.06x10* 2.67 6287.6 [40]
R9. H, + OH « H,0 + H 1.17x10° 1.30 3633.5 [40]
R10. H + O, + M = HO, + M 5.75x10%° -1.40 0.0 [40]
Enhanced third-body efficiencies: H,O = 18.0, H, = 2.50, O, = 0.0,
CO = 1.20, CO, = 2.40, AR = 0.80, N, = 1.26
RILH+H+M= H2+M 1.30x10™® - 1.00 0.0 [40]
Enhanced third-body efficiencies: H,0O = 12.00, H, = 2.50,
CO = 1.90, CO, = 3.80, AR = 0.50
R12.H+ OH + M = H,0 + M 4.00x10%? - 2.00 0.0 [40]
Enhanced third-body efficiencies: H,O = 16.00, H, = 2.00, CO, = 1.90
R13. HO, + H = OH + OH 7.08%10" 0.00 293.8 [40]
R14. HO, + H = Hy + O, 1.66x10"3 0.00 821.8 [40]
R15. HO, + OH = H,0 + O, 2.89%10% 0.00 —496.9 [40]
R16. H,0, + H < H, + HO, 6.02x103 0.00 7950.0 [22]
R17. OH + OH(+M) < H,0,(+M) 7.40x10" -0.37 0.0 [22]
Low-pressure limit: 2.30x10% - 0.90 -1700.0
Troe parameters: 0.7346, 94.0, 1756.0, 5182.0
Enhanced third-body efficiencies: H,O = 6.00, H, = 2.00,
CO = 1.50, CO, = 2.00
CO/CO, reactions
R18. CO + O(+M) = CO,(+M) 9.64x10%° 0.00 3800.0 [22]
Low-pressure limit: 2.07x10% -3.34 7610.0
Enhanced third-body efficiencies: H,O = 12.00, H, = 2.00,
CO = 1.50, CO, = 2.00
R19. CO + OH « CO, + H 9.60x10™ 0.14 7352.0 [22]
DUPLICATE
R20. CO + OH « CO, + H 7.32x10% 0.03 -16.0 [22]
DUPLICATE
R21. CO + HO, < CO, + OH 3.00x10% 0.00 23000.0 [22]
R22. CO + H,0 < CO, + H, 2.00x10% 0.00 38000.0 [22]
R23. HCO+M < CO+ H + M 1.20x10" -1.00 17000.0 [22]
Enhanced third-body efficiencies: H,0 = 5.00,
CO, = 3.00, H, = 1.90, CO = 1.90
R24. HCO + O < CO, + H 3.00x10%3 0.00 0.0 [22]
R25. HCO + H < H, + CO 1.00x10™ 0.00 0.0 [22]
R26. HCO + OH « H,0 + CO 5.00x10%3 0.00 0.0 [22]
R27. HCO + HO, < H,0, + CO 4.00x10"* 0.00 0.0 [22]
R28. HCO + HO, = H + OH + CO, 3.00x10%3 0.00 0.0 [22]
R29. 0, + CO < CO, + O 2.53x10% 0.00 47700.0 [22]
R30. O, + HCO < HO, + CO 1.00x10%2 0.00 0.0 [22]
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Fig. 7 — Comparison of experimental and simulated in-cylinder pressures and heat release rates. Computed using 3D-CFD
with constructed mechanism 4. (A) Type 1, (B) Type 2, (C) Type 3, (D) Type 4. Pryc = 225 kPa, Tyc = 330 K.
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a pilot injection using the coupled CFD and syngas chemical
kinetics mechanism. Fig. 6 compares the simulated pressure
data for all constructed mechanisms used in this study
(mechanisms 1—4) with experimental pressure data. The in-
cylinder pressure data of constructed mechanism 4 gave the
best fit with the experimental results. A similar trend was
observed for different equivalence ratios. Therefore, the final
constructed mechanism 4, shown in Table 4, was further used
for CFD analysis to simulate dual-fuel combustion for the
different types of syngas given in Table 2. The pressure and
ROHR plots shown in Fig. 7 show a good match between the
simulation results and experimental data for different types of
syngas at various equivalence ratios and injection timings.
Fig. 8(A) and (B) compares the simulated mean in-cylinder
temperature with the temperature from experiments calcu-
lated based on the ideal gas law. The temperature traces at
different equivalence ratios were well correlated with the H,
fraction consumed during the combustion. At lower equiva-
lence ratios, the peak in-cylinder temperatures were lower
compared with those at higher equivalence ratios. The same
figure also shows that at lower equivalence ratios, the H,
consumption decreased, whereas at higher equivalence
ratios, the H, consumption increased. This trend was well
correlated with the experimental data shown in Fig. 9. Higher
levels of HC and CO, which is an indication of incomplete
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combustion, occur at lower equivalence ratios; the levels of
HC and CO gradually decreased as the equivalence ratio
increased. This trend was monitored for both Types 1 and 2
syngas, with lower HC and CO values for Type 2. The decrease
was due to more complete combustion caused by the slightly
higher in-cylinder temperature induced by the higher initial
in-cylinder H, concentration. However, for Type 2 syngas at
¢ = 0.83 and 6;,; = 1° ATDC, the trend of the completeness of
combustion did not match the experiment. In the experiment,
at this condition, the HC and CO levels increased when diesel
fuel was injected after TDC, as shown in Fig. 9. This was due to
the decreased temperature and poor combustion after TDC.
On the other hand, in the simulation, the combustion was
almost completed, as predicted from the H, mass fraction
trend because of the high rate of temperature rise, as shown in
Fig. 8(B). This difference is related to the heat-transfer model.
The thermal conditions inside the combustion chamber are
closely tied to the mixture-burning rate and to the heat
transfer from the hot gas to the cylinder walls. Thus, an
appropriate heat-transfer correlation should be used to
accurately predict the thermal conditions inside the cylinder
in cases when combustion starts before TDC versus after TDC.
This will be considered in future studies.

Fig. 10 shows the in-cylinder temperature and OH*
concentration distribution. The OH* concentration built up as
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Fig. 8 — Comparison of experimental and simulated in-cylinder temperatures. The trend in H, consumption at different
equivalence ratios. Computed using 3D-CFD with constructed mechanism 4. (A) Type 1, (B) Type 2. Pryc = 225 kPa,

T[vc = 330 K.


http://dx.doi.org/10.1016/j.ijhydene.2011.07.140
http://dx.doi.org/10.1016/j.ijhydene.2011.07.140

13804

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 36 (2011) 13793—13807

700+ T r
| 04 O Type1
600 O 6,=20'BTDC O Type?2
_. 500 ¢=04 ¢=D.52
g GW=18°:BTDC 6, =14 BTDC
a 400 O (i 4=0.85
£ 3004 =048 O o-rBjDC S BTOC
=11°BTDC "
200- P o
100 9:0.68 O ¢=0.83
i 9=3BTDC| ¢ =1%4TDC
0 t
0.3 0.4 0.5 0.6 0.7 0.8 0.9
6000 i
o=0.4 [ =052 O Type1
5000 9 =20 BTDC D 0, =14 °BTDC ®) Type 2
=04 O
— 4000 4 —1g%BrDC o ¢=0.48 =068
S L 8,=11'BTPC o =7BTDC
o i
e 3000 5 =083
S 59004 GWBATDC
¢=0.68 O
1000 4,=3'8TDC 0=0.85
9,35'BTDC
0 i

0.3 04 0.5 0.6 0.7 0.8 0.9
Equivalence ratio

Fig. 9 — Experimental trend in HC and CO at different
equivalence ratios for syngas of Type 1 and Type 2.

the temperature started to rise. As temperature rose, the
flame front moved towards the cylinder wall, gradually
consuming the unburned in-cylinder mixture. The highest
spatial concentration of the built-up OH* was observed

2°BTDC 20ATDC 89 ATDC

129 ATDC

between the instance of ignition and 5° CA ATDC, which
corresponds to the peak of the OH*curve.

To estimate the contribution of the chain-initiation and
chain-propagation reactions of mechanism 4 to the heat
production, the heat of reaction was computed for Types 1
and 2 syngas at different equivalence ratios using the CHEM-
KIN code. Fig. 11(A) shows that reaction (R1) was exothermic,
and at high temperatures, this reaction became an important
chain-initiating route to radical formation. However, high
endothermicity of this reaction at low temperatures has also
been reported [48]. Due to a higher initial fraction of H, in the
Type 2 syngas composition, compared with that of Type 1, the
heat-production rate of reaction (R1) occurred earlier for Type
2. The peak heat-production rate of reaction (R1) for Type 2
syngas was lower than that for Type 1 due to the lower
temperature at which the heat was released. Increasing the
cylinder temperature produced an increased flux of HO,
radicals via reaction (R2). In turn, HO, recombined into H,0,
through reaction (R3), followed by thermal decomposition of
H,0, into OH* through reaction (R4), as shown in Fig. 11(B).
Therefore, high exothermic reactions (R1) and (R2) were
moderated by endothermic reactions (R3) and (R4).

The heat-production rate for Type 2 syngas at ¢ = 0.85
showed a very different and unexpected trend; with the rapid
release of heat for reactions (R1) and (R2) and rapid absorption
of heat for reactions (R3) and (R4), as shown in Fig. 11(A) and
(B). We suppose that this was due to a limitation of the con-
structed mechanism. Therefore, this mechanism can accu-
rately predict the syngas combustion process only under lean
conditions for equivalence ratios below 0.8, which was the
primary objective of this study. In future studies, this con-
structed mechanism will be extended to a wider range of
equivalence ratios and complemented with the reduced
mechanism for NO, chemistry.
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5. Conclusion

A simulation using a CFD code with a constructed syngas
chemical kinetic mechanism was performed to evaluate
syngas combustion in a supercharged dual-fuel engine with
various syngas initial compositions under lean conditions. The
constructed mechanism was validated concurrently by using
a chemical kinetics code and a multidimensional CFD code,
and the results were compared with experimental data of
combustion in a supercharged dual-fuel engine. The present
model predicted the engine performance well, including the
cylinder pressure history, heat-release rate data with respect to
syngas composition equivalence ratio, and injection timing.
The results demonstrated that under supercharged engine
conditions, the importance of H,0,-based reactions should not
be underestimated. After evaluating the released heat for the
chain-initiating and chain-propagating reactions, the best
comparison of results with experimental data was obtained for
equivalence ratios below 0.8. As the equivalence ratio
increased above this level, the heat contribution from each
reaction also changed, and results began to deviate from the
experiment data. With further development, this model could
become an effective simulation tool to capture engine perfor-
mance variations due to changes in the initial air—fuel ratio
and syngas composition.
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