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This work focuses on the construction of a 2D dynamic model, taking into consideration the turbulent
flux combustion reactions of syngas inside a combustion chamber and its displacement through the cyl-
inder of a diesel engine model OM 447 LA converted to Otto cycle operation. The engine has a multi-spark
ignition system. The geometry of both the chamber and cylinder is symmetric to a radius of 0.064 m and
to a length of 0.17595 m. The simulation is carried out on only half of the system, with a premixed supply
of the syngas and air. The supply temperature of the mixture is 336 K. The supply relation air/syngas ratio
is 1.1:1, and the supply pressure of the mixture is 1 bar. The gaseous phase is modeled as a multi-com-
ponent mixture comprised of carbon monoxide (CO), hydrogen (H,), methane (CH,), nitrogen (N,), car-
bon dioxide (CO,) and oxygen (0O,). The study describes a Computational Fluid Dynamic (CFD)
numerical model, in which the conservation of matter, motion and energy equations are solved; in addi-
tion, sub-models are used to represent the turbulence intensity and the multiple reactions. The model
predicts the profiles of syngas speed, temperature, chemical composition, pressure, and turbulence inten-
sity for the gases when the working parameters and the supply characteristics are modified (air-syngas
ratio, initial temperature of the mixture, initial pressure, compression ratio, and engine speed). The equa-
tion formulation is elliptic staggered. The result is a simple nonlinear map that resolves combustion time
sequences using the commercial code CFD in PHOENICS.
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1. Introduction

Internal combustion engine (ICE) modeling is a multidisciplin-
ary endeavor encompassing various areas, including thermody-
namics, chemical kinetics, fluids mechanics, turbulence, heat
transference, combustion, and numerical methods.

Although numerical models of the combustion of conventional
fuels (e.g., natural gas, propane, gasoline and, diesel) in ICEs have
been developed, few modeling and simulation studies have been
performed on the syngas combustion process. Different authors
have contributed to the development of a model that predicts
the combustion process of conventional fuels, such as methanol,
propane, gasoline, iso-octane, and methane, in spark ignition (SI)
engines [1-8]. This model considers the process as starting with
fuel ignition at the spark discharge, followed by the development
of a small nucleus in the flame, which then grows and becomes a
turbulent flame that travels through the engine combustion cham-
ber and finally extinguishes next to the cylinder walls.

Abu-Nada et al. [9] investigated a theoretical model of the Otto
cycle, with octane as the working fluid. This paper presents ther-
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modynamic analysis of the SI engine. A theoretical model of the
Otto cycle has been implemented. It is compared to those that
use air as the working fluid with variable temperature specific
heats. A wide range of engine parameters were studied, including
the equivalence ratio, engine speed, maximum and outlet temper-
atures, brake mean effective pressure, gas pressure, and cycle ther-
mal efficiency.

Several groups have developed a numerical model to predict the
propagation of flames with homogeneous charges in SI engines
[10-16]. This model solves the conservation of matter, motion,
and energy equations using a sub-model to predict the burn rate.
This model has been developed specifically to represent octane
combustion and does not use a sub-model that includes the turbu-
lence intensity, a characteristic of combustion phenomena.

In recent years, the dual-fuel combustion system has been pro-
posed and studied but has not come into widespread use [17,18].
The conversion of a heavy-duty diesel engine to dual-fuel opera-
tion is discussed by Cordiner et al., who conducted numerical
and experimental analyses of the combustion and exhaust emis-
sions in a dual-fuel diesel/natural gas engine [19].

They performed experimental tests to define the engine perfor-
mance, and reduce exhaust emissions, and used the resulting
experimental data to develop a numerical model, characterized
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Nomenclature

Ay p factors for the Arrhenius law

Ax flame kernel surface area

C concentration

G specific heat at constant pressure
G specific heat at constant volume
E, activation energy

EP rate of dissipation of energy

g gravity vector

h enthalpy

K thermal conductivity coefficient
KE turbulent kinetic energy

M molecular mass

Nspk number of spark

N number of species

P pressure

PRT(H) prandtl number

q incoming energy per volume

Qspk energy spark

R universal constant of gases
S burning velocity

t time

St effective kernel growth speed

T temperature

u internal energy of the burned gas

v speed

vP products stoichiometric coefficients
X reagents stoichiometric coefficients

w chemical production rate

Y mass fraction

o density

A heat capacity

u dynamic viscosity

T tensions tensor

@ external exhaust gas recycled fraction

D fuel-air equivalence ratio

Subscripts

k kernel

l laminar

n species n

t turbulent

u unburned

by a mixed one-dimensional (1D)-three-dimensional (3D) ap-
proach. A modified version of the KIVA-3 V code was used for
the 3D simulation of the whole working cycle of the engine and
to represent diesel injection and overall combustion [17].

Huang et al. [20] investigated the combustion characteristics of
a direct-injection engine fueled with natural gas-hydrogen
mixtures.

Saravanan and Nagarajan [21] conducted an experimental
investigation on a Direct Injection (DI) dual fuel engine with hydro-
gen injection. In their study, hydrogen was injected in the intake
manifold and diesel fuel was injected inside the engine cylinder
in the conventional manner.

Several studies have indicated that hydrogen can be used as a
sole fuel in the SI engine [22-26]. However, increasing the com-
pression ratio in a SI engine would result in knocking. Hydrogen
can be injected using either mechanical or electronic injectors.
Electronic injectors allow greater control over the injection timing
and injection duration, with quick response to operate under high-
speed conditions.

Sridhar et al. [27] performed a zero-dimensional modeling
study using a wrinkled flame theory for flame propagation to
understand the in-cylinder pressure behavior with time in a recip-
rocating internal combustion engine.

They compared their findings with experimental data obtained
using an engine operated on biomass derived from a mixture of
producer gas and air. The required inputs for the laminar burning
velocity and turbulence parameters were obtained from separate
studies. The data related to laminar burning velocity for a producer
gas/air mixture under thermodynamic conditions typical of an un-
burned mixture in an engine cylinder were obtained from one-
dimensional flame calculations. The turbulence parameters were
obtained by conducting a three-dimensional computational fluid
dynamics study on a system with a bowl-in-piston geometry to
simulate motored or non-firing conditions.

Only a few thermodynamic and 2D models have been devel-
oped to characterize the combustion process of multi-component
fuels in internal combustion engines [28-31]. The model devel-
oped in the present work takes into consideration the multi-com-
ponent nature of syngas (hydrogen, carbon monoxide, and
methane), which is a product of the gasification of pinewood.

2. Description of the simulation model

2.1. Thermodynamic properties of air-syngas and combustion
products

The specific heats of these species in syngas have different tem-
perature dependencies. The specific heats of some species vary
strongly with temperature, while those of other species are less
temperature dependent.

The temperature-dependent specific heat for these species in
syngas is calculated as

%:A+BT+CT2+DT’2 (1)

where T is the temperature in Kelvin, and C, and R have units of kJ/
kmol K.

The values of the constants A, B, C, and D for the species are gi-
ven in Table 1.

The specific heat for the air-syngas can be computed as

CPmix = CPaXa + CPyXs (2)

The specific heat for the combustion products is calculated as
n

Cpmix = Z Cpixi 3)
i1

where i stands for H,, CO5, CO, H,0, O,, and N,. The mass fraction x'
is given as

Table 1

Coefficients used in Eq. (1).

Species A B x 10° Cx 108 D x 10°
CHy 1.702 9.081 2.164 0.000
co 3.376 0.557 0.000 0.031
CO, 5.457 1.045 0.000 1.157
H, 3.249 0.422 0.000 0.083
N, 3.280 0.593 0.000 0.040
0, 3.639 0.506 0.000 0.227
H,0 3.470 1.450 0.000 0.121
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_mM;
Minix

(4)

i
where mp,;x is the total mass of the mixture, given as
n
Mpyix = Z n;M; (5)
i-1

During combustion, a flame front is assumed to travel throughout the
combustion chamber. The gases ahead of this flame are assumed to
have the air-fuel mixture properties, whereas the gases behind it take
the properties of the combustion products. Thus, it is very reasonable
to estimate the specific heat for the mixture as follows

Cpmix = Cpair—syrlgas(‘l - xb) + Cpproducts(xb) (6)

where x;, is evaluated from the Wiebe function and represents the
burned fraction of the fuel.

2.2. General description

2.2.1. The syngas

The syngas used was obtained from the partial oxidation of
pinewood, a process known as gasification [32]. The gas is made
up of 36% combustible gases (carbon monoxide, hydrogen, and
methane) and nitrogen and carbon dioxide (64%). The mean chem-
ical composition of the syngas obtained experimentally from the
gasification of pinewood in percentages by moles is CO, 25%; Hj,
6%, CHy, 5%; CO,, 11%; and Ny, 53% (Co.1746H0.222900.0725N0.5300)-

During the syngas combustion process, the following homoge-
neous reactions are considered:

2CH, + 0, 2 4H, + 2C0 (A)
20 + 0, 2 2c0, (B)
2H, + 0, X 2H,0 ©)

Reaction (A) includes the formation of intermediate products that
become reactants in reactions (B) and (C).

2.2.2. Internal combustion engine

The diesel engine model OM 447 LA is a heavy Mercedes Benz
diesel engine. This engine was converted to operate only with syn-
gas in the mechanical engineering laboratory at the University of
Mexico (UNAM). To convert the engine from the diesel operation
cycle to the Otto cycle, several adaptations were carried out. The
most prominent modifications were as follows: modification of
the cylinder head to hold the spark plugs and eliminate the diesel
injection system, substitution of the valve holders, modification of
the pistons to increase the volume of the combustion chamber
from 122.7 cm® to 204.5 cm® (decreased compression ratio from
17.25 to 10.35), and implementation of an electronic starting sys-
tem (incorporating the air supply system, the syngas supply sys-
tem, as well as the implementation of pressure, temperature,
speed, and oxygen sensors and the multi-spark ignition system).

2.3. Description of the model

Modeling in chemical kinetics and fluid dynamics is a central
problem in the representation of homogeneous combustion mix-
tures (gases) inside the cylinders of ICEs not only because the system
is reactive and turbulent but also because the reaction development
is influenced by turbulent and flux-mixing fluctuations.

All methods for calculating the flux field when modeling the
combustion process of reactive fluids in an ICE are based on the
conservation of matter, motion, and energy equations [33]. Addi-
tionally, a mathematical model is included to represent the turbu-
lence intensity, the multiple reactions and the thermal equation of

state that links pressure, density, and temperature. Consequently,
the equations governing an ideal homogeneous mixture of three
reactive gas species (Hp, CO, and CH,) are as follows:

Conservation of mass

dp__aprvs) | dlprs)
ot ror oz 0 ()
Conservation of species
o(pYn)  O(procYn)  O(pv:Yn) _ _
ot + or + %z =R, (n=1,2,...N) (8)
Ry = My, 9)
n=N E, n=N .
Mun = {ATﬁ exp (7 ﬁ)} (Ve —vi) T o (10)
n=1 n=1
_ Pn_PYn
==t (11)

Momentum conservation
In tensile notation
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at o Yoz Tar r or 0z (12)
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Thermal equation of state
N Yn
p=pRTY (37) (19)
Enthalpy
T
hnzhf,+/0 Cp"dT (n=1,2,...N) (20)
T
Turbulence

In the present work, the turbulence is characterized by local
values and is determined from modeled turbulent kinetic energy
(KE) and turbulent kinetic energy dissipation rate (EP) transport
equations [34-41]. Reynolds stresses are calculated using a gradi-
ent transport assumption, with an eddy viscosity that is a function
of KE and EP. These assumptions are most appropriate in systems
for which the production and dissipation of turbulence are close
to equilibrium. In its simplest form, the model involves some
empirical coefficients that are usually treated as universal
constants.
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Turbulent kinetic energy

aKE) o ENUT OKE|
7+p0_&[U'KE_W(KIE)8_& = p(Py+Ts — EP) (21)
Rate of dissipation
OEP) , 0 [, pp ENUT OEP
P=at " Pox |V ~ PRT(EP) ox:
EP
= P—=(C1ePy + C3.I'y — C2EP) (22)
KE
KE?
ENUT = C,Co 1> (23)
_ nun 2% (2 00
P, = (ENUT) % <6Xj + 8Xi> (24)
~ENUT(g;) (2

*~  p(PRT(H))
where the constants of the model are

C,=0.5478
Cq=0.1643
C,Ca=0.0900
PRT(KE) = 1.000
PRT(EP) = 1.3140
Cre = 1.4400

Cze = 1.9200

Cse = 1.000.

2.4. Spark ignition model development

During the combustion process preparation phase, the spark
provided by the spark plug generates an energy equivalent to
115 m]J/spark. The ignition system is multi-spark, providing a spark
every 20° of crankshaft turn.

An initial flame is formed around the first spark, from which the
combustion gradually spreads to all the charge, depending on the
spark front formed. As the combustion continues and is completed,
the pressure inside the cylinder rapidly increases.

The combustion in piston engines is so complex that a satisfac-
tory model has yet to be developed. One essential factor hindering
the formulation of an appropriate theoretical approach is a lack of
adequate knowledge regarding the nature of the turbulence-chem-
ical reaction interactions. In the present study, the flame propaga-
tion is modeled using a two-zone model that accounts for the spark
discharge energy and the effects of the flow turbulence on the ker-
nel growth. After the spark discharge ignites the syngas—air mix-
ture, a flame propagates outward from the spark plug.

The ignition kernel flame is very thin and separates the burned
and unburned gas. The ignition kernel mass-burning rate is given by

_ d(p, Vi

my = WOV p ays, (26)
The change in flame kernel internal energy is

~ OE _ dUk dmk o dUk _

Qopk = <§> = Mk~ + Uk ar = Mg+ Ujrmy (27)
Gmult—spk = (Gspk)(nspk) (28)

3. Solution methodology

3.1. Conditions of the analysis

(a) The thermodynamic system includes the cylinder and the
combustion chamber.

(b) Half of the cylinder is simulated.
(c) The symmetry axis is located in the central part of the
cylinder.
(d) The simulation includes the syngas combustion process.
(e) The chemical kinetics is modeled using the Arrhenius
equation.
(f) The ignition system is multi-spark.
(g) The figures shown for each variable reflect the variation of
the magnitude through time.
(h) The air-syngas feed mixture is premixed.
(i) The air-syngas ratio used is 1.1:1 (10% excess of air).
(j) The initial temperature of the mixture is 336 K.
(k) The initial pressure is 1 bar.
(1) Compression ratio = 10.35.
(m) Engine speed = 1500 rpm.

3.2. Numerical solution

The commercial CFD package, PHOENICS, with an IPSA algo-
rithm, was used to simulate the syngas combustion process of SI
engines. It is a finite volume program that uses a structured non-
orthogonal grid and a staggered variable arrangement. The algo-
rithm applies the finite volume to solve the transport equations
set out. The CFD code in PHOENICS was used because of the ease
with which the physical process can be elucidated using this code.
The number of grids was fixed to a dimension of 6 x 5. The finest
grid size in axial and radial directions is chosen as Az =0.0293 m
and Ay =0.0128 m, respectively.

All of the components are defined at the midpoints of the cell
faces, whereas the scalar flow variables are defined at the cell cen-
ters. The IPSA algorithm was used for the scalar flow variables,
where the solution was obtained iteratively starting from an initial
condition.

The calculation domain was subdivided into zones correspond-
ing to the existing physical discontinuities appearing in Fig. 1. In
the present case, there are six zones in the axial direction (z) and
five in the radial direction (y).

The number of grid points or finite volumes within each result-
ing subdivision of the domain was varied to ensure that the results
were independent of the grid size. Numerical tests were also car-
ried out to ensure that the results were independent of the number
of iterations. Under relaxation was often necessary to achieve con-
vergence, which was declared to have occurred when the cumula-
tive4residual for each of the conservation equations was less than
107

3.3. Spatial discretization
Fig. 1 shows the two-dimensional grid geometry in the yz-

plane. The grid is uniform in both the y and z directions. Solutions
for dependent variables (pressure, velocity, temperature, and con-

y-direction

M1 1,1
N ML
d-r""’rf
rﬂ_ﬁ,__rf"" z-direction
p—

ML

MN LN

2

Fig. 1. Two-dimensional computational grid in the yz-plane.
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centration for species in syngas) at nodes denoted in Fig. 1 are ob-
tained. Each node is associated with a continuity cell of width and
height AL for which the continuity and transport equations are
solved. Here

L

where N is the total number of nodes in each direction.

3.4. Error analysis and uncertainty

Measured physical quantities are always subject to uncertain-
ties. Uncertainty analysis was performed to verify the accuracy of
the model. The uncertainties in the measurements are summarized
in Table 2.

3.5. Methodology

The commercial CFD code in PHOENICS, with an IPSA algorithm,
was used to simulate the syngas combustion process of the Diesel
engine adapted to the Otto cycle. The algorithm applies the finite
volume to solve the transport equations set out. The number of
grid points was fixed to a dimension of 5 x 6. The CPU time per
combustion process cycle was less than one second.

4. Model validation

In the literature, it is difficult to find models developed to sim-
ulate syngas combustion because syngas (a) is an unusual fuel, (b)
is of limited commercial value, and (c) has a variable chemical
composition that depends upon the type of residue used during
gasification. These facts notwithstanding, the model developed
for this work was compared to other models that evaluate syngas
combustion in an ICE.

The model and numerical method were validated by comparing
the calculated results to the models developed by Sridhar[27] and
Peters [38], both of which use one spark during the syngas
combustion.

Sridhar used a zero-dimensional model in conjunction with the
wrinkled flame theory for flame propagation to understand the in-
cylinder pressure behavior with time in a reciprocating ICE. The
specifications and operating conditions used in the simulations of
Sridhar and Peters were used in our model, as summarized in Table
3.

Fig. 2 shows the pressure variations obtained experimen-
tally[27] along with the simulation data of the present study and
from Sridhar. The two sets of simulation results are in satisfactory
agreement. The error between the simulation data of the present
study and from Sridhar in these measurements was around 8%.

The speed of the syngas-air mixture was also compared to the
data of Sridhar (Fig. 3). The values obtained from the present study
are in satisfactory agreement with the previous data. The error ob-
tained with these measurements was 13.8% average.

Table 2

Uncertainty.

Parameters Uncertainty (%)
Pressure (bar) 1.96
Speed (m/s) 1.28
Temperature (K) 1.20
Hydrogen (molar fraction) 3.92
Carbon monoxide (molar fraction) 1.52
Oxygen (molar fraction) 1.41
Carbon dioxide (molar fraction) 248
Water (molar fraction) 2.23

Table 3
Specification and operating conditions used in the simulation by Sridhar, Peters and
this work (one spark).

H, (% by moles) 20.0
CO (% by moles) 15.0
CH4 (% by moles) 2.5
CO; (% by moles) 14.0
H,0 (% by moles) 12.0
N, (% by moles) 36.5
Air/syngas ratio 1:1
Compression ratio 13.50
Number of cylinders 6
Engine speed (rpm) 1500
Inlet pressure (bar) 0.9
Inlet temperature (K) 300

Cylinder pressure, bar
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Fig. 2. Model results for cylinder pressure.
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Fig. 3. Model results for syngas speed.

Fig. 4 shows the variation in temperature as a function of crank
angle for the model of Peters as well as the present model. The er-
ror between the simulation data of the present study and from Pe-
ters in these measurements was around 8.6%.

5. Results and discussion

The results for the mass, energy, motion, and turbulence bal-
ances for the syngas combustion process inside the chamber and
the bi-dimensional cylinder, expressed in polar cylindrical coordi-
nates, were as follows.
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Cylinder temperature, K
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Fig. 4. Model results for cylinder temperature.

Pressure
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Fig. 5. Pressure profile (psi), from PHOENICS VR VIEWER, 3.5.

5.1. Pressure profiles

Fig. 5 shows the pressure variation through the chamber and
the cylinder during the syngas combustion process. The pressure
ranges from 245.3 psi (17 bar) at the beginning of the combustion
to up to 31.5 psi (2.1 bar) at the end of the combustion on the bot-
tom dead center.

The Fig. 6 shows the pressure variation with time for five radial
zones, each of thickness 12.8 mm, moving out from the cylinder
center from 0 to 64 mm. The greatest pressure change occurs in
the innermost radial zone (0 to 12.8 mm), corresponding to the
central part of the cylinder. During the first 4.5 ms, the pressure in-
creases to 17 bar, after which it decreases to values of ~5 bar at
9 ms and ~1 bar at 13.5 ms.

5.2. Temperature profiles

Fig. 7 shows the predicted temperature of gases inside the cyl-
inder as a function of time for the same five radial zones as in Fig. 6.
In all radial zones, a maximum temperature of 1960 K is reached
toward the end of the piston stroke. A temperature difference ex-
ists between the first and last burned gas zones. For syngas/air fuel
mixtures, this difference is as large as 1000 K.

Pressure profiles by radial zone

—&—Ar (mm) 12.8-0.0 —X—Ar (mm) 25.6-12.8
—&— Ar (mm) 38.4-25.6 —=—Ar (mm) 51.2-38.4
—¥—Ar (mm) 64.0-51.2

20.0
18.0
16.0
14.0
12.0
10.0
8.0 -
6.0 -

Pressure (bar)

==

0.0 50 100 150 200 250 30.0
Combustion time (ms)

Fig. 6. Pressure profile (bar).

Temperature profiles by radial zone

—&— Ar (mm) 12.8-0.0 —®—Ar (mm) 25.6-12.8
—&— Ar (mm) 38.4-25.6 —»—Ar (mm) 51.2-38.4
—¥— Ar (mm) 64.0-51.2

2500

2000 -

1500 -

Temperature (K)

0 ‘ ‘ ‘ ‘ ‘
0.0 5.0 10.0 150 200 25.0 30.0

Combustion time (ms)

Fig. 7. Temperature profile (K).

Fig. 8 shows the predicted gas temperature variation. It can be
seen that the temperature increases from 336 to 1960 K immedi-
ately after the syngas ignition process. The high temperatures
reached practically from the beginning of the combustion process
are the result of the multi-spark ignition system, which is neces-
sary to compensate for the low flame speed of the hydrogen, car-
bon monoxide, and methane mixture.

The sixth zone in axial direction always has the highest temper-
ature because, by the time the combustion-generated expansions
of the following burn zones begin to compress the first zone, its
temperature has already risen because of the release of chemical
energy associated with the burned fuel mass.

5.3. Speed profile
Figs. 9 and 10 show the gas speed variations inside the chamber

and the cylinder. The turbulent nature of the combustion process is
reflected in the high speeds reached, which range from 51 m/s in
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1.737E+03

1.663E+03
1.588E+03
1.513E+03

1.439E+03

Fig. 8. Temperature profile (K), from PHOENICS VR VIEWER, 3.5.

4,487E+01
4.145E+01
3.802E+01 |
3.460E+01
3.118E+D1

2.776E+0D1

Fig. 9. Gas speed profile (m/s), from PHOENICS VR VIEWER, 3.5.

the central part to 3.8 m/s at the walls. The highest speeds are ob-
served in the first two radial zones (0-12.8 mm and 12.8-
25.6 mm); after 18 ms, the speed falls to below 20 m/s in both
zones. For the radial zone of 51.2-64 mm (near the wall), the speed
remains almost constant at ~3.8 m/s.

5.4. Turbulence intensity

5.4.1. Turbulent kinetic energy profile

The variations in turbulent kinetic energy inside the chamber
and cylinder are shown in Figs. 11 and 12. In the central part of
the cylinder, the energy ranges from 16.5 m?/s® at the beginning
of combustion to 124 m?/s? at the end of combustion.

Speed profile by radial zone

—&— Ar (mm) 12.8-0.0 —®—Ar(mm)25.6-12.8
—&— Ar (mm) 38.4-25.6 —>— Ar (mm) 51.2-38.4
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Fig. 10. Gas speed profiles (m/s).
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6.652E+01

Fig. 11. Turbulent kinetic energy profile, from PHOENICS VR VIEWER, 3.5.

The turbulence intensity is highest in the radial zones spanning
from O to 38.4 mm. The intensity increases after the first 18 ms.

5.4.2. Turbulent kinetic energy dissipation rate

Figs. 13 and 14 show the turbulent kinetic energy dissipation
rate inside the chamber and cylinder. In the central part of the cyl-
inder, this rate ranges from 3,487 m?/s> at the beginning of com-
bustion to 26,140 m?/s* at the end of combustion. This extremely
broad variation in the rate of dissipation reflects the complexity
of the combustion process. In the two zones next to the wall of
the cylinder (38.4-64.0 mm), the variations in the turbulent kinetic
energy dissipation rate are minimal.

The turbulent kinetic energy dissipation rate increases with tur-
bulent kinetic energy.
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Fig. 12. Turbulent kinetic energy profile.
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Fig. 13. Rate of dissipation profiles.

5.5. Mean composition

The chemical composition at the commencement of combus-
tion in percentages by moles is as follows: CO, 12.0%; H,, 2.9%;
CHy, 2.4%; 04, 11.0%; CO,, 5.2 and N, 66.5%.

5.5.1. Oxygen molar fraction

As shown in Figs. 15 and 16 Oxygen falls from 0.11 at the begin-
ning of combustion to close to 0 at the end of combustion. Signif-
icant decrements in the oxygen molar fraction are observed in the
two radial zones at the center of the cylinder (0-25.6 mm). The
combustion of the syngas is practically complete within 24 ms.

5.5.2. Hydrogen molar fraction

As shown in Figs. 17 and 18, the hydrogen falls from an initial
value of 0.03 to close to 0 at the end of combustion. The hydrogen
is consumed in the first half of the cylinder. The greatest decre-
ments in the hydrogen molar fraction occur in the two inner radial
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Fig. 14. Rate of dissipation profile, from PHOENICS VR VIEWER, 3.5.

Oxygen variations by radial zone
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Fig. 15. Oxygen molar fraction.

zones (0-25.6 mm). After 22.5 ms, the hydrogen molar fraction
undergoes minimal variation.

5.5.3. Carbon monoxide molar fraction

As shown in Figs. 19 and 20, the carbon monoxide falls from an
initial value of 0.12 to close to O at the end of combustion. The
greatest decrements in carbon monoxide molar fraction are ob-
served in the two innermost radial zones (0-25.6 mm).

The molar fraction of reactants (O,, H, and CO) decreases across
the flame front (Figs. 15-20), and the temperature increases across
the flame front (Figs. 7 and 8).

As the temperature rises in the reaction zone, the chemical
reactions, which depend exponentially on temperature, increase
until the reactants are consumed and their concentration decreases
to zero.
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Fig. 16. Oxygen molar fraction, from PHOENICS VR VIEWER, 3.5.
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Fig. 17. Hydrogen molar fraction.

5.5.4. Water molar fraction

Interpretation of molecular transformations taking place in the
course of the exothermic process of combustion is, thereupon,
determined by chemical kinetics analysis of the transformation
of reactants (O,, Hp, and CO) onto products (CO, and H,0) between
their initial and final states established by the thermodynamic
analysis.

Figs. 21 and 22 show the variations in the water molar fraction.
The water molar fraction ranges from 0 to 0.11.

5.5.5. Carbon dioxide molar fraction

Figs. 23 and 24 show the variations of the carbon dioxide molar
fraction, which ranges from 0.05 to 0.12. The evolution of the car-
bon dioxide molar fraction taking place in the course of the exo-
thermic stage is as follows in Fig. 23.
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Fig. 18. Hydrogen molar fraction, from PHOENICS VR VIEWER, 3.5.
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Fig. 19. Carbon monoxide molar fraction.

5.6. Power variations

Fig. 25 shows the power variations for operation using syngas or
Diesel as the fuel. The maximum power obtained for syngas oper-
ation ranges from 50 to 176 kW for engine speeds ranging from
1200 to 2300 rpm, whereas with Diesel, the power ranges from
77 to 260 kW for the same speed interval. At a given speed, the
power of the system using syngas is ~68% of that of the Diesel
operated system.

When the engine operates with Diesel or syngas, the engine
performance curves are as follows in Fig. 25.

The minor power that is obtained in an operation using syngas
is associated with the minor compression ratio (10.35 using syngas
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Fig. 23. Carbon dioxide molar fraction.

Fig. 20. Carbon monoxide molar fraction, from PHOENICS VR VIEWER, 3.5.

Water variations by radial zone
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Fig. 21. Water molar fraction.

Fig. 24. Carbon dioxide molar fraction, from PHOENICS VR VIEWER, 3.5.

Power
300
9.961E-02
9.304E-02 250
8.647E-02
7.989E-02 <
< 200
7.332E-02 =<
6.675E-02 o
g 150 -
a
100 -
50 -

o o o o o o o
o o o o o (=] o
A < © [c*] o A <
— — — — Al Al [a\]

Speed (rpm)

Fig. 22. Water molar fraction, from PHOENICS VR VIEWER, 3.5. Fig. 25. Power variations.



B. Gamifio, J. Aguillén/ Fuel 89 (2010) 581-591 591

and 17.25 using Diesel), and with the presence of substance dilu-
ents in the syngas (nitrogen and carbon dioxide), nevertheless,
the present research demonstrates that the syngas is a fuel that
can be used for the production of electricity using Diesel converted
engines. The syngas will play an important role in the future global
energy infrastructure for the generation of power.

6. Conclusions

We have simulated the syngas combustion process in an ICE
using a mathematical model that includes the balances for the con-
servation of mass, energy, and reaction rates for the different
chemically reactive species in syngas.

The simulations yielded predictions of the pressure, tempera-
ture, gas speed, and expected chemical composition profiles of
the reactive substances and combustion products. The model and
numerical method were validated by comparing the calculated re-
sults to those obtained using the models developed by Sridhar and
Peters. In view of the success of these validations, we consider that
the proposed model and calculation procedure are reliable.

The model was solved numerically using the CFD code in PHOE-
NICS VR VIEWER, 3.5. The model employing 30 zones (6 zones in
the axial direction and 5 zones in the radial direction) and 100
steps gave sufficiently accurate results to describe the combustion
of syngas inside the chamber and cylinder. The number of grid
points incorporated in the simulation did not affect the prediction
results. The error is computed around 1 and 4% (Table 2). The cen-
tral processing unit (CPU) time per combustion process cycle was
less than one second. The thermal efficiency obtained was 32%.

The presented model is easy to use and is not computationally
demanding. In addition, the model could easily be adapted to alter-
native fuel studies in SI engines. Finally, the model can be used to
predict the parameters of syngas combustion inside the chamber
and cylinder, which can be used for parametric studies.
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