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The preparation of air—fuel mixture to achieve improved performance, ef-
ficiency, and engine combustion is considerably dependent on fluid ow dy-
namics. In this study, the effects of mixtures of hydrogen and compressed
natural gas (CNG) on a spark ignition engine are numerically considered.
This article presents the results of a direct-injection engine using methane—
hydrogen mixtures containing 0 and 15 vol.% H.. The results show that the
percentage of hydrogen in the CNG increases the burning velocity of CNG
and reduces the optimal ignition timing to obtain the maximum peak pressure
of an engine running with a blend of hydrogen and CNG.

With hydrogen addition to natural gas, the peak heat release rates increase.
For 15% hydrogen, the maximum values at crank angles (CAs) for in-cylin-
der temperature and heat release rate are achieved at 8° CA, and the maxi-
mum temperature diference is approximately 150 K . Port injection gasoline
is converted into direct injection by CNG fuel in this engine.

1. Introduction

tion (DI) of compressed NG (CNG) achieves
thermal efficiencies comparable with those ac-

Growing concerns on the harmful effects of
conventional fossil fuel emissions have made
natural gas (NG) a very attractive alternative
fuel for internal combustion engines (ICEs),
particularly for its advantages, which include
being environment friendly, clean burning,
economical, and efficient. For light-duty en-
gine applications in particular, the direct injec-
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complished by high-compression-ratio, unthrot-
tled diesel engines, while maintaining the smoke-
free operation of spark ignition (SI) engines and
producinglightly lower NOx emissions [1]. NG
is one of the most promising of alternative fu-
els, providing lower cost, cleaner emissions, and
direct applicability to existing combustion sys-
tems. However, the use of natural gas as fuel in
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ICEs can adversely affect engine performance
[2].

The power of these engines are relatively less
than that of engines that are primarily fueled
by gasoline because of the convergence of one
or several factors: a reduction in volumetric ef-
ficiency attributed to NG injection in the intake
manifold; lower stoichiometric fuel/air ratio of
NG compared with gasoline; and lower equiva-
lence ratio at which these engines may be run
to reduce NOx emissions.High NOx emissions,
particularly at high loads, decrease with exhaust
gas recirculation (EGR). However, EGR rates
above a maximum value result in misfire and er-
ratic engine operation.

The addition of hydrogen gas increases this EGR
threshold significantly. In addition, hydrogen
increases the flame speed of the NG-hydrogen
mixture.

Hydrogen gas is characterized by a rapid com-
bustion speed, wide combustible limit, and low
minimum ignition energy. Such characteristics
serve a function in decreasing engine cycle vari-
ation for the safety of combustion. However, the
values of cycle variation for hydrogen-fueled en-
gines with DI are frequently higher than those
of hydrogen-fueled engines with manifold injec-
tion, or those of gasoline engines because of a
decrease in the mixing period by DI in the pro-
cess of hydrogen gas compression [3-5].

The percentage of hydrogen in H CNG mixture
increases the burning velocity of NG and de-
creases the optimal ignition timing to obtain the
maximum indicated mean pressure of the engine
running with these mixtures. The indicated ef-
ficiency rises as the percentage of hydrogen in
NG increases [6]. Increasing the hydrogen frac-
tion causes variations in cylinder pressure and
CO, emissions. Emilio Navarro et al. [7] showed
that the maximum cylinder pressure increases
with the fraction of hydrogen in the blend. The
presence of hydrogen in the blend decreases CO,

emissions. Owing to the properties of hydrogen

leaner fuel-air mixtures can be used along with
the appropriate spark timing, resulting in an im-
provement in engine emissions with no loss of
performance.

Yilanci et al. and Weindorf et al. [8, 9] studied
the alternative use of hydrogen in various gov-
ernmental strategic plans as an energy carrier to
achieve a sustainable energy system. Hydrogen
is a good option because of the various methods
of its production, the long-term feasibility of a
number of these methods (from nuclear power,
from renewable energy: solar, wind, biomass,

fossil fuels, and so on), high potential efficien-
cy at its use point, various energy production
methods from hydrogen, and almost no danger-
ous emissions [10]. Nitrogen oxides formation
and flame propagation were calculated for two
engines with hydrogen fuel through an internal
computational fluid dynamics (CFD) code, with
a correlation of laminar burning velocity and a
model of flame area evolution [11]. The use of
laminar burning velocities obtained through cal-
culations of chemical kinetic was also investigat-
ed. Except for increased engine velocity and con-
ditions of lean mixture, fair consensus was found
among experimental findings. According to the
researchers, the results “suggest the requirement
for the consideration of an increase in local lami-
nar burning velocity due to the selective diffu-
sion of hydrogen.”

The results of a four-cylinder engine test with
mixtures of 0, 10, 20, and 30vol.% hydrogen in
methane showed that HC, CO, and CO, emis-
sion values decreased, but NO and brake ther-
mal efficiency values increased with increasing
percentage of hydrogen [12]. The enhancement
of combustion with hydrogen addition can be
ascribed to the significant increase in H, O, and
OH in the flame with the presence of hydrogen.
The decrease in the mole fractions of CH,O and
CH,CHO with hydrogen addition suggests a po-
tential in the reduction of aldehyde emissions of
methane combustion as hydrogen is added [13].
Hoekstra et al. [14] observed that experimental
results of NG-fueled ICEs suggest that hydro-
gen as an additive in NG can strongly improve
the performance of such engines, particularly in
terms of power, efficiency, and emissions, thus
enabling the engine to work with leaner mix-
tures. In addition, hydrogen does not affect the
anti-knocking performance of NG fuel and in-
duces a strong reduction of NOx for hydrogen
percentages of up to 30%. An important point
is the increasing flame speed propagation and a
consequent reduction in the spark advance angle
to obtain the maximum brake torque, as already
indicated by Nagalingam et al. [15].
Hydrogen—NG blends, commonly called HCNG,
can be distributed using NG infrastructures with-
out significant modifications if hydrogen content
is below 30vol.% . Mariani et al. [16] showed
that HCNG blends improved engine brake effi-
ciency, particularly at low loads and for the high-
est hydrogen content, with fuel consumptions on
an energy basis over NEDC being 2.5, 4.7, and
5.7% lower than that of CNG for HCNG that are
10, 20, and 30%, respectively.
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2. Thermophysical properties:

The thermo physical properties of fluid(s), in-
cluding thermal conductivity, viscosity, density,
specific heat, and species diffusivities, as func-
tions of concentration and temperature as well
as other variables are provided by the STAR-
CD modeling framework. Alternative built-in
dependencies are provided in some cases, but
facilities are generally available to insert user-
specified property functions.

Fuel is combined with air after being introduced
into the intake manifold. The process follows the
subsequent chemical equation:

0.210,+0.79N,
S.Q(V]CHz;(g)+V2H2(g))(T,,P/) + +wH.0
2 (..p)

(0210, +0.19N, +@H,0),  +

(T.P)

5-@-(V|CH4(g)+V2H2(g))(T.P) (1)

The chemical equations for the combustion of
stoichiometric hydrogen—air and methane—air
mixtures are as follows:

CH,+2(0,+3.76N,) & CO,+2H,0+2x376N,  (2)

H,+0.5(0,+3.76N,) & H,0+0.5x3.762N, 3)

In the above equations, represents the total
number of fuel moles, ¢ 1is the ratio of fuel/air
equivalence, v, corresponds to component i mole
quantity per fuel mixture mole, and @ stands for
ratio of molar humidity. When pure hydrogen is
used, v =0; but, if pure NG is used, v,=0 .

The first law of thermodynamics is applied to
the process of mixing to calculate the thermody-
namic properties of the air—fuel mixture. Poten-
tial energies and kinetic variations are ignored,
and it is assumed that no work is performed
throughout the process. The equation would be:

N o Ty
> .o, D Co(ydr — | c,‘:,.(r)dr} +
n=1 Ty Ty
T Ti
0.21 |:_‘. C;ioz (T)HdT — J. C;;oz THdT
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7 7
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where Q represents heat transfer during the pro-
cess, Cpl,” 1s the constant-pressure specific ther-

mal capacity of an ideal gas [17], T, stands for the
fuel temperature before injection, '5"0 is reference
temperature (298.15 K), and corresponds to the
temperature of intake air.

The calculated air—fuel mixture is then intro-
duced into the cylinder. The residual gas mixing
process inside the cylinder and the entrance of
the air—fuel mixture in the cylinder occur during
this phase.

3. Combustion modelling

Diffusion or un-premixed reaction was em-
ployed to replicate the CNG combustion pro-
cess. The employed mono-fuel (methane) was
catalyzed the diffusion reaction usage for this
engine model. The oxidant streams and fuel en-
tered the engine cylinder separately in this reac-
tion as the solution domain. For every reaction,
one more differential conservation equation must
be solved. The mixture fraction (f), that is, the
preferred conserved scalar, is basically described
as the total mass fraction of unburnt and burnt
fuels. The following equation in the tensor nota-
tion can be used to calculate F:

0 0 i \of

— +— -|pD, +— |—|=

> (pf) ™ {pu,f [p ; GJ - /] S )
In this equation, the turbulent Schmidt number
is o,,; and the source term S corresponds to the
fuel addition to the gaseous phase origin from a
second phase, such as coal particles or diesel fuel
droplets.

In this study, the eddy break-up (EBU) model of
Mag nussen was employed to simulate the com-
bustion of turbulence [18]. The EBU model could
be used for all combustion applications. The two
main assumptions of this model are as follows:
(1) a reaction is an irreversible single-step reac-
tion involving products, oxidant, and fuel in ad-
dition to potential background static species; and
(2). as the rate-controlling mechanism is turbu-
lent micro mixing, time scale of the reaction is
very small. The rate of fuel consumption based
on the employed model was as follows:

Y
RF :_ﬁAebu min YF’_O’Bebu£ kg/mzs (6)
k So Sp
n,M n,M
sp =020 5, = Tk ™
np M np M

where the empirical coefficients of dimensions
are B, and A , . According to the burned mass
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fraction of fuel during combustion, the nominal
default values are 0.8 and 1.2, respectively. The
local rate-controlling mass fraction is determined
by the first two arguments in the square brackets.
However, the third argument inhibits the reaction
in case of low temperature. This argument could
be optionally deleted. The micro mixing time
scale was assumed to be k/¢, as the time scale
of dissipation.

3.1. Mechanism of reaction

The three-step global reaction of the EBU model
was the basis for the modeling strategy for com-
bustion modelled by the CFD model. The equa-
tions for the three steps are as follows:
CH,+0.50, - CO +2H,

CO+0.50, — CO,

H,+0.50, > H,0

®)

The properties of individual species are used to
calculate the specific heat of mixture, thermal
conductivity, and viscosity, all of which are func-
tions of temperature. The mass fractions of the
combustion products are assumed to obey the
values of instantaneous and local thermodynamic
equilibrium. The ratio of temperature, pressure,
and equivalence determine equilibrium composi-
tion of cylinder charge [19]. O,, CO,, HO, N,
H,, CO, and NO were the considered chemical
species for the calculation of CFD, and NG was
deemed as 100% methane (CH,).

acteristics, and for preparation of fuel mixing for
the subsequent best combustion process. A bowl
was positioned at the center of piston A crown.
The bowl volume of piston B was deeper, but it
was not positioned in the crown center.

A ¢

Figure 1. Schematic view of typical engine model with
piston crown A

y rr-_ | p ~ \
_gi __

Prston A Piston B

Figure 2. Geometry of the combustion chambers on pis-
tons

4. Geometry of engine and its operating
condition

According to Figure 1, the engine model used
in this study was a typical CNGDI engine with
a single cylinder and two exhaust and intake
valves. As shown in Figure 2, it has two pistons
of different shapes. Two different piston crowns
were considered to examine the pattern and be-
havior of turbulence, tumble, and swirl intensi-
ty field inside the cyl inder to attain a suitable
piston shape for the engine combustion process.
The piston shapes indicated the geometry mod-
el of a real engine which is usually operated to
achieve a higher ratio of compression and the
optimum process of combustion in a CNGDI
engine. Two different piston shapes were ex-
amined to verify a suitable piston crown for the
analysis of heat transfer and turbulence char-

5. Grid generation

In this study, the moving mesh-boundary algo-
rithm was used to perform CFD simulations of
the combustion process. Each event in the bound-
ary and moving mesh algorithms corresponded to
different boundary and mesh geometries for each
different crank angle (CA) in every engine cycle
step [20]. Therefore, appropriate CFD simulations
for an internal process of combustion required
that the calculation and analysis be performed
through the moving meshes and boundaries,
transient (unsteady) calculation, high fluid dy-
namic characteristics (turbulence intensity), high
compressible Reynolds number, heat, mass, mo-
mentum, transfer, as well as through a chemical-
thermal dependent and complex geometry model.
The process of grid generation was initiated from
the mesh surface provision of the engine devel-
oped in a computer-aided design (CAD) pro-
gram. Thereafter, to deal with the CFD analysis,
the surface data should be converted into a finite
volume mesh. A grid generator program was used
to generate hexahedral cells for the CFD calcu-
lation of computational mesh in this study. As
shown in Figure 3a, the mesh involves the valves
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and intake ports, piston bowl, and cylinder head.
The parallel computations are shown by differ-
ent colors, representing four computation pro-
cesses. The cell numbers varied between 90,000
in the top dead center (TDC) and approximately
180,000 to 200,000 in the bottom dead center
(BDC). Approximately half of the cells were
employed to create the mesh at the piston bowl
and cylinder head when the rational computer run
time and grid sensitivity were considered. Dur-
ing the valve movement, fine grid arrangement
was required to meet the convergence and sta-
bility criteria. Owing to their better stability and
accuracy compared with tetrahedral cells, hexa-
hedral cells were applied for mesh generation. A
more important reason for the use of hexahedral
cells was that moving meshes and boundaries are
required to accomplish CFD calculation.

Owing to the model complexity, four areas with
different topologies were assumed for the compu-
tational domain and, as shown in the wire mesh
view, every area was meshed individually (Fig-
ure 3). This approach helped reduce the mesh-
ing time considerably to acquire a quality grid
(mesh). Arbitrary interfaces were employed to
ensure the connectivity of different sub-domains,
which connected each face of the zones. Simi-
lar topology was used to create meshes of both
intake ports, and the cell was oriented in the di-
rection of flow and connected with a cylindrical
structured mesh in the valve zone upstream. The
grid above the valves (both exhaust and intake)
was created through the revolution of a structure
mesh section. The sub-domains of intake ports
were removed from the calculation during the
compression stroke with closed intake valves to
decrease computational cost and time.

To achieve a reasonable computer run time
and grid sensitivity, the fine grid structure was
required for mesh snap ping during the valve
movement.

Hexahedral cells offer better stability and accu-
racy compared to tetrahedral cells. Thus, hexa-
hedral cells were employed for mesh generation.
Hexahedral cells were principally used because
of the requirements of boundaries and moving
meshes for CFD calculation. The computation-
al mesh was split into four areas with different
topologies because of complexity of the engine
model, and every area was meshed individually,
resultlng in good grid (mesh) quality and a sig-
nificant reduction in meshing time. Arbitrary in-
terfaces were used to ensure the connectivity of
various sub-domains that united each Arbitrary
interfaces were used to ensure the connectivity

ping during the valve movement.

Hexahedral cells offer better stability and accu-
racy compared to tetrahedral cells. Thus, hexa-
hedral cells were employed for mesh generation.
Hexahedral cells were principally used because
of the requirements of boundaries and moving
meshes for CFD calculation. The computation-
al mesh was split into four areas with different
topologies because of complexity of the engine
model, and every area was meshed individually,
resulting in good grid (mesh) quality and a sig-
nificant reduction in meshing time. Arbitrary in-
terfaces were used to ensure the connectivity of
various sub-domains that united each Arbitrary
interfaces were used to ensure the connectivity of
various sub-domains that united each face of the

Zones.

(2) (b)
Figure 3. Schematic view and wire

mesh of the computational grid at BDC

As previously stated, embedding a boundary and
moving mesh algonthm into the Star-CD program
was necessary for simulation. The boundary and
moving mesh algorithm for such an engine model
was developed inside Star-CD through the decla-
ration of events for every defined time step fol-
lowed by activation of the grid to facilitate mesh
movement. In the moving mesh, the cell was
compressed to volume zero in one time step, and
all the contents (temperature, enthalpy, pressure,
momentum, mass, and so on) were forced into the
adjacent cells. Thus, even if any of cell layers was
removed, conservation would be precisely satis-
fied. However, according to Adapco [21], the size
of cell layers increases from zero to the full vol-
ume when they are added through absorption of
the preserved variables through cell faces. Figure
4 demonstrates some examples of the developed
boundaries and moving meshes for the CFD
simulation model, including compression stroke,
piston position at BDC, and intake stroke.

The overall quantity of computational cells is
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approximately 180,000 to 200,000. This, ap-
proximately requires 8 hours for a typical CPU to
simulate complete compression stroke and intake
by fluctuating time steps using a six CPU-SGI
Origin 300 with dynamic memory of 56 MB.

6. Experiments

A single-cylinder engine based on the Proton
CAMPRO engine was modified into a CNG-
fueled engine with DI system. The engine was
operated under

wide-open throttle conditions with a compres-
sion ratio of 14:1. The main specifications of the
engine are given in Table 1.

The experimental cases chosen for the validation
of the CFD model included both low and high
engine speeds, that is, 2000 and 6000 rpm, re-
spectively, with certain variations in intake tem-
perature, injection timing, injection duration, and
SI timing.

! o
A,
RO

(c) Compression stroke

Figure 4. Moving mesh and boundary

Figure 5. 3D CAD modeling of CNGDI components

7. Results and discussions

Figure 6 presents the cylinder pressure versus
the CA. The peak cylinder pressure increased
and appeared with the advancement of CAs
and with the addition of increasing amounts of
hydrogen. In particular, for 15% hydrogen, the
peak cylinder pressure increased by approxi-
mately 11 bar compared with that for 0% hy-
drogen at 2000 rpm. The peak appeared at an
advanced CA, that is, approximately 10°CA
close to the TDC and 10°CA after the TDC. As
shown in Figure 7, when hydrogen addition to
methane is increased, the maximum peak pres-
sure values are found to be close to the TDC.

Table 1. Geometric properties of CNG/DI engine

Engine parameter Unit Value
Number of cylinders 4

Type Inline

Displacement volume 1596 cm3
Bore 78 mm
Stroke 84 mm
Connecting rod length 131 mm
Crank radius 44 mm
Compression ratio 14:1

Intake valve opening 12 bTDC
Intake valve closing 48 aBDC
Exhaust valve opening 45 bBDC
Exhaust valve closing 10 aTDC
Maximum exhaust 7.5 mm
valve lift

The maximum peak pressure values are obtained
at an engine speed of 6000 rpm.
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Figure 6. Cylinder pressure as function of the CA at a
fixed EAR of unit with different percentage of hydro-
gen and spark timing of 19CA BTDC at 2000 (case A)

and 6000 rpm (case B)

The in-cylinder temperature (Figure 7) increased
because of the high adiabatic flame temperature.
For 15% hydrogen, the maximum values for in-
cylinder temperature and heat release rate were
advanced by approximately 8° CA compared
with the corresponding CA for 0% hydrogen.The
maximum temperature difference between the
0% H2 and 15% H2 cases was approximately 150
K because the laminar flame speed of a methane
and hydrogen blend increases with hydrogen ad-
dition for a fixed excess air ratio.
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Figure 7.Cylinder temperature versus the CA at a fixed
EAR of unit and spark timing of 19°CA BTDC at 2000
(case A) and 6000 rpm(case B)

The heat release rate is defined as the rate at
which the chemical energy of the fuel is released
by the combustion process. This rate is calculated
from the cylinder pressure versus CA as the en-
ergy release required creating the measured pres-
sure. From the simulation results, the rate of heat
release is directly extracted from the reactive spe-
cies and their heat formation. By evaluating the
heat release rate produced from the engine, the
combustion duration can be predicted to maxi-
mize the work done when the piston reaches the
constant volume stage at the BDC position.
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Figure 8. Heat release rate versus the CA at a fixed
EAR of unit and spark timing of 19°CA BTDC at 2000
(case A) and 6000 rpm (case B)
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Based on the theory of combustion, combustion
depends on the equivalence ratio, residual frac-
tion, spark timing, laminar flame speed, turbu-
lence intensity of flow, and combustion chamber
shape [22].

Figure 8 shows the heat release rate versus of the
CA for case A. With the addition of hydrogen to
NG, the peak heat release rates increased, and the
CAs at which they appeared were advanced.

8. Conclusions

In this study, the effects of the addition of hydro-
gen to NG on a methane-fueled gas engine gen-
erator were numerically investigated in terms of
engine performance. The results of this study can
be summarized as follows:

The percentage of hydrogen in the mixture in-
creases the burning velocity of CNG and de-
creases with the optimal ignition timing to ob-
tain the maximum peak pressure of the engine
running with a blend of hydrogen and CNG.
The indicated efficiency rises as the percentage
of hydrogen in the mixture increases. Therefore,
as the hydrogen fraction is increased, the maxi-
mum peak pressure is found to be close to the
TDC. With the addition of hydrogen to NG, the
peak heat release rates increased, and the CAs at
which they appeared were advanced.

For 15% hydrogen, the maximum values for in-
cylinder temperature and heat release rate were
advanced by approximately 8° CA compared
with 0% and 7% hydrogen. The maximum tem-
perature difference between the 0% H, and 15%
H, cases was approximately 150 K.
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