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The fuel called biogas is obtained through anaerobic digestion of different types of
organic waste, providing a way to tap the energy stored in organic matter. The use
of this fuel is also attractive from the standpoint of global warming because its ap-

plication does not register a net emission of carbon dioxide into the atmosphere.

One possible use for this fuel is to feed the spark-ignition internal combustion en-

gines. In the present, there is little information available about the process of com-
bustion in internal combustion engines fueled by biogas. The combustion process of
an internal combustion engine ignition powered by biogas is characterized in terms
of the duration of combustion, i. e., depending on the time elapsed while the reac-
tants (methane and oxygen) are transformed into products (mainly carbon dioxide
and water). This study numerically evaluates the way in which the geometrical pa-
rameters such as the compression ratio and operating parameters like engine
speed, the excess air, the time of spark timing and carbon dioxide content of biogas
affect the evolution of the combustion process. To carry out this study, a five factors
and two levels experiment was designed and conducted, based on which, the most
influential parameters were identified. Equations expressing the combustion char-
acteristic parameters, as a function of the geometric and operation parameters of a
spark ignited engines, are delivered as a result.

Key words: biogas combustion, computational fluid dynamics, Wiebe function,
spark ignition

Introduction

The spark ignited (SI) reciprocating internal combustion engines are devices widely
used to produce power from chemical energy stored in a fuel, SI engine’s size ranges from a few
cubic centimeters of displacement, single cylinder, up to several liters of displacement and 16
cylinders per engine. Hydrocarbons, which are used to feed the SI engines, are expensive fuels,
promises to be even more expensive in the future, at some point have to run out and contribute
significantly to the problem of global warming. Biogas is a fuel that can be used to feed the SI
engines. Moreover, biogas is a fuel that is derived from the anaerobic decomposition of organic
matter, which includes sewage, municipal waste, feces of cattle and agricultural waste. As a
product of the anaerobic decomposition of organic matter, a residue rich in minerals that can be
used as fertilizer is obtained [1]. If the organic matter that can be used to produce biogas is not
used in this way, it becomes a problem of contamination by bad odorsreleased in to the air; be-
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sides, we can find methane within the gases released, which traps more radiation that CO,, the
main cause of global warming [2].

The use of biogas as fuel of engines can help to reduce oil use, also, a resource that is
being wasted, making no net contribution to the CO, into the atmosphere will be used.

The adaptation of a fossil fuel powered SI engine to work with biogas can be done
without major mechanical modifications [3-7]; however, it would be used an SI engine to work
with a fuel for which it was not designed; therefore there is no guarantee that its performance is
as good as it could be. The performance of the SI engines depends on many factors, of which the
most important is the process of combustion, in terms of available energy that is lost in each pro-
cess [8].

If we wish to simulate the operation of the engine using a thermodynamic model, it is
also important to know the details of the combustion process. The simulations using the thermo-
dynamic models are important because they allow the calculation of the size of an engine re-
quired, the preparation of the test and the development of the control system.

The combustion process of an internal combustion engine ignition can be character-
ized in terms of combustion duration, spark timing, and the completeness of the combustion. A
parameter that somehow describes the evolution of the combustion process is also needed, as
does the shape parameter of the Wiebe’s function. To the present, there have been some studies
on the performance and emissions of biogas-fed SI engines [9-13]; however, there is little infor-
mation available about the combustion process.

For its characterization, the combustion process is typically divided into the following
stages [8].

Flame-development angle: it is the crank angle interval between the spark discharge
and the time when a small but significant fraction of the cylinder mass has burned or fuel chemi-
cal energy has been released. Usually this fraction is 10%, though other fractions such as 1 and 5
percent have been used. This angle is sometimes called ignition delay.

Rapid-burning angle: The crank angle interval required to burn the bulk of the charge.
It is defined as the interval between the end of the flame-development stage and the end of the
flame-propagation process (usually mass fraction burned or energy-release fraction of 90%). An
alternative definition for this angle uses the maximum burning rate to define an angle or time
characteristic of the bulk charge burning process [14].

Finally, the overall burning angle is defined as the duration of the overall burning pro-
cess. It is the sum of the flame-development angle and the rapid burning angle.

Wiebe‘s equation [15] is widely accepted as a tool for describing the evolution of the
combustion process in spark ignition engine. Wiebe’s equation is:

m+1
x, =1—exp —a(eggo j (1

where 6 is the crack angle, 6, — the start of combustion, A@ — the total combustion duration (x, =
=0to x, = 1), and a and m are adjustable parameters which fix the shape of the curve.

The value of 6, can be taken as the position of the crankshaft angle at which the spark
was ignited. The a parameter defines the maximum fraction of the energy released or burned
mass, a value of @ = 6908 corresponds to a mass fraction burned of x, ,,,, = 0.999.

Finally, the factor m changes the curve of evolution of combustion as shown in fig. 1.
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In the present, information can be found
about recommended values for the charac-
terization of the combustion process with
Wiebe’s function in diesel and gasoline
powered engines, but not for biogas fueled
engines, this paper proposes a contribution
in this regard by numerically characterizing | |
the combustipn process ofa six-cylinde; en- oy o o..s s 75
gine fed by biogas of different compositions. Rel. crank angle

The combustion process of an SI engine . . . .
Figure 1. Evolution of the combustion process with

depends strongly on the .Velocny field gnd different values of shape parameter in Wiebe’s
the level of turbulence inside the combustion  equation [16]

chamber at the time when the spark is ig-

nited; it also depends on the pressure, temperature, and composition of the gas mixture inside the
cylinder. The computational fluid dynamics (CFD) is a tool capable of calculating the parame-
ters which depend on the combustion process and, therefore, the evolution of the combustion
process. For this reason, this tool has been chosen in this work to characterize the combustion
process.
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Methodology
Description of the experiment designed

To carry out this work a five factors and two levels full factorial experiment was devel-
oped. The factors considered and their respective levels are shown in tab. 1, the nomenclature
shown on this table is adopted for the rest of the work, for example, A+ means compression ratio
of 14 and A—a compression ratio of 8.4. It is noteworthy that the compression ratio was changed
by increasing the cylinder displacement at constant volume and shape of the combustion cham-
ber.

Table 1. Factors and factor levels used in the experiment

Factor Variable name | High level Low level
r A 14 8.4
o [rpm] B 3000 1000
o C 1.5 1
6, [crack angle degree] D 0 —40
v E 40 0

The factors considered were chosen because they directly influence the combustion
process. The reasons why these factors affect the combustion process are detailed below:

Compression ratio. By increasing the compression ratio, reached temperature and
pressure inside the cylinder also increase and, as already mentioned, the evolution of the com-
bustion process depends on these factors.

Crankshaft rotational speed. The speed at which the piston moves obviously affects
the velocity field inside the cylinder, which directly affects the combustion process.
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Relative air-fuel ratio and percentage of CO, in the fuel. The composition of the gas
mixture inside the cylinder is affected by these factors, which directly reflects on he evolution of
the combustion process.

Spark timing. The conditions of pressure and temperature of the mixture of gases in-
side the cylinder affect the combustion process when the spark is ignited; therefore, the combus-
tion process depends on when the spark is turned on.

Simulated engine and its geometry

For the creation and meshing of the computational domain software GAMBIT® was
used. The simulated engine characteristics are shown in tab. 2, while fig. 2 shows the modeled
cylinder (a) and its combustion chamber (b). Figure 3 shows a detailed view of the combustion
chamber, numbers 1 and 2 indicate the place where the intake and the exhaust valves are situ-
ated, respectively, and number 3 indicates the place where the spark plug enters.

Table 2. Characteristics of the simulated engine

Number and arrangement of
. Vo
cylinders

Valves per cylinder 2

Aspiration Natural

Bore 87 mm

Stroke 89 mm

Total displacement volume 3.3 liters

; Figure 2. Cylinder and

Nominal power 100 HP combustion chamber

modeled

For a better understanding of the location of the
spark, fig. 4 shows transversal cuts made to the cyl-
inder in the point where the spark is located. The
geometry has 64,000 hexagonal cells; it was de-
cided to use this number of cells after performing a
mesh sensitivity analysis, which worked with

Figure 3. Close up to the combustion

chamber modeled meshes of 10,500, 19,400, 35,000, 64,000, and
75,000 cells, getting identical results with

the two geometries of more cells. It is note-

= = worthy that increasing the number of cells

should reduce the time step to avoid prob-

lems of convergence, so the step value had to

- z be 0.25° of crankshaft rotation.

v|—x X|_!’ Description of the simulation
”’L The software FLUENT® which is based
Z X

on the finite volume method, was used to run
Figure 4. Localization of the spark the simulations. The governing equations ap-
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plied to the computational domain include the mass conservation eq. (2), momentum conserva-
tion eq. (3), energy equation eq. (4), equations of state eq. (5), one transport equation of form of
eq. (6) for conservation of each species, the turbulence model k- eq. (7) and eq. (8), and the
combustion model. The equations to be solved are shown in tab. 3. The k- turbulence model
[17] was selected because it was the one that provided the best agreement with the results pub-
lished by Porpatham et al. [12]. The selected combustion model is the Eddy dissipation concept
[18], which is an extension of the Eddy dissipation model that assumes that the combustion pro-
cess is governed by the turbulent transport of the flame front inside the cylinder, but allows the
incorporation of chemical kinetic mechanisms that allow including CO within the combustion
products. According to the way it the combustion process is described in the reading, turbulent
flame propagation is the mechanism that governs this process [8]; therefore, the Eddy dissipa-
tion concept model seems appropriate for the simulations. This model assumes that reaction oc-
curs in small turbulent structures, called the fine scales. The length fraction of the fine scales is
modeled as shown by eq. (9), The volume fraction of the fine scales is calculated as £** Species
are assumed to react in the fine structures over a time scale which is calculated according to eq.

Table 3. Set of partial differential equations to be solved and combustion model

Mass conservation % +divipu)=0 @)
t
X-momentum ﬁ(gtu) + div(puu) = —Z— + div(ugradu) + Sy, (3a)
y-momentum @ +div(pvu) = —% +div(ugradv) + Sy, (3b)
4 y
z-momentum % + diviowu) = —% + div(ugradw) + Sy, (3c)
iz
. 8(pl)
Energy equation —— +div(piu) = —pdivu + div(KgradT) + @+ S; “
. p=pRT (sa)
State equations
i=CyT (5b)
. . (p¢ )

Species conservation and transport —— L +div(pg,u)=div(Igradp, )+ S 4, (6)
—(pk)+ div(pku;) = div(I gradk)+ G — Y + Sy )

Turbulence model
E(pa))Jr div(powu;) = div(I gradw)+ G, - Y, + S, ®)

* ve
=Ced— 9
4 5‘/ P )
Combustion model 7= CT\/E (10)
£
2
) (n
t(1-¢)
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(10). The source term in the conservation equation for the mean species 7, eq. (6), is modeled as
shown in eq. (11).

A two-step and three reactions mechanism which allows the calculation of the amount
of CO that is generated during the combustion of methane in the SI engine modeled was used for
the simulations. The reactions considered are the following.

CH, + 1.50, — CO + 2H,0 (12)
CO + 140, > CO, (13)
CO, - CO + %40, (14)

Reaction of eq. (12) describes the oxidation of methane to form CO and water, reaction
of eq. (13) shows the formation of CO, while the reaction of eq. (14) considers the dissociation
reaction of the latter specie.

Initial and boundary conditions

In order to take in consideration the effect that the exhaust gases have in the composi-
tion of the charge inside the cylinder at the beginning of the compression stroke, the initial con-
ditions used in the simulation were calculated from a thermodynamic model for SI engines [19],
which considers the residual gas fraction.

The pressure and temperature conditions at the beginning of the compression stroke,
as well as the composition of the gas mixture inside the cylinder at the moment are particularly
dependent on compression ratio, excess air, and CO, content of the biogas, considering that
there are two levels of each of these variables, only 8 different boundary conditions in the 32 dif-
ferent case studies were used.

The boundary conditions are shown in tab. 4, while tab. 5 shows when each of the 8
initial conditions are used. As boundary conditions, the no-slip condition on the walls and the
temperature were used. A constant temperature of 400 K was used even knowing that the tem-
perature of the cylinder walls varies spatially and temporally, since this variation of temperature
affects very little to the properties of the mixture of gases inside the cylinder [20].

Table 4. Initial conditions

No. | TI[K] | p[kPa] YO, YCH, YCO, | YH,0
1 321 104 0.2103 0.0347 | 0.0456 | 0.0043
2 305 99 02191 0.0361 | 0.0056 | 0.0043
3 341 110 0.2021 0.0505 | 0.0637 | 0.0047
4 308 100 0.2144 0.0563 | 0.0062 | 0.0051
5 330 104 0.2079 0.0341 | 0.0485 | 0.0063
6 310 97 0.2176 0.0356 | 0.0082 | 0.0066
7 358 111 0.1966 0.0499 | 0.0667 | 0.0069
8 317 98 0.2128 0.0529 | 0.0090 | 0.00742
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Table 5. Description of the cases shown in tab. 4

Case number Compression Air-fuel equivalent ratio CO, content [%]
1 14 1.5 40
2 14 1.5 0
3 14 1 40
4 14 1 0
5 8.4 1.5 40
6 8.4 1.5 0
7 8.4 1 40
8 8.4 1 0

The simulation results include the values of properties such as pressure, volume, tem-
perature, and mass fraction of each species, with this information, the fraction of fuel burned can

be calculated as:

Xb—

_ Yenao ~ Yen,

(15)

YcHa.0

where x,, is also known as fraction of heat released.

Results and discussion
Combustion duration

Figure 5 shows four lines of heat release.
The four curves have the same compression ra-
tio, the same engine speed and the same air-fuel
equivalence ratio, two lines have the same spark
timing and two lines have the same CO, content
in the fuel.

It can be seen that the curves of heat release
whose beginning is 40 degrees before top dead
center (TDC) are in the beginning of pending
higher than those starting at the TDC; however,
the slope grows faster in the curves that began
first resulting in a faster evolution of the com-
bustion when it starts 40 degrees before TDC
when it is initiated in the TDC.

r=14, 0 =3000,p =15
1= y

e
0=-40" __—
08+ w=0% g \

| /
0.6 1 /
‘ jr?:O';w:O%’.—.”"ﬁ

/A

6 =-40° y = 40%

Total combustion progression
o
~

0.24 / 0=0%w=40%
! v
0+ . : \
320 340 360 380 400 420

Crank angle position [°]

Figure 5. Effect of ignition timing and
percentage of CO, in the biogas in the release
of heat

It is also shown in fig. 4 that the different content of CO, in fuel does not cause that he

heat release curves are significantly different.

For heat release curves in which the spark timing coincides with TDC, it is observed

that almost half of the fuel remains unburned. For these curves, to define the combustion dura-
tion as the time between the spark timing crank angle and the 99% fuel consumed crank angle is
meaningless since it would lead us to infinite combustion duration. For this reason, it was
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adopted an alternative definition for the combustion duration based on the heat release rate (the
time derivative of x, ), in which the end of the combustion process is defined when the derivative
of the fraction of heat released (dx/d9) reaches a value of 1-107 per degree, this value coincides
with a value around 0.99 for x, when most of the fuel is burned.

Figure 6 shows the average effect that each of the variables has in the combustion du-
ration. Each point of those who plotted in this figure represents the average value of 16 numeri-
cal experiments. The graph shows 5 lines of different slope, so the first line on the left states that

the average value of the combustion duration

_B6f was 35 degree of crankshaft rotation when the
Ese;— 1 compression ratio used was 14, and when the
A 1 compression ratio used was 8.4 the average
'545( 1 value of the combustion duration was 48 de-
2 | / \ \ T grees of crankshaft rotation. This indicates that
-§36} the greater is the compression ratio the lower
& pul the combustion duration; this is because by in-

A B @ D E creasing the compression ratio increases the

pressure and temperature inside the cylinder
charge, which facilitates the propagation of the
flame front.

The second line of fig. 6 shows the effect of engine speed on the duration of combus-
tion, it is observed that to increase the engine speed also increases combustion duration. This re-
sult was expected since the duration of combustion is measured in degrees of crankshaft rota-
tion, and when the engine speed increases every degree of crankshaft rotation takes less time to
spend.

Figure 6. Main effects of the variables studied in
the combustion duration

The third line shows that the combustion duration is lower when the air-fuel ratio is
stoichiometric than when lean mixtures are used, which is due to the degree of dilution of the
mixture of gases inside the cylinder.

The fourth line of fig. 6 shows that advance the start of combustion decreases the dura-
tion of combustion. If combustion starts before the cylinder reaches TDC, the cylinder pushes
the fresh gases toward the front flame, increasing the rate at which gases are burned and reduc-
ing the duration of combustion. On the other hand, if the combustion starts when the piston is at
TDC, then the flame front and the fresh gas move in the same direction, decreasing the rate at
which reactants are consumed and increases the duration of the combustion.

Finally, the fifth line of fig. 6 shows the effect of the CO, content of the fuel in the
combustion duration. It can be seen first, that this effect is the smallest of all those considered in
this study. It also shows that, on average, the duration of combustion increases with increasing
CO, content of the fuel. A multiple factor regression analysis was carried out to describe the re-
lationship between the duration of combustion and the five variables studied. The equation of
the fitted model is:

AO, = 42.0 — 6.625x, + 6.25x, + 15.375x; + 4.0625x, + 0.0625x; (16)

where x,, x,, x5, X4, and x5 are the coded variables for the compression ratio, engine speed air-fuel
equivalence ratio, and the spark timing and can take values from 1 to —1, according to the equa-
tions: ;
X, =—-4 (17)
'8

x,=0.00low -2 (18)
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Xy =4¢ -5 (19)

x,=0.050,+ 1 (20)

x5=0.05y— 1 (21)

Equation (16) calculates the duration of combustion of the cases studied with an aver-
age absolute error of 8.789 degree of crankshaft rotation.

The interactions between the variables studied could also influence significantly the
combustion duration. To evaluate this possibility the Pareto chart of the fig. 7 is used, this figure
shows, in descending order, the standardized effect that each variable and interaction between
the variables have in the combustion duration.

According to what is observed in fig.
7 the air-fuel equivalence ratio is the
most influential factor, followed by the
compression ratio and the engine speed.
After these variables, the interaction be-
tween engine speed and the spark timing
appear as the interaction that influences
the most the combustion duration, but
with an effect that is smaller than that of
the three variables mentioned above.

Based on what is observed in figs. 6
and 7, a multiple factor regression anal- Figure 7. Pareto chart for the combustion duration
ysis was carried out to describe the rela-
tionship between the duration of combustion and the five largest standardized effect parameters.
The equation of the fitted model is:

AO, = 42 + 15.375x; + 6.625x, + 6.25x, — 4.313x,x, + 4.0625x, (22)

ullllh I

=+
. -
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6
Standardized effect

Equation (22) calculates the duration of combustion of the cases studied with an aver-
age absolute error of 8.18 degrees of crankshaft rotation.

Combustion completeness parameter

The a parameter is related to the final amount of fuel burned by the equation:

a=- ln(l - xb,max.) (23)
Figure 8 shows the main effects of each of

the variables studied in the parameter a. This 95
figure shows that as the compression ratio in-  ® - ]
creases also the value of parameter a in- ‘é 851 ]
creases, and; therefore, the final value of the 875" / ]
fraction of fuel burned. It is also seen thatin- %~ —_ ]
creasing the engine speed the value of param- : ]
eter a decreases, which means that more fuel e E ]
is not burned. With respect to increasing in 45E 3
air-fuel equivalence ratio, it is observed that A B c D E

the higher this is, the smaller the parameter a,
this is because the flame front spreads more Figure 8. Main effects in the parameter a
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difficulty in the more dilute mixtures, which leads to more unburned fuel. The same effect can
be observed in the presence of carbon dioxide from the fuel, although to a lesser degree.

Finally, it is observed that when the spark is ignited at TDC, the values obtained of the
parameter a are lower than those obtained when the spark is ignited before TDC, which is obvi-
ously due to the available time to carry out the combustion and to the interval of time when
flame front and the cylinder move toward each other. A regression analysis was performed for
the parameter a taking in consideration the compression ratio, engine speed, air-fuel equiva-
lence ratio, spark timing, and CO, content as independent variables. The equation of the fitted
model is:

a =6.76 +0.144x, — 0.813x, — 2.167x; — 1.078x, — 0.009 1, (24)

Equation (24) calculates the values of the experiment performed with an average abso-
lute error of 1.817.

Figure 9 shows the Pareto chart for the pa-
] rameter a. This figure shows that the most in-

== fluential parameters and interactions in the

= value of the parameter a, which is representa-
— tive of the completeness of combustion, are:
—

air-fuel equivalent ratio, spark timing, engine
g N speed, the interaction between the air-fuel
equivalence ratio and the spark timing, the in-
1o  teraction between the compression ratio and
the engine speed, and the interaction between
Figure 9. Pareto diagram for the parameter a the engine speed and the air-fuel equivalence
ratio. Based on this information these param-
eters are chosen to be part of the regression

analysis for the parameter a. The equation of the fitted model is:

a=6.755-2.167x; — 1.078x, — 0.813x; — 0.79%x, + 0.788x,x, (25)

MO >1>023>2>MI0m>0W000
mMOMMEOMOOPOnGG

o
nL
o~

6 8
Standardized effect

Equation (25) calculates the values of the experiment performed with an average abso-
lute error of 0.962.

Form factor of the Wiebe function

Once the values of the duration and completeness of combustion have been identified
as described above, we only need to identify the shape parameter of the Wiebe function that al-
lows for the best fit to the heat release curve obtained originally; in other words, the value of the
form factor chosen is the one that minimizes
the absolute error between the original and

23] the adjusted curves, which is defined as:
2 ! oy
i - A error = [abs(xy, o, — X wieve )40 (26)
14} 1 0, | ’
Ld f ] Figure 10 shows how the parameters con-
A B & D E

Parameter m

sidered in this study affect the value of the
parameter m that best fits the curve of heat re-
Figure 10. Main effects on the form factor m lease.



Carrera, J. L. E., et al.: Numerical Study on the Combustion Process of ...
THERMAL SCIENCE: Year 2013, Vol. 17, No. 1, pp. 241-254 251

We can see in fig. 10 that increasing values of compression ratio, engine speed, and
content of biogas increases the value of the parameter m that best fits the original curve of heat
release; in other words, the curve has a form of “s” increasingly pronounced. It is also shown in
this figure that increasing the air — fuel equivalence ratio and the spark timing makes the heat re-
lease curve has a profile of “s” less pronounced. A regression analysis for the form factor m, with
the five parameters of the fig. 10 as independent variables gives the next equation:

m =1.675+0.368x, — 0.25x, — 0.8321x; — 0.75x, + 0.025x; 27)

Figure 11 shows the Pareto chart for the
form factor. This Figure shows that the factors
that most strongly influence the parameter m
are: air-fuel equivalence ratio, spark timing,
compression ratio, interaction between com-

w

OWMUPODWSBWHHT0
MmmMMOmODO00R 55

pression ratio and engine speed and interaction =

between engine speed, and the spark timing. +

These parameters are selected to be part of the m . .
0 2 4

1 1
model for the parameter m, which appears be- Otantarigad ot 0

low:

Figure 11. Pareto chart for the form factor of the
m =1.675—-0831x; — 075x, + Wiebe’s function

+0.369x, + 0.206x,x, — 0.188x,x, (28)

Using eq. (28) gives a mean absolute error of 0.363 when compared with values ob-
tained from the original fit of the parameter m, while using eq. (27) gives a mean absolute error
0f 0.4328.

Figure 12 shows the curve fit of a fraction of heat released as an example of how the
equations proposed in this paper fit the original curves, in this case the shape parameter value
that best fits the original curve is 4.9.

Figure 13 shows the variation of the combustion duration with the equivalence ratio
obtained by Porpatham et al. [12] and fig. 14 shows the same variation but calculated by means
ofthe equations presented in this paper, using the parameters specified in fig. 13. There is a good
agreement between the experimental data and the values predicted by the equations presented in

10 70
r=14 =
@ = 3000 rpm S = :
0.8 =0 g 50.]
+ 0=40°BTDC =2
0g Ww=0% .% 40 "
2
£ 307 Fuel: biogas
0.4 8 CO, 20%
Fluent 201 Throttle 100%
--------- Wiebe CR =131
0.2 ! 101 Speed: 1500 rpm
k Timing: MBT
0 v ! v v v T
0 ; J/ i 05 06 07 08 09 1 11 12 13
310 320 330 340 350 Equivalence ratio

Figure 13. Experimental variation of the
combustion duration as function of the
equivalence ratio [12]

Figure 12. Original curve of fraction of heat
released and Wiebe’s function fitted curve
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70 this paper, however the differences than can be
= 60 observed can be due to the different combustion
2 chambers of the cylinders used in the experi-
5 50 . .
3 mental study and this numerical study.
5 40
E % Flame propagation
§ - Figure 15 shows the contours of mass frac-
tion of CHy, drawn in a cut of the cylinder, made
10 at the point where the spark is located on a plane
0 perpendicular to the “y” co-ordinate axis. Red
0.5 0.6 0.7 0.8 0.9 1 color indicates that there is a fresh mixture of air

Ealivalehne:fato and fuel. Blue color indicates that there is no

Figure 14. Variation of the combustion duration more fuel, 90 more CH. Th? thn}, yellow and
as function of the equivalence ratio calculated by ~ 8I'¢€N ZONE 1S the flame front, in this way, fig. 15
means of eq. (22) shows the flame propagation inside the cylinder

in different moments. It can be seen that the
flame propagation is almost spherical which is in agreement with the results presented by Yasar
[21], Zhichao and Reitz [22], and Dinler and Yucel [23].
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Conclusions

In this paper, a CFD model of a biogas fueled SI engine was developed. This model is
able to calculate the speed at which the fresh gas mixture inside the cylinder is converted in
burned gases.

From the factors considered in this paper, the most important for the combustion pro-
cess was that experiments were carried out that allow the evaluation of the effect that the com-
pression ratio, engine speed air-fuel equivalence ratio, spark timing, and biogas content have in
the combustion process, characterized by the combustion duration, combustion completeness,
and the form factor.
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The spark timing is another factor that shows to be very important for the development
of the combustion process. If the spark is not turned on soon enough, there will not be enough
time to burn all the fuel. When the engine is fed on poor fuel-air mixtures, the spark timing ad-
vance needs to be the greatest, this is because the flame propagation is the hardest under this
conditions.

The CO, content of the fuel is, from the factors considered in the study, the one that has
less influence on the combustion process. The effect of this parameter is very poor because the
main diluent of the fuel-air mixture is the nitrogen. At the light of this, it is not considered to be
necessary to extract the CO, from the biogas for its use on alternative internal combustion en-
gines.

Relationships were found for the duration of combustion, the completeness of com-
bustion and the shape parameter depending on the studied variables that most strongly influence
the combustion process.

The found equations allow the calculation of the combustion process evolution by
means of a Wiebe burning law; this way, thermodynamic one-zone simulation can be carried out
with the next advantages.

e There is no need for the user to have experience in using the Wiebe burning law.

e The combustion process is calculated taking into consideration the compression ratio,
engine speed, air-fuel ratio, spark timing, and CO, content of the fuel.

e The thermodynamic models take a lot of less time to be calculated than the multidimensional
ones.

e More investigation is needed in order to quantify the effect of the shape of the combustion
chamber in the combustion process.

Nomenclature

a — completeness parameter, [—] Y — mass fraction, [—]

Cy — constant volume specific heat, Y — the fine-scale species mass fraction after
[kikg 'K reacting over the time 7 , []

Gy — generation of turbulence kinetic energy

. . Greek symbols
due to mean velocity gradients

G, — generation of specific dissipation rate r — effective diffusivity, [m*s™']
i — specific internal energy, [kag’l] A9,  — combustion duration, [°]
K — thermal conductivity, [Wm’]Kfl] 0 — crank angle position, [°]
k — turbulent kinetic energy 7 — viscosity, [kgm 's ']
m — form factor, [-] & — fine scale, [-]
p — pressure, [kPa] P — density, [kgm]
R — gas constant, [kJkg 'K™'] T — time scale, [-]
r — compression ratio [—] v — kinematics viscosity, [m’s™']
N — source term D — internal energy generated due to viscous
T — temperature, [K] stress
t — time, [s] 1) — scalar property
u — velocity component in the x-direction, ) — air-fuel equivalence ratio
~ [ms™] . : 7 — CO, content in biogas
u — vector velocity, [ms ] 10} — engine speed [rpm], specific
v — velocity component in the y-direction, dissipation rate, [s ]
[ms ]
w — velocity component in the z-direction, Acronyrns
[ms™] . BTDC - before top dead center
X — coded variable, [—] TDC - top dead center
X, y,z — spatial co-ordinates, [m] SI — spark ignition

X — mass fraction burned
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