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ABSTRACT

This work presents a method for the calculation of mass burning rate in the combustion
chamber of four-stroke spark ignition internal combustion engines. This method is used in a
computer program to model the thermodynamic cycle of four-stroke spark ignition internal
combustion engines. The method considers the effect of the fuel in the air-fuel-burned gas
unburned gas mixture, air-fuel-burned gas unburned gas mixture equivalence ratio,
temperature and pressure of the air-fuel-burned gas unburned gas mixture, burned gas mole
fraction in the unburned gas, turbulence in the unburned gas and geometry of the combustion
chamber. The results of the program for the laminar flame speed, turbulent flame speed and
mass burning rate in an engine cycle are presented for a four-stroke spark ignition internal
combustion engine.
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INTRODUCTION

The mass burning rate of the unburned air-fuel-burned gas mixture inside the combustion
chamber of an engine is equal to the product of the density of the unburned gas by the flame
speed of the unburned gas by the surface area of the flame front. All these three quantities
change with time during the engine cycle. Here we present a method to calculate these three
quantities and consequently the mass burning rate at any time in the engine cycle during the
combustion process. The density of the unburned gas is calculated using the ideal gas law
from the temperature, pressure and molar mass of the unburned gas mixture. To calculate the
flame speed in an instant of time in the engine cycle during the combustion phase we start to
calculate the laminar flame speed of the air-fuel mixture for the fuel in the mixture, for the
equivalence ratio of the air-fuel mixture and for a reference temperature and a reference
pressure. Then we calculate the flame speed for the temperature and pressure of the unburned
air-fuel gas mixture. Afterwards we calculate the effect on the flame speed of the burned gas
mole fraction in the air-fuel-burned gas unburned gas mixture (Heywood, 1988). Following
we take into account the effect of turbulence to calculate the turbulent flame speed of the
unburned air-fuel- burned gas unburned gas mixture (Turns, 2012). At each instant of time we
calculate two turbulent flame speeds. The first is the turbulent flame speed when the flame
accelerates from laminar to fully developed turbulent flame speed. The second is the fully
developed turbulent flame speed. For each instant of time we consider as the turbulent flame
speed the lower of the two. The model is applied to model the combustion in one cylinder of a
Peugeot TU3JP-KFW engine. This engine is a four cylinder, multipoint port fuel injection,
with one intake valve, one exhaust valve and one spark plug per cylinder and satisfies the
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Euro IV emissions standard. This method is used in a computer program to model the
thermodynamic cycle of four-stroke spark ignition internal combustion engines (Carvalheira,
2016).

LAMINAR FLAME SPEED

The model presented here considers finite duration combustion. The laminar flame speed of
air-fuel mixtures for an initial reference temperature T and an initial reference pressure p,,
S10. 1s given by Eq. (1) (Heywood, 1988) as a function of the air-fuel mixture equivalence
ratio, ¢, where B, is the maximum laminar flame speed at reference temperature and
pressure, By is the quadratic coefficient for laminar flame speed at reference temperature and
pressure and ¢, is the air-fuel mixture equivalence ratio at maximum laminar flame speed at
reference temperature and pressure.

S1,0 = Bm + By (¢ — ¢n)? (1)

Table 1 presents the values of By, By and ¢, used in this work which were obtained by a
least square fitting to the data for air-gasoline mixtures presented in Fig. 9.25 of (Heywood,
1988) for a reference temperature of 300 K and for a reference pressure of 101325 Pa.

Table 1 - Values of By, By, and ¢, for air-gasoline mixtures used in this work

B, [m/s] By [m/s] Pm
0.3561 -1.415 1.13

The laminar flame speed of air-gasoline mixtures, S;, for conditions of temperature and
pressure of the unburned mixture different from the reference values of 300 K and 101325 Pa
is given by Eq. (2) where T, is the unburned air-fuel mixture temperature, p is the unburned
air-fuel mixture pressure, a and f are constants for a given fuel, equivalence ratio and burned
gas diluent fraction and are given respectively by Eq. (3) and Eq. (4) (Heywood, 1988).

T [PV
s.=500(7) () @
a=218—0.80(¢p — 1) 3)
p=-016—-0.22(¢ — 1) 4)

The effect of the mole fraction of burned gas in the air-fuel-burned gas unburned gas mixture,
Xp ., in the laminar flame speed of air-gasoline mixtures is given by Eq. (5) (Heywood, 1988):

Sy (Zp) = S (Zp = 0)(1 — 2.06%)77) (5)
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TURBULENT FLAME SPEED

In the early stages of the flame development the flame starts to be laminar and as the flame
develops the flame front begins to corrugate and gradually changes to the fully developed
turbulent regime. To calculate the flame speed during this transition period from laminar to
turbulent the following method was developed.

The turbulence intensity of the flow in the unburned air-fuel mixture, v/, is given by Eq. (6)
where 4; is the mean inlet gas speed given by Eq. (6), adapted from (Heywood, 1988), where
Py 1s the density of the air-fuel-burned gas unburned gas mixture inside the cylinder and p; is
the density of the unburned air-fuel-burned gas unburned gas mixture in the intake port.

pu>1/ 3 ©)

Vims = 0.056%; <—_

2

The unburned gas mixture density inside the cylinder is given by the ideal gas law as
presented in Eq. (7) where p, is the pressure in the cylinder, R,, is the universal gas constant,
M,, is the molecular weight of the air-fuel-burned gas unburned gas mixture and T, is the
temperature of the unburned gas mixture.

(7)

The unburned gas mixture density in the intake port is given by the ideal gas law as presented
in Eq. (8) where p; is the pressure in the intake port and T; is the temperature of the unburned
gas mixture in the intake port.

= piMu

(8)

The molecular weight of the air-fuel-burned gas unburned gas mixture M,, is given by Eq. (9)
where X¢ is the mole fraction of the fuel, Xo, is the mole fraction of O,, Xy, is the mole
fraction of N;, X} ,, is the mole fraction of burned gas in the air-fuel-burned gas unburned gas
mixture, My is the molecular weight of the fuel, Mg, is the molecular weight of O,, My, is the
molecular weight of N, and M,, is the molecular weight of the burned gas mixture.

Mu = ffo + fonoz +EN2MN2 +fb,uMb (9)

The mean inlet gas speed, u;, is given by Eq. (10) (Heywood, 1988) where 7, is the
volumetric efficiency, A, is the cross sectional area of the cylinder normal to the cylinder
axis, Ay is the maximum open area of the inlet valve and S, is the mean piston speed.
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0, = ACS‘ 10
ui—nvA_va (10)

The integral scale of turbulence in the unburned gas mixture inside the cylinder, [, is given
by Eq. (11), adapted from (Heywood, 1988), where Ly max is the maximum lift of the intake
valve, p; is the density of the air-fuel-burned gas unburned gas mixture in the intake port and
Py, 1s the density of the air-fuel-burned gas unburned gas mixture inside the cylinder.

\1/3
lO = 0-80LIV,max <g_l>

u

(11)

The Kolmogorov scale of turbulence is given by Eq. (12) (Heywood, 1988) where Re; is the

integral scale turbulence Reynolds number and is given by Eq. (13) (Heywood, 1988) where v
is the kinematic viscosity of the air-fuel-burned gas unburned gas mixture and v/, is the root
mean square of the fluctuating velocity also called turbulence intensity of the flow in the air-
fuel-burned gas unburned gas mixture.

i = loRe; >/ (12)

— vI{mSIO (13)

To calculate the acceleration of the flame speed a variable ny, is defined for a certain time
instant ¢t by Eq. (14) which is the number of Kolmogorov length scales the flame has travelled
since its ignition. In Eq. (14) try is the ignition timing instant, Sy (X, t) is the laminar flame
speed of the air-fuel-burned gas unburned mixture with burned gas mole fraction X, ,, at time
instant t, [, (t) is the Kolmogorov length scale of the flow at time instant ¢.

_ ‘ SL(fb,w t)
n () = ft e (14)

The flame speed, S, at a given time t when it is accelerating from laminar to fully developed
turbulent regime is given by Eq. (15) where k; 1 is the constant of acceleration of the laminar
flame to turbulent flame. This constant is equal to the increase in the area of the laminar flame
front due to flame front corrugation when it travels a length equal to the Kolmogorov scale.
The value of k; 1 considered is given by Eq. (16).
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Sp(t) = ny(t) X kpp X S (Xp .y, t) (15)
Ky = 1(1+”) — 1.2854 (16)
LT - 2 2 - .

The flame speed, Sj, in fully developed turbulent regime is given by the Klimov equation, Eq
(17) (Turns, 2012), where the effect of turbulence in the turbulent flame speed, is taken into
account through v/s.

vI{mS (t) >0.7 (17)

Sp(t) =S, (Xp t) X35 | ————
b() L( b,u ) (SL(xb,u, t)

In each instant of time t after the ignition timing the flame speed is evaluated through Eq.
(15) and through Eq. (17). The value for the flame speed that is retained is the minimum value
between these two values as given by Eq. (18). Physically what happens is that in the early
stages of the flame development the flame starts to be laminar and as the flame develops the
flame front begins to corrugate and the flame speed increases until it reaches the value for
fully developed turbulent flame. In this phase the correct value for the flame speed is given by
Eq. (15). After the value for fully developed turbulent flame has been attained, Eq. (15) will
give a value for the flame speed that is larger than the value for the flame speed for fully
developed turbulent flame, what is physically unrealistic and in this phase the correct value
for the flame speed is given by Eq. (17).

s () )
S, (t) = min <nlk(t) X Kyp X Sy (%o £), St (B o £) X 3.5 (JTB)) ) (18)

MASS BURNING RATE

The mass burning rate is given by Eq. (19) where p,, is the unburned gas mixture density, S,
is the turbulent flame speed and A, is the spherical burning area which is the area of the
spherical surface within the combustion chamber which contains all the burned gases behind
it.

dmb
dat = puApSp (19)

The spherical burning area is given by Eq. (20) where V,, is the burned gas volume in the
combustion chamber and 13, is the burned gas radius which is the radius of the spherical
surface within the combustion chamber that contains all the burned gas behind it.
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v,

A, =
b arb

(20)

To determine this derivative a plot is made of the combustion chamber burned gas volume
when the piston is on Top Dead Venter (TDC), V}j, tpc, divided by the clearance volume, the
combustion chamber volume when the piston is on TDC, V_, as a function of the ratio of the
burned gas radius, 13, to the cylinder bore, B, for the combustion chamber of the engine and
where the centre of the burned gas spherical surface is in the point where the middle plane
between the spark plug electrodes intercepts the spark plug central electrode axis. The
measurements of Vj, rpc, for given values of 1, are made in a CAD 3D model of the
combustion chamber of the engine when the piston is on TDC. Then a polynomial of fourth
degree is fit to the data obtained for the combustion chamber burned gas volume divided by
the clearance volume as a function of the ratio of the burned gas radius to the cylinder bore.
The polynomial is presented in Eq. (21).

3 1

) v v ra G v e

Since the piston is close to TDC during the combustion process we assume that the burned
gas volume fraction for a given burned gas radius during the combustion process is equal to
the burned gas volume fraction for the same burned gas radius when the piston is on TDC, as
expressed by Eq. (22).

o) - e 2

In consequence, for a given burned gas radius, 13,, during the combustion process the burned
gas volume, V,, is given by Eq. (23) were V is the instantaneous cylinder volume.

(23)

Once calculated V}, for each 7, the spherical burning area of the flame front, A,, is calculated
by Eq. (20) where the derivative is calculated numerically.

Figure 1 presents the combustion chamber of Peugeot TU3JP-KFW engine at TDC. This
combustion chamber has one intake valve, one exhaust valve and one spark plug. Figure 2
presents the burned gas volume of the combustion chamber of Peugeot TU3JP-KFW engine
at TDC for a burned gas radius equal to 0.50 B. Figure 3. presents the plot of the combustion
chamber burned gas volume when the piston is on TDC, V,, 1p¢, divided by the clearance
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volume, V., as a function of the ratio of the burned gas radius, 13, to the cylinder bore, B, and
the polynomial fit for the combustion chamber of Peugeot TU3JP-KFW engine.

Fig. 1 - Combustion chamber of Peugeot TU3JP-KFW engine at TDC. This combustion chamber has one intake
valve, one exhaust valve and one spark plug.

Fig. 2 - Burned gas volume of the combustion chamber of Peugeot TU3JP-KFW engine at TDC for a burned gas
radius equal to 0.50 B.
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Fig. 3 - Combustion chamber burned gas volume when the piston is on TDC, V}, pc,
divided by the clearance volume, V_, as a function of the ratio of the burned gas radius, 13,
to the cylinder bore, B, for the combustion chamber of Peugeot TU3JP-KFW engine.

Table 2 presents the coefficients of the polynomial of Eq. (21) and (r,/B)max for the
combustion chamber of Peugeot TU3JP-KFW engine at TDC. In the first line are the values
obtained from polynomial fitting to the geometrical data of the combustion chamber. In the
second line are the values used in the simulation program. The values used in the simulation
program were chosen in such a way that V}, tpc/V. was between 0 and 1.0 from (1, /B) = 0 to
(1y/B)max- To avoid Vj, tpc/V; to be negative when (1, /B) = 0 or (r,/B) is very small a,
was made equal to zero. To avoid Vj, tpc/V, to be larger than 1.0 (1, /B)max Was made equal
to 0.760.

Table 2 - Coefficients of the polynomial of Eq. (21) and (73,/B)max for the combustion chamber of Peugeot
TU3JP-KFW engine at TDC. In the first line are the values obtained from polynomial fitting to the geometrical
data of the combustion chamber. In the second line are the values used in the simulation program.

a, as a; a; a, (rp/B) max
-8.1991E-1 2.2291E0 3.7095E0 1.4407E-1 -5.7229E-3 0.800
-8.1991E-1 2.2291E0 3.7095E0 1.4407E-1 0 0.760

The mean expansion speed of the burned gas, u,, is given by Eq. (24) (Heywood, 1988). This
speed is the instantaneous mean speed of the burned gas front relative to a referential fixed to
the engine combustion chamber. The volume fraction of the burned gases, y,, is given by Eq.
(25) where V,, is the burned gas volume, V;, is the unburned gas volume and V is the cylinder
volume.

u, = Sp ('Z—Z A—-yp)+ 3’b> (24)
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Vy Vp

=Y Ty vy,

(25)

Because it is difficult to evaluate precisely the value of y, by Eq. (25) and because the
combustion process develops when the piston is close to TDC, for the evaluation of y;, an
approximation is made and y, is calculated for a given r;, through Eq. (26) by using the
polynomial of Eq. (21).

Yy = %(%,) _ Vbi;CDC (%) (26)

The polynomial of Eq. (21) is valid for 73, < 7 max Where 73, yax is the maximum radius of the
burned gas for a given combustion chamber geometry. After 1, attaining 73, nax the maximum
possible value of V}, has been attained and y; becomes equal to 1.0. The value of 13, for each
instant of time is given by Eq. (27) where TI is the ignition timing.

t
1 (t) = j u, (t)dt (27)

TI

RESULTS

Figures 4 and 5 present results for Peugeot TU3JP-KFW engine operating at 5500 rpm, at
wide open throttle (WOT), with maximum brake torque (MBT) ignition timing, with ¢p = 1.0,
298.15 K ambient temperature, 99000 Pa ambient pressure and dry air.

Figure 4(a) presents the results of the evolution of the calculated spherical burning area with
crank angle. The spherical burning area presents a smooth evolution with the crank angle
between the ignition timing (TI) and the end of combustion. It increases from the T1 until 343°
CA and then decreases until the end of the combustion process. Figure 4(b) presents the
results of the evolution of the density of the unburned gas and of the density of the burned gas
with crank angle. The density of the unburned gas presents a smooth evolution with the crank
angle between the ignition timing (TI) and the end of combustion. It increases from the TI
until 373° CA and then decreases until the end of the combustion process. The density of the
burned gas presents a smooth evolution with the crank angle between the ignition timing (TT)
and the end of combustion. It increases from the T1 until 373° CA and then decreases until the
end of the combustion process.

Figure 5(a) presents the results of the evolution of the laminar flame speed, S; (%} ,), of the
turbulent flame speed, S;, for the air-fuel-residual gas mixture and of the mean expansion
speed of the burned gas, u,;, with the crank angle (CA). The laminar flame speed presents a
smooth evolution with the crank angle between the ignition timing (TI) and the end of
combustion. It increases from the TI until 352° CA and then decreases until the end of the
combustion process. For the evolution of the turbulent flame speed with crank angle we
observe two phases, one first phase, from 326° CA to 330° CA where the flame speed
increases very rapidly, which corresponds to the acceleration of the flame from laminar to
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fully developed turbulent and a second phase, where the flame speed increases more slowly
from 330° CA to 368° CA and then decreases slowly from 368° CA until the end of the
combustion process, which corresponds to the fully developed turbulent flame. For the
evolution of the mean expansion speed of the burned gas with crank angle we observe two
phases, one first phase where mean expansion speed of the burned gas increases very rapidly,
from 326° CA to 330° CA, which corresponds to the acceleration of the flame from laminar to
fully developed turbulent and a second phase where the mean expansion speed of the burned
gas initially increases slightly and then slowly decreases until end of the combustion process
which corresponds to the fully developed turbulent flame. Figure 5(b) presents the results of
the evolution of the mass burning rate with the crank angle. The mass burning rate increases
smoothly from 0 at TI to a maximum value at about 363° CA and then decreases to a finite
value at the end of the combustion process at about 379° CA. We conclude from these results
that the ratio of the turbulence intensity to the laminar flame speed, the temperature and
density of the unburned gas and the flame front area have the major influence on the mass
burning rate.
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Fig. 4 - (a) Evolution of calculated spherical burning area with crank angle. (b) Evolution of the density of the
unburned gas and of the burned gas with crank angle. Results for Peugeot TU3JP-KFW engine operating at 5500
rpm, at WOT, with MBT ignition timing, with ¢ = 1.0, 298.15 K ambient temperature, 99000 Pa ambient
pressure and dry air.
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Fig. 5 - (a) Evolution of calculated laminar flame speed, turbulent flame speed and mean expansion speed of the
burned gas with crank angle. (b) Evolution of calculated mass burning rate with crank angle. Results for Peugeot
TU3JP-KFW engine operating at 5500 rpm, at WOT, with MBT ignition timing, with ¢ = 1.0, 298.15 K
ambient temperature, 99000 Pa ambient pressure and dry air.
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Figure 6(a) presents experimental and simulation results obtained for Peugeot TU3JP-KFW
engine operating at wide open throttle in the engine rotational speed range 800-6400 rpm. The
experimental results were obtained by the Rototest Research Institute (Rototest Research
Institute, 2000) and were performed in a roller test bench in the tractive wheels of a Peugeot
208 equipped with this engine. The experimental results were corrected for temperature equal
to 298.15 K and 99000 Pa ambient pressure and dry air (ISO 1585 (5/82)). To obtain the
results in the engine an estimative was made of the transmission efficiency. The simulation
results were obtained with the simulation program with the engine operating with MBT
ignition timing, with ¢ = 1.0, 298.15 K ambient temperature, 99000 Pa ambient pressure and
dry air. The agreement between the experimental and simulation results is good for 1500,
2000 and 5500 rpm. Between 2500 and 5000 rpm the brake torque and brake power obtained
by experimental measurement is larger than the obtained by simulation and the maximum
difference between the two is about 10 %. Between 6000 and 6400 rpm the brake torque and
brake power obtained by simulation is larger than the obtained by experimental measurement
and the maximum difference between the two is about 10 %.

Figure 6(b) presents experimental and simulation results for brake specific fuel consumption
(bsfc) as a function of brake medium effective pressure (bmep) obtained for Peugeot TU3JP-
KFW engine operating at part load at 3000 rpm engine rotational speed. The experimental
results were obtained by (Prieur and Tilagone, 2006) in an engine test bench. The simulation
results were obtained with the simulation program with the engine operating with MBT
ignition timing, with ¢ = 1.0, 298.15 K ambient temperature, 99000 Pa ambient pressure and
dry air. For a given bmep the bsfc obtained by simulation is always larger than the obtained
by experimental measurement. The agreement between the simulation and experimental
results improves as bmep increases. In the 800-1040 kPa range the difference between the
simulation and experimental results is about 8 % and at 300 kPa is about 20 %.
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Fig. 6 - Experimental results and simulation results obtained with the program for Peugeot TU3JP-KFW
operating with MBT ignition timing, with ¢ = 1.0, 298.15 K ambient temperature, 99000 Pa ambient pressure
and dry air. (a) at wide open throttle operating in the range 800-6400 rpm. (b) at part load at 3000 rpm.

CONCLUSIONS

A method was presented for the calculation of mass burning rate in the combustion chamber
of four-stroke spark ignition internal combustion engines. This method takes into account the
effect on the mass burning rate of the fuel in the air-fuel-burned gas unburned gas mixture,
the equivalence ratio of the air-fuel-burned gas unburned gas mixture, the temperature and
pressure of the unburned gas mixture, the mole fraction of burned gas in the unburned gas
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mixture, the ratio of the turbulence intensity to the laminar flame speed, the density of the
unburned gas mixture and the evolution of the spherical burning area with the burned gas
radius.

The results of the program for the laminar flame speed, turbulent flame speed, mean
expansion speed of the burned gas and mass burning rate in an engine cycle were presented
for a four-stroke spark ignition internal combustion engine.

We conclude from this study that the ratio of the turbulence intensity to the laminar flame
speed, the temperature and density of the unburned gas and the spherical burning area have
the major influence on the mass burning rate.

This method was used in a computer program to model the thermodynamic cycle of a four-
stroke spark ignition internal combustion engine. The results for torque and power at WOT of
the simulation program in the 800-6400 rpm engine rotational speed range were presented and
compared with experimental results available in the literature for Peugeot TU3JP-KFW
engine. The results for bsfc as a function of bmep of the simulation program at part load at
3000 rpm engine rotational speed were compared with experimental results available in the
literature for Peugeot TU3JP-KFW engine.
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