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Diesel Combustion Analysis Based on
Two-Zone Model*

(Comparison between Model Analysis
and Experiment)

Masahiro ISHIDA**, Hironobu UEKI**, Noboru MATSUMURA™***,
Masanori YAMAGUCHI**** and Gui-Feng LUO**

The proposed two-zone model of diesel combustion consists of a burned zone and
an unburned zone, and the thermodynamic process is independent and adiabatic in each
zone except that the air is entrained from the unburned zone to the burned zone under
a specified condition of the excess air ratio during the combustion period. The excess
air ratio in the diffusion combustion period is assumed to be constant in the present
model. The calculated time histories of the burned-zone gas temperature and the
cumulative soot formation were compared with the measured time histories of the
flame temperature and the KL value based on the infrared two-color method. The
calculated results agree qualitatively and partly quantitatively with the experimental
results except for the swirl effect. As a result, it is shown that the present two-zone
model analysis is very useful and effective in evaluating the combustion process in a
DI diesel engine.
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1. Introduction

The simplest analysis of diesel combustion is the
one-dimensional heat release analysis in which it is
assumed that the combustion chamber is filled with a
homogeneous gas. This one-zone model is, however,
not suitable for the NO: and soot formation analyses
because they are significantly affected by the local
temperature and the local excess air ratio in and
around the fuel spray. Therefore, a stochastic one-
zone model was proposed by Ikegami et al.", in which
the heterogeneity of the in-cylinder gas, turbulence
generation and turbulent mixing of fuel and air were
taken into consideration.

A two-zone model consisting of an unburned zone
and a heterogeneous flame zone was proposed by
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Kamimoto et al.?. The liquid-phase fuel, the unbur-
ned fuel-air mixture and the burned gas were included
in the flame zone. In the analysis, the time history of
excess air ratio of the flame zone was estimated using
the measured combustion pressure and the flame tem-
perature measured by the two-color method. Simpler
two-zone models were proposed by Morel and
Keribar® and Hatakeyama'. Their models consisted
of an unburned gas zone and a uniform burned gas
zone in which multiple flame zones were concentrated
into a single burned zone. It was assumed that the gas
is uniform in each zone and its thermodynamic state
changes independently and adiabatically with the
same pressure. The gas temperature of the burned
zone was calculated using a simplified law for the air
entrainment between two zones. A multizone model
was proposed by Hiroyasu et al.® in which the fuel
spray was divided into many elements and the proces-
ses of fuel evaporation, air entrainment, ignition and
combustion were calculated in each element. These
combustion models were proposed in accordance with
specific research objectives.

The authors have proposed a two-zone combus-
tion model in the present paper to clarify the
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formation processes of NO and soot in a diesel engine.
The present two -zone model is somewhat similar
to the model by Hatakeyama'® in its fundamental
assumptions and is somewhat similar to the model by
Kamimoto et al.® in the method used to analyze the
experimental data. It 1s, however, significantly
different from those models in that the excess air ratio
of the burned zone was determined through iterative
calculation to obtain agreement between the NO:
concentrations obtained by the analysis and the exper-
iment. In the analysis, the time histories of gas tem-
perature in the burned zone, the NO formation rate
and the rates of soot formation and soot oxidation
were calculated on the basis of the experimental
combustion pressure history. Furthermore, the calcu-
lated cumulative soot quantity was made equal to the
measured exhaust soot quantity through another
iterative calculation.

It is difficult to estimate the soot formation rate
precisely using the simple two-zone model because, as
is well known, it is dependent strongly on the local
conditions of gas temperature, excess air ratio, swirl
and squish. However, the NO formation rate is
mainly dominated by the peak gas temperature during
the first half of the combustion period, and the soot
oxidation rate is mainly dominated by the gas temper-
ature level during the second half. Therefore, empha-
sis was placed on the estimation of excess air ratio in
the burned zone, which dominates the burned gas
temperature. It will be shown that the burned gas
temperatures calculated using the present two-zone
model agree well with the experimental results mea-
sured by the two-color method®™. It is concluded
that NO formation and soot formation processes can
be accurately evaluated using the present two-zone
model based on the assumption of a constant excess
air ratio during the diffusion combustion period.

2. Combustion Analysis Model

2.1 Two-zone model
Figure 1 shows the concept of the present two-
zone model. The fundamental assumptions of the
two-zone model are as follows.

(1) The in-cylinder gas region is divided into two
zones which consist of a burned zone and an unburned
zone. The gas in each zone is considered to be uni-
form and its thermodynamic state changes indepen-
dently and adiabatically with the same pressure.

(2) The weight of gas in the burned zone is the
sum of the weights of the burned fuel and the
entrained air, and other components such as the un-
burned fuel and the residual gas are included in the
unburned zone. The weight of burned fuel is esti-
mated from the cumulative heat release divided by the
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Fig. 1 Conceptualized two-zone model
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Fig. 2 Relationship between heat release curve and
excess air ratio in burned zone

net calorific value of the fuel. Since the heat release
rate is calculated from the experimental pressure
history in the present analysis, the weight of burned
fuel will be underestimated because heat loss occurs
by convection and radiation during the combustion
period. It seems, however, reasonable to estimate the
weight of burned fuel from the heat release rate
because the adiabatic process is assumed in the model
and the heat loss does not contribute to increase of the
combustion gas temperature.

With respect to the amount of air entrained into
the burned zone, a simple process of excess air ratio
variation with crank angle is assumed in the heat
release curve as shown in Fig.2: the first period is
ignition delay, the second is the premixed combustion
period, the third is the premixed and diffusion combus-
tion period and the fourth is the diffusion combustion
period. The special feature of the present model is
that the excess air ratio A« in the diffusion combustion
period is assumed to be constant while the excess air
ratio changes from Apo to A« continuously during the
premixed combustion period in accordance with a
specified parabolic function. The value of Ao is
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basically assumed to be 1.0. After the diffusion com-
bustion period, the excess air ratio varies from A« to
An which is defined as the mean excess air ratio in the
cylinder. It seems reasonable to assume for simplicity
that the mixing process occurs with the parabolic
relationship, considering that the burned gas expands
and diffuses gradually into the unburned zone and
both gases mix with each other until the exhaust valve
opening.

2.2 Analysis method and calculation procedure

2.2.1 Calculation of heat release rate The
rate of heat release dQ/df is calculated from the
measured combustion pressure P and the combustion
chamber volume V using Eq. (1), which is derived
from the one-dimensional heat balance analysis, and
it is used for calculating the fuel weight burned per
unit time. The in-cylinder mean gas temperature 7.
is calculated using the equation of state(2).

dQIdO=A/(k—1){kP-dV/]dO+ V -dP/d8} (1)

T.=PV/G.R (2)

In the above equations, A denotes the reciprocal
of the mechanical equivalent of heat, £ denotes the
ratio of specific heats which is a function of the in-
cylinder averaged gas temperature and excess air
ratio, and the gas constant R is a function of gas
compositions.

2.2.2 Calculations of gas weight and in-cylinder
mean excess air ratio The total in-cylinder gas
weight Go(#) at any crank angle & is, as shown by Eq.
(3), the sum of the inducted air weight G, the
residual gas weight G, and the injected fuel weight
G{ ) calculated from the cumulative reduced injec-
tion rate. The reduced injection rate is obtained from
the actual injection rate by multiplying the ratio of the
burned fuel weight corresponding to the cumulative
heat release and the actually injected fuel weight. The
gas weights G»(8) and G.(8) in the burned zone and
the unburned zone are calculated by Eqs. (4) and
(5) respectively, where G,(8) is the burned fuel
weight derived from the cumulative heat release, L
is the theoretical air quantity and A(8) is the excess

air ratio.
G(0)=Ga+ Gr+GA6) (3)
(15((9):{14/‘\(ﬁ)IAh}G/(e) (4)
GCu0)=GAL0)— Go(0) (3)

Figure 3 schematically shows the change in the
gas weights with crank angle. The mean excess air
ratios A before fuel injection and A» after finishing
fuel injection are evaluated using the following equa-
tions.

AO: Gab/(GmL(h)

An=(Ga+ G)/(G/Lw)
where :

Gar=Ga+ G (1= G,/Ga), Gro=Gr(GrlGa).

(6)
(7)

-1
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Fig. 3 Schematic change in gas weights with crank angle

2.2.3 Calculation of gas temperature The in-
cylinder mean gas temperature is calculated using Eq.
(2), while the gas temperature 7% in the unburned
zone is calculated using Eq. (8) based on the
isentropic relation. The gas temperature 7% in the
burned zone is calculated using Eq. (9) derived from
the internal energy balance in the cylinder, and the gas
volume V, of the burned zone is calculated using Eq.
(10) based on the equation of state.

Tu= To{ PIPo}* " (8)
Tb:(GCCUL‘ Te— GuCou Tu)/Gb('ub ( 9 )
Vb: GbRb T;,/P (10)

In the above equations, Fo and 7o denote the in-
cylinder pressure and the in-cylinder mean gas tem-
perature before ignition, respectively. The ratio of
specific heats k is a function of Ty and Ao. coe, cou and
cw» are the specific heats at constant volume in the
cylinder, in the unburned zone and in the burned zone,
respectively, and they are a function of the tempera-
ture and the excess air ratio in the respective zone.

2.2.4 Calculation of NO formation rate It is
well known that the NO: concentration in the exhaust
gas cannot be predicted by chemical equilibrium com-
position analysis because of a slow reaction rate of
NO. The NO formation rate {mole/cm®/s) is, there-
fore, calculated using the following equation derived
from the extended Zel'dovich mechanism, in which
nine chemical equilibrium mole concentrations®,
namely [COJ, [CO.], [0:), [H:], [H:0], [OH], [H], [O]
and [N:] are taken into consideration but not [NOJ.

Agfgl:(z{kl[Nz][O]—b[NO]Z} 11)

a=— 2(kz[0z]+k3[OHD
1[NOJ+ k] 0:]+ kslOHT

p=2 7[O]+ ris(H]
k[ O2] + £[OH]
where 1, 72, 73, k1, k2 and ks are the reaction rate
constants which are given in Ref. (9).

2.2.5 Calculation of soot formation and oxida-
tion rates The net soot formation rate is esti-
mated using model equations proposed by Morel and
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Keribar® in which the soot formation rate (dS/dt), is
calculated using Eq. (12), the soot oxidation rate
(dS/dt), using Eq. (13) and the net soot formation
rate (dS/dt), using Eq. (14).

(dS/dt); = Aima exp (— As/Ts) (12)
(dS/dt)s=(B1S/psds)-exp (— Ba/Traa)vPoz  (13)
(([S/(l'l)n:((/S/(/f)/*(dS/df)b (l4)

S denotes the cumulative soot quantity (kg). mua
is the mass rate of diffusion combustion (kg/s) which
is estimated from the approximate heat release curve
in the diffusion combustion period as shown in Fig. 2.
T, is the gas temperature in the burned zone deter-
mined by the present two-zone model analysis. os is
the density of soot particles (=9 000 kg/m?) and ds is
the diameter of soot particles (m). Ps is the partial
pressure of O: in the burned zone (kg/m?). Several
constants in the equations are set as follows: A4,=0.3,
A>,=3000, Bi=0.19, B:=10000. Traq is the radiation
temperature of the burned gas defined in Ref. (3).

2.2.6 Calculation procedure

(1) The following measured data are required as
the initial conditions in the present analysis: the
suction air pressure and temperature, the time his-
tories of the in-cylinder pressure, the fuel injection
pressure and the nozzle needle valve lift, the rates of
specific fuel consumption and specific air consumption,
and the NOx concentration and smoke density in the
exhaust gas in addition to the engine specifications
and the engine running conditions.

(i)  An initial value of the excess air ratio in the
diffusion combustion period A+ is assumed.

(iii) The gas weight and the temperature in each
zone are calculated for every crank angle using Eqgs.
(2)-(9). After calculating ten chemical equilibrium
mole concentrations of the burned-zone gas, the NO
formation rate (mol/cm®/deg.) is estimated by apply-
ing the Runge-Kutta method to Eq. (11). The unit of
NO formation rate shown in the following figures is
mol/deg., which is the product of the rate calculated
using Eq. (11) and the burned-zone volume V, based
on Eq. (10).

(iv) The NO concentration (ppm) in the exhaust
gas is calculated by considering the gas volume from
the cumulative NO formation which is obtained by
integrating the NO formation rate during the combus-
tion period. Comparing the calculated NO concentra-
tion with the measured NO. concentration in the
exhaust gas, the calculation is repeated until a good
agreement is obtained between the analysis and the
experiment by correcting the assumed excess air ratio
Aa of the diffusion combustion period.

(v) The converged value A of the diffusion
combustion excess air ratio is determined through
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iterative calculation, then the time history of the
burned-zone gas temperature can be determined.

(vi) The rates of soot formation, oxidation and
net formation are calculated from Eqs. (12), (13) and
(14) using the determined burned-zone gas tempera-
ture. Calculation is repeated until a good agreement
is obtained between the analytical cumulative soot
formation and the experimental smoke data in the
exhaust gas by correcting the equivalent soot particle
diameter ds. Meanwhile, the mass rate of diffusion
combustion ma4 is given by the heat release curve
approximated by the Wiebe function"® during the
diffusion combustion period as shown in Fig. 2.

2.2.7 Example calculation using two-zone model
An example of the analytical result using the present
two-zone model is shown by the solid line in Fig. 4. In
the figure, another analytical result which was calcu-
lated using the excess air ratio pattern indicated in the
Ref. (4) is shown by the dashed line. By comparing
the two results, it becomes clear that the burned-zone
gas temperatures are significantly different from each
other, and the burned-zone gas temperature based on
the air entrainment law shown in Ref. (4) is too high
in the first half and too low in the second half of the
combustion process compared with the experimental
temperature history shown later. A similar analytical
result was reported in the Ref. (11). The models in
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Refs. (4) and (11) give too low burned-zone gas
temperature due to equalization of gas temperatures
between the burned-zone and the in-cylinder average
at the end of the diffusion combustion period.

3. Comparison between Experiment and Analysis

3.1 Test engine and measuring system

The test engine is a four-cylinder high-speed
turbocharged direct-injection diesel engine with an
intercooler for automobile, namely type 4D31-T
manufactured by Mitsubishi Motor Corporation. It
has a bore of 100 mm, a stroke of 105 mm, a compres-
sion ratio of 16 and a maximum output of 95.6 kW
(130 PS) /3500 rpm. The test fuel is ordinary gas oil
with a cetane index of about 55. For measuring the
time histories of the flame temperature and the soot
concentration, a beveled-edge light-pipe sensor was
used. The sensor was inserted into the combustion
chamber through the glow plug hole of the engine and
the measurement volume is shown by the hatched
region in Fig. 5, in which the fuel spray axes are also
shown by the five arrowheaded lines. The flame
temperature measuring system'® consisted of the light-
pipe sensor, an optical fiber cable about 20 m long, the
optical fiber thermometer Model 100 manufactured by

Accufiber Corp., the four-channel combustion anal-

vzer Model CB-466 manufactured by Ono Sokki Co.

T
l—m‘ﬂ Sensor
Nozzle

185 ]

(255
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[

Fig. 5 Measurement volume and fuel spray axes
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Ltd. and a personal computer. Two infrared wave-
lengths of 950 and 300 nm were used in this system for
the two-color method.

The measured flame temperature 7T, can be con-
sidered to be the temperature of soot or solid carbon
particles in the burned zone which have almost the
same temperature as the burned gas, and it is compar-
ed with the burned-zone gas temperature calculated
by the present two-zone model analysis in Figs. 6 to 8.
It should be pointed out before comparing both tem-
peratures that the calculated temperature is assumed
to he uniform throughout the burned zone, while the
experimental one is not uniform throughout the mea-
surement volume. Temperature measurement error
may occur in the initial combustion period due to the
heterogeneity in the measurement volume in which
the liquid-phase fuel and the vapor-phase fuel are
present in addition to the burning gas. It is consid-
ered, however, that this error becomes small in the
second half of the combustion period because the
measurement volume is then filled with the burned gas
which has an almost uniform temperature.

3.2 Comparison between measured and calcu-
lated results

Figures 6 to 8 show comparisons between the
experiment and the analysis for the time histories of
gas temperature and soot in the burned zone. In these
figures, dQ/df is the experimental heat release rate
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Fig. 6 Comparison between experiment and analysis
(Injection timing retard; 3 185 rpm)
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calculated from the measured combustion pressure
history, 7 is the experimental flame temperature and
KL is the soot concentration parameter measured
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simultaneously by the two-color method. 7% is the
calculated burned-gas temperature, S is the cumula-
tive soot formation and dNO/dO is the NO formation
rate calculated using the present two-zone model.
Figure 6 shows the results in the case of injection
timing retard from 11 to 5deg BTDC for the engine
speed of 3185rpm and the brake mean effective
pressure Pre of 8.30 bar. Figures 7 and 8 show the
results in the case that Pne was decreased from 8.30 to
3.97 bar while keeping the engine speed constant at
3185 or 1750 rpm, respectively. The measured time
histories of the experimental results are the mean
values of continuous measurement over 360 cycles.
3.2.1 Analysis on injection timing retard

The temperature histories of T, and 7, seem to be
quite different in both time histories in which the peak
temperature occurs at different crank angles. How-
ever, the relative shift of the peak temperature posi-
tion, the decreases in the level of the maximum tem-
perature and in the temperature level at the end of
combustion due to timing retard show the same ten-
dency in both experiment and analysis although the
temperature in the initial combustion period is lower
in the experiment than in the analysis. For instance,
for the injection timing of 11 deg BTDC, the experi-
mental peak temperature is 2 250 K near the 15 deg
crank angle, while the calculated one is 2 450 K near
the 10 deg crank angle. Yan and Borman"*? obtained
a temperature as high as that in the present calcula-
tion in their experimental data measured in a larger
test engine by the visible two-color method.

Why is the measured flame temperature lower
than the calculated one in the initial combustion
period? One of the reasons is that the temperature
measured by the infrared two-color method has a
tendency to be slightly lower than that measured by
the visible two- color method as was shown by Matsui
et al."¥. Another reason may be the influence of the
heterogeneity in the measurement volume or the
optical path as mentioned above. The influence of the
radiation reflected from the opposite walls may also
be significant. In addition to these reasons, judging
from the result that the measured temperature fluctua-
tion was 200 K from cycle to cycle in the initial
combustion period” as well as the finding that the
temperature shows a minimum near the crank angle
of 5 to 10 deg which corresponds to the end of fuel
injection, the flame temperature in the initial combus-
tion period might actually be as high as the calculated
burned-gas temperature.

Table 1 shows the comparison between the calcu-
lated temperature of the burned zone 7%, and the
experimental one 7, at the combustion end crank
angle f.. in the cases of timing retard from 11 to 5 deg
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Table 1 Comparison of temperatures at combustion
end between experiment and analysis

O inj (deg.BTDC) 11| 9 7 5

Oce (deg. ATDC) | 40 | 45 | 52 | 66
v X
Tt (K)

20101960 1900 | 1840
2000 (1920 (1850 (1770

BTDC. These T, and T, agree quantitatively with
each other although the measurement volume was
fixed in the upper part of the combustion chamber
during the piston downstroke. This is because the
temperature becomes almost uniform in the measure-
ment volume judging from the calculation that the
burned-zone volume covers about 70% of the combus-
tion chamber at the end of the diffusion combustion
period. Furthermore, judging from the result that the
calculated burned-zone temperature has a tendency to
decrease more rapidly than the experimental flame
temperature after the end of the diffusion combustion
period, the gas mixing rate between the burned zone
and the unburned zone is slightly slower in the experi-
mental process compared with the rate specified in the
present analysis.

The experimental KL curve shows two peaks,
and the first one near the crank angle of 10 deg ATDC
coincides well with the peak position of the calculated
soot formation curve. However, no second peak is
obtained in the analysis because the swirl effect is not
taken into consideration in the present two-zone
model. The second and highest peak near the crank
angle of 25 deg ATDC in the KL curve might be
caused by the interaction between two adjacent spray
flames due to the swirl flow in the cylinder.
scopically, the results of experiment and analysis for
the relative delay of the peak position due to timing
retard are in good agreement, and the observed
increase in KL due to timing retard at the end of
combustion agrees qualitatively with the result of

Macro-

analysis. The same phenomenon due to the swirl flow
is seen in Fig. 7 as well as in Fig. 6 under the same
engine speed condition.

3.2.2 Analysis on mean effective pressure varia-
tion As shown in Figs. 7 and 8, the measured flame
temperature was decreased significantly with decreas-
ing Pne throughout the entire combustion period. On
the other hand, the calculated temperature of the
burned zone is decreased with Pre only after reaching
the peak temperature. It is notable that the two-zone
model analysis shows nearly equal peak temperatures
even under different Pne conditions. The temperature
measured by the two-color method might be affected
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by the heterogeneity in the measurement volume, as
mentioned before in connection with Fig. 6. The fuel-
air mixture condition in the fuel spray varies with Pne
due to the changes in the fuel injection quantity and
the injection pressure.

In both Figs. 7 and 8, the experimental KL value
in the second half of the combustion period decreases
with decreasing Pme because the combustion duration
is shortened, and this phenomenon agrees well with
the calculated result. According to Egs. (12) and (13),
soot formation occurs only in the combustion period,
while the soot oxidation occurs even after the
diffusion combustion period if the temperature is high
enough to oxidize soot particles. It is clearly shown in
both experiment and analysis that the soot oxidation
process continues after the heat release rate becomes
zero. This suggests that the mixing between the
burned gas and the unburned gas occurs gradually
after the diffusion combustion period.

The swirl effect on the KL curves is observed in
Figs. 7 and 8 as well as in Fig. 6. Comparing Fig.7
with Fig. 8, the swirl effect on the KL curve is more
significant under the higher engine speed condition.

4. Conclusions

In order to estimate the combustion temperature
and the NO formation rate in diesel combustion accu-
rately, a two-zone model was proposed in the present
paper. In this model, which consists of a burned zone
and an unburned zone, it was assumed that the air is
entrained from the unburned zone to the burned zone
under a specified condition of excess air ratio. The
special feature of the present model is that the excess
air ratio of the burned zone is assumed to be constant
during the diffusion combustion period and it is an
unknown value which is determined through iterative
calculation to obtain a good agreement in the NO:
concentrations between the analysis and the experi-
ment. The calculated time histories of the burned-
zone gas temperature and the cumulative soot
formation are compared with the measured flame
temperature and the KL value. The results obtained
lead to the following conclusions.

(1) The calculated burned-zone gas temperature
agreed qualitatively or partly quantitatively with the
measured flame temperature in terms of the tempera-
ture level, the time history and the temperature
variation with the engine running condition.

(2) Tt was found that the assumptions of the
excess air ratio pattern and the constant excess air
ratio during the diffusion combustion period were
suitable for analyzing the combustion process in a DI
diesel engine.

(3) The time history of the cumulative soot
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formation agreed qualitatively with the KL history
measured by the two-color method; however, the
present two-zone model cannot predict the history of
soot formation accurately because the swirl effect is

not taken into consideration.
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