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This paper describes the simulated study on atomization, wall-film formation, com-
bustion and emission forming process of ethanol-diesel blend fuels in a high speed
light duty diesel engine. The result shows that increased ethanol volume percentage
of the blend fuels could improve atomization and reduce wall-film formation. How-
ever, in the meanwhile, with the increased ethanol volume percentage, low heat val-
ues of blend fuels decrease, while both total heat releases and cylinder pressures
drop. By adding codes into the FIRE software, the NO, and soot formation region
mass fractions are outputted. The simulated results display a good correlation with
the NO, and soot formation. Besides, the NO,, soot and CO emissions decrease with
the increased ethanol volume percentage. The power output of engine penalize,
while energy utilization of blend fuels improve and combustion noise reduce, owing
to the increased ethanol volume percentage.
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Introduction

With the advantage of lower CO, emissions and fuel consumption, diesel engines have
been applied more widely in commercial and passenger vehicles. Due to the more stringent
emission regulation and the more impended energy crisis, the development of cleaner diesel en-
gines has been conducted by various engine-related techniques, such as exhaust gas re-circula-
tion, multiple injection strategies [1], selective catalytic reduction [2] and diesel particulate fil-
ter [3] .

In order to reduce the pollutant emissions and decrease the dependence of the fossil fu-
els, the fuel-related techniques have been highlighted among many other techniques, such as ap-
plication of alternative fuels [4, 5], which are friendly to the environment and fulfill wasted oil
reclamation. As one kind of renewable alternative fuels, ethanol could be produced by alcoholic
fermentation of sugar from vegetable materials, such as corn, sugar cane, sugar beets, or agricul-
tural residues [4]. In addition, owing to its high concentration of the oxygen, ethanol has an ad-
vantage of reducing soot emissions. There are many utilizations of ethanol in diesel engine [6,
71, and the most convenient method of employing ethanol in the diesel engine is blending etha-
nol and diesel with a solubilizer to form uniform and stability blend fuels.

Most combustion of the diesel engine is the diffusion combustion. The combustion
and exhaust formation occur at the same time when fuels are injected into the cylinder, atomized
and entrained with the air. But a part of the injected fuels are likely to be deposited as a form of
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thin liquid wall-film in the combustion chamber, due to incomplete evaporation and spray-wall
impinging. Moreover, the undesired storage of wall-film could cause penalty of engine perfor-
mance and increased exhaust emissions. Many experiments and simulations have been con-
ducted to understand the characteristics of the wall-film formation [8-10].

Comparison between diesel and ethanol-diesel blend fuels indicates that there are some
discrepancies of the properties between these kinds of fuels, which could affect the fuel atomiza-
tion and wall-film forming processes. The main objective of the present paper is to study the ef-
fects on fuel atomization and wall-film formation of the ethanol-diesel blend fuels in a high speed
light duty diesel engine. Moreover the combustion and exhaust emissions formation are also ana-
lyzed. By coupling the codes into the FIRE software to output the NO, and soot formation region
mass fractions, the analysis of the NO, and soot formation is also further developed.

Simulated model, validation, and properties of
ethanol-diesel blend fuels

Simulated model

Model set-up. The mechanism of the simulated gas flow is based on the transport func-
tion of mass, momentum and energy conservation. The k-{-f turbulent model is employed to
consider the effect of turbulent on the gas flow, which is based on Durbin’s elliptic relaxation
concept [11, 12]. Although the calculation time is 15% more than k-¢ model, the &-{-f'model is
more robust, more stable and less sensitive to non-uniformity and clustering of the computa-
tional grid [13]. Another novelty of the model is the application of a quasi-linear pressure —
strain model in the equation — /14, 15].

The Wave breakup model is employed to simulate the spray breakup process. It should
be noted that the initial diameter of droplets should not exceed the value range of the nozzle di-
ameter [16].

For that there are two compositions (ethanol and diesel) existing in the blend fuels, the
multi-component evaporation model is chosen, which has been extended by Brenn ez al. [17].

The Extended coherent flame-3Z model (ECFM-3Z model) is employed to simulate
the ethanol-diesel blend fuels’ combustion process, which is based on a flame surface density
transport function and a mixing model. The ECFM-3Z model can describe inhomogeneous tur-
bulent premixed and diffusion combustion [18]. There are three regions defining in the model
which are air, mixture and combustion region. This hypothesis could reflect the essential of the
diesel combustion process. And there is a 2-step chemistry mechanism in the ECFM-3Z model,
which is listed as follow:

cHO0, +|n+"-%o, 5uco, + 1,0 (1)
4 2 2
n k m
C,H,0, +|2-Z o, 5>nco+ZnH 2
ntm>k [2 2) 2 > 2 ()

The NO, formation obeys the Zeldovich mechanism [19], which contains the follow-
ing three reactions:
N,+O < NO+N 3)

N+0,<>NO+0 4)
N +OH <> NO +H 5)
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The soot formation and oxidation model is employed the Kennedy-Hiroyasu-
-Magnussen model, which combines the chemical and physical reaction to simulate soot’s nu-
cleation, surface growth, and oxidation. The processes of particle formation and surface growth
are taken to be related functions of the local fuel and soot nuclei concentration, and the predomi-
nated flame temperature governing the Arrhenius rate coefficient of the particle mass addition
term [20, 21]:

§=8,+8,+5, (6)

where S is the soot, S, — the nucleation source, S, — the surface growth source, S, — the oxidation
soot.

Wall-film model. When the fuel droplets impinging on the combustion chamber, they
can stick to the wall, spread and splash to build the wall-film, or reflect to combustion chamber.
The possibility of the impinging droplets depends on the major factors, such as wall temperature
and droplet Weber number [22].

The wall-film model is based on systematic empirical investigations which have been
conducted by Mundo ef al. [23, 24]. The test matrix of the experiments involved different drop-
let diameters (60 ~ 150 pm), impact velocities(12 ~ 18 m/s) and impingement angles(4 ~ 65°) as
well as smooth and rough walls.

The K-value is a characteristic quantity to distinguish between different impingement
regions. Additionally, the K-value is defined as:

0.75 70.75 ,,1.25
pOrdyPug

- 1.25 —
K=OhRep™ = 1025605 )
where Oh and Rep, are adopted from:
Oh=—* (8)
pad,
Re,, =200 d‘; Ao ©)

The Reynolds number represents the ratio of the fluid micro inertial force and the cohe-
sive force, while the Ohnesorge number is the ratio of the viscous forces and surface tension. p is
the density, d,, — the droplet diameter, and u | , — velocity, normal to the wall component of initial
droplet u and o are the viscosity and surface tension of the droplet.

If the K-value is smaller than 57.7, the droplets could be deposited completely on the
wall without rebound or breakup. In the region where K > 57.7, with the increased droplet im-
pact momentum, a larger mass percentage is atomized and reflected. During this splashing, the
droplets are partially shattered to produce a different droplet size spectrum for the reflected
droplets. With the increased K-value, the reflected droplets tend to be smaller.

Simulated condition

The simulated study is conducted for a high speed and light duty diesel engine. The
main parameters of the diesel engine are listed in tab. 1.

Considering the combustion chamber is axisymmetric and the number of nozzle holes
is eight, the simulated mesh is one eighth of the combustion chamber in order to shorten time.
Figure 1 shows the mesh on the top dead center. The protrusion part on the edge of the sidewall
is compensation volume, which ensures that the mesh maintains the same compress ratio at any
crank angle [25, 26]. Boundary conditions are consistent with the experiments. The tempera-
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Table.1 Parameters of the diesel engine
Cylinder diameter x stroke 85 x 88.1
[mm]
Connecting nod [mm] 149
Compression ratio 16.2
Number of cylinders 4
Number of nozzle holes 8
Maximum torque 300 at 1800~2800
[Nm at rpm]
Rated power [kW at rpm] 100 at 4000
Swirl ratio 1.7

Figure 1. Mesh of the simulation model on the top

dead center

tures of the head and surface of the piston
are set as 570 K, while the temperature for
sidewall of the cylinder is set as 470 K. The
range of simulation is from intake valve
close time (213° CA) to exhaust valve open
time (499° CA).

The speed of simulated studies is 2200
rpm. And the injection strategy is the double
injections — pilot and main injections
(shown in fig. 2), of which the injection
mass are 3 mg and 52 mg per stroke. The
concentration of ethanol in the simulation is
97%. The ethanol-diesel blend fuels are in-
jected into combustion chamber through a
single nozzle. The ethanol volume percent-
ages of the ethanol-diesel blend fuels are
0%, 10%, 20%, and 30%, abbreviation in
EDO, ED10, ED20, and ED30 (ED means
the ethanol-diesel blend fuel, while the
number means the ethanol volume percent-

age).
Validation of the simulated model

In order to validate the simulated model,
the comparison of the simulated cylinder
pressure and NO, and soot emissions with

the experiment are reported in figs. 2 and 3, in which the fuels are diesel. The experimental re-
sults are only acquired from the fourth cylinder, of which the intake and exhaust pipes are inde-
pendent from the other three cylinders in order to avoid the effects of the other cylinders on the
results. The experimental and simulated conditions are at 2200 rpm with the same injection
strategy (3 mg for pilot injection, 52 mg for main injection), as well as the same intake pressure
(0.13 MPa) and temperature (318 K). The cylinder pressure is acquired by the Kistler 6052,
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Figure 2. Comparison of the experiment and

simulation on cylinder pressure
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Figure 3. Comparison of the experiment and
simulation on NO, and soot emissions
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which is the mean pressure of a set of one hundred work cycles. The NO, and soot emissions are
measured by the AVL CEBII and the AVL 415S smoke meter. Formulas of converting ppm and
FSN to g/kg-fuel are consistent with the definition in ref. [27].

Due to the limitation of the simulated models (especially for the 2-step chemistry
mechanism of the ECFM-3Z model), there are a few discrepancies of the cylinder pressure
around the 342° CA and 358° CA. The discrepancies are not critical to understand the blend fu-
els’ characteristics. The NO, and soot emissions of the simulation are closed to the experimental
results. The simulated results show quite good agreement with the experiment. So the simulated
model is validated and suitable for the studies.

Properties of ethanol-diesel blend fuels

The ethanol and diesel could not dissolve together for that the molecular structures of
ethanol and diesel are polarity and non-polarity. The properties of ethanol and diesel are listed in
the tab. 2. According to the principle of the dissolution in the similar material structure, the
heptanol is chosen as the solubilizer for the ethanol-diesel blend fuels, of which the molecular
structure includes polarity and non-polarity parts. In all the ethanol-diesel blend fuels, the vol-
ume percentage of heptanol is constant as 2%.

Table 2. Properties of diesel and ethanol

Sl Cetane | Flash point | Low heat value Latent.hea.t ot Igp mon | i fuel
Fuel content number [°C] [kkg 1] vaporization limits ratio
[ppm] [kikg™'] [%0]
HuIVO# 1 5, >51 55 2.6 301 15~7.6 | 143
Diesel
Ethanol - 8 13.5 26.77 904 4.3~19 9.0

Density, viscosity, and surface tension of the ethanol-diesel blend fuels are measured
by the MDY-1 type electronic densimeter, NDJ-1S digital viscometer and QBZY-1 automatic
surface tension-meter respectively. As reported in figs. 4, 5, and 6, the density, viscosity and sur-
face tension of the ethanol-diesel fuels are decreased with the increased ethanol volume percent-
age.
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Figure 4. Density of ethanol-diesel fuels Figure S. Viscosity of ethanol-diesel fuels
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In order to consider the effect of ethanol-diesel fuels on K-values, here define K’ as:

p0.75
K'=—1— (10)
025605
The K’ of ethanol-diesel fuels is reported in fig. 7, which is increased with the in-
creased ethanol volume percentage. It implies that the fuels could be more atomized and less de-

posited, according to the principle of the wall-film model.
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Figure 6. Surface tension of ethanol-diesel fuels Figure 7. K' of ethanol-diesel fuels

Results and discussion

Effects of ethanol volume percentage on the fuel
atomization and wall-film formation

Asreported in fig. 2, there are double injections — pilot and main injections. The evap-
orated fuel mass fractions are almost the same for diesel and blend fuels in the pilot injection pe-
riod, for the reason that the mass of the injected fuels is just 3 mg. Huge amount of fuels are in-
jected in the main injection, of which the mass is 52 mg. As shown in figs. 8 and 9, due to the
reason that the good volatility of ethanol accelerates the evaporation process, the evaporated
fuel mass fractions increase while the impinging fuel masses decrease with the increased etha-
nol volume percentage.
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Figure 8. Evaporated fuel mass fractions Figure 9. Impinged fuel mass fractions
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Figure 10. Wall-film mass fractions Figure 11. Wall-film thickness

In the pilot injection period, there is almost no fuel impinging into the combustion
chamber. Furthermore, there is also no wall-film forming. The wall-films begin forming until
the main injection starts. With the ethanol volume percentage increasing, the K’ of blend fuels
increase significantly, as reported in fig. 7. Thus the mass and thickness of the wall-film de-
crease with the increased ethanol volume percentage, as reported in figs. 10 and 11.

Effects of ethanol volume percentage on the combustion process

As EDO has higher cetane number (reported in tab. 2), and less ignition delay period, it
has earlier premixed combustion and higher rate of heat release than the blend fuels in the range
from 350° CA to 357° CA. It is also found that the low heat values, the accumulated heat re-
leases and the peak cylinder pressures of the blend fuels decrease with the increased ethanol vol-
ume percentage, as shown in figs. 12 and 13.
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Figure 12. Cylinder pressure heat release

Effects of ethanol volume percentage on the exhaust emissions

The key region for NO, formation is where the local temperature is higher than 1800 K
[28], which is defined as the high temperature region. In order to couple the key region to inves-
tigate the effects of the ethanol volume percentage on the NO, forming process, some codes are
added into the Output control of the FIRE software, which could output the total mass of the
high temperature region, and show the results in the 2-D results of the FIRE software. The codes
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are just employed for outputting, which don’t change the kinetic mechanism of the NO, forma-
tion. The NO, formation region mass fraction is the value of dividing the total mass of the high
temperature region by the mass of the whole mesh. The details of the codes are reported in tab. 3.

Table 3. Codes for key region mass of NO, and soot formation

Codes for the key region mass of NO,
formation

Codes for the key region mass of soot formation

double mass_ high temperature region;
if(init)

mass NO, = 0.0;
else

sum = mass_NO,;

if(temp >= 1800) mass NO, +=
= den-vol;

return 0.0;

double mass_rich fuel region;
if(init)
mass_rich fuel region = 0.0;
else
sum = mass_rich fuel region;
double eps = 1.0e-10;
double mass = den-vol;
double egr mf = YEGRMF[index];
double fmixc = YFMIXC[index];
double fo2e = (1.0-egr_mf)-FO2 + egr mff EGRCMP[1];
double eqr = STO2/(fo2e+eps)-fmixc/(1.0-fmixc+eps);
if(temp >1500 &&eqr > 1.5) mass_rich fuel region += den-vol;

return 0.0;

Furthermore, the key region for soot formation is where the local equivalence ratio is
bigger than 1.5 and temperature higher than 1500 K [29], which is defined as the rich fuel re-
gion. The similar codes are added into the Output control of the FIRE software. Meanwhile the
codes are just employed for outputting, which do not change the kinetic mechanism of the soot
formation. The soot formation region mass fraction is the value of dividing the total mass of the
rich fuel region by the mass of the whole mesh. The codes are reported in tab. 3.
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mulated heat releases of the blend fuels begin
releasing. Some regions in the cylinder become
to high temperature region. Thus NO, forma-
tion region mass fractions of the blend fuels be-
come larger as reported in fig. 14. Almost at the
same time, NO, emissions begin increasing as
shown in the right side of fig. 14. At 385° CA,
NO, formation region mass fractions come to
the peak, while NO, emissions also reach the
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Figure 14. NO, formation region mass fraction
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highest point. With the increased ethanol vol-
ume percentage, the NO, formation region mass
fraction and NO, emissions have the same
changing trend — decreasing. It means that the
NO, formation region mass fraction displays a



Zang, Z.-Q. et al.: A Simulated Study on the Performance of Diesel Engine ...

THERMAL SCIENCE: Year 2013, Vol. 17, No. 1, pp. 205-216

good correlation with the NO, formation. Cou-
pled with the NO, formation region mass frac-
tion, it is easy and clear to understand the mech-
anism of NO, formation.

As shown in fig. 2, huge fuels are injected
into the cylinder from 365° CA, the rich fuel re-
gions increase, causing the soot formation re-
gion mass fraction and the soot emissions be-
coming larger. At 375° CA, soot formation
region mass fractions reach the highest point, as
reported in fig. 15. The soot emissions also
come to the peak. After 375° CA, the piston
moves to bottom dead center (BDC), cylinder
temperature decreases, while the rich fuel re-
gion and the soot formation region mass frac-
tion decreases. With the increased ethanol vol-
ume percentage, the soot formation region mass
fraction and the soot emissions have the same
changing trend — decreasing. It implies that the
soot formation region mass fraction displays a
good correlation with the soot formation.

As shown in fig. 13, the ethanol-diesel
blend fuels have less heat release from 350° CA
to 357° CA. Moreover it affects the oxidation of
CO, which occurs at least 1500 K [30]. As
shown in fig. 16 (from 360° CA to 370° CA)
and fig. 17 (for the column of 365° CA and
370° CA), the CO emissions of ethanol-diesel
blend fuels are higher than that of diesel fuel.
But after 375° CA, the good volatility and high
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oxygen concentration of ethanol accelerates the atomized process of the blend fuels and in-
creases the local air fuel ratio, which helps to decrease the CO emissions. So with the increased
ethanol volume percentage, the CO emissions decrease, as shown in fig. 16 (from 375° CA to
430° CA) and fig. 17 (for the column of 375° CA and 380° CA).

Effects of ethanol volume percentage on the power output,
economy and combustion noise

The power output of engine is evaluated by the indicated mean efficient power
(IMEP). Due to the different low heat values of the blend fuels, the indicated specific fuel con-
sumption (ISFC) is useless for evaluating the economy of engine. Equivalent indicated specific
fuel consumption (EISFC) is defined here, which integrates the fuel energy to analyze the en-
ergy utilization:
EISFC = BisecHL (10)
LD
where H| , is the low heat value of diesel and ; — the low heat value of the blend fuel, calcu-
lated by mass percentage:
_ (100 - ED)ppH,, + EDpp H
(100 - ED)p, + EDpg

The combustion noise is evaluated by ringing intensity RI [MWm™2], which is devel-

oped by Eng [31, 32]. )
[O.OS(dP] } V39997 .«

(11

L

dt
RI = (12)
2.7P e

%&Eg% (dP/df),,.« [kPa/m]is the maximum rate of cyl-
1091 M= ] E=JED20 inder pressure rise, T, [K] —the peak cylinder
8 72\ ESRepe gas temperature; P, [kPa] — the maximum

28 Z2N\ cylinder pressure.
Ea 6 / _i§ The IMEP, EISFC and RI are normalized,
2 Z E§ by the value of EDO. The results are reported in
0.4 Z2\ fig. 18. Due to the lower heat release and the
7 E§ cylinder pressure, the IMEP decreases with the
0.21 Z2\ increased ethanol volume percentage. The
- /:& EISFC reduces with the increased ethanol vol-
' EISFC ume percentage, which means that the energy
Figure 18. Normalized values of the IMEP, utilizations of the blend fuels are not vitiated by
EISFC and RI ethanol. It is reported that (dP/df)yax and ppmax

decrease with the increased ethanol volume
percentage in fig. 12. Therefore the RI of the blend fuels also decrease with the increased etha-
nol volume percentage. It means that combustion noise of the blend fuels reduce with the in-
creased ethanol volume percentage.

Conclusions

Based on the FIRE software to simulate atomization, wall-film formation and combus-
tion process of ethanol-diesel blend fuels, and with the help of the codes adding to the FIRE soft-
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ware to output the key region mass fraction for the NO, and soot formation respectively, the con-

clusions of this study are:

e With the increased ethanol volume percentage, the evaporated fuel mass fractions increase,
while impinged fuel mass fractions and wall-film mass fractions decrease.

e The blend fuels have longer ignition delay period. The total heat releases and cylinder
pressures of the blend fuels decrease with the increased ethanol volume percentage, due to
the lower low heat values.

e The NO, and soot formation region mass fractions display a good correlation with the NO,
and soot formation. With the increased ethanol volume percentage, the NO, and soot
emissions decrease. The CO emissions decrease with the increased ethanol volume
percentage, owing to the increased local air fuel ratio and the accelerated atomized process.

e The power output of engine penalize, while energy utilization of the blend fuel improve and
combustion noise reduce, due to the increased ethanol volume percentage.

Acknowledgments

This work has been supported by the National Natural Science Foundation (No.
51006075) and the Shanghai municipal key subject construction project (B303). The authors
gratefully acknowledge for the automobile engineering institute of Zhejiang Geely Holding
Group Co. Thank them for providing the parameters of the HSDI diesel engine and the experi-
mental results.

Nomenclature
Oh — Ohnesorge number Acronyms
Re  — Reynolds number BDC - bottom dead center
Greek symbols ECFM — extended coherent flame model
. . ED — ethanol-diesel blend fuels
¢ B V?IOCIFY scale ratio, [-] EISFC — equivalent indicated specific fuel
H — Viscosity, [mpj] consumption
p  — density, [kgm~] B IMEP - indicated mean efficient power
° — surface tension, [mNm ] ISFC - indicated specific fuel consumption
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