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For researching the influence of n-butanol proportion in diesel fuel on homogeneous charge compression ignition (HCCI)
combustion of the free-piston diesel engine generator (FPDEG), a three-dimensional (3D) moving mesh computational fluid
dynamics (CFD) simulation model of a FPDEG prototype was developed. A detailed chemical reaction mechanism of diesel fuel
was selected as the HCCI combustion mechanism and coupled in the established HCCI combustion simulation model of the
FPDEG prototype. The validity of the established HCCI combustion simulation model is proved by comparing the simulation and
experimental pressure curves under the condition of pure diesel fuel. The simulation results of different n-butanol proportions in
diesel fuel showed that as the n-butanol proportion increased from 0 to 60%, the maximum heat release rate decreased to 59.6 J/
deg, the calculated indicated thermal efficiency augmented to 4.6%, the calculated indicated mean effective pressure increased to
0.057 MPa, and the final NO, and CO content decreased to 0.239 and 0.57 g/kg fuel, respectively, but the final soot content
increased to 0.000562 g/kg fuel. Therefore, the n-butanol proportion of diesel fuel played a vital role in combustion and emission

progress of the FPDEG.

1. Introduction

Nowadays, the engine with internal combustion has become
the most extensive technology and spends most of the oil [1, 2].
Nonetheless, its low efficiency and high emission need to be
solved urgently under the increasingly strict energy-saving
and environmental protection requirements. Therefore,
HCCI combustion, the most potential technology, was ex-
plored to protect the environment and improve the efficiency.

HCCI combustion can achieve about 20% efficiency
improvement and near-zero emission of NO, under specific
conditions [3-5]. However, conventional HCCI engines lack
effective means to precisely control how fast the fuel
evaporates, which makes the practical HCCI combustion
engines impossible to use in the full-operation range
demanded by the automotive power system [6-9]. There-
fore, to make full use of HCCI combustion, a new engine
type different from the traditional engine is required to
adjust to the HCCI mode [10-12].

Obviously, the structure of the free-piston engine (FPE)
is simpler than that of the engine in wide use because FPE
eliminates the crank-connecting rod. The FPE can be applied
in many areas, such as electric generator. Now, the free-
piston engine generator (FPEG) has become increasingly
significant [13-15]. The compression ratio of the FPEG is
variable, which is a perfect match for HCCI combustion, so
the study of the FPDEG HCCI combustion will have a strong
operability.

In the 1990s, with the rapid development of computer,
electronic, and hydraulic technology, many researchers
began to study the FPEG. Atkinson [16] used the law of
thermodynamics to simulate the scavenging, compression,
and combustion processes of a prototype and analyzed the
effects of piston mass, ignition, and combustion heat release
on the motion characteristics of the prototype. Cawthorne
[17] established the model of the integrated engine and the
linear motor and studied their matching problem through
the numerical analysis of the model. Plsek [18] established
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FiGure 1: The structural type of the FPDEG prototype. (1) Fuel injector; (2) exhaust; (3) scavenge; (4) linear motor; (5) free piston; (6)
electromagnetic load; (7) motor mode conversion controller; (8) fuel injection controller.

the mathematical models of dynamics, thermodynamics,
and power electronic dynamics for the designed FPEG
system by using Matlab/Simulink and DSPACE software,
and on this basis, the closed-loop control strategy of the
current and position was studied. The Huang research group
[19] put up an experimental platform and analyzed the
dynamics and system performance of the FPEG by nu-
merical simulation. The Zuo research group [20, 21] built a
FPEG prototype and studied its operation, including non-
linear dynamics, performance analysis, control strategy, and
performance test. Many multidimensional CFD models have
been developed to investigate the comprehensive perfor-
mance of the FPEG prototypes, for example, the models of
Newcastle University [22, 23], the Chalmers University of
Technology [24], and the Beijing Institute of Technology
[20, 21]. These models were developed based on the cor-
responding FPEG prototypes, which guaranteed their high
accuracy. However, most of the coupled reaction mecha-
nisms in the above models were one-step or several-step
reactions reduced mechanisms. Because the key components
and reactions were ignored in the reduced mechanisms, the
combustion process simulation accuracy was not high and
the applicable working condition range was smaller.

Nowadays, the air pollution problem is drawing more
attention. In order to reduce air pollution, the clean fuel is
essential in the internal combustion engines. Butanol is a
biofuel originating from the organic material fermentation
and has more advantages than methanol and ethanol, such
as higher heating value, lower volatility, better cold start
ignition performance, and water pollution tolerance.
Therefore, it has been widely applied as a clean fuel or
additive in all kinds of engines [25-29].

In this paper, the opposed-piston two-stroke FPDEG,
the same as the prototype of the Beijing Institute of Tech-
nology, was selected as the research object and its simulation
model coupling a relatively detailed fuel mechanism was
operated to gain the influence of the n-butanol proportion
on HCCI combustion.

2. The Simulation Model of FPDEG

Figure 1 shows the structural type of the FPDEG prototype.
The working process of the prototype includes two stages:
starting stage and operating stage. At the starting stage, the
linear motor as a motor provides the starting energy for the
system and the mixture in the two cylinders is compressed
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F1Gure 2: The iterative calculation schematic diagram.

alternately; in the meantime, the fuel injection system injects
diesel under the control signal. At the operating stage, the
linear motor works no longer as a motor, but as a generator
through cutting the magnetic field of the linear motor to
produce electromotive force. At this point, the right and left
cylinders alternately complete the ignition and combustion
progress and the explosion pressure generated from one
cylinder will push the actuator to compress the opposite
cylinder.

The motion characteristics of the FPDEG are determined
by the pressure, friction, and electromagnetic resistance in
two cylinders. Making a contrast between the FPDEG and
the traditional diesel engine, the FPDEG’s piston displace-
ment, velocity, and acceleration curves have significant
changes. Hence, the CFD modeling of the FPDEG is im-
possible to follow the CFD modeling method of the tradi-
tional diesel engine completely.

Figure 2 shows the iterative calculation schematic dia-
gram [30]. Through the dynamic modeling and the iterative
calculation of the coupled gas exchange and combustion, the
displacement curve of the FPDEG can be obtained. Then, the
3D CFD model of the FPDEG can be established using the
calculated piston motion law of the FPDEG. In order to
improve the calculation accuracy, the displacement curve
should be made into a readable data file to find the position
of the piston in the cylinder.

The prototype was completed by motor selection, engine
design, subsystem design, processing, assembly, debugging,
and adjustment. HCCI combustion can be achieved by early
in-cylinder injection. The detailed piston displacement curve



International Journal of Chemical Engineering

81-41 81-41 91-41 81-48 81-17
L1-960'T SI-36009'T PI-460T'T L1-9TT°L ST-4810T°C
L1-980'C SI-H800C°€ PI-980T°€ SI-HPFE'T ST-HOT0FT
o | LAt SI-L008'Y PI-ALOE'E 91-H9.6'T ST-TF109°9
S| L1790 SI-H9007'9 YI-490F ¥ 91-4809°'C S1-97108'8
2| oasos SI-3P008 PI-H90S'S 91-4¥T'E PI-HI00T'T
Q| Lr-dro9 S1-8v009'6 YI-A709'9 91-9L8'€ F1-8002E'T
LI-HE0°L FI-IE00CT'T PI-HE0L'L 91-dr0s¥ PI-H900¥S T
§ L1-920°8 Y1-42008T' PI-a708'8 91-H9ET'S FI-TH009L'T
7 = .
%/////// 7//4//4///% L1-910°6 YI-H100¥7T YI-9106'6 91-489L'S F1-420086'T
? % o1-41 91-49'T SI-A1T 91-a9'9 Pl-aeT
HO6HYO HO6HYO HOG6HPO HO6HPD HO6HID
=
=}
% =
o © u
Z =
(=) = =]
- N =] b3}
N © Q
— v m
-M =} 5} . .
o 2 PI-as 48T 01-42'T T-4¢ 1-4v
5] jany €1-45HT 11-95€°C 01-9€9'T 1-ase 1-16
g a. @) £1-5'C 1-ace 01-490T -ary 11-49
4 D | o eroases 11-850% 01-36¥'C 11-41° -9z
2 LS ~ = T | R | eracy 11-46% 01-926C 11-48' 11-a8
g Q< 3) < | < | sr-asTs 11-85L'S 01-Hs€'€ 11-95°9 11-96
+ X < o g O | Q| g 11-999 01-382°¢ 11-92L o1-41
m / m: N g G erasre T-9sh'L or-arey B4 11-962 oreart
9 5} [9) €1-41'8 11-H¢'8 01-q9°7 11-99°'8 o1-a71
/F E/ o u o0 a, o €1-950'6 11-95T'6 01-1£0° [1-4£6 o1-T6'T
/D D/ © & 5 5 ZI-at or-d1 01-d5's o1-41 01-3¥'T
v, v, W.,. M = HO6HPO HO6HYO HOGH¥O HO6HYO HO6HYO
X X = = jae] 5
/» A 1) Y m =] s}
/- -% kS — = « =]
/E 3/ = © = k7
LS A a, 3 4
. k
N N o - s
= NE X = s E = 5
S v 3 o
/- .. 2 E g = —
v, N © e o
/I =] == Z =
- = = 22 5
N & 9
/4 =
4////% o < o 60-36°T £0-41 L0-48'T £0-39 50-d¢
/ u m 60-HE0T L0~TT'L L0-H9T€T L0-9¥'6 S0-97'C
/ = T T T T L - > 60-491'7 L0-T5TT L0-9V8' 90-H8T'T 50-8°C
/ 2 & = | o | s0-asee L0-H9€'T L0-99¢°€ 90-H79'T S0-H4T'E
/ ] a \© N < =} — | S| eo0-aert L0-H8%'T £0-988°€ 90-H96'T SO-H9'€
7 © m < | 60-HssT £0-99°'T L0-A¥'F 90-9€'T S0-a¥
% = 60-989°C L0=dTLT L0976 90-4¥97 S0-9v'
\\\ (edIN) 2anssarg m | O gooaree £0-T¥8'T L0-abY'S 90-186T S0-a8%
\ TA 60-I¥6'C L0-496'T £0-996'S 90-4C€'€ S0-9T'S
\\% 60-HL0°€ L0-980'C £0-48%'9 90-999° SO-H9'S
Y 60-HT'E £0-47°T L0-HL 90-8¥ S0-49
HO6HFD HO6HYD HOGHYD HOG6HYD HO6HYO
-
=]
=]
=
)
b
]
o
o
—
a,
—
]
g
= R X X X
=] n = n =
/M (=] — s} <t =]




International Journal of Chemical Engineering

TaBLE 2: The in-cylinder distribution of C7H16 concentration.
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TaBLE 3: The in-cylinder distribution of the nitric oxide concentration.

CA50 CA90

CA10

Butanol proportion

80-41
80-4T
80-H¢
80-1¥
80-4S
80-99
80-HL
80-48
80-46
£0-41
LO0-ATT

-as
141t
1941
T1-9€T
11-96C
T1-95°€
41y
11-9%
T1-9¢€°¢
11-496'S
11-959

80-4C
80-4¥
80-49
80-48
£0-91
L0-4TT
L0-9¥'T
£0-99'T
L0~18'T
L0-4T
L0-9TT
ON

0T-4L
0T-9%'6
61-481'T
61-4TF'1
61-499°T
61-H6'T
61-9¥1°C
61-98€T
61-979°CT

61-998'C
61-41'¢

15%

ettt
a-4a9°T
4T
TI-48c
a-are

-ay
497
4TS
T1-4a8’s
T-gr9

L

61-9C
61-9€°¢
61-49F
61-96'S
61-4T°L
61-158
61-18'6
8I-dIT'T
8I-d¥TT
81-HLET
81-4S'T

30%

80-4T
80-4¥
80-19
80-48
£L0-41T
L0-4TT
£L0-9¥'T
£0-99'T
£0-48'T
£0-4T
LO0-9TT

T1-928°T
T1-98¢h'¢
11-9950°S
T1-9%L9°9
11-926T'8

11-916'6
01-492ST'T

01-99%1€'T
01-9¥9L¥'1
01-978€9°T

01-98'1

ON

45%

-

80-1C
80-HET
80-99°9
80-16'8
L0-HTT'T
L0-HSE'T
£0-18S°T
L0-H18°T
L0-9¥0°T
L0-9LTT
£0-1ST
ON

60%

real-time change during simulation, and the maximum

number of grids was 1340888.

calculation process of the FPDEG prototype can be realized

using the iterative calculation method shown in Figure 2,

In addition, a detailed diesel fuel mechanism (n-hep-
tane-n-butanol, 76 species) developed by Hu Wang’s team
[28] was integrated in the simulation model of the FPDEG

prototype. Wang’s mechanism had been validated on HCCI

and the mesh generation of the prototype chamber was
executed using the real-time grid processing technology [31].
In the process of importing the geometric model, the fea-

combustion with different volume fractions of n-heptane
and n-butanol. The extended Zel'dovich NO, mechanism

tures of the geometric model were preserved precisely to
generate the structured regular grid. When the grid density

changed, the topology remained the same, which improved

was integrated in the emission model to calculate the NO,

the calculation accuracy. The number of grids would have a
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TaBLE 4: The in-cylinder distribution of the carbon monoxide concentration.
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mass. In the meantime, the Hiroyasu-NSC model was in-
troduced as a submodel of the emission model to calculate
the total soot mass [32-35].

The prototype cylinder diameter was 60 mm. The free
piston motion duration from was equivalent to 69°CA to
280°CA. The boundary conditions with the frictionless
contact type were set as follows: the cylinder temperature
was 450K, the position temperature was 540K, and the
cylinder roughness was 0.5. Figure 3 shows the dynamics
model of the prototype, and the equations of motion of the
free piston can be expressed as follows:

2
md—szLc—FRc—Fe—Ff. (1)
dt

In formula (1), m is the moving component mass, F; is
the friction of the system, F;. and Fy. are the forces as-
sociated with gas on the left and right cylinder, F, is the

electromagnetic force, and x is the change in the piston
position.

The thermodynamic model was established to solve for
change in gas pressure in the FPDEG. The change rate of
pressure p can be obtained by the following formula:

dp_ _ypdv y-1dQ )

d v dt v dt

In formula (2), Q is the energy of the FPDEG.

The initial conditions of the simulation were set to
temperature T,=345K, pressure Py=1.14bar, and equiva-
lent engine speed #n = 1374 r/min. Figure 4 shows the simu-
lation and experiment pure diesel fuel pressure curves [20]. It
was seen that the simulation values of in-cylinder pressure
near the top dead center were slightly higher than those of the
experimental test results (the error is less than 5%). The
reasons for the deviation are as follows: the setting of the
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FIGURE 5: The combustion performance of different n-butanol proportions.
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FIGURE 6: The emission performance of different n-butanol proportions.

initial condition deviates from the experimental state, the
simulation is set to the adiabatic state, the calculation model
has calculation error, and the test instrument has measure-
ment error. Except the position near TDC, the simulation
pressure curve was in good agreement with the experiment
curve. The comparison of the pressure curves showed the
validity of the simulation model that coupled the 76 species n-
heptane-n-butanol mechanism. Therefore, the combustion
performance of the FPDEG prototype can be obtained
through this simulation model.

3. Simulation Results

3.1. The Effects of n-Butanol Proportion on Temperature and
Species Concentration Distribution. In order to analyze the
combustion process, three stages named CA10 (CA means
the crank angle and 10 means 10% of the total heat release),

CA50, and CA90 (same definition as CA10) were intro-
duced. Tables 1 and 2 express the in-cylinder distribution of
C4H90H and C7H16 concentration, respectively. Tables 3
and 4 indicate the in-cylinder emission (nitric oxide and
carbon monoxide) distribution, respectively. The calculated
temperature at different positions of the cylinder is given in
Table 5.

From Table 1 to Table 2, it can be seen that, at CA10, the
C4H9OH and C7H16 were first oxidized near the two sides
of the combustion chamber. At this moment, the concen-
tration of the two species was uneven in the incipient space.
Then, the C4H9OH and C7H16 were kept being oxidized
until CA90. The final fuel concentration was very close to
zero, and the fuel concentration distribution in the cylinder
was quite uniform.

In Table 3, we can see that, at CA10, the NO was first
produced near the two sides of the combustion chamber and



TaBLE 6: The final content of UCH, soot, NO, and CO.

n-Butanol proportion UCH Soot NO, CO
0 0.00586 4.38e-4 0.539 1.12
15% 0.00463 7.55e-4 0.312 0.723
30% 0.00545 8.74e-4 0.261 0.665
45% 0.00543 9.93e-4 0.227 0.574
60% 0.00653 0.001 0.2 0.55

the concentration distribution was extremely uneven in the
cylinder. Then, the concentration kept increasing until
CA90. The NO concentration reached its maximum at
CA90, and the final NO concentration distribution in the
cylinder was relatively uniform.

In Table 4, it can be seen that, at CA10, the CO was first
produced near the two sides of the combustion chamber and
the concentration distribution was extremely uneven in the
cylinder. Then, the concentration kept increasing until
CA50. After CA50, the CO would be oxidized to CO, until
CA90. The final CO concentration was very close to zero,
and the CO concentration distribution in the cylinder was
quite uniform.

In Table 5, we can see that, at CA10, the temperature near
the two sides of the combustion chamber was largest in the
whole combustion chamber, and when the n-butanol pro-
portion was 45%, the temperature on both sides of the
combustion chamber was the highest. Then, from CA10 to
CA90, the temperature rose rapidly and became more and
more uniform in the cylinder.

3.2. The Effects of n-Butanol Proportion on Combustion
Progress. Figure 5 shows the combustion performance
curves of the different n-butanol proportions. It can be
seen that, with 0%, 15%, 30%, 45%, and 60% of n-butanol,
low-temperature combustion began at 162°CA, 165°CA,
165.6°CA, 166°CA, and 166.6°CA and the heat release rate
was up to 13.6]/deg, 11.5]/deg, 9.7]/deg, 8.6]/deg, and
7.8 J/deg, which was mainly due to the later ignition delay
of n-butanol. Corresponding to the five different pro-
portions of n-butanol (0%, 15%, 30%, 45%, and 60%),
high-temperature combustion began at 166.7°CA,
169.3°CA, 170.2°CA, 170.8°CA, and 171.4°CA and the heat
release rate was up to 120.3 J/deg, 106.8 J/deg, 90.8 J/deg,
75.2]/deg, and 60.7J/deg. The highest point of the in-
cylinder temperature curve and the corresponding pro-
portion of n-butanol were 1909 K-0, 1888 K-15%, 1883
K-30%, 1880 K-45%, and 1879 K-60%, respectively. In the
meantime, the highest points of the pressure curve and the
corresponding proportion of n-butanol were 11.61 MPa-
0, 11.48 MPa-15%, 11.46 MPa-30%, 11.44 MPa-45%, and
11.44 MPa-60%, respectively.

Apparently, the n-butanol proportion played a vital
role in combustion progress. As the n-butanol proportion
increased from 0 to 60%, the beginning crank angle of
low-temperature combustion lagged by 4.6°CA and the
beginning crank angle of high-temperature combustion
lagged by 4.7°CA. Moreover, the maximum heat release
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rate decreased to 59.6 J/deg, and the highest points of the
in-cylinder temperature and pressure curves decreased to
30K and 0.17 MPa, respectively. Based on the above
analysis, as the n-butanol proportion increased from 0 to
60%, the calculated indicated thermal efliciency aug-
mented to 4.6% (from 45.4% to 50%) and the calculated
indicated mean effective pressure increased to 0.057 MPa
(from 0.495 to 0.552 MPa).

Figure 6 shows the emission performance curves of the
different n-butanol proportions. It was seen that the in-
creasing n-butanol proportion made the production of
emissions lag by 4.3°CA, the final NO, and CO content
decrease to 0.239 and 0.57 g/kg fuel, respectively, and the
final soot content increase to 0.000562 g/kg fuel.

The content (g/kg fuel) of the emissions is shown in
Table 6.

4. Conclusions and Discussion

(1) By coupling the detailed fuel mechanism, the dis-
tribution of components and temperature in the
cylinder can be obtained, which provides a basis for
controlling the combustion process.

(2) The n-butanol proportion of diesel fuel played a vital
role in combustion and emission progress of the
FPDEG. As the n-butanol proportion increased from
0 to 60%, the beginning crank angle of low-tem-
perature combustion and high-temperature com-
bustion lagged by 4.6°CA and 4.7°CA, respectively.
Moreover, the maximum heat release rate decreased
to 59.6]/deg, and the highest points of the in-cyl-
inder temperature and pressure curves decreased to
30K and 0.17 MPa, respectively. Furthermore, the
calculated indicated thermal efficiency augmented to
4.6% (from 45.4% to 50%), and the calculated in-
dicated mean effective pressure increased to
0.057 MPa.

(3) When HCCI combustion started (at CA10), the
selected four species and temperature distributions
were uneven. Through the entire combustion process
(from CA10 to CA90), the final distributions of the
selected four species and temperature were relatively
uniform.

(4) With the increase in n-butanol proportion, the final
NO, and CO significantly diminished and the final
soot content slightly increased. Therefore, the ratio of
n-butanol should be appropriate to obtain the best
emission.
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