Ruinan Yang

Department of Mechanical Engineering,
Stony Brook University,

113 Light Engineering, 100 Nicolls Road,
Stony Brook, NY 11794

Zhongan Ran

Department of Mechanical Engineering,
Stony Brook University,

113 Light Engineering, 100 Nicolls Road,
Stony Brook, NY 11794

Dimitris Assanis

ASME Mem.

Department of Mechanical Engineering,
Stony Brook University,

131 Light Engineering, 100 Nicolls Road,
Stony Brook, NY 11794

e-mail: dimitris.assanis@stonybrook.edu

Estimation of Wiebhe Function
Parameters for Syngas and
Anode Off-Gas Combustion in
Spark-Ignition Engines

Wiebe functions, analytical equations that estimate the fuel mass fraction burned (MFB)
during combustion, have been effective at describing spark-ignition (SI) engine combus-
tion using gasoline fuels. This study explores if the same methodology can be extended
for SI combustion with syngas, a gaseous fuel mixture composed of H,, CO, and CO>,
and anode-off gas, the latter is an exhaust gas mixture emitted from the anode of a Solid
Oxide Fuel Cell, containing H,, CO, H;O, and CO;. For this study, anode off-gas is
treated as a syngas fuel diluted with CO, and vaporized water. Combustion experiments
were run on a single-cylinder, research engine using syngas and anode-off gas as fuels.
One single Wiebe function and three double Wiebe functions were fitted and compared
with the MFB profile calculated from the experimental data. It was determined that the SI
combustion process of both the syngas and the anode-off gas could be estimated using a
governing Wiebe function. While the detailed double Wiebe function had the highest
accuracy, a reduced double Wiebe function is capable of achieving comparable accu-
racy. On the other hand, a single Wiebe function is not able to fully capture the combus-

tion process of a SI engine using syngas and anode off-gas. [DOI: 10.1115/1.4056856]

Introduction

Spark ignition (SI) combustion is generally used on light-duty
engines from the last century. In spite of its widespread use and
development, the improvement in SI engine thermal efficiency is
still limited due to the knock-limited compression ratio and
operation with a stoichiometric air—fuel mixture. However, lean,
low-temperature combustion is able to achieve higher thermal
efficiency with low NOx emissions. When the engine operates in
a lean condition, more complete combustion occurs in the cylin-
der, thus yielding high combustion efficiency due to the presence
of excess oxygen. Ultimately, when the air—fuel ratio keeps
increasing, the combustion efficiency and thermal efficiency drop
due to a reduction of laminar flame speed and the occurrence of
misfires [1,2]. Since engine performance is limited at very lean
combustion conditions, it is necessary to find a fuel that can oper-
ate at an extended lean equivalence ratio range.

Alternative fuels, such as natural gas, methanol, and ethanol,
have proven to be acceptable substitutes to gasoline for transporta-
tion applications. They have been shown to extend lean misfire
limits compared to gasoline, which is typically confined to a nar-
row range of air—fuel ratios [3]. Synthesis gas, or syngas, is a gas-
eous fuel that can be produced from natural gas reforming,
gasification of coal, hydrocarbon raw material, and alkaline elec-
trolysis of water [4]. Syngas is a fuel consisting of a mixture of H,
and CO at varying volume ratios. Due to the lower density of H,
and CO, syngas has a lower heating value (LHV) than conven-
tional liquid and gaseous hydrocarbon fuels [5]. Since H, has a
high laminar flame speed and low ignition energy requirement, a
SI engine fueled with syngas can achieve a wider range of lean
operating conditions than gasoline [6,7]. Syngas is also able to
operate at a higher compression ratio compared with gasoline
fuel, as a result of its higher octane rating, which can contribute to
achieving a higher thermal efficiency [8]. Since syngas does not
include hydrocarbons, the unburned hydrocarbon emissions are
significantly reduced in SI combustion fueled with syngas.
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Meanwhile, lean SI combustion results in lower in-cylinder com-
bustion temperatures, thus reducing NOx emissions, as well.
However, the engine volumetric efficiency and output power are
significantly reduced using syngas as the fuel, due to its gaseous
state nature.

Over the past several years, scientists have been working on
studying the fuel properties, performance, and operating ranges of
syngas SI combustion. Sridhar and Yarasu [9] demonstrated that a
higher compression ratio can result in higher thermal efficiency
with syngas combustion. However, as the compression ratio
increases, the efficiency benefit is reduced. A similar result was
demonstrated by Ran et al. [10,11], in comparisons between syn-
gas, compressed natural gas, and ethanol. Mustafi et al. [12] com-
putationally evaluated syngas combustion performance and
related emissions. Bika et al. [13] analyzed combustion under dif-
ferent H, to CO ratios. The results showed that the maximum ther-
mal efficiency was achieved at an H, to CO ratio of 1. Dai et al.
[14] showed that SI combustion of gasoline with syngas addition
at 2.5% achieved the maximum thermal efficiency. Shah et al.
[15] demonstrated that the CO and NOx emissions of syngas were
lower than gasoline with similar efficiency.

The solid oxide fuel cell (SOFC) is an electrochemical conver-
sion device that generates electricity by oxidizing fuel directly,
without combustion. It has a high conversion efficiency and low
emissions of pollutants [16,17]. A SOFC can be coupled with an
internal combustion engine (ICE) that is fueled with the highly
diluted SOFC anode off-gas to generate additional power from
this hybrid arrangement. Compared with the common SOFC—gas
turbine systems, SOFC-ICE is able to accomplish high system
efficiency for lower power generation range applications [18].

The anode off-gas harvested from the SOFC anode consists of
H,, CO, CO,, and H,O, which can be treated as a syngas fuel
diluted with CO, and water. Some research has been done previ-
ously investigating the benefits of hybridizing SOFCs with ICE.
Fyfte et al. [19] developed a model for a SOFC and an ICE as a
quick-start hybrid system to achieve high efficiency. The results
showed that the theoretical exergy efficiency was close to 70%.
Additionally, an experimental study of anode off-gas using spark-
assisted ignition was also conducted by Kim et al. [20], which
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showed that thermal efficiency of up to 61.6% could be achieved.
Ran et al. [21] also illustrated that the anode off-gas SI combus-
tion can achieve a similar thermal efficiency with lower NO, and
hydrocarbon emissions compared with compressed natural gas
over a certain range of air—fuel ratios.

To accelerate the development of SI engines using syngas and
anode off-gas as potential fuels, a better understanding and
description of their heat release characteristics is required. Such
heat release models can be embedded in one-dimensional (1D)
system-level engine models to study the effect of engine geometry
and operating conditions on engine performance and fuel effi-
ciency. While 1D models cannot predict spatially resolved details
of combustion and pollutant formation processes in the cylinder,
they can be used effectively for engine and system design studies
with acceptable computational time and without requiring chemi-
cal mechanisms.

In order to describe the fraction of the total heat released during
the SI combustion process, referred to as the mass fraction burned
[22], a Wiebe function is employed. The Wiebe function can gen-
erate an S-shaped curve from O to 1, which in this case, can repre-
sent the start and end of combustion. Previous researches have
shown that a single Wiebe function can be used to accurately
describe heat release in a SI combustion model [23,24]. Shivapuji
and Dasappa [25] had created a Wiebe function for an SI engine
fueled with producer gas. Carrera et al. [26] estimated the Wiebe
function for a SI engine using biogas as the fuel. However, the
original single Wiebe function cannot capture the combustion pro-
cess precisely when a fuel provides more than one stage of heat
release. Since a single Wiebe function was not able to predict
both the combustion near the core and the combustion close to the
boundary, a function that could predict more complex combustion
was required for engine study.

A double Wiebe function includes premixed combustion and
diffusion combustion stages and is typically used for estimation of
compression ignition (CI) combustion. Double Wiebe functions
can also be used for advanced combustion modes and even SI
combustion with fuel that exhibits two-stage heat release

Air
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J

Table 1 CFR engine specifications

Bore (mm) 82.6
Stroke (mm) 114.3
Connecting rod (mm) 254
Compression ratio 6:1-18:1
Encoder shaft resolution (CAD) 0.2
Intake valve opening (deg aTDC) —350
Intake valve closing (deg aTDC) —146
Exhaust valve opening (deg aTDC) 140
Exhaust valve closing deg (aTDC) —345

characteristics. A double Wiebe function was introduced by Gho-
jel [27], who proposed a model for direct injection CI combustion
engines. Yasar et al. [28] created a single-zone, double Wiebe
function for homogeneous charge compression ignition (HCCI)
combustion. Similar work was also conducted by Aziz and Heikal
[29], who used a double Wiebe function to describe a dual fuel
HCCI combustion. Meanwhile, Yeliana et al. [30] estimated a
double Wiebe function for a SI engine fueled with ethanol—
gasoline blends. Liu and Dumitrescu [31] compared the single and
double Wiebe functions for a natural gas SI engine.

In this study, a single Wiebe function and three double Wiebe
functions were fitted using heat release rates calculated from
experimental results [10,11,21,32]. The Wiebe functions were
incorporated into a 1D system-level model as alternatives to
model combustion of a SI engine fueled with syngas and anode
off-gas. The model was validated against experimental data to
confirm its accuracy. In particular, the predicted cylinder pressure
using a Wiebe function was compared with the corresponding
experimental measured pressure profiles. The Wiebe function
with both high accuracy and acceptable computation time would
be selected as the best choice to capture the combustion process
for both syngas and anode off-gas SI combustion. Using this
methodology, the 1D model could be used for design studies of SI
engines fueled with syngas and anode off-gas.
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Fig.1 Schematic of experiment setup [10]
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Table 2 Fuel
[10,11,21,32]

properties for syngas and anode off-gas

Fuels Syngas Anode off-gas
Formula Co.410H1.18100.410 Co.66H0.6801.16
MW (g/mol) 12.7 27.16
H/C Ratio 2.88 1.03
LHV (MJ/kg) 20.5 4.69
Stoich AFR 54 1.26

Experimental Setup and One-Dimensional
System-Level Model

Experimental Setup. The experiments were conducted on a
single-cylinder, four-stroke Cooperative Fuel Research (CFR)
spark ignition engine. The engine specifications are shown in
Table 1. Figure 1 illustrates the schematic of the CFR engine. The
speed and torque of the engine were measured by a direct current
(DC) dynamometer, which was mounted next to the engine. The
intake air came into the intake system through an air filter and the
air flowrate was controlled by an Alicat MCRW-500SLPM-D/5M
flowmeter. The gaseous fuel was injected into the plenum and
controlled by an Alicat MCRW-100SLPM-D/5M flowmeter. The
crankshaft position was determined by a BEI XH25D-SS-1024
encoder with a resolution of 0.2 crank angle degrees. The cylinder
pressure was measured by a Kistler 7061B pressure transducer.
The emissions were measured by a Horiba MEXA-7100DEGR
exhaust gas analyzer. The air—fuel ratio was controlled and meas-
ured by a Bosch LSU lambda sensor. The engine spark timing was
controlled using an engine control unit and experimental data was
collected through a data acquisition system created in LabVIEW.

The engine speed was operated at a constant speed of
1200 rpm, with the intake pressure and temperature set at 75 kpa
and 300K. Two-hundred cycles of cylinder pressure data were
collected during the combustion for each data point. The compres-
sion ratio was varied between 8:1 and 11:1 for syngas, and 11:1
and 13:1 for anode off-gas. Each dataset was collected at the max-
imum brake torque timing by changing the spark timing. The syn-
gas used in this experiment contained 60% H, and 40% CO, while
the anode off-gas contained 33.9% H,, 15.6% CO, and 50.5%
CO,. The anode off-gas generated from the SOFC-ICE was
highly diluted with water vapor, which significantly decreased the
energy content of the fuel. In order to eliminate the negative effect
on combustion, the water vapor was removed from the anode off-
gas. The fuel properties for syngas and anode off-gas are shown in
Table 2.

One-Dimensional System-Level Model. A 1D system-level
simulation model was created using a commercial, 1D engine sys-
tem software AvL BoosT [33]. The cylinder model is constructed
based on the zero-dimensional approach, and the pipe model is
created based on the 1D fluid dynamic calculation. The engine
geometry and the valve timings were measured from the experi-
mental setup. The operating conditions of the experiments were
used in the model. The heat release fraction during the actual
combustion process was calculated from the experimental data
and then used in the model as the input MFB curve. Figure 2 illus-
trates the validation of the cylinder pressure between the experi-
mental data and the simulation results, and the apparent heat
release rate. The legend Exp stands for the experimental results
and Sim stands for the simulation results, which will also be used
in the following figures. The comparison shows that this 1D
model is able to capture the combustion process of an SI engine
fueled with syngas and anode off-gas and it could be used for fur-
ther thermodynamic studies.

As previously state in the Introduction section, the Wiebe func-
tion is used to estimate the MFB, which is the ratio between the
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burned fuel and the total fuel inducted into the combustion cham-
ber. Equation (1) shows the equation for the single Wiebe

function
m+1
x(0) =1 —exp [—a(e ;990) } 1)

where x;,(0) is the fraction of fuel burned, 0 is the crank angle, 0y
is the start of combustion, A6 is the combustion duration, m is the
form factor, and « is the efficiency parameter.

The double Wiebe function includes two standard Wiebe func-
tions, which stand for premixed combustion and diffusion com-
bustion. A weight factor is defined to determine the fraction of
each stage. Equation (2) illustrates the form of the double Wiebe

function
. 0 _ 0 my+1
xp(0) —A{l —exp[—al< A@lo) } }

my+1
+(1—/l){1—exp {_“2(9&)200) ]} )

where / is the weight factor, 1,2 is the combustion stage 1 and 2,
which refers to the premixed combustion and diffusion combus-
tion, respectively.

In the following sections, this double Wiebe function is referred
to as a detailed double Wiebe function (DDWF).

In order to reduce the number of coefficients for the double
Wiebe function, two reduced double Wiebe functions are consid-
ered in this study. Equation (3) shows the first reduced double
Wiebe function, which defines the form factor m as the same value
for both stages; and Eq. (4) defines the efficiency factor as the
same value for both stages. Equations (3) and (4) are shown below
and are called reduced double Wiebe function-form factor
(RDWF-form factor) and reduced double Wiebe function-
efficiency factor (RDWF-efficiency factor) in the following
sections.

x(0) = /1{1 ~exp |:—a1 (HA—(;’O)W] }
+(1— /1){1 —exp [—az <9A_ef°>m+l] } A3)
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Fig.2 Model validation
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x(0) = 1{1 —exp |:—a (OA_HIO"Y“H} }
. /1){1 ~exp [_a(‘)Mf‘))mﬁl} } @

The Wiebe function was fitted against the cumulative heat
release calculated from the experiment data, which was the ratio
between the cumulative energy released and total energy input. In
this paper, the least square method (LSM) was used to estimate
the coefficient of the Wiebe functions. The root-mean-square error
(RMSE) was calculated using Eq. (5) and it was used to determine
the accuracy of the fitting result. By comparing the RMSE and the
complexity of the equation, a suitable Wiebe function would be
selected to describe the combustion of both syngas and anode off-
gas. The predicted combustion profile was used in the 1D thermo-
dynamic model and the cylinder pressure generated from the
model was compared with the measured pressure to verify the
accuracy of the model. Figure 3 shows the stages of this modeling
study.

n

1
=D Op—w) ®)

1

RMSE =

Results and Discussion

Mass Fraction Burned. In this section, 12 groups of experi-
mental data collected from previous research [10,11,21] were
selected to estimate and validate the MFB created from the Wiebe
functions. The operation condition was intake pressure 75 kpa,
intake temperature 300K, equivalence ratio between 0.4 to 0.9
and no EGR. Table 3 presents the information of all data points.

Calibrate
model
Experiment data
Post
processing
MFB profile
Curve fitting
Fitted Wiebe functions
Compare with
experiment data
MFB predicted by Y

Selected Wiebe Wiebe function 1-D System 1eye1

functions thermodynamic
model
Modeling cylinder
pressure

Compare with
measured pressure

Validated 1-D
thermodynamic
model

Fig. 3 Flow chart of the 1D thermodynamic model
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More detailed operation condition and combustion timing were
illustrated in Appendix B. For different compression ratios and
different types of fuels, three groups of data with varying spark
timing were used to fit the Wiebe function using the calculated
normalized heat release combustion profile from the experimental
data, and one group of data was used to validate the fitted results.
The start of combustion for the single Wiebe function was
determined by calculating the crank angle degree of 0% heat
release in the experiment, which was shown as CAQ. The combus-
tion duration was stated by the crank angle between 0% and 100%
of the total energy released during combustion in one cycle. Due
to the limitation of measurement error during experiments, it was
not easy to determine the exact crank angle position of 100% heat
release; hence, the crank angle degree corresponding to 95% of
the fuel burned in the cylinder was used to denote the end of the
combustion. Table 4 illustrates the coefficients and Eq. (6) shows
the fitted result of the single Wiebe function. The RMSE between
the experimental heat release and the single Wiebe function is
7.3%. From Table 4 it can be seen that the difference of the coeffi-
cients between syngas and anode off-gas are quite large, which
means a single Wiebe function cannot be used to capture the com-
bustion process of both syngas and anode off-gas simultaneously

1.01+1
x(0) = 1 —exp {—4.26 <9 ; 000) } (6)

A double Wiebe function consists of two heat release stages, as
described previously. The start of combustion of these two stages
was assumed to be the CAO for both. The end of premixed com-
bustion was defined by fitting the function using the LSM, and the
end of diffusion combustion was defined by the CA95. The
detailed double Wiebe function is shown in Eq. (7) and the coeffi-
cients for each operating point are listed in Table 5. The average
RMSE of this detailed double Wiebe function was 1.2%, which is
significantly smaller than the single Wiebe function. Unlike the
single Wiebe function, the coefficients for syngas and anode off-
gas are similar in magnitude, which means the detailed double
Wiebe function can be used to capture the combustion process of
both syngas and anode off-gas for the operating conditions eval-
uated in this study.

6 _ (_)0 0.16+1
x(0) = 0.29{1 — exp [2.22( A0, ) :| }
2.21+1
+ 0.71{1 —exp {—2.94 (OA_GS") } } )

Equations (8) and (9) illustrate two reduced double Wiebe func-
tions assuming the same form factor and efficiency factor for the
two standard Wiebe functions, respectively. The RMSE for

Table 3 Compression ratio and fuel type for all operation
points

Data Compression ratio Fuel type Use
1 9 Syngas Fit
2 9 Syngas Fit
3 9 Syngas Fit
4 11 Syngas Fit
5 11 Syngas Fit
6 11 Syngas Fit
7 11 Anode off-gas Fit
8 11 Anode off-gas Fit
9 11 Anode off-gas Fit
10 9 Syngas Validate
11 11 Syngas Validate
12 11 Anode off-gas Validate
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Table 4 Coefficients for single Wiebe function

Table 7 Coefficients for efficiency factor reduced double
Wiebe function

Coefficients a m

Data 1 8.83 1.14
Data 2 6.50 1.19
Data 3 3.14 1.18
Data 4 3.16 0.98
Data 5 3.10 0.96
Data 6 3.12 0.97
Data 7 3.62 0.90
Data 8 3.45 0.87
Data 9 342 0.91

Table 5 Coefficients for detailed double Wiebe function

2 a m a ny
Data 1 0.33 2.39 0.11 4.75 2.54
Data 2 0.28 2.71 0.21 3.94 2.48
Data 3 0.28 1.94 0.25 245 2.50
Data 4 0.28 2.17 0.11 2.51 2.23
Data 5 0.30 2.07 0.17 245 2.21
Data 6 0.30 1.99 0.21 2.43 2.15
Data 7 0.28 2.29 0.13 2.73 1.97
Data 8 0.29 2.23 0.13 2.64 1.92
Data 9 0.28 2.18 0.12 2.61 1.93

A a nmy ny
Data 1 0.33 2.39 0.11 2.54
Data 2 0.28 2.37 0.21 2.47
Data 3 0.28 2.09 0.25 2.49
Data 4 0.28 2.18 0.11 2.23
Data 5 0.30 2.16 0.17 2.22
Data 6 0.30 2.14 0.21 2.14
Data 7 0.28 241 0.13 1.97
Data 8 0.29 2.29 0.13 1.92
Data 9 0.28 2.20 0.13 1.93

Table 8 RMSE for single and double Wiebe functions

SWF DDWF RDWF-form factor RDWF-efficiency factor
Data 10 8.6% 2.1% 2% 2.1%
Datall 83% 0.8% 1.3% 0.8%
Data 12 5.1% 0.7% 1.1% 0.7%

Heat Release and Cylinder Pressure Simulation Result. The

Eq. (8) is 1.5%, and 1.2% for Eq. (9). Both these two reduced
Wiebe functions resulted in a lower RMSE compared with the sin-
gle Wiebe function. The double Wiebe functions with the reduced
efficiency factor achieved a similar accuracy as the detailed dou-
ble Wiebe function, as shown in Eq. (7). Tables 6 and 7 list the
coefficients for the two reduced double Wiebe functions. Like
the detailed double Wiebe function, the difference in the value of
the coefficients between syngas and anode off-gas combustion is
minimal. Table 8 shows the RMSE for data 10-12 of single and
double Wiebe functions

0— 90 1.66+1
x(0) = 0.139 1 —exp —8.64( A01
1.66+1
+o.87{1 —exp {2.91(0 o ”

A02
0. 16+1:| }

x(0) = 0.29{1 — exp [—2.25 (9 — 0o
9 60 2.21+1
+0.71 {1 — exp {2.25( A02

A0,

Table 6 Coefficients for form factor reduced double Wiebe
function

heat release fraction during the combustion process was calculated
from the experimental data using our in-house heat release analy-
sis code. This MFB curve was used as inputs to fit the coefficients
of the single and double Wiebe functions. The most appropriate
function was selected for operating points 1 through 9, shown in
Table 3. Operating points 10—12, shown in Table 3, were used as
validation cases. The computational 1D system-level simulation
model results are presented in this section.

Figures 46 illustrate the normalized heat release rate from the
experiments, with syngas and anode off-gas at different compres-
sion ratios, compared with the estimated MFB using Egs. (6)—(9).
The MFB of the single Wiebe function resulted in a significant
mismatch at the main combustion section compared with the
experimental results. Both the detailed double Wiebe function and
the efficiency factor reduced double Wiebe functions had the least
error. In particular, the form factor reduced double Wiebe func-
tion resulted in a reasonable agreement with the experimental
data. Meanwhile, by comparing the combustion phasing it is clear
that the double Wiebe function was able to capture the combus-
tion timing more accurate than the single Wiebe function. The
combustion timing for detailed and reduced double Wiebe func-
tion are very close. The detailed information of the combustion

1 T T T T T T

Tl

o
¥ - “9 -
0.9 s

08 1

0.6 1

2 ay M an
Data 1 0.13 9.59 1.84 4.47
Data 2 0.13 9.24 1.91 3.83
Data 3 0.12 8.53 1.89 2.45
Data 4 0.13 8.95 1.68 2.50
Data 5 0.13 8.48 1.63 2.46
Data 6 0.12 8.09 1.58 2.45
Data 7 0.13 8.29 1.50 2.73
Data 8 0.13 8.27 1.44 2.65
Data 9 0.12 8.34 1.45 2.61
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Fig. 8 Experiment and modeling pressure at CR =11 using
syngas

phasing for the experiment and predicted combustion profiles
were shown in Appendix A. Considering the tradeoff between
accuracy and the complexity of the algorithm, the results show
that the efficiency factor reduced double Wiebe function can be
considered as the best option to predict SI combustion using syn-
gas and anode off-gas as the fuel.

Looking more closely at the efficiency factor reduced double
Wiebe function, as shown in Eq. (9), the weight factor is 0.29,
which means more combustion occurs at the diffusion combustion
stage than the premixed combustion stage. This is attributed to the
higher laminar flame speed of the H, in the fuel content of both
syngas and anode off-gas, which is beneficial for flame propaga-
tion in SI combustion. The form factor for the two combustion
stages is 0.16 and 2.21, which means that combustion in the two
stages is fast, but not symmetric. At the beginning of the combus-
tion process, there is a mismatch between the predicted curve and
the calculated result, which is due to the assumption that the pre-
mixed and diffusion combustion starts at the same crank angle
position while that is not physically the case. The efficiency factor
is 2.25, which suggests that a short combustion duration occurs in
the cylinder. From Figs. 4-6, it is also apparent that the MFB

Cylinder Pressure (bar)

-100 50 0 50 100 150
Crank Angle (aTDC)

-150

Fig. 9 Experiment and modeling pressure at CR =11 using
anode off-gas
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curves are sharply increasing between the start of combustion and
the 95% of total fuel burned.

Figures 7-9 compare experimental and simulated cylinder pres-
sures for three cases using the RDWF-efficiency factor. In these
three figures, slight mismatches appear close to top dead center
due to the discrepancy between the experimental data and the pre-
dicted MFB at the start of combustion. The simulated pressure
trace at the expansion stroke is higher than the measurement due
to the delay of the burned fuel fraction. Generally, the mismatch
between the experiments and the simulation results is negligible,
which validates that the one-dimensional model with the specific
double Wiebe function can be used to estimate the combustion
process of a SI engine fueled with both syngas and anode off-gas.
Hence, this model has the potential for detailed studies of general
SI combustion with syngas-based fuels.

Conclusions

This study has explored the potential use of alternative Wiebe
functions to describe the apparent heat release from SI combustion
using syngas and anode off-gas as fuels. A single Wiebe function
and three double Wiebe functions were developed based on meas-
ured heat release data and compared. The functions were subse-
quently embedded in a one-dimensional engine system-level
model to predict performance for different engine geometry and
operating conditions. Based on the discussion in the previous sec-
tions, the following conclusions can be drawn

e The single Wiebe function can capture combustion with low
accuracy. Hence, SI combustion using syngas and anode off-
gas cannot be represented by a governing function.

e The detailed double Wiebe function is able to predict the
syngas and anode off-gas SI combustion with the highest
accuracy.

e The RDWF-efficiency factor can describe syngas and anode
off-gas heat release almost as precisely as the detailed double
Wiebe function.

e The RDWF-form factor model produces some discrepancies
against experimental data at the main heat release section.

e The one-dimensional system-level model, using an RDWF-
efficiency factor heat release description, can be used to ana-
lyze both the syngas SI combustion and anode off-gas SI
combustion for future studies.
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Nomenclature

aTDC = after the top dead center
bTDC = before the top dead center
CAOQ = crank angle degree of 0% heat release
CA95 = crank angle degree of 95% heat release
CAD = crank angle degree
CR = compression ratio
DDWF = detailed double Wiebe Function
LSE = least square error
MFB = mass fraction burned
RCCI = reactivity controlled compression ignition
SOC = start of combustion
SOFC = solid oxide fuel cell
SWF = single Wiebe function
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RDWF = reduced double Wiebe function
RMSE = root mean square error

Appendix A

Table 9 Combustion phasing for (a) experimental data, (b) sin-
gle Wiebe function, (c) detailed double Wiebe function, (d) form
factor reduced double Wiebe function, and (e) efficiency factor
reduced double Wiebe function

(@)

Data CA10 (deg aTDC) CAS50 (deg aTDC) CA90 (deg aTDC)
1 -2 7 17
2 —6 4 14
3 -8 3 14
4 -2 10 22
5 —6 7 21
6 -9 5 19
7 -8 7 23
8 -8 7 24
9 —10 6 23
10 —10 2 14
11 1 12 23
12 -8 6 22
(b)

Data CA10 (deg aTDC) CAS50 (deg aTDC) CA90 (deg aTDC)
1 2 12 29
2 -2 7 22
3 —6 1 13
4 -1 7 21
5 —4 4 19
6 -7 2 18
7 —6 5 23
8 —6 4 23
9 -8 3 22
10 -8 0 13
11 3 10 22
12 —4 7 29
()

Data CAL10 (deg aTDC) CAS0 (deg aTDC) CA90 (deg aTDC)
1 -2 7 17
2 —6 4 15
3 -8 3 15
4 -2 10 23
5 -5 8 21
6 -9 5 20
7 -8 7 23
8 -8 7 23
9 —10 6 23
10 —11 2 15
11 1 12 24
12 -8 7 22
(d)

Data CA10 (deg aTDC) CA50 (deg aTDC) CA90 (deg aTDC)
1 -2 7 18
2 —6 4 16
3 -8 3 15
4 -3 10 23
5 —6 7 22
6 -9 5 20
7 -8 7 23
8 -8 7 24
9 —10 6 23
10 —10 2 16
11 1 12 24
12 -8 7 22
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Table 9 (Continued)

(@

Data CA10 (deg aTDC) CAS50 (deg aTDC) CA90 (deg aTDC)
1 -2 7 17
2 —6 4 15
3 -8 3 15
4 -2 10 23
5 =5 8 21
6 -9 5 20
7 -8 7 23
8 -8 7 23
9 —10 6 23
10 —11 2 15
11 1 12 24
12 -8 7 22
Appendix B

Table 10 Spark timing, combustion timing, and combustion
duration for experimental data

Spark Start of combustion Combustion

Data timing (deg aTDC) (deg aTDC) duration (deg)
1 -9 -5 19

2 —13 -9 20

3 —16 —-12 21

4 —10 —6 25

5 —14 -9 26

6 —18 —13 28

7 —14 —-12 30

8 —14 —-12 32

9 —16 —14 32

10 -19 —14 24

11 —6 -2 22

12 -22 —-12 30
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