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H I G H L I G H T S

• Two-stage combustion process compared to conventional gasoline engine.

• Standard Wiebe-function predicted badly the mass fraction burned and heat release.

• Double-Wiebe function reduced the error by 90% and captured the two stages.

• A condition-independent model can be developed if enough data for calibration.
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A B S T R A C T

The conversion of existing diesel engines to natural-gas spark-ignition operation would reduce the dependence
on oil imports, reduce the burden on refining capacity, and increase U.S. energy security. The use of simple
combustion models such as the Wiebe function to analyze or predict the combustion process in such retrofitted
engines can accelerate and optimize the engine conversion. This study compared the standard single Wiebe
function to a double-Wiebe function to investigate if the latter will improve the predicted mass fraction burned
and, if yes, which of formats of the duel-Wiebe function in the literature described the best the mass fraction
burned in such converted engine. The results showed that while the standard Wiebe function could not predict
the mass fraction, a double-Wiebe function (one for the fast burn inside the piston bowl and a second for the
slower burning process inside the squish region) predicted with good accuracy the mass fraction burned, heat
release rate, in-cylinder pressure, and combustion phasing in such converted engines (∼90% reduction in error)
for the conditions investigated here, especially if the start of the second Wiebe was delayed. Moreover, such a
condition-dependent model as the double-Wiebe model is limited to the operating conditions used for de-
termining the model parameters. However, the model can be developed into a condition-independent model if
enough experimental data or CFD simulations are available to find the unique set (or sets) of parameters that
minimizes the error at most conditions.

1. Introduction

The conversion of existing diesel engines to natural-gas (NG) spark-
ignition (SI) operation would reduce the dependence on oil imports,
reduce the burden on refining capacity, and increase U.S. energy se-
curity [1]. These engines can also operate leaner than traditional SI
engines (which would increase engine efficiency and reduce emissions)
[2] because the conventional diesel combustion chamber (i.e., flat head
and bowl-in-piston) is a “fast-burn” chamber [3]. However, the inter-
action between in-cylinder turbulence, combustion chamber geometry,
and chemistry in such engines greatly affects the combustion phe-
nomena compared to the conventional SI combustion [4]. Specifically,

the different flow patterns and turbulence levels during the compres-
sion and expansion strokes will produce a different flame propagation
scenario [5]. Previous studies reported a strong flow from the squish
towards the bowl during the compression stroke [6]. A secondary
tumble flow was produced by the interaction between the squish flow
and the piston movement [7]. These two major motions increased the
turbulence inside the bowl around top-dead-center (TDC) compared to
that inside the squish band [8]. It was reported that this flow motion
(which is specific to the diesel geometry) partitioned the whole com-
bustion event into two separate processes with respect to their timing
and location [9]. The flame was thick but propagated fast inside the
bowl region [10]. By comparison, the flame inside the squish volume
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was thinner and propagated much slower [11]. Moreover, while the
high turbulence inside the bowl accelerated the turbulent flame speed
during the first combustion stage [12], the lower turbulence inside the
squish region, the reduction in temperature and pressure during the
expansion stroke, and the higher surface/volume ratio greatly reduced
the turbulent flame speed [13]. These phenomena can influence engine
efficiency and emissions if not well understood [14].

The Wiebe function is a zero-dimensional engine model widely-used
in engine development [15], particularly for SI applications [16]. It is a
relatively simple way to approximate the mass fraction burned (MFB)
during the combustion process compared to more complex combustion
models [17]. The standard Wiebe function is expressed as:

=
+

x a( ) 1 expb

m
0

1

(1)

where x ( )b is the mass fraction burned, is the crank angle, 0 is the
crank angle at the start of combustion (SOC), is the combustion
duration defined as the difference between SOC, 0, and the end of
combustion (EOC), EOC (i.e., = EOC 0), m is the form factor
because it determines the shape of the combustion process curve, and a
is the efficiency parameter because it controls the duration of the
combustion process. The integral of x ( )b over the whole combustion
duration is close to but never equal to one, as the equality is only
possible if a is equal to infinity. The standard Wiebe function in Eq. (1)
was shown to predict with good accuracy the MFB in conventional
stoichiometric SI engines [3]. However, the standard Wiebe function
was less accurate when large variations in the burning rate were present
such as those in advanced combustion strategies [15]. To account for
these variations, Yasar et al. [15] introduced a 2nd Wiebe function to
describe the MFB in a homogeneous charge compression ignition
(HCCI) engine. The 2nd Wiebe function was associated just to the
slower combustion near the wall. To ensure that the exponential term in
each Wiebe function was near zero at the end of each combustion stage,
Ref. [15] introduced two more terms, as seen in Eq. (2):
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where is the fraction of the mixture that burns in the fast combustion
stage and k is the ratio of the slow to the fast burn durations. While this
approach improved the predictions, similar a and m and 0 for both
Wiebe function will result in similar burn rates at the start of each stage.
Moreover, it assumes that both stages started at the same time, which
may not be the case in the real process. Yeliana et al. [16] improved the
double-Wiebe function shown in Eq. (2) by combining a and into
one factor α and by allowing α and m to have different values, as seen
in Eq. (3):
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where i is the combined factor for the fast (i = 1) or the slow (i = 2)
combustion process. They claimed that their five-parameter model ( 1,

2, m1, m2, and ) predicted very well the MFB of a SI engine running on
ethanol-gasoline blends at multiple operating conditions, despite their
model assuming that both stages started at the same time. Glewen et al.
[18] used a double Wiebe function with unique and independent values
of a and m, but same and 0 to describe the flame propagation and
autoignition that occurred simultaneously in HCCI engines. Tolou et al.
[19] improved Eq. (2) when using the double-Wiebe function model to
separate the initial rapid premixed-combustion from the gradual,

diffusion-like combustion of the liquid fuel film on the piston or cy-
linder walls in a homogeneous-charge gasoline direct-injection (GDI)
engine. Their double-Wiebe function used six variables ( , m1, m2, 1,

2 and 0), as shown in Eq. (4):
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where = =a ln (0.001) 6.9 (i.e., it was assumed that the exponential
factor will be equal to 0.001 at the end of each combustion stage). Their
results showed that the double-Wiebe function model reproduced rea-
sonably well both in-cylinder pressure and heat release in the GDI en-
gine. Other researchers considered the addition of a third Wiebe func-
tion to further separate a multi-stage combustion process. For example,
Awad et al. [20] used a triple-Wiebe function similar to the one de-
scribed in Eq. (4) but with different a and 0 to simulate all combustion
phases when biodiesel was used in a diesel engine. Xu et al. [21,22]
applied a triple-Wiebe function to predict the burning process after
dividing the NG-diesel double-fuel combustion into four stages (diesel
premixed, diesel diffusion, NG volumetric combustion, and NG flame
propagation). Caligiuri et al. [23] also used a triple-Wiebe function to
describe and predict the heat release rate of a double-fuel engine. Larmi
et al. [24] proved that the triple-Wiebe combustion model was effective
in predicting the heat release rate with two peaks and a long tail from a
double-piston, two-stroke, compression-ignition free-piston engine.
However, there are no references in the literature that used a multiple-
Wiebe function to describe the lean premixed combustion inside a
diesel engine retrofitted to NG SI. As Ref. [14] showed that the squish
region in such retrofitted engines contained an important fuel fraction
that combusted after the fast burn inside the piston bowl, it suggested
that the standard Wiebe function will not predict the burning rate
correctly. As a result, the goal of this paper was to investigate if a
double-Wiebe function (i.e., 1st Wiebe function associated to the fast
burn and the 2nd Wiebe function associated to the slower burn inside
the squish) will improve the MFB prediction and, if yes, which format of
the duel-Wiebe function in existing studies (such as the formats shown
in Eqs. (2)–(4)) had the best accuracy for such an engine. Furthermore,
it investigated what methodology should be used for finding that un-
ique set of parameters that would accurately describe the MFB in a
diesel engine converted to lean NG SI operation (even if engine specific
or else), similar to what the original standard Wiebe function proposed.

2. Experimental apparatus

Detailed information about the experimental setup that collected
the data used in this work is shown in Ref. [25]. Just the major details
are presented here. A single-cylinder research engine (Ricardo/Cussons,
U.K., Model Proteus), based on a commercial heavy-duty diesel engine
(Volvo, Sweden, Model TD120), produced the experimental data. En-
gine schematic and specifications are shown in Fig. 1 and Table 1, re-
spectively. The original diesel engine configuration was modified to a
spark ignition engine by replacing the main injector with a NG spark
plug (Stitt, U.S., Model S-RSGN40XLBEX8.4-2). NG was delivered inside
the intake manifold using a low-pressure gas injector (Rail Spa, Italy,
Model IG7 Navajo) operated at 35 psi, immediately after the intake
valve opened. There were no other modifications to the engine head
and the original diesel piston was maintained to reduce the conversion
cost.

Experiments used chemically pure methane (99.5 vol%) at lean
mixture conditions (equivalence ratio ϕ = 0.73) and low engine speed
(900 rpm). Knock-free operation was obtained with a spark timing of
−10 CAD ATDC. The indicated mean effective pressure (IMEP) was
8.2 bar.
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3. Wiebe-function combustion model

The Introduction mentioned that the Wiebe function predicts the
MFB versus crank angle, during the combustion process. This section
improves the discussion in the Introduction by providing additional
details about each Wiebe function format described in Eqs. (1)–(4).

3.1. Standard Wiebe function

The start of combustion is a major parameter in the Wiebe function,
as seen in Eq. (1). While the location of the first detectable combustion
does not coincide with the spark timing (due to the time needed for the
flame kernel to develop), 0 is usually associated to the spark timing
[16]. Moreover, there is no consensus with respect to the combustion
duration, . For example, can be defined as the crank angle interval
between 5% MFB (i.e., MFB5) and 95% MFB (i.e., MFB95). The least
squares method is usually applied to determine the values of a and m by
comparing the Wiebe function to the MFB calculated as the ratio of the
cumulative heat release to the total heat release. Moreover, the MFB
predicted with the standard Wiebe function has a characteristic S-shape
[26].

3.2. Double Wiebe function

The double-Wiebe function assumes that the majority of fuel burns
fast but there is a fuel fraction (typically higher than 10%) that burns at
a reduced rate. Compared to the standard Wiebe function, the form
factor mi has a wider range of values [15]. While Eq. (2) assumes that
the fast- and the slow-burning events start at the same time, the com-
bustion duration may or may not be the same. For simplicity, this work
will use the same combustion duration (i.e., =k 1 in Eq. (2)), as the
different efficiency parameters ai will compensate for a faster or slower
burn duration even if was the same:
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The double-Wiebe function format in Eq. (5) will be referred to as
the 1st double -Wiebe format.

If a and are not combined in the term, Eq. (3) can be written as:
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where i is the combustion duration for the fast (i = 1) or the slow
(i = 2) combustion stages. This study follows the approach shown in
[19] by using the same = =a ln (0.001) 6.9 for both Wiebe functions.
Again, this double-Wiebe-function format the fast- and the slow-
burning events are assumed to start at the same time. The double-Wiebe
function format in Eq. (6) will be referred to as the 2nd double -Wiebe
format.

This study proposes two major improvements to Eq. (4). First, the
fast and slow burning stages start at different times. In addition, it in-
troduces the signum function to ensure that the calculation uses the 2nd
Wiebe function only for crank angles higher than the start of the 2nd
combustion stage:
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where i0, is the start of the the fast (i = 1) or the slow (i = 2) com-
bustion processes, and sign ( )0,2 equals -1 if 0,2 and equals 1 if

> 0,2. As a result, x ( )b is associated to the fast-burn if 0,1, and is
associated to both fast- and slow-burn combustion if > 0,2. Usually,
while the choice of i may differ from the actual stage duration, the
efficiency parameter ai will correct it towards the real combustion
duration. The double-Wiebe function format in Eq. (7) will be referred
to as the 3rd double -Wiebe format.

3.3. Model validation

The combustion model used the experimental data to find the set of
parameters that will reduce the prediction error of each of the Wiebe
function formats. Then, this work assumed that the apparent heat re-
lease rate (AHRR) was the derivative of the mass fraction burned per
crank angle, as shown in Eq. (8):

=dQ
d

x m LHV dQ
d

d ( )
d

· ·n b
fuel fuel comb

ht
(8)

where dQ d( )/n is the net AHRR, mfuel is the mass of fuel inside the
cylinder after intake valve closing, LHVfuel is the lower heating value of
the fuel, comb is the combustion efficiency, and dQ d( )/ht is the heat
transfer rate during the burning process, calculated using the Woschni
equation [27].

The single-zone heat-release model was then used to predict in-cy-
linder pressure during the combustion process:

=dP
d V

dQ
d

P
V

dV
d

1 n
(9)

where V is the in-cylinder volume, is the specific heat ratio which
equals with 1.35 in this work ( = 1.35 was assumed to be the average
of values during the compression and expansion, respectively), and P

Fig. 1. Schematic of experimental setup.

Table 1
Engine specifications.

Bore × Stoke 130.2 mm × 150 mm
Intake valve opens/closes 12 CAD BTDC/40 CAD ABDC
Exhaust valve opens/closes 54 CAD BBDC/10 CAD ATDC
Connecting rod length 275 mm
Displacement 1.997 L
Compression ratio 13.3
Combustion chamber Flat head and bowl-in-piston
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is the in-cylinder pressure. Eq. (10) shows the detailed solution of Eq.
(9), starting from spark timing:

= ++
( )

( )P P
P
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i i

Q V
i
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1

1
1

n

(10)

Consequently, the combustion model was validated by using the
fitted Wiebe function to estimate the rate of heat release, then applying
this information to predict the cylinder pressure during combustion
process. The accuracy of each double-Wiebe function format was
evaluated the root-mean-square error (RMSE) to compare the predicted
heat release rate and in-cylinder pressure with the experimental data.
RMSE was defined as:

=RMSE
n

y y1 ( )
n

P E
1

2

(11)

where yP and yE are the predicted and experimental values, respec-
tively, and n is the number of values used for comparison. The sampling
frequency used was that of the experimental data (i.e., 0.1 CAD). When
estimating the goodness of fit of the model, the better prediction was
the one that minimized the RMSE.

4. Results

As the experimental pressure trace was used to determine the Wiebe
function parameter, care was taken to ensure a proper conditioning of
pressure data. First, the raw pressure was “pegged” to the intake
pressure. Next, pressure trace under motoring conditions was used to
check for eventual charge leakage through the in-cylinder pressure
sensor cables. After ensuring that no charge leakage affected the pres-
sure signal, the raw pressure data was filtered to remove the high-fre-
quency noise. Fig. 2 shows an example of the raw and filtered pressure
signal and the corresponding apparent heat release rate.

Four hundred engine cycles were collected and used for the analysis
in this work. Fig. 3 compares the heat released during combustion, Qch,
with the total fuel chemical energy, m Qf LHV , for the operating condi-
tions investigated in this study. Qch is the sum of the net (or apparent
heat release, Qn,) and the heat loss through the boundaries, Qht. The
difference between the total Qch and the total fuel chemical energy,
m Qf LHV is due to process inefficiency and blow-by effects. This study
used the apparent heat release rate to determine the Wiebe function
parameters. In addition, the total combustion duration, , is important

for calibrating the Wiebe function. But it is not easy to determine the
actual end of combustion because the heat release rates around EOC are
comparable to the heat loss to the boundaries. As a result, if CAx was
defined as the crank angle associated with x% of energy-release, EOC in
SI combustion is usually defined as CA90 or CA95 based on data such as
those presented in Fig. 2. CA90 and CA95 were 28.8 and 54.9 CAD
ATDC, respectively, for the conditions investigated here. Consequently,
this study started by assuming = 50, which was equivalent to the
EOC between CA90 and CA95. Eqs. (12) and (13) show the parameters
that minimized the RMSE of the standard and the 1st double-Wiebe
function formats, respectively, shown in Eqs. (1) and (5), relative to the
experimental data. The RSME values were based on matching the ex-
perimental data from −10 CAD ATDC (spark timing) to 50 CAD ATDC,
which was 10 CAD longer than the assumed total combustion duration
in the Wiebe function, but still before CA95.

= +x ( ) 1 exp 5.64 10
50b

3.73

(12)

Fig. 2. Unfiltered and filtered in-cylinder pressure trace and the corresponding apparent heat release rate.

Fig. 3. In-cylinder heat release analysis (Qn, Qht, Qch, mf, and QLHV are the net
(apparent) heat release, the heat loss to the boundaries, the total in-cylinder
chemical heat release, in-cylinder fuel mass, and the fuel’ lower heating value,
respectively).
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= +

+ +

x ( ) 0.69 1 exp 19.68 10
50

0.31 1 exp 2.41 10
50

b

3.41

3.22

(13)

Eq. (14) show the parameters the parameters that minimized the
RMSE of the 2nd Wiebe-function format relative to the experimental
data, when =a 6.9i :

= +

+ +

x ( ) 0.69 1 exp 6.9 10
38.89

0.31 1 exp 6.9 10
69.26

b

4.18

3.22

(14)

Eq. (15) show the parameters the parameters that minimized the
RMSE of the 3rd Wiebe-function format relative to the experimental
data, when the two combustion stages started at different times:

= +

+ +

x

sign

( ) 0.73 1 exp 5.02 10
35

0.27 1 ( 11)
2

1 exp 2.44 11
30

b

4.19

1.82
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Fig. 4 compares the MFB predicted by the four Wiebe function
formats shown in Eqs. (12)–(15) to the mass fraction burned from the
experimental data. Fig. 4a shows that the MFB predicted with the
standard Wiebe function was far from the experimental data. The re-
sults confirmed the initial hypothesis that the standard Wiebe function
will not accurately characterize the MFB for the two-stage lean NG SI
premixed burning in a bowl-in-piston geometry. For example, Fig. 4a
shows that the standard Wiebe predicted a delayed flame propagation
inside the bowl then accelerated the late combustion in the squish re-
gion. Fig. 4b and c present the MFB predicted by the 1st and 2nd
double-Wiebe function formats, which assumed that both the fast- and
the slow-burn stages started at the same. The main difference between
these two double-Wiebe functions is the variable used for calibration.
Specifically, the 1st double-Wiebe format uses the efficiency parameter
a to control the duration of combustion, while the 2nd double-Wiebe
format uses the combustion stage duration as a variable, with con-
stant a. The values of the efficiency parameter a in the literature are
from 2.3026 and 6.9078, when the combustion duration was defined as
the 0–90% or 0–99.9% mass fraction burned, respectively. The range of
the form factor m is wider in order to account for faster or slower heat
release. For example, a smaller value of m will result in a higher initial
mass fraction burned but slower late-burn, while a larger value of m
will result in a lower initial mass fraction burned but faster late-burn. A
value of =m 2.5 will produce a symmetrical mass fraction burn with
respect to the median crank angle in , hence its use in the standard

Fig. 4. Mass fraction burned predicted by the four Wiebe function formats compared to the experimental data: (a) standard Wiebe function, (b) double-Wiebe
function - 1st format, (c) double-Wiebe function - 2nd format, and (d) double-Wiebe function - 3rd format.
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Wiebe function for premixed SI combustion. The value of =m 2.73 in
Eq. (12) meets this rule. A closer investigation of Eqs. (13) and (14) will
reveal that their second Wiebe functions are identical. This is normal, as
they had the same combined factor (see Eq. (3)) even if the a2 and 2
were different and proves that the efficiency parameter and combustion
duration for the second combustion stage were correlated. Again, the
value of =m 2.222 suggest a relatively symmetric burn in the second
stage, which is probably different from the real process. For example,
the 3D CFD simulation in Ref. [9] suggested that the second stage has a
long tail in terms of rate of heat release. Moreover, while Eqs. (13) and
(14) have a different m1 in their first Wiebe function (m1 equal to 2.41
and 3.18, respectively), which suggested that Eq. (13) predicted a faster
initial burned during the first stage compared to Eq. (14)), However,
the percentages of fuel that burned in the first stage were similar (0.69).
As the RMSE in Fig. 4b and c were similar, this suggests the limitation of
using data at only one operating condition to determine the Wiebe-
function parameters (Note: the reader is reminded that goal here was to
compare the prediction performance of each Wiebe function format, not
to find the appropriate model parameters that can be used for all the
operating conditions of this NG SI engine). In addition, despite the 95%
reduction in the RSME produced by the 1st and 2nd Wiebe-function
formats compared the standard Wiebe function, there were still some
minor differences compared to the experiment. For example, the higher
MFB from ST to ∼5 CAD ATDC and lower MFB from 25 to 35 CAD
ATDC seen in Fig. 4b and c suggests that these double-Wiebe formats
predicted a faster early flame development process. This was probably
due to the assumption that both combustion stages started at the same
time, which is different from the real phenomena. This is the main
reason why the 3rd double-Wiebe format improved the prediction
shown in Fig. 4d. Moreover, the RSME for the 3rd double-Wiebe model
further reduced by a further 6% compared to the 1st or 2nd double-
Wiebe formats. Furthermore, the 3rd double-Wiebe model predicted a
higher percentage of fuel burned during the 1st combustion stage
(72%), due to the delayed start of 2nd combustion stage. The form
parameters in the 3rd Wiebe-function format predicted a burn rate that
was closer to the real phenomena. For example, =m 3.191 suggested
that the first stage had a slower flame inception but faster flame pro-
pagation after, while =m 0.822 suggested that the second stage had a
fast-initial burn but slower late combustion. This is very similar to what
was seen during the visualization of the combustion process in this
engine [11]. This phenomenon can be explained by a relatively faster
combustion at the entrance of the squish compared to much slowly
burning deeply inside the squish for the conditions investigated here.
Specifically, the squish entrance had a higher turbulence due to the
reverse flow compared to the deeper region inside the squish, especially
at a much later expansion stroke [11]. While Fig. 4 indicated that all the
double-Wiebe formats predicted much better the MFB in NG SI pre-
mixed combustion inside diesel geometry compared to the standard
Wiebe function, the results suggested that the 3rd format of double-
Wiebe function should be used for more accurate MFB analysis in such
retrofitted engines.

The effect of the form factor m is more evident in Fig. 5, which
compared the predicted and experimental AHRR using the MFB data.
Fig. 5a shows that the standard Wiebe function delayed the flame
propagation, evidenced by the lower and retarded heat release peak.
The three double-Wiebe-function formats performed much better, re-
ducing the RSME by 88%. Similar to Fig. 4, Fig. 5b and c show a faster
start of combustion due to the assumption that the slow-burn event
started at spark timing. As a result, the double-Wiebe function slightly
delayed the flame propagation process during the fully developed tur-
bulent combustion process, evidenced by the delayed peak in the heat
release. Moreover, Fig. 5b and c show that the form factor m produced a
symmetrical second combustion stage, which is different from the real
phenomena in Ref. [9]. The 3rd double-Wiebe format predicted the best
the heat-release process, evidenced by the non-symmetrical second
combustion stage. For example, the 3D CFD simulation in Ref. [11]

predicted that the second combustion stage will start at ∼11 CAD
ATDC, which is close to the value predicted by the double-Wiebe model
in Fig. 5d. In addition, the location of the flame-front predicted by the
3D CFD simulation in Ref. [8] suggested that the burn inside the bowl
completed between 20 and 25 CAD ATDC, which is close to the values
predicted by all three double-Wiebe formats. As the 3rd double-Wiebe
combustion model agreed well with the 3D CFD simulations, it suggest
that this 0D model can provide the MFB information for both the inside-
and outside-the-bowl combustion events, including the overlap be-
tween the two combustion stages (which cannot be easily determined
from the 3D simulations). Consequently, the 3rd double-Wiebe format
can add more information and assist existing tools for optimizing en-
gine operation.

Fig. 6 compares the predicted and experimental in-cylinder pres-
sure. Again, the standard Wiebe format had difficulties in predicting in-
cylinder pressure, with Fig. 6a showing a lower and retarded peak
pressure due to the lower burning rate inside the bowl. While Fig. 6b
and c show that the first two formats of the double-Wiebe function
predicted well in-cylinder pressure (evidenced by the 94% reduction in
RSME), the pressure was slightly higher than the experimental data
between TDC and 8 CAD ATDC, due to the second combustion stage
beginning at spark timing. Although not clearly seen in the figures, the
1st and 2nd format of the double-Wiebe functions slightly retarded the
predicted peak pressure, due to the slightly delayed flame front pro-
pagation. Fig. 6d shows that not only the 3rd format of the double-
Wiebe function predicted very well in-cylinder pressure, but also
slightly increased the prediction accuracy compared to the 1st and 2nd
double-Wiebe combustion models.

Combustion phasing influences both engine performance and
emissions. The MFBx shown in Fig. 7 was defined as the crank angle
associated with x% mass fraction burned using the Wiebe function.
MFB10 is usually associated with the end of the early flame develop-
ment period, MFB50 is often correlated with efficiency and emissions,
and MFB90 is generally associated to the end of the bulk burning. Fig. 7
shows that the standard Wiebe function delayed MFB10, due to the
delayed flame propagation seen in Figs. 4a and 5a. Moreover, the
standard Wiebe function also delayed MFB50 and MFB90, as the single-
Wiebe needed to predict a slower burn inside the bowl but a faster burn
inside the squish compared to the experimental data in order to reduce
the total error. On the other hand, all the three formats of the double-
Wiebe function slightly advanced MFB10 and delayed MFB50 and
MFB90, but the differences between the prediction and experimental
data were very small. In addition, all models exhibited less accuracy in
predicting MFB90, probably due to the high gradient near EOC. How-
ever, the 3rd double-Wiebe format produced the smallest differences
compared to the experimental data, which further supports its use for
predicting the performance of diesel engines converted to lean-burn NG
SI operation.

5. Discussion

While the Wiebe-function parameters were determined based on
one operating condition (i.e., a condition-dependent approach), the
results showed that the 0D combustion model using the double-Wiebe
function greatly improved the MFB predictions during each of the two
premixed-combustion stages inside the diesel geometry, compared to
the traditional single-Wiebe function. However, it is also important to
note that such a condition-dependent model is limited to the operating
conditions used for determining the model parameters. Therefore,
while the double-Wiebe-function parameters may change with the op-
erating condition and are (probably) engine-specific [15], data from a
large number of operating conditions or CFD simulations can be used to
find the unique set (or sets) of parameters that can minimize the error at
most conditions. For example, the form factors and efficiency para-
meters of the double-Wiebe function that predicts the combustion
stages inside a diesel engine retrofitted to NG SI can be determined if
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the dependence of , i0, , and i on the operating conditions shown
with Eqs. (17) and (18) is known:

= f ST N T P EGR etc( , , , , , , .)in in (17)

= f ST N T P EGR etc( , , , , , , .)i in in0, (18)

= f ST N T P EGR etc( , , , , , , .)i in in (19)

Eqs. (17)–(19) suggest that the methodology needs to know the
effect of spark timing (ST), mixture equivalence ratio (ϕ), engine speed
(N), intake temperature (Tin), intake pressure (Pin), exhaust gas re-
circulation (EGR), etc. on the start timing, the duration, and the mass
fraction burned of each combustion stage. Consequently, 3D CFD tools
or condition-dependent double-Wiebe model are needed to determine
the , i0, , and i for each operating condition. Then, a least-squares
method can be applied to find the condition-independent Wiebe com-
bustion model. Future work will focus on finding the condition-in-
dependent model for this particular engine.

6. Summary and conclusions

The addition of a high-energy spark plug to ignite the gas-air mix-
ture and fumigating the gaseous fuel inside the intake manifold is an
economical way to convert heavy-duty diesel engines to lean natural-
gas spark-ignition operation. The use of simple but appropriate

combustion models to predict the combustion process in such retro-
fitted engines can accelerate and optimize the engine conversion. This
study compared the standard single Wiebe function to a double-Wiebe
function (i.e., 1st Wiebe function associated to the fast burn and the 2nd
Wiebe function associated to the slower burn inside the squish) to in-
vestigate if the latter will improve the predicted mass fraction burned
and, if yes, which of formats of the duel-Wiebe function in the literature
described the best the mass fraction burned in such converted engine.
The main findings were:

• A 0D combustion model using the standard Wiebe function could
not predict the mass fraction burned in the two-stage combustion
process characteristic of diesel engines converted to lean natural-gas
spark-ignition operation because it was designed for a one-stage
combustion process.

• A 0D combustion model using a double-Wiebe function (one for the
fast burn inside the piston bowl and a second for the slower burning
process inside the squish region) predicted with good accuracy the
combustion process in such converted engines. Specifically, the
double-Wiebe function predicted well the mass fraction burned,
heat release rate, in-cylinder pressure, and combustion phasing.

• A format for the double-Wiebe function that delayed the start of the
second combustion stage produced not only the best predictions, but
they were also closer to the results obtained by detailed 3D CFD

Fig. 5. Apparent heat release rate predicted by the four Wiebe function formats compared to the experimental data: (a) standard Wiebe function, (b) double-Wiebe
function - 1st format, (c) double-Wiebe function - 2nd format, and (d) double-Wiebe function - 3rd format.
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simulations at the same operating conditions. As a result, the use of
such model can accelerate the conversion of diesel engines to nat-
ural-gas spark-ignition operation.

• Such a condition-dependent model as the double-Wiebe model is

limited to the operating conditions used for determining the model
parameters. However, the model can be developed into a condition-
independent model if enough experimental data or CFD simulations
are available to find that unique set (or sets) of parameters that
minimizes the error at most conditions.
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