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Abstract: The marine diesel engine combustion process is discontinuous and unsteady, resulting in
complicated simulations and applications. When the diesel engine is used in the system integration
simulation and investigation, a suitable combustion model has to be developed due to compatibility
to the other components in the system. The Seiliger process model uses finite combustion stages
to perform the main engine combustion characteristics and using the cycle time scale instead of
the crank angle shortens the simulation time. Obtaining the defined Seiliger parameters used to
calculate the engine performance such as peak pressure, temperature and work is significant and
fitting process has to be carried out to get the parameters based on experimental investigation.
During the combustion fitting, an appropriate mathematics approach is selected for root finding of
non-linear multi-variable functions since there is a large amount of used experimental data. A direct
injection marine engine test bed is applied for the experimental investigation based on the combustion
fitting approach. The results of each cylinder and four-cylinder averaged pressure signals are fitted
with the Seiliger process that is shown separately to obtain the Seiliger parameters, and are varied
together with these parameters and with engine operating conditions to provide the basis for engine
combustion modeling.

Keywords: seiliger process model; combustion fitting; marine diesel engine; pressure signal;
experimental investigation

1. Introduction

Diesel engine combustion is an unsteady and discontinuous process, in which the fuel chemical
energy is transferred to the work medium internal energy. Due to its complicated energy conversion
process, modeling the diesel engine combustion is quite challenging to both engine designers and
users [1]. When the engine is applied in an integrated system such as the diesel engine control
system, after-treatment system, ship propulsion system, etc., the combustion details are not the main
concern, but the main performance parameters of the engine, such as engine work, peak pressure, peak
temperature, are strongly affected by the engine combustion process. A suitable approach on fitting
diesel engine combustion process with a few parameters is useful for combustion modeling, where the
mathematics analysis is essentially required to solve the rooting finding problems in particular for the
experimental investigation, because plenty of experimental data needs to be handled and used in the
multi-dimensional system of equations [2,3].

Diesel engine combustion process is varied in comparison with the other combustion machines,
resulting in the specific theoretical investigation method. Recently there has been lots of diesel engine
combustion research using both theoretical and experimental approaches. With the rapid development
of three-dimension numerical calculation technology, the diesel engine combustion can be simulated in
quite detailed ways to obtain the detailed combustion information [4,5]. A three-dimension simulation
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of diesel engine combustion requires the turbulence flow model, spray model and combustion model,
among which the turbulence flow model plays an important role. Normally there are three ways to
model the turbulence flow of the engine: Large Eddy Simulation (LES), Direct Numerical Simulation
(DNS) and Reynolds-Averaged Navier-Stokes (RANS) [6]. Kahila et al. developed the LES together
with a finite-rate chemistry model to investigate the engine dual-fuel ignition process [7]. Knudsen
et al. proposed the compressible Eulerian numerical model to describe how liquid fuel injector
nozzle geometry and operation strategies influence gas phase fuel distribution [8]. An et al. used
the renormalization group K-epsilon model to describe the turbulent flow field and predict the soot
particles evolution [9]. When modeling the turbulent flow, it is important to calculate the average
chemical reaction rate and the turbulent combustion rate of fuel [10,11]. Yu et al. used the characteristic
time combustion model coupled with the chemical kinetic mechanism to study the mixture formation’s
influence on the smoke [12]. Cheng et al. studied the methyl esters of soybean and coconuts formed by
spray combustion and related emissions of the diesel engine and further to the effect of EGR on these
biodiesel fuel combustion [13]. The diesel engine spray models are mainly divided into homogeneous
gaseous jet models and gas-liquid two phase models, and the latter use the gas and liquid two phases
in modeling engine spray process [14–16].

Besides the three-dimension approaches in modeling the engine combustion process, the
multi-zone models are also efficient tools. Compared with the commonly used single-zone models,
the multi-zone models take into account the instantaneous details of combustion process, such as the
formation and development of fuel spray, the relative motion of fuel droplets and air. A popularly used
multi-zone combustion model is Hiroyasu’s fuel droplet evaporation combustion model [17], which
includes the fuel injection sub-model, combustion thermodynamic calculation sub-model and emission
generation sub-model. Zhang et al. used the in-cylinder steam injection method to establish a two-zone
combustion model to research the waste heat recovery and NOx emission control [18]. Fang et al. built a
two-dimension combustion model to study the effect of electric fields on the combustion characteristics
of a lean-burning methane air mixture [19]. Xiang et al. proposed a two-zone combustion model in
nature gas engine application and used this model for engine knocking predictions [20].

The diesel engine combustion measurement techniques include visualization, PIV (particle image
velocimetry), LIF (laser induced fluorescence) and PDPA (phase Doppler particle anemometry). The
PIV velocity measurement is a non-contact, transient and full-flow velocity measurement method,
which has the advantages of not interfering with the quantitative information of the measured field and
fast dynamic response [21,22]. LIF method produces relatively strong light signals with high spatial
resolution and the fluorescence intensity is proportional to the incident light intensity so that it can be
used to measure the concentration of substances [23]. The PDPA method depends on the frequency
difference between the scattered light and the irradiated light of the moving particles, whose size is
determined by analyzing the phase shift of the scattered light reflected or refracted by the spherical
particles passing through the laser measuring body [24]. The diesel engine combustion experimental
research supplemented with the theoretical investigation improve the engine combustion performance
and reduces emissions.

Although the detailed engine combustion models are developed rapidly with the progress of
simulation tool and experimental facilities, when the engine is used as a component of systems such as
the control system, after treatment system and propulsion system, the engine combustion process has
to meet the requirement of the system real-time characteristics. Mean value model is a time-domination
model with cyclic time scale instead of the crank angle time scale, having the characteristics of fast
calculation to get the engine main performance parameters, and it is commonly used in the control
system and real-time dynamic simulation. Yin et al. introduced a turbocharged diesel engine model
for hardware-in-the-loop simulation, which has the capability of observing engine state parameters
and capturing engine transient response [25]. Sui et al. introduced a two finite stages Seiliger process
model and simulates the engine combustion process by several parameters, which were applied in the
ship propulsion system simulation [26]. Baldi et al. combined the zero-dimension and mean value
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models to calculate the engine performance parameters including the in-cylinder ones in relatively
short simulation time [27]. Theotokatos et al. developed an extended engine mean value model to
predict the thermodynamic parameters of two-stroke marine engine at different injection times [28].
Meanwhile, plenty of “black-box” methods such as multi-level hierarchical, neural networks, fuzzy
logic, and wavelet networks are also applied in the modeling engine combustion process [29–31].

During the modeling engine combustion process, the experimental methods are frequently used
together with theoretical analysis to parameterize the combustion process, in which the mathematics
analysis is necessary to find the roots in the systems of equations deriving from the balance in the
engine combustion process. Heat release rate calculation based on the measured in-cylinder pressure,
energy conservation equation and empirical heat transfer formula is a fundamental method to obtain
the engine combustion phenomena. On the other hand, when the heat release is known, the statistical
analysis of a large amount of actual heat release can be used to build the heat release models based
on the empirical formula or curve fitting [32]. The general semi-empirical formula for calculating
heat release rate is Vibe formulas and the isosceles triangle combustion model [33,34]. In addition, if
one only needs to know the engine in-cylinder main operating parameters under various conditions
instead of the engine combustion details, the Seiliger process is the appropriate method for engine
combustion modeling [26,35,36].

Nevertheless, it is critical to the mean value simulation model research that the derivation of
Seiliger parameters such as the combustion parameters to give a global description of the combustion
process obtains lots of experimental data or a deep theoretical investigation. Most of the researchers
merely focused on obtaining the Seiliger parameters according to the engine experiments and ignoring
the mathematics applications during the fitting process, resulting in the low accuracy. On the other
hand, the Seiliger parameters of only one engine operating point, normally the nominal operating
point, were used in these literatures, and the others were obtained based on the mathematical
interpolation methods.

In the case of getting Seiliger parameters based on the combustion fitting process, the multiple
variables non-linear system of equations has to be set up with equivalence criteria. When solving
non-linear equations in engineering problems, the Bisection method, Secant method, Newton-Raphson
method, etc. are usually used [37,38]. Sciniaka et al. introduced several iterative algorithms for solving
equations and proposed an adaptive method based on the Newton-Raphson rooting method, which
can better control the algorithm dynamics [39]. Furthermore, when more variables are chosen, the
system of equivalence criteria becomes a multi-variable function and the Newton-Raphson method
is a suitable way to find the roots of the system of equations. The Newton-Raphson method has a
prominent advantage in that it has a square convergence around a single root of the equation f (x) = 0.
It can also be used to find the multiple roots and the complex roots of the equation [40,41]. Meanwhile,
the method converges linearly but can be super linear convergence by some conversions.

In this paper, an experimental investigation into combustion fitting is carried out based on the
in-cylinder pressure signals measurement. With the processed measurement data, the Seiliger process
model is introduced, and after determining the Seiliger parameters and equivalence criteria, the diesel
engine measurement is fitted with Seilgier process model for engine combustion analysis. The fitting
results of engine running at nominal point are shown in both single cylinder and four-cylinder average
signals, in which the discrepancy of cylinder working condition can be obtained. Last but not least, the
results of engine running at constant speed are discussed for further research on combustion fitting
models on the systematic simulation of marine diesel engine applications.

2. Experiments

Diesel engine in-cylinder pressure measurement is the fundamental method to investigate the
combustion process and an effective way to get insight into the combustion phenomena. In order to
obtain the heat release, in-cylinder temperature, etc., a plenty of other engine measurements should be
carried out, such as fuel consumption, inlet pressure, and engine speed.
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2.1. Engine Test Bed Installation

The engine test bed is a MAN4L 20/27 diesel engine, which is a commonly used medium speed,
direct injection marine diesel engine. The general data of the engine are listed in Table 1.

Table 1. The dimensions of engine used in the model.

Parameter

Model MAN4L 20/27
Cylinder Number 4

Bore 0.20 m
Stroke 0.27 m

Connection Rod Length 0.52 m
Nominal Engine Speed 1000 rpm

Maximum Effective Power 340 kW
Compression Ratio 13.4 [-]

Fuel Injection Plunger pump
Direct injection

Fuel Injection Pressure 80 MPa
SOI 4◦ before TDC
IC 20◦ after BDC
EO 300◦ after BDC

Figure 1 illustrates the engine test bed layout, which is installed in the laboratory with a hydraulic
dynamometer for applying the engine load. The pressure sensors with a water cooling system are
arranged in the cylinder head of each cylinder. Due to the two in-cylinder pressure sensors using
one cooling tubule, in the two red circles, there are two pressure sensors mounted in each circle.
There are also inlet receiver pressure and temperature, pressure and temperature before turbine, fuel
consumption measurements, etc. Together with these measurements, the engine main performance
parameters can be obtained to investigate the engine combustion process.
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Figure 1. Engine test bed: (a) Overview of the test bed; (b) the in-cylinder pressure sensor installation
in the test bed (the red circle).

2.2. Measurements Procedures

Figure 2 illustrates the engine test bed layout. The sensors arranged on the test bed are: in-cylinder
pressure sensors, inlet pressure and temperature sensors, exhaust pressure and temperature sensors,
air flow meters, hydraulic dynamometer, etc. The fuel flow measurement in the test bed uses the
weighing scale and clock with a two-position three-way valve instead of a flow meter, which is a
traditional method but ensures the accuracy of the fuel flow measurement.
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Figure 2. Schematic diagram of engine test bed layout.

2.3. Measurements samples Preparations

The marine diesel engine investigated in this paper is frequently used to drive a generator,
therefore, two engine speed 900 rpm and 1000 rpm are selected in the measurement, and four operating
points for each engine speed are measured (see Figure 3). In order to get the engine running points to
be as thermodynamically stable as possible, the operating points at constant speeds were traversed
alternatively up and down, as indicated by the arrows.
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When the diesel engine is used for power generation, the engine speed has to be kept constant in
order to ensure the constant frequency of current. Due to fixed current frequency f used in the marine
power generation such as 50 Hz in China and 60 Hz in US, together with the number of poles P, the
engine speed can be determined by Equation (1).

n =
60 · f

P
(1)

Therefore, the 50 Hz and 60 Hz are corresponding to 1000 r/min and 900 r/min when the poles
numbers are selected to be 3 and 4 separately.
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3. Methodology

3.1. In-Cylidner Measured Pressure Signals Processing

The measured in-cylinder pressure signals fluctuate especially in the peak pressure region, which
will easily bring calculation errors during the combustion fitting process. Therefore, the measured
pressure signals have to be processed firstly based on mathematics methods. On the other hand, some
useful and effective methods can be used to improve the accuracy such as a pressure signals smooth
approach based on the heat release calculation proposed by the author to ensure the accuracy of the
signals’ application to some extent [32].

3.2. Seiliger Process and Seliger Process Parameters Obtain

The Seiliger process is an efficient way to characterize the diesel engine combustion process,
which divides the combustion process into finite stages to describe main phenomena of combustion
characteristics. The definition and interpretation of Seiliger process and Seiliger parameters were
described in author’s previous articles. Based on the stages number definition, there are 5-point Seiliger
and 6-point Seiliger cycles [42]. Figure 4 shows the six-point Seiliger process model with both the basic
and the advanced Seiliger process. The stages can be described as follows:

1–2: polytropic compression;
2–3: isochoric combustion;
3–4: isobaric combustion and expansion;
4–5: isothermal combustion and expansion;
5–6: polytropic expansion indicating a net heat loss, used when there is no combustion in this stage

(basic);
5–6′: polytropic expansion indicating a net heat input caused by late combustion during expansion

(advanced).
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The Seiliger process can be described by a finite number of parameters that fully specify the process
together with the initial (trapped) condition and the working medium properties. The definition of the
Seiliger stages and the Seiliger parameters are given in Table 2. Among these Seiliger parameters a, b
and c are the combustion parameters indicating the isochoric combustion stage, isobaric combustion
stage and isothermal combustion stage respectively. The polytropic compression exponent ncomp

and effective compression ratio rc model the polytropic compression process while the polytropic
expansion exponent nexp and expansion ratio re model the polytropic expansion process. In the case
that all the Seiliger parameters are known, the pressures, temperatures, work and heat in the various
stages of the Seiliger cycle can be calculated.
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Table 2. Seiliger process definition and parameters.

Seiliger Stage Seiliger Definition Parameter Definition Seiliger Parameters

1–2 p2
p1

= rncomp
c

V1
V2

= rc rc, ncomp

2–3 V3
V2

= 1 p3
p2

= a a
3–4 p4

p3
= 1 V4

V3
= b b

4–5 T5
T4

= 1 V5
V4

= c c
5–6 (5–6′) p5

p6
= rnexp

e
V6
V5

= re rc, nexp

Figure 5 shows how to obtain the Seiliger parameters based on measures in-cylinder pressure
signals. The first line is the fit procedure to smooth the in-cylinder pressure signals, after which the
Seiliger parameters are determined according to the combination of equivalence criteria between
Seiliger process and in-cylinder process of the real engine. The Seiliger parameters are obtained from
the ‘Seiliger fit model’ (model (4)), in which the fitting algorithms have to be investigated to improve
the accuracy and speed the simulation time. Finally, the in-cylinder performance based on the Seiliger
process characterizes the cylinder process and in particular the ‘combustion shape’ in order to compare
the fitting results to the real engine (smoothed signals).

Appl. Sci. 2018, 8, x FOR PEER REVIEW  7 of 18 

Table 2. Seiliger process definition and parameters. 

Seiliger Stage Seiliger Definition Parameter Definition Seiliger Parameters 

1–2 2

1

compn
c

p
r

p
=  1

2
c

V
r

V
=  rc, ncomp 

2–3 3

2

1
V
V

=  3

2

p
a

p
=  a 

3–4 4

3

1
p
p

=  4

3

V
b

V
=  b 

4–5 5

4

1
T
T

=  5

4

V
c

V
=  c 

5–6 (5–6′) 5

6

expn
e

p
r

p
=  6

5
e

V
r

V
=  rc, nexp 

Figure 5 shows how to obtain the Seiliger parameters based on measures in-cylinder pressure 
signals. The first line is the fit procedure to smooth the in-cylinder pressure signals, after which the 
Seiliger parameters are determined according to the combination of equivalence criteria between 
Seiliger process and in-cylinder process of the real engine. The Seiliger parameters are obtained 
from the ‘Seiliger fit model’ (model (4)), in which the fitting algorithms have to be investigated to 
improve the accuracy and speed the simulation time. Finally, the in-cylinder performance based on 
the Seiliger process characterizes the cylinder process and in particular the ‘combustion shape’ in 
order to compare the fitting results to the real engine (smoothed signals). 

 
Figure 5. Flow chart of the overall simulation procedure to calculate Seiliger parameters. 

3.3. Combustion Fitting Approach 

The Newton-Raphson method applied for a single variable function is briefly introduced. If the 
initial estimate of the root is xn, a tangent can be extended from the point [xn, f(xn)]. The point where 
this tangent crosses the x-axis represents an improved estimate of the root. The first derivative f′(xn) 
is equivalent to the slope of the tangent and can be derived on the basis of a geometrical 
interpretation (Figure 6) and an iteration scheme is constructed: 

( ) ( )
1

0n
n

n n

f x
f x

x x +

−
′ =

−
 (2) 

Then 

Measured 
Pressure

Combustion 
Fit Model

(2)

Heat Release 
Calculation  

Model
(1)

Single Vibe
Double Vibe

Tribble Vibe
Fourth Vibe
Fifth Vibe

……

m1, m2 … mn

b1, b2, … bn

Smoothed 
Heat Release

In-cylinder 
Process 

Simulation 
Model

(3)

Pressure p

Temperature T

Work  W

Heat Input  Q

Equivalence 
Criteria

pmax

Tmax

W

Q

TEO (pEO)

Seiliger Fit 
Model

(4)

a

b

c

...

Seiliger 
Process 
Model

(5)

Pressure p

Temperature T

Work  W

Heat Input  Q

Pressure p

Temperature T

Work  W
Heat Input  Q

……

……

Figure 5. Flow chart of the overall simulation procedure to calculate Seiliger parameters.

3.3. Combustion Fitting Approach

The Newton-Raphson method applied for a single variable function is briefly introduced. If the
initial estimate of the root is xn, a tangent can be extended from the point [xn, f (xn)]. The point where
this tangent crosses the x-axis represents an improved estimate of the root. The first derivative f ′(xn) is
equivalent to the slope of the tangent and can be derived on the basis of a geometrical interpretation
(Figure 6) and an iteration scheme is constructed:

f ′(xn) =
f (xn)− 0
xn − xn+1

(2)

Then

xn+1 = xn −
f (xn)

f ′(xn)
(3)

While |xn+1 − xn+1| ≤ tolerance, the xn+1 can be considered to be the root of function f (x).
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Furthermore, the Newton-Raphson method can be used to acquire the solution for a multi-variable
function f(x). If the zero was considered to occur at x = x*, where x* is a vector, then the Taylor series
for multi-variable function is applied. If xn is assumed to be the current estimation of the functions
and xn+1 = xn + h, due to the demand that f(x*) = 0, the Taylor series is acquired:

f(x)|x=xn+1
= f(xn + h) = f(xn) + ∇f|xn

· h + o
(
|h|2

)
= 0 (4)

If o
(
|h|2

)
is assumed small enough to neglect, Equation (4) becomes:

f(xn) = −∇f|xn
· h (5)

When −∇f|xg
is replaced by matrix A:

h = −A−1 · f(xn) (6)

A =


∂ f1
∂x1

∂ f1
∂x2

· · · ∂ f1
∂xn

∂ f2
∂x1

∂ f2
∂x2

· · · ∂ f2
∂xn

...
...

. . .
...

∂ fn
∂x1

∂ fn
∂x2

· · · ∂ fn
∂xn

 and f(x) =


f1(x1, x2, · · · xn)

f2(x1, x2, · · · xn)
...

fn(x1, x2, · · · xn)

 (7)

Finally, the next estimate of xn+1 is obtained and used as the initial value of the next iteration and
the iteration is terminated when the stop criteria are met.

3.4. Implementation in the Combustion Fitting Based on Seiliger Process

The Newton-Raphson multi-variable root finding method is applied to find the solution for the
fitting of the (real) engine equivalence values by means of varying Seiliger process parameters. The
Seiliger process is an engine combustion model to divide the engine working cycle into finite stages
based on different Seiliger parameter numbers choosing. The case with four equivalence criteria as
functions of four variables (Seiliger parameters) is taken as an example.

Seiliger parameters a, b, c and nexp are the variables in these equations and the differences between
the calculated result from the equivalence criteria functions of the Seiliger process (pmax, Tmax, qin,Seiliger
and wi,Seiliger) and the measured engine cycle(p3, T4, qin,measured and wi,measured) are the functions for
which the zero has to be found. The other parameters in Equations (8)–(11) are considered to be
constant but changed with engine working conditions. Therefore, the simulation model is important
to determine them at different iteration steps rather than analytical method.
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In summary, the Equations (8)–(11) are expressed by standard equation form

f1(x1, x2, x3, x4) = p3 − pmax (8)

f2(x1, x2, x3, x4) = T4 − Tmax (9)

f3(x1, x2, x3, x4) = qin,Seiliger − qin,measured (10)

f4(x1, x2, x3, x4) = wi,Seiliger − wi,measured (11)

The five functions are set to a column vector as func:

func = [ f1, f2, f3, f4] (12)

A matrix PDE then is set to solve the derivatives:

PDE =


∂ f1
∂x1

· · · ∂ f1
∂x4

...
. . .

...
∂ f4
∂x1

· · · ∂ f4
∂x4

 (13)

Vect = −PDE/func (14)

Vect is the increment or decrement of the root that is obtained from the previous step:

xi = xi + Vect (i) 1, 2, 3, 4 (15)

The partial derivatives of the elements in matrix PDE are obtained with numerical analysis rather
than with an analytical method. The latter is impossible because some parameters in equivalence
criteria functions are interdependent and a numerical method is used to avoid this problem.

Variable xi is changed one percent and then the partial derivatives are obtained relying on the
local linearity.

∆xi = 0.01xi i = 1, 2, 3, 4, 5 (16)

∂ fi
∂xj

=
f (xj+∆xj ,...)− f (xj ,...)

∆xj
i = 1, 2, 3, 4, 5; j = 1, 2, 3, 4, 5 (17)

4. Results and Analysis

4.1. The Process Pressure Signals of Four Cylinders

The frequency of logging the in-cylinder pressure signals is 0.02 ms meaning that there are around
6000 samples per cycle for this engine operating at 1000 rpm. Following the in-cylinder pressure
measurements, the signals have to be processed first. In this engine test, 25 cycles were recorded for
one operating point measurement selecting from the total measured cycle (around 200 cycles) and the
in-cylinder pressure signals are averaged cycle by cycle to eliminate the fluctuation. Figure 7 shows
the pressure signals before and after the cycle’s average in the p-ϕ and p-V diagram respectively, in
which it is obvious to see that the in-cylinder pressure signals after 25 cycle’s average are smoother
than before but the fluctuation still remains, especially in the peak pressure region.
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Figure 7. In-cylinder pressure before and after cyclic average: (a) p-ϕ diagram; (b) p-V diagram.

Figure 8 shows the in-cylinder pressure signals of 4 cylinders. Due to the fire order in the
multi-cylinder to keep the engine operating stable, this 4-cylinder diesel engine has 90 ◦CA differences
between two cylinders and the fire order is 1-3-4-2 as shown in Figure 8a. In Figure 8b, the 4-cylinder
pressure signals are moved together along with them being averaged on point by point in the overall
cycle (the red curve). Figure 8c shows the zoom-in curves in the peak pressure region. Due to the
pressure sensors mounted position, there are regular-looked waves in the peak pressure region. The
tendency of the four cylinders is same in regards to the wave crest position and frequency, from which
it seems that the four in-cylinder pressure signals average is necessary to eliminate the fluctuation
effect in order to get the signals close to the reality.
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Figure 8. In-cylinder pressure of 4 cylinders: (a) pressure of 4 cylinders with fire order; (b) pressure of
4 cylinders after moving; (c) zoom in of peak pressure area.



Appl. Sci. 2018, 8, 2489 11 of 18

Although the in-cylinder pressure signals are smoothed according to cycle by cycle average and
the four-cylinder average, the fluctuations still exist in particular in the peak pressure region. Since
the waves are caused by the channel effect, the averaged method cannot solve these wave problems
resulting in the difficulties for combustion fitting research. Therefore, the smoothing procedure has
to continue to eliminate the channel effect’s influence as much as possible. Figure 9 compares the
final smoothed pressure signals with measurement based on the new smooth method presented in
reference [32]. According to Figure 9b, there is only one wave of the peak in-cylinder pressure region
and for the other parts the pressure curve is smoothed sufficiently for the following combustion
fitting investigation.
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Regarding to the smoothing accuracy, as shown in Table 3, in the aspect of mathematics, there are
‘sum of squares due to error (SSE)’, ‘R-square’, ‘Adjusted R-square’, ‘Degrees of freedom in the error
(DFE)’ and ‘Root mean squared error (RMSE)’ to evaluate the quality of fit. Also, the raw data and the
smoothed results of the engine main performance parameters, such as Pmax, Tmax, PEO, TEO and Pi, are
compared with each other to verify the signals processing accuracy.

Table 3. The goodness of fit of the pressure signals.

Fit Indicator SSE R-Square Adjusted R-Square DFE RMSE

0.4306 0.9921 0.9921 1025 0.0205
Engine parameters Pmax (bar) Tmax (K) PEO (bar) TEO (K) Pi (kW)

Raw data 95.87 1569.70 8.95 1159.98 83.59
Smoothed 93.19 1513.58 8.61 1119.60 83.32

4.2. The Combustion Fit Results of Engine Nominal Operating Point

With smoothed in-cylinder pressure signals and the definition of Seiliger process model, the
engine combustion fitting can be carried out using the Newton-Raphson root finding method. The
combustion fitting results of the nominal operating point are discussed firstly to validate and verify
the approaches, after which the fitting results of engine running at generator conditions are presented
for the further application of marine diesel engine combustion modelling.

4.2.1. Four-Cylinder Averaged Pressure Signals

According to definition of the basic and advanced Seiliger process presented in Section 3, the
combustion fitting results of these two Seiliger process types are compared and analyzed in terms
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of the four-cylinder averaged pressure signals at engine nominal operating point. Table 4 shows the
Seiliger parameters and engine performance parameters chosen in the system of equations as variables
and equivalence criteria for basic and advanced Seiliger process models, which actually are the same
as each other, although the engine performance parameter qin includes a different heat input definition
as explained in Section 3.

Table 4. Variables and equivalence criteria in combustion fit functions.

Seiliger Parameters (Variables) Engine Performance (Equivalence Criteria)

basic Seiliger process a, b, c, nexp pmax, Tmax, qin, wi
advanced Seiliger process a, b, c, nexp pmax, Tmax, qin, wi

Before combustion fitting numerical calculation, the Seiliger parameters ncomp, rc and ∆EO, which
are not taken into account as the variables in the fitting process, have to be set as constants. Considering
the engine operating conditions in reality, the ncomp is set to be 1.36 to indicate proper heat loss
during engine compression process; the rc 13.107 means constant volumetric process occurring at
top dead centre and ∆EO is 0 without regarding the effect of exhaust valve open. Then based on
Equations (12)–(15), the system of equations of combustion fitting is set up. During the system of
equations root finding procedure, the mathematic setting should be thought over, including initial
values, iterations, termination criteria, etc.

The termination criteria for the iteration in this paper, which affect the accuracy and the calculation
speed, in both basic and advanced Seiliger process models fitting is set as follows:

|p3 − pmax| ≤ 1 bar,

|T4 − Tmax| ≤ 1 K,

|qin,Seiliger − qin,measured| ≤ 10 J/kg,

|wi,Seiliger − wi,measured| ≤ 10 J/kg.

The combustion fitting results of both basic and advanced Seiliger process models are shown in
Table 5, in which the Seiliger parameters values and heat input during the Seiliger parameters effect
stages are compared. The values of a and b are the same of these two types, the latter’s small difference
is caused by the numerical calculation errors. The value of c is quite different between these two
Seiliger process models, together with heat input ratio in Seiliger stage 4–5 (isothermal process) large
differences. In the basic Seiliger process, besides in stage 1–2 (isochoric process), the heat input occurs
in isothermal process and the ratio is 36.02%, but in the advanced Seiliger process model it is only
16.53% with the others at 19.51% in stage 5–6 (expansion process), which means there is a very late
combustion during operation of the engine.

Table 5. Results of combustion fit of basic and advanced Seiliger process models.

Basic Seiliger Process Advanced Seiliger Process

Constant
ncomp 1.36

rc 13.107
∆EO 0

Seiliger Variables

Value Heat Input Ratio Value Heat Input Ratio

a 1.331 22.11% 1.331 22.11%
b 1.339 41.87% 1.338 41.85%
c 2.428 36.02% 1.505 16.53%

nexp 1.367 0 1.197 19.51%

Figure 10 illustrates the basic and advanced Seiliger process models of combustion fitting results
compared with the measurements in diversified diagrams. Figure 10a,b presents the comparison
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between pressure signals, due to relatively small scale, the difference among the three curves are not
distinct. However, in the in-cylinder temperature diagram shown in Figure 10c, it is more likely to
observe the trend and comparison of these curves, in which the basic and advanced Seiliger process
before peak temperature completely coincide with each other and the duration of the isothermal
process are different, and have a longer crank angle time with a larger c value in the basic Seiliger
process model. The temperature at Exhaust Open (EO) in the basic Seiliger process is lower than that in
the advanced Seiliger process model (around 150 K), which is caused by the late combustion occurring
during expansion process in advanced Seiliger process model.
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Figure 10. Comparison of basic and advanced Seiliger process models: (a) p-ϕ diagram; (b) p-V
diagram; (c) T-ϕ diagram; (d) T-s diagram.

Figure 10d shows the fitting results compared with measurement in temperature-entropy diagram,
which is even more clear to reveal the differences between the two Seiliger process models. The
same trend as the in-cylinder temperature in Figure 10c before peak temperature and the two fitting
curves are slightly different from the measurement. Nevertheless, the discrepancy among them in
the expansion process is especially evident. The vertical curve in the T-S diagram means adiabatic
expansion and the negative slope indicated heat input to the work medium and vice versa. As a result,
the advanced Seiliger process model fitted the same case as the measurement with heat input in the
expansion process and in the basic Seiliger process model, the result is totally different, i.e., heat loss
during expansion.

Based on the fitting definition, when the basic Seiliger process model is used, the basic Seiliger
process fitting shares the same equivalence criteria as the advanced Seiliger process model, but some
of the heat enters the in-cylinder work medium in the isothermal process instead of the expansion
process of advanced Seiliger process. From the fitting diagram, the advanced Seiliger process model
fitting seems closer to the measurements, and when the ancient engine is operating with very late
combustion, which is not expected, the advanced Seiliger process model is closer to the reality to
describe the detailed phenomena of engine combustion. If the Seiliger process model fitting is used
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in the modern engine without late combustion, the basic process model fitting is preferred to avoid
making errors in the heat input analysis with relatively simple modelling.

4.2.2. Each Cylinder Pressure Signals

The combustion fitting results discussed in the previous sections are based on the four-cylinder
average pressure signals measurement in order to eliminate the measurement fluctuation effect. In
fact, for the 4-cylinder diesel engine, four cylinders behave different performance to some extent in
particular for the pressure signals but not too much due to engine operating balance demand. Table 6
shows the fitting results of the four cylinders respectively. The Seiliger parameters a and b are slightly
different for the four cylinders, referring to the heat input ratio, there is maximum 2.22% difference for
Seiliger parameter a (cylinder 1 and cylinder 2) and maximum 1.24% difference for Seiliger parameter
b (cylinder 1 and cylinder 4).

Table 6. Results of advanced Seiliger process fit in 4 cylinders.

Seiliger
Variables

Cylinder 1 Cylinder 2 Cylinder 3 Cylinder 4 Cylinder (average)

Value Heat Input
Ratio Value Heat Input

Ratio Value Heat Input
Ratio Value Heat Input

Ratio Value Heat Input
Ratio

a 1.311 20.83% 1.349 23.05% 1.329 21.04% 1.338 22.44% 1.331 22.11%
b 1.344 41.92% 1.330 40.92% 1.347 41.07% 1.330 40.68% 1.338 41.85%
c 1.375 12.77% 1.516 16.74% 1.127 4.64% 1.427 14.24% 1.505 16.53%

nexp 1.180 24.49% 1.198 19.29% 1.151 33.25% 1.185 22.65% 1.197 19.51%

As to Seiliger parameter c and nexp, there is much discrepancy such as 3.97% of Seiliger parameter
c and 5.2% of Seiliger parameter nexp. This does not apply to cylinder 3, which has irregular cylinder
fitting results. However, the fitting results of averaged in-cylinder pressure signals is not much affected
by that of cylinder 3 and closed to the result of cylinders 1, 2 and 4. Although there are irregular
cylinder fitting results, which are probably caused by the engine operating in reality or a numerical
calculation procedure, the averaged in-cylinder pressure signals are relatively reliable to obtain the
fitting results in comparison with reality.

4.3. The Combustion Fit Results of Engine Running with Generator Conditions

After obtaining the Seiliger parameters fitting results of one engine operating point, the overall
measurements are calculated. Figure 11 shows the trend of Seiliger parameters a, b, c and nexp as
functions of effective power Pe when engine running at 900 r/min and 1000 r/min respectively.

(a) (b) 

Figure 11. Seiliger parameters at engine constant speed: (a) 900 r/min; (b) 1000 r/min. 
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Figure 11. Seiliger parameters at engine constant speed: (a) 900 r/min; (b) 1000 r/min.

Seiliger parameter a indicates the premixed combustion phase and a large value of a is associated
with more premixed combustion. At each engine speed, the value of a increases at low load and
reaches a maximum, then decreases when going to higher load. As to the effect of engine speed on the
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Seiliger parameter a, it can be observed that for a certain load point parameter a is lower for a higher
engine speed. At a certain engine speed, b goes up with increasing load. The engine speed seems to
have less effect on b, i.e., there is hardly any differences for different engine speeds at the same load.

Seiliger parameter c represents the isothermal combustion stage, to some extent, the large value
causing late engine combustion. The value of c goes up with the engine power increasing, which
means, for this engine, when the engine is running at higher load, the later combustion occurs more
frequently. Seiliger parameter nexp indicates the very late combustion phase during expansion. Due to
the polytrophic expansion exponent, the value of nexp varies in a relatively small range (around 1.2
to 1.35) and decreased with engine power going up, representing less heat input during the very late
combustion stage.

5. Conclusions

This paper has proposed an approach on engine combustion fitting using the Seiliger process
model, in which the in-cylinder pressure data measured from the engine test bed is applied for the
experimental investigation. The combustion fitting results of each cylinder and average four-cylinder
pressure signals obtaining the Seiliger parameters are discussed to verify that the combustion fitting is
suitable to parameterize the engine combustion process and then for investigating the tendency of
Seiliger parameters along with engine operating conditions. The conclusions can be drawn as follows:

(1) The Seiliger process provides an efficient way on parameterizing engine combustion process in
particular for the engine in system integration simulation. The advanced Seiliger process model
takes into account the engine late combustion and extends the basic Seiliger process application.

(2) According to the fitting results on comparison of in-cylinder pressure measurements and Seiliger
parameters mathematics solutions, it is verified that Newton-Raphson method is an efficient way
to solve multi-variable differential equations, especially for engineering applications.

(3) There is some cylinder performance discrepancy in multi-cylinder diesel engine, where after
averaging the overall cylinders, the single cylinder ambiguous data could be eliminated.
Therefore, the averaged pressure signals are preferred to be used in the combustion fitting process.

The combustion fitting approach investigated in this paper is applied in diesel engines, but it
can be also used in the substitute fueled engine due to the first principle used in the research. The
method provides a way to develop a new engine combustion model with fast response when used in
the integration system simulations.
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Abbreviations

BDC bottom dead center
DFE degrees of freedom in the error
EGR exhaust gas recirculation
EO exhaust valve open angle
HCCI homogeneous charge compression ignition
IC intake valve close angle
NO nitric oxide
PDE partial differential equation
RMSE root mean squared error
SOI start of injection
SSE sum of squares due to error
Vect vector quantity
Symbols
f frequency
a Seiliger parameter
b Seiliger parameter
c Seiliger parameter
func functions
n speed
ncomp compression exponent
nexp expansion exponent
P number of poles
Pe effective power
PEO pressure of exhaust valve open angle
Pi indication pressure
pmax maximum pressure
qin inlet quantity of heat
rc compression ratio
Tmax maximum temperature
wi indicator work
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