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Abstract: The heat release characteristics of the combustion process in a four-stroke
compression-ignition engines depend strongly on the fuel injection strategy. In the case of
multiple fuel injection, deviations from the classic heat release model applicable to a single
injection are observed. This paper presents the results of empirical tests and their analysis
for a single-cylinder compression-ignition research engine with double injection of fuel.
The influence of fuel injection pattern on the indicated pressure has been analyzed, in
particular the derivative of indicated pressure in respect of the crank angle. The processes
of fuel supply and heat release have been investigated in time domain. A correlation
analysis of voltage controlling the opening of injector and unit heat release rate have been
presented. The delay angle and delay time of unit heat-release rate in respect of the voltage
controlling the opening of the injector have been determined. The heat release for each
injected fuel dose has been analyzed.
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1 Introduction

It is widely known that fuel injection strategy plays a dominant role in
determining the performance of combustion engine, especially in the case of
direct-injection fuel supply systems of four-stroke compression-ignition engines
[14, 15]. Multiple or split fuel injection (i.e. the division of the fuel dose into
several parts injected during one working cycle) has been applied in automotive
engines for some time now. It allows a more precise control of the heat release
characteristics of the combustion process and positively influences thermal
efficiency of the engine as well as pollutant emission [3, 9, 10, 12, 23].
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The course of the combustion process in compression-ignition engines is strongly
influenced by phenomena associated with fuel injection and the formation of
combustible mixture [24]. These phenomena determine the autoignition delay and
the course of heat release [2, 22, 25]. They have been sufficiently investigated in
the case of single fuel injection, providing analytical description that allows to
generalize the formulated conclusions [13, 17]. However, in the case of multiple
fuel injection, the combustion of the second and subsequent doses of fuel proceeds
differently than the first dose, for which spontaneous combustion must occur. For
subsequent injections there are significant differences in the phenomena
associated with ignition [16]. Firstly, mixture formation takes place under
conditions other than during the first injection: at a higher temperature and higher
pressure of the medium, and in an environment comprising a mixture of air, fuel
vapor and exhaust components, wherein mixture formation is accompanied by
already spreading flames. Secondly, the initiation of ignition occurs not only due
to pre-ignition reactions, but also to flames that have already started to spread,
originating from the spontaneous combustion of the first dose, and, in the case of
subsequent doses, from the burning of the previous dose. There is a need,
therefore, to study the dynamics of ignition delay to the subsequent fuel doses.
Although there are many studies in this field, both empirical [2, 10, 22, 23, 25]
and theoretical [11, 17-19, 22, 23, 25], none has so far presented generalized
knowledge of the dynamics of fuel combustion processes for multiple injection.

This paper presents detailed analysis of heat release dynamics in a compression-
ignition engine with double fuel injection. The study was based on the results of
empirical tests performed with the use of a single-cylinder compression-ignition
research engine. The objective was to provide the detailed insight into the effects
of splitting the fuel dose on heat release, its magnitude and rate of change.

2 Materials and Methods

Empirical tests that served as the basis for the considerations contained in this
work have been described in the previous paper [6]. It presents the detailed
technical specifications of the engine, the test stand and instrumentation, as well
as characteristics of the fuel and procedures of the test program. Therefore, only
basic information is given in this section.

Tests were carried out on the AVL Single Cylinder Test Bed [4] consisting of a
single-cylinder compression-ignition research engine AVL 5402 (Table 1), a set of
exhaust-gas analyzers, and instrumentation controlling the operation of the entire
system. Data has been collected and processed using the software AVL PUMA
and AVL CONCERTO.

-02-



Acta Polytechnica Hungarica Vol. 17, No. 3, 2020

The test program included engine operating in static states, at the external speed
characteristic with engine rotational speed within the range of 1200-3600 rpm in
steps of 400 rpm. The basic measurements involved the following quantities:
rotational speed — n, torque — M, indicated pressure — pg, recorded in crank angle
domain — o, voltage of the injector opening control signal — U as well as other
quantities, which were not included in this work.

Table 1
Technical specifications of the AVL 5402 engine [6]
Specification Data
Number of cylinders 1
Bore 85.01 mm
Stroke 90.00 mm
Displacement 511.00 cm?3
Combustion type Compression ignition
Valve system 4 valves
Compression ratio 17.0+175
Fueling system Direct injection, Common Rail
Maximum effective power 6 kW
Rated engine speed 4200 min™!
Injection pressure 180 MPa

The data on pressure inside engine cylinder was obtained by recording of 20 traces
of indicated pressure vs. the crank angle at each engine working point. The
measurements were performed with a resolution of 1 deg. of crank rotation, except
for the crank angle in the range of -30-90 deg., corresponding to active
combustion near the Top Dead Centre (TDC), where a resolution equaled 0.1 deg.

In order to reduce the contamination of recorded signals with high-frequency
noise, processing of the signals was performed, consisting in synchronous
averaging [5, 20]. The rough estimator of numerical differentiation has been low-
pass filtered to reduce the share of high-frequency noise in the signal [7, 8]. For
filtering, a non-recurring filter was applied five times:

Yi=*_zyj' @

where y — rough estimator, y — filtered estimator.

The engine was supplied with diesel oil. Its properties are described in [6].
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3 Results and Discussion

3.1 Analysis of the Course of Indicated Pressure

Figure 1 shows the influence of double fuel injection on the indicated pressure and
the derivative of the indicated pressure at the engine working point corresponding
to the maximum torque (1600 rpm). In contrast, Figure 2 shows the typical curves
of the indicated pressure and the derivative of the indicated pressure for the single
fuel injection.
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Figure 1

The indicated pressure and the derivative of the indicated pressure at the engine working point
corresponding to maximum torque (1600 rpm)
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Figure 2

Typical curves of the indicated pressure and the derivative of the indicated pressure for engine with
single fuel injection
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Figure 3 illustrates the relationship between the values of three extrema of the
derivatives of the indicated pressure and the engine rotational speed. The average
value and standard deviation of these extrema for each rotational speed are also
plotted in the graph.
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Figure 3
The values of three extrema of the derivative of the indicated pressure and their average value — AV
and standard deviation — D, depending on the engine rotational speed

3.2 Analysis of the Processes of Fuel Supply and Heat Release

On the basis of the indicated pressure and the information associated with the
parameters of engine and fuel, the following quantities have been determined: the
unit heat (understood as the heat related to the volume, i.e. the cylinder
displacement), the unit heat-release rate, and the temperature of medium. For this
purpose, AVL CONCERTO and AVL BOOST algorithms have been applied.
Figure 4 presents the courses of those quantities along with the indicated pressure
and the voltage of the injector opening control signal.

Figure 5 shows diagrams of crank angles corresponding to the important
phenomena of fuel supply and heat release in the cylinder. Diagram (a) depicts the
case where for the second fuel dose there is one maximum of the rate of unit heat
release while diagram (b) — the case where the number of maxima is larger (three
in analyzed tests). The crank angles shown in Figure 5 correspond to (notation (a)
or (b) indicates that the crank angle is specific exclusively to diagram (a) or (b)):
the autoignition delay — DIGN, the start of the injection control signal — US1, the
maximum value of the control signal in the first injection — UMAX1, the end of
the control signal in the first injection — UE1, the length of the control signal in the
first injection — U1, the start of the control signal in the second injection — US2,
the maximum value of the control signal in the second injection — UMAX2 (a),
first maximum value of the control signal of the second injection — UMAX21 (b),
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second maximum value of the control signal of the second injection — UMAX22
(b), third maximum value of the control signal in the second injection — UMAX23
(b), average value of the maximum values of the control signal in the second
injection — UMAXAV (b), the end of the control signal in the second injection —
UE2, the length of the control signal in the second injection — U2, the start of the
heat release in the first injection — QS1, maximum value of unit heat-release rate
in the first injection — QMAX1, the start of the heat release in the second injection
— QS2, the maximum value of the unit heat-release rate in the second injection —
QMAX2 (a), first maximum value of the unit heat-release rate in the second
injection — QMAX21 (b), second maximum value of unit heat-release rate in the
second injection — QMAX22 (b), third maximum value of the unit heat-release
rate in the second injection — QMAX23 (b), the average value of the maximum
values of the unit heat-release rate in the second injection — QMAXAV (b), the
delay to the ignition of first dose — DS1, the delay to the maximum value of the
unit heat-release rate in relation to the maximum value of the control signal in the
first injection — DMAX1, the delay to the ignition of the second dose — DS2, the
delay to the maximum value of the unit heat-release rate in relation to the
maximum value of the control signal in the second injection — DMAX?2 (a), the
delay to the first maximum value of the unit heat-release rate in relation to the
maximum value of the control signal in the first injection — DMAX21 (b), the
delay to the second maximum value of the unit heat-release rate in relation to the
maximum value of the control signal in the second injection — DMAX22 (b), the
delay to the third maximum value of the unit heat-release rate in relation to the
maximum value of the control signal in the second injection — DMAX23 (b), the
average value of the maximum values of unit heat-release rate in relation to the
maximum value of the control signal in the second injection —- DMAX2AYV (b).
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Figure 4

Indicated pressure — pg, temperature of medium — Tg, unit heat-release rate — 3g/da., unit heat — ¢ and
the voltage of the injector opening control signal — U at the engine working point corresponding to
maximum torque (1600 rpm)
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The rate of unit heat release — 8g/da. and the voltage of the injector opening control signal — U at the
engine working point corresponding to maximum torque (1600 rpm) for one maximum (a) and three
maxima (b) of the rate of unit heat release (see the text for the description of the angles)

Figure 6 shows the angles corresponding to the start of injection, autoignition and
autoignition delay as a dependence on the engine rotational speed. The start of the
injection angle is an increasing function of the rotational speed. This is due to the
fact that it is necessary to initiate combustion in the appropriate phase of the
engine cycle, and for increasing the rotational speed, the shorter time corresponds
to the same angle of rotation. The start of the combustion angle is practically
constant in the rotational speed domain, while the autoignition-delay angle is an
obviously decreasing function — approximately linearly.
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Figure 7 shows the angle of the start of the injection control signal, the angle of
the maximum value of the control signal in the first injection, the angle of the end
of the control signal in the first injection, and the angle of the length of the control
signal in the first injection as a dependence on the engine rotational speed. The
angle of the length of the control signal in the first injection is practically constant
in the rotational-speed domain, while other angles decrease, which corresponds
approximately to the constancy of the processes in question in the timescale.
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The start of the injection angle — SOI, the autoignition angle — SOC and the autoignition-delay angle —
DIGN as a dependence on the engine rotational speed
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The angles of: the start of the injection control signal — US1, the maximum value of the control signal
in the first injection — UMAXZ, the end of the control signal in the first injection — UE1 and the length
of the control signal in the first injection — U1, as a dependence on the engine rotational speed

Figure 8 is an illustration of the dependence of the angles corresponding to the
phenomena associated with the second injection on the engine rotational speed. It
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can be seen that the angle of the length of the control signal in the second injection
increases together with the increase in the rotational speed, while injection end of
the second stage is practically constant. Other angles are weakly dependent on the
rotational speed with a tendency to decreasing dependence.

Figure 9 shows the relationship between the angles characterizing heat release
inside engine cylinder and engine rotational speed. Analysis of the plotted data
allows to evaluate this relationship as weak — no clear trend can be identified.

Figure 10 shows the relationship between the length of the control signal of
subsequent injections and engine rotational speed. These are increasing functions,
which corresponds to the increase of fuel dose with increasing rotational speed.

Figures 11 and 12 show the dependence of the angles of ignition delay and the
maximum value of the unit heat-release rate delay in relation to the maximum
value of the control signal in each phase of ignition on the engine rotational speed.
These are increasing functions of the rotational speed.

Figures 13 and 14 show the relationship between the angle of the maximum value
of the unit heat-release rate and the angle of the maximum value of the control
signal in each phase of ignition. These are quantities weakly correlated to each
other. In the first case, the Pearson linear-correlation coefficient [21] is -0.494,
and the probability that the hypothesis of the absence of a correlation would not be
rejected is 0.260, while in the second case —0.035 and 0.941, respectively. These
results can be interpreted as a lack of linear correlation between the analyzed sets.
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Figure 8
The angles of: the start of the control signal in the second injection — US2, the first maximum value of
the control signal in the second injection — UMAX21, the second maximum value of the control signal
in the second injection — UMAX22, the third maximum value of the control signal in the second
injection — UMAX23, the average value of the maximum values of the control signal in the second
injection — UMAXAV, the end of the control signal in the second injection — UE2 and the length of the
control signal in the second injection — U2 as a dependence on the engine rotational speed
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The angles of: the start of heat release in the first injection — QS1, the maximum value of unit heat-

release rate in the first inje
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heat-release rate in the second injection — QMAX23 and the average value of the maximum values of
unit heat-release rate in the second injection — QMAXAV as a dependence on the engine rotational
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The angles of: the length of the control signal in the first injection — U1, the length of the control signal
in the second injection — U2 and the total length of the control signal of injection — UT as a dependence

on the engine rotational speed
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The angles of: the autoignition delay — DIGN and the delay to the maximum value of the unit heat-
release rate in relation to the maximum value of the control signal in the first injection — DMAX1 as
a dependence on the engine rotational speed
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Figure 12

The angles of: the delay to the ignition of the second dose — DS2, the delay to the first maximum value
of the unit heat-release rate in relation to the maximum value of the control signal in the first injection
— DMAX21, the delay to the second maximum value of unit heat-release rate in relation to the
maximum value of the control signal in the second injection — DMAX22, the delay to the third
maximum value of the unit heat-release rate in relation to the maximum value of the control signal in
the second injection — DMAX23, the average value of the maximum values of the unit heat-release rate
in relation to the maximum value of the control signal in the second injection — DMAX2AYV as
a dependence on the engine rotational speed
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Figure 13
The relationship between the angle of the maximum value of the unit heat-release rate in the first
injection — QMAX1 and the angle of the maximum value of the control signal in the first injection —
UMAX1

12

10 -

QMAX2AV [deg]

-6 -5 -4 -3 -2 -1 0
UMAX2 [deg]

Figure 14
The relationship between the angle of the average value of maximum values of the unit heat-release
rate in the second injection — QMAXAYV and the angle of the average maximum values of the control
signal in the second injection —- UMAXAV

Since the rate of heat release is determined by the flow of fuel supplied to the
cylinder, a correlation analysis of the processes of injector opening control voltage
and unit heat-release rate has been performed. The algorithm using a fast Fourier
transformation implemented in the Statistica 6.1 software has been used to
determine the cross-correlation function of processes [5, 20]. To investigate it, an
assumption about the stationarity of these processes was adopted [5, 20]. In this
algorithm, the Fourier transform method is calculated using the mutual spectral
power density of the studied processes and then the function of the cross
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correlation of these processes is determined by the method of the inverse fast
Fourier transform.

Figures 15 and 16 show the cross-correlation of standardized voltage signals
controlling the opening of the injector and the rate of the unit heat release in the
domain of the crank angle offset for maximum torque and power output.
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Figure 15

Cross correlation — K of standardized voltage signals controlling the opening of the injector — U and
unit heat-release rate — 3g/do in the domain of the crank-angle offset — 3 for maximum torque
(n = 1600 rpm)
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Figure 16
Cross correlation — K of the standardized voltage signals controlling the opening of the injector — U
and unit heat-release rate — 8g/da. in the domain of the crank-angle offset — 3 for maximum power
output (n = 1600 rpm)

The first distinct maxima correspond to the estimated delay to the signals. Figure
17 shows the speed characteristics of the delay angle and Figure 18 — of the delay
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time, for the signal of the unit heat-release rate in respect of the signal of the
control voltage of the injector opening. The delay angle of the unit heat-release
rate in respect of the signal of the control voltage of the injector opening is an
increasing function of the rotational speed. This angle is in the range of 10-40 deg.
The delay time of the unit heat-release rate in respect of the signal of the control
voltage of the injector opening is weakly dependent on the rotational speed — this
time depends mainly on the kinetics of the pre-ignition reactions [13, 22].
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Figure 17

The speed characteristics of delay angle — Bp of the signal of the unit heat-release rate in respect of the
signal of the control voltage of injector opening
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The speed characteristics of delay time — At of the signal of the unit heat-release rate in respect of the
signal of control voltage of injector opening
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3.3 Analysis of the Heat Release

The analysis of the heat release in the cylinder involved the unit heat-release rate,
along with the unit heat for the two doses of the fuel injected and in various parts
of the second injection, restricted by the local minima of the unit heat-release rate.
Figure 19 shows schematic indications for the analysis of the heat release.
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Figure 19

The unit heat-release rate — the identification of the maximum values of the unit heat-release rate and
the angles limiting parts of the ith-phase of injection

The unit heat in two stages of the fuel injection and in different parts of the second
injection, as well as the total unit heat — qr — were calculated according to the
formulas

o o a3 o
_ [ 84, _ (89, . _ 199, _Faq
Ch—qj;)dada, qz1—o£md(x, Q22—a£mda, q23_0£dada )

Or =01+ 021t 022 + 023

where ag — the angle of the conventional end of combustion.

Figure 20 shows the maximum value of the unit heat-release rate in two stages of
fuel injection and in different parts of the second injection as the dependence on
the engine rotational speed. The maximum unit heat-release rate in the second
injection is much higher, by more than twice, than in the first injection. The
maximum value of the unit heat-release rate in the first injection has a decreasing
tendency in the domain of rotational speed. For the rotational speed, for which
there are no more maxima of unit heat-release rates in the second injection, the
maximum value of the unit heat-release rate is also a decreasing function of the
rotational speed. For the higher rotational speeds the maximum value of the unit
heat-release rate in the first part of the second injection increases together with the
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increase in the rotational speed, while in the subsequent parts is a decreasing
function.
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Figure 20

The maximum value of the unit heat-release rate — max[8g/da] (1 — in the first injection, 21 —in the
first part of the second injection, 22 — in the second part of the second injection and 23 — in the third
part of the second injection) as a dependence on the engine rotational speed

Figure 21 shows the unit heat, while Figure 22 the relative unit heat, related to the
total unit heat in the two stages of fuel injection and in different parts in the
second injection, as a dependence on the engine rotational speed.
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Figure 21

Unit heat — g (1 — in the first injection, 21 — in the first part of the second injection, 22 — in the second
part of the second injection, 23 — in the third part of the second injection and T — the total unit heat) as
a dependence on the engine rotational speed
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Figure 22
The relative unit heat — g, (1 — in the first injection, 21 — in the first part of the second injection, 22 —in
the second part of the second injection, 23 — in the third part of the second injection) as a dependence
on the engine rotational speed

The unit heat being released in the first injection is almost constant over the entire
useful range of rotational speed, while in the second injection the unit heat
increases with the increasing rotational speed — consequently, the amount of fuel
dosed by the supply system is an increasing function of the rotational speed.

Conclusions

The dynamics of the processes associated with the combustion of fuel in the
cylinders of compression-ignition engines with multiple fuel injection is
determined primarily by the flow rate of fuel injected into the cylinders in the
individual injections. With Common Rail supply systems, the dose of fuel injected
into the cylinders is primarily determined by the opening time of the injectors. It is
significant to the analyzed fuel supply system that the increasing flow of fuel
dosed, with increasing rotational speed, is determined mainly by the second
injection, while the initiation of the combustion process is propagated by an earlier
start of the injection, with increasing rotational speed.

Both the autoignition delay angle of the first fuel dose and the ignition-delay angle
of the second fuel dose are increasing functions of rotational speed, which
corresponds approximately to the constant value of the delay time of the
autoignition and ignition of the second fuel dose. At the same time, the ignition-
delay angle of the second fuel dose is substantially smaller than the autoignition
delay — this is the result of the different nature of phenomena of the combustion
initiation in both cases in question.

The research work carried out proved that the angle of the maximum value of the
unit heat-release rate is weakly correlated with the angle of the maximum value of
the control signal in each phase of ignition, although the rate of heat release is
determined by the flow of fuel supplied to the cylinder. This is confirmed by the
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results of correlation analyses of the processes of the injector-opening control
voltage and unit heat-release rate. The angle of the delay to the unit heat-release
rate, in respect of the signal of the control voltage of the injector opening, is
approximately 10-40 deg and is an increasing function of the rotational speed.
The time of delay to the unit heat-release rate, in respect of the signal of the
control voltage of the injector opening, is weakly dependent on the rotational
speed, as it depends mainly on the kinetics of pre-ignition reactions.

The research work carried out proved that the maximum unit heat-release rate is
much higher in the second injection than in the first injection. The unit heat being
released in the first injection is almost constant over the entire useful range of the
rotational speed, while in the second injection the unit heat increases with
increasing rotational speed.

Research into the heat release dynamics in the cylinder of compression-ignition
engines with the multiple injection of fuel allows to gain knowledge about the
processes occurring in engine cylinders, and — consequently — to rationally assess
the impact of fuel supply on engine performance.
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