A Correlation for Estimation of Ignition Delay
of Dual Fuel Combustion Based on Constant
Volume Combustion Vessel Experiments

* M. Mbarawa

One method of using alternative fuels in diesel engines
is by adopting a mixed combustion process called dual-
fuelling where alternative fuel such as natural gas (NG)
isinducedinto the cylinder as a primary fuel with air
and is subsequently ignited with a pilot injection of
diesel fuel. Theignition delay in a dual fuel (DF)
engineis different fromthatin adiesel engine because
the primary fuel alters the properties of the charge,
reduce oxygen available and undergoes pre-ignition
reactions during compression. Various conclusions of
DF ignition delay have been reached using different
engines. Inthe present work a constant volume
combustion vessel (CVCV) has been usedto study the
ignition delay of a DF combustion process.
Experiments have been performedto investigate the
ignition delay period at different initial temperatures
and pressures. The results obtained were used to modify
the Hu and Milton’s’ DF ignition delay correlation.
The proposed correlation predicts adelay period for a
wide range of initial temperatures and pressures. The
trends exhibited by the correlation are consistent with
DF ignition delay engine tests data from other
researchers™’. In particular, it explains why some
reported tests results show that ignition delay is always
rising while others show that it decreases temporarily
beforerising again to very high values. The rising of
ignition delay occurs with low pilot diesel quantities
andthe latter with high ones.

NOMENCLATURE

Alphabetical symbols

P, initial pressure

T, initial temperature

m,,; mass of injected diesel fuel

Greek symbols
Tien ignition delay

0. gas equivalence ratio
Subscripts

0 referring to initial conditions
inj referring to diesel injection
ign referring to ignition delay

* Senior Lecturer, Department of Mechanical Engineering, Technikon
Pretoria, Private Bag X680, Pretoria 0001, South Africa

Introduction

Dual Fuel (DF) engines are modified diesel engines wherein a
primary fuel that is normally gaseous is induced along with air
and compressed. A small quantity of diesel, called the pilot, is
injected near the top dead centre (TDC). The pilot self ignites
and becomes the ignition source for the induced charge. Flame
propagates from the ignition centres formed by pilot droplets
into homogeneous primary fuel-air mixture to complete the
combustion process The ignition delay in a DF engine is
different from that in a diesel engine because the primary fuel
alters the properties of the charge, reduce oxygen available and
undergoes pre-ignition reactions during compression. The
ignition delay in a DF engine has a significant effect on the
combustion, performance and exhaust emissions. A long igni-
tion delay period may result in poor thermal efficiency and high
levels of exhaust emissions of hydrocarbons and carbon mon-
oxide and it may be likely to exacerbate knock. For optimum
performance, the injection timing in a DF engine has to be set
based on the ignition delay. The temperature of the charge,
nature of the gaseous fuel and concentration of the gaseous
fuel in the charge significantly alter the ignition delay period'?>.
The induced gaseous fuel also alters the physical properties of
the charge being compressed, reduces oxygen concentration
and also leads to pre-ignition reactions during the compression
process. These factors affect the ignition delay period signifi-
cantly. The DF ignition delay displays trends different from
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Figure 1: Dual-fuel CVCV

(1) cylinder head; (2) top outer casing; (3) combustion chamber; (4)
middle inner casing; (5) bottom outer casing; (6) heating element; (7)
insulation blanket; (8) copper ring; (9) injector clamp; (10) Injector;
(11) water-cooled injector holder.
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Figure 2: Pressure trace of the pre-mixed natural gas-air mixture
combustion, Initial Conditions: Po=3MPa, To=623K, Pgas=0.15MPa,
minj =27 mg

those observed in the corresponding diesel engines and hence
existing diesel engine ignition delay correlations cannot be
used for DF mode operation.

Many of previous studies on DF ignition delay have been
performed inengines. Nielsen etal' used a single cylinder diesel
engine to study the ignition delay, where it was noted that the
ignition delay was significantly increased by the presence of
NG. Forexample it was shown that the presence of 2 % methane
in the intake air doubled the ignition delay period. They sug-
gested that part of this delay was caused by a thermal effect; that
is introducing the methane into the combustion chamber
changed the specific heat of the mixture and thus lowered the
compression temperature. Also, it could have been a chemically
inhibiting effect of the presence of methane on the diesel fuel
reaction rate. However their results didn’t firmly verify their
hypothesis.

Investigation has been carried out by Liu and Karim? on
factors affecting the ignition delay period of a DF engine. They
used a detailed reaction kinetic scheme for the oxidation of the
gaseous fuel and employed an experimentally based formula for
the ignition delay. They observed that the values of the ignition
delay in DF operation strongly depend on the type of gaseous
fuel used and its concentrations in the cylinder charge. The
associated changes in the charge temperature during compres-
sion, pre-ignition energy release, external heat transfer to the
surroundings and the contribution of residual gases appear to
be the main factors influencing the length of the ignition delay
period of the DF engine.

Mtui and Hill* used multi-cylinders two-stroke diesel engine
to investigate the ignition delay of the DF operation. They
concluded that with gas/diesel fuelling and appropriate injec-
tion timing, ignition delay and combustion duration could be
the same as 100 % diesel liquid fuelling. Their flame photogra-
phy and mass-burned determinations indicate that there is no
appreciable effect of the presence of the NG on the ignition

delay. The timing of the first appearance of the flame does not
change significantly if the injection of diesel fuel is stopped.
This is in contrast to the findings of Liu and Karim?.

Although there have been numerous attempts to study the
ignition delay of DF engines, no suitable correlation is available.
It may be due to the fact that most of the previous studies have
been carried out in the engines, where their results were ham-
pered by several limitations such as inability to separate a single
factor from mutually dependent parameters. Therefore, in order
to establish an understanding of the way in which the ignition
delay of DF combustion behaves, it is important to employ a
single-shot combustion device, which enables to separate a
single factor from mutually dependent parameters. A constant
volume combustion vessel (CVCV) suits this purpose. CVCV is
a device for simulation of the real combustion process by
injecting the diesel fuel into a high pressure and temperature air
charge mixture.

Several approaches have been used to study the ignition
delay period: empirical® ¢ and detailed or reduced chemical
mechanisms*"*. In this work, a purely empirical approach based
on the correlation developed by Hu and Milton® has been
selected. In its initial formulation, this correlation is of limited
interest because it may be applied for low initial temperatures
and pressures only. Hence, the objective of this work is to
determine amore general correlation, which could be applicable
fora widerange of initial temperatures and pressures conditions
existing in naturally aspirated DF engines.

Experimental Apparatus

In order to simulate conditions of high temperatures and pres-
sures in engines at top dead centre and to conveniently observe
ignition of pre-mixed NG/air mixture by pilot diesel spray, a
CVCV was designed. It was electrically heated and was
pressurised so that the pre-ignition temperatures and pressures
could be obtained in quiescent conditions for its NG/air mixture.
Its dimensions were 108 mm bore and 30 mm depth. Figure 1
shows the construction of the CVCV. A single shot diesel
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Figure 3: Effects of To and ¢gas on the dual fuel ignition delay
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Figure 4: Effects of equivalence ratio (¢gas) on dual fuel ignition delay
atfixed T , P and m,;

injection system was developed from an in-line diesel injection
pump giving characteristics identical to those in a diesel engine
injection system. The pencil type injector with four holes was
mounted centrally and vertically and spray from each orifice
oriented with an angle of 15° to the horizontal. The injection
pressure and the needle lift signal were measured to determine
the injection conditions. Mean temperature and instantaneous
pressure in the chamber were measured, respectively, with a
thermocouple (type K, 2mm diameter) and a water-cooled piezo-
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electric transducer (Kistler 5011). Acquisition and processing
of these signals were done on a computer. Details of the
experimental set-up and the procedures are described in
Mbarawa et al’.

Determination of the Ignition delay

The determination of a correlation law allowing the prediction
of ignition delay period requires the knowledge of the main
parameters influencing the delay. These parameters are experi-
mental conditions in the chamber (i.e. pressure, temperature and
the diesel fuel characteristics). Thus, experiments have been
carried out over a wide range of temperatures (570 - 690 K),
pressures (1.4-4.0 MPa), mass of pilotdiesel injection (3- 57 mg)
and NG partial pressures (0.05 MPato 0.3 MPa) which gives an
NG/air equivalence ratio ¢, 0of 0.17 - 1.8. As it can be seen that
the pre-ignition temperatures were a little lower than those
normally experienced in diesel engine operation (i.e. 3 MPa, 800
K) as it was found that the higher temperatures could sponta-
neously ignite the pre-mixed NG-air mixture.

The ignition delay is defined as the period from the start of
injection to the time at which ignition occurs. Different concepts
of ignition delay have been used in previous studies (pressure
rise delay, luminous delay, etc). In this work, the ignition delay
is regarded as the pressure rise delay. This was evaluated by
recording both needle lift and the dynamic pressure trace of the
entire combustion process. The delay section was then en-
larged and re-plotted (see Figure 3) such that the pressure rise
delay period became distinct from the following combustion
process. The pressure that arises from the ignition of the mixture
during the delay period is significantly different from the
pressure disturbance caused by the pilot diesel injection. By
way of example, from Figure 2, the fuel injection (needle lift) was
commenced at 0 ms and hence, the ignition delay is evaluated
as 5 ms.

Development of the DF ignition delay
correlation

The ignition delay was evaluated from the dynamic pressure
traces of the combustion process. The ignition delay times of
each diesel fuel only and DF combustion experiments at differ-
ent pre-ignition conditions (i.e. P,, T,, m,; and ¢,,, for DF
combustion) were determined. At first, the diesel fuel ignition
delay data were analysed in terms of the relationship between
the delay time, pressure, and temperature. Regression analysis
was used to develop adiesel fuel ignition delay correlation. The
correlation is as follows:

T, = 6.00P exp{@} 0

o

This gives T,, values in reasonable agreement with the

standard Wolfer® correlation for diesel combustion, namely:

4650

Tign = 0.44Po‘”9 €xp )

[

At3MPa, 800K, there is almost an exact agreement, although
Equation (1) gives shorter delays at lower temperatures as
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shown in table 1.

Ignition Delay (ms)
Po TD
(MPa) (K)
Equation (1) Equation (2)
3 800 2.567 2.59
700 3.73 5.90
600 6.15 17.84
25 800 3.09 3.19
700 4.49 7.33
600 741 2217

Table 1: Ignition delay at different initial conditions

Equation (1) therefore provides a good starting point for a
modification of DF ignition delay correlation developed by Hu
and Milton®.Their correlation was based on the pre-ignition
pressure and temperature experimental data which were below
those temperature and pressure of the conventional diesel
engine at the point of injection. Using different functional forms
of T,, P,, ¢,.and m;,;, aregression analysis of the experimental
data gave an ignition delay correlation, which is applicable to
the combustion vessel at delay times less than 30 ms. Above 30
ms delay, the ignition and subsequent combustion were unre-
liable. Nevertheless, 30 ms corresponds to 108°of crank angle
at 600 rpm and is therefore well in excess of that which is
applicable in engine operation. The correlation of Hu and
Milton® is as follows:

§ 500
Tign =19.3 ]Jof (¢x ) g(¢gas N )CXP{T—} 3)

o

where T, is in ms, P, in bar, m;,; inmg and T, in K.
The function f(¢,,)) and g(¢,,, m,,) are determined as

below:

F(Pos) =-1.0174+0.7119 @,,, @

g(¢gas’ minj) =8 (minj) + g2 (minj)q)gax + 83 (minj) ¢2gm‘ + 84 (minj) ¢3gas

®
where,
g, (m;,;)=(3.70+0.28855 m,,)
8, (m,,)=(-5.8236-0.9640 m,,)
g; (m,."j) =(7.869+0.8761 m;,,j)
g.(m,)=(-4.2668 -0.2223 m,,)

The ranges where the
correlation is applicable
are given in Table 2.

P, 1.65 —2.43 MPa Inorder to modify this
correlation other factors

Paramaeter | Range

M 41—21.4mg such as its relationship
0 03— 1.1 with other parameters
. needs to be considered.
T, 450 — 600 K Forexample, as the value
of gas-air equivalence

T 0 to 30 ms

ign ratio (¢,,,) — 0, the igni-
tion delay value should
approach that obtained

Table 2: Ranges forthe Huand Milton’s®
correlation

by a similar correlation for diesel fuel only. Therefore, in order
for this correlation to be used in analysing the effect of different
parameters (at different ranges) on the DF delay, it needs to be
modified for higher temperatures and pressures while retaining
its accuracy for low temperatures and pressures.

To modify Equation (3) such that it is consistent with
Equation (1), the Arhenius exponential function of the former
was held identical to that of the latter. To satisfy the DF effects,
the functions f(¢,,,) and g(¢,,,, m;,;) were retained as in Equa-
tion (3). Re-examination of the data then gave anew correlation,
which fitted DF data almost as well as Equation (3). This is:

Ty =O.78P0f (¢“")g( eas Min )exp[z;oo}

o

©

Although, the correlation was developed on the basis of the
experimental data obtained from the initial temperatures and
pressures close to those of the conventional diesel engines at
the point of injection, it is expected that this correlation will
differ from normal correlation for engine. This is due to the fact
that first, the strong in-cylinder turbulence generated in many
engines cannot be achieved in a combustion vessel. Secondly,
the combustion vessel gas temperature is necessarily decreas-
ing before auto-ignition whereas if the injection event occurs
during the compression stroke of an engine, the temperature is
increasing.

Comparison of calculation and experiment
of DF ignition delay at different initial
conditions

Figure 3 shows the comparison of the experiment and correla-
tion results. It can be seen that the modified correlation shows
areasonable agreement with experimental ignition delay (t,,, =
6 ms). It can also be seen that the correlation demonstrates that
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Figure 6: Effects of equivalence ratio ¢gas on dual fuel ignition delay
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the ignition delay period reaches a certain minimum value at a
particular f,,. From that point, increasing or decreasing f,,
prolongs ignition delay as shown in Figure 4.

This behaviour is well documented in previous investiga-
tions" 2. The effect of the air charge temperature has a strong
influence on the delay period. As the temperature increases,
ignition delay also decreases due to the increase of pre-ignition
chemical reactions which are commonly regarded as the first
stage ignition (cool flame). Although the correlation has not
considered many factors like mixing, wall temperature, etc., it
gives fairly accurate trends.

Figure 5 shows that the ignition delay at fixed conditions of
T, and m,; decreases to a certain minimum value at a particular
0,,- From that point, increasing or decreasing ¢,,, prolongs
ignition delay as shown clearly in Figure 6.

Simulation Results

Effects of the Initial conditions (¢,, m,,;) on the DF ignition
delay

Figure 7 shows the contour plot of the ignition delay variation
with the ¢, and m,,; at fixed temperature and pressure. The 3-D
contour plot shows that the combined effect of ¢,,, and m;; is
complex. Increasing the value ¢, from the minimum of 0.4 gives
aconsistent lengthening of the delay only for low pilot injection
quantities (approximately 4 mg). As the pilot diesel fuel is
increased on the constant my, line, the ignition delay contour
first reduces with increasing ¢,,, before commencing to rise.
This can be clearly seen for m,,; of 28 mg where the minimum
delay occurs at ¢, of about 0.7. That is, the contour valley
moves progressively to higher ¢,,, and m,,;. This is a possible
explanation for different observations made in previous re-
ports. Further experiments are needed to clarify this question in
equipment which can be extended to higherinitial temperatures
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and pressures.

Effects of the Initial conditions (P,, m;,,;) on the DF ignition
delay.

The 3-D contour plot indicates the complex combined effect of
P, and m,, on the ignition delay. It can be seen in the figure 8
that, for the case §,,,=0.5, as the initial pressure P, is increased,
the T,,, contour on the constant m,,; line decreases.

It alsoincreases as pilot diesel fuel increases on the constant
pressure line. In the other two cases (i.e., ¢,,, = 0.8 and ¢,,, =
1.1), T, decreases as the pressure P, increases on the constant
m,,, line. It also decreases on the constant pressure line as the
mass of pilot distillate increases.

Effects of the Initial conditions (T, m,,;) on the DF ignition
delay.

Figure 9 shows the 3-D contour plot of the combined effect of
T, and m;,; on the ignition delay. For the case of ¢, = 0.4, as the
initial value of T, is increased, T, period on the constant m,;
line decreases but it increases on the constant temperature line
as the pilot distillate increases. In the other case (i.e.,{,,, = 0.8
and ¢, = 1.1), T,,,decreases as the temperature T, increases on
the constant m,,; line but in the other direction of the contour
plot on the constant temperature line T,,, decreases as the mass
of pilot diesel injection increases.

Conclusions

Based on the present work the following conclusions are drawn:
O Experiments have been carried out in CVCV to obtain the
data for the study of the ignition delay of the DF combustion
process. The data were used to modify a DF ignition delay
correlation proposed for low initial temperatures and pressures
U A modified ignition delay correlation has been used to
investigate the effects of the initial pressures and temperatures

R & D Journal, 2003, 19 (3) incorporated into The SA Mechanical Engineer
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on the ignition delay period of the DF combustion process.

QO The trends exhibited by the correlation are consistent with
known data from engine tests from other researhers'?. In par-
ticular, it explains why some engine tests show that ignition
delay always rising while others show it decreasing temporarily
before rising again to very high values. The former occurs with
low pilotinjected diesel quantities and the latter with high ones.
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Figure 9: Dual fuel ignition delay as a function of the initial conditions
(T,andm,)
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