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One method of using alternativefuels in diesel engines

is by adopting amixed combustion process called dual-

fu elling w h er e alt ernativ e fu eI s uc h as natural gas (Ir{ G)

is induc e d into the cylinder as a primary fuel with air
and is subsequently isnited with a pilot injection of
dieselfuel. The ignition delay in a dualfuel (DF)
engine is differentfrom that in a diesel engine because

the primaryfuelalters the properties of the charge,

r e duc e o xy g e n av ailable and under go e s pr e -ignitio n
r e ac tio n s durin g c o mp r e s s io n. V ario u s c o nclu sio n s of
DF ignition delay have beenreachedusing different
engines. In the presentwork a constantvolume
combustionvessel (CVCV) has beenusedto study the

ignition delay of aDF combustionpFocess.

E xp erim e nt s hav e b e e n p e rform e d to inv e s tigat e th e

i gniti o n d e lay p e rio d at dffi r e nt initial t e mp e r atur e s

andpressures. The results obtainedwere usedto modify
the Hu and Milton'ss DF ignition delay correlation.
The proposed coruelation predicts a delay periodfor a

wide range of initialtemperatures andpressures. The

trends exhibitedby the correlation are consistentwith
DF ignition delay engine tests datafrom other
researchersl'2. In particular, it explains why some

reported tests results show that ignition delay is always
rising while others show that it decreases temporarily
before rising againto very highvalues. The rising of
ignition delay occurs withlow pilot diesel quantities
and the latter with high one s.

NOMENCLATURE

Alphabeticalsymbols
P o initial pressure
To initial temperature
I4nj mass of injected diesel fuel

Greeksymbols
T,rn ignition delay

Qru, gas equivalence ratio

Subscripts
o referring to initial conditions
inj referring to diesel injection
ig, referring to ignition delay

" Senior Lecturer, Department of Mechanical Engineering, Technikon
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lntroduction
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 iir 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 alterthe ignition delay periodr'2'3.

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

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) lnjector;
(1 1) water-cooled injector holde
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Figure 2: Pressure trace of the pre-mixed natural gas-air mixture
combustion, lnitial conditions: Po = 3 MPa, To --629K, pgas 

= 0. 1 5 Mpa,
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 in engines. Nielsen et al r 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. For example it was shown that the presence of 2 Vo methane
in the intake air doubled the ignition delay period. They sug-
gested that partof 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 Karimt 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
sulroundings 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 Hill4 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 7o 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 Karim2.

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 separ ate asingle
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: empiricals'6 and detailed or reduced chemical
mechanismst't'8. In this work, apurely empirical approach based
on the correlation developed by Hu and Miltont 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 a more general correlation, which could be applicable
for a wide range of initial temperatures and pressures conditions
existing in naturally aspirated DF engines.

Experi mental 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 0n". on the dual fuel ignition delay
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Figure 4: Effects of equivalence ratio (0n"" ) on dual fuel ignition delay

at fixed To, Po and m,n,

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 150 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 pLezo-

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 ale.

Determination of the lgnition 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 - 4.0MPa), mass of pilot diesel inj ection (3 - 57 mg)

and NG partial pressures (0.05 MPa to 0.3 MPa) which gives an

NG/air equivalence ratio Qru, of 0. L7 - 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-airmixture.
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, fromFigure 2,thefuel 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. Po, To, ffi,nj and Qru, 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 a diesel fuel ignition delay correlation. The
correlation is as follows:

T=' ign

This gives T,*n values in reasonable agreement with the

standard Wolferu correlation for diesel combustion, namely:

(l)

Q)T,rn- 0 .44 P;r'r e ext[?]

At 3 MPa, 800 K, there is almost an exact agreement, although
Equation (1) gives shorter delays at lower temperatures as
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Figure 5: Effects of Po and Qn". on the dual fuel ignition delay
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shown in table 1.

P
o

(MPa)
T

o
(K)

lgnition Delay (ms)

Equation (1) Equation (2)

3 800
700
600

2.567
3.73
6.15

2.59
5.90
17.84

2.5 800
700
600

3.09
4.49
7 .41

3.19
7.33
22.17

Table 1: lgnition 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 Miltont.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 To, Po, Qr",and minl, arcgression 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
Milton5 is as follows:

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 accurucy 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(Qr",) and g(Qr.,, m,ni) were retained as in Equa-

tion (3). Re-examination of the data then gave a new correlation,
which fitted DF data almost as well as Equation (3). This is:

r,r= 0.78 pr(f*')r(Qr^ffi*il.*L#] (6)

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 nonnal 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
a reasonable agreement with experimental ignition delay (tren =
6 ms). It can also be seen that the correlation demonstrates that

Figure 6: Effects of equivalence ratio 0n", on dual fuel ignition delay

at fixed Po, To and m,n,

rrs, =lnP:16r') g

where T,rn is in ms, Po in bar, ffiinj in mg and To in K.

The function f(0*".) and g(0*^, m,n:) are determined as

below:

f(Qr,,)=-1.0174+0.7119Qr", (4)

g(Q r,,, m,ni) = I t (m,,) * I z (*,,) Q rn, * g-r (*, ) f ,n, * I q (*,,) f ,",

where,

S , (mi,i) = ( 3.70 + 0.288 55 m,,,,)

B r(m,,i) = ( - 5 .8236 - 0.96 40 m,,,,)

g s (m,,1) = ( 7 .869 + 0. 81 6I m,,i)

B +(m i,1) = ( - 4.2668 - 0.2223 m,,,,)

(3)

(s)

Table 2: Rangesforthe Hu and Milton'ss
correlation

The ranges where the
correlation is applicable
are given in Table2.

In orderto modify this
correlation other factors
such as its relationship
with other parameters
needs to be considered.
For example, as the value
of gas-air equivalence
ratio (Q*,,) + 0, the igni-
tion delay value should
approach that obtained
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the ignition delay period reaches a certain minimum value at a

particular fru,. From that point, increasing or decreasing fr,,
prolongs ignition delay as shown in Figure 4.

This behaviour is well documented in previous investiga-
tionst't. 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 a^re cornmonly 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
To and ffiinj decreases to acertain minimum value ataparticular

0r",. From that point, increasing or decreasing Q*", prolongs
ignition delay as shown clearly in Figure 6.

Simulation Results

Effects of the Initial conditions (0", h,oi) on the DF ignition
delay
Figure 7 shows the contour plot of the ignition delay variation
with the Q" and ffiinj at fixed temperature and pressure. The 3-D
contour plot shows that the combined effect of 0r", and m,n, is

complex. Increasing the value Q*", from the minimum of 0.4 gives

a consistent lengthening of the delay only for low pilot injection
quantities (approximately 4 mg). As the pilot diesel fuel is
increased on the constant ffiinj line, the ignition delay contour
first reduces with increasirg 0r", before commencing to rise.
This can be clearly seen for ffi,nj of 28 mg where the minimum
delay occurs et Qru, of about 0.7. That is, the contour valley
moves progressively to higher 0*u. and ffi,nj. 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 higher initial temperatures

Figure 7: Dual fuel ignition delay as a function of the initial conditions
(0 andm )\ r gas tnj,

Figure 8: Dual fuel ignition delay as function of the initial; conditions
(P" and m,n;)

and pressures.

Effects of the Initial conditions (Po, m*,i) on the DF ignition
delay.
The 3-D contour plot indicates the complex combined effect of
P. and ffi,nj on the ignition delay. It can be seen in the figure 8
that, for the case 0*u, = 0.5, as the initial pressure Po is increased,

the T,rn contour on the constant ffi,nj line decreases.

It also increases as pilot diesel fuel increases on the constant

pressure line. In the other two cases (i.e.,0*u. - 0.8 and Qeu, =

1.1), T,*ndecreases as the pressure Po increases on the constant
ffi,nj line. It also decreases on the constant pressure line as the
mass of pilot distillate increases.

Effects of the Initial conditions (To, h,,,i) on the DF ignition
delay.
Figure 9 shows the 3-D contour plot of the combined effect of
To and ffi,nj on the ignition delay. For the case of 0*u, =O.4,as the

initial value of To is increased, T,rn period on the constant ffi,nj

line decreases but it increases on the constant temperature line
as the pilot distillate increases. In the other case (i.e.,Q*u, = 0.8

and Qru. - 1.1), t,*ndecreases as the temperature To increases on

the constant ffi,nj line but in the other direction of the contour
plot on the constant temperature line Ti,n decreases as the mass

of pilot diesel injection increases.

Conclusions
Based on the present work the following conclusions are drawn:
tr 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

tl A modified ignition delay correlation has been used to
investi gate the effects of the initial pressures and temperatures
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on the ignition delay period of the DF combustion process.
tr The trends exhibited by the correlation are consistent with
known data from engine tests from other researherst,'. In par-
ticular, it explains why some engine tests show that ignition
delay always rising while others show it decreasing temporarity
before rising again to very high values. The former occurs with
low pilot injected diesel quantities and the latter with high ones.

Figure 9: Dual fuel ignition delay as a function of the initial conditions
(T" and m,n;)
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