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Abstract
This work is an extension of a novel physics-based ignition delay modeling methodology previously developed by the
authors to predict physical and chemical ignition delays of multiple injections during steady operations in diesel engines.
The modeling methodology is refined in this work to consider the influence of additional operating parameters such as
volumetric efficiency, exhaust temperature and pressure on the ignition delay of multiple injections. Computational fluid
dynamics predictions on two different engines indicated that the main spray encounters local temperatures about 60 K
above average temperatures for about 1 mg of pilot. Hence, the modeling methodology was further refined to include
this effect by considering the air mass trapped in pilot spray, computed based on the spray penetration and cone angle
and tuned using results of the computational fluid dynamics studies. Comparisons of the ignition delay predictions with
the stock boost temperature sensor and a specially incorporated, transient-capable fine wire thermocouple indicated
that the measurements with stock sensor could be satisfactorily used for transients. Cycle-by-cycle changes in ignition
delay could be predicted accurately when transients were imposed in boost pressure, rail pressure and main injection
quantity in a turbocharged intercooled diesel engine controlled with an open engine control unit. Further validations
were done even under a transient cycle when the engine was controlled by its stock engine control unit. The same tuning constants could be used for the prediction of the ignition delay under transients on another naturally aspirated
engine. This indicates the suitability of the model for application in different engines. Finally, the model was incorporated
within an open engine controller, and cycle-by-cycle prediction of ignition delays of the pilot and main injections were
done in real time. It was possible to compute the ignition delays in less than 2 ms within engine control unit using the
already available sensor inputs within an error band of 660 ms.
Keywords
Ignition delay, physical delay, chemical delay, real-time control, model-based control, physics-based model, transient temperature measurement, engine control unit

Date received: 2 April 2019; accepted: 4 July 2019

Introduction
Ignition delay in a direct injection diesel engine is
defined as the duration between the actual start of fuel
injection and the start of combustion. This duration is
of great interest because of its impact on the subsequent
premixed combustion and the rate of heat release. It
also impacts pollutant formation and combustion
noise.1 The ignition delay period includes two phases,
namely the physical delay period and the chemical
delay period. The physical delay period is the time
taken by the injected fuel to atomize, vaporize and mix
with the surrounding gas to form an ignitable mixture.
The chemical delay period is the time taken by the

premixed air/fuel mixture to undergo pre-combustion
reactions resulting in the onset of combustion.2 The
start of combustion could be detected from a characteristic change in in-cylinder pressure due to the occurrence of combustion.3 Though the physical and
chemical delays are overlapping in nature, they can also
Department of Mechanical Engineering, Indian Institute of Technology
Madras, Chennai, India
Corresponding author:
J Jensen Samuel, Department of Mechanical Engineering, Indian Institute
of Technology Madras, Chennai 600036, India.
Email: jensenmech@yahoo.co.in

2
be assumed to be mutually exclusive for the sake of calculating the total ignition delay period.4–6
Modern diesel engines use high-pressure fuel injection systems and pilot injections to reduce the ignition
delay. This helps in reducing the NOx and noise emissions associated with the main injection. High-pressure
fuel injection systems tend to improve the fuel atomization and mixing with air and hence reduce the associated physical delay. The heat released due to the pilot
injection increases the cylinder temperature before the
start of main injection and hence aids in reducing the
chemical delay.7–9 In a modern diesel engine, the fuel
rail pressure varies from about 300 to 1800 bar. In addition, the charge thermodynamic conditions at the start
of main injection vary over a wide range due to changes
in injection timing, boost pressure and temperature of
the charge.10 Hence, an accurate prediction of the main
injection’s ignition delay period is very important to
properly predict the subsequent heat release rate, combustion and pollutant formation.11 In order to predict
the ignition delay of the main injection pulse, the temperature raise due to the pilot injection pulse needs to
be precisely estimated. This necessitates the accurate
prediction of the ignition delay of the pilot injection as
well as its heat release rate.12 Since the ignition delay of
the pilot injection is usually larger than its injection
duration, the pilot burns in the premixed mode of combustion. Hence, standard empirical models used to predict premixed combustion, such as the Wiebe’s13 model,
can be used to predict the heat release due to the pilot
injection pulse.
The ignition delay period is also of great interest
from a model-based control point of view, where the
engine’s combustion would be predicted cycle by cycle
within its controller in real time.14 Here, the engine
operating parameters such as number of injection
pulses per cycle, injection timing and duration of each
injection pulse could be adjusted in real time to obtain
optimum combustion phasing.15 This would enable the
engine to perform optimally even in its off-calibration
points, typically those encountered during real driving
transients.16,17 Any model-based control system would
require an ignition delay model, which can be physics
based, in order to capture changes in any of the
increased number of operating parameters of a modern
diesel engine, especially during transients, and predict
the corresponding ignition delay precisely with minimum engine calibration efforts. Hence, the model needs
to be simple and real-time capable at the same time.
Several zero-dimensional models are available in the
open literature, which predict the ignition delay based
on a global reaction approach. Here, the entire ignition
delay period is assumed to take place due to a single
global chemical reaction. The rate of this reaction is
determined using the Arrhenius reaction rate equation.
The inverse of the reaction rate gives the reaction time,
which corresponds to the total ignition delay period
(tid ) as a function of in-cylinder pressure (P) and temperature (T) at the start of injection, as shown in
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equation (1).18–20 This approach lumps the physical
and chemical delays on to the Arrhenius-based model
by assuming a constant activation energy (Ea) and fits
the model constants (A, z) to the experimental ignition
delay period. However, this approach does not consider
the increased number of parameters in a modern diesel
engine, especially the ones affecting its physical delay
period. Several authors have tried to include various
design21–23 and operating parameters of an engine in
this model.24–28 Livengood et al.25 proposed the use of
an integral term to account for the varying in-cylinder
temperature and pressure while detecting the start of
combustion using a multistep procedure.44 However,
most of these works have been done in steady operating
conditions with single-pulsed injections, and only limited information is available in the open literature on
the ignition delay period during engine transients and
on the approaches to predict it. Jensen Samuel et al.29
have compared the capabilities of some of the existing
correlations to predict the ignition delay in a modern
common-rail direct injection diesel engine, which indicates the need for a physics-based model. This work
considers the total ignition delay in a single step and is
suitable for real-time calculations within the engine
control unit (ECU) in a single interrupt. Furthermore,
it accounts for the physical effects such as charge thermodynamic conditions, fuel physical properties and
spray characteristics
t id = A:Pz :expðR:TÞ
Ea

ð1Þ

Assanis et al.28 have conducted transient experiments in a high-pressure direct injection diesel engine
by introducing a step change in the throttle position at
different engine speeds. However, the maximum fueling
quantity was limited by the boost pressure during transients. They observed that there is a lower mass of air
trapped in the cylinder during transients due to the
inertia of the turbocharger components. This leads to
momentary excursions of the equivalence ratio and
hence the ignition delay. Hence, they introduced
equivalence ratio (Ø) in the conventional Arrheniusbased equation for ignition delay, given by equation
(2), where ‘‘y’’ is a tuning constant. The ignition delays
during transients and steady conditions were predicted
satisfactorily. However, their experiments were conducted with a single pulse injection, and the use of this
model for multiple injections needs further investigation. Finesso and Spessa30 modeled the physical delay
based on Siebers31 scaling law for liquid length and
chemical delay based on the Arrhenius approach.
However, the Siebers scaling law approach must be
solved iteratively, and hence the model’s usage in realtime applications must be evaluated. They also proposed alternative simplified models which were empirically fit using very few engine parameters. An engine
transient was applied by changing the engine speed and
load from 1500 r/min and a brake mean effective pressure (BMEP) of 2 bar to a speed of 2000 r/min and a
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BMEP of 10 bar in 2 s, and the simplified ignition delay
models were validated
Ea
t id = A:[y :Pz :expðR:TÞ

ð2Þ

A novel ignition delay modeling procedure was proposed by the authors of this article in Jensen Samuel
and Ramesh,32 which is physics based and real-time
capable, without any iterative procedures. The model
considers both physical and chemical delay periods.
The approach used was an extension of the model
developed by Finesso and Spessa.30 The physical delay
was modeled based on Siebers spray correlations developed in Siebers31 and Naber and Siebers.33 The iterative procedure in the calculation of the liquid length of
fuel spray was removed through appropriate thermodynamic assumptions, and the simplified models were
validated against the experimental data on liquid length
published by Siebers.31,34 Thus, the physics-based
nature of the model was conserved with added realtime capabilities. The chemical delay was modeled
based on the Arrhenius approach. This model was
shown to predict satisfactorily under steady operating
conditions and was validated on three different engines
with varied configurations.
In this work, the above-mentioned ignition delay
model proposed by the authors was further improved
to predict the ignition delays of the pilot and main
injection pulses during different types of transient operation in direct injection diesel engines. Further modifications were done to the existing model using the data
from steady-state experiments and based on computational fluid dynamics (CFD) studies conducted on two
different engines, in order to capture the effects of an
increased number of engine operating parameters.
Systematic transient experiments were conducted, first
on a turbocharged intercooled diesel engine by inducing step changes in operating parameters, one at a
time, while keeping the others constant. This was done
using an open ECU, which was controlled as per
requirements. The ignition delay of the pilot and main
injections was measured experimentally during each
transient case and compared with the values predicted
using the modified ignition delay model. The inputs to
the model were only the sensed parameters normally
available to any production ECU. In addition, the
model was also used to predict the ignition delays measured on a naturally aspirated diesel engine when subjected to transients in rail pressure and fuel quantity.
Finally, the capability of model to predict the ignition
delays under operating conditions as encountered in
the field on a turbocharged intercooled diesel engine
when several parameters are changed simultaneously
was also established. For this, transients were applied
only on the load, only on the speed and simultaneously
on both speed and load, while the engine was run with
its stock ECU. Then, the model was embedded in an
open ECU’s application software. Predictions of the
ignition delay of the pilot and main injections by the

model were simultaneously done in real time, as the
ECU was controlling the engine. The time taken for
computing the ignition delays was evaluated in order to
determine the suitability to predict ignition delays for
real-time control.

Methodology for ignition delay prediction
The ignition delay calculation methodology used in this
work is an improvement over the model presented by
authors earlier in Jensen Samuel and Ramesh.32 The
deviations from the earlier methodology alone are presented in detail in this section, while the important
aspects of the earlier model are briefed in Supplemental
Appendix 1. Corrections were applied to the charge
temperature based on intake and exhaust manifold
pressures, temperatures and volumetric efficiency. A
methodology was adopted to calculate the temperature
gradients due to the combustion of the pilot fuel at the
start of injection of the main pulse, based on the spray
cone angle and penetration of the pilot pulse. This was
tuned based on the CFD predictions of the temperature
distribution within the combustion chamber. The
model was oriented in such a way that the major inputs
for computation were boost pressure, boost temperature, rail pressure, injection timings, pilot injection
duration and engine speed, which are usually available
to any conventional ECU. Hence, the application of
this model for real-time predictions within an ECU
does not require any additional instrumentation to be
done. The details of the model are explained in the subsequent sections. The methodology has been described
for an instance of one pilot and one main injection.
The methodology can be modified appropriately for
other combinations of fuel injections. For example, in
the case of split-main injections, the subsequent injection pulses could be treated similar to the main injection in this work, with the physical delay predicted by
the liquid length and spray velocity, while the chemical
delay tuned to fit the actual duration. The same would
be the case for post injections as well.

Physical delay of pilot injection
The time period from the start of fuel injection to the
time when the fuel reaches its liquid length distance was
taken as the physical delay.30,32 This involved the calculation of the liquid length of the fuel, as derived by
Siebers.31 The first step is the calculation of in-cylinder
pressure and temperature of air at the start of injection
of pilot pulse. During the intake stroke, there is a mixing of the residual gas retained in the cylinder from the
previous cycle with the fresh air inducted into the cylinder. It is assumed that the residual gas has the temperature (Texh ) and pressure (Pexh ) of the exhaust manifold
at exhaust valve opening (EVO), while the fresh charge
comes in at the temperature (Tint ) and pressure (Pint ) of
the intake manifold. It is also assumed that the cylinder
pressure at intake valve closure (IVC) (PIVC ) is equal to
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the intake manifold (boost) pressure. Hence, the temperature of the charge at IVC (TIVC ) is calculated by
applying the adiabatic mixing principle, as given by
equation (3). Since temperature or pressure sensors are
usually not used in the exhaust manifold of production
engines, it was decided to use available experimental
data to empirically predict these values. The exhaust
temperature depends on the mass of air, mass of fuel,
injection timing and the speed of the engine. Since the
injection timing is also a strong function of engine
speed, a curve fit for exhaust manifold temperature
(before the turbocharger) based on normalized engine
speed (Nnorm = speed/rated speed) and cyclic fuel air
ratio (F=A = fuel mass/air mass) was made with a correlation coefficient (R2) of 0.97 as given by equation (4).
Since the exhaust pressure is a strong function of the
boost pressure and since the same boost pressure can be
encountered at different speeds, the exhaust manifold
pressure was modeled as a function of engine speed and
intake manifold (boost) pressure with a correlation
coefficient (R2) of 0.98, as given by equation (5). The
volumetric efficiency (hvol ) (based on the intake manifold pressure) is strongly influenced by the time available for mass transfer, which depends on the engine
speed and the mass of exhaust gas retained in the cylinder, which depends on exhaust manifold pressure.
Hence, it was modeled as a function of engine speed
and exhaust manifold pressure with a correlation coefficient (R2) of 0.90, as given by equation (6). The mass of
fresh air inducted (mair ) was determined based on the
volumetric efficiency and the intake manifold pressure
and temperature. Thus, the temperature in the cylinder
at IVC was computed using equation (3). A polytropic
evolution of the charge was assumed to arrive at the
thermodynamic conditions at start of injection of the
pilot fuel, as given by equations (A20) and (A21) in the
supplemental material. The density of the charge at
start of injection was calculated using the ideal gas
relation
ðmair :Tint Þ + ðmres :Texh Þ
mair + mres


F
Texh = 308:4 + 12910:
 ð163:8Nnorm Þ
A



2
F
5 F
 1:2e
+ 11830 Nnorm
A
A
TIVC =

Pexh =  0:154 + ð1:95Pint Þ  ð0:000452NÞ


 0:663P2int + ð0:0004Pint :NÞ

hvol = 97:55 + ð0:006NÞ  ð0:024Texh Þ

 

 1:99 106 N2 + 4:37 106 Texh :N

ð3Þ

ð4Þ

ð5Þ
ð6Þ

The saturation temperature of the fuel and air mixture at liquid length was modeled as a function of incylinder temperature and pressure at start of injection
of fuel (equation (A5) in the supplemental material),
which was used to calculate the density ratio of fuel
and air at the liquid length (B) given by equation (A3)

in the supplemental material. Liquid length was given
by equation (A2) in the supplemental material as a
function of area contraction coefficient of orifice
(Ca = 0.85), orifice diameter (d), spray cone angle (u),
liquid fuel density (rf ), air density at start of injection
(rSOI, pil ) and B. The other constants used in this equation were a = 0.66 and b = 0.41.30
The time taken by the fuel spray to reach its liquid
length was calculated based on its injection velocity
and the spray tip penetration approach developed by
Siebers.34 The injection velocity (Uf ) was calculated as
a function of the fuel rail pressure (Prail ) and in-cylinder
pressure at start of injection (PSOI, pil ), as given by equation (A18) in the supplemental material. Here,
(Cv = Cd =Ca ) was the velocity coefficient at the orifice,
which is a function of coefficient of discharge of the
orifice (Cd ) and area contraction coefficient (Ca ). The
characteristic length (x+ ) was given by equation (A17)
in the supplemental material. The physical delay was
calculated from the liquid length, characteristic length
and injection velocity, as given by equation (A19) in
the supplemental material.

Chemical delay of pilot injection
The time period from the end of physical delay (EOPD)
to the start of combustion is taken as the chemical delay
period. This is the time taken for the exothermic prereactions between fuel and air leading to the onset of
combustion. Hence, an Arrhenius-based equation has
been used to predict the chemical delay, as shown in
equation (7). The chemical delay period is a strong
function of the thermodynamic state of the charge.35
For better accuracy, the charge pressure and temperature at the EOPD was used to calculate the chemical
delay. A polytropic evolution of charge conditions at
start of injection is used to arrive at the pressure and
temperature at EOPD, as given by equations (A20) and
(A21) in the supplemental material


1:02
t chem, pil = 1:30PEOPD,
pil :exp

2100
TEOPD, pil

ð7Þ

Pilot combustion
In conventional diesel engines, the pilot injection quantity is low, and hence its injection duration is usually
lower than its ignition delay period. Hence, premixed
combustion was assumed for the pilot fuel.36 A simple
heat release model, such as the Wiebe model13 (equation (A22) in the supplemental material), was used to
predict the burnt mass fraction of the pilot injected fuel
at the start of main combustion,37–39 when the main
injection starts before the end of the pilot combustion.
When the main injection starts after the end of
pilot combustion, the pilot fuel is assumed to be burnt
completely before the main injection occurs.
Experimentally, it was observed in the range of fuel
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injection timings that were evaluated that combustion
of the pilot fuel was always completed before the injection of the main fuel. The rise in cylinder pressure due
to the heat released during the pilot combustion was
determined from the heat release equation, as shown in
equation (8), wherein the computed value was the cylinder pressure (P).45 In the crank angle duration between
the end of combustion of the pilot and the start of combustion of the main fuel, polytrophic evolution of the
pressure and temperature was considered
dQ =

n
1
:P:dV +
:V:dP
n1
n1

ð8Þ

Temperature gradients in cylinder due to pilot
combustion. Using the temperature predicted by the
Wiebe’s model for computing the ignition delay of the
main injection (after combustion of the relevant portion of the pilot fuel) always yielded higher values of
ignition delay as compared to experimental observations. This was because temperature gradients (local
high temperature regions) will be created in the combustion chamber by the burning pilot fuel in localized
regions around the trajectory of the fuel spray which
were not considered initially. The temperatures experienced by the main injected fuel will be higher than the
average values predicted using the Weibe’s model,
which assumes the heat released by the pilot to be distributed uniformly over the entire contents of the cylinder. This will result in an overprediction of the ignition
delay period of the main, as temperature significantly
affects the predicted physical and chemical delays of
the main injected fuel. Hence, a correction factor is
proposed for accounting for these temperature gradients. For this, it is important to know the actual temperature prevailing around the spray region with
respect to the average temperature of the cylinder contents at the start of injection of the main pulse. The
results of 3D CFD and combustion simulation studies
conducted on two different engines were used. The
brief specifications of the engines used in these studies
are given in Tables 1 and 2. The pilot timings, durations, engine speed, rail pressure and charge pressure
were set about the baseline values used in engine A in
this study. Figures 1(b) and 2 indicate that a pilot
quantity of about 1 mg produced a temperature which

Table 2. Specifications of test engine D (used for CFD study).
Rated power
Max torque
Cylinder configuration
Swept volume
Compression ratio
Fuel injection

8.2 kW at 3600 r/min
38 Nm at 1200–2200 r/min
Single cylinder NA water-cooled
625 cc
18:1
Bosch common-rail direct injection
system with solenoid injectors

NA: naturally aspirated.

was higher by about 60 K along the spray axis as compared to the average cylinder gas temperature at the
start of injection of main in both the engines. Increase
in the pilot quantity resulted in a raise in this temperature difference, as expected (Figure 1). However,
changes in engine speed did not have a significant influence, as observed in the results of the simulation studies
(not presented here). This phenomenon has been modeled based on the mass of the pilot fuel in each spray
and the mass of air within the corresponding spray
boundary.
The pilot injected fuel was assumed to continue its
penetration until the start of injection of the main fuel,
with the penetration distance (S) given by Hiroyasu
and colleagues’40,41 model, in equation (9). An imaginary cone was constructed up to the penetration distance
with a spray cone angle (u) given by equation (A4) in
the supplemental material and the mass of air in this
cone (Mcone ) given by equation (10). The temperature
rise (DT) of this mass of fuel and air (after combustion)
was computed based on the heat released by the pilot
fuel in a constant pressure combustion process, as given
by equation (11). This was scaled using a tunable constant (K), the value of which was determined by comparing with the results of the above-mentioned CFD
simulations. This temperature rise was added to the
mean cylinder temperature to obtain the actual cylinder
temperature encountered by the main injected fuel at
the start of its injection
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

2(Prail  PSOI, pil ) 
S = 0:39
: t SOI, mainSOI, pil
ð9Þ
rf

7:p:S3 :tan2 u2 :rSOI, pil
Mcone =
ð10Þ
3
K:Mpil :LHV
DT =
ð11Þ
Mcone :cp, air

Table 1. Specifications of test engine C (used for CFD study).
Rated power
Max torque
Cylinder configuration
Swept volume
Compression ratio
Fuel injection

NA: naturally aspirated.

3.7 kW at 1500 r/min
23.5 Nm at 1500 r/min
Single cylinder NA air-cooled
553 cc
16.5:1
Bosch common-rail direct
injection system with solenoid
injectors

Physical and chemical delay of main injection
Using the in-cylinder pressure (PSOI, main ) and temperature (TSOI, main ) at the start of main injection, as
described above, the physical delay of the main injection can be calculated using equations (A2)–(A19) in
the supplemental material. The chemical delay period
of the main injection was again calculated using an
Arrhenius type of equations, but with different
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Figure 2. Temperature distribution in the cylinder along spray
axis at start of injection of main pulse at 1800 r/min and 0.5 mg
of pilot fuel injected at 10 °CA bTDC in engine D.

Figure 1. Temperature distribution in the cylinder along spray
axis at 2 °CA aTDC (start of injection of main), with three
different pilot quantities (a), (b) and (c) injected at 10 °CA
bTDC in engine C: (a) 1800 r/min, 0.5 mg pilot, (b) 1800 r/min,
1 mg pilot and (c) 1800 r/min, 1.5 mg pilot.

constants, as given by equation (12). Again, for
improved accuracy, the pressure (PEOPD, main ) and temperature (TEOPD, main ) of the charge at the end of the
physical delay of the main injection were used in the
chemical delay calculations, which were obtained using
a polytropic evolution of charge pressure and temperature at the start of main injection, similar to equations
(A20) and (A21) in the supplemental material


1:02
t chem, main = 1:55PEOPD,
main :exp

2100
TEOPD, main

ð12Þ

automation system. The engine was instrumented with
additional pressure and temperature sensors at various
locations for thermodynamic analysis and diagnosis.
These data were acquired on the boom box located
near the engine and logged along with the dynamometer’s speed, load and throttle position data through
the STARS automation system. The engine’s fuel consumption was measured using a transient-capable AVL
fuel flow meter working on the Coriolis principle. The
real-time fuel flow rate was also logged on the STARS
automation system.
A flush-mounted, front-sealing, piezoelectric pressure sensor (Kistler 6052C) was used to measure the incylinder pressure on the first cylinder from the front
end of the engine. For pegging the in-cylinder pressure
data, the intake manifold pressure was measured using
a Kistler 4007C sensor working on piezo-resistive principle. The engine position was measured at 0.1 °CA resolution using a Kistler 2614CK angle encoder mounted
on the free end of the engine crankshaft. The variable
geometry turbocharger’s (VGT) vane position was measured with a potentiometric principle-based position
sensor developed in-house. The turbocharger’s speed
was measured with an eddy current sensor mounted
near the compressor vanes. The above data were logged
at 0.1 °CA resolution on Kistler KiBox combustion
analyzer. The angle-based data from KiBox was converted to time-based using an in-house developed software. Post-processing of the combustion data was also
performed using an in-house developed MATLAB
script.

Experimental test setup
Experimental setup A
Experiments were performed on a four-stroke, fourcylinder turbocharged and intercooled common-rail
direct injection diesel engine. The detailed specifications
of the engine are given in Table 3. The engine was
coupled to a Horiba 250 kW, four-quadrant operable
transient AC dynamometer, capable of motoring and
loading the engine in both directions. The dynamometer was controlled using the STARS automation
system. The engine’s foot pedal sensor was actuated
using a throttle actuator controlled by the STARS

Open engine controller. For the purpose of detailed analyses, the engine was controlled using an Etas open engine
controller. The ECU application software was developed in-house in MathWorks Simulink environment.
The fuel pressure in the common rail was controlled in
closed loop by actuating the high-pressure fuel pump’s
inlet metering valve (IMV) with feedback from the rail
pressure sensor. The boost air pressure was controlled
in closed loop by actuating the VGT’s pneumatic actuator with feedback from the boost pressure sensor in the
intake manifold. A fuel quantity–based engine control
architecture was developed for this application. The
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Table 3. Specifications of test engine A (reference engine).
Rated power
Max torque
Cylinder configuration
Swept volume
Compression ratio
Features
Fuel injection

89.5 kW at 4000 r/min
290 Nm at 1800–2800 r/min
Inline four cylinders
2179 cc
18.5:1
VGT, intercooler, cooled EGR,
BS IV compliant
Bosch common-rail direct injection
system with solenoid injectors

VGT: variable geometry turbocharger; EGR: exhaust gas recirculation;
BS IV: Bharat stage IV.

Figure 3. Data from three different data acquisition platforms
synchronized using the ramp in engine speed (engine A).

fuel injection timings were map-based, while the injection durations were governed by the demanded fuel
quantity and the actual rail pressure. It was possible to
set engine control parameters manually and independent of its speed, load and other operating conditions
through the INCA software interface. All the ECUmeasured and controlled parameters could also be
logged in real time using the INCA software.
Stock engine controller. For the purpose of validation, the
engine was controlled using its production-intent emission-compliant stock ECU with only access to the data
acquired through its on-board diagnostics (OBD). The
boost pressure, boost temperature and air flow rate
were logged through the ECU’s OBD. The fuel injection timings and durations were measured using a current clamp and logged on the high-speed combustion
analyzer. The rail pressure data were also tapped in
parallel from the rail pressure sensor and logged using
the combustion analyzer. The ignition delay was calculated offline and validated against the measured values.
Data synchronization. Data were acquired on three different platforms, namely the combustion analyzer, the
transient dynamometer automation system and the
open ECU. Each hardware had its own time stamp
against which data were acquired at different sampling

rates. For instance, data acquired on transient dynamometer automation system such as dyno speed, torque,
throttle position, fuel flow rate, air flow rate, temperatures and pressures from additional instrumentation on
the engine were sampled at 10 ms intervals. Data
acquired by the ECU could be accessed through the
INCA software via it’s Controller Area Network
(CAN) bus at three different rates: ECU demanded values of rail pressure, boost pressure, injection timings
and durations, engine speed and turbo speed were
acquired at 100 ms intervals; the actual rail pressure,
actual boost pressure and throttle position were
acquired at 10 ms intervals, while the pilot injection
quantity, main injection quantity and total injection
quantities were acquired once in every crankshaft rotation. Data acquired from the combustion analyzer such
as indicated mean effective pressure (IMEP), peak
cylinder pressure, engine speed and VGT position were
sampled once in every engine cycle. In order to observe
and analyze these variations with respect to each other,
it was important to synchronize them during transients.
Since all the above systems measured the engine speed,
a speed ramp was generated through the dynamometer
before any transient was applied. In all the above systems, it was ensured that the data acquisition was
started before the occurrence of the speed ramp. The
raising edges of the speed ramp acquired through the
three systems were aligned using in-house developed
software in MATLAB for time synchronization during
post-processing. Figure 3 illustrates one such speed
ramp used for the purpose of synchronization of data,
before applying a step change in rail pressure with all
other control parameters kept constant. In this case,
the engine was run at a steady speed of 1800 r/min
before ramping up the speed to 2200 r/min in 3 s and
immediately ramping down the speed back to 1800 r/
min in 3 s. Enough settling time was then given as the
data acquisition continued, before any transient
change, like the rail pressure in this case, was applied.
The time of occurrence of IVC was taken as reference
for each engine cycle. Wherever needed, the data from
the ECU and the dynamometer automation system
were linearly interpolated.

Experimental setup B
Experiments were also performed on a four-stroke,
two-cylinder, water-cooled, naturally aspirated,
common-rail direct injection diesel engine with one
cylinder de-activated. The detailed specifications of the
engine can be found in Table 4. The engine was
coupled to a steady-state dynamometer working on
eddy current principle. The fueling quantity was measured using a transient-capable fuel flow meter working
on Coriolis principle. The air flow rate was measured
using a turbine meter. The engine was controlled using
an open engine controller with in-built application software from National Instruments. The fuel pressure in
the common rail was set manually, and a proportional
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Table 4. Specifications of test engine B.
Rated power
Max torque
Cylinder configuration
Swept volume
Compression ratio
Features
Fuel injection

19.2 kW at 3600 r/min
55 Nm at 1800–2200 r/min
Inline two cylinders (one cylinder
was de-activated)
908 cc
18.5:1
NA, cooled EGR, BS IV compliant
Bosch common-rail direct injection
system with solenoid injectors

NA: naturally aspirated; EGR: exhaust gas recirculation; BS IV: Bharat
stage IV.

integral derivative (PID) controller was used with feedback from the rail pressure sensor. The PID control
signal was used to set the duty cycle of a rail pressure
regulator mounted on the common rail at a fixed frequency. A cam position sensor was used to distinguish
between the suction top dead center (TDC) and the firing TDC. The controller used the speed signals at
1.0 °CA resolution from a crank angle encoder fitted to
the front end of the crankshaft to set the injection timings and durations. A pilot and a main injection pulse
were used in every engine cycle. The firing cylinder was
instrumented with a flush-mounted, front-sealing,
piezoelectric pressure sensor. The in-cylinder pressure
was measured along with the angle encoder signals on
a data acquisition system from National Instruments
with in-house developed acquisition software. The voltage signals from a current clamp sensor mounted on
the firing cylinder’s injector wiring was used to measure
the start and duration of the applied electrical pulse to
the injector. This signal was acquired on the above data
acquisition system along with the fuel rail pressure signal. The acquired data were post-processed using an inhouse developed software in MATLAB.

Figure 4. The 25-micron K-type thermocouple housing
fabricated to measure intake manifold temperature in engine A;
sub-picture: zoomed-in view of the thermocouple junction.

Figure 5. Intake manifold temperature variations during
transients in speed and load, captured with a standard boost
temperature thermistor and a transient-capable 25-mm K-type
thermocouple.

were kept closed during experiments in both engine A
and B.

Results and discussion
Experiments were conducted on engines A and B with
the open engine controllers to understand the effects of
transients in individual parameters of the engine such
as the fuel pressure in the common rail, boost pressure
and injection duration changed one at a time, while all
other parameters were held constant. The influence of
transients in the above parameters on both the ignition
delay of pilot and main injections were analyzed.
Finally, the engine A was experimented with by applying transients in speed and load, while the engine parameters were changed by the stock ECU. Here, the
ability of the methodology to predict the ignition delay
of pilot and main injections when several engine parameters were changed simultaneously was established.
Finally, the potential of the methodology for being
incorporated in the ECU for prediction of the ignition
delay for purposes of real-time engine control was
determined and related results are presented. For simplicity, the exhaust gas recirculation (EGR) valves

Influence of intake manifold temperature on ignition
delay
The real-time temperature changes in the intake manifold during transient engine operation were captured in
order to find its influence on the ignition delay predicted by the model. The engine’s intake manifold was
instrumented with an omega-make, bare-wire, K-type
thermocouple with a diameter of 25 mm, as shown in
Figure 4. This sensor has a time constant (t63 ) of the
order of 0.05 s.42 These temperature data were measured on the STARS automation system with a sampling rate of 0.010 s/sample and was used to calculate
the ignition delay during a customized transient cycle.
These values were compared with the estimated ignition
delay values using the stock boost temperature sensor
output during the transient. The stock boost temperature sensor was a standard thermistor integrated with
the boost pressure sensor. It can be observed from
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Figure 6. Ignition delays of pilot (a) and main (b) injections
calculated using intake manifold temperature measured using a
boost temperature sensor (thermistor) and a transient-capable
25-mm bare-wire K-type thermocouple.

Figure 5 that though there is a small deviation in the
measured intake manifold temperatures during transients, the deviations in the calculated ignition delay values of the pilot and main injections with the boost
temperature from the stock sensor and with the 25-mm
thermocouple are negligible (Figure 6). Hence, ignition
delay was calculated using the output of the engine’s
stock boost temperature sensor in all the results presented here. This also indicates that additional instrumentation for fast measurement of boost temperature
may not be needed for real-time ignition delay calculations in the ECU.

Response to transients in boost pressure
Engine A. In these experiments, the engine was controlled using the open ECU as described in the experimental setup section. The dynamometer was set at the
constant-speed mode at 1800 r/min. The dynamometer’s torque was automatically varied by its controller in order to maintain the demanded speed. The
throttle position was kept constant corresponding to an
engine torque of about 100 Nm at the given speed. One
pilot and one main injection of fuel per engine cycle
were used. The pilot injection was triggered at 9 °CA
before combustion TDC for a duration of 260 ms, while
the main injection was triggered at 2 °CA after combustion TDC for a duration of 695 ms. The fuel rail pressure was maintained at 870 bar. The boost pressure was

Figure 7. Variation in engine parameters and results of realtime prediction of the ignition delay model during a transient in
boost pressure (engine A).

set at 1.2 bar initially and was then changed to 1.5 bar
as indicated in Figure 7, which also shows the response
of other parameters to this transient in boost pressure.
The changes in the engine parameters due to this
change in boost pressure were captured and analyzed.
It could be observed that the actual boost pressure
reached 90% of its demanded boost pressure in a time
duration of about 25 engine-cycles (;1.6 s). The figure
shows the position of the VGT actuator in response to
the step change in demanded boost pressure. It is to be
noted that the position of 0 mm corresponds to the
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VGT nozzle being fully open and the exhaust gas jet
incident in an almost radial direction, and the position
of 16 mm (max) corresponds to a partially closed position of the VGT nozzle with the exhaust gas jet in a
tangential incidence with smaller cross-sectional area.
Since the actuation of the VGT toward the tangential
direction results in partial closure of the exhaust nozzle
in the turbine and a subsequent reduction in its crosssectional area, the pressure in the exhaust manifold
increases momentarily and the turbocharger speed also
raises, as seen in the figure. It should be noted that the
initial boost pressure of 1.2 bar is lesser than the normal value of about 1.35 bar set by the stock ECU at
this torque and speed under steady conditions. The
rapid increase in the exhaust back pressure results in a
sudden increase in the mass of exhaust gas trapped in
the cylinder. Hence, the fresh air aspirated by the cylinder momentarily decreases while the fueling quantity is
maintained constant, resulting in a rich air–fuel mixture. This resulted in improper combustion and hence
the drop in IMEP for a few cycles before the boost
pressure went up as seen in the figure. Similar phenomena have also been reported in other literature.30
Figure 7 also shows the measured ignition delay
period of the pilot and main injected fuel during the
transient change in boost pressure. The small scatter
seen in the experimental data is due to the dynamic
nature of the engine events. It could be observed that
there is a drop in the measured ignition delay period
due to the increase in boost pressure, as also reported
in other literature under steady-state operation.28,43
The model-predicted ignition delay values, which are
also reported in the figure, are in good concurrence
with the measured ignition delay values. There is a
significant increase in the in-cylinder pressure and
temperature when the main injection occurs, due to
the pilot combustion. Hence, the fuel injected during
the main pulse evaporates faster compared to the
pilot injected fuel, resulting in the significantly lower
physical delay periods of the main injection. It could
be further noted that the physical delays of the pilot
and main injections are influenced by the changes in
the boost pressure. This is because with the increase
in boost pressure, the cylinder pressure at start of
injection increases. This results in a decrease in liquid
length, while the injection velocity remains more or
less unchanged, resulting in a drop in the physical
delay of the pilot and main injections. The chemical
delays of both the pilot and main injections have also
decreased due to the increase in boost pressure, and
this has contributed to the overall drop in the ignition
delay values shown in the figure. This is due to the
shortening of the duration of the low temperature
reactions under higher in-cylinder pressures.
Since engine B was naturally aspirated, studies on
the effect of changes in its boost pressure could not be
done.
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Figure 8. Variation in engine parameters and results of realtime prediction of the ignition delay model during a transient in
fuel pressure in the common rail (engine A).

Response to transients in rail pressure
Engine A. The injection timings for the pilot and main
injections were the same as in previous section. Since a
fuel quantity–based architecture was used in the application software of the engine controller, the pilot and
main injection durations were adjusted based on the
actual rail pressure, to maintain a constant fueling
quantity of 0.9 mg/cycle for the pilot and 19.5 mg/cycle
for the main injection irrespective of the fluctuations in
rail pressure. The ECU demanded boost pressure was
set at 1.32 bar. The fuel pressure in the common rail
was set at 750 bar initially and was changed to 1000 bar
in a step. Figure 8 shows the step change in the ECU
demanded rail pressure and the variation of the actual
rail pressure and the other vital engine parameters.
Fluctuations in actual rail pressure are due to the PID
parameters which were not re-tuned for the transient,
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Hence, there is a reduction in the physical delay period
of both the pilot and main injections with increase in
rail pressure and vice versa, as seen in the figure, even
though there is negligible influence on the chemical
delays, because the in-cylinder pressure and temperature after the small change in the physical delay are not
significantly affected. The ignition delay model used in
this work can predict the influence of this fluctuation in
rail pressure. This is one of the notable features of this
model which can prove to be useful in real-time control
of fuel injection.

Figure 9. Variation in engine parameters and results of realtime prediction of the ignition delay model during a transient in
fuel pressure in the common rail (engine B).

since these fluctuations helped demonstrate the realtime capability of the ignition delay model during any
pulsations in the rail pressure. The durations of the
pilot and main injections were altered suitably by the
controller when the rail pressure fluctuated as seen in
the figure, while the injection timings were held
constant.
It could also be observed from Figure 8 that any
increase in rail pressure decreases the ignition delay
period of both the pilot and main pulses. Though the
liquid length is not influenced by the fuel injection pressure,34,47 the injection velocity increases,46 resulting in a
shortening of the time taken to reach the liquid length.

Engine B. The Engine B was set to the constant speed of
1800 r/min through its dynamometer controller. The
pilot fuel was injected at a constant timing of 25 °CA
before the combustion TDC for a fixed duration of
387 ms. The main pulse was injected at 9 °CA before
combustion TDC for a fixed duration of 575 ms, while
the fuel pressure in the common rail was set at 500 bar
initially and was changed to 700 bar as a step, and the
response of the engine was captured. From Figure 9, it
could be observed that the overshoot in the measured
rail pressure is minimal in this case. However, the rail
pressure takes a longer duration to reach its set point.
This strategy is usually good for running the engine
under steady operating conditions with minimal transients. In this case, the fuel pulse width was held constant
for both the pilot and main injections, and hence there
was an increase in the injected quantity of fuel with
increase in rail pressure and vice versa. The resulting
increase in IMEP also led to an increase in the engine
speed, which was restored by the dynamometer
controller.
The trend of decrease in ignition delay of the pilot
injected fuel with increase in rail pressure is seen in
both the measured and predicted values (Figure 9), as
in the case of Engine A. In the case of the ignition delay
of the main pulse also, an initial dip due to the raise in
the injection pressure is seen, which is more pronounced than with the pilot injection. This was because
when the rail pressure increased, the amount of fuel
injected in the pilot was also higher, because the injection pulse width was constant in this case. This led to
more heat release before the main injection, which
resulted in significant drop in the ignition delay. Once
again it is seen that the proposed model can predict the
above influence in the main injection pulse as well. The
figure also shows the model-calculated physical delay
periods for the pilot and main injections for Engine B.
We see that there is a decrease in the physical delay of
the pilot and a simultaneous increase in its chemical
delay. The physical delay decreases with increase in rail
pressure because of the increased injection velocity
while the liquid length remains unchanged,34 that is,
decrease in the time taken to reach the liquid length like
in engine A. The predicted increase in the chemical
delay of the pilot under this condition is due to the
shortening of the physical delay which advanced the
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Response to transients in main injection quantity

Figure 10. Variation in engine parameters and results of realtime prediction of the ignition delay model during a transient in
fuel injection quantity (engine A).

start of the chemical delay period (lowered cylinder gas
temperature and pressure). This effect was not significant in engine A due to the smaller physical delay on
account of the higher intake manifold pressure and
more retarded injection timing of the pilot.
The chemical delay period of main injected fuel
decreased with increase in the rail pressure. This is
because in the case of Engine B, there is an increase in
the quantity of the pilot fuel unlike engine A, which
raises the temperature of the charge. This happens
despite the reduction in the physical delay of the main
injection. Thus, in this case, the effect of increase in
temperature of the charge due to pilot combustion
was dominant on the chemical delay of the main
injection.

Engine A. The engine A was run with one pilot (9 °CA
bTDC and 260 ms) and one main injection at 2 °CA
bTDC per engine cycle. The boost pressure was set at
1.3 bar, while the demanded rail pressure was 870 bar.
The demanded IMEP was changed by the setting of the
throttle position from 35% to 45% as a step input.
This changed the demanded fuel quantity from 20.5 to
34.5 mg/cycle, while the pilot quantity was held constant at about 1 mg/cycle. The changes in the engine
parameters with time due to this change in main injection quantity were captured and analyzed. There was a
sudden drop in the fuel pressure in the common rail
due to the step-increase in injected fuel quantity, as seen
in Figure 10, which settled after some cycles. Since a
fuel quantity–based architecture was used in the application software in this case, the pilot and main injection
durations were accordingly changed to maintain the
desired quantity of fuel. However, the changes in the
pilot injection duration were too small to be seen in the
figure. The accompanying changes in the boost pressure
and the corresponding positions of the VGT are also
seen in the figure.
Figure 10 also indicates an initial drop in the ignition delays of both the pilot and main injections when
the main injection quantity is increased. This is due to
the sudden raise in the boost pressure and the accompanying increase in boost temperature which occurred
because of the increased energy in the exhaust and the
raised turbine speed. The increase in the exhaust gas
temperature also raised the trapped residual gas temperature. However, when the boost pressure settled to
its old value by the control action on the turbine inlet
vanes, the settled ignition delays were increased but
were lower than their initial steady values as expected.
The ignition delay model can capture all these experimentally observed trends satisfactorily.
Figure 10 also shows the model-predicted physical
and chemical delays of the pilot and main injections. It
may be noted that an increase in the boost pressure will
reduce the liquid length, while a raise in the rail pressure will reduce the time to reach the liquid length,
both of which will shorten the physical delay. The initial dip in the physical delays is due to the sudden raise
in the boost pressure, while the oscillations are due to
the oscillations in the rail pressure. The effect of fluctuation in the rail pressure is not seen on the modelpredicted chemical delays, since it does not influence
the charge temperature. The predicted physical and
chemical delays after the engine becomes steady are
lower due to the increased residual gas temperatures.
Engine B. In Engine B, the pilot fuel was injected at a
constant timing of 25 °CA before the combustion TDC
for a fixed duration of 387 ms. The main pulse was
injected at 9 °CA before combustion TDC for a duration of 530 ms and was changed to 660 ms as a step
input. The fuel pressure in the common rail was set at
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pilot injection pulse is influenced by the transient in
main injection duration due to the increased temperatures as explained earlier. There was no significant
influence of the load transient on the chemical delay of
the main injection.

Response to transients in engine speed and load with
stock ECU

Figure 11. Variation in engine parameters and results of realtime prediction of the ignition delay model during a transient in
injection duration of the main pulse (engine B).

600 bar. Figure 11 shows the fluctuation in the rail pressure and the response of other parameters due to the transient in injection duration. We see that the step change in
the main injection duration has resulted in a significant
change in speed due to the slow response of the dynamometer controller, which was only corrected after about
5 s. The current model accounts for the changes that speed
will have on the volumetric efficiency, exhaust gas temperature and hence on the charge temperature. It also
accounts for the changes in the exhaust gas temperature
with total fuel quantity as described earlier. Thus, it is
observed that the actual variations in ignition delays of
the pilot and main are captured by the model.
Figure 11 also shows the model-predicted values of
the physical delay of the pilot and main injection
pulses. It could be seen that the physical delay period
of the pilot was marginally influenced by the increase
in temperature because of the effects described earlier.
However, there was no significant influence of the main
injection duration on the physical delay of main
because the pilot quantity is fixed and the influence of
speed after the combustion of the pilot is not very significant. It is also seen that the chemical delay of the

Engine A. The engine was run with its stock ECU and
was taken through a customized severe-transient cycle,
as shown in Figure 12. The developed procedure was
validated with data obtained when all the engine parameters were varied simultaneously based on the logic in
the stock ECU, during changes in engine speed and
external load. The transient cycle consisted of a speed
ramp-up at a constant throttle position (A–B), followed
by a throttle ramp-up at a constant speed (C–D) and
finally both the speed and throttle positions were
ramped up simultaneously (E–F) and then brought
back to their initial values.
In the figure, it is seen that there was a small drop in
the experimentally obtained ignition delay of pilot
pulse during the speed ramp-up (A–B), up to a certain
speed. However, there was an increase in the delay
period of the pilot during the latter part of the speed
ramp-up phase (A–B). Similar phenomena could be
observed during the ramp-down phase of the engine
speed. During the throttle ramp-up (C–D), there was
an immediate increase in the delay period. When both
speed and throttle positions were raised simultaneously
(E–F), there was an increase in the delay period of the
pilot. In the case of the main injection, during the speed
ramp (A–B), the ignition delay decreased rapidly at
first followed by a small increase. During the load
ramp (C–D) and speed–load ramp (E–F), there was a
drop in the ignition delay period. It could also be
observed from the above figure that the physics-based
model when applied for the transient cases could predict these real-time changes in ignition delay values
satisfactorily.
The variation of the physical and chemical delays of
the pilot injection is similar, and thus they are also like
the variation of its total ignition delay period
(Figure 12). During the initial part of the speed rampup phase (A–B), there was an increase in the boost
pressure and rail pressure with no change in the injection timing, resulting in a small decrease in the physical
and chemical delays. However, the VGT controller
came in to action and decreased the boost pressure
back to its initial value, while the injection timing of
the pilot injection was advanced by the ECU in order
to maintain proper combustion phasing, resulting in a
decrease in the charge temperature and pressure. This
increased the physical and chemical delays of the pilot
pulse. During throttle ramp-up (C–D), initially, though
there was an increase in rail pressure, there was also a
steep advancement in the injection timing, leading to
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rate of increase of the model-predicted chemical delay
values decreased. This is due to the increase in the
boost pressure, which overshot its final value even
though the injection timing of the pilot was advanced
during this period.
In the case of the main injection, Figure 12 shows
that during the initial part of the speed ramp-up phase
(A–B), there was a marginal advancement in the injection timing, while the rail pressure and boost pressure
increased significantly, resulting in a decrease in the
model-predicted physical and chemical delays.
However, during the latter part, the boost pressure was
brought down by the VGT controller, resulting in an
increase in the chemical delay period, while the physical
delay period remained almost unchanged. During the
throttle ramp-up (C–D) and during the simultaneous
ramp-up of speed and throttle (E–F), there was very
less advancement in the injection timings of the main,
while the boost pressure and rail pressures increased
significantly, resulting in a decrease in the modelpredicted physical and chemical delay periods.
Whenever there was an increase in the rail pressure, a
decrease in the duration of the pilot was observed,
which means that the variation in its quantity and
hence its effect on the main injection were not significant in this case. Such experiments could not be conducted on engine B as it employed a steady-state
dynamometer.

Real-time validation of the methodology in an ECU

Figure 12. Variation in engine parameters and results of offline
prediction of the ignition delay model during a transient cycle in
engine A.

an increase in the physical and chemical delays.
However, in its latter part, the boost pressure raised
significantly, while the rail pressure and injection timing remained constant, resulting in a slight decrease in
the physical and chemical delays of the pilot. When
both speed and throttle positions were ramped up (E–
F), there was a significant advancement in the injection
timing throughout. Even though the boost pressure
and rail pressure were increased during this phase, an
increase in the physical and chemical delays of the pilot
was observed due to the dominating effect of the injection timing. Toward the end of the ramp-up phase, the

The proposed ignition delay modeling procedure, which
was also validated offline as described in the previous
sections, was tested for its capability to estimate ignition delay in real time, by incorporating it in the open
engine controller’s architecture used on engine A. For
this, the ignition delay prediction methodology was
converted in to an executable control model in the
MATLAB Simulink environment and incorporated
within the in-house developed engine control algorithm.
This was done using the Etas e-hooks and INCA software tools. As mentioned earlier, the ignition delay
model takes the following as input: engine speed, total
injection quantity, duration and timing of pilot injection and timing of main injection, which were available
at the rate of one sample per engine cycle. It also uses
the sensed rail pressure, boost pressure and boost temperatures, which were available at the rate of one sample for every 1 ms. Suitable rate-transition blocks were
used to convert these values and provide data at 2-ms
intervals for the calculation of the ignition delays of the
pilot and main injections using the model. This was the
lowest available ECU triggered calculation block.
Though the ignition delay values were computed for
the pilot and main injection within the ECU in real
time (once in every 2 ms), the output was monitored
and logged externally over the CAN by Etas INCA
software at the rate of 100 samples per second. It is to
be noted that the cycle time at the maximum engine
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Figure 14. Experimentally determined ignition delay values
versus RT model–predicted ignition delay values during the
transient cycle.

ignition delay of pilot increased due to a significant
advancement in the injection timing of the pilot pulse.
When both speed and throttle positions were ramped
up (E–F), the increase in boost pressure and rail pressure resulted in a decrease in the ignition delay of the
pilot during the initial phase. However, the pilot timing
was subsequently advanced, resulting in an increase in
the ignition delay period of the pilot injection during
this latter phase. In the case of main injection, there
was an increase in the boost pressure at almost constant
injection timing, resulting in a subsequent decrease in
the ignition delay periods during all three transient
phases. These trends have been satisfactorily predicted
by the ignition delay model in real time, as seen in the
Figure. Figure 14 shows that during the transient cycle,
the pilot and main injections have been predicted with
an accuracy of 660 ms. It is to be noted that at engine
speeds of about 1800 r/min, the maximum error in the
prediction of ignition delay is of the order of 0.6 °CA.
Figure 13. Variation in engine parameters and results of realtime prediction of the ignition delay model during a transient
cycle in engine A.

speed of 4000 r/min is about 30 ms, while the model can
be computed within an interval of 2 ms, which demonstrates its capability for real-time applications within
the engine’s controller.
The engine was taken through a combination of
speed and load transients as shown in Figure 13.
During this experiment, the in-cylinder pressure traces
were acquired through the combustion analyzer and
used to determine the ignition delay values for each
cycle. The model-predicted ignition delay values were
also acquired in real time as discussed earlier, at a sampling rate of 100 samples per second, which was converted to cyclic data using a MATLAB script. Both the
data were synchronized using a speed ramp prior to the
test, as described earlier. It could be observed that during the speed ramp-up phase at constant load (A–B),
there was an increase in the boost pressure and rail
pressure and hence a decrease in the pilot ignition delay
period. During the throttle ramp-up phase (C–D), the

Conclusion
An improved physics-based ignition delay prediction
methodology, based on an earlier work by the authors,
has been proposed and validated in this work for steady
and transient operations suitable for real-time diesel
engine control applications.






Ignition delay of the pilot and main injections
were computed by additionally considering
changes in the charge temperature based on
retained exhaust and fresh air quantities and temperature gradients arising due to combustion of
the pilot fuel, during the ignition delay period of
the main injection.
CFD studies on two different engines indicated that
this temperature gradient depended on the mass of
pilot fuel but was independent of the engine speed.
Simulation indicated that temperature gradients of
about 60 K can exist after combustion of the pilot
(1 mg) which affected the ignition delay of the main
injection.
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Comparisons with the fluctuating temperature measured by a 25-mm bare-wire thermocouple instrumented on the intake manifold indicated that the
measurements done by the ECU with the conventional boost temperature sensor were sufficient for
ignition delay predictions even during transient
conditions.
After the constants in the chemical delay model
were tuned with steady-state data, the cycle-bycycle changes in ignition delay during transients
imposed on boost pressure, rail pressure and main
injection quantity could be predicted satisfactorily.
This was also validated under a transient cycle
when the engine was controlled by its stock ECU.
The same tuning constants could be used for prediction of the ignition delay under transients on
another naturally aspirated engine, which indicates
the suitability for application in different engines.
The model was embedded in an open engine controller and was used to predict the cycle-by-cycle
ignition delays of the pilot and main injections. It
was possible to compute the ignition delay in less
than 2 ms within ECU within an error band of
660 ms, which corresponds to about 60.6 °CA.

Thus, the modeling procedure proposed in this work
can be employed for real-time predictions of ignition
delay within the ECU using the already available sensor
inputs, both under steady and transient conditions for
purposes of control. The applicability of this model to
other fuels can be evaluated in the future. The suitability of the current modeling approach to other modes
like low temperature combustion with direct injection
of fuel needs to be explored.
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Appendix 1
Notation
a
aTDC
A
b
bTDC
B
cP, air
Ca
Cd
Cv
CA
d
dQ
Ea
K
LHV
mair
mres
Mcone
Mpil
n
N
P

constant in liquid length equation
after TDC
proportionality constant
tuning constant in liquid length
equation
before TDC
fuel-to-air density ratio
specific heat of air at constant
pressure
area contraction coefficient of
orifice
coefficient of discharge of orifice
velocity coefficient of orifice
crank angle
orifice diameter
heat release rate
activation energy
tuning constant for pilot
temperature gradient
lower heating value of fuel
mass of air
mass of residual gas retained incylinder
mass of air entrained in pilot
spray
mass of pilot injected fuel
polytropic exponent
engine speed in r/min
in-cylinder pressure

PEOPD, main
PEOPD, pil
Pexh
Pint
Prail
PSOI, main
PSOI, pil
Qinj
R
R2
S
SOI
T
TEOPD, main
TEOPD, pil
Texh
Tint
TSOI, main
Uf
V
VGT
x+
y
z
DT
hvol
u
rf
rSOI, pil
tchem, pil
tid
tSOI, mainSOI, pil
Ø

in-cylinder pressure at EOPD of
main injection
in-cylinder pressure at EOPD of
pilot
exhaust manifold pressure
intake manifold pressure
fuel pressure in common rail
in-cylinder pressure at SOI of
main injection
in-cylinder pressure at SOI of
pilot
injection quantity
universal gas constant
correlation coefficient
spray tip penetration
start of injection
in-cylinder temperature
in-cylinder temperature at EOPD
of main injection
in-cylinder temperature at EOPD
of pilot
exhaust manifold temperature
intake manifold temperature
in-cylinder temperature at SOI of
main injection
fuel injection velocity
in-cylinder volume
variable geometry turbocharger
characteristic length
fitting constant for equivalence
ratio
fitting constant for pressure
temperature gradient due to pilot
combustion
volumetric efficiency
spray cone angle
density of liquid fuel
air density at start of injection of
pilot
chemical delay of pilot ignition
ignition delay
duration from SOI of pilot to SOI
of main
equivalence ratio

