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Methanol has emerged as a strong alternate fuel candidate, which can meet future fuel requirements for loco-
motive traction. Simulation approach is an excellent tool for preliminary technical feasibility assessment of
alternative fuels compared to time consuming experiments. The objective of this study was therefore to assess the
feasibility of 90% diesel displacement by methanol (on energy basis) in the ALCO-251 locomotive engines, the
workhorse of Indian Railways (IR). In the first phase of this study, base model of ALCO-251 locomotive engine
was prepared in 1-D simulation software (GT-Power), which was validated using the experimental data of
mineral diesel provided by Research Designs and Standards Organization (RDSO), which is the R&D wing of IR.
Locomotive engine works on eight different engine speeds at different notches: 350 rpm (1st Notch), 450 rpm
(2nd Notch), 550 rpm (3rd Notch), 650 rpm (4th Notch), 750 rpm (5th Notch), 850 rpm (6th Notch), 950 rpm
(7th Notch), 1050 rpm (8th Notch). In the second phase of the study using this validated model, a co-axial
injector was used where methanol was used as the primary fuel, and diesel was used as the secondary fuel for
pilot injection using Co-axial High Pressure Direct Injection (HPDI) method. For simulations, methanol and diesel
injectors were housed in a single injector body of the co-axial injector, but they had individual controls. Co-axial
injector was actuated such that first it injected diesel in hot air-environment to initiate the combustion, followed
by injection of methanol as the main motive fuel. Base model simulated the engine performance, emissions, and
combustion characteristics quite well, which were in good agreement with the experimental data. Pareto opti-
mized dimensions of the co-axial injector were 0.486 mm nozzle hole diameter, and 3 holes for pilot diesel
injection, and 0.544 mm nozzle hole diameter, and 5 holes for methanol injection. HPDI of Methanol with Pilot
Diesel Injection Model with optimized injector dimensions exhibited in-cylinder pressure curve shapes similar to
the base model with similar/ superior torque characteristics, higher brake thermal efficiency, and lower NOx
emisssions. Inevitably, 1-D simulation for the locomotive engine represented a potential method to achieve
similar/ better engine performance, combustion and emission characteristics via this new fuel injection concept,
using high pressure co-axial direct injection system.

1. Introduction density, wide load-speed operating window, and higher fuel conver-

sion efficiencies [3]. These diesel engines, especially locomotives, emit

India has world’s third-largest railway network. Total length of the
Indian Railway (IR) network is ~70000 route km. IR’s revenue
increased at a CAGR of ~6.2% during 2008 to 2019 and was US$ 27.13
billion in 2019 [1]. IR operated 6023 diesel locomotives and 5399
electric locomotives in 2017 [2]. One can observe that diesel locomo-
tives are the main workhorse of IR and would continue to play a major
role for at least next couple of decades. Diesel engines are preferred for
road transport, rail-roads and marine sectors due to their high-power
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vast amounts of emissions. Central Pollution Control Board (CPCB),
Government of India, has prepared a report entitled “Exhaust Emission
Benchmarks for Diesel Locomotives on Indian Railways” [4]. As per this
report, IR contributed 24.7 million tonnes of carbon dioxide (CO3) in
2013, which was ~9.7% of total COy emissions in India. Currently,
emission standards are applied to all light- and heavy-duty vehicles in
India, however, there are no emission norms applicable to diesel loco-
motives as on date. In near future, CPCB is likely to adopt Indian
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locomotive emission standards (ILES) norms, and IR would be required
to comply with these emission norms for their diesel locomotives.

India currently imports >80% of its petroleum requirements. Pe-
troleum imports are the biggest burden on the exchequer of the nation. A
significant fraction of total diesel produced/ imported by India is used in
the Rail-road transport sector, which currently stands as ~2.6 million
tons per year for locomotive traction alone [5]. Government of India is
making concerted efforts to resolve two issues for the Rail-road transport
sector: (i) control the emissions from diesel locomotives; and (ii) reduce
the diesel import bill by import substitution of fuel required to power
these locomotives.

Also, it has been projected in India and elsewhere that Internal
Combustion (IC) engines, specially CI engines have outlived their pur-
pose and should be replaced by overhead catenary based power-trains,
battery and fuel cell-based drives or hybrid of these. Some of these
views have been created by considering well-to-wheel analysis of
existing IC engines technologies coupled with petroleum derivatives.
However if circular economy, having fuels such as renewable methanol
(from biomass, solid waste, carbon sequestration etc.) is considered and
the Life Cycle Analysis (LCA) of energy consumption, emissions and
Total Cost of Ownership (TCO) are taken into account, the balance tilts
in favor of IC engines fuelled by these renewable fuels instead of elec-
trified power-trains. In this context, it is also relevant to point-out that
the cost per kW of IC engines is ~USD 50, whereas for pure EVs, it is
~UDS 700, and for fuel-cell vehicles (FCVs), it is ~USD 1000. End of life
disposal of batteries is a huge concern with battery electric vehicles
(BEVs). Advanced engine technologies using alternative renewable fuels
are required to address these issues. Methanol is a promising replace-
ment fuel for conventional diesel because it can be prepared from
renewable and waste resources, and its usage in the IC engines can lead
to significantly lower emissions. India is an agrarian country, and pro-
duces considerable amount of agricultural waste, which is disposed-off
by burning in a highly inefficient and environmentally polluting
manner in-situ, causing widespread environmental and visibility snarls
during winters every year. India also has vast reserves of high ash coal
and low-value surplus biomass, which are either not utilized or under-
utilized, and their inefficient utilisation causes huge environmental
concerns. All these readily available, and cheap feedstocks can be used
to produce methanol, which can be used as a fuel for diesel locomotives.
In addition, methanol can be prepared from the atmospheric CO3, CO5
emitted by the thermal power plants, and from the natural gas, however
this route of Methanol production is relatively more expensive. Pro-
duction of methanol by capturing atmospheric CO2 could potentially
reduce India’s contribution to GHG emissions in future, if a cost-
effective technology is developed.

Methanol is an oxygenated fuel with higher latent heat of vapor-
ization compared to gasoline/ diesel, which reduces the peak in-cylinder
temperature reached in the engine upon combustion. Soot/ particulate
matter (PM), oxides of nitrogen (NOx), and hydrocarbon (HC) emissions
from methanol fuelled engines are also relatively lower than fossil fuel
powered engines. Methanol is a zero sulfur fuel hence its utilization in
locomotive engines would not emit sulfur oxides (SO3 and SO3), which
contribute to the ‘Acid Rain’ [6,7]. Methanol has higher octane number
(~106) compared to commercially available gasoline, however it has
relatively lower cetane number than commercially available mineral
diesel. It has very high auto-ignition temperature (Methanol: 470 °C,
compared to Diesel: 250-450 °C) [8]. Obtaining auto-ignition temper-
ature of methanol in CI engines at the end of compression stroke is
difficult; therefore, it is extremely challenging to auto-ignite methanol in
CI engines without external assistance or using extremely high
compression ratio. Methanol is therefore a preferable fuel for spark
ignition (SI) engines [9] and it is difficult to be used in CI engines as a
stand-alone fuel. Several reserchers explored the potential of methanol
fueled SI engines using experiments and computational tools [10-20].
However, methanol research for widespread use in large-bore CI engines
is gaining momentum now, especially for rail road, high power diesel
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generators (DG), and marine applications [21]. Use of methanol prac-
tically started recently in large-bore marine engines for commercial
operations, when RoPax ferry ’Stena Germanica’ was converted to
operate on methnol [22]. Methanol production plants are being setup
globally at feverish pace in order to meet surging demands. Mitsubishi
led consortium pledged to invest US$ 1 billion in Caribbean Gas
Chemical Ltd. (CGCL) for setting up methanol-DME plant in Trinidad
and Tobago recently, with one million ton methanol production ca-
pacity, in addition to 20,000 tons DME production capacity [23].

Three different approaches can be adopted for introduction of
methanol in CI engines. In the first approach, methanol-diesel blend can
be injected using a single injector into each cylinder. Use of a single
injector for injecting diesel-methanol blend is a major advantage of this
method. However, this method limits the quantity of methanol injected
into CI engine because phase separation of methanol and diesel occurs, if
methanol content is >10% (v/v) [6]. Several researchers have investi-
gated CI engines fuelled with methanol-diesel blends, where maximum
methanol concentration in test fuel was >10% (v/v) [24-28]. Some
researchers used methanol as an additive in biodiesel-diesel blends
[29-33]. Engine operational problems were observed with higher con-
centration methanol-diesel blends due to poor miscibility of methanol
with diesel, leading to phase separation. An emulsifier can be used to
overcome this issue, hence higher blending of methanol in diesel can be
explored. Several researchers reported using dodecanol and a mixture of
butanol (iso-butanol and n-butanol) and oleic acid as promising emul-
sifier solution to stabilize methanol-diesel blends [34-36]. The second
approach involved methanol introduction in the intake port using port
fuel injection (PFI), and direct injection of diesel into the engine com-
bustion chamber. Several researchers have assessed this approach since
it provides flexibility to use higher energy contribution from methanol
to power the CI engines [37-42]. Compression ratio enhancement and
intake air heating were the most commonly used approaches to avoid
inferior ignition characteristics, which generally arose due to lower
cetane number of methanol, and its condensation in the intake port
[43-45]. In the third approach, methanol was introduced in the CI en-
gine combustion chamber using high-pressure direct injection (HPDI)
system, along with pilot injection of diesel. Diesel pilot injection initiates
the combustion. In this approach also, diesel pilot is used for initiating
the in-cylinder combustion first, followed by methanol injection into the
burning diesel pilot flames. This approach offers an opportunity to use
methanol as bulk fuel in the existing diesel engines, especially large-bore
engines such as the ones used in locomotives and marine transport. This
approach can be implemented in two different ways in the large-bore CI
engines. First method could be installing two separate injectors for
introduction of methanol and diesel, however this requires extensive
modifications in the engine cylinder head. This method has design
constraints because it requires additional space in the already crowded
engine cylinder head to install an additional injector for methanol in-
jection, which is quite challenging and also compromises the structural
integrity of the cylinder head. This method was rarely studied and there
are limited investigations reported in the open literature [46-48].
However, this method offers flexibility to handle the fuel injection
timings, rate shaping, and quantity of fuel injected more precisely than
other methods. First method is to develop and use a co-axial injector,
which can inject two fuels simultaneously, using two separate fuel lines
having independent controls in a single injector housing. Both these
methods warrant use of two separate fuel tanks and two independant
control units [49]. Wartsila used a co-axial injector in a medium-speed
engine for marine applications [50]. Injectors used had a central
diesel nozzle to inject diesel and three methanol nozzles positioned
symmetrically around the diesel nozzle to inject methanol, within a
common injector housing.

Methanol introduction techniques, which avoid phase separation of
methanol and diesel, are obviously superior than developing methanol
powered CI engines. Therefore, researchers are investigating PFI and
HPDI techniques, where most energy released would be contributed by
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the low-reactivity fuel ‘methanol’, and the high reactivity fuel ‘diesel’
would act merely as an ignition source [51-54]. Both these techniques
provide distinct fuel introduction routes to adapt methanol in large-bore
engines that would reduce their environmental impact, in addition to
providing robust engine operation, in order to produce similar/ higher
power density than diesel-fuelled base engines [55-57]. Limited
research has been reported for the assessment of these techniques for
methanol introduction in large-bore engines. This study is therefore
aimed at assessing the technical feasibility of HPDI technique for
methanol fueling in diesel locomotive engine using co-axial injectors. IR
employs two types of diesel locomotives in its fleet. 2-stroke diesel en-
gine technology originally procured from EMD, USA in 1990’s; and 4-
stroke diesel engine technology originally procured from ALCO, USA
in 1950’s. Both these locomotive engines have undergone significant
changes and evolution in last several decades in RDSO, Lucknow (India)
and have been upgraded quite significantly. ALCO design locomotive
engine (ALCO-251) was selected for this feasibility assessment using 1-D
simulations. Simulation is an economical and quick approach for eval-
uation of alternative fuels, since it provides flexibility in studying its
influence on engine performance without conducting experiments using
very expensive locomotive engine test-cells [58]. GT-Power is a leading
simulation tool developed by Gamma Technologies, for simulating the
real engine combustion conditions by simulating the gas exchange
phenomena. GT-Power software has been used in this study for making a
1-D model of ALCO-251 locomotive engine. Primary objective of this
study was to find optimum dimensions of the co-axial injector based on
similar/ enhanced locomotive engine performance, emissions and
combustion characteristics.

2. Methodology and computational setup

In this study, HPDI of methanol with pilot injection of diesel was
chosen for modelling and computational analyses. This approach chosen
for the study was based on experimental studies. Experiments performed
at Engine Research Laboratory (ERL), IIT Kanpur on lower methanol-
diesel blends indicated that methanol and diesel have poor miscibility
and it was not possible to power a locomotive engine with 10% (v/v)
methanol blended diesel. In addition, PFI technique was also investi-
gated, where methanol was injected in the intake port to form a ho-
mogeneous charge. However, at low engine speeds, fuel-air mixture
becomes very lean for the locomotive engine. It becomes difficult to
ignite the fuel-air mixture under these conditions because the mixture
strength goes outside the flammability limits. This technique also suffers
from the issue of very high cold-start emissions. Furthermore, diesel
locomotive duty-cycle was similar to urban start-and-stop duty-cycle.
Port injection of methanol would have led to only nominal displacement
of diesel. Hence for this study, preparation of model was followed by
model validation using experimental data, which was collected from the
ALCO-251 test engine at RDSO, Lucknow. Technical specifications of the
locomotive test engine system are shown in Table 1.

In Fig. 1, schematic representation of HPDI of (i) diesel, and (ii)
methanol with pilot diesel is given. Co-axial injector is to be designed for
a targetted diesel displacement (on energy basis) of 90% by methanol.

Locomotive engine works in eight notches. Notching up the engine
leads to increase in engine speed and power almost linearly. Eight
different engine speeds at different notches are 350 rpm (1°' Notch), 450
rpm (2™ Notch), 550 rpm (3" Notch), 650 rpm (4 Notch), 750 rpm (57
Notch), 850 rpm (6 Notch), 950 rpm (7™ Notch), 1050 rpm (8™
Notch). GT Power software was used to prepare 1-D model for ALCO-
251 locomotive engine. In GT-Power, for creating the base model of
locomotive engine, various templates were used to define different pa-
rameters associated with various engine components such as combus-
tion chamber, injectors, valves, flow object, compressor, and turbine.
Sequence of input parameters for each associated component are
explained in Fig. 2.

In addition, initial conditions were required as input to initialize

Table 1
Technical specifications of the test engine and injector.
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Parameters

Specifications

Engine specifications
Engine Type

No. of Cylinders
Configuration
Compression Ratio
Bore x Stroke (m x m)
Firing Order
Turbocharger
After-cooler

Brake Power (kW)
Engine speed (max.)

Injector specifications
Number of nozzle holes
Hole diameter (mm)
Spray angle

Make

Type

Injection Pressure (bar)

DLW built ALCO 251-B engine, 4-Stroke

16

e

11.75

0.2286 x 0.2667

1R 1L, 4R 4L, 7R 7L, 6R 6L, 8R 8L, 5R 5L, 2R 2L, 3R 3L
One per engine

Single, water-cooled

2311

1050 rpm

9

0.35

157 deg

Bosch
Mechanical

1050 at 8™ Notch

Diesel Hole

/

Diesel
Injection

Environment

[ Hot Air

Combustion Chamber

(a) HPDI of diesel using conventional injector

Pilot Diesel
Injection

Methanol Hole

Diesel Hole /

Main Methanol
Injection

A btiEt

Environment

[ Hot Air

Combustion Chamber

(b) HPDI of methanol along and pilot injection

of diesel using co-axial injector

Fig. 1. Fuel introduction strategies.

various components. Initial conditions, mostly observed in locomotive
engine experiments, are listed in Table 2.

GT-Power software has two domains: GT-Integrated Simulation

Environment (GT-ISE) and GT-Post Processing Tool (GT-Post). The first
one is used for building the model and to assign simulation parameters.
The second is used for post-processing of data, where plot-processing
feature is also available. In this study, two injectors in a single co-
axial injector body are modeled to assess its feasibility. Detailed steps
followed in this study are shown in the flow-chart (Fig. 3).
Sixteen-cylinder locomotive engine model is shown in Fig. 4.
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Fig. 2. Model flow-chart explaining different objects and associated parameters required for 1-D model preparation.

Table 2
Initial operating conditions for the base-model.

for simulating the heat exchange processes. For the base model valida-
tion, WoschniHuber model was used, since it uses the in-cylinder flow
model and swirl number from the central region for superior accuracy of

Parameters Unit Value heat transfer prediction. The convective heat transfer coefficient is
Initial pressure (Environment) bar 1 defined as follows: [59]
Initial temperature (Environment) K 300

3.26 O,SWO.B
Head temperature K 550 h — P 1.1
Piston temperature K 525 ¢ RO-20-53 :
Cylinder temperature K 500

Different colour mapping is used to differentiate between various ob-
jects considered in the model. Prediction of heat exchange processes
plays a vital role in validation of 1-D model with the experimental data.
For this, GT-Power offers several heat transfer models such as Wosch-
niClassic, WoschniGT, WoschniSwirl, WoschniHuber, Hohenberg etc.,

where h. = Convective heat transfer coefficient (W/mz.K), B = Cylinder
bore (m), p = Cylinder pressure (kPa), T = Cylinder Temperature (K), w
= Average cylinder gas velocity (m/s), which is defined as follows: [60]

w = max (ww, wh) (1.2)

where ww = Conventional Woschni model average in the cylinder, wh
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Fig. 3. Schematic of the modeling procedure.

= Huber average in the cylinder gas velocity, which is defined as fol-
lows: [60]

2
wh = clsp<1+z(V{§’C) (max(IMEP,l))°‘2> 1.3)

where IMEP = Indicated Mean Effective Pressure (bar), Sp = Mean
piston speed (m/s), V = Volume (m3), Vrpc = Volume at top dead centre
(m®), and C; = Constant as mentioned in Table 3.

During the model preparation, combustion model was needed to be
defined by the user, where the burn-rate and start of combustion (SoC)
were required as inputs. Using the validated model, HPDI model with co-
axial injector was prepared, where methanol was injected directly into
the cylinder, along with pilot injection of diesel. In this model, one of the
main bottlenecks was the burn-rate. It was required as an input
parameter for the engine performance calculations. The burn-rate sig-
nifies fuel consumption during in-cylinder combustion process. Experi-
mental data for HPDI model with co-axial injector concept for methanol
utilization in the locomotive engine was not available in the open
literature. Following procedural steps were used for HPDI model
development with co-axial injector.

Step 1: Three Pressure Analysis (TPA)

TPA model was used for burn-rate prediction from the measured in-
cylinder pressure data of diesel-fuelled locomotive engine. It is a reverse
run method, where diesel cylinder pressure history was given as an input
and burn-rate was the output. The flow characteristics of the model
should be accurate to get precise results from the TPA analysis. This
condition can be assured by isolating the model for one cylinder along
with its associated valves and ports. In TPA analysis, combustion object
was not given as an input.

Step 2: Calibration of Predictive Combustion Model

Predictive combustion model was used for modelling the physics of
combustion process to predict the burn-rate in the engine combustion
chamber. In reality, predictive combustion model includes assumptions
since it is based on three pressures only. Therefore, model requires
calibration for the best match of simulated combustion process with that
of the experimental data of combustion. GT power finds four DIPulse
attributes. These attributes are such that the best match is defined be-
tween measured and predictive burn-rates. These attributes are
entrainment rate multiplier, ignition delay multiplier, premixed
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Fig. 4. Base-model for 16-cylinder locomotive engine using GT-Power.
Table 3 combustion rate multiplier, and diffusion combustion rate multiplier.
able

Value of constant C; used in prediction of heat transfer [60].

Different attributes are briefly explained, which are used in GT-Power
for various multiplier calculations.

C1

Process

During cylinder gas exchange
During compression
During combustion and expansion

6.18 + 0.417 Sw

Step 3: HPDI of Methanol with Pilot Diesel Injection Model

2.28 + 0.308 Sy

2.28 + 0.308 Sy

For displacing 90% diesel energy by methanol, HPDI of methanol

where; Sy = Swirl number of centre regions.

with diesel pilot injection model was prepared, which used a co-axial
injector for injecting methanol and diesel pilot in the cylinder sequen-
tially (Fig. 5).
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Fig. 5. HPDI of methanol with pilot

Co-axial injector was represented as two injectors in the model, in
order to assess the capability of this conceptual fuel injection system
design. Methanol was selected as one of the two fuels along with diesel
from the GT-Power library, and the input parameters taken from the
library were as given in Table 4.

Since 90% diesel displacement by methanol is on energy basis was

diesel injection model in GT-Power.

targetted, methanol and diesel quantities were calculated and given as
input to the model. Injected fuel quantity along with their injection
pressures for both, the base model, and the HPDI of methanol with pilot
diesel injection model are shown in Fig. 6. For HPDI of methanol with
pilot diesel injection model, EngCylCombDIPulse (Direct-Injection-
Diesel-Multi-Pulse) combustion model was used. It predicts the
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Table 4
Parameters taken from GT-power library for the two test fuels.
Parameter Diesel Methanol
Carbon atoms per molecule 15 1
Hydrogen atoms per molecule 25.05 4
Oxygen atoms per molecule 0 1
Stoichiometric air—fuel ratio 14.5:1 6.42:1
Density (Kg/m®) 830 792
Lower heating value (MJ/kg) 42.8 21.1
Critical temperature (K) 569.4 513
Critical pressure (bar) 24.6 79.5
Absolute entropy at 298 K (J/kg-K) 3445.47 7484.33
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Fig. 6. (a) Fuel quantity injected in one engine cycle, and (b) Fuel injection
pressure for base model and HPDI of methanol with pilot diesel injection model.

combustion rate in accordance with single or multiple injection events.
Basic approach for this model is to track the fuel droplets as an injection
event occurs, its evaporation due to high in-cylinder temperature envi-
ronment, and finally the mixture formation with surrounding gases,
followed by combustion. These predictive model calculations were done
in three different zones: (i) main unburned zone, (ii) spray unburned
zone, and (iii) spray burned zone. In this combustion model, an opti-
mized entrainment rate multiplier, ignition delay multiplier, premixed
combustion rate multiplier, and diffusion combustion rate multiplier
were given as input, as mentioned in the Step 2.

Start of injection (SolI) timing, number of holes and holes diameter of
diesel injector nozzle and methanol injector nozzle for ‘HPDI of meth-
anol with diesel pilot injection model’ were found by optimization.
Optimization is the process where systematic changes were done in the
input variables (factors) for maximizing or minimizing model’s outputs.
It is an automated process with following steps: it (i) iteratively sets the
input variables, (ii) runs the model, (iii) evaluates the model outputs,
and (iv) changes the inputs again for optimization of objectives. GT-
Power provides the facility of Integrated Design Optimizer that
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accommodates the sweep factors, for which a single optimized value will
be found for current active cases. Steps followed for the optimization
procedure are as follows:

Multiple objectives (Pareto) selected were to maximize the engine
performance, and to minimize the emissions. Thus, design optimizer was
setup with two independent factors, and three sweep factors with
objective of brake torque, and brake power maximization along with
NOx minimization.

Sol of diesel injector and methanol injector were selected as inde-
pendent factors. Also, diesel nozzle hole diameter and number of holes,
methanol nozzle hole diameter and number of holes were selected as
sweep factors.

Design optimizer was run such that optimized injector parameters of
both injectors and Sol timings for both fuel injection for HPDI of
methanol with diesel pilot model were determined, as shown in Tables 5
and 6 respectively.

The reason for injecting 10% energy by diesel in ‘HPDI of methanol
with pilot diesel injection model’” was to use diesel for initiation of
combustion. During optimization of Sol timing for methanol, injection
event was found to be relatively retarded such that diesel injection took
place earlier than the methanol injection, and it initiated the combustion
in the engine cylinder before the methanol was injected. The proposed
co-axial injector for methanol induction along with pilot diesel injection
and its optimum dimensions are illustrated in Fig. 7.

3. Results and discussion

In this section, first the base model for diesel was validated using the
experimental results, and then the engine performance, emissions, and
combustion parameters of HPDI of methanol with pilot diesel injection
model were compared with that of the base model, in order to see
whether large energy displacement of diesel by methanol would lead to
identical locomotive engine performance or not?

3.1. Base model validation

1-D base model prepared using GT-Power was validated using the
experimental data provided by RDSO. Variations in the engine perfor-
mance, emissions and combustion are discussed in this section. Various
parameters such as P-0 diagram, heat release rate (HRR), brake torque,
brake thermal efficiency, maximum in-cylinder pressure, NOx emis-
sions, turbine outlet pressure, compressor outlet pressure etc. were
considered for base model validation using the experimental data from
the ALCO-251 locomotive.

3.1.1. P-0 diagram and heat release rate

1-D base model for ALCO 251 locomotive was validated at four
notches (8th Notch, 7t Notch, 6™ Notch and 5™ Notch), while consid-
ering appropriate matching of P-0 and HRR curves with the measured
experimental data (Fig. 8). P-0 curves at all these notches followed the
trends at start of combustion and the expansion strokes. However, there
were some differences in the peak pressures produced, assuming that
experiments were performed after the thermal stabilization and data

Table 5
Injector dimensions for a single injector (only diesel) and co-axial injector (HPDI
of methanol with pilot diesel injection).

Injector parameters Diesel injector (Base Co-Axial Injector (HPDI of

Model) methanol with pilot diesel
injection model)
Diesel Methanol
injector injector
Hole diameter (mm)  0.35 0.486 0.544

Number of nozzle 9 3 5
holes
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Table 6
Start of injection timings.
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Model Injector Engine speed (Erpm)
1050 rpm 950 rpm 850 rpm 750 rpm 650 rpm 550 rpm 450 rpm 350 rpm
SOI (degree) BM D -15 -16 —-18 —22 -14 -12 -10 -6
DM D -16 -14 -17 -22 -14 -10 -9 -7
M -14 -13 —14 -17 -11 -7 -6 -3

D: Diesel, M: Methanol, BM: Base model, DM: HPDI of methanol with pilot diesel injection model.
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Fig. 7. Illustration of proposed co-axial injector dimensions for adapting methanol and pilot diesel injection in a locomotive engine.

captured were accurate. The differences in both the experimental and
simulated Pp,.x are shown in Fig. 9 (a) at all notches. This difference
were mainly contributed by the idealization and assumptions made,
while predicting different parameters. The highest differences in the in-
cylinder pressures between the experimental and simulation results
were found at the 7" Notch.

Simulation results matched well but were slightly lower than the
experimental results at all notches. The minor variations between the
peak in-cylinder pressure between the simulation and experimental re-
sults were because engine combustion remained quite complex and not
well understood phenomena and empirical relations used in 1-D model
were not sophisticated enough to consider numerous factors, that affect
the combustion process as shown in Fig. 9(a). Moreover, HRR at
different notches was considered as an important factor for validation of
1-D model because model predicted accurate results to emulate heat
released during the combustion process. Shapes of HRR of both exper-
imental and simulation results were similar but minor differences were
there. These differences can be attributed to noise in the measurement of
the experimental data and/ or incorrect data filtering. Also, it is possible
that heat exchange between gases and cylinder walls was not modelled
accurately in the 1-D simulation model. These deviations between the
experimental and simulation results in both P-0 and HRR curves were
within acceptable range. Therefore, the model was considered validated
and could be used for assessing the engine performance, emissions and
combustion related parameters.

3.1.2. Brake torque (BT)

The variations of BT in the experimental and simulation results is
shown in Fig. 9 (b). Maximum BTs in the experimental and simulated
results at 8™ notch were 20,702 Nm and 20,426 Nm respectively.
Simulated results were marginally higher than the experimental results
at all notches except first, second and sixth notches. Experimented brake
torques at eighth, seventh, fifth, fourth, and third notches were 20,702,
18,406, 13,298, 10259, 7813 Nm, whereas simulated brake torques
were 20,426, 18319, 12938, 10060, and 7574 Nm respectively. Slight
variations was observed between the experimental and simulations
because WoschniHuber model used for heat transfer prediction and
calculations. Heat transfer based on empirical relationship do not ac-
count for transient variations in the related parameters such as intake air
temperature, engine surface temperature etc.

3.1.3. Brake thermal efficiency (BTE)

1-D model also gives the brake thermal efficiency (BTE) as an output.
The variations in both the experimental and simulated BTE results are
shown in Fig. 9(c). Hightest differences in the BTE between the exper-
imental and simulation results were observed at the eighth notch, which
were 40.82 and 39.9%, respectively. The model simulated slightly lower
BTE compared to the experimental results of BTE at all notches, except
the second notch. Experimental BTE at the second notch was 31.64%,
whereas simulated BTE was 32%. Maximum difference in the values of
experimental and simulated BTEs were observed at the first notch (~5%
of the experimental value).
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3.1.4. NOx emissions

GT-Suite combustion models are capable of calculating the NOx
emissions using Extended Zeldovich mechanism. In NOx emission
modelling, results are quite sensitive for trapped in-cylinder mass,
combustion rate and air—fuel ratio hence simulation results depend on
the values given as inputs. NOx is also sensitive to the in-cylinder tem-
perature, therefore ‘two-temp’ model was used during combustion
modelling because single-zone temperature calculations were not
enough to capture the in-cylinder temperature. NOx validation was done
using the experimental data. The differences between the experimental
and simulated results are shown in Fig. 9(d). The highest experimental
and simulated NOx emissions were observed at the 3" notch and the 5™
Notch respectively (1617 and 1343 ppm).

The model simulated slightly lower NOx emissions compared to
experimental NOx emissions at all notches. The lowest differences be-
tween the experimental and simulated results of NOx emissions were
observed at the last four notches, which were ~ 2.2% at 8% Notch,
~2.9% at 7' Notch, ~1.9% at 6™ Notch and 5.2% at the 5 Notch.
Other Notches exhibited higher differences between the experimental
and simulation results. NOx emission calibration provided certain
multipliers such as NOx calibration multiplier, and Ny oxidation acti-
vation energy multiplier, which were used to predict the net rate of NOx
formation and activation energy multiplier of N oxidation rate equa-
tion. These multipliers are unique for all notches.

3.1.5. Turbine outlet pressure (P;,) and compressor outlet pressure (P,)
The model used for simulations had a turbocharging unit. Turbine

10
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outlet pressure and compressor outlet pressure play a vital role because
they have a direct impact on the engine performance parameters. The
differences in experiment and simulation results for P., and P, are
shown in Fig. 10. Highest experimental and simulated values of P, were
observed at the 8™ notch, which were 2.6 bar and 2.4 bar respectively,
as shown in Fig. 10 (a). Simulation results were slightly lower than the
experimental results at all notches. Initially, at the first notch, difference
between the experimental and simulated values of P., was ~ 0.01%,
which was the lowest difference of all notches. Highest difference be-
tween the experimental and simulated results was at the 5% notch
(~11.8%).

Difference in experimental and simulated results of turbine outlet
pressure is shown in Fig. 10(b). Maximum values of Py, from the ex-
periments and simulations were observed at the 8™ notch, which were
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1.06 and 1.04 bar, respectively. Simulation model predicted the turbine
outlet pressure adequately well. At the first notch, the difference be-
tween the experimental and simulated results was ~1.17%, and at the
8™ notch, this difference was only 2.24%.

In summary, all performance, emissions and combustion parameters
were simulated quite well by the base model, and the simulated pa-
rameters could be predicted in proximity of the experimental results.
Therefore, the base model was validated. This validated model can be
used for introduction of methanol using HPDI technique in diesel loco-
motive engines, along with pilot injection of diesel, as given in section
3.2.

3.2. HPDI of methanol with pilot diesel injection model

The main aim of this study was to assess the feasibility of methanol
fueling of locomotive engines. In this section, locomotive engine per-
formance, emissions, and combustion characteristics of HPDI of meth-
anol with pilot diesel injection model were compared with the results of
the base-model.

3.2.1. P-6 and HRR curves

Fig. 11 shows the in-cylinder pressure and HRR of the 1-D base model
and HPDI of methanol with pilot diesel injection model at the 8™ Notch,
7" Notch, 6% Notch, and 5% Notch of the locomotive engine. In-cylinder
pressure curve shapes of HPDI of methanol with pilot diesel model were
similar to the validated base model at various notches. However, HRR
curve shapes of the co-axial injector model were slightly different from
the base-model, which was attributed to difference in fuel injection
strategy, i.e. use of diesel pilot injection in co-axial injector model to
initiate combustion in the locomotive engine, where 90% fuel energy
was delivered by methanol. Methanol has higher latent heat of vapor-
ization compared to mineral diesel, and it plays a vital role in initiating
the combustion. Moreover, in 1-D base model diesel burns in diffusion
combustion mode, whereas in the co-axial injector model, first pilot
diesel was injected into the combustion chamber (diffusion combus-
tion), followed by methanol direct injection in the combustion chamber.
Methanol fuelled co-axial injector model showed higher peak in-
cylinder pressure at all notches compared to validated base model.

11
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Peak in-cylinder pressures were 120.26, 99.70, 87.02 and 80.98 bar
at 8™, 7" 6™ and 5™ notches respectively. In general, methanol fuelled
co-axial injector model exhibited higher peak in-cylinder pressures
compared to the validated base model at different notches.

3.2.2. Maximum in-cylinder pressure (Pmqx)

Fig. 12(a) shows a comparison of HPDI of methanol with diesel pilot
injection model with the validated base-model for maximum in-cylinder
pressure. Maximum in-cylinder pressures for validated base-model and
investigated model were observed at the 8™ notch, which were 114.05
and 120.26 bar, respectively. Higher maximum in-cylinder pressure was
reflected by the investigated model using co-axial injector at the gth, 7th,
and 6™ notches. Methanol direct injection with diesel pilot model
showed an identical trend for Py, at all notches, and it confirmed that
methanol fuelling with diesel pilot injection could power the locomotive
at all notches, similar to only diesel fuelling, and deliver improved en-
gine combustion characteristics.

3.2.3. Brake torque (BT)

Fig. 12(b) showed a comparison of HPDI of methanol with pilot
diesel injection model with validated base-model for the BT. Maximum
values of BTs for the validated base-model and HPDI of methanol with
pilot diesel injection model were observed at the 8" notch. These were
20426.9 and 20395.8 Nm respectively. At the 1% notch, BT for base-
model and HPDI of methanol with pilot diesel injection model were
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2724.3 and 2603.1 Nm respectively. Inherent oxygen of methanol
improved the combustion efficiency at all notches. It is very clear that
the locomotive engine with co-axial HPDI of methanol with pilot diesel
injection was able to deliver identical or better torque compared to the
base-model. Methanol direct injection with diesel pilot model showed an
identical trend for BT at all notches, and it confirmed that methanol
fuelling with diesel pilot injection could power the locomotive at all
notches similar to only diesel fuelling, while delivering improved engine
performance.

3.2.4. Brake thermal efficiency (BTE)
Fig. 12(c) shows a comparison of BTE for HPDI model and validated
base-model. The maximum BTE observed at the 8™ notch were 41.7 and
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39.9% for HPDI model and base-model respectively. In general, com-
parable or superior BTE was observed with methanol fuelling compared
to base-model at all notches. Clearly, methanol HPDI with diesel pilot
injection model showed an identical trend for BTE at all notches, and it
confirmed that methanol fuelling with diesel pilot injection could power
the locomotive at all notches, quite similar to only diesel fuelling, while
delivering improved engine performance.

3.2.5. Nitrogen oxides emissions

Fig. 12(d) shows a comparison of HPDI of methanol with diesel pilot
injection model with validated base-model for emissions, primarily NOx
emissions. NOx is dependant on fuel oxygen concentration, peak in-
cylinder temperature, and residence time of reaction at extreme in-
cylinder conditions [61,62]. Methanol fuelled co-axial injector model
generated lower NOx emissions at all notches compared to validated
base-model. Lower NOx were formed due to methanol’s relatively
higher latent heat of vaporization, which reduced the peak in-cylinder
temperature, thereby lowering the formation of NOx at all notches.
Clearly, methanol HPDI with diesel pilot injection model showed a su-
perior trend of lower NOx emissions at all notches, and it confirmed that
methanol fuelling with diesel pilot injection could power the locomotive
at all notches, quite similar to only diesel fuelling, while delivering
lower emissions.

4. Conclusions

In this investigation, high pressure co-axial direct injection system
was investigated for methanol fueling using 1-D simulation approach.
Diesel fueled locomotive engine was operated at different engine speeds
at different notches and collected data were provided for this simulation
study. 1-D Model of ALCO-251 locomotive engine was prepared using
GT-Power and integrated with available empirical models of heat
transfer, combustion, and emissions. For this study, WoschniHuber
model was used to calaculate the heat transfer interactions. This base-
model was validated using experimental data from RDSO. The differ-
ences between the experimental and simulation results for engine per-
formance, emissions and combustion characteristics were within an
acceptable range. After validating the base-model using the experi-
mental data, high pressure direct injection of Methanol with pilot diesel
injection model was prepared for 90% diesel energy displacement by
methanol. A co-axial injector consisting of two injectors in a single
injector body was used to assess its capabilities for methanol injection.
Sol timing of methanol injector was retarded to explore diesel pilot in-
jection, which was followed by HPDI of methanol in the engine cylinder.
Results indicated that upon displacing 90% diesel energy by methanol,
locomotive engine generated similar power output as that of diesel only
fuelling at all notches. From this 1-D simulation study, optimum injector
dimensions of co-axial injector were found to be: (i) 0.486 mm nozzle
hole diameter with 3 holes for diesel injection, and (ii) 0.544 mm nozzle
hole diameter with 5 holes for methanol injection. However, an exper-
imental study after developing the co-axial injector having the predicted
dimensions is required before practical implementation of this strategy
on a large-scale in locomotives. In summary, methanol can be used in
locomotive engines as a traction fuel. Co-axial injector design opens new
avenues for introduction of higher quantities of methanol for large
displacement of mineral diesel. Simulation results showed that ALCO-
251 locomotive exhibited superior performance, emissions, and com-
bustion characteristics, which were better base locomotive engine with
diesel only fueling. This work opens up new avenues for utilizing
Methanol and other alternative fuels in locomotive engines, which do
not mix well with conventional fuels.

5. Limitations and future scope

Predictive combustion model is used in HPDI of methanol with pilot
diesel injection model for combustion of methanol and diesel. Prediction
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works on various assumptions and gives slightly different results than
the actual experimental results. The variations are because of the
following factors:

Physico-chemical properties of fuel were directly taken from the GT
library. In reality, fuel properties could be slightly different.

This work is based on 1-D simulation only. It requires further in-
vestigations using 3-D simulations, followed by actual engine experi-
ments on reduced number of optimized configurations emerging from
the simulation studies.

Co-axial injector needs to be manufactured for the experimental
validation of performance, emissions and combustion characteristics.
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