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Abstract

Petroleum products are used to power internal combus-
tion engines (ICEs). Emissions and depletion of petro-
leum reserves are important questions that need to 

be answered to ensure existence of ICEs. Indian Railways (IR) 
operates diesel locomotives, which emit large volume of pollut-
ants into the environment. IR is looking for an alternative to 
diesel for powering the Locomotives. Methanol has emerged 
as a replacement for petroleum fuels because it can be produced 
from renewable resources as well as from non-renewable 
resources in large quantities on a commercially viable scale. It 
has similar/superior physico-chemical properties, which reduce 
tailpipe emissions significantly. It is therefore necessary to 
understand the in-cylinder phenomenon in methanol fueled 
engines before its implementation on a large-scale. In this study, 
efforts have been made to understand the in-cylinder phenom-
enon in large-bore locomotive engines using CFD tools. 3-D 
model was prepared and validated using the experimental data 

of the baseline diesel. Afterward, this validated model was 
modified for 90% diesel replacement (on energy basis) by 
methanol in the engine by employing high pressure direct 
injection (HPDI) technique via a co-axial injector. Pilot diesel 
injection was used to ignite the methanol-air mixture. 
Optimized dimensions of co-axial injector obtained from 1-D 
simulation were used as primary inputs to the 3-D model. This 
study provided insights into complex combustion phenomenon 
of methanol-fueled locomotive engine using HPDI technique. 
3-D model was used to understand spatial and temporal varia-
tions of different combustion parameters such as in-cylinder 
pressure variations, temperature variations, fuel-air mixing 
processes, etc. From the simulation study, it was concluded that 
locomotive engine fueled with methanol and pilot diesel shows 
more homogeneous fuel-air mixture compared to only diesel 
fueling. Also, the maximum in-cylinder temperature for 
methanol fueled locomotive was found significantly lesser vis-
à-vis diesel-fueled which led to lesser NOx formation.

Introduction

Limited fuel resources and increased concerns of envi-
ronmental preservation have drawn global attention 
for exploring the use of alternative fuels. Alternative 

fuels for ICEs are one of the practical approaches to tackle 
galloping global energy demands and reducing tailpipe emis-
sions simultaneously [1-2]. Among various alternative fuels, 
oxygenated fuels such as alcohols, esters, and ethers have been 
investigated and seem to offer great potential in reducing 
engine-out emissions [3-8]. Among them, methanol has 
gained strong attention in Asian countries such as China, 
India, etc. because these countries possess abundant raw feed-
stock resources for methanol production such as low-value 
biomass, high ash coal, natural gas, and municipal solid waste 
(MSW) [9-14].

Methanol is a single carbon fuel (CH3OH). It has ~ 50% 
(w/w) inherent oxygen in its molecular structure, which leads 
to a significant reduction in CO due to CO - CO2 conversion. 
Simultaneously, it reduces Smoke, Soot, or Particulate matter 
(SSP), by avoiding the formation of rich-mixture zones during 
combustion [15] and NOX emissions [16-20]. It has a relatively 

high heat of vaporization and flame speed [21]. The high latent 
heat of vaporization delivers higher cooling effects, which 
leads to relatively high brake thermal efficiency. However, this 
further alleviates the cold start issue during low atmospheric 
conditions. Since methanol does not contain any sulfur, its 
utilization in engines does not produce sulfur dioxide (SO2) 
and sulfur trioxide (SO3). Economically methanol is cheaper 
compared to diesel. However, lower cetane number and 
viscosity limit its usage in diesel engines without 
substantial modification.

Applications such as manufacturing, material processing, 
mining, military, new generation agriculture equipment, 
vehicles, ships, and locomotives generally use conventional 
diesel engines. Diesel engine market revenue is forecasted to 
grow at a CAGR of 3% during 2019-2025 [22]. Therefore, inves-
tigations for methanol usage in conventional diesel engines 
have become important for transportation industry. In India, 
heavy-duty vehicles mostly use diesel as primary fuels. As per 
statistics of FY-2015 70, 20 and 10% of diesel engine shares 
were for commercial, industrial, and residential usage, respec-
tively [23]. Indian Railway (IR) is a prime mover of the Indian 
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economy, which uses diesel locomotives for traction. Emissions 
from diesel locomotives although generated by heterogeneous 
combustion, have become one of the major sources of envi-
ronmental pollution. Rapid electrification of rail-road sector 
and locomotives is reducing the use of conventional diesel 
locomotives. However, in India, electricity production is also 
mainly dependent on coal-based thermal power plants, which 
also produces GHG emissions. IR has formed a separate entity 
called 'Indian Railways Organization for Alternate Fuels 
(IROAF)' to explore and assess newer alternative fuels for 
locomotive engines [24]. IROAF has explored fuels such as 
natural gas, di-methyl ether, methanol, etc., for locomotive 
traction. Several researchers have investigated methanol-
diesel blends comprehensively [25-28]. Methanol usage in 
diesel locomotive has several challenges and needs 
comprehensive investigations.

Methanol miscibility with diesel is rather limited, 
restricting methanol usage to only ~10% (v/v) in the form of 
methanol-diesel blends [7]. Methanol-diesel blends with 
higher methanol fraction exhibit phase separation issues. 
Methanol enriched bottom phases may stall the engine unex-
pectedly [29]. Additives such as dodecanol, a mixture of Oleic 
acid, and Iso-butanol/ n-butanol have been explored to 
improve the miscibility of methanol-diesel blends [30-33]; 
however, use of additives affects overall physico-chemical 
properties of test fuel adversely. Their usage reduces particu-
late emissions; however, it depends on additives' molecular 
configuration [34].

Use of methanol in large-bore diesel engines always poses 
a challenge. There are couple of potential techniques for 
inducting methanol in large-bore locomotive engines such as 
(i) Port fuel injection (PFI), where methanol can be injected 
in the port, with diesel pilot injection as an ignition source, 
and (ii) High-pressure direct injection (HPDI), where 
methanol and pilot diesel both are injected directly into the 
engine cylinder. These techniques significantly facilitate 
methanol in diesel engines and are already tested by several 
researchers extensively in the test-cell [35-45]. They can reduce 
tailpipe emissions up to a great extent with comparable/ higher 
engine power output. HPDI method can be used in two ways, 
either by incorporating two separate injectors on the already 
crowded cylinder head, leading to cylinder head design 
complications, or by incorporating them in a single co-axial 
injector. Former approach warrants an electronically driven 
precise control system for controlling two injection events of 
two different fuels through two sets of injector nozzles. In the 
co-axial injection system, two injection events of two different 
fuels are controlled by a single injector body, which is an 
economical approach compared to the former one. Therefore, 
this study aims to assess HPDI technique using a co-axial 
injector through a simulation approach. In the direct injection 
engine, fuel-air mixing plays a vital role in combustion and 
subsequently affects engine performance and emissions. 
In-cylinder flow structures of a diesel engine are complex and 
vary significantly with different engine designs and sizes. 
In-cylinder phenomena such as charge-density distribution, 
temperature variations, spatial pressure variations are impor-
tant characteristics that directly affect engine performance. 
In-cylinder flow characteristics also influence heat transfer, 
thereby entire in-cylinder f low structures. They can 

be characterized either experimentally or computationally. 
Experimental flow characterization can be achieved using an 
optical engine along with optical diagnostics tools. Besides, 
computational fluid dynamics (CFD) has also become an 
integral part of the engine development process due to its 
capability to predict and interpret in-cylinder flow-fields.

CFD uses numerical code to perform repetitive parameter 
studies with imposed boundary conditions. Multi-dimensional 
models reduce the need for physical experiments, leading to 
an enormous reduction in product development time and cost 
[37]. Although several commercial CFD packages are currently 
available in the market, CONVERGE CFD is the most widely 
used software for 3-D simulations of IC engines. It enables 
autonomous meshing, which encompasses an entire set of 
robust and innovative grid-related capabilities. CONVERGE 
automatically creates a mesh with optimum run-time, dynam-
ically adapts the mesh throughout the simulation domain and 
invokes adaptive mesh refinement (AMR) to maximize both 
the accuracy and the computational efficiency. In this inves-
tigation, we have attempted to model a locomotive engine in 
Converge CFD to understand spatial and temporal variations 
of different parameters such as in-cylinder pressure variations, 
temperature variations, fuel-air mixing processes, etc. 
Detailed comparative analysis has been done, where 90% 
diesel replacement on an energy basis was done by methanol, 
which was ignited by pilot diesel that provided 10% of 
the energy.

Methodology
In the present study, prediction of locomotive engine's cylinder 
behaviour with diesel fueling and methanol fueling was 
targeted through simulation approach. In this study, direct 
injection of methanol using HPDI technique was selected for 
modeling and analysis. This was based on the experimental 
study done at Engine Research Laboratory (ERL) IIT Kanpur 
and RDSO Lucknow on lower methanol-diesel blends. 
Experiments concluded that methanol and diesel have poor 
miscibility, and it was not possible to run the engine with 
methanol diesel blend, where more than 10% (V/V) diesel was 
displaced by methanol. In the port injection method, methanol 
was injected during the intake stroke to make a homogeneous 
mixture. However, at low speed, the fuel-air mixture becomes 
very lean for the locomotive engine. It is difficult to ignite the 
mixture because it goes beyond the ignitibility limit. This 
method may result in high-cold start emission as well. In the 
direct injection method, methanol is injected towards the end 
of the compression stroke; thereby, a locally rich mixture is 
formed, which is easy to ignite. Port fuel injection (PFI) tech-
nique of methanol in the intake stroke might be a viable tech-
nique for smaller engines; however, for locomotive engine it 
is not suitable, and therefore, this strategy is discarded. Four 
stage plans were executed, as shown in Figure 1. Data collec-
tion exercise was performed at RDSO Lucknow for the diesel-
fueled ALCO-251 locomotive engine in the first stage. 
Locomotive engine works at eight different notches, which 
represent different engine speeds: (i) 350 rpm (1st Notch) (ii) 
450 rpm (2nd Notch) (iii) 550 rpm (3rd Notch) (iv) 650 rpm (4th 
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Notch) (v) 750 rpm (5th Notch) (vi) 850 rpm (6th Notch) (vii) 
950 rpm (7th Notch) and (viii) 1050 rpm (8th Notch). Notching 
up the engine leads to an increase in engine speed and power 
almost linearly. In the second stage, CAD model of locomotive 
was prepared, and case setup was done using Converge Studio. 
This virtual model was validated using the experimental 
in-cylinder pressure traces logged during the data collection 
for the 8th notch. In the third stage, validated 3-D model was 
converted for methanol fueling such that it adopts a co-axial 
injector for implementation of HPDI technique. A compara-
tive analysis of the in-cylinder phenomenon of diesel fueling 
and methanol fueling was performed in the last stage. For 
analysis, Tecplot from the Converge was used. The flow chart 
of the methodology followed in this study is shown in Figure 1.

Stage 1: Test Data Collection 
for Diesel Fueled Locomotive 
Engine
The selected ALCO-251 locomotive engine was sixteen cylin-
ders, V-configuration, turbo-charged, after-cooled, four-
stroke CI engine. It has deep-bowl pistons, and the cylinder 
head was f lat. Engine had an overhead valve setup, and 
camshafts were below the cylinder head. Technical specifica-
tions of the test engine are listed in Table 1.

For loading the engine, a hydraulic dynamometer was 
coupled to it. For the measurement of various parameters such 

as pressure, temperature, engine speed, torque, flow rate, etc., 
suitable sensors were employed. A schematic experimental 
setup is given in Figure 2.

The locomotive engine was connected to a hydraulic 
dynamometer, which controlled its load and speed. The 
maximum power and torque rating of this dynamometer were 
4400 kW and 47745 Nm, respectively. It was designed to 
operate at a maximum speed of 2500 rpm, which could 
be controlled by a dynamometer controller (AVL, EMCON 
300). Control of loading conditions was achieved by varying 
the quantity of water flowing through the dynamometer. The 
dynamometer consists of a closed-loop water circuit and has 
a heat exchanger to control the flowing water temperature. 
This makes them suitable for steady-state testing of the loco-
motive engine for a long duration. Present investigations were 
carried out at pre-defined steady-state conditions at different 
locomotive engine notches. Essential data were collected to 
carry out engine performance, combustion, and 
emissions characterizations.

Engine load control can be achieved with the help of a 
hydraulic dynamometer, and the fuel mass injection control 
was accomplished with the use of a fuel actuator. Air from the 
compressor passed through an intercooler, followed by its 

 FIGURE 1  Methodology flow chart of the present study.
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TABLE 1 Specifications of ALCO-251 locomotive test engine.

Parameters Specifications
Engine Make/ Model DLW/ ALCO 251-B engine

Engine Type 4-Stroke

No. of Cylinders 16

Cylinder Configuration V

Compression Ratio 11.75

Bore × Stroke (m × m) 0.2286 × 0.2667

Firing Order 1R 1L, 4R 4L, 7R 7L, 6R 6L, 8R 
8L, 5R 5L, 2R 2L, 3R 3L

Turbocharger One

Aftercooler Single, water-cooled

Max. Engine speed 1050 rpm

Fuel Injection Equipment Mechanical, PLN Injection

Nozzle Opening Pressure 250 bar

Max. Fuel Injection Pressure 1200 bar

Rated Power 2312 kW @ 1050 rpm

IVO / IVC 50 CAD bTDC / 12 CAD aBDC

EVO/ EVC 40 CAD bBDC / 20 CAD aTDC©
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 FIGURE 2  Schematic of the locomotive engine test cell.
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supplement to the individual engine cylinders through indi-
vidual air-inlet manifolds. Exhaust from the engine passed 
through the turbine outlet of the turbocharger, which was 
eventually discharged into the atmosphere via the exhaust 
outlet duct.

Stage 2: 3-D Base Model 
Preparation
Before proceeding for case-setup, CONVERGE required a 
CAD model in Stereolithography (STL) format. Initially, CAD 
model of the piston was developed using Unigraphics 
(UG-NX) modeling software. Front and top views of the 
prepared CAD model of the piston are given in Figure 3. For 
the sake of understanding, the spatial and temporal variations 
model were set to run at top-notch (1050 rpm). CONVERGE 
comprises of two utility software along with a solver (See 
Appendix A and B). Case-setup and initial geometrical inter-
pretations were made in converge studio, and post-processing 
of 3-D output was accomplished in Tecplot for converge. CAD 
model was imported into Converge Studio for geometrical 

interpretation, such as setting-up boundary conditions and 
finding intersecting triangles, etc.

For making a computational domain, piston bowl profile 
was extracted first from the surface.dat file. Depending on the 
accuracy and requirement of the crevice, profile is added. 
Here, if the nozzles are placed on an equal angle, then sector 
geometry simulation is preferred. Simulation of sector 
geometry offers advantage in terms of computational time.

Setup of Boundary Conditions: The computational 
domain mainly comprises of three-boundary regions: Head, 
Liner, and Piston Surfaces, as shown in Figure 4.

In Converge Studio, all three boundaries are set as 'wall-
type'. However, only piston is set to translating wall motion 
type, and head and liner are set to stationary with no surface 
movement. Initial temperature at different boundary condi-
tions is taken, as shown in Table 2.

'Law of the wall' is recommended for high Reynolds 
number flow. IC engine combustion chambers have a highly 
turbulent flow, which has very high Reynolds number. At the 
wall boundary, temperature and velocity are calculated using 
the ‘law of the wall'. Rough constant in the law of the wall 
parameter is set to 0.5. Newman boundary condition is set 
for turbulent kinetic energy (TKE) boundary condition. In 
the law of the wall, CONVERGE uses a logarithmic curve fit 
method for calculation of fluid velocity at the wall boundary. 
As stated previously, 3-D CFD analysis is carried out using 
commercial software, CONVERGE CFD. In this software, 
run time mesh is generated using the cut-cell Cartesian 
method. Here the base grid size is kept at 4 mm. The spatial 
mesh refinement at the injector location is performed using a 
fixed embedding technique for a specified period. Further, 
AMR is used to capture the velocity and temperature gradi-
ents, once it crosses the threshold. IC engine involves a 
complex mixing process in the combustion chamber. 
Governing differential equations for the dynamics of fluid 
flow is conservation of mass, momentum, and energy equa-
tions. Additional governing equation are required, which 

 FIGURE 3  Different views of CAD model of 
locomotive piston.
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 FIGURE 4  Computational domain showing different 
boundary-regions.
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describe the turbulence and transport of passive scalar, and 
species. The in-cylinder fluid is considered as compressible 
fluid. Equations for mass, momentum, and energy transport 
are as follows [46]:
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Here, u is the velocity; ρ is the density; S is the source 
term; P is the pressure; σij is the viscous stress tensor; Ym is 
the mass fraction of species m; D is the mass diffusion coef-
ficient; e is the specific internal energy; K is the conductivity; 
hm is the species-specific enthalpy; and T is the temperature. 
μ' is the viscosity, and δij is the Kronecker delta. It is essential 
to solve the mass and momentum equations simultaneously 
for calculating pressure gradient in the momentum equation.

Turbulence Modeling: Turbulence is modelled using 
RNG k-ɛ model. These models are two-equation RANS 
models, in which the flow variables (velocity, temperature, 
pressure) are decomposed into an ensemble mean and a fluc-
tuating term. It is a commonly used model for IC engine appli-
cations. For accommodating the effect of small-scale gas 
motion, RNG (re-normalization group) model is developed, 
which renormalizes the N-S equations. In the k-ɛ model, a 
single turbulence length-scale was used for determination of 
eddy viscosity. Thus, calculated turbulent diffusion using k-ɛ 
model occurs only at specified turbulent scales. However, all 
scale of motion will contribute to turbulent diffusion. To 
account for turbulence diffusion from smaller scale motion, 
RNG model uses a mathematical technique to derive the 
turbulence model, which attempts to account for different 
scales of motion through changes to the production term. 
Turbulence parameters are given in Table 3.

Spray Modeling: Kelvin-Helmholtz (KH) and Rayleigh-
Taylor (RT) models have been used to predict liquid atomiza-
tion and spray droplet breakup. KH-RT analysis considers 

the stability of a cylindrical, viscous, liquid jet of radius (ro) 
issuing from a circular orifice at a velocity U into a stagnant, 
incompressible, inviscid gas of density (ρg). For the liquid 
fuel having density ρl, viscosity μl, a cylindrical polar coor-
dinate system was used which moved along with the jet. An 
arbitrary infinitesimal displacement was imposed on the 
initial steady motion. Arbitrary displacement was considered 
as an exponential form in the dispersion relation, which 
correlated the real part of the growth rate and the wave 
number. KH model was used to predict the initial breakup 
of the injected blobs/ intact liquid core. Rayleigh-Taylor (RT) 
model was then used in conjunction with KH model to 
predict secondary breakup of the droplets. RT model 
predicted instabilities on the surface of the drops, that grew 
until a characteristic breakup time when the drops finally 
broke-up. To incorporate the diesel droplets evaporation, 
Frossling evaporation model was selected with source speci-
fied species as an evaporation source. O'Rourke model was 
used to estimate the number of droplet collisions and their 
outcome in a relatively computationally efficient manner, 
which was made by the parcel concept. It is easy to correlate 
that for N drops, each having N-1 possible collision partners, 
the number of possible collision pairs is approximately (1/2) 
N2. Without the parcel concept, this N2-dependence would 
render the collision calculations computationally prohibitive 
for millions of droplets that may exist in a simulation. 
Different spray parameter that has been used during modeling 
are mentioned in Table 4.

Injector Specifications: A high-pressure fuel injector is 
located at the center of the cylinder axis. It consists of nine 
nozzle holes having a spray angle of 9 degrees (Figure 5). 
Detailed specifications of the base model fuel injector are 
given in Table 5.

TABLE 2 Temperature boundary conditions.

Boundary Temperature (K)
Piston 550

Liner 460

Head 500©
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TABLE 3 Turbulence parameters used in modeling of 
locomotive engine.

Turbulence Parameter Value
Von Karman's constant 0.42

Law of the wall parameter 5.5

Wall heat transfer model Angelberger

Cμ 0.0845

Reciprocal TKE Prandtl 1.39

Reciprocal E Prandtl 1.39©
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TABLE 4 Spray parameter used for the base modeling.

Parameter Value
Turbulent Dispersion O'Rourke model

Evaporation Source Source (C7H16) specified 
species

Collision Model No Time Counter (NTC) 
Collision

Sprat breakup Model KH-RT

Fraction of injected masa/parcel 0.05

Shed mass constant 1.0

KH-Model breakup time constant 7.0

RT- Model breakup time constant 1.0©
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Stage 3: Base Model 
Conversion for Methanol 
Adaption Locomotive Engine
After validating the base-model with experimental data, 
existing model was converted such that it can be used for 
methanol fueling via HPDI technique. For M+D (methanol 
(90 %) with pilot diesel (10%) on energy basis) model, number 
of nozzles for pilot diesel injection were three, and methanol 
(main) injection was five, which destroyed symmetry. Hence, 
full sector geometry was simulated for diesel as well as M+D 
model for spatial comparison. However, injector specifications 
of co-axial injector were extracted from 1-D simulation study, 
and model was set to run with optimized dimensions for 
methanol and diesel. Injector specifications for M+D model 
are listed in Table 6. Top view of the M+D model with three 
nozzles for diesel injection and five nozzles of Methanol injec-
tion in a co-axial injector are given in Figure 6.

Combustion Modeling: In the present study, SAGE detailed 
chemistry solver was used. SAGE model was used to solve 
detailed chemical kinetics involved in the reactions and could 
predict both premixed and non-premixed combustion. Premixed 
combustion requires that the fuel and air be completely mixed 
before the combustion starts. Premixing is only executed at low 
temperatures, which do not allow the chain breaking mecha-
nism to happen. However, in the present case, diesel engine is 
being simulated; hence premixing is not a major issue. In diesel 
engine, fuel is injected during compression stroke close to TDC, 
which is followed by four distinct phases of combustion, which 
include ignition delay, premixed combustion, mixing controlled 
combustion and late combustion. As mentioned earlier, SAGE 
detailed chemical kinetics solver was used in the present study, 
which can handle much of the chemistry taking place in the 
engine cylinder. However, SAGE detailed chemistry requires 
significantly longer run-time compared to other approaches. A 
chemical reaction mechanism is a set of elementary reactions 
that describe an overall chemical reaction. Combustion of 
different fuels can be modelled by changing the mechanism. 
Combustion modeling parameters are listed in Table 7.

For Methanol + Diesel model, a similar setting was used, 
except for fuel species. Fuel species were changed to Methanol 
(CH3OH) and diesel, instead of diesel alone. Since, in Methanol 
+ Diesel model, methanol was 90% by energy, which primarily 
dominated the combustion.

 FIGURE 5  Top view of the base model with nine nozzle 
hole injector.
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TABLE 5 Fuel injector specifications.

Parameter Value
Fuel Diesel

No. of nozzles 9

Diameter of nozzle (mm) 0.35

Circular Injection radius (mm) 0.259

Length of the nozzle (mm) 0.02

Spray cone angle (CAD) 9

Nozzle radial position (mm) 1

Nozzle axial position (mm) 5.28

Start of injection (SoI) -17.86

Injection duration (CAD) 30

Total injected mass (kg) 0.000945

Total number of injected parcel 
(per nozzle)

712946
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TABLE 6 Fuel Injector specifications for M+D model.

Parameter Value
Fuel Methanol (90% v/v)

Diesel (10 % v/v)

No. of nozzles for Methanol injection 5

No. of nozzles for diesel injection 3

The diameter of nozzle for Methanol 
injection (mm)

0.544

The diameter of nozzle for diesel 
injection (mm)

0.486

Circular Injection radius for Methanol 
injection (mm)

0.175

Circular Injection radius for diesel 
injection (mm)

0.259

Length of the nozzle (mm) 0.02

Spray cone angle (CAD) 9

Nozzle radial position (mm) 1

Nozzle axial position (mm) 5.28

Start of Injection (SoI) for Methanol -14.5

Start of Injection (SoI) for diesel -16.4

Injection Duration (CAD) for Methanol 
injection

27

Injection Duration (CAD) for diesel 
injection

5

Total Injected mass of methanol (kg) 0.0017256

Total injected mass of diesel (kg) 0.0000945

Total number of injected parcels for 
methanol (per nozzle)

2300800

Total number of injected parcels for 
diesel (per nozzle)

208888
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Stage 4: In-Cylinder Flow 
Comparison
In this stage, in-cylinder flow parameters were analyzed using 
Tecplot software (See Appendix B). First, parameters were 
extracted for base model, and pressure data comparison was 
performed using line plots available in Converge Studio. 3-D 
output enables for observing the spatial and temporal varia-
tions for both models. The surface output (3D) from solver 
was first converted into Tecplot readable file in Converge 
Studio. In the Tecplot the result obtained from solver was 
imported, and contour plot of in-cylinder velocity, tempera-
ture, and density variation for both the base and M+D model 
were observed and compared. For analysis of flow structure 
before and after injection velocity magnitude plots 
were extracted.

Results and Discussion
Since 1-D model does not give information about the 
in-cylinder phenomenon, 3-D model of ALCO-251 was 
prepared for this analysis. Prepared 3-D model needs to 

be  validated with experimental test data. For validation, 
experimental data was collected at the top-notch (8th notch). 
All other notches are expected to exhibit similar characteristics.

P-θ Diagram Validation
For validation of 3-D model, P-θ history was selected. 
Validation of P-θ was done in a stepwise manner. First, the 
in-cylinder trapped mass was validated. For validating the 
trapped mass, initial temperature and pressure were tuned in 
such a way that they matched with the experimental data. 
From Figure 7, it can be observed that predicted pressure was 
in good agreement with the measured pressure. However, the 
deviation started near the TDC, and the maximum deviation 
was ~5.2% at 9° aTDC. Slight disagreement was mainly 
because of various assumptions made, while modeling. 3-D 
output was the surface output associated with different param-
eter. 3-D results helped us in analyzing spatial variations of a 
given parameter in the engine cylinder.

Once the base model was validated with acceptable 
accuracy, different results were exported for further analysis. 
Thereafter, M+D model was built in the Converge studio in a 
similar fashion, and optimized injector dimensions from the 
GT power were invoked into this model. Two different injector 
rate shapes were employed for incorporating the main injec-
tion of methanol and pilot diesel injection.

Comparison of Different 
Simulation Results for Base 
Model and M+D Model
After ensuring the validation of the base model with experi-
mental results, the methanol was modeled to displace 90% 
methanol on an energy basis. For the in-cylinder phenomena 
comparison, species mass concentration in the different 
temperature zone was compared for base and M+D model. 

 FIGURE 6  Top view of M+D model with 3 nozzles for pilot 
diesel and 5 nozzles for Methanol injection in a co-axial injector.
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TABLE 7 Combustion modeling parameter for the 
base model.

Parameter Value
Fuel species C7H16

Temporal type Sequential

Start Time -19 CAD

End Time 133

Combustion Model SAGE Detailed chemical 
kinetics solver

Re-solve temperature 2.0 K

Reaction multiplier 1.0

Adaptive zoning Yes©
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 FIGURE 7  Validation of In-cylinder pressure Vs crank angle 
diagram at top-notch (1050 rpm) for ALCO-251 
locomotive engine.
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Thereafter, in-cylinder velocity, temperature, and density 
variation were observed for both the models, which have been 
discussed below.

In-Cylinder Species Mass Fraction in Different 
Temperature Zones In-cylinder species mass fraction 
changes with the temperature developed during combustion 
inside cylinder. Chemical reactions are the source term in the 
energy equation, wherein temperature changes from one place 
to another within the cylinder, depending on energy being 
transferred from one location to the other. In this study for 
simulating chemical kinetics of mineral diesel, n-heptane 
reaction mechanism was used. N-heptane was selected as a 
surrogate fuel for simulations because its chemical properties 
are similar to diesel, especially the cetane number [47]. Since 
diesel is in liquid state at normal operating condition, 
DIESEL-2 mechanism file was used for simulating the 
chemical kinetics of mineral diesel. This mechanism consists 
of 42 species and 168 elementary reactions.

Figure 8 shows the species mass fraction available at 
different temperature ranges for base model and M+D model. 
The maximum localized in-cylinder temperature in base-
model reached up to ~2838 K, and in M+D model, it reached 
up to ~2673K. One can observe from Figure 8 that in the base 
model for diesel, the mass fraction at >2500 K temperature 
range was ~8%, which decreased to 4.3 and 2.1% respectively 
for temperatures >2600 K and >2700 K. Species mass fraction 
at > 2800 K for diesel was negligible and minimal fluctuations 
were observed in 5-10° CA aTDC. On the other hand, for M+D 

model of ALCO-251 locomotive engine, species mass fraction 
for temperature >2500 K was ~0.65%, which was very low 
compared to ALCO-251 modeled with only diesel (base 
model). This difference was even higher in the higher tempera-
ture zone. The in-cylinder species mass fraction for the 
temperatures >2700 K and >2800 K were negligible. This was 
in contrast to some species mass being present in base model 
for diesel. The difference was mainly attributed to methanol's 
lower latent heat of vaporization (LHV) compared to diesel. 
However, localized temperature variations may be different, 
as explained in the next section.

Species Concentration Variations with Crank 
Angle Figure 9 shows the species (O2, CO2, and CO) mass 
concentration variations for diesel and M+D model. It can 
be observed from figure 9 that the species O2 mass concentra-
tion was almost the same up to -8 CAD for both diesel and 
Methanol models. However, beyond that, O2 mass concentra-
tion was significantly higher for the locomotive engine 
operated with Methanol in HPDI (M+D model) compared to 
the diesel-fueled locomotive (base model). This was mainly 
because of methanol being an oxygenated fuel, having ~50% 
w/w oxygen in its molecular composition. CO and CO2 species 
formations were relatively lower for the M+D model compared 
to the base model. However, the results presented here are 
only for the top-notch (1050 rpm) of the locomotive engine, 
and these trends may vary at lower notches.

In-Cylinder Flow Visualization
The in-cylinder flow of an internal combustion engine during 
the intake and compression strokes is one of the most impor-
tant factors, that affects the combustion quality. The airflow 
structures in the intake stroke are primarily influenced by the 
intake port design, valve design, valve lift, timing, etc. Swirl 
and tumble motions are used to aid the air-fuel mixing and 
to enhance the combustion process. In this study, methanol 
is injected using high pressure direct injection; hence fuel-air 
mixing will also be  a dominating factor to enhance the 

 FIGURE 8  Species mass fraction in different temperature 
zones (> 2500 K) at different crank angles for the base and 
M+D models.
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 FIGURE 9  CO, CO2 and O2 species mass concentration 
variations at different CAD for base model and M+D model.
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combustion efficiency. In this study, design of intake port and 
valve lift optimization is not being considered. The main 
objective is to test the viability of Methanol injection and its 
technical feasibility in existing ALCO-251 locomotive engines 
for co-axial injector using HPDI technique. Hence, the injec-
tion timing and injector dimensions were optimized for 
Methanol induction in the ALCO-251 locomotive engine. 
Therefore, flow characteristics were modelled in the compres-
sion stroke at 50, 40, 30 and 20 CAD bTDC.

Figure 10 shows the velocity distribution piston boundary 
and flow structure in compuataional domain. A vertical slice 
(YZ plane) were extracted which respresent the flow velocity 
vector. Since the fuel injection for both the base model and 
the M+D model starts after 20 CAD bTDC hence interpreta-
tions from Figure 10 will be applicable to both the models 
under investigation. From the figure 10, it can be observed 
that at -50 CAD, the maximum velocity reached up to 10 m/s 
at the cylinder head boundary. However, at the same time, the 
maximum velocity at the piston surface reached up to ~15 

m/s. This result also matched with one similar study conducted 
by Perini et al. [48] on a smaller diesel engine. This difference 
is justified since in the compression stroke, kinetic energy of 
the charged particles at the piston boundary was higher when 
the piston moved upwards. In figure 10 (a) and (b), one can 
notice that the velocity was minimum at the centre at piston 
boundaries. As the piston approached TDC, the velocity varia-
tions were negligible at the piston boundary. Figure 11 shows 
the flow structure after the injection of fuel. The first column 
representing the flow structure for the base model at three 
different YZ plane at x=-60, 0, 60 mm, and the second column 
represents the same for the M+D model. In Figure 11(a) the 
diesel parcel distribution was presented, and in Figure 11(b), 
methanol with pilot diesel parcels was shown within the 
computational domain. The flow structure for base and M+D 
models was different at given planes. This difference was 
mainly because of the different injector configurations used 
for the M+D model compare to the base model.

In-cylinder Temperature Variations Experimental 
measurement and analysis of in-cylinder temperature varia-
tions is not an easy task because of several constraints such 
as sensitivity of sensors and material compatibility. But simu-
lations can be used for qualitative assessment of in-cylinder 
temperature variations. Figure 12 shows the in-cylinder 

 FIGURE 10  Flow structures in the compression stroke from 
-50 to -20 CAD before injection (Column 1: contour plot the 
cylinder head boundary (vertical slice (YZ plane) at x=0 mm; 
and Column 2: contour plot at the piston boundary).
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 FIGURE 11  Flow structures in the compression stroke from 
-16 to -4 CAD after injection (Column 1: Base Model Column 2: 
M+D Model; three different vertical plane (YZ) at x=-60, 0, 
60 mm).
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temperature variations for locomotive engine, ALCO-251 
operated on diesel as well as methanol with pilot diesel via 
3-D simulations in Converge. Spray distribution is also accom-
modated with temperature contours for both the models. Fuel 
spray parcel was shown in different colors. In base model, 
diesel spray was shown with red colour, and in M+D model, 
both methanol and pilot diesel was shown with green colour. 
From the temperature contour plot, it can be observed that 
the ignition starts in the region where diesel particles were 
present in higher concentration and out of three regions in 
the direction of diesel spray only two of them are ignited. One 
spray plume of diesel fuel gets coincide in the direction of 
methanol, where some cooling effects were present due to 
cooling nature of methanol.

At -16 CAD, base model shows nine sprays of diesel and 
M+D model shows only three sprays of pilot diesel. As piston 

approaches TDC, the pilot diesel disappears, which can 
be seen at -08 CAD and TDC in figure 12, and five sprays of 
methanol are visible in M+D model. Flame front propagation 
was observed for both models. In the locomotive engine fueled 
with diesel (base model), flames propagate in the direction of 
spray near the TDC and then propagates back into the 
combustion chamber. However, in methanol with pilot diesel 
model (M+D), flame propagation starts at the peripheral side, 
where rich air-pilot diesel mixture was present, and then 
f lames propagate into the remaining engine cylinder. 
Methanol with pilot diesel exhibits dominantly homogeneous 
combustion, and only diesel exhibits dominantly heteroge-
neous combustion. The maximum localized in-cylinder 
temperature for diesel operated locomotive engine was ~2838K 
at ~8 CAD aTDC, and for methanol with pilot diesel, it was 
~2673  K at ~5.5 CAD aTDC. This difference in the peak 
temperature values was mainly because of relatively lower 
heating value of methanol compared to diesel. Another 
possible reason could be more homogeneous mixture in M+D 
model because base-model mostly undergoes relatively more 
heterogeneous combustion. One can observe that at -16 CAD, 
the temperature distribution in each model is rather similar 
because this is the start of fuel injection for both models. 
However, after the injection of fuel, temperature contours are 
different in base-model and M+D model. Variations in 
temperature pattern is expected because the base model uses 
a nine-hole injector, whereas M+D model has eight-hole 
injector, three for pilot diesel injection and five for methanol 
injection. From the contour plots, it can be seen that during 
the compression stroke, the maximum temperature in the 
cylinder is ~600 K, which was sufficient to ignite the fuel-air 
mixture in both models. For the base model at TDC, one can 
observe that temperature reached up to ~900 K and followed 
a similar pattern along the spray direction, as observed from 
the iso-surfaces.

In-cylinder Density Variations
Charge density in diesel is an important parameter and is 
influenced by intake pressure, temperature, compression ratio, 
etc. Charge density strongly affects the initiation of combus-
tion and combustion quality of the engine. Spray development 
is also affected by the charge density, and it resists spray pene-
tration. Local charge density varies a lot until fuel injection, 
and consequent combustion gets completed. During fuel 
injection, local density in the vicinity of spray injection may 
be significantly higher, and after some time (attributed to 
physical and chemical delay), the fuel mixes with the air, and 
local density becomes uniform. Figure 13 shows the density 
variations in the ALCO-251 locomotive engine fueled with 
diesel (base-model) and methanol with pilot diesel (M+D 
model). Two different legend patterns are selected to clearly 
differentiate both the models. The maximum mean charge 
density for the base model reaches up to ~33 kg/m3, and for 
the M+D model, it reaches up to ~27 kg/m3. Density in case 
of M+D model is relatively lower, primarily due to two reasons. 
The first reason is that methanol (792 kg/m3) has a lower 
density compared to diesel (830 kg/m3), and the second reason 
is that in M+D model, charge exhibits greater mixture 

 FIGURE 12  Flame front temperatures in the spray plume 
for base model as well as M+D model at different locations 
(slice view at Z=-14.7 mm).
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homogeneity compared to the base-model. At TDC, greater 
mixture homogeneity of M+D model can also be observed in 
the figure quite clearly. In both models, as the piston 
approaches the TDC, charge density increases, which is on 
expected line since the volume reduces due to compression 
and then the fuel is injected. At TDC, another observation is 
nine symmetric iso-surfaces, showing fuel concentration 
zones having much higher density compared to other loca-
tions in the combustion chamber in case of base-model. Both 
the models show different patterns for charge density distribu-
tion due to differences in number of injection nozzles and test 
fuels. From this density distribution contour plots, a conclu-
sion can be drawn that methanol can be a good fuel candidate 
for ALCO-251 locomotive engines.

Conclusions
In this study, a 3-D model was built using CONVERGE 
software and validated using experimental data provided from 
RDSO for diesel fueling. The validated model was tuned to 
adapt methanol in the locomotive engine. A comparative 
study was done for the base model and M+D model. Species 
variations in different temperature zones was shown for the 
locomotive operated with methanol and pilot diesel vis-a-vis 
locomotive engine operated with only diesel. Major results 
have been shown following.

•• It was concluded that species mass fraction at >2800 K 
for diesel was negligible.

•• O2 mass concentration was significantly higher, whereas 
CO and CO2 species formations were relatively lower for 
M+D model compared to the base model.

•• From the temperature contour plot, it was observed that 
when locomotive was fueled with methanol, the spray 
was more homogenous.

•• Methanol sprays ended up striking the cylinder walls, 
and then droplets rebound and mixed with air. The 
maximum in-cylinder temperature for the diesel-fueled 
locomotive was ~2838K, while for HPDI of Methanol 
with pilot diesel, it was ~2673 K.

•• A difference of ~150°C temperature was observed in the 
M+D model compared to the base model, which may 
be because the locomotive fueled with methanol makes 
dominantly homogenous mixture compared to diesel-
fueled locomotive. Another possible reason could be that 
fuel injection pattern was different in both models. Base-
model used a 9-hole injector, whereas M+D model used 
an 8-hole injector, which had three nozzle holes for pilot 
diesel injection, and five nozzle holes for 
Methanol injection.

•• At TDC, greater charge homogeneity in the M+D model 
was observed. In both models, as the piston approached 
TDC, charge density increased because the cylinder 
volume reduced due to compression, and then the fuel 
was injected. Both models showed different charge 
density distributions due to differences in injection 
strategies and test fuels.

Overall, from the in-cylinder species variations and varia-
tions in parameters such as temperature and density, it can 
be concluded that methanol can be a substitute to diesel for 
locomotive engines.

Future Work and 
Limitation

•• The assessment of methanol fueling presented in the 
manuscript was purely based on 3-D simulation.

 FIGURE 13  In cylinder charge density variation for base 
model and M+D model.
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•• In-Cylinder flow behavior could be seen through Particle 
Image Velocimetry for getting more confidence on 
the results.

•• Proposed co-axial injector as per configuration needs to 
be manufactured for the experimental validation of 
performance, emissions, and combustion characteristics.

•• Physico-chemical properties of fuel were directly taken 
from 3-D converge software. In reality, it could 
be slightly varied.
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Appendices:

Appendix A. Instrument/ 
Software details

•• 3-D Convergent Science

•• CONVERGE Studio VERSION 3.0

•• Solver: CONVERGE/3.0.12/

•• Tecplot

•• Tecplot 360 EX 2019 R1

•• Version 2019.1.0.99403

•• Origin

•• OriginPro 2020b (64-bit)

•• Version 9.7.5.184 (Learning Edition)

•• Workstation

•• 128 GB RAM, Ubuntu 18.04.5 LTS (GNU/Linux 
4.15.0-130-generic x86_64)

Appendix B. Software 
Available Options

•• Converge Studio

•• Tecplot

 FIGURE 14  Converge Studio Interface
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 FIGURE 15  Tecplot Interface - 1
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 FIGURE 16  Tecplot Interface - 1
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