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New Engine Development

@' (from Concept)

¢ Concept development & feasibility
¢ Engine architectune & packaging
¢ Target setting & technology roadmap

Vehicle/Engine Energy Audit

o Energy flow analysis
« Efficiency improvement opportunities
» On-road / off-road duty cycle studies

Engine Up-gradation

» Performance enhancement

» Emissions retrofit solutions

» Cost & efficiency optimization

N
Reliability Testi §
e ity lesting, Sub-system Design

Friction Assessment
* Durability & life testing Intake, Exhaust,
* Friction & wear analysis ’ 5 ?gr:tklustlon Package, FIS,
» Component robustness evaluation A —— S
Vehicle/Engine Testing & Alternate Fuels
Benchmarking ' 3

0 g S Biofuels, Ethanol,
» Performance & calibration validation Methanol. CNG. LNG. H2
» Comparative benchmarking Performance & Emission
» Real-world duty cycle testing Development

o

POWERING

A SUSTAINABLE FUTURE Cold Start Development

Emission Compliance &
Fuel Economy Improvement

. P ¢ Cold Strat Testing
/ * Real Time Data Acquisition

* Emissions optimization
« Fuel economy enhancement

Flow Calibration

e Airflow Meter Calibration
* Blow By Meter Calibration

Research, Development & Testing at ARAI

-~

Access to world-class facilities for development and validation

ARAI

Progress through Research

« Engine, vehicle and component testing
» Emissions and performance validation
» Environmental and durability testing
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bt Presentation Outline

 Emission Challenges

« Engine Technological Solutions

 Experimental Studies on Advanced Combustion

e Results and Discussions

e Summary
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,,,A,,,Q,A,,,L Evolution of Emission Norms in India SEOARES |
TOMORROWS
Supreme Court BS Il emission BS IV emission BS VI Phase-li
mandates Euro | / BS | norms implemented norms implemented norms with RDE testing
1999 2005 April 2023 cLon

-:1 () J‘I}J C 1:_0‘ TOMOREUW
[ —
U

2000 2010 April 2020 2031...7 Draft Notified
BS | “India 2000” BS Ill emission BS VI emission Planned introduction
introduced norms implemented norms implemented of BS VIl emission norms
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,,A._&A.,..". Emission Challenges for Euro VII/BSVII

Tighter limits. Broader coverage. Greater real-world impact.

|
o i 5 RDE Key Takeaways
- ” | uro ange . . .
Parameter Petrol | Diesel Bisel (WHSC / WHTC) (%) (/kwh) 1 Slgnlﬁcgnt NOx Reduction
(Transient) | (Steady State) (Transient) « NOx limit reduced from 460 mg/kWh (Euro VI)
J ‘ to 200 mg/kWh (Euro 7)
NOx (mg/kWh) 460 400 460 200 ¥ 50% 260 « ~50% tighter regulation
0, - - .
FM (me/sih) 1 1t H e .20 oia Stricter Particulate Control
[ ] R
Particle Number 6 x 10%* 6 x 1011 8 x 101 6 x 101 Much stricter 9 x 101 2 .°.. 0: + PM limit reduced from 10 mg/kWh to 8 mg/kWh
(#/kWh) @ 23 nm @ 23 nm @ 23 nm @10 nm measurement @ 10 nm ®° ...0 (~20% reduction)
e + Particle Number measurement more stringent
CO (mg/kWh) 4000 4000 1500 1500 No change 1950 (23 nm — 10 nm)
« Enhanced control of ultrafine particles
THC (mg/kWh) . 160 130 : ; : §
NH; (mg/kWh) 10 ppm 10'pon 10 ppm 60 r“::)\:‘/ilzored 85 3 Expanded Pollutant Coverage
» New regulatory focus on CH, (500 mg/kWh)
CH, (mg/kWh) 500 - - 500 650 + NMOG introduced (80 mg/kWh)
‘ » N,0 introduced (200 mg/kWh)
NMOG (mg/kWh) - B Not included 80 105 « NH; newly monitored (60 mg/kWh)
N,O (mg/kWh) - - Not included 200 260 e - X
4 Real Driving Emissions (RDE) Compliance
Formaldehyde = = = T % A - Additional RDE requirements increase real-world control
Note: "-" indicates not specified in the source table. RDE = Real Driving Emissions. * Key RDE limits: NOx (260), NMOG (105), N;O (260), NH; (85) mg/kWh

 Ensures cleaner performance beyond laboratory conditions
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e i e Durability/Lifetime Requirements

Parameter BS VI HDV BS VII Draft HDV

Up to 875,000 km / 15 years

i Significant i
(vehicle category dependent) IgniTicant Increase

Emission Compliance Period Up to 700,000 km / 7 years

In-Service Conformity (ISC) Required Extended over full useful life Strengthened
Real-.Wo.rId e Limited Mandatory throughout life New requirement
Monitoring (OBM)

OTA Data Reporting Not required Mandatory from 2033 New requirement

Independent on-road
compliance checks

DOC/DPF/SCR durability Extended life demonstration to

Market Surveillance Limited New requirement

After-treatment Durability More stringent

demonstration BS VIl useful life
BS VII strengthens :
* Lower RDE NOx levels * |SC extended over longer vehicle life
* Longer useful life requirements * Stronger focus on "emissions for entire vehicle life,

*  Continuous OBM and market surveillance link RDE performance
with lifetime compliance.

CLEANER AIR
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Regulatory Drivers - For Improvements

Tighter Nox Challenge Increased Durability Requirements

g Cold Cycle NOx Challenge * Combustion System remain robust under
. Low Load /Low NOx across Wider Range fietts  ageing conditionsi.e Injector, EGR TC
e e Lower Engine-out NOX gives better RDE merermicage  ©  INitial Compliance alone will not be

Margin R sufficient

Fuel Economy & CO2
PM & PN Limits much Tighter

Soot Formation increases DPF Loading
Regen Frequency
Reducing PM at Source is much better

* NOx /PM Reduction without penalizing
‘ﬂ Co, fuel economy

L 2 * Higher Combustion Efficiency for better
CO2 & Emissions

Real Driving Emission Compliance 0 Tight OBD & Monitoring Requirements
Faster Load Changes, temperature and » Combustion Variability directly impacts
ambient changes exposes Combustion emission control Robustness
Weakness * More repeatable and predictable
Robust and stable Combustion across combustion improves compliance

wider Range is needed confidence

®e
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Improved Combustion and Lower NOX/PM
reduces Load on SCR, DPF systems

* Helps reduce costly, Oversized, Complex EAT
system

Dual SCR Aftertreatment System

* Dual SCR Architecture with Close Coupled
SCR + DPF + SCR 2

* Faster Light Off

* Reduced Cold NOx

Electric Heater for Aftertreatment

Electrically Heated Catalyst for Faster
Warmup

* Rapid Warm-up —Cold Cycle NOX

* Improved Low Load Urban Operation

A A BETTER TOMORROW
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Optimize Air Management

Higher Oxygen Utilization

Higher Boost & Air Handling Efficiency
Higher EGR Tolerance

Improved Volumetric Efficiency

Higher EGR Rates
* Better EGR Distribution
* Maintain Combustion Stability with EGR

* Higher Injection pressure
% * ECU Control Strategies

* Optimized Rate Shape

* Flexible Multiple Injections

Improved Atomization & Vaporization
* Optimized Combustion Control
* Faster Heat-up

i . * LTC / Partially Pre Mixed Combustion
. ™= ™ . wider LTC Range Coverage

=11 EGR Assisted Low Temperature or

* Valve Timing Assisted LTC combustion

* Optimized Piston Ring Pack
* Improve Thermal Efficiency

uuuuuuuuuuuuuuuuuuuuuuuu

Cleaner Combustion

Higher Efficiency
Lower Emission

Alternate Fuel Compatibility

Optimized Bowl Geometry
* Improved Spray-Bowl Interaction

* Minimize Local Fuel Rich Zones

* Robust Combustion under Transient

* Readiness for Renewable Diesel

* Bio-Diesel, e-fuels

* Minimal H/W Changes with Flexible
Calibration
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St Experimental Investigation LTC Concept

= HDV engine has been selected 6-cylinder engines
with ~1 Itr/cylinder

= BMEP level of the engine is 17 - 20 bar

Engine Configuration

Engine type DI-Inline, Water Cooled, Heavy duty
Rated Power, kW @ rpm | 200 @ 2200
Max BMEP, bar 20

Baseline — 1600 bar

[UREe ST New Modified - 2200 bar

EGR system CEGR (LP + HP EGR) . N?w ngh Pressure FIS System- Upto 2200 Bar
Injection Pressures

Compression Ratio lower

Swirl reduced * New Turbocharging System — Higher Boost Pressures

Type of Aspiration options Single VGT & 2 staged-Turbocharging

* New EGR system — Optimized EGR rates

EGR system HP EGR and EGR coolers
Spray Angle Optimized Bow! & Spray e ECU Control & Calibration

- SUSTAINABLE MOBILITY
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Advanced Combustion Concept Development \
6 e
sol soc EOI so  Eoisoc
5 Conventional LTC
‘Soot Formation o
§ 4 Zone - f\t e , At355deg CA
= : "1 ¥ ——
= Conventional . L o33 t ;
2 3 Combustion 2 -
o] : & At 370 deg CA  At31degCA
o Tk 8 , R
2 | ~ L
= ! . .
S 1 |
NOx Zone DI Diesel Combustior LTC Combustion
0 ) Slow Combustion Faster Combustion
500 1000 1500 2000 2500 3000 Companison of DI, HCCI and PCCI Combustion Process S
Benefits Combustion Temperature (K) ;f'ﬂ 1 HCCI Concept <
< - PCCIConcept 700 g
» Low NOx and Soot i -
. . E 100 \ DI Combustion | 40092
> Better Fuel Efficiency Applications i ot
& %01 200 &
» EAT - Cost Effective > Compatible all type of fuels 0 0
» Passenger cars/Tractor/CEV/HCV/LCV/Gensets 270 300 360 390 420

Crank Angle (Degrees)
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Simulation Approach for selection of hardware

» Air Handling/Gas Exchange Pafiisssiein N |
¥ \ Il
=  Turbocha rger — ngh Boost Generation of Inputs, | Prediction of Results for Full

base model build and Factorial combinations
validation

' £t
= Intake & Exhaust Manifold | A

Verification & Validation of
Identification

oty Wﬂ‘
predictions :
| parameters ‘ “ N
= Gas Exchange =

ETV EGR Valve E('E;R Cooler
i . ‘ Result Analysis
DOE Matrix Preparation s
. * Selection of hardware based
Combustion Simulation on both full load and part
» EGR System - Valve, Cooling, Mixer L loads
‘ Combustion model build
= HP EGR A
Maodel YES
auit | Parametes | 1 | 2 |
“, Che
> . . . . Speed, rpm & Load, Nm 1400 & 25% 1400 & 50%
Engine Simulation Rail Pressure 1000, 1200, 1400 1200, 1400, 1600
. EGR % 30 and 40 30 and 40
= Engine Performance - -
Split Ratio 10%-90% 10%-90%
o 20%-80% 20%-80%
| |
Emission Trends S B
Spray Cone Angle 1200, 130° and 140° 1209, 1300 and 140°
Swirl Ratio 1.2,1.4 and 1.8 1.2, 1.4 and 1.8
® e
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ARAI Simulation Approach- H/W Selection

LTC Strategy Combustion Package Selection

* Increasing Boost & EGR 361°CA
* Multiple Injection (Early) -

Highly premixed charge -

At365deg CA

, At 355deg CA

d BOWI ge O m et ry —é,s:; ¥ —m | k(t v o1 '—:zzuoRpM_xou).,nuwx.l_sn.‘;i; pulironat ZZOORPMJOOL.,,,,N,Q_;
. . o = = 7 i = 17
° |nJect|on Pressure At 370 deg CA | At361deg CA . - 12
iz“ﬂ = Pk
e Spray bowl Interaction s 1
DI Diesel Combustior LTC Combustion i BE tal : 14.53 1 16.71
1 H 3 o xperimen B .
» Compression Ratio : aperim
. B Simulation 14.03 | 16.07
Spray Bowl Interaction e ® Bowl-B_O%EGR 7 13.72 15.01
° , = Bowl-1_140_30_8_1.4 14.41 15.52
Number of Nozzle Holes SRS TERRI RS | | S i | hs
= Bowl-3_140_30_8_1.4 14,71 16.11
° 1 1 - - Crank Angle = 730  Bowl-4_140_30_8_1.4 =———p- 14.80 16.18
N 0z I e TI p P rOt rusion Parameters Base Engine ‘ Test Engine g0 Tl 57l  Bowl-5_140_30_8_1.4 14.08 7 1613
. . L. Engine 6 cylinder
* Injection Timing Valves 4 Valves .
Displacement ~7 Itr T = 336 2200 rpm
H H H Compression Higher Lower el = 224 i
[ ] ) =
Injection Duration R 5 g s
FIS Common rail Common rail 8 2 s
* Boost Pressure ~1600 bar ~2200 bar 5 &
) Narrower SCA @© = Experimental 215.65 219.68
. Nozzle wider SCA —170° ; m Simulation 223.33 228.45
e S I (~120° x 8 holes) = |
WIr Sinale siage 3 ® Bowl-B_O%EGR_7 22832 244.62
TC 6T VGT/2 Stage = Bowl-1_140_30_8 1.4 234.02 236.67
. - - B Bowl-2_140_30_8_1.4 s 220.12 230.28
* EGR Ratio EGR NO Cooled HP Loop NN ) -axl 3 140_30_8 14 229.29 ' 227.97
Bowl Deep Bowl Shallow Bowl 1400 1600 1800 2000 2200 2400 2600 2800 = Bowl-4_140_30_8_1.4 =———p-227.78 226.98
Temperature [K] 1 Bowl-5_140_30_8_1.4 239.43 | 227.76

’ LOWER EMISSIONS CLEANER AIR @ SUSTAINABLE MOBILITY A A BETTER TOMORROW




CLEANER

A&A,,!m Virtual Calibration & Validation Approaches EpCunes:,
TOMORROWS

Virtual Test Bed

=  DSPACE SCALEXIO HIL

= 20Al, 30A0, 30DI, 28 DO

= Control Desk, Configuration Desk
= PUMA, IGEM, ISAC

=  CruiseM, MOBEO

= CAMEO, MATLAB

=  CONCERTO
e System concept evaluation | e Altitude & ambient trails
e Initial ECU dataset check « Engine Calibration for (non-standard conditions)
e Calibration & Mapping Steady state * Sensitiyityanalysis
e Multiple Injection Strategies e Transient Calibration  Component protection
e Sensors and Actuators e Off cycle & RDE emissions * Aging related trials

functionality

e Control Strategy

e Pre-calibration tasks

@ e
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ARAI Experimental Investigation LTC Concept

Progress through Research

Engine Performance & Emission Calibration

Synchronization, First firing, Base mapping

ET (Energizing Time)Data

Hardware screening — Nozzle, Bowl!, Swirl
etc

Power —#»

Full load performance Mapping

Cylinder pressue and Heat release rate

12{ |5 -k x | Prassure
121 ?R!!’I’!Ir.cd I | e HAR Combustion
1ob I :%J/Pﬂld | Hardware
?g Ignition LI;O! Mixing- : 0, %,
2 5 2 a | delay (HM controlled | D Y
EGR & Boost pressure Optimization SR g/l,\,m-.x. | Fef e %
o f . PP ity
g& | :-\ I combustion -
_§ ,E at i =:"" : period 4 treatment ,S::;b,:,a;:;
== Systems
. . . . . ok i | : ™ :
Multiple injection Strategies , AARANITT Pt
by _‘.-\’:"-.j ‘,,5‘2* : : Engine out Emissions

340 350 @80 370 380 30 400 410 420
Crark angle(dey)

Steady state cycle emission calibration iniection Map Rail ressure Map

Transient cycle emission calibration

w G with cold start

MK WARSCR e MO Without SCH 121 Oynatpend_withont Schroufmn  —m DyonSpred WR SO recfmin  —Tomgee

1uve weight factor

Off cycle emission calibration
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= As the loads increases, ignition delay decreases and combustion
process shifting from LTC to conventional diffusion mode

= Engine calibration performed for both LTC and conventional
combustion to achieve targets

Combustion Mode vs. Engine Load

High pressure rise rate (combustion noise)
Misfire due to excessive dilution

Increased HC and CO in PPC mode

Soot spike during mode switching
Turbocharger matching issues

Use a blended combustion zone with gradual
changes in control parameters.

@ Variable EGR Strategy

o Part load (PPC): High EGR
(30-60%) — more premixing,
lower temperature

« High load (Conventional):
Reduce EGR (<15-20%)

» Simple and widely
demonstrated

e Multiple Injection Strategy

« Part load (PPC): Early pilot
and main injection (e.g.
~40° CA pilot, ~15° CA main)
» High load (Conventional):
Shift injections later
(e.g. =10° CA pilot, +2° CA main)
« Increases premixing at low load
and enables diffusion combustion
at high load

Engine Torque

@ SUSTAINABLE MOBILITY

Engine Load (%)

g PPC/LTC Transition Conventional
80 (Part Load) (Mixed Mode) (High Load)
Low NOx & Soot Blended High Power & Stability
Combustion
60
40
20
Up to ~50-60% ~60-80% >80%
PPC/LTC Transition Conventional

Engine operating zone
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Performance Results BSFC Results

1000 18

950 - = =

sl Operating

900 i ; zone 2

Torque (Nm)

5
850 T T T T i
1000 1200 1400 1600 1800 2000 .
Speed (rpm)

H
NOx (g/kWh)

190
180 " |
1?0 29_00 1000 1100 1200 3 1300 14‘01} 15;)0 1600 17‘00 1800 0
160 LTC Engine BSFC Map [@ Base engine OAchieved W/0 DOC
150 -

140 -
130 -
120 . e
110
100 - 204

90
=i Target ~ 3-5% improvement

250
240
-=- Base -
- _..-dl
—-—|LTC - A==

Power (kW)

0.045
0.04
0.035
0.03
0.025

202

200

198
230

220
210
200
190
180

196 0.02

Min BSFC (g/kWWh)
PM (g/kWh)

194 0.015

BSFC (g/kWh)

0.01

-'-"'b*_-—‘ 192

0.005
190

e 1200 200 1800 2000 " Rase engi Achieved B Base engine O Achieved W/0 DOC B Achieved with DOC
Speed (RPM) [ Base engine O Achie
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® Lower peak combustion
temperatures

® Suppresses thermal NOx
formation

® Simultaneous reduction
of NOx and soot

NOx { |
PM ]

ADVANCED
COMBUSTION
FOR A CLEANER
TOMORROW

Calibrated PPCI/LTC in selected low-
load regions
+
Conventional combustion at
medium/high loads
+

Dedicated Thermal Management.

@ LOWER EMISSIONS

Strategies Worth Considering for BSVII

LTC
(Low Temperature Combustion)
i £,
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Dual SCR architecture with close-coupled DEC + SCR for fast light-off
and high overall NOx conversion

Option 1: Close-coupled DOC + CC SCR and DPF + SCR + ASC

Close-cou ¥ 'C) module
(for low-termp o & SXNOx recuctioe)

Underfloor module
{fer high conversion and durabilty)

g UreaDoser2
[for underfcor SCR)

e Combustion ? |D&£{?{d§bﬂ {Gmcm ) {Discel Parb.::me Flter) {Underfiocr SCR)  (Ammonia Skp Catalyst
;eo I Hardware %
$ é” inrore o tenperte 0 Hihoval s Optmized pxheging R ot @ Enables obus
Q9 Q A NOx conversion (fast ight off teduction eficiency (close-cospled + undirfioor) emissions 85 VIl comphance
Os q\,o ' DoE Approach _ _
(&) QQA is applied Electric heater for thermal management at cold cycle to enabie early NOX reduction

to obtain optimumresults _
S and save cost / time

Electrically Heated Catalyst (EHC)
{for rapid warm-sp)

Calibration

PF
{Desel Oidation (Diesel Particulate Fitter

Caidyst)

@vbatiey) | L, Heater Contol Ut
PowerSupgly | Loy (AT N fecheck
Key j

Benefits

ASC
(Selective Catalytic Reduction)  Aswmonia Sip Catalyst)

Calibration for
Engine out Emissions

Effective cold-cyde
NOx reduction

Thermal management
for 3SVII

Improved low-load
urban operction

Mentains high NO« conversion

wam-up even at low ambient temperatures

O

Key Enabling Technologies

4

L

&

~
High Pressure Model Based ECU Optimized Air & Boost Aft;:treatment
Injection AelEneEd ECR Control Combustion Management System j
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Summary

Key Takeaways

v/ Integrated In Cylinder Engine + Aftertreatment optimization is the most practical BS-VII pathway

v] Engine-out Emission (NOx) reduction becomes essential

v] PPC/LTC offers major potential at part load

v] Injection + boost + EGR coordination is critical

v] Thermal management will become key enablers

@ e |
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Thank you..
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